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Abstract—Calcium ions have unique properties and universal ability to transmit diverse signals that exert pri-
mary action on cells, such as hormones, pathogens, light, gravity, and stress factors. The principal elements in

the system of calcium signaling of plant cells are different Ca>* channels, Ca>*-ATPases, Ca>*/H* antiporters,
Ca*-binding and Ca’*-dependent proteins. The system of calcium signaling also includes receptors, the cas-

cades of amplifying Ca®* signals, and transcription factors. The process of transmitting the calcium signal
within the cell consists of at least two stages. At the first stage, the cytosolic calcium concentration undergoes

temporal and usually local increase due to its entry through the Ca?* channels. The second stage is related to
the signal “decay” and represents the active removal of calcium excess from the cytosol to the extracellular

medium or organelles (vacuoles, endoplasmic reticulum, mitochondria) by means of Ca®*-ATPases and/or
Ca*/H* antiporters. The primary intracellular targets of calcium are various calcium-binding proteins. Some
of these proteins ensure Ca?t transport, others serve as a calcium buffer, and the others (e.g., calmodulin or
Ca*-dependent protein kinases) translate the calcium signal to intracellular operational mechanisms and ini-

tiate Ca>*-dependent physiological processes. An important feature of the calcium signal transduction is that
this signal originates and propagates in the pulse mode. Such way of information transmission is not only faster
than the diffusion but it also ensures the spatiotemporal regulation of cell functions, because the signal encoding
can be realized via amplitude- and frequency-modulated oscillations in cytosolic calcium concentration.

Key words: Calcium - Ca?*-channels - Ca®*-ATPases - Ca®>*/H* antiporters - Ca>*-binding proteins - calmodulin -

Ca’*-dependent protein kinases - calcium spikes, waves, and oscillations - signal transduction

INTRODUCTION

The British physiologist Ringer [1] was the first to
reveal in 1883 the significance of calcium as an intra-
cellular regulator. He found that the heart muscle activ-
ity is drastically reduced in the absence of Ca®* ions.
Nevertheless, it was almost 100 years later that Ras-
mussen [2, 3] formulated a notion that calcium func-
tions as a second messenger during the transmission of
signals arriving from the external and internal media of
the organism. Subsequent studies showed that calcium
is a ubiquitous “signaling” ion in animals [4-8] and
plants [9-15].

Calcium ions belong to most important elements in
the system of intracellular signaling in plants. Each
known system of signal transduction engages Ca’* as
an important second messenger [16, 17]. Calcium is an
effective regulator of metabolism in all cell systems

Abbreviations: CaM—calmodulin; CDPK—calcium-dependent
protein kinase; IP;—inositol-1,4,5-trisphosphate; PIP,—phos-
phatidylinositol-4,5-diphosphate; cADPR—cyclic ADP-ribose;

Lo . 2+ .
CICR—calcium-induced calcium release; Cacyt —concentration

of ionized calcium in the cytoplasm; MP—membrane potential;
Nod-factors—symbiotic signals.

capable of responding to changes in Ca’* concentra-
tion. The preferable intracellular targets of Ca?* action
are various calcium-binding proteins that either change
their own activity or relay the effect of Ca®* on diverse
molecular targets.

Being a second messenger, calcium is required at all
stages of plant growth and development. It is involved
in the control of such processes as growth and differenti-
ation [18, 19], photomorphogenesis [20-22] and
embryogenesis [23], the self-incompatibility responses
in pollen—pistil interactions [14, 24, 25], perception of
symbiotic signals [26, 27], hypersensitive responses
induced by pathogens and elicitors [13, 28—32], gravit-
ropism [33-37] and phototropism [38], assembling and
disassembling of cytoskeleton elements [39], percep-
tion of red [20, 40] and blue light [41], cyclosis [18],
and movement of stomatal cells [42—45].

Calcium plays a fundamental role in regulation of
polar growth of cells and tissues [10, 11, 18, 19]. The

apex-localized gradient of cytoplasmic Ca** (Cag;t ) is
a general feature always observed in cells with a tip

growth, such as pollen tubes [25, 46, 47], root hair cells
[48-50], and rhizoidal protrusion in the Fucus zygote
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[51-53]. Calcium participates in adaptation to various
stress factors [54]. Signals associated with chilling
stress [28, 55-57] and heat shock [58], salinity and
drought [56, 57, 59], anoxia [60—62] and elicitors [13,
28, 30, 31, 63], osmotic shock [52, 64—-66] and mechan-
ical stimulation [28, 67], as well as oxidative stress
[68, 69], induce a transient increase in the level of cyto-
plasmic Ca?*. Calcium is the principal component in
the transduction of hormonal signals induced by gib-
berellic acid [70-72], ABA [45, 73-75], IAA [76-80],
and cytokinins [81-83].

The main elements in the system of calcium signal-
ing in plant cells are various types of Ca’** channels,
Ca’*-ATPases, Ca?*/H* antiporters, Ca?*-binding sen-
sor proteins, Ca>*-binding proteins acting as Ca®* buff-
ers, and Ca?*-regulated ion channels (figure). The cal-
cium signaling system comprises also various receptors
and second messengers (inositol-1,4,5-trisphosphate,
IP5; cyclic ADP-ribose, cADPR), cascades amplifying
the Ca®* signals, various types of protein kinases and
protein phosphatases, Ca®*-regulated enzymes and
cytoskeletal proteins, transcription factors and Ca?*-
regulated genes. The distinctive feature of Ca’*-medi-
ated information transmission is the wave-like mode of
signal transmission. The Ca* signaling is largely based
on Ca?* waves and Ca®* oscillations arising in particular
cell regions.

Several recent reviews presented extensive analysis
of the Ca?* function as a second messenger during sig-
nal transduction in plant cells [11-15, 84]. This article
focuses on the following questions. Why is calcium
ideally suited for the key role of universal second mes-
senger in cell responses to environmental cues? What
are the mechanisms of maintaining the required cal-
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cium level in the cytoplasm? Which components are the
main intracellular targets for calcium? How is the cal-
cium signal transmitted through membranes and within
the cytoplasm?

PROPERTIES OF Ca** AS A SECOND
MESSENGER

Why it was calcium that became a principal and
ubiquitous second messenger in cell responses to envi-
ronmental changes and, furthermore, the only ionic
messenger? First, the information transmission should
rely on small-sized substances that are readily available
in the cell and extracellular medium and are capable of
functioning as mediators during signal transduction.
Second, the cell needs a well-organized transport sys-
tem for signal substances to ensure fine and operative
regulation of their levels in different cellular compart-
ments. Several candidates are principally suitable for
the role of ionic second messengers. However, large
sizes of anions and the unit electric charge of K* and
Na* hamper their strong interactions with protein mol-
ecules. The Nature had to make the choice between
Ca’ and Mg?* [85].

It is known that coordination bonds between cal-
cium and ligands (from six to nine) are more numerous
than those of magnesium (six at most). In the case of
Mg?*, some coordination bonds are reserved for inter-
actions with water molecules, which lowers the affinity
of magnesium to protein ligands. Remarkably, the
length of bonds formed by calcium is prone to larger
variations than that formed by magnesium. For exam-
ple, the length of Ca—O bond varies from 0.23 to
0.26 nm, whereas the length of Mg—O bond is always
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kept at 0.21 nm. Magnesium usually forms regular
six-coordination octahedral complexes with bonds of
fixed length. In contrast, calcium forms labile com-
plexes with a higher and variable coordination numbers
and with variable length of bonds. Owing to this prop-
erty, calcium adjusts itself to the binding site of the
ligand molecule and can be exchanged in this complex
1000 times faster as compared to magnesium [85].

The energy consumption allotted for maintaining
nonequilibrium distribution of major ions between the
cell and the external medium constitutes 20-30% of the
total energy expenditures in the cell. The maintenance
of calcium homeostasis in the cell requires much less
energy (about 1%). The plasma membrane and the cel-
lular organelles possess a finely organized system of
Ca?* transport represented by various types of calcium
channels and pumps; this system ensures elaborate and
effective regulation of free calcium level in cellular
compartments [86]. According to Trewavas [16], the
origin of Ca?* signaling system is related to high toxic-
ity of Ca®*, which prompted cells to develop a mecha-
nism ensuring low level of this cation in the cytoplasm.
Subsequent evolution of these detoxication mecha-
nisms gave rise to Ca®*-based signaling pathways.

MEASUREMENTS OF Ca** CONCENTRATION

The studying of Ca?* role in signal transduction
made a great advance when Tsien synthesized a highly
sensitive fluorescent calcium probe quin-2 and devel-
oped a principally novel method of loading this dye into
the cell [87]. This new methodological approach
allowed researchers to monitor the Ca** dynamics in
any cytoplasmic region within the live cell. The synthe-
ses of quin-2 and calcium probes of the second (fura-2,
indo-1), third (fluo-3, rhod-3), and fourth (calcium
green, calcium orange, Oregon green-488) generations
were based on the use of Ca** chelators—EGTA or
BAPTA—that were linked with a chromophore group
capable of emitting fluorescence upon illumination
with UV or visible light [13]. In some cases measure-
ments of free calcium are based on the use of aequorin,
a protein from jellyfish Aequorea aequorea, whose flu-
orescence increases with Ca** concentration in the
medium. Recently so-called “chameleon” probes have
been introduced for measuring calcium in plant cells.
These probes, obtained in the Tsien’s laboratory [88],
represent a combination of calmodulin (CaM) and
green fluorescent protein (GFP). Such a transformed
CaM can effectively bind Ca?* in the range from 10~® to
1072 M. Further information on measurements of free
calcium with fluorescent methods can be found in a
review [89] and a book [90].

