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Abstract Cytokinins are a class of plant hormones that
have been linked to numerous growth and developmental
aspects in plants. The cytokinin signal is perceived by
sensor histidine kinase receptors and transmitted via histi-
dine phosphotransfer proteins (HPts) to downstream
response regulators. Since their discovery, cytokinin
receptors have been a focus of interest for many
researchers. Ongoing research on these transmembrane
receptors has greatly broadened our knowledge in terms of
cytokinin—receptor interaction, receptor specificity, recep-
tor cellular localization, and receptor functions in cytokinin
related growth and developmental processes. This review
focuses on the recent advances on the cytokinin receptors
and HPt proteins in Arabidopsis.
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Introduction

Cytokinins are a class of plant hormones that are princi-
pally N®-substituted adenine derivatives. Over 50 years of
study has shown that cytokinins play a myriad of roles in
biological processes including cell division, seed germi-
nation, apical dominance, shoot meristem initiation and
maintenance, leaf and root differentiation, stress tolerance,
and senescence in plants (Gan and Amasino 1995; Haberer
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and Kieber 2002; Hwang and Sheen 2001; Mok and Mok
2001; Werner and Schmiilling, 2009). In the past decade,
genetic and molecular studies have led to the establishment
of a well-defined cytokinin signaling model which resem-
bles the two-component systems (TCSs) widely used by
bacteria and some fungi (Beier and Gross 2006; Catlett
et al. 2003; Ferreira and Kieber 2005; To and Kieber 2008).
In Arabidopsis, cytokinin signaling starts with perception
of the cytokinin molecule by a sensor histidine kinase
(AHK). The signal is then relayed by a histidine phos-
photransfer protein (AHP) through phosphorylation to the
response regulators (ARRs) in the nucleus (Fig. 1). A
branch pathway has also been identified in Arabidopsis that
includes AHKs, AHPs, and cytokinin response factors
(CRFs) (Rashotte et al. 2006).

The perception and relay of a cytokinin signal through this
type of cytokinin signaling pathway appears to be conserved
across plant species as cytokinin receptors (HKs), phos-
photransfer proteins (HPts), response regulators (RRs), and
even CRFs have been identified in increasing number of
species, such as maize, rice, Medicago sativa, soybeans, and
tomato (Yonekura-Sakakibara et al. 2004; Ito and Kurata
2006; Pareek et al. 2006; Gonzalez-Rizzo et al. 2006; Pils
and Heyl 2009; Rashotte and Goertzen 2010; Le et al. 2011).
This level of conservation indicates the essential role that
cytokinin signaling plays in plants. This review focuses on
the research advances on the cytokinin receptors and HPt
proteins of the cytokinin signaling pathway in Arabidopsis.

Cytokinin receptors
Nearly half a century after the discovery of cytokinin, its

receptors were first identified in Arabidopsis as ARABID-
OPSIS HISTIDINE KINASE 4 (AHK4)/WOODENLEG
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Fig. 1 A schematic diagram of classical cytokinin signal phospho-
relay. The perception of cytokinin by one of the AHKs at the plasma
membrane results in the autophosphorylation of the receptor, the
phosphoryl group is subsequently transferred to an AHP which passes
the phosphoryl group to an ARR in the nucleus. AHKs, AHPs,
together with CRFs, form a branch pathway of cytokinin signaling

(WOL)/CYTOKININ RESPONSE 1 (CREl), ARABID-
OPSIS HISTIDINE KINASE 2 (AHK2) and ARABIDOP-
SIS HISTIDINE KINASE 3 (AHK3) (Méhénen et al. 2000;
Inoue et al. 2001; Ueguchi et al. 2001b; Yamada et al.
2001; Suzuki et al. 2001a; Kieber and Schaller 2010).
Further studies revealed that these cytokinin receptors play
both redundant and specific roles in cytokinin-mediated
growth and developmental processes in Arabidopsis (Hig-
uchi et al. 2004; Nishimura et al. 2004; Riefler et al. 2006).
Recent work on cytokinin receptors has shown that each
receptor mediates the specificity of different cytokinins in
the signaling pathway (Stolz et al. 2011). Perhaps, more
importantly, new experimental works have demonstrated
the localization of cytokinin receptors not to the plasma
membrane as originally predicted, but to the ER membrane
instead (Caesar et al. 2011; Lomin et al. 2011; Wulfetange
et al. 2011). Each of these findings is likely to have pro-
found impacts on our understanding of cytokinin signaling.

Structure of the cytokinin receptors: hybrid histidine
kinases

The three cytokinin receptors (AHK?2, 3, and 4) belong to a
small Arabidopsis histidine kinase family which comprises
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16 known members with diverse roles. These family
members of kinases are involved in ethylene signaling
[ETR1, ERS1, ETR2, ERS2, and EIN4] (Chang et al. 1993;
Hua and Meyerowitz 1998), cytokinin signaling [AHKs]
(Ueguchi et al. 2001b; Yamada et al. 2001; Hwang and
Sheen 2001), cytokinin-independent activation of two-
component signaling pathway [CKI1] (Kakimoto 1996,
1998; Hejatko et al. 2009; Deng et al. 2010), osmotic stress
responses [CKI2/AHKS] (Urao et al. 1999; Tran et al.
2007), and light responses [light receptors PhyA-E] (Quail
2002; Schepens et al. 2004; Strasser et al. 2010).

