Plant Cell Physiol42(2): 107-113 (2001)
JSPP © 2001

Rapid Paper
The Arabidopsis Sensor His-kinase, AHK4, Can Respond to Cytokinins

Tomomi Suzuki !, Kumiko Miwa !, Kuniko Ishikawa, Hisami Yamada, Hirofumi Aiba and Takeshi
Mizuno?
Laboratory of Molecular Microbiology, School of Agriculture, Nagoya University, Chikusa-ku, Nagoya, 464-8601 Japan

His-to-Asp (His—Asp) phosphorelay mechanisms are results from recent intensive studies suggest thatsHisp
presumably involved in propagation of certain environmen- phosphorelay mechanisms are involved in propagation of cer-
tal stimuli, including phytohormones, in Arabidopsis tain environmental stimuli, such as phytohormones (e.g. ethyl-
thaliana. In addition to the previously characterized His- ene and cytokinin) (Chang and Stewart 1998, D’Agostino and
kinases, namely, the ETR1 family of ethylene receptors, Kieber 1999, and references therein). An inspection of the Ara-
CKI1 cytokinin-sensor, and ATHK1 osomo-sensor, this
higher plant has three more His-kinases (named AHK2, sensor His-kinases (The Arabidopsis Genome Initiative 2000). 3
AHK3, and AHK4). By employing the well-known Five of them (ETR1, ETR2, ERS1, ERS2, and EIN4) have
His—Asp phosphorelay systems in both the fission yeast been demonstrated to be ethylene receptors (Chang et al. 1993 =
and Escherichia colj evidence is presented showing that the Hua et al. 1995, Hua and Meyerowitz 1998, Sakai et al. 1998a).
AHK4 His-kinase has an ability to serve as a cytokinin-  Two (CKI1 and CKI2) were claimed to be cytokinin-sensors
responsive environmental sensor. Taking advantage of this (Kakimoto 1996), and one (AtHK1) was proposed to be a puta-
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AHK4-dependent His—»Asp phosphorelay system irk. coli,
a phosphorelay interaction between the Arabidopsis His-
kinase and histidine-containing phosphotransmitters

9°dnoolwepeoe]/:sdiny

tive osmo-sensor (Urao et al. 1999). The other three (named
AHK2, AHK3, AHK4) were recently predicted in the Arabi-
dopsis genome sequence databases, and the occurrence of eac§

o

(AHPs) was also demonstrated for the first time. cDNA was confirmed by cloning and sequencing, as noted pre- ©
viously (Imamura et al. 1999, see the discussion therein). Fur-
Key words: Arabidopsis — His-kinase — Phosphorelay —thermore, this higher plant possesses a number of response reg
Phytohormones — Cytokinins. ulators (ARR-series), each of which contains a typical
o ) S ) phospho-accepting receiver domain (Brandstatter and Kieber
sis H'stbfbarg‘gf‘;"ms AHK, Arabidopsis His-kinases; AHP, Arabidop- 1998 |mamura et al. 1998, Sakai et al. 1998b, Urao et al.
1999). These at least 20 members of the ARR family are
classified into two distinct subtypes (type-A and type-B), as
judged from their structural designs and expression profiles
(Taniguchi et al. 1998, Imamura et al. 1998, Imamura et al.
1999, D’Agostino and Kieber 1999). In addition, Arabidopsis
Common prokaryotic type of intracellular signal transduch@s at least five genes each encoding a typical HPt phospho-
tion mechanisms are generally referred to as “histidine-tdransmitter (Miyata et al. 1998, Suzuki et al. 1998). These facts
aspartate (HissAsp) phosphorelay systems” (or “two- strongly suggest that HisAsp phosphorelay signal transduc-
component regulatory systems”) (Appleby et al. 1996). Such#n mechanisms are very common in this higher plant, thus,
His—>Asp phosphorelay involves two or more common signaih€y presumably play crucial biological roles (for a comprehen-
transducers, a sensor exhibiting histidine (His)-kinase activitpive review, see Schaller 2000). Nevertheless, little is known
a response regulator containing a phospho-accepting receigout their biology and physiology.
domain, and a histidine-containing phosphotransmitter (HPt) We have been extensively studying the Hiésp phos-
(Parkinson and Kofoid 1992, Mizuno 1998, and referenceghorelay system irh. thaliana(lmamura et al. 1998, Imamura
therein). To date, numerous instances of such-+fisp phos- et al. 1999, Suzuki et al. 1998, Suzuki et al. 2000, Suzuki et al.
phorelay systems, involved in a wide variety of adaptive?001). With regard to the sensor His-kinases, particularly, we
responses to environmental stimuli, have been uncovered foave been characterizing three new ones (named AHK2,
not only many prokaryotic species, but also certain eukaryoti8BHK3, and AHK4). They were predicted to occur in the
species (Mizuno 1997, Wurgler-Murphy and Saito 1997, Changecently released Arabidopsis genome sequence database
and Stewart 1998). In the higher plaitrabidopsis thaliana (AHK2, accession number gp:AB011485_11 in chromosome

