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ABSTRACT Zeatin is the most active and ubiquitous of
the naturally occurring cytokinins. The O-glucoside of zeatin,
found in all plants examined, is considered to be important in
cytokinin transport, storage, and protection against cytokinin
oxidases. The enzyme UDPglucose:zeatin O-glucosyltrans-
ferase (EC 2.4.1.203) was previously isolated from Phaseolus
lunatus seeds. Immunoscreening of an expression library with
monospecific antibody resulted in the isolation of a cDNA
encoding the enzyme. The recombinant protein efficiently
converts labeled zeatin to O-glucosylzeatin and has properties
similar to the native enzyme. The cDNA of 1.5 kb contains an
ORF encoding a 51.4-kDa polypeptide of 459 amino acids. The
sequence is unique based on a BLAST search of data bases. The
genomic sequence, isolated with PCR using specific primers
based on the cDNA sequence, does not contain introns. The
cloning of this gene provides the tools for further study of the
regulation of cytokinin metabolism and analysis of the precise
role of O-glucosylzeatin in plant development.

Cytokinins are plant hormones mediating cell division and
differentiation (1). Naturally occurring cytokinins are adenine
derivatives with a substituted N6-isoprenoid side chain (2).
Zeatin is a highly active and ubiquitous cytokinin first iden-
tified in maize (3). Based on studies of the Agrobacterium gene
ipt (4), the de novo synthesis of cytokinins in microbial systems
involves the formation of D2-isopentenyladenosine monophos-
phate from D2-isopentenylpyrophosphate and AMP, catalyzed
by an isopentenyltransferase. Subsequent hydroxylation of the
N6-side chain leads to the formation of zeatin-related cytoki-
nins. It is possible that a similar pathway exists in plants (5, 6).
Conversion of zeatin to its riboside and ribonucleotides prob-
ably uses enzymes common to adenine metabolic pathways (7).
The modifications of the zeatin side chain include reduction to
dihydrozeatin, glycosylation to O-glucosyl- and O-xylosyl-
zeatin, isomerization to and from cis-zeatin, and cleavage to
form adenine (8, 9). The corresponding enzymes zeatin re-
ductase, O-glucosyltransferase, O-xylosyltransferase, isomer-
ase, and oxidases have been identified and appear to be highly
specific for cytokinin substrates (7).

Zeatin O-glucoside (10) occurs in all plants examined (8)
and is thought to be important in transport (11), storage (11),
and protection against zeatin oxidases (12, 13). Detection of
O-glucosylzeatin in stem exudates (11), the ready conversion
back to zeatin by b-glucosidases (14–16), and the inability of
cytokinin oxidases to degrade the O-glucosylated side chain
(13) lend support to the suggested roles of O-glucosylzeatin.
We have isolated and characterized the UDPglucose:zeatin
O-b-D-glucosyltransferase (EC 2.4.1.203) from immature
seeds of Phaseolus lunatus (17). The enzyme can also use
UDPxylose as the sugar donor to form O-xylosylzeatin but at
a much lower affinity. Thus far, this is the only cytokinin

O-glucosyltransferase characterized. A mAb recognizing the
enzyme was generated (18). In this article, we report the
isolation of a cDNA encoding the enzyme by use of the
antibody to screen a cDNA expression library. Based on the
nucleotide information of the cDNA, the genomic sequence
was isolated by using PCR and inverse PCR. One of the
interesting features of the gene is the absence of introns.
Genetic manipulation leading to controlled expression of the
enzyme should allow a more precise assessment of the function
of O-glucosylated cytokinins in regulating growth and devel-
opment.

MATERIALS AND METHODS

Plant Materials. Immature seeds of P. lunatus cv. Kingston
were the source of mRNA for the construction of cDNA
libraries. DNA and RNA were extracted from other plant parts
for Northern and Southern blot analyses as specified.

Construction of cDNA Expression Library and Screening
with mAbs. Total RNA was isolated from immature seeds of
P. lunatus with Tri Reagent (Molecular Research Center,
Cincinnati) by following the manufacturer’s protocols with
modifications for samples with a high content of polysaccha-
rides. mRNA was further enriched with the PolyATtract
mRNA isolation system according to the manufacturer’s in-
structions (Promega). An expression library was constructed
by using the SuperScript l system for cDNA synthesis and l
ZipLox cloning (BRL). First-strand synthesis was primed with
a NotI-oligonucleotide–d(T) primer-adapter. After second-
strand synthesis, SalI adapters were ligated to the cDNA, which
was subsequently digested with NotI for directional cloning of
cDNA into the l ZipLox expression vector (BRL). The
constructed l cDNA library was packaged by following the
manufacturer’s instructions (BRL l packaging system). The l
ZipLox cDNA library was plated with Escherichia coli
Y1090(ZL) on top agar and incubated at 37°C for 3–4 h. The
plates were then overlaid with nitrocellulose filters, which had
been presoaked with 10 mM isopropyl b-D-thiogalactoside and
dried, and incubated at 37°C overnight. Filters were marked
for orientation, removed from the plates, and washed briefly
in TBS. The membranes were blocked in TBS containing 2%
nonfat dry milk for 1–2 h at room temperature with constant
agitation. Filters were then incubated with blocking solution
containing primary antibody for 2 h at 30°C. Filters were
washed for three 5-min periods in blocking solution. Second-
ary antibody (rabbit anti-mouse immunoglobulin conjugated
to an alkaline phosphatase, Jackson ImmunoResearch) in
blocking solution was applied to the filters for 2 h at 30°C.
Filters were washed and the positive clones identified with an
alkaline phosphatase substrate kit (Vector Laboratories).
Immunopositive plaques were removed, replated, and re-
screened until pure plaques were obtained.
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Subcloning and Sequencing. The plasmid pZL1 containing
the insert was excised in vivo by infecting DH10B(ZIP) E. coli.
pZL1 clones were purified with a Qiagen plasmid midi kit.
Clones were sequenced by the Central Services Laboratory
(Center for Gene Research and Biotechnology, Oregon State
Univ.) using an Applied Biosystems model 370A DNA se-
quence analyzer. Primers synthesized by the Central Service
Lab on an Applied Biosystems DNA Synthesizer were used for
sequencing the inner portions of the clones.

Isolation of Recombinant Proteins. To obtain recombinant
proteins, purified plasmids were transformed into Epicurian
Coli BL21(DE3) pLysS-competent cells (Stratagene) by the
recommended protocol. Colonies were selected on Amp-LB
plates. An individual colony was grown overnight in SOC-Amp
medium and 0.5 ml of the culture was used to inoculate 50 ml
of SOC-Amp medium. After cells were allowed to grow for 3–4
h (final OD595 5 0.8–1.0), they were induced with isopropyl
b-D-thiogalactoside (0.5 ml of a 0.5 M stock solution) for 4 h.
Cells were collected, frozen at 280°C overnight, and lysed the
next day by thawing and resuspending in 0.5 ml of 0.2 M
TriszHCl (pH 7.5) containing lysozyme (1 mgyml). DNase I (1
mgy10 ml of sample) was added after a 10-min cycle of freezing
(280°C) and thawing. Soluble proteins were collected after
centrifugation. The recombinant protein was further purified
on a Blue Sepharose 6B affinity column (17), followed by
DEAE-anion-exchange chromatography (Bio-Rad Biologic
System). Sample was applied to the DEAE column in buffer
A (0.02 M TriszHCl, pH 7.5y0.5 mM EDTA) and the enzyme
was eluted with a linear gradient (0–50% over 20 min) of
buffer B (buffer Ay1.0 M NaCl) at 1 mlymin.

Enzyme Assays and Analysis of Reaction Products. Enzyme
activity was determined as reported (17). Briefly, 14C-labeled
cytokinins (specific activity of 24 mCiymmol; 1 Ci 5 37 GBq),
glycosyl donor (3 mM UDPglucose or UDPxylose ), MgCl2
(0.05 M) and ATP (0.5 mM) in 100 mM TriszHCl (pH 8.0) were
incubated with the recombinant protein. Reaction products
were separated by HPLC (17).

Liquid Chromatography–MS. After an enzyme assay with
zeatin as the substrate and separation of products by HPLC,
fractions corresponding to the elution of O-glucosylzeatin
were subjected to liquid chromatography–MS analyses. The
chromatography system consisted of a Perkin-Elmer Applied
Biosystems model 140B syringe pump, a Rheodyne model 8125
injector with 5-mm sample loop, and a 5-mm particle Spheri-
sorb octadecylsilane (ODS) column (2.1 mm 3 100 mm).
Compounds were separated at a linear gradient of 5–60%
acetonitrile in 0.1% trif luoroacetic acid in 25 min at a flow rate
of 200 mlymin. A Perkin-Elmer Sciex API III1 triple quad-
rupole Ionspray Mass Spectrometer was used, with an atmo-
spheric pressure chemical ionization source.

Isolation of Genomic Sequence of Zeatin O-Glucosyltrans-
ferase from P. lunatus. The genomic sequence was isolated by
standard and inverse PCR (19). DNA was isolated from P.
lunatus cv. Kingston by using a modified CTAB (hexadecyl
trimethylammonium bromide) method (20). To obtain the
genomic sequence of the expressed region (cDNA), standard
PCR reactions were performed with pairs of primers based on
the sequence of the cDNA. To obtain the genomic sequence
upstream of the cDNA by using inverse PCR, the genomic
DNA was digested with HindIII. After digestion, the restric-
tion enzyme was inactivated by heating the sample to 75°C for
10 min. After dilution, T4 DNA ligase (Promega) was added to
allow intramolecular ligation (circularization) at 15°C for 24 h.
The DNA was precipitated and PCR was performed with
primers designed to amplify regions outside the cDNA. The
products obtained from PCR and inverse PCR reactions were
analyzed on a 1% Sea-Plaque gel. Bands of interest were
excised and DNA was purified with a Qiaex II gel extraction
kit (Qiagen, Chatsworth, CA). The products were ligated into
a pGem-T vector (Promega) for sequencing.

Northern Blot Analysis. Poly(A)1 RNA was isolated from
various tissues as described for cDNA library construction.
mRNA (4 mg) was separated on a 1.2% formaldehyde gel (21).
Northern blotting (RNA capillary transfer) to the Zeta-Probe
GT membrane (Bio-Rad) was performed according to the
manufacturer’s instructions. The cDNA [minus the poly(A)
portion] was used to synthesize an [a-32P]dCTP-labeled probe
with Ready-To-Go DNA labeling beads (Pharmacia). Mem-
branes were prehybridized in a solution of 0.25 M Na2HPO4,
pH 7.2y7% SDSy1 mM EDTA at 65°C for 30 min. The
prehybridization solution was replaced with fresh solution plus
the labeled probe. After 24 h at 65°C, membranes were washed
twice in 13 SSC at room temperature for 10 min, followed by
washing for three 30-min periods in 13 SSC with 0.1% SDS at
65°C. The membranes were then exposed to x-ray films at
280°C.

Southern Blot Analysis. DNA was extracted from young
leaves of P. lunatus by the modified CTAB procedure (20).
DNA (30 mg) was digested with restriction enzymes, separated
on a 1.1% gel, and transferred to a Zeta-Probe GT membrane.
Hybridization was performed as for the Northern blotting.

RESULTS

Isolation and Authentication of cDNA Clones. Approxi-
mately 106 plaques were screened with the mAb and nine
immunopositive phage plaques were selected. The biological
activity and the antigenicity of the recombinant proteins were
assessed by enzyme assays and Western blot analysis, respec-
tively.

Recombinant protein from two clones, 21G and 27G, effi-
ciently converted [14C]zeatin to O-[14C]glucosylzeatin (Fig.
1B) when UDPglucose was added as the glucosyl donor. The
authenticity of the labeled product as O-glucosylzeatin was
confirmed by treatment with b-glucosidase, resulting in con-
version back to zeatin (Fig. 1C), and by an identical mass
spectrum to authentic O-b-D-glucosylzeatin standard (Fig. 2).

The substrate specificity of the recombinant protein was
tested using both the crude preparation and the more purified
form (Table 1). Similar to the native zeatin O-glucosyltrans-
ferase of P. lunatus, the recombinant proteins encoded by
clones 21G and 27G were able to use UDPxylose as the donor
to form O-xylosylzeatin but at a much lower affinity than
UDPglucose (17). Interestingly, the recombinant protein
could also use dihydrozeatin as substrate, resulting in the
formation of O-glucosyldihydrozeatin, but the relative affinity
to dihydrozeatin was much lower than to zeatin. Only when a
large quantity of the recombinant protein was used were
detectable amounts of O-glucosyldihydrozeatin formed. As
expected based on the properties of the native enzyme isolated
from P. lunatus seeds, ribosylzeatin and cis-zeatin were not
substrates to the recombinant protein. These results indicate
that the selected cDNAs encode the zeatin O-glucosyltrans-
ferase.

Sequence of the cDNA. The nucleotide sequences of clones
21G and 27G were determined. The two clones were found to
be identical. The cDNA is 1.5 kb long containing an ORF
encoding a polypeptide of 459 amino acids (Fig. 3) with the
molecular mass of 51.4 kDa. The cDNA includes a 59 untrans-
lated region of 32 bp and, with the a-peptide of the cloning
vector, is expected to produce a fusion protein of 56 kDa. The
antigenic protein of the selected clones was of the expected size
(Fig. 4). A BLAST search of GenBank and EMBL data bases
indicates that the sequence is unique, although short stretches
of homology to UDPglucose:f lavanoid and UDPglucose:in-
dole acetate glucosyltransferases are present.

Genomic Sequence of Zeatin O-Glucosyltransferase of P.
lunatus. Genomic DNA of P. lunatus was isolated and ampli-
fied with three pairs of primers based on the sequence of the
cDNA. PCR products obtained from genomic DNA were
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identical in length to those when cDNA was used as the
template (Fig. 5). The genomic PCR products were cloned into
pGEM-T vector and sequenced. The nucleotide sequences of
genomic products were identical to those of the corresponding
regions of the cDNA, indicating this gene has no introns. We
have designated the gene ZOG1, for zeatin O-glucosyltrans-
ferase.

To obtain the 59 upstream region of the gene, inverse PCR
was used. Genomic DNA was digested with HindIII, recircu-
larized, and amplified with primers based on the cDNA
sequence. The PCR product was cloned into pGem-T vector
and the sequence was determined. A region of approximately
200 bp upstream from the cDNA clone containing a TATA-
like region was isolated.

In Southern blot analyses, digestion with the enzymes KpnI,
XbaI, HindIII, and BamHI, which do not cut the cDNA probe,
revealed two or three fragments (Fig. 6). The results indicate
that there are at least two homologous genes in P. lunatus.

Table 1. Relative affinity of recombinant protein to cytokinin and
glycosyl substrates

Exp. Substrates
Product,
cpm (%)

Substrate
left, cpm (%)

A Z 1 UDPG OGZ Z
39,715 (100) 0 (0)

Z 1 UDPX OXZ Z
4,956 (18) 23,078 (82)

B Z 1 UDPG OGZ Z
3,731 (14) 23,115 (86)

DZ 1 UDPG OGDHZ DHZ
329 (1) 24,178 (99)

DHZ, dihydrozeatin; OGZ, O-glucosylzeatin; OGDHZ, O-
glucosyldihydrozeatin; OXZ, O-xylosylzeatin; Z, trans-zeatin; UDPG,
UDPglucose; UDPX, UDPxylose. For experiment A, 200 ml of
supernatant from lysed cells containing the recombinant protein was
incubated with approximately 1 nmol of 14C-labeled zeatin for 2 h, and
the reaction products were separated by HPLC. UDPglucose as the
glycosyl donor resulted in zeatin depletion, and UDPxylose serving as
the glycosyl donor resulted in much lower formation of the corre-
sponding product, OXZ. For experiment B, DEAE-purified proteins
(4 mg) were incubated with approximately 0.5 nmol of [14C]cytokinins
for 2 h. Only a trace of O-glucosyldihydrozeatin was formed.

FIG. 1. Separation of cytokinin standards and products of enzy-
matic reactions by HPLC as reported (17). (A) Cytokinin standards.
(B) Products of enzymatic reaction after incubating soluble recombi-
nant protein from 10 ml of cell culture with [14C]zeatin (0.8 nmol;
45,000 cpm), UDPglucose (3 mM), ATP (0.5 mM), and MgCl2 (0.05 M)
for 2 h. (C) Reaction product (open bar) obtained from B treated with
b-glucosidase for 2 h as reported (22), resulting in zeatin (hatched bar).

FIG. 2. Mass spectra of standard of O-b-D-glucosylzeatin (A) and
product obtained from incubating zeatin with recombinant protein (B).
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Northern Blot Analysis. To determine the expression of the
zeatin O-glucosyltransferase, mRNA was isolated from roots,
leaves, and seeds of P. lunatus cv. Kingston and probed with
radiolabeled 21G. The level of mRNA in young seeds smaller
than 5 mm (Fig. 7, lane 1) was very high. Larger seeds, 10 mm
long, had much reduced mRNA (lane 2). In vegetative tissues,
roots, and leaves, the gene was expressed at a low level (lanes
3 and 4).

DISCUSSION

The recombinant protein produced by the selected cDNA has
properties very similar to the native enzyme isolated from P.
lunatus seeds (17). Like the native enzyme, it converts zeatin
to O-glucosylzeatin when UDPglucose is supplied and forms

O-xylosylzeatin in the presence of UDPxylose but with lower
efficiency. Both the recombinant and the native protein do not
recognize ribosylzeatin and cis-zeatin as substrates. With the
availability of large quantity of the recombinant protein,
however, we were able to determine that dihydrozeatin can be
converted to its O-glucoside, but the affinity of the enzyme to
dihydrozeatin is much lower than to zeatin (Table 1). Previ-
ously, because of limiting amounts of native enzyme available
for assