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Abstract

Ligand-gated Calcium Mobilisation in Higher Plants
George D. Dickinson

Calcium release from intracellular stores in plant cells is responsible for coupling a
range of stimuli to specific responses. Cyclic ADP-ribose (CADPR) and nicotinamide
adenine dinucleotide phosphate (NAADP), metabolites of NAD with Ca*" mobilising
activity, have recently been nominated as second messengers in plant cells with
similar roles to that of inositol 1,4,5- trisphosphate (InsP3). Little is known about the
routes of metabolism of these compounds in plant cells or the nature, or means of
regulation of the Ca**-permeable channels they act upon.

Using HPLC and a radioimmunoassay with antibodies raised against cADPR, the
basal level of CADPR in red beet was determined to be in the pmol/mg range. A
screen of plant tissue monitoring the formation of cyclic GDP-ribose (cGDPR) (a
fluorescent analogue of cCADPR) indicated that red beet, maize, Arabidopsis and
caulifiower possess ADP-ribosyl cyclase activity. Characterisation of cauliflower
cyclase activity indicated that cGDPR formation was dose-dependent (Vmax = 2.8

mmol/g.h and K, = 130.4 uM). Soluble and membrane activities varied and were
differentially stimulated by cGMP suggesting the presence of soluble and
membrane cyclases. The membrane cyclase was pH dependent with maximal
activity at pH 10 and was half-maximally inhibited by 10 mM nicotinamide. Partial

purification of solubilised cauliflower microsomes by column chromatography
resulted in a 49-fold enrichment in activity.

Ligand-gated release channels in ER-enriched cauliflower microsomes were found
to be modulated by pH and redox agents with H.O, demonstrating biphasic
regulation. Ligand-specific differences in modulation by pH and redox agents were

observed that provide a potential mechanism for plant cells to generate specificity in
Ca*’ signalling pathways.

A BLAST search of the Arabidopsis protein database uncovered several proteins
containing SPRY domains indicative of ryanodine receptors. However, none of

these sequences, or any others in the database, displayed significant homology to
the ligand-gated Ca®*-release channels of animals.
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1. Introduction

1.1. Ca*' as a second messenger in plants

In order to respond to their environment, combat stress, obtain nutrients and
successfully develop and grow, complex multicellular organisms need to be able to
link an array of stimuli to appropriate responses. Plants, being sessile, have not
developed a nervous system for the rapid transduction of signals: they do, however,
possess a complex hormone and peptide based system of signal transduction.
While comparative analysis between the recently sequenced genomes of
Arabidopsis, Drosophila and Caenorhabditis has suggested that the signalling
pathways'of plants contain several unique signalling cascades and protein receptor
types, biochemical studies indicate that some signalling pathways in plants bare a
resemblance to the endocrine system of animals in that they utilise second
messengers, such as: calcium, cyclic nucleotides, pH and inositol 1,4,5-
trisphosphate (InsP3), to amplify signals and generate signal specificity (Bush, 1995;
McCarty & Chory, 2000; The Arabidopsis Genome Initiative, 2000, Sanders et al.,
2002). Calcium, one of the essential plant nutrients, is of particular interest as it
appears to act as a convergence point, linking a range of highly diverse stimuli to
specific responses (Sanders et al., 1999; 2002). The widespread role calcium plays
In disparate stimulus-response pathways has raised an important question
(McAinsh & Hetherington, 1998). how are changes in the concentration of a single

lon within a plant cell able simultaneously to transduce signals between diverse
stimuli and appropriate, specific, responses?

In mammalian cells, where calcium has become established as a second
messenger, characteristic calcium signals, i.e. repetitive, transient elevations in
cytosolic calcium concentration, have been recorded in a variety of cell types
(Berridge, 2000). It is becoming increasingly clear that the spatio-temporal
characteristics of these calcium signals are vital to their specificity and that these
characteristics are modulated by other second messengers, in particular InsP3 and
the more recently discovered calcium-mobilising agents cyclic adenosine 5'-
diphosphribose (cADPR) and nicotinic acid adenine dinucleotide phosphate
(NAADP) (Berridge, 1997; Guse, 2002). Recently, it has been demonstrated that
InsP3;, CADPR and NAADP are also capable of releasing calcium from intracellular

1



stores in plant cells (reviewed in Sanders et al., 2002). Although, in comparison to
the work in animals, the study of second messengers and calcium signals in plants

Is at an early stage, research carried out over the last ten years indicates that plant

cells may also use InsP3;, CADPR and NAADP to impart specificity to a calcium
signal.

The aim of this of this chapter is to review calcium physiology in plants, focusing on
evidence supporting the role of calcium as a second messenger, the mechanisms
used in generating a calcium signal and the current views on the manner in which
plant cells use calcium to couple divergent stimuli to specific responses. This is
used as a background for examining probable roles of InsP3, CADPR and NAADP in
signalling pathways in plant cells and ways in which these pathways, and their

regulation, may lead to signal specificity. Brief comparisons to calcium signalling in
animal cells are made where they are considered to be useful.

1.2. Ca*' and plant physiology

Calcium is the second most abundant metal ion found in the majority of plant tissues
(Epstein, 1972). Absorbed by the roots, millimolar concentrations of calcium ions
(Ca®*) are accumulated in tissues throughout a plant and a constant supply of 1-10
mM Ca*" is required to maintain normal growth and development (Clarkson &
Hanson, 1980). Such is its importance that even relatively brief Ca®* starvation
leads to the death of apical meristem cells and cessation of growth, whilst
concentrations as high as 10% of the dry weight can be reached in mature leaves
without signs of toxicity in some plant species (such as calcicoles which thrive in
calcareous soils) because Ca®* homeostasis is tightly regulated (Marschner, 1995).

1.2.1. Structural properties and compartmentation of Ca®*

Most Ca** accumulated by a plant is found in the cell wall (Bush & McColl, 1987)
and the vacuole (Clarkson & Hanson, 1980). The ion is thought to have a structural
role in the cell wall, strengthening it by cross-linking carboxyl groups of pectic
polymers (Cleland ef al., 1990). It is also believed that a high concentration of Ca**
is required on the outside of the plasma membrane (PM) for it to maintain its
function and integrity. In this case Ca*' is considered to act by connecting
phosphate and carboxylate groups of phospholipids and proteins (Cleland et al.,
1990). These structural roles are thought to arise from the ability of Ca®* to form



reversible, yet stable, intermolecular linkages resulting from the high capacity of the
Ca*" ion coordination (McPhalen ef al., 1991).

The cytosol of plant cells contains a variety of high affinity Ca®*-binding proteins
such as calmodulin (CaM). The combined action of these proteins and Ca*

homeostasis (transport) mechanisms results in a concentration of cytosolic free

Ca®" ([Ca*'].) of 100-200 nM (Bush, 1995). The Ca®*-binding proteins also restrict
the rate of diffusion of Ca®* in the cytosol.

Various organelles within the cell are able to sequester Ca®* from the cytosol
through the action of Ca**-pumps (see below). These organelles include the ER,
vacuoles, chloroplasts and mitochondria. The relatively large volume of the vacuole
in mature plant cells results in it being the principal accumulator of Ca®* in many
cells. Inside the vacuole, Ca®" exists mainly as insoluble oxalic, phytic, and
phosphoric salts. Never-the-less, mechanisms exist for releasing the ion into the
cytosol, when required, from the vacuole and other organelles and thus these

organelles act as internal stores of, potentially, millimolar concentrations of
mobilizable Ca?* for Ca®* signalling (Marschner, 1995).

1.2.2. Ca* as a signalling ion

The low [Ca%]. levels measured in both plant and animal cells arise from tightly
regulated Ca** homeostasis mechanisms that are believed to have evolved to limit
the cytotoxic effects of Ca®* - that is its ability to form lethal calcium phosphates and
compete for enzyme Mg**-binding sites (Carafoli, 1987; Trump & Berezesky, 1995;
Marschner, 1995). Low baseline [Ca*]. gives rise to the possibility of a rapid,
manifold, increase in ion concentration upon the transport of a relatively small
amount of Ca*" into the cytoplasm and thus a minimal effect on the osmotic balance
of the cell. This change in [Ca**]. is localised as a result of the calcium-buffering
capacity of the cytoplasm and the action of Ca** pumps (Carafoli, 1994; Sanders et
al., 1999). The large, inward, electrochemical potential difference of Ca** resulting
from homeostasis, combined with the low diffusibility and cytotoxicity of Ca®* in the
cytoplasm, has been attributed to the evolution of a mechanism of Ca** signalling in
which brief elevations in [Ca®*]. (spikes), arising from Ca®* released across the PM
or membranes of internal stores, are used as a signal (reviewed in Bootman &
Berridge, 1995; Clapham, 1995; Berridge, 1997), modifying the activity of
downstream Ca®*-responsive elements.



Although spikes of Ca** are able to modify the activity of proteins close to the site of
entry of Ca** into the cytoplasm, Cheng et al. (1993) demonstrated with muscle cells
that Ca** can also act as a more global signal. These authors were able to record a
wave of elevated Ca?* moving through the cytoplasm of cells overloaded with Ca**
that arose from the temporary activation of Ca**-permeable channels by Ca®,
referred to as Ca®*-induced Ca**-release (CICR). In animals, best characterised in
the model systems of Xenopus oocytes and sea urchin eggs (Galione et al., 1991;
Parker & Yao, 1996), CICR allows a calcium signal to be transmitted throughout the
cell using members of the InsP; receptor (InsP3R) or ryanodine receptor (RyR)
families. These two families of proteins are intracellular Ca**-permeable channels.
The activity of InsPaR is modulated by InsP3 and, in the case of at least two isoforms
(see section 1.3.3.5), the activity of RyR is modulated by cADPR (Galione et al.
1991; Taylor & Traynor, 1995). The frequency of activity of these receptors can be
modulated by their agonist and, thus, allow Ca®*-waves to oscillate repetitively
(Goldbeter et al., 1990). Waves and oscillations of Ca** are believed to provide a
means for plant and animal cells to encode information into both localised and
global Ca®* signals. This information can be used to generate signal specificity while

maintaining [Ca®']. below cytotoxic levels (Berridge, 1997; Bootman & Berridge,
1997; Malhé et al. 1998).

