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Abstract We have so far cloned a cDNA encoding a hybrid-
type histidine kinase (ATHK1), three cDNAs encoding phos-
phorelay intermediates (ATHP1-3), and four cDNAs encoding
response regulators (ATRR1-4) from Arabidopsis thaliana. To
determine which molecules constitute a His to Asp phosphorelay
pathway, we examined protein—protein interactions between
them using a pairwise yeast two-hybrid analysis, as an initial
step. We detected a specific interaction between ATHK1 and
ATHP1. We further examined protein—protein interactions
between ATHP1-3 and other histidine kinases. We detected
interactions between ETR1 and all ATHPs, and between CKI1
and ATHP1 or ATHP2. Interestingly, ERS1 could not interact
with any ATHPs. We also examined protein—protein interactions
between ATHP1-3 and ATRR1-4. The results indicated that
ATHP2 could interact with ATRR4, and that ATHP3 could
interact with ATRR1 or ATRR4. However, ATHP1 could not
interact with any ATRRs. On the basis of these results, we
discuss the possible phosphorelay networks in an Arabidopsis
two-component system. © 2000 Federation of European Bio-
chemical Societies. Published by Elsevier Science B.V. All
rights reserved.
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1. Introduction

Protein phosphorylation is a key mechanism for intracellu-
lar signal transduction in both eukaryotic and prokaryotic
cells. This process is catalyzed by protein kinases, which are
classified into three major groups based on their substrate
specificities: serine/threonine kinases, tyrosine kinases, and
histidine kinases. Histidine kinases in prokaryotes play key
roles in sensing and transducing extracellular signals, includ-
ing chemotactic factors, changes in osmolarity, and nutrient
deficiency. This signal transduction system is mediated by
phosphotransfer from a histidine residue to an aspartate res-
idue between two types of signal transducers, histidine kinase
and response regulator, and is therefore referred to as ‘two-
component system’ or ‘His to Asp phosphorelay’ [1-6].

Since 1993, when bacterial-type histidine kinases were first
discovered in yeast and Arabidopsis [7,8], a large number of
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histidine kinases have been described in plants (for review, see
[9-17]). Genetic and biochemical analyses indicate that ETR1
and its homologs function as ethylene receptors. Two other
histidine kinases, CKI1 and ATHKI, are suggested to be in-
volved in cytokinin signaling and osmosensing processes, re-
spectively [18,19]. Moreover, many homologous genes encod-
ing phosphorelay intermediates and response regulators have
been cloned and characterized [20-27]. It was thus apparent
that the two-component system is not confined to prokary-
otes.

An increase in the number of the two-component regulators
has raised the question of which molecules constitute a His to
Asp phosphorelay pathway. To address this issue, several
studies have been conducted as an initial characterization us-
ing two strategies, yeast two-hybrid interaction and in vitro
phosphotransfer analysis. First, ETR1 and ERSI have been
shown to interact directly with CTR1 by both yeast two-hy-
brid analysis and in vitro interaction assay [28]. Second, two
closely related proteins, ATDBP1 and ATDBP2, have been
identified as proteins interacting with response regulator
ARR4 by yeast two-hybrid screening [29]. ATDBPI has a
sequence similarity with remorin from potato, which is a
membrane-associated and uranide-binding phosphoprotein.
Third, in vitro phosphotransfer analysis has indicated that
ARR3 and ARR4 can accept a phosphoryl group from the
phosphorylated Histidine-containing phosphotransfer (HPt)
domain of AHP1 (or ATHP3) and AHP2 (or ATHP1), but
that ARR10 is incapable of exhibiting phosphoacceptor activ-
ity toward any AHPs tested [25]. These results provide some
preliminary insight into the presumed phosphorelay network
in plants. However, there have been no reports of a compre-
hensive demonstration of direct protein—protein interactions
between two-component regulators in plants.

