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The melecular links between the cell cycle and defense
respenses in plants are largely unknown. Using synchro-
nized tobacce BY-2 cells, we analyzed the cell cycle depend-
ence of elicitor-induced defense responses. In synchronized
cultured apoaequorin-expressing cells, the increase in
cytosolic free Ca’ induced by a proteinaceous elicitor,
cryptogein, was greatly suppressed during the G, and M
phases in comparison with G, or S phases. Treatment with
cryptogein during the G, or 8 phases also induced biphasic
(rapid/transient and slow/prolonged) responses in activa-
tion of mitogen-activated protein kinases (MAPKs) and
production of reactive oxygen species (ROS). In contrast,
elicitor treatment during the G, or M phases induced only a
rapid and transicnt phase of MAPK activation and ROS
production, Their stow and prolonged phases as well as
expression of defense-related genes, cell cycle arrest and
cell death were induced only after the cell cycle progressed
to the G, phase; removal of the elicitor before the start of
the G, phase inhibited these responses. These results sug-
gest that although cryptogein recognition occurred at all
phases of the cell cycle, the recognition during the S or G,
phases, but not at the G, or M phases, induces the pro-
longed activation of MAPKSs and the prolonged production
of ROS, followed by cell cycle arrest, accumulation of
defense-related gene transcripts and cell death, Elicitor sig-
nal transduction depends on the cell cycle and is regulated
differently at each phase.

Keywords: Cell cycle arrest — Cell death — Elicitor — Syn-
chronized culture ~— Tobacco BY-2 cells

Abbreviations: [Ca¥’],,,, cytosolic free Ca®™ concentration;
MAPK, mitogen-activated protein kinase; MCLA, 2-methyl-6-[p-
methoxyphenyl]-3,7-dihydroimidazo[ 1,2-u}pyrazin-3-one; "O,", super-
oxide anion radical; ROS, reactive oxygen species; SIPK, salicylic
acid-induced protein kinase; WIPK, wounding-induced protein kinase.

Introduction

Plants respond to attack by pathogens by activating a vari-
ety of defense mechanisms, including the synthesis of phyto-

alexins and the induction of hypersensitive cell death, which
restricts the growth of pathogens at the infection site (Jones and
Dangl 1996, Heath 2000). The induction of defense responses
is accompanied by fluxes of Ca®* and H", production of reac-
tive oxygen species (ROS) and nitric oxide, and activation of
mitogen-activated protein kinases (MAPKSs). These responses
are thought to have important roles in the induction of defense-
related genes and cell death (Zhang and Klessig 2000, Asai et
al. 2002, Nimberger and Scheel 2001, Kadota et al. 20042a).

Down-regulation of cell cycle-related genes is triggered
by an oligopeptide elicitor, Pep-13 of Phytophthora sojae, in
parsley cells (Logemann et al. 1995), implying some links
between defense signaling and cell cycle regulation. However,
the relationships between the cell cycle and defense responses
in plants are unknown. Therefore, we developed a model sys-
tem involving elicitor-induced hypersensitive cell death in syn-
chronized tobacco BY-2 cells, which we used to analyze the
relationship between the cell cycle and defense responses in
plants. Since tobacco BY-2 cell suspensions can be synchro-
nized, they have often been used to analyze the mechanisms of
cell cycle regulation (Nagata et al. 1992). The proteinaceous
elicitor cryptogein, derived from Phytophthora cryptogea,
induces cell cycle arrest in the G, or G, phases prior to the
induction of cell death (Kadota et al, 2004b). Whether or not
cell death is induced is dependent on the stage of the cell cycle
at which the elicitor is detected. Cryptogein-induced cell death
only occurs in cells in which the elicitor is recognized during
the G, or S phases, whereas elicitor recognition during the G,
or M phases does not induce cell death. The inhibition of elici-
tor-induced cell death during the G, or M phases suggests dif-
ferences in a cryptogein signaling component or components in
these phases of the cell cycle.

Cryptogein triggers biphasic transients in the cytosolic
free Ca’" concentration ([Ca’’],,,) by plasma membrane Ca®"
influx at least partly through the putative Ca®"-permeable chan-
nels, NtTPCls (Kadota et al. 2004c), and Ca*™ release from
internal Ca?* stores, followed by ROS production (Kadota et al.
2004a) and activation of MAPKs (Zhang et al. 1998) in BY-2
cells. In the present study, using synchronized BY-2 cells, we
analyzed the cell cycle dependence of cryptogein signaling
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events in each phase of the cell cycle. Treatment with crypto-
gein during the G, or S phases induced changes in the [Ca®"],,,,
a biphasic production of ROS, and a biphasic activation of
MAPKs, followed by cell cycle arrest, accumulation of
defense-related gene transcripts and cell death. In contrast,
treatment during the G, or M phases induced much weaker
[Caz"]m changes, rapid and transient ROS preduction and rapid
and transient activation of MAPKs, but did not induce the pro-
longed production of ROS, the prolonged activation of
MAPKSs, accumulation of defense-related gene transcripts and
cell death before cell cycle progression to the G, phase. These
results suggest that elicitor signaling events including pro-
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longed activation of ROS production and MAPKs that lead to
defense gene expression and cell death are regulated in a cell
cycle-dependent manner.

Results

The extent of cryptogein-induced changes in the [Cd’ -
depends on the phase of the cell cycle

To analyze the various cryptogein-induced events that
oceur during the different phases of the cell cycle, the cell
cycle of BY-2 cells was synchronized using aphidicolin. The
mitotic index of the cells peaked at & h after aphidicolin release
(Fig. 1A). Flow cytometric analysis showed that almost all of
the cells were in the S phase at 0.5 h after aphidicolin release,
in the G, phase at 5 h after the release and in the G, phase at
11 h after the release.

In cultured aequorin-expressing BY-2 cells, the aequorin
chemiluminescence is proportiona! to the [Caz"]c),, (Takahashi
et al. 1997). Cryptogein treatment induces two characteristic
transient peaks which correspond to plasma membrane Ca®*
influx and inositol 1,4,5-triphosphate-mediated Ca?* release
from intracellular Ca®* stores (Kadota et al. 2004a). To exam-
ine the cell cycle dependence of the cryptogein-induced
changes in the {Caz"]m, we analyzed the [Ca’*]m during each
phase of the cell cycle using synchronized aequorin-expressing
cells. The mitotic index of the cells showed a peak at 8 h after
aphidicolin release, suggesting that in these cells, cell cycle
progression was similar to that of the non-transformed BY-2
cells {data not shown). Aequorin-expressing cells also dis-
played cryptogein-induced cell cycle arrest, ROS production
and cell death that were indistinguishable from the same events
in the non-transformed control (data not shown). Cryptogein-
induced increases in the [Caz““]cyt occurred during all phases of
the cell cycle, suggesting that the recognition of cryptogein
occurred at all phases of the cell cycle. However, the increases
that occurred in the G, or M phases were much weaker than
those in the G, or S phases (Fig. 1C). These results suggest that
the extent of the cryptogein-induced increase in the [Ca®],,
depends on the phase of the cell cycle, Unlike random cultured

Fig. 1 Cryptogein-induced changes in the [Ca”*]q'1 depend on the
phase of the cell cycle. BY-2 cells were synchronized at § phase by
aphidicolin treatment. (A} Changes in the mitotic index of non-treated
cells. The data represent the average of five independent experiments,
Error bars indicate the SEM (n = 5). (B) Flow cytometric analysis of
non-treated cells. Representative results of three independent experi-
ments are shown. (C) Cryptogein (1.5 uM) or distilled water was
applied to aequorin-expressing BY-2 cells at 0.5 h (S phase), 5h (G,
phase), 8 h (M phase) or 11 h (G, phase) after aphidicolin release, and
changes in the [Ca"']m were followed by the aequorin luminescence.
The peak in the mitotic index was observed 8 h afler aphidicolin
release (data not shown), suggesting that the progression of the cell
cycle was similar to that shown in (A) and (B). The aequorin lumines-
cence curves shown were normalized with the total luminescence of
each cell culture. One representative experiment of three independent
experiments is shown in each case.
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cells, the two phases in the [Caz*]m increase were rarely distin-
guished in synchronized cultured cells for unknown reasons.
The shape of the aequorin luminescence trace in the S phase
(Fig. 1C) suggests that the two peaks may overlap.

The slow and prolonged activation of MAPKs depends on the
phase of the cell cycle during which cryptogein recognition
occurs

Treatment of tobacco cell suspensions with cryptogein
was shown previously to induce the rapid activation of MAPK
homologs with apparent molecular masses of 48 and 44 kDa,
corresponding to salicylic acid-induced protein kinase (SIPK)
and wounding-induced protein kinase (WIPK), respectively
{Lebrun-Garcia et al. 1998, Zhang et al. 1998). To examine the
cell cycle dependence of cryptogein-induced activation of pro-
tein kinases, protein extracts from cells treated with the elicitor
during each phase of the cell cycle were analyzed for kinase
activity using an in-gel kinase assay. Treatment with cryptogein
during the S or G, phases activated p48 and p44 protein kinases
(Fig. 2). The activation of p48 protein kinase was biphasic, in
that rapid and transient activation occurred at 10 min, and a
slow and prolonged activation continued for at least 300 min.
The pattern of activation of p44 protein kinase was similar to
that of p48 protein kinase; a rapid and transient activation and a
slow and prolonged activation. In contrast, treatment with the
elicitor during the G, or M phases induced rapid and transient
activation, followed by rapid inactivation of both kinases.
Later, both kinases were reactivated at 300 min (10h after
aphidicolin release) after cryptogein application in the G,
phase, and at 180 min (11 h afier aphidicolin release) and
300 min (13 h after aphidicolin release) after cryptogein appli-
cation in the M phase. Fig. ! A, B shows that the cells enter the
G, phase at around 10 h after aphidicolin release, suggesting
that the reactivation of MAPKSs is well correlated with the pro-
gression of the cell cycle to the G, phase. Although the rapid
and transient activation of p48 protein kinase and the slow and
prolonged activation of p44 and p48 protein kinases occurred
in all experiments, the rapid and transient activation of p44
protein kinase was not detected in some experiments (data not
shown). The washing of cells by extensive growth medium to
remove aphidicolin might affect the rapid and transient activa-
tion of p44 protein kinase, because wounding stress induces the
expression of WIPK (Seo et al. 1995).

In summary, the cryptogein-induced rapid and transient
activation of MAPKs occurred when cryptogein was recog-
nized during any of the phases of the cell cycle, but the slow
and prolonged activation occurred at the S or (G, phases.

The slow and prolonged production of ROS depends on the
phase of the cell cycle during which cryptogein recognition
oCCurs

To examine cell cycle dependence of the elicitor-induced
production of reactive oxygen species, the cryptogein-induced
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Fig. 2 The cryptogein-induced prolonged activation of MAPKs
depends on the phase of the cell cycle. Cryptogein or distilled water
(DW) was applied to BY-2 cells at 0.5 h (8 phase), 5 h (G, phase), 8 h
(M phase) or 11 h (G, phase) after aphidicolin release. Activation of
MAPKs was monitored with an in-gel kinase assay. Experimental con-
ditions were as in Fig. 1. One representative experiment of three inde-
pendent experiments is shown in each case. A similar cell cycle
progression to that shown in Fig. 1 was confirmed by flow cytometric
analysis and mitotic index analysis (data not shown).

increase in superoxide anion ('O,”) was monitored during each
phase of the cell cycle with chemiluminescence assays using 2-
methyl-6-[p-methoxyphenyl]-3,7-dihydroimidazo[ 1,2-aJpyrazin-
3-one (MCLA) (Uehara et al. 1993). Treatment with crypto-
gein at the § or G, phases induced "0, production in a bipha-
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sic manner, namely a rapid and transient increase that peaked at
around 10 min, followed by a slow and prolonged production
of '0,” that continued for at least 5.5h (Fig. 3). In contrast,
treatment with the elicitor during the G, or M phases induced
rapid and transient 'Q,” production at 10 min, but the induction
of the slow and prolonged "0, production was delayed. Treat-
ment with cryptogein during the G, phase resulted in pro-
longed "0, production at 5.5 h after treatment (10.5 h after
aphidicolin release), and treatment during the M phase induced
the prolonged ‘O, production at 3 h after cryptogein applica-
tion (11 h after aphidicolin release). Since the cells enter the G,
phase at around 10 h after aphidicolin release (Fig. 1A, B}, the
induction of the prolonged "0, production corresponds well to
the progression of the cell cycle to the G, phase. Overall, the
rapid and transient production of ROS occurred after crypto-
gein recognition during any of the phases of the cell cycle, but
the slow and prolonged production occurred at S or G, phase.

Cryptogein recognition during the G, phase, but not the G, or
M phases, induces cell cycle arrest, the prolonged activation of
MAPKs, the prolonged production of ROS, induction of
defense-related genes and cell death

The prolonged activation of MAPKs and the prolonged
production of ROS did not oceur when cryptogein was applied
before the progression of the cell cycle to the G, phase (Fig. 2,
3). Two hypotheses could explain the cell cycle-dependent acti-
vation of these responses. First, recognition of cryptogein dur-
ing any phase of the cell cycle is sufficient to induce the
biphasic activation of MAPKs and the biphasic production of
ROS, but the prolonged activation of MAPKs and the pro-
longed production of ROS are induced only after cell cycle
progression to G, phase. Alternatively, recognition of erypto-
gein during the S or G, phases is required to induce the pro-
longed activation of MAPKs and the prolonged production of
ROS. To determine whether the recognition of cryptogein at
the G, phase is prerequisite to induce the prolonged activation
of MAPKs and the prolonged production of ROS, cryptogein
was applied to cells in the G, phase (5h after aphidicolin
release) and removed before the cells progressed to the G,
phase (9 h after aphidicolin release) by extensive washing with
growth medium (Fig. 4A). When cryptogein was removed
before the G, phase, the cryptogein-induced prolonged activa-
tion of MAPKs (Fig. 4B} and prolonged production of ROS

Fig. 3 Cryptogein-induced prolonged production of *0,” depends on
the phase of the cell cycle. Cryptogein {open circles) or distilled water
{solid circles) was applied to BY-2 cells at 0.5 h (S phase), 5h (G,
phase), 8 h (M phase) or 11 h (G, phase) after aphidicolin release. Pro-
duction of "0,” was monitored with chemiluminescence assays using
MCLA. The luminescence intensity, which reflects the "0, concentra-
tion, was monitored with a luminometer. Experimental conditions
were as in Fig. 1. One representative experiment of three independent
experiments is shown in each case. A similar cell cycle progression to
that shown in Fig. 1 was confirmed by flow cytometric analysis and
mitotic index analysis (data not shown).
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(Fig. 4C) did not occur, suggesting that the recognition of cryp-
togein during the G, phase is necessary to induce these
responses. Similar results were obtained for the following
downstream events, including cell cycle arrest (Fig. 4D), accu-
mulation of defense-related gene transcripts (Fig. 4E) and cell
death (Fig. 4F).
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Flow cytometric analysis showed that cells treated with
distilled water progressed from the S phase to the G, phase (5h
after aphidicolin release) and subsequently to the G, (11 h) and
G, phases (16 and 21 h), whereas continuous treatment with
cryptogein induced G, phase arrest. When cryptogein was
removed before the cells progressed to the G, phase, the cells
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did not induce G, phase arrest but, instead, progressed nor-
mally to the G, phase (16 and 21 h}. These results suggest that
the recognition of cryptogein at the G, phase, but not at the G,
or M phases, induces cell cycle arrest.

The amounts of transcripts of the defense-related genes
Hsr203j and ACHN (acidic chitinase) were analyzed using
RNA gel blot analysis. Hsr203/, a hypersensitive response-
related (hsr) gene encoding a serine hydrolase with esterase
activity (Baudouin et al. 1997), has been postulated as regulat-
ing either the establishment or the limitation of cell death (Pon-
tier et al. 1998), and ACHN encodes a chitinase that breaks
down the cell walls of microbes (Linthorst et al. 1990). Contin-
uous treatment with cryptogein induced the accumulation of
transcripts of these genes, but removal of the elicitor before the
G, phase inhibited the accumulation.

Continuous treatment with cryptogein induced cell death,
as detected using the Evans blue assay, but removal of the elici-
tor before the G, phase led to inhibition of the elicitor-induced
cell death. Therefore, recognition of cryptogein at the G, phase,
but not at the G, or M phases, induces the prolonged activation
of MAPKSs, the prolonged production of ROS, cell cycle arrest,
the accumulation of transcripts of defense-related genes and
cell death,

Discussion

One of the signaling components altered by the cell cycle
phases acts between the perception of the cryptogein elicitor
signal and the influx of Ca®* through the plasma membrane
The change in the [Caz*]cyt is one of the earliest responses
induced by treatment with elicitors. After an apparent lag of
around 1 min, cryptogein induced two characteristic transient
increases in the [Caz"]q,, (Kadota et al. 2004a). Pharmacologi-
cal experiments have shown that the first peak of the biphasic
increase in [Caz"]m corresponds to the influx of Ca®" through
the plasma membrane; this influx may activate the second peak
in the [Ca®™],, increase that results from the release of Ca®"
from the intracellular Ca** stores via an inositol triphosphate-
dependent pathway, Although no clear biphasic changes in the
[Ca"*]m could be detected in the synchronized cultured cells,
possibly because of overlap of the two peaks, cryptogein-

induced [Caz"]m changes clearly occurred at all phases of the
cell cycle, suggesting that cryptogein recognition occurred at
all cell cycle phases. Given that the aequorin luminescence of
the first peak in the [Caz*]m is 2- to 3-fold greater than that of
the second peak (Kadota et al. 2004a), the significantly weaker
cryptogein-induced [Ca®*],, increase during the G, and M
phases (Fig. 1C) indicates that the cryptogein-induced plasma
membrane Ca®" influx (the first peak in the [Ca™]_,} is at least
partially suppressed in the G, and M phases. These results sug-
gest that one of the signaling component(s) that vary during the
different phases of the cell cycle is active between the time of
perception of the elicitor signal and the influx of Ca®* through
the plasma membrane. Although the cryptogein receptor has
not yet been identified, the receptor may be one of the strong
candidates for the signaling component differently regulated
during cell cycle phases. Microarray analysis of a synchro-
nized suspension of the Arabidopsis cell culture MM2d showed
that transcripts of two putative disease resistance proteins
{accession numbers At4g36140 and At2g24160) accumulate
during the G, and S phases (Menges et al. 2002). This result
might support the hypothesis that the cryptogein receptor is
partially inactivated during the G, or M phases.

Future analysis on the expression of the receptors of elici-
tors and disease resistance genes, as well as the activity of
these products during each phase of the cell cycle, may lead to
a better understanding of the cell cycle dependence of elicitor
signaling in plants,

The patterns of the cryptogein-induced production of ROS and
activation of MAPKs differ drastically in different phases of the
cell cycle )

Although ROS production and activation of MAPKS trig-
gered by cell death-inducing elicitors have been reported in
various systems, the characteristics of these responses differ,
and have been controversial. Pugin et al. (1997) and Simon-
Plas et al. (2002) showed that cryptogein induces a transient
production of ROS in a tobacco cell suspension, with a single
peak at 30 min. In contrast, hypersensitive response-inducing
pathogens or elicitors induce two peaks in the generation of
ROS in other systemns (Chandra et al. 1996, Lamb and Dixon
1997, Grant and Loake 2000, Yoshioka et al. 2001).

Fig. 4 Cell cycle arrest, the prolonged activation of MAPKs, the prolonged production of "O,”, the expression of defense-related genes and cell
death were induced afier cryptogein treatment during the G, phase. (A) Cryptogein or distilled water (DW) was applied to BY-2 cells at 5 h (G,
phase) after aphidicolin release, and then the cryptogein was removed by extensive washing with growth medium at 9 h (M/G,). All experiments
in this figure were performed with these conditions. (B) Activation of MAPKs was monitored with an in-gel kinase assay, One experiment repre-
sentative of three independent experiments is shown in each case. (C} Production of "0;” was monitored by the MCLA chemiluminescence, Cryp-
togein (solid squares) or DW (open circles) was applied to BY-2 cells at 5 h (G, phase) after aphidicolin release, and then the cryptogein was
removed by extensive washing with growth medium at 9 h (M/G1, open triangles). One experiment, representative of three independent experi-
ments, is shown in each case. (D) The effect of cryptogein on the progression of the cell cycle in BY-2 cells. The celf cycle progression was moni-
tored by flow cytometric analysis. One experiment, representative of three independent experiments, is shown in each case. (E) RNA gel blot
analysis of the defense-related genes ACHN and Hsr203J/. One experiment, representative of three independent experiments, is shown in each
case. (F) Induction of cell death at 40 h after aphidicolin release was detected using the Evans blue assay. A similar cell cycle progression to that
shown in Fig. 1 was confirmed by flow cytometric and mitotic index analyses {data not shown). Representative results of three independent
experiments are shown.
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Lebrun-Garcia et al. (1998) showed that cryptogein
induces a transient activation of SIPK- and WIPK-like protein
kinases that peaks at 30 min post-treatment and gradually
decreases to the basal level, Romeis et al. (1999) also showed
that the avirulence gene product Avr? induces a transient acti-
vation of SIPK- and WIPK-like protein kinases that peaks at
15 min post-treatment in tobacco suspension cultures express-
ing the resistance gene product C9. In contrast, Zhang et al.
(1998) showed that cryptogein induces the prolonged activa-
tion of a SIPK-like protein kinase that continues for at least 8 h.
Likewise, Suzuki et al. (1999) showed that treatment with xyla-
nase induces the prolonged activation of a SIPK-like protein
kinase that is sustained for at least 4 h, after which the activity
decreases to the basal level within 2 h, We have shown in the
present study that the patterns of the cryptogein-induced pro-
duction of ROS and the activation of both MAPKs change
drastically, depending on the phase of the cell cycle (Fig. 2, 3).
These results may give us a clue that explains why the charac-
teristics of the ROS production and activation of MAPKs trig-
gered by cell death-inducing elicitors are sometimes different
in different systems. The patterns of these changes may be dif-
ferent between proliferating cells and resting cells, and may
also reflect the growth stage. Furthermore, our results may sug-
gest that interpretation of previously reported results regarding
the production of ROS and activation of MAPKs during
defense responses should be revised, with consideration given
to the phase of the cell cycle.

The cryptogein-induced slow and prolonged activation of
MAPKs and the slow and prolonged production of ROS are
dependent on the phase of the cell cycle

ROS play important roles in the induction of hypersensi-
tive responses in plants (Levine et al, 1994, Lamb and Dixon
1997). In many experimental systems in which biphasic pro-
duction of ROS is induced upon elicitation, the rapid and tran-
sient production of ROS (phase 1), which occurs within
minutes of the perception of pathogens, is not specific to
hypersensitive responses, because compatible pathogens that
do not induce hypersensitive responses also elicit this peak. In
contrast, the second phase of ROS production (phase I} is spe-
cific to infection with hypersensitive response-inducing patho-
gens (Chandra et al. 1996, Lamb and Dixon 1997, Grant and
Loake 2000, Yoshioka et al. 2001). We here showed that the
rapid and transient production of ROS (phase I) occurred after
elicitation, during any phase of the cell ¢cycle, whereas the sec-
ond increase in ROS (phase II) occurred only after elicitation
during the S or G, phases (Fig. 3). The second increase in ROS
production (phase II) in the S and G, phases correlates well
with the cryptogein-induced accumulation of transcripts of
defense-related genes and cell death, which are only induced
by treatment with cryptogein during the S or G, phases (Kadota
et al. 2004b}.

The prolonged activation of MAPKs is correlated with
defense responses and is thought to be important for the induc-

tion of cell death and defense-related gene expression (Suzuki
et al. 1999, Ren et al. 2002). We have demonstrated that the
prolonged activation of MAPKs occurs only after elicitation
during the G, and S phases, whereas the rapid and transient
activation of MAPKs can occur after elicitation during any of
the phases of the cell cycle (Fig. 2). The prolonged activation
of MAPKSs is also strongly correlated with the induction of cell
death. Suppression of defense responses in G, or M phases may
be attributed to the absence of prolonged production of ROS
and prolonged activation of MAPKs. Alternatively, it might
also be possible that many other components that participate in
induction of defense responses are inactivated during G, or M
phase.

Relationships among the cryptogein-induced signaling events,
including the increase in [Cd’ Ty the activation of MAPKSs,
and ROS production

The elicitor-induced expression of the Rbok (respiratory
burst oxidase homolog) gene is thought to contribute to the
slow and prolonged production of ROS, following the rapid
and transient production (Yoshioka et al. 2001). The overex-
pression of MEKPP, a constitutively active mutant of a MAPK
kinase, induces the activation of SIPK and WIPK, the expres-
sion of the Nicotiana benthamiana Rboh homolog NbRbohB,
and hypersensitive-like cell death (Yang et al. 2001, Yoshioka
et al. 2003}, suggesting that a MAPK cascade positively regu-
lates ROS production. Absence of the prolonged activation of
MAPKSs by cryptogein application in the G, and M phases may
result in the inhibition of the slow and prolonged production of
ROS and cell death.

The inhibition of the cryptogein-induced increase in
[Ca*],,, during the G, and M phases correlates well with the
absence of the prolonged production of ROS and the pro-
longed activation of MAPKs during these phases (Fig. 1C, 2,
3). Multiple reports have indicated that Ca®* chelators and Ca®”
channel blockers completely inhibit elicitor-induced ROS pro-
duction and activation of MAPKs, suggesting that the Ca®
influx is essential for the induction of these responses (Suzuki
and Shinshi 1995, Tavernier et al. 1995, Romeis et al. 1999,
Suzuki et al. 1999, Lecourteux et al. 2002, Kadota et al.
2004a). However, whether the inhibition of the cryptogein-
induced increase in [Caz‘]m in the G, and M phases is respon-
sible for the absence of the prolonged production of ROS, and
the prolonged activation of MAPKs, is still unclear. Interest-
ingly, treatment with cryptogein during the G, and M phases
induces rapid and transient ROS production and rapid and tran-
sient activation of MAPKs, but changes in the [Caz*]c),t were
suppressed during these phases. This suggests that a slight
increase in [C.'ztl*]‘m during the G, and M phases is sufficient to
induce the rapid and transient ROS production, and the rapid
and transient activation of MAPKs. These results suggest that
the transient MAPK activation and ROS production occur inde-
pendently of the prolonged version of both phenomena.
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Defense responses are not induced during the G, and M phases

Treatment with cryptogein during the G, or M phases did
not induce the prolonged activation of MAPKs (Fig. 4B), the
prolonged preduction of ROS (Fig. 4C), cell cycle arrest (Fig.
4D), the expression of two defense-related genes (Fig. 4E) or
cell death (Fig. 4F); however, treatment with cryptogein dur-
ing the § or G, phases did induce these responses (Fig. 2, 3;
Kadota et al. 2004b). Since treatment with cryptogein during
G, and M phases induced the rapid and transient production of
ROS and the rapid and transient activation of MAPKSs, cells in
these phases are not insensitive to cryptogein but are not able to
induce downstream events including prolonged activation of
MAPK, prolonged production of ROS, expression of defense-
related genes and cell death.

Cells treated continuously with cryptogein during the G,
or M phases showed prolonged activation of MAPKs and pro-
longed preduction of ROS after progression to the G, phase
(Fig. 2, 3). Are the rapid and transient activation of MAPKs
and the rapid and transient production of ROS induced again in
the G, phase? It was exceedingly difficult to detect these
responses in the G, phase because of the short duration of these
responses. Transient treatment of the cells with cryptogein dur-
ing the G, phiase (5-7h), and again at the G, phase (11 h),
induced the transient activation of MAPKs and transient pro-
duction of ROS at the G, phase, as well as biphasic activation
of MAPKs and biphasic production of ROS at the G, phase,
with characteristics similar to those induced by cryptogein
treatment only during the G, phase (data not shown). These
results suggest that the rapid and transient activation of
MAPKSs, and the rapid and transient production of ROS, are
induced again in the G, phase.

In conclusion, we have demonstrated that cryptogein sign-
aling events, including the increase in [Ca®] ,, ROS produc-
tion, activation of MAPKSs, expression of defense-related genes
and cell death, are regulated in a cell cycle-dependent manner.
Further studies using this model system should allow a better
understanding of the cell cycle dependence of defense signal-
ing at the molecular level.

Materials and Methods

Plant material

The tobacco BY-2 (Nicotiana tabacum L. cv. Bright Yellow 2)
suspension was maintained by weekly dilution (1/100) of cells in mod-
ified Linsmaier and Skoog (LS) medium, as described by Nagata et al,
(1992). The cell suspension was agitated on a rotary shaker at 100 rpm
at 28°C in the dark.

Expression and purification of cryptogein

Pichia pastoris (strain GS115) bearing the plasmid pLEP3 was
used to produce cryptogein. Cryptogein was expressed according to
O’'Denohue et al. (1996) and was dissolved in distilled water. The
cryptogein concentration was determined using UV spectroscopy with
an extinction coefficient of 8,306 M~ cm™! at 277 nm (O’Donohue et
al. 1995},

Cell cycle synchronization

A stationary culture of tobacco BY-2 cells was diluted 1/10 in
fresh modified LS medium supplemented with 5 pg/ml aphidicolin
{Wako Pure Chemical, Japan). After 24 h of culture, the aphidicolin
was removed by extensive washing and the cells were resuspended in
fresh medium.

Determination of the cell division percentages of the BY-2 cells

The cell division percentages were obtained by determining the
mitotic index after staining of the cells with 4',6-diamidino-2-phe-
nylindole (DAPI) and observation under a flucrescence microscope.

Flow cytometric analysis

Flow cytometric analysis was performed according to the manu-
facturer's protocol as follows. A 1 ml aliquot of cell suspension was
centrifuged at 1,000xg for 1 min. Approximately 500 ul of Nuclear
Isolation and Staining Solution 3 (NPE Systems, Inc. Pembroke Pines,
FL, U.S.A.) were added to the cell suspension pellet. The cells were
chopped with a razor blade and then incubated for 10 min at room
temperature, after which the nuclei were separated from the cells by
filtering the mixture through a 100 pm nylon filter. The flucrescence
intensity was measured by flow cytometry [NPE Quanta(TM), NPE
Systems, Inc.]. Counts with low fluorescence intensity contained fluo-
rescence from DNA fragmented during the extraction of the nuclei.
Therefore, counts were disregarded betow a cut-off value of a much
lower fluorescence intensity than that of nuclei at the G, phase.

Measurement of changes in the f[Ca™ o

The apoaequorin-expressing BY-2 cell suspension was incubated
with 1 uM coelenterazine for at least 6 h, The aequorin luminescence,
which reflects the [Ca’*']m, was measured with a Lumicounter 2500
luminometer (Microtech Nition, Funabashi, Japan) equipped with an
A/D converter (MacL.ab, AD instruments, Castle Hill, Australia), and
data were analyzed using the program Chart v. 3.6.8 (AD Instru-
ments). Cell samples of 250 p! were transferred to cylindrical plastic
cuvettes and held for 15 min at room temperature, with stirring at
150 rpm to allow the cells to recover from the mechanical stress
caused by pipetting. Cuvettes containing the cell suspension were
placed in the luminometer and rotated 17 times every 3 s, alternatively
clockwise and counterclockwise, to stir the cells during luminescence
measurement. The total luminescence intensities after the addition of a
20% volume of 1 M CaCl,/20% ethanol solution were analyzed in
each phase of the cell cycle, and the cryptogein-induced aequorin
luminescence curves were normalized with the total luminescence of
the same sample, so that the values of aequorin luminescence in each
phase of the cell cycle can be compared with each other.

In-gel kinase assay

Extracts containing 20 pug of protein were electrophoresed on
10% SDS—polyacrylamide gels embedded with 0.25 mg ml™ of myelin
basic protein (MBP) in the separating gel as a substrate for the kinase.
Following electrophoresis, the SDS was removed by washing the gels
three times for 30 min with washing buffer [25 mM Tris, pH 7.5,
0.5 mM dithiothreitol (DTT), 0.1 mM Na,;VO,, 5 mM NaF, 0.5 mg ml”
! bovine serum albumin (BSA), 0,1% Triton X-100 (v/v)} at room tem-
perature. The kinases were allowed to renature overnight in 25 mM
Tris, pH 7.5, 1 mM DTT, 0.1 mM Na, VO, and 5 mM NaF at 4°C with
three changes of buffer. The gels were then incubated at room temper-
ature for 60 min in 30 ml of reaction buffer (25 mM Tris, pH 7.5,
2mM EGTA, 12 mM MgCl,, 1 mM DTT, 0.1 mM Na,VO,) contain-
ing 200 nM ATP and 50 pCi of [y-°PJATP (3,000 Ci mmol™). The
reaction was stopped by transferring the gels into 5% trichloroacetic
acid (TCA) (w/v)/1% NaPPi (w/v). The unincorporated [y-*2P]ATP
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was removed by washing in the same solution for at least 6 h with five
changes. The gels were dried onto Whatman 3 MM paper and exposed
to imaging plates (Fuji Film Co., Itd, Tokyo, Japan). Signals were visu-
alized with Typhoon 9210 (Amersham-Pharmacia Biotech).

Measurement of "Q;” production

BY-2 cell suspensions were washed and resuspended in fresh
growth medium 30 min before measurement. A 250 pl aliquot of cell
suspension was sampled at the indicated time and treated with 2 uM
MCLA (Molecular Probes, Eugene, OR, U.5.A); the "0, -dependent
luminescence was measured with a Lumicounter 2500 (Microtech
Nition, Chiba, Japan).

