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Transgenic tobacco expressing a foreign calmodulin
gene shows an enhanced production of active
oxygen species

Messiaenet al., 1993). Chelation of extracellular calcium,Scott A.Harding, Suk-Heung Oh1 and
which would presumably quench intracellular calciumDaniel M.Roberts2

increases, also inhibits AOS (Schwake and Hager, 1992)
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elicitors induce phospholipase C-mediated release of cal-University, Chonju, Republic of Korea
cium from intracellular stores (Legendreet al., 1993).2Corresponding author Although calcium is implicated in plant defense
responses, the molecular targets of calcium action and howA strategy for elucidating specific molecular targets of
they influence downstream events are not well defined. Incalcium and calmodulin in plant defense responses
particular, little is known concerning the calcium receptorhas been developed. We have used a dominant-acting
targets (e.g. calcium-modulated proteins such as calmo-calmodulin mutant (VU-3, Lys to Arg115) to investigate
dulin) and mechanisms of how these calcium regulatorythe oxidative burst and nicotinamide co-enzyme fluxes
proteins potentiate these responses. Approaches utilizingafter various stimuli (cellulase, harpin, incompatible
pharmacological reagents that inhibit calmodulin actionbacteria, osmotic and mechanical) that elicit plant
in vitro have been used to attempt to demonstrate calmodu-defense responses in transgenic tobacco cell cultures.
lin involvement (Kurosakiet al., 1987; Miuraet al., 1995).VU-3 calmodulin differs from endogenous plant
Although interesting effects have been observed with thesecalmodulin in that it cannot be methylated post-transla-
reagents, they can also influence cellular processes nottionally, and as a result it hyperactivates calmodulin-
related to calcium and/or calmodulin signaling (revieweddependent NAD kinase. Cells expressing VU-3
in Robertset al., 1986a). Thus, whether calmodulin is acalmodulin exhibited a stronger active oxygen burst
target for plant defense signaling and the specific calmo-that occurred more rapidly than in normal control
dulin-dependent enzymes that are involved remains ancells challenged with the same stimuli. Increases in
open question.NADPH level were also greater in VU-3 cells and

It is becoming apparent that similarities exist betweencoincided both in timing and magnitude with develop-
the oxidative burst reactions in animal and plant defensement of the active oxygen species (AOS) burst. These
responses. AOS release in animal cells is preceded by thedata show that calmodulin is a target of calcium fluxes
assembly and activation of a plasma membrane NADPHin response to elicitor or environmental stress, and
oxidase (reviewed in Cross and Jones, 1991; Heineckeprovide the first evidence that plant NAD kinase
and Shapiro, 1992; Henderson and Chappell, 1996).may be a downstream target which potentiates AOS
Although less defined, similar oxidase activities have beenproduction by altering NAD(H)/NADP(H) homeostasis.
detected in plants (reviewed in Cross and Jones, 1991;Keywords: active oxygen/calmodulin/elicitor/
Rubenstein and Luster, 1993; Mehdy, 1994; Low andnicotinamide co-enzymes/tobacco
Merida, 1996), and are elevated in response to stress and
elicitor treatment (Doke, 1985; Auh and Murphy, 1995).
Further, antibodies against the neutrophil oxidase subunits

Introduction cross-react with similar proteins in plant extracts (Levine
et al., 1994; Dwyeret al., 1996). AOS-producing neutro-Part of plant defense responses to pathogen and environ-
phils and sea urchin eggs also contain a calmodulin-mental stresses is an oxidative burst reaction that generates
dependent NAD kinase (Epelet al., 1981; Williams andactive oxygen species (AOS) such as H2O2 and superoxide
Jones, 1985) which catalyzes the conversion of NAD to(reviewed by Mehdy, 1994; Low and Merida, 1996). AOS
NADP, and is proposed to contribute to the supplyproduction is proposed to be involved in several responses
of NADPH for the oxidase. Calcium- and calmodulin-to these stimuli such as cell wall lignification (Halliwell,
dependent NAD kinase is widely distributed in plants1978), cross-linking of cell wall proteins (Bradleyet al.,
(reviewed in Roberts and Harmon, 1992), but its biological1992; Brissonet al., 1994) and the expression of defense
function has remained obscure. Its potential role duringresponse genes (reviewed by Lamb, 1994), and has been
the oxidative burst response in plants has not yet beenproposed to be a key signal co-ordinating these various
evaluated.responses (Chenet al., 1993; Levineet al., 1994; Price

