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Synthetic urea derivatives such MphenylN'-(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 afitpr( 4PU30=
4x10°M~1") in the soluble fraction of etiolated mung bean seedlings [Nagata, R., Kawachi, E., Hashi-
moto, Y. & Shudo, K. (993)Biochem. Biophys. Res. Commun. 1843—549]. 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 massi@fkDa. 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 iEscherichia coliand was confirmed to bind specifically to cytokinins.

Keywords :cytokinin; binding protein; purification; cDNA cloning; recombinant protein.

Cytokinins are plant growth hormones that control the proliff6] also suggested that urea-type and purine-type cytokinins
eration and differentiation of plantd,[ 2]. Natural cytokinins have a common site of action. However, despite the potent and
include purine analogues such as zeatin lfif12-isopentenyl)- specific biological activities of these cytokinins, and the accu-
adenine, which exert potent and specific biological activities atulated data on the structure/activity relationships of a variety
nanomolar concentrations. We have found a series of synthedifccytokinin structures, the molecular mechanisms of their bio-
urea derivatives with very potent cytokinin activity, suchMs logical actions have not been fully elucidated.
phenyIN'-(4-pyridyl)urea (4PU) [3]N-(2-chloro-4-pyridyl)N'- Various kinds of soluble cytokinin-binding proteins have
phenylurea (4PU30, forchlorfenuron) [3] ahd(2,6-dichloro-4- been found in various plant species using purine-type cyto-
pyridyl)-N'-phenylurea (4PW080) [4]. 4PU30 possesses activitykinins as probes [#14]. However, most of these proteins binds
almost equivalent to that of natural purine-type cytokinins, whilpotent cytokinins with association constankg’g) of less than
4PU1080 possesses much stronger activity. In the tobacco calll® M, far less than the values expected from their effective
growth test, the optimum concentrations of 4PU, 4PU30 armbncentrations. Moreover, the binding activity of these purine-
4PU1080 were 0.uM, 4 nM and <1 nM, respectively [4]. At type cytokinin-binding proteins toward urea-type cytokinins is
first glance, the chemical structures of urea-type and purine-typbscure. We have set the following criteria for a cytokinin-spe-
cytokinins are different. However, both urea-type and purineific binding protein(s): (a) a protein with specific binding activ-
type cytokinin antagonists inhibited the biological responses iy for cytokinins, with association constantsf that match the
both types of cytokinins [5], suggesting that both structural typesfective concentrations, and (b) a protein which binds specifi-
of cytokinins share a common molecular mechanism of actiocally to both purine- and urea-type cytokinins, as well as their
Lineweaver-Burk analysis of the inhibitory effects of thesantagonists, in a mutually competitive manner. In order to search
antagonists and the quantitative structure/activity relationshifie cytokinin-specific binding proteins meeting these criteria, we
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Biosciences, University of Tokyol-1-1 Yayoi, Bunkyo-ku, Tokyo, (2.83 TBg/mol). Using this, as well as purine-type cytokinins,

Japan113-0032 we previously showed the presence of binding activity for
Fax: +81 3 5684 8629. 4PU30/purine-type cytokinins in the soluble fraction of etiolated
E-mail: hashimot@imcbns.iam.u-tokyo.ac.jp mung bean seedling$]. The association constants,6) were

Abbreviations. 4PU, N-phenylN'-(4-pyridyljurea; 4PU30,N-(2-  of the order oft0°—10" M~ for both types of potent cytokinins
chloro-4-pyridyl)N'-phenylurea; RT-PCR, reverse transcription-poly{15]. This binding was protease sensitive and subject to competi-
merase chain reaction; GST, glutathidgh&ransferase; WCE, whole cell tion from many kinds of cytokinins of both types, but not cytoki-

extract; DPUNN"-diphenylurea, o nin ribosides or ineffective analogues, including adenine. These
Note.The novel nucleotide sequence data reported in this paper have

