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His-Asp phosphorelays are evolutionary-conserved
powerful biological tactics for intraceflular signal trans-
duction. Such a phosphorelay is generally made up of “sen-
sor histidine (His)-kinases”, “response regulators”, and
“histidine-containing (HPt) phosphotransmitters”. In the
higher plant, Arabidopsis thaliana, results from recent in-
tensive studies suggested that His-Asp phosphorelays may
be widely used for propagating environmental stimuli, such
as phytohormones (e.g., ethylene and cytokinin). In this
study, we first inspected extensively the occurrence of Arabi-
dopsis response regulators in order to compile and char-
acterize them. The results showed that this higher plant
has, at least, 14 members of the family of response regu-
lators that can be classified into two distinct subtypes (type-
A and type-B), as judged from their structural designs, bio-

chemical properties, and expression profiles. Comparative

studies were conducted for each representative (ARR3 and
ARR4 for type-A, and ARR10 for type-B). It was sug-
gested that expression of the type-A response regulator is
cytokinin-inducible, while that of the type-B response reg-
ulator appears to be not. Results from yeast two-hybrid
analyses suggested that the type-B response regulator may
have an ability to stably interact with a set of HPt phospho-
transmitters (AHPs). These and other results will be dis-
cussed with special reference to the His-Asp phosphorelay
signaling network in Arabidopsis thaliana.

Key words: Arabidopsis thaliana — His to Asp phos-
phorelay — Response regulator — Signal transduction.

Widespread bacterial signal transduction circuits are
sometimes referred to as “two component systems” or
“phosphorelays”, and they regulate a large variety of cel-
lular responses, including bacterial chemotaxis, osmoregu-
lation, photosensitivity, microbial pathogenesis (for rev-
iews, see Stock et al. 1989, Bourret et al. 1991, Appleby et
al. 1996). Such a phosphorelay signaling system is generally

Abbreviations: AHP Arabidopsis histidine-containing phos-
photransmitter; ARR, Arabidopsis response regulator; PCR,
polymerase chain reaction.
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made up of two or more multidomain signal transducers
(for a review, see Parkison and Kofoid 1992). They are
generally referred to as “sensors” and “response regula-
tors”, each of which contains one or more phosphotransfer
signaling domains (see Fig. 1). Namely, they are histidine
(His)-kinases, phosphoaccepting-receivers, and histidine-
containing phosphotransmitters (HPt) (for a review, see
Mizuno 1998). The His-kinase domain in a given sensor
has an ability to use ATP to frans-phosphorylate a specific
substrate histidine residue on the adjacent subunit within
the homodimer (reaction I in Fig. 1). The receiver domain
in a given response regulator exhibits a phosphoaccepting
ability to modify its own aspartate residue by acquiring a
phosphoryl group from a cognate phosphohistidine phos-
phodonor (reactions II and V). This histidine to aspartate
phosphotransfer reaction appears to be catalyzed by the
receiver itself. The receiver is thus an enzyme capable of
undergoing autophosphorylation with use of a phospho-
histidine as substrate. However, some phosphorylated re-
ceivers are readily converted to their unphosphorylated
form (reaction III). The dephosphorylation reaction also
appears to be autocatalytic. In this sense, some receivers
are enzymes capable of exhibiting a phosphohistidine phos-
phatase activity (reactions II+III, and reactions V+III).
In fact, this autophosphatase activity confers a character-
istic half-life on a given phosphoreceiver. Unlike His-ki-
nases and receivers, the HPt phosphotransmitter does not
exhibit any catalytic function in its own right (Ishige et al.
1994, Tsuzuki et al. 1995, Uhl and Miller 1996, Kato et al.
1997). Rather, it serves as a crucial intermediate in a histi-
dine to aspartate phosphotransfer pathway by acquiring
(reaction VI) and transferring (reaction V) a phosphoryl
group from and to a receiver domain, respectively. In prin-
ciple, such signaling pathways involving two or more of
these phosphotransfer domains can be considered as “multi-
step histidine-to aspartate (His-Asp) phosphorelays” (Ap-
pleby et al. 1996). The His-Asp phosphorelay mechanism
appears to be an evolutionary-conserved biological tactics
for intracellular signal transduction in response to an ex-
ternal or internal stimulus. In a given bacterial species, like
Escherichia coli, these His-Asp phosphorelay systems in-
volving a number of signal transducers are tuned to operate
over a wide range of stimuli (Mizuno 1997, 1998). In the
light of these conceptual views, here we attempt to char-

220z 1snbny /| uo Jesn sonsnp jo wewuedsq 'S'N Aq 292628 1/€€/2/2/0%/81onte/dod/woo dno olwepeoe)/:sdyy Wwolj) peapeojumo(



734 His-Asp phosphorelay in Arabidopsis thaliana

acterize a set of response regulators, recently found in the
higher plant, Arabidopsis thaliana.

