Plant Pathol. J. 16(2) : 63-69 (2000)

The Plant Pathology Journal

©The Korean Society of Plant Pathology

Symposium
Molecular Plant-Microbe Interactions
December 10, 1999, Tagjon, Korea

Ca’*/Calmodulin-Dependent NAD Kinase and Glutamate Decarboxylase:
Their Roles in Plant Responses to The Environment

Suk-Heung Oh

Department of Biotechnology, Woosuk University, Chonju 563-701, Korea

(Received on January 25, 2000)

Plant cells encounter a variety of environmental stress con-

ditions which result in fluxes in cytosolic calcium. Calcium
plays a key role as a second messenger in plants and is
involved in physiological respenses to many environmental
stimuli. The biochemical targets of calcium signals are a set
of structurally related calcium-modulated proteins. Calm-
odulin is a calcium-modulated protein and interacts with
many enzymes and proteins. Plants have been shown to
contain Ca*/calmodulin-dependent NAD kinase and gluta-
mate decarboxylase. Recent evidence indicates that Ca®/
calmodulin-dependent plant NAD kinase and glutamate
decarboxylase are involved in responses to a variety of
environmental stimuli by producing active oxygen species
and gamma-aminobutyric acid, respectively. In addition,
the transgenic tobacco plants expressing calmodulin or
calmodulin-dependent enzyme raise the possibility of gen-
eration of crop plants more resistant to the environmental
stresses.

Calcium and Calmodalin

Calcium plays a key role as a signal molecule in the regula-
tion of many cellular activities in eukaryotes (Hepler and
Wayne, 1985: Rasmussen, 1989, 1990; Berridge and Irvine,
1989; Berridge, 1990). In animals, calcium is believed to be
involved in the regulation of muscle contraction and relax-
ation, mitotic events, egg fertilization, neurotransmitter
release, and many others (Rasmussen, 1990; Berridge,
1990). In plants, calcium has been implicated in the regula-
tion of a variety of growth and developmental processes
such as cell motillty, chromosome motion, cell prolifera-
tion, and germination {Hepler and Wayne, 1985; Hepler,
1990; Roberts and Harmon, 1992). Calcium is a second
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messenger in plant signal transduction and is involved in
the physiological responses to a variety of environmental
stimuli (Snedden et al., 1995). The targets of calcium sig-
nals are calcium-modulated proteins. All of these calcium-
modulated proteins have a common helix-loop-helix motif
known as the EF-hand. These structures allow high affinity
calcium binding and undergo a change in activity that is
related to a calcium-induced change in conformation
(Strynadka and James, 1989; Roberts and Harmon, 1992).
Since the first detection of calmodulin from bovine brain
as an activator of phosphodiesterase (Kakiuchi et al., 1970:
Cheung, 1970), calmodulin has been found widely distrib-
uted in eukaryotes ranging from fungi to humans. A num-
ber of calmodulin target proteins have been identified (Klee
and Vanaman, 1982; Manalan and Klee, 1984; Roberts et
al., 1986; Cohen and Klee, 1988; Roberts and Harmon,
1992). Therefore, it is believed that calmodulin, which itself
has no intrinsic enzymatic activity, mediates its cellular reg-
ulation through interaction with target enzymes or other
nonenzymic proteins. Thus far, over 25 calmodulin-depen-
dent enzymes and calmodulin-binding proteins in animals
have been identified and characterized (Cohen and Klee,
1988; Rhoads and Friedberg, 1997). Several calmodulin-
dependent enzymes and calmodulin-binding proteins have
been detected in plant systems. Among the groups of calm-
odulin-dependent enzymes detected in plants are NAD
kinase, glutarmnate decarboxylase, Ca**-ATPase and a nuclear
nucleoside triphosphatase (Roberts and Harmon, 1992;
Snedden and Fromm, 1998). Among other groups of calm-
odulin-binding proteins identified in plants are 30,000 to
33,000 M, protein from pea and spinach (Roberts et al.,
1983), and 13,000 M, protein from germinating radish seed
embryos {(Cocucci and Negrini, 1988). Additionally, Braw-
ley and Roberts (1989} identified 45,000 M, and 72,000 M,
calmodulin-binding proteins that are found predominantly
in sperm and zygotes, respectively, of the marine brown
algae Fucus vesiculosus. Interestingly, the 72,000 M, pro-
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tein was not detectable in the unfertilized egg and started to
appear | hr postfertilization and maintained during eatly
embryogenesis. Thus, there is precedent for developmental
regulation of calmodulin target proteins. However, precise
roles for calmodulin and the calmodulin-binding proteins in
the systems are unknown. To understand the mechanism by
which calmodulin and calmodulin target proteins exert their
roles in plant systems, it is necessary to identify the activi-
ties of these calmodulin receptor proteins.

Comparison of the amino acid sequences between verte-
brate and plant calmodulins shows over 90% sequence
identity {(Roberts and Harmon, 1992). An interesting find-
ing is that one organism can have more than one type of
calmodulin (Roberts and Harmon, 1992; Snedden and
Fromm, 1998). For example, calmodulin genes encoding
calmodulin isoforms and calmodulin-like proteins have
been detected and sequenced from Arabidopsis and barley
(Braam and Davis, 1990; Zielinski et al., 1990; Ling et al.,
1991; Perera et al., 1991). The deduced amino acid sequ-
ences of the two cDNAs of two calmodulin isoforms from
Arabidopsis leaf showed 97% sequence homology (Ling et
al., 1991). These two calmodulin isoforms differ by four
amino acid substitutions which do not cccur within the four
calcium-binding domains. Genomic Southern blot assays
revealed that they are derived from two different genes, The
reason for multiple isotypes is unknown, but the expression
of the genes may be differently controlled to meet cell
requirements. Braam and Davis (1990) detected and sequ-
enced three touch-induced (TCH) cDNAs that encode cal-
cium modulated proteins with homology to calmodulin in
Arabidopsis. TCH 1 cDNA encodes Arabidopsis calmodu-
lin 2 (Ling et al., 1991). TCH 2 and TCH 3 also encode pro-
teins with 44% and 70% amino acid sequence identities to
calmodulin, respectively. The finding showing the exist-
ence of calmodulin isoforms and calmodulin-like proteins
within the same organism may suggest that they have dif-
ferent roles in the regulation of cellular processes. In this
regard, it is of interest to note that soybean calmodulin iso-
form, SCaM-4 which differs at 32 amino acid residues from
soybean calmodulin SCaM-1, was unable to activate pea
NAD kinase. However, the SCaM-4 was able, like SCaM-
1, to activate mammalian 3',5'-cyclic nucleotide phosphodi-
esterase (Lee et al., 1997).

In plants, it has been shown that the levels of calmodulin
also vary from tissue to tissue depending on the develop-
mental stages (Muto and Miyachi, 1984; Allan and Trewa-
vas, 1985; Zielinski, 1987). In general, higher amounts of
calmodulin have been found from young meristematic tis-
sues compared with mature tissues. Analyses of the germi-
nated embryos (Cocucci and Negrini, 1988; Hernandez-
Nistal, 1989; Oh et al., 1992) show that the levels of calm-
odulin can vary depending on the state of plant develop-

ment. The germinated embryos have significantly increased
calmodulin levels compared with undifferentiated cells or
non-germinated embryos. The developmentally different
distribution between tissues may reflect a close relationship
between calmodulin level and plant cell growth and devel-
opment. In this regard it is important to note that even
minor changes in calmodulin levels can drastically influ-
ence cell growth (Rasmussen and Means, 1987, 1989).

Ca*/calmodulin-dependent NAD Kinase

Since the first demonstration of plant NAD kinase activa-
tion by Ca*/calmodulin (Muto and Miyachi, 1977; Ander-
son and Cormier, 1978), Ca*/calmodulin-dependent NAD
kinases have been found in many plant tissues (Roberts and
Harmon, 1992; Oh and Yun, 1999), in sea urchin eggs (Epel
et al, 1981), and in human neutrophils (Williams and
Jones, 1985). Among these enzymes, pea NAD kinase is
well characterized. Roberts et al. (1990) obtained a purified
enzyme from pea seedlings with apparent molecular weight
ranging from 50,000 to 55,000 based on SDS-PAGE analy-
sis and molecular exclusion chromatography. The purified
enzyme is completely dependent upon the presence of
added calcium and calmodulin. The enzyme is particularly
sensitive to the state of posttranslational calmodulin methy-
lation (see below for discussion).