We report here that AOS levels are enhanced in trans-et al., 1994). Several studies have implicated calcium
genic plants that express a foreign, synthetic gene-derivedfluxes in plant defense signaling pathways (Nu¨rnberger
calmodulin that hyperactivates NAD kinase. By using cellet al., 1994; reviewed in Bush, 1993; Ebel and Cosio,
cultures derived from these plants, we further report that1994; Mehdy, 1994). Intracellular calcium reporters show
they exhibit a higher AOS burst reaction as well as anthat cytoplasmic free calcium increases following mechan-

ical or elicitor stimulation (Knightet al., 1991, 1992; enhanced burst of NADPH production in response to
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Fig. 2. Western blot analysis of steady-state calmodulin levels in
suspension cell cultures. Extracts (10µg protein/lane) were resolved
by SDS–PAGE on 15% (w/v) polyacrylamide gels (Laemmli, 1970) in
the presence of 1 mM EDTA and transferred (150 mA for 12 h) onto
PVDF membranes. Western blot analysis was done with anti-
calmodulin antibodies by using a chemiluminescent protocol as
described in Materials and methods. (A) Extracts of 3-day-old
suspension cell cultures of tobacco from NC cells, (lanes 1 and 3) and
VU-3 cells, (lane 2). Each lane was loaded with 10µg of soluble
extract protein. VU-3 calmodulin shows slower mobility than the
endogenous tobacco calmodulin (Robertset al., 1992). (B) Standard
quantities of purified VU-1 calmodulin: (0.2, 0.4, 0.8, 1.2 andFig. 1. NADPH and AOS levels in leaf tissue of transgenic tobacco
1.6 pmol in lanes 1–5, respectively), to generate a standard curve.plants. Fully expanded, upper leaves from 6-month-old tobacco plants

were analyzed for (A) NADPH and (B) H2O2 as described in
Materials and methods. Histograms represent the mean of four
independent determinations with error bars showing the standard error levels. Because of the importance of AOS production in
of the mean. plant defense responses and the proposed role of calcium

as a signal in mediating these responses, we investigated
further changes in AOS and nicotinamide co-enzymes inseveral environmental and elicitor stimuli, providing initial
response to treatments that elicit AOS production.evidence that NAD kinase may play a metabolic role in

plant defense.
Generation of cell suspension cultures of
transgenic tobacco linesResults
To allow facile manipulation and rapid detection of
responses to various stimuli, stable cell suspension culturesNADPH and AOS levels are elevated in transgenic

tobacco expressing VU-3 calmodulin were established from various transgenic and control
tobacco lines. Cell cultures were generated from severalIn previous work, we generated transgenic tobacco plants

that express calmodulin derived from a synthetic gene transgenic lines containing either the VU-3 calmodulin
transgene (Robertset al., 1992) or transformed with a(Robertset al., 1985) under the control of the cauliflower

mosaic virus (CaMV) 35S promoter (Robertset al., 1992). negative control (NC) construct (Zhang and Roberts,
1995). To eliminate the possibility of positional effects,One set of transgenic plants was generated that expresses

a calmodulin mutant (VU-3) with a lysine to arginine 115 cell suspensions generated from different VU-3 plant lines
were evaluated in this study. Similar phenotypes weresubstitution. This calmodulin is normal in all respects

except that it is not able to be trimethylated post-transla- observed, and for the sake of convenience the data below
are presented from results of representative VU-3 and NCtionally at Lys115 (Robertset al., 1992). Trimethylation

attenuates the ability of calmodulin to activate calmodulin- cell lines. Both cell lines showed similar growth kinetics,
which were essentially indistinguishable from the growthdependent NAD kinasein vitro (Robertset al., 1986b).

As a result, VU-3 calmodulin, which is incapable of rates of cultures of untransformed tobacco (data not
shown).methylation, hyperactivates NAD kinase (Robertset al.,

1986b). Thus, the introduction of VU-3 calmodulin into The expression levels of foreign VU-3 and endogenous
tobacco calmodulins were investigated by Western blotplant tissues circumvents potential control by methylation

and may result in a hyperactivationin vivoof NAD kinase. analysis (Figure 2). VU-3 calmodulin possesses slight
differences in sequence that result in differential mobilityConsistent with this proposal, analyses of leaf tissues

of transgenic VU-3 plants showed 4-fold higher levels of on SDS–PAGE compared with tobacco calmodulin
(Robertset al., 1992). Thus, its expression can be assessedNADPH than normal controls (Figure 1A), whereas the

sum total of all nicotinamide co-enzymes did not differ separately and compared with endogenous tobacco calmo-
dulin. Consistent with this, VU-3 cell lines showed asubstantially between the plant samples (data not shown).

This argues that the changes are due to a shift in nicotin- second immunoreactive band characteristic of the foreign
calmodulin, whereas NC control cells showed only oneamide co-enzyme levels through the greater production of

NADPH and could reflect a higher endogenous activation band characteristic of tobacco calmodulin (Figure 2A).
Quantitation showed that total calmodulin levels (the sumof NAD kinase.

Further analysis of the leaves of the transgenic plants of endogenous and VU-3 calmodulin) are 2-fold higher
(200 pmol/mg protein) in VU-3 cells than in NC cells(Figure 1B) show that H2O2 levels were at least 2-fold

higher in leaf tissue of VU-3 transgenic plants compared (100 pmol/mg protein). Thus, expression levels in the
suspension cultures are elevated to an extent similar to thatwith control tobacco plants (Figure 1B). Thus, in addition

to elevated NADPH, VU-3 plants show elevated H2O2 found with VU-3 transgenic plants (Robertset al., 1992).
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Fig. 3. AOS production rates of transgenic tobacco cell lines in response to mechanical stimulation by rapid stirring. (A) Production of H2O2 by
3-day-old VU-3 or NC cells was monitored continuously in a fluorimeter cuvette as described in Materials and methods. Pyranine was added
(3 µg/ml suspension aliquot) at time 0, and the decrease in fluorescence intensity was monitored. Cells were suspended in the cuvette by a stir bar
revolving at 150–200 r.p.m.. (B) Production of H2O2 by unstirred VU-3 cells in flasks (s) and by parallel cell samples stimulated mechanically with
a stir bar (d). (C) Production of H2O2 by unstirred NC cells in flasks (s) and by parallel cell samples stimulated mechanically by stirring (d).