The first discovery of the Arabidopsis ethylene recep-
tors immediately implied that the bacterial His-Asp phos-
phorelay mechanism may operate in this higher plant, be-
cause the structural designs of their primary amino acid
sequences turned out to be very similar to those of bacterial
sensor His-kinases (Chang et al. 1993, Hua et al. 1995,
Gamble et al. 1998, Hua and Meyerowitz 1998, Sakai et al.
1998a). Such an assumption was further strengthened by
the subsequent finding that a similar His-kinase is also im-
plicated in a cytokinin-mediated signal transduction in this
higher plant (Kakimoto 1996). These findings may or may
not be surprising (for a review, see Chang and Stewart
1998), because many instances of such His-Asp phospho-
relay pathways have been discovered in diverse eukaryotic
species, including yeasts (Maeda et al. 1994, Posas et al.
1996), fungi (Alex et al. 1996), and slime molds (Wang et
al. 1996, Schuster et al. 1996, Chang et al. 1998), suggest-
ing that this particular signal transduction mechanism is
not restricted to prokaryotes (for a reveiw, see Wurgler-
Murphy and Saito 1997). However, discovery of the other
crucial common components (i.e., response regulators and
HPt phosphotransmitters) was a long time in coming for
higher plants. It was recently demonstrated that Arabi-
dopsis thaliana possesses a set of response regulators, each
of which contains a typical receiver domain (Imamura et
al. 1998, Sakai et al. 1998, Urao et al. 1998). A set of HPt
phosphotransmitters was finally uncovered (Miyata et al.
1998, Suzuki et al. 1998), each of which has an ability to
interact with a certain set of response regulators through
a His-Asp phosphotransfer reaction (Suzuki et al. 1998).
One can thus envisage that these uncovered lineups of
His-Asp phosphorelay signal transducers must play im-
portant roles in concert by exhibiting their abilities to
propagate environmental signals in this higher plant.

Up to now, several independent groups have demon-
strated, by reporting their cDNA sequences, that Arabi-
dopsis thaliana has a number of genes each encoding a
putative response regulator (Brandstatter and Kieber 1998,
Imamura et al. 1998, Sakai et al. 1998b, Urao et al. 1998).
Furthermore, an inspection of the current Arabidopsis
databases suggests that there must be more. Nonetheless,
clarification of the Arabidopsis His-Asp phosphotransfer
signal transduction mechanism is at a very early stage. To
gain further insight into the presumed His-Asp phospho-
relay signaling network, here we attempt to compile the
members and properties of response regulators in Arabi-
dopsis thaliana, on the bases of currently available data-
bases as well as literatures. A new representative of such
response regulators was also cloned and characterized, sug-
gesting that it may interact stably with a certain set of HPt
phosphotransmitters (AHPs).

Materials and Methods

Arabidopsis and related materials—The Columbia ecotype of
Arabidopsis thaliana (L.) Heynh. was used in most experiments.
Plants were grown with 16 h light/8 h dark fluorescent illumina-
tion at 22°C on soil or under continuous light on agar plates con-
taining MS salts and 2% sucrose, unless otherwise noted. To
examine the cytokinin-responsiveness of ARR expression, plants
were grown hydroponically for four weeks with MGRL culture
medium containing 2 mM Ca(NQO;), and 3 mM KNO;, and then
they were transferred to the same fresh medium omitted the N-
sources. After 11 days-cultivation, the plants were directly treated
with a cytokinin (100 uM of t-zeatin) by spraying its fine mist onto
the shoots. At time intervals (hour), total RNA fractions were
isolated from the cytokinin-treated leaves (Taniguchi et al. 1998).
The RNA samples were electrophoresed in 1.2% agarose gel
containing formaldehyde, and then blotted onto a nylon mem-
brane (Hybond-N+, Amersham). These blotted filters were sub-
jected to Northern hybridization analyses, as described previously
(Imamura et al. 1998), with each specific DNA probe that was
appropriately designed for each response regulator cDNA. An
Arabidopsis cDNA library in Agtll was a gift from K. Shinozaki
(RIKEN, Japan). To prepare cDNA, poly(A)* RNA was obtained
from greening rosettes.

Escherichia coli and related materials—E. coli K-12 strain
DZ225 (F-, denvZ, lacU169, araD139, rpsL, relA, figB, thiA) was
used to prepare the cytoplasmic membranes (Nagasawa et al.
1993). Cells were grown in Luria broth, then the urea-treated cyto-
plasmic membrane was purified, as described previously (Toki-
shita et al. 1990). E. coli strain BL21 was used as a host for
overexpression of Arabidopsis polypeptides (Novagen, Madison,
WI., U.S.A).

DNA sequencing—Sequencing of double-stranded DNA on
plasmids was performed by using an automated DNA sequencer
(Model 373A) (Applied Biosystems, Foster City, CA., Japan),
with the recommended sequencing kits according to the manu-
facture’s instructions. o

PCR amplification—Using appropriate pairs of primers, poly-
merase chain reaction (PCR) was carried out to prepare DNA
segments. The conditions were primarily 94°C for 1 min, 55°C for
2 min, and 72°C for 3 min, 25 cycles with Thermal Cycler 480
(Takara Shuzo, Kyoto, Japan). A PCR kit was used according to
the supplier’s instructions. ’

Plasmid construction—For overproduction of the ARRI10
polypeptides, plasmids pET-ARR10 and pET-ARR10-R were con-
structed as follows: the ARR10 coding sequences were amplified
from the corresponding cDNA clones by using appropriate pairs
of PCR primers (see below). These amplified DNA segments were
cloned into an E. coli expression vector, pET22b(+) (Novagen,
Madison, WI., U.S.A.), so as to be placed under the T7 phage
promoter. Each ARR10 coding sequence thus cloned has an initial
methionine codon from the vector and a C-terminally extended
histidine-tag. The PCR primers used are: ARR10, 5-GACGCA-
TATGACTATGGAGCAAG and 5-AGGTTGAGCTCGCTGA-
CAAAGAAAAGGG; ARRI10-R, 5-GACGCATATGACTATG-
GAGCAAG and 5-CACAGGATCCTTATTCTTCTTAAGTTT-
GCTC.