Introduction

220z 1snbny oz uo 1senb Aq 0¥00€6L/L0L/2/2h 8100/

1 These two authors equally contributed to this work.
2 Corresponding author: E-mail, tmizuno@agr.nagoya-u.ac.jp; Fax, +81-52-789-4089.

107



108 His—Asp phosphorelay idrabidopsis thaliana

V; AHK3, accession number gp:AC004557_ 11 in chromogprokaryotic ribosome-binding site, on pIN-III (at the unigBanH|

some |; AHK4, accession number gp:AC007069-2 in chromgiite). As anotheE. coli versatile plasmid, pACYC184 was also used.

some 1I). Their corresponding cDNAs were each cloned anBO conduct an assay @fgalactosidase activity, it should be noted that

cells were grown at 2& (or room temperature) on Luria-agar plates,

characterized. The results showed that their inferred proteg&pplememed with and withotizeatin or benzyladenine (2G04 to

structures, including their N-terminal domains, are very simig 1M each). The plates contained also X-Gal (5-bromo-4-chloro-3-
lar to each other. Moreover, they belong to the so-called hybriddolyl-p-o-galactoside), which is an indicator d-galactosidase
sensor family of His-kinases that contains both a His-kinasactivity.

domain and a C-terminal receiver domain (Fig. 1, details will

be described elsewhere). With regard to any His-kinases, ffaPidopsis and related materials .

general, one of the most critical and tough questions is “what js "¢ Columbia ecotype dhrabidopsis thaliandlL.) Heynh. was

. . . . . . xamined. Plants were grown with 16 h-light/8 h-dark fluorescent illu-
the primary signal that is perceived by this particular SeNSOlmination at 22C on soil, or on agar plates containing MS salts and 2%

Except for the ETR1-family of ethylene sensors, in fact, no prisycrose (Imamura et al. 1998, Imamura et al. 1999).

mary signal has yet been determined convincingly for any

other Arabidopsis His-kinases, even for CKI1. Here weRecombinant DNA techniques

attempted to clarify the biological function of AHKs by The conditions used for DNA manipulation enzymes were those
employing the fission yeast arf. coli His—>Asp phosphore- recommended by the enzyme suppliers (Takara Shuzo or Toyobo,

. . . : Kyoto, Japan). Other recombinant DNA techniques were all carried
lay systems, and will provide evidence that AHK4 is mostlyout’ according to the standard protocols (Sambrook et al. 1989). When

