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m Abstract Cytokinins are plant hormones implicated in diverse and essential pro-
cesses in plant growth and development, and key genes for the metabolism and actions
of cytokinins have recently been identified. Cytokinins are perceived by three histi-
dine kinases—CRE1/WOL/AHK4, AHK2, and AHK3—which initiate intracellular
phosphotransfer. The final destination of the transferred phosphoryl groups is response
regulators. The type-Brabidopsigesponse regulators (ARRs) are DNA-binding tran-
scriptional activators that are required for cytokinin responses. On the other hand, the
type-A ARRs act as repressors of cytokinin-activated transcription. How phosphorelay
regulate response regulators and how response regulators control downstream events
are open questions and discussed in this review.
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INTRODUCTION

Cytokinins areN®-substituted adenine derivatives that have diverse effects on im-
portant physiological functions in plants (60). For example, they induce cell di-
vision and de novo shoot formation (56, 87), delay senescence (17, 70), activate
dormant lateral buds (64), and increase sink strength (73). Widespread, unmodi-
fied cytokinin bases are isopentenyladeninetasulszeatin. Ribose or ribose-5
phosphate may be attached at Nfeatom of the adenine ring to form cytokinin
ribosides or ribotides (Figure 1), and these also generally show cytokinin activity
when applied to plants. However, because applied cytokinins undergo interconver-
sion, the actual active forms were not known until recently. Recent receptor-binding
assays have shown that the active forms are the free-base cytokinins isopenteny-
ladenine andrans-zeatin (115). Cytokinins are inactivated @yglycosylation at

the terminal hydroxyl group of the zeatin-type cytokinins orNyglycosylation

at theN® or N positions of the adenine rind-glycosylation is reversible and
O-glycosylated cytokinins are regarded as a storage form. The cytokinin ribosides
andcis-zeatin, sometimes found in abundance in plants, may also be important as
stored or transportable forms. Because cytokinins exist in the apoplasm as well as
in the cytoplasm, specific transmembrane transporters for cytokinins may exist.
Cytokinin oxidase/dehydrogenase degrades cytokinins by cleaving the side chain
(3,23, 62). Cytokinin metabolism has been reviewed in detail (59).

Until recently, cytokinins were the least understood plant hormones in regard
to biosynthesis, metabolism, perception, and signal transduction. However, there
were very rapid progresses in cytokinin research including identification of en-
zymes for the rate-limiting step of cytokinin biosynthesis (35, @8ylycosylation
enzymes (52-54), cytokinin oxidases/dehydrogenases (23, 62), cytokinin recep-
tors (32,95, 104), and downstream signaling elements (28, 76). This review em-
phasizes perception and signal transduction of cytokinins. Because it is now
evident that cytokinins are perceived by histidine kinases and transduced by a
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Figure 1  Structures of representative cytokinins.
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two-component signaling system, | first outline the general features of the two-
component system.

THE TWO-COMPONENT SYSTEM

Signal-induced phosphorylation of proteins is an often-used regulatory mechanism
to transduce intracellular or extracellular signals. In animals, phosphorylation on
a hydroxyl group of serine (Ser), threonine (Thr), or tyrosine (Tyr) residues is
predominantly used. By contrast, in bacteria, phosphorylation on a nitrogen atom
of a histidine (His) residue and on an acyl group of an aspartate (Asp) residue
is predominantly used (41). The mode of signaling that uses the latter type of
phosphorylation has been referred to as the two-component system. The two-
component system is prevalent in most bacteria. For instanéssdinerichia coli
about 1% of the genes code for two-component proteins (58). Until 1993, it was
thought that the two-component system was present only in prokaryotes; then
two histidine kinases, the ethylene receptor ETR1Addbidopsis(7) and the
osmosensor SInl of the budding ye&8stccharomyces cerevisigé8, 66), were
found. It is now known that eubacteria, archaea, fungi, and plants also have the
two-component system, but no homologous proteins for this system are known in
animals, includingdrosophila melangastetCaenorhabditis elegapngndHomo
sapiensfor which entire genomes have been sequenced.

The architecture of the two-component systems is modular, and component
proteins are made up of various combinations of conserved domains and variable
domains (Figure 2). As the name indicates, prototypical two-component systems
consist of two proteins, the histidine kinase and the response regulator (RR).
Most histidine kinases are transmembrane receptors with a signal-sensing domain
(input domain) positioned in the extracellular space and a signal-transducing do-
main (transmitter domain) positioned in the cytoplasm. RRs are characterized by
the presence of receiver domains. Most RRs in prokaryotes additionally have an
output (effector) domain that regulates downstream events, but some RRs con-
sist of a receiver domain only [e.g., CheY (90)]. Most output domains in bacteria
are DNA-binding transcriptional regulators, but some output domains have other
functions, such as acting as enzymes. When an histidine kinase senses a signal,
the conserved His residue in the transmitter domain is phosphorylated. Histidine
kinases are dimers, and one subunit of an histidine kinase phosphorylates a con-
served His residue of the other subunit by using ATP as the phospho-donor. The
phosphoryl group is then transferred to the conserved Asp residue of the receiver
domain. Phosphorylation of the receiver domain modulates the activity of the at-
tached output domain, or a separate protein if the response regulator consists solely
of the receiver domain.

Some bacterial and all eukaryotic two-component systems use more compli-
cated multistep phosphorelay systems (FiguBg th these systems, the sensor is
usually a hybrid histidine kinase that additionally carries a receiver domain. An-
other domain, HPt, which contains a phosphorylatable His residue, also participates
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Figure 2 General models of two-component system®). The prototypical two-
component system. When a histidine kinase perceives the corresponding signal, the
conserved histidine residue is phosphorylated. The phosphoryl groupisthen transferred
to the response regulator, which in turn regulates the attached output domain. The phos-
photransfer is bidirectionalB) Multistep phosphorelay system. Another domain, the

HPt domain, participates in the phosphoryl group. Black vertical bars, transmembrane
segments. Hand D are the histidine and aspartate residues, respectively, of the phospho-
rylation sites. The encircled P denotes a phosphoryl group. Piis the inorganic phosphate.

in the phosphotransfer. The primary sequence of the HPt domain weakly resem-
bles that of a part of the transmitter domain encompassing the phosphorylate
His residue, but their three-dimensional structures are strikingly similar (37). The
phosphoryl group is relayed alternately between conserved His residues and con-
served Asp residues (FigurBR The phosphoryl group is linked by a high-energy
bond, and the phosphotransfer is bidirectional. Many histidine kinases have the
phosphatase activity also and the kinase/phosphatase ratio is regulated by an in-
put signal. At the phosphatase-dominated state, the histidine kinase may serve as
a drain of the phosphoryl group. The response regulator also has inherent phos-
phatase activity, which affects the half-life of phosphorylated state (FiguE) 2

For more information please refer to recent reviews (90, 91,110, 113).

CYTOKININ RECEPTORS ARE HISTIDINE KINASES

The firstindication that cytokinins might be perceived by a two-component system
came from the identification of the histidine kinase CKI1 (32KI1 was identi-
fied as a responsible gene in the domingal mutant, which was identified by



Annu. Rev. Plant. Biol. 2003.54:605-627. Downloaded from arjournals.annualreviews.org
by University Of Maryland on 03/03/06. For personal use only

CYTOKININ SIGNALING 609

screening a large number éfrabidopsiscalli that had been transformed with
a strong transcriptional enhancer for those calli that constitutively exhibited cy-
tokinin responses. When overexpressed in plakd1 induced typical cytokinin
responses independently of cytokinins (28, 34). CKI1 is a candidate cytokinin re-
ceptor because it is a histidine kinase and its overexpression caused cytokinin
responses. However, no additional data supports CKI1's being a cytokinin recep-
tor. Rather, CKI1 is constitutively active as a histidine kinase when expressed in
E. coli(115) or inS. cerevisia€T. Kakimoto, unpublished data), which contrasts
with the activation of CRE1/WOL/AHK3 by cytokinins in these organisms, as
described belowCKI1 is normally expressed only in the female gametophytes
and the endosperm of immature seeds, @Rdil-disruptants ofArabidopsisare
lethal to female gametophytes (66a). It is possible €tall-mediated constitu-
tive activation of cytokinin-signaling pathway is required for the development of
the female gametophytes. It is also possible that the role of CKI1 is unrelated to
cytokinins, but that overexpression©KI1 caused unexpected crosstalk with the
cytokinin signaling pathway, eliciting cytokinin responses.

Genuine cytokinin receptors were later found during several lines of research
using forward and reverse genetics. Inoue et al. scre@nabidopsiscalli for
those that were resistant to cytokinins in tissue culture and identified a mutant
namedcytokinin response 1-(crel-1) (32). The responsible ger@RE1(32) is
identical toWOL (49) andAHK4 (103), and codes for a histidine kinase. T-DNA
insertion mutants foCRE1/WOL/AHK4vere also cytokinin resistant (32, 104).
To determine the molecular function GRE1/WOL/AHK4a mutant ofS. cere-
visiae was used, in which the only histidine kinase ge8#)1, was disrupted
(48, 68). Disruption ofSInlis lethal to yeast, owing to the lack of phosphotrans-
fer. When introduced into asinlmutant,CRE1/WOL/AHK4escued the lethality
only in the presence of cytokinins (32,90, 104). Similarly, CRE1/WOL/AHK4
functioned, in a cytokinin-dependent manner, as a histidine kinase in mutants of
Schizosaccharomyces pondyé. coli, in which a particular histidine kinase gene
had been disrupted (95). These results, coupled with the insensitivity to cytokinins
of the Arabidopsismutants ofcrel, provided evidence that CRE1/WOL/AHK4
is a cytokinin receptor. In the yeast system, the conserved His and Asp residues
of CRE1/WOL/AHK4 and the HPt domain protein YPD1 of yeast were indis-
pensable for complementation, suggesting that cytokinins activate a phosphorelay
(32). Similar cytokinin-dependent activity was also observed for two close rela-
tives of CRE1/WOL/AHK4AHK2 (M. Higuchi & T. Kakimoto, unpublished data)
andAHK3 (115), indicating that the three proteins (CRE1/WOL/AHK4, AHK2,
and AHK3) are cytokinin receptors frabidopsis The cytokinin-binding activity
of CRE1L/WOL/AHK4 was demonstrated by using a membrane fraction obtained
from S. pombeexpressingCRE1(115). The membrane fraction bound isopen-
tenyladeniney = 4.6 nM), transzeatin, benzyladenine, and phenylurea-type
cytokinin thidiazuron, but not isopentenyladenosine. These results not only con-
firmed that CRE1/WOL/AHKA4 is a cytokinin receptor, but also showed that it is
the cytokinin bases, not ribosides, that are active. More comprehensive analysis,
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using diverse cytokinin species, of the binding spectra for these three cytokinin
receptors (CRE1/WOL/AHK4, AHK2, and AHK3) would be informative. Interest-
ingly, the extracellular domains at the N-terminal regions of the cytokinin receptors
are the Cyclase/Histidine kinase-Associated Sensing Extracellular (CHASE) do-
main, which is found in diverse receptors of prokaryotes, plants, and the amoeba
Dictyostelium discoideurtl, 63). Thewooden legwol) mutant (see below) car-
ries a mutation in the CHASE domain and is cytokinin resistant, in addition to
showing the root phenotype (T. Inoue & T. Kakimoto, unpublished data). The
wol mutation disrupts the cytokinin-binding activity (115) of CRE1/WOL/AHKA4
and disrupts the ability of CRE1/WOL/AHK4 to confer cytokinin dependency
on thesInl mutant yeast (M. Higuchi & T. Kakimoto, unpublished data), sug-
gesting that the CHASE domain senses cytokinins. Consistent with the notion
that CRE1/WOL/AHK4AHK2, andAHK3 code for cytokinin receptors, overex-
pression of any of these genes increased cytokinin-responsiveness in a protoplast
transient assay (28).

