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Synthetic urea derivatives such asN-phenyl-N′-(4-pyridyl)urea (4PU) andN-(2-chloro-4-pyridyl)-N′-
phenylurea (4PU30) have strong cytokinin activities. Using tritiated 4PU30 as a probe, we previously
established the presence of a cytokinin-specific binding protein (CSBP) of high affinity (Ka for 4PU305
431010 M21) in the soluble fraction of etiolated mung bean seedlings [Nagata, R., Kawachi, E., Hashi-
moto, Y. & Shudo, K. (1993)Biochem. Biophys. Res. Commun. 191, 5432549]. In this report, we purified
CSBP by the use of 4PU-Sepharose 4B, an affinity gel liganded with 4PU. We determined partial amino
acid sequences of CSBP and isolated its cDNA by reverse-transcription (RT) PCR. The cDNA encoded
a protein with a calculated molecular mass of17 kDa. A data base homology search revealed that CSBP
is a novel member of a major pollen allergen/pathogenesis-related protein family. Recombinant CSBP
was expressed inEscherichia coliand was confirmed to bind specifically to cytokinins.
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Cytokinins are plant growth hormones that control the prolif-
eration and differentiation of plants [1, 2]. Natural cytokinins
include purine analogues such as zeatin andN6-(∆2-isopentenyl)-
adenine, which exert potent and specific biological activities at
nanomolar concentrations. We have found a series of synthetic
urea derivatives with very potent cytokinin activity, such asN-
phenyl-N′-(4-pyridyl)urea (4PU) [3],N-(2-chloro-4-pyridyl)-N′-
phenylurea (4PU30, forchlorfenuron) [3] andN-(2,6-dichloro-4-
pyridyl)-N′-phenylurea (4PU1080) [4]. 4PU30 possesses activity
almost equivalent to that of natural purine-type cytokinins, while
4PU1080 possesses much stronger activity. In the tobacco callus
growth test, the optimum concentrations of 4PU, 4PU30 and
4PU1080 were 0.5µM, 4 nM and,1 nM, respectively [4]. At
first glance, the chemical structures of urea-type and purine-type
cytokinins are different. However, both urea-type and purine-
type cytokinin antagonists inhibited the biological responses of
both types of cytokinins [5], suggesting that both structural types
of cytokinins share a common molecular mechanism of action.
Lineweaver-Burk analysis of the inhibitory effects of these
antagonists and the quantitative structure/activity relationships
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[6] also suggested that urea-type and purine-type cytokinins
have a common site of action. However, despite the potent and
specific biological activities of these cytokinins, and the accu-
mulated data on the structure/activity relationships of a variety
of cytokinin structures, the molecular mechanisms of their bio-
logical actions have not been fully elucidated.

Various kinds of soluble cytokinin-binding proteins have
been found in various plant species using purine-type cyto-
kinins as probes [7214]. However, most of these proteins binds
potent cytokinins with association constants (Ka’s) of less than
108 M21, far less than the values expected from their effective
concentrations. Moreover, the binding activity of these purine-
type cytokinin-binding proteins toward urea-type cytokinins is
obscure. We have set the following criteria for a cytokinin-spe-
cific binding protein(s) : (a) a protein with specific binding activ-
ity for cytokinins, with association constants (Ka) that match the
effective concentrations, and (b) a protein which binds specifi-
cally to both purine- and urea-type cytokinins, as well as their
antagonists, in a mutually competitive manner. In order to search
for cytokinin-specific binding proteins meeting these criteria, we
prepared tritiated 4PU30 with a high specific radioactivity
(2.83 TBq/mol). Using this, as well as purine-type cytokinins,
we previously showed the presence of binding activity for
4PU30/purine-type cytokinins in the soluble fraction of etiolated
mung bean seedlings [15]. The association constants (Ka’s) were
of the order of10921010 M21 for both types of potent cytokinins
[15]. This binding was protease sensitive and subject to competi-
tion from many kinds of cytokinins of both types, but not cytoki-
nin ribosides or ineffective analogues, including adenine. These
results suggested the existence of a cytokinin-specific binding
protein (CSBP) which satisfies our criteria. The binding activity
was eluted as a single peak on HPLC with Mono Q, Superose
12 and phenyl Superose columns [15]. Thus, there seemed to be
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only one kind of CSBP in the soluble fraction. Its molecular
mass was estimated to be 21 kDa from the elution position on
Superose12 column chromatography [15].

In this study, we prepared an affinity gel liganded with 4PU
for affinity purification of CSBP. By the use of this affinity gel,
we purified CSBP until it could be identified as a band of
20 kDa in SDS/PAGE. We determined partial amino acid se-
quences of CSBP and isolated its cDNA by means of reverse-
transcriptase PCR (RT-PCR).

MATERIALS AND METHODS

Binding assay.Generally, assay was performed as described
previously [15], except that the concentrations of 4PU30 and
[3H]4PU30 were 200µM and 1 µM, respectively, in some ex-
periments.

Preparation of 4PU-Sepharose 4B.3-(N′-(4-Pyridyl)ure-
ido)benzoic acid was synthesized as follows. An aqueous solu-
tion of sodium nitrite (3.9 g/10 ml) was added dropwise to an
ice-cold solution of isonicotinic acid hydrazide (7.0 g in 70 ml
2 M HCl). The mixture was stirred for15 min, then neutralized
with potassium carbonate, and the resultant precipitate of iso-
nicotinic acid azide was collected by filtration. The azide was
dissolved in benzene, and the solution was dried over anhydrous
sodium sulfonate, then 7.0 g of 3-aminobenzoic acid was added
to it. The mixture was refluxed for 3 h, then cooled to afford 3-
(N′-(4-pyridyl)ureido)benzoic acid as a precipitate, which was
collected by filtration (6.22 g). The collected precipitate was
purified by recrystallization from aqueous HCl (pH1) to give
colorless needles [melting point 2242226°C; infrared (KBr) :
3250, 2820,1718, 1638, 1613, 1568, 1506 cm21; 1H-NMR (d6-
dimethylsulfoxide, 400 MHz,δ) : 7.42 (dd,J 5 9 Hz, 8 Hz,1H),
7.46 (d, J 5 6 Hz, 2H), 7.59 (d,J 5 8 Hz, 1H), 7.65 (d,J 5
9 Hz, 1H), 8.14 (s, 1H), 8.37 (d,J 5 6 Hz, 2H), 9.26 (s,1H),
9.35 (s,1H), 12.6 (s,1H)]. 3-(N′-(4-Pyridyl)ureido)benzoic acid
thus obtained (1.10 g) was dissolved in 800 ml 50% (by vol.)
ethylene glycol in aqueous HCl (pH 4.5) by heating in boiling
water. To this solution, 20 ml10.1% (mass/vol.)N-ethyl-N′-(3-
dimethylaminopropyl)carbodiimide hydrochloride in aqueous
HCl (pH 4.5) and 45 ml washed EAH Sepharose 4B were added,
and the coupling reaction was carried out with shaking at room
temperature for16 h. After the reaction, the gel was washed
successively with 500 ml 50% ethylene glycol in aqueous HCl
(pH 4.5), aqueous HCl (pH 4.5), 0.1M NaOH and deionized
water. The gel was further washed three times with 250 ml
0.5 M NaCl in 0.1 M sodium acetate, pH 4.0, and 0.5 M NaCl
in 0.1 M Tris/HCl, pH 8.0.

Preparation of whole cell extract. Batches (each about
7 kg) of washed 6-day-old etiolated mung bean seedlings were
homogenized in10 l 20 mM Tris/HCl, pH 8.0, containing
30 mM KCl, 10 mM 2-mercaptoethanol,1 mM EDTA and
1 mM phenylmethylsulfonyl fluoride, using a Robot-coupe cut-
ting mixer of 30 l scale (R-40B, TK Food Machinery, Inc.). This
was performed14 times on a total of 95 kg etiolated seedlings.
Powdered cellulose (KC-flock W-50, Nippon Paper Industries
Co.) was added to the homogenates as a filter aid at a final
concentration of 2% (mass/vol.) and the solution was filtered
through a filter pad (NA-050, Advantec) coated with KC-flock
using a pressure module (18-D-4, Nissen Co.). The filtrate was
centrifuged at15000 rpm (50260 l/h) at room temperature
(JA-Q2543-O-3H, Penwalt Co.). The supernatant was further
centrifuged at 8000 rpm for 30 min at 4°C (Himac 20 and R-
10A rotor, Hitachi Co.). The supernatant thus obtained was fil-
tered through a mixed cellulose ester membrane filter (MF-
Millipore; 0.8µM pore size). This filtrate (whole cell extract)

was concentrated to10 l by ultrafiltration with a hollow fiber
cartridge (H10P10, Amicon) and the concentrate was again
centrifuged at 8000 rpm for 30 min at 4°C (Himac 20 and R-
10A rotor, Hitachi Co.) to afford a final supernatant (concen-
trated whole cell extract).

