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Reactive oxygen species (ROS) are implicated in plant innate immunity. NADPH oxidase (RBOH; for Respiratory Burst
Oxidase Homolog) plays a central role in the oxidative burst, and EF-hand motifs in the N terminus of this protein suggest
possible regulation by Ca2*. However, regulatory mechanisms are largely unknown. We identified Ser-82 and Ser-97 in the N
terminus of potato (Solanum tuberosum) St RBOHB as potential phosphorylation sites. An anti-phosphopeptide antibody
(pSer82) indicated that Ser-82 was phosphorylated by pathogen signals in planta. We cloned two potato calcium-dependent
protein kinases, St CDPK4 and St CDPKS5, and mass spectrometry analyses showed that these CDPKs phosphorylated only
Ser-82 and Ser-97 in the N terminus of St RBOHB in a calcium-dependent manner. Ectopic expression of the constitutively
active mutant of St CDPK5, St CDPK5VK, provoked ROS production in Nicotiana benthamiana leaves. The CDPK-mediated
ROS production was disrupted by knockdown of Nb RBOHB in N. benthamiana. The loss of function was complemented by
heterologous expression of wild-type potato St RBOHB but not by a mutant (S82A/S97A). Furthermore, the heterologous
expression of St CDPK5VK phosphorylated Ser-82 of St RBOHB in N. benthamiana. These results suggest that St CDPK5

induces the phosphorylation of St RBOHB and regulates the oxidative burst.

INTRODUCTION

Rapid production of reactive oxygen species (ROS), called the
oxidative burst, is one of the hallmarks in the early events during
incompatible interactions between plants and pathogens (Doke,
1983; Lamb and Dixon, 1997). ROS generated by plasma mem-
brane NADPH oxidase (Nox) play pivotal roles in the defense
against pathogen attack. NADPH oxidase was first identified in
phagocytic cells including gp91P°* (phox for phagocyte oxi-
dase) as a catalytic subunit. Recently, a new Nox family was
discovered and shown to function in nonphagocytic mammalian
cells (Bokoch and Knaus, 2003; Lambeth, 2004), in biotic and
abiotic stresses or development in higher plants (Torres and
Dangl, 2005), and in a mutualistic fungus-plant interaction
(Tanaka et al., 2006). Plant NADPH oxidases designated as
RBOH (for respiratory burst oxidase homolog) are predicted to
have six transmembrane-spanning domains that correspond to
those identified in gp91P°x and to carry an N-terminal extension
comprising two EF-hand motifs, suggesting that Ca?+ regulates
its activity.
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RBOH was first isolated from rice (Oryza sativa) as a homolog
of gp91Phox (Groom et al., 1996) and then identified in various
plant species (Keller et al., 1998; Torres et al., 1998; Amicucci
et al., 1999; Yoshioka et al., 2001, 2003; Yoshie et al., 2005).
Earlier work has shown that RBOH is a main component in ROS
production during biotic and abiotic stresses. The Arabidopsis
thaliana double mutant rbohD rbohF in the dSpm insertion muta-
genesis system produces greatly decreased ROS against infec-
tion with avirulent Pseudomonas syringae pv tomato DC3000 or
Hyaloperonospora parasitica (Torres et al., 2002). Arabidopsis
rbohD rbohF also shows decreased ROS production in response
to abscisic acid (ABA) and is impaired in ABA-activated stomatal
closure (Kwak et al., 2003). Tobacco (Nicotiana tabacum) cells
transformed with antisense constructs of Nt RBOHD lose ROS
production to elicitor treatment (Simon-Plas et al., 2002). Nb
RBOHA/Nb RBOHB-silenced Nicotiana benthamiana plants
show a reduced oxidative burst and reduced disease resistance
to Phytophthora infestans (Yoshioka et al., 2003). Arabidopsis
rbohC has a defect in Ca2* uptake and ROS accumulation during
root hair formation (Foreman et al., 2003). These reports suggest
that RBOH is a key regulator of ROS production and displays
pleiotropic functions in plants.

The phagocyte enzymatic complex of NADPH oxidase con-
sists of two plasma membrane proteins, gp91P"ox (known as
Nox2) and p22rhox, Several cytosolic regulatory proteins,
p47prhox  pe7Phox p40rPhox and Rac?2, translocate to the plasma
membrane to form the active complex after stimulation (Cross
and Segal, 2004; Lambeth, 2004). Noxo1 (for Nox organizer1) and
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Noxa1 (for Nox activator1) are homologs of p47rh°x and p67°rhox,
respectively, and are required for Nox1 activation (Takeya et al.,
2003). However, no homologs of the p22rhox, pe7rhox, p47Phox,
and p40rhox regulators of the phagocyte NADPH oxidase were
found in the Arabidopsis genome (Dangl and Jones, 2001). Nox5,
Duox1, and Duox2 have N-terminal extensions with four or two
EF-hand motifs. They might be activated by an increase in cyto-
solic Ca?* concentration ([Ca?*].,) (Dupuy et al., 1999; Banfi
et al., 2001, 2004; Sumimoto et al., 2005). These reports indicate
that these Nox/Duox have specific regulatory mechanisms that
differ from the phagocyte NADPH oxidase.

The regulatory mechanisms of RBOH also remain unknown,
while several lines of evidence indicate the importance of Ca%+
and protein kinases in ROS production. Because overexpression
of At RBOHD does not result in constitutive ROS production,
RBOH may require posttranscriptional regulation for its activa-
tion (Torres et al., 2005). Ca2* influx into the cytoplasm (Chandra
and Low, 1997; Piedras et al., 1998; Grant et al., 2000) and
changes in protein phosphorylation (Kauss and Jeblick, 1995;
Miura et al., 1995) are implicated in the activation process of the
RBOH. It was reported that RBOH-like proteins in the plasma
membrane fractions of tomato (Solanum lycopersicum) and to-
bacco show NADPH oxidase activity without any cytosolic com-
ponents in the renatured gel after SDS-PAGE, and the activity
increases upon addition of Ca?+ (Sagi and Fluhr, 2001). On the
other hand, a homolog of human Rac GTPase has been isolated
from rice, and the constitutively active mutant of Rac activates
ROS production (Kawasaki et al., 1999). These reports suggest
that the extended N-terminal region may play a key role in the
regulation of the RBOH enzyme.

We previously isolated St RBOHA to RBOHD from potato
(Solanum tuberosum) plants (Yoshioka et al., 2001; Yamamizo
et al., 2006). Treatment of potato tubers with hyphal wall com-
ponents (HWC) from P. infestans causes a rapid and transient
accumulation of H,O, (phase ), followed by a massive oxidative
burst at 6 to 9 h after the treatment (phase Il). RNA gel blot
analyses indicate that St RBOHA is constitutively expressed at a
low level, whereas St RBOHB, St RBOHC, and St RBOHD are
upregulated during the phase Il burst. The NADPH oxidase
inhibitor diphenylene iodonium blocked both bursts, while pre-
treatment of the tuber with the protein synthesis inhibitor cyclo-
heximide abolished only the second burst. These data suggest
that St RBOHA and St RBOHB to RBOHD contribute to the
phase | and phase Il bursts, respectively (Yoshioka et al., 2001;
Yamamizo et al., 2006). We found that both bursts are also
inhibited by a protein kinase inhibitor or a calcium inhibitor
(Figure 1). These findings let us investigate the direct phosphor-
ylation of the N-terminal region of St RBOH protein by certain
protein kinases for the activation of the enzymes. Here, we
show the potential phosphorylation sites in the N terminus of
St RBOHB by in-gel kinase assay and mass spectrometry anal-
ysis. Moreover, we identify two calcium-dependent protein ki-
nases (CDPKs) as protein kinases of the St RBOHB N-terminal
region. Heterologous expression of the constitutively active
mutant of CDPK induced Nb RBOHB-dependent ROS produc-
tion in N. benthamiana leaves. These results demonstrate that
the CDPK activates St RBOHB protein by phosphorylation of the
N-terminal region.
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Figure 1. Calcium-Dependent Protein Phosphorylation Is Involved in the
Oxidative Burst in Potato Tubers.

(A) Effects of K252a and EGTA on HWC-mediated first and second
bursts. Chemiluminescence was counted at various times after treat-
ment with water, 1 mg/mL HWC, HWC plus 10 uM K252a, or HWC plus
1 mM EGTA.