likely a cytokinin-responsive sensor. required, sequencing of double-stranded DNA on plasmids was per-
formed by using an automated DNA sequencer (Model 373A)
Materials and Methods (Applied Biosystems, Foster City, CA, U.S.A.), according to the man-
ufacture’s instructions with the recommended sequencing kits. Using
Yeast strains and plasmids appropriate pairs of primers, if necessary, polymerase chain reaction
Schizosaccharomyces pomkas grown mainly at 3T in YES- (_PCR) was ca_rried_ out to prepare DNA segments_. The standard condi-
medium (yeast extract medium) or EMM-medium (synthetic minimajions were primarily 92C for 1 min, 55C for 2 min, and 72C for
medium) (Moreno et al. 1991). Strains used are as follows (Aoyama &t™in: 25 cycles with Thermal Cycler 480 (Takara Shuzo, Kyoto,
al. 2000). A wild-type strain used is JY74t leul-32 ade6-M216 Japan). A PCR kit was used according to the _suppller s mst_ructlons.
ura4-D18§ and others are its derivatiyehk1::ura4, phk2::ura4, and Note that _aII of the critical constr_ucts on plasmids, used in this study,
phk3::ura4 triple-mutant (designated asPhk1/2/3, details will be Were confirmed by DNA sequencing.
described elsewhere), itscs4::ura4 derivative (named Gp14) (Cotta-
rel 1997), and itspyl::ura4 derivative (named KI001) (Aoyama et Results and Discussion
al. 2000). AnS. pombeversatile plasmid, pREP1, was used. This plas-
mid carries the high-strengthmtI" promoter (Maundrell 1993). The '\ ¢ 1he Arabidopsis His-kinases can function as a cytokinin-
Arabidopsis cDNA that encodes the entire amino acid sequence Of . : c
AHK4 was cloned downstream of themt* promoter on pREP1 (at '€SPonsive sensor in the fission yeast, S. pombe
the uniqueBanHI site). Standard yeast genetics f8r pombeand In the eukaryotic fission yeastS. pombe a multistep
sporulation analyses were adopted, all according to those descriigis—>Asp phosphorelay system was documented previously
previously (Moreno et al. 1991). To analyze the/Nb cell cycle (ghieh et al. 1997, Shiozaki et al. 1997, Aoyama et al. 2000).

progression, cells were grown at € in EMM medium, supple- . . o L
mented with and withouttranszeatin [6-(4-hydoxy-3-methylbut-2- This system consists of the Phk1/2/3 (three His-kinases)

enylamino)purinet-zeatin] or benzyladenine (1aM each), and at —>SPy1 (HPt faCtorH_MCS4 (reSponS.e regulat.or) phosphore-
the exponential growth phase, they were observed under a microscdgy-steps. It plays an important role in regulation of thet®
and photographed. The average cell size of septated cells, which wendtotic (G,/M) cell cycle progression in the manner schemati-

considered to be onset of the cell division, was measured for 20 indéally explained in the Fig. 1 (for the mitotic cell cycle control

viduals. AnS. pombemembrane farction was prepared and fraction- e .
ated according to the methods described previously (Yamada et n the fission yeast, see Nurse 1975, Dunphy 1994, Millar

1994, Panaretou and Piper 1996). 1999). InS. pombeit is we.II knowp that certain mutation.s. (e.0.
cdc29 that are delayed in the timing of the /& transition
E. coli strains and plasmids divide at a cell length longer than the wild-type cells (Millar

E. coli K-12 strains, used in this study, are all derivatives ofand Russell 1992). On the other hand, mutants (eeg) that
CSH26 fhi ara A(pro-lac) (Ishige et al. 1994). They are STO01 Loyt jn o precocious progression of thgla transition divide

(cps:lac2), ST261 AyojN, cps:lacz), and SRC122ArcsC, cps:lac?). .
Al these derivatives were constructed, according to the conventiondf & Shorter cell length (Russell and Nurse 1987). Accordingly,

method ofE. coli genetics, as described previously (Yamashino et aBn S. pombemutant that lacks all of the three His-kinases
1994). These cells were mainly grown at°@7with Luria-broth, (Phkl, Phk2, Phk3) is precocious in the entry to M-phase,
unless otherwise noted. Plasmid-bearing cells were grown with apprghereby exhibiting an ovoid and shorter cell morphology (Fig.
priate antibiotics such as ampicillin (3@ mi™) and chloramphenicol 1, panel c). As shown, the wild-type cells were measured to be

(30 ug mrY. An E. coli versatile plasmid, pIN-Ill, was mainly used, . L
which carries the high-strengtpp-lac promoter (Masui et al. 1983). 12.9+0.6 um in length at cell division, whereas the mutant cells

The Arabidopsis cDNA that encodes the entire amino acid sequence'ere 10.30.6um (with regard to theAPhk1/2/3 mutant,
AHK4 was cloned downstream of thigp-lac promoter, followed by a  details will be described elsewhere) (Fig. 1a, c). Here the Ara-
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Fig. 1 The Arabidopsis AHK4 His-kinase functions as a cytokinin-
responsive sensor in the fission yeaSt, pombe The upper panel

shows the schematic structure of AHK4, which consists of a putativeells showed a delayed progression (an elongated morphology)