been submitted to the DDBJ/EMBL/GenBank nucleotide sequence dafg-su“_s suggested _the eX!St_ence of a CYtOk'n'n'S_pep'f'C blr_lc_llng
bases and are available under accession numbers2288, AB012219  Protein (CSBP) which satisfies our criteria. The binding activity
and AB012220. Y. Fujimoto and R. Nagata contributed equally to thigvas eluted as a single peak on HPLC with Mono Q, Superose
publication. 12 and phenyl Superose columni$]. Thus, there seemed to be
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only one kind of CSBP in the soluble fraction. Its moleculawas concentrated td0 | by ultrafiltration with a hollow fiber
mass was estimated to bé RDa from the elution position on cartridge (HOP10, Amicon) and the concentrate was again
Superosel 2 column chromatographyi §]. centrifuged at 8000 rpm for 30 min af@ (Himac 20 and R-
In this study, we prepared an affinity gel liganded with 4PUOA rotor, Hitachi Co.) to afford a final supernatant (concen-
for affinity purification of CSBP. By the use of this affinity gel, trated whole cell extract).
we purified CSBP until it could be identified as a band of Purification of CSBP. The concentrated whole cell extract
20 kDa in SDS/PAGE. We determined partial amino acid sevas applied to a column of Q-Sepharose Fast Flow (bed volume
guences of CSBP and isolated its cDNA by means of reversg{) equilibrated with10 mM 2-mercaptoethanol; 20 mM Tris/
transcriptase PCR (RT-PCR). HCI, 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-
MATERIALS AND METHODS tion of 1 mM was added to the fractions. The active fractions
Binding assay.Generally, assay was performed as describetlere concentrated to 250 ml by ultrafiltration {6P10, Ami-
previously [15], except that the concentrations of 4PU30 andon) and the solution was stocked-t80°C until use. The con-
[*H]4PU30 were 20QuM and 1 puM, respectively, in some ex- centrated solution was incubated with 4PU-Sepharose 4B affin-
periments. ity gel in the presence of 2.5% (by vol.) dimethyl sulfoxide for
Preparation of 4PU-Sepharose 4B.3-(N'-(4-Pyridyl)ure- more thanl hour at 6-10°C with shaking (50 rpm). The pro-
ido)benzoic acid was synthesized as follows. An aqueous sotein/gel volume ratio was adjusted to 2:662.4 mg/2Qul. After
tion of sodium nitrite (3.9 g/0 ml) was added dropwise to anthe incubation, the gel was washed three times with 20 mM Tris/
ice-cold solution of isonicotinic acid hydrazide (7.0 g in 70 mHCI, pH 8.0, containing 0.6 M NaCl and 2.5% dimethyl sulfox-
2 M HCI). The mixture was stirred fot5 min, then neutralized ide. Bound proteins were eluted by incubation with SDS sample
with potassium carbonate, and the resultant precipitate of idmdffer for 20 min. For the determination of binding specificity,
nicotinic acid azide was collected by filtration. The azide wamcubation with 4PU-Sepharose 4B was done in the presence
dissolved in benzene, and the solution was dried over anhydrafsvarious competitive reagents at the concentration of 200
sodium sulfonate, then 7.0 g of 3-aminobenzoic acid was add@kcept 4PU8B0: 2@M). These reagents were also added to the
to it. The mixture was refluxed for 3 h, then cooled to afford 3washing solution at the same concentration. For further purifica-
(N'-(4-pyridyl)ureido)benzoic acid as a precipitate, which wason, the 4PU-Sepharose 4B eluate was applied to a Mini Prep
collected by filtration (6.22 g). The collected precipitate wa€ell™. The acrylamide content was 4% for the stacking gel
purified by recrystallization from aqueous HCI (phl to give (2.5 cm), andi4% for the separating gel (5.0 cm). Electrophore-
colorless needles [melting point 22226°C; infrared (KBr): sis was performed at a constant voltage of 200 V. Elution was
3250, 2820,1718, 1638, 1613, 1568, 1506 cn1'; 'H-NMR (d- monitored by measuring the ultraviolet absorbance at 280 nm,
dimethylsulfoxide, 400 MHz)): 7.42 (dd,J = 9 Hz, 8 Hz,1H), and the eluate was fractionated. Each fraction was analyzed by
7.46 (d,J= 6 Hz, 2H), 7.59 (d,J =8 Hz, 1H), 7.65 (d,J=  SDS/PAGE and finally, a fraction containing a 20-kDa protein,
9 Hz, 1H), 8.14 (s, 1H), 8.37 (d,J = 6 Hz, 2H), 9.26 (s,1H), was obtained.
9.35 (s,1H), 12.6 (s, 1H)]. 3-(N'-(4-Pyridyl)ureido)benzoic acid Electrophoresis. Electrophoresis on SDS/polyacrylamide
thus obtained 1,10 g) was dissolved in 800 ml 50% (by vol.) slab gels was carried out by the method of Laemri] [using
ethylene glycol in aqueous HCI (pH 4.5) by heating in boilindReady Gel J {0—20%, Bio-Rad). Samples were denatured by
water. To this solution, 20 mi0.1% (mass/vol.N-ethyl-N'-(3- heating them for 20 min at 7& in 1% SDS and 2% 2-mercap-
dimethylaminopropyl)carbodiimide hydrochloride in aqueou®ethanol. After electrophoresis, the gels were stained by the
HCI (pH 4.5) and 45 ml washed EAH Sepharose 4B were addadethod of Fairbanks et allT].
and the coupling reaction was carried out with shaking at room Determination of amino acid sequences of partial pep-
temperature forl6 h. After the reaction, the gel was washedides from CSBP.CSBP purified by the Mini Prep CéN was
successively with 500 ml 50% ethylene glycol in aqueous H@bncentrated and separated o4& SDS/PAGE gel. The pro-
(pH 4.5), aqueous HCI (pH 4.5), OM NaOH and deionized tein band was excised with a laser and digested with lysyl endo-
water. The gel was further washed three times with 250 rpeptidase Achromobactemprotease |, Wako Chem.) in 10OM
0.5 M NaCl in 01 M sodium acetate, pH 4.0, and 0.5 M NaClITris buffer, pH 9.0, containing 4 M urea at 3Z for 16 h. The
in 0.1 M Tris/HCI, pH 8.0. resulting peptides were separated by reverse-phase HPLC using
Preparation of whole cell extract. Batches (each abouta SMART system (Pharmacia Biotech) equipped withRPC
7 kg) of washed 6-day-old etiolated mung bean seedlings wet2/C column (100 mmx2.1 mm internal diameter, Pharmacia
homogenized in101 20 mM Tris/HCI, pH 8.0, containing Biotech). The column was developed1(@nl/min) with a linear
30 mM KCI, 10 mM 2-mercaptoethanoll mM EDTA and gradient from1% to 60% (0.67% increase/min) acetonitrile in
1 mM phenylmethylsulfonyl fluoride, using a Robot-coupe cutH,O, containing 0.065% trifluoroacetic acid. Peptides were frac-
ting mixer of 30 | scale (R-40B, TK Food Machinery, Inc.). Thigionated and collected for amino acid sequence analysis by auto-
was performed4 times on a total of 95 kg etiolated seedlingsmated Edman sequencing using a model PR8@votein se-
Powdered cellulose (KC-flock W-50, Nippon Paper Industrieguencer (Shimadzu) according to the standard protocols recom-
Co.) was added to the homogenates as a filter aid at a fimaended by the supplier.
concentration of 2% (mass/vol.) and the solution was filtered Isolation of CSBP cDNA.CSBP cDNA was isolated by RT-
through a filter pad (NA-050, Advantec) coated with KC-flockPCR. mRNA was extracted from 3-day-old etiolated mung bean
using a pressure modulé8-D-4, Nissen Co.). The filtrate was seedlings using a QuickPrep Micro mRNA Purification Kit
centrifuged at15000 rpm (56-60 I/h) at room temperature (Pharmacia Biotech). First, we amplified a DNA fragment by
(JA-Q2543-0-3H, Penwalt Co.). The supernatant was furthereans of the '3RACE method as follows. Reverse transcription
centrifuged at 8000 rpm for 30 min at'@ (Himac 20 and R- was performed using this mMRNA as a template and the synthetic
10A rotor, Hitachi Co.). The supernatant thus obtained was fikucleotide SAACTGGAAGAATTCGCGGCCGCAGGAAT:-3
tered through a mixed cellulose ester membrane filter (MRas a reverse transcription primer (Ready - To - Go T-primed
Millipore; 0.8uM pore size). This filtrate (whole cell extract) 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. IifH]4PU30, tritium was introduced at the positions indicated by
asterisks. (B) Scheme of preparation of 4PU-Sepharose 4R'-@HPyridyl)ureido)benzoic acid was synthesized and coupled to EAH-Sepharose
4B.