AHK?2, AHK3, and AHK4 are hybrid histidine kinases
because they contain both the HK domain and the RR
domain also known as a receiver domain (West and Stock
2001; Ueguchi et al. 2001a). The HK domain contains a
conserved His residue which is autophosphorylated when a
stimulus is perceived (West and Stock 2001). The phos-
phoryl group is transferred to the receiver domain from the
HK domain before it is relayed further down the signaling
pathway. Amino acid sequence analysis revealed that
cytokinin receptors are highly homologous to each other
with great similarity in overall predicted protein structure
(Ueguchi et al. 2001a). AHKSs are all transmembrane pro-
teins that possess: transmembrane segments, a typical
ligand-binding domain, a conserved histidine kinase
domain (also called transmitter domain), and a receiver-
like domain followed by a receiver domain. AHK2 and
AHK3 are three pass transmembrane proteins, whereas
AHK4 is two pass (Although this has not been specifically
examined it would be interesting to explore how different
numbers of transmembrane segments might result in
functional differences between these proteins). The ligand-
binding domain was characterized and named CHASE
(cyclases/histidine kinases associated sensing extracellular)
domain by two research groups (Anantharaman and
Aravind 2001; Mougel and Zhulin 2001). The CHASE
domain found in various prokaryotic and eukaryotic
receptor-like proteins was shown to directly function as the
cytokinin-binding region of the receptor with four specific
amino acids crucial for ligand-binding (Heyl et al. 2007).
Interestingly, one out of five identified CHASE domain
containing proteins in rice contains a Ser/Thr protein
kinase domain instead of a His kinase domain (Han et al.
2004; Ito and Kurata 2006; Pareek et al. 2006). This protein
was named OsCRL4 (Han et al. 2004) or CHARK (CHASE
domain receptor-like serine/threonine kinase) (Ito and
Kurata 2006). OsCRL4 was found to be able to comple-
ment crel mutation and was suggested to represent a
CREl-like new member of cytokinin receptors in rice (Han
et al. 2004). The histidine kinase domain of the Arabid-
opsis cytokinin receptors was found to possess five con-
sensus motifs (H, N, G1, F and G2) as well as a conserved
histidine residue. The receiver domain contains three
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regions that include the conserved D, D and K amino acids
residues (Ueguchi et al. 2001a). Although studies have
shown that the conserved histidine residue in the histidine
kinase domain and the conserved aspartate residue in the
receiver domain are necessary for the signaling capacity,
autophosphorylation, and phosphorelay (Hwang and Sheen
2001; Inoue et al. 2001), the specific roles of those motifs
remain to be determined. Recently, the crystal structure of
the AHK4 CHASE domain (sensor domain) binding to
different cytokinins has been determined (Hothorn et al.
2011). The CHASE domain consists of an N-terminal long
helix and two PAS-like domains that are connected by a
linker helix. It turns out that AHK4 CHASE domains form
homodimers in crystals. The membrane-distal PAS domain
of AHK4 recognizes cytokinins. The structure of AHK4
CHASE domain in complex with isopentenyladenine (iP)
shows that both the adenine moiety of iP and its isopen-
tenyl tail occupy the binding pocket of AHK4. In the lower
part of the ligand-binding pocket, the central f-sheet of the
PAS domain is lined with small hydrophobic residues, such
as Ala and Gly, which are believed to be essential for the
receptor activity. Two f-strands in the upper part of the
pocket are responsible for hydrophobic interactions as well.
Hydrogen bonds formed between Asp262 and the adenine
ring within the pocket may be crucial for receptor function.
Further examination revealed an additional hydrogen bond
between hydroxylated isopentenyl side chain of trans-
zeatin (tZ) with Thr294, the only hydrogen-bond acceptor
in the tail-binding pocket, providing the structural basis for
the high affinity of AHK4 for fZ rather than cis-zeatin (cZ).
This study by Hothorn et al. (2011) also indicates synthetic
cytokinins, such as thidiazuron (TDZ) can occupy the
binding pocket of AHK4 as natural cytokinins. In sum-
mary, by determining the crystal structures of the sensor
domain of AHK4 in complex with different cytokinins, the
authors revealed how AHK4 interacts with cytokinins and
how new useful cytokinins can be potentially designed.

Ligand-receptor interaction: perception is everything

Elucidating the cytokinin—receptor interaction is an impor-
tant step to understand the cytokinin signaling pathway. To
this end, many assays have been developed to study the
cytokinin—receptor interaction including the biological
activity of cytokinins, the binding activity and ligand-bind-
ing specificity of the receptors. These assays include plant-
based bioassays, bacterial assays, and even yeast-based
assays. Yamada et al. (2001) revealed that three cytokinins
tZ, 1P, and a synthetic cytokinin TDZ could be perceived by
AHK4 receptor expressed in an E. coli mutant which lacked
the endogenous histidine kinase RcsC. Using live cell hor-
mone-binding assays, Romanov et al. (2005) revealed that
AHKA4 is highly specific for 7Z (Table 1), confirming the role
of AHK4 as a cytokinin receptor. Examination of the ligand
specificity of AHK4 with diverse cytokinin analogues
showed the following order of affinity for AHK4:
tZ > zeatin riboside (ZR) > dihydrozeatin (DZ) > ¢Z >
zeatin O-glucoside. This affinity order based on the live cell-
binding assay is in agreement with that produced with
purified bacterial AHK4-expressing membrane prepara-
tions, as well as that from a reporter gene assay on the AHK4-
expressing E. coli clone (Spichal et al. 2004).