atypical receiver domain, and a C-terminal classical receiver domai
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bidopsis AHK4 gene was introduced into this His-kinase-
deficient APhk1/2/3) mutant by mean of & pombeversatile
expression vector (pPREP1) (Maundrell 1993). In the plasmid,
the entire AHK4-cDNA was cloned under ti8 pombe nmtl
promoter. This plasmid carrying the functional AHK4 gene
was introduced intaAPhk1/2/3 cells, and they were grown in a
conventional liquid medium (Moreno et al. 1991, Aoyama et
al. 2000). When the cells at the exponential growth phase were
observed under a microscope, it was found that the defect of
APhk1/2/3 cells in the @M progression was completely sup-
pressed by introducing the Arabidopsis AHK4 gene, as judged
by their lengths at cell division. In other words, the comple-
mented cells entered into M phase at a normal cell size (Fig.
1f). However, it should be emphasized that this was observed
only when a cytokinint-zeatin (final 100uM), was added in

the growth medium (Fig. 1, compare panels e and f). Note that
the another cytokinin, benzyladenine (final 1L0®i), also
caused the same event, as demonstrated below (see Fig. 2). |
should also be noted that a very low concentration of these
cytokinins (0.1uM) was sufficient to cause the effect (data not
shown).

To explain this intriguing observation further, we needed
to conduct several critical experiments (Fig. 2). According to
the S. pombeHis—Asp phosphorelay signaling scenario (panel
A), the function of the Phk-sensors is dependent upon the
downstream signal transducers, Spyl (HPt factor) and Mcs4
(response regulator) (Cottarel 1997, Aoyama et al. 2000). If
AHK4 did indeed exert its function irs. pombethrough its
activity of His-kinase, the suppression phenomenon should be
dependent upon the downstream SpyMIics4 phosphorelay.
The results form simple epistatic analyses, employing either
ASpyl orAMcs4 mutant, indicated that this is the case, as fol-
lows (panel B). BothAPhk1/2/3 andASpyl cells showed the
same phenotype of the precocious progression of th®G
transition (a shorter morphology), as expected, whenddss4

N-terminal signal input domain, followed by a His-kinase domain, a%Aoyama et al. 2000). It was found that the cytokinin-

The well-known His>Asp phosphorelay signaling schemeSnpombe
is also shown, in which the Phk1/2/8Spyl->Mcs4—phosphorelay
system play a crucial role in regulation of the//d cell cycle progres-

ependent suppression by AHK4 was not observed in both the

ASpyl andAMcs4 cells. This indicates that the function of
AHK4 in S. pombeis dependent of both Spyl and Mcs4. It

sion. Note that phospho-Spy1 functions in a negative manner towaygould also be worth mentioning that when th&epombeells
Mcs4 through phosphorylation, and phospho-Mcs4 functions in a posiynressing AHK4 were fractionated into subcellular compo-

tive fashion toward the @M transition (Aoyama et al. 2000). AHK4
was introduced int®. pombenutant cells lacking Phk1/2/3. The cells

mented with and without-zeatin (100uM), and at the exponential

nents by a sucrose-density gradient centrifugation, a major
were grown in EMM medium at 3C (Moreno et al. 1991), supple- Pand(s) was detected in a certain membrane fraction, when

analyzed by SDS-PAGE (panel C) (Laemmli 1970). The appar-

growth phase, they were observed under a microscope and phoght molecular mass (ca. 115 kDa) of this band is coincident

graphed. The average cell size of septated cells (see arrows), which
onset of the cell division, was measured for 20 individuals. Note th
the APhk1/2/3 cells are significantly shorter (80%) than the wild-typ
cells.