NAD kinase catalyzes the phosphorylation of NAD to
NADP using ATP as a co-substrate (McGuinness and But-
ler, 1985). NAD and NADP are utilized in different meta-
bolic pathways (Lowenstein, 1961; Roberts et al.,, 1990),
NAD(H) is mainly used in catabolic reactions for energy
production. NADP(H) is mainly used in biosynthetic reac-
tions and in certain catabolic pathways such as the pentose
phosphate pathway. Availability of NADP is the rate limit-
ing step for certain pathways including the pentose phos-
phate pathway (Yamamoto, 1963). Therefore, calcium fluxes
and the Ca™/calmodulin-dependent NAD kinase could be
important in triggering a rapid shift of metabolism in re-
sponse to external signals by modulating NAD/NADP
ratios.

Epel (1964, 1981) observed that there are increases of
free Ca®" and a burst of NADPH after fertilization of sea
urchin eggs. Ca*"/calmodulin-dependent NAD kinase was
proposed to be responsible for this increase (Epel et al,
1981). The kinase was proposed to be necessary to provide
cellular NADP(H) for reductive biosynthetic processes or
for protection of the egg from oxidative stress (Epel, 1964;
Epel et al, 1981; Shapiro, 1991). Williams and Jones
(1985) found another Ca’/calmodulin-dependent NAD
kinase from human neutrophils. NADPH is utilized by
NADPH oxidase in the production of superoxide for bacte-
ricidal activity in the neutrophils (Baggiolini and Wymann,
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1990). Therefore, the elevation of NADP by calmodulin-
dependent NAD kinase could be necessary to provide a
rapid increase in substrate NADPH for reductive processes
in these cells.

It is becoming apparent that similarities exist between the
oxidative burst reactions in anmimal and plant defense
responses. NADPH oxidase activities have been also
detected in plants and are elevated in response to stress and
elicitor treatment (Mehdy, 1994; Auh and Murphy, 1995).
In addition, antibodies against the neutrophil oxidase sub-
units cross-reacted with similar proteins in plant extracts
(Dwyer et al., 1996). In plants, oxidative burst reaction that
generates active oxygen species (AOS) such as superoxide
and H,0, is proposed to be involved in several responses to
pathogen and environmental stresses (Mehdy, 1994). Among
the responses are cell wall lignification, cross-linking of cell
wall proteins and the expression of defence response genes
(Harding et al., 1997). Plant NAD kinase is widely distrib-
uted in plants (Roberts and Harmon, 1992). Recently, its
potential role during the oxidative burst response in plant
has been evaluated. We found that transgenic tobacco
plants and cells expressing a mutant calmodulin that is inca-
pable of being methylated at a specific amino acid residue
show an enhanced ability to produce H,0; in response to
various stimuli such as harpin, incompatible bacteria and
mechanical stresses {Harding et al., 1997). This response
was paralleled by an enhanced basal level of NADPH as
well as a more rapid and higher accumulation of NADPH
when challenged with a stimulus. These data show that
calmodulin is a target of calcium fluxes in response to elici-
tor or environmental stress. Also the data provide the first
evidence that plant NAD kinase may be a downstream tar-
get which potentiates AOS production by altering NAD(H)/
NADP(H) homeostasis (Harding et al., 1997; see below for
further discussion).

Significance of Calmodulin Methylation to NAD
Kinase Regulation

e-N-trimethyllysine is a posttranslational modification that
is found at position 115 of many calmodulins (Roberts et
al., 1986). This site is methylated by a calmodulin: lysine
N-methyltransferase (Morino et al., 1987; Oh and Roberts,
1990). Evidence from plants and plant cells shows that the
methylation state of calmodulin varies depending on the
growth and developmental state of the cells (Oh and Rob-
erts, 1990; Oh et al., 1992). Thus, unmethylated calmodulin
can exist in an undegraded state in vivo. With respect to the
regulatory activities of calmodulin, unmethylated calmodu-
lins are not significantly different from methylated calmod-
ulins in their ability to bind calcium and activate a number
of enzymes (Robert et al., 1986). However, one calmodu-