1.2.3. Ca*' signals in plant cells

1.2.3.1. Measuring changes in [Ca**], in living plant cells

Experments by Wiliamson & Ashley (1982) using the calcium-sensitive
photoprotein aequorin first demonstrated a transient rise in [Ca®*]. in plants during
the action potential of the alga Chara. The large size of Chara cells made them
amenable to microinjection and provided the first plant system where an increase In
[Ca®*]. was correlated with a response, in this case the cessation of cytoplasmic
streaming that follows the action potential. Subsequently, measurements of
changes in [Ca**]. have been carried out with Ca®*-sensitive micro-electrodes in
which two electrodes, a Ca**-sensitive electrode and a reference, were impaled into
the cytoplasm of a cell (Brownlee & Wood, 1986; Miller & Sanders, 1987; reviewed
in Felle, 1989). Thus, micro-electrodes were successfully used to monitor a tip-
focused elevation in [Caz.)c in Fucus cells by Brownlee & Wood (1986) and by Miller
& Sanders (1987) to measure light-induced changes in [Ca®]. in the alga
Nitellopsis. While micro-electrodes continue to be used (often bound together as a



double-barrelled electrode) in investigations into Ca®** homeostasis, they have a

major drawback in that they can only measure Ca*" at point locations within the cell.

The development of Ca®*-sensitive fluorescent dyes, such as Calcium Green and
Fura-2, provided a means for investigating the spatial and temporal distribution of
Ca** throughout a cell (reviewed in Read et al., 1993). Both single wavelength and
ratiometric dyes, which allow the determination of [Ca*']., have been successfully
used to visualise Ca®* dynamics in plant cells (Gilroy et al., 1991; Gilroy & Jones
1992; McAinsh et al., 1997). Problems with loading Ca**-sensitive dyes into plant
cells and sequestration of the dyes into intracellular organelies prompted the
development of non-invasive recombinant technology in which aequorin (Read et
al., 1993; Knight et al., 1991, 1992) and cameleon, a green fluorescent protein
(GFP)-based Ca** indicator (Allen, 1999), have been expressed in transgenic
plants. Even though cameleon technology has only recently been applied to plants
and animals it has already proved to be a powerful technique for dissecting calcium
signals (see below), overcoming difficulties with low-intensity light emission from

aequorin that prevented resolution of Ca** signals at the single cell level (Takahashi
et al., 1999).

1.2.3.2. Coupling changes in [Ca®*], to stimulus-response pathways

The technical advances in monitoring Ca** in living cells have resulted in changes in
[Ca**]. being implicated in the transduction of a rapidly growing list of stimuli in
plants (Table 1.1). This evidence, however, is circumstantial with respect to whether
Ca® is acting as a bona fide second messenger. For changes in [Ca*’]. to be
supported as coupling a specific stimulus to a response, three fundamental
experimental criteria defined by Hepler & Wayne (1985) must be met: (1) a stimulus
must induce a change In [Ca2+]c, (2) the change In [Caz‘“]c must precede the cellular
response, and (3) the response can be blocked by inhibiting changes In [Ca*'].. So
far the number of systems in which these criteria have been met is far fewer than
the number of systems in which changes in Ca** have been detected (Evans et al.,
2001; Rudd & Franklin Tong, 2001) as, in practice, inhibiting changes in [Ca**). has
proved to be difficult when intracellular stores are involved. For example, the action
of antagonists of calcium release channels in animal cells, such as ruthenium red or
heparin, are difficult to validate in plant cells (Marshall et al., 1994). In addition the
presence of the vacuole in a plant cell generally reduces the cytosol to a thin

peripheral layer, complicating the detection of subtle changes in [Ca®*]c (Malhé et al,
1998).



Table 1.1. Partial list of stimulus-response couples that involve an elevation in
[Ca*']. in plant cells

Changes (1)) in [Ca*’]. have been detected using injection of fluorescent dyes or transgenic
plants expressing aequorin. Table adapted from Sanders et al. (1999) & Reddy (2001).

Stimulus
Red Light
Abscisic acid
Auxin

Gibberellin

Salinity

Drought

Gravity

Hypoosmotic
stress

Touch

Fungal elicitors

Cold

Heat shock

Anoxia

Oxidative
stress

Ozone stress

NOD factors
Aluminium

Pathogens and
. elicitors

Response

Photomorphogenesis

Stomatal closure
Cell elongation and division

a- Amylase secretion

Gene activation & Proline
synthesis

Gene expression, synthesis of
osmoprotectants &
osmotolerance

Gravitropism

Osmoadaptation

Growth retardation,
thigmomorphogenesis.

Phytoalexin synthesis

COR & KIN1 gene expression,

proline synthesis, changes in
membrane lipids & cold
acclimatization.

Thermotolerance

Gene activation, adaptation to
oxygen deprivation

FFree radical scavenger
iInduction

Production of active oxygen
specles

Root hair curling

lon imbalance

Phytoalexin biosynthesis and
iInduction of hypersensitive
response.

Effect on

24
Ca“’].

r
Tl

Tl

Reference

Shacklock ef al. (1992)
McAinsh et al. (1990)
Legue et al. (1997)
Bush & Jones (1988)

Knight et al. (1997)

Knight et al. (1997)
Johansson et al. (1996)
Gehring et al. (1990)

Taylor et al. (1996)
Knight et al. (1991)

Knight et al. (1991)
Knight et al. (1996)
Knight et al. (1999)

Campeli et al. (1996)
Thomashow (1998)

Gong et al. (1998)

Subbaiah et al. (1994)
Price et al. (1994)
Clayton et al. (1999)

Ehrhardt et al. (1996)
Lindberg & Strid (1997)
Knight et al. (1991)

Levine et al. (1996)
Blume et al. (2000



One example of a system where changes in [Ca®*]. have been shown to be part of a
signal transduction pathway is described by Bowler et al. (1994). Using micro-
injection they introduced into aurea mutant tomato seedlings (in which phytochrome

A is inactive) and wildtype seedlings both promoters of light-sensitive genes fused

with B-glucuronidase (GUS) and a variety of signalling intermediates. Their
experiments identified three calcium and/or cyclic guanine monophosphate (cGMP)-

dependent pathways linking phytochrome activation to the stimulation of genes such
as chalcone synthase (CHS), chlorophyll a,b binding protein (CAB) genes and

genes encoding photosystem | (PS)). In a subsequent paper, Neuhaus et al. (1997)
demonstrated that activation of phytochrome A also utilises a Ca*/cGMP

dependent pathway to inhibit a negatively light-regulated gene (AS/7) encoding
asparagine synthetase. The authors suggested that a family of promoter-repressor

proteins with specific requirements for Ca** and cGMP would allow different

responses to share a common signal transduction pathway.

Stomatal closure also involves changes in [Ca®]c in guard cells in response to
various stimuli (lrving et al., 1990; Irving et al., 1992; MacRobbie, 1997) and has
been used extensively to study the role Ca®* plays as a second messenger in plant
cells. Many aspects of Ca** signal transduction during abscisic acid (ABA)-induced
stomatal closure in guard cells have been elucidated: ABA has been shown to
elevate [Ca®*]. in guard cells preceding stomatal closure (McAinsh et al., 1990,
1992), inhibition of [Ca®*']. elevation by microinjection of BAPTA has been
demonstrated to inhibit stomatal closure (Webb et al., 2001) and ABA-induced
oscillations in [Ca**']. have been correlated with both ABA concentrations and
stomatal aperture (Staxen et al., 1999; Allen et al., 2001). The impact guard cell

Ca* signalling studies has had on our understanding of Ca®*-signal specificity is
discussed below.

Another area in which [Ca®']. has been identified as playing a central role is in
polarised (tip) growth, following a report by Brownlee & Wood (1986) into the
distribution of Ca** in germinating Fucus serratus zygotes. Using Ca%*-selective
microelectrodes they measured values of 2.47+ 0.8 pM and 0.28+ 0.06 pM [Ca**).
for tip and sub-tip regions of rhizoid cells. Fluorescence microscopy of zygotes that
had been ester loaded with the fluorescent dye Quin-2 supported the evidence of
the microelectrodes for a longitudinal gradient of [Ca®‘].. Brownlee & Wood
suggested that the gradient was maintained by a flux of Ca®* that enters the rhizoid

tip through Ca**-channels and exits at the thallus end of the zygote and would
2



regulate cytoskeletal processes, exocytosis, ATPase activity and CaM-regulated
processes. Since then [Ca®‘]. gradients have been shown to be important in the

growth of root hairs of Arabidopsis (Wymer et al., 1997) and pollen tubes of Lillium

longiflorum (Nobiling & Reiss, 1987; Holdaway-Clarke et al, 1997; 1998) and
Papaver (Franklin-Tong et al., 1996).

1.2.4. Ca* signal specificity

Signalling events such as repetitive transient increases in Ca** (oscillations) and
regenerative, progressive release of Ca** from internal stores (waves) (Kiegle et al.,
2000) have been detected alongside spatially localised Ca*" signals and gradients
in plants (Cessna et al., 1998; Holdaway-Clark et al., 1997; reviewed in Webb et al.,
1996, Trewavas, 1999). The Ca** waves and oscillations in plant cells are similar in
nature to Ca®* waves of Xenopus oocytes (Lechletter et al., 1991) and Ca*
oscillations of stimulated hepatocytes (Thomas ef al., 1991) and are thus thought to
be responsible for determining the specificity of a signal by allowing a Ca** signal to

be spatially and temporally localised with respect to Ca®*-responsive elements
(Maiho et al., 1998).