In this study, we examined protein—protein interactions be-
tween histidine kinases (ATHK 1, ETR1, ERSI1, and CKI1) and
phosphorelay intermediates (ATHP1-3), and between phos-
phorelay intermediates and response regulators (ATRR1-4),
using a pairwise yeast two-hybrid analysis. Here, we discuss
possible His to Asp phosphorelay pathways in an Arabidopsis
two-component system based on pairwise yeast two-hybrid
analysis.

2. Materials and methods

2.1. Yeast strains, media, and transformation

Yeast strain L40 was used as a host cell for a yeast two-hybrid
assay [30]. Transformation to yeast cells was performed by using a
lithium-acetate method [31]. The transformants were cultured on SD
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medium (2% glucose, 0.7% yeast nitrogen base without amino acids),
supplemented with appropriate amino acids for marker selection.

2.2. Plasmid construction

Expression plasmids used in this study were constructed with
pBTM116 (a fusion to a LexA DNA binding protein) [30] and
pVP16 (a fusion to a VP16 activation domain) [30]. To construct
expression plasmids ATHK1-RD and ATHK1-RD (D1074E), the re-
ceiver domain of ATHKI (amino acids 961-1207) was amplified by
PCR with oligonucleotide primers containing a BamHI or EcoRI site
at the 5" ends. Site-directed mutagenesis for a nucleotide substitution
on Asp-1074 within the ATHKI receiver domain was performed as
previously described [19]. The PCR-amplified fragments were digested
with BamHI and EcoRI and then purified on an agarose gel. Result-
ing fragments were fused in-frame downstream of the coding region of
the LexA DNA binding domain in pBTM116, and of the VP16 acti-
vation domain in pVP16. Expression plasmids for the cytoplasmic
region of ATHKI (amino acids 477-1207), ETR1 (amino acids 321—
721), ERSI (amino acids 321-613), CKIIl (amino acids 373-1122),
and SLNI (amino acids 547-1220) were generated by PCR-based
construction, as described above. Expression plasmids for the full-
length coding regions of ATHP1-3 and ATRR1-4 were also con-
structed by PCR, as described above.

2.3. Yeast two-hybrid assay

The transformants were cultured on His-lacking medium containing
3-aminotriazole (3AT) for 3-7 days at 30°C, and their ability to acti-
vate the expression of a HIS3 reporter gene was tested. Subsequently,
the colonies were transferred to nylon filters and the activity of a
B-galactosidase reporter gene was made visible by a 5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside (X-gal) filter assay. For the
B-galactosidase assay, the colonies on the filter were cracked open
by being frozen in liquid nitrogen, and then the thawed filters were
placed on Whatman 3MM paper soaked in Z buffer (60 mM
NaHPOy4, 40 mM NaH,PO4, 10 mM KCI, 1 mM MgSOy, pH 7.0)
containing 0.27% B-mercaptoethanol and 0.5 mg/ml X-gal. The filters
were incubated at 30°C in the dark for several hours, and the appear-
ance of blue color was monitored. In all experiments, reciprocal com-
binations of the pLexA and pVP16 plasmids were tested to confirm
the positive interactions.

(A)

SD-His+20mM 3AT p-gal

(B)

SD-His+80mM 3AT

pLexA-ATHK1 [RD(D1074E)]

pVP16-ATHP1

pVP16-ATHK1 [RD(D1074E)]