RNA extraction and Northern analysis

Total RNA was extracted from each frozen cell sample using
TRIzol reagent, according to the manufacturer’s instructions (Invitro-
gen Co., Carlsbad, CA, U.S.A.). Denatured total RNA (15 pg) was
electrophoresed in 2% agarose gels containing 5.5% formaldehyde and
transferred to Hybond-N membrane {Amersham-Pharmacia Biotech,
Little Chalfont, U.K.). Hybridization was performed at 65°C in phos-
phate buffer (500 mM Na-phosphate, pH 7.2, ] mM EDTA, 1% BSA,
7% SDS) with random-primed *2P-labeled probes prepared from
tobacco cDNAs corresponding to the ACHN (Linthorst et al. 1990) and
Hsr203J (Baudouin et al. 1997) genes. Hybridization signals were vis-
ualized with a Bioimage Analyzer (BAS-2000, Fuji Film, Japan) and
Typhoon 9210 (Amersham-Pharmacia Biotech).

Cell death assay

A 1 ml aliquot of the cell suspension was incubated with 0.05%
Evans blue (Sigma, St. Louis, MO, U.S8.A)) for 15min and then
washed to remove unabsorbed dye. The selective staining of dead cells
with Evans blue depends on the extrusion of the dye from living cells
via the intact plasma membrane. The dye passes through the damaged
mermbranes of dead cells and accumulates as a blue protoplasmic stain
(Turner and Novacky 1974). Dye that had been absorbed by dead cells
was extracted in 50% methanol/1% SDS for 1 h a1 60°C and quantified
by absorbance at 595 nm.
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Three Types of Tobacco Calmodulins Characteristically Activate Plant NAD
Kinase at Different Ca?* Concentrations and pHs
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We previously reported that three types of tobacco cal-
modulin (CaM} isoforms originated from 13 genes are dif-
ferently regulated at the transcript and protein levels in
response to wounding and tobacco mesaic virus-induced
hypersensitive reaction (HR); wound-inducible type I and
HR-inducible type 1II levels increased after wounding and
HR, respectively, while type 1I, whose expression is consti-
tutive and wound respensible, remained unchanged. Here,
we show that these CaMs differentially activate target
enzymes; rat NO synthase was activated most effectively by
type I11I, moderately by type I and weakly by type 11, and
plant NAD kinase (NADK) was activated in the inverse
order. Furthermore, we found that a suitable Ca®* concen-
tration differs by type; type II activated NADK at lower
Ca® of around 0.1 pM, which is the cytosolic concentration
in unstimulated cells, type I did so at 1-5 uM, which is the
increased Ca?* concentration in stimulated cells, while type
IIE did not at any Ca®* level. NADK activation was highest
over a pH range of 7.1-6.8 for which the cytosolic pH
reportedly changed from 7.5 after being stimulated. Thus,
tobacco CaMs, especially type I, effectively activate NADK
in stimuli-induced conditions.

Keywords: Calmodulin — Calcium — NAD kinase — NO
synthase — Tobacco,

Abbreviations: CaM, calmodulin; [Ca™], cytosolic Ca™ con-
centration: CaN, calcineurin; HR, hypersensitive reaction; NADK,
NAD* kinase; NO, nitric oxide; NOS, nitric oxide synthase; PR, patho-
genesis-related; ROS, reactive oxygen species; TMYV, tobacco mosaic
virus,

Introduction

We studied the resistance mechanism active against
wounding and pathogen infection in plants using wounded and
tobacco mosaic virus {TMV)-infected tobacco leaves contain-
ing the N resistance gene (Nicotiana tabacum L. cv Samsun

NN). N gene-dependent formation of necrotic lesions in virus-
infected tissue is a kind of programmed cell death responsible
for virus enclosure, and is a hypersensitive reaction (HR) that
occurs during the plant’s defense response (Goodman and
Novacky 1994). It induces both salicylic acid-dependent signal-
ing and jasmonic acid/ethylene-dependent signaling, which
mimic wound signaling (Niki et al. 1998). As a HR-responsive
gene, we isolated the calmodulin gene (CaM), which encodes a
major Ca®* receptor that activates target enzymes in the pres-
ence of Ca* (Klee and Vanaman 1982). Although the nature of
the downstream signaling of CaM in plant cells is largely
unknown, plants have multiple CaM isoforms, which are highly
divergent, in contrast to the invariant mammalian CaM (Lee et
al. 1995, Takezawa et al. 1995). Therefore, it is expected that
multiple plant-specific CaM-mediated signaling pathways exist.
Furthermore, a number of studies indicated that the production
of reactive exygen species (ROS) such as O,7, H,O, and nitric
oxide (NQ) plays an important role in the defense response,
and is contrelled in a Ca®*-dependent manner (Niirnberger et al.
1994, Hahlbrock et al. 1995, Delledonne et al. 1998, Park et al.
1998, Grant et al. 2000).

On the other hand, change in the concentration of
cytosolic free Ca® ([Caz*]cyl) is evoked by various extracellu-
tar stimuli including pathogenic infection or elicitors (Sanders
et al. 1999, Kadota et al. 2004). Increased [Cal"]cy, is thought to
be required to induce an array of defense responses including
ROS production and gene expression via various Ca®* recep-
tors (Reddy 2001). To determine how Ca®* triggers such
responses, we successfully isolated 13 CaM genes, NiCaMi-
13, from TMV-infected or wounded tobacco belonging to three
plant-specific types (Yamakawa et al. 2001; Fig. 1A). Among
them, type I isoforms encoded by NtCaMI and 2 showed over-
all similarities to PCM1, a potato CaM (Takezawa et al. 1995),
while type 1l isoforms, which contain NtCaM3/4/5/6/7/8/9/10f
11/12, are highly homologous to soybean SCaM-1. NtCaM13
belongs to type III, and has the most diverse substitutions,
which are common to SCaM-4 (Lee et al. 1995). In soybean
plant, SCaM-1 and SCaM-4 were characterized by different
spectra on activation of target enzyme (Lee et al. 1995, Cho et

5 These two authors contributed equally to this work,
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al. 1998), suggesting different functions. Among the three
types of plant CaMs, there is little biochemical information on
type I CaM except from a gene expression study on potato
PCM| (Takezawa et al. 1995). To characterize the precise func-
tions of each type of CaM, a comparative study was necessary
using all CaMs from the same plant source under the same con-
ditions. In this paper, we compared the biochemical nature of

Fig. 1 The characteristics of three types of NiCaMs. (A)
Comparison of three plant-specific CaMs and vertebrate CaM
amino acid sequences. Dots indicate amino acids identical to
those of NtCaM1. Shadows behind the letters indicate four con-
served Ca** binding motifs, EF-hands. (B) Purified NtCaM pro-
teins prepared as described previously (Fromm and Chua 1992).
Four micrograms each of recombinant NtCaM1, NtCaM3 and
NtCaM13 protein were subjected to 12% SDS-PAGE in the
presence of 7.5 mM CaCl, (+) or 7.5 mM EGTA (-), and pro-
tein in the gel was stained with Coomassie Brilliant Blue R-
250. The Ca*/CaM complex migrated more quickly than CaM
alone. Molecular weight marks (M) are indicated on the right.

type I, II and IIT CaMs, using purified representative CaMs,
NtCaM]1, 3 and 13 (Fig. IB), respectively. For a target enzyme,
we selected plant NAD kinase (NADK), which is suggested to
function in the self-defense of plants by providing the cofactor
NADP for ROS production by NADPH oxidase (Harding et al.
1997). We found that the enzyme was specifically activated by
wound-inducible types I and II, whose ratio of total CaMs
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Fig.2 CaM concentration-dependent activation of three target enzymes. (A) NADK activity was determined by the procedure of Harmon et al.
(1984) using NADK puritied from pea seedlings with 1 mM Ca® and increasing NiCaM1 (filled circles), NtCaM3 (open squares), NtCaM13
(open circles) and bovine CaM (filled triangles), respectively, under pH 8.0. One unit of the activity is defined as the conversion of ! nmol of
NAD" to NADP* per 1 min. (B) NOS activity was determined by the citrulline method. Recombinant rat neuronal NOS was reacted with 1 mM
Ca™ and increasing individual CaMs. The activity is shown as a % relative to that for 165 M bovine CaM. (C) CaN activity was determined by
the procedure of Anthony et al. (1986) using bovine brain CaN with 0.3 mM Ca® and increasing individual CaMs. The activity is shown relative
to basal activity in the absence of any CaM. Values represent the means of three independent experiments, and error bars indicate £SD.

increased, but not by type III, whose ratio decreased after
wounding (Yamakawa et al. 2001). Furthermore, the activation
by types I and Il was maximized under elevated Ca®* concen-
trations and decreased pH, which are induced after exposure to
various stimuli (Sanders et al. 1999, Lebrun-Garcia et al. 2002,
Lecourieux et al. 2002). The activity of animal NO synthase
(NOS), which is also activated by plant CaMs in vitro, was high-
est, moderate and lowest by type I11, type I and type II, respec-
tively, indicating the substrate preference of the CaM types.

