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CDPKs — a kinase for every
Ca** signal?
Alice C. Harmon, Michael Gribskov and Jeffrey F. Harper

Numerous stimuli can alter the Ca  #*concentration in the cytoplasm, a factor common to many
physiological responses in plant and animal cells. Calcium-binding proteins decode infor-
mation contained in the temporal and spatial patterns of these Ca 2* signals and bring about
changes in metabolism and gene expression. In addition to calmodulin, a calcium-binding
protein found in all eukaryotes, plants contain a large family of calcium-binding regulatory
protein kinases. Evidence is accumulating that these protein kinases participate in numerous
aspects of plant growth and development.

ur types of protein kinases constitute the calciuniCaenorhabditis elegahsThus, it is tempting to speculate that
pependent protein kinase or calmodulin-like domain prote®DPKs might be present in plants and protozoans only.
kinase (CDPK) superfamily. These kinases differ in whether CCaMKs are rarer than CDPKSs, and might be expressed in a few

they are regulated by binding €a(CDPKs), C&'/calmodulin plant tissues onfy Like CDPKs, they contain a calcium-binding
[calmodulin-dependent protein kinases (CaMKs)], a combinatialomair? (Fig. 1), but this domain contains only three EF-hands and
of both [calcium and calmodulin-dependent protein kinasés more similar to visinin (another EF-hand protein) than to cal-
(CCaMKs)], or neither [CDPK-related protein kinases (CRKs)]. modulin. The autoinhibitory domain contains a binding site for

The abundant calcium-stimulated protein kinase activity foursdlmodulin, and calmodulin stimulates the activity of these kinases.
in plant extracts is associated with CDPKs. These enzymedA third type of calcium-regulated protein kinases, the CaMKs,
contain three functional domain’ catalytic, autoinhibitory and is well characterized from animals and yeast, but only one puta-
calcium-binding (Fig. 1). The calcium-binding domain of théive representative is known in plaht¥he plant CaMK is more
archetypal CDPK is similar to calmodulin in sequence (~40%milar in sequence to CCaMKs than to animal CaMKs, having an
identity) and contains four EF-hand calcium-binding motifs. lidentical calmodulin-binding site, but lacking the C-terminal
addition to plants, CDPKs are found in protozoans such as patamain containing EF-hands (Fig. 1). The biochemical properties
mecium andPlasmodium falciparum(the causative agent of of this enzyme have not been characterized fully.
malaria). Notably, CDPKs are absent from the completed genomé&he fourth type of protein kinase in the superfamily is the
sequence of yeasSéccharomyces cerevisjaend of nematode CDPK-related protein kinases (CRKs). They have catalytic
domains closely related to those of CDPKSs, and their C-terminal
domains have some sequence similarity to calmodulin (20% iden-
tity), but their EF-hands are poorly conserved. Representative
members of this group appear to be unresponsive to c&f¢iuin
is not known how these protein kinases are regulated or what their
physiological roles are. Another type of CRK was reported
recently: phosphoenolpyruvate carboxylase kinase has a catalytic
domain related to those of CRKs, but no C-terminal domain. This

Autoinhibitor

Degenerated protein kinase phosphorylates and regulates phosphoenolpyruvate
CCaMK: e Visinindi carboxylaseén vivoand is regulated at the level of transcriptton
isinin-like . . .
In phylogenetic analyses (Fig. 2), the clustering of the plant
CamK ---—— | — ' CDPKs and CRKs away from the non-plant CaMKs and the
Association . . . .
domain SNF1-like kinases suggests a single common origin for plant

CDPK and CRK genes. However, an important evolutionary
question remains unresolved. Did different branches of the super-
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Fig. 1. Domain structure of calcium-dependent protein kinase
calmodulin-like domain protein kinases (CDPKSs) and three rela
protein kinases. The N-terminal domain is highly variable

length and sequence. An autoinhibitor is predicted in the reg
immediately following the kinase domain. A distinguishing fea
ture of CDPKs, CDPK-related protein kinases (CRKs) and c
cium and calmodulin-dependent protein kinases (CCaMKs) is

number of functional EF-hands in a C-terminal regulatory doma
EF-hands that can bind calcium are denoted by black box
whereas degenerated EF-hands are denoted by gray boxes.
conventional CDPK the regulatory domain has four EF-hands 3
an overall sequence similarity to calmodulin (CaM). CaMK
calmodulin-dependent protein kinase.

