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Abstract. Plant genomes encode a variety of protein ki-tors, which often serve as hormone receptors in animal
nases, and while some are functional homologues of anisystems, have not yet been identified in plants.
mal and fungal kinases, others have a novel structure.
This review focuses on three groups of unusual memkey words: CDPK — Histidine kinase —Arabidopsis
brane-associated plant protein kinases: receptor-like pro—— RLK — Phosphorylation — Calcium
tein kinases (RLKSs), calcium-dependent protein kinases
(CDPKs), and histidine protein kinases. ]

Animal RLKs have a putative extracellular domain, Introduction
a single transmembrane domain, and a protein kinase. )
domain. In plants, all of the RLKs identified thus far Living creatures of all types! from archaebacteria to ze-
have serine/threonine signature sequences, rather th@i@s, have evolved mechanisms to sense and respond t
the tyrosine-specific signature sequences common to anf@nges in the environment. Peptide hormones, G-
mals. Recent genetic experiments reveal that some difotein-coupled receptors, G-proteins, intracellular cal-
these plant kinases function in development and pathoSiUm. lipids, cyclic nucleotides, protein kinases, and
gen resistance. transcription factors are just some of the diverse machin-

The CDPKs of plants and protozoans are compose&Y that may be utilized in these signaling pathways.
of a single polypeptide with a protein kinase domain'Ve understand how some of these molecules transduce
fused to a C-terminal calmodulin-like domain containing Signals, but the specific role of many of these molecules
four calcium-binding EF hands. No functional plant ho- IS MOt yet known. _
mologues of protein kinase C or &4calmodulin-  With the advent of whole genome sequencing we are
dependent protein kinase have been identified, and ni/St beginning to be able to compare the plethora of
animal or fungal CDPK homologues have been identi-Pathways and proteins used by different organisms to
fied. transduce signals. These signaling pathways can be

Recently, histidine kinases have been shown to parduite similar, or differ dramatically. For example, all
ticipate in signaling pathways in plants and fungi. 0'9@nisms appear to use protein kinases and transcriptior
ETR1, anArabidopsishistidine kinase homologue with factors of some sort, although the structures of the spe-
three transmembrane domains, functions as a receptor f&#fic molecules involved may differ. Histidine kinases

the plant hormone ethylene. G-protein-coupled recephave been shown to play arole in prokaryotic, plant, and
fungal signal transduction. On the other hand, prokary-

otes lack many signaling molecules found in eukaryotes,

such as receptor protein kinases and heterotrimeric G-
* Present addressDepartment of Biology, Brandeis University, 415 proteins. ngher pla.nts. appear to .have. some sugnalmg
South Street, Waltham, MA 02254, USA molecules that are similar to those in animals and fungi,

but also have some distinctive molecules not found in
Correspondence tayl.R. Sussman these organisms.
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putative extracellular domain protein kinase domain

Fig. 1. Modular structure of plant receptor

A protein kinases. Schematic diagrams of the

following plant receptor-like protein kinases are

shown: @) SRK, aBrassica Socus receptor

B kinase with homology to the S-locus glycoprotein

(SLG) [63]; B) ERECTA, anArabidopsis

C receptor protein kinase with 20 leucine-rich

repeats [107]; €) WAK1, an Arabidopsis

wall-associated receptor kinase with two EGF-like

D repeats [50]; D) lecRK1, anArabidopsisreceptor

kinase with homology to putative

carbohydrate-binding lectins [38]E)

E CRINKLY4, a maize receptor kinase with a
region of homology to the tumor necrosis factor

F receptor (TNFR) and seven novel repeats [&); (
PR5K, anArabidopsisreceptor protein kinase

G

l Novel with homology to pathogenesis-related (PR5)
proteins [112]; and@) CrRLK1, a novel receptor
A tein kinase fromCatharanthus roseus
— hydrophobic signal sequence EGF-like repeat pro o
100 2a or transmembrane domain (Madagascar periwinkle) [91]. The wheatl0

locus receptor kinase is not shown. All of the

deduced proteins contain a single transmembrane
domain and a protein kinase domain, and all have

E novel repeat a hydrophobic signal sequence except for WAKL.

leucine-rich repeat

Protein kinases are one of the major classes of signgirotein kinase domain (Fig. 1). In animals, many recep-
transducers. 113 conventional protein kinase gene®or protein kinases contain a tyrosine-specific kinase do-
(about 2% of all yeast genes) have been identified in thenain [29, 59], although there are some examples, such as
Saccharomyces cerevisigenome [43], and there may Transforming Growth Factos-receptor [55], and activin
be more than 1,000 protein kinases encoded by a singlR0] in which the kinase domain has serine/threonine
mammalian genome [42]. Protein kinases catalyze thapecificity. All plant RLK cDNAs published to date en-
transfer of they-phosphate of ATP to the amino acid side code proteins with serine/threonine protein kinase signa-
chain of a protein. The side chain specificity of protein ture sequences rather than tyrosine-specific signature se
kinases provides a convenient way to classify proteinquences. These receptor kinases fall into several sub-
kinases. “Conventional” members of the protein kinaseclasses [10, 109] based on the structure of their putative
superfamily are structurally related, and can be placedxtracellular domains (Fig. 1): the S-locus receptor-like
into two major categories: serine/threonine specific, ancprotein kinases have distinctive extracellular domains
tyrosine specific [43, 33]. A few of these proteins, called homologous to the S-locus glycoprotein [62], some re-
dual-specificity kinases, are capable of phosphorylatingeptor-like protein kinases such as Xa21 or TMK1 have
serine, threonine, and tyrosine [104, 43]. Histidine ki- extracellular domains with varying numberslafucine-
nases are “nonconventional” protein kinases which au-Rich Repeats (LRRs) [107], while th@vall-Associated
tophosphorylate on an active site histidine residuereceptor proteinKinase, WAK1, has two epidermal
These kinases do not have protein sequence homology trowth factor-like repeats in its extracellular domain
conventional eukaryotic protein kinases [43]. [50].

Although much work has been done on protein ki- Several new plant RLKs with different types of ex-
nases in yeast and animal systems, relatively little igracellular domains have been identified recently are are
known about the biological functions of protein kinasesalso illustrated in Fig. 1. The CRINKLY4 receptor pro-
in plants. In particular, a number of protein kinases oftein kinase has an extracellular domain with homology to
novel structure have been identified in plants [97]. Thistumor necrosis factor receptor as well as seven novel
review will focus on three groups of membrane- repeated motifs [4]. CrRLK1 is a receptor-like protein
associated plant protein kinases: receptor-like proteirkinase from the Madagascar periwinkle plant. The pu-
kinases (RLKs), calcium-dependent protein kinasegative extracellular domain of this receptor kinase homo-

(CDPKSs) and histidine kinase homologues. logue appears to be novel [91], but the catalytic domain
. o of this kinase is similar to that d?to which is involved
Receptor-like Protein Kinases in tomato disease resistance. The Pto protein kinase

lacks a transmembrane domain, but has a putative my-
ristoylation motif [60]. A receptor kinase tightly linked
Receptor-like protein kinases are composed of a putativéo the wheat r10 disease resistance locus has a deduced
extracellular domain, a transmembrane domain, and axtracellular domain with some regions of similarity to

STRUCTURE



J.S. Satterlee and M.R. Sussman: Membrane-associated Plant Kinases 207

the S-locus receptor kinases, but lacks a set of conservembmpact inflorescence. This mutation is caused by a le-
cysteine residues in the S-domain, suggesting that thision in a gene encoding a leucine-rich repeat receptor
kinase may be a member of a new group of receptoprotein kinase [107]. Resistance to the rice pathogen
kinases [26]. PR5K, a receptor protein kinase from theXanthomonas oryzais conferred by theXa21 gene, a
model plantArabidopsis thalianshas a putative extra- receptor-like kinase with a serine/threonine type protein
cellular domain homologous to PR5 proteins which arekinase domain and leucine-rich repeats [93]. Te
involved in pathogenesis [112]. Perhaps the most intervatal mutant of Arabidopsispossesses larger than nor-
esting of these newly reported receptor kinases are thgal floral and shoot meristems, apparently due to the
lectin receptor kinases, or LRKs which have an eXtraCG|-accumu|ation of undifferentiated cells [17] This pheno-
lular domain homologous to carbohydrate binding lectinstype, like that oferectaandXa21,is caused by a lesion
[38, 100]. Itis likely that there will be even more classesin a receptor protein kinase homologue with a putative
of plant receptor protein kinases identified, especially agxtracellular domain containing leucine-rich repeats.
the Arabidopsisgenome is sequenced. Plant receptor protein kinases do not have the sig-
nature sequences associated with animal tyrosine-
specific protein kinases, but rather possess serine/
threonine signature sequences. Making biochemical
Much remains to be learned about receptor protein ki_conclusio_ns bas_ed on amino acid sequence analysis is
fraught with peril, however. Several plant receptor pro-

nase signal transduction in plants. Although quite afevvtem kinases have been expressed in heterologous sys

plant receptor kinases have been cloned, no receptor k{— . X .
) ; . ems, and phosphoamino acid analysis shows autophos
nase ligands have been isolated. In animal systems