1.2.4.1. Ca** waves

The main body of evidence for the existence of Ca** waves in plants arises from
studies of the alga Fucus. In Fucus rhizoid cells hypo-osmotically induced Ca**
transients originating from intracellular stores display spatial patterns that vary
depending on the degree of hypo-osmotic treatment applied. A weak hypo-osmotic
shock induced a wave of elevated [Ca®*] originating in the rhizoid apex (Taylor et al.,
1996). The application of a stronger hypo-osmotic shock, however, was followed by
a brief elevation in apical Ca?* and then a bi-directional wave of elevated Ca**
propagating from the nuclear region (Goddard et al., 2000). Importantly Goddard et
al. observed that photorelease of caged InsP3; was also able to generate elevations
in [Ca**]. in a rhizoid cell. The photorelease of caged InsP3 has also been reported
to induce Ca** waves in Papaver pollen tubes (Malhé et al., 1994, 1996). This
suggests the existence of a similar mechanism of agonist induced Ca*" wave
propagation in plants as occurs for CICR in animal cells. A characteristic feature of
these waves in animal cells is that they can be constrained to specific areas of the
cell. Thus, different regions of the cytoplasm can be differentially regulated and
different physiological processes controlled in the same cell by the same ion (Meyer,
1991; Berridge, 1997). This type of localised release of Ca** from internal stores

8



requires the existence of both an agonist-sensitive Ca**-release channel and an

agonist. The evidence for the presence of InsP3; and cADPR and their receptors in
plants is discussed below.

1.2.4.2. Ca** oscillations

Stomatal guard cells have been used extensively to study [Ca®*]. oscillations in
plants as this cell type exhibits [Ca®*]. oscillations induced by changes in external
[Ca®*] and ABA (McAinsh et al., 1995, Staxen et al., 1996). The magnitude and
frequency of the oscillations have also been correlated with the stomatal aperture of

guard cells. This has provided a means for assessing the coupling of stimulus to an
important functional response.

In an attempt to understand the mechanism by which Ca** oscillations link stimuli to
stomatal closure various experimental methodologies have been employed. One
strategy has been to examine the effects of manipulating elements of the Ca** entry
and efflux pathways of guard cells or by damping [Ca*']. elevations through

enhancing the cytosolic buffer capacity. For example, by microinjection of BAPTA
iInto Commelina communis guard cells, Webb et al. (2001) have shown that

inhibition of elevations in [Ca®*). resulted in inhibition of ABA-induced stomatal
closure. Conversely, transient Ca®* elevations have been induced by activation of
plasma membrane Ca**-permeable channels by hyperpolarisation (Grabov & Blatt,
1998a) or application of H,O, (Pei et al., 2000) and linked to stimulation of stomatal
closure. Changes in Ca*" oscillations in guard cells coupled to changes in stomatal
aperture have also been shown to be mediated by cADPR or InsP3 (Leckie et al.,

1998, Staxen et al, 1999). The role of cADPR and InsP3; in the ABA signalling
pathway is described in more detail below.

Another strategy for dissecting Ca** oscillations in guard cells has been to develop
Arabidopsis guard cells transformed with the GFP-based Ca** sensor cameleon.
This method, coupled with the manipulation of Ca** channel activity with membrane
hyperpolarisation, confirmed that Ca** oscillations control both the stomatal closure
response and the resting state of the aperture (Allen et al, 2000, 2001).
Furthermore, by combining the use of mutants defective in Ca®*" signalling
components with cameleons it was demonstrated that the patterning of the
oscillations is important in generating signal specificity. The mutant det3 did not
respond with the characteristic repetitive oscillations of Ca** seen in wild-type plants
upon treatment with an increase in external Ca** or oxidative stress (Allen et al.,

9



2000) and its stomata did not close in response to the stimuli, as happens in the
wild-type. Stomatal closure induced by cold or ABA, however, was unaffected and
both the mutant and the wild-type plants displayed similar oscillatory Ca** patterns.
In addition by artificially inducing a specific pattern of Ca®* oscillations through
manipulation of membrane polarization, stomatal closure could be induced in the
mutant and wildtype plants. It is not known how the det3 mutation was able to
muddle the pattern of Ca*" oscillation required to induce stomatal closure. The
mutant is defective in a vacuolar proton pump, the V-type H'-ATPase (Schumacher
et al.,, 1999). It has been hypothesised that the mutant is disrupted in the proton
motive force across the vacuolar membrane and hence defective in H'-driven
vacuolar Ca** sequestration (see 1.3.2). This could prevent the necessary
oscillations from occurring (Harper, 2001). A follow up study of the gca2 mutant, a
variant that does not close its stomata in response to ABA or Ca%, indicated that it

too did not exhibit normal patterns of Ca** oscillations when stimulated (Allen et al.,
2001, reviewed in Sanders ef al., 2002).

Two other cell types that have been shown to demonstrate downstream responses
to Ca®* oscillations are Arabidopsis roots and pollen tubes. Using transgenic plants

expressing aequorin, Sedbrook et al. (1996) observed that anoxic gene expression
In Arabidopsis roots subjected to anaerobic conditions is preceded by repetitive
Ca** spikes. Pollen tube growth rates have been linked to oscillations in Ca*
gradients found in their tips (Rathore et al., 1991, Miller et al., 1992). Furthermore,
Malho & Trewavas (1996) have reported a correlation between the oscillation in the
orientation of growth of a pollen tube and the oscillation in the [Ca®*]. in the apical
dome of pollen tubes displaying exaggerated oscillations in growth. However, as
pollen tubes are also able to grow in the absence of detectable Ca®* oscillations

(Holdaway-Clarke et al., 1997) it is difficult to determine the significance of the
relationship between the oscillations and growth (Sanders et al., 1999).

Ca*" waves and oscillations have been described as being spatial and temporal
manifestations of the same phenomenon (Malhé ef al. 1998). Due to the limited
diffusion of Ca** in the cytosol, both mechanisms rely on intracellular stores of Ca®*
to propagate and thus the distribution of intracellular stores has an impact on the
spatial features of a signal. By varying in frequency or in amplitude, Ca** oscillations
encode a signal with further information, and allow it to target specific responsive
elements. A mechanism for decoding different patterns of Ca** oscillations has been

put forward by Goldbeter et al. (1990) and McAinsh & Hetherington (1998). Based
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on the action of Ca”-dependent kinases, such as calcinerurin B-like interacting
protein kinases (CIPK), recently identified by Shi et al. (1999) and calcium-
dependent protein kinase (CDPK) (Cheng et al., 2002), and Ca**-independent
phosphatases the model relies on differences in Ca®* oscillations inducing

differential phosphorylation of target proteins and thus different responses (reviewed
Sanders et al., 1999).

1.2.5. InsP; and calcium signalling

In animal cells, InsP; signalling is initiated through the action of an environmental
stimulus (e.g. a hormone such as vasopressin or thyrotropin) which binds to a G-
protein-coupled receptor (GPCR) located in the PM. Upon binding, the receptor-
hormone complex catalyses the activation of a heterotrimeric G-protein that is able
to stimulate phospholipase C (PLC) to hydrolyse phosphatidylinositol 4,5-
bisphosphate (PIP2) located in the PM, liberating the two second messengers
diacylglycerol (DAG) and InsP3;. While DAG remains in the membrane activating
protein kinase C (PKC) InsP;, being soluble in water, diffuses into the cytosol and
activates InsPs-gated Ca®* channels, elevating [Ca*]. and modulating the activity of

Ca** binding proteins (for review see Berridge, 1989, 1993; Connor, 1993; Miyazaki,
19995).

Although the seven-membrane spanning GPCRs make up a major family of proteins
iIn mammalian tissue there is no direct evidence for their having a role in InsP;
metabolism in plants. The only seven-membrane spanning proteins thus far
identified in plants are of the mildew resistance (MIO) class of proteins, which were
identified through sequence analysis of the Arabidopsis genome and have not been

assigned a physiological role (The Arabidopsis Genome Initiative, 2000). A
superfamilly of putative GPCRs has been identified by screening an Arabidopsis

cDNA library using a probe obtained by comparing plant expressed sequence tags
(ESTs) and known GPCR sequences (Josefsson & Rask, 1997). However, this
family is poorly conserved with established GPCRs.

The heterotrimeric G-protein of animals consists of the subunits Ga, Gp and Gy. G-
protein a- and B-subunits have been isolated from plant tissue (reviewed by Ma,

1994) and biochemical studies by Ma indicate a protein displaying properties of y-

subunit is likely to exist (The Arabidopsis Genome Initiative, 2000). Furthermore,

ABA-induced inhibition of guard cell opening has been shown to involve G-protein
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regulation of K™-influx (Wang et al., 2001). However, analysis of the Arabidopsis

genome suggests that plants may display far less variation in their subunits than

animals. Whilst animals possess 23 different Ga, six G and 12 Gy subunits

Arabidopsis contains single Ga and GB subunits and two putative Gy subunits
(Jones, 2002). Thus, the number of heterotrimeric complexes that a plant can
produce appears to be far fewer than that of animals. As the variety of G-protein
complexes formed in animals is thought to be vital to the generation of specificity in

a G-protein-coupled signal the function of G-protein complexes in plant cells
remains to be elucidated.

The most convincing evidence for the conservation of a PLC signalling system in
plant cells comes from reports of InsPs-induced Ca** release, from hypocotyl
microsomes (Drgbak & Ferguson, 1985) and other internal membranes (Muir et al.
1997), with a pharmacological profile analogous to that of animal systems. The
existence of InsP3; responsive elements in plant cells, corroborated by the
Identification of an InsP; binding protein with similar properties to animal InsP3;Rs by
Brosnan & Sanders (1993), implicates InsP3; as a second messenger. This view has
been strengthened by reports that stimuli such as ABA (Lee et al., 1994), osmotic
stress (Drebak & Watkins, 2000), light (Kim et al., 1996), fungal elicitors (Walton,
1995) and ethanol (Musgrave et al., 1992) can increase intracellular levels of InsP;
in plant tissue. Additionally the experiments of Blatt ef al., (1990) and Thiel et al.,
(1990) have suggested that increases in guard cell and characean algal cell [Ca®*].

can be elicited by increases in levels of cytosolic InsP3, experimentally generated by
micro-injection.