Further hormone-binding assays provided evidence that
AHK2 CHASE-TM (TM represents the two transmem-
brane segments adjacent to the CHASE domain) has sim-
ilar ligand preferences to AHK4 CHASE-TM (Stolz et al.
2011). Both CHASE-TM domains displayed a much higher
affinity to iP and ¢Z than to their riboside forms and a very
low affinity to ¢Z. A comparison study on the ligand
specificity of AHK3 and AHK4 indicated that AHK3 has a
much lower affinity to iP and its riboside form, but a higher
affinity to DZ than AHK4 (Table 1; Romanov et al. 2006).
In addition, ¢Z could activate AHK3 at 1 pM, but not
AHK4 in bacterial assays (Spichal et al. 2004). What is
responsible for these differences in ligand recognition and

Table 1 Cytokinin-binding specificity, tissue expression pattern, and predominant roles of cytokinin receptors in Arabidopsis

Cytokinin Cytokinin-binding specificity Tissue expression pattern Functional roles

receptors

AHK?2 iP > tZ > iPR > ZR > DZ? Leaves, roots, flowers® Root branchingg’h; abiotic stress responsesi’j;
shoot vascular tissue developmentk

AHK3 tZ > tZR > DZ > iP > ¢Z° Leaves, stems, roots and flowers®¢ Retardation of leaf senescence and Ropﬁ
branching®"; abiotic stress responses'”;
shoot developmenth; shoot vascular
tissue development®

AHK4 1Z > iP > tZR > iPR" Roots®™ Vascular morphogenesis®; responses

to exogenous cytokininsh’1

* Stolz et al. (2011), ® Romanov et al. (2006), ¢ Ueguchi et al. (2001a), ¢ Higuchi et al. (2004), ® Mihénen et al. (2000), " Méhonen et al.
(2006), & Kim et al. (2006), b Riefler et al. (2006), ' Jeon et al. (2010), ’ Tran et al. (2007), k Hejatko et al. (2009), ! Nishimura et al. (2004)
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signaling ability, however, remains unclear. An in-depth
study on the structural difference of the receptor-binding
regions as well as the space-filling models of various
cytokinins might provide some insights into this intriguing
question.

Expression patterns of the cytokinin receptors:
both unique and overlapping

All three Arabidopsis cytokinin receptors have been
detected in different organs, such as roots, leaves, stems,
and flowers at varying levels, although individual speci-
ficity can be detected (Ueguchi et al. 2001a). AHK4 gen-
erally seems to be root specific detected in this tissue at
high levels by RT-PCR, Northern, and with AHK4 pro-
moter::GUS fusion expression (Ueguchi et al. 2001a;
Mihonen et al. 2000; Higuchi et al. 2004). This root-spe-
cific expression of AHK4 was confirmed by in situ
hybridization which also further revealed it to be localized
to the vascular cylinder and pericycle in primary roots: a
pattern specified fairly early during embryogenesis
(Mihonen et al. 2000). Similar vascular expression patterns
of AHK4 have also been observed in sections of roots
expressing an AHK4 promoter::GUS fusion (Mé&honen
et al. 2006). AHK?2 transcript was found to be the most
abundant in leaf tissue and least abundant in stems as
shown in RT-PCR (Ueguchi et al. 2001a). AHK3 also
shows its highest expression in rosette leaves although it is
also strongly expressed among roots, stems, and flowers
(Ueguchi et al. 2001a; Higuchi et al. 2004). Overall, AHK?,
AHK3, and AHK4 receptors have been shown to have
overlapping expression patterns with each other, although
specificity, such as AHK4 localization to the root has been
reported (Table 1). For a more detailed discussion of these
expression patterns, see papers by Higuchi et al. (2004),
Nishimura et al. (2004), and Midhonen et al. (2006).

Subcellular localization of the cytokinin receptors:
plasma membrane or ER

Cytokinin receptors are predicted to be plasma membrane
localized based on the domain analysis, sequence similarity
to two-component hybrid molecules, and some experimental
evidence obtained with receptor—GFP fusion proteins (Inoue
et al. 2001; Kim et al. 2006; Mihonen et al. 2000). Several
very recent studies, however, have presented evidence sup-
porting the localization of the AHKSs to a different mem-
brane: the endoplasmic reticulum (ER) (Caesar et al. 2011;
Lomin et al. 2011; Wulfetange et al. 2011). Analysis
of separated plasma membrane and endomembrane frac-
tions indicated a predominant endomembrane location of
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cytokinin-binding sites; examination of AHK—GFP fusion
proteins expressed in tobacco leaf epidermal cells revealed
ER localization of these proteins (Wulfetange et al. 2011).
Immunoblots with Myc-tagged cytokinin receptors fol-
lowing fractionation of cell membranes lent further support
to the ER localization of the receptors (Wulfetange et al.
2011). Similarly, another study has demonstrated the ER
localization of fluorophor-tagged AHK3 and AHK4 pro-
teins (Caesar et al. 2011). In addition, the maize ZmHK1
cytokinin receptor has recently also been shown to localize
to ER (Lomin et al. 2011). Although the above-experi-
mental evidence strongly indicates that the cytokinin
receptors are mainly localized to ER, partial plasma mem-
brane localization cannot be ruled out (Wulfetange et al.
2011). If both localizations exist, the question arises as to
when cytokinin signaling occurs from the plasma mem-
brane and when it occurs from the ER membrane. In
addition, how the targeting of cytokinin receptors to these
different membrane locations in the cell remains to be
elucidated. Given that the ER localization of cytokinin
receptors is experimentally supported, a revised model of
cytokinin signal phosphorelay is proposed here (Fig. 2).
This recent finding is critically important as it presents a
general shift in thinking about how cytokinin signaling
functions in the cell. Previously, it was most important to
have cytokinin outside or at the edge of the cell for proper