first-strand cDNA as a template. As primers for first amplifica- Isolation of CSBP genomic DNA.Genomic DNA of CSBP
tion, 5-ATHTCITAYGAYCAYGAYTCIGAYATHGA-3 ' (de- was isolated by an inverse PCR methd®,[20] as follows.
signed based on the partial peptide ISYDHDSDIEEK) aid 5Genomic DNA was extracted from etiolated mung bean seed-
TGGAAGAATTCGCGGCCGCAG-3 (corresponding to a part lings by the method of Murray and ThompsorJ2This geno-

of the reverse transcription primer) were used. For nested amptiic DNA was digested wittBarHI, Bglll, Hindlll, Kpnl, Sad,
fication, B-TAYGAYCAYGAYTCIGAYATHGARGARAA-3' Ncd, Nhd (Boehringer Mannheim) oPst (Takara Shuzo Co.).
(designed based on the same partial peptide) &IdG&AA- Each digest was self-ligated by T4 DNA ligase (Takara Shuzo
GAATTCGCGGCCGCAG-3(the same as shown above) wereCo.). PCR was done using these genomic DNA fragments as
used. The amplified DNA fragment was cloned with a TA clontemplates. Primers used were’-GGAACCACTGTTAT-

ing kit (Invitrogen) and sequenced. This DNA fragment encodddAAATCCTTAGATAGCAC-3' and 3-TCTCTTACGACCAT-

the carboxy-terminal region of the 20-kDa protein. Based on tHeATTCCGACATAGAAG-3. The amplified DNA fragment
determined nucleotide sequence, we further extended the cDMAs cloned and sequenced.