Sometimes the changes in Ca?* concentration are
recorded with vibrating Ca®*-selective electrodes [91, 92].
However, calcium electrodes cannot resolve rapid
changes in Ca?* concentration and have comparatively
low cationic selectivity. In electrophysiological experi-
ments the patch clamp method is more common, as a
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means of assessing Ca’*-dependent changes of the
membrane potential (MP). Neher and Sakmann [93]
were the first to introduce the patch-clamp recordings
of ionic currents as a research tool. The patch-clamp
method allows local (point-wise) clamping of MP in
very small cells (3—10 um) and provides for measure-
ments of single channel currents. Patch-clamp record-
ings of the transmembrane Ca>* currents is a suitable
tool to investigate rigorously very small, periodic, or
local changes in cytosolic Ca”* that cannot be recorded
with fluorescent probes.

Ca?* Levels in Cell Compartments

The concentration of Ca?* in the cytosol is lower
than in the cell walls or vacuoles by 3—4 orders of mag-
nitude. In the cytoplasm of resting cells, the concentra-
tion of free calcium is exceptionally low, ranging from
100 to 200 nM [9, 10]. A 1 wm? sample of cytoplasm
contains 60 to 120 Ca?** ions. The intracellular
organelles contain much higher amounts of free cal-
cium. The Ca?* concentration in the endoplasmic retic-
ulum and mitochondria equals to 1 mM, whereas Ca**
content in the cell wall and vacuoles reaches 1-10 mM
[9, 10, 16]. There is a Ca’* gradient between the
nucleus and the cytoplasm, which indicates the pres-
ence of regulatory mechanisms controlling calcium
transport through the nuclear membrane. It was shown
that changes in cytosolic and nuclear Ca?* levels are
controlled by independent mechanisms [94]. Thus, the
plasma membrane, the tonoplast, the membranes of
mitochondria and endoplasmic reticulum maintain
steep gradients of ionized calcium, which are much
higher than the gradients of other ions. The Ca?* gradi-
ents are maintained by various calcium pumps [95-97]
that extrude Ca®* from the cytoplasm to the external
medium or sequester it in the organelles.

The discovery of sharp gradients of ionized calcium
at the cell membranes led to a series of important
assumptions eventually proved by experiments. (1) The
Ca?* permeability of the membrane lipid layer is very
low. (2) Calcium enters the cytoplasm through Ca**-
selective channels. (3) The plasma membrane and the
membranes of cellular organelles are endowed with
specific Ca?* pumps (Ca>*-ATPases) extruding calcium
to the external medium or depositing it in the
organelles. (4) Ca** is an effective regulator of metabo-
lism in those cells that contain systems responding to
changes of its concentration (in the range from 0.1 to
10 uM). The ability of plant organisms to ensure fine and
rapid regulation of Ca* level in cellular compartments is
determined by the concerted operation of Ca**-transport-
ing membrane systems including various Ca?* channels,
Ca’*-ATPases, and Ca**/H* antiporters [86].

Ca**-PERMEABLE CHANNELS
Functioning of the system of Ca** channels is the
most important element in the process of generation,
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encoding, and propagation of Ca?* signals in the plant
cell [10-12, 14, 45]. The occurrence of Ca**-permeable
channels in the plasma membrane, tonoplast, the mem-
branes of endoplasmic reticulum, chloroplasts, and the
nuclear envelope of plant cells was revealed with elec-
trophysiological, biochemical, and molecular—genetic
approaches [98-101]. Unlike Ca* channels of animals,
the major part of cation channels in plant cells are low
selective with respect to mono- and divalent cations.
These channels, often termed nonselective cation chan-
nels, represent a rather large and nonuniform group of
channels. In addition to Ca?** channels, these cation
channels constitute an important element in generation
and encoding Ca’* signals [100]. These channels
account for the low-affinity transport of cations, includ-
ing Ca?* ions [100, 102-104].

The known types of Ca?*-permeable channels are
classified in two main groups: voltage-gated and
ligand-gated channels. Accordingly, these channels
turn opened upon changes in membrane potential or
upon interaction of some ligand (second messenger,
hormone) with a specific receptor (this receptor can be
a channel constituent or independent entity) [4]. The
classification of channels into voltage-gated and
ligand-gated types is quite arbitrary, because many
voltage-dependent channels are directly controlled by
receptors. On the other hand, the activity of ligand-
gated channels may also depend on MP level [98, 99,
105]. The activity of Ca**-permeable cation channels
can be also regulated by mechanical stimulation, inter-
actions with cytoskeleton elements, as well as by phos-
phorylation and dephosphorylation [99, 100].

Ca’*-Permeable Channels of the Plasma Membrane

The Ca**-permeable channels activated by depolar-
ization of the plasma membrane turn open when the MP
rises above —135 mV [106]. These Ca?* channels dis-
play maximum activation upon depolarization of the
plasma membrane towards the MP range from —60 to
—100 mV, depending on given experimental conditions
and plant material. The classic depolarization-activated
Ca®* currents were observed in protoplasts from the
suspension culture of carrot cells [107, 108] and on pro-
toplasts from the root cells of Arabidopsis [98, 109].
These Ca?* currents appeared when the MP was more
positive than —140 mV and disappeared when the MP
was far more negative. The channel responsible for this
current was permeable to divalent cations including
Ca?*, Ba?*, Sr**, and Mg?* [109].

In root cells of wheat and rye, two types of Ca**-per-
meable depolarization-activated channels  were
observed. The channels of the first type were termed
rca (an abbreviation derived from Ca’*-permeable
channels from wheat roots [110-112]), and the second
type was called maxi cation channel [98, 102, 113,
114]. These depolarization-activated Ca**-permeable
channels are thought to account for the Ca®* currents
arising upon cell depolarization. Both the maxi cation
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channel and the rca-channel are permeable to a wide
range of mono- and divalent cations, including Ca*.
However, the rca-channel is predominantly selective to
Ca”* when the ionic composition of the medium simu-
lates physiological conditions [112]. This Ca**-perme-
able channel is blocked by micromolar concentrations
of AI**, La**, Gd*, verapamil, diltiazem, ruthenium
red, but is insensitive to 1,4-dihydropyridines [98, 111].
The pore in the rca-channel of plants is structurally dif-
ferent from that in the L-type Ca”* channel of animals
[112]. This distinction probably arises from different
ionic compositions of the media and from different MP
values characteristic of plant and animal cells. The
depolarization-activated Ca®* channels play an impor-
tant role in plant responses to environmental factors. A
range of signals, including blue and red light, phytohor-
mones, symbiotic factors, and fungal elicitors, induce
fast depolarization of the membrane that suffices for
opening Ca’*-permeable channels in the plasma mem-
brane [98-100, 105, 114].

The Ca?*-permeable channels activated by hyperpo-
larization were observed in the cells of root hairs, endo-
derm, epidermis, and cortex of Arabidopsis roots [115,
116]. These channels are more specific to Ca?* than to
K*. These channels are similar in electrophysiological
properties to Ca®* channels of stomatal guard cells; the
latter are activated by hyperpolarization and have dif-
ferent permeabilities to Ca?*, Mg?*, and K* [69, 98,
117, 118]. These channels are activated by ABA, which
is apparently due to direct interaction of the hormone
with the channel [118]. The hyperpolarization-acti-
vated Ca**-permeable channels may participate in the
transduction of plant responses to elicitors and patho-
gens [119]. Tomato cells were shown to possess Ca**
channels that turn open upon hyperpolarizing shift of
the MP below —120 mV [120]. The activity of these
channels was decreased upon depolarization. These
Ca?* channels were more permeable to Ca®* and Ba®*
than to K* and CI~. The Ca?* channels of this type are pre-
sumably significant for interactions of tomato plants with
the pathogenic fungus Cladosporium fulvum [121].

The ligand-gated (receptor-regulated) Ca**-perme-
able channels are responsible for the increase in Ca?*
concentration in the cytoplasm upon binding of ligands
(hormones, elicitors) to the receptors [4, 105]. The ear-
liest response of stomatal guard cells to ABA treatment
is the elevation of cytosolic Ca®* level [45, 122]. This
process is supposedly related to activation of voltage-
gated nonselective Ca?*-permeable channels in the
plasma membrane [117, 123]. At the same time, the
amount of inositol trisphosphate (IP;) increases, which
initiates the release of Ca®* from the intracellular stores.