Purification of CSBP. The concentrated whole cell extract
was applied to a column of Q-Sepharose Fast Flow (bed volume
3 l) equilibrated with10 mM 2-mercaptoethanol ; 20 mM Tris/
HCl, pH 8.0. Adsorbed materials were eluted with 0.3 M NaCl
in the same buffer and fractionated. Each fraction was assayed
for cytokinin-specific binding activity. The active fractions were
collected and phenylmethylsulfonyl fluoride at a final concentra-
tion of 1 mM was added to the fractions. The active fractions
were concentrated to 250 ml by ultrafiltration (H10P10, Ami-
con) and the solution was stocked in280°C until use. The con-
centrated solution was incubated with 4PU-Sepharose 4B affin-
ity gel in the presence of 2.5% (by vol.) dimethyl sulfoxide for
more than1 hour at 6210°C with shaking (50 rpm). The pro-
tein/gel volume ratio was adjusted to 2.60262.4 mg/20µl. After
the incubation, the gel was washed three times with 20 mM Tris/
HCl, pH 8.0, containing 0.6 M NaCl and 2.5% dimethyl sulfox-
ide. Bound proteins were eluted by incubation with SDS sample
buffer for 20 min. For the determination of binding specificity,
incubation with 4PU-Sepharose 4B was done in the presence
of various competitive reagents at the concentration of 200µM
(except 4PU80: 20µM). These reagents were also added to the
washing solution at the same concentration. For further purifica-
tion, the 4PU-Sepharose 4B eluate was applied to a Mini Prep
CellTM. The acrylamide content was 4% for the stacking gel
(2.5 cm), and14% for the separating gel (5.0 cm). Electrophore-
sis was performed at a constant voltage of 200 V. Elution was
monitored by measuring the ultraviolet absorbance at 280 nm,
and the eluate was fractionated. Each fraction was analyzed by
SDS/PAGE and finally, a fraction containing a 20-kDa protein,
was obtained.

Electrophoresis. Electrophoresis on SDS/polyacrylamide
slab gels was carried out by the method of Laemmli [16] using
Ready Gel J (10220%, Bio-Rad). Samples were denatured by
heating them for 20 min at 75°C in 1% SDS and 2% 2-mercap-
toethanol. After electrophoresis, the gels were stained by the
method of Fairbanks et al. [17].

Determination of amino acid sequences of partial pep-
tides from CSBP.CSBP purified by the Mini Prep CellTM was
concentrated and separated on a14% SDS/PAGE gel. The pro-
tein band was excised with a laser and digested with lysyl endo-
peptidase (Achromobacterprotease I, Wako Chem.) in 0.1M
Tris buffer, pH 9.0, containing 4 M urea at 37°C for 16 h. The
resulting peptides were separated by reverse-phase HPLC using
a SMART system (Pharmacia Biotech) equipped with aµRPC
C2/C18 column (100 mm32.1mm internal diameter, Pharmacia
Biotech). The column was developed (0.1ml/min) with a linear
gradient from1% to 60% (0.67% increase/min) acetonitrile in
H2O, containing 0.065% trifluoroacetic acid. Peptides were frac-
tionated and collected for amino acid sequence analysis by auto-
mated Edman sequencing using a model PPSQ-10 protein se-
quencer (Shimadzu) according to the standard protocols recom-
mended by the supplier.

Isolation of CSBP cDNA.CSBP cDNA was isolated by RT-
PCR. mRNA was extracted from 3-day-old etiolated mung bean
seedlings using a QuickPrep Micro mRNA Purification Kit
(Pharmacia Biotech). First, we amplified a DNA fragment by
means of the 3′ RACE method as follows. Reverse transcription
was performed using this mRNA as a template and the synthetic
nucleotide 5′-AACTGGAAGAATTCGCGGCCGCAGGAAT18-3′
as a reverse transcription primer (Ready · To · Go T-primed
First-Strand Kit; Pharmacia Biotech). PCR was done using this
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Fig. 1. Preparation of 4PU-Sepharose.(A) Structure of 4PU and 4PU30. In [3H]4PU30, tritium was introduced at the positions indicated by
asterisks. (B) Scheme of preparation of 4PU-Sepharose 4B. 3-(N′-(4-Pyridyl)ureido)benzoic acid was synthesized and coupled to EAH-Sepharose
4B.