Results

NADK was activated by NtCaM1 and NitCaM3 but not by
NtCaM13

Plant NADK is activated by plant CaMs (Anderson and
Cormier 1978, Roberts and Harmon 1992), This study had
been conducted using only type II and 111 CaMs, lacking data
on type I CaMs whose structure and expression profiles are
different from those of types II and IIl (Takezawa et al. 1995,
Yamakawa et al. 2001). To understand the role of each CaM
type in NADK activation, we used representatives of all three
plant-specific CaMs (NtCaM1, 3 and 13) and a control animal
CaM (bovine brain CaM). Using purified pea NADK as the tar-
get enzyme, we assessed which type of CaM is the most potent
activator under conditions of 1 mM Ca®* and pH 8.0. NADK
activity was evaluated by quantification of the product, NADP*,
via reaction with excess NADP*-dependent glucose 6-phos-
phate dehydrogenase and oxidation-reduction indicator dyes as
described previously (Harmon et al. 1984). Pea NADK was
activated most by NtCaM3 and then by NtCaM1 in the pres-
ence of 1 mM Ca™ at pH 8.0, but NtCaM13 hardly activated
the enzyme (Fig. 2A). Mammalian CaM had less activity than

NtCaM1 and 3. In the absence of Ca®*, no activity was detected
for any of the CaMs (data not shown). V,,,, the maximal activ-
ity compared with that of the mammalian CaM, and K, the
concentration of CaM required for half-maximal activity, were
207%, 235% and 9%, and 16, 9 and 26 nM for NtCaMI,
NtCaM3 and NtCaM13, respectively (Table 1).

NOS was effectively activated by NtCaM13 and then by
NtCaM 1, but weakly by NtCaM3

NOS is an important CaM-dependent enzyme in animals.
We studied the properties of tobacco CaMs using a rat recom-
binant NOS as a target enzyme. according to the citrulline
method coupled with thin-layer chromatography (TLC) separa-
tion (Kumar et al. 1999). NOS was activated by all tobacco
CaM types as well as by mammalian CaM (Fig. 2B). Com-
pared with the control animal CaM, NtCaM13 was the most
potent activator, NtCaM1 was the second most potent, while
NtCaM3 was the weakest. Without Ca®*, no NOS activity was
observed (data not shown). V_, compared with that for bovine
CaM and K, for NtCaMI, NtCaM3 and NtCaM 13 were 98%,
67% and 119%, and 56, 89 and 67 nM, respectively (Table 1).

Calcineurin was most activated by NtCaM3 and moderately
activated by NtCaM[I and NtCaM 13

Calcineurin  (CaN), a CaM-dependent protein phos-
phatase, is a target of CaM in mammals, The activity of bovine
brain CaN was determined by a fluorometric method using 4-
methyl umbelliferyl phosphate (4MUP) as the substrate
(Anthony et al. 1986). In the absence of Ca®, the enzyme
exhibited 35-45% of the activity in the presence of Ca®* (data
not shown). With Ca®*, NtCaM3 increased the activity of
bovine CaN 2.7-fold, followed second by bovine CaM, and fol-
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Table1 Activation profiles of NADK, NOS and CaN by NtCaM], 3, 13 and bovine CaM

NADK NOS CaN
Target enzyme Vipax (%) Viax (%) Viax (%)
NtCaM1 207 e+ 98 ++ 81 +
NtCaM3 235 -+ 67 + 130 +++
NiCaM13 9 + 119 +H+ 74 +
Bovine CaM 100 ++ 100 ++ 100 +—

The extent of activation was summarized. The number of (+) indicates the extent of activation and (t) denotes
litle activation, V., the maximal activity compared with that of bovine CaM.

lowed by NtCaM1 and NtCaM13 (Fig. 2C). V,,, compared
with that for bovine CaM and K, for NtCaM1, NtCaM3 and
NtCaM13 were 81%, 130% and 74% and 4.6, 4.0 and 7.5 nM,
respectively (Table 1).

The Ca** concentration required for NADK activation is differ-
ent for different types of CaMs

NADK activation as shown in Fig. 2A was analyzed under
similar conditions as described previously (Harmon et al. 1984,
Lee et al. 1995); at 1 mM Ca®* and pH 8.0, which is different
from real cytosolic conditions found in plant cells, The
cytosolic Ca>™ concentration ([Ca™],,y) is around 0.1 pM in
unstimulated cells, but dynamically increases as a result of
stimuli such as red light, touch, heat shock, oxidative stress,
hormonal signals. For instance, [Cz:l”']cy1 transiently rises to
3 uM rafter elicitor treatment in suspensison-cultured cells
{Sanders et al. 1999, Lecouricux et al. 2002). To understand the
Ca®*-dependent activation of NADK by each CaM type in
intact plant cells after stimulation, we used the three represent-
ative tobacco CaM proteins at various Ca®™ concentrations.
Because the cytosolic pH in unstimulated plant cells is around
7.5 (Kurkdjian and Guern 1989), the pH of the reaction mixture
for this study was adjusted to 7.5. CaM concentration in this
study was fixed at 0.5 uM. Although there are few reports on
cytosolic CaM concentration in plant, it is said to be 5-20 uM
(reviewed by Zielinski 1998). While (.5 pM CaM is lower than
the known concentration, it seemed to be sufficient because
NADK activation was saturated at 0.5 pyM CaM in Fig. 2A.
Under this condition, NtCaM3 could activate NADK at a Ca®*
concentration lower than 1 uM (Fig. 3A). However, NtCaM1
required at least 10 uM Ca®, and its activating ability reached
to the same or a higher degree than that of NiCaM3 at 100 uM
Ca®. NtCaM13 could not activate NADK at any Ca** concen-
tration.

Ca**-dependent NADK activation is regulated by pH

Next, we examined the effect of pH on NADK activation
by CaMs because cytosolic pH is changed by stress such as
elicitor treatment. In MN-acetylchitooligosaccharide elicitor-
treated suspension-cultured rice cells, eytosolic pH changed
rapidly from 7.5 to 7.1 (Kuchitsu et al. 1997), and the pH
declined to 6.8 from 7.3, 40 min after treatment with 0.3 M

NaCl in suspension-cultured tobacco cells (Qiao et al. 2002).
Thus it is possible that cytosolic pH decreases after stimuli in
vivo. To reproduce the actual cytosolic conditions present after
stimuli in plants, we used reaction mixtures at pH 7.1, 6.8 and
6.4 with various Ca®* concentrations for the analysis of NADK
activation by CaMs. Under pH 7.1, NtCaM1 and 3 activated
NADK more efficiently than under pH 7.5 (Fig. 3B). NtCaM3
activated it under pH7.1 at Ca®* concentrations such as
0.1 pM, and NtCaM1 responded to 1pM Ca®, at which
NADK activation was not detected under pH 7.5. At pH 6.8,
NtCaM3 activation was more efficient than at pH 7.1. NtCaM1
activated NADK similarly to pH 7.1 for almost the same Ca?
concentrations (Fig. 3C). Under pH 6.4, for which the cytosolic
pH was changed from 7.3 after NaCl treatment in suspension-
cultured tobacco cells to induce cell death (Qiao et al, 2002),
the activating ability of both types of CaMs declined (Fig. 3D).

Discussion

In contrast to the mammalian system in which only one
CaM protein operates, plants have multiple types of CaMs with
different protein structures to transduce Ca®* signals down-
stream. Using purified NtCaM1, 3 and 13, which belong to
plant-specific type I, II and III CaMs, respectively, we ana-
lyzed the roles of each type of CaM in target enzyme activa-
tion in vitro, Our work presents comparable studies of all three
types of plant CaMs and the control animal CaM under experi-
mental conditions mimicking that in the cytosol of healthy
unstimulated and stimulated cells. The characterization of type
I CaM using NtCaM1 as a representative in comparison with
other types of CaMs was first reported in this work, which
found that NtCaM]1 activates NADK only under stress-induced
conditions. From this study, we could understand that the mode
of target enzyme activation is different and specific for each
type of CaM.