Purification of Arabidopsis polypeptides with Ni-Column—
E. coli BL21 cells carrying appropriate plasmids were grown in
M9-glucose medium containing 0.2% casamino acids and 15%
sucrose. A cleared cell lysate was obtained by use of an Aminco
French pressure cell (Tokishita et al. 1990). This sample was ap-
plied onto a Ni column with the rapid affinity purification pET
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His-Tag® system (Novagen, Madison, WI., U.S.A.). Other details
were those recommended by the supplier.

Preparation of RNA and hybridization—Total RNA was
isolated from appropriate organs of Arabidopsis plants by the
phenol-sodium dodecyl sulfate (SDS) method (Taniguchi et al.
1998). For Northern hybridization, RNA was separated in agarose
gels (1%) containing 2.2 M formaldehyde, then transferred to
Hybond-N+ nylon membranes. The fixed membranes were hy-
bridized with 3*P-labeled DNA fragments in 6 x standard saline
phosphate and EDTA (1 XSSPE=0.18 M NaCl, 10 mM phos-
phate, 1 mM EDTA, pH 7.4), 5 x Denhardt’s solution, and 0.5%
SDS buffer containing 10% dextran sulfate and 100 yg ml~! salm-
on sperm DNA, at 65°C for 18 h. The membranes were washed
twice with 2 X SSPE and 0.1% SDS for 15 min at room tempera-
ture, twice with 2 x SSPE and 0.19 SDS for 30 min at 65°C, and
then with 0.2xSSPE and 0.1% SDS for 30 min at 65°C. The
washed membranes were exposed and analyzed on a phosphoi-
maging analyzer (BAS-200011) (FujiXerox, Tokyo, Japan).

In vitro phosphotransfer experiment—The ARR and AHP
polypeptides were purified, as described previously (Imamura et
al. 1998, Suzuki et al. 1998)). Urea-treated membranes (10 ug of
protein) were incubated with the purified AHP polypeptides (4 ug)
at 37°C in the presence of 0.05mM [p-2P] ATP (10,000 cpm
pmol™!), 50 mM KCl, and 5 mM MgCl, in TEDG buffer (Tris-
HCl, EDTA, DTT, glycerol) (Aiba et al. 1989). The reaction
mixture was immediately applied onto a Sephadex G-75 column
previously equilibrated with TEDG buffer. Fractions containing
the labeled AHPs, which were essentially free of membranes and
ATP, were collected. This purified radioactively phosphorylated
AHPs were incubated with purified ARR polypeptides for short
periods in TEDG buffer (30 ul) containing 50 mM KCl and 7 mM
MgCl,. After incubation, the samples were immediately subjected
to sodium dodecylsulfate polyacrylamide gel electrophoresis
(Laemmli 1970), followed by autoradiography. The gels were ex-
posed and analyzed on a phosphoimaging analyzer, as described
above.

Yeast two-hybrid system—A kit for yeast two-hybrid analysis
(MATCHMAKER™) (Clontech, Boston, U.S.A.) was obtained.
This kit contains all tools essential for two-hybrid screening. They
include the vectors: pGBT9 providing GAL4 DNA-binding do-
main (7RPI marker), and pGADI10 providing GAL4 activation
domain (LEU2 marker). They also include the yeast host strains:
HF7¢ carrying both the GALI-HIS3 and (GAL4 17-mers);-CYCl-
lacZ reporters, and SFY526 carrying the GALI-lacZ reporter.
Procedures of the two-hybrid screening are essentially according
to the manual supplied from the manufacturer of the kit. An Arabi-
dopsis cDNA-expression library was obtained from TOYOBO
(Osaka, Japan), namely, Arabidopsis MATCHMAKER cDNA
Library. Also, cDNAs were prepared from mRNA of 3 weeks-old
green vegetative tissue of Arabidopsis thaliana (cv. Columbia).
The following plasmids were constructed from pGBT?9 for baits,
namely, pGBT9-ARR10-A4C, pGBT9-ARR10-R, pGBT9-ARR3,
pGBT9-ARR4, pGBT9-AHP1, pGBT9-AHP2, and pGBT9-AHP3.
The following plasmids were also constructed from pGAD424
for preys, namely, pGAD424-ARR10-DC, pGAD424-ARR10-R,
pGAD424-AHP1, pGAD424-AHP2, and pGAD424-AHP3. To con-

struct these plamsids, a number of appropriate PCR-primers.

were used (not shown), and the nucleotide sequences of the re-
sulting plasmids were confirmed by sequencing.

Mapping of ARR genes—Genetic mapping of the ARR genes
was carried out by Cleaved Amplified Polymorphic Sequences
(CAPS) mapping method using recombinant inbred (RI) lines
(Lister and Deam 1993).

Results and Discussion

Arabidopsis thaliana has a large number of genes each
encoding a putative response regulator—Recently, several
groups have demonstrated independently that this higher
plant possesses a set of response regulator genes (see Table
1). First, Imamura et al. (1998) isolated five cDNAs (named
ARR3 to ARR7), each of which encodes a small polypep-
tide that contains a typical receiver domain. Urao et al.
(1998) reported four cDNAs (named ATRR1 to ATRR4),
whose protein products have structural designs very similar
to those of ARRs. Subsequently, Sakai et al. (1998b) char-
acterized two more cDNA sequences (named ARRI and
ARR2), each of which encodes a relatively large polypep-
tide containing a typical receiver domain followed by a
large C-terminal extension. A few more response regulator
genes were identified through a different approach of Brand-
statter and Kieber (1998). These were identified as cytoki-
nin inducible cDNAs (named IBC6 and IBC7). Since one
discovery of response regulator genes was followed by an-
other in quick succession, here it was needed to extensively
compare these reported sequences with each other in order
to compile the minimal list of response regulator genes for
Arabidopsis thaliana. The results from such an effort made
in this study are summarized in Table 1. It was concluded
that, at least, nine distinct response regulator cDNAs have
so far been identified. Since each was labeled with each
different name by each investigator, in this study we ten-
tatively labeled them with serial-numbers (ARR1 to ARRY),
solely for clarity of this text (Table 1).