in the B-upstream direction by means of the BACE method Preparation of recombinant CSBP fused with glutathione

as follows. Double-stranded cDNA was synthesized using Stransferase (GST). The open reading frame of CSBP was
TimeSaver cDNA Synthesis Kit (Pharmacia Biotech) and themplified by PCR using 'SCGGGATCCCATATGGTAAAG-
Marathon cDNA adaptor was ligated to it [MaratidncDNA  GAATTCAACACCCAAAC-3' and 3-CCGCTCGAGTCAAG-
Amplification Kit (Clonetech, USA)]. PCR was done using thisCAGAGCCATTCGACAAGTATCTTTC-3. The former and lat-
double-stranded cDNA as a template. For first amplificatiorigr primers contain 8anH| site and axhd site, respectively.
Marathon adaptor primet and 3-TCAAGCAGAGCCATTC- The amplified DNA fragment was double-digested wizhrHlI
GACAAGTATCTTTC-3 (corresponding to the amino acid se-andXhd and ligated into the pGEX-4T3 vector (Pharmacia Bio-
quence ERYLSNGSA at the carboxy-terminus of the 20-kDtch), which was also double-digested wBanH!| and Xhd.
protein) were used. For nested amplification, Marathon adaptbhis construct was cloned and transformed igszherichia coli
primer 1 and 3-TAGACGCCTAAGATACATTAAAGTGGAC- strain BL2I(DE3) LysS (Novagen). After induction of expres-
TGTG-3 (corresponding to the amino acid sequence SQSTLMiON with isopropylg-p-thiogalactopyranoside, bacteria were re-
YLRRL in the carboxy-terminus of the 20-kDa protein) werecovered and lysed by sonication. The supernatant of centrifuga-
used. The amplified DNA fragment was cloned and sequencdi@n at17 000xg was subjected to binding assay.

DNA sequencing was done by the dideoxy chain termination

method of Sanger et al18] using an ABI 373A DNA sequencer
with a Taq DyeDeoxy terminator cycle sequencing kit (Applietlj:{ESULTS

Biosystems). The nucleotide sequences of both strands were Barification of CSBP. For the preliminary study, we attempted
termined. to purify CSBP from whole cell extract prepared frdnkg etio-
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Fig. 2. SDS/PAGE analysis of proteins bound to 4PU-Sepharose 4B

in the presence of various competitorsThe eluate from Q-Sepharose

Fast Flow was incubated with 4PU-Sepharose 4B in the presence of 25> —— CSBP
various cytokinins and related compounds. Proteins bound to 4PU-Se-

pharose 4B were eluted with SDS sample buffer and analyzed by SDS/ 14 > 20 kDa
PAGE (stained with Coomassie brilliant blue). Laheapplied sample;

lane 2, eluate from Sepharose 4B (base gel without affinity ligand, as

control); lanes 316, 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: lanel0 zeatin'plane)1l1 N'-benzyladenine: Ian&g |\]16_(A2_ Fig. 3. SDS/PAGE analysis of purified CSBPCSBP eluted from the

; y e 1a ot ine)- Mini Prep Cell was analyzed by SDS/PAGE (stained with Coomassie
tenyl)ad lané3, kinet °-furfurylad lane14

isopentenyadenine; lané3, kinetin (\"-furfuryladenine); lanet, brilliant blue). The position corresponding to 20 kDa is shown by an

zeatin riboside; lanel5, N*-benzyladenine riboside; langs, N°-(4*- head. Molecul K | h | in kD
isopentenyl)adenine riboside. The position of the 20-kDa protein fyrowhead. Molecular-mass markers are also shown (values in kDa).

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 antH[4PU30 [15]. This

lated mung been seedlings by means of a combination of colunvas not the case for the other proteins bound by the affinity gel.
chromatographies, including Q-Sepharose Fast Flow, Butyfor example (Fig. 2, lane 7), the binding of the 20-kDa protein
Toyopearl, Mono Q, Superose HR and Heparin column chrom#&as blocked byN,N'-diphenylurea, whereas that of other pro-
tographies, because these columns were shown to be effect®i@s was not. Moreover, the molecular mass of the protein is
in our previous studies1p]. By this method, CSBP could be consistent with the value of1kDa, previously predicted for
purified approximately 200-fold, but the recovery after thes€SBP on the basis of Superos2-column chromatography un-
steps was as low as 0.5%. This seemed insufficient for furthder nondenaturing conditions. Thus, we concluded this 20-kDa
purification, because the content of CSBP in the seedlings pgotein to be the cytokinin-specific binding protein (CSBP).
very low [15]. For determination of the amino acid sequence of this 20-kDa

Therefore, we improved the purification procedures in twprotein, we further purified it using a Mini Prep Cell (Fig. 3).
respects. First, we increased the amount of starting materialsWe finally obtained 2Qug 20-kDa protein (Table).
100 kg. Second, to simplify the purification, we adopted affinity
chromatography using 4PU as an affinity ligand (Rig. Isolation of cDNA for CSBP. The purified 20-kDa protein was