pLexA-ATHP1
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3. Results

3.1. Analysis of protein—protein interactions between ATHKI
and phosphorelay intermediates ATHP1-3

We have so far cloned a ¢cDNA encoding a hybrid-type
histidine kinase, ATHK1 [19], three cDNAs encoding phos-
phorelay intermediates ATHP1-3 [26], and four cDNAs en-
coding response regulators ATRR1-4 [22] from Arabidopsis.
We have also shown that ATHKI1 can act as an osmosensor
by analyzing both sensing (input) and catalytic (output) activ-
ities with yeast osmosensing-defective mutants [19]. To ana-
lyze the protein—protein interactions between them, we exam-
ined whether ATHK1 physically interacts with ATHP1-3 by
using a pairwise yeast two-hybrid analysis. It had already
been shown that the physical interaction between the yeast
histidine kinase SLNI1 and the phosphorelay intermediate
YPDI requires the receiver domain of SLN1 [32]. Therefore,
the receiver domain of ATHK1 (ATHKI1-RD) and the full-
length coding regions of ATHP1-3 were expressed as fusion
proteins to a LexA DNA-binding domain (pLexA) and to a
VP16 activation domain (pVP16), and were tested for both
growth on His-lacking medium and B-galactosidase activity in
yeast. Reciprocal combinations of the pLexA and pVP16 plas-
mids were also tested to confirm the positive interactions.
ATHKI1 interacted with ATHP1 (Fig. 1), but not with
ATHP2 or ATHP3 (data not shown). To examine whether
the phosphorylation state of ATHKI1 affects the interaction
between ATHK1 and ATHPI, we expressed a mutated re-
ceiver domain of ATHKI in which a putative phosphoryla-
tion site, Asp-1074, had been substituted with Glu (ATHKI1-
RD(D1074E)) as a fusion protein to a LexA DNA-binding
domain and to a VP16 activation domain. The mutated
ATHKI1-RD(D1074E) had already failed to complement an

pLexA-ATHK1 [RD]

pLexA-ATHK1 [RD(D1074E)]
+ pVP16-ATHP1

pLexA-ATHK1 [RD]
+ pVP16-ATHP1

pVP16-ATHK1 [RD]

pVP16-ATHK1 [RD(D1074E)]
+ pLexA-ATHP1

pVP16-ATHK1 [RD]
+ pLexA-ATHP1

Fig. 1. Two-hybrid interactions between ATHK1 and ATHP1. A: Growth on SD medium lacking histidine supplemented with 20 mM 3AT
(left). Their B-galactosidase activities in the filter assay (middle). The yeast strains transformed with indicated plasmids (right). B: Growth on
SD medium lacking histidine supplemented with 80 mM 3AT (left). Their B-galactosidase activities in the filter assay (middle). The yeast strains

transformed with indicated plasmids (right).
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(A) SD-His+5mM3AT p-gal

SD-His+5mM3A

SD-His+5mM3A

SD-His+5mM3A

(B)

SD-His+200mM 3AT  p-gal

SD-His+80mM 3AT

SD-His+200mM 3AT
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pLexA-CKI1 pVP16-ATHP2

pLexA-ERS1 pVP16-ATHP3

pLexA-ETR1
pLexA-SLN1

pVP16-ATHP1
pLexA-ATHKA

L

VP16-ATHP1 + pLexA-ATHKA1

+ pLexA-SLN1

+ pLexA-ETR1

2

+ pLexA-CKI1

VP16-ATHP2

+ pLexA-ERS1

+ pLexA-ATHK1

+ pLexA-SLN1

+ pLexA-ETR1

5

+ pLexA-CKH + pLexA-ERS1

VP16-ATHP3 + pLexA-ATHK1

+ pLexA-SLN1

+ pLexA-ETR1

5

+ pLexA-CKI1 + pLexA-ERS1

pLexA-ATHP2 pVP16-ATHK1

pLexA-ATHP3 pVP16-SLN1

pLexA-ATHP1 pVP16-ETR1
pVP16-CKI pVP16-ERS1

LexA-ATHP1 + pVP16-ATHK1

+ pVP16-SLN1

+ pVP16-ETR1
+ pVP16-CKIH + pvVP16-ERS1
LexA-ATHP2 + pVP16-ATHK1

+ pVP16-SLN1

+ pVP16-ETR1

+ pVP16-CKI + pVP16-ERS1

LexA-ATHP3 + pVP16-ATHK1

+ pVP16-SLN1

+ pVP16-ETR1

+ pVP16-CKI1 + pVP16-ERS1

Fig. 2. Two-hybrid interactions between other histidine kinases and ATHP1-3. A: Growth on SD medium lacking histidine supplemented with
5 mM 3AT (left). Their B-galactosidase activities in the filter assay (middle). The yeast strains transformed with indicated plasmids (right).
B: Growth on SD medium lacking histidine supplemented with indicated concentrations of 3AT (left). Their B-galactosidase activities in the
filter assay (middle). The yeast strains transformed with indicated plasmids (right).