VU-3 cells show enhanced AOS production upon
Table I. AOS production rates are enhanced in VU-3 cells

mechanical stimulation
H2O2 evolution by the suspension culture cell lines was Treatmenta Pyranine fluorescenceb Cell line
monitored by assaying the H2O2-dependent degradation

VU-3 NCof the membrane-impermeant, fluorescent dye pyranine.
In a real time assay in which the tobacco cells were Basal 0.06 (0.03)c 0.01 (0.01)
suspended in a fluorimeter cuvette by stirring, VU-3 cells Cellulase 1.39 (0.14) 0.74 (0.03)

Pseudomonas 0.37 (0.10) 0.19 (0.06)show an enhanced release of H2O2 compared with NC
Osmotic 0.24 (0.02) 0.13 (0.01)cells (Figure 3A). This suggested that under the conditions

of this assay, the VU-3 cells showed a higher basal aBasal, untreated cell suspensions in flasks (n 5 3); cellulase, cells
evolution of H2O2. However, previous work (Legendre treated with 5µg of cellulase/ml suspension (n 5 3); Pseudomonas,
et al., 1993; Yahrauset al., 1995) has shown that mechan- cells treated with 107 c.f.u. of HR1 P.syringae, pathovar 61/ml

(n 5 5); osmotic, cells diluted with 2 volumes of H2O and changes inical stimulation, including vigorous stirring of cell suspen-
fluorescence calculated by difference with parallel flasks diluted withsions, triggers H2O2 evolution. To determine whether
2 volumes of isoosmotic media (n 5 3).stirring was responsible for the enhanced evolution of bThe maximum rate of pyranine fluorescence decrease in 3-day-old

H2O2, flask-adapted suspension cells were analyzed. In cell suspension cultures containing 0.05 ml of settled cell volume/ml
culture volume.the absence of stirring, the basal level of AOS evolution
cValues represent the mean with standard errors shown in parentheses.was very low in VU-3 cells (Figure 3B). However, upon

mechanical stimulation of the cells by stirring, a 10- to
15-fold enhancement in the rate of AOS production was
observed (Figure 3B). NC control cells exhibited a much
weaker response to stirring, and no H2O2 was detected in
the absence of stirring (Figure 3C). Thus, the VU-3 cells
appear to be more sensitive to mechanical stimulation,
and responded by producing a more rapid and intense
release of H2O2. Consistent with this interpretation, other
stimuli, such as hypoosmotic stimulation (Table I), that
are proposed to cause a mechanical stimulation of the
cells (Yahrauset al., 1995), also show an enhanced
response in VU-3 cells.

Fig. 4. AOS production rates of transgenic tobacco cell lines in
response to cellulase and harpin. Tobacco cells (3–5 days after transferVU-3 cells show an enhanced response to various
to fresh media) were treated at time 0 with (A) 5 µg of cellulase/mlstimuli that elicit plant defense responses
cell suspension or (B) 4 µg harpinpss/ml cell suspension under normal

Previous work has shown that tobacco suspension cellsgrowth conditions in flasks. Pyranine (6µg/ml suspension) was added
treated with cellulase exhibit calcium-dependent plant 1 min prior to treatment, and H2O2 was assayed by a decrease in

fluorescence intensity in NC cells (s) and VU-3 cells (d). Error barsdefense responses (Threlfall and Whitehead, 1988; Preisig
represent the standard error of the mean of analyses of threeand Moreau, 1994). Cellulase treatment of NC and VU-3
independent biological samples.cells induced a burst of AOS release (Figure 4A). However,

while an AOS burst was detected in both cell types, the
kinetics of the response differed substantially. In particular, cells (Figure 4A). In addition, the maximal AOS release

rate was ~2-fold higher in VU-3 cells (Figure 4A andthe onset of the burst was nearly instantaneous in VU-3
cells, while a lag of 6–10 min was observed with NC Table I).
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Table II. AOS production rates of tobacco cell lines determined by
pyranine fluorescence decrease are not limited by endogenous
peroxidase

Cell line ∆Fluorescence/min/µg protein

(1)a (–)

VU-3 4.11 (0.38)b 4.48 (0.37)
NC 2.51 (0.34) 2.01 (0.30)

a(1): 0.1 U of exogenous horseradish peroxidase/ml suspension was
included during the assay, (–): fluorescence decrease in the absence of
added peroxidase.
bThe changes in pyranine fluorescence were monitored in a fluorimeter
cuvette as described in Materials and methods. AOS production was
stimulated by addition of 5µg of cellulase/ml suspension. Cell
suspensions were used 3–5 days after transfer to fresh media. Values
represent the means and (standard error) of three independent
determinations.