or family have a common origin or did the fusion of genes encoding
ed a protein kinase and a calcium-binding domain occur more than
N once in evolution?

l‘_)" Based on the analysis of the currently available (~70% com-
. Plete) genomic sequence framabidopsis we estimate that there

he Will be a total of 40 CDPKs and seven CRKs. Arabidopsis

n: CCaMK sequence has not yet been identified, but southern blot
es, analysis suggests that there is a single gePmoliferation of fam-

In By members might be related to expression of some of these genes
ind in specific tissues, physiological conditions or developmental
stages (reviewed in Ref. 13). Also there might be specialization of
cellular roles, which might be related to differences in substrate

specificity, subcellular location and calcium sensitivity.
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Activity and regulation
Regulation of CDPKs by Ca** CRKs
How calcium regulates CDPKs has been 54-56 62 CCaMKs
the subject of studies with recombinant algal 1 %855 6760
soybean Glycine max CDPKa and Ara- 51
bidyopsis(?PyKl (Ref:)(l—4,14). CDPKSs ar CDPKs 46,4748-50 e 70 CaMK (plant)
kept in a low basal state of activity by a 40742 4345 o
autoinhibitor located in a junction domai e . Protozoan
that connects the kinase to its C-terminal <55 o " ‘7 CDPKs
calmodulin-like domain. A peptide sequence e =
from the junction inhibits the activity of — 77 8
wild-type enzymes and of a constitutively 27,28
active mutant, in a competitive fashior 25:26
with respect to the peptide substrate, sug- 23,24
gesting that the autoinhibitory sequence 20274 75;%
functions through a pseudosubstrate mech- ‘
anisnd, analogous to that proposed for & WATf2asf A\ N s2-s6 SNF1-like
typical CaMK from animals. nes

The simplest model for the activation o 87.88
CDPK by C&" is provided by analogy to 90-92 89
the mechanism for stimulation of animal  wenas i Pant science 93-95 CaMKs (non-plant)

CaMKs. For CaMKs, calcium promotes &
bimolecular binding of calmodulin to a
region immediately downstream of a
autoinhibitory sequence. This binding evern
somehow disrupts the autoinhibitor an
results in a ‘release of inhibition’. The dis;
tinction for a CDPK is that this ‘release o
inhibition’ involves intramolecular binding
with its calmodulin-like domain (Fig. 3).
One line of evidence supporting a clos
analogy to a CaMK is the observation thg
the activity of a truncated CDPKAC),

in which the calmodulin-like domain
is deleted, can be partially stimulate
by either calmodulin or an isolated cal
modulin-like domain, with half maximal
activation at ~3um for both activators?

Although this indicates that a CDPK can b
reconstituted as a bimolecular interactio
with calmodulin (i.e. like a CaMK), it is
possible that the natural mechanism ¢
intramolecular activation (i.e. the whole) is

distinct from its reconstitution as two sepf

arate fragments (i.e. the sum of the partg
An important challenge is to understan
the structural basis for activation of CDPK
(and CaMKs), and to determine whethe
the presence of a tethered calmodulin-lik
domain endows CDPKs with unique bio
chemical and physiological properties.
One reason for the multiplicity of
CDPKs in a given plant species might b
related to the specialization of different iso
forms with respect to calcium binding ang
activation. Dose-response curves (Fig. 4
for three CDPK isoforms from soybean