. ‘phorylation on serine and/or threonine, but not on tyro-
soluble, membrane-associated, and extracellular matng. y ’ Y

proteins have all been identified as receptor protein ki—>ne [91, 106, 14]. However a petunia receptor protein

nase ligands [29]. The identification of plant receptork'ndaste hﬂ!s be6e1n shown tt(') aLf[thoptht?fpfllprylate on sherme
protein kinases with lectin-like extracellular domains and tyrosine [61], suggesting that this kinase may have

suggests carbohydrates as candidate ligands for these I%gal specificity. As yet, no plant regeptor pf‘?t?‘i” ki'.
ceptor kinases. nases have been shown to have tyrosine specificity. This

Some work has been done with respect to the subiS in striking contrast to the animal receptor protein ki-
cellular residence of plant receptor protein kinas-Nases, the vast majority of which have tyrosine specific-

es. TMK1, which contains leucine-rich repeats, has beetty [29]- ) )
shown to be glycosylated and associated with mem- I__|ttle is known apout the downstream signal tr_ans_—
branes [84]. PRK1, which also has leucine-rich repeatsduction pathways activated by plant receptor protein ki-
was shown by Western blotting to be associated withases. TG receptor kinase, a serine/threonine recep-
microsomal membranes [61]. WAKL, the receptor ki- tor kinase, has been well characterized in animal systems
nase with EGF-like repeats, appears to be tightly asso®5]- In this case, there are two types of T@Feceptor
ciated with plant cell walls and may provide a transduc-kinases, Type | and Type II. Type Il binds the T@F-
tion link between the cytosol and the extracellular wallligand, and then this complex can bind the Type I recep-
matrix [37]. tor, forming a heterodimer in which TGFR Il can cross-
Classical genetics has provided clues as to the fungehosphorylate TGFR I. The subsequent signaling steps
tion of some plant receptor kinases. Lesions in some ohave not been clearly defined, although both heterotrim-
these kinases have been shown to be disruptive to normafic G-proteins and the Ras/Raf/MAPK cascade have
plant development. Th@8rassica S-locus receptor ki- beenimplicated [51]. An analogous system has not been
nase (SRK) is involved in signaling between pollen cellsfound in plants.
and stigma cells [62, 63, 76]. There are at least five = Some interesting work by Stone et al. shows that
ArabidopsisRLKs of the S-locus type which have ex- RLK5, anArabidopsideucine-rich repeat containing ser-
pression patterns distinct from thierassica S-locus ine/threonine receptor kinase of unknown function, in-
RLKs, suggesting that these proteins may be involved irteracts with a protein phosphatase in vitro [96]. This
processes other than self-incompatibility [10]. Theinteraction is dependent upon autophosphorylation of the
maizecrinkly4 mutation alters cell differentiation, result- receptor kinase. Phosphorylation-dependent interaction
ing in morphological phenotypes such as rough, crinklyis extremely important in receptor tyrosine kinase inter-
leaves and aleurone defects. chinkly4 allele tagged action with proteins containing SH2 (Src homology 2)
with a transposable element revealed this gene to be domains in animals [83, 94]. The discovery of an analo-
novel receptor-like protein kinase containing an extracel-gous plant signaling mechanism, in which a specific
lular cysteine-enriched domain with homology to the tu-binding domain interacts with phosphoserine or phos-
mor necrosis factor receptor [4]. Tleeectamutation in  phothreonine residues, provides our first glimpse at the
Arabidopsiscauses several morphological changes in or-downstream components of the receptor-like protein ki-
gan shape, including short petioles, blunt fruits, and anase signal transduction pathway in higher plants.

FuncTION
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Subfamily Variable Protein Kinase ~ CaM-like ited in Genbank and an analysis @fabidopsisex-
Domain Domain Domain

pressed sequence tags indicates the presence of six ac
ditional genes bringing the total number Afabidopsis
CDPK genes to a minimum of twenty, in a plant with one
of the smallest genomes. Maize has nine identified
CDPK isoforms, and rice has three thus far.

While plants have many CDPK genes, clear plant
homologues of classical protein kinase C, an important
calcium-stimulated kinase in animal and fungal systems,
have not been identified. The vertebrate protein kinase C
(PKC) family contains a large number of isoforms, and
these isoforms can be grouped into functionally similar
subfamilies [65]. For example, the conventional cal-
cium-stimulated protein kinase C isozymes (1, B2,

v) have a calcium binding site in the C2 domain, while
the novel and atypical groups of protein kinase C iso-
zymes b, ¢, m, 0, {, \) have alterations in this site, and
are not directly regulated by calcium [64].

It is unclear whether or not plants have functional
homologues of the Gé&/calmodulin-stimulated protein
kinases of animals and fungi. These kinases are not
— stimulated by calcium directly, but are activated by a
100 aa 8}t N-myristoylation Ca*/calmodulin complex. There is an apple gene with

_ Moif some similarity to animal C&/calmodulin-stimulated

¢ Autoinhibitory protein kinases, but this protein has not been shown to
4 Domain possess Cé/calmodulin-stimulated protein kinase activ-
ity [113, 114, 115]. ALilium protein has been reported
to possess Ca/calmodulin-stimulated protein kinase ac-
Fig. 2. Modular structures of the seven plant CDPK subfamilies. CD- tivity, however this protein possesses a visinin-like do-
PKs have protein kinase catalytic domains with serine/threonine sigimain containing three consensus EF hands, making it
nature sequences. The variable domain differs in size and structure igtructurally distinct from animal C4/calmodulin-
the Fiiﬁererjt CDPK subfgmilies [40]. Many CDPKs haye N-termipal dependent protein kinases [70, 103].
myrlstoylathn mo‘tlfs, which may aII_O\_N for post—‘translanonal addition Phylogenetic analysis of CDPK sequences (Fig. 3) is
of a fatty acid moiety to the N-termini of thesg isoforms. Mgmbers gf revealing. One striking aspect of this phylogram is that
one CDPK subfamily have PEST motifs which are associated with . : .
rapid protein turnover [79]. The autoinhibitory domain separates thesomeArabldopSBCDPK isoforms appear to be much
kinase and calmodulin-like domains [35]. The calmodulin-like domain more similar to CDPK isoforms in other plant species,
often has four calcium-binding EF hands, although the members oincluding monocots, than they are to othinabidopsis
some CDPK subfamilies have fewer consensus EF hands. isoforms. These CDPKs form subfamilies which share
common motifs. A schematic diagram showing the mo-
tifs for each subfamily is shown in Fig. 2.

I

II

III

VII

| EF Hand Motif

Protein Kinases with Calmodulin-like Domains We hypothesize that these subfamilies have different
biochemical and/or functional properties. For example,
STRUCTURE the half-life of a protein may be significantly different

depending on whether or not the protein has a PEST
Plants possess a novel calcium-dependent, calmodulirdomain, which are regions enriched in the amino acids
independent protein kinase referred to aalcium-  proline, glutamate, serine and threonine [79]. Both
DependentProtein Kinase orCalmodulin-like Domain  soluble and membrane-associated CDPK activity has
Protein Kinase (CDPK). For a reviewseeRoberts and been observed [86]. The presence or absence of a my-
Harmon [80]. These calcium-stimulated kinases consistsistoyl moiety could affect membrane association of
of a single polypeptide (Fig. 2) with a protein kinase these kinases and might explain this observation. Six out
domain and a C-terminal calmodulin-like domain con- of the seven CDPK subfamilies have conserved myris-
taining four calcium-binding EF hand motifs [36]. toylation motifs, while one subfamily does not. Myris-
CDPKs have been identified in several protozoans intoylation can affect protein-protein interactions, protein-
cluding Parameciumand Plasmodium,however, these membrane interactions [32], and can confer calcium-
proteins are not encoded by tBaccharomycegenome modulated association with membranes in some EF hand
[43], and have not been identified in animals. Currentlycontaining proteins such as hippocalcin [49] and neuro-
there are fourteeArabidopsisCDPK sequences depos- calcin [25]. Myristoylation has also been shown to in-
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DcCPK1 duce cooperative calcium binding in the EF hand-
ZmCPK9 e ; ;
ZmOPK?2 containing protein recoverin [2].
Atggggm I The consensus EF hands in the CDPK subfamilies
IbCPK1 vary in number from zero to four, which could result in
— ifferent binding affinities for calcium or altered coop-
ATCPAACPKI — different binding affinities for cal ltered
ZZTn%';'% erativity of calcium binding. Mutations in conserved
ZmCPK3 I calmodulin residues have such effects [110, 95]. These
AA‘,‘E;'?}(% CDPKs may be activated by different thresholds of cal-
— Ve okt — cium or have different specific activities at a given cal-
oscpk11 | 1IT cium concentration. Comparison of calcium sensitivities
AtCPKA 0 an , both of which have four con-
ACoE v f AtCPK1 and AtCPK4, both of which have f
AT — sensus EF hands, show AtCPK1 to be five times more
o ekt v sensitive to calcium than AtCPK4 [82]. All heterolo-
ACPK12 _ gously expressed CDPKs tested have been shown to pos
—_ sess calcium-stimulated protein kinase activity, wi e
AcPKieCT K | timulated protein k tivity, with th
AICPK8 exception of a member of Subfamily . The
CPK t f b f Subfamily VII [28]. Th
AtCPK7 VI *
AtCPK13 members of this group have no consensus EF hands.
Zmé\éﬁgmo —] The identification of seven distinct CDPK subfami-
_l:ﬂzzm%?% vl lies with potentially different biochemical properties
DeCRKI — camk may explain why plant genomes encode a multitude of
RnCAMK1 aMKs
—l__{:_n‘zsﬁﬁ‘.’.”"' and CDPK genes.
HeMLOK —|MLCK
EtCPK1 FuNcCTION
EmCPK1 .
PICPK1 Protist ) ) ) . .
pﬁgﬁ Eight classicalArabidopsisCDPK isoforms and a soy-

bean CDPK have been expressedincoli [40, 39, 35,

34]. All of these possess calcium-stimulated protein ki-
Fig. 3. CDPK Phylogram. This is a minimum length phylogram show- N@se activity, with as much as 100-fold activation by
ing the relationships between the amino acid sequences of all know@xogenous calcium [35]. CDPKs are the only plant pro-
CDPKs and certain other protein kinases of interest. Only the proteirtein kinases that have been shown to be directly activated
kinase domains (Subdomain I-XI) of each of the genes was used [33]py calcium.

;’?]”gnmems Vgec;e p?rforg":l‘jssénf fLUf?TA'-Wl%(f] fgg theéree "tvas A soybean CDPK has been shown to autophos-

en generated using 1.1 software [101] random reethoryIate serine and threonine residues [78], and CDPKs
were used to initiate the four step minimal tree search strategy [66]. Th ine/th . i . (
human cdc2 kinase was used as an outgroup for the purpose of rooti 0SS€ess Se”_ne threonine kinase signature sequence:
the tree [69]. The x-axis is proportional to the number of amino acid S0me CDPK isoforms, SU(_:h as an oat plasma membrane
changes between proteins. In the phylogram, the first letter of the genu€ DPK, have both calcium-stimulated and lipid-
and species from which the gene is derived is used as a prefix, followegtimulated protein kinase activity [86]. AArabidopsis
by either CPK (the genet_ic designation for CDPK)_ or CRK yvhich CDPK isoform is stimulated by lysophosphatidylcholine
stands for CDPK-related kinase [28]. The plant species are mé& (- 5 |ysophosphatidylinositol [6]. This lipid stimulation
mays3, rice Oryza sativy, soybean Glycine ma) mungbean\(igna . . i . . .

. is reminiscent of the synergistic stimulation of protein

radiata), carrot Daucus carot® sweet potatolpomoea batatgs zuc- . . .
chini (Curcurbita pep9, a unicellular algaeGhlamydomonas eugama- k'nase. C by calcium and d|acylglycerpl.
tos), and Arabidopsis thalianaProtozoan CDPK sequences are from With regard to the Schel!U_|ar re$|dence of CDPKS,
Eimeria maxima, Eimeria tenella, Parmecium tetraureiadPlasmo-  0at roots have a calcium and lipid-activated CDPK that is
dium_fal(_:iparum.Sequences enching calcium/_calmodulin dependentgssociated with the plasma membrane [86]_ At least a
protein kinases fronRattus norvegicus, Drosophila melanogastard part of the Soybean CDPK p00| appears to colocalize