slnl-ts mutant [19]. As shown in Fig. 1, ATHPI could interact
with ATHK1-RD, but not with ATHKI1-RD(D1074E). Each
plasmid itself used as a negative control had no binding ac-
tivity (Fig. 1). This interaction was confirmed by reciprocal

combination of the pLexA and pVP16 plasmids (Fig. 1).
These results suggest that the interaction between ATHKI
and ATHP1 depends on the phosphorylation state of the re-
ceiver domain of ATHKI.
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+ pLexA-ATRR4

SD-His+5mM 3AT
VP16-ATHP2

pVP16-ATHP2

+ pLexA-ATRR4

VP16-ATHP3

pVP16-ATHP3

+ pLexA-ATRR4

(B)

SD-His+100mM 3AT

pVP16-ATRR4
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+ pVP16-ATRR4
LexA-ATHP2

pLexA-ATHP2

+ pVP16-ATRR4
LexA-ATHP3
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+ pVP16-ATRR4
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+ pLexA-ATRR1

+ pLexA-ATRR2

+ pLexA-ATRR3

+ pLexA-ATRR1

+ pLexA-ATRR2

+ pLexA-ATRR3

+ pLexA-ATRR1

+ pLexA-ATRR2

+ pLexA-ATRR3

+ pLexA-ATRR1

+ pLexA-ATRR2

+ pLexA-ATRR3

pVP16-ATRR1

pVP16-ATRR2

pVP16-ATRR3

+ pVP16-ATRR1

+ pVP16-ATRR2

+ pVP16-ATRR3
+ pVP16-ATRR1
+ pVP16-ATRR2

+ pVP16-ATRR3

+ pVP16-ATRR1

+ pVP16-ATRR2

+ pVP16-ATRR3

Fig. 3. Two-hybrid interactions between ATHP1-3 and ATRR1-4. A: Growth on SD medium lacking histidine supplemented with 5 mM 3AT
(left). Their B-galactosidase activities in the filter assay (middle). The yeast strains transformed with indicated plasmids (right). B: Growth
on SD medium lacking histidine supplemented with indicated concentrations of 3AT (left). Their B-galactosidase activities in the filter assay
(middle). The yeast strains transformed with indicated plasmids (right).
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Fig. 4. Schematic presentation of possible His to Asp phosphorelays
in the Arabidopsis two-component system. Lines indicate the direct
protein—protein interactions detected in this study.

Response
Regulators

3.2. Analysis of protein—protein interactions between other
histidine kinases and phosphorelay intermediates

HPt domain is implicated in His to Asp phosphorelay sig-
naling. Indeed, functional analysis using a yeast ypdl mutant
showed that all ATHPs act as phosphorelay intermediates
between SLN1 and SSKI1, a response regulator, in yeast
[26]. In addition, the recombinant AHP1 (or ATHP3) protein
has been shown to be phosphorylated by an uncertain histi-
dine kinase in Escherichia coli membrane fractions [27]. Sub-
sequent analysis has revealed that the phosphoryl group on
the histidine residue of AHP1 (or ATHP3) and AHP2 (or
ATHPI) is transiently transferred to the receiver domain of
ARR3 and ARR4 (or ATRRI1, IBC7) in vitro [25,27]. These
results suggest that ATHPs might function as phosphorelay
mediators between histidine kinases and response regulators
in Arabidopsis.