(B) Structure and hydrophilicity plots of St RBOHB. Gray-shaded area,
EF-hand motifs; black-shaded area, gp91°P"°x region; white vertical bars,
FAD isoalloxazine, NADPH ribose, and NADPH binding sites; black
horizontal bar, N-terminal region used for substrates. Numbers in hy-
drophilicity plots (Kyte and Doolittle, 1982) indicate putative membrane-
spanning domains. aa, amino acids.

(C) Detection of St RBOHB kinase activity in potato tuber discs. Discs
were treated with water or 1 mg/mL HWC or inoculated with P. infestans
(1.0 X 105 zoospores/mL). Soluble proteins were extracted at the indi-
cated times. Kinase activity was assayed with in-gel kinase assay using
the N-terminal region of St RBOHB as a substrate in the presence of
EGTA, CaCl,, or EGTA plus CaCls,.
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RESULTS

Calcium-Dependent St RBOHB Kinase Activities in
Potato Tuber Proteins

Treatment with HWC elicitor induces a biphasic oxidative burst in
potato tuber tissues (Yoshioka et al., 2001). The first and second
bursts (1 and 9 h after the elicitor treatment) were significantly
suppressed by the addition of the Ser/Thr protein kinase inhibitor
K252a or the extracellular Ca?* chelator EGTA (Figure 1A). RBOH
carries the N-terminal extension in addition to the gp91Phox
region, suggesting that the N terminus may be phosphorylated
by St RBOHB kinase in a Ca2*-dependent manner. Because
there are too many Ser/Thr residues as phosphorylation candi-
dates in the St RBOHA N terminus, we used the St RBOHB N
terminus for the analysis. First, we performed an in-gel kinase
assay using recombinant St RBOHB N-terminal protein (St
RBOHB_3+g; Figure 1B) as a substrate and analyzed microsomal
and soluble proteins from potato tubers. We detected Ca2+-
dependent St RBOHB kinase activity in the soluble protein
fraction (Figure 1C) as well as in the microsomal fraction (data
not shown). We used the soluble proteins for subsequent anal-
yses because enough soluble protein was available from a small
amount of plant tissue.

In the experiments, Ca2+-dependent St RBOHB kinase activity
was detected in all treatments, such as water, HWC, and
Phytophthora inoculation (Figure 1C). We tested in vitro phos-
phorylation with different Ca®t concentrations, as shown in
Figure 1C. The St RBOHB kinase activity in the in-gel kinase
assay did not change with Ca2* concentration regardless of
treatment. The activity depends on Ca?* concentration in the
reaction buffer, indicating that it is difficult to estimate changes in
enzymatic activity in planta.

Phosphorylation of Ser-82 and Ser-97 in St RBOHB
by Potato Soluble Proteins

To investigate the phosphorylation site, we subjected the trun-
cated N-terminal fragments to an in-gel kinase assay. Truncation
of amino acids 1 to 104 (A1-104) as well as 1 to 159 (A1-159)
largely reduced St RBOHB kinase activity, whereas truncation of
1 to 56 (A1-56) showed no difference from St RBOHB_3+g (Figure
2A). The fragment St RBOHB4_159 Was phosphorylated at the
same level as St RBOHB,_31g (data not shown). These results in-
dicate that St RBOHB was phosphorylated in the area from amino
acid 57 to 104. A1-56 fragments with Ala substituted for Ser or Thr
were used as substrates (Figure 2B). S82A or S97A slightly re-
duced the activity; however, S82A/S97A double mutations sig-
nificantly reduced kinase activity (Figure 2B). Mutations at other
sites had no significant effect on activity (data not shown). These
results suggest that Ser-82 and Ser-97 are phosphorylated by the
Ca?+-dependent St RBOHB kinase in the potato proteins.

Ser-82 Is Phosphorylated by Pathogen Signals in
Potato Tubers

To determine whether Ser-82 and Ser-97 are phosphorylated in
potato tuber tissues, we prepared anti-phosphopeptide anti-
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Figure 2. Effects of N-Terminal Deletion and Mutation of Ser-82 and
Ser-97 Residues in the St RBOHB N Terminus on Kinase Activities.

Soluble proteins were prepared from potato tubers inoculated with P.
infestans (1.0 X 10% zoospores/mL). In-gel kinase assay was performed
using the N-terminal region of St RBOHB with introduced N-terminal
deletion (A) or site-directed mutagenesis of Ser-82 and/or Ser-97 as
substrate (B).

body against peptides including phospho-Ser-82 (pSer82) or
phospho-Ser-97 (pSer97). Immunoblot analyses using anti-St
RBOHB antiserum indicated that HWC treatment and inoculation
with an avirulent race of P. infestans induced the accumulation of
St RBOHB proteins in potato tuber tissues at a peak at 9 h after
the treatments (Figure 3). Anti-pSer82 antibody detected the
immunostained bands corresponding to St RBOHB at 6 to 9 h
after HWC treatment or Phytophthora inoculation, in agreement
with the second burst (Figure 1A). On the other hand, anti-pSer97
antibody gave no specific signal in this study, although the anti-
body recognizes at least the original antigen phosphopeptide at a
level similar to that of the anti-pSer82 antibody (data not shown).

Screening of St RBOHB Kinase and Mass Spectrometry
Analyses of the Phosphorylation Sites by St CDPK4
and St CDPK5

For further investigation, we attempted to isolate the St RBOHB
kinase. The cloning was performed according to the method
described by Matsuo et al. (2001) using Escherichia coli express-
ing St RBOHB; 159, anti-pSer82 antibody, and the potato \ phage
cDNA expression library. From 4 X 105 plaques screened, seven
positive clones including two CDPKs were isolated. CDPK is a Ser/
Thr protein kinase that is activated by Ca?+ binding to EF-hand
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Figure 3. Phosphorylation of Ser-82 in Potato Tuber Tissues.

Microsomal proteins were prepared from potato tuber tissues treated
with water or 1 mg/mL HWC or inoculated with P. infestans. Equal
amounts of proteins were used for immunoblot analyses. Phosphoryla-
tion of Ser-82 and St RBOHB protein were detected by anti-pSer82
antibody and anti-St RBOHB antiserum, respectively. Protein loads were
monitored by Coomassie Brilliant Blue (CBB) staining.

motifs of the C-terminal calmodulin-like domain and functions in
biotic/abiotic stress responses (Harmon et al., 2000; Ludwig et al.,
2004). We designated these two CDPKs as St CDPK4 and St
CDPKS5, and they were subjected to further analyses. St CDPK4
and St CDPKS5 are 83.2 and 86.2% identical at the nucleotide and
amino acid levels, respectively. The genes encode proteins of 557
and 535 amino acids with predicted molecular masses of 62.2 and
60.0 kD, respectively. The Gly residue at the second position and
the Cys residue at the fifth position are predicted myristoylation
and palmitoylation sites for membrane association, respectively.
The closest homologs to St CDPK4 and St CDPK5 are Cm CPK2
of Cucurbita maxima and Ca CDPK3 of Capsicum annuum,
respectively (84.4 and 91.3% amino acid identity). The closest
homolog of St CDPK4 and St CDPKS5 in Arabidopsis is At CPK6
(81.6 and 81.4% amino acid identity). The amino acid alignments
and phylogenetic tree of the CDPKs are shown in Supplemental
Figures 1 and 2 online, respectively.

We tested whether St CDPK4 and St CDPKS5 phosphorylate St
RBOHB proteins using recombinant thioredoxin (Trx)-fused
CDPKs expressed in E. coli. Trx:St CDPK4 and Trx:St CDPK5
phosphorylated the N-terminal region of St RBOHB;.31g and
histone I1I-S, a model substrate for CDPK, in a Ca2*-dependent

manner (Figure 4A). Trx:St CDPK4 and Trx:St CDPK5 also
phosphorylated N-terminal proteins of St RBOHA, St RBOHC,
and St RBOHD (see Supplemental Figure 3A online). Further-
more, liquid chromatography-tandem mass spectrometry (LC-
MS/MS) identified phosphorylation of Ser-82 and Ser-97 in the
N-terminal peptides of St RBOHB;_31g (Figures 4B and 4C).

We further analyzed the efficiency of phosphorylation of var-
ious St RBOHB mutants of A1-56 by recombinant St CDPK4 and
St CDPKS5. Mutation of either Ser-82 or Ser-97 to Ala partially
reduced the phosphorylation efficiency, and mutation of both
residues significantly reduced the efficiency, whereas mutation
of Ser-89 did not affect the intensity of the phosphorylation
(Figure 4D). These results indicate that St CDPK4 and St CDPK5
are activated by Ca?* and phosphorylate Ser-82 and Ser-97 of St
RBOHB in vitro.

Nb RBOH-Dependent ROS Production by Constitutively
Active St CDPKS5 in N. benthamiana Leaves

N. benthamiana, like potato, belongs to the Solanaceae and is
thus useful for the dissection of biological functions by virus-
induced gene silencing (VIGS) and Agrobacterium tumefaciens—
mediated transient expression. N. benthamiana also includes at
least two RBOH genes, Nb RBOHA and Nb RBOHB, corre-
sponding homologs of St RBOHA and St RBOHB, respectively.
An in vitro kinase assay indicated that Trx:St CDPK4 and Trx:St
CDPK5 phosphorylated the N-terminal recombinant proteins Nb
RBOHA and Nb RBOHB (see Supplemental Figure 3B online).
We performed Agrobacterium-mediated transient expression
of CDPK variants (WT, VK, and K/M) and B-glucuronidase (GUS)
proteins in N. benthamiana leaves and then measured ROS
production using the photon-counting system (Figure 5). The
CDPK structure consists of an N-terminal variable (V) domain, a
protein kinase (K) domain, a junction (J) domain, and a calmodulin-
like (C) domain including four EF-hand motifs (Harper et al., 2004;
Ludwig et al., 2004). VK is a truncated variant lacking J and C
domains and is expected to act like a constitutively active kinase
(Harper et al., 1994; Ludwig et al., 2005). K/M is a VK variant with
a Lys-to-Met mutation at the ATP binding site that disrupts the
protein kinase activity (Kapiloff et al., 1991; Sheen, 1996). Ex-
pression of St CDPKAWT, St CDPK4VK, and St CDPK5WT
slightly induced ROS production compared with GUS, St
CDPK4K/M, and St CDPK5K/M. St CDPK5VK induced a signif-
icantly larger amount of ROS production than other variants
(Figure 5B). Twenty leaves from six plants were analyzed for the
quantification. To rule out the possibility that the truncation of
the J and C domains eliminates the substrate specificity of the
CDPKs, we used another type of constitutively active mutant that
has a six-residue substitution in the J domain (Harper et al.,
1994). The transient expression of these mutants also showed
that St CDPKS5 provoked a significant amount of ROS production
compared with St CDPK4 (see Supplemental Figure 4 online).
RT-PCR analyses showed that CDPK, Nb RBOHA, and Nb
RBOHB were transcribed at similar levels. No RBOHB expres-
sion is known to increase in response to INF1 elicitor treatment
and defense-related St MEK1PP expression (Yoshioka et al.,
2003). St MEK1PP, which is a constitutively active mutant of the
potato ortholog of tobacco Nt MEK2, induced hypersensitive
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Figure 4. Phosphorylation of Ser-82 and Ser-97 of St RBOHB by Recombinant St CDPK4 and St CDPKS5 Proteins.

(A) Purified N-terminal peptides of St RBOHB_31g (right) or histone IlI-S (left) were used as substrates for Trx-fused St CDPK4 and St CDPKS5.
Phosphorylation of St RBOHB and histone IlI-S was detected by x-ray film. Protein loads were monitored by CBB staining.

(B) Amino acid sequence of St RBOHB. Fragments confirmed as phosphopeptide and EF-hand motifs are underlined. Asterisks indicate
phosphorylation sites.

(C) Hybrid quadrupole/time-of-flight tandem mass spectrometry spectra identifying phosphorylation sites of N-terminal peptides of St RBOHB_31g in
vitro. The phosphorylated proteins were separated by SDS-PAGE and in-gel digested with trypsin. Resulting peptides were extracted and analyzed by
LC-MS/MS analysis on a capillary LC system coupled directly to a Waters Q-ToF Ultima mass spectrometer. Identified phosphoseryl residues are
denoted as pS. The superscript + indicates singly protonated ions. —P indicates neutral loss of HzPO, from phosphorylated peptides.

(D) Effects of mutations of Ser-82 and Ser-97 residues on phosphorylation in vitro. N-terminal peptides of St RBOHB (A1-56)-introduced amino acid
substitution in Ser-82, Ser-89, and/or Ser-97 were used as substrates for Trx-fused St CDPK4 and St CDPKS5. The difference in size between A1-56 and
A1-56 carrying point mutations is derived from different lengths of additional vector sequences by use of distinct restriction sites. Phosphorylation was
detected by x-ray film (top panel). Protein loads were determined by CBB staining (middle panel). Incorporation of radioactivities into the various
N-terminal regions of St RBOHB was measured using a phosphor imager (bottom panel).
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Figure 5. ROS Production Mediated by St CDPK4 and St CDPK5
Variants in N. benthamiana Leaves.

(A) Schematic structures of St CDPK4 and St CDPK5 with variable,
kinase, junction, and calmodulin-like domains (WT). K indicates the Lys
residue for ATP binding in the kinase domain. VK is a truncated variant
lacking junction and calmodulin-like domains. K/M is a truncated kinase-
inactive variant with substitution in Lys (K) of the ATP binding motif to Met (M).
(B) ROS production in N. benthamiana leaves expressing St CDPK4 or St
CDPKS5 variants. Two days after infiltration of Agrobacterium harboring
St CDPK variants or GUS for agroinfiltration control, ROS production was
measured by chemiluminescence mediated by L-012. Data are means =
sD from six experiments.

(C) Transcript accumulation was monitored by RT-PCR. Total RNA was
extracted from the leaves shown in (B).

(D) Immunoblot analysis using anti-HA antibody. Total protein was
prepared from the leaves shown in (B). Protein loads were monitored
by CBB staining of the bands corresponding to ribulose-1,5-bisphos-
phate carboxylase large subunit (RBCL).

response (HR)-like cell death and ROS production in N. ben-
thamiana leaves (Katou et al., 2003, 2005). Although agroinfiltra-
tion also induced some expression of No RBOHB compared with
intact leaves, the agroinfiltration-induced expression of Nb
RBOHB was less than that of Nt MEK2PP (see Supplemental
Figure 5 online). Protein accumulation of each variant was ana-

lyzed by immunoblot analysis using anti-hemagglutinin (HA) anti-
body (Figure 5D). Levels of protein accumulation between St
CDPK4VK and St CDPK5VK were almost identical, suggesting
that St CDPK5VK has a more important function in ROS produc-
tion. We selected St CDPKS5 for further study. However, St CDPK4
also may contribute to ROS production, because St CDPK4VK
accumulates at a much lower level than St CDPK4WT.

We next investigated whether ROS production is dependent
on either Nbo RBOHA or Nb RBOHB. VIGS of Nb RBOHA partially
suppressed ROS production, whereas Nb RBOHB silencing
abolished the oxidative burst to the control level (Figure 6A). The
effect of VIGS was monitored by RT-PCR analysis. Each target
gene was well silenced (Figure 6B). To rule out the possibility that
VIGS interfered with St CDPK5VK transgene expression by
agroinfiltration, we performed immunoblot analysis and con-
firmed that St CDPK5VK protein accumulation was not affected
by the VIGS (Figure 6C). These results indicate that St CDPK5VK-
mediated ROS production is largely dependent on Nb RBOHB.

Complementation of ROS Production by St RBOHB but Not
by St RBOHB (S82A/S97A) in Nb RBOHB-Silenced Leaves

LC-MS/MS analyses indicated that St CDPK5 phosphory-
lates both Ser-82 and Ser-97 residues in a calcium-dependent
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Figure 6. Disruption of St CDPK5VK-Mediated ROS Production by Nb
RBOH Silencing.

N. benthamiana leaves were inoculated with TRV:00 (C), TRV:Nb RBOHA
(A), or TRV:Nb RBOHB (B). After 3 weeks of inoculation, Agrobacterium
harboring St CDPK5VK was infiltrated.

(A) ROS production was measured at 2 d after agroinfiltration. Data are
means *+ sD from four experiments.

(B) Gene silencing was monitored by RT-PCR.

(C) Protein expression of St CDPK5VK was detected by immunoblot
analysis using anti-HA antibody.
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manner in vitro (Figure 4). Although limited information is avail-
able about CDPK substrate specificity and phosphorylation
motifs (Huang et al., 2001; Huang and Huber, 2001), we found
the potential phosphorylation motifs at Ser-82 and Ser-97 of St
RBOHB and related RBOHSs used in the experiments (Figure 7A).
Interestingly, the motif at Ser-82 was conserved in all RBOHs
tested here, and the motif at Ser-97 was found in stress-inducible
RBOHSs (group 1) except for St RBOHD.

Nb RBOHB and St RBOHB are 62.3% identical at the nucle-
otide level and do not share the continuous stretch of 23 nucle-
otides required for posttranscriptional gene silencing (Thomas
et al., 2001). Thus, it is expected that VIGS of Nb RBOHB will
not interfere with St RBOHB transgene expression by agro-
infiltration. In Nb RBOHB-silenced leaves, ROS production was
induced by coexpression of St RBOHB and St CDPK5VK (Figure
7B), indicating that the loss of function was complemented by
heterologous expression of St RBOHB. RT-PCR analyses
showed that St RBOHB mRNAs accumulate in the Nb RBOHB-
silenced leaves. Nb RBOHA and St CDPK5VK mRNAs and St
CDPK5VK proteins accumulate regardless of the VIGS of Nb
RBOHB. These results suggest that St CDPK5VK activated St
RBOHB-mediated ROS production.

Next, the mutated St RBOHB variants (S82A, S97A, and S82A/
S97A) were used in place of St RBOHB. Coexpression of St
RBOHB (S82A) or St RBOHB (S97A) with St CDPK5VK induced
the oxidative burst to some extent; however, double mutated St
RBOHB (S82A/S97A) showed ~70% lower activity than did the
wild type (Figure 7C). These mutations did not affect the accu-
mulation of St CDPK5VK and St RBOHB variants. These data
suggest that phosphorylation of Ser-82 and Ser-97 by St CDPK5
is required for full activity of St RBOHB.

Phosphorylation of Ser-82 by St CDPK5VK in
N. benthamiana Leaves

To confirm the phosphorylation of Ser-82 and Ser-97 when St
RBOHB and St CDPK5VK are coexpressed in N. benthamiana,
we prepared plasma membrane proteins from leaves expressing
St RBOHB with or without St CDPK5VK or St CDPK5K/M.
Immunoblot analysis using anti-pSer82 antibody revealed that
much more phosphorylation of Ser-82 was detected in St
CDPK5VK-expressed leaves than in St CDPK5K/M or St RBOHB
alone (Figure 8). Phosphorylation of Ser-97 was not detected by
anti-pSer97 antibody (data not shown). Immunoblot analysis
using the anti-St RBOHB N-terminal antiserum showed that the
amounts of St RBOHB are almost identical when coexpressed
with St CDPK5VK and St CDPK5K/M. These results indicate that
St CDPK5VK phosphorylates Ser-82 of St RBOHB in planta.

St CDPKS5 Is Responsible for St RBOHB Kinase
Activity in Planta

To investigate whether St CDPK5 accounts for St RBOHB kinase
activity in planta, we performed VIGS of St CDPK5 homologs in
N. benthamiana. The cDNA fragment of Nb CDPK5 was isolated
from N. benthamiana on the basis of the St CDPK5 sequence.
The expression of the St CDPK4 homolog (Nb CDPK4) could be
repressed by the VIGS of Nb CDPK5 because of the close
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Figure 7. Complementation of ROS Production by Heterologous Ex-
pression of St RBOHB but Not by St RBOHBgg2a/s974 in No RBOHB-
Silenced Leaves.

(A) Partial amino acid alignment of St RBOHA to RBOHD, Nt RBOHD, At
RBOHD, Nb RBOHA, and Nb RBOHB. Shaded boxes indicate the
predicted target motifs by CDPK. ¢, a hydrophobic residue; S, a Ser
residue; B, a basic residue. RBOH genes in groups | and Il are induced by
pathogen signals and expressed constitutively, respectively.

(B) Activation of St RBOHB by St CDPK5VK. St CDPK5VK was coex-
pressed with or without St RBOHB by agroinfiltration in No RBOHB-
silenced leaves. Two days after agroinfiltration, ROS production was
measured (top panel). Mean values from triplicate experiments are
shown. Vertical bars indicate sb. Accumulation of transcripts for St
RBOHB, Nb RBOHA, and St CDPK5VK was monitored by RT-PCR
(middle panels). Protein accumulation of St CDPK5VK was detected by
immunoblot analysis using anti-HA antibody (bottom panels).

(C) Effects of Ser-82 and Ser-97 mutations on St RBOHB-mediated ROS
production. St RBOHB variants were coexpressed with St CDPK5VK in
Nb RBOHB-silenced leaves. Two days after agroinfiltration, ROS pro-
duction was measured (top panel). Data are means *= SD from six
experiments. Protein accumulation of St RBOHB variants and St
CDPK5VK was detected by immunoblot analyses using anti-St RBOHB
antiserum and anti-HA antibody, respectively (bottom panels).

identity between these sequences (see Supplemental Figure 6
online). RT-PCR with the universal primers for No CDPK4/5
showed that VIGS of Nb CDPK5 efficiently suppressed the
accumulation of transcripts for Nb CDPK4/5 (Figure 9A). Ca?+-
dependent St RBOHB kinase activity was partially reduced in the
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Figure 8. Phosphorylation of Ser-82 in St RBOHB by Constitutively
Active St CDPK5 in Planta.

St RBOHB was expressed with or without St CDPK5VK or St CDPK5K/M
via agroinfiltration in N. benthamiana leaves. Plasma membrane proteins
were prepared at 2 d after agroinfiltration. Immunoblot analyses were
performed using anti-pSer82 antibody, anti-St RBOHB antiserum, or
anti-HA antibody. The chemiluminescent signals in the immunoblot
analyses were detected using a CCD camera.

extracts from the Nb CDPK4/5-silenced leaves (Figures 9B and
9C). This indicates that Nbo CDPK4/5 is responsible for St RBOHB
kinase activity in planta and that other CDPKs are capable of St
RBOHB phosphorylation in addition to Nb CDPK4/5.

DISCUSSION

ROS are generated by RBOH during defense responses in plants.
Pharmacological studies indicated that protein kinase and Ca?+
influx are important in the oxidative burst (Figure 1A). Earlier works
indicate that ectopic expression of the CDPK induces the oxida-
tive burst (Xing et al., 2001). Together, these results implied the
involvement of CDPK in the activation process of RBOH. Plants
likely have no regulatory subunit homologs of phagocyte NADPH
oxidase with the exception of gp91°"°* and Rac. Because RBOH
has an N-terminal extension in addition to the gp91°Ph°x region, the
N terminus is expected to play an important role in the regulation
of RBOH. Considering all of the above, we hypothesized that the
N-terminal phosphorylation by CDPK regulates the activity of
RBOH proteins. Here, we demonstrated that St CDPK4 and St
CDPK5 phosphorylate Ser-82 and Ser-97 of the St RBOHB N
terminus by LC-MS/MS analysis. Both CDPKs phosphorylate St

RBOHB in vitro; however, St CDPK5 was more functional in ROS
generation from the transient expression analyses of constitu-
tively active CDPKs in N. benthamiana leaves. We also demon-
strated that heterologous expression of the active St CDPK5VK
and St RBOHB in Nb RBOHB-silenced N. benthamiana plants
caused a massive oxidative burst. Although immunoblot analyses
using anti-phosphopeptide antibody indicated in vivo phosphor-
ylation of Ser-82, in agreement with a second burst (Figure 3),
replacement of Ser-82 and Ser-97 with Ala in the heterologous
expression analysis of St RBOHB demonstrated the importance
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Figure 9. St RBOHB Kinase Activity Is Partially Dependent on Nb
CDPK4/5.

CDPK-silenced leaves were treated with 10 ng/mL INF1 elicitin for 12 h.
(A) Gene silencing of Nb CDPK4/5 was monitored by RT-PCR using
universal primers for Nb CDPK4 and Nb CDPKS5.

(B) Total proteins were extracted and incubated with St RBOHB_315 and
[y-32P]ATP with Ca?+ or EGTA (Ca?* —). Phosphorylation was detected
by x-ray film (top panel). Protein loads were determined by CBB staining
(bottom panel).

(C) Incorporation of radioactivity into the N-terminal region of St RBOHB
was measured using a phosphor imager. Relative kinase activities are
expressed as percentage of the maximum activity.
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of phosphorylation of both Ser-82 and Ser-97 for the activation of
St RBOHB protein (Figure 7).