@ith the calculated molecular weight of the full length of

?HK4 (120,729). These results collectively supported the view

that the Arabidopsis His-kinase, AHK4, is capable of function-
ing as a cytokinin-responsive sensorSn pombehrough the
presumed AHK4 (His»>Asp) —»Spyl (His) —Mcs4(Asp)
phosphorelay, thereby being able to regulateShpombecell
cycle in response to the external plant hormone.
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110 His—Asp phosphorelay idrabidopsis thaliana
A similar to AHK4 in its structural design), YojN (HPt factor),
and RcsB (response regulator), as schematically shown in Fig.
3 (Stout and Gottesman 1990, Stout 1994, Stout 1996, Mizuno
. e 1997, Takeda, S. and Mizuno, T. unpublished data). This
Flks (th-kimases) particular His>Asp phosphorelay is involved in regulation of
APhk123 an extracellular polysaccharide synthesis by activating the
capsularpolysaccharidesynthesis ¢p9 operon (Gottesman et
Spy1 (HPt) al. 1985, Gottesman and Stout 1991, Roberts 1996). The
lASpyl RcsC-»>YojN—RcsB signaling pathway can easily be moni-
Mecs4 (Regulator) tored by measurin@-galactosidase activity d. coli cells car-
rying a cps::lacZfusion gene at thé.att site on the chromo-
AMesd some. In any event, the important aspect is that the signaling
G2 —» Mitosis design of this Rcs& YojN—RcsB system seemingly resem-
bles the fission yeast PhksSypY—>Mcs4 system (and per-
B AKH4 Ceu_lmgt;“o':;:or Coll-diviaion haps the presumed Arabidopsis ones), in _that thgy all congist of
(Vector) {um (%)] three components. We thus chose this particutar coli
— Tons oy Y e His—>Asp phosphorelay system, in order to further examine the
150205 | 129500 1156500 (151207 blolog!cal a_ctlvr[y pf Arabidopsis AHKSs. To this end,_ firstly, an
Wwild (100) 100y 105) 102y E. coli strain having theArcsC and cps:lacZ genetic back-
— grounds was constructed by conventional molecular genetics
APhKk123 1“-‘3‘8’50-6 10'?8‘1?'7 12‘(795',)1'3 12‘%9%'4 (details will be described elsewhere). Secondly, the entire
- - - AHK4 gene was appropriately cloned onto Bncoli versatile
ASpyl m"?sii{))'6 10"(;;'0?'6 10'%3{))'6 10'?54?'7 expression vector (pIN-lll) that provides the bacterial pro-
- Ti7az10 | 165514 | 150212 152508 moter (transcription) and ribosome-binding (translation) sites
AMcs4 (135) (120) (116) ain for any heterologous gene (Masui et al. 1983). Similarly, the

entire AHK2 and AHK3 genes were also placed on thigoli
Fig. 2 The Arabidopsis AHK4 His-kinase functions as a cytokinin-plasmid, respectively. Finally, these Arabidopsis AHK genes
responsive sensor in a manner dependent on a multistepAfp  were each introduced into the sensor-negativBdsC) strain

phosphorelay in the fission yeast. (A) The multistep Phk1/2 ; . T
3—Spyl->Mcs4 phosphorelay is schematically represented, in whicﬁarrylng the,Cps"IaC,dene' The cells V,Vere grown at“Z5for .
an appropriate period on a conventional agar-plates (Luria-

three types oB. pombenutants used in this studyPhk1/2/3 ASpy1, e i X
andAMcs4) are also shown. (B) The AHK4 gene was introduced int®roth) containing X-Gal, supplemented with and without the
these mutant cells. They were grown and analyzed with special refgstant hormonest{zeatin and benzyladenine, respectively, final
ence o tgg(?'\lclcﬁ” cyc:edprogres(Sécg, as gesc”t,bed (Sg?\g% 1). EachoouM) (Fig. 3). When they were grown on the plates contain-
ol TInal u enzyladenine and-zeatin In was P . .

added. Note that DMSO alone was added to the control culture. (619 the CytOklmr_]S’ theE. coli cells expressing AHKA4 formed
The APhk1/2/3 cells, with and without the AHK4 gene, were har-dark-blue colonies. In the absence of the plant hormones, the
vested, and they were further fractionated into soluble and membragélls showed white colonies (sometime pale-blue colonies, see
fractions. The membrane (or insoluble) fraction was loaded onto also Fig. 4). The results of such a blue/white test were best

sucrose-density gradient, and then centrifuged. A certain membraﬁﬁerpreted by assuming that AHK4 can function as a
fraction from this sucrose-density gradient was comparably analyzed . /. . . A )

by means of SDS-PAGE. The denoted major band, found in th%yt,Okmm'reSponS'_Ye sensor through ac“‘,’?“”g _tEe coll
+AHK4 cells, is most likely represents the AHK4 polypeptide YOIN—RcsB-cps::lacZ pathway, thereby giving rise to blue