Whole cell extract from100 kg etiolated seedlings was ap-digested with lysyl endopeptidase, and the amino acid sequences
plied to a Q-Sepharose Fast Flow column and the binding actief three partial peptides were determined. The determined se-
ity was recovered by stepwise elution. The pooled active fractiquences were ISYDHDSDIEEK, VLPHIVK and XVXXIEGD-
was incubated with the 4PU-Sepharose 4B affinity gel, resultir@GV (X could not be unequivocally determined). Based on
in quantitative absorption of the binding activity on the gel. Théhese amino acid sequences, we designed several degenerate oli-
eluate from the affinity gel contained several kinds of proteingonucleotide primers for RT-PCR analysis. Using primers corre-
(lane 3 in Fig. 2). Of these proteins, only a protein of 20 kDaponding to the peptide ISYDHDSDIEEK and a portion of the
seemed to bind specifically, because the binding of this 20-kDaverse-transcription primer, we succeeded in amplifying a DNA
protein was subject to competition by both urea-type cytokinirfsagment which seemed to encode the carboxy-terminal region
(lanes 4-8 in Fig. 2) and purine-type cytokinins (lané8—13 of 20-kDa protein. We further extended this cDNA in the 5
in Fig. 2), but not by cytokinin ribosides or adenine (larids-  upstream direction, using the¢ RACE method. 26 indepen-
16 and lane 9, respectively, in Fig. 2). The pattern of competitiashently amplified PCR products showed similar nucleotide

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 amouht]4P 30 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 recovere
in these steps were denatured with SDS (see Procedures). In these steps, amount of CSBP was determined as the amount of 20-kD aprotein. Spe
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 9.1 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 5300

Mini Prep Cell 0.0000205 1.03 6 50200000 56000
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A

10 20 30 40 50 60 70 80 90
TGTTAAGAGCCATGGTAAAGGAATTCAACACCCAAACAGAGCTTAGTGTGAGATTGGAAGCCCTTTGGGCAGTGCTATCTAAGGATTTCA
M V K E F NTQTETULS YV RULEA ATLWA AV VUL S KDV F I 27

100 110 120 130 140 150 160 170 180
TAACAGTGGTTCCAAAGGTACTTCCTCATATTGTGAAAGATGTGCAACTGATTGAAGGTGATGGAGGCGCTTGGAACAATCCTCATCTTTA
T V VP K VL P HI V KDYV @B T BB @D GGV TTIULTITFN 57

190 200 210 220 230 240 250 260 270
ATTTTCTGCCTGAGGTGTCACCAAGCTACCAAAGGGAGGAGATCACAGAGTTTGATGAGAGTTCACATGAGATAGGTTTGCAAGTGATTG
F L P EV S P S YQRETETITETFUDES S SHETIGDDLQEQTYVYTZITZE 87

280 290 300 310 320 330 340 350 360
AAGGAGGTTATCTAAATCAAGGGTTGTCATATTACAAGACAACTTTTAAACTATCTGAAATTGAAGAGGATAAGACTTTGGTCAACGTGA
@ 6 Y L NQ GL S Y Y XK TTV FI KILSBEEIZES®SDIZXR® L VNV K 117

370 380 390 400 410 420 430 440 450
AAATCTCTTACGACCATGATTCCGACATAGAAGAAAAGGTCACACCTACGAAGACATCACAGTCCACTTTAATGTATCTTAGGCGTCTAG
I S YD HD 8 D I B B XK VY ® P T KT S QS TULMTYTULURIZRUL E 147

460 470 480

AAAGATACTTGTCGAATGGCTCTGCTTGAAG-~--polyA

R ¥ L S N G S A * 155
B

41 VQLIEG 46 105 SEIEEDKT 112

.*.*** *.*** *

83 LQVIEG 88 124 SDIEEKVT 131
C

5'-upstream

-329: TGTATTTATTTGACTTGACGTATATGGTTGAAATCTTCTA: -290
-289 : CGAAGCAAGTATGATAAGTGTAAGCATATATAATATGT TATTTATTTGTAATGATATTGTTTTTAATGTTGTTATTTCACCGACAGTATT : -200
-199 : TTCTTTAGGGCATCAAATCCTATAATIGTATCCAACCAAACTTATTTTATTAACACATGTTGCATGAAAGAACATATCCTTCACATAAAAA : ~110
-109 : ACAAAAGCATATTTTTCATATCTATATGTGGATGAGATCATAAAGATTCCCTATCGAAGTACTACATATACACACATAGCAGTGCATGTC: ~-20