Most Arabidopsis CDPKs possess predicted acylation sites
such as myristoylation and palmitoylation (Cheng et al., 2002).
Several CDPKs are reported to associate with various mem-
branes, and the N-terminal acylation is required for their correct
localization (Martin and Busconi, 2000; Lu and Hrabak, 2002;
Rutschmann et al., 2002; Dammann et al., 2003). St CDPKS5 also
has a Gly residue at the second position and a Cys residue at the
fifth position, which are predicted myristoylation and palmitoy-
lation sites, respectively. Because St RBOHB localizes to the
plasma membrane (Kobayashi et al., 2006), St CDPK5 is ex-
pected to function there. Although N-terminal acylation of St
CDPKS5 is unclear, ectopically expressed St CDPK5VK proteins
were detected in the plasma membrane fraction (Figure 8), and
we obtained the intriguing result that amino acid substitution of
Gly-2 or Cys-5 for Ala eliminates ROS production by St
CDPK5VK (our unpublished data). These findings suggest that
plasma membrane targeting by N-terminal myristoylation and
palmitoylation is required for St RBOHB activation by St CDPKS5.

Potential Phosphorylation Motifs of CDPKs in the
St RBOHB N-Terminal Region

Although limited information is available about substrate spec-
ificity and phosphorylation motifs of CDPKs, several attempts
have been made to define specific motifs using synthetic pep-
tides as substrates (Huang et al., 2001; Huang and Huber, 2001).
Ser-82 applies to the motif [B-B-X-B]-$-X-X-X-X-S/T-X-B (where
S/T is the phosphorylated Ser/Thr, B is a basic residue, ¢ is a
hydrophobic residue, and X is any residue), while Ser-82 lacks
[B-B-X-B] at the N-terminal side of the phosphorylation site
(Huang et al., 2001). Ser-97 applies to the motif $-X-B-X-X-S-X-
X-X-¢ (Huang and Huber, 2001). These revealed that both Ser-82
and Ser-97 are potential phosphorylation sites for the CDPKs.
Failure of detection by anti-pSer97 antibody might be caused by
the protein conformation around Ser-97 so that the antibody
might not be able to approach the site.

Substitution of Ser-82 and Ser-97 by Ala drastically diminished
St RBOHB activity (Figure 7B); however, substitution by Asp
produced only a small change in ROS production (data not
shown). It is possible that substitution by Asp does not always
result in conditions favorable to phosphorylation. For other
reasons, it is thought that additional phosphorylation sites or
other cofactors might be required for full activity of St RBOHB. In
this study, although the mutated St RBOHB (S82A/S97A) pro-
duced <30% of wild-type St RBOHB activity, there was still some
activity compared with the vector control (Figure 7B). There
might be additional phosphorylation sites that are not identified
by in vitro phosphorylation experiments.

Are Other RBOH Proteins Regulated by Phosphorylation?

Treatment with HWC elicitor or inoculation with the avirulent race
of P. infestans induces biphasic oxidative burst in potato tubers,
and St RBOHA and St RBOHB are suggested to function in the
first and second bursts, respectively (Yoshioka et al., 2001). St
CDPK5 might be involved in the regulation of the first burst as well
as the second, because St CDPK5 phosphorylates both St
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RBOHA and St RBOHB (see Supplemental Figure 3A online).
Does St CDPK5 activate not only St RBOHB but also other St
RBOH proteins? RBOHs can be divided into two groups accord-
ing to amino acid identity of the whole protein. One group (group |
in Figure 7A) includes St RBOHB to RBOHD, Nb RBOHB, Nt
RBOHD, and At RBOHD; the other group (group Il in Figure 7A)
includes St RBOHA and Nb RBOHA. RBOH genes in group | are
induced by pathogen signals, while group Il genes are expressed
constitutively. Amino acid sequences around Ser residues corre-
sponding to Ser-82 and Ser-97 are conserved in group | but not in
group Il (Figure 7A). According to the in vitro kinase assay using
the N-terminal proteins of St RBOHs and Nb RBOHSs (see Sup-
plemental Figure 3 online), St RBOHB to RBOHD and Nb RBOHB
were phosphorylated more intensively than St RBOHA and Nb
RBOHA. Considering these findings, St CDPKS5 likely prefers to
regulate group | RBOHs. However, our preliminary experiments
indicated that heterologous coexpression of not only St RBOHB
but also St RBOHA, RBOHC, and RBOHD with the active St
CDPK5VK in N. benthamiana plants caused the oxidative burst
(our unpublished data). These results are consistent with the fact
that St CDPK5VK-mediated ROS production was partially re-
duced by the VIGS of Nb RBOHA (Figure 6A). St RBOHA, Nb
RBOHA, and St RBOHD do not have the conserved amino acid
sequence around Ser-97 similar to St RBOHB; however, we found
a CDPK phosphorylation motif similar to that of Ser-82 (Figure 7A)
and another motif, B-X-X-S, the simplest CDPK phosphorylation
motif (Roberts and Harmon, 1992), in their N-terminal regions.
The B-X-X-S motif is also targeted by the SNF1-related protein
kinase (SNRK) family. In kinase assays using synthetic peptides
as substrates, SNRK1 recognized ¢-X-B-X-X-S-X-X-X-¢ (Dale
etal., 1995). Kelner et al. (2004) reported that the tobacco SNRK2
Nt OSAK recognized the sequence motif [KR]-[QMTAS]-X-[ST]-
[VILMF]-[SQN]-[FLIRK] predicted by the program PREDIKIN
developed for the prediction of substrate specificity of protein
Ser/Thr kinases (Brinkworth et al., 2003). ABA-activated SAPK10,

H,0,
T [C——,> Oxidative burst
Effector
0, 0,
+ Ca2*
Channel

‘#Ab""ﬂhbp’ﬂ

Figure 10. Model for St RBOHB Regulation by CDPK.

The elicitor induces Ca?* influx. Increase of intracellular Ca2* concen-
tration provokes Ca?+ binding to EF-hand motifs of CDPK and the RBOH
N-terminal region. Phosphorylation of St RBOHB by CDPK results in
ROS production.
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rice SNRK2, phosphorylates TRAB1 at the R-Q-G-S-L-T-L-P
and R-T-L-S-V-K-T-V-D-E-V-W-R motifs (Kobayashi et al.,
2005). Considering the data from these reports, plant SNRK
family enzymes might recognize similar motifs, including at least
B-X-X-S. Recently, Arabidopsis SNRK2.6/0OST1/SRK2E was
reported to be activated by ABA treatment and to function during
stomatal closure (Mustilli et al., 2002; Yoshida et al., 2002).
Interestingly, ROS generated by At RBOHD and At RBOHF in
guard cells trigger stomatal closure followed by ABA treatment
(Kwak et al., 2003). Mustilli et al. (2002) also suggested that OST1
acts at the interval between ABA perception and ROS produc-
tion. Recently, it was reported that Arabidopsis CDPK genes,
CPK6 and CPK3, are expressed in guard cells and mediate sto-
matal closure and S-type anion- and Ca?+-permeable channels
following ABA treatment (Mori et al., 2006). These reports sup-
port the idea that SNRK2 and CDPK may regulate RBOH during
ABA-mediated stomatal closure.

Mitogen-Activated Protein Kinase and CDPK Play Central
Roles in the Oxidative Burst

Protein kinases are activated during plant defense responses
(Peck, 2003). The mitogen-activated protein kinase (MAPK) cas-
cade transduces extracellular stimuli to intracellular signals by
phosphorylation cascades (MAPK Group, 2002). Previously, it
was reported that Nt MEK2PP, a constitutively active mutant of Nt
MEK?2, a tobacco MAPK kinase, induced HR-like cell death and
ROS production (Ren et al., 2002). Transient expression of St
MEK1PP (St MEK1 is a potato ortholog of Nt MEK2) also induced
HR-like cell death and ROS production in N. benthamiana leaves
(Katou et al., 2003, 2005). The transient expression of St MEK1PP
increased the accumulation of No RBOHB mRNA (Yoshioka
et al., 2003), suggesting that the transcriptional activation of
RBOH is one of the functions of the MAPK cascade in ROS
production. We show here that St CDPK5VK activates RBOH-
dependent ROS production by direct phosphorylation of their
N-terminal regions. Together, MAPK and CDPK seem to play
central roles in the regulation of pathogen-responsive RBOH at
the transcriptional and posttranscriptional levels, respectively.
However, VIGS of the St CDPK5 homolog in N. benthamiana
partially repressed St RBOHB kinase activity in planta (Figure 9)
and did not suppress the INF1-mediated ROS production (data
not shown), possibly because of gene redundancy of CDPK. Two
CDPKs were cloned in the experiments; however, other related
CDPKs, such as Nt CDPK2 (described below), also might phos-
phorylate the RBOHSs. In fact, no CDPK knockout mutant that
loses resistance to pathogens has been identified in Arabidopsis.

