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The Arabidopsis CDPK-SnRK Superfamily of
Protein Kinases
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Madison, Wisconsin 53706 (C.W.M.C., M.R.S.); San Diego Supercomputer Center, University of California, 9500
Gilman Drive, La Jolla, California 92093–0537 (M.G.); Department of Cell Biology, The Scripps Research
Institute, 10550 North Torrey Pines Road, La Jolla, California 92037 (J.F.H.); School of Biology, Georgia Institute
of Technology, Atlanta, Georgia 30332 (J.H.C.); Institute for Arable Crops Research-Long Ashton Research
Station, Department of Agricultural Sciences, University of Bristol, Long Ashton, Bristol BS41 9AF, United
Kingdom (N.H.); Molekulare Botanik, Universität Ulm, Albert-Einstein-Allee 11, 89069 Ulm, Germany (J.K.);
Department of Plant and Microbial Biology, University of California, Berkeley, California 94720 (S.L.); Plant
Molecular Science Group, Division of Biochemistry and Molecular Biology, Institute of Biomedical and Life
Sciences, University of Glasgow, Glasgow G12 8QQ, United Kingdom (H.G.N.); Laboratoire de Biologie du
Developement des Plantes, Institut de Biotechnologie des Plantes, Unité Mixte de Recherche Centre National
de la Recherche Scientifique 8618, Universite de Paris-Sud, Orsay, France (M.T.); United States Department of
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Forbes, Tucson, Arizona 85721 (J.-K.Z.); and Department of Botany, Plant Molecular and Cellular Biology
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The CDPK-SnRK superfamily consists of seven types of serine-threonine protein kinases: calcium-dependent protein kinase
(CDPKs), CDPK-related kinases (CRKs), phosphoenolpyruvate carboxylase kinases (PPCKs), PEP carboxylase kinase-related
kinases (PEPRKs), calmodulin-dependent protein kinases (CaMKs), calcium and calmodulin-dependent protein kinases
(CCaMKs), and SnRKs. Within this superfamily, individual isoforms and subfamilies contain distinct regulatory domains,
subcellular targeting information, and substrate specificities. Our analysis of the Arabidopsis genome identified 34 CDPKs,
eight CRKs, two PPCKs, two PEPRKs, and 38 SnRKs. No definitive examples were found for a CCaMK similar to those
previously identified in lily (Lilium longiflorum) and tobacco (Nicotiana tabacum) or for a CaMK similar to those in animals
or yeast. CDPKs are present in plants and a specific subgroup of protists, but CRKs, PPCKs, PEPRKs, and two of the SnRK
subgroups have been found only in plants. CDPKs and at least one SnRK have been implicated in decoding calcium signals
in Arabidopsis. Analysis of intron placements supports the hypothesis that CDPKs, CRKs, PPCKs and PEPRKs have a
common evolutionary origin; however there are no conserved intron positions between these kinases and the SnRK
subgroup. CDPKs and SnRKs are found on all five Arabidopsis chromosomes. The presence of closely related kinases in
regions of the genome known to have arisen by genome duplication indicates that these kinases probably arose by
divergence from common ancestors. The PlantsP database provides a resource of continuously updated information on
protein kinases from Arabidopsis and other plants.

In eukaryotes, protein kinases are involved in reg-
ulating key aspects of cellular function, including cell

division, metabolism, and responses to external sig-
nals. The completed sequence of the Arabidopsis
genome provides the first opportunity to identify all
of the protein kinases present in a model plant. The
Arabidopsis genome encodes 1,085 typical protein
kinases (M. Gribskov, unpublished data), which is
about 4% of the predicted 25,500 genes (Arabidopsis
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Genome Initiative, 2000). Not only is the proportion
of Arabidopsis kinase genes about twice that found
in Brewer’s yeast (Saccharomyces cerevisiae; Hunter
and Plowman, 1997) or Caenorhabditis elegans (Plow-
man et al., 1999), but there are also major differences
in the types of kinases found in plants. For example,
receptor kinases in plants phosphorylate Ser and Thr
residues, whereas in animals, the predominant type
of receptor kinase phosphorylates Tyr residues. In
addition, the two major types of kinases that decode
calcium signals in animals (calmodulin-dependent
protein kinases [CaMKs] and protein kinase C) ap-
pear to be missing or under-represented in plants.

Conversely, plants contain a number of kinase fam-
ilies that either are not found in animals or yeast or
are highly divergent. For example, the calcium-
dependent protein kinases (CDPKs) are found in vas-
cular and nonvascular plants, in green algae, and also
in certain protozoa (ciliates and apicomplexans;
Hrabak, 2000). These kinases are calcium-regulated
and are distinguished by a structural arrangement in
which a calmodulin-like regulatory domain is located
at the C-terminal end of the enzyme. The CDPK-
related kinases (CRKs) and phosphoenolpyruvate
carboxylase kinase-related kinases (PEPRKs) are also
unique to plants. In addition, plants contain a large
group of kinases related to the classical SNF1-type
kinases from yeast, although the majority of these
enzymes in Arabidopsis have a different primary
structure compared with their yeast homologs. Hal-
ford and Hardie (1998) proposed the name SNF1-
related kinase (SnRK) for this group and recognized
three subgroups: SnRK1, SnRK2, and SnRK3.

In this report, we identify all of the kinases pre-
dicted to belong to the CDPK-SnRK superfamily
based on the completed Arabidopsis genome se-
quence (Arabidopsis Genome Initiative, 2000) and
examine their evolutionary origins. We also present
suggested nomenclature for all of the kinases in this
superfamily. Further details about individual ki-
nases, including corrected sequence annotations,
links to sequence alignments, and functional annota-
tions, can be found at the PlantsP Web site
(http://plantsp.sdsc.edu/).

RESULTS AND DISCUSSION

Figure 1 depicts the structural features of kinases in
the CDPK-SnRK superfamily. Previous phylogenetic
analyses have demonstrated that the kinases in this
superfamily form a separate branch in relation to
other plant protein kinases (Hardie, 1999, 2000). The
common structures are discussed briefly here, and
each subgroup is described in more detail in the
following sections. All of these protein kinases con-
tain a catalytic domain typical of eukaryotic Ser-Thr
kinases, which was used for the initial classification
of these proteins into the CDPK-SnRK superfamily
(Hanks and Hunter, 1995). The proteins were as-
signed to particular subgroups based on the se-

quence and presumed function of their flanking do-
mains. The N-terminal domains are highly variable
in both length and sequence between the subgroups
and even between individual protein kinases. Little is
known about the function of the N-terminal domains
except for the presence of putative myristoylation
and palmitoylation sites in many of the CDPKs,
which may contribute to membrane localization of
these kinases (Hrabak, 2000).

Many CDPK-SnRK superfamily members have an
autoregulatory region immediately C-terminal to the
kinase domain (Fig. 1). In CDPKs, this region con-
tains an autoinhibitor domain, which functions as a
pseudosubstrate site and is involved in the intramo-
lecular activation of the kinase (Harmon et al., 1994;
Harper et al., 1994; Huang et al., 1996). In animal
CaMKs (for reviews, see Hook and Means, 2001;
Soderling and Stull, 2001) and calcium and
calmodulin-dependent protein kinase (CCaMKs; Ra-
machandiran et al., 1997), this region binds a
calcium-calmodulin complex required for activating

Figure 1. Diagrammatic representation of the domain structures of
protein kinases in the CDPK-SnRK superfamily. The domains are
described in more detail in the text. Broken lines at N or C termini
indicate regions of variable length and function. Calcium-binding EF
hands are indicated as black boxes, whereas corresponding regions
in related protein kinases that lack consensus EF hand sequences are
depicted in gray. The C in the autoinhibitor domain of CaMK and
CCaMK indicates that the autoinhibitor domain of this kinase over-
laps with a calmodulin-binding domain. The SnRK1 C-terminal do-
main regulatory domain is indicated by dashed lines. D/E is the
acidic patch found in the SnRK2 group while the autoinhibitor
(NAF/FISL) domain of the SnRK3 group is hatched.
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the enzyme. In SnRK3s, the autoinhibitor domain
(Guo et al., 2001) binds one of a family of calcium-
binding proteins that includes SOS3, SOS3-like cal-
cium binding protein (SCaBP), or calcineurin-B-like
(CBL) calcium sensors (Liu and Zhu, 1998; Kudla et
al., 1999; Guo et al., 2001), resulting in activation of
the kinases (Guo et al., 2001; Gong et al., 2002b). It is
interesting to note that the CDPKs (Yoo and Harmon,
1996; Huang and Huber, 2001), CCaMKs (Ram-
achandiran et al., 1997), CaMKs (Hook and Means,
2001; Soderling and Stull, 2001), and SnRK3s (Shi et
al., 1999; Kim et al., 2000; Albrecht et al., 2001; Guo et
al., 2001) are regulated by the interaction of their
autoinhibitor domains with a calcium-binding do-
main or protein. No specific autoinhibitor domain
has been identified for kinases in the CRK, PEP car-
boxylase kinase (PPCK), PEPRK, SnRK1, and SnRK2
groups.

Most members of the CDPK-SnRK superfamily
have a C terminus that functions to regulate kinase
activity or to mediate interactions with other pro-
teins. The C-terminal domain of CDPKs and
CCaMKs contains calcium-binding EF-hands resem-
bling those found in either calmodulin (CDPKs;
Harper et al., 1991) or visinin (CCaMKs; Patil et al.,
1995). Calcium binding to the EF hands increases
kinase activity. CRKs contain a C-terminal domain
with some sequence similarity to the CaM-like do-
mains of CDPKs but with poorly conserved EF-hands
that do not bind calcium (Furumoto et al., 1996). The
C-terminal domains of SnRKs are highly variable but
in many cases are thought to function in protein-
protein interactions.

Figure 2 shows the unrooted sequence tree for the
Arabidopsis CDPK-SnRK superfamily, based on
comparisons of catalytic domains only. To show the
relationship to other kinase groups, representative
plant, animal, or fungal protein kinases from the
CaMKI, CCaMK, and PPCK groups are included, and
bovine cAMP-dependent protein kinase is used as an
outgroup. SNF1 kinases from Brewer’s yeast and
fruitfly appear in the SnRK1 group of Arabidopsis
kinases. There are no animal or fungal representa-
tives of the SnRK2, SnRK3, CDPK, CRK, PPCK, or
PEPRK groups. CDPK orthologs identified from vas-
cular and nonvascular plants and green algae have
been shown previously to be interspersed through-
out the CDPK subgroup (Harmon et al., 2001). This
distribution indicates that the diversity of CDPK se-
quences observed for Arabidopsis is typical for
CDPK sequences in general. The apicomplexan
CDPKs are distantly related to CDPKs from plants,
and two apicomplexan sequences are included in
Figure 2 for comparison.

Tables I, II, III, and IV list all of the Arabidopsis
CDPKs, CRKs, PPCKs, PEPRKs, and SnRKs that we
have identified to be members of the CDPK-SnRK
superfamily. For the CDPKs and CRKs (Tables I and
II), one nomenclature has predominated in the liter-

ature, and this is listed as the gene name. In cases
where gene names were not previously assigned or
where the genes have been referred to by a variety of
names (Tables III and IV), we have proposed a gene
name that can be used in the future for identification.
For example, in the case of the SnRK3s, different labs
have developed nomenclatures independently. Some
names are based on functional characteristics of the
proteins, whereas others are generic. We propose a
new nomenclature for the SnRK group in Table IV.
Although it may not be reasonable to expect re-
searchers to change the nomenclature that they are
currently using, Table IV is useful for deciphering
which names are synonymous. The tables list addi-
tional important characteristics of these protein ki-
nases that are discussed below.

CDPK

CDPKs from Arabidopsis, as well as other species,
have been discussed in detail in recent reviews (Har-
mon et al., 2000; Hrabak, 2000; Cheng et al., 2002).
Arabidopsis contains 34 genes predicted to encode
CDPKs. CDPK genes and proteins are indicated by
the three-letter abbreviation CPK followed by a num-
ber, according to the nomenclature of Hrabak et al.
(1996). CDPKs contain a kinase catalytic domain and
an autoinhibitory “junction” domain, followed by a
calmodulin-like, calcium-binding regulatory domain
(Fig. 1). For this reason, CDPK has occasionally been
defined as calmodulin-like domain protein kinase.
All CDPKs that have been characterized in detail are
activated by calcium and thereby provide a mecha-
nism to decode calcium signals (Harper et al., 1993;
Urao et al., 1994; Abo-El-Saad and Wu, 1995; Hong et
al., 1996; Hrabak et al., 1996; Saijo et al., 1997; Lee et
al., 1998; Chico et al., 2002). Only three of the Arabi-
dopsis CPK genes have not been shown to be ex-
pressed based on the existence of cDNA or expressed
sequence tag clones. These could be nonexpressed
pseudogenes, or their transcripts may have escaped
detection because they are expressed only in re-
sponse to specific stimuli or at specific times in de-
velopment or in a limited number of cell types. The
predicted CDPK proteins have molecular masses be-
tween 54.3 and 72.2 kD. All CDPK proteins have
kinase, junction, and calmodulin-like domains of
comparable size except CPK25, indicating that most
of the variation in molecular mass is due to differ-
ences in the variable domains. All Arabidopsis
CDPKs (except CPK25) have four EF hands as pre-
dicted by SMART (Schultz et al., 2000), a program for
identification of protein domains (data not shown).
CPK25 has a truncated C terminus that contains at
most one EF hand. The majority of CDPKs have
predicted myristoylation sites at their N termini (Ta-
ble I), and these CDPKs also have a nearby Cys
residue that could serve as a site for palmitoylation
(E. Hrabak, unpublished data). Several Arabidopsis
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CDPKs have been shown to be myristoylated in vitro
(Lu and Hrabak, 2002, S. Lu and E. Hrabak, unpub-
lished data) including CPK5 (Table I), whose amino
terminus does not fit the canonical myristoylation
consensus sequence. On the basis of the myristoyl-
ation of CPK5, we predict that CPK6 and CPK13 are
myristoylated also. Myristoylation appears to be an
important mechanism for the membrane binding of
CDPKs in Arabidopsis and other plant species (Mar-
tin and Busconi, 2000; Lu and Hrabak, 2002; Rut-
schmann et al., 2002).