Before CRE1/WOL/AHK4 was identified as a cytokinin receptor, the corre-
sponding gene was reported as a responsible gene fardtrautant (49), which
was initially identified as a mutant with abnormal roots. The vasculaturenafl a
mutant root consists of a reduced number of cell files, and is composed exclusively
of primary xylem—there are no phloem and no parenchyma cells that normally
lie between the phloem and the xylem. Tdrel-1mutant has a similar phenotype
(Y. Helariutta, personal communication). Cell divisions that produce root vascular
initial cells during embryogenesis and periclinal cell divisions that increase the
vascular cell files after germination are both impaired intioémutant, and these
are considered the primary defects in this mutant. Abnormal tissue formation is
probably a secondary defect; it is hypothesized that specification of the xylem oc-
curs earlier than specification of other cell types, and the reduced number of cells in
the mutants is used up during the specification of xylem. In accordance with this, all
cell types in thevol mutant were restored when tfessmutation, which increases
the number of vascular cells, was further introgressed into the mutant (83).

The phenotype in the root was consistent with the expression pattern of the
CRE1gene. TheCRE1message was first detected, by in situ RNA hybridization,
in the four innermost cells of the globular-stage embryo. From the heart stage on-
ward, it is expressed in the procambium in the cotyledon shoulders, in prospective
hypocotyls, and in embryonic roots. After germination, the message is abundant
in the procambium and pericycle in the root (49). Also, it appears to be expressed
at a high level in the shoot apical meristem, as inferred from the expression pattern
of areporter gene linked under tB&RE1promoter (K. Miyawaki & T. Kakimoto,
unpublished data). The strong expressiolC&ELin the shoot apical meristem
raises the question of why the corresponding mutants have no phenotypes re-
lated to the functions of the shoot apical meristem. With regard to A3
promoter is active in the shoot apical meristem (K. Miyawaki & T. Kakimoto, un-
published data). Perhaps the three histidine kinases have specific yet overlapping
functions.
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ROLES OF OTHER HISTIDINE KINASES IN ARABIDOPSIS

All two-component regulators and related proteindrabidopsishave been com-

piled (27,82). There are three cytokinin receptors (CRE1/WOL/AHK4, AHK2,
and AHK3), five ethylene receptors (ETR1, ERS, ETR2, EIN4, ERS2), five phy-
tochromes (phytochrome A to E), one putative osmosensor (AtHK1), and two
other histidine kinases (CKI1 and AHK5/CKI2) of unknown molecular function.
Canonical histidine kinases possess five conserved blocks—H, N, G1, F, and G2
(90, 113)—which are necessary for histidine kinase activity (Figure 3). All the
conserved blocks are present in the three cytokinin receptors, two of the ethylene
receptors (ETR1 and ERS) (4, 7, 24), AtHK1 (107), CKI1 (34), and AHK5/CKI2;
however, in three of the ethylene receptors and all of the phytochromes not all

Function
Protein name Structure
CRE1/WOL/AHK4 Cylokinin receplor
AHK2 ANNNNNN D > Cytokinin receptor
AHK3 ANNNAN DO Cylokinin receplor
AlHKA1 H NG1F G2 Osmosensor?

ckil R NG F G ee—_p > Unknown

molecular function

CKI2/AHKS H NG1F Gj Unknown

molecular function

ETR1 H NGIFGH Ethylene receplor
ERS1 H _NGIiFG]
[H

Ethylene receptor

C Db >
DD
ETR2 Ethylene receptor
EIN4 Ethylene receptor
ERS2 o = Ethylene receptor