Cytokinin

i

Nucleus

K Plasma membrane /

Fig. 2 A modified cytokinin signal phosphorelay model. Cytokinin
receptors are mainly localized at the ER membrane but might also be
localized at the plasma membrane. Cytokinin binding to one of the
AHKs in the ER lumen or at the plasma membrane results in the
autophosphorylation of the receptor and the phosphoryl group is
subsequently transferred to an AHP which passes the phosphoryl
group to an ARR in the nucleus. AHKs, AHPs, together with CRFs,
form a branch pathway of cytokinin signaling
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perception and then signaling. Now that the receptor is
internal, likely requiring cytokinin to be perceived within
the lumen of the ER, movement of cytokinin into the cell
and cellular organelles could be much more crucial to
normal signaling than once thought. Because neither of
these transport processes have been well studied their
characterization is likely to have profound effects on the
field of cytokinin signaling.

Functions of cytokinin receptors in physiological
processes: an actor in many roles

Ongoing research has provided evidence that cytokinin
receptors play multiple roles in cytokinin-mediated physi-
ological processes (Table 1), such as regulation of root
vascular morphogenesis (Méhonen et al. 2000), retardation
of leaf senescence (Kim et al. 2006), regulation of shoot
vascular development (Hejatko et al. 2009), and mediation
of abiotic stress responses (Merchan et al. 2007; Tran et al.
2007; Coba de la Peia et al. 2008; Jeon et al. 2010).

Cytokinin receptors play roles in both root- and shoot-
related processes: three coworkers in roots versus two
coworkers in shoots

Initial studies on wol (AHK4) mutants indicated an
important role of the WOL allele in vascular cell divisions as
mutants had fewer vascular initial cells resulting in a root
vascular system composed only of protoxylem (Méhdnen
et al. 2000; Cano-Delgado et al. 2000). The wol mutation is
an amino acid substitution in the CHASE domain (T278I)
that eliminates the cytokinin binding activity of the WOL
protein (Mdhonen et al. 2000; Heyl et al. 2007; Yamada
et al. 2001). Unlike wol mutants, AHK4 T-DNA insertion
null mutations crel/-2 and crel-11 did not show visible
defects in root morphology under standard conditions,
although they exhibited reduced sensitivity to cytokinin
inhibition of root growth and adventitious root formation
(Higuchi et al. 2004; Inoue et al. 2001; Mihonen et al.
2006). Further experiments demonstrated that the mutated
WOL protein serves as a constitutive phosphatase in the
absence of cytokinin to inhibit cytokinin signaling mediated
by AHK?2 and AHK3, which results in the wol phenotypes
(Méhonen et al. 2006). Notably, single mutants of AHK2 or
AHKS3 responded normally or slightly less to cytokinin in
root elongation assay (Higuchi et al. 2004), whereas crel-2,
ahk4-1, and combinations of crel-2 with other ahk mutants
were resistant to cytokinin, indicating a predominant role
of CREI/AHK4 in responses to exogenous cytokinins
(Nishimura et al. 2004; Riefler et al. 2006). Surprisingly,
ahk2ahk3 double mutants displayed a much more branched
root system compared with that of wild type, indicating a

negative role of AHK2 and AHK3 in regulating root
branching (Riefler et al. 2006). Taken together, AHK?2,
AHK3, and WOL/CRE1/AHK4 exert overlapping roles in
roots with WOL/CRE I/AHK4 functioning as a predominant
root regulator. This functional overlap of these three
receptors is consistent with their overlapping expression
patterns (Méhonen et al. 2006).

Unlike the root-specific expression of AHK4, both
AHK2 and AHK3 transcripts are abundant in leaves or
stems, raising the possibility that these two receptors play
roles in leaf- or shoot-related developmental processes
(Ueguchi et al. 2001a; Mihonen et al. 2000; Higuchi et al.
2004; Nishimura et al. 2004). The greatly reduced rosette
size in the ahk2ahk3 double mutant indicates the involve-
ment of these two receptors in shoot development (Riefler
et al. 2006). A recent study has implicated AHK2 and
AHK3 in regulating procambium development, as seen
from a reduced number of procambial cell layers found in
the mutants of these genes (Hejatko et al. 2009). An
additive effect was seen in the ahk2 ahk3 double mutant
that exhibited a stronger phenotype than either single
mutant as manifested by a reduction in procambium and
vascular bundle size as well as the lack of an interfascicular
cambium. In addition, a depletion of endogenous cytokinin
in either CKX1 or CKX3 overexpressors resulted in similar
defects in vascular bundle development, confirming the
role of AHK2 and AHK3 mediated cytokinin signaling in
vascular bundle development (Hejatko et al. 2009).