first-strand cDNA as a template. As primers for first amplifica-
tion, 5′-ATHTCITAYGAYCAYGAYTCIGAYATHGA-3 ′ (de-
signed based on the partial peptide ISYDHDSDIEEK) and 5′-
TGGAAGAATTCGCGGCCGCAG-3′ (corresponding to a part
of the reverse transcription primer) were used. For nested ampli-
fication, 5′-TAYGAYCAYGAYTCIGAYATHGARGARAA-3 ′
(designed based on the same partial peptide) and 5′-TGGAA-
GAATTCGCGGCCGCAG-3′ (the same as shown above) were
used. The amplified DNA fragment was cloned with a TA clon-
ing kit (Invitrogen) and sequenced. This DNA fragment encoded
the carboxy-terminal region of the 20-kDa protein. Based on the
determined nucleotide sequence, we further extended the cDNA
in the 5′-upstream direction by means of the 5′ RACE method
as follows. Double-stranded cDNA was synthesized using a
TimeSaver cDNA Synthesis Kit (Pharmacia Biotech) and the
Marathon cDNA adaptor was ligated to it [MarathonTM cDNA
Amplification Kit (Clonetech, USA)]. PCR was done using this
double-stranded cDNA as a template. For first amplification,
Marathon adaptor primer1 and 5′-TCAAGCAGAGCCATTC-
GACAAGTATCTTTC-3′ (corresponding to the amino acid se-
quence ERYLSNGSA at the carboxy-terminus of the 20-kDa
protein) were used. For nested amplification, Marathon adaptor
primer 1 and 5′-TAGACGCCTAAGATACATTAAAGTGGAC-
TGTG-3′ (corresponding to the amino acid sequence SQSTLM-
YLRRL in the carboxy-terminus of the 20-kDa protein) were
used. The amplified DNA fragment was cloned and sequenced.
DNA sequencing was done by the dideoxy chain termination
method of Sanger et al. [18] using an ABI 373A DNA sequencer
with a Taq DyeDeoxy terminator cycle sequencing kit (Applied
Biosystems). The nucleotide sequences of both strands were de-
termined.

Isolation of CSBP genomic DNA.Genomic DNA of CSBP
was isolated by an inverse PCR method [19, 20] as follows.
Genomic DNA was extracted from etiolated mung bean seed-
lings by the method of Murray and Thompson [21]. This geno-
mic DNA was digested withBamHI, BglII, HindIII, KpnI, SacI,
NcoI, NheI (Boehringer Mannheim) orPstI (Takara Shuzo Co.).
Each digest was self-ligated by T4 DNA ligase (Takara Shuzo
Co.). PCR was done using these genomic DNA fragments as
templates. Primers used were 5′-GGAACCACTGTTAT-
GAAATCCTTAGATAGCAC-3′ and 5′-TCTCTTACGACCAT-
GATTCCGACATAGAAG-3′. The amplified DNA fragment
was cloned and sequenced.

Preparation of recombinant CSBP fused with glutathione
S-transferase (GST). The open reading frame of CSBP was
amplified by PCR using 5′-CGGGATCCCATATGGTAAAG-
GAATTCAACACCCAAAC-3′ and 5′-CCGCTCGAGTCAAG-
CAGAGCCATTCGACAAGTATCTTTC-3′. The former and lat-
ter primers contain aBamHI site and aXhoI site, respectively.
The amplified DNA fragment was double-digested withBamHI
andXhoI and ligated into the pGEX-4T3 vector (Pharmacia Bio-
tech), which was also double-digested withBamHI and XhoI.
This construct was cloned and transformed intoEscherichia coli
strain BL21(DE3) LysS (Novagen). After induction of expres-
sion with isopropyl-β-D-thiogalactopyranoside, bacteria were re-
covered and lysed by sonication. The supernatant of centrifuga-
tion at 17 0003g was subjected to binding assay.

RESULTS

Purification of CSBP. For the preliminary study, we attempted
to purify CSBP from whole cell extract prepared from1 kg etio-
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Fig. 2. SDS/PAGE analysis of proteins bound to 4PU-Sepharose 4B
in the presence of various competitors.The eluate from Q-Sepharose
Fast Flow was incubated with 4PU-Sepharose 4B in the presence of
various cytokinins and related compounds. Proteins bound to 4PU-Se-
pharose 4B were eluted with SDS sample buffer and analyzed by SDS/
PAGE (stained with Coomassie brilliant blue). Lane1, applied sample;
lane 2, eluate from Sepharose 4B (base gel without affinity ligand, as
control) ; lanes 3216, eluate from 4PU-Sepharose 4B. Competitors
were: lane 3, without competitor; lane 4, 4PU; lane 5, 4PU30; lane 6,
4PU1080; lane 7,N,N′-diphenylurea; lane 8, thidiazuron [28]; lane 9,
adenine ; lane10, zeatin; lane11, N′-benzyladenine; lane12, N6-(∆2-
isopentenyl)adenine; lane13, kinetin (N6-furfuryladenine); lane14,
zeatin riboside; lane15, N6-benzyladenine riboside; lane16, N6-(∆2-
isopentenyl)adenine riboside. The position of the 20-kDa protein is
shown by an arrowhead. Molecular-mass markers are also shown (values
in kDa).

lated mung been seedlings by means of a combination of colunm
chromatographies, including Q-Sepharose Fast Flow, Butyl-
Toyopearl, Mono Q, Superose HR and Heparin column chroma-
tographies, because these columns were shown to be effective
in our previous studies [15]. By this method, CSBP could be
purified approximately 200-fold, but the recovery after these
steps was as low as 0.5%. This seemed insufficient for further
purification, because the content of CSBP in the seedlings is
very low [15].

Therefore, we improved the purification procedures in two
respects. First, we increased the amount of starting materials to
100 kg. Second, to simplify the purification, we adopted affinity
chromatography using 4PU as an affinity ligand (Fig.1).

Whole cell extract from100 kg etiolated seedlings was ap-
plied to a Q-Sepharose Fast Flow column and the binding activ-
ity was recovered by stepwise elution. The pooled active fraction
was incubated with the 4PU-Sepharose 4B affinity gel, resulting
in quantitative absorption of the binding activity on the gel. The
eluate from the affinity gel contained several kinds of proteins
(lane 3 in Fig. 2). Of these proteins, only a protein of 20 kDa
seemed to bind specifically, because the binding of this 20-kDa
protein was subject to competition by both urea-type cytokinins
(lanes 428 in Fig. 2) and purine-type cytokinins (lanes10213
in Fig. 2), but not by cytokinin ribosides or adenine (lanes142
16 and lane 9, respectively, in Fig. 2). The pattern of competition

Table 1. Summary of purification of CSBP.At the steps of whole cell extract, concentrated whole cell extract and Q-Sepharose Fast Flow, binding
assay was performed. Amount of CSBP was determined as the amount of [3H]4PU30 specifically bound to CSBP, assuming that binding ratio is
1/1 in 4PU30/CSBP complex. At the steps of 4PU-Sepharose 4B and Mini Prep Cell, binding assay was not performed because proteins recovered
in these steps were denatured with SDS (see Procedures). In these steps, amount of CSBP was determined as the amount of 20-kD aprotein. Specific
content was defined as (amount of CSBP)/(amount of total protein) in any step.

Step Protein Amount of CSBP Recovery Specific content Purification

g nmol % fmol/mg -fold

Whole cell extract (WCE) 184 16.8 100 91.1 1.0
Concentrated WCE 122 14.4 86 118 1.3
Q-Sepharose Fast Flow 27.8 13.2 79 475 5.2
4PU-Sepharose 4B 0.00570 2.77 17 486000 5 300
Mini Prep Cell 0.0000205 1.03 6 50 200000 551000

Fig. 3. SDS/PAGE analysis of purified CSBP.CSBP eluted from the
Mini Prep Cell was analyzed by SDS/PAGE (stained with Coomassie
brilliant blue). The position corresponding to 20 kDa is shown by an
arrowhead. Molecular-mass markers are also shown (values in kDa).

precisely coincided with the result of binding assay previously
performed using whole cell extract and [3H]4PU30 [15]. This
was not the case for the other proteins bound by the affinity gel.
For example (Fig. 2, lane 7), the binding of the 20-kDa protein
was blocked byN,N′-diphenylurea, whereas that of other pro-
teins was not. Moreover, the molecular mass of the protein is
consistent with the value of 21 kDa, previously predicted for
CSBP on the basis of Superose-12 column chromatography un-
der nondenaturing conditions. Thus, we concluded this 20-kDa
protein to be the cytokinin-specific binding protein (CSBP).