Saccharomyces cerevisiaas well asHomo sapiensmyosin light  \vith actin filaments as seen by immunofluorescence mi-
chain kinase and cdc2 were included for comparison. Sequences of the

following genes can be found in the indicated reference: AtCPK1 [35];9“_)SCOpy using monpdonal antibodies [77]' CDPK QC-
AtCPK2, AICPK4, AtCPK5, AtCPK6, AtCPK7, and AtCPK9 [40]; tVity has been localized to the cytoplasm and symbio-
AtCPK10 and AtCPK11 [108]; AtCPK3, AtCPKS, and AtCPK12 [39]; SOme membranes as well [80], and it is possible that
OsCPK1 [46]; OsCPK2 and OsCPK11 [11]; GmCPK1 [36]; VICPK1 myristoylation plays a role in CDPK membrane associa-
[9]; ZMmCPK1 [24]; DcCPK1 [98]; ZmCPK2 and ZmCPK3 [102]; tion.

ZmCRK1 and ZmCRK3 [28]; CeCPK1 [92]; EmCPK1 and EtCPK1 Although plants have many CDPK isoforms within
[22); ZmCRK2 [S7]; DCCRKI [S6]; PICPK1 and 2 [48); PICPK1 40 ganomes, the biological role of CDPKs is unknown.

[118]; ZmCPKA [5]; Hscdc2 [54); SCCAMKI [71]; DeCAMKII [16], = 2 : have b bed esion |
RNCAMKI [15]; ZmCPK7 and ZmCPK9 [81]. AtCPK13 (Us4615), NO Pheénotypic mutants have been ascribed to a lesion in

AtCPK14 (U90439), CpCPK1 (U90262) and IbCPK1 (D87707) are @ CDPK gene. Recent work, using maize leaf proto-
deposited in Genbank with the indicated accession numbers. plasts containing transgenes encoding constitutively ac-

Hscdc2
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tive CDPK isoforms, indicates that CDPKs may be in-

volved in activating stress-inducible promoters [90]. A
Identification of CDPK substrates suggests a diver-

sity of functions for these kinases. A membrane- B

associated CDPK can phosphorylate theATPase of C

oat roots [88]. The tonoplast intrinsic proteuxTIP, is

a putative water channel that is phosphorylated by arf D

ArabidopsisCDPK [44]. NADH: Nitrate Reductase ac- D

tivity, which is important in nitrogen assimilation, ap- 1 E

pears to be modulated by reversible phosphorylation at

Ser-543, and at least one of the protein kinases involvedl putative transmembrane domain  JgoTo=

has the properties of a CDPK [3]. A constitutively active histidine Kinase domain DY cesponse regulator domain

CDPK has been shown to activate a guard cell vacuolar
chloride channel [72]. A soybean CDPK phosphorylates o
nodulin-26, an integral membrane transporter of un_Flg. 4. Modular structure of plant and yeast histidine kinases. Sche-

K ificit hich is i ved in the f ti f matic diagrams of the following histidine kinase homologues are
nown specincity which 1s involved in the tormation o shown: A) ETR1, anArabidopsishistidine kinase homologue with a

nodules containing nitrogen-fixing bacteria [116]. Site- pistidine kinase domain and a response regulator domain [B3]; (
directed mutagenesis of serine-262 indicates that phostever-ripe, a tomato histidine kinase homologue lacking a response
phorylation of this residue alters the transport propertiesegulator domain [117];&) CKI1, an Arabidopsishistidine kinase
of Nod26 by increasing voltage-dependent gating [53]_homologue with a histidine kinase domain and a response regulator
This is currently the best characterized case of CDPlfloma:” [45]; Ct’% SLL\!I{- Ssackc_hammdyces _Cere‘gsm‘midi”e ki”asel t

. : P . . omologue witn a nistdine Kinase aomain and a response reguiator
regulation of a pr.Otem activity via phosphorylatlon. domaing[67]; and ) SSK1, aSaccharomyces cerevisi@gotein wit?]
Most of the pUtatlve CDPK SUbSt_raJ_[eS described ar% response regulator domain, but lacking a histidine kinase domain
membrane proteins, and the association of CDPKs withjsg). H indicates the approximate position of the putative autophos-
membranes may mean that CDPKs modulate plant menphorylated histidine residue, and D indicates the position of the aspar-
brane proteins in response to different calcium signals.tate phosphoacceptor in the response regulator domain. All of the pro-

Although identification of in vivo substrates will teins possessing histidine kinase domains have 2 to 3 putative trans-
shed light on CDPK function, genetic analysis of CDPK membrane _dor_nalns, although the membrane-spanning topology of
function via gene disruption may prove to be a much!eSe Proeins is unknown.
more powerful technique for placing a given CDPK in a
particular signal transduction pathway. Recently Susskinase/response regulator proteins. Because a histidine
man and coworkers have found plants harboring T-DNAkinase is paired with its cognate response regulator in a
insertion alleles of thérabidopsisCPK4, CPK6, CPK9, signal transduction pathway, these proteins have been
CPK10 and CPK11 genes [52], (J.S. Satterlee, R.Dreferred to as “two-component” sensor-regulators or
Green, and M.R. Sussmaappublished observatiopns transmitter-receivers. As shown in Fig. 4, a single poly-
Phenotypic characterization of plants containing homo{eptide may contain a histidine kinase domain (B), or a
zygous insertion alleles of individual or multiple CDPK response regulator domain (E), or both the histidine ki-
genes will help to identify the biological function of nase and response regulator domains may occur within
specific CDPK isoforms. the same polypeptide (A, C, D).

Eukaryotic histidine kinase homologues were iden-
tified concurrently in both budding yeast [67] and in
Histidine Protein Kinase Homologues Arabidopsis thaliand13]. These kinases have been im-
plicated in osmoregulation, as well as signal transduction
pathways involving the plant hormones ethylene and cy-
tokinin.

Several histidine kinase homologues which appear
to be important in ethylene signal transduction have been
Histidine kinases have been well studied in prokaryoticidentified. TheArabidopsis ETRDene was found to be
systems, and often participate in signal transductiora histidine kinase homologue [13]. As shown in Fig. 4,
pathways involving responses to extracellular cues [68this gene encodes a protein containing three membrane
99]. These kinases are capable of histidine autophosspanning domains, a histidine kinase domain, and a C-
phorylation, in which they-phosphate of ATP is trans- terminal response regulator domain [13]. The tomato
ferred to a specific histidine residue of the kinase. ThiseTAE1 protein is very similar in structure to ETR1 [119].
phosphate is then transferred from the histidine to anThe ArabidopsisERS protein contains three putative
aspartate residue in the “response regulator” [68]. Fig-membrane spanning domains and a domain with histi-
ure 4 shows the modular structure of several histidinadine kinase homology, but has no response regulator