Table III. Enhanced uptake of O2 by VU-3 cells following treatment
with harpin or cellulase

Cell line O2 uptakea (nmol/mg protein/min) Fig. 5. NAD kinase activity in suspension tobacco cells is calcium and
calmodulin dependent. Extracts of 3-day-old cultured suspension cells

Harpin Cellulase were prepared and NAD kinase activity was measured in the presence
of 0.5 mM EGTA (solid bar); or 2.5 mM CaCl2 and 2µM purified

VU-3 70.0 (5.0)b 86.7 (5.8) calmodulin (cross-hatched bar). The activity is standardized to total
NC 22.8 (1.3) 31.3 (1.1) soluble protein in the extract. The data shown are from VU-3 cells;

essentially identical results are obtained with NC cell extracts (data
aStimulation of oxygen uptake was calculated as the difference not shown). Error bars represent standard error of the mean of
between O2 uptake by untreated cells and by cells treated with 5µg of analyses of three independent biological samples.
cellulase or 4µg of harpin/ml suspension as described in Materials
and methods.

with an enhanced AOS production based on pyraninebValues show the means of four determinations with standard errors in
parentheses. fluorescence, VU-3 cells also show higher consumption of

non-respiratory oxygen upon harpin or cellulase treatments
(Table III).Other molecules and microbes that elicit plant defense

responses were also tested for their ability to trigger AOS
release in VU-3 and NC control cells. The purified elicitor Nicotinamide co-enzyme changes during the

induction of AOS productionprotein harpin fromPseudomonas syringaepathovar 61
(He et al., 1993) showed results similar to those obtained Since VU-3 calmodulin hyperactivates NAD kinasein vitro

(Robertset al., 1986b), and because this enzyme has beenwith cellulase (Figure 4B), with VU-3 cells showing a
faster rate and a quicker onset of AOS release than NC implicated in nicotinamide fluxes preceding oxidative

burst reactions in other systems (Epelet al., 1981), thiscells. VU-3 cells also showed a more enhanced response
upon actual infection byP.syringaepathovar 61 (Table I). enzyme is a logical target that may be activated during

the oxidative burst of plant cells. Analysis of tobacco cellOverall, the data show that VU-3 cells exhibit an enhanced
AOS release response to all stimuli tested (Figures 3 and extracts shows that virtually all detectable NAD kinase

activity is calcium and calmodulin dependent (Figure 5).4 and Table I).
Consistent with the endogenous activation of NAD kinase,
cellulase treatment of VU-3 tobacco cells results in aEnhanced responses of VU-3 cells are paralleled by

an enhanced oxygen uptake rapid increase in the sum total (reduced and oxidized)
NADP co-enzyme pool and a concomitant decrease inThe pyranine assay for AOS is based on H2O2-dependent,

cell wall peroxidase-catalyzed destruction of the fluores- total NAD co-enzymes (Figure 6A). The NADPH pool
size increases 4-fold within 3 min of treatment (Figurecent dye (Apostolet al., 1989). To firmly establish that

differences observed between VU-3 and NC cells are due 6B). Similar to the results with whole plants (Figure 1),
steady-state levels of NADPH in NC cells were lowerto the rate of H2O2 evolution and not to differences in

extracellular peroxidases, two approaches were taken. than those in VU-3 cells. However, cellulase treatment
also resulted in an increase in NADPH in these cellsFirst, it was found that addition of excess horseradish

peroxidase to VU-3 and NC cells did not influence the (Figure 6B), although the magnitude was less and the rate
of increase was slower (peaking at 6 min rather thanrate of pyranine∆F (Table II), suggesting that the levels

of AOS, and not the level of peroxidases, are the rate- 3 min). During the time course of these experiments, there
were no detectable changes in the cellular levels of NADlimiting steps. Second, the oxidative burst reaction was

assayed by monitoring a different parameter, the uptake kinase. Thus, the increase in NADP co-enzymes appears to
result from enzyme activation (presumably by calmodulin)of O2 (Table III). The reduction of O2 to O2

– and other
AOS species during the oxidative burst results in an rather than a change in enzyme levels.

These differences in the rate and levels of NADPHenhanced O2 uptake (Dwyeret al., 1996). Consistent
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Fig. 6. Effect of cellulase treatment on nicotinamide co-enzyme levels.
Flasks of 3-day-old cultured suspension cells were treated with 5µg
cellulase/ml at time 0, and co-enzyme levels were analyzed as
described in Materials and methods. Error bars represent standard error
of the mean of analyses of three independent biological samples.
(A) Total sum of reduced and oxidized NADP (s) and NAD (d)
levels in VU-3 cells. (B) Comparison of peak NADPH levels in the
VU-3 (solid bars) and NC (cross-hatched bars) cells in response to
cellulase treatment.

changes are consistent with the differences in the rate and
magnitude of AOS release in these cell types, and argue
that the activation of NAD kinase may be necessary for
providing NADPH reductant for AOS production, similar

Fig. 7. Effect of DPI on levels of reduced nicotinamide co-enzymes.to animal NADPH oxidase systems (Heinecke and Shapiro,
The concentration of (A) NADPH and (B) NADH were measured in1992). Diphenyleneiodonium (DPI) is an inhibitor of the
flasks of VU-3 suspension cells in the absence (cross-hatched bars) oroxidative burst reaction in animal cells which covalently presence (solid bars) of 2µM DPI. Results from control (untreated)

modifies the flavoprotein component of O2
–-producing and cellulase-treated (5µg/ml suspension) cells are shown. Flasks

were harvested 90 s after cellulase, cellulase/DPI or DPI addition, andNADPH oxidases (Cross and Jones, 1986). DPI has been
nicotinamide co-enzyme levels were analyzed as described infound also to inhibit the oxidative burst in plants (Dwyer
Materials and methods. Error bars represent standard error of the meanet al., 1996; Auh and Murphy, 1995), and the release of of analyses of three independent biological samples.

AOS exhibited in VU-3 and NC tobacco cells is abolished
by micromolar DPI levels (data not shown). If NADPH
is the principal reductant used for AOS production by an was paralleled by an enhanced basal level of NADPH as

well as a more rapid and higher accumulation of NADPHoxidase, one prediction is that DPI inhibition would
decrease not only AOS production but also the flux of when challenged with a stimulus. Overall, the data provide

strong evidence for a role for calmodulin and NADNADPH through the oxidase enzyme.
Consistent with this, treatment of cells with DPI results kinase in metabolic changes associated with plant defense

responses.in an accumulation of NADPH levels whereas NADH
levels are unaffected (Figure 7). This argues that the flux The introduction of gene products with modified protein

sequences that result in dominant phenotypes has been anof electrons for AOS production proceeds through an
NADPH-dependent pathway and that when this pathway important and powerful approach for elucidating the

components of signal transduction pathways. The strengthis inhibited, NADPH accumulates in cells. Overall, the
data suggest that NADPH levels are elevated rapidly of the present approach is that VU-3 calmodulin functions

normally as a calmodulin and selectively shows one defect,through the activation of NAD kinase in stimulated cells
and that the AOS-generating system in these cells preferen- the inability to be trimethylated post-translationally at

residue 115 by the endogenous calmodulinN-methyltrans-tially utilizes NADPH as a reductant.
ferase (Robertset al., 1986b; Oh and Roberts, 1990).
Endogenous plant calmodulin is found in mature tissuesDiscussion
in a largely trimethylated form (Roberts and Harmon,
1992). Trimethylation does not affect most calmodulinIn the present study, a calmodulin (VU-3) which hyperacti-

vates NAD kinase was used to evaluate the hypothesis activities but attenuates plant NAD kinase activation
in vitro (Robertset al., 1986b). In contrast, VU-3 calmodu-that activation of calmodulin-dependent NAD kinase is

part of the early responses of plants to environmental, lin hyperactivates NAD kinase to a level that is 4-fold
higher than trimethylated calmodulin (Robertset al.,microbe and elicitor stimulation. Further, this calmodulin

was used to determine whether, similarly to certain animal 1986b). Thus, the use of VU-3 transgenic plants allows
us to circumvent control by methylation and selectivelycell models, enhanced NADP(H) production helps potenti-

ate the generation of active oxygen species. In support of evaluate the contribution of NAD kinase to plant responses.
The fact that most calmodulin isolated from plant tissuesthis proposal, we found that tobacco tissue expressing

VU-3 calmodulin shows an enhanced ability to produce is highly methylated at Lys115 and that this selectively
attenuates NAD kinase activation has led to the proposalH2O2, as reflected by a quicker onset and more intense

release, in response to all stimuli tested. This response that this post-translational modification may have a regu-

1141



S.A.Harding, S.-H.Oh and D.M.Roberts

latory function (reviewed in Roberts and Harmon, 1992). proteins follow mechanical stimulation (Braam and Davis,
1990; Galaudet al., 1993; Sistrunket al., 1994) and heatAlthough most calmodulin isolated from plant tissues is

largely methylated, calmodulin methylation appears to shock (Braam, 1992), suggesting an up-regulation of
these calcium signaling pathways. Additionally, anotherbe subject to control, and can vary depending on the

developmental state of the cells (Oh and Roberts, 1990; calmodulin-dependent enzyme, glutamate decarboxylase
(Ling et al., 1994; Baumet al., 1996), appears to beOh et al., 1992). In light of the present results, it will be

of interest to determine whether endogenous calmodulin regulated following mechanical stimulation leading to
accumulation of γ-aminobutyric acid in plant tissuesmethylation modulates the level of NAD kinase activation,

nicotinamide co-enzyme homeostasis and AOS production (Wallaceet al., 1984). Thus, while the approach taken in
the present work has allowed us to focus on one calmodulinduring development in wild-type cells.

Plant NAD kinase was the first calmodulin-dependent target, NAD kinase, it is likely that the regulation of
multiple target proteins by calmodulin, as well as calcium-enzyme to be detected in plant cells (Muto and Miyachi,

1977; Anderson and Cormier, 1978), but its biological modulated proteins distinct from calmodulin, will be
required for a co-ordinated defense response.role has remained uncertain (Roberts and Harmon, 1992).