1
Fig. 2. Unrooted phylogenetic tree showing the relationship between the CDPK superfa

plant SNF1-like kinases, and the most closely related animal kinases, the calmodulin-dep
t protein kinases (CaMKs). Calcium and calmodulin-dependent protein kinases (CcaMKs
’ the single plant CaMK (No. 70) share a branch close to the protozoan CDPKs. Plant and

zoan CDPKs form two distinct groups on the tree, with the plant isoforms being found on
branches. The majority of CDPKs from vascular (Nos 1-17, 19-26 and 29-52) and non
lar plants (18, 27 and 28) are interspersed on three branches. The only available
sequence from an alga (No. 53) might represent a first example for a fifth branch of
homologs. Few of these CDPKs have been characterized at the biochemical level, so @
e tions cannot be made between the functions of the enzymes on these branches. Sequg
it plant/algal (1-56) and protozoan (71-78) CDPKs (highlighted in gray) and related kinas
the NCBI nr database were identified by BLAST 2.09 (Ref. 43) — the evolutionary pra

! ate a neighbor-joining tréewhich was subjected to 1000 rounds of bootstrap analysis. The

shown was constructed from sequences of kinase catalytic domains. Each entry contains

letter code indicating genus and species, common name (if available) and Accessidg

Entries for CDPKs fronf\rabidopsisinclude names (underlined) assigned in Ref. 13 follows

by names given in the literature. See http://plantsP.sdsc.edu for additional information on

€ ods and sequences. (1) AICPK2028078; (2) AtCPKIAK1, 304105; (3) AtCPK21399271;

N (4) CpCPK1, 1899175: (5) zm3320104; (6) AtCPK26867129; (7) VICDPK-1, 967125; (8)
AtCPK®6, AtCDPK3, 603473; (9) AtCPKBL399275; (10) AtCPK51399273; (11) Zm506413;

f (12) ZmCDPK1, 1632768; (13) ZmCDPK7, 1504052; (14) OsCDPK1, 435466; (
0s6063536; (16) Oscdpk12, 2944385; (17) Oscpkll, 587500; (18) TrCPK1, 2315983
AtCPK12 AtCDPK9, 836946; (20) AICPKI1@AtCDPK1, 604880; (21) AtCPK1AtCDPK2,

) 604881; (22) AtCPKA41399267; (23) GmCDPK 2501764; (24) GmSK5, GmCDRK

3|

* 116054; (25)_AtCPK3 AtCDPK6, 2129550; (26) AtCPK3AtCDPK6alt, 2129553; (27)
MpCDPK-a, 4874268; (28) MpCDPK-b, 5162878; (29) Zm639722; (30) AtCPKPP5942;
(31) AtCPK27 5706728; (32) AtCPK315732059; (33) AtCPK152961339; (34) AtCPK21

I' 4115943; (35)_AtCPK23At4115945; (36)_AtCPK193367525; (37) Dcl1765912; (38)

e NiCDPK1, 3283996; (39) GmCDRK2501766; (40) AtCPKA399265; (41) Ib1552214; (42)
Mc4336426; (43) OsCPK2, 587498; (44) ZmCDPK2,886821; (45) ZmCDPK9,1330254;
ACPK13 1314711; (47) AtCPK141871195; (48) AtCPKSAICDPK19, 2129551; (49)
AICPK7, 1399277; (50) Fa2665890; (51) AICPK3®5882721; (52) AtCPK244589951;
(53) Ce806542; (54) StCPK1,3779218; (55) AtCPK2B08745; (56) AtCPK183036811;
(57) AtCRK3 3831444; (58) Zm2443388; (59) ZMCRK1, 1313907; (60) ZmMMCK1, 18395
(61) ZMCRK3, 1313909; (62) AtCRKAAICP4, 4741927; (63) DcPK421,1103386; (64
AICRK5, 2154715; (65) AtCRK25020368; (66)_ AtCRK15020366; (67) LICCAMK,

) 860676; (68) NICCAMK, 4741991 (69) NICAMKL, 5814023 (70) MAKCCS, 1170626; (1
PfCDPK2, 2315243; (72) TgTPK4, 2854042; (73) E{CDPK, 1279425; (74) PfCPK, 4223

