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ABSTRACT

Calmodulin is a small Ca2+-binding protein that acts to transduce second mes-
senger signals into a wide array of cellular responses. Plant calmodulins share
many structural and functional features with their homologs from animals and
yeast, but the expression of multiple protein isoforms appears to be a distinctive
feature of higher plants. Calmodulin acts by binding to short peptide sequences
within target proteins, thereby inducing structural changes, which alters their ac-
tivities in response to changes in intracellular Ca2+ concentration. The spectrum
of plant calmodulin-binding proteins shares some overlap with that found in ani-
mals, but a growing number of calmodulin-regulated proteins in plants appear to
be unique. Ca2+-binding and enzymatic activation properties of calmodulin are
discussed emphasizing the functional linkages between these processes and the
diverse pathways that are dependent on Ca2+ signaling.
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INTRODUCTION

A vast array of cellular responses to external stimuli in eukaryotes involve
second messenger Ca2+ signals. Transducing these signals, integrating their
effects with those of other signaling pathways, and maintaining a homeostatic
balance of Ca2+ to minimize its cytotoxic effects are initiated by a specialized
group of cellular proteins, the EF-hand calcium-modulated proteins. Calmod-
ulin (CaM) is the most widely distributed member of this family of proteins and
is thought to be a primary intracellular Ca2+ receptor in all eukaryotes. The
hallmark of CaM’s mechanism of action is that it transduces second messen-
ger Ca2+ signals by binding to and altering the activity of a variety of other
proteins. Two decades have passed since the description of NAD kinase ac-
tivation in peas (91), which led to the discovery of CaM in plants (2). In the
ensuing 20 years, Ca2+ has been firmly established as a second messenger in
plants, and CaM has been accepted as a primary intracellular receptor for Ca2+

and a multifunctional regulator of protein activity. But the question “Just what
functions does CaM regulate in plants?” has been more difficult to answer.
In recent years, calmodulin genes (Cam) have been isolated and used as tools
to perturb cellular Ca2+ homeostasis and to identify components of the sig-
nal transduction pathways that act downstream from the initial perception of
second messenger Ca2+ by CaM. However, considerable work remains to be
carried out to understand how these pathways are integrated into the whole cel-
lular framework. As was the case when the area was last reviewed in this series
(120), the preponderance of information about CaM and the EF-hand family of
calcium-modulated proteins, their structures, and physiological roles has come
from studies on animal species. However, since that last review, considerable
information has emerged on the structures of plant CaMs and the genes encod-
ing them, as well as the identities of the protein targets upon which they exert
their regulatory effects. At the same time, significant progress has been made in
understanding the mechanisms by which Ca2+/CaM-mediated signaling path-
ways are integrated into the physiological responses of both plants and animals
to external stimuli. Accordingly, the primary focus of this review is an exami-
nation of the more recent cellular and molecular approaches to understanding
the structure-function relationships of CaM, its mechanisms of interaction with
other proteins, the identities and functions of plant proteins whose activities
are regulated by CaM, and the physiological implications for Ca2+-mediated
signaling this information holds.
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CALMODULIN: STRUCTURES, EXPRESSION,
AND MODIFICATION

Calmodulin Structures
The primary structures of CaM proteins are highly conserved across all lines
of eukaryotic phylogeny (reviewed in 67). However, a surprising development
is the discovery that numerous isoforms of CaM may occur within a single
plant species. Plant CaMs possess four functional EF-hand Ca2+-binding do-
mains. These domains are numbered I through IV, beginning from the amino-
terminus. Figure 1 shows the amino acid sequence of a typical angiosperm
CaM and aligns it with the sequences of vertebrate (45) and yeast (36) CaMs.
Because of the large number of plant CaM sequences that have been deduced
by cDNA cloning, one plant sequence, the isoform encoded byArabidopsis
thaliana Cam-2, -3, and -5 (49, 64, 80, 106) is used as a representative plant
sequence for comparison. Positions of frequent substitutions in the plant se-
quences, arbitrarily defined as occurring in>5% of the sequences, are indicated
in Figure 1. Five general conclusions can be drawn from this sequence align-
ment. 1. Apart from a few exceptional sequences that contain small amino- or
carboxy-terminal extensions, plant CaMs are∼16.7–16.8 kDa, highly acidic
proteins. 2. CaM sequences are strongly conserved across all species: Plant
sequences share 91% and 61% identity with those from vertebrates and yeast,
respectively, and sequence conservation among plant and algal species ranges
from 84 to 100%. 3. With the exception of Cys 27, which appears to be a
hallmark of higher plant CaM sequences, all Ca2+-coordinating residues are
conserved in plant and vertebrate CaMs. 4. Sequence substitutions in non-
Ca2+-coordinating residues usually are conservative and preserve regions of
charged or hydrophobic character. 5. Sequence substitutions occur throughout
the molecule but are most common in domain IV. Domain IV of CaM contains
almost as many positions of frequent sequence substitution as domains I, II,
and III combined, and it displays the largest degree of variation among CaM
isoforms expressed in any one species, as well as among the plant, vertebrate,
and yeast sequences. Domain IV functions in concert with the most conserved
region of the molecule among plant species, domain III, to form the high affinity
sites for Ca2+ binding (82) and to initiate interaction between CaM and its target
proteins (137). The sequence variability found in this region of the molecule
may function to facilitate interaction between CaM and different target protein
sequences, but this idea has not been tested experimentally.

The sequence alignment shown in Figure 1 also suggests the importance of
hydrophobic interaction in the mechanism of CaM function. The positions of
the Phe and Met residues are conserved in all angiosperm and algal CaMs. Con-
servation of these residues is maintained between plant and vertebrate CaMs,



       
P1: PSA/dat P2: ARS/vks QC: ARS/apm T1: ARS

March 30, 1998 13:24 Annual Reviews AR060-27

700 ZIELINSKI

Figure 1 Comparison of the primary structures of angiosperm, vertebrate, and yeast calmodulin
proteins. Protein sequences shown in this comparison were deduced from the nucleotide sequences
of Arabidopsis thaliana Cam2(80), human (52), andSaccharomyces cerevisiae CMD1(36) and
are displayed to show the sequence relationships of the four EF-hand domains. Amino acids
are indicated inone-letterIUPAC nomenclature, anddashesindicate identical residues. Residues
marked by an∗ indicate Ca2+-binding ligands. Highly conserved phenylalanine (F) and methionine
(M) residues are highlighted inbold typeface. The residue marked # in the yeast sequence is a
deletion introduced for alignment purposes. A caret ( ˆ ) indicates a residue in plant calmodulins in
which substitutions occur in>5% of the reported sequences. Lysine 115 (K115) is trimethylated
in spinach and wheat and is presumed to be similarly modified in other plant species.