ATP

His-kinase
[VI]
®
Receiver 4—-——[ v HPt
Phosphotransmitter
[II1]
Y
Pi

Fig. 1 A schematic representation of His-Asp phsphorelay re-
actions, observed among the three type of signal transducers. The
typical structures of three types of common signal transducers are
schematically shown. They are “His-kinases”, “receivers”, and
“HPt phosphotransmitters” (Mizuno 1998). These exhibit each
characteristic His-Asp phosphorelay reaction (reactions I through
V), as indicated. Details are given in the text (see Introduction).
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736 His-Asp phosphorelay in Arabidopsis thaliana

On the basis of such a critical compilation, we then
extensively searched for new genes, each of which encodes
an as yet uncharacterized response regulator, in the cur-
rently-available Arabidopsis databases. Such an inspection
revealed the occurrence of five more genes, each of which
most likely encodes a new response regulator (labeled with
ARRI10 to ARRI14 in Table 1). Among them, ARRI10 (or
ARP4) and ARRI11 (or ARP3) have been deposited, as
cDNA sequences in the GenBank database, suggesting that
they are transcribable. However, the other three (ARR12 to
ARRI14), found in the Arabidopsis genomic sequences, are
purely hypothetical. All together, one can compile, at least,
14 response regulator genes at present (1999, April), and,
for some of them, their occurrence can be assigned on each
chromosome (Table 1).

Arabidopsis thaliana has two distinct types of re-
sponse regulators—In general, a typical receiver of about
120 amino acids in a given signal transducer exhibits a
phosphoaccepting ability to modify its own aspartate resi-
due (invariant D1 site), which is located at the center (see
Fig. 1). Together with this critical aspartate residue, two
other amino acids are exclusively conserved among the
receiver family of domains: another aspartate residue
(acidic D2 site) at the N-terminal end, and a lysine residue
(K site) at the very C-terminal end. Based on this general
view and the results from analyses of the compiled data in

Table 1 Compiled list of Arabidopsis response regulators

Table 1, it was concluded that the members of response
regulators (ARR1 to ARR14) can be classified into two
distinct subtypes, as judged from their structural designs
(type-A and type-B, see Table 1 and Fig. 2). Both the types
of response regulators have a typical receiver domain at
their N-terminal ends (Fig. 2A), but their amino acid con-
texts defer extensively form each other (Fig. 2B).

The members of type-A response regulators (ARR3 to
ARRDY) are relatively small in their amino acid lengths (see
Table 1, e.g., 184 amino acids in ARRS, 259 amino acids in
ARR4). They have highly homologous receiver sequences,
as compared with each other (for the sequence alignment,
see Fig. 3A), although each has a variable short amino acid
insertion at its center (see the underlined region). It should
be noted that each members has each characteristic very
short C-terminal extension (data not shown). In this re-
spect, it may also be noted that these type-A response reg-
ulators somewhat resemble the well-characterized E. coli
CheY response regulator in the sense that they appear to
contain only a receiver domain (Parkinson and Kofoid
1992). In sharp contrast, each member of the type-B re-
sponse regulators (ARR1, ARR2, and ARR10-ARR14) has
a relatively large C-terminal extension (Fig.2A), which is
preceded by a highly homologous receiver domain (for the
sequence alignment, see Fig.3B). Among the type-B re-
sponse regulators, the amino acid sequences of the C-ter-

Response Sizes - Reported cDNAs? Chro. location®
(s errii%?rliig{)sers) (amino acids) Types (aﬁ:cession nos.) (accession nos.)

ARRI1 669 B ARRI1 (AB016471) ?

ARR2 664 or 6447 B ARR2 (AB016472)/ARPS5 (ATAJ5196) IV (ATFCAS)

ARR3 231 A ARR3 (AB008486) I (AC007258)

ARR4 259 A ARR4 (AB008487)/ATRRI1 (AB010915)/IBC7 (AF057282) 1 (ACO007067)

ARRS 184 A ARRS (AB008488)/ATRR2 (AB010916)/IBC6 (AF057281) III (ATT17F15)

ARR6 186 A ARR6 (AB008489) V (AB009053)

ARR7 206 A ARR7 (AB008490) ?

ARRS 224 A ATRR3 (AB010917) 1I (AC005662)

ARR9 234 A ATRR4 (AB010918) ?

ARRI10 552 B ARP4 (ATAJT5195) IV (ATF10N7)

ARRI11 444 B ARP3 (ATAJT5194) ?

ARRI2 573 B Hypothetical II (ATF13D4)

ARRI3 575 B Hypothetical II (AC005623)

ARR14 382 B Hypothetical II (AC006069)

¢ This classification is based on our results in this study.
% Each credit should be: ARR] and ARR2 (Sakai et al. 1998b), ARR3 to ARR7 (Imamura et al. 1998), ATRRI to ATRR4 (Urao et al.
1998), IBC6 and IBC7 (Brandstatter and Kieber 1998), and ARP3 to ARPS5 (Buchholz et al. 1998). For details, see the given GenBank

accsession nos.)

¢ The chromosomal location of each gene was estimated from the available genomic sequences of Arabidopsis thaliana (see the given
GenBank accession nos.). With regard to ARR3 and ARR4, the locations were determined by Cleaved Amplified Polymorphic
Sequences (CAPS) in our laboratory (see Materials and methods).

9 There appears to be a discrepancy between the two reports (AB016472 and ATAJ5196).
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(A) Type-A ARRs
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Fig. 2 Arabidopsis possesses two types of response regulators. (A) Fourteen members of response regulators were classified into two
subtypes (type-A and type-B), based on their structural designs (see Table 1), Each member of the type-A response regulators has a short
insertion at its center of the receiver domain (see the shaded box), whereas each member of the type-B response regulators has a large
C-terminal extension, in which a highly conserved motif (referred to as B-motif) is exclusively found, as schematically shown. (B) The
amino acid sequence of the type-A receiver (ARR4) was compared with that of the type-B (ARR10). Note that both of these have a set
of crucially conserved amino acids (indicated by asterisks), yet their overall contexts are quite different form each other.

minal extensions are rather variable (note that ARR1 and
ARR?2 are highly similar throughout to each other, as men-
tioned previously, Sakai et al. 1998b, and ARR10 and
ARRI12 are somewhat similar to each other). However, a
striking fact is that a common motif consisting of about 80
amino acids can be detected exclusively in their C-terminal
extensions, as schematically shown in Fig.2A (B-motif),
and the amino acid sequence alignment of this motif is
given in Fig. 3C. As has been pointed out by Sakai et al.
(1998b), the amino acid sequences of this motif show a
weak and limited similarity to those of the Myb-related
motif that are found in various plant proteins with un-
known function (Fig. 3C, bottom). This plant Myb-related
motif was originally proposed for the putative potato ho-
molog (MybStl) of the mammalian DNA-binding Myb
oncoproteins (Baranowskij et al. 1994). To avoid mislead-
ing, nonetheless, here we would like to simply refer to this
exclusively-conserved motif in type-B response regulators
as “B-motif”. This B-motif appears to be a signature
sequence of the family of type-B response regulators
(Fig. 2B).

In short, 14 members of response regulators can be
classified into two subtypes (so far, 7 members in type-A,
and 7 in type-B), whose structural designs differ extensively
form each other type. It is thus tempting to speculate that
each type is functioning in each different manner in the
presumed His-Asp phosphorelay signaling pathways. In
this respect, it may be worth mentioning that Sakai et al.
(1998b) previously proposed that the C-terminal region
containing B-motif may function as a nuclear-localized
DNA-binding domain. Clarification of this intriguing view
must await further experimentation.

Characterization of a member of B-type response reg-

ulators—Previously, our group have extensively character-
ized some representatives belonging to the type-A response
regulators (ARR3 and ARR4) (Imamura et al. 1998, Yamada
et al. 1998), and provided evidence that they have an in
vitro ability to acquire a phosphoryl group from certain
HPt phosphotransmitters (AHP1 and AHP2) (Suzuki et al.
1998). Furthermore, it was demonstrated that expression
of these genes are induced upon treatment of plants with
cytokinins (e.g., ?-zeatin) (Taniguchi et al. 1998). We needed
to clone and characterize some representatives belonging to
the type-B family of response regulators, in the hope of
conducting comparative studies.

Thus, we attempted to clone the presumed ARR10 and
ARRI12 ¢cDNAs with a PCR-based strategy with use of
three independent sets of Arabidopsis cDNA banks. After
intensive screening, we could clone ARR10 ¢cDNA, but not
ARRI12 ¢cDNA (data not shown). Its entire nucleotide se-
quence was determined, and the original exon-intron as-
signment, proposed in the current database (GenBank ac-
cession no. ATF10N7), was confirmed to be correct. To
gain insight into the biochemical properties of ARRI10,
recombinant ARR10 polypeptides were expressed in E. coli
with the pET histidine-tag system. The entire ARR10 poly-
peptide and its minimal receiver domain were overex-
pressed in an E. coli host strain. The former was found to
be overexpressed in E. coli as an insoluble form (data not
shown), whereas the latter was as a soluble form (Fig. 4A,
lane 1). Thus, the ARR10 receiver domain (named ARR10-
R) was homogeneously isolated as a soluble form to use for
further biochemical analyses (lane 2). The previously char-
acterized ARR3 and ARR4 polypeptides were also puri-
fied, as references of type-A receivers (lanes 3 and 4, re-
spectively).
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(A) Type-A Receiver