The available information on the regulation of ex-
pression of Arabidopsis CDPK genes is limited but

indicates that some genes are ubiquitously expressed
(Hong et al., 1996), whereas others are induced by
hormones or stress (Urao et al., 1994; Sheen, 1996).
Expression of CDPKs from other plants is affected by
a variety of stimuli including wounding (Chico et al.,
2002), salt or drought stress (Botella et al., 1996; Pa-
tharkar and Cushman, 2000; Saijo et al., 2000), cold
(Monroy and Dhindsa, 1995; Saijo et al., 2000), hor-
mone treatment (Abo-El-Saad and Wu, 1995; Botella
et al., 1996; Davletova et al., 2001), light (Frattini et
al., 1999), cold (Martin and Busconi, 2001; Llop-Tous
et al., 2002), and pathogens (Murillo et al., 2001;
Romeis et al., 2001). Specific expression patterns have

Figure 2. Sequence tree for the Arabidopsis CDPK/SnRK superfamily based on alignment of kinase catalytic domains. The
five kinase groups (CDPK, CRK, PPCK, PEPRK, and SnRK) are delimited by dark gray blocks. Subgroups within the CDPK and
SnRK groups are shown as lighter shaded blocks. Non-Arabidopsis sequences included as outgroups are followed by
sequence identifiers and are shown in italics and with dashed lines. CAPK denotes bovine cAMP-dependent protein kinase.
Abbreviations for other organisms are: Sc, Brewer’s yeast; Dm, fruitfly (Drosophila melanogaster); Md, apple (Malus
domestica); Nt, tobacco (Nicotiana tabacum); Ll, Lilium longiflorum; Rn, Rattus norvegicus; Sp, fission yeast (Schizosac-
charomyces pombe); Et, Eimeria tenella (apicomplexan); Pf, Plasmodium falciparum (apicomplexan); Bn, canola (Brassica
napus); Kf, Kalanchoe fedtschenkoi; Mc, common ice plant (Mesembryanthemum crystallinum); Le, tomato (Lycopersicon
esculentum); Os, rice (Oryza sativa); and Ma, Musa acuminata. Bootstrap supports for specific branches are shown in color.
Noncolored branches are supported by greater than 800 trees in 1,000 bootstrap trials.
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been described for CDPKs in many plant species
including maize (Zea mays) pollen (Estruch et al.,
1994), rice vascular tissue (Saijo et al., 2001) and seeds
(Kawasaki et al., 1993; Frattini et al., 1999), and po-
tato (Solanum tuberosum) stolons (Raices et al., 2001).
Many of these CDPKs have orthologs in Arabidopsis,
and it is presumed that expression of Arabidopsis
CDPK genes is regulated by different stimuli and/or
in specific cell types also.

The significance of the four major CDPK subgroups
depicted in Figure 2 with regard to biochemical or
physiological function is not known. Intriguing sim-
ilarities between some CDPKs have been noted. For
example, both CPK1 from Arabidopsis and a carrot
(Daucus carota) CDPK are activated by phospholipids
(Harper et al., 1993; Farmer and Choi, 1999), yet these
two kinases are not in the same subgroup. The
calcium-binding properties and the concentration of

calcium required for activation was studied in depth
for three soybean (Glycine max) CDPKs (Lee et al.,
1998). Two of these CDPKs are very closely related
and are found in the same subgroup, yet there is no
consistent correlation between their kinetic proper-
ties when compared with the third soybean CDPK.
More experiments are needed on all facets of CDPK
function, including requirements for enzyme activa-
tion, substrate specificity, in planta expression, and
subcellular localization.

CRK

Arabidopsis contains eight CRK genes. The CRK
nomenclature was proposed by Lindzen and Choi
(1995). These kinases have so far only been identified
in angiosperms. In the sequence tree (Fig. 2), they are
located on a branch that is most closely related to a

Table I. Characteristics of CDPKs from Arabidopsis

Gene Name Synonyms cDNAs or ESTsa Introns Molecular Massb Myristoylation Motifc PlantsP ID No.d

CPK1 AK1, At5g04870 Yes 6 68.3 Yes 21951
CPK2 At3g10660 Yes 6 72.2 Yes 21670
CPK3 CDPK6, At4g23650 Yes 8 59.3 No 21867
CPK4 At4g09570 Yes 6 56.4 No 21816
CPK5 At4g35310 Yes 6 62.1 Yes 21913
CPK6 ATCDPK3, At2g17290 Yes 6 61.1 Yes 26192
CPK7 At5g12480 Yes 7 60.3 Yes 10200
CPK8 CDPK19, At5g19450 Yes 7 59.9 Yes 22074
CPK9 At3g20410 Yes 7 60.4 Yes 21708
CPK10 ATCDPK1, At1g18890 Yes 6 61.4 Yes 21443
CPK11 ATCDPK2, At1g35670 Yes 6 55.9 No 20998e

CPK12 CDPK9, At5g23580 Yes 5 55.4 No 21981
CPK13 At3g51850 Yes 6 59.4 Yes 21791e

CPK14 At2g41860 No 6 60.1 Yes 21512
CPK15 At4g21940 Yes 7 62.6 Yes 21845
CPK16 At2g17890 Yes 11 64.8 Yes 26190
CPK17 At5g12180 Yes 6 58.5 Yes 21973
CPK18 At4g36070 Yes 11 60.8 Yes 21917e

CPK19 At1g61950 Yes 8 62.9 No 21152e

CPK20 At2g38910 No 5 64.7 Yes 21594
CPK21 At4g04720 Yes 7 59.9 Yes 21808
CPK22 At4g04710 No 7 55.9 Yes 21807e

CPK23 At4g04740 Yes 7 58.7 Yes 21809e

CPK24 At2g31500 Yes 6 66.2 Yes 21538
CPK25 At2g35890 Yes 5 58.9 Yes 21601
CPK26 At4g38230 Yes 6 54.3 No 21919
CPK27 At4g04700 Yes 7 54.9 Yes 21806e