In 1988 Felle et al. [77] had already discovered that
the auxin treatment induces oscillations of membrane

potential, Ca?*, and pH in the cytoplasm of epidermal
cells from maize coleoptiles. Direct measurements of
Cai;t using the fluorescent Ca?* probe fluo-3 and a
confocal microscope revealed that the treatment of
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maize coleoptile cells with the auxin 2,4-D over 4 min

led to an increase in cytosolic Ca®* level from 280 to
380 nM [38].

In our studies, we analyzed the action of auxin on
Ca?* transport by loading the probe indo-1 into the plas-
malemma vesicles from the maize coleoptile cells [78—
80]. The fluorescence of indo-1 entrapped in the vesi-
cles was found to increase upon the addition of IAA
(10 uM), which proved the induction of calcium per-
meability of vesicles by auxin. The stimulating effect of
auxin was inhibited by Ni** ions (1 uM) known to
inhibit receptor-operated ion channels in animal cells
[4]. Experiments with the probe fura-2 revealed that 1-
NAA induced calcium permeability of the plasma
membrane in the protoplasts from wheat leaves [124].
The observed effects were supposedly due to the ability
of auxin to activate Ca**-permeable channels—either
receptor-operated [78] or nonspecific cation channels
[124]. However, it should be kept in mind that the stim-
ulating effect of auxin on calcium fluxes could be also
related to the potential-dependent Ca** channels acti-
vated by depolarization. The activation of anion chan-
nels is known to be the most effective mechanism for
depolarization of plant cells. The effects of auxin on
potential- and ATP-dependent anion channels were also
observed on tobacco protoplasts [125] and stomatal
guard cells [126]. Hence, the activating effect of IAA
on calcium fluxes can be mediated by auxin-induced
activation of anion channels and by the membrane
depolarization.

The earliest responses of plants to pathogens consist
in changes of cytoplasmic calcium level and pH [13, 28].
Bach et al. studied the action of elicitors from the fun-
gus Pythium aphanidermatum on ion transport in carrot
protoplasts. The treatment of protoplasts with elicitors
induced the influx of ¥3Ca?*, which was associated with
the efflux of K* to the medium. The authors proposed
that this process involves nonselective Ca** channels.
Further studies revealed two classes of elicitor-acti-
vated Ca?* channels in the plasma membrane. The first
elicitor-activated channel was observed in the plasma
membrane of tomato protoplasts [120, 121]. This chan-
nel was inhibited by La** and nifedipine at micromolar
concentrations. The second channel, termed large-con-
ductance elicitor-activated channel (LEAC) was dis-
covered in parsley protoplasts [127]. The binding of
elicitors with the protoplast cell wall induced the influx
of Ca%* into the cell and the efflux of anions, which led
to depolarization of the plasma membrane. Activation
of these nonselective Ca?*-permeable channels was the
earliest response to the elicitor treatment. Furthermore,
it was found that the elicitors activated nonselective
Ca’*-permeable channels indirectly, via some intracel-
lular second messenger. The operation of LEAC was
independent of MP (in the potential range from —30 to
—150 mV) and was inhibited by La* and Gd** at micro-
molar concentrations.
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The presence of mechanosensitive channels
involved in Ca®* transport was demonstrated for the
plasma membrane and endoplasmic reticulum of plant
cells [98, 105, 128-130]. These channels feature rather
high Ca?* specificity (the ratio of Ca**- to K*-currents
varied from 7 : 1 to 17 : 1 in different plant materials)
and comparatively low single-channel conductance.
The activity of mechanosensitive Ca?* channels
depended on membrane potential and pH. Mecha-
nosensitive Ca’*-permeable channels may participate
in the transduction of mechanical stimuli associated
with gravity-stimulation, membrane tension or shrink-
age, touching or bending, and changes in osmotic poten-
tial of the cytoplasm and/or external medium. Ding and
Pickard [131] discovered such channels in cells of onion
epidermis.

The genome of Arabidopsis contains a series of
genes encoding Ca**-permeable channels [101]. This
group comprises the genes coding for the two-pore
channel AtTPCI [132], the cation transporter of wheat
LCT1 [133, 134], the channels regulated by cyclic
nucleotides [135], and glutamate receptors endowed
with ionophore functions [136]. The Arabidopsis
genome contains a gene At4g03560 encoding a highly
selective Ca?* channel activated by depolarization. The
homologs of this gene termed ATPCI (Arabidopsis
two-pore channel) are present in many plant species
[132]. The gene AfTPCI encodes Ca’* channel that
consists of 12 transmembrane domains and includes
two CaM-binding sites and two pores allowing the pas-
sage of Ca®* ions [132]. The protein AtTPC1 is homo-
logical to ct1- subunit of the L-type potential-dependent
Ca?* channel of animals [137]. The expression of
ATPC]I gene was particularly active in green seed pods
and developing seeds of Arabidopsis; this gene was
also expressed in leaves, stems, and root tissues [132].
When the expression of ATPCI gene was reduced, the
leaf cells lost their ability to increase the cytosolic Ca®*
level in response to sucrose treatment [132].

The Arabidopsis genome contains about 20 genes
encoding ion channels gated by cyclic nucleotides
(CNGC, cyclic nucleotide-gated channel) [135, 138].
The CNGC-type genes were first isolated from the cells
of barley aleurone [139] and tobacco leaves [140]. The
CNG-channels of plants are permeable to mono- and
divalent cations. Some of these channels have domains
that bind cyclic nucleotides (cAMP, cGMP) and CaM,
which allows the integration of signals arriving from
different signaling pathways [135, 141-143]. The
CNG-channels are supposed to fulfill functions in
senescence and programmed death of plant cells [144].
In animals, CNG-channels are permeable to mono- and
divalent cations.

The activation of ion channels by glutamate or other
amino acids is a key event in the transmission of the
nerve pulse through the synapse in animals [145]. The
postsynaptic membrane contains Ca**-permeable cat-
ion channels formed by ionotropic glutamate receptors
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(iGluR) [137]. The treatment of Arabidopsis seedlings
with L-glutamate initiates Ca®* currents through the
plasma membrane of root cells, thereby leading to the
increase in cytosolic Ca** concentration [146]. These
Ca?* channels were also permeable to monovalent cat-
ions (Na*, Cs*, and K*) [100]. In the Arabidopsis
genome, about 20 nucleotide sequences are homologi-
cal to animal genes iGluR coding for the ionotropic
glutamate-like receptor GLR [136]. Apart from Arabi-
dopsis, homologs of iGIuR animal genes were found in
other plant species [136, 147, 148]. The predominant
part of cloned Arabidopsis GLR is attributed to the
plasma membrane. However, some glutamate-gated
channels were present in the endomembranes.
Glutamate plays a key role as a signaling molecule
capable of interorganelle transport; it is engaged in syn-
thesis and catabolism of amino acids and in photorespi-
ration [100]. Apparently, glutamate takes part in the
intracellular coordination of photosynthesis and nitro-
gen metabolism by controlling the glutamate receptor
activity and, thereby, ion fluxes between cellular com-
partments.

Ca?*-Permeable Channels of the Tonoplast

The central vacuole that occupies up to 90% of the
cell volume is the main source of intracellular calcium.
The Ca?* flow from vacuole may account for elevation
of cytosolic calcium concentration in response to a vari-
ety of environmental factors. Four types of calcium
channels were identified in the vacuolar membrane [149].
Two of them are voltage-dependent, and two others are
ligand-gated channels. One of the voltage-dependent Ca**
channels is activated by hyperpolarization of the tonoplast
[150-152]; the other, by depolarization [153-155].

The class of depolarization-activated Ca** channels
includes slow vacuolar (SV) channels that were
observed in many plant tissues [149, 156, 157]. These
channels are activated when the tonoplast membrane

potential ranging between —30 and —50 mV is shifted to

+10—+30 mV and upon the increase in Cag;'t to

0.5-5.0 uM or above. The calcium-binding site is
located on the cytoplasmic side of the channel protein.
Therefore, it is thought [153, 158] that these channels
can be involved in Ca?*-induced calcium release
(CICR). However, the occurrence of CICR in in vivo
system has not been shown up to date. Therefore, it
appears that SV channels are not involved in CICR
[159]. The SV cation channels are nonselective; they are
permeable to Ca®*, Ba**, and Mg?*, and, to a lesser extent,
K*, Na*, Rb*, and Cs* [98, 154, 155, 157, 159, 160].

The tonoplast Ca?*-permeable channels activated by
hyperpolarization display a higher permeability to diva-
lent cations and provide for a substantial Ca?* flux from
the vacuole into the cytoplasm. These channels turn
open at tonoplast MP values from —20 to —80 mV. These
channels were also identified in the vacuoles from Beta
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vulgaris roots [150, 151] and in the guard cells of Vicia
faba [152]. Two types of hyperpolarization-activated
tonoplast channels were revealed. The first type chan-

nel is inhibited at Caf;t concentrations above 1 uM

[151]. This channel is permeable to Ca**, Ba**, and
Sr?*; it is insensitive to IP; and inhibited by nifedipine
applied from the vacuolar side and by verapamil and
La** applied from the cytoplasmic side [152]. The sec-

.« . .0 2+ .
ond type channel is insensitive to Ca,,, and is perme-

able to Ca?*, Ba?*, Sr**, Mg?*, and K*. The probability
of the open state (P,) of this channel increases with ele-

vation of vacuolar Ca?* concentration [152, 161].