The results of the present study provide evidence that
NAD kinase may be among the targets of calmodulin in Materials and methods
plant defense responses. In this regard, the results show
some similarity to previous studies with NAD kinase and Transgenic plants and cell cultures

Transgenic tobacco plants expressing VU-3 calmodulin (Robertset al.,nicotinamide co-enzyme homeostasis in sea urchin eggs.
1992) or a negative control construct (Zhang and Roberts, 1995)Fertilization of sea urchin eggs is accompanied by a
(F1 generation seed) were germinated on MS agar media containing

calcium flux, followed by the conversion of 25–50% of hygromycin and transferred and grown under greenhouse conditions as
cell NAD to NADP by a calmodulin-dependent NAD described previously (Robertset al., 1992). Cell suspension cultures

were established from stem explants of 4-week-old tobacco seedlingskinase (Epel, 1964; Epelet al., 1981). The resulting
by using the protocol of Smith (1986). Explants were cultured for 6–8enhanced levels of NADPH are used as a reductant in an
weeks on medium A [Murashige and Skoog basal salt-vitamin mixoxidative burst reaction that produces H2O2, leading to an (Sigma), 1 mg of naphthalene acetic acid, 50µg of benzylaminopurine

altered cell coat architecture (Heinecke and Shapiro, 1992).and 30 mg of hygromycin B per liter]. Calli were transferred to medium
B (medium A lacking benzylaminopurine) and grown for 4–6 weeks.Similarly to sea urchin eggs, activated neutrophils also
Friable calli (1 g) were selected to initiate 25 ml suspension cultures inproduce a calcium-dependent burst of AOS catalyzed by
medium C (medium B with 2 mg of 2,4-dichlorophenoxyacetic acid/la plasma membrane oxidase that utilizes NADPH
as the sole phytohormone). Cultures were maintained by weekly 1:5

(reviewed in Cross and Jones, 1991; Heinecke and Shapiro,dilution in medium C. Cell suspensions were diluted into fresh medium
1992; Henderson and Chappell, 1996). Recently, plant cell C 3 days before each experiment.
extracts have been shown to contain proteins that are

Calmodulin expression in suspension cellsimmunologically related to the neutrophil NADPH oxidase
Cells were harvested, frozen in liquid nitrogen and were ground and(Dwyer et al., 1996) and to have activities that are similar extracted in 4 volumes of 50 mM Tris–HCl, (pH 7.5), 50 mM NaCl, 10

to the oxidase (reviewed in Cross and Jones, 1991; mM Na-ascorbate, 0.5 mM EGTA, 2µg/ml leupeptin, 0.3µg/ml
pepstatin, 1 mM phenylmethylsulfonyl fluoride (PMSF), 5% (w/v)Rubenstein and Luster, 1993; Mehdy, 1994; Low and
polyvinylpolypyrrolidone (PVPP). After centrifugation at 20 000g forMerida, 1996). The fact that higher levels of NADPH in
10 min at 4°C, the supernatant was removed and the pellet was re-transgenic calmodulin cells lead to a more rapid and
extracted with 300µl of extraction buffer without PVPP. The protein

intense burst of AOS supports the proposed involvement content of pooled extracts was determined by the procedure of Bradford
of an NADPH oxidase. Further, we found that the AOS (1976). The calmodulin concentration was determined by a chemilumin-

escent Western blot protocol with anti-calmodulin antibodies (Oh andburst in the tobacco cells can be inhibited by DPI,
Roberts, 1990). Following SDS–PAGE, gels were soaked for 15 min inan inhibitor which covalently modifies the flavoprotein
transfer buffer (25 mM potassium phosphate, pH 7.0) and proteins werecomponent of animal NADPH oxidases (Cross and Jones,transferred (150 mA for 12 h at 4°C) to polyvinylidene difluoride

1986). This is in agreement with previous reports that membranes as described by Hulenet al. (1991). Proteins were fixed for
30 min in transfer buffer containing 0.2% (v/v) glutaraldehyde (VanDPI blocks elicitor induction of the oxidative burst in
Eldik and Wolchok, 1984) and rinsed with phosphate-buffered salinesoybean cells (Levineet al., 1994; Auh and Murphy,
(PBS, 8 mM sodium phosphate, 1 mM potassium phosphate, pH 7.2,1995; Dwyeret al., 1996; Murphy and Auh, 1996). It was
0.14 M NaCl, 3 mM KCl). Membrane filters were blocked for 1 h in

also reported that DPI inhibited a plasma membrane PBS, 10% (w/v) non-fat dry milk. The blots were washed in PBS and
oxidase/peroxidase activity that utilizes NADH (Auh and were incubated with anti-calmodulin antibodies (1:1000 v/v) in PBS,