CPK28 At5g66210 Yes 11 59.0 Yes 22061
CPK29 At1g76040 Yes 7 60.5 No 21002e

CPK30 ATCDPK1a, At1g74740 Yes 6 61.4 Yes 11194
CPK31 At4g04695 Yes 7 54.7 Yes 11158e

CPK32 At3g57530 Yes 7 60.9 Yes 21777e

CPK33 At1g50700 Yes 7 58.6 Yes 21103
CPK34 At5g19360 Yes 6 58.2 Yes 21369

a Sources include GenBank (http://www.ncbi.nlm.nih.gov/), The Institute for Genomic Research Arabidopsis Gene Index (http://www.tigr.org/
tdb/agi/), MATDB (http://mips.gsf.de/proj/thal/db/index.html) and unpublished data. EST, Expressed sequence tag. b Molecular masses in
kilodaltons were calculated at http://expasy.cbr.nrc.ca/tools/pi_tool.html. c Myristoylation motifs were predicted by PROSITE, from published
myristoylation consensus sequences (Towler et al., 1988; Boutin, 1997; Hofmann et al., 1999; Falquet et al., 2002), and from unpublished
data. d Additional information is available at http://plantsP.sdsc.edu/. e Annotation errors exist in some databases. See PlantsP http://
plantsp.sdsd.edu for corrected amino acid sequences.

Hrabak et al.

670 Plant Physiol. Vol. 132, 2003



subgroup containing three CDPKs, indicating that
there is a high degree of similarity between their
catalytic domains. This arrangement, and the pres-
ence of apparently degenerate EF-hands in the CRKs,
also suggests that the CRKs may have arisen rela-
tively recently in evolution from a distinct subgroup
of CDPKs. In support of this hypothesis, it appears
that all of the CDPKs and CRKs on this branch have
a pattern of intron placement that is distinct from the
rest of the CDPKs (Fig. 3A; Harmon et al., 2001;
Zhang and Choi, 2001).

The CRKs range in molecular mass from 64.3 to 68
kD (Table II) and have variable domains of similar
length. All but one of the CRK genes are known to be
expressed. As with CDPKs, the N termini of most
CRKs are predicted to be myristoylated and palmi-

toylated, although no CRKs have been demonstrated
to be acylated. The C-terminal domains of CRKs
contain apparently degenerate calcium-binding sites
that are predicted to be nonfunctional. Biochemical
studies with recombinant CRKs from carrot (Farmer
and Choi, 1999) and maize (Furumoto et al., 1996)
have shown that these representative enzymes do not
bind, and are not activated by, calcium. In addition,
it does not appear that CRKs contain functional au-
toinhibitory domains, because a maize CRK was
equally active in the presence of calcium or EGTA
(Furumoto et al., 1996). A rice CRK binds calmodulin
in a calcium-dependent manner, although its enzy-
matic activity is independent of calcium and calmod-
ulin (Zhang et al., 2002). Thus, CRKs may be consti-
tutively active. No data is available about CRK
function in vivo or potential physiological substrates.

PPCK and PEPRK

Phosphoenolpyruvate carboxylase kinases (PPCKs)
have been defined biochemically as calcium-inde-
pendent protein kinases with molecular mass values
of 30 to 32 kD and 37 to 39 kD that phosphorylate
PEP carboxylase (Vidal and Chollet, 1997, and refs.
therein). The function of PPCKs is most clearly un-
derstood in crassulacean acid metabolism and C4
plants (such as K. fedtschenkoi and maize, respec-
tively) and these enzymes have been reviewed re-
cently (Vidal and Chollet, 1997; Nimmo, 2000;
Nimmo et al., 2001). Phosphorylation of PEPCase
desensitizes the enzyme to feedback inhibition by
malate and serves to activate the enzyme during
times of active fixation of CO2 into oxaloacetic acid.
PPCK activity appears to be regulated at the level of
transcription and is under the control of light in C4
plants and a circadian rhythm in crassulacean acid
metabolism plants (Jiao et al., 1991; Vidal and Chol-
let, 1997; Hartwell et al., 1999a, 1999b; Nimmo, 2000).

All PPCK genes cloned to date encode protein ki-
nase catalytic domains with essentially no N- or
C-terminal extensions (Fig. 1). The enzymes seem to
be constitutively active and are among the smallest
ATP-dependent protein kinases yet described, with
molecular masses in the range of 30 to 32 kD (Table
III). Arabidopsis contains two such PPCK genes, and
the function of the PPCK proteins has been con-
firmed in vitro (Hartwell et al., 1999a; Fontaine et al.,
2002). Both genes contain one intron close to the end
of the catalytic domain (Fig. 3A), as does the K.
fedtschenkoi PPCK gene.

Arabidopsis contains two additional protein kinase
genes whose catalytic domains are most related to
those of the PPCKs. Only one of these genes is known
to be expressed. The predicted proteins contain both
N- and C-terminal extensions with no similarity to
the non-catalytic domains of any of the other kinases
in this superfamily (Fig. 1). Because these extensions
do not contain any apparent regulatory domains,

Figure 3. Intron positions in Arabidopsis CDPKs, CRKs, PPCKs,
PEPRKs, and SnRKs. Kinases are diagrammed as rectangles; N, N
terminus; C, C terminus; Roman numerals, conserved kinase do-
mains (Hanks and Hunter, 1995); J, junction domain; 1–4, EF hands;
D/E, acidic patch. Introns are represented by triangles that contain a
number indicating the phase of the intron: 0 � intron inserted
between intact codons; 1 � intron inserted after first nucleotide of a
codon; 2 � intron inserted after second nucleotide of a codon. White
triangles are introns conserved in all members of a group, whereas
gray-filled introns are only found in some members of the group.
Dotted lines connect introns at comparable positions in different
kinase groups. A, Intron positions in CPKs, CRK, PPCKs, and PEPRKs.
B, Intron positions in SnRKs.
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these genes may encode constitutively active kinases,
although their functions are still unknown. The mo-
lecular masses of these enzymes are 57.5 and 52.1 kD
(Table III), so it seems unlikely that they encode the
37- to 39-kD form of PPCKs described above. We
suggest that these PPCK-related enzymes be termed
PEPRKs until their functions have been established.

CaMK and CCaMK

Arabidopsis contains no representatives of the
CaMKs. The distinguishing biochemical feature of
CaMKs is that they are activated by the binding of
calmodulin to an autoinhibitory domain located im-
mediately C-terminal to the kinase domain (Fig. 1). A
large family of these enzymes is known in animals
and yeast, but only one potential CaMK, from apple,
has been identified in plants (Watillon et al., 1995).
Protein sequence comparisons reveal that the kinase
from apple is actually most closely related to plant
CCaMKs (Fig. 2).