lin-dependent enzyme, plant NAD kinase, is sensitive to
calmodulin methylation (Roberts et al., 1990; Oh and Yun,
1999). For example, NAD kinase purified from pea has a
specific activity of 18 nmole NADP/min/mg protein with
saturating unmethylated calmodulin in the presence of cal-
cium and saturating levels of NAD and ATP (Roberts et al.,
1990). However, the specific activity of the enzyme mea-
sured with methylated calmodulin was 2 to 4 umole
NADP/min/mg protein under the same conditions. These
results raise the possibility that selective calmodulin activa-
tor activities could be attenuated by posttranslational meth-
ylation of lysine-115. For example, the methylation of
calmodulin could result in an overall reduction in NAD
kinase activation whereas other regulatory targets may not
be similarly affected. To investigate the functional signifi-
cance of lysine methylation in the control of nicotinamide
coenzyme metabolism and to elucidate specific molecular
targets of calcium and calmodulin in plant defence respon-
ses, we have generated transgenic tobacco plants express-
ing a dominant-acting calmodulin mutant (VU-3 calmodu-
lin, lys — arg 115). VU-3 calmodulin differs from endo-
genous plant calmodulin in that it can not be methylated. As
a result it activate NAD kinase to an activity that is at least
3-fold higher than trimethylated calmodulin (Roberts et al.,
1992). Analyses of leaf tissues of transgenic VU-3 plants
showed 4-fold higher levels of NADPH and 2-fold higher
levels of H,Q, than normal control plants {Harding et al.,
1997). In addition, cells expressing VU-3 calmodulin
showed a stronger active oxygen burst that occurred more
rapidly than in normal control cells challenged with various
stimuli. For example, the purified elicitor protein harpin
from Pseudomonas syringae pathovar 61 (He et al,, 1993)
showed a faster rate and a quicker onset of AOS release in
VU-3 cells than normal control cells (Harding et al., 1997).
VU-3 cells also showed a more enhanced response upon
actual infection by Pseudomonas syringae pathovar 61
(Harding et al, 1997). Seeds from the VU-3 transgenic
tobacco plants are much tess susceptible to fungal contami-
nation than seeds from normal tobacco plants (Oh et al.,
unpublished data). These observations support a model of
AQS production in relation to pathogen infection (Fig. 1).

Ca*'/calmodulin-dependent Glutamate Decarboxylase

Glutamate decarboxylase (GAD) catalyzes the conversion
of glutamate to y-aminobutyric acid (GABA). The presence
of GAD activity and GABA in plants has been known for at
least half a century (Styranarayan and Nair, 1990). The role
of GABA in plants is still obscure, whereas its involvemnent
as an inhibitory neurotransmitter in animals is well under-
stood (Bown and Shelp, 1989; Styranarayan and Nair, 1990).

There is a considerable literature demonstrating that
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Fig. 1. Model of AQS production in relation to pathogen
infection. Plant cells release AOS following elicitor treatment.
Membrane associated oxidases such as NADPH oxidase have
been proposed to be responsible for the production of AOS in
response to the stimulus. Calcium fluxes can aid in the production
of reductant for this reaction through the stimulation of Ca®™/
calmodulin-dependent NAD kinase. This model is modified from
the model (Mehdy et al., 1994) based on our recent findings
(Harding et al., 1997). CaM, calmodulin.

GABA is accumulated rapidly and largely in a variety of
plant tissues under several environmental stress conditions
such as mechanical stimulation, damage, cold shock, heat
shock, hypoxia, cytosolic acidification, darkness, water stress,
phytohormones, and drought stress (Bown and shelp, 1997;
Serraj et al., 1998). It has been suggested that GABA is part
of an adaptive response to cytosolic acidosis (Crawford et
al., 1994). However reduction of cytosolic pH dees not
seemn to be a prerequisite for stimulation of GABA synthe-
sis (Crawford et al., 1994). This suggests that other factors
except cytosolic pH are involved in the activation of GAD
in plant cells. Interestingly, many of the same stresses that
induce GABA production in plants also cause increases in
cytosolic Ca™ levels (Knight et al., 1991). Transient eleva-
tions in cytosolic Ca*" levels are transmitted through Ca™-
modulated proteins such as calmodulin, For the first time,
Ca*-stimulated GAD activity was observed by screening a
cDNA expression library from petunia with **S-labeled cal-
modulin (Baum et al., 1993). A ¢DNA coding for a Ca’"-
dependent calmodulin-binding protein was isolated and the
recombinant protein showed GAD activity (Baum et al,
1993).