For determination of the amino acid sequence of this 20-kDa
protein, we further purified it using a Mini Prep Cell (Fig. 3).
We finally obtained 20µg 20-kDa protein (Table1).

Isolation of cDNA for CSBP. The purified 20-kDa protein was
digested with lysyl endopeptidase, and the amino acid sequences
of three partial peptides were determined. The determined se-
quences were ISYDHDSDIEEK, VLPHIVK and XVXXIEGD-
GGV (X could not be unequivocally determined). Based on
these amino acid sequences, we designed several degenerate oli-
gonucleotide primers for RT-PCR analysis. Using primers corre-
sponding to the peptide ISYDHDSDIEEK and a portion of the
reverse-transcription primer, we succeeded in amplifying a DNA
fragment which seemed to encode the carboxy-terminal region
of 20-kDa protein. We further extended this cDNA in the 5′-
upstream direction, using the 5′ RACE method. 26 indepen-
dently amplified PCR products showed similar nucleotide
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Fig. 4. Nucleotide sequence of the CSBP gene.(A) Nucleotide sequence of CSBP cDNA and the deduced amino acid sequence. Underlines, partial
peptides from CSBP; asterisk, translation termination codon; open letters, short repetitive sequences which are also shown in (B). (C) Nucleotide
sequence of CSBP genomic DNA. The regions 5′-upstream and 3′-downstream of the protein coding region were amplified and sequenced. The
regions in black-back correspond to the 5′- and 3′-terminal regions of CSBP cDNA. Deduced amino acid sequences are shown below. In-frame
stop codons, putative TATA boxes and poly adenylation signals are framed. Nucleotides are numbered continuously, with the positions of the 5′-
and 3′-termini of the protein coding region as12 and 476, respectively.
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Fig. 5. Comparison of the amino acid sequence of CSBP with those of major pollen allergens and pathogenesis-related proteins from various
species.(A) The amino acid sequence of CSBP is aligned with those of major pollen allergens and pathogenesis-related proteins from kidney bean
[29], soybean [30], chickpea (pir: S47140), garden pea [31], European hazel [32], European white birch [33], apple [34], potato [35], parsley [36],
celery [37], and garden asparagus [38]. Amino acid residues conserved in more than four proteins are shown in black-back. Gaps have been
introduced to obtain maximal sequence similarity. (B) Proteins shown in (A) were phylogenetically analyzed based on their sequence similarity
using the UPGMA method [39]. Numbers denote genetic distances.

lengths. The nucleotide sequence and deduced amino acid se-
quence of the longest cDNA are shown in Fig. 4A.

The protein encoded by this cDNA contained all three partial
peptides from the 20-kDa protein. Thus, we concluded that this
cDNA encoded the 20-kDa protein, i.e. CSBP. We confirmed
that a pair of primers designed based on the 5′- and 3′-termini
could amplify the sequence in Fig. 4A, and the sequences ob-
tained in two independent amplifications were identical.

A data base homology search revealed that the 20-kDa pro-
tein is a novel member of a major pollen allergen/pathogenesis-
related protein family (Fig. 5A). In this family, not only amino
acid sequences, but also lengths of peptides are well conserved.
The most upstream methionine residue detected in CSBP
(Fig. 4A) corresponds to the initiating methionine residue of the
others (Fig. 5A), so this methionine residue seems to be the ini-
tiating methionine of CSBP, although the cDNA contained no
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Fig. 6. Hydropathy profiles of CSBP.The distribution of hydrophobic
and hydrophilic domains of CSBP was analyzed by the method of Kyte
and Doolittle [40]. The span number used for averaging was13. The
numbers of amino acid residues are shown at the bottom of the panel.
Hydrophobic and hydrophilic portions are plotted above and below the
central horizontal line, respectively.

in-frame stop codon upstream of the methionine residue
(Fig. 4A). If this is the initiating methionine residue, the protein
encoded by the cDNA consists of155 amino acid residues. The
calculated molecular mass of the protein is17 kDa which is
compatible with the observed value of 20 kDa.