CCaMKs have been cloned from tobacco and lily
(Patil et al., 1995; Liu et al., 1998), but they are ap-
parently absent from Arabidopsis. The arrangement
of functional domains in these enzymes is similar to
that of the CDPKs, but the structure of their calcium-
binding regulatory domain is more similar to visinin
than to calmodulin and contains only three EF hands
(Harmon et al., 1987; Patil et al., 1995; Yuasa et al.,

1995; Pandey and Sopory, 1998). CCaMKs contain a
calmodulin-binding site that overlaps with the auto-
regulatory domain (Ramachandiran et al., 1997). Reg-
ulation of CCaMK by calcium and calmodulin is
complex. Autophosphorylation occurs in response to
the binding of calcium to the EF hands in the visinin-
like domain, which increases the affinity of the en-
zyme for binding the calcium/calmodulin complex
and enhances substrate phosphorylation (Takezawa
et al., 1996; Pandey and Sopory, 1998; Sathyanaray-
anan et al., 2000).

SnRK

Arabidopsis contains 38 protein kinases that are
related to SNF1 from yeast (Table IV). The SnRKs
form three subgroups based on sequence similarity
and domain structure (Fig. 1). The SnRK1 subgroup
is the most closely related to SNF1 from yeast and to
AMP-activated protein kinases (AMPK) from ani-
mals (Fig. 2). Only three Arabidopsis sequences be-
long to the SnRK1 subgroup. On average, these are
the largest proteins in the SnRK group with molecu-
lar mass values from 56.7 to 58.7 kD. Studies of the
biochemistry and physiology of SnRK1s from crop
plants have suggested that, like SNF1 and AMPK,
they may regulate metabolism in response to nutri-
tional or environmental stress (for review, see Hal-
ford and Hardie, 1998; Halford et al., 2000, 2003;

Table III. Characteristics of PPCKs and PEPRKs from Arabidopsis

Gene Name Synonyms cDNA or ESTa Introns Molecular Massb Myristoylation Motif c PlantsP ID No.d

PPCK1 At1g08650 Yes 1 31.8 No 21409
PPCK2 At3g04530 Yes 1 31.3 No 21203e

PEPRK1 At1g12580 No 3 57.5 Yes 21496
PEPRK2 At1g12680 Yes 2 52.1 No 21141
a Sources include GenBank (http://www.ncbi.nlm.nih.gov/), The Institute for Genomic Research Arabidopsis Gene Index (http://www.tigr.org/

tdb/agi/), and MATDB (http://mips.gsf.de/proj/thal/db/index.html). EST, Expressed sequence tag. b Molecular masses in kilodaltons were
calculated at http://expasy.cbr.nrc.ca/tools/pi_tool.html. c Myristoylation motifs were predicted by PROSITE and from published myristoyl-
ation consensus sequences (Towler et al., 1988; Boutin, 1997; Hofmann et al., 1999; Falquet et al., 2002). d Additional information is
available at http://plantsp.sdsc.edu/. e Annotation errors exist in some databases. See PlantsP (http://plantsp.sdsd.edu) for corrected amino
acid sequences.

Table II. Characteristics of CRKs from Arabidopsis

Gene Name Synonyms cDNA or ESTa Introns Molecular Massb Myristoylation Motifc PlantsP ID No.d

CRK1 At2g41140 Yes 10 64.3 Yes 21623
CRK2 At3g19100 Yes 9 67.2 Yes 21712
CRK3 At2g46700 No 10 66.6 Yes 21571
CRK4 CP4, At5g24430 Yes 10 66.5 No 21984
CRK5 At3g50530 Yes 10 67.0 Yes 21757
CRK6 At3g49370 Yes 10 66.4 No 21752
CRK7 At3g56760 Yes 10 64.6 Yes 21790
CRK8 At1g49580 Yes 10 68.0 Yes 21393
a Sources include GenBank (http://www.ncbi.nlm.nih.gov/), The Institute for Genomic Research Arabidopsis Gene Index (http://www.tigr.org/

tdb/agi/), and MATDB (http://mips.gsf.de/proj/thal/db/index.html). EST, Expressed sequence tag. b Molecular masses in kilodaltons were
calculated at http://expasy.cbr.nrc.ca/tools/pi_tool.html. c Myristoylation motifs were predicted by PROSITE and from published myristoyl-
ation consensus sequences (Towler et al., 1988; Boutin, 1997; Hofmann et al., 1999; Falquet et al., 2002). d Additional information is
available at http://plantsp.sdsc.edu.
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Hardie, 2000). Unlike AMPK, SnRK1s are not allos-
terically regulated by AMP; however, AMP indi-
rectly regulates the activity of a spinach SnRK1 via a
mechanism that involves regulation of the phosphor-
ylation/dephosphorylation of a residue in the en-
zyme’s activation loop (conserved subdomain VIII;
Sugden et al., 1999a). In vitro phosphorylation assays
with purified enzymes and synthetic peptides have
shown that SnRK1s have overlapping substrate spec-
ificity with CDPKs (Bachmann et al., 1996; Huber and
Huber, 1996; Sugden et al., 1999b; Huang and Huber,
2001), suggesting that some substrates such as en-
zymes involved in carbon metabolism may be inde-
pendently regulated by separate phosphorylation
pathways (Hardie, 2000).

Interactions of SnRK1s with a variety of proteins
have been identified. Not unexpectedly, SnRK1s inter-
act with plant orthologs of proteins that regulate yeast
SNF1, indicating that SnRK1s are likely to form het-
erotrimeric complexes like their yeast and animal
counterparts and may be regulated by Glc in a manner
similar to yeast SNF1 (Bhalerao et al., 1999; Bouly et
al., 1999; Ferrando et al., 2001). Other interactions of
Arabidopsis SnRK1s with the 26S proteosome and
several proteosomal subunits (Farras et al., 2001) and
with a protein Tyr phosphatase (Fordham-Skelton et
al., 2002) have been reported. As with its yeast and
animal orthologs, these interactions are likely to occur
with the C-terminal regulatory domain of SnRK1.
These results indicate that SnRK1s probably have a

Table IV. Characteristics of SnRKsa from Arabidopsis

Gene Name Synonyms cDNA or ESTb Introns Molecular Massc PlantsP ID No.d

SnRK1.1 AK21, AKIN10, AKIN�1, At3g01090 Yes 9 58.4 21659
SnRK1.2 AKIN11, AKIN� 2, Akin20, At3g29160 Yes 9 58.7 21696
SnRK1.3 Akin30, AKIN� 3, At5g39440 No 9 56.7 21323
SnRK2.1 ASK2, OSKL8, SRK2G, At5g08590 Yes 8 40.2 21293
SnRK2.2 ATHPROKINA, SPK2, OSKL3, SRK2D, At3g50500 Yes 8 41.2 21756
SnRK2.3 ATHPROKINB, 41K, OSKL2, SRK2I, At5g66880 Yes 8 41.1 22065
SnRK2.4 ASK1, OSKL7, SRK2A, At1g10940 Yes 8 41.2 21446
SnRK2.5 OSKL9, SRK2H, At5g63650 Yes 8 41.6 21362
SnRK2.6 OST1, SRK2E, At4g33950 Yes 9 40.6 21907
SnRK2.7 OSKL5, SRK2F, At4g40010 No 8 39.8 21924
SnRK2.8 OSKL4, SRK2C, At1g78290 Yes 5 38.2 21445
SnRK2.9 OSKL10, At2g23030 No 8 39.0 21604
SnRK2.10 OSKL6, SRK2B, At1g60940 Yes 8 41.0 21102
SnRK3.1 ATPK10, CIPK15, SIP2, PKS3, At5g01810 Yes 0 47.9 21940e

SnRK3.2 CIPK2, PKS16, At5g07070 Yes 0 51.8 21956e

SnRK3.3 CIPK4, PKS9, At4g14580 Yes 0 47.8 21928
SnRK3.4 CIPK21, PKS23, At5g57630 Yes 9 46.4 22037e

SnRK3.5 CIPK19, PKS21, At5g45810 Yes 0 54.6 22004
SnRK3.6 CIPK20, PKS18, At5g45820 Yes 0 50.2 22005
SnRK3.7 CIPK13, PKS10, At2g34180 Yes 0 56.7 21627
SnRK3.8 CIPK10, SIP1, PKS2, At5g58380 Yes 0 54.6 17265e

SnRK3.9 CIPK12, PKS8, At4g18700 Yes 0 55.0 21834
SnRK3.10 ATSRPK1, AtSR2, CIPK7, PKS7, At3g23000 Yes 0 48.3 21706
SnRK3.11 SOS2, CIPK24, At5g35410 Yes 12 50.6 21986
SnRK3.12 CIPK9, PKS6, At1g01140 Yes 13 50.5 21033e

SnRK3.13 CIPK8, PKS11, At4g24400 Yes 13 50.4 21869
SnRK3.14 CIPK6, SIP3, PKS4, At4g30960 Yes 0 49.4 21894
SnRK3.15 CIPK14, PKS24, ATSR1, At5g01820 Yes 0 50.3 21941
SnRK3.16 CIPK1, PKS13, At3g17510 Yes 11 49.9 21205e

SnRK3.17 CIPK3, PKS12, At2g26980 Yes 11 43.1 21568e

SnRK3.18 CIPK16, PKS15, At2g25090 Yes 1 53.6 21575
SnRK3.19 CIPK22, PKS14, At2g38490 Yes 0 48.7 21556
SnRK3.20 CIPK18, PKS22, At1g29230 Yes 0 58.5 21389
SnRK3.21 CIPK17, PKS20, At1g48260 Yes 10 48.7 21026
SnRK3.22 CIPK11, SIP4, PKS5, At2g30360 Yes 0 49.0 21529
SnRK3.23 CIPK23, PKS17, At1g30270 Yes 14 53.5 26216e

SnRK3.24 CIPK5, PKS19, At5g10930 Yes 0 50.9 21967
SnRK3.25 CIPK25, PKS25, At5g25110 Yes 0 55.6 21306e

a Subgroups were previously defined by Halford and Hardie (1998). b Sources include GenBank (http://www.ncbi.nlm.nih.gov/), The
Institute for Genomic Research Arabidopsis Gene Index (http://www.tigr.org/tdb/agi/), MATDB (http://mips.gsf.de/proj/thal/db/index.html), and
TAIR (http://www.arabidopsis.org/info/CBL.html#CIPK). EST, Expressed sequence tag. c Molecular masses in kilodaltons were calculated at
http://expasy.cbr.nrc.ca/tools/pi_tool.html. d Additional information is available at http://plantsp.sdsc.edu. e Annotation errors exist in
some databases. See PlantsP (http://plantsp.sdsc.edu) for corrected protein sequences.
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larger role in plant metabolism than was known pre-
viously. For example, antisense expression of a barley
(Hordeum vulgare) SnRK1 interfered with pollen devel-
opment and caused male sterility (Zhang et al., 2001).

The SnRK2 and SnRK3 groups appear to be unique
to plants (Halford et al., 2000). The SnRK2s are about
140 to 160 amino acids shorter than the SnRK1s,
averaging about 40 kD in size, and have a character-
istic patch of acidic amino acids in their C-terminal
domains (Halford et al., 2000). There are 10 SnRK2
genes in Arabidopsis. One of these, SnRK2.6, has
been characterized recently (Mustilli et al., 2002; Yo-
shida et al., 2002). SnRK2.6 is expressed in guard cells
and in the vascular system, and SnRK2.6 mutants are
affected in stomatal closure in response to abscisic
acid (ABA). SnRK2.6 activity is stimulated by ABA
but gene expression is not regulated by ABA (Mus-
tilli et al., 2002; Yoshida et al., 2002). Other SnRK2s
include PKABA1 from wheat (Triticum aestivum;
Anderberg and Walker-Simmons, 1992) and REK
from rice (Hotta et al., 1998). In contrast to SnRK2.6 of
Arabidopsis, transcription of PKABA1 is induced by
ABA and occurs in embryos and seedlings, sites of
relatively high ABA concentrations. PKABA1 has
been implicated as a component in the pathway by
which ABA treatment antagonizes the effects of GA3
via suppression of GA3-inducible genes (Gomez-

Cadenas et al., 1999, 2001; Shen et al., 2001). An ABA-
response element binding factor (TaABF) has been
shown by two-hybrid screening to specifically bind to
PKABA1. TaABF is seed specific, suggesting the Ta-
ABF may serve as a physiological substrate for
PKABA1 in ABA-signaling processes in wheat seeds
(Johnson et al., 2002). Expression of PKABA1 in Esch-
erichia coli or Pichia pastoris yields inactive enzyme,
however, the active form can be obtained by expres-
sion in insect cells (S.D. Verhey, L.D. Holappa, and
M.K. Walker-Simmons, personal communication).
This implies that PKABA1 requires posttranslational
modification and/or regulatory subunits for activity
and that these are available in insect cells but not in
bacterial or yeast cells. In contrast, REK, a SnRK2 from
rice, autophosphorylates when expressed in bacterial
cells, and the addition of 10 mm calcium stimulates
this activity (Hotta et al., 1998). Although 10 mm cal-
cium is much higher than physiological concentra-
tions, this observation raises the question of whether
the activity of some SnRK2s may be regulated by
calcium.