Figure 3 Structural characteristics of histidine kinases and ethylene receptack.
rectangle transmembrane segmestriped rectanglethe extracellular CHASE do-
main;checker boxeketween transmembrane segments in CKI1 or AtHK1, extracellu-
lar domain;open rectanglgthe transmitter domairti, N, G1, F, G2 conserved blocks
characteristic of functional histidine kinases are indicated by the letiead;the re-
ceiver domain with the lettdd indicating the presence of phosphorylatable aspartate
residue.
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blocks are conserved. Interestingly, ETR1 and ERS can be autophosphorylated at
the conserved histidine residue in vitro (16), but other ethylene receptors lacking
some of the conserved blocks are also functional as ethylene receptors in plants
(25). Bacteriophytochromes, phytochrome-related proteins in bacteria, are canon-
ical histidine kinases (61), but plant phytochromes have significantly diverged and
no histidine kinase activity is known. Instead, plant phytochromes have Ser/Thr ki-
nase activity (116). All the cytokinin receptors, CKI1, AtHK1, and all the ethylene
receptors each have putative membrane-spanning segments, but CKI2 (AHK5) is
predicted to reside in the cytoplasm.

As discussed above, CKI1 is essential for developing female gametophytes,
but its molecular function is uncleatKI2 was also identified through activation
tagging, and overexpression of the clor@klI2 induces cytokinin-independent
callus growth. However, the molecular function@KI2 is also unknown. AtHK1
could function as an osmosensor in yeast (107), and its expression is increased by
salt (107) and by cytokinins (Y. Hashimoto & T. Kakimoto, unpublished data).

RESPONSE REGULATORS IN ARABIDOPSIS

Arabidopsishas 22 genes for response regulators, which are grouped into two
classes, type-A Arabidopsis Response Regulator (ARR) and type-B ARR, on the
basis of their domain structures and amino acid sequence similarities (9-11, 21,
26,27, 29, 40, 82, 86, 109). Products of 11 genes are type-A ARRs, each of which
consists of a receiver domain with a short variable extension (less than 90 amino
acids) at its carboxyl (C)-terminus (Figur&} products of the other 11 are type-B
ARRs, each of which possesses a DNA-binding domain called GARP (see below)
and a variable extension (Figud®). In addition, there are other protein&rf-
bidopsispseudo-response regulators (APRRs)] that carry a receiver-like domain
without a conserved Asp residue for phosphorylation (Fig@e 4

Type-A ARRs

Response regulators in plants were first identified in screenings for cytokinin-
inducible genes irabidopsis(6) and maize (78), as well as in a search of the
expressed sequence tag (EST) database (30). Nine type-A ARR genes have been
examined for cytokinin inducibility; all were found to be induced by cytokinins.
ARR4and ARRb5are also increased by drought, salt, and cold (6, 108). They are
all cytokinin primary response genes; cytokinin induction is rapid and resistant to
protein synthesis inhibitors (6,9, 101). The increase in ARR transcript levels in
response to cytokinins is due, at least in part, to increased transcription (9). ARR5
transcript was abundant in the shoot and root apical meristems, as shown by in
situ RNA hybridization. Also, the activity of the product of theta-glucuronidase
(GUS gene expressed under the control of &RR5promoter was high in the
shoot and root apical meristems, and was also detected in the root vascular
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A. Type-A response regulators

ARR16, ARR17, ARR22

ARRs ARRs < OD DK |

4

ARR9

ARR4 ARR7, ARR1s < DD D K SIT fich
aARrg <D D K™Y acidic
arrs DD D K B

B. Type-B response regulators

ARR1, ARR2, ARR10,
ARR11ARR12, ARR13, ¢ DD D K
ARR14, ARR18,
ARR20, ARR21

ARR19

|
[

C. Pseudo response regulators

APRR2, APRR4

APRRé&

APRR1, APRR3, XX E K
APRRS5, APRR7

i

Figure 4 Schematic representation of response regulators and related profins. (
type-A ARRs, B) type-B ARRs, C) APRRs, D) the site of the aspartate residue
for phosphorylation; X) amino acid residues that are different for each of the group
members shown on the lefbvals receiver domaindilled boxesthe GARP motif;
hatched boxthe CCT motif;gray boxesvariable region.

system and abscission zones (9, 12, 14, 33). Treatmentwith cytokinins ubiquitously
induced théARR5gene (9), indicating that all organs can perceive cytokinins. Tran-
scripts for the type-A response regulators of mazzaRRlandZmRR2are also
responsive to cytokinins. Unlike witArabidopsis ARR4nd ARRS cytokinins
induceZmRR1in leaves but not in roots. The protein level &hRR1was also
increased by cytokinins withil h (77, 78, 80).