Calmodulin sequences from the following plant and algal species (and their GenBank Acces-
sion Nos.) used in this comparison are as follows:A. thaliana (M38379, M38380, M73711,
Z12022, D45848, Z12024);B. pilosa (X89890); B. juncea (M88307); B. napus(U10150);
B. dioica(L14071);C. annuum(X97558, X98404, U83402);C. reinhardtii (M20729);D. carota
(X59751); D. salina (U62865); F. sylvatica (X97612); G. max (L01430, L01431, L01432,
L01433, L15359);H. annuus(U79736);H. vulgare(M27303);L. longiflorum(L18912, Z12839);
L. esculentum(M67472); M. pyrifera (X85091); M. domestica(X60737); M. sativa(X52398);
O. sativa(L18913, L18914, X65016, Z12827, Z12828);P. hybrida(M80831, M80832, M80836);
P. patens(X90560); P. sativum(U13882); S. tuberosum(J04559, U20291, U20292, U20293,
U20294, U20295, U20296, U20297);S. oleracea(A03024); T. aestivum(U48242, U48688,
U48689, U48690, U48691, U48692, U48693, U49103, U49104, U49105);V. radiata (L20507,
L20691, S81594); andZ. mays(X74490, X77396, X77397).
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with the exception of the MetMet dipeptide at positions 145/146 in plant CaMs,
which is displaced one residue compared with the vertebrate proteins. With the
exception of Phe 99, the location of all Phe residues is also conserved between
plant and yeast CaMs. Furthermore, regions in plant CaM comprising the
remaining hydrophobic residues—Leu, Ile, and Val—are highly conserved in
their relative locations in all CaMs. This pattern of conservation is consistent
with the finding that about 80% of the contacts between CaM and its target
proteins are hydrophobic interactions rather than charge-charge interactions
(reviewed in 34).

It should be noted that the criteria for comparing the proteins listed in Figure 1
as CaMs rather than CaM-like proteins are arbitrary at the present time. Proteins
were eliminated from the list if they diverged by more than 20% with respect
to the “nonvariant” residues in the plant CaM sequence shown in Figure 1 and
included significant (>10–15 residues), unrelated amino acid sequence domains
that extended from the amino- or carboxy-terminus of their CaM-like domain.
By these criteria, the soybean sequences SCaM-4 and SCaM-5 (75) are near the
boundary separating CaMs from CaM-like proteins. These proteins differ from
the example plant CaM sequence by 20.9% and 22.3%, respectively, but by less
than 20% if only the residues showing less than 5% sequence substitution are
considered. The Petunia protein encoded by cDNA clone CAM53 (47) shares
a high level of sequence identity with the plant sequence shown in Figure 1 but
encodes a carboxy-terminal extension of 35 amino acids. As more EF-hand
proteins are characterized in plants, the distinction between CaM and CaM-like
proteins is likely to become less clear.

The three-dimensional structure of Ca2+-replete CaM deduced by X-ray
crystallography (5, 72) revealed an unusual shape for the protein as shown
in Figure 2A. The EF-hand Ca2+-binding domains occur in pairs embedded
within two separate globular regions of the molecule, which is consistent with
the cooperative kinetics of Ca2+ binding by CaM (82). An unexpected feature
revealed in these structures, however, is the extended, solvent-exposedα-helical
region joining the globular domains, which imparts a dumbbell-like shape to
the molecule. This feature differs from the results of NMR (7) and biochem-
ical studies (108), which indicated CaM has a more globular shape. Recent
structures of apo-CaM solved by NMR (73, 148) (Figure 2B) show that in the
absence of Ca2+, CaM is considerably more globular than was suggested by the
X-ray structures of the Ca2+-loaded protein. In particular, the central portion
of theα-helical linker domain region (designated LD in Figure 2A,B) is more
flexible in the apo-CaM structure. The current view is that Ca2+-loaded and
apo-CaM can adopt a variety of conformations that are determined by the shape
of the centralα-helical linker, which acts as a region of variable expansion and
contraction to allow CaM to bind different protein targets (73, 108, 148). Thus,
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Figure 2 Structures of (A) Ca2+ calmodulin determined by X-ray crystallography (5) and (B) apo-
calmodulin determined by NMR spectroscopy (148). The Ca2+-binding loops of the EF-hands are
numbered (I–IV), and the amino- (N) and carboxy- (C) termini of the protein as well as the central
linker domain (LD) are indicated in the figures. The structures were reproduced from atomic
coordinates deposited in the Brookhaven Protein Data Bank. Structure codes 3CLN and 1CFD
for the Ca2+-calmodulin and apo-calmodulin structures, respectively, are available via the World
Wide Web at http://www.pdb.bnl.gov/ and were visualized using the program Rasmol (available at
http://www.umass.edu/microbio/rasmol/).

CaM’s three-dimensional structure should be thought of as lying somewhere
between the two extreme conformations shown in Figure 2A,B.