ARR3 NDSGLRAL S5 GLON N Y, S—' | |y} |/[TDY®\P
ARR4 [eNINEKASAE————FDREAD
ARRS i R“SSCKVTgvos GLD, DLK[]NLII#TDYSMP
ARRE  LWATslosy DRK’iIERLLR SSCKVTIVDSE EK-SV6——~———FED R MIMDNS TS
ARR7 HVLAVDDSQXDRK IERLLEQSSCKVT“VES el GOKGASN————— —L KORAUNMINST S
pY2ist I S HVI AVDDSERDRK! | ERLLY. V——DDNDPNALSTSPOHHOEVE 1T
ARR9 -DRK" 0STDSNDPNAFSKAPYNHG
*
Yk ICMTGY SLLKK [KES »_Evva:MSSEN RI 4RCLEEGAESFLLKPYKLADVKRL g
P YR\ TGY EL L KK | KESSEFRENPYV IMSSENYR RI'D‘RCLEEGAﬁFLLKPVKLADVKRL*'
PN GMTGYEL LKK KESSAFRE“PVV IMSSENIIMER1 PRCLEEGAE 3FLLKPVKL ADVKRL ¢
PY I GMTGY 3L L KK KESSAFRENPVY IMSSEN]IIGR1 FRCLEEGAERFLLKPVKLSDVKRLE
YIS GY 1 | KK 1KESSAFRENPVY IMSSENITIER 1 B2CL REGAEZFLLKPYKLADVKRS
ARRS GMTGY:LLKK'KES".‘AFRs IPvV IMSSENTZRI SRCLEEGAE*! FLKPVKLAD
Y= I CMTGY S L KKIKESSAFRIPVY IMSSETNEIR | SRCLEEGAE SF 31 KPVELAD

ARRI
ARR2
ARRI0  MVRATBDIOHEERITIO
AR VLVVDDDiTmLaI i
ARRIZ  MAYRALOO) Eme.
ARR13 VIVVDDTAEL !
ARR14

:Tcﬁx LM
Bt
EQL
RO

ALSLLRSNKREFDIIV | SOV,
LSLLRANK

ARRI ‘VGLElMDLPVIMMSAD VEKGV|IHGA
P22V I DMDGFK L LE £VGLERMDLPY | MMSARINS vll«;quGAu
ARRI10 DMDGFKLLE‘VGLE'MDLPVIM!SA SDPK V;KGVv HGA
LIS OMOGFKLLE gVGLEZNDL PV I MUSTNESIRSEV K GV gRIGASDYL
ARR12 DLPVIMESAIRVZS C
ARR13 B VIR SDPNKEEESL SCIEMGF |
ARR14 NGt L elevGEEEMDLPY | MuSTestmpIv IRIGIINHGA DY [iK PR 22
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ARRI
ARR2 .
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ARRI2 R ATPRK 1LY
ARR13
ARR14

MYB-related motif

ARR1 LMNVPGLTRENVASHLOKYR 1 YLRR

ARR?
ARRIO A
Y N NPT TRENVASHLOKYRIVL
ARR12 LMNVdLTRENVASHLOK}RIYL‘!

ARRI3 | MNVP“LTRENVASHLO’qﬂ'Ymq
ARR14 LMNVPeLERENVASH’L‘OKiR

Fig. 3 Alignments of deduced amino acid sequences of Arabidopsis response regulators. The amino acid sequences were aligned for
the following members; (A), type-A receivers; (B), type-B receivers; (C) B-motifs. These aligned regions correspond to those
schematically indicated in Fig. 2A (amino acid numbers are omitted for clarity of these figures). Among each group, highly conserved

amino acids are highlighted. In panel C, the partial sequence,

denoted by “MYB-related motif”, is from a putative Arabidopsis

Myb-related transcriptional activator (GenBank Accession no. ATAC003028-2). Tryptophan residues that crucially conserved in a

number of Myb-related proteins are indicated by asterisks.

As mentioned above, we have recently identified five
distinct HPt phosphotransmitters (AHP1 to AHPS) in
Arabidopsis thaliana (Suzuki et al. 1998). We demonstrat-
ed that the purified AHP1 and AHP2 polypeptides can be

phosphorylated at a certain histidine residue in an E. coli in
vitro system. Here we purified the radiolabeled phospho-
histidine-containing AHP2 polypeptide, as described pre-
viously (Suzuki et al. 1998) (Fig.4B, lane 1). When this
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Fig. 4 Isolation of ARR polypeptides and characterization of
their in vitro phosphorelay activity. (A) Isolation of a set of poly-
peptides used in this study. They were analyzed by sodium dodecyl
sulfate (SDS) polyacrylamide gel electrophoresis, followed by
staining with Coomassie Brilliant Blue (see Materials and meth-
ods); lane 1, total soluble fraction of E.coli cells producing a

recombinant ARRI10 receiver domain (named ARRI10-R) (80 ug); -

lane 2, isolated ARRI10-R (3 ug); lane 3, ARR3 (1 ug); lane 4,
ARR4 (1 ug). (B) In vitro analyses of phosphotransfer between a
representative of HPt phosphotransmitter (AHP2) and ARRs.
Radioactively phosphorylated AHPs were purified (denoted by
P-AHP2, see Material and methods), and then the isolated ARR
polypeptides were each added. At time intervals (min) indicated,
the samples were analyzed by SDS polyacrylamide gel electro-
phoresis, followed by autoradiography (panel a for ARR3, panel
b for ARR4, panel ¢ for ARR10-R). Note that AHP2 and ARR10-
R migrated to the positions different form each other in the gel.

radiolabeled AHP2 was incubated with the purified ARR3
and ARR4 polypeptides, respectively, the radioactive phos-
phoryl group on each AHP was very rapidly released
(Fig.4B-a and 4B-b, respectively). Essentially the same
results were obtained, when such in vitro analyses were
carried out for the following combinations (AHP1 vs.
ARR3, and AHP1 vs. ARR4) (data not shown). These
results suggest that both the ARR3 and ARR4 response
regulators have an in vitro ability to function as a phos-
phohistidine phosphatase toward the AHP1 and AHP2
phosphotransmitters (see Fig. 1, reactions V+III). Essen-