Although several forms of GAD from a variety of sources
have been described (Erlander and Tobin, 1991; Bao et al,,
1995), only plant GAD showed Ca*"/calmodulin-dependent
activation (Ling et al., 1994; Snedden et al., 1995; Oh and
Yun, 1999). The activity assays of partially purified GAD
from faba bean roots showed a 50% stimulation by the
addition of 100 pM Ca®, a 100% stirmulation by the addi-

tion of 100 pM Ca® plus 100 nM calmodulin, and no appre-
ciable stimulatjon by calmodulin in the absence of added
Ca® (Ling et al., 1994). GAD partially purified from vari-
ous soybean tissues was stimulated 2- to 8-fold in the pres-
ence of Ca**/calmodulin at pH 7.0 (Snedden et al., 1995).
GAD partially purified from tobacco plants showed 3.8-
fold activation by Ca*/calmodulin (Oh and Yun, 1999).
The differences in the level of Ca*/calmodulin activation of
GAD from different tissues and sources may reflect differ-
ent degrees of contamination by calmodulin or proteolysis
of GAD or multiple forms of GAD (Snedden et al., 1995;
Baum et al., 1996; Zik et al., 1998).

In order to test these, we expressed a cloned tobacco
GAD gene in E. coli, which lacks calmodulin (Yun and Oh,
1998). The gene-encoded 56-kD protein interacted strongly
with a monoclonal antibody against the pefunia GAD and
showed almost complete Ca*/calmodulin dependency for
activity (Yun and Oh, 1998; Oh and Yun, 1999). When the
GAD activity of the tobacco gene-encoded protein was
assayed at pH 7.0 without the addition of calcium and calm-
odulin, the activity was less than 1.0% of that measured
with the addition of 2.5 mM Ca™ and 200 nM calmodulin.
In addition, the activity was not stimulated by the addition
of 2.5 mM Ca®™ or 200 nM calmodulin alone. Petunia
recombinant GAD was also inactive in the absence of Ca™
and calmodulin. But it was stimulated to high levels of
activity by the addition of exogenous calmodulin in the
presence of calcium at pH 7.0-7.5 (Snedden et al., 1996). In
addition, a monoclonal antibody directed against the car-
boxyl-terminal region, which contains the calmodulin-bind-
ing domain of GAD, was able to fully activate in a dose-
dependent manner in the absence of calcium and calmodu-
lin. However, an antibody recognizing an epitope outside of
this region was unable to activate GAD (Snedden et al.,
1996). These data indicate that plant GAD is a Ca*"/calm-
odulin-dependent enzyme and Ca*"/calmodulin or antibody
binding to the domain of GAD can remove an autoinhibi-
tory function of the region and activates GAD.

Roles of GAD and GABA in Plants

GAD activity and GABA have been detected in all plant
tissues analyzed (Styranarayan and Nair, 1990). Plant GAD
and GABA levels are developmentally regulated {Kajimura
etal, 1991; Chen et al., 1994). For example, developmental
changes in the abundance of GAD mRNA and the 58-kD
GAD were observed in petunia flowers and leaves and dur-
ing seed germination (Chen et al., 1994). Transgenic tobacco
plant expressing a mutant petunia GAD lacking the calm-
odulin-binding domain exhibits extremely high GABA lev-
els, low Glu levels, and severe morphological abmormalities
such as short stems (Baum et al., 1996). The GAD activity
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Fig. 2. Model of GABA production in plants. Plant cells produce
GABA following environmental stimuli, Calcium fluxes can aid
in the production of GABA through the stimulation of Ca®/
calmodulin-dependent GAD. This model is modified from the
model of Snedden et al. (1995).

in extracts of the plants was found to be Ca*-independent
(Baum et al,, 1996). However, GAD plants which expressed
the full-length petunia GAD showed higher GABA levels
and lower Glu levels than those of wild-type plants and
Ca™-dependent activation of GAD activity, but indistin-
guishable morphology from wild-type (Baum et al., 1996).
These data demonstrate that regulation of GAD activity by
Ca* and calmodulin is necessary for normal plant growth
and development.

GAD activity and GABA levels are known to be rapidly
enhanced by a variety of environmental stresses such as
anaerobiosis, mechanical shock, cold shock, darkness, heat
shock, water stress and drought stress (Bown and Shelp,
1997; Serraj et al., 1998) (Fig. 2). As a widely distributed
and highly accumulated nonprotein plant amino acid,
GABA has been postulated to have roles in nitrogen metab-
olism and storage, and in the plant's defence against phy-
tophagous insects. High concentrations of GABA are found
in nitrogen-fixing nodules of a number of legumes (Bown
and Shelp, 1997). GABA concentration in the nodules of
soybean was significantly higher than that in either roots or
leaves (Serraj et al., 1998). Housley et al. (1979} reported
that higher concentrations of GABA were found in nodu-
lated plants than in non-nodulated ones. Also higher levels
of calmodulin were found in nodule extracts than in root
extracts (Oh, 1992; Ling et al,, 1994), It was also shown
that GABA in nutrient solutions can function as a sole
nitrogen source for the growth of isolated roots of Pinus
serotina (Bames and Naylor, 1959).

In animals, GABA functions as a major inhibitory neu-
rotransmitter by modulating the conductance of ion chan-
nels (Zhang and Jackson, 1993). Initially, Wallace et al.
(1984) proposed that GABA accumulation may be a

defence mechanism against phytophagous insects. Stimula-
tion of the mechanical damage resulting from phytopha-
zous activity increased soybean leaf GABA 10- to 25-fold
within 1 10 4 min to values 2.15 nmol GABA g™ fresh
weight. Introducing GABA into a synthetic diet to this level
reduced the growth rates, developmental rates, and survival
rates of cultured phytophagous larvae of the oblique-
banded leaf roller (Ramputh and Bown, 1996). In addition,
more than 90% of oblique-banded leaf-roller larvae were
found on light-green expanding leaves of apple trees, which
produce lower GABA levels than dark-green mature leaves
when mechanically damaged. In insect larvae, the GABA-
gated CI” channels in the neuromuscular junctions of body
wall muscles are exposed to solutes in the hemolymph. If
the neuromuscular junctions of body wall muscles are
exposed to GABA, the GABA-gated CI™ channels in the
junctions are not protected by a blood-brain barrier (Ram-
puth and Bown, 1996; Bown and Shelp, 1997). Many com-
mercially employed insecticides are agonists or antagonists
of the GABA-gated Cl” current, and are thought to disrupt
normal neuromuscular activity (Ramputh and Bown, 1996;
Bown and Shelp, 1997). Therefore, GABA ingestion that
raises levels in the hemolymph may have a similar effect.

Conclusions and Future Perspectives

NAD kinase and glutamate decarboxylase are well charac-
terized enzymes among the Ca®/calmodulin-dependent
activities detected in plants. In plants, NAD kinase and
glutamate decarboxylase appear to be regulated following
envirommental stimulation leading to the synthesis of active
oxygen species and gamma-aminobutyric acid, respectively.,
Evidence shows that many environmentai stresses cause
fluxes in cytosolic Ca’* and the increased Ca™ stimulates
Ca**/calmodulin-dependent NAD kinase and glutamate
decarboxylase. Transgenic tobacco cells overexpressing a
mutant calmodulin that is incapable of being methylated at
lysine 115 showed a stronger active oxygen burst that
occurred more rapidly than in normal control cells chal-
lenged with various stimuli. In addition, the transgenic
tobacco cells showed an enhanced response upon actual
infection by Pseundomonas syringae pathovar 61. Evidence
indicates that glutamate decarboxylase and GABA are
involved in nitrogen metabolism and storage, and in the
plant's defence against phytophagous insects. There is also
evidence that regulation of glutamate decarboxylase activ-
ity by Ca* and calmodulin is necessary for normal plant
growth and development. Integrated studies in model sys-
tems, such as genetically engineered plants, may provide
further insight into the mechanism of defence of plants dur-
ing pathogen infection, phytophagous attack and other
environmental stresses.
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