expressed i5. pombe colonies, provided that the cytokinins were present in the agar
plates. It should be noted that the blue colonies on the plates
produced a large amount of extracellular polysaccharides,
AHKA4 can function as a cytokinin-responsive sensor also in ti@ereby exhibiting a mucous and glittering morphology (see
bacterium, E. coli also Fig. 4). This is because the endogencpsoperon itself
To verify the presumed function of AHK4 further, it was was also induced by AHK4 under the conditions. This event
then demonstrated that AHK4 is capable of serving as farther supports the above notion. It may also be worth men-
cytokinin-responsive sensor even in the prokaryotic eubacteirutigning that such an AHK4 and cytokinin-dependent expres-
E. coli, as shown below. IrE. coli, as many as 30 distinct sion of cps:lacZ was not observed in thé\RcsCAYojN
His—Asp phosphorelay signaling pathways operate in respondeuble-mutant background (data not shown). Furthermore,
to a wide variety of environmental stimuli (Mizuno 1997).when a truncated form of AHK4 that lacks the C-terminal
Among them, the Rcs-phosphorelay system is unique in thegceiver domain was examined, AHK4 lost its ability to induce
this system involves three components, RcsC (hybrid sensops::lacZ (Fig. 3). Note also that neither AHK2 nor AHK3
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His—Asp phosphorelay idrabidopsis thaliana 111

AHK2 /3 / 4 (Arabidopsis) in E. coli /(Arabidopsis) S eoll X
His-kinase Receiver
St 1) (OGO AHK4 = AHP2/5 > AHP3 >AHP1
R .,

AResC ) % YojN —» ResB —»
ResC —» YojN — ResB —> Cps-facz (HPt) (Regulator)

(His-kinase) (HPt)  (Regulator) (Target)

AHK4 4+ alone AHP1 AHP2 AHP3 AHPS

+ Cytokinin  + Cytokinin Nome [ © L& b | - J
| (t-Zeatin) (BA) -
t-Zeatin Q “] s 13
BA -)) ey
- _J

Fig. 4 The Arabidopsis AHK4 His-kinase shows an ability to inter-
act with some Arabidopsis HPt factors, AHPs. AHK4 was introduced
: into E. coli mutant cells lacking RcsC. Also co-introduced were
gj AHP1, AHP2, AHP3, AHPS5, respectively. Other details are the same
as those described in Fig. 3.

-

of cytokinins in medium (10@M or 200uM). We then needed

t-Zeatin (uM) to determine a minimum-effective concentration of cytokinins.
0 0.01 0.05 o1 1 10 The results showed that the minimum concentration was as low
+Vector - .-l' as 0.1uM (Fig. 3), the value of which is as comparable as that

o 3 ) e e effective toward plants in general. Collectively, it was thus
4 . R : possible to reconstitute an artificial and multistep AHK4
Fig. 3 The Arabidopsis AHK4 His-kinase functions as a cytokinin-(HiS>Asp) >YojN (His) —~RcsB(Asp) phosphorelay . coli,
responsive sensor in the eubacteritEncoli. The upper panel shows in which the Arabidopsis AHK4 sensor is capable of propagat-

the schematic structure of AHK4. In this study, a truncated AHK4ng an external cytokinin-signal to induce tHe. coli cps
gene encoding a polypeptide without the C-terminal receiver domaj ron.

was also constructed and used, as schematically shown (designated as

AHK4AR). The well-established HisAsp phosphorelay signaling

scheme irE. coliis also shown, in which the Rcs€YojN—»>RcsB»  AHK4 has an ability to interact with AHPs through
phosphorelay system play a crucial role in regulation ofgbsoperon  phosphorelay

(here thecps promoter was fused with thiacZ gene on the chromo- Finally, the E. coli system for monitoring the specific

some). Note that phospho-RcsB functions in a positive fashion towa . N
the cps transcription (Stout 1994). Either AHK2, AHK3, AHK4,ro ﬁjmctlon of AHK4 allowed us to address a longstanding issue

AHK4AR was introduced intdE. coli mutant @(RcsC) cells lacking With regard to the Arabidopsis HisAsp phosphorelay, as fol-
RcsC. Both AHK2 and AHK3 were also co-introducedlows. As mentioned above, Arabidopsis has at least five AHP