D

O

show that they are responsive to different (75) ptcPKb, 2271461; (76) PtDPKa, 2271459; (77) TgTPK6, 4325074; (78) TgTH

ranges of calcium concentratiohsThe
concentration of calcium required for half
maximal activity (K, ) for CDPKsa, g and
+ varies over two orders of magnitude whe
using the synthetic peptide substrate sy

4325072; (79) HVKIN12a, 3341452; (80) At4099088; (81) StPKIN1, 1216280; (
HVBKIN2, 575292; (83) Gmd4567091; (84) AtAKIN1O, 322596; (85) Cs1743009; (8
NtNPK5, 1076633; (87) CgCMK, 2654181; (88) EMCMKB, 5053101; (89) SpCAMK
h 3309070; (90) DMCAMKI, 3893099; (91) CeCMK-1, 5672678; (92) RnCAMK1, 312231
- (93) RnCAMKII, 125288; (94) CeCAMKII, 5834390; (95) DMCAMKI, 84904,

method*. Alignments were constructed by Clustdi¢orrected manually, and used to gene-

mily,
sndent
and
proto-
four
ascu-
CDPK
algal
istinc-
ences of
es in
file

tree

a two-
n no.
ed
meth-

15)
(19)

46)

1)
320;
K5,
32)
6)

tide-2. Other CDPKSs, such Bsfalciparum
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Fig. 3. A ‘release of inhibition’ model for activation of a calcium-
dependent protein kinase or calmodulin-like domain protein king
(CDPK) by calcium. The kinase is shown to undergo a conf
mational change in response to calcium that results in an a
inhibitory interaction (unbroken line) being displaced (broken ling

r-
uto

).

PfCPK1 (Ref. 16), require concentrations of calcium that are
another order of magnitude higher than those observed for the
soybean enzymes.

Calcium-binding properties have been experimentally deter-
mined for only a few CDPKs, and it is difficult to predict from
sequence information what the calcium-binding properties of each
isoform will be. Some CDPKs appear to have defects in one or
more of their EF hands that would affect their calcium-binding
properties’. Studies with PfCPK1 (Ref. 16), in which each EF
hand was disabled by the mutation of a critical glutamate residue,
showed that for the enzyme to be stimulated by calcium only the
first EF-hand must be functional. Therefore, CDPKs with defects
in EF hands can still be regulated by calcium.

Another nuance in the regulation of CDPKs is that their sensi-

S€ tivity to calcium can be influenced by the type of protein substrate

(Fig. 4). In the absence of any substrates, CiBiKds C4" with
“aK, of 50 wm. However, in the presence of substrates, calcium
sensitivity can increase tenfold or more (Fig. 4).

These differences in sensitivity to calcium might mean that
each isoform of CDPK responds to a specific set of calcium
signals, which differ in frequency of oscillation, magnitude and
duration depending on the stimulus (reviewed in Refs 18,19).
The difficult question of how to test vivofor differential activities
of specific isoforms remains unanswered.

Regulation by calmodulin

CCaMK binds both calcium ions and Calmodulif®. Ca&*
stimulates autophosphorylation, but not phosphorylation dfithe
vitro substrate histone 11AS. By contrast?@aalmodulin stimu-
lates histone IIAS phosphorylation, but inhibits autophosphoryl-
ation. Activation is proposed to occur through the binding of
Cé&“/calmodulin to a site in the autoinhibitory domain, similar in
position and sequence to the intramolecular binding site for the
calmodulin-like domain in CDPKs.