1.2.5.1. InsP3; and stomatal movements

Stress induced stomatal closure is one of the physiological responses attributed to
InsP3 In plants (Assman, 1993). InsP; levels have also been demonstrated to
Increase in response to treatment with ABA as mentioned above (Coté & Crain,
1994). In addition, artificially increasing the concentration of InsP3 in the cytosol of
guard cells by intracellular injection and photorelease of caged InsP; (Gilroy et al.,
1990; Blatt ef al., 1990) has been shown to induce an increase in [Ca®*]. preceding
stomatal closure. The increase in [Ca*'). is thought to induce stomatal closure
through the reversible activation of anion channels and inactivation of K* channels,
a response seen upon treatment with ABA, both in cells where levels of InsP3 have
been stimulated by photolysis of caged InsP; (Blatt et al, 1990) or through

application of blue light (Kim et al., 1996). Kim et al. also demonstrated that an
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inhibitor of polyphosphoinositide hydrolysis (neomycin) was able to inhibit the
accumulation of InsP3 induced by blue light and K'-channel closure and that a G-
protein activator (mastoporan) was able to increase InsP; and close K'-channels
suggesting that phospholipase C-catalyzed hydrolysis of phosphoinositides,

potentially mediated by a G-protein, may be involved in the signal-transduction
pathway by which blue light closes K™ channels.

Staxen et al. (1999) have recently provided further evidence for the role of InsP3 in
ABA-induced stomatal closure by showing that ABA-induced oscillations in guard
cell [Ca**]. could involve a phosphoinositide-specific phospholipase C (PI-PLC) that
was identified in a guard cell-enriched cDNA library. Staxen et al. microinjected
guard cells of C. communis with fura-2. They observed that the pattern of ABA-
induced oscillations in [Ca’*]. was dependent on the concentration of ABA the guard
cell was exposed to and also that the pattern correlated with the final stomatal
aperture. They also observed that U-73122, a specific inhibitor of PI-PLC-dependent
processes in animals which also inhibited recombinant PI-PLC activity isolated from
the guard cell-enriched cDNA library, could inhibit both [Ca®**]. oscillations and
stomatal closure. From their experiments the authors concluded that PI-PLC plays a
physiological role in the generation of ABA-induced oscillations and that the
oscillations were involved in the maintenance of the stomatal aperture.

1.2.5.2. InsP; metabolism

Little is known about the metabolism of InsP3 in plant cells (for recent review see
Munnik, et al, 1998). Attempts to measure endogenous levels of inositol

phosphates in plant tissue using co-migration of [°HJinositol-labelled compounds
with standards on HPLC have been hindered in the past by the role of inositol in

plant cells as a precursor for a wide range of interfering metabolic products
(discussed in Coté & Crain, 1993). Further complicating the attempts to elucidate
the metabolism of InsP; are the extremely low levels of InsP; and PIP; in plant
tissue examined up to now (Munnik et al., 1998; Brearley & Hanke, 2000). To some

extent, these apparently low levels of InsP3 and PIP, might be a reflection of the
relatively small contribution to cell volume made by the cytosol in mature plant cells.

In vitro soluble and membrane-associated PLC activity with substrate specificity
sufficient for a role in signalling has been reported in plant cells (Irvine et al., 1980;
Huang et al., 1995; Tate et al., 1989) and a gene encoding a phosphatidylinositol-

specific Ca®*’-dependent PLC with significant homology to the mammalian PLC-5
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isoform has been isolated from Arabidopsis (Hirayama et al., 1995). However, the
phospholipase C-induced production of InsP3 has only recently been demonstrated
in vivo (Brearley et al.,, 1997). As in animal cells, the activities of plant PLCs are
dependent on Ca**, with an increase over a physiological range stimulating activity.
As Ca** concentrations increase the substrate preference of PLCs is also altered,
with higher concentrations of Ca** favouring hydrolysis of phosphatidylinositol over
its mono- or bis-phosphates (reviewed in Munnik et al., 1998). This represents a
possible means of in vivo regulation of PLC activity.

Early studies following the fate of radio-labelled inositol phosphates incubated with
various plant homogenates or cell fractions indicated that plants are able to
metabolise InsP;: Drebak ef al. (1991) and Martinoia et al. (1993) demonstrated that
soluble extracts from pea roots and barley mesophyll could dephosphorylate InsP3
back to 1,4- and 4,5- bisphosphates. A recent report by DeWald et al. (2001)
indicates that, although levels of PIP; in Arabidopsis plant tissue are very low in
comparison with yeast, algae and mammalian cells, upon salt or osmotic stress both
PIP2 and InsP3 levels rapidly increase. These findings compliment earlier studies by
Hirayama et al. (1995) and Mikami et al. (1998) who showed that Arabidopsis
phosphatidylinositol-4-phosphate 5-kinase (PIP5K) (responsible for the production
of PIP2) and a PI-PLC are transcriptionally up-regulated in response to both water
stress and ABA. This is consistent with a stress activated, phosphoinositide-based,
signalling pathway similar to that seen in animal cells.

Another route of metabolism for InsP; is for it to be phosphorylated by InsP3; 3-
kinase to inositol 1,3,4,5-tetrakisphosphate (Ins(1,3,4,5)P4), an important regulator
of signal transduction in animals. Ins(1,3,4,5)P4 can, in turn, be dephosphorylated to
form inositol 1,3-bisphosphate (Ins(1,3)P2) from which various isomers of tetrakis-,
pentakis-, as well as hexakisphosphate are synthesised (reviewed in Coté & Crain,
1993; Munnik et al., 1998). Whether InsP4 has an important signalling role in plants
Is unknown. Although higher plants cells have been shown to be able to
phosphorylate InsP; it is to Ins(1,4,5,6)Ps, via 6-kinase activity, not Ins(1,3,4,5)P4
(Chattaway et al.,, 1992). InsP; 3-kinase activity has been described in the alga
Chlamydomonas but its physiological relevance has not been deduced (Irvine et al.,
1992) and there have been no reports of 3-kinase activity in higher plants.

DePass et al. (2001) recently attempted to determine the preferential pathway of
InsP; degradation in higher plant cells. They microinjected stamen hairs of
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Tradescantia virginiana L. with the calcium sensitive dye fura-2-dextran and either
InsP3 or analogs that were selectively resistant to either the 5-phosphatase or 3-
kinase activity. Following microinjection of InsP3 they observed a transient Ca®
signal. A similar transient signal was seen upon injection of the 3-kinase insensitive
3-fluoro-3deoxy InsP;. However following injection of a $5-monophosphorothioate
derivative of InsP3, a signal was observed that remained elevated for significantly
longer. From this they suggest that the 5-phosphate pathway for InsP3; metabolism

is the preferred pathway in vivo in stamen hair cells of Tradescantia, and possibly
other plant species.

1.2.6. cADPR and Ca** signalling
cADPR was discovered in 1987, during investigations of Ca®* mobilisation in sea
urchin eggs. This compound functions, in animal cells, as an endogenous regulator

of the CICR mechanism, apparently by increasing the sensitivity of RyR isoforms 2
and 3 to Ca®* (Mészaros et al., 1993; Lee ef al., 1995a; Sonnleitner et al., 1998).
The Ca®" mobilising activity of CADPR has also been described in over 40 other cell
systems (Lee et al, 1995b), including plants and the primitive, unicellular protist

Euglena gracilis (Masuda et al., 1997), suggesting that it, like InsP3, regulates a
global, conserved Ca®* signalling mechanism.

cADPR was first reported to mobilise Ca** from the vacuoles of plants by Allen et al.
(1995). The authors used a “*Ca®* flux assay with vacuole-enriched microsomes
and patch-clamp analysis of intact vacuoles prepared from the storage root of red
beet. By carrying out cross-desensitisation studies they were able to demonstrate
that cADPR releases Ca®* using a different pathway to InsP3; and thus a cADPR
signalling pathway co-exists with an InsP; signalling pathway at the vacuolar
membrane. It was hypothesised that both cADPR- and InsP3-gated Ca*" release

was likely to act as a trigger for CICR. Further studies by Muir & Sanders (1996)
indicated that cADPR-induced release was also modulated by agonists and

antagonists of the ryanodine receptor. Taken together this provides strong evidence
that the release pathway was one likely to be conserved with that of animal cells.

1.2.6.1. The ABA/CADPR signalling pathway

Pioneering work from the lab of Chua (Wu et al., 1997) made use of single-cell
microinjection experiments to identify intermediates of ABA signal transduction
pathways in tomato hypocotyl! cells. The authors demonstrated that cADPR was not
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only capable of regulating [Ca®*)., but was a Ca**-mobilizing second messenger in
its own right, acting separately to other ABA signalling steps. In this study, a
bioassay for CADPR indicated that levels of CADPR increased following treatment
with ABA. Furthermore, it was demonstrated that injection of CADPR could activate
downstream ABA induced genes (GUS-linked Kin2 and rd29A) in the absence of
ABA and also that the pathway was both dependent upon Ca®* and could be
blocked by 8-amino-cADPR, a specific antagonist of the cADPR receptor (Walseth
& Lee, 1993). Injection of ADP-ribosyl cyclase was able to mimic the effects of
cADPR, presumably via the formation of cCADPR from endogenous NAD. The data
of Walseth & Lee also indicated that while InsP3 could activate the same expression
of the same genes as ABA and cADPR, its pathway could be blocked with heparin
while that of ABA-cCADPR was not, corroborating the suggestion of Allen et al.

(1995) that cADPR- and InsPa-induced Ca*' release occurs through different
pathways.