Based upon amino acid sequence, 34 Arabidopsis CDPKs can
be divided into four subgroups (Cheng et al., 2002) (see Supple-
mental Figure 2 online). Both Nt CDPK2 and St CDPKS5 belong to
subgroup |; however, sequence identity between St CDPK5 and
Nt CDPK2 is only 62.4% (see Supplemental Figure 1 online). In
tobacco cells expressing Cf-9, a resistance gene against the
tomato pathogen Cladosporium fuluvum, a 68/70-kD CDPK was
activated in response to the corresponding avirulence product
Avr9 (Romeis et al., 2000). Nt CDPK2 expressed in N. tabacum
and N. benthamiana leaves was activated by hypoosmotic stress
and Cf-9/Avr9-dependent elicitation (Romeis et al., 2001). Fur-

thermore, the transient expression of the constitutively active
mutant of Nt CDPK2 in N. benthamiana leaves induced ROS
production, defense genes, and HR-like cell death against ad-
ditional abiotic stresses such as water injection and wounding
(Ludwig et al., 2005). VIGS of Nt CDPK2 or Nt CDPK3 compro-
mises Cf-9/Avr9-dependent cell death (Romeis et al., 2001).
These reports suggest that Nt CDPK2 has multiple functions
leading to cell death. On the other hand, St CDPKS5 could function
specifically in RBOH activation, and the transient expression of
St CDPK5VK did not show any HR-like cell death phenotype.

Calcium May Function Not Only as an Inducer but Also
Downstream of the Oxidative Burst

A model for St RBOHB activation mediated by St CDPKS5 is
shown in Figure 10. Cells stimulated by the elicitors seem to
activate plasma membrane Ca?+ channels, and the increase in
[Ca?*].,+ may contribute to the oxidative burst. Recently, it was
reported that overexpression of Os TPC1, a putative voltage-
gated Ca?+-permeable channel, which localizes to the plasma
membrane, enhances an elicitor-induced oxidative burst (Kurusu
etal., 2005). That report suggests that the Ca2* ions bind directly
to EF-hand motifs of RBOH and also activate CDPK to phos-
phorylate the St RBOHB.

Calcium may function not only as an inducer of the oxidative
burst but also as a signaling molecule downstream of the
oxidative burst. ROS generated at the plasma membrane are
presumably released into the apoplast and activate the Ca2+
channel to increase the level of cytosolic [Ca2*]. It has been
shown that Ca?* influx induced by cryptogein in Nicotiana
plumbaginifolia cells activates the NADPH oxidase, which, in
turn, leads to an increase in [Ca2*]q,:, mainly from extracellular
Ca?* influx (Lecourieux et al., 2002). In stomatal closure, At
RBOHF and At RBOHD expression is induced by ABA in guard
cells, and the resulting ROS activate the plasma membrane Ca?+
channel (Pei et al., 2000).

The small GTPase Rop is also considered to be an RBOH
activator in ROS production, because a constitutively active Rac
induces ROS generation (Kawasaki et al., 1999) and a RhoGT-
Pase GDP dissociation inhibitor controls spatial ROS production
during root hair development (Carol et al., 2005). The constitu-
tively active Rac protein induces ROS production and HR-like
cell death; however, the detailed mechanisms of Rac remain to
be elucidated. Recently, direct interaction between the consti-
tutively active Os Rac protein and the N terminus of Os RBOHs or
St RBOHB was verified by yeast two-hybrid analyses (H.L. Wong,
R. Pinontoan, K. Hayashi, R. Tabata, T. Yaeno, K. Hasegawa,
C. Kojima, H. Yoshioka, K. Iba, T. Kawasaki, and K. Shimamoto,
unpublished data). It will be interesting to see further studies on
the relationship between Rac-RBOH interaction and the phos-
phorylation of Ser-82 and Ser-97.

METHODS

Plant Materials and Treatments

Tubers of potato (Solanum tuberosum cv Rishiri) were stored at 4°C until
use. The tuber discs, 2.0 cm in diameter and 2 mm thick, were aged for
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24 h and treated with 100 p.L of various solutions. HWC elicitor was prepared
from mycelium of Phytophthora infestans as described previously (Doke
and Tomiyama, 1980). P. infestans (race 0) was maintained on susceptible
potato (cv Irish Cobbler) tubers, and suspensions of Phytophthora zoo-
spores were prepared as described previously (Yoshioka et al., 2003).
Potato tuber discs were inoculated with 10* zoospores or treated with
1 mg/mL HWC elicitor per disc. Nicotiana benthamiana plants were grown
in environmentally controlled growth cabinets under light conditions at
25°C. The P. infestans elicitin INF1 was prepared as described by
Kamoun et al. (1997) and Schenke et al. (2005). N. benthamiana leaves
were treated with INF1 by infiltration using a needleless syringe.

Preparation of Protein Extracts

Potato tuber discs were ground for 1 min with a blender in extraction
buffer (50 mM MOPS-KOH, pH 7.6, 0.5 M sorbitol, 20 mM 2-mercapto-
ethanol, 5mM EGTA, 5 mM EDTA, 0.1 M NaF, 1 mM NazVQ,, and 50 mM
B-glycerophosphate) containing 0.1 mM 4-(2-aminoethyl) benzenesul-
fonyl fluoride (AEBSF), 1 .M E-64, and 10% Polyclar VT. The homogenate
was filtered through four layers of gauze. The filtrate was centrifuged at
10,0009 for 15 min at 4°C, and the resulting supernatant was centrifuged
at 150,000g for 20 min at 4°C. The soluble fraction was used for soluble
proteins. The pellet was suspended in suspension buffer (20 mM Tris-
HCI, pH 7.5, 0.25 M sucrose, 5 mM 2-mercaptoethanol, 10 mM NaF,
1 mM NagVO,4, 10 mM B-glycerophosphate, 0.1 mM AEBSF, and 1 pM
E-64). The suspension was centrifuged at 150,000g for 20 min at 4°C, and
the pellet was suspended in suspension buffer. The suspension was used
for microsomal proteins.

Total protein extracts from N. benthamiana leaves were prepared as
follows. Leaves were ground in liquid nitrogen with pestle and mortar,
thawed in extraction buffer containing 1% protease inhibitor cocktail for
plant cell and tissue extracts (Sigma-Aldrich) and 0.5% Triton X-100, and
centrifuged at 14,0009 for 10 min at 4°C. The supernatant was used for
total protein extracts.

Microsomal proteins from N. benthamiana leaves were prepared as
follows. Leaves were ground with pestle and mortar in extraction buffer
containing 0.1 mM AEBSF and 1 uM E-64, filtered through four layers of
gauze, and centrifuged at 10,000g for 15 min at 4°C. The supernatant was
centrifuged at 150,000g for 20 min at 4°C. The pellet was suspended in
suspension buffer, and the suspension was used for microsomal pro-
teins. Plasma membrane-rich fraction was fractionated by the aqueous
two-phase partitioning method described previously (Yoshida et al.,
1983). Phase preparation were performed in a 10-g phase system with a
final composition of 6.0% (w/w) dextran T500 (GE Healthcare), 6.0%
(w/w) polyethylene glycol 3350 (Sigma-Aldrich), 0.25 M sucrose, 28.8 mM
NaCl, and 10 mM potassium phosphate, pH 7.5. The final upper phase
from two rounds of partitioning was diluted fourfold in suspension buffer
and centrifuged at 150,000g for 20 min at 4°C. The pellet was sus-
pended in suspension buffer, and the suspension was used for plasma
membrane proteins.

The protein concentration was determined using the Protein Assay Dye
Reagent (Bio-Rad Laboratories) with BSA as a standard.

In-Gel Kinase Assay

In-gel kinase assays were performed as described previously (Katou
et al., 1999). Briefly, 20 g of potato soluble proteins was separated on a
12% SDS-polyacrylamide gel in the presence of 0.25 mg/mL St RBOHB
N-terminal recombinant proteins. After electrophoresis, SDS was re-
moved by washing the gel in 20 mM Tris-HCI, pH 8.0, containing 20%
2-propanol four times for 30 min each. After washing in buffer A (20 mM
Tris-HCI, pH 8.0, and 5 mM 2-mercaptoethanol) twice for 30 min each, the
proteins were denatured in buffer A containing 6 M guanidine hydrochlo-
ride twice for 30 min each. The proteins were renatured overnight at 4°C
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by incubating the gel in buffer A containing 0.03% Tween 20 with four
changes of the solution. After equilibration in 20 MM HEPES-KOH, pH 7.6,
10 mM MgCl,, and 5 mM 2-mercaptoethanol with 1 mM CaCl, or 0.1 mM
EGTA, the gel was incubated in the same buffer containing 25 uM ATP
and 0.5 u.Ci/mL [y-32P]ATP (4000 Ci/mmol) for 1 h at room temperature.
The reaction was stopped by washing the gel in 5% trichloroacetic acid
and 1% sodium pyrophosphate. The gel was washed extensively with this
solution, washed in 20% methanol, dried under vacuum, and autoradio-
graphed with an intensifying screen.