The ligand-gated Ca?* channels of the tonoplast
comprise channels activated by such second messen-
gers as IP; [162, 163] and cyclic ADP-ribose (cADPR)
[164]. These Ca®* channels are highly selective to diva-
lent cations compared to monovalent cations. The treat-
ment of isolated vacuoles and tonoplast vesicles with
IP; and cADPR induced the Ca?* efflux in preparations
from various tissues of many plant species [149, 164,
165]. Experiments with microinjection of IP; and
cADPR into stomatal guard cells demonstrated the
ability of these substances to increase the cytosolic Ca**
level, which supplies evidence for the occurrence and
functioning of IP;- and cADPR-sensitive Ca** channels
in plant cells [42, 166].

The IP;-dependent vacuolar channels are involved
in turgor regulation during hyperosmotic stress, in sto-
matal closure, self-incompatibility response, and reori-
entation of pollen tube growth [14, 25, 98, 149, 165,
167]. The half-maximum activation of channels is
attained at 200 nM IP;. The probability of the open state
for IP;-gated channels (P,) increases with hyperpolar-
ization of the tonoplast [98, 167]. The opening of IP;-

gated channels is insensitive to Caz;rt oscillations (in the
range from 0.1 uM to 1 mM). These channels are highly
selective to divalent cations, i.e., Ca®*, Ba**, and Sr?*; they
are inhibited by verapamil and heparin but are insensitive
to ruthenium red and ryanodine [98, 149, 165, 167].

Experiments on red beet roots [149, 165] and sto-
matal guard cells [166] showed that cADPR initiates
Ca**-dependent electric currents from the vacuole to
the cytoplasm. The channels allowing passage of these
currents are comparatively selective to Ca’* and less
permeable to K*. The pharmacology of these channels
is similar to cADPR-activated ryanodine receptors in
endomembranes of animal cells. These channels are
activated by ryanodine and caffeine but are suppressed
by ruthenium red and procaine. In the stomatal guard
cells, the vacuolar cADPR-channels are inhibited at
Ca?* concentrations above 600 nM, which implies that
these channels are uninvolved in the Ca?*-induced cal-
cium release (CICR) [168].

Heparin and TMBS, specific inhibitors of IP;-
dependent channels, had no effect on cADPR-gated
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channels. The cADPR channels are thought to partici-
pate in ABA-dependent signal transduction [45, 75].

The propagating Ca** wave in animal organisms
originates from the Ca?* release proceeding through the
Ca’*-channels of endomembranes. These channels are
activated not only by second messengers such as IP;

and cADPR, but also by low concentrations of Ca?*
(CICR phenomenon) [168]. When the Ca?* concentra-
tion is increased to a certain level, these channels close
and prevent calcium efflux from the intracellular stores.
In animals, it is CICR mediated by IP;-dependent chan-
nels of endoplasmic reticulum, that provides enhance-
ment of Ca?* signal and allows the propagation of exci-
tation wave over the cytoplasm [169]. The attempts to
reveal a similar mechanism in plant cells were unsuc-
cessful so far. The IP;- and cADPR-induced calcium
currents across the vacuolar membrane are not acti-
vated by cytosolic calcium [149, 166, 167]. Thus, the
question on mechanisms underlying the generation of
Ca”* waves in plant cells remains open.

Ca’*-Permeable Channels of Endomembranes

Two classes of potential-dependent Ca**-permeable
channels were identified in the membranes of endoplas-
mic reticulum. One of these, BCC1 (Bryonia calcium
channel 1) was detected in mechanosensitive hairs of
Bryonia dioica [130, 170], while the other one, LCC1
(Lepidium calcium channel 1) was found in the apex of
Lepidium sativum roots [171]. Both channels displayed
a rectifying conductance; they were more selective to
Ca?* than to K*, and were permeable to Ba®*, Sr**, and
Mg?*. The membrane potential range required for chan-
nel activation was strictly dependent on the transmem-
brane Ca** gradient. Both BCC1 and LCCI1 channels
were blocked by micromolar concentrations of Gd**,
La**, and erythrosine B applied from the lumenal side
of endoplasmic reticulum. Verapamil had no effect on
LCC1 but blocked BCC1. The conductance and open-
state probability (P,) for BCC1 channel increased with
Ca?* concentration in the lumen of endoplasmic reticulum
and also rose upon acidification of the cytoplasm [170].

Using membrane vesicles of endoplasmic reticulum
isolated from cauliflower inflorescences (Brassica
oleracea), a group of researchers demonstrated the
release of Ca®* under the action of IP; [172], cADPR
[173], and nicotinic acid adenine dinucleotide phos-
phate (NAADP) [174]. At the same time, NAADP had
no effect on Ca?* transport in the tonoplast vesicles.
These results provide evidence for the existence in endo-
plasmic reticulum of cADPR-, NAADP-, and IP;-depen-
dent Ca**-permeable channels. The high-affinity bind-
ing of IP; to endoplasmic reticulum also points to the
existence of IP;-gated Ca?* channels [175]. The volt-
age-dependent channels permeable for Ca**, Mg?*, and
K* were revealed on thylakoids of spinach chloroplasts
[176]. The voltage-gated channels permeable for K*,
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Na*, Cs*, and Ca?* were detected in nuclear membranes
isolated from red beet [177].

ACTIVE TRANSPORT OF Ca** IN PLANT CELLS

Bush [9] was the first to recognize a possible role of
Ca** pumps in signaling processes. The systems of
active Ca®* transport fulfill at least four functions in
plant cells: (1) they replenish intracellular calcium
stores to be used for channel-mediated Ca?* release
during signal transduction; (2) they maintain low Ca?*
concentration in the cytoplasm and account for spa-
tiotemporal patterns of Ca>* signal; (3) they supply
Ca?* for biochemical processes in cellular organelles;
and (4) they furnish Ca** for membrane interactions,
such as vesicle transport, membrane fusion, and secre-
tion. The active Ca?* transport is realized via Ca**/H*
antiporters and Ca?*-ATPases [95-97]. Both carriers
utilize ATP as an energy source, but the operation of the
Ca**/H* antiporter depends also on the transmembrane
pH gradient.

Mitochondria, chloroplasts, and vacuoles are capa-
ble of accumulating calcium ions in large amounts (up
to 1 mM). In membranes of these organelles, the Ca?*-
transporting systems are abundant but they have low
affinity to Ca®*. The operation of Ca?* carriers in vacu-
oles, mitochondria, and especially chloroplasts ensures
effective, though poorly selective removal of excessive
Ca?* from the cytosol. The Ca?* pumps of the plasma
membrane and endoplasmic reticulum provide more
precise correction of the cytosolic calcium level owing
to their higher Ca* affinity [178].

Ca?*-ATPases

The Ca?*-ATPases are engaged in fine regulation of
cytoplasmic Ca?* at the submicromolar level. The Ca**-
ATPases (together with Ca?* channels) participate in
creating specific spatiotemporal pattern (coding) of
Ca’* signals. During the signal transmission, Ca®*-
ATPases restore the cytosolic calcium concentration to
the initial level by pumping Ca?* out of the cell or by
pumping it into organelles, such as vacuoles and endo-
plasmic reticulum [178]. The calcium pumps belong to
a superfamily of P-type ATPases, because the enzyme-
mediated Ca?* transfer includes the formation of phos-
phorylated intermediate (E ~ P). These ATPases are
inhibited by ortho-vanadate and utilize ATP energy for
ion movement. Erythrosine B at a concentration of
0.5 uM is often used as an effective inhibitor of Ca?*-
ATPases. The Ca?*-ATPases feature a higher affinity to
Ca’* (Ky = 0.1-2.0 uM) and a lower capacity, as com-
pared to Ca>*/H* antiporters (Ky; = 10-15 uM).

Based on the analysis of amino acid sequences, the
plant cell calcium pumps are divided into two families
(in similarity with the classification of animal Ca?*
pumps) [95, 96, 179]: the pumps of IIB type (plasmale-
mma-type or ACA-type, autoinhibited Ca**-ATPase)
and the pumps of IIA type (endoplasmic reticulum-type
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Ca’*-ATPase, ECA). The pumps of these two types dif-
fer in sensitivity to CaM and cyclopiazonic acid [180].
The main distinction of IIB-type Ca**-ATPases is their
activation by Ca®*-dependent protein CaM. Unlike ani-
mal cells, plant cells contain IIB-type Ca’>* pumps not
only in the plasma membrane but also in other mem-
branes (tonoplast, endoplasmic reticulum) [95, 96, 181].