Further evidence for a role for CADPR iIn plant cell signalling came when Leckie et
al. (1998) demonstrated that cADPR could elevate intracellular Ca?* by mobilising
intracellular stores. Microinjection of CADPR into the cytosol of guard cells of C.
communis resulted both in an increase in [Ca**]. and in a decrease in cell turgor
commensurate with stomatal closure induced by ABA. Patch-clamp analysis of
vacuoles isolated from the guard cells indicated that they were competent to
respond to cADPR but also that cADPR-induced Ca**-currents were inhibited by
[Ca**]. above 600 nM. Additionally, these authors showed that microinjection of 8-
amino-cADPR reduced the rate of turgor loss induced by ABA and that
nicotinamide, an inhibitor of ADP-ribosyl cyclase, blocked ABA-induced stomatal
closure in a dose dependent manner. Injection of ADPR, an analogue of cADPR
with limited Ca**-mobilising activity did not affect ABA-induced changes in turgor.
Together with the results of Wu et al. (1997), these data suggests that cADPR is a
bona fide signalling molecule in plants. The data also highlight an unexpected
difference between the cADPR-induced Ca** mobilisation pathways of plant guard
cells and animals: as cADPR-induced Ca** release was inhibited by [Ca*]. above
600 nM, the cADPR-pathway is unlikely to directly involved in CICR. It has been
proposed that CICR may instead be regulated by voltage-activated cation channels
identified in red beet vacuolar vesicles (Bewell et al., 1999) that are probably

identical to the ubiquitous slow-vacuolar (SV) channel (Hedrich et al., 1988; Ward &
Schroeder, 1994).
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1.2.6.2. Nitnc oxide/cADPR pathway

In addition to the activation of ABA inducible genes, cADPR has also been
implicated in the mediation of gene expression in plants as part of a nitric oxide
(NO)/cADPR-pathway homologous to one previously identified in animal cells.
Initially characterised in sea urchin eggs (Galione et al.,, 1993), the NO pathway
links Ca* mobilisation to NO through cGMP activation of ADP-ribosyl cyclase and
has been observed in various cell types including neurosecretory cells (Clementi et
al.,, 1996) and rat hippocampal cells (Reyes-Harde ef al., 1999). Plants have been
known to accumulate and metabolise NO since 1986 (Nishimura et al.,, 1986). NO
levels are increased during pathogen attack (Delledonde et al., 1998) via the
activation of NO synthase (NOS) as part of their disease resistance response.
Increases in NO arising from addition of gaseous NO or from the addition of
exogenous NO donors, like sodium nitroprusside (SNP), have been demonstrated:
(1) to cause transient elevations in cGMP levels in cells from spruce needles
(Pfeiffer et al., 1994), bean (Brown & Newton, 1992) and barley aleurone (Penson et
al., 1996) and (2) to induce in tobacco plants or cell suspensions the expression of
the plant defence genes PAL and PR-1 (encoding phenylalanine ammonia lyase
and pathogensis-related (PR)-1 protein, respectively). The induction of PAL and PR-
1 can be mimicked by cADPR and cGMP, and is blocked by ruthenium red (Durner
et al., 1998), 8-bromo-cADPR and inhibitors of NOS such as N°-monomethyl-L-
arginine monacetate (L-NMMA) (Klessig et al., 2000). The evidence suggests that
NO acts by elevating cGMP which in turn elevates cADPR, presumably as in animal
cells via ADP-ribosyl cyclase (Wilmott et al., 1996), mobilising internal Ca** and
activating defence gene induction. Salicylic acid has also been found to be crucial
for NO- and cADPR-induced activation of PR-1 expression, but not that of PAL,
indicating that NO/CADPR activation of defence responses has salicylic acid-
dependent and independent pathways (Klessig et al., 2000).

1.2.7. NAADP and Ca*" signalling

The finding that NAADP is a potent mobiliser of Ca** from InsPs- and cADPR-
iIndependent stores in: sea urchin eggs (Lee & Aarhus, 1995); brain (Bak et al.,
1999) and pancreatic acinar cells (Cancela et al.,, 1999), prompted an investigation
into the role of this compound in plant tissue. Initial desensitisation experiments with
Arabidopsis, carried out by Wu et al. (1997), provided the first evidence that plant
tissue contains endogenous NAADP. Later the ability of NAADP to mobilise Ca®* in

plants was assessed by Navazio ef al. (2000) using vesicles prepared from red beet
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tap roots and cauliflower inflorescences. These data indicated that NAADP released
Ca** from red beet microsomes through a pathway independent of that of both
cADPR and InsP;. Fractionation studies of the microsomes demonstrated that
NAADP could not release Ca** from vacuolar membranes. Further investigation of
the membrane location using fractionated cauliflower microsomes indicated that the
NAADP-sensitive vesicles were derived from the ER. The pharmacology of NAADP
release also demonstrated similarity to that of animal cells: pre-treatment with sub-
threshold doses of NAADP inhibited further NAADP-induced release and the
release was insensitive to heparin and 8-amino-cADPR. In addition the NAADP-
induced release was also insensitive to changes in [Ca®*]., indicating that it also is
not involved in CICR. In contrast to the release described in animal cells, the
release pathway of plants is not inhibited by the L-type channel antagonists
verapamil or diltiazem. Since the NAADP-induced release pathway is also
iInsensitive to inhibitors of InsPs- and cADPR-mechanisms and is localised to the
ER, the NAADP-pathway appears to be distinct from those of InsP; and cADPR, in

principle providing a mechanism for the mediation of spatially localised Ca®*
changes.

1.2.8. Metabolism of cADPR and NAADP

1.2.8.1. ADP-nibosyl cyclase activity in animals, protests and prokaryotes

In animals, both cADPR and NAADP are synthesised by ADP-ribosyl cyclase from
the pyridine nucleotides NAD and NADP, respectively (Lee, 1997). The enzyme was
initially purified from eggs of the sea slug Aplysia californica (Lee & Aarhus, 1991;
Hellmich et al., 1991), and several types of ADP-ribosyl cyclase activity have now
been characterised in depth including: (1) a soluble, cyclic guanine monophosphate
(cGMP)-activated cyclase and a membrane-bound cGMP-insensitive cyclase in sea
urchin eggs (Graeff et al., 1998); (2) CD38 and BST-1, a lymphocyte antigen and a
bone marrow surface marker that demonstrate both cADPR synthesising and
hydrolytic activity in mammalian tissue (Takasawa et al., 1993; Inageda et al., 1995;
Hirata et al., 1994); (3) a NAD-glycohydrolase of Streptococcus pyogenes that has
been determined to possess cyclase and hydrolase activity (Karasawa et al., 1995);
and (4) a 40 kDa protein with cyclase activity purified from the unicellular protist
Euglena gracilis (Masuda et al., 1997; 1999). The soluble cyclase purified from
Aplysia has had its three-dimensional structure determined by X-ray crystallography.

Cyclic ADPR hydrolase, the enzyme that degrades cADPR to ADP-ribose (ADPR),

has also been discovered in a wide range of animal cells (Kim et al., 1993). The
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ubiquitous nature of the cyclase indicates that CADPR levels are tightl;f regulated by
most cells, as would be expected for a second messenger.

ADP-ribosyl cyclase is unusual in that it is multifunctional: it is capable of catalysing
the formation of structurally discrete products including cADPR, NAADP and other
Ca** mobilising metabolites such as 2,-P-cADPR from different substrates (see
Figure 1.1). The catalysed reaction produces cADPR by cyclisation of the terminal
ribose of NAD at the N-1 position with the release of nicotinamide. The cyclic
structure can be converted to ADPR by hydrolysis of the N-1 to ribose bound
through the action of heat or of ADP-ribosyl hydrolase (Lee et al.,, 1989). Dual-
functional enzymes, such as the lymphocyte antigen CD38 (Howard et al., 1993)
and the bone marrow stromal cell surface marker BST-1 (Hirata et al., 1994) are
capable of catalysing both cyclisation and hydrolysis. Interestingly, the ADP-ribosyil

cyclase enzyme first purified from Aplysia does not exhibit significant hydrolase
activity (Lee & Aarhus, 1991).

NAADP is produced when the substrates for the enzyme are NADP and nicotinic
acid. In these conditions the exchange of the nicotinamide group with nicotinic acid
is catalysed. This base-exchange reaction occurs preferentially at acidic pH and

produces a linear molecule that, while structurally different from cADPR, is more
potent at mobilising Ca®* (Aarhus et al., 1995).

1.2.8.2. ADP-nbosyl cyclase activity in plants

Having been discovered in three different kingdoms (animal, protist and prokaryote)

ADP-ribosyl cyclase activity appears to be highly conserved. As the machinery for
cADPR and NAADP signalling has been shown to be present in plant cells it has

been hypothesised that plants would also possess ADP-ribosyl cyclase activity.
Evidence for ADP-ribosyl cyclase activity in plant cells has been shown by
microinjection studies of NAD into the stamen hair cells of Tradescantia virginiana.
Following the injection a delayed wave in Ca®* was visualised using fura-2-dextran

(DePass & Hepler, 1998), indicating the production of an active product, presumably
cADPR, following enzymatic conversion of NAD.

The synthesis of NAADP has recently been demonstrated in cauliflower florets by
Navazio et al. (2000). After incubating homogenised cauliflower tissue with the
precursors of NAADP (i.e. nicotinic acid and NADP) extracts of the tissue were

assayed for NAADP using the sea urchin microsome Ca®'-release bioassay.
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Figure 1.1. Pyridine nucleotide metabolites with Ca** mobilising activity

The chemical structures of pyridine nucleotides that are capable of mobilising Ca®
are depicted along with the compounds they are derived from. ADP-ribosyl cyclase
is a multifunctional enzyme that is capable of synthesising various Ca** mobilising

compounds from different substrates. Figure based on Genazzani & Galione (1997).
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NAADP was synthesised at a rate of 6.5 pmol/mg — comparable with values of

animals. Whether this activity is due to ADP-ribosyl cyclase has not been
determined

1.3. Calcium homeostasis

Changes in [Ca®]. need to be strictly regulated and linked to downstreém
processes, both to maintain Ca?* homeostasis and for Ca®* to work effectively as a
second messenger. The effectiveness of Ca’" a signalling element and the
importance of maintaining its homeostasis has favoured the evolution of a range of
proteins that utilise the flexible coordination number and large radius of Ca** to
regulate their activity via conformational changes arising from the binding of Ca** to
remote domains (McPhalen et al., 1991). Proteins directly involved in Ca*" signalling

can thus be divided into three groups: Ca®* sensors, Ca®* transporters, and Ca**
permeable ion channels.

1.3.1. Calcium sensors

Proteins concerned with the detection and transduction of Ca®* signals in plants
have been divided into two broad categories (Sanders et al., 2002). (1) relay
sensors, such as calmodulin and calcineurin B-like proteins, that mediate the action
of downstream targets in response to a conformational change induced by Ca®,
and (2) sensor responders that have their own activity directly regulated by a Ca**

induced change in conformation, such as calcium-dependent protein kinases
(CDPKs).