Posttranslational Modifications
Plant CaMs that have been examined directly are posttranslationally trimethyl-
ated at Lys 115 (120). In all other plant species, Lys 115 is conserved and is
assumed to be trimethylated. Interest in the methylation state of this residue
arises from reports that CaMs lacking Lys 115 trimethylation are readily conju-
gated with ubiquitin in vitro (55, 104), they hyperactivate NAD kinase in vitro
(125), and they accumulate differentially during development in pea roots (96)
and during the culture cycle of carrot suspension cells (97). In roots and cul-
tured cells, higher levels of CaM lacking Lys 115 trimethylation were found in
cell populations containing high proportions of dividing cells. However, very
low levels of the unmodified protein were detected in more highly differenti-
ated regions of roots and in older cell cultures containing fewer dividing cells.
Measurements ofCam mRNA and protein levels and net CaM synthesis as
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a function of cell culture age indicated that CaM turnover rates are higher in
younger, more rapidly dividing cell populations (107). Taken together, these
studies establish a correlation between low levels of CaM Lys 115 trimethyla-
tion and high rates of CaM turnover, but whether the mechanism of turnover
involves ubiquitination of Lys 115 remains to be determined. The more physio-
logically important question, however, is what functional significance the lower
levels of CaM methylation and higher rates of synthesis and turnover have in
younger, more rapidly dividing populations of cells. Roberts and coworkers
approached this problem by examining the effects of ectopic expression of syn-
thetic genes encoding CaM, VU-1, and VU-3 in transgenic plants (118). VU-1
encodes Lys at position 115 and can be methylated in vitro by a CaM-specific
N-methyltransferase, while VU-3 encodes a form of the protein that contains an
Arg for Lys substitution at position 115 (Lys 115 Arg) and cannot be trimethyl-
ated (121). In vitro the mutant Lys 115 Arg protein is a more potent activator
of NAD kinase isolated from pea, but it activates cyclic nucleotide phospho-
diesterase to normal levels (121). These CaMs were expressed in transgenic
tobacco under the control of the cauliflower mosaic virus 35S promoter. Steady
state levels of total CaM increased approximately 1.5- to twofold over the levels
in untransformed plants, with tobacco CaM expressed at near normal levels and
the synthetictransgeneexpression accounting for the remainder. Transgenic
lines expressing the VU-1 gene product grew normally, but in contrast, lines
expressing the VU-3 (Lys 115 Arg) gene displayed shortened internodes, re-
duced seed production, and reduced seed and pollen viability. These results
may indicate that reduced CaM methylation alters the activation of proteins that
play key roles in the signaling steps required for organ differentiation. Alterna-
tively, disruption in the pattern of CaM methylation may perturb the sequence of
events of DNA replication or chromosome partitioning in meiosis, resulting in
phenotypes similar to those observed as artifacts resulting from plant regenera-
tion from tissue culture (30). This possibility is a concern because specifically
timed changes in CaM gene expression occur in meiosis (124). If altered lev-
els of CaM methylation and accumulation disrupted meiotic progression in the
tobacco plants expressing VU-3 CaM, however, the effect was subtle because
no differences in chromosome number were observed in the transformed plants
used in this study (118).

Calmodulin Expression and Subcellular Localization
While CaM expression is ubiquitous among eukaryotic cells, concentrations
of the protein can vary widely in specific cell types. CaM protein or mRNA
levels generally are highest in proliferating populations of cultured cells and
in plant meristematic regions (105). Higher concentrations of CaM on a total
cellular protein basis have been reported in the apices of pea shoots and roots,
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compared with more mature regions of these tissues. Immunolocalization stud-
ies indicate that root cap cells as well as meristematic zones are specific sites
of increased CaM accumulation (reviewed in 110, 120). Similarly, increased
steady state levels ofCammRNA have been measured in the intercalary meri-
stematic zone of barley leaves (149), apical meristems (27, 28), differentiating
siliques compared with mature leaves and roots (80), and in stolon tips (129).
Studies with transgenic plants harboring chimaeric genes consisting of a plant
Campromoter fused to a bacterialβ-glucuronidase (GUS) reporter gene are
consistent with the steady state measurements ofCammRNAs described above.
Takezawa et al (129) found that the promoter of potatoPCM1drives GUS ex-
pression in transgenic potato at high levels in meristematic tissues, including
the shoot apex, stolon tip, and vascular tissues. Similar results were observed
in transgenic tobacco usingCampromoters from Arabidopsis (131) and rice
(27). Timme et al (131) detectedCam3-driven GUS activity in the root apical
meristem even thoughCam3mRNA levels were below the limits of detection
in RNA gel blots and RT-PCR assays of Arabidopsis whole root RNA fractions
(106). It should be noted, however, that comprehensive examinations of the
cell-type patterns of expression for an entireCamfamily in one plant species
have not been reported. Thus, it cannot be excluded that there may be instances
of Camsequences whose expression is limited to either specific differentiated
cell types or to nonproliferating tissues.

Overexpression ofCamsequences also has been used as a means to per-
turb the steady state accumulation of CaM and evaluate the protein’s role in
regulating plant growth and development (111). In transgenic potato plants a
number of phenotypic effects were observed that correlated with the expression
of a CaM-encodingtrans-gene. The phenotypes included loss of apical domi-
nance, shortened internodes, and the formation of tubers on aerial portions of
the plants. Unfortunately, because of the variety of phenotypes observed in
these plants, it is difficult to evaluate which process(es) regulated by CaM were
critically affected that altered normal development.

There are few quantitative measurements of CaM concentration in vivo in
either animal or plant systems. Ling & Assmann (79) examined the distribution
of CaM in different organs, tissues, and protoplast types fromVicia fababy gel
densitometry and enzyme activation assays. From their data, it can be calcu-
lated that CaM levels are in the range of 1 to 2µM, based on the total volumes
of protoplasts isolated from mesophyll, epidermal, and guard cells. Thus, CaM
concentrations in the cytosol are likely to range from 5 to 20µM. This estimate
is comparable to the levels of CaM, 4µM and 39µM, measured in carrot cell
suspensions (46) and bovine tracheal smooth muscle cells (87), respectively.
Although concentrations of CaM in the cytosol are in theµM range and the Kds
for CaM interaction with its target proteins are in the nM range (34, 43, 103),
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CaM accumulates at subsaturating concentration compared with the concen-
tration of its binding sites on CaM-regulated proteins (87, 122). Therefore,
competition for CaM among different CaM-binding proteins is likely to play
an important role in determining the cellular responses to increases in cytosolic
Ca2+.

Calmodulin Genes, Ca2+ Signaling, and the Nucleus
Genes encoding CaM have been isolated from several plant species, including
apple (142),Arabidopsis(23, 64, 106), potato (129), rice (27), wheat (145), and
the algaChlamydomonas reinhardtii(150). The higher plant genes all appear
to be members of surprisingly large families of at least 6 to 12 members, while
Chlamydomonashas a singleCamsequence. In all known higher plantCam
sequences, the coding region consists of two exons separated by a single intron
that splits the codon encoding Gly 26 within the Ca2+-binding loop of domain I.
This intron position is conserved inChlamydomonas, but here the gene contains
five additional introns within the coding region. Promoter regions of the plant
genes generally contain AT-rich regions and recognizable TATA box motifs, in
contrast to vertebrateCam5′ flanking regions, which are GC-rich and do not
contain TATA boxes (94). In vertebrates, there appear to be a limited number of
Camsequences (three in mouse, rat, and human) that encode multiple mRNA
species, but identical polypeptides (45, 94). In these systems, the “multiple
genes–one protein” hypothesis postulates that the function of the gene family
is to fine tune expression to meet the specific needs of different tissues and
organs for CaM. The expression pattern at the cellular level for an entireCam
family has not been examined for any plant species to date, and the presence
of CaM isoform proteins in plants may make this analysis more complex than
in animals. However, measurements ofCammRNA expression in plants at the
organ level (49, 80, 106, 129) are consistent with the idea that multiple genes
are needed fine tuneCamexpression in plants.