(A) R L F S
ARRIO | D S Sk e
Ubiquitin | S s s ssoiuns
<o e o

(B) +zeatin ~zeatin

00513 6051 3 6(h)
ARRI() | % #n an a0 5 45 o0 a5 o |

Ubiquitin |se s G S e S & o

Fig. 5 Northern hybridization analyses and cytokinin respon-
siveness of the ARRI10 transcripts. (A) Northern hybridization
analyses were carried out to locate the ARR10 transcript, with use
of the ubiquitin transcript as an internal and loading reference.
Total RNAs were isolated from each organ indicated. (B) Cyto-
kinin responsiveness of the accumulation of the ARRI0 transcript
in the leaves of N-starved plants. Total RNA fractions were
prepared from leaves at indicated times after spraying with -
zeatine (100 uM) or 0.2% methanol solution alone (control).
These RNA fractions (20 ug each) were subjected to Northern
hybridization analyses with an appropriate and specific probe for
ARRI10. The hybridized filters were exposed and analyzed on a
phosphoimaging analyzer. These procedures were essentially the
same as those described previously (Taniguchi et al. 1998).

tially the same in vitro assay was conducted for the puri-
fied ARR10 receiver. But, nothing happened on both the
radiolabeled AHP1 and AHP2 polypeptides (Fig. 4B-c for
AHP2, and the data for AHP1 are not shown). Simply,
our purified ARRI0-R polypeptide may have had lost its
native activity under our in vitro conditions. Rather, the
following alternative view is also plausible, because the
result, observed for ARRI10, is not unexpected one. Ac-
cording to the general concept as to the function of the
receivers (see Introduction, and Fig. 1), a given receiver is
principally capable of exhibiting one or more of the fol-
lowing types of phosphotransfer activities: phosphoaccep-
tor from histidine (reactions II and V), phosphodonor for
histidine (reaction IV), and phosphatase toward phospho-
histidine (reactions V+III). As far as our in vitro results
are concerned, the ARR3 and ARR4 receivers exhibit
a strong phosphohistidine phosphatase activity toward
AHPs. The ARRI10 receiver may alternatively serve as a
phosphodonor for AHPs (note that this particular activity
could not be assessed with our in vitro system used). In any
event, an improved in vitro system will be needed to ad-
dress this intriguing issue.

Expression of the ARRI0 gene—Standard Southern
hybridization analysis showed that an approprite ARR10
probe hybridized with each specific restriction fragment in
the digests of Arabidopsis genomic DNA (data not shown).
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Based on this, then, standard Northern hybridization anal-
ysis of the ARR10 transcript was carried out by using total
RNA preparations from roots, leaves, flowers, and siliques
(Fig. 5A). The results show that a certain amount of the
ARRIO0 transcript could be detected in all organs tested,
including stems (data not shown). A critical question was
then arose as to if the expression of ARR10 is affected by a
treatment with cytokinins (e.g., t-zeatin), as previously
demonstrated in the case of ARR3 and ARR4 (Taniguchi et
al. 1998). The shoots of N-starved plants, grown hydro-
ponically, were sprayed with or without 100 uM f-zeatin.
At time intervals (0 to 6 h), total RNA fractions from
leaves were prepared, and then subjected to quantitative
Nothern hybridization analyses (Fig. 5B). It was revealed
that such a treatment did not affect the level of the ARRI10
transcript. This result is in sharp contrast to the previous
finding that the rapid accumulation of both the ARR3 and
ARRA4 transcripts in leaves was induced under essentially
the same conditions (Taniguchi et al. 1998), suggesting that
not all of the ARR genes are cytokinin-inducible in their
transcription.

Together with the previous results by Taniguchi et al.
(1998), the result in this study suggested to us a possibility
that the expression of type-A response regulators is in-
duced by cytokinins and nitrate, while that of type-B may

be not. To test this idea, comprehensive and comparative
Northern hybridization analyses were conducted with spe-
cial reference to the expression profiles of both other
members of type-A and type-B response regulators. The
results showed that the above idea is the case (see the ac-
companying paper, Kiba et al. 1999). In this regard, it may
be notable that Urao et al. (1998) reported that expression
of the ATRRI (identical to ARR4/IBC7) and ATRR2 (iden-
tical to ARR5/IBC6) transcripts are induced in response to
stress treatments, such as low-temperature (4°C), dehy-
dration and salt treatment (250 mM NacCl), while those of
the ATRR3 (ARRS8) and ATRR4 (ARR9) genes show no
such responses. In any event, expression profiles of a series
of ARR genes should be examined more extensively and
comparatively under various growth conditions. This re-
mains to be carried out.

ARRI0 may interact physically with a set of AHPs—
To gain further insight into the properties of ARR10, we
finally adopted the widely used yeast two-hybrid system,
and searched for Arabidopsis proteins that are capable of
stably interacting with ARR10. A porting of the ARRI10
coding sequence was first connected appropriately to the
GAL4-binding domain in pGBT9, to yield a bait vector