Therefore, we examined whether ATHPI-3 can interact
with other histidine kinases. To this end, we expressed the
cytoplasmic regions of Arabidopsis ATHK1, ETR1, ERSI,
and CKI1 and yeast SLNI as fusion proteins to a LexA
DNA- binding domain and to a VP16 activation domain,
and tested them for direct interactions with ATHPs in both
combinations of the pLexA and pVP16 plasmids. As shown in
Fig. 2, we detected direct interactions between ETR1 and all
ATHPs, and between CKI1 and ATHP1 or ATHP2. We also
detected interactions between yeast SLN1 and ATHP1 or
ATHP3 (Fig. 2). However, ERS1 could not interact with
any ATHPs tested (Fig. 2). Each plasmid alone showed no
activity, and we observed the specific interactions were only
when both the pLexA and pVP16 plasmids were coexpressed
(Fig. 2).

3.3. Analysis of protein—protein interactions between
phosphorelay intermediates and response regulators
Recent study has shown that genes for response regulators,
ARR3, ARR4 (or ATRRI, IBC7), ARRS (or ATRR2, IBC6),
ARRG6, and ARR?7, are induced by exogenous cytokinins, but
not by any other plant hormones [23,33]. Moreover, reappli-
cation of nitrate to N-starved plants also resulted in the ac-
cumulation of the transcripts, as previously observed in maize
ZmRRI [20]. These results led to a hypothesis that these cy-
tokinin-responsive ARRs function with CKI1 in the nitrate
signal transduction mediated by cytokinin in Arabidopsis. To
gain further evidence to support this hypothesis, we examined
whether ATHP1-3 can interact with ATRR1-4. To this end,
we expressed the full-length coding regions of ATRRI1-4 as
fusion proteins to the LexA DNA-binding domain and to the
VP16 activation domain, and tested the direct interactions
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with ATHP1-3 in both combinations of the pLexA and
pVP16 plasmids. We detected interactions between ATHP2
and ATRR4, and between ATHP3 and ATRR1 or ATRR4
(Fig. 3). No interaction was detected between ATHP1 and
any other ATRRs tested (Fig. 3). These interactions were
evident only when both the pLexA and pVPI6 plasmids
were coexpressed, and neither plasmid itself showed any ac-
tivity (Fig. 3).

4. Discussion

In this study, we comprehensively examined protein—protein
interactions between histidine kinases (ATHK1, ETR1, ERSI,
and CKI1) and phosphorelay intermediates (ATHP1-3), and
between phosphorelay intermediates and response regulators
(ATRR1-4), using a pairwise yeast two-hybrid analysis. Fig. 4
summarizes our results.

ATHKI1 could interact only with ATHP1, and the receiver
domain of ATHKI1 was sufficient for the interaction (Fig. 1).
We also examined interactions between the cytoplasmic re-
gion, including the receiver domain of ATHKI1 and ATHPI,
as examined for other histidine kinases (Fig. 2). However, no
interaction was found in both combinations of the pLexA and
pVP16 plasmids. A significant interaction was found only
when the cytoplasmic region of ATHKI1 was fused to the
VP16 activation domain (Fig. 2). The structure of the cyto-
plasmic region of ATHK1 may have be come abnormal, when
it was expressed as a fusion protein to the LexA DNA-bind-
ing domain in yeast.

It is noteworthy that ATHPI1 could interact with ATHKI-
RD, but not with ATHK1-RD(D1074E) (Fig. 1). This result
may indicate that the phosphorylation on Asp-1074 is neces-
sary for sufficient binding to ATHPI, although we do not
know whether the Asp-1074 of ATHK1 was phosphorylated
in yeast cells. A previous study indicated that the receiver
domain of SLNI interacts with YPDI, and that the phospho-
ryl group on Asp within the receiver domain of SLN1 can be
transferred to the His of YPD1 [32]. Therefore, it is possible
that only phosphorylated receiver domains can interact with
HPt domains, and that unphosphorylated receiver domains
cannot. Alternatively, the replacement of Asp by Glu may
cause conformational changes in the receiver domain of
ATHKI1 and eliminate the ability to interact with the HPt
domain of ATHPI. In this regard, it is of interest to note
that a substitution of Asp with Glu within the receiver domain
of SKN7, a yeast response regulator, has been shown to
mimic phosphorylation of Asp and to cause constitutive acti-
vation of SKN7 in vivo [34]. Therefore, it is also possible that
the failure of ATHKI1-RD(D1074E) to interact with ATHP1
is due to the mimicking of phosphorylation, rather than de-
phosphorylation, of Asp-1074 of ATHKI. In any event, the
phosphorylation state of Asp-1074 might affect the interaction
between ATHK1 and ATHPI.

ETRI1 could interact with all ATHPs (Fig. 2). This indicates
that all ATHPs are potential downstream targets for ETR1.
Recently, ETR1 and ERS1 have been shown to interact di-
rectly with CTR1 by both yeast two-hybrid analysis and in
vitro binding assay [28]. Epistasis analysis indicated that
CTRI acts downstream of ETR1 [35]. CTR1 is a protein ki-
nase that resembles a Raf protein kinase, a MAP kinase ki-
nase kinase (MAPKKK), which suggests that the ethylene
signaling pathway is similar to the yeast osmoregulation path-
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way. This interaction requires the N-terminal domain of
CTRI1 and the kinase domain of ETR1 or ERS1. The N-
terminal domain of Raf, which corresponds to the region
that is necessary for the interaction with ETR1 and ERSI,
has been shown to be associated with a number of signal
transducers such as Ras and the 14-3-3 proteins, and therefore
is believed to function as a regulatory domain. This observa-
tion, together with the direct interaction between ETR1 and
CTRI, led to a hypothesis that the activity of CTR1 is regu-
lated by direct interaction with ETR1. As shown in this study,
however, ETR1 could interact with all ATHPs (Fig. 2). There-
fore, it is likely that other components, such as ATHP1-3,
containing an HPt domain, are also involved in the formation
of the ETR1-CTR1 complex, and that the activity of CTR1 is
regulated by output activity initiated from ETR1-mediated
phosphorelay signaling.

Interestingly, ERS1 could not interact with any ATHPs
(Fig. 2). Among the histidine kinases examined in this study,
only ERS1 does not have a receiver domain. We showed that
the receiver domain of ATHKI1 could interact with the HPt
domain of ATHP1 (Fig. 1). As described previously, the in-
teraction between SLN1 and YPDI1 requires the receiver do-
main of SLNI [32]. These results imply that HPt domains can
mediate phosphotransfer between hybrid-type histidine ki-
nases and response regulators in multi-step phosphorelay.
Therefore, the lack of a receiver domain by ERS1 may ac-
count for the failure to interact with ATHPs.

CKIl could interact with ATHP1 or ATHP2 (Fig. 2).
ATHP2 could interact with ATRR4, but ATHPI could not
interact with any ATRRs (Fig. 3). It has recently been shown
that AHP2 (or ATHP1) can transfer the phosphoryl group to
ARR3 and ARR4 (or ATRR1) [25]. These observations sug-
gest that ATHP1 may function as a phosphorelay intermedi-
ate between ATHK1 and ATRRI1. Therefore, it is possible
that CKI1, ATHPI, and ATRRI1 function together in a par-
ticular two-component system involved in cytokinin signal
transduction in Arabidopsis. In this regard, it is noteworthy
that CKI1 is suggested to function as a cytokinin receptor
[18], and ATRRI1 is induced by cytokinin [23,33].

In conclusion, we showed several possible signal flows and
cross-talks between two-component regulators in this study.
Although our data may indicate His to Asp phosphorelay
networks in a plant two-component system, this study, using
a yeast two-hybrid interaction analysis, is the first comprehen-
sive demonstration of their physical relationships. To verify
the possible signaling pathways presented here, further experi-
ments, such as analysis of phospho-transfer activity in vitro or
in vivo using yeast mutants, are currently under way.
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