CaM, known as a prototypical calcium sensor in animal cells (Chin & Means, 2000),
is thought to be one of the chief Ca** sensors in plants. CaM has been shown to
modulate a wide scope of cellular activities by interacting with a variety of proteins,
for example the SV channel (Bethke & Jones, 1994), NAD kinase (Muto & Miyachi,
1977), glutamate decarboxylase (Baum et al., 1993), heat shock inducible proteins
(Lu et al., 1995), glyoxalase | (Veena et al., 1999), and Ca**-ATPase (Harper et al.,
1998). Furthermore, recent evidence has indicated that plants contain far more

iIsoforms of CaM than animals (Zielinskii, 1998) and that these isoforms differ in their
affinity to target proteins, adding a further level of complexity to the Ca®*-signalling
network — especially as expression of these divergent CaM isoforms also appears to

be differentially regulated by stimuli such as pathogens or fungal elicitors (Heo et al.,
1999).
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Ca**/calmodulin-dependent kinase activity has been reported in plants (Ranjeva, et
al., 1983), however, the majority of Ca’’-dependent kinase activity is currently
thought to be controlled by CDPKs (Harmon et al., 2000), which are not directly
regulated by CaM (Harmon et al., 1987). These proteins possess a C-terminal CaM-
like regulatory domain with four calcium-binding EF-hands, following a protein
kinase catalytic domain, and are unique to plants and protists. There is an
abundance of isoforms - over 40 CDPKs in the Arabidopsis genome (Harmon et al.,
2000) - and as these are found in different cellular locations, including the cytosol,
nucleus, cytoskeleton and associated to membranes (for review see Sanders et al.,
2002), the pathways and substrates acted upon by CDPKs are likely to be
substantial. This speculation is substantiated by recent work into the identification of

potential CDPK targets via protein-protein interactions carried out by Patharkar &
Cushman (2000).

Apart from CaMs and CDPKs, various work, including the Arabidopsis genome
project, points to the existence of a range of CaM-like proteins (proteins with EF-
hands) in plants (Reddy et al., 2002). The function of these proteins has not yet
been determined. However, they are presumed to be Ca®* sensors that are
functionally distinct from CaM and thus involved in the regulation of different Ca**-
mediated cellular functions. One example of a CaM-like protein in animals Is
calcineurin, which is responsible for regulating protein phosphatase activity (Cohen,
& Cohen, 1989). It has recently been reported that a family Ca®* sensors resembling
the regulatory B-subunit of calcineurin have been identified in Arabidopsis — known
as calcineurin B-like (CBL) proteins (Kudla et al., 1999). It has also been observed
that K™ currents in guard cells and the activity of SV channels in barley aleurone
cells can be regulated by calcineurin (Allen & Sanders, 1995; MacRobbie, 1998;
Bethke & Jones, 1997). This has opened up two possible functions for CBL-like
proteins. Firstly, through regulation of K" and/or Na* transport systems, they could
play a role in salt stress signalling. This possibility has been confirmed through
studies of salt-overly-sensitive (sos) mutants of Arabidopsis where the SOS3 gene
has been shown to encode a CBL-like product (Liu & Zhu, 1998). Secondly, if SV
channels are involved in CICR, as described above, then CBLs could also act as

regulators of oscillation frequency, or as a negative feedback mechanism preventing
the cytosol from being flooded by the vacuolar Ca** pool.

Calcium sensors without EF-hands have also been described in plants and include

calreticulin, annexins and pistil-expressed Ca®*-binding proteins. Calreticulin has
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been reported as acting as a chaperone in the ER of plant cells (Baluska et al.,
1999) and is thus thought to be involved in Ca** homeostasis in a similar manner to

that of animal cells where it has been observed that calreticulin modulates ER Ca**
storage and transport (Michalak et al., 1998).

Several cDNA clones for annexins have been purified from various plants including
Arabidopsis and have been shown to possess Ca®’-binding motifs (reviewed in
Delmer & Potikha, 1997). It has been suggested that plant annexins may be
involved in regulating secretory processes as they bind phospholipids in a Ca**
dependent manner like their animal counterparts (Raynal & Pollard, 1994; Delmer &
Potikha, 1997) and high levels of annexins have been measured in the tips of
growing pollen tubes where vesicle secretion is highly active (Blackbourne et al.,
1993). A unique feature of some plant annexins is that they possess peroxidase
activity (Gidrol et al.,, 1996), and because the motif assumed to be responsible for
the activity is situated in a region of the protein that is predicted to bind Ca*, it has
been speculated that the peroxidase activity may be Ca?* dependent (Delmer &
Potikha, 1997). Interestingly several animal annexins (I, V, VI and VIl) have been
documented as displaying voltage-gated Ca** channel activity in vitro (Pollard et al.,
1992). Although no such activity has been reported for plant annexins, hydropathy
plots indicate a high degree of resemblance between human annexin V and a cotton

annexin (Delmer & Potikha, 1997) raising the possibility that some annexins may
also act as Ca**-permeable channels.

A novel low affinity Ca®*-binding protein has been reported that is expressed in
Brassica pistils and anthers (Furuyama & Dzelzkalns, 1999). The authors isolated
the clone for an estimated 19.1 kDa protein from a cDNA library that was enriched in
transcripts present in the pistil late in flower development. From the pattern of
expression of MRNA, which was predominantly found in the stigma and style of the

pistils, they concluded that this protein plays a role in either pollen-pistil interactions
or pistil development.

1.3.2. Calcium transport systems

A variety of plant Ca®* transporters have been identified (Figure 5), they are
categorised into (1) energised transport systems that remove Ca** from the cytosol
and (2) Ca**-permeable channels through which Ca?* diffuses passively along its
electrochemical gradient (for review see Sanders ef al., 2002). The energised
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transporters are powered by ATP hydrolysis or proton motive force and work In
conjunction with Ca®* binding proteins to terminate Ca®* signals and maintain [Ca*‘].
at resting levels. These energised Ca®" transport systems are the primary
homeostatic devices for maintenance of low [Ca*].. By loading Ca®* into
intracellular organelles, these transport systems also keep Ca®" stores filled and
provide the Ca** necessary for normal organellar function. Traditionally such
energised transporters have often been viewed as having a ‘house-keeping’
function. However, from the work of Camacho and Lechleiter (1993), who indicated
that the frequency Ca** wave generation can be altered by the expression of a Ca®'-
ATPase in Xenopus oocytes, the possibility has been raised that energised efflux
pathways may also be involved in Ca** signal dynamics along with Ca** channels.
This possibility is reinforced for plant cells by the observation that def3 mutants
defective in a vacuolar H*-pumping ATPase, also have defective Ca*" signalling
dynamics (Allen et al., 2000). A generalised view of Ca** transport processes in

plant cells is given in Figure 1.2 to serve as a basis for the following discussion.

1.3.2.1. Ca**-ATPases

Plant Ca®*-ATPases are members of the P-type ATPase superfamily. Phylogenetic
analysis indicates that plant Ca**-ATPases fall into two categories: type IIA and IIB
(Axelsen & Palmgren, 1998). In Arabidopsis twelve Ca®*-ATPases have been
identified and it has been estimated from expressed sequence tag (EST) and
genomic analysis that there are approximately four type IIA pumps and eight type
lIB pumps (Geisler et al., 2000). Genes for type IIA pumps have been identified in
several plants including tomato (Wimmers et al., 1992), tobacco (Perez-Prat et al.,
1992), Arabidopsis (Liang et al., 1997), rice (Chen et al., 1997) and the halotolerant
alga Dunaliella bioculata (Raschke & Wolf, 1996). Sequence analysis of type lIA
pumps indicates that they are homologues of the SERCA pumps of animals and,
like the SERCA pumps, type Il pumps do not appear to have CaM binding sites
(Evans & Williams, 1998). However, in contrast to SERCA pumps, which are
localised to the ER, all the isoforms of plant [IA pumps that have been so far
studied, apart from ECA1/ACA3, have been assigned to membranes other than the
ER (Evans, 1994). Immunoblotting of ECA1/ACA3 indicates that this pump is
predominantly localised to ER membranes (Liang ef al., 1997). ECA1/ACA3 is also

the only type lIA pump for which functional data are available. Other lIA pumps are
classified as Ca**-ATPases based on sequence homology alone.

There are several models of the structure of plant type IIA ATPases with
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Figure 1.2. Major Ca** transport pathways in an idealised plant cell

Areas with a deficiency of evidence and/or primarily based on animal models are

indicated with an ‘7’.
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hydrophobicity analysis predicting between 8 and 10 transmembrane domains. At
the moment the ten-domain model is commonly accepted, as this most closely
matches the crystal structure of a mammalian SERCA homologue (Zhang et al.,
1998). In this model the majority of the hydrophilic regions are located on the
cytoplasmic side of the membrane with only a small amount of the polypeptide chain
showing on the other side. A highly conserved hinge region is thought to allow a
nucleotide binding domain and a phosphorylation domain (the catalytic site) to come
together. The high affinity Ca®*-binding sites are thought to be homologous to those

of the mammalian SERCA ATPase and thus located in transmembrane helices M4,
M5, M6 and M8.

Type IIB Ca**-ATPases appear to be related to the CaM-stimulated PMCA pumps
of animals to which they are structurally similar except for differences in the C- and
N-terminal regions. In the mammalian PMCA homologues the C-terminal contains a
CaM-binding domain that regulates pump activity. Type [IB pumps, for example
ACA1/Peal (Huang et al., 1993), ACA2 (Harper et al., 1998) and ACA4 from
Arabidopsis and BCA1 (Malmstrom et al., 1997) from cauliflower, lack a well defined
C-terminal binding domain — instead they possess N-terminal CaM binding domains.
From the sequence it was predicted that these domains would have an
autoinhibitory role. This has been confirmed through functional expression of wild-
type ACA2, and of various N-terminal deletion mutants in yeast (Harper et al.,
1998). Since completion of the Arabidopsis genome project a homologue of ACA2
has been identified — ACA7 - possessing 93% sequence identity to ACA2. Three

other type |IB ATPases have also been identified: ACA8, ACA9 and ACA10, all of
which possess N-terminal CaM binding domains.

1.3.2.2. H'/Ca** antiporter

In contrast with the Na* driven transport systems of animal cells, the primary driving
force for the transport of most solutes in plant cells arises from a proton motive force
(PMF) generated by H-ATPase pumps in the plasma membrane and tonoplast
(PMF is approximately -270 mV and -200 mV, respectively, assuming membrane
potentials of -150 mV and -20 mV) (Morsomme & Boutry, 2000; Maeshima, 2001).
H*/Ca** antiporters, such as the Arabidopsis Ca?/H* antiporter CAX1 (calcium
exchanger 1; cloned and expressed by Hirschi et al., 1996) make use of this
gradient to remove Ca** from the cytosol. Although CAX1 activity in Arabidopsis and
antiporters identified on the basis of biochemical activity in other plants (e.g. carrot

(Bush & Sze, 1986), oat (Schumaker & Sze, 1990), sugar beet (Andreev et al.,
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1990) and maize (Chanson, 1991)) are localised to the tonoplast, antiporter activity

has also been reported in several other membranes, including the plasma
membrane (Kasai & Muto, 1990).

The predicted membrane topology of CAX1 determined from hydropathy plots
suggests the existence of a possible 8-11 transmembrane domains (Hirschi et al.,
1996). The activity of CAX1 has recently been established as being under the
regulation of an autoinhibitory N-terminal sequence (Pittman & Hirschi, 2001)
occurring prior to the first transmembrane domain. The specificity of transport for

cations is determined, at least in part, by a 9-amino acid sequence occurring just
after the first transmembrane domain (Shigaki et al., 2001).

1.3.3. Ca®'-permeable channels

Passive entry of Ca?* into the cytosol is mediated by ion channels whose
physiological role is to mediate transport of Ca®" across cellular membranes. The
origin of the Ca?* that enters the cytosol in response to a given stimulus can be
either intracellular, extracellular or both (Marschner, 1995) and the type and location
of channel involved is thought to be pivotal in encoding specificity to the signal.
Calcium permeable channels have been characterised on the PM, tonoplast, ER,
nuclear and plastid membranes of plant cells (recently reviewed by White, 1998;
2000 and Sanders et al., 2001, 2002) where they are thought to play a role in
generating Ca** signal specificity by providing a mechanism through which different

pools of Ca®*" can be accessed by different stimuli and characteristic Ca*
oscillations and waves can be produced.

1.3.3.1. PM Ca®* channels

Various investigations, using both patch clamp and planar lipid bilayer techniques,
have uncovered three major classes of Ca**-permeable channel in the PM of plant
cells (White, 2000). They have been classified based on their voltage-sensitivity into

depolarisation-activated, hyperpolarisation-activated and voltage-independent.

The first class, depolarisation-activated channels, are activated by membrane
potentials generally more positive than -140 mV (the approximate resting
membrane potential of the PM). They are considered to transduce general stress-
related signals. They include: maxi-cation channels - channels that possess high

single-channel conductances whilst being relatively nonselective toward cation
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passage (White, 1993) - and voltage-dependent cation channels which are more
selective towards cations with a smaller single-channel conductance (White, 1994).

Depolarisation-activated channels have been extensively characterised in cereal
roots (White, 2000), but are believed to exist in a wide variety of tissues, having also
been detected in carrots (Thuleau et al., 1994), Arabidopsis (Kiegle et al., 1998) and
Vicia fabia (Cosgrove & Hedrich, 1991). There is some evidence that depolarisation-
activated channels can be regulated by cytoskeletal interactions based on the action
of microtubule disrupters, such as colchicine and oryzalin, on depolarisation-
activated Ca®*-currents (Thion et al., 1998) and the observation that in the
Arabidopsis ton2 mutant, which possesses microtubules that are not correctly

bound to the PM, depolarisation-activated channels are recruited (Thion et al.,
1998).

A gene encoding a putative depolarisation-activated channel, AtTPC1, has recently
been isolated from Arabidopsis (Furuichi et al., 2001). AtPC1 comprises two

Shaker-like domains, each with six putative transmembrane segments containing a
pore loop. The two Shaker-like domains are connected by a hydrophilic region,
made up of two EF-hand domains. AtTPC1 is closely homologous to a two-pore
channel isolated from rat kidney (TPC1: Furuichi et al., 2001). AtTPC1 was able to
rescue Ca’* uptake activity when expressed in yeast mutants deficient in the
calcium channel CCH1 and was activated by membrane depolarisation, strong
evidence that it is the first voltage-dependent channel with a high affinity for Ca** to
be identified at a genetic level in plants (reviewed in White et al., 2002).

The second class of PM Ca**-permeable channel is hyperpolarisation-activated.
Examples have been reported in a variety of different cell types and exhibit
activation when the PM is in a hyperpolarized state (about —200 mV: Gelli et al.,
1997, Grabov & Blatt, 1998a; Hamilton et al., 2000). One group of hyperpolarisation-
activated Ca** channel, iIncluding examples from broad bean (Vicia fabia) guard
cells (Cosgrove & Hedrich, 1991) and onion bulb epidermal cells (Ding & Pickard,
19983), are also stretch-activated and are predicted to act as mechanoreceptors,
regulating turgor and transducing mechanical stress induced by flexure, touch and
gravity (Ding & Pickard, 1993). Hyperpolarisation-activated channels found in guard
cells appear to coordinate the loss of solutes by initiating PM depolarisation and
stomatal closure and have been linked with ABA signalling (Grabov & Blatt, 1998b;
Hamilton et al.,, 2000). Similar channels in root endodermal cells are believed to
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mediate mineral nutrition (Kiegle et al., 1998) while others found in tomato
protoplasts respond to elicitors and are thought to play a role in pathogenic defence
responses (Gelli & Blumwald, 1997). Immature root hair cells have also been
described as demonstrating hyperpolarisation-activated channel activity in their tips.

Such activity is thought to be involved with the generation of Ca®* gradients
essential for growth (Véry & Davies, 2000).

The third class of Ca** channel identified in the PM is voltage-independent. Only
one has been reported, a large-conductance elicitor-activated channel (LEAC)
(Zimmermman et al., 1997). The activity of this channel is not affected by changes
In membrane potential between -30 and —150 mV and can be activated by an
oligopeptide elicitor derived from a cell wall protein of the pathogenic fungus

Phytophthora sojae. This channel is currently accepted as playing a role in
pathogenic defence responses.

Recently, homologues of animal cyclic nucleotide-gated channel (CNGC) genes
have been identified in plants (Kéhler & Neuhaus, 1998; Schuurink et al., 1998;
Méaser et al., 2001). The CNGCs of animals are permeable to Ca®" raising the
possibility that plant CNGCs may comprise an additional class of Ca** permeable
PM channel in plants. Indeed, an elevation in cAMP or cGMP in the cytoplasm of a
plant cell has been reported to elicit an increase in both the influx of Ca®* and [Ca®*].
(Kurosaki et al., 1994; Volotovski et al., 1998). Sequence analysis of plant CNGC
homologues indicates that they contain Shaker-like domains (Arazi et al., 2000),
much like AtTPC1. The homologues also contain and N-terminal domains that are
able to bind both cyclic nucleotides and CaM (Kohler & Neuhaus, 2000). The pore
structure of plant and animal CNGCs differ sufficiently to prevent the selectivity of
animal CNGCs to be predicted from sequence homology alone (White ef al., 2002).
However, plant CNGCs seem to be permeable to both monovalent and divalent
cations. For example, following injection of AtCNGC2 cRNA into Xenopus oocytes
inward currents of K*, Rb*, Cs* and Ca** could be induced by elevation of cytosolic
cyclic nucleotide monophosphates (¢c(NMP) (Leng et al., 1999; 2002). Furthermore,
Leng ef al. (2002) also reported that human embryonic kidney cells transfected with

AtCNGC2 cDNA demonstrate an increase in Ca?* permeability when treated with
lipophilic cNMPs.
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1.3.3.2. Endomembrane voltage gating channels

The vacuole accounts for between 85-90% of the total volume of a mature plant cell
and is thus, by far, the largest intracellular compartment. This has made it amenable
both to electrophysiological and biochemical studies and a range of Ca**-selective
channels have been characterised at vacuolar membranes (Gelli & Blumwald, 1993;
Allen & Sanders, 1997). The voltage-gated channels fall into two categories: (1)
hyperpolarisation activated channels (inward rectifiers), e.g. the vacuolar voltage-

gated Ca®* (VVCa) channel and (2) depolarisation-activated channels (outward
rectifiers), e.g. the slowly activating vacuolar (SV) channel.

Hyperpolarisation channels located on the tonoplast instantaneously open at
negative voltages between —20 and —70 mV (compared with the resting membrane
potential of the tonoplast which is only slightly negative) and have been detected in
vacuoles from red beet (Befa vulgans) taproot (Johannes et al., 1992), Commelina
communis (Johannes et al., 1994) and broad bean (Vicia faba) (Allen & Sanders,
1994a) guard celis. All the channels characterised possess single-channel
conductances in the range 4-27 pS and moderate Ca** selectivity over K*. These
channels do, however, display differential sensitivity to Ca**. For example, voltage
patch-clamp experiments performed by Gelli & Blumwald (1993) at whole-vacuole
and single channel levels identified a dihydropyridine (DHP)-sensitive channel
similar to the DHP-sensitive L-type Ca** channels of animal cells. Whilst this
channel allowed movement of Ca®* out of the vacuole under physiological
conditions of pH, [Ca**)., vacuolar Ca®* ([Ca®*],) and vacuolar membrane potential,
it was completely inhibited by [Ca®*]. greater than 1 pM. In contrast, patch clamp
experiments reported by Johannes & Sanders (1995) identified a Ca®* release
channel in the vacuole of sugar beet tap roots that is insensitive to [Ca®'].. but is
affected by luminal pH and [Ca*'],, with an increase in [Ca®*], favouring channel
opening via Ca®*-induced lowering of the threshold of the voltage required for
activation. Kinetic analysis of the channel activity reported by Johannes & Sanders
led them to construct a model of channel function in which a dynamic pore is able to

allow passage of multiple ions when opened by the binding of two Ca** ions. VVCa

channels have not yet been assigned definitive physiological roles.