Antibody Production and Immunoblotting

Preparation of anti-St RBOHB N-terminal antiserum was described previ-
ously (Kobayashi et al., 2006). The peptide for pSer82 (CGSQLS[POsH,]FHLR)
was synthesized and conjugated to keyhole limpet hemocyanin carrier,
and polyclonal antiserum was raised in rabbits (Immunobion). The
pSer82-specific antibody was purified by affinity chromatography using
pSer82 peptide—coupled Cellufine Formyl. The eluate was then passed
through the affinity column coupled with nonphosphorylated peptide.
HA-tagged proteins were detected by monoclonal anti-HA antibody
(clone HA-7; Sigma-Aldrich).

For immunoblotting, equal amounts of proteins were separated on a
SDS-polyacrylamide gel and transferred to a nitrocellulose membrane
(Schleicher and Schuell). After blocking in TBS-T (50 mM Tris-HCI, pH 7.5,
150 mM NaCl, and 0.05% Tween 20) with 5% nonfat dry milk for 1 h at
room temperature or overnight at 4°C, the membranes were incubated
with anti-St RBOHB, anti-pSer82, or anti-HA antibodies diluted with
TBS-T at room temperature for 1 h or at 4°C overnight. After washing with
TBS-T, the membranes were incubated with horseradish peroxidase—
conjugated anti-rabbit Ig or anti-mouse Ig antibody (GE Healthcare)
diluted with TBS-T for 30 min at room temperature. Antibody-antigen
complex was detected using the ECL protein gel blot detection kit (GE
Healthcare) and Light-Capture equipped with a CCD camera (ATTO), and
immunostained bands were analyzed by the CS Analyzer 2.1 (ATTO).

Expression Cloning of St RBOHB Kinases

Screening of kinases that phosphorylate St RBOHB at Ser-82 was
performed according to Matsuo et al. (2001). A 477-bp cDNA fragment
from the St RBOHB N terminus was cloned into BamHI/Xhol sites of
pGEX-4T-1 vector (GE Healthcare). The plasmid was transformed into
Escherichia coli strain LE392 cells. Overnight culture was harbored by
centrifugation and resuspended with a half-volume of SM buffer (50 mM
Tris-HCI, pH 7.5, 100 mM NaCl, 10 mM MgSQO,, and 0.01% gelatin) for
infection with expression libraries from potato tubers (Yoshioka et al.,
2001). After 3 h of incubation of the infected bacteria at 42°C, St RBOHB
N-terminal protein and library-originated proteins were expressed in the
host bacteria by overlaying the membrane (Protran BA 85; Schleicher and
Schuell), which had been presoaked in 20 mM isopropylthio-B-galacto-
side (IPTG), onto the plates at 37°C for an additional 4 h. The membranes
were washed twice for 5 min with TBS-T and blocked with 5% nonfat dry
milk in TBS-T at room temperature for 1 h. The membranes were incu-
bated in anti-pSer82 antibody diluted with TBS-T at 4°C overnight. The
membranes were washed with TBS-T five times for 5 min, incubated with
horseradish peroxidase—conjugated anti-rabbit Ig (GE Healthcare) diluted
with TBS-T at room temperature for 1 h, and washed in TBS-T five times
for 5 min. Antibody-antigen complex was detected using the ECL protein
gel blot detection kit (GE Healthcare).

RNA Isolation and RT-PCR

Total RNA from N. benthamiana leaves was prepared using the TRIzol
reagent according to the procedure described by the manufacturer
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(Invitrogen). RT-PCR was conducted using a commercial kit (rTth DNA
Polymerase RT-PCR High Plus; TOYOBO). cDNA was synthesized from
total RNA (1 j.g). After the cDNA synthesis reaction, PCR was performed
with a denaturing temperature of 94°C for 1 min and an annealing plus
extension temperature of 52°C for 1.5 min for 26 to 35 cycles. Gene-
specific primers of each sequence were as follows: Nb RBOHA (5'-CTG-
CTCAGGGCTGACGAAAACACCAAGAAA-3’ and 5'-AGTACTCTTTCTC-
CTTTTCGGAGAAATCTT-3'), Nb RBOHB (5'-TTTCTCTGAGGTTTGCC-
AGCCACCACCTAA-3’ and 5-GCCTTCATGTTGTTGACAATGTCTTTA-
ACA-8’). As a control for equal cDNA amounts in each reaction, PCR was
performed with primers for EF-1a (5'-CTTCCTACCTCAAGAAGGTAG-
GATACAAC-3' and 5'-TGCCTCCTGAAGAGCTTCGTGGTGCAT-3').

In the case of transcript amplification of ectopically expressed genes
by agroinfiltration, cDNA was synthesized with oligo(dT) primer to distin-
guish plant RNA from bacterial RNA. RT-PCR was conducted using a
commercial kit (ReverTra Ace a; TOYOBO). PCR was performed by
ExTag (TaKaRa) with denaturing, annealing, and extension temperatures
of 94°C for 30 s, 52°C for 30 s, and 72°C for 30 s, respectively, for 24 to 35
cycles. PCR was performed using primers annealed to vector sequence
and gene-specific primers. The sequences were as follows: St CDPK4
(5"-AGAGGACACGCTCGAGTATAAGAGCTCATT-3’ and 5'-GAGATTG-
ATTTACAGGCATACTCAGCACC-3’), St CDPK5 (5'-AGAGGACACGCT-
CGAGTATAAGAGCTCATT-3" and 5'-CTTAGAGATGAGTTTTCTCTTGG-
CAATA-3'), St RBOHB (5'-TCAATCTGTGCAGGACTCTTTACATGGAAA-3’
and 5'-CTGCTATTCCAAATGCAATTACCTTGTGGA-3'), Nb RBOHA (de-
scribed above). The universal primers for Nb CDPK4 and Nb CDPK5 were
designated Nb CDPK4/5 (5'-TCTCAAACCTGAGAATTTCTTGTTGGT-
TAA-3" and 5'-TCAAAATCAATGTGCCCTTTCAGA-3’). As a control for
equal cDNA amounts in each reaction, PCR was performed with primers
for EF-1a (described above). PCR products were separated on a 1.8%
agarose gel and visualized after ethidium bromide staining.

Agrobacterium tumefaciens-Mediated Transient Expression
(Agroinfiltration) in N. benthamiana

cDNA fragments of full-length and truncated (VK) variants of St CDPK4
and St CDPK5 were generated by PCR and cloned into pGreen binary
vector (Hellens et al., 2000). Amino acid substitution of kinase-inactivated
variants (K/M) was introduced by PCR-based, site-directed mutagenesis.
HA tag was added to the C-terminal ends. All variants of CDPK were
preceded by the 35S promoter of Cauliflower mosaic virus, the 5’ un-
translated region was replaced with the w sequence from Tobacco mo-
saic virus, and the nopaline synthase terminator region was on the 3’ end
of the gene. cDNA fragments of St RBOHB and mutated St RBOHB
(S82A, S97A, and S82A/S97A) were generated by PCR and cloned into
pGD binary vector (Goodin et al., 2002). These amino acid substitutions
were introduced by PCR-based, site-directed mutagenesis.

The binary plasmids were transformed into Agrobacterium strain
GV3101, which harbors the transformation helper plasmid pSoup (Hellens
etal., 2000), by electroporation. The overnight culture was diluted in 10-fold
Luria-Bertani medium (LB)/kanamycin/rifampicin/tetracycline and cultured
until ODggp Was 0.6. Cells were harvested by centrifugation and resuspen-
ded in 10 MM MES-NaOH, pH 5.6, and 10 mM MgCl,. Suspensions were
adjusted to an ODggoy of 0.5, and acetosyringone was added to a final
concentration of 150 wM. Bacterial suspensions were incubated for2to 3 h
at 22°C and then infiltrated into leaves of 4- to 5-week-old N. benthamiana
plants using a needleless syringe (Romeis et al., 2001). Two days after
infiltration, leaves were subjected to various experiments. Agrobacterium
carrying GUS was used as a control for the effect of agroinfiltration.