The isolated autoinhibitory domains of soybean CRRitd
ArabidopsisAtCPK1 bind calmodulif®, but these enzymes are
not greatly stimulated by calmodulin. Because the calmodulin-
binding sequence in these CDPKs interacts intramolecularly with
the calmodulin-like domain in the holoenzyme, it is probably
unavailable for binding calmodulin. Carrot CRK is also un-

affected by the addition of calmodulin (J. Choi, pers. commun.)
in spite of the presence of a potential calmodulin-binding site in
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Fig. 4. Sensitivity of calcium-dependent protein kinase @
calmodulin-like domain protein kinase (CDPK) isoforms t3'Ca
(a) Isoform-specific thresholds for €aactivation showing the ¢a
dose-response curves for phosphorylation of syntide-2 by soyb
CDPKsa, B andvy (data from Ref. 15), and phosphorylation o
casein byPlasmodium falciparur®DPK1 (data from Ref. 16). To
emphasize differences in calcium sensitivity, the maximal activ
for each enzyme was set to 100%. Thg fiér each CDPK is
indicated. (b) Substrate-dependent thresholds f&t-@etivation,
showing the influence of substrate on the**Csensitivity of
soybean CDPK (data from Ref. 15). In the absence of any su
strates, CDPK binds C&" (broken line) with & of 50 pm. In
activity assays, the fg&swere 0.4 and 4 m syntide-2 and histone
IS, respectively.
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its putative autoinhibitory domain. Nevertheless, the question of
whether calmodulin might regulate some isoforms is still open, as
apo-calmodulin can bind to the variable amino-terminal domain
of AtCPK1 (Ref. 1). Whether this binding site might have a role in

docking the kinase into a protein complex or in modifying a more
subtle feature of regulation is not known.

Regulation by myristoylation and lipids

The question of regulation by lipids is an important one because
this could represent a possible point of crosstalk between signal-
ing pathways, or a means of targeting activity to specific locations

EaMhy reversible membrane association. CDPKs are found in several

subcellular locations including membranes. The structural basis
for membrane-association is not known because CDPKs have nei-
ther predicted membrane spanning regions nor C2 domains, which
are responsible for the interaction of proteins such as protein kinase
C with lipids and C&. However, it is possible that myristoylation,
which is known to affect the membrane localization of several pro-
teins, might underlie membrane-association. Many CDPKs have
predicted myristoylation sites at their N-termiial. A carrot CDPK

can be myristoylated during co-expression with appropriate modi-
fying enzymes irE.col??, and a zucchiniGucurbita pepp CDPK
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has been found to be myristoylatid vive™. Because CDPK together that are involved in two consecutive metabolic ¥teps
activity is found in the cytosol as well as in membranes, the qu&les for 14-3-3s in the activation and targeting of CDPKs need
tion arises as to whether their association with membranes mitghbe explored further.
be regulated by a Eadependent myristoyl switch, in a manner
similar to that of recoverffi Substrates and physiological roles

The activity of some CDPK isoforms is stimulated by phogdnsight into the physiological roles of CDPKs has come from
pholipids in addition to activation by calcium. Activation ofidentification of substrates and from experiments using constitu-
AtCPK1 (Ref. 21) and carroD@ucus carota DcCPK1 (Ref. 10) tively active CDPKs to activate a pathway in the absence of a
by phospholipids such as phosphatidylserine and phosphatidydicium signaf. For example, it has been shown that expression
inositol is synergistic. However, because these lipids are not coh-a constitutively active version of isoform AtCPK10 [but
sidered to be signaling molecules, it is arguable whether thegt AtCPK1 or AtCPK11 (numbering as in Ref. 17), or four
serve as regulators or as structural components of membrgmetein kinases from another family] led to the expression of a
associated CDPKs. One possible scenario is that certain CDRKsss-, C4- and ABA- responsive reporter gene. This is the first
have low activity when located in the cytosol, but are activatstimulus-response pathway shown to be activated by a specific
upon translocation to the membrane. isoform. It will be interesting to see what protein(s) in this path-

It is possible that some CDPKs are regulatedvoby signal- way are phosphorylated by this CDPK.
ing molecules derived from lipids, but only a few have been Biochemical approaches have identified a variety of CDPK
tested. Recombinant DcCPK1 is stimulated by phosphatidiobstrates that suggest potential regulatory roles in gene expres-
acid®, a component in phospholipase D signaling pathways. Its®n, metabolism and signaling pathway components, traffic of
not stimulated by diacylglycerol, which is produced by the cleaions and water across membranes, and the dynamics of the
age of phosphatidylinositol bisphosphate by phospholipase C aytbskeleton (Fig. 5). More information on these substrates can be
is a regulator of protein kinase C in animals. It will be interestirfgund at the protein kinase and phosphatase Web site (Box 1), and
to see if CDPKs are subject to cross-regulation by componentsrof recent revieW. Here, we highlight two substrates for which
other pathways such as jasmonic acid or brassinosteroids.  there is strong experimental support for regulation by CDPK.