-19: TCTGTG@AAGCACGTT TGTTAAGAGCCATGGTAAAGGAATTCAACACCCAAACAGAGCTTAGTGTGAGATTGGAAGCCCTTT 71
M V K EF N T Q T EL S§ VRUILTEU ATL W A

3'-downstream

394 :L%Y; GGTCACACCTACGAAGACATCACAGTCCACTTTAATGTATCTTAGGCGTCTAGAAAGATACTTGTCGAATGGCTCTGCT@A j¥\: 483
K v T P T KT S Q $ TL M YULRU RUILUEIU®RT YT LS NG S A *

484 : [N ¥ Y A TATTTCGTATTGAAGTGGATAACGATTCTTTTACGGCATTTTTTTATAATATTTTAACATTATTTACGTGTTATTATTTGATTGG: 573

574 : TTTATATTTACGAACATGATATAGACCAATTACAGAATGACATGTAAATAATGTTAAAATATTGTTAAAAAAACATTGTCAAAATATCAT: 663

664 : TATCCTGTTAAAATATAAAAAAATAATAAGAATGATTAGTTGTTGTTTTTACTATTTTTCTATTATACTTAAGAATATA ""‘GG : 753
754 : AGAAATGAAAATACACTATATTTTCTAAAGCCAAACATCTCCTAC TAT‘I‘GTAA‘I‘ATGTG‘I‘GGGTTAGGGTAGTTGCGTCTCTGTTTT'I‘@: 843
844: @TTTTACTATTTTCAGTCGAGTAAGGAAAATACTGTTAAT TGGCCTCTATAATGTAAGGGTCCCGTTACTTTGACACCCATTTTTT: 933
934 : AACACTCATTTGACAACGCTACATGTCAAGTTTCCATTGGTGATTTTTAATTTTTGGTTTTTTAATACAAACTTTTTCTCGAAAGTGTAA: 1023

1024 : ATGATTTCAGAATATTGCATTTCCATCTCTATCCCTGCTCT:1074

Fig. 4. Nucleotide sequence of the CSBP gen@) 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) Nucleotid
sequence of CSBP genomic DNA. The regiofhsistream and'&ownstream of the protein coding region were amplified and sequenced. The
regions in black-back correspond to the &nd 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 positidas of the 5
and 3-termini of the protein coding region d2 and 476, respectively.
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A kidney bean GVFTFE]OTTS)|ZVAPANLYKA <DAD|l_l|IPK LPDEI3KSVEIVEGNGGPGTIKKISFVERG NG k]

1

soybean MGVFTFEPRFINSIZVAPANLYKAL DADNVIPKHVE KSVE iVEGNGGPGTIKKITFLE -DEET!
chickpea MGVFTFEMETSIVEPAKLYKATIVISDADE I I PRLVEDAIKTVEUVEGNGGPGTIKKLTF VERGG sy K IEL
garden pea MGVF{F DI EFRY S APEKLYKAL ‘DADSTVPRVILEA CVEIIEGNGGPGTIKKLSHLEQNG Y YVISHKL EANF,
European hazel GV'E YELETTS] \ARLF Dl_.;LIPKVnP SVEEVEGNGGPGTIKMIT -[ElSR KYVKERVD D
white birch GV'ENYE TTS ARLF IL DNLEPK POATESVEN TEGNGGPGTIKKISFIZER 'FKYVKI_I‘RVD
apple MGVYTFENERTSIHTIZPER DADNLIPKI Plo]A TKSFIE I LEGNGGPGT IKKIT!
potato MGVRSTEN: ETTTIZTAP LFKALW DNLIPKD&P NI e D'eSTKKMNF\4EGSP-IKY
parsley HEOR Si susun LFKELELDMDALLPRVLPEAIKSEHERLEGGGY SLYHL
celery MGV e T\ AET T ST VIEEN Ik"@i}: ID DgVLPKmPHAEKSVEI GI»GGPGTLKMITIA EPITTMTLI-
garden asparagus WUSSGEWSHiIVAVNIZAGIMFINAMAS EPKIVPD INIJVVEGHGRYGTIRIIII INNPAIPES IR
CSBP JIVKEFNTQTELEVRLEQLWA - VS D‘FI 'VVPKVLPERVKIN VL LE ViEARILIFN?- PEVSPS E

