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Abstract Cytokinins are plant hormones involved in the essen-
tial processes of plant growth and development. They bind with
receptors known as CRE1/WOL/AHK4, AHK2, and AHK3,
which possess histidine kinase activity. Recently, the sensor
domain cyclases/histidine kinases associated sensory extracellu-
lar (CHASE) was identified in those proteins but little is known
about its structure and interaction with ligands. Distant homology
detection methods developed in our laboratory and molecular
phylogeny enabled the prediction of the structure of the CHASE
domain as similar to the photoactive yellow protein-like sensor
domain. We have identified the active site pocket and amino acids
that are involved in receptor–ligand interactions. We also show
that fold evolution of cytokinin receptors is very important for a
full understanding of the signal transduction mechanism in plants.
� 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Early studies of cytokinin receptor suggested that cytokinins

are recognized by proteins of the two component system [1].

First results indicated that overexpression of histidine kinase

CKI1 produces cytokinin-like effect in plant tissues [1]. Sub-

sequent experiments have shown that CKI1 is rather constitu-

tively active and normally expressed only in female

gametophytes [2]. The recent identification of CRE1 [3] – a

histidine kinase identical to AHK4 [4] and WOL [5] as the cy-

tokinin receptor ofArabidopsis thaliana – represents amilestone

in cytokinin research. The mutations that cause phenotype of

loss-of-function identified in CRE1 shed new light on the role of

cytokinins in plant development. Low cytokinin concentrations

were sufficient for complementation in the fission yeast and

Escherichia coli assays [6,7], indicating that the receptor is re-

sponsive to the cytokinins at physiological level.
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CRE1 is mapped to chromosome 2 and codes for a histidine

kinase gene. One predicted form of CRE1 is a 1057 amino acid

protein and the second form carries 23 additional amino acids

at the N-termini. An analysis of the predicted polypeptide

sequence reveals the histidine kinase domain on C terminus

followed by two receiver domains responsible for signal

transduction. N terminal 277 amino acids long domain is

suspected to bind ligands. It contains two predicted hydro-

phobic membrane spanning regions. Mutation of the threonine

278 in this domain is responsible for the loss of function [5].

Protein domains organization indicates that the cytokinin re-

ceptorprotein initiates intracellular phosphotransfer and it is a part

of two-component regulatory systems, which are common in pro-

karyotes, lower eukaryotes andplants [8].Thenameof the system is

derived from the standard configuration inbacteria,where a sensor

kinase directly activates the second component, a response regu-

lator, which regulates transcription of the target genes.

Recently, two independent groups of researchers identified

the sensor domain of the cytokinin receptor [9,10]. It was

named the cyclases/histidine kinases associated sensory ex-

tracellular (CHASE) domain because of its presence in di-

verse receptor-like proteins with histidine kinase and

nucleotide cyclase domains. The CHASE domain is an ex-

tracellular domain of 200–230 amino acids, which is found in

transmembrane receptors from bacteria, lower eukaryotes

and plants. The domain always occurs N-terminally in ex-

tracellular or periplasmic locations, followed by an intracel-

lular tail housing diverse enzymatic signaling domains such as

histidine kinase, adenyl cyclase, GGDEF-type nucleotide cy-

clase and EAL-type phosphodiesterase domains, as well as

non-enzymatic domains such periodic clock protein, aryl

hydrocarbon receptor and single-minded protein (PAS),

GAP, phosphohistidine and response 1regulatory domains.

The CHASE domain is predicted to bind diverse low mo-

lecular weight ligands, such as the cytokinin-like adenine

derivatives or peptides, and mediate signal transduction

through the respective receptors.

The CHASE has a predicted a + b fold, with two extended

helices on both boundaries and two central helices separated

by sheets. The termini are less conserved compared with the

central part of the domain. The central part contains strongly

conserved motifs.

Although the CHASE domain was characterized by the

mechanism of ligand binding, evolutionary relationships be-

tweenother sensingdomains remainsunrevealed.Using sensitive

distant homology detection methods and molecular modeling

show structural properties of CHASE with their ligands.
blished by Elsevier B.V. All rights reserved.
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Fig. 2. Molecular model of CRE1a receptor from A. thaliana docked
with (a) trans-zeatin, (b) kinetin. The yellow and red colors indicate
strands and helices, respectively. Ligand is colored in orange. The part
of the chain whose residues are at contact distance with ligand is
colored in blue. The visible side chain belongs to threonine 278 whose
mutation is responsible for loss of function.
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1.1. Structure prediction of the CHASE domain

Using standard methods such as BLAST, it is currently im-

possible to find homologs of the CHASE domain with known

structure. As shown before, sensing domains may become very

diverse during evolution [11,12] but still possess the same fold,

which sometimes can be detected using more sensitive tools.

Latest evaluation of fold recognition algorithms [13,14] shows

that the recently developed fully automatedmethods [15] greatly

increase the prediction sensitivity and accuracy.

We applied the gene relate sequence database (GRDB) [16]

to identify distant homologs of the CHASE domain. The

GRDB system contains the characteristic profiles computed

for many protein families collected from Pfam, cluster of or-

tholog groups, the protein data bank 7 (PDB7) and from other

genomic sources. The system facilitates the comparison of the

target family with about 100 000 other families, using the

Meta-BASIC [17] program. Meta-BASIC, unlike many other

methods used in fold recognition, does not require any infor-

mation about any native structure to draw the comparison.

We searched PDB database to find distant homologs with

known tertiary structure. The sequence of CRE1a protein

without extra amino acids at theN-terminuswas used as aquery.

Two related structures were found: the structure of the sensory

domain of fumarate sensorDcus fromE. coli (PDB code: IojgA)

and the structure of the periplasmic ligand-binding domain of

the kinase Cita sensor from Klebsiella pneumoniae (PDB code:

Ip0zA). Both proteins possess sensor kinase activity and are

parts of a two-component system [18,19] as is the CHASE do-

main. They are structurally classified as the PAS-like fold. These

results confirm the assumptions that the CHASE, the Ca2þ

channels and CHEmotaxis receptors (CACHE) and the PAS

domains are phylogenetically related [11]. Multiple sequence

alignment between the consensus sequence of the CHASE do-

main and the two families shows conservation of sequence pat-

terns and secondary structure despite the low amino acid

identity (Fig. 1). Molecular modeling and docking were per-

formed to examine thepossibility of ligandbinding. Information

about ligands bound to related proteinswas used as initial guide.

The structure of one of the homologs identified by GRDB

contained a ligand (Ip0zA). We performed additional database

search using the 3D-Hit program [20] to find structurally similar

domains in complex with ligands.

Using 1jogA structure as a query, we discovered two other

structures: regulatory segment of mouse 30, 50-cyclic nucleotide
phosphodiesterase (PDB code: 1mc0a) complexed with cyclic

guanosine monophosphate and a more diverse photoactive

yellow protein (PYP) bound with hydroxycinnamic (PDB code:

1.f98). Both of them bind ligand in a pocket in the same manner

that is shared among many PAS domains with some differences
Fig. 1. Alignment performed by GRDB. Predicted secondary structure of C
three dimensional structure. Helices are colored red, sheets in blue. 1jogA –
Dcus of E. coli, 1pOzA – sensor kinase cita. 1e4eA and 1ehiA – structures o
according to the chemical properties of the bound compound.

To discover the nature of such a variation, we performed mo-

lecularmodelingwith theMODELERprogram [21] ofCRE1on

the basis of the alignment generated by GRDB and performed

molecular docking of cytokinin compound to receptor.

To evaluate the local environment and inter-residue contacts

in model (Fig. 4), we used the Verify3D program [22]. The

Verify3D program provides assessment of structures on

the residue level, which enables the user to locate parts of the

protein that are likely to have the correct conformation or to

look for misfolded regions. The program uses information

about the local secondary structure, solvent accessibility and

the fraction of side-chain area that is covered by polar atoms.

We decided to take advantage of this feature and apply Ver-

ify3D to improve incorrectly folded model sections. The

alignment in regions poorly scored by Verify3D was corrected.

This idea of verification and correction of the model fragments

was successfully used by our group in critical assessment of

techniques for protein structure prediction 5 experiment [16].