Twenty-five of the Arabidopsis SnRKs fall into the
SnRK3 group. This group is represented by kinases
previously published as CBL-interacting protein ki-
nase (CIPKs; Kudla et al., 1999; Shi et al., 1999; Kim et
al., 2000; Albrecht et al., 2001), salt overly sensitive 2

Figure 4. Chromosome positions of CDPK, CRK, PPCK, and PEPRK genes. The positions of CDPKs are shown to the left of
each chromosome, whereas the CRKs, PPCKs, and PEPRKs are indicated on the right. Values in parentheses are distances
in megabases.
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(SOS2; Zhu et al., 1998; Halfter et al., 2000; Liu et al.,
2000), SOS3-interacting proteins (SIPs) (Halfter et al.,
2000) and protein kinase S (PKS) (Guo et al., 2001;
Table IV). These protein kinases interact with calcium-
binding proteins such as SOS3, SCaBPs, and CBL pro-
teins, which are related to animal neuronal calcium
sensors and to the regulatory B subunit of the protein
phosphatase calcineurin (Liu and Zhu, 1998; Kudla et
al., 1999; Kim et al., 2000; Albrecht et al., 2001; Guo et
al., 2001). These kinases are involved in responses to
salt stress and in sugar and ABA signaling (Guo et al.,
2001, 2002; Gong et al., 2002a; Gong et al., 2002c).

The research groups of Kudla, Luan, and Zhu in-
dependently discovered the SnRK3 group of kinases,
and these groups have developed different nomen-
clatures for these enzymes. In a search for calcineurin
regulatory subunits from plants, Kudla et al. (1999)
isolated a family of genes encoding CBL calcium-
binding proteins. When AtCBL1, a stress-responsive
member of the CBL family, was subsequently used as
bait in a yeast two-hybrid analysis, Shi et al. (1999)
identified CIPKs as target proteins for CBL1. Further
work showed that different CBLs and CIPKs interact
with some degree of isoform specificity (Kim et al.,
2000; Albrecht et al., 2001). Independently, Zhu’s
group isolated mutant Arabidopsis plants having a
“salt overly sensitive” phenotype in a genetic screen

(Zhu et al., 1998) and later showed that two of the
mutant lines carried mutations in either a calcium-
binding protein named SOS3 (Liu and Zhu, 1998) or a
protein kinase named SOS2 (Liu et al., 2000). These
results implicate SOS2 and SOS3 in salt resistance in
Arabidopsis. SOS3 interacts with SOS2 and other re-
lated protein kinases called SIPs (Halfter et al., 2000).
SOS2 is the only SnRK3 subgroup member whose
function has been identified by genetic analysis.

One feature that differentiates the SnRKs from the
CDPK/CRK/PPCK/PEPRK group is that all of the
SnRKs contain a Thr in their activation loops (con-
served subdomain VIII). Most CDPKs and all CRKs
have Asp or Glu at this position: Two CDPKs have
basic amino acids, whereas PPCKs and PEPRKs have
Gly. This is especially interesting because of the effect
of this residue on enzyme activity (Guo et al., 2001;
Gong et al., 2002b). Replacement of the Thr residue in
the activation loop of SOS2 with an Asp residue
confers significantly higher activity on the enzyme,
which does not require either SOS3 or calcium (Guo
et al., 2001; Gong et al., 2002b). Similar activation
after replacement of this Thr residue has been re-
ported for other SnRK3s (Gong et al., 2002a; Gong
et al., 2002c). A potential requirement of this Thr
residue as a site for phosphorylation by another ki-

Figure 5. Chromosome positions of SnRK genes. Values in parentheses are distances in megabases.
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nase could explain the lack of activity of some
SnRK3s when expressed in bacteria.

The activity of SnRK3s expressed in bacteria is
stimulated by the addition of SOS3 or a SOS3-like
calcium-binding protein in the presence of calcium.
These calcium-binding proteins interact with SnRK3s
via a 21- to 24-residue region called the NAF or FISL
domain (Shi et al., 1999; Albrecht et al., 2001; Guo et
al., 2001), which also serves as an autoinhibitory
domain for kinase activity (Guo et al., 2001; Gong et
al., 2002b). These observations indicate that the reg-
ulation of SnRK3s in vivo is complex and is only
beginning to be understood.

Unlike CDPKs and CRKs, almost none of the
SnRK1, SnRK2, or SnRK3 kinases contain a putative
N-terminal myristoylation sequence and thus are un-
likely to be membrane associated due to this hydro-
phobic modification. Interestingly, SnRK3.11 (also
known as SOS2) regulates the activity of SOS1, a
plasma membrane Na�/H� exchanger (Qiu et al.,
2002), even though SOS2 is not by itself a membrane-
associated protein. SOS2 may be membrane localized
through its interaction with SOS3 (Halfter et al., 2000).

Evolutionary Origins

A phylogenetic analysis of kinase domains repre-
sentative of all Ser/Thr kinases from Arabidopsis in-
dicated that the CDPK and SnRK subfamilies cluster
next to each other on a branch distinct from other
kinases (Hardie, 2000) and we have termed this group
of kinases the CDPK-SnRK superfamily. The evolu-
tionary relationships of the CDPK, CRK, PPCK, and
PEPRK groups have been analyzed recently (Harmon
et al., 2001; Zhang and Choi, 2001; Cheng et al., 2002).
CDPKs and CRKs have four highly conserved intron
placements: two phase 1 introns in the catalytic do-
main, a phase 0 intron at the border of the junction and
calmodulin-like domains, and another phase 0 intron
in the calmodulin-like domain (Fig. 3A). One of the
phase 1 introns is also conserved in both PPCK and
PEPRK genes, whereas the other phase 1 intron is only
found in PEPRKs. The sequence tree (Fig. 2) supports
the hypothesis that CDPKs, CRKs, PPCKs, and PEP-
RKs have a common evolutionary origin. However, a
number of questions about these genes still remain.
For example, we do not know whether there were
independent gene fusion events that gave rise to the
plant and protistan CDPKs or whether the visinin-like
regulatory domain of CCaMKs arose from the diver-
gence of a calmodulin-like domain of a CDPK or from
a separate gene fusion event.

Although the kinase domain of the SnRK subfamily
is most closely related to the CDPK subfamily, based
on our analyses, there are no conserved intron posi-
tions between these two groups of kinases. Within the
SnRK subfamily, few intron positions are conserved
between all SnRK groups. The SnRK3 group is partic-
ularly diverse with two major branches. One branch

contains genes with zero or one intron, whereas the
genes in the other branch have nine or more introns
(Fig. 2; Table IV). On the former branch, a single
SnRK3 gene contains one intron, whereas the remain-
der have none. This single intron is a phase two intron
in kinase subdomain X and is not similar to any other
SnRK intron position (data not shown). The SnRK3
branch with nine or more introns is composed of two
smaller groups with related but distinct intron struc-
tures (Fig. 3B). The differences in intron structure be-
tween the two major SnRK3 branches raises the pos-
sibility that the genes on the branch with zero or one
intron arose after reverse transcription of a mRNA
from the group with nine or more introns, followed by
reinsertion into the genome and subsequent diver-
gence. SnRK1s share one intron position with the
branch of SnRK3s that contains many introns, whereas
SnRK2s share two intron positions with these SnRK3s
(Fig. 3B). SnRK1.1 and SnRK1.2 are apparently the
only members of the CDPK-SnRK superfamily to have
an intron in their 5�-untranslated region which may
play a role in regulation of gene expression (data not
shown; J. Bouly and M. Thomas, unpublished data).