(named pGBT9-ARR10-4C). This ARR10 coding sequence

corresponds the ARR10 polypeptide extending from Met-1

Bait Prey +His -His |p-Gal
(A)  Vedor =
(ARRID-ER +
P— -

(B) Vector -
i '
:
(©) Vector -
+

ARR10 )=
(ARRI)F—— .
+
|D) Yector —
- —, +
< AHP2 > +
+

Fig. 6 Yeast two-hybrid analyses. Extensive two-hybrid analyses were conducted with use of a variety of pairs of bait/prey, as
schematically shown. The results were first scored with special reference to the histidine-autotrophy on appropriate agar-plates (+ His
and — His, respectively) (see Material and methods). There are two spots in each —His column, and the right hand side one corresponds
to 1/10 cells of the left. These results were then confirmed by the LacZ-reporter assay, as also indicated (§-Gal. + or —).
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to Arg-442, thus lacking the C-terminal 110 amino acids.
On the other hand, an Arabidopsis cDNA expression lib-
rary was obtained, in which approximately 3 x10® in-
dependent cDNA clones were connected to the GAL4 ac-
tivation domain in the yeast prey vector pGADI10. Using
these as baits and preys, respectively, an extensive two-hy-
brid screening was carried out with the yeast strain HF7¢
carrying both the GAL1-HIS and (GAL4 17-mers);-CYCl-
lacZ fusion on the genome, on the bases of the histidine-
autotrophy on 3-aminotriazole (3AT)-containing minimal
plates as well as the LacZ-expression assay. Among 10’
yeast transformants screened, we succeeded in isolating 11
strongly-positive clones, each of which was assumed to
carry an Arabidopsis ¢cDNA, whose translation product
may interact with the ARR10 region in yeast cells. After
extensive analyses, surprisingly, we found that all of these
11 positive clones carries the entire AHP2 coding sequence,
which had been connected in frame to the GAL4 activation
domain.

This finding was then evaluated by intensive two-hy-
brid analyses, as summarized in Fig.6. A set of various
baits were prepared, which included ARR10-4C, ARR10-
R, ARR3, and ARR4. These baits were tested against
AHP?2 as prey (panel A). The results suggested that ARR10
has an ability to physically (or stably) interact with AHP2,
and the ARRI10 receiver domain is responsible for this
interaction. Interestingly, the representatives (ARR3 and
ARR4) of type-A receivers showed no such an ability.
These views were confirmed by two-hybrid assays using
AHP?2 as bait (i.e., reciprocal two-hybrid assays) (panel B).
We then asked if ARRI10Q can interact specifically with
AHP2, or with other AHPs too. The results showed that
ARRI10 has an ability to interact with any AHPs tested
(AHP1 to AHP3) (panels C and D, respectively). Since
these yeast two-hybrid results do not necessarily indicate
that they indeed do so in plants, the in vivo specificity of
such a presumed interaction with amoung ARR10/AHPs
remains to be examined carefully.

Implications—In this study, we inspected the occur-
rence of Arabidopsis response regulators, showing that this
higher plant has, at least, 14 members of response reguia-
tors that can be classified into two distinct subtypes (Table
1). Although such members of response regulators must
increase in future, the results in this study provided us with
some clues for understanding the presumably-complex net-
work of His-Asp phosphorelay signaling in Arabidopsis
thaliana. Each representative of type-A and type-B re-
sponse regulators, characterized in this and previous stu-
dies, showed distinct properties, as compared with each
other type, in several facets [e.g., (i) structural designs, (ii)
expression profiles, and (iii) biochemical properties]. (i) A
type-B response regulator appears to have a certain func-
tional domain(s) at its C-terminal part that might serve as
a nuclear-localizing DNA-binding domain (so-called the

output domain), whereas most of type-A response regula-
tors seem to lack such a domain, thus they may function as
a simple molecular switch, like the E. coli CheY protein
(Parkinson and Kofoid 1992). (ii) Expression of all the
type-A response regulator genes, characterized so far, is
cytokinin-inducible in their transcription, while the type-B
response regulator genes appears to be not. (iii) Type-A
response regulators appear to have a strong phosphohisti-
dine phosphatase activity toward AHPs, whereas those
belonging to type-B may have an ability to make a stable
complex with the same set of AHPs. It was recently found
that another type-B respone regulator, ARR1, also exhibits
an ability to interact with AHPs in yeast two-hybrid anal-
yses (Suzuki et al. unpblished results). It was thus sug-
gested that the type-A and type-B reponse regulators, re-
spectively, interact with AHPs in a manner different from
each other. In any case, verification of these simplified state-
ments must await further experimentation. Nonetheless,
the compiled and comparative results in this study should
shed light on the presumed His-Asp phosphorelay signaling

" network that may be involved in adaptive responses to ex-

ternal and/or internal stimuli in Arabidopsis thaliana. 1f
fact, our inspection of the current databases revealed that
this plant has, at least, 11 sensor His-kinases. Five (ETR1,
ETR2, ERS1, ERS2, and EIN4) have been demonstrated to
be ethylene receptors (Hua and Meyerowitz 1998, and ref-
erences therein), two (CKI1 and CKI2) were shown to be
implicated in a cytokinin responsiveness (Kakimoto 1996,
and personal communication), one (ATHK1) was proposed
to be a putative osmosensor (Shinozaki, personal com-
munication), and the occurrence of the other three were
predicted in the Arabidopsis genomic sequences (note that
we recently cloned the corresponding ¢cDNAs, and confirmed
their existence, Suzuki et al. unpublished data). Interest-
ingly, most of these sensor His-kinases also contain a
typical receiver domain at each C-terminal end, suggesting
that they exert their His-Asp phosphorelay activites in a
complicated fashion. Possible links between these 11 sen-
sors, 14 ARRs, and 5 AHPs are entirely elusive.

This study was supported by Grants-in-Aid (09274101 and
09274102 to TS and TM) for scientific research on a priority area
from the Ministry of Education, Science, Sports, and Culture of
Japan. Thanks are also due to the Notingham Arabidopsis Stock
Center (NASC, U.K.) for providing RI lines, and for calculation
of our RI data.
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