We superimposed the model and related structures with their

ligand. As it is known, crel binds trans-zeatin [3,23]. We

manually docked the trans-zeatin molecule in the pocket in the

same manner as other ligands in their structures. The docked

ligand was entirely buried. None of its atoms is available

outside the protein. Molecular modeling confirms the impor-

tance of threonine 278. It is located at the entry of the sensing

pocket and is at a contact distance from ligand (Fig. 2). The

role of this amino acid in the function loss of the protein may
HASE domain agrees with secondary structure of proteins of known
sensory domain of the membraneous two-component fumarate sensor
f DD-alanine-DD-lactate ligase.



Table 1
Selected structures of sensing domains with their ligands detected by 3D-Hit as related to loga sorted by score

Domain 3D-Hit
score

PDB
code

Function Organism Ligand

CACHE 84.3 Ip0z Ca2þ channels and chemotaxis receptors K. pneumoniae Citrate anion
GAF 55.6 Imc0 cGMP phosphodiesterase, adenyl cyclase, FhlA domain M. musculus Cyclic guanosine

monophosphate
PAS/PYP 47.2 If98 Periodic clock protein, aryl hydrocarbon receptor and

single-minded protein/photoactive yellow protein
E. halophila 40-Hydroxycinnamic acid

Profiln 46.2 Ig5u monomeric actin binding H. brasiliensis Actin
ACT – IpsdAl Aspartate kinase–chorismate mutase–Tyr A E. coli Nicotinamide-adenine-

dinucleotide

CACHE, GAP, and PAS/PYP belong to PAS-like fold. Profilin is more diverged although related to PAS. ACT sensing domain in contrast is
diverged beyond recognition.

Fig. 3. Topological representation and fold evolution of PYP-like family. The cartoon representation of topology of selected related sensing domains
of: (a) Profilin; (b) PAS; (c) CACHE; (d) GAP; and (e) CHASE. The triangular symbols represent beta strand, circular symbols represent helices. The
direction information for strands is indicated by up and down pointing triangles. Common structural motif in all structures is circled red. Cartoons
were performed using the TOPS [28] program. Dendrogram is calculated using PRIDE [24] based on the measure of the degree of similarity between
proteins and shows distances between structurally diverged 3D structures. The evolutionary distant sensing domain ACT was used as an outgroup.
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be due to the ligand interaction or/and formation of entry to

the binding pocket.

Additional amino acids Arg 235, Asp 236, Glu 237,Leu 254,

Asp 255, Leu 277, Ser 276, His 288, and Gly 160 are in contact

with ligand and are highly conserved among all plant cytokinin

receptors (data not shown).
Because of the low sequence similarity between the proteins,

it is difficult to perform phylogenetic analysis. The evolution-

ary distance between domains may be approximated using

structural similarity. We analyzed the domains discovered by

the 3D-Hit program (Table 1) and the model of the CHASE

domain using the PRIDE server [24]. The server calculates



Fig. 4. Superimposition of model (pink) of crel receptor and template
structure 1jogA (yellow). The root mean square deviation between
structures is 2.4. The main differences between model and template are
in the loop regions.
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dendrogram, which shows how the structures are grouped by

their structure similarity. Calculations confirm that PAS-like

fold is the framework for CHASE as well as for PAS [25,26]

and GAP [27] domains. On the structural basis, CRE1 and

Imc0 are located on the same clade. This may indicate that

CACHE and GAP domains have common origin. Despite the

fact that crel is lacking in a strand (Fig. 3e), they are struc-

turally much more similar to one another than to other

members of PAS/PYP superfamily. The ligands (Cyclic gua-

nosine monophosphate and trans-zeatin) bound by both do-

mains are also structurally similar. CACHE, PAS/PYP and

Profilin form a separate branch, which indicates that these two

groups separated very early in the course of evolution.

It seems that most of the protein–ligand interaction is carried

out by a small number of closely related receptors which are

diverse in sequence due to the nature of ligands they bind, but

share a common structure. Moreover, relationships between

evolutionary distant ligand-protein sets may be detected using

sensitive tools. The description of receptor-associated ligand

binding domain helps in better understanding of cytokinin sig-

naling in plants, and also to understand the evolution of sig-

naling components.
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