Senescence and leaf longevity: receptors for going
green

Leaf senescence is a programmed natural process influ-
enced by various internal and external factors and phyto-
hormones such as cytokinins, auxin, ethylene, and ABA are
important internal factors involved in that regulation (Lee
et al. 2001; Quirino et al. 2000; Smart 1994; Lim et al.
2010). Particularly cytokinins are known to delay leaf
senescence as shown in experiments that prolonged the life
span of leaves when the cytokinin biosynthetic IPT gene
was expressed under the control of a senescence-specific
promoter SAGI2 (Gan and Amasino 1995) or a heat-shock
promoter HSP18.2 (Merewitz et al. 2010). Identification of
an AHK3 gain-of-function mutant, orel2-1, revealed that
AHK3, not AHK2 or AHK4, is the primary cytokinin
receptor functionally regulating leaf senescence via an
ARR2-specific phosphorelay cascade (Kim et al. 2006).
This is consistent with the finding that AHK3 is the major
contributor to cytokinin-dependent chlorophyll retention in
leaves (Riefler et al. 2006). Interestingly, it is currently
unknown which AHP might specifically be responsible for
transferring the phosporyl group from AHK3 to ARR2 to
delay leaf senescence.
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A cytokinin-induced delay in leaf senescence has nota-
bly been accompanied by a large increase in extracellular
invertase activity, suggesting that changed source-sink
relations might also be linked to these processes (Lara et al.
2004). This idea is supported by two works in which the
invertase expression was manipulated in different ways.
One expressing an invertase during senescence in tobacco
using a SAGI2:Cinl (an invertase from Chenopodium ru-
brum driven by a senescence-induced promoter). A second
approach blocked extracellular invertase activity through
the expression of a tobacco invertase inhibitor under con-
trol of a cytokinin-inducible promoter, thus rendering
cytokinin ineffective in delaying leaf senescence (Lara
et al. 2004). Together, these results suggest that extracel-
lular invertase is involved in the suppression of leaf
senescence by cytokinins. Surprisingly, not much work had
been done in Arabidopsis to elucidate how cytokinin sig-
naling and the members of this pathway are linked to
senescence and connected to extracellular invertases in this
process.

Mediating abiotic response: receptors to keep
from stressing out

Cold-induced expression of a subset of type-A ARR genes,
including ARRS5, ARR6, ARR7, and ARR15 was shown to be
mediated by the receptors AHK2 and AHK3 (Jeon et al.
2010). In fact, the ahk2 ahk3 double mutant displayed
significantly greater freezing tolerance compared with wild
type as did arr5, arr6, and arr7 loss-of-function mutants,
while an ARR7 overexpressing line was hypersensitive to
freezing temperatures (Jeon et al. 2010). These results
directly link the receptors to cold stress response and
suggest a negative role of AHK2 and AHK3 in cold stress
tolerance. A similar negative regulatory role has also been
suggested for AHK2 and AHK3 in osmotic stress response
as evidenced by the increased tolerance of ahk2, ahk3, and
ahk2 ahk3 double mutants to drought and salt stress (Tran
et al., 2007). In addition, ahk4 mutants also exhibited
enhanced salt tolerance when compared with wild type in
the presence of cytokinin, suggesting a similar role for
AHK4 as well (Tran et al. 2007).

Additional evidence of cytokinin receptors linked to salt
stress regulation has been seen in work in other species,
such as Medicago sativa where MsHK 1, an AHK3 homolog
showed induction by salt (Coba de la Pena et al. 2008).
This has also been seen in Medicago truncatula where two
of its cytokinin receptors, MtHK2 and MtCREI were
induced in roots both by salt stress and during recovery
from this stress (Merchan et al. 2007). These results indi-
cate the conserved roles of cytokinin receptors in mediating
stress responses in different plant species likely as negative
regulators of abiotic stress signaling (Tran et al. 2007).

@ Springer

Positive regulation of nodulation in legumes

Homologs of AHK4 have been identified in two legumes:
MtCREI in Medicago truncatula (Gonzalez-Rizzo et al.
2006) and LHK1 in Lotus japonicas (Tirichine et al. 2007).
Both cytokinin receptors were found to play a role in the
regulation of root nodulation. MtCREIRNAI roots were
insensitive to cytokinin and displayed strongly impaired
nodulation when compared with wide type, MtHK2 RNAI,
and MtHK3 RNAI roots, indicating that MtCRE1-mediated
cytokinin signaling is required for normal nodulation in
Medicago (Gonzalez-Rizzo et al. 2006). A gain-of-function
mutation in CHASE domain of LHKI1 in lotus resulted in
spontaneous formation of root nodules, and conferred
cytokinin independent activity on LHKI1 (Tirichine et al.
2007). Further examination revealed that cytokinin per-
ception occurs downstream of Nod factor signal transduc-
tion, but upstream of cortical cell activation. Together,
these results indicate that cytokinin signaling is necessary
in root nodulation in legumes.