Apparently, the Ca** pumps of IIB-type constitute
the basis for precise regulation of calcium level in the
cytoplasm. The system of Ca®* homeostasis seems to
include CaM and Ca**-dependent protein kinases
(CDPK) that exert regulatory effect on the activities of
Ca®* pumps. Hwang er al. [182] showed that, at low cal-
cium concentrations in the cytosol, one of CDPK
(CPK1) inhibits the activity of Ca**-ATPase in the
endoplasmic reticulum by means of phosphorylation of
serine-45. As calcium concentration increases, CaM is
activated and binds to the autoinhibitory domain of the
Ca®* pump, thereby releasing the inhibition caused by
CDPK. Thus, the Ca?* flux from the cytoplasm to the
endoplasmic reticulum and, consequently, the level of
ionized calcium in the cytosol are determined by the
activity ratio of two calcium sensors, i.e., CaM and
CDPK having different affinities to Ca*.

The Ca?* pumps of IIA type are insensitive to CaM
but are specifically inhibited by cyclopiazonic acid at
concentrations below 0.1 uM. The IIA-type Ca*-
ATPases were detected not only in the endoplasmic
reticulum, but also in the tonoplast and plasmalemma
[96]. Generally, the structures of Ca?*-ATPases of IIB-
and ITA-types are similar. These ATPases are composed
of ten transmembrane domains. The molecular—genetic
analysis of the peptide sequences showed that domains
4,5, 6, and 8 are needed for translocation of Ca?* ions
across the membrane and that the large central loop
contains the sites for ATP binding and phosphorylation.
The IIB-type Ca**-ATPase, unlike the ITA-type Ca’
pump, contains an autoinhibitory domain that mediates
interactions with CaM [96].

It should be noted that the autoinhibitory domain in
the IIB-type Ca?*-ATPase of plants is located on the N-
terminus of the protein molecule, whereas in animals it
occupies the C-terminal side. In Arabidopsis, there are
14 genes encoding Ca>*-ATPases [178]. Several plant
genes are known to encode IIB-type pumps. These are
ACAI and ACA?2 of Arabidopsis [183, 184] and BCAI
of Brassica oleracea [181]. Several genes encoding
ITA-type pumps have been cloned, including LCAI of
tomato [185], OCAI of rice [186] and ECAIp/ACA3p
of Arabidopsis [187].

Ca?*/H* Exchangers

The Ca**/H* antiporters can drive Ca®* against its
concentration gradient at the expense of energy of the
electrochemical proton gradient [188]. The Ca?*/H*
antiporters have comparatively low affinity to Ca?*
(Ky = 10-15 uM) and a powerful capacity. The stoichi-
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ometry of coupled Ca?*/H* transport at the tonoplast is
1 : 3. The Ca**/H* antiporters are usually activated upon
drastic increase in the cytosolic calcium content. The
proton gradient at the vacuolar membrane originates
from the operation of H"-ATPase or H*-pyrophos-
phatase. The coupled Ca®*/H* transport can be easily
detected, as it is sensitive to a specific inhibitor of vac-
uolar ATPases bafilomycin and protonophores and
insensitive to ortho-vanadate, an inhibitor of P-type
ion-transporting ATPases [96, 97, 178].

The first cloned gene encoding the Ca?*/H* anti-
porter of plants was CAX/ (cation exchanger 1) [97,
189]. The gene was identified by its ability to restore
growth on high-Ca®* media of a yeast mutant defective
in vacuolar Ca?* transport. The CAXI antiporter
appears to transport Ca®* with a low affinity (K, is
about 13 uM), comparable with the kinetics of Ca**/H*
antiport activity in the tonoplast of oat root vacuoles
[190]. Although these data suggest that CAX1 is local-
ized in the vacuolar membrane, the presence of Ca*/H*
antiporters in other locations, such as the plasma mem-
brane, is not excluded [191]. The tonoplast-localized
Ca?*/H* antiporters have been isolated from Arabidop-
sis [189] and mung bean [192]. Experiments on Arabi-
dopsis revealed more than ten genes encoding exchang-
ers homologous to CAX/ [135]. However, it remains
yet unknown whether all proteins encoded by these
genes are involved in the transport of Ca”*. For exam-
ple, CAX2 was found to transport Mn?* in addition to
Ca* [97].

PRINCIPLES OF GENERATION
AND PROPAGATION OF CALCIUM SIGNAL

In a resting unexcited cell, Ca** channels usually
reside in closed state. The signals arriving to organisms
from the environment and internal media activate Ca*
channels, which initiate calcium flows from the com-
partments with high electrochemical potential towards
low electrochemical potential of Ca?*. As a result, the
cytoplasmic regions near the inner gate of Ca?* chan-
nels turn to be local sites with elevated concentration of
ionized calcium. Such a local signal is an elementary
event that underlies the system of calcium signaling
[6, 66, 84, 193, 194]. Elementary (local) calcium sig-
nals may give rise to responses of two types. First, they
may influence cellular processes in the immediate
vicinity to activated channels. Second, the elementary
signals may affect other types of Ca?* channels, thereby
initiating much larger increases in cytoplasmic Ca®*
level that appear as Ca®* oscillations and Ca?* waves.
These changes may activate global cellular processes.

The most typical example of Ca** signals generated
locally and spreading over the cell is the responses of
Fucus embryo rhizoids to the action of hypoosmotic
shock, reactive oxygen species, and IP; [66, 195]. The

. . 2 .
local increase in Cac;t in response to the above treat-
ments originates near the nucleus region and lasts for
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about 15-30 ms. When several single Ca** signals are
combined into a cluster, a spreading Ca’* wave are gen-
erated. The Ca?*-induced Ca?* release (CICR) from the
organelles and the respective initiation of a Ca?* wave
are apparently caused by reactive oxygen species (such
as H,O,) arising in Fucus rhizoid cells in response to
osmotic stress [195]. The process of signal propagation
over the cytoplasm is ensured by sequential activa-
tion/inhibition of Ca** channels and Ca** pumps in the
endoplasmic reticulum. Thus, the calcium impulse is
propagated owing to cyclic increases and decreases of
Ca?* concentration in the cytoplasm [7, 193].

The amplification of single Ca?* signal is realized
through mobilization of endomembrane Ca** channels
and Ca?* pumps, through activation of other second
messengers (IP;, cADPR), modification of cytoskele-
ton elements, and, most important, via interaction of
calcium with Ca?*-binding sensor proteins (figure).
After binding Ca** to sensor proteins (CaM, Ca**-
dependent protein kinase, calreticulin, etc.), the cal-
cium signal is transmitted (usually by means of revers-
ible phosphorylation) to effector mechanisms
(enzymes, cytoskeletal proteins, transcription factors,
and ionic channels), which initiates Ca®*-dependent
physiological processes. The Ca?* signal is later extin-
guished when the excess of Ca®* is removed from the
cytoplasm by Ca®* pumps or deposited in the
organelles. The depletion of cytosolic Ca®* is accompa-
nied by protein dephosphorylation, which returns the
cell to the initial state [10-12].

The Coding of Calcium Signals

How can Ca?* convey stimulus specificity during
transduction of various signals while being involved in
so many signaling pathways? The main system ele-
ments for coding and decoding Ca?* signals are differ-
ent types of Ca’* channels, Ca>*-ATPases, and Ca®*-
binding sensor proteins. The basis for specific coding
calcium signals is that different environmental stimuli
induce specific oscillations of the cytosolic Ca**, dis-
similar in localization, amplitude, and frequency [14,
194, 196, 197]. The critical role belongs to plant cell
Ca®* channels and Ca®*-ATPases involved in coding
and transduction of Ca** signals [10-12, 14, 84]. Spe-
cific features of Ca®* signal depend not only on Ca’
channels of the plasma membrane, endoplasmic reticu-
lum, and tonoplast, but also on Ca?*-transporting mem-
brane systems located in chloroplasts, the inner mito-
chondrial membrane, and nuclear membrane [98—101,
198]. The presence of a variety of Ca** channels
implies multiple factors regulating the Ca®* entry into
the cytoplasm: membrane potential, IP;, cyclic nucle-
otides, and mechano-osmotic treatments. The Ca?*
pumps play an important role in generation and coding
the Ca?* signals in plant cells. By extruding Ca** from
the cytosol the pumps participate (together with Ca?*
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channels) in creating specific spatiotemporal patterns
of the Ca?* signal.

Unlike other ions, Ca?* cannot readily diffuse within
the cytoplasm. The rate of Ca?* diffusion in the cytosol
is two orders of magnitude lower than in aqueous solu-
tions; this is because Ca* is absorbed by organelles and
binds to cytoplasmic and cytoskeletal proteins
[16, 194]. The slow diffusion rate is one of the factors
conferring specificity to Ca** signals because it allows
local Ca* increases in particular regions of the cyto-
plasm, in the time range sufficient for signal transduc-
tion through specific calcium sensor proteins. The Ca**
inability of rapid diffusion facilitates the formation of
sustained Ca’* gradients within the cytoplasm, and
these gradients provide the basis for vesicle secretion
and tip growth of cells.