CaM is most commonly viewed as a cytosolic protein, but attention has re-
cently been focused on CaM found in the nucleus (6), where it specifically
associates with certain transcription factors (31, 128), an NTPase of unknown
function (26), and histone H1 (115). Disruption of normal growth and devel-
opment in transgenic mice expressing a peptide inhibitor of CaM function in
the nucleus supports the physiological relevance of CaM-nuclear protein in-
teraction and provides in vivo evidence for CaM activity in the nucleus (139).
Luby-Phelps et al (87) reported that signaling levels of Ca2+ caused translo-
cation of CaM into the nucleus in approximately half the smooth muscle cells
loaded with fluorescently labeled CaM they imaged. Significant levels of CaM
in the nuclei of barley aleurone protoplasts have been observed by immunoflu-
orescence microscopy (123). Changes in the levels ofCammRNA and protein
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were measured in the aleurone cells in response to treatments with GA and
ABA. However, these hormone treatments had no obvious effect on the rela-
tive distribution of CaM in the cytosol and nucleus. An exciting challenge for
future work lies in understanding the function of nuclear CaM and determining
whether CaM pools in the nucleus and cytosol are exchangeable and respond
to changes in Ca2+ concentration.

Signal transduction pathways involving Ca2+or CaM have been implicated in
changes in nuclear gene expression in response to auxin (100), gibberellic acid
(24, 123), light (15, 74, 93), mechanical perturbation (14, 17, 48, 64, 95, 106,
129), and wounding (95). In many instances, changes in the expression ofCam
sequences themselves are elicited by stimuli that trigger changes in cytosolic
Ca2+. It should be noted, however, that although changes inCammRNA levels
have been measured in response to these stimuli, the only instance in which
accompanying increases in CaM protein has been measured is in response to
gibberellic acid treatment (123). The finding thatCamexpression is enhanced
by stimuli that raise cytosolic Ca2+ levels seems paradoxical: Why should ex-
pression of a gene encoding a receptor for a signaling molecule be induced
by the molecule its gene product is produced to detect? No definitive expla-
nation is available to answer this question, but at least two possibilities can
be entertained based on the mechanisms of CaM function. CaM is needed in
stoichiometric amounts to activate target proteins but appears to be produced
in limiting quantities under resting conditions (87, 122). Short-term application
of a stimulus may potentiate CaM accumulation in preparation for repeated or
long-term stimuli that require higher levels of the protein. Alternatively, newly
synthesized CaM is not methylated at Lys 115, and as such, it may selectively
activate certain target proteins [e.g. NAD kinase (121)] and be turned over
rapidly (107).

How could changes in intracellular Ca2+ concentration that are generated
by extracellular stimuli lead to changes in gene expression? One mechanism
of Ca2+ signaling in animal systems that can alter patterns of gene expres-
sion is through the transcription factors CREB (41, 90), ERK, JNK, NFAT,
and NFκB (39). Activities of these transcriptional regulators are modified by
phosphorylation/dephosphorylation by a CaM kinase cascade (41, 42) and the
CaM-dependent protein phosphatase, calcineurin (59). At this time, however,
regulation of plant transcription factor activity by CaM-dependent protein ki-
nases or phosphatases has not been described. A second mechanism for cou-
pling changes in cytosolic Ca2+ to alterations in transcription involving CaM
also has been described. Several transcription factors of the basic-helix-loop-
helix family bind CaM in the presence of Ca2+, which inhibits their binding to
DNA as homodimers and their ability totrans-activate gene expression (31).
In plants, interaction between CaM and DNA-binding proteins, including the
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bZIP transcription factor TGA3 and related proteins, has been reported (128).
In this case, Ca2+-dependent interaction between CaM and the DNA-binding
proteins enhanced their ability to bind a region of the ArabidopsisCam3pro-
moter in vitro. The challenge for future work on CaM in the plant nucleus is to
correlate CaM interaction with nuclear proteins with changes in the expression
of specific genes.

MECHANISMS OF CALMODULIN-MEDIATED
Ca2+ SIGNALING

A key feature of the four EF-hands of CaM is that they respond to changes in
cytosolic Ca2+ concentration, and in doing so allow CaM to act as a molecular
switch. A crucial and often unappreciated aspect of this response mechanism
is that it is dependent upon CaM’s interaction with target proteins. These inter-
actions have important consequences for the fine tuning of signal transduction
and make it more appropriate to think of CaM as a tunable switch rather than
a simple on and off switch.

Ca2+ Binding and Target Protein Interaction:
The Chicken or the Egg?
Ca2+-mediated signaling through CaM is commonly described as an ordered
process. That is, Ca2+ enters the cytosol in response to a signal, it is bound by
CaM, and the Ca2+-CaM complex binds and activates a collection of target pro-
teins leading to a physiological response. In this view, it is difficult to envision
how Ca2+/CaM can regulate such a wide array of cellular processes: The initial
rate of all responses would be defined by the Kd of Ca2+ binding by CaM and
the rate of diffusion of the complex through the cytosol. However, differential
amplitudes, patchy cellular distributions, and temporal differences are now rec-
ognized to endow Ca2+ signals with considerable complexity (22, 134, 135). In
a similar fashion, Ca2+-dependent differences in the interactions between CaM
and its target proteins also contribute variety and complexity to the physiolog-
ical responses to increases in cytosolic Ca2+.

The idea that second-messenger Ca2+ is perceived by CaM acting in concert
with its target proteins is supported by several lines of evidence. First, saturation
of the four Ca2+-binding sites on CaM in vitro under conditions of physiolog-
ical pH, ionic strength, and Mg2+ concentration requires nonphysiologically
high levels of Ca2+ (82). Storm and colleagues observed, however, that in the
presence of a target protein, Ca2+ binding by CaM saturates at physiologically
relevant concentrations of the ion (101, 102). Under these conditions all four
EF-hands bind Ca2+ in a cooperative fashion (63, 137) and CaM’s Ca2+-binding
curve becomes sharply focused over the physiological range of 10−7 to 10−6 M
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(Figure 3). A similar effect is reflected in the Ca2+ dependence of NAD kinase
(77) and glutamate decarboxylase (GAD) (126) activity. Enhanced binding of
Ca2+ by CaM also is observed in the presence of peptides comprising the CaM-
binding domain of target proteins (56). The effect of CaM-binding peptides on
CaM’s ability to bind Ca2+ is so potent, in fact, that they restore the ability of
proteins with mutant EF-hand Ca2+-binding domains to bind the ion with nor-
mal affinity (44, 56). Since Kd = Koff/Kon, the effect of target proteins on Ca2+

binding by CaM might be to enhance Kon or to decrease Koff of the ion. Recent
studies show that peptides derived from CaM-binding proteins reduce CaM’s
Kd for Ca2+ by both mechanisms (65). A crucial finding is that the enhancing
effects of different target proteins on Ca2+ binding by CaM are not identical.