Regulation of the specificity of cytokinin signaling:
location matters

Response to cytokinin across plant tissues is regulated by a
number of factors including both the ligand-binding affin-
ity and the spatial expression pattern of specific cytokinin
receptors (Stolz et al. 2011). The sensitivity of AHKSs to iP
and fZ was examined by quantifying cytokinin primary
response gene (ARRS5, 6) transcripts and reporter gene
(pPARRS:GUS) expression in receptor double mutants
containing only a single functional receptor (Stolz et al.
2011). ahk2 ahk4 mutants were less sensitive to iP com-
pared with ahk2 ahk3 mutants (Stolz et al. 2011), consis-
tent with the observed higher affinity of AHK4 and weaker
affinity of AHK3 to iP (Romanov et al. 2006). However,
ahk2 ahk4 mutants showed a higher sensitivity to fZ
compared with ahk2 ahk3 mutants (Stolz et al. 2011).
Furthermore, AHK2 and AHK4 were able to activate
PARRS:GUS reporter gene to a similar extent in the
presence of iP or ¢Z (Stolz et al. 2011).

Overlapping yet distinct expression patterns of the three
AHK receptors was seen using the pARRS5:GUS reporter
gene as a general proxy for cytokinin mediated expression
in receptor double mutants (Stolz et al. 2011). All three
receptors are strongly active in both the shoot and root tips.
AHK?2 and AHK3 are actively expressed in parenchyma
cells, while AHK3 also stimulates reporter activity in sto-
mata (Stolz et al. 2011). Interestingly, cytokinin has been
linked to regulation of stomata opening in concert with
other hormones (Acharya and Assmann 2009; Tanaka et al.
2006). Therefore, further examination is needed to deter-
mine whether the stomata-specific activity of AHK3 is
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responsible for cytokinin-mediated stomata opening.
Overall, AHK2 and AHK3 display a broader activity
domain in the shoot apex than AHK4 and they lead to
increased expression of pARRS5:GUS in leaves in the
presence of cytokinin that is also lacking for AHK4 (Stolz
et al. 2011). This indicates a predominant role of AHK?2
and AHK3 in leaves and shoots similar to that seen in
Higuchi et al. (2004). Strong pARRS:GUS reporter staining
of root vasculature after a 5-h incubation in an ahk2 ahk3
mutant, but not ahk2 crel and ahk3 crel mutants (Stolz
et al. 2011) confirms root vascular specific activity of
AHK4 (Mihonen et al. 2000).

The analysis of receptor activity by way of a promoter-
swap experiment shows that AHK4, when expressed under
the control of an AHK?2 promoter can complement the ahk2
ahk3 mutant consistent with the similar ligand-binding
spectrums of AHK2 and AHK4 (Stolz et al. 2011). Inter-
estingly, ahk2 ahk3 mutant can be partially complemented
by the expression of CHASE-TM of AHK3 fused with the
cytoplasmic domain of AHK4 directed by the AHK3 pro-
moter, suggesting an essential role of CHASE domain in
specifying AHK3 function (Stolz et al. 2011). Taken
together, these results indicate that the differing ligand-
binding affinities and expression patterns of AHKSs, possi-
bly along with other yet unknown factors, contribute to the
specification of cytokinin signaling in Arabidopsis plants.

Interestingly, both AHK4 and AHK3 seem to be able to
mediate cytokinin specificity in root tissue. AHK3-medi-
ated cytokinin signaling was shown to regulate root meri-
stem size as evidenced by enlarged root meristem in ahk3
mutants, while AHK4 and AHK?2 had little to no effect in
this aspect (Dello Ioio et al. 2007). On the other hand,
AHKH4 is the predominant cytokinin receptor which regu-
lates root vascular development (Mihonen et al. 2000,
2006). This specific activity of AHK3- and AHK4-medi-
ated cytokinin signaling in roots is possibly achieved
through differing receptor ligand affinity (Romanov et al.
2006; Bishopp et al. 2011) and expression patterns
(Mihonen et al. 2006).

Histidine phosphotransfer proteins: the next step
in cytokinin signaling

Structure of HPt proteins

HPt proteins are essential players in the His-Asp-His-Asp
phosphorelay which transfer the phosphoryl group from
hybrid kinase receptors to downstream RRs (West and
Stock 2001). In Arabidopsis, there are five HPts (AHP1-5)
which carry the conserved phospho-accepting His residue
(Heyl and Schmulling 2003; Hutchison et al. 2006). AHP6,
also known as APHPI, is a pseudo HPt which does not

contain the conserved His residue necessary for phospho-
transfer activity (Suzuki et al. 2000; Mihonen et al. 2006).
Because AHPs contain only a short HPt domain, their
structure is much simpler when compared with that of
AHKSs (Suzuki et al. 2000). Each of the AHPs is about 150
amino acids long except AHP4 which contains 127 amino
acids (Suzuki et al. 2000). An EST database search iden-
tified HPts in a variety of plant species which show great
similarity in amino acid sequence to AHPs, indicating the
conserved nature of these HPt proteins (Suzuki et al. 2000).