The cells comprise numerous compartments con-
taining abundant amounts of calcium. Different signals
mobilize Ca?* from different sources to increase its
level in the cytoplasm [54, 56, 196]. For example, the
chilling-induced rise in cytosolic Ca?>* was prevented
by inhibitors of the plasma-membrane Ca’* channels
but was insensitive to inhibitors of Ca?* channels of
organelles. By contrast, the wind-induced Ca?* rise was
sensitive to Ca** channel blockers specific to organelles
but not the plasmalemma [199]. When the plant cells
were treated with NaCl and mannitol, calcium flowed
out of the vacuole [28, 59]. Elicitors induced calcium
entry from the apoplast [31, 63]. Anoxia triggered the
Ca?* efflux from mitochondria but not from vacuoles

[61]. The ABA treatment raised the Ca™* level by

mobilizing Ca** from both intra- and extracellular
sources [45, 73, 75].

To emphasize the heterogeneity of calcium signals
in their amplitude, frequency, and localization, a term
“calcium signature” was recently introduced. Some
authors [194] draw an analogy of calcium responses to
particular signals with fingerprints, because each of
these signals features unique spatial structure. The
hypothesis of Ca?* signature is often applied to explain
the specificity of signaling pathways involving Ca®* as
a second messenger. In this case, the specificity of Ca’
signal, coded into its spatial properties, may serve as a
selective trigger for cell responses. There are numerous
processes to rely on the shape of Ca?* signal as a basi-
cally important trait for coding specific information
[194, 197]. The brightest examples include pollen tube
growth and cell responses to ABA and symbiotic sig-
nals (Nod-factors) [25, 26, 45, 47]. However, some
facts indicate that the Ca?* signature mechanism is not
the universal tool of Ca?*-mediated information trans-
mission. Recent evidence favor an alternative hypothe-
sis, according to which calcium can not provide the sig-
nal specificity by itself; the Ca?* signal seems to be only
a chemical trigger acting in concert with other signaling
pathways [200].
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Oscillations of Ca** concentration in the cytoplasm.
The diffusion flows are frequently ineffective for infor-
mation transmission over the cell. The wave-type infor-
mation transmission is faster and economically reason-
able. In this case the signal encoding can rely both on
frequency and amplitude of oscillations of cytosolic
Ca’* level. A paradoxical feature of calcium signaling
is the following. Although the increase in Ca®* level is
indispensable for signal generation, a long-term main-
tenance of high calcium concentration in the cytoplasm
can be lethal for cell, partly because Ca®* binds to phos-
phates and disturbs the cell energetics [6, 194]. There-
fore, the cells are able to transfer Ca2*-encoded infor-
mation without risk of lethal damage by using either
low-amplitude or very short calcium signals. The oscil-

. 2+
lations of Ca,y,

individual spikes (single oscillations of cytosolic Ca®"),
oscillations (rhythmic changes of cytosolic Ca?*, repet-
itive spikes), or Ca?* waves spreading over the cell [84,
194, 197]. The calcium waves, oscillations, spikes, and
gradients were observed in many cell types and are con-
sidered as primary forms of spatiotemporal organiza-
tion of the Ca?* signal [194].

Ca’* spikes. Individual oscillations (spikes) of ion-
ized calcium level in the cytoplasm arise upon a variety
of treatments: heat [58]; chilling [55, 57]; hypoosmotic
[64, 65] and hyperosmotic [52] shocks; anoxia [60-62];
oxidative stress [68, 69]; elicitors [28, 30, 31, 63]; illu-
mination with red [20, 40], blue [41], and UV [201]
light; and mechanical stimulation [28,67]. It should be
noted that Ca?* spikes of variable shape (calcium signa-
tures) are induced not only by different stimuli but also
by identical stimuli applied to different cells [56].

Ca?* oscillations. Rhythmic changes of the ionized
calcium concentration in the cytosol (Ca?* oscillations)
can arise from alternation of Ca®* fluxes directed into
the cytoplasm and outward. They result from the cyclic-
ity of Ca?* release and Ca* uptake (through Ca?* chan-
nels and Ca?* pumps) by the cell compartments, such as
endoplasmic reticulum, cell wall, and other organelles.
The membrane system capable of generating one or
several Ca®* spikes by means of inward and outward
Ca?* fluxes is sometimes called Ca?* oscillator [202].
Such an integrated system includes at least one type of
Ca?* channels and one type of Ca®* pumps that are
capable of forming specific pattern of Ca®* signal (Ca®*
signature) by cyclic operation in a coupled mode.

Felle [77] was the first to reveal Ca?* oscillations in
plants: the oscillations were observed on maize coleop-
tile cells treated with auxin. The use of fluorescent
probes revealed repetitive Ca?* spikes in cells of oat
coleoptiles irradiated with red and far red light [21], as
well as in root cells of Arabidopsis exposed to anaero-
bic conditions [60]. Growing pollen tubes produce a
sustained Ca** gradient increasing towards the apex;
this gradient oscillates with a period of about 40 s
[47, 203, 204]. In the epidermis and pericycle of Arabi-

during signal transduction appear as
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dopsis roots, oscillations of ionized calcium were
induced by mannitol or NaCl treatments [56].

Calcium oscillations can be induced by Nod-factors
in the cytoplasm of root hairs of legumes. After the
inoculation of Medicago sativa with Rhizobium (or
after the treatment with Nod-factors), rhythmic Ca?*
oscillations appeared in the root hairs (with the period
of about 90 s and the amplitude of 400-500 nM) and
continued until the onset of nodule formation [26].
Similar Ca?* oscillations were also observed in the root
hairs of pea and alfalfa M. truncatula upon the treat-
ment with the respective Nod-factors [205, 206]. Some
mutants of alfalfa (dmil and dmi2) and pea (symS,
syml0, and sym 19) with the poor nodule formation
produced no Ca?* oscillations or very weak oscillations
in response to Nod-factors. However, other mutants
also defective in early nodulation responses (dmi3 in
alfalfa and sym 2A, sym7, sym9, and sym30 in pea) pro-
duced Ca?* oscillations that were identical to those in
the wild-type plants.

The earliest response of stomatal guard cells to ABA
treatment consists in the increase (within 2 s) of Ca**
level in the cytosol due to activation of Ca** channels in
the plasma membrane [44, 45, 75, 157, 207]. The phy-
tohormone is thought to activate the voltage-dependent
poorly selective Ca®* channels of the plasmalemma.
The synthesis of second messengers (IP; and cADPR)
is activated almost synchronously and initiates the Ca®*
release from the vacuole. The increase in Ca** concen-
tration in the cytoplasm is accompanied by the activa-
tion of anion channels in the plasma membrane and its
prolonged depolarization caused by the efflux of anions
from the guard cells. The plasma membrane depolar-

. . . . 2+
ization and the increase in Ca,

lead to closing of
inward-rectifying K* channels and opening of outward-
rectifying K* channels responsible for the inward and
outward flows of potassium in the guard cells. These
events result in the drop of turgor pressure and stomatal

closure.

Remarkably, the ABA-induced changes in cytosolic
Ca®* level proceed in oscillating regime (with the
period of 10-12 min and amplitude of 200-600 nM)
and remain evident for almost 60 min after the hormone
treatment [74, 207]. The Ca?* oscillations were induced
not only by ABA but also by changes in the external
Ca?* concentration. The parameters of Ca?* oscillations
depended on the extracellular Ca®* concentration, i.e.,
the higher was the Ca?* level in the external medium,
the larger was the amplitude of Ca®* oscillations in the
cytoplasm of stomatal guard cells.

The mechanism of osmotic regulation in the sto-
matal guard cells cannot be comprehended without
considering the role of vacuole in this process, because
the vacuole occupies up to 90% of cell volume. The
movements of stomata are accompanied by transloca-
tion of solutes not only across the plasmalemma but
also the tonoplast. The main route for the efflux of K*
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from the vacuole is through the vacuolar K* channels
(VK-channels) that are activated upon the increase in

2+
Ca,y,

level up to 1 uM. When the cytosolic Ca?* con-
centration decreases, the efflux of K* from the vacuole
is mediated by fast vacuolar tonoplast channels

(FV-channels) [45, 75, 157].

The unique ability of guard cells to integrate infor-
mation on stimuli causing Ca®* oscillations and “deci-
pher” the parameters of Ca?* signal apparently allows
them to adjust the stomatal aperture [74, 75, 84, 207—
209]. The number, frequency, and the amplitude of Ca?*
oscillations control the maintaining guard cells in a
low-turgor condition (closed stomata). Specific Ca*
oscillations resulting in stomatal closure are induced not
only by ABA but also by light, CO,, and drought [75].

Allen and colleagues [209] analyzed Ca** oscilla-
tions and stomatal movements on ABA-insensitive Ara-
bidopsis mutant gca2. Although ABA induced Ca*
oscillations in this mutant, these oscillations substan-
tially differed from those observed in the guard cells of
the wild-type plants. In addition, the ABA treatment did
not cause closing of stomata in the gca2 mutant. In sub-
sequent experiments [209] the authors attempted to

restore the ability of stomatal movements in mutant

2+

plants by artificial induction of Ca., oscillations.

Using the parameters of Ca?* oscillations observed dur-
ing ABA-induced closing of stomata in the wild-type
plants, the authors successfully induced the stomatal
closure in the gca2 mutant of Arabidopsis. These
results provide convincing evidence that guard cells are
indeed capable of deciphering information coded in the

2+ . .
parameters of Cay, oscillations.

Ca** waves. The information transmission by
means of Ca?* wave propagation is particularly interest-
ing. While spreading over the cell, the Ca** wave acti-
vates global cell processes rather than local events [194,
210]. Upon the interaction of several cells, Ca** waves
can be even transmitted to neighboring cells [211].
Cells with tip growth, such as pollen tubes, provide a
good example of Ca®* wave generation [25, 194]. The
growing pollen tube maintains a sharp tip-focused
oscillating gradient of Ca?* ions [47, 203, 204]. The
peak concentration of Ca®* is attributed to a small
region in the apical part of pollen tube where the mem-
brane of vegetative cell is continuously renewed owing
to incorporation of new vesicles [194]. As soon as the
Ca’* wave approaches the apex, the growth of pollen
tube ceases and changes its direction. The redirection of
pollen tube growth is preceded by the local increase in
cytosolic Ca?* level on a cell side to which the pollen
tube will bend [194].

Rigorous studies of the above events showed that
the apical Ca?* oscillations coincide in frequency with
the rhythmic changes in pollen tube growth rate [47,
203]. The Ca?* waves, generated with a period of 20-80 s
and the amplitude peaking 1 UM Ca?* in the nucleus
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region, are propagated toward the apex. The higher was
the peak of calcium level changes, the higher was the
growth rate of the pollen tube. The question of whether

the Caf;t oscillations are the cause or the result of

growth oscillations remains open because some data
suggest that inward Ca®* currents are unrelated to
growth pulsations [204, 212]. It was found that Ca?*
oscillations were delayed with respect to growth rate
pulsation by 4—11 s [204]. This finding suggests that the
Ca”* entry occurs after growth rate pulsation of the pol-
len tube. It was supposed that Ca?* oscillations are
engaged in regulation of periodic secretion of new
material required for pollen tube growth.

The waves of ionized calcium were also recorded
during fertilization [92, 213]. The penetration of sperm
cell into the maize egg cell initiated within 1.8 £ 0.6 s a
sharp local increase in Ca®* concentration at the fusion
site. Next, this calcium signal was amplified and prop-
agated as a Ca>* wave, spreading all over the cell within
50-60 min at a rate of 1.13 um/s.

The Decoding of Calcium Signals

Calcium-binding proteins are the main intracellular
targets for Ca®* ions. Some of these proteins are
engaged in ion transport, and others serve as Ca’* buffer
supporting low calcium level in the cytosol [178]. The
binding of Ca®* with such proteins does not produce
significant changes in their structure. On the other
hand, when calcium interacts with proteins exerting
regulatory functions, the formation of Ca**—protein
complex leads to substantial structural changes in the
protein molecule, and the molecule acquires the ability
of further signal transduction. These proteins, called
sensors are responsible for the decoding of calcium sig-
nal (figure). In Arabidopsis, there are more than
150 proteins engaged in the Ca?*-mediated signal trans-
duction [15]. Some data suggest that about 2% of Ara-
bidopsis genome code for proteins that are involved in
the calcium signaling system. The sensor proteins con-
tain three types of Ca?*-binding sites: the EF hand
(EF-motif) [214, 215], the annexin folds [216-218],
and the C,-domain [219, 220].

The major part of identified Ca?*-binding proteins
contains a unique sequence of 12 amino acid residues.
This sequence binds Ca** with a high affinity [221].
Kretsinger et al. [215] were the first to investigate the
structure of Ca?*-binding site by using a Ca**-binding
protein parvalbumin and the X-ray structural analysis.
The structure of Ca**-binding sites is often compared
with a right hand model. The thumb and the forefinger
stretched apart correspond to two o-helical segments of
the protein, whereas other clenched fingers represent
the Ca?*-binding loop. Since one of a-helices on X-ray
diffraction images was designated “E” and the other
was termed “F,” specific Ca?*-binding sites were named
EF-hand (or EF motif). Calcium is positioned in the
center of the octahedron; it is held by coordination

No. 2 2005



260

bonds with 6-8 oxygen-containing groups of constitu-
ent amino acids of the Ca?*-binding loop.

The Ca?*-binding proteins containing EF-hands
respond to Ca?* concentration increase in two ways.
The proteins of the first group, e.g., parvalbumin and
calbindin do not appreciably change their conformation
upon binding Ca?* and serve as Ca’* buffers or Ca’* car-
riers. The second group of EF-hand proteins includes
Ca’* sensors that undergo conformational change upon
binding Ca*, which enables them to interact with target
proteins and modulate their functions [221, 222]. After
the cytosolic Ca®* concentration decreases to the initial
level, Ca®* dissociates from the Ca**-binding proteins,
thus inactivating them and making unable to interact
with their target proteins. The proteins of this super-
family differ in the number of EF-hands (from 1 to 6),
affinity to Ca?* (K, ranging from 107 to 10 M), selec-
tivity, and affinity to target proteins [223, 224]. The cal-
cium sensors are arbitrarily divided in four types: calm-
odulins, Ca’*-dependent protein kinases (CDPK), and
other proteins either containing or lacking EF-hands.

Calmodulin and Other Proteins Containing EF-Motif

Calmodulin is a highly conserved and unique cal-
cium receptor of eukaryotes [221, 223-225]. A typical
CaM consists of 148 amino acid residues and contains
4 EF-hands that bind four Ca?* ions. The CaM content
in the cytoplasm ranges from 107 to 107 M. CaM was
identified in all lower and vascular plants. CaM of plant
organisms differs in structural-functional features from
animal and yeast CaM. Molecular weight of plant
calmodulins is about 16.7-16.8 kD. The amino acid
sequences for plant and algal CaM are highly con-
served (84-100% homology). Calmodulins of higher
plants are characterized (unlike animal CaM) by a large
variety of isoforms. The CaM-binding proteins in
plants are more numerous than in animals [222-224].

One of surprising features of CaM is its ability to
bind specifically to multiple target proteins and modu-
late their activity. Calmodulin acquires this capacity
after binding four Ca?* ions (K4 107’107 M). In plants
CaM-modulated proteins include glutamate dehydro-
genase and NAD kinase, DNA-binding proteins, super-
oxide dismutase, some cytoskeletal proteins, myosins
and heat shock proteins, Ca?*-ATPases and ion chan-
nels, protein kinases and enzymes of phospholipid
metabolism, chaperones and proteins engaged in hor-
monal signal transduction [15, 222, 224]. The binding
of 4 Ca**-CaM complex to the respective target pro-
teins (affinity of this binding is in the nanomolar range)
occurs by virtue of hydrophobic and electrostatic inter-
actions. In most cases the target proteins interact with
the activated calcium form of CaM (4Ca-CaM form).
However, some proteins are capable of binding to CaM
in the absence of calcium [226].

Since CaM has no enzymatic activity of its own, it
serves as a link between external signals and cell phys-
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iological responses in a variety of signaling pathways.
CaM participates in regulation of cell growth and pro-
liferation [225], as well as in plant responses to such
stimuli as red and blue light, gravity and mechanical
treatments, phytohormones and pathogens, salt and
osmotic stresses, anoxia and heavy metals, the cold and
osmotic shocks [224]. The genes coding for different
CaM isoforms are differentially expressed in response
to different stimuli [222-224]. The presence of numer-

ous CaM isoforms in plants is basically important for

providing differential sensitivity to elevations of Caz;rt

in response to various stress factors. For example, one
of eight CaM isoforms in potato (PCaM1) is induced by
touch [227], and two of five CaM isoforms in soybeans
(SCaM4-5) are induced under the action of elicitors or
pathogens [228].

Apart from CaM, the EF-hand containing calcium-
binding sensor proteins include calcineurin B-like (CBL)
proteins [229-231]. In Arabidopsis there are six CBL
genes that code for similar but functionally different
Ca?*-binding proteins [230]. The drought, cold, and
wind induce the appearance of gene transcripts
AtCBL1, whereas AtCBL2 and AtCBL3 are expressed
constitutively [230]. One of CBL proteins involved in
adaptation to salt stress is SOS3 (abbreviated from salt-
overly-sensitive); it contains three EF-hands. The gene
SOS3 encodes a Ca?* sensor similar to calcineurin. The
SOS3 protein is thought to regulate the K*/Na*-trans-
porting system in a Ca**-regulated fashion [229, 232].