Figure 3 Calmodulin-binding proteins enhance the ability of calmodulin to bind Ca2+ and activate
enzymes. Thetop panelshows that in the presence of myosin light-chain kinase (MLCK), Ca2+
binding by calmodulin occurs within the concentration range characteristic of second messenger
signals (adapted from 101). Thebottom panelshows that activation of NAD kinase occurs in a
similar, but not identical, range of Ca2+ concentrations as Ca2+ binding by calmodulin-MLCK
(adapted from 77).
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Interaction of CaM with myosin light chain kinase (MLCK), troponin I, and
cyclic nucleotide phosphodiesterase yields protein-CaM complexes having dif-
ferent Kds for Ca2+ (102). Furthermore, kinetic studies of CaM association and
dissociation with peptides derived from CaM-regulated proteins (66, 109) and
model CaM-binding peptides (21) demonstrate that different CaM complexes
with target protein have different association and dissociation rates. In sum-
mary, interactions between different target proteins and CaM have a variable
effect on the range of Ca2+ concentration to which CaM responds, how rapidly
different Ca2+/CaM-regulated proteins are activated when a stimulus initiates
a Ca2+ signal, and how rapidly the activities are down-regulated when the Ca2+

signal is attenuated. Thus, the complex interplay between Ca2+, CaM, and
target proteins can account for a significant portion of the diversity attributed
to CaM-mediated signal transduction.

There also are well-documented Ca2+-independent interactions between CaM
and certain proteins. These interactions have been demonstrated for target pro-
teins that require Ca2+ for activation, such as higher plant glutamate decarboxy-
lase (3), as well as ones whose activities are down-regulated by CaM (50, 92),
and ones that do not require Ca2+ for activation (54). Ca2+-independent asso-
ciation of a major fraction, if not all, of the CaM in the cell with other proteins
also is supported by fluorescence recovery after photobleaching experiments in
smooth muscle cells (87), where it was shown that CaM within the cytosol is
not freely diffusable at either resting or signaling levels of Ca2+. Finally, based
on thermodynamic considerations of the rates of diffusion in the cytosol, it has
been suggested that CaM-target protein complexes must exist at resting Ca2+

concentrations to account for rapid activation in response to a signal (69).
These observations suggest that Ca2+ signaling through CaM is not trig-

gered by a single step, whose initial kinetics are determined by Ca2+ binding
by apo-CaM and Ca2+/CaM diffusion through the cytosol. Rather, the avail-
able evidence indicates that Ca2+-mediated signaling through CaM is initiated
via several independent pathways. In this scenario, each pathway is activated
with kinetics that depend on specific interactions between Ca2+, CaM, and a
CaM-regulated target protein. Different CaM-Ca2+-target protein associations
would, then, greatly increase the potential for cell-, tissue-, or organ-specific
responses to stimuli, if CaM-regulated binding proteins are expressed differen-
tially. Furthermore, the CaM-target protein interactions described above also
provide a molecular mechanism for selectively decoding frequency-modulated
and amplitude-modulated Ca2+ signals (reviewed in 12). Identifying the pro-
teins regulated by CaM, describing their patterns of expression, and defining the
Ca2+-dependence of their interaction with CaM and its effect on their activities
are the linchpins to understanding how so many different stimuli utilize Ca2+

signals and yet elicit distinctive physiological responses.
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Calmodulin-Target Protein Interaction
Molecular recognition and biochemical regulation by CaM are dictated by its
interaction with short peptide sequences in target proteins. An unusual feature
of this interaction is that it occurs exclusively by interactions of amino acid
side chains in CaM and the proteins to which it binds (34). CaM binds with
high affinity to peptides ranging from 17 to 25 amino acids in length having
a basic, amphiphilicα-helical structure (103). Binding is accomplished by a
change in conformation of the centralα-helix of CaM to a random coil. This
conformational change permits the globular lobes of the protein to engulf the
target peptide (reviewed in 34). When this interaction is initiated, the CaM-
binding peptide can be displaced from an autoinhibitory site on the protein, as is
the case with glutamate decarboxylase (126). CaM-activation also can involve
other conformational changes such as multimerization (9, 58). Peptides having
structures other than basic amphiphilicα-helices have recently been identified
as binding targets for CaM by screening peptide display libraries (37). However,
it is not clear whether any of the synthetic peptides bound by CaM in this study
are representative of structures found in CaM-binding proteins.

The predominant interaction in the association between CaM and basic, am-
phiphilic α-helical peptides is hydrophobic (reviewed in 34, 133, 138). This
mechanism was elegantly exploited using yeast genetics to show that different
combinations of residues in CaM are critically required for different functions
(98, 99). This conclusion is supported by in vitro studies that have examined
target protein activation by site-directed mutants of CaM (138). Hydrophobic
interaction is significant because it allows for tremendous primary structure flex-
ibility, and thus, it accounts for the wide sequence variation in CaM-binding
domains. No discernible amino acid sequence motif comprising a consen-
sus CaM-binding domain has emerged from comparisons of the sequences of
CaM-binding peptides and CaM-binding domains within CaM-regulated pro-
teins (34, 103). While frustrating for the molecular biologists trying to identify
and characterize CaM-binding proteins, this mechanism of interaction is cru-
cial from the physiological perspective of creating signaling pathways having
distinct and characteristic responses to second messenger Ca2+.

PLANT CALMODULIN-BINDING PROTEINS

Because CaM is ubiquitously expressed and has no enzymatic activity of its
own, the signaling pathways initiated by CaM and the physiological responses
they elicit are derived from the expression patterns and activities of the proteins
regulated by CaM. Identifying these proteins represents an area of intensive
current interest in all eukaryotes. Table 1 lists the proteins in plants that have
been shown to bind or whose activities have been demonstrated by some means
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to be regulated by CaM. At first glance the number of plant proteins that have
been identified as CaM-binding or -regulated proteins since the field was last
reviewed in this series (120) is impressive. However, it should be noted that the
evidence for including some of the proteins on this list is tenuous. Accordingly,
particular attention should be paid to the method(s) of inferring CaM regula-
tion. The more complementary or independent methods employed to identify
a protein’s interaction with or regulation by CaM, the more reliable is its list-
ing in Table 1. As is the case in animal systems, a wide variety of enzymes,
transport proteins, and cytoskeletal elements are represented among plant CaM-
binding proteins. However, this list is not simply a collection of homologs to
CaM-regulated proteins in animal systems. Glutamate decarboxylase (GAD)
is a particularly striking illustration of this point. Alignment of the amino acid
sequences of GAD from plant, animal, and bacterial sources reveals commonly
shared elements in the catalytic portions of the enzymes, but no identity or
similarity in the region of the CaM-binding domain, which is present as a
carboxy-terminal extension on the plant enzyme (3, 8).