In maize, the crystal structure of one HPt protein,
ZmHP2, has been determined (Sugawara et al. 2005).
ZmHP2 contains four C-terminal helices which form an
antiparallel bundle connected to two N-terminal helices by
a f-turn. The residue Argl02, close to the phosphor-
accepting His80 residue, was predicted to promote the
formation of interaction complex between ZmHP2 and
receiver domains based on the role of corresponding resi-
dues in bacterial and yeast HPt proteins. The His80 phos-
phorylation site is surrounded by conserved residues of
ZmHP2 which are localized on three helices of the four-
helix bundle and one N-terminal helix. Notably, the
protrusion of the imidazole ring of His80 from ZmHP2
molecule surface is believed to be important for phosphate
transfer. The conserved residues surrounding His80 possi-
bly act as a docking interface for receiver domains, while
the non-conserved residues seem to be responsible for
specific activities of different HPt proteins.

Expression patterns and transcriptional regulation
of AHPs by cytokinin

AHPI is predominantly expressed in the roots; AHP2 and
AHP3 are detectable across the plant including roots,
stems, leaves, flowers, and siliques with the highest
expression of AHP2 in roots/flowers and that of AHP3 in
roots/leaves (Suzuki et al. 1998; Hradilova and Brzobohaty
2007). AHPS, similar to AHP2 and AHP3, is expressed in
various organs (Hradilovd and Brzobohaty 2007), while
AHP4 is hardly detectable in leaves and in roots (Suzuki
et al. 2000). AHP6 is expressed in developing protoxylem
and pericycle cells, shoot apex, and young leaves (M&ho-
nen et al. 2006). In general, these observations are con-
sistent with those of another study on AHP expression
profiles through Northern blot hybridization (Tanaka et al.
2004). However, the latter was able to detect AHP4 tran-
scripts with varying size in aerial parts of plants, indicating
the possibility of alternative splicing and/or alternative
polyadenylation (Tanaka et al. 2004). The expression of
AHP4 has also been examined by another group that
reported AHP4 expression predominantly in young flowers
(Jung et al. 2008). Interestingly, alternative splicing also
seems to occur during AHP5 RNA processing as shown by
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two RT-PCR products of different size specific for AHPS
transcripts. Sequence analysis revealed the presence of a
longer PCR product AHPSL containing the second intron
which is absent in the shorter PCR product AHPS,
confirming the alternative splicing of AHP5 transcript
(Hradilova and Brzobohaty 2007).

Previous data based on the Northern blot and microarray
analysis indicate that AHPs are not transcriptionally regu-
lated by cytokinin (Suzuki et al. 2000; Rashotte et al. 2003;
Brenner et al. 2005), although AHP5 has been seen to be
regulated under specific conditions (Hoth et al. 2003).
Hradilova and Brzobohaty (2007), however, demonstrated
that AHP1 to 4 transcripts increased in response to both a
short-term cytokinin treatment and an increased level of
endogenous cytokinin through inducible /PT gene expres-
sion as shown by qRT-PCR analysis. It is not clear what
factors are responsible for these differences; the sensitivity
of detection methods or growth-stage specific induction by
cytokinin might be reasonable explanations. As such, it is
currently unclear whether AHPs are transcriptionally
affected by cytokinin and if so what that would mean for
signaling processes.

Cellular localization of AHPs

Initial studies on cellular localization of AHPs with AHP-
GFP fusion proteins showed that most AHPs were gener-
ally localized in the cytosol, but were then translocated to
the nucleus upon exposure to or treatment by cytokinin
(Hwang and Sheen 2001; Tanaka et al. 2004). A recent
paper revealed that AHP2 and AHPS show both nuclear
and cytoplasmic localization in plants and that contrary to
what was previously seen, cytokinin treatment has no effect
on their subcellular localization (Punwani et al. 2010).
Regardless of the role of cytokinin on AHP localization, it
is still believed that AHPs function in relaying the phos-
phate signal from the membrane localized receptor to the
response regulators in the nucleus. As such AHPs are
thought to move in a cyclic pattern between the cytoplasm
and nucleus and back again and thus can be found dis-
tributed between these parts of the cell (Figs. 1, 2).

The role of HPt proteins in cytokinin-mediated
processes

It is known that HPt proteins are part of the cytokinin
signaling pathway, but how do HPts regulate cytokinin-
mediated processes? Initial findings using Arabidopsis
protoplast and a pARR6:LUC reporter assay indicated that
the overexpression of AHPs (AHP1, AHP2, or AHPS) had
little effect on cytokinin signaling (Hwang and Sheen
2001). However, Arabidopsis AHP2 overexpressors
showed hypersensitivity to cytokinin in a root elongation