All type-A ARRs tested are also upregulated by mineral nitrogen, such gs NO
or NH; , when applied to nitrogen-starved plants. Because a shortage of nitrogen
decreases cytokinins, and nitrogen resupply increases cytokinins (81, 99, 100), the
up-regulation of the type-A ARRs by nitrogen can be explained by an increased
amount of cytokinins (39, 77, 78).
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Type-B ARRs

Unlike type-A ARRs, type-B ARRSs are not induced by cytokinins (29, 39). Type-B
ARRs consist of a receiver domain and a large C-terminal extension, which carries
a GARP domain and a C-terminal variable region (FigtBe The GARP domain

was identified as a domain common to a class of plant-specific transcription factors
and is so named because itis found in GOLDENZ2 of maize, ARRsaifidopsis

and Psrl1 o€hlamydomona&’1). The C-terminal variable regions of some of these
ARRs are rich in glutamine and proline, a feature often observed in transcriptional
activators (102). ARR1, ARR2, ARR10, and ARR11 are nuclear-localized when
fused to a reporter protein (28, 31, 46, 47, 75). As predicted from their sequences,
ARR1 and ARR2 function as transcription factors. In yeast, C-terminal extensions
of ARR1, ARR2, and ARR11 function as transcriptional activators when fused to
the DNA-binding-domain of GAL4 (46, 75). The activation activities of ARR1 and
ARR2 are confined to their C-terminal variable regions, which are rich in glutamine
(75). The GARP domain binds to DNA in a sequence-specific manner. Sakai et al.
(75) screened random DNA oligomers for sequences that preferentially bound to
the GARP domain and identified-BGATT-3' as the optimal binding sequence. In
tobacco cells, ARR1 and ARR2 both activate transcription from a hexamer of the
optimal sequence fused to a minimum promoter. Deleting the receiver domains
increases transactivation activity, indicating that the receiver domains of ARR1
and ARR2 act negatively on transcriptional activation (75). Lohrmann et al. (47)
reported that ARR2 could bind to the promoter sequence dP8@Tgene of the
mitochondrial respiratory complex | (nCl) froArabidopsisin vitro; however, it

is an open guestion as to whetfiR8STgenes are regulated by ARR2 in vivo.

APRRs

Each APRR carries a receiver-like domain without the conserved Asp residue
for phosphorylation (FigurdC). APRR2 and APRR4 carry the GARP domain.
TOC1/APRRJIAPRR3APRR5APRR7andAPRRXodes for products that carry

the CCT motif [a motif common to CO, COL, and TOCL1 proteins (92)] in their
C-terminal regions and are photoperiodically expressed (50,51, 55, 92). TOC1/
APRR1 is required for normal circadian rhythms (92).
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HPt PROTEINS AND PHOSPHOTRANSFER

In almost all cases, the phosphoryl group is transferred alternately between the
side chains of His and Asp residues.Arabidopsis there are five genes for HPt
domain proteins, designated AHP1 to AHP5 (57, 93, 96). The ability of AHPs to
participate in the phosphorelay has been demonstrated in heterologous organisms
and in vitro. AHP1, but not AHP2 or AHP3, suppressed the lethality of an yeast
mutant lacking the HPt protein, Ypd1, suggesting that at least AHP1 can function
as a phosphotransfer-mediator in yeast (93). The ability of AHPs to perceive the
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phosphoryl group from the cytokinin receptor CRE1/WOL/AHK4 was demon-
strated, although indirectly, i&. coli (94, 95). AHP2 and AHP4 interfered with

the artificial CRE1/WOL/AHK4— YojN — RcsB phosphorelay systembncoli;

this was explained by assuming that the phosphoryl group on CRE1/WOL/AHK4
is acquired more readily by AHP2 and AHP4 than by YojN. The effect of AHP1
and AHP3 was weaker. It has been demonstrated that AHP1 can transfer the phos-
phoryl group to ARR3 and ARR4 (both type-A) (93), and that AHP2 can transfer
the phosphoryl group to ARRG6 (type-A) and to ARR10 (type-B) (3tabidopsis
transformants overexpressiAgiP2were hypersensitive specifically to cytokinins,
suggesting that AHP2 may mediate phosphorelay initiated by cytokinin receptors.
In the yeast two-hybrid system, AHP1 interacted with AtHK1, ETR1, and CKI1,
and AHP2 interacted with ETR1 and CKI1, which raises the possibility of signal
crosstalk (106).

ROLES OF RESPONSE REGULATORS
IN CYTOKININ SIGNALING

Type-A and Type-B ARRs as Transcriptional Regulators

Two laboratories provided compelling evidence that type-B ARRs are key regula-
tors of cytokinin signaling and directly activate typeARRgenes (28, 76). Hwang

& Sheen utilized a transient expression systemiabidopsismesophyll proto-
plasts, in which the luciferase (LUC) gene linked under the cytokinin-inducible
ARR6promoter ARRG6::LUC) was used as an indicator of cytokinin response.
First, they showed that overexpressiorGRE] AHK2, or AHK3increased LUC
activity only in the presence of cytokinins. Unphosphorylatable mutants of CRE1,
inwhich either the conserved His or the Asp residues were mutated, not only did not
have such activity, but even imposed dominant negative effects. These results con-
firmed the notion that the cytokinin signal is transduced by activating phosphotrans-
fer. Next, they showed that AHP1 and AHP2, but not AHP5, were translocated into
the nucleus in response to cytokinins, raising the idea that AHPs function as shut-
tles that carry the phosphoryl group from the cytoplasm to the nucleus. Finally, they
investigated the functions of response regulators. The expressiRR6::LUC

was increased when eithaRR1 ARR2 or ARR1Qwhich code for type-B ARRSs,

was overexpressed, and it was further activated by cytokinins. Overexpression of
type-AARRs (ARR4to ARR?7), on the other hand, inhibited cytokinin-induction of
ARRG6-LUC These results suggested that type-B ARRs are transcriptional activa-
tors and type-A ARRs are transcriptional repressors, and the two types of response
regulators form a signaling loop.