B kidney bean YSYST JLiFETAER I TFDEKLENE PR GGSLIKLS I YHSKGDAIF EDELKIAGKL LFKAVEAYLLANP
soybean YSYS ALiZDTIER I TFDEKLV. P*GGS ERLTVKYITKGDAEIZ\ODELKINGK: ALEEFKATEAYLLATIPE
chickpea Y TvsIVEC CLEETVERTEFE K NGGSI ERVSVKY)TKGDAIZ ETE aGKHKGDHLFKAIE'E‘YVLANpu -
garden pea YN YSLVeGI{e LIESLE. JFEMATL IDGGS IVKISVKYHTKGDALLED N0 R LEENIKAT gYVLANP -
European hazel  |fhgulasiernvid ELEKVHEIVA'PTGGSILKIS HEYKGD! ETOR EIlKe] KEEEI LEESRAVEINY LLACEYN
white birch YMYSVIEGg TLEKISYENKIVAWPDGGSILKIS! YHTKGD VL E VR KL GET 2
apple YSYTLIEG EDTIEKISY WKLVASEGET ITE L SETYHEKG EISEE, GKEKGIIELERF"
potato ELYSTIEG: DT EF T SYDIFKGEAN R GG SKEFRyYHTKG! LHDEEI BEOKQEMEIR- -1
parsley FERCE e T LGS A SHINNHF TAYPNARE T «s IFY TKGD. A¥ CEENTRFNWD N % T ERFKAVEAYLLAN|
celery FiP Y SVIDGDMLIReI3 TER T Nﬂvﬁpmm MIFHTKGDAVIZEEN TN MEG NI SR FKALEAYLIA
garden asparagus VKQAZAeGGIGKMFIZCAGRTHFNFEPSS! GGELVKVT - - NI LPGYyAINNS ITNH- -MeTANeA BN ARV
CSBP IGLQIESeIGYIN QSYYKTTF&SEIEI_DD EIAYN\YKEI Sy~ - DHESEM- |3 3K G TP TINT SQ S TIRMY LijiRMoRy4AS -NGSA

1 el SOYDE2N
21000 0.1948 m
el Jarden pea
e

ﬁ European hazel
white birch

g.0674) 0.1564

0.0921
0.2930 apple

1013

0.0973
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potato
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0.2415 celery
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0.5861 garden asparagus

0.6834

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 bear
[29], soybean [30], chickpea (pir: S#40), garden pea [, 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 bee
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-A data base homology search revealed that the 20-kDa pro-
quence of the longest cDNA are shown in Fig. 4A. tein is a novel member of a major pollen allergen/pathogenesis-
The protein encoded by this cDNA contained all three partiaélated protein family (Fig. 5A). In this family, not only amino

peptides from the 20-kDa protein. Thus, we concluded that thésid sequences, but also lengths of peptides are well conserved.
cDNA encoded the 20-kDa protein, i.e. CSBP. We confirmetihe most upstream methionine residue detected in CSBP
that a pair of primers designed based on theahd 3-termini  (Fig. 4A) corresponds to the initiating methionine residue of the
could amplify the sequence in Fig. 4A, and the sequences daithers (Fig. 5A), so this methionine residue seems to be the ini-
tained in two independent amplifications were identical. 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 Ky!
and Doolittle [40]. The span number used for averaging wWasThe o
numbers of amino acid residues are shown at the bottom of the pan - - + + CSBP
Hydrophobic and hydrophilic portions are plotted above and below tt

central horizontal line, respectively. + - + - cold 4PU30

0.035
in-frame stop codon upstream of the methionine residL

(Fig. 4A). If this is the initiating methionine residue, the proteir Ka=5x109 M-
encoded by the cDNA consists 55 amino acid residues. The 0.0301
calculated molecular mass of the proteintig kDa which is
compatible with the observed value of 20 kDa.

Although CSBP is a member of the above-mentioned prote
family, the degree of similarity is not high. In phylogenetic
analysis, CSBP is distant even from its counterparts from be
species (Fig. 5B). Two pairs of short repetitive sequences we 0.0204
also found in the 20-kDa protein (Fig. 4A, B). The hydropathy
profile showed that the 20-kDa protein contains no amino-term
nal signal sequence or obvious transmembrane domains (Fig. 0.015
This provides support for the idea that the 20-kDa protein is 0 1 2 3
soluble intracellular protein.

We noticed that the sequence of the obtained cDNA seer... Co [pM]
not to contain a true poly(A) tail. Although a poly(A) sequenceig. 7. Binding of recombinant CSBP and 4PU30(A) Lysate of anE.
was detected at the-8erminus of the cDNA, this poly(A) was coli strain transformed with GST-CSBP or the non-transformed host
almost adjacent to the translation termination codon at the 3train was incubated withh uM [*H]4PU30 in the presence or absence
terminal and no poly-adenylation signal was found (Fig. 4 Apf 200uM 4PU30 (non-labeled). The amount of bacterial lysate was
We performed amplification from two independent reverse trafO g (protein amount) in each 20 incubation mixture. Specific bind-

scripts, but the products had identical sequences in thagra N9 = (amount of fH]4PU30 bound in the absence of 2 4PU30)—
min? P q (amount of fH]4PU30 bound in the presence of 200 4PU30). (B)