STRUCTURE
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gene [41]. The tomato Never-ripe (NR) protein is struc-and could potentially form heterodimers with othfena-
turally similar to ERS [117]. bidopsis ETR homologues. Recently ETR1 has been
Another plant histidine kinase homologu€KI1l, shown to have histidine kinase activity (G.E. Schaller,
seems to play a role in signal transduction in response tpersonal communication).
the plant hormone cytokinin. The deduced protein con-  The CKI1 (cytokinin-independent) gene encodes an-
tains two putative transmembrane domains as well as thether Arabidopsis histidine kinase homologue [45]
histidine kinase and response regulator domains [45]which appears to be involved in cytokinin signal trans-
Many prokaryotic histidine kinases have two transmem-duction. Cytokinins are plant hormones involved in a
brane domains with the histidine kinase domain on thevariety of processes including cell division, chloroplast
cytoplasmic side of the membrane [68]. development, shoot initiation, and delay of leaf senes-
cence [19]. Tatsuo Kakimoto performed a genetic acti-
vation screen in which calli transformed with a consti-
FuncTion tutive promoter were selected for the ability to regenerate
shoots in the absence of exogenous cytokinin. Overex-
How do histidine kinases transduce signals? A well-pression ofCKI1 results in plants which phenotypically
characterized example is the oxygen-sensing system gésembleArabidopsisthat have been treated with exog-
the prokaryoteRhizobium,which is of particular rel- enous cytokinin. It is unclear whether the CKI1 protein
evance since oxygen, like ethylene, is a gas. In this sysis a cytokinin receptor, a regulator of cytokinin biosyn-
tem, the FixL protein contains an N-terminal oxygen- thesis, or participates in cytokinin signal transduction in
binding heme cofactor [31]. When no oxygen-boundsome other fashion.
heme is present, autophosphorylation of the C-terminal  Histidine kinase homologues have also been identi-
histidine kinase domain is stimulated [30], although infied in eukaryotes such @ictyostelium,jn which DhkA
other systems histidine kinase activity may be inhibitedplays a role inDictyosteliumdevelopment [111], while
by a given environmental signal. The FixJ responseDokAis involved in osmoregulation [89]Nik1 is a his-
regulator then transfers the phosphate from the histidinéidine kinase homologue frorNeurospora crassaDe-
residue to an aspartate residue. The FixJ protein has hdetion of this gene causes defects in morphology of the
mology to transcriptional activators and may then func-hyphae which are exacerbated under high osmoticum [1].
tion directly or indirectly to stimulate expression of the Rat genes encoding a pyruvate dehydrogenase kinase
nifA andfixN genes [18]. [73] and a mitochondrial branched-chairketoacid de-
Missense mutations in thETR1gene makeArabi-  hydrogenase kinase (BCKDH kinase) [74] have been
dopsisplants insensitive to the gaseous plant hormonesloned. The deduced proteins have homology to histi-
ethylene [13, 8, 12]. Application of exogenous ethylenedine kinases, but surprisingly the BCKDH kinase ap-
to dark grown seedlings inhibits root and shoot elongapears to phosphorylate two BCKDH serine residues.
tion, enhances radial hypocotyl swelling, and maintains  Eukaryotic histidine kinase signal transduction has
the structure of the apical hook (for reviewse[23, 27,  been best characterized accharomyces cerevisiae
8]). ETR1mutant plants lack these responses [7], as davhich the SLN1and YPD1 genes transduce signals in
mutants in the&eETR1tomato homologuélever-ripe[117]  response to changes in osmoticum. In this c&ia\1
indicating that these genes play a crucial role in ethyleneand YPD1 participate in sequential phosphotransfers
signal transduction. [75]. Interestingly, this yeast signal transduction path-
All of the alleles ofETR1andNever-ripecharacter-  way modulates a downstream MAP kinase cascade [58],
ized thus far are dominant, and transgenic expression ofhile the Arabidopsisethylene signaling pathway in-
a mutant version oERS,an Arabidopsis ETRhomo-  volves ctrl, a Raf-like, MAPKKK homologue
logue lacking the response regulator domain, also causd47]. There is genetic evidence thatrl acts down-
a dominant ethylene-insensitive phenotype [41]. It maystream ofETR1in ethylene signal transduction.
be that only dominant-negative or gain-of-function mu-
tations can be isolated, ETRZXlike genes have redun-
dantin planta function [8]. Conclusions
Heterologous expression of the ETR1 protein gen-
erates ethylene binding sites 8accharomyces cerevi- As we learn more about the machinery of signal trans-
siae [85], while mutations in the three putative trans- duction we find both similarities and differences with
membrane domains of ETR1 which correspond to theespect to how organisms solve problems in signaling.
gain-of-function or dominant-negative ETR1 alleles, in- Histidine kinase homologues have now been identified in
terfere with ethylene binding. These data, in conjunctionprokaryotes, plants, animals, and fungi, while receptor
with the mutant phenotype, indicate that ETR1 is anprotein kinases are important in both plant and animal
ethylene receptor. ETR1 has been shown to form hosignal transduction. Most animal receptor kinases have
modimers covalently linked via a disulfide bond [85], tyrosine-specific signature sequences, but no kinases
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with conventional tyrosine-specific signature sequences1s.

are encoded by the yeast genome [43], and none have yet
been cloned from plants. In animal systems many mem-
brane-associated receptors are of the seven transmem-
brane type [21], but no plant homologues of these recep-
tors have been definitively identified. The only bio-

chemically characterized plant hormone receptor is

ETR1, a histidine kinase homologue. Protein kinase A, 19.

protein kinase G, protein kinase C, and@ealmodulin-
dependent protein kinase are important second messen-
ger-modulated kinases in animal systems, but no un-
equivocal homologues of these kinases have been found,
in plants. Plants do have protein kinases with calmodu-

lin-like domains that are directly stimulated by calcium. 22.

While it is evident that plant and animal signal trans-

duction mechanisms have many common themes, plant$3.
are not merely sessile animals with chloroplasts. There24:

are clear and significant differences between plant and
animal signal transduction. Studying unusual plant sig-
nal transduction molecules such as serine/threonine re-g
ceptor protein kinases, calmodulin-like domain protein

kinases, and plant histidine kinases will reveal much 27.
about how plants transduce signals and may provide im-28.

portant insight into signaling pathways which are, as yet,
undiscovered in fungi and animals.
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