SV channels, so named because they activate over a period of several hundred
milliseconds (Hedrich & Neher, 1987) have been detected in red beet root (Coyaud
et al., 1987) and Vicia fabia guard cells (Allen & Sanders, 1996) with conductances

of 40 pS and 240-280 pS respectively. The property of SV channels that has
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attracted the most interest is the ability of the channel to be activated by [Ca*‘]. over

a physiological range (0.1-1.0 uM: Hedrich & Neher, 1987; Bethke & Jones, 1994,
Allen & Sanders, 1996). The dependence of SV channels on [Ca®*‘]. over a
physiological range is indicative that SV channels might have a role in Ca**-signal
transduction and raises the possibility that the channel could form part of the
mechanism of CICR. Thus, Ca*" could be supplied by the opening of another
channel type, such as the ligand-gated channels described below, and thereby act
as a trigger for activation of the SV channel. This proposal has met with some
controversy as SV channels have not been demonstrated to be active at
physiological (negative) membrane potentials and the response to Ca** alone is not
sufficient to enable CICR (Pottosin ef al., 1997). However, it has been argued that
there are at least two circumstances where conditions might be permissive for
activation. First, during the opening of Ca?*-selective ligand-gated channels or Ca®*-
activated K channels (VK channels), which would temporarily shift the membrane
potential positive, in the direction of the equilibrium potential for Ca®* or K* (Sanders
et al., 1995). Second, in the presence of Mg** ions at physiological concentrations,
which were absent in the experiments of Pottosin et al. (1997). Mg®* ions have been
shown to enhance the probability of the SV channel being open in conditions that
would allow CICR to operate at relatively negative potentials (Pei et al., 1999).

Voltage-sensitive Ca®* channels have been detected in the ER of Bryonica dioica
(BCC1: Klusener et al., 1995) and the root tips of Lepidium satvium (LCC1:
Kliisener & Weiler, 1999). Both of the voltage-sensitive Ca®*-channels demonstrated
selectivity for Ca** over K* whilst being strongly rectifying and open at positive
voltages. The channels were also activated by increases in luminal [Ca**] and the
conductance of BCC1 increased in response to cytoplasmic acidification. It has
been argued that the physiological activity of BCC1 is governed primarily by luminal
[Ca®*] or possibly by cytoplasmic pH in such a way as to generate transient
elevations of [Ca®']. of varying frequency. As the frequency of the transients could
be modulated by Ca®**-ATPases, Ca®* gradients across the ER or pH this channel

may provide another mechanism for generating Ca**-signalling specificity.

1.3.3.3. Ligand-gated Ca**-channels in plants

The evidence for the existence of ligand-gated channels in plants relies on data
from biochemical and electrophysiological studies. Early work on tonoplast-enriched
vesicles prepared from oat roots and vacuoles isolated from Acer cells indicated that

Ca®" could be released from the vesicles by concentrations of InsP3 similar to those
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active in animal systems (Schumaker & Sze, 1987; Ranjeva et al., 1988). Patch
clamp experiments, reporting whole membrane currents in red beet vacuoles,
substantiated this work and demonstrated that InsP5; could elicit currents selective
for Ca®* across the tonoplast over a physiological range of membrane potentials (-
20 to -50 mV: Alexandre et al.,, 1990; Allen & Sanders, 1994b). Comparison of
whole vacuole with single channel currents yielded an estimate of approximately
1200 InsPs-dependent Ca®* channels in each red beet vacuole (Alexandre et al.,
1990). Further patch clamp and Ca**-release studies indicated that cADPR could

also mobilise Ca** from red beet vacuoles, accessing different pools of Ca** than
InsP3 (Allen ef al., 1995).

The ability of ligands to access different pools of Ca?* in plant cells is important as it
potentially provides a mechanism for the generation of signal specificity similar to
that suggested for animal celis (Berridge & Galione, 1988). Initial membrane
fractionation studies on carrot suspension cultures and zucchini hypocotyls were
unable to identify any membranes other than the tonoplast that were sensitive to
InsP3 (Canut et al., 1993; Lew et al.,, 1986). Since then, fractionated cauliflower
inflorescences, using tissue sections that are rich in ER, have indicated that both
InsP3 and cADPR can release Ca** from distinct populations of microsome vesicles
separated on sucrose gradients (Muir & Sanders, 1997; Navazio et al., 2001). The
fractionation studies were unable to distinguish conclusively whether InsP3; was
acting at the PM or ER due to the close association of cortical ER and the PM. The
authors tentatively designated the ER as being the insPs-sensitive membrane as no
evidence for InsP3 on PM Ca** conductance has been reported and previous micro-
Injection studies in pollen tubes have indicated that InsPs-release is associated with
ER (Franklin-Tong et al.,, 1996). By monitoring the distribution of ER and vacuolar
marker enzyme activities, the cADPR-sensitive population of microsomal vesicles
have been confirmed as originating from the ER (Navazio et al., 2001). This
technique has also indicated that NAADP can also release Ca®* from ER Ca®'-
stores but not vacuolar stores, at least in cauliflower (Navazio et al., 2000). These
studies point to the existence of multiple Ca** release sites and mobilization
pathways that can contribute to stimulus-specific Ca** signals.

The data from ligand-gated Ca**-release experiments indicate that the Ca** release
pathways of in plants share a similarity with respective pathways in the ER of
animals. In both animals and plants the three ligand-gated pathways detected

demonstrate a high degree of specificity for their respective ligands and a similar
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pharmacological profile. For example, InsPs;-gated release from plant vacuolar
vesicles is blocked by inhibitors of InsP3Rs including low molecular weight heparin
and 8-(N,N-di-methylamino)octy! 3,4,5-trimethoxybenzoate (TMB-8), while not being
affected by antagonists of the RyR (Muir et al., 1997). Conversely, cCADPR-gated
release is inhibited by inhibitors of RyRs, procaine and ruthenium red, but not by
antagonists of the InsP;Rs (Navazio ef al., 2001). Furthermore inhibitors of the InsP;
and cADPR release pathways had no effect on NAADP-induced release. In addition
the self-inactivation of NAADP-gated release upon pre-treatment of sea urchin eggs
with subthreshold doses of NAADP, which is unique to the NAADP release

pathway, is also observed with NAADP-induced release in plant cells (Nazvazio et
al., 2000).

A major difference between plant vacuolar ligand-gated Ca** release and that of
animals is that plant Ca*" release pathways do not appear to be modulated by
[Caz*]c. Even though waves, oscillations and spikes, indicative of CICR, have been
detected in plants, neither InsP3- nor cADPR-gated currents have been
demonstrated to be activated by Ca** as they are in animal systems during CICR.
As mentioned previously, this has led to the suggestion that the ligand-gated
pathways are linked to the SV channel, which is Ca** -activated (Hedrich & Neher,
1987), to allow CICR to occur at the vacuole — with the putative ligand-gated Ca
channels acting as triggers for SV activation.

The evidence for the existence of ligand-gated channels in plants is compelling.
Indeed, although InsP; binding studies on red beet have indicated a very low
binding site density (Bmax) of 840 fmol/mg (compared to 5x10° fmol/mg in rat
cerebellum), a 400 kDa InsPs-binding protein has been reported as being purified to
homogeneity from mung-bean embryos (Biswas et al., 1995). These authors also
reported that InsPs;-gated Ca®*-release could be recorded when the protein was
reconstituted into liposomes (Biswas et al.,, 1995). In denaturing conditions the
molecular mass of the binding protein was 110 kDa (compared with 300 kDa
reported for most animal systems) and the authors therefore suggested that the
protein was a homotetramer in its native form. So far, no ligand-gated channel has
been characterised at the molecular level in plants, and thus little is known about
structure, function or means of regulation of these channels. However, the
similarities of the Ca**-release pathways and of the binding properties of the InsP;-
binding proteins of plants and animals have led to the suggestion that the putative

receptors in plants responsible for gating Ca** release are analogous to the InsPsRs
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and RyR isoforms sensitive to cADPR (Brosnhan & Sanders, 1993; Allen et al.,
1995). No NAADP receptor has yet been identified in any cell.

1.3.3.4. InsP;Rs in animals

Since InsP3-binding proteins were first identified in mammalian hepatocytes by
Burgess et al. (1984), InsP;Rs have been purified (Supattapone et al., 1988),
functionally reconstituted into proteoliposomes (Ferris et al.,, 1989) and bilayers -
from which currents have been measured (Watras et al.,, 1991) - and cloned to
determine their primary structure (Furuichi et al.,, 1989; Mignery ef al., 1989). The
human InsP3R family so far encompasses three different full-length genes (l-111) with
further heterogeneity of gene products arising from gene splicing (Stdhof et al.,
1991; Ross et al., 1992; Patel ef al., 1999). The members of the InsP;R family share
considerable sequence homology with each other and exhibit some regions of
similarity with the other major family of intracellular Ca*" channels, the RyRs
(Berridge, 1993). As with RyRs, InsP3;Rs form homotetrameric structures with native
molecular weights in excess of 1000 kDa. In each subunit a very large cytoplasmic
N-terminal regulatory domain is joined to a C-terminal domain comprised of
membrane spanning regions. These transmembrane regions form the Ca** channel
(Furuichi et al., 1989). Deletion analysis has indicated that the InsP3 binding site is
located at the end of the N-terminal domain (Yoshikawa et al., 1996). Upon ligand

binding, the receptor undergoes a large conformational change believed to be
coupled to the opening of the channel (Berridge, 1993).

Between the ligand-binding domain and the Ca** channel region is a portion of the
InsP3;R known as the regulatory domain as it contains consensus sequences for
accessory protein, adenine nucleotide-binding and multiple phosphorylation sites.
Two accessory proteins that are known to regulate the activity of InsP3Rs are
calmodulin (Patel et al., 1997) and the immunophilin FKBP12 (Cameron et al.,
1995). Although calmodulin is a mediator for indirect Ca®* action on InsPsRs, it is
also reported that Ca** can directly regulate the activity of the receptor by binding to
one of seven binding sites (Sienaert, 1997). The multiple means by which Ca**
interacts with the receptor reflect the complex regulatory effects of the ion: low
concentrations of Ca** potentiate InsPs-induced Ca** mobilisation (Lino, 1990),
while higher concentrations (millimolar) inhibit the effect of InsP3 (Hirata et al., 1984).
This biphasic regulation is thought to allow negative feedback inhibition of the
receptor by Ca** release during CICR (Lino, 1990). ATP also displays a biphasic

regulatory effect on InsP3R activity arising from its interaction with two ATP-binding
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