0.65 mM CaCl2, 1% (v/v) goat serum. The blots were washed threeMurphy, 1995; Murphy and Auh, 1996). However, in our
times with PBS, 0.05% (v/v) Tween-20, and were incubated in 1:1000studies, NADPH alone accumulated when the AOS burst
(v/v) horseradish peroxidase-conjugated goat anti-rabbit IgG in PBS andwas inhibited by DPI, whereas no change in NAD/NADH 1% (v/v) goat serum. The blots were washed extensively at 37°C in

co-enzymes was observed. This strongly suggests that thePBS, 1% (v/v) goat serum, 0.1% (v/v) Tween-20, 0.5% (v/v) Triton
X-100 and 0.1% (w/v) SDS, and calmodulin was visualized andAOS burst is generated by a system utilizing NADPH as
quantitated by chemiluminescence detection (ECL kit, Amersham), usingreductant. Further work, including the molecular character-
purified VU-1 calmodulin as a standard.ization of the plant plasma membrane oxidase, will clarify

further whether the plant enzyme is similar to the animal Measurement of H2O2 and oxygen uptake
enzyme with respect to its function, assembly and regu- Fully expanded leaves from the upper third of 6-month-old plants were

dissected, immediately frozen in liquid nitrogen and ground in ice-coldlation.
5% (w/v) trichloroacetic acid. H2O2 was extracted, and measured by theOther studies have provided support for calcium and
luminol chemiluminescence protocol of Warm and Laties (1982) with acalmodulin signaling in environmental and mechanical Berthold LB9501 luminometer. Treatment of control samples with

responses. For example, 10- to 100-fold increases in theexogenous catalase (0.1 U/ml) prior to assay verified that the chemilumin-
escence signal was due to the H2O2 content of the sample.abundance of mRNAs for calmodulin and calmodulin-like
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H2O2 release in suspension cultures was quantitated by pyranine Apostol,I., Heinstein,P.F. and Low,P.S. (1989) Rapid stimulation of an
fluorescence (Apostolet al., 1989). All measurements were performed oxidative burst during elicitation of cultured plant cells. Role in
on exponentially growing cells 3–5 days after dilution into fresh medium. defense and signal transduction.Plant Physiol., 90, 109–116.
Equivalent cell densities (based on cell protein and fresh weight) were Auh,C.-K. and Murphy,T.M. (1995) Plasma membrane redox enzyme is
used in all experiments, and was ~50 mg fresh weight/ml. Continuous, involved in the synthesis of O2

– and H2O2 by Phytophthoraelicitor-
real time H2O2 release was measured by adding 3µg/ml pyranine stimulated rose cells.Plant Physiol., 107, 1241–1247.
(Molecular Probes, Eugene, OR) and monitoring the decrease in fluores-Bach,M., Schnitzler,J.-P. and Seitz,H.U. (1993) Elicitor-induced changes
cence (λex 405 nm, λem 512 nm) in a Hitachi F-2000 fluorimeter in Ca21 influx, K1 efflux, and 4-hydroxybenzoic acid synthesis in
equipped with a magnet-driven stir bar rotating at 150–200 r.p.m.. protoplasts ofDaucus carotaL.. Plant Physiol., 103, 407–412.
Addition of exogenous 0.1 U/ml catalase was used to verify that the Baum,G., Lev-Yadun,S., Fridmann,Y., Arazi,T., Katsnelson,H., Zik,M.
pyranine fluorescence decrease (∆F) was dependent on endogenous H2O2 and Fromm,H. (1996) Calmodulin binding to glutamate decarboxylase
release. For treatments in flasks, suspension cultures were diluted to a is required for regulation of glutamate and GABA metabolism and
cell density of 1.5 ml settled cell volume in 30 ml of medium C and normal development in plants.EMBO J., 15, 2988–2996.
were grown with gentle shaking (120 r.p.m.) for 3 days prior to treatment. Braam,J. (1992) Regulated expression of the calmodulin-relatedTCH
Pyranine (6µg/ml) was added 1 min prior to treatment. The release of genes in culturedArabidopsiscells: induction by calcium and heat
H2O2 was measured by harvesting aliquots of cells at fixed time points shock.Proc. Natl Acad. Sci. USA, 89, 3213–3216.
following treatment and measuring the decrease in pyranine fluorescence.Braam,J. and Davis,R.W. (1990) Rain-, wind-, and touch-induced

Oxygen uptake was measured with an oxygen monitor (YSI 5300, expression of calmodulin and calmodulin-related genes inArabidopsis.
Yellow Springs Instruments) equipped with a YSI 5331 polarographic Cell, 60, 357–364.
oxygen probe. Oxygen uptake rates were determined by monitoring Bradford,M. (1976) A rapid and sensitive method for the quantitation
cellulase-treated, harpin-treated and untreated control samples (3 ml of of microgram quantities of protein utilizing the principle of protein–
suspension cell aliquot per assay) for 15 min. dye binding.Anal. Biochem., 72, 248–254.