(+AI1'|K2+AHK3|)-t|t should |be nOtteCé thf?:ththe dce|!th£et9f0WE at@5 genes each encoding an HPt phosphotransmitter (Suzuki et al.
on Lurla-agar plates, su men wi na wi In or nzy- : H . H . .
ladenine (gOQJ.pM each).RIPhZ p?at(Ss also 2ontained Xa}GaIc? Af(taer ZO hZOOO). Nevertheless, .SO far neither in vivo nor. In vitro evi-
incubation, the plates were photographed. It should be also noted tifi§Nce has been provided for that these AHPs indeed have an
the RcsC His-kinase did not respond to cytokinins, as expected, unledility to interact with certain Arabidopsis His-kinases in any
it is activated by a true stimulus (an osmotic shock, Stout 1994). In thgay (Suzuki et al. 2001). Here the AHP1, AHP2, AHP3, and
pottom panel, .vari(.eq.concent(ationsterfeatin in rneqlium were Fested AHP5 genes were each cloned ontofarcoli plasmid so as to
in terms of their abilities to activate the AHK4 His-kinaseHEncoli. be expressed i. coli (note that these pACYC184 derivatives
are compatible with the pBR322 derivative that carries the
AHKA4 gene inE. coli cells). Each of these AHP genes was co-
showed such ability (event when both the genes were cttroduced with the AHK4 gene into theRcsC cells to see the
introduced intce. coli) (Fig. 3). cytokinin-dependent response (Fig. 4). The results showed that
Cytokinins include a variety of related chemicals. In addiwhen either AHP2 or AHP5 gene was co-expressed with the
tion to t-zeatin and benzyladenine, kinetin, isopenteny adenindHK4 gene, AHK4 no longer showed the ability to signal the
(IP) and isopentenyl adenosine (IPA) were also able to activatewnstream YojN>RcsB pathway, resulting in white colo-
the AHK4 His-kinase irE. coli (data not shown). In the above nies. This event can be explained by assuming that AHK4
experiments irE. coli, we used relatively high concentrationsinteracts with AHP2 (or AHP5) in a manner that a phosphoryl

220z3snBNy 0z uo 1snb AQ 0¥00E6L/L0L/Z/2/310me/dod/Wwoo"dno-oiwapeoe)/: SRy Wo.y papeojumoq



112 His—Asp phosphorelay idrabidopsis thaliana

group on AHK4 is more preferentially acquired by these cogeertain membrane of the plant cell. This is consistent with the
nate Arabidopsis HPt factors (rather than By coli YojN). fact that AHK has hydrophobic stretches of amino acids at its
Such an event (generally referred to as “signal titration”) isN-terminal region. In any case, the isolat&d pombemem-
indicative of that AHK4 interacts with AHP2/5 through an inti- brane fraction containing AHK4 will allow us to examine the
mate phosphorelay reaction. Interestingly, such events wefdiK4 function, in terms of not only its in vitro activity of
slightly less evident in the case of the AHP3 gene, and signifphosphorelay, but also its in vitro ability to bind cytokinins
cantly less evident in the case of AHP1. Thus, the order of sudlirectly. Although we have not yet succeeded in doing so, these
effectiveness of signal titration seems to be AHP2lines of in vitro experiments are underway. On the other hand,
5>AHP3>AHP1. This may suggest a specificity of the preby employing a simple blue/white screeningHn coli, it may
sumed AHK4-AHPs phosphorelay interactions, assuming thaé possible to isolate certain AHK4 mutants that show altered
these AHPs were expressedBncoli at a similar level relative properties, such as “cytokinin-hypersensitive” and “cytokinin-
to each other. In fact, AHP2/3/5 are more closely related tmdependent”. These results will provide us with insight into
each other than to AHPL1, as judged by a phylogenetic trethe structure and function of AHK4 at the molecular level.
constructed for the AHP family members (Suzuki et al. 20000Once isolated, more interestingly, such presumably dominant
In any case, thde. coli two-hybrid assay, developed here, ismutants of the AHK4 gene may be introduced into the original
highly sensitive, and the results showed for the first time thailant to see the biological effect with special reference to cyto-
AHK4 is capable of interacting with certain AHPs throughkinin responses of Arabidopsis. These approaches are also
phosphorelay. underway in our laboratory.
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cytokinin-responsive sensor. AHK4 can respond to cytokinins
quite effectively inE. coli (at a concentration of subM). The
results also suQQeSte.d that the. pres_um.ed bmdm.g.Of Cyt(.)kl.nm'&%yama, K., Mitsubayashi, Y., Aiba, H. and Mizuno, T. (2000) Spyl, a
AHK4 causes an activation of its His-kinase activity. This is in pstidine-containing phosphotransfer signaling protein, regulates the fission
contrast to the case of ETR1, in that the ethylene binding to theyeast cell cycle through the Mcs4 response reguldtdacteriol. 182: 4868
receptor is assumed to result in inactivation of its kinase activ- 874 _ _ o
. . Appleby, J.L., Parkinson, J.S. and Bourret, R.B. (1996) Signal transduction via
ity (Hua and Meyerowitz 1998)' It was also demonstrated tha the multi-step phosphorelay: not necessarily a road less travekelt 86:

AHK4 is capable of interacting with AHPs through phosphore- g45-84s.
lay. Brandstatter, |. and Kieber, J.J. (1998) Two genes with similarity to bacterial

. . . . response regulators are rapidly and specifically induced by cytokiniman
Considering the fact that the inferred protein structures of y;q,.qic piant cell10: 1009-1019.

AHK2, AHK3 and AHK4, including their N-terminal domain, chang, C., Kwok, S.F., Bleeker, A.B. and Meyerowitz, E.M. (19883bidop-
are very similar to each other, it is tempting to speculate that sis ethylene—response gene ETRI: similarity of product to two-component
AHK2 and AHK3 are also cytokinin sensors. It is then puz-. /c9ulatorsscience62: 539-544.

. ) ' ~Chang, C. and Stewart, R.C. (1998) The two-component system: regulation of
zling that neither AHK2 nor AHK3 could response to cytoki- diverse signaling pathways in prokaryotes and eukaryd®ent Physiol.
nins in ourS. pombeandE. coli systems. A trivial explanation ~ 117:723-731.

. . ttarel, G. (1997) Mcs4, a two-component system response regulator homo-
is that they were not eXpressed properly in the hetemlOgO&gogue, regulates th8chizosaccharomyces pormiml cycle control.Genetics

systems. Rather, AHK2 and AHK3 may function as a cytoki- 147: 1043-1051.
nin sensor only when they form a heterodimer with AHK4.D'Agostino, I.B. and Kieber, J.J. (1999) Phosphorelay signal transduction: the

: . emerging family of plant response regulatdfends Biol. Sci24: 452—-456.
Altematlvely’ they may respond to another type of CytOklnlnDunphy, W.G. (1994) The decision to enter mitodigends Cell Biol.4: 202—

such as diphenylurea derivatives, which we did not test in this 5g7.
study. It would be of interest to examine these possibilities.  Gottesman, S., Trisler, P. and Torres-Cabassa, A. (1985) Regulation of capsular

Finallv. it should be emphasized that since we emploved polysaccharide synthesis Escherichia coliK-12: characterization of three
Y, p pioy regulatory genes). Bacteriol.162: 1111-1119.

the hetemIOgOl_«'s- me_bandE- CO"_HiS_%ASp phospho_relay_ Gottesman, S. and Stout, V. (1991) Regulation of capsular polysaccharide syn-
systems, no direct insight was gained into the physiological thesis inEscherichia colK-12. Mol. Microbiol. 5: 1599-1606.

function of AHK4 in Arabidopsis. However, the experimentaIH“av J., Chang, C., Sun, Q. and Meyerowitz, E.M. (1995) Ethylene insensitivity

d | d in thi d il id conferred byArabidopsisERS geneScience269: 1712-1714.
systems developed In this study will provide a new avenuql‘!ua, J. and Meyerowitz, E.M. (1998) Ethylene responses are negatively regu-

through which one can take unique experimental approachesiated by a receptor gene family Arabidopsis thalianaCell 94: 261-271.

as follows. One can express the entire (or intact) form df"a":juk’/lig A, Hz;nezliggNg.),FLeJmeda, H., N""Ik";‘mmf’i AI* ?USQK"HT_-'tUESUCh'hC-
. . . . an izuno, T. esponse regulators implicated in His-to-Asp phos-

AHK4 in a membrane.fractlon &. por_nbe(Hg. 2) This resuI'F photransfer signaling if\rabidopsis Proc. Natl. Acad. Sci. USA5: 2691—

supports the assumption that AHK4 is most likely located in a 2696.
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