Overexpression oARR1or ARR?2affects general cytokinin responses also; it
increases the sensitivity of plants to cytokinins for cytokinin-induced callus growth
and shoot formation and inhibits root growth (28, 76). The effect of ARR1 is more
pronounced when the N-terminal receiver domain is removed, indicating that the
receiver domain negatively regulates the output domain (76). The importance of
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ARRL1 in cytokinin action was made apparent by the observatiorAttatidopsis
deficient inARR1was less sensitive to cytokinins in a number of diverse physio-
logical processes, including callus growth and induction of typ&Ris (76).

This raises the question of how type-B ARRs activate typ&RRgenes. Ob-
serving that the type-B binding site)l-BGATT-3', occurs multiple times in the
promoter ofARRG6raised the possibility that type-B ARRs directly activate type-A
ARRs, and this was proven true. Sakai et al. transforArdbidopsiswith a fusion
gene that expressed the hormone-binding domain of the glucocorticoid receptor
(GR) fused to ARR1, which lacks the receiver domain (76). Proteins linked to the
glucocorticoid-binding domain are often inactive but are activated when the do-
main binds glucocorticoids (2, 45, 74). Without glucocorticoids the transformants
were normal, but in the presence of a glucocorticoid dexamethasone, (DEX), they
exhibited diverse phenotypes indicative of cytokinin responses, such as disordered
cell division around the shoot apical meristem. Treating the transformants with
DEX inducedARR4to ARR9 and this was not inhibited by an inhibitor of trans-
lation. The above-mentioned results all indicate that cytokinins activate type-B
ARRs, which are required for most or all cytokinin responses, and that type-B
ARRs directly activate type-ARRgenes. Currently, the only known target genes
of type-B ARRs are type-ARRs, which appear to function as negative feedback
regulators. In the future, additional target genes may be isolated by screening for
genes that are induced when the GR-fusion transformants are treated with DEX in
the presence of translation inhibitors.

If cytokinin signaling follows the general principles of the two-component
signaling system, then phosphorylation of type-B ARRs modulates the activity of
the output domains that govern cytokinin responses. However, in the protoplast
transient expression experiment (28), overexpression of an unphosphorylatable
mutant ARR2 (a type-B ARR) was as effective as that of the wild-type ARR2
in inducing type-AARRs. Importantly, activation of a type-A ARR promoter by
either the wild-type or the mutant ARR2 was further activated by cytokinins. Also,
both the wild-type and the mutant type-A ARRs inhibited the cytokinin-induction
of type-A ARRs. Hwang (28) proposed the presence of a hypothetical factor that
inhibits type-B ARRs, and that phosphorelay may liberate type-B ARRs through
an unknown mechanism. If this is true, at what point does regulation by means of
phosphorylation occur? We discuss this below.

Activation of Receiver Domains—Examples from Prokaryotes

Before further discussing possible mechanisms by which phosphorelay activates
cytokinin responses, it is useful to examine some examples of bacterial response
regulators with regard to how receiver domains regulate effector proteins or do-
mains. When CheY oE. coli, a representative response regulator that does not
have an apparent output domain, is phosphorylated, its surface undergoes a con-
formational change (43, 85, 111). The altered surface then interacts with the target
effector protein FliM, which in turn regulates the flagellar motor. Receiver domains
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of multidomain response regulators appear to interact with and regulate attached
effector domains. For example, the surface of the receiver domain of NtrC that
interacts with the attached effector domain undergoes a conformational change
when the receiver domain is phosphorylated (38), and the interaction is thought to
affect the output activity. Phosphorylation-associated dimerization and oligomer-
ization of response regulators are also known. Examples are NtrC (67) and FixJ (8),
whose transcriptional functions are activated after they oligomerize and dimerize,
respectively. These and other examples have revealed that different mechanisms
are used to regulate the activity of effector domains with the common feature that
they rely on phosphorylation-dependent domain-domain interactions (90, 113).
Considering the versatility of receiver domains that have evolved to utilize diverse
mechanisms for regulation of effector domains and the number of examples of
bacterial response regulators that undergo phosphorylation-dependent multimer-
ization, it is also possible that type-A and type-B response regulators form dimers
or multimers in diverse combinations, allowing sophisticated output.

Possible Mechanisms of Response
Regulator Activation in Plants

As Kieber and colleagues pointed out (11, 21, 26, 40), overall design of cytokinin
signaling is strikingly similar to that of auxin signaling, although their compo-
nents belong to completely different protein families. Auxin signaling involves
two types of transcriptional regulators, the AUX/IAA family and the DNA-binding
ARF family (44). Most ARFs are transcriptional activators, and AUX/IAAs are
transcriptional repressors. While most AUX/IAAs are induced by auxin, ARFs are
not. AUX/IAAs and ARFs can form homodimers and heterodimers. A simplified
model is that dimers consisting of different combinations of ARFs and AUX/IAA
are formed; homodimers and heterodimers consisting of only ARFs are active,
while AUX/IAAs act negatively by forming heterodimers with ARFs (44). The
auxin signal is transduced by targeting AUX/IAA proteins for 26S proteasome-
dependent degradation (20). This architecture is similar to cytokinin signaling in
that type-B ARRs are transcriptional activators and their genes are not influenced
by cytokinins, while type-A ARRs are transcriptional repressors and their genes
are induced by cytokinins.