Conspicuously underrepresented, relative to animal systems, are CaM-regu-
lated protein kinases in plants. These enzymes are prominent among the protein
kinases in animal systems and include a kinase cascade in which all members
are regulated by Ca2+ and CaM (42). Interactive cloning has produced reason-
able evidence for plant homologs of the multifunctional Ca2+/CaM-dependent
protein kinase II (85, 143), but no enzymatic data have been published to con-
firm that CaM, in fact, regulates the activities of the proteins encoded by these
cDNA clones. A novel finding in plants, however, is the Ca2+/CaM-regulated
protein kinase described by Poovaiah and colleagues (105, 130). This protein
resembles the CaM-like domain protein kinase (CDPK) (120) in its overall
structure, but unlike CDPK, requires CaM for its activity (130). Expression of
the Ca2+/CaM-regulated protein kinase at the level of mRNA is spatially lim-
ited, with transcripts detectable only in developing anther tissues (105). What
role this kinase plays in anther development or microsporogenesis, however,
remains to be determined. Pharmacological evidence implicates the activity of
a CaM kinase II homolog in the mechanism of stomatal closure (32) as well
as in the mechanism of growth reorientation in response to gravity (83). Ca2+

signaling has been demonstrated to play an important role in both of these
plant responses (22). Unfortunately, substrates for either the CaM kinase II
homologs or the Ca2+-CaM-dependent kinase have yet to be identified. The
guard cell system has also yielded tantalizing results in the search for a po-
tential CaM-regulated protein phosphatase activity homologous to the type IIB
phosphatase, calcineurin. Pharmacological evidence implicates the activity of
a CaM-regulated phosphatase activity in regulating ion fluxes across both the
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plasma membrane (86) and the tonoplast (1) of guard cells. However, biochem-
ical identification of a such an activity has been elusive (125).

Biochemical studies have provided evidence for CaM-regulated Ca2+-ATPase
activities in plant cells. Ca2+-transport activities have been characterized on
various membrane fractions, but whether the ATPases driving the transport are
regulated by CaM and the identities of the membranes from which the CaM-
regulated activities are derived have been controversial. It seems most likely
that there are tissue and species differences in the numbers, locations, and mech-
anisms of regulation of this family of transport proteins. Ca2+-ATPases play
an important role in Ca2+ homeostasis by restoring concentrations of the ion to
resting levels following a signal-induced increase in cytosolic Ca2+ (reviewed
in 19). This transport drives Ca2+ extrusion from the cytosol against a large dif-
ference in electrochemical potential. Current evidence supports a widespread
distribution of CaM-regulated Ca2+-ATPase activities in plant cells, including
transporters on the plasmalemma (113, 114), tonoplast (89), and ER (4, 52, 62)
membranes. Evidence that CaM-regulated activities play a role in maintaining
cytosolic Ca2+ levels comes from the effects of a CaM inhibitor on cytosolic
Ca2+ concentrations measured by imaging (51). Treatment with CaM inhibitors
resulted in a slow rise in cytosolic Ca2+, consistent with the idea that CaM-
stimulated Ca2+-pumping is required to maintain low resting levels of the ion.
Therefore, it appears that, although the locations of the Ca2+-transport proteins
may differ somewhat in different plant tissues, plants possess a CaM-regulated
system of Ca2+ homeostasis similar to that of animals.

There is a wide array of protein sequences that are known, or presumed,
to bind CaM in plant proteins (Table 1). Identification of these domains have
produced some surprising findings. (a) Two cDNA clones have been isolated
encoding proteins with nearly identical CaM-binding domains. Unfortunately,
the functions of the tobacco heat shock-repressed protein (84) and the maize
root tip protein (117) are unknown. Based on the previous discussion of the
influence of target proteins on Ca2+ binding by CaM, these two proteins should
trigger signaling pathways initiated by similar types of Ca2+ signals. (b) GAD
and the transcription factor TGA3 possess acidic residues in their CaM-binding
domains, which have been demonstrated directly and predicted by computer,
respectively. The region from GAD is not predicted to be a particularly strong
α-helix former. Nevertheless, Vogel and co-workers have presented preliminary
evidence that a peptide comprising the CaM-binding domain of GAD binds
CaM with a 1:1 stoichiometry and is induced to form anα-helix upon binding
Ca2+/CaM (147). (c) Trp residues, long thought to be one of the hallmarks,
although not absolute requirements, for CaM binding (103), are found in only
about half of the CaM-binding domains of the plant proteins.
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While CaM regulation of the 19 proteins listed in Table 1 ranges in certainty
from tenuous to well documented evidence, protein gel blot assays using la-
beled CaM as a ligand probe against proteins extracted from a variety of plant
(78, 79) and algal (18) tissues indicate the number of CaM-binding proteins is
considerably larger. The challenge in the field over the next few years will be
to determine how many proteins are regulated by CaM. Determining whether
CaM functions in a specific signaling pathway or regulates key activities lead-
ing to a particular physiological response presents a special challenge because
of the multifunctional nature of CaM, its ubiquitous distribution, and the large
family of CaM-like Ca2+-binding proteins in eukaryotes. Identifying specific
proteins that either bind CaM or whose activities are modulated by CaM in vitro
is one of three strategies that have been used to elucidate CaM function. Of the
two remaining approaches, pharmacological strategies that utilize inhibitors of
CaM function have been reviewed extensively (110, 120) and will not be ad-
dressed here. The last section of this review focuses on the use of molecular
tools to manipulate or visualize CaM activity or the activity of CaM-regulated
proteins.

Molecular Dissection of Calmodulin Function
Cloning of sequences encoding CaM and CaM-binding proteins has facili-
tated the development of molecular tools for dissecting CaM-mediated signal-
ing pathways in plants and the molecular mechanisms of CaM action. The
ability to produce tens of milligrams of purified, recombinant CaM, CaM iso-
forms, and site-directed mutants (reviewed in 78) has expanded the analyses of
CaM structure-function relationships and greatly facilitated the identification
of CaM-regulated proteins by interactive cloning. Expression of CaM-binding
proteins in vitro and in vivo in transgenic plants is allowing further dissection of
CaM-mediated signaling pathways. This section describes several approaches
to elucidating CaM function focusing on three different targets of CaM regula-
tion.