Although CSBP is a member of the above-mentioned protein
family, the degree of similarity is not high. In phylogenetic
analysis, CSBP is distant even from its counterparts from bean
species (Fig. 5B). Two pairs of short repetitive sequences were
also found in the 20-kDa protein (Fig. 4A, B). The hydropathy
profile showed that the 20-kDa protein contains no amino-termi-
nal signal sequence or obvious transmembrane domains (Fig. 6).
This provides support for the idea that the 20-kDa protein is a
soluble intracellular protein.

We noticed that the sequence of the obtained cDNA seems
not to contain a true poly(A) tail. Although a poly(A) sequence
was detected at the 3′-terminus of the cDNA, this poly(A) was
almost adjacent to the translation termination codon at the 3′-
terminal and no poly-adenylation signal was found (Fig. 4A).
We performed amplification from two independent reverse tran-
scripts, but the products had identical sequences in their 3′-ter-
mini.

To obtain information about the 5′- and 3′-untranslated re-
gions of CSBP cDNA, we determined the genomic sequences 5′
upstream and 3′ downstream of the coding region. In the 5′-
upstream region, a stop codon was detected13 bp upstream of
the region corresponding to the 5′-terminal of the cDNA
(Fig. 4C). Unless there is an intron-exon junction in this13-bp
region, this stop codon is located in-frame and the most up-
stream methionine residue (Fig. 4A) is the initiating methionine.
Two TATAAT sequences were found at positions2271 and
2179 (Fig. 4C). In the 3′-downstream region, the sequence
AGAAAAAAA was detected just after the 3′-terminal stop co-
don. Probably, reverse transcription started at this AGAAAA-
AAA on mRNA. Two AATAAA sequences were found at posi-
tions 747 and 842 (Fig. 4C). These may be poly-adenylation
signal(s). An intron(s) seems to be located in the genome region
corresponding to the open reading frame (data not shown) sug-
gesting that the above-mentioned RT-PCR products were not de-
rived from contaminating genomic DNA.

We attempted to extend the cDNA further upstream, but
without success. Taking into account that the nucleotide length
of the RT-PCR product is only about 500 bp, the 5′-terminal end
of the RT-PCR product (Fig. 4A) may be the 5′-terminal end of
the mRNA.

Fig. 7. Binding of recombinant CSBP and 4PU30.(A) Lysate of anE.
coli strain transformed with GST-CSBP or the non-transformed host
strain was incubated with1 µM [ 3H]4PU30 in the presence or absence
of 200µM 4PU30 (non-labeled). The amount of bacterial lysate was
40µg (protein amount) in each 200µl incubation mixture. Specific bind-
ing 5 (amount of [3H]4PU30 bound in the absence of 200µM 4PU30)2
(amount of [3H]4PU30 bound in the presence of 200µM 4PU30). (B)
The association constant (Ka) was determined by Scatchard analysis of
[3H]4PU30/GST-CSBP complex. Lysate ofE. coli strain carrying GST-
CSBP was incubated with various amounts of [3H]4PU30. The amount
of lysate was 24µg as protein in each 200µl incubation mixture. Cb,
concentration of bound [3H]4PU30; Cf, concentration of free [3H]4PU30.
Only high affinity binding is shown.

Cytokinin binding activity of recombinant CSBP. To confirm
that the protein encoded by this cDNA indeed binds to cytoki-
nin, we prepared the recombinant 20-kDa protein, and its bind-
ing activity was tested. The recombinant protein was designed
as a fusion protein with GST so as to be expressed efficiently
in soluble form. The lysate of theE. coli strain expressing re-
combinant CSBP showed specific binding (Fig. 7A), while that
of the host strain showed no specific binding. The binding affin-
ity was estimated by Scatchard analysis (Fig. 7B), giving an as-
sociation constant (Ka) of 53109 M21, which is consistent with
the Ka value of native CSBP [15]. We also tested the binding
specificity usingN6-(∆2-isopentenyl)adenine andN6-benzylade-
nine as competitors. As was the case for native CSBP, binding
was subject to competition from both of these purine-type cyto-
kinins, but not adenine orN6-(∆2-isopentenyl)adenine riboside
(Table 2).
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Table 2. Inhibition of cytokinin-specific binding of recombinant
CSBP by various compounds.Lysate ofE. coli strain carrying GST-
CSBP was incubated with1 µM [ 3H]4PU30 in the presence of 200µM
N6-benzyladenine [13], N6-(∆2-isopentenyl)adenine,N6-(∆2-isopente-
nyl)adenine riboside, or adenine. Total (100%) cytokinin-specific bind-
ing 5 (amount of [3H]4PU30 bound in the absence of other added com-
pounds)2 (amount of [3H]4PU30 bound in the presence of 200µM
4PU30).