As discussed above, overexpression of either phosphorylatable or unphospho-
rylatable type-B ARRs was able to activate transcriptioBR6::LUG which
was further activated by cytokinins (28). In other words, an even unusually large
amount of unphosphorylated type-B ARR is still controllable by phosphotransfer.
On the other hand, both phosphorylatable and unphosphorylatable type-A ARRs
repressed transcription &RR6::LUC Considering the above results, the most
plausible pointin the response regulator loop for regulation by means of phospho-
rylation would be type-A ARRs; unphosphorylated type-A ARRs act negatively
on type-B-mediated transcription, and phosphorylation of type-A ARRs may re-
lieve their negative action (Figure 5). Because type-A ARRs are increased by
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Figure 5 A model of cytokinin signal transduction iArabidopsis The three cy-
tokinin receptors—CRE1/WOL/AHK4, AHK2, and AHK3—bind to cytokinins and
initiate phosphotransfer. The phosphoryl group, indicateerujrcled letter Ris then
transferred to the HPt domain proteins, AHPs. Phosphorylated AHPs are translocated
to the nuclei and probably transfer the phosphoryl group to type-A ARRs and/or type-B
ARRs. How phosphorylation regulates transctiptional activity of type-B ARRs is an
open question. In this model, type-A ARRs function as a molecular switch of type-B
ARR activity. Type-A and/or type-B ARRs may have output functions, which is also
not well understood.

type-B ARs, even overproduced type-B ARRs could still be controllable by type-A
ARRs. Ifthis hypothesis is correct, type-A ARRs not only offer a negative feedback
mechanism, but may even be a master switch. This does not exclude the possibility
that phosphorylation of some type-B ARRs may have regulatory functions.

Of course, the above hypothesis may be oversimplified. First, no interaction
between the ARR members has been reported. Second, individual members in
either type of ARR may have overlapping yet distinct functions. Distinct functions
between members of the type-A ARR family have been suggested from
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Arabidopsisoverexpressing type-ARRs. Arabidopsisthat overexpressefiRR4
exhibited increased shoot regeneration frequency in tissue culture, whereas those
overexpressind\RR8exhibited decreased regeneration frequency in response to
cytokinins (65). This also parallels auxin signaling: Some ARFs are transcriptional
repressors and others are activators (105).

Protein degradation can also play an important role in cytokinin signaling (88).
An Arabidopsisloss-of-function mutant of the 26S proteasome subunit RPN12
was less responsive to cytokinins, suggesting that cytokinin signaling may involve
proteasome-mediated degradation of a negative regulator. Auxin signaling is initi-
ated by ubiquitination of the negative regulators (AUX/IAA proteins) and targeting
them to proteasome-mediated degradation pathways (44). Gibberellin also appears
to initiate signaling by destroying negative regulators (13). By analogy then, can
a proteasome degrade type-A ARR proteins in a cytokinin-dependent manner, in
turn liberating type-B ARRs? This scenario may not be plausible because applica-
tion of cytokinin also increases the protein levels of type-A response regulators, at
least in maize (78). The unaffected levelA&RRR5transcript in thepnl2amutant
also suggests that it is not very likely because it is expected that the transcript level
of type-A ARRs would be affected if protein levels of the typeARRs, which act
as negative regulators, were altered in the mutant.

What and Where is the Output?

An important and unanswered question is which type of ARR is linked to down-
stream events. One plausible scenario is that type-B ARRs regulate unidentified
targetgenes, which in turn bring about cytokinin responses. Another scenario is that
type-A ARRs are induced by cytokinins and interact with diverse target proteins,
which in turn regulate cytokinin responses. One known protein that interacts with
ARR4 (a type-A ARR) is phytochrome B (97). The interaction is specific: ARR4
did not bind phytochrome A, and only ARR4 among several investigated ARRs
interacted with phytochrome B. The ARR4 binding stabilizes the active form of
phytochrome B and increases the light-sensitivity of the plant. This could be the
mechanism behind the cytokinin-regulation of light signaling. Other known type-
A ARR interactors are closely related proteins DBP1 and DBP2 with unknown
functions (114). DBP1 interacts with ARR4 but not with ARRS5. The binding re-
quires the short C-terminal extension of ARR4, suggesting that the C-terminal
extensions of type-A ARRs may confer interaction specificity.