Chromosome Positions

CDPKs and SnRKs are found on all chromosomes
(Figs. 4 and 5). No CRKs are located on chromosome
IV, whereas PPCKs and PEPRKs are only found on
chromosomes I and III. One group of CDPKs (CPK31,
CPK27, CPK22, CPK21, and CPK23) is arranged in a
cluster of five adjacent genes on the top of chromo-
some IV. These five genes are transcribed in the same
direction (data not shown) and are closely related on
the sequence tree (Fig. 2), indicating that they may
have arisen by a relatively recent gene duplication.
The extremely close linkage for some isoforms will
make it difficult for researchers to obtain the double
and triple knockout mutants that could be helpful in
determining CDPK function.

In most cases, kinases that are closely related based
on the sequence tree (Fig. 2) are not located near each
other on the physical map of the Arabidopsis ge-
nome. However, there is evidence that the Arabidop-
sis genome has undergone extensive duplication and
reorganization (Blanc et al., 2000). Therefore, we
compared whether closely related pairs of kinases are
found in known duplicated regions of the genome.
Six closely related pairs of CPK genes (CPK1/2,
CPK9/33, CPK5/6, CPK16/18, CPK14/32, and
CPK10/30) and two pairs of CRK genes (CRK2/8
and CRK1/7) were found in duplicated genomic re-
gions. In addition, two pairs of SnRK2s (SnRK2.2/2.3
and SnRK2.4/2.10) and five pairs of SnRK3s
(SnRK3.3/3.10, SnRK3.5 and 3.6/3.9, SnRK3.7/3.20,
SnRK3.16/3.21, and SnRK3.24/3.25) occurred in du-
plicated regions. These results support the hypothe-
sis that these kinases are paralogs that arose by di-
vergence after genome duplication events.
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PlantsP Database

Our alignments, corrected sequence annotations,
and functional annotations of the Arabidopsis se-
quences are available at the PlantsP database (http://
plantsp.sdsc.edu). Our analysis revealed several anno-
tation problems with the published genomic sequence.
Such problems are not uncommon and are unavoid-
able with the current sequence analysis technology
but can be confusing to researchers. To address this
issue, the PlantsP database provides a community-
enhanced resource to resolve annotation problems
and to continuously update information on protein
kinases from all plants. Input to the database from
other researchers studying plant protein kinases and
phosphatases is welcome through the User Registra-
tion link.

CONCLUSIONS

Our understanding of the members of the Arabi-
dopsis CDPK-SnRK superfamily is similar to that of
many other Arabidopsis gene families in that the
genes and the proteins they encode have been iden-
tified, but studies to clarify their roles in plant
growth and development are still under way. Multi-
ple approaches are being used to investigate the
functions of these proteins including site-directed
mutagenesis or deletion of key residues or domains,
reverse genetics (knockouts) to identify null muta-
tions, protein interaction screens to identify potential
substrates, biochemical analyses to characterize ki-
netic properties, and expression and localization
studies to clarify where and when various family
members are expressed. These experiments can be
complicated by the existence of multiple, closely re-
lated genes that may have similar functions. For in-
stance, knockouts in these kinase genes usually have
not had an obvious phenotype, indicating either that
the correct conditions to identify a phenotype were
not tested or that the protein’s function can be ful-
filled by other related family members. In some
cases, double, triple, or higher order mutants may
have to be made to uncover a phenotype. Mutant
combinations could be made at random, or specific
mutants could be combined based on the hypothesis
that kinases that are near each other on the sequence
tree might have similar or redundant functions.
Clearly there is much exciting research yet to come.

Presumably, the proliferation of divergent kinases
has played an important role in the evolution of
successful plant species. We expect that a compre-
hensive bioinformatics analysis of all kinases and
phosphatases encoded in the Arabidopsis genome,
starting here with the CDPK-SnRK superfamily, will
provide an important foundation for understanding
the role of phosphoregulation in plants.

MATERIALS AND METHODS

Construction of Trees

Sequences of CDPK family members from all species were retrieved from
the GenBank database. The complete set of CDPK and CRK sequences were
identified by repetitive BLAST analyses (Altschul et al., 1990) of the proteins
predicted from the Arabidopsis genomic sequence and from GenBank. A set
of known CDPK and SnRK proteins sequences were used as query se-
quences (the query panel). Candidate members of the CDPK-SnRK group
were identified as those sequences most similar to the query sequences.
Each of the identified sequences was used as a query in further searches.
Candidate sequences were accepted as members of the CDPK-SnRK group
when they were closer to the query panel than to any other group and when
they identified the CDPK-SnRK group as their nearest relative in reciprocal
searches. In cases where the GenBank sequences contained errors predicted
from comparison with known CDPK-SnRK family members, manually cor-
rected sequences were used. Most errors occurred due to incorrect intron
splice site predictions. Sequences of Arabidopsis isoforms were also ob-
tained from The Institute for Genomic Research (ftp://ftp.tigr.org/pub/
data/a_thaliana/ath1/PUBLICATION_RELEASE/) and from the Munich
Information Center for Protein Sequences (ftp://ftp.mips.biochem.mpg.de/
pub/cress/). Sequence trees were constructed using the neighbor-joining
method as implemented in the ClustalW program (Thompson et al., 1994).
Alignments were constructed by a combination of automatic and manual
procedures. In brief, sequences were initially aligned with ClustalW after
first omitting the most divergent sequences. Alignments were used to
construct an evolutionary profile (Gribskov and Veretnik, 1996). All se-
quences were then aligned to the profile to construct the multiple alignment.
Finally, this alignment was manually edited to correct errors. Sequences
were assigned to families and subfamilies based on the calculated tree and
additional information such as intron/exon patterns.

Identification of Gene Duplications

Data on duplicated regions in the Arabidopsis genome were obtained
from The Institute for Genomic Research (http://www.tigr.org/tdb/e2k1/
ath1/arabGenomeDups.html). Duplications were confirmed by direct ex-
amination of the gene order flanking the kinases.

Received July 31, 2002; returned for revision October 2, 2002; accepted
February 17, 2003.

Note Added in Proof

Two additional references may be of interest to readers.

Kim K-N, Cheong YH, Grant JJ, Pandey GK, Luan S (2003) CIPK3, a
calcium-sensor-associated protein kinase that regulates abscisic acid and
cold signal transduction in Arabidopsis. Plant Cell 14: 411–423

Luan S, Kudla J, Rodriguez-Concepcion M, Yalovsky S, Gruissem W
(2002) Calmodulins and calcineurin B-like proteins: calcium sensors for
specific signal response coupling in plants. Plant Cell 14: S389–S400
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