VIGS

VIGS was performed according to Ratcliff et al. (2001). The 500-bp cDNA
fragments of the paralog-specific region of No RBOHA and Nb RBOHB

were subcloned into TRV vector pTV00 (RNA2). The following primers
were used to amplify cDNA fragments from plasmid containing each full-
length cDNA as a template: No RBOHA (5'-CCCAAGCTTCTGTGATT-
AACATTGACGCTC-3' and 5-CGGGATCCGCATTGTGCGAAATCGG-
AAC-3') and Nb RBOHB (5'-CCATCGATGTTAAACAAACGAGGCG-
GCA-3’ and 5'-CCCAAGCTTTACATTCTCCAAATTTGGCAC-3'). A 450-bp
cDNA fragment of the C-terminal region of Nb CDPK5 was amplified
from a N. benthamiana cDNA expression library (Yoshioka et al., 2003) as
a template with the following primers: Nb CDPK5 (5'-CCATCGATA-
CATGGATTTCCTTTTTGCAT-3' and 5'-CGGGATCCGTGATCGCTGAA-
AGCTTGTC-3'). Virus infections on N. benthamiana were achieved by
Agrobacterium-mediated transient expression of infectious constructs.
pBINTRAG (RNA1) and pTVO0O0 containing the inserts (RNA2) were trans-
formed into Agrobacterium strain GV3101, which harbors the transfor-
mation helper plasmid pSoup, by electroporation separately. A mixture of
equal parts of Agrobacterium suspensions of RNA1 and RNA2 was
infiltrated into N. benthamiana seedlings (2 to 3 weeks old). Infected
plants were grown under a 16-h photoperiod and an 8-h dark period at
22°C. Three to 4 weeks after infection, upper leaves of the infected plants
were used for transient expression assays.

Plasmid Constructs for Recombinant Proteins

The PCR fragment of the St RBOHB N terminus was inserted into the Ncol/
Xhol or BamHI/Xhol sites of pET-30a(+) vector (Novagen). The following
primers were used: St RBOHB (1-318) (5'-CCATGGCTATGGAGATC-
GAAAACACGAGGG-3' and 5'-CTCGAGCTAGTCCTCAATGAAATAGTC-
TAGCCTT-3'), A1-56-forward (5’-CGCGGATCCATGGGAGCTGATCAT-
GAAGC-3'), A1-104-forward (5'-CGCGGATCCATGGATAGGAGTAAGT-
CTGG-3'), A1-159-forward (5'-CGCGGATCCATGTCAAGTGAGTTTGCT-
GAG-3'), A1-56-,A1-104-, and A1-159-reverse (5'-CCGCTCGAGCTAGT-
CCTCAATGAAATAGTC-3'). Amino acid substitutions were introduced by
Mutan-Super Express Km site-directed mutagenesis (TaKaRa) using the
following primers: S82A (5'-TGGATCACAACTTGCGTTTCATCTGAG-3’),
S89A (5'-AGGCAAGTTGCGAAGGAATTG-3’), and S97A (5'-AAAGAAT-
GACTGCTTCTAATAAGTTTCAG-3’). The PCR fragments of St CDPK4
and St CDPK5 were inserted into the Kpnl/Xhol sites of the pET-32a(+)
vector (Novagen).

Expression and Purification of Recombinant Proteins

pET30a(+) vectors containing St RBOHB N-terminal fragments were
transformed into E. coli cells of strain BL21-CodonPlus (DE3)-RIL
(Stratagene). The overnight culture at 37°C was transferred to 100-fold
LB/kanamycin medium and cultured until ODggq was 0.6 to 0.8 at 37°C.
Expression was induced by the addition of 1 mM IPTG for 3 h at 37°C.
Cells were harbored and resuspended in buffer B (20 mM Tris-HCI, pH
8.0, and 0.5 M NaCl). The suspension was sonicated and centrifuged at
12,000g for 10 min at 4°C. The pellet was resuspended in buffer B
containing 6 M urea and centrifuged at 12,0009 for 10 min at 4°C. The
supernatant was dialyzed against 10 mM Tris-HCI, pH 8.0.

pET32a(+) vectors containing St CDPK4 and St CDPK5 were trans-
formed into E. coli cells of strain BL21-Gold (DE3) pLysS (Stratagene). The
overnight culture at 37°C was transferred to 100-fold LB/ampicillin
medium and cultured until ODggo Was 0.6 to 0.8 at 37°C. Expression
was induced by the addition of 0.4 mM IPTG for 3 h at 28°C. Extraction
and purification of CDPK proteins and Trx proteins were performed with
the MagneHis protein purification system (Promega).

In Vitro Kinase Assay

Kinase activity was determined in 15 pL of buffer 20 mM HEPES-KOH,
pH 7.6, 1 mM 2-mercaptoethanol, and 5 mM MgCl,, with 0.1 mM CaCl, or
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2 mM EGTA) containing 1 to 3 pg of substrate, St RBOHB N-terminal
peptides, or histone IlI-S (Sigma-Aldrich) and 0.25 to 1 ug of enzyme.
Reactions were started by the addition of 50 uM ATP and 50 pn.Ci/mL
[y-32P]JATP for 30 min at room temperature. In kinase assays for plant
extracts, 1.5 pg of St RBOHB N-terminal peptides and 0.3 ug of plant
extracts were used and incubated for 5 min at room temperature. The
reactions were stopped by the addition of SDS-PAGE sample buffer and
incubation at 95°C for 5 min. Each sample was separated on a 10% SDS-
polyacrylamide gel. After electrophoresis, the gels were washed in 5%
trichloroacetic acid and 1% sodium pyrophosphate for 15 min followed
by washing in 20% methanol. The gels were dried under vacuum and
autoradiographed with an intensifying screen. The relative radiation dose
was counted by BAS-5000 (Fujifilm).

Mass Spectrometric Analysis

Protein bands excised from Sypru ruby (Invitrogen)-stained gels were
excised and subjected to in-gel digestion (Shevchenko et al., 1996; Wilm
and Mann, 1996). The trypsin-digested peptides were loaded on the
column (NanoEase Atlantis dc18, 3 um, 75 pm internal diameter, 15 cm;
Waters) using the CapLC system (Waters), and the eluted peptides from
the column were introduced directly into a nanoESI-Qqg-TOF Ultima mass
spectrometer (Waters-Micromass). The top two ions in each survey scan
were subjected to automatic MS/MS fragmentation analysis in low-
energy collision-induced dissociation. The MS/MS spectra were sub-
jected to the MASCOT server (search parameter, variable modifications,
Ser/Thr phosphorylation) against a protein database from the National
Center for Biotechnology Information. The peak data of phosphopeptides
were confirmed manually.

Determination of ROS

The relative intensity of ROS generation was principally determined by
counting photons from luminol- or L-012-mediated chemiluminescence. In
the case of potato tuber discs, 2.5 mM luminol in 10 mM Tris-HCI, pH 7.4,
was treated on the discs. In the case of N. benthamiana leaves, 0.5 mM
L-012 in 10 mM MOPS-KOH, pH 7.4, was infiltrated into N. benthamiana
leaves using a needleless syringe. The chemiluminescence was monitored
continuously by a photon image processor equipped with a sensitive CCD
camera (ARGUS-50 or Aquacosmos 2.5; Hamamatsu Photonics). Photons
were integrally incorporated for 5 min after the treatment.

Accession Numbers

Sequence data from this article have been deposited in the GenBank/
DDBJ/EMBL data libraries under accession numbers AB279737 (St
CDPK4) and AB279738 (St CDPK5). The accession numbers for the
other sequences mentioned in this article are as follows: St RBOHA,
AB050660; St RBOHB, AB050661; St RBOHC, AB198716; St RBOHD,
AB198717; Nb RBOHA, AB079498; and Nb RBOHB, AB079499.
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Supplemental Figure 1. Alignment of the Predicted Amino Acid
Sequences of St CDPK4, St CDPK5, Cm CPK2, Ca CDPK3, At CPK6,
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Supplemental Figure 3. Phosphorylation of N-Terminal Proteins of St
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Supplemental Figure 4. ROS Production Mediated by St CDPK4 and
St CDPKS5 Full-Length Variants in N. benthamiana Leaves.

Supplemental Figure 5. Induction of Nb RBOHB Expression by
Agrobacterium Infection and Agrobacterium-Mediated Nt MEK2PP
Expression.

Supplemental Figure 6. Alignment of the Nucleotide Sequences of St
CDPK4, St CDPK5, and Nb CDPK5.
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