@ Springer

assay, although no other morphological changes were
observed (Suzuki et al. 2002). An opposite effect was
found by eliminating AHPs in loss-of-function T-DNA
insertion mutants. This was most easily seen in ahp mul-
tiple mutants that have reduced cytokinin sensitivity in
various cytokinin bioassays and in greatly reduced induc-
tion of type-A ARR transcripts by cytokinin in an
ahpl,2,3,4,5 mutant (Hutchison et al. 2006). Although
single and double AHP mutants responded to cytokinin
normally in root elongation assays, presumably due to
functional redundancy, the ahpl,2,3 triple mutant was less
responsive to cytokinin than the wild type. In addition,
multiple ahp mutants which include ahp2, ahp3, and
ahp5 mutations (ahp2,3,5, ahpl,2,3,5, ahp2,3,4,5, and
ahpl,2,3,4,5) displayed a short primary root phenotype
which could be rescued by a wild-type AHPS5 gene
(Hutchison et al. 2006). Further examination of the root of
the quintuple mutant ahpl,2,3,4,5 showed that exclusive
protoxylem development occurred in the vascular cylinder
reminiscent of wol (Mihonen et al. 2000) and the ahk2,3,4
triple mutant (Mahonen et al. 2006). In fact, the multiple
mutant lines lacking either all receptors (ahk2,3,4) or all
phosphotransfer proteins (ahpl,2,3,4,5) are initially very
similar in physiological appearance as small dwarf-like
plants with little to no root, indicating a positive role of
AHPs in cytokinin signaling. ahpl,2,3,4,5 mutants, how-
ever, can recover through the generation of an adventitious
root, that substitutes as a primary root, although plants still
produced shorter siliques with fewer, but larger seeds per
silique compared with the wild type (Hutchison et al.
2006). Examination of the ahpl,2,3,4,5 quintuple mutant
by another research group also revealed a decrease both in
cell size and cell number in leaves (Deng et al. 2010). The
greatly reduced cell number in the ahpl,2,3,4,5 mutant
resembles that seen in leaves of ahk2,3,4 mutant (Ni-
shimura et al. 2004). Taken together, AHPs, as mediators
between AHKs and ARRs, are positive regulators with
overlapping functions of cytokinin signaling which is
essential for various developmental processes.

Although most HPts in Arabidopsis function in a similar
manner, two of them AHP4 and AHP6 are slightly differ-
ent. AHP4 is often placed by phylogenetic analysis in the
same clade with rice pseudo-HPts (Hutchison et al. 2006),
and shows very low transcript levels in both RT-PCR
(Suzuki et al. 2000) and transcriptome analysis (Zimmer-
mann et al. 2004). The analysis of ahp loss-of-function
mutants suggests that AHP4 may play no role, a slightly
positive role, or even a negative role in cytokinin signaling,
depending on the growth processes examined and the
genetic background (Hutchison et al. 2006). Interestingly, a
recent study indicates that AHP4 may function in regulat-
ing fertility (Jung et al. 2008). However, more work
remains to be done to clarify whether the ahp4 mutant and
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the AHP4 overexpressor used in this study have altered
cytokinin responses and whether AHP4 regulates fertility
via cytokinin signaling.

AHP6 is a pseudo-HPt protein in that it does not contain
the conserved His residue necessary for phosphotransfer
activity and its transcript expression is down-regulated by
cytokinin treatment (Mihonen et al. 2006). It was also
found that AHP6 was unable to accept a phosphoryl group
from the yeast SLNI1 histidine kinase in the in vitro
phosphotransfer assay, indicating that AHP6 is not func-
tional in phosphotransfer (Médhonen et al. 2006). Further
examination indicates that protoxylem differentiation is
negatively regulated by cytokinin but promoted by AHP6
which acts by inhibiting cytokinin signaling (Mé&honen
et al. 2006). Thus, the balance of the actions of cytokinin
and AHP6 is important for the proper specification of
protoxylem in the root system.

Interaction of HPt proteins with proteins
within and outside the cytokinin signaling
pathway-HPts act as a signaling connector

As mediators of a multistep phosphorelay, AHPs have been
shown to be able to interact with HKs (Urao et al. 2000;
Suzuki et al. 2001a; Dortay et al. 2006), RRs (Urao et al.
2000; Lohrmann et al. 2001; Suzuki et al. 2001b; Tanaka
et al. 2004; Dortay et al. 2006), and CRFs (Cutcliffe et al.
2011). An extensive analysis of protein interactions within
cytokinin signaling pathway indicated that AHPs act as
hubs to interact with members of all other protein families
directly associated with cytokinin signaling (Dortay et al.
2006). In addition, AHPs have also been shown to interact
with proteins outside cytokinin signaling pathway (Dortay
et al. 2008). One example is that AHP1 could interact with
the ethylene receptor ETR1 as indicated by yeast two-
hybrid assays and fluorescence spectroscopy (Urao et al.
2000; Scharein et al. 2008). It has also been shown that
phosphorylation at the conserved His residue is important
for the interaction of AHPs with its protein partners (Suzuki
et al. 1998; Scharein and Groth 2011). As ETRI1 is also a
HK receptor protein predicted to be involved in phospho-
relay, this may not be very surprising, yet suggests that HPts
are involved in signaling role beyond just cytokinin.

Concluding remarks

Cytokinin signaling is a complex pathway that requires
coordinated functions of members from multiple gene
families. Although functional redundancy was observed
with cytokinin receptors and HPt proteins (as well as with
RRs), recent work has been revealing specific roles for
these players in cytokinin signaling pathway. More

importantly, the very recent finding that cytokinin receptors
are localized to ER will not only deepen our understanding
about cytokinin signaling, but also raise interesting
research questions. These recent advances will lead to more
profound findings in cytokinin signaling and provide a new
perspective in decoding the complex interaction between
cytokinin signaling pathway and other signaling pathways.
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