Sucrose phosphate synthase (SPS) is a key enzyme in the

Regulation by phosphorylation sucrose synthesis pathway, and nitrate reductase is the rate-limit-
Both native and recombinant CDPKs exhibit intramoleculang enzyme in the assimilation of nitrogen from nitrate (reviewed
autophosphorylation, but the sites of autophosphorylation haweRefs 34,35). Both enzymes are phosphorylated in the dark,
not been identified and there is no consensus as to the roleesilting in their inhibition. SPS is directly inhibited by phospho-
autophosphorylation. Many CDPK isoforms contain a potentigllation of Ser153, and nitrate reductase is inhibited by a two-step
autophosphorylation site (Lys-GIn-Phe-Ser) in their autorechanism involving phosphorylation of Ser543 and binding of a
inhibitory domains. Because autophosphorylation of CaMKII atla-3-3 protein to the phosphorylated site (reviewed in Ref. 28).
similar site yields an active enzyme that no longer requirgghibition of these enzymes in the dark when carbon fixation is
Ca*/calmodulin, it is tempting to speculate that these CDPKs aret occurring diminishes the partitioning of carbon skeletons into
potentially activated by a similar mechanism. However, availatdgported sucrose and amino acids, and conserves glucose and
evidence does not support this possibility. Soybean GD&®Ri€s fructose for use in other pathways in leaf cells, such as glycolysis
not phosphorylate peptides matching the sequence of the aotostarch synthesis. Evidence that supportsithigvo function
inhibitory domair, and autophosphorylation does not affect thiacludes co-purification of a CDPK that has been identified as a
calcium requirement of either groundnatgchis hypogae& or homolog of AtCPK3 (Ref. 26), which phosphorylates both of
soybean CDPK (B.C. Yoo and A.C. Harmon, unpublished). Inthese enzymes at the regulatory $it&s® These observations
addition, the activity of a CDPK purified from spina@p{nacia raise the possibility that a single CDPK can coordinately regulate
oleraceg was not altered by incubation in conditions that favdsoth activities.
phosphorylation or by treatment with phosphafasethe case of ~ The hypothesis that CDPK down-regulates nitrate reductase
CCaMK, autophosphorylation of the lilyi{ilum) isoform stimu- and SPS in response to the dark is consistent with the observation
lates activity fivefold, but it still requires Edcalmodulir®. that cytoplasmic calcium concentrations are higher at night than

However, other reports have shown that autophosphorylatiduaring the day’. However, it should be noted that a calcium-inde-
affects the activity of some CDPKs. Autophosphorylation gfendent kinase with properties of SNF1-related kinases also phos-
groundnut CDPK is required for its activity, but it occurs at lowhorylates Ser153 of SPS and Ser543 of nitrate redéfttase
concentrations of Gaand might not have a regulatory rolevive®®.  Thus, it is possible that both types of kinase down-regulate
By contrast, autophosphorylation of CDPK purified from winge8PS and nitrate reductasevivo, but in response to a separate
bean Psophocarpus tetragonolobuis inhibitory?”’. Thus, clear signaling pathway.
evidence showing phosphorylation-dependent activation of aA CDPK might also be involved in activating SPS by phospho-

CDPK has not yet emerged. rylation at a site (Ser424) distinct from the inhibitory “it€his
phospho-dependent activation occurs in response to hypo-osmotic
The 14-3-3 connection stress and presumably increases cytosolic sucrose and thereby

The 14-3-3 proteins serve as both regulatory and docking proteilesreases the water potential of the cell to help retain water. These
(reviewed in Ref. 28). Several CDPKs bind 14-3-3 proteins, aimdriguing results raise the possibility that two different CDPK
the activity of at least one is stimulated through binding 14-3gathways that are differentially activated by separate stimuli
(Refs 29-31). The 14-3-3s also bind to sites in proteins, suchoppositely regulate SPS activity.

nitrate reductase, that have been phosphorylated by CDPK

(Ref. 28). Several other proteins including sucrose-phosphate syie future

thase, trehalose-6-phosphate synthase, glutamine synthetasesraitié past ten years we have progressed from identifying the first
LIM17 bind 14-3-3 proteins in a phosphorylation-dependent mamember of a new family of calcium-dependent protein kinases to
ner®. It has been proposed that 14-3-3s might dock enzyntés understanding that:
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Fig. 5.Calcium-dependent protein kinase or calmodulin-like domain protein kinase (CD|

substrates and physiological roles. A hypothetical model for the roles of CDPKs in pla
growth and development and cellular defense responses. CDPK is stimulated by an incre

in C&" that results from various stimuli. These stimuli might also activate additional sig
ing pathways and Ca might also activate calmodulin-dependent pathways. Activat
CDPK(s) phosphorylate certain substrates, depending on the nature of the stimulus.
signaling pathways might also be involved in the stimulation of CDPKs or the substr
Phosphorylation of the substrates alters their activities and this contributes to the physi
cal response. Abbreviations: G/HBF1, soybean G- and H-box binding factor 1; HBP-1a
wheat H-box binding factor 1a(17); GT1B&abidopsisGT1-binding protein; SPS, sucrose
phosphate synthase; NR, nitrate reductase; SuSy, sucrose synthase; HMGR, 3-hydr

Box 1. Plant protein kinase and
phosphatase Web site

This Web site (http://plantsP.sdsc.edu)
focuses onArabidopsis genes encoding
protein kinases and phosphatases. When
completed, this site will have an annotated
database of all families of protein kinases
and phosphatases, and will announce the
availability of protein kinase and phos-
phatase mutants as they are identified and
made available to the research community.

Information on the CPDK family can be
found at http://plantsP.sdsc.edu/cdpk, in-
cluding fully annotated figures from this
review, expanded information on phylo-
genetic trees and sequence alignments, and
a categorized list of literature related to all
the CDPKs that have been found in plant
and protist species to date.

Use genetics to identify biological func-
tions, as indicated by the phenotypes that
result from the disruption of genes or the
expression of de-regulated mutants (e.g.
calcium independent).

Use bioinformatics to provide a picture
of how CDPK signaling pathways are in-
tegrated into the dynamic interactions of
all signaling pathways in a cell.

- PKs represent a potential gold mine of
L a10Pportunity for biotechnology applications.
d Given the involvement of calcium signals in
Ot many aspects of plant biology, including
atebiotic and abiotic stress responses, the differ-
plogint CDPK pathways provide many potential
(17points of intervention to suppress or activate
a specific response. Structure—function stud-

PK)

PXYek on CDPKs have provided an important

methylglutaryl-coenzyme A reductase; SAT, sefracetyltransferase; EFRd-elongation %aradigm by showing how a CDPK can be

factor le; Phox, p67-Phox and p47-Phox are components of NADPH oxidase; aquapd
water channels including Nodulin 26, a soybean root nodule water and weak anion ch
and TIP from tobacco vacuoles.

rnn

L tanerted into an active, calcium-indepen-

ént kinase to be used as a dominant, posi-

tive transgenfe This approach has provided
a precedent by establishing a role for one
CDPK isoform in selectively activating a
Plants have many CDPK isoforms40 inArabidopsi$, which  cold, dark and osmotic stress response pathway in the absence of
are predicted to have kinase activities directly activated by cather calcium signaling pathway:s
cium and potentially modified by cross-talk with other signal-
ing systems. Acknowledgements
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