Bradley,D.J., Kjellbom,P and Lamb,C.J. (1992) Elicitor- and wound-
Elicitor, bacterial and osmotic treatments induced oxidative cross-linking of a proline-rich plant cell wall protein:
Harpinpss was prepared fromEscherichia coliDH5-α cells transformed a novel, rapid defense response.Cell, 70, 21–30.
with pSYH10 carrying thehrpZ open reading frame (a gift from Alan Brisson,L.F., Tenhaken,R. and Lamb,C.J. (1994) Function of oxidative
Collmer, Cornell University) as described previously (Heet al., 1993). cross-linking of cell wall structural proteins in plant disease resistance.
Cellulase (Trichoderma viride, Sigma) and harpin treatments were done Plant Cell, 6, 1703–1712.
on cells in flasks at final concentrations of 5 and 4µg/ml, respectively. Bush,D.S. (1993) Regulation of cytosolic calcium in plants.Plant
Pseudomonas syringaepathovarsyringae, strain 61 was grown for 25– Physiol., 103, 7–13.
30 h on King’s medium (Kinget al., 1954). Bacteria were resuspended Chen,Z., Silva,H. and Klessig,D.F. (1993) Active oxygen species in the
in sterile deionized H2O and were added to tobacco cell suspensions at induction of plant systemic acquired resistance by salicylic acid.
a titer of 107 c.f.u./ml suspension. Science, 262, 1883–1886.

Hypoosmotic treatments were done by the general approach of YahrausCross,A.R. and Jones,O.T.G. (1986) The effect of the inhibitor
et al. (1995). Three-day-old cell suspensions were decanted to obtain a diphenyleneiodonium on the superoxide-generating system of
settled cell volume of 1.5 ml cells/10 ml culture, and were returned to neutrophils.Biochem. J., 237, 111–116.
flasks and allowed to equilibrate for 1 h. Pyranine (18µg/ml) was added, Cross,A.R. and Jones,O.T.G. (1991) Enzymic mechanisms of superoxide
and flasks were diluted either with two volumes of media (isoosmotic production.Biochim. Biophys. Acta, 1057, 281–298.
control) or two volumes of deionized water (hypoosmotic treatment). Doke,N. (1985) NADPH-dependent O2

– generation in membrane
Following dilution, aliquots were removed at various times and pyranine fractions isolated from wounded potato tuber inoculated with
fluorescence measured.∆F due to hypoosmotic treatment was determined Phytophthora infestans. Physiol. Plant Pathol., 27, 311–322.
by subtracting the∆F of the isoosmotic control cells from the∆F of the Dwyer,S.C., Legendre,L., Low,P.S. and Leto,T.L. (1996) Plant and human
hypoosmotically treated cells. neutrophil oxidative burst complexes contain immunologically related

proteins.Biochim. Biophys. Acta, 1289, 231–237.Measurement of nicotinamide co-enzyme levels and NAD
Ebel,J. and Cosio,E.G. (1994) Elicitors of plant defense responses.Int.kinase activity

Rev. Cytol., 148, 1–36.Nicotinamide co-enzymes were extracted and quantitated by the method
Epel,D. (1964) A primary metabolic change of fertilization:of Matsumura and Miyachi (1980). For DPI experiments, DPI was added

interconversion of pyridine nucleotides.Biochem. Biophys. Res.to suspension cultures to a final concentration of 2µM DPI in 0.4%
Commun., 17, 62–68.(v/v) dimethylsulfoxide (DMSO). Cells were incubated for 90 s prior to

Epel,D., Patton,C., Wallace,R.W. and Cheung,W.Y. (1981) Calmodulinharvest and assay. Control cells contained an equivalent amount of
activates NAD kinase of sea urchin eggs: an early event of fertilization.DMSO without DPI. This treatment did not alter the nicotinamide co-
Cell, 23, 543–549.enzyme levels (data not shown).

Galaud,J.-P., Lareyre,J.-J. and Boyer,N. (1993) Isolation, sequencing andNAD kinase from frozen tissue powders was extracted (4 ml/g tissue)
analysis of the expression ofBryonia calmodulin after mechanicalin 250 mM sucrose, 50 mM tricine-HCl (pH 7.8), 5 mM MgCl2, 0.5
perturbation.Plant Mol. Biol., 23, 839–846.mM EGTA, 2 µg/ml leupeptin, 0.3µg/ml pepstatin, 1 mM PMSF and

Halliwell,B. (1978) Lignin synthesis: the generation of hydrogen peroxide10% (w/v) PVPP. Homogenates were centrifuged at 20 000g for 10
and superoxide by horseradish peroxidase and its stimulation bymin at 4°C and NAD kinase was assayed in 250 mM sucrose, 3 mM
manganese (II) and phenols.Planta, 140, 81–88.ATP, 2 mM NAD, 5 mM MgCl2, 50 mM tricine-HCl (pH 7.8) by the

He,S.Y., Huang,H.-C. and Collmer,A. (1993)Pseudomonas syringaepv.procedure of Robertset al. (1985). To determine the ratio of calcium/
syringae HarpinPss: a protein that is secreted via theHrp pathwaycalmodulin-dependent to independent activities, assays were done in 2.5
and ellicts the hypersensitive response in plants.Cell, 73, 1255–1266.mM CaCl2 supplemented with excess (2µM) VU-1 calmodulin to ensure

Heinecke,J.W. and Shapiro,B.M. (1992) The respiratory burst oxidasesaturation (calcium/calmodulin-dependent activity) or in the presence of
of fertilization. J. Biol. Chem., 267, 7959–7962.0.5 mM EGTA to remove all calcium from endogencous calmodulin

Henderson,L.M. and Chappell,J.B. (1996) NADPH oxidase of(calmodulin-independent activity).
neutrophils.Biochim. Biophys. Acta, 1273, 87–107.
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