NAD KINASE NAD kinase has neither been purified to homogeneity nor cloned,
which would permit the structure of its CaM-binding domain to be ascertained.
Nevertheless, this enzyme has served an important role in examining CaM’s
structure-function relationships because it is sensitive to a number of sequence
changes in CaMs isolated from different organisms (119) and in recombinant
plant CaM isoforms (75, 77) and to site-directed mutations in different domains
of recombinant CaM (33, 76, 77), including the nonmethylatable Lys 115 Arg
mutation (121). Perhaps most surprising is the finding that amino acid sequence
changes and deletions in the centralα-helical linker domain of CaM were shown
to have a large effect on NAD kinase activation but little impact on its ability
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to activate cyclic nucleotide phosphodiesterase and MLCK (33). At the same
time, NAD kinase activation is also sensitive to mutations in both domain I (76)
and the extreme carboxy-terminal region of domain IV (77) of CaM. These
studies demonstrate a sensitivity of the protein to sequence changes throughout
the CaM molecule that are unprecedented in other CaM-regulated proteins. An
explanation for the broad sensitivity of NAD kinase activity to changes in CaM
may be that the flexible linker domain between domains II and III of CaM
(108) is maximally extended to accommodate interaction with NAD kinase.
From a CaM structure-function perspective, future studies of CaM-NAD kinase
interaction once the sequence of this target protein’s CaM-binding domain is
determined should be exciting because they may begin to define precisely some
of the structural limits governing CaM’s interaction with other proteins.

Although NAD kinase has been an informative enzyme from the perspective
of CaM-target protein interaction, getting a clear handle on its physiological
role and why its activity should be tightly regulated has been more difficult.
Developmental changes and environmental signals, such as fertilization and
pathogen attack, that increase metabolic demand for NADP have been proposed
as physiological rationale for the regulation of NAD kinase activity (reviewed in
120). However, no clear-cut relationship between NAD kinase activity and Ca2+

signaling had been observed in a plant system. Recently, however, Roberts and
co-workers provided evidence that NAD kinase activation plays an important
role in the generation of active oxygen species (57). NADPH is needed for
the production of superoxide and hydrogen peroxide, which are believed to
be used to combat invading pathogens (16, 38). To test the idea that CaM-
regulated NAD kinase provides the NADP needed for NADPH production,
cultured tobacco cells expressing the VU-3 (Lys 115 Arg) form of CaM were
tested for their ability to generate active oxygen species (57). The cells were
challenged with stimuli known to increase cytosolic Ca2+ and active oxygen
species production, and their response was compared with controls expressing
only normal CaM. As predicted from the in vitro activation of NAD kinase (121),
cells expressing the VU-3 CaM displayed an active oxygen burst that was more
rapid and more intense than normal control cells challenged with the same
stimuli. Larger increases in NADPH level in the VU-3-expressing cells that
coincided with the onset of the active oxygen species burst also were measured.
These data strongly support the operation of a Ca2+-signaling pathway involving
CaM and NAD kinase that activates a plant defense response pathway.

The cellular responses that balance the accumulation of active oxygen species
may also involve at least one other CaM-regulated enzyme activity. At least
one form of superoxide dismutase (SOD) was tentatively identified as a CaM-
regulated protein based on the Ca2+-dependent, quantitative retention of SOD
activity extracted from germinating maize seeds on CaM-Sepharose affinity
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columns (53). Unfortunately, however, the effect of Ca2+ and CaM on SOD
activity was not described in this report. A previous study of Ca2+ signaling
during oxidative stress described a down-regulation of SOD activity, but the
mechanism accounting for the SOD activity decrease was not explored (112).
Thus, the involvement of CaM in regulating SOD activity in response to stress
(16) is an interesting field for future study.

GLUTAMATE DECARBOXYLASE (GAD) GAD catalyzes the formation of
γ -amino butyric acid (GABA) and CO2 from glutamic acid. GABA is well
known as an inhibitory neurotransmitter in animals, but its role in plant meta-
bolism is unclear. GABA is produced in response to a variety of stresses and has
been hypothesized to participate in a variety of cellular functions (9, 20, 81). In
contrast, the observations that GAD mRNA and protein levels are developmen-
tally regulated in different organs of Petunia (25) and in the developing roots
and shoots of fava bean seedlings (81) have been suggested as evidence that
GAD plays a role in plant development (9). Cloned cDNAs encoding GAD
have been used to demonstrate that Ca2+ and CaM play an important role in
regulating GAD activity and GABA accumulation in vivo. Activity of recombi-
nant GAD purified to apparent homogeneity was stimulated nearly 100-fold by
Ca2+ and nM levels of CaM (126). Perhaps a more significant finding, however,
was that the stimulatory effect of CaM is most pronounced in the physiological
pH range. Previously, it had been difficult to explain why GAD activity is op-
timal at nonphysiologically acidic pH values, where the activity is essentially
CaM-independent. This observation led to the suggestion that GAD activity is
triggered in response to cytosolic acidification as part of a mechanism to restore
pH balance (20). However, CaM’s effect on the activity of recombinant GAD
argues against a role for GABA accumulation strictly in response to changes in
pH, but rather, supports the idea that GAD is activated by signals that trigger
changes in cytosolic Ca2+ that may not involve changes in pH. To explore what
the developmental roles of GAD are in plants, From and coworkers constructed
transgenic tobacco that overexpress both wt GAD and a truncated form of the
enzyme (GAD1C) that lacks its CaM-binding domain under the direction of
the CaMV 35S promoter (9). Their experiments showed a relationship between
the metabolic pools of glutamate and GABA and established GAD as an impor-
tant enzyme in controlling the flux of carbon and nitrogen between these pools.
For both the wt GAD and GAD1C, overexpression of the protein resulted in
increased GABA levels with concomitant decreases in glutamate accumulation.
This effect was especially pronounced in plants overexpressing GAD1C, where
the pool of glutamate was reduced to 2 to 10% of the wt level. Together with co-
immunoprecipitation and enzyme activation experiments using extracts from
normal and transgenic plant lines, comparison of the wt GAD and GAD1C
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activities offers strong evidence that CaM is the endogenous regulator of GAD
activity. At the level of plant growth and development, the GAD1C-expressing
plants displayed a number of abnormalities. However, whether the develop-
mental effects observed in these experiments were a consequence of signaling
or enhanced accumulation of GABA, or a consequence of the depletion of the
glutamate pool cannot be determined precisely. Nevertheless, the approach of
uncoupling CaM regulation from the activity of CaM-regulated proteins offers
a powerful avenue for establishing the in vivo relevance of CaM-target protein
interaction and dissecting the physiological roles of CaM-binding proteins.