Studies on plant NADK activation by the three types of
CaMs under various Ca® concentrations and pHs gave us
important information on the specificity of CaM. Increased
Ca®™ concentration after stimuli enhanced NADK activation by
NtCaM1 and 3, but ne activation by NtCaM13 occurred. Simi-
larly, lowered pH after stimuli also enhanced activation by the
NtCaM! and 3, but no activation by NtCaM13 occurred. In
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Fig. 3 Effects of Ca®* concentration and pH on NADK acti-

vation by NtCaM]1, 3 and 13. The assay was conducted with
0.5 uM NiCaM] (filled circles), NtCaM3 (open squares) and

NtCaM13 (open circles), respectively, and increasing Ca™

under pH 7.5 (A), pH 7.1 (B), pH 6.8 (C) or pH 6.4 (D). One

unit of the NADK activity is the same as in Fig. 2. The data
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contrast, NtCaM13 most effectively activated another target
enzyme, NOS. These results indicate that plants efficiently use
three types of CaMs to activate different target enzymes
adapted for the circumstances induced by various stimuli.

[Caz"]Cyl in plant cells at steady state is around 0.1 pM
(Bush 1995). After stress treatment such as elicitor application
(Lecourieux et al. 2002) and pathogen infection (Xu and Heath
1998), [Caz*]cyl increases, triggering stress-responsive signal-
ing pathways used for self-defense. Cytosolic pH is also
dynamically altered to bring about acidification after stress
treatment (Kurkdjian and Guern 1989). This evidence suggests
that Ca®*-induced target enzyme activation in vitro should be
studied under similar conditions in unstimulated and stimu-
lated plant cells in vivo to obtain meaningful data. We exam-
ined Ca™/CaM-dependent NADK activation under conditions
mimicking the cytosolic conditions of plant cells before and
after stimuli,

We found that plant NADK was more effectively acti-
vated by type I and Il NtCaMs under pH 7.1 and 6.8, which are

stress-inducible cytosolic pHs, than at pH 7.5, which is the
cytosolic pH in unstimulated plant cells. A report by
Yamamoto (1966) showed that in crude green leaf extract,
NADK activity was highest at pH 6.8 when reacted in buffer at
pH 5.2-8.4, which supports our findings. Furthermore, we
found that NtCaM3 could activate NADK at Ca® concentra-
tions between (.1 and 1 pM at all pH values tested. Since the
[Caz+]cyt in plant cells at steady state is around 0.1 pM (Bush
1995), NADK activation by type II CaMs would occur consti-
tutively and is enhanced by increased Ca®* after stimuli, indi-
cating that type II CaMs respond most sensitively to small
stimuli. In contrast to type 1I CaMs, wound-inducible type I
CaMs such as NtCaM! did not respond to Ca?* concentration
lower than 1 uM but did to Ca® higher than 10 uM at pH 7.5,
implying that type I CaMs do not function in NADK activation
in healthy unstimulated cells. Since NtCaM1 responded to low
Ca® concentrations such as 1 uM at pH 7.1 and 6.8 but not at
pH 7.5, it appears that type I CaMs are recruited only in stimu-
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Fig. 4 Hypothetical model of NADK activation in plant cells, Left,
an unstimulated healthy cell in which only NtCaM3 activates NADK
conferring NADP(H)-dependent metabolic pathway. Right, a stimu-
lated cell, in which NtCaM3 is further activated and NtCaM! is newly
potentiated for NADK activation by elevated Ca?* concentration and
decreased pH, likely enhancing the defense response through NADPH
oxidase.

lated cells in which [Caz*]cy, has increased and pH has declined
(Fig. 3E).

Many reports indicated the involvement of CaMs in plant
self-defense responses (Heo et al. 1999, Kim et al. 2002). A
transgenic tobacco plant that possesses a mutated CaM, which
contains one amino acid substitution crucial for the hyperacti-
vation of NADK, showed enhanced H,0, production in
response to elicitor treatment (Harding et al. 1997). Since ROS
such as H,0, are produced by NADPH oxidase activity, these
CaMs likely promote the production of its substrate NADPY/
NADPH by activating NADK to convert NAD* to NADP*, In
suspension-cultured tobacco cells treated with cryptogein, a
phytopathogenic fungus-derived proteinous elicitor, the pen-
tose phosphate pathway is activated, which enhances NADPY/
NADPH conversion (Pugin et al. 1997). The production of O,”
by tobacco homologs of NADPH oxidase is stimulated by
TMYV infection and Ca®* application (Sagi and Fluhr 2001). At
low [Caz*]m in unstimulated cells, only type Il CaMs such as
NiCaM3 would activate NADK, producing a basal level of
NADP(H) almost all of which is consumed by reducing reac-
tions such as photosynthesis in plant cells. When [Ca™],,
increases and pH decreases due to a stimulus, NtCaM1 and
NtCaM3 may activate NADK more effectively in elevating the
NADP(H) level, making available excess NADP(H) for the
NADPH oxidase reaction to produce ROS, Thus, type I CaMs
including NtCaM1 may trigger Ca® signaling for ROS produc-
tion after stimulation such as by wounding or elicitor treatment
(Fig. 4).

Generally, plant CaMs have four sets of well-conserved
EF-hand motifs for Ca®* binding. The rcason for three types of
tobacco CaMs with different abilities to activate NADK at dif-

[Ca**]-dependent NADK activation by tobacco CaM

ferent Ca®™ concentration is a focus of interest. As for plant
NADK activation by CaM, it was reported that Lys-30 and Gly-
40 in the first EF-hand of soybean SCaM-1!, which is the
ortholog of NtCaM3, are essential for NADK activation but not
for binding to the enzyme. Soybean SCaM-4, which is the
ortholog of NtCaM13 and has Glu-30 and Asp-40, does not
activate NADK but can bind to the enzyme (Lee et al. 1997).
Consistent with this, both NtCaM1 and 3 have Lys-30 and Gly-
40 in the first EF-hand, whereas NtCaM13 has Glu-30 and
Asp-40(Fig. 1A). This evidence indicates that the difference in
these amino acids is not involved in the difference in Ca®*
response between NtCaM1 and NtCaM3. Liao et al. (1996)
suggested that the C-terminal hydrophobic region of CaM
plays a role in binding to several target proteins including
NADK. Since NtCaM1 has a different amino acid sequence
from that of NtCaM3 in the C-terminal region rather than
around EF-hands (Fig. 1A), different Ca® responses for NADK
activation may be attributed to the predicted difference in bind-
ing affinity between Ca*/CaM and NADK rather than the
affinity between Ca** and CaM.

In contrast to plant NADK, mammalian NOS was most
activated by NitCaM13 (Fig. 2C). Ca’*-dependent NOS-like
activity is necessary for the expression of pathogenesis-related
(PR) genes following TMV infection in tobacco plants (Durner
et al. 1998). We confirmed the results of Heo et al, (1999) for
the constitutive expression of PR genes in transgenic tobacco
plants overproducing NtCaM13/SCaM-d-type CaMs (unpub-
lished data). Thus, type III CaMs might regulate PR gene
expression involved in the defense response against pathogen
infection by an unknown mechanism. Recently, Chandok et al.
(2003) indicated that a variant of the P protein of glycine decar-
boxylase had NOS activity, and that it is induced by viral infec-
tion. Another study revealed that an Arabidepsis NOS gene
encodes a protein with sequence similarity to a NO synthesis-
related protein in the snail Helix pomatia (Guo et al. 2003). The
evaluations of plant NOS enzymes reported so far and the iso-
lation of new putative plant NOS molecules as CaM binding
proteins will help in the elucidation of Ca**/CaM signaling dut-
ing self-defense reactions in plants,

At present, genes of the target enzymes of tobacco CaMs
in self-defense signaling to pathogen infection and wounding
have not been identified. One of the candidates is a putative
tobacco MAPK phosphatase (NtMKP1} which we isolated as a
CaM binding protein (Yamakawa et al. 2004). Wound-induced
activation of defense-related MAPKs such as WIPK and SIPK
was significantly inhibited in transgenic tobacco plants over-
producing NtMKP1, indicating that the MAPK phosphatase is
involved in MAPK signaling via a Ca*/CaM system after
wounding or pathogen infection. NtMKP1 has higher binding
affinity to NtCaM|1 and NtCaM3 than to NtCaM13. An amino
acid substitution in the CaM binding domain of NtMKP1 abol-
ished NtCaM1 and NtCaM3 binding. The structure of NtMKP1
is considerably different from that of animal MKPs, suggest-
ing that plants have specific Ca®*/CaM signaling cascades via
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the MKP/MAPK system which are quite different from those
of animals.