Compound Inhibition of specific binding

%

Benzyladenine 28.6
Isopentenyladenine 34.2
Isopentenyladenine riboside not observed
Adenine not observed

DISCUSSION

We have established that a series ofN-phenyl-N′-(4-pyridyl)-
urea derivatives possesses potent cytokinin activity [3, 4]. Using
4PU30, a member of this series, we detected a high-affinity
binding site for cytokinin in the soluble fraction of etiolated
mung bean seedlings [15]. This binding site appeared to be lo-
cated on a protein with an apparent molecular mass of 21 kDa
[15]. We designated this putative protein as CSBP, cytokinin-
specific binding protein.

In this study, we purified the protein from the soluble frac-
tion using a 4PU-coupled affinity gel. The binding specificity of
the protein to the gel precisely corresponded to the result of
binding assay using [3H]4PU30 as a ligand. Moreover, the mo-
lecular mass of the protein was 20 kDa, which is almost equal
to the apparent molecular mass found previously, strongly sug-
gesting that this protein is responsible for the major cytokinin
binding activity initially detected. We concluded that this
20-kDa protein is CSBP.

Although urea-type and purine-type cytokinins are structur-
ally different, their binding site is thought to be common. Based
on calculations of the quantitative structure/activity relation-
ships, Iwamura et al. [6] suggested that both types of cytokinins
and cytokinin antagonists bind to a common site. They proposed
a model of the cytokinin binding site [22]. CSBP probably con-
tains the common binding site, since there was mutual competi-
tion for binding to CSBP by both types of cytokinins. Thus,
taking into account that cytokinin-binding activity was originally
detected as a single peak, our CSBP seems to contain the only
specific cytokinin-binding site in the soluble fraction.

The affinity chromatography using 4PU-Sepharose 4B was
highly effective for the purification of CSBP. In designing the
affinity gel, we considered the steric hindrance to ligand-protein
interaction caused by the spacer. For this, the receptor map [22]
was valuable. Fitting the structures of urea-type cytokinins to
the map showed that steric hindrance could be avoided if a
spacer was bound at themeta-position of the phenyl ring in urea-
type cytokinins. So, we coupled the spacer to urea-type cytoki-
nins at themeta-position. First, we prepared affinity gels using
DPU, 4PU and 4PU30. In affinity column chromatography, the
efficiency of absorption of the cytokinin-binding activity of the
gels liganded with 4PU and 4PU30 was much higher than that
of the gel liganded with DPU. The adsorbed binding activity
could be eluted by 4PU30, but not by122 M NaCl. The elution
efficiency was better in the case of the affinity gel liganded with
4PU than the affinity gel liganded with 4PU30. These data (not
shown in this report) mean that binding was ligand-dependent
and the affinity decreased in the order of 4PU30> 4PU .

DPU. This order is consistent with those in binding assay and
bioassay for cytokinin activities.

We determined the amino acid sequence of the protein,
which indicated that CSBP is a novel member of a major pollen
allergen/pathogenesis-related protein family, though the se-
quence similarity is not so high. Thus, the 20-kDa protein may
not simply be a homologue of these proteins, but rather a distant
relative of them. Although various cytokinin-binding proteins
have been reported, most of them remain to be identified [72
14, 23, 24]. As identified cytokinin-binding proteins, only ribo-
some andS-adenosyl-L-homocysteine hydrolase are known [25,
26]. Of the reported cytokinin-binding proteins, ours seems to
have the highest affinity for cytokinins.

However, the function of the CSBP is still unknown. As with
signal transducers, CSBP has a high affinity, and its content is
low. But CSBP does not resemble known signal transducers or
regulators. Recently, a membrane-spanning histidine kinase was
reported as a candidate for a functional cytokinin receptor [27].
This protein was implicated in cytokinin signal transduction, be-
causeArabidopsiscalli overexpressing this kinase develop in
the absence of cytokinin. This kinase is similar to the receptor
of ethylene. Binding analysis of this protein and cytokinins, in-
cluding 4PU30, is in progress. However unlike this protein,
CSBP appears to be an intracellular protein. Further studies are
needed to elucidate the biological function of CSBP, for exam-
ple, by preparing transgenic plants.
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