CYTOSKELETAL PROTEINS A variety of critical cellular functions, including
vesicle trafficking, chromosome segregation, tip growth, and cell shape changes,
involve the cytoskeleton. Ca2+ is thought to be an important regulator in orches-
trating the behavior of both microtubules and actin microfilaments, and a grow-
ing body of evidence implicates CaM as an important receptor linking changes
in Ca2+ with cytoskeletal function. Three sites of interaction between CaM
and the plant cytoskeleton have been directly established or inferred by homol-
ogy with animal systems. CaM has been shown to associate with plant mitotic
spindles (136, 144), although the proteins mediating CaM interaction with these
structures remain unidentified as are the effects of CaM on chromosome seg-
regation. CaM also is associated with cortical microtubule components of the
plant cytoskeleton (35). The Ca2+-dependence of CaM’s microtubule associa-
tion suggests an amplitude-modulated interplay between CaM and at least two
different sets of CaM-binding microtubule associated proteins (MAPs) (40, 46).
One MAP target of CaM regulation is elongation factor (EF) 1-α, a protein that
displays multiple functions beyond its role as a regulator of translation. CaM
binds EF1α directly and inhibits its ability to bundle microtubules in vitro (40).
A second class of MAPs bind CaM only in the presence of relatively low (<320
nM) levels of Ca2+ including several proteins ranging from 29 to 80 kDa (46).
These proteins appear to be MAPs that, together with CaM, stabilize micro-
tubules. Clearly, identifying CaM-binding MAPs represents an important step
that will facilitate further analyses of the effects of CaM on microtubule func-
tion. Interestingly, one of the multiple functions demonstrated for EF1α is as a
regulator of phosphatidylinositol 4-kinase in carrot (146). This enzyme is re-
sponsible for the formation of phosphatidylinositol 4-monophosphate (PI-4-P).
PI-4-P is the precursor to phosphatidylinositol 4,5-bisphosphate, the source
of the second messengers inositol 1,4,5-trisphosphate and diacylglycerol (11).
A key question is whether all EF1α proteins can enhance translation, interact
with the cytoskeleton and catalyze phosphorylation, and perhaps more impor-
tantly, whether CaM plays a role in determining EF1α’s commitment to these
alternative activities.
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Recently, a novel link between CaM and motor proteins associated with
the plant cytoskeleton was identified. This involves a kinesin heavy chain–
like protein possessing a CaM-binding domain, which appears to be unique to
the plant kingdom (116, 140). In vitro microtubule gliding assays indicated
that the CaM-binding kinesin heavy chain functions as a minus-end directed
microtubule motor whose activity, like the microtubule bundling activity of
EF-1α, is inhibited by CaM (127). Unfortunately, in this study the effect of
Ca2+ on gliding activity was observed at concentrations higher than those
determined to be critical for microtubule stabilization (46). The question of
Ca2+-dependence in this system is interesting because the effect of CaM on
microtubule gliding mediated by the CaM-binding kinesin heavy chain could
be similar to the effect of CaM on myosin I (and V) motor activity on actin
microfilaments. Myosins I and V bind CaM as their regulatory light chains
by a mechanism similar to the interaction of CaM with basic, amphiphilic
α-helices involving a structural motif in myosin known as the IQ domain (60).
For myosin I, increases in Ca2+ cause CaM dissociation from the IQ domain.
This dissociation inhibits heavy chain ATPase activity and motility (29). Plant
homologs of nonmuscle myosins have been identified in actin-based motility
assays (71) and by cloning (68, 70). The deduced amino acid sequences of
plant myosins contain several potential IQ domains. However, no reports have
appeared describing whether these proteins interact with CaM or CaM-like
proteins from plants.

Although they are in their early stages, these studies indicate that the interac-
tions between Ca2+/CaM and the plant cytoskeleton are complex, and exciting
progress is being made in identifying the proteins through which CaM regula-
tion of cytoskeletal function is mediated. The interactions between MAPs and
CaM and the action of CaM on motor activity suggest that the cytoskeleton may
represent an important system for examining amplitude-modulated signaling
in plant cells. Growing pollen tubes represent a particularly attractive system
for examining CaM regulation of cytoskeletal function, since Ca2+ is known to
play a key regulatory role (88), and CaM has been shown to be localized near
the growing tube tip (132).

SUMMARY AND FUTURE PERSPECTIVES

In spite of the inherent difficulties in studying the function of a pleiotropic
regulatory protein, insights into the functions of CaM in plants are emerging.
Distinctive differences have been described between the plant and animal com-
plements of CaM isoforms, the locations of CaM-regulated Ca2+-ATPases, and
the identities of many of the downstream targets of CaM regulation. Accord-
ingly, there are several priorities for progress in plant research on CaM-mediated
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Ca2+ signaling. First, because CaM has no activity of its own, and even Ca2+

binding by CaM in the physiological range depends upon its interaction with tar-
get proteins, identification of more of the targets of CaM regulation in plants is
of paramount importance. Second, the Ca2+ sensitivities of CaM-target protein
interaction hold valuable information on how Ca2+ signals can be transduced
to give diverse physiological responses. Unfortunately, information on the sen-
sitivities of specific target protein–CaM complexes for Ca2+ is sparse in plant
systems. Coupled with continued progress in imaging Ca2+ signals in plants,
this information should provide new insights into the mechanisms of amplitude
and frequency-modulated signaling. Third, it is still unclear how large the fam-
ilies of genes encoding CaM and CaM-like proteins are in the plant kingdom.
Identifying and expressing CaM isoforms and CaM-like proteins, determin-
ing their patterns of expression, and measuring their abilities to bind different
protein substrates and Ca2+ will not only identify all the players in the game
but provide a better understanding of how these protein-protein interactions
are integrated into the framework of plant growth and development. Fourth,
genetic strategies based on expression of target proteins whose interaction with
CaM is perturbed or eliminated should be pursued further to determine the in
vivo relevance of specific CaM-mediated pathways in different physiological
responses. A major challenge in this field in the next few years will be to eluci-
date the mechanisms by which CaM-mediated Ca2+ signaling cross talks and
is integrated with the multitude of other signaling pathways that are active in
any given plant cell.

Visit the Annual Reviews home pageat
http://www.AnnualReviews.org.
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