Plants lack the highly developed immune system that ver-
tebrates have, and vertebrates have only one CaM protein with
an identical amino acid sequence. Our data suggest that tran-
scriptional and post-transcriptional control of diverse plant
CaM isoforms with a characteristic manner may effectively
activate individual target enzymes and transduce the Ca?* sig-
nal downstream via dynamic changes in cytosolic Ca** concen-
tration and pH upon internal and external stimulation, The
isolation and characterization of other plant-originated target
molecules of individual CaMs by direct analysis of CaM-
interacting proteins will shed light on the physiological impor-
tance of individual CaM isoforms for the self-defense mecha-
nism in plants.

Materials and Methods

Purification of CaM protein

Recombinant CaM proteins NtCaM|1, 3 and 13 were produced by
Escherichia coli harboring pET-NtCaM1, 3 and 13, respectively, and
purified by Ca®*-dependent hydrophobic chromatography as described
previously (Fromm and Chua 1992, Yamakawa et al. 2001). As shown
in Fig. 1B, the purity of CaM proteins that showed an electrophoretic
mobility shift in the presence of Ca?* was >95% as scen by Coomassie
Brilliant Blue (CBB) staining following separation on SDS—polyacry-
lamide gel. Bovine brain CaM was obtained from Wako (Osaka,
Japan), and used as a control for the enzyme assays. Protein concentra-
tion was determined by both the Bradford method (Bradford 1976) and
the Lowry method (Lowry et al. 1951) using a protein assay kit (Bio-
Rad, Hercules, CA, U.8.A.) with BSA as the standard.

Purification of NADK

Pea NADK was partially purified from pea seedlings (Pisum
sativam L. ¢v. Akabana-tsurunashi-endo) by the method of Muto and
Miyachi {(1977). Peas were germinated in moistened vermiculite and
grown under artificial light without additional nutrients. The following
purification procedures were carried out at 4°C. The aerial parts of 12-
day-old scedlings (627 g) were macerated with liquid nitrogen and
extracted with 3 vol of 25 mM triethanolamine-acetate (pH 7.5) con-
taining 1 mM phenylmethylsulfonyl fluoride, 0.5 M sucrose and 1 mM
DTT. The homogenate was squeezed through double-layered Mira-
cloth (Calbiochem, La Jolla, CA, U.S.A)) and centrifuged at 27,000xg
for 30 min. A one-tenth volume of 0.7% protamine sulfate solution in
10 mM triethanolamine-acetate buffer (pH 7.5) was added to the
supernatant (2,000 ml). After continuous stirring for 15 min, the pre-
cipitate was collected by centrifugation at 27,000xg for 15 min. From
the precipitate, the enzyme was extracted with 250 ml of 0.2 M Na-
acetate buffer (pH 6.0) and 1 pg mI™ pepstatin A. To the extract, the
same volume of 50% (w/w) polyethylene glycol 6,000 solution was
added and the mixture was stirred for 30 min. After centrifugation at
39,000xg for 30 min, the precipitate was resuspended in 100 ml of
50 mM Tris-HC1 (pH 7.0), 100 mM KCl, 3 mM MgCl, and 1 mM
EGTA. Insoluble materials were removed by centrifugation at
27,000xg for 15 min. The supematant solution was passed through a
DEAE-Sephacel (Amersham Pharmacia Biotech, Buckinghamshire,
UK) column {1.6x30 ¢m) pre-equilibrated with the buffer mentioned
above, allowing pea endogenous CaM 1o be completely adsorbed by
the column. The effluent was stocked at —-80°C in small portions of 5%
glycerol solution and used for NADK assays.
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NADK assay

The NADK assay was performed as described previously (Har-
mon et al. 1984) in a 0.5-ml solution A containing 50 mM Tricine (pH
8.0), 5 mM MgCl, 2 mM NAD*, 3 mM ATP, 1 mM CaCl, or EGTA
and various amounts of CaM. The reaction was initiated with 10 pl of
freshly thawed, purified NADK stock solution. After incubation for
60 min at 37°C, the reaction was terminated by placing the tubes in
boiling water for 3 min. The tubes were then cooled to ambient tem-
perature, and 0.5 ml of solution B containing 50 mM Tricine (pH 8.0),
5 mM MgCl,, | mM EGTA, 0.8 mM glucose 6-phosphate, 0.1 mg ml™
phenazine methosulfate, and 0.15 mg ml™ 2,6-dichlorophenolindophe-
nol was added. The mixture was transferred to a cuvette pre-incubated
at 30°C, and 20 pl of glucose 6-phosphate dehydrogenase (6 U ml™)
was added. The decrease in Ay, per minute was monitored using a
Beckman spectrophotometer (Model DU-7400; Fullerton, CA, U.S.A))
equipped with a temperature controller set at 30°C. The amount of
NADP* produced by the NADK reaction was calculated from a stand-
ard curve of NADP* versus the descending rate of Ay, No activation
by Ca®* was found in the absence of exogenous CaM, confirming that
the preparation of NADK was free from contamination by pea endog-
enous CaM (data not shown). To analyze the effect of Ca?* concentra-
tion and pH, solutions of CaM and NADK were dialyzed respectively
against 30 mM Tris-HCI (pH 7.5), 3mM MgCl,. Solution C, which
contained various amounts of CaCl, buffered by BAPTA, 50 mM
PIPES (pH7.5, 7.1, 6.8, 6.4), 5 mM MgCl,, 2 mM NAD", 3 mM ATP,
0.5 uM CaM was used in place of solution A. Since concentration of
free Ca®* is depending on pH or other components such as Mg®* and
ATP, we previously used calculation software (BOUND AND
DETERMINED; Brooks and Storey 1992) for determination of CaCl,
and BAPTA concentrations in solution C.

NOS assay

NOS activity was determined by the citrulline assay followed by
TLC, as described by Kumar et al, (1999). The freshly prepared reac-
tion mixture (20 pl) consisted of 30 mM HEPES-NaOH (pH 7.0),
2mM NADPH, 100 uM FAD, 100 pM tetrahydrobiopterin, 1 mM
CaCl, or EGTA, various concentrations of CaM, 0.25 ul of 1-[U-
“Clarginine (272 mCi mmol™, 100 uCi m!™'; Moravek Biochemicals,
Brea, CA, U.S.A.) and 100 mU of recombinant rat neuronal NOS (Cal-
biochem). The reaction was carried out at 30°C for 60 min, The NOS
reaction was terminated by adding S0 ul of cold methanol. The sam-
ples were left on ice for 20 min and centrifuged at 20,000xg for
10 min. An aliquot (10 pul) of the supematant was spotted onto a silica
gel TLC plate (Merck, Darmstadt, Germany), air-dried and subjected
to chromatography. The solvent was ammonium hydroxide:chloro-
form:methanol:water (4 : 1:9: 2), The plate was imaged by a Phos-
phorlmager SI (Amersham Pharmacia Biotech) after exposure for 48 h
and the radioactivity of the product, L-['*Clcitrulline, was quantified
using the ImageQuant 1.1 program {(Amersham Pharmacia Biotech).
The R, values for L-arginine and L-citrulline were 0.44 and .90, which
were those of the standard amino acids stained with ninhydrin (data
not shown).

Calcineurin assay

The activity of a CaM-dependent protein phosphatase, CaN, was
determined by a fluorescent assay using 4-MUP (ICN, Costa Mesa,
CA, U.5.A} as the substrate, as reported previously {Anthony et al.
1986). Each assay was conducted in 200 pl of 50 mM Tris—HC] (pH
8.0), 1 mg mI™* BSA, 0.5 mM DTT, 1 mM MgCl,, 0.3 mM CaCl, or
EGTA, 12.5nM bovine brain CaN (Upstate Biotechnology, Lake
Placid, NY, U.S.A.), with various concentrations of CaM, and 200 pM
AMUP, which was added to start the reaction. After incubation at 37°C
for 60 min, the reaction was terminated by the addition of 1 ml of 0.4
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M Na,CO,. Fluorescence was monitored in a quartz cuvette (1 cm
light path) using a Hitachi fluorescence spectrophotometer (Mode] F-
2500; Tokyo, Japan) with an excitation wavelength of 365 nm and an
emission wavelength of 446 nm. To correlate the amount of product, 4-
methyl umbelliferone (4MU), with the amount of fluorescence, a
standard curve was made by monitoring the fluorescence intensity as a
function of the concentration of 4MU. All assays were corrected for
the non-enzymic hydrolysis of 4MUP. Specific activity was defined as
nmol 4 MU mg™! min~",
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