In Arabidopsis there are also some other CaM-like
genes; one of them, TCH (abbreviated from “touch”) is
induced in response to mechanical and chemical stim-
uli [233]. The TCH protein is composed of 324 amino
acids and contains six EF-hands [234]. A CaM-like pro-
tein, called EFA27 with a mol wt of 27 kD was isolated
from rice seedlings treated with ABA. This protein con-
tains one EF-motif and is induced in response to salin-
ity, dehydration, and ABA treatment. Arabidopsis con-
tains several genes homologous to EFA27 [235].
Another Ca?*-binding protein AtCP1 (calcium binding
protein) has three EF-hands [236]. The expression of
gene AtCPI was induced by treatment with NaCl but
not ABA. The infection of Arabidopsis plants with bac-
teria induced the expression of genes of primary
response. These genes code for a small (about 20 kD)
Ca**-binding protein centrin that comprises 4 EF-hands
[237]. During the hypersensitive response that develops
in soybean plants injured by Pseudomonas syringae, a
gene PvHra32 is actively expressed. This gene encodes
a Ca?*-binding protein composed of 161 amino acids
that produce four EF-hands [238].

Ca’*-Dependent Protein Kinases

After binding Ca®* to sensor proteins, subsequent
transduction of the Ca®* signal is realized via phospho-
rylation of target proteins and modulation of gene
expression. Phosphorylation is one of the best-studied
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types of post-translation modification of proteins [15,
221, 222, 224]. This process usually involves three pro-
teins and two reactions catalyzed, respectively, by pro-
tein kinase and protein phosphatase.

In plant organisms, at least five types of protein
kinases controlled by CaM and/or Ca?* are distin-
guished: (1) Ca**-CaM-dependent protein Kinases,
CCaMK; (2) CaM-dependent protein kinases, CaMK;
(3) Ca?*-dependent (CaM-independent) protein
kinases, CDPK; (4) CDPK-related protein kinases,
CRK; (5) SOS3/CBL-interacting protein Kkinases,
SIPK/CIPK [15, 239-241].

Ca**-dependent ~ (CaM-independent)  protein
kinases (CDPK) are the most widespread Ca’*-regu-
lated plant proteins. CDPK were observed only in
plants and remain undetected in yeast or animal cells
[222, 239, 240]. The analysis of Arabidopsis genome
indicates the presence of 34 genes coding for CDPK
[240]. These 34 genes are distributed among all five
chromosomes of Arabidopsis. Apart from Arabidopsis,
other plant species, such as soybean, tomato, rice, and
maize also contain multigene CDPK families [242].

The CDPK molecule comprises a protein kinase
domain and a similar CaM-regulated (autoinhibitory)
domain containing four Ca*-binding EF-hands that
inhibits the enzyme activity in the absence of Ca?*.
Upon binding Ca?* to CDPK, the inhibition is released,
which activates the enzyme [239]. The catalytic domain
of CDPK is similar to Ca?*/CaM-dependent protein
kinase. Thus, CDPK represents a particular type of Ca**
sensor capable of both binding Ca* and exhibiting pro-
tein kinase activity. The CDPK activity can be regu-
lated not only by Ca?* but also by phosphorylation—
dephosphorylation processes, some phospholipases,
and 14-3-3 proteins. The attachment of myristic acid
(14 : O fatty acid) to the N-terminal glycine (with a
covalent bond) facilitates the interaction of CDPK with
the membranes [239, 240]. Therefore, CDPK can exist
both in soluble form in the cytosol and in the bound form
associated with membranes, chromatin, or cytoskeleton.

The substrates for CDPK include the enzymes of
carbon and nitrogen metabolism, stress proteins, mem-
brane carriers, ion channels, cytoskeletal proteins, and
transcription factors. The CDPK activity can be modu-
lated by various stress factors and phytohormones
(ABA, TAA, gibberellin, jasmonic acid, and cytoki-
nins). Various forms of CDPK can control growth and
development, carbon and nitrogen metabolism, mem-
brane transport, expression of stress-inducible genes,
and the system of defense responses against pathogens
[239, 240, 243, 244].

Ca?*-Binding Proteins without EF-Motifs

In plant cells, there are several types of Ca?*-binding
proteins without EF-hands in their structure. These pro-
teins include annexins [245], C,-domain-containing
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proteins [220], calreticulin and calnexin [246], and
some others [15].

Annexins represent a multigene family of Ca**-,
phospholipid-, and cytoskeleton-binding proteins. In
plants, animals, and fungi annexins may constitute up
to 0.1% of cell proteins [217, 218, 245, 247]. Annexins
were observed in many plant species and are repre-
sented by a small gene family. For example, Arabidop-
sis contains seven identified genes coding for annexins
[247]. Annexins are supposed to participate in vesicular
secretion and membrane calcium transport [99, 247].
The identity of annexins is due to a conserved C-termi-
nal domain called an “annexin core.” This domain, con-
taining up to 70 amino acid residues, allows annexins to
interact with membranes in a Ca**-dependent manner
and/or form voltage-dependent Ca®* channels [248].
The annexin core is composed of four tandem-type
repeats with similar amino acid sequences. Each repeat
consists of five tightly packed o-helices and contain a
region (termed “endonexin fold”’) with a specific amino
acid motif (G-X-G-T-D/E) capable of Ca?* binding
[217, 218]. The cation permeability of some annexins
ensures a sufficient Ca>* conductance and is inhibited
by La*, Gd*, and nifedipine. The ion conductance
resides in the ability of a-helical domains to form a
pore lined up with hydrophilic amino acid residues that
constitute an ion channel.

The best-studied example of C,-domain-containing
proteins is protein kinase C (PKC) of animals. The
composition of various protein kinases C includes a
catalytic site, regulatory modules, and three (C,—C5) or
four (C,—C,) conserved domains. The first, third, and
fourth conserved domains are present in all isoforms of
protein kinase C, whereas the second (C,) domain is
only characteristic of Ca’**dependent types of the
enzyme, i.e., PKCo, PKCp, and PKCY. The ability of
Ca?* binding is specifically attributed to the C,-domain
of the protein molecule [220]. In animals, C, domains
are found in many proteins. In plants, these domains
have been only revealed as a component of phosphati-
dylinositol-4,5-diphosphate (PIP,)-specific phospholi-
pase C (PI-PLC) and phospholipase D (PLD); these
phospholipases  represent Ca’*-binding proteins
involved in lipid metabolism. Therefore, these enzymes
are presumably able to translate the Ca®* signal to
membrane lipids [220]. The plant PI-PLC contain one
C, domain at the C-terminus of protein molecule and
are activated by calcium at nanomolar concentrations
[220, 249]. In plants, several isoforms of phospholi-
pases D were identified (PLDo, PLDJ, PLDy, and
PLDJ) that showed different sensitivity to Ca** and
PIP,. For example, PLDq is activated by Ca?* in the
millimolar concentration range and is independent of
PIP,, whereas the activity of PLDP depends on PIP,
and is stimulated by micromolar Ca** concentrations
[250, 251].

The Ca?*-binding sensor proteins, calreticulin and
calnexin belong to the family of reticuloplasmins and
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are localized in the lumen of endoplasmic reticulum
[246]. Their attribution to proteins of endoplasmic
reticulum is evidenced by the presence of the HDEL
signaling sequence at the C-terminal part of the mole-
cule. Calreticulin and calnexin were shown to serve as
molecular chaperones.

CONCLUSION

A distinguished expert in calcium signaling, Ber-
ridge entitled one of his works “Calcium—a life and
death signal” [6]. This definition is fully valid for plant
physiology. The Ca* ions are involved in the control of
pollen tube growth, recognition in the pollen—pistil sys-
tem and fertilization, cell development and differentia-
tion, hormonal signal transduction and adaptation to
stress factors, programmed cell death and tropisms,
interactions of plants with phytopathogens and root-
nodule bacteria [9-12, 14, 18, 19, 25, 84]. The Ca?*-
binding sensor proteins control the enzyme activities of
the carbon and nitrogen metabolism, membrane carri-
ers and ion channels, cytoskeletal proteins, and tran-
scription factors [15, 221-225, 239, 240]. The cytosolic
calcium may link many signaling pathways, thus pro-
moting the formation of signaling network in the plant
cell. This network combines different signaling sys-
tems and ensures adequate cell responses to changes in
the environmental conditions [10, 16, 17]. However,
despite a considerable progress in understanding the sig-
naling role of Ca?* in plants, many questions remain open.

To date, many proteins engaged in membrane trans-
port and Ca** binding are not yet identified. The path-
ways by which the environmental signals are conveyed
to the system of Ca?* channels are still unknown. The
mechanisms responsible for Ca?* homeostasis in plant
cells and the origin of specificity of Ca®* signature are
not yet understood. The mechanisms of generation of
Ca?* oscillations and Ca** wave propagation in plant
cells remain largely obscure. It is not yet known how
the amplitude and frequency characteristics of Ca** sig-
nal are translated to the sensor protein system. The
principles of transmitting the Ca* signal to the genome
level and of its interaction with other signaling systems
are not yet investigated. The question of specificity in
generation of Ca®* signal and of its interaction with tar-
get proteins still remains open. Finally, a highly impor-
tant question is whether calcium can ensure the speci-
ficity of the signal transmitted or whether Ca?* acts a
chemical trigger enabling the operation of other signal-
ing pathways. It should be borne in mind that oscilla-

. . 2+
tions in Cay,

may be unrelated to any signaling func-
tions but arise as a side effect being a consequence

(rather than a cause) of other processes.
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