THE ROLE OF CYTOKININS
The Role of Cytokinins in Whole Plants

How well do we know the role of cytokinins? Probably not very well. The role

of cytokinins has been inferred mostly from the effects of cytokinin application—
in other words, from the effects of extra cytokinins added to internal cytokinins.
Recently, genes for cytokinin oxidases (CKXs) have been used to decrease
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endogenous cytokinin levels in tobacco (84, 112). The constitutively active cauli-
flower mosaic virus35S RNAgene promoter (35S promoter) was used to drive
the CKX genes and, depending on the lines, cytokinin levels were decreased to
between 30% and 60% of that of the wild type (112). In these lines, growth of
aerial parts was severely retarded: The internode length, leaf size, and size of the
shoot apical meristem were decreased, whereas the interval of leaf formation (plas-
tochron) was increased. These phenotypes were caused by a reduced rate of cell
division: Cell size increased while cell number decreased. By contrast, total root-
mass increased, which resulted from the increased size of the cell division zone.
It was therefore proposed that cytokinins are positive regulators of cell division

in the shoot apical meristem and negative regulators of cell division in the root
apical meristem. Interestingly, the transgenics senesce later and exhibit decreased
apical dominance, casting doubt on the previous notion that cytokinins are nega-
tive regulators of senescence and positive regulators of outgrowth of lateral buds
in normal plants. However, we should take into account that local cytokinin levels

in these transgenics have not been reported.

Another issue concerning the role of cytokinins is whether they are systemic
mediators or local mediators. There are experimental results that support either con-
clusion. Supporting the role of cytokinins as systemic mediators is the presence of
cytokinins in the sap of the xylem (18, 99) and the phloem (18, 22, 36). Cytokinin
levels in plants and in the xylem sap are positively correlated with soil minerals
(19, 81, 99, 100), especially mineral nitrogen, which suggests that cytokinins me-
diate information on nutrient status (79, 99, 100). Results against the systemic role
were also obtained from transgenic tobacco carryindRfieggene fromAgrobac-
terium tumefaciendn one experiment, reciprocal grafting between transgenic and
wild-type plants was made, and phenotypes indicative of increased cytokinins,
such as lateral bud outgrowth, were observed only in the transgenic part (15).
Bohner & Gatz used a glucocorticoid-inducible and tetracycline-repressible pro-
moter (in which tetracycline acts dominantly) to expri#sEfrom Agrobacterium
and showed that in a systemically induced plant only buds receiving tetracycline
did not exhibit outgrowth (5), further suggesting a paracrine action of cytokinins.
Possible reasons for this contradiction are that efficient cytokinin transport may
require certain prerequisite conditions; transported cytokinins may be important
only when total cytokinin levels are low, for example in nutrient-starved plants; or
that cytokinin transport may just be incidental. The role and mechanisms of long-
distance, short-distance, and transmembrane transport of cytokinins are important
issues yet to be solved.

The Role of Cytokinins in Cell Division

Cytokinins are involved in the regulation of both-& and G-M transitions. Their
involvement in G—S regulation is supported by the observation that cytokinins in-
crease the &cyclin, cyclin D3 (89), and that constitutive expression of cyclin
D3 caused cytokinin-independent growthAxabidopsiscalli. Interestingly, the
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overexpressed calli were green while the wild-type calli were not, suggesting the
surprising possibility that cyclin D3 may also regulate chloroplast development
(72).

Cytokinins are also important for the regulation of the-[ transition. In
tobacco BY-2 cells, which are cytokinin-autonomous, endogenous zeatin-type cy-
tokinins peaked around the S and M phases (69). Application of lovastatin, an
inhibitor of mevalonic acid synthesis, inhibits cytokinin biosynthesis and mitosis.
Zeatin overrides the lovastatin inhibition of mitosis, indicating that zeatin is indis-
pensable for &-M transition (42). The regulation of &M transition is probably
mediated by activation of CDK. In tobacco pith explants, application of auxin in-
creases the immunodetectable amount of CDK protein, and additional application
of a cytokinin resulted in activation of CDK, possibly through dephosphorylation
of CDK (117). The missing link between response regulators and control of cell
cycle remains an important and interesting question.

CONCLUSIONS

Recently, our knowledge of the biosynthesis, metabolism, degradation, perception,
and early stages of signal transduction of cytokinins has increased considerably.
Yetimportant questions remain unanswered. First, we do not understand the role of
cytokinins very well. This shortcoming has recently begun to be addressed through
utilizing genes for cytokinin oxidases to lower cytokinin levels; future, more elab-
orate experiments using tissue-specific and inducible-expression systems will def-
initely be informative. Future analyses of knockout plants for all genes encoding
enzymes of cytokinin biosynthesis, metabolism, degradation, receptors, and signal
transduction proteins will further uncover the roles of cytokinins, as well as the
roles of individual genes. To understand how cytokinin levels are regulated, we
must uncover the regulatory mechanisms of the enzymes that catalyze biosynthe-
sis, interconversion, and degradation of cytokinins. As for the signal transduction,
it is yet to be determined how phosphorelay regulates the transcriptional activity
of type-B response regulators. Also, the output of the response regulator loop is
largely unknown. Profiling genes regulated by type-B ARRs and identifying pre-
sumptive ARR interactors is important. Crosstalk is another issue. An inportant
question is whether signaling pathway initiated by different histidine kinases are
separated or converge in the downstream. Different tissues or cells respond differ-
ently to cytokinins, suggesting that there is crosstalk between signaling initiated
by cytokinins and other signals, or that signaling elements differ between differ-
ent cells. Understanding the complex cytokinin-regulated signaling network that
governs morphogenesis will be a challenging task.
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