. . , The association constarK { was determined by Scatchard analysis of

. To obtain information about t_he-5and 3-untra_mslated '®" [3H]4PU30/GST-CSBP complex. Lysate Bf coli strain carrying GST-
gions of CSBP cDNA, we determined the genomic sequenCcescsBp was incubated with various amounts #fJPU30. The amount
upstream and '3downstream of the coding region. In thé 5 of lysate was 24ig as protein in each 20@ incubation mixture. G,
upstream region, a stop codon was detedtgtbp upstream of concentration of bouncHfi]J4PU30; G, concentration of freeH]4PU30.
the region corresponding to the'-terminal of the cDNA Only high affinity binding is shown.
(Fig. 4C). Unless there is an intron-exon junction in thdbp
region, this stop codon is located in-frame and the most up-
stream methionine residue (Fig. 4A) is the initiating methionin@ytokinin binding activity of recombinant CSBP. To confirm
Two TATAAT sequences were found at positiors271 and that the protein encoded by this cDNA indeed binds to cytoki-
—179 (Fig. 4C). In the 3downstream region, the sequencein, we prepared the recombinant 20-kDa protein, and its bind-
AGAAAAAAA was detected just after the’3erminal stop co- ing activity was tested. The recombinant protein was designed
don. Probably, reverse transcription started at this AGAAAAas a fusion protein with GST so as to be expressed efficiently
AAA on mRNA. Two AATAAA sequences were found at posi-in soluble form. The lysate of thE. coli strain expressing re-
tions 747 and 842 (Fig.4C). These may be poly-adenylatigqumbinant CSBP showed specific binding (Fig. 7A), while that
signal(s). An intron(s) seems to be located in the genome regighthe host strain showed no specific binding. The binding affin-
corresponding to the open reading frame (data not shown) sig-was estimated by Scatchard analysis (Fig. 7 B), giving an as-
gesting that the above-mentioned RT-PCR products were not deciation constantk() of 5x10° M, which is consistent with
rived from contaminating genomic DNA. the K, value of native CSBP1f]. We also tested the binding

We attempted to extend the cDNA further upstream, bwpecificity usingNe-(42-isopentenyl)adenine and®-benzylade-

without success. Taking into account that the nucleotide lengtine as competitors. As was the case for native CSBP, binding
of the RT-PCR product is only about 500 bp, tHeérminal end was subject to competition from both of these purine-type cyto-
of the RT-PCR product (Fig. 4 A) may be thetdrminal end of kinins, but not adenine oNe°-(4%isopentenyl)adenine riboside
the mRNA. (Table 2).

0.025 1

ColCy
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Table 2. Inhibition of cytokinin-specific binding of recombinant DPU. This order is consistent with those in binding assay and
CSBP by various compoundsLysate ofE. coli strain carrying GST- bioassay for cytokinin activities.

CSBP was |nc_ubated with pM _[3H]4PU30 in the_ presence'of 20 We determined the amino acid sequence of the protein,
Neibe”ZY'ade.r""e, 18], NG'(AZT'SOPE”te“yg)ade”'“lfNG'(A2"5.?.pe”.te' which indicated that CSBP is a novel member of a major pollen
nyl)adenine riboside, or adenine. TotaDQ%) cytokinin-specific bind- nfe_llIergen/pathogenesis-related protein family, though the se-

ing = (amount of fH]4PU30 bound in the absence of other added co A . .
pounds) — (amount of PH]4PU30 bound in the presence of 2081 duence similarity is not so high. Thus, the 20-kDa protein may

4PU30). not simply be a homologue of these proteins, but rather a distant
relative of them. Although various cytokinin-binding proteins
Compound Inhibition of specific binding have been reported, most of them remain to be identified [7
14, 23, 24]. As identified cytokinin-binding proteins, only ribo-
% some ands-adenosylk-homocysteine hydrolase are known [25,
Benzyladenine 28.6 26]. Of the reported cytokinin-binding proteins, ours seems to
Isopentenyladenine 34.2 have the highest affinity for cytokinins.
Isopentenyladenine riboside not observed However, the function of the CSBP is still unknown. As with
Adenine not observed 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].
DISCUSSION This protein was implicated in cytokinin signal transduction, be-
causeArabidopsiscalli overexpressing this kinase develop in
We have established that a serieNgbhenylN'-(4-pyridyl)-  the absence of cytokinin. This kinase is similar to the receptor
urea derivatives possesses potent cytokinin activity [3, 4]. Usimg ethylene. Binding analysis of this protein and cytokinins, in-
4PU30, a member of this series, we detected a high-affinigjuding 4PU30, is in progress. However unlike this protein,
binding site for cytokinin in the soluble fraction of etiolatedCSBP appears to be an intracellular protein. Further studies are
mung bean seedlingd%]. This binding site appeared to be lo-needed to elucidate the biological function of CSBP, for exam-
cated on a protein with an apparent molecular massida ple, by preparing transgenic plants.
[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 ofR FERENCES
the protein to the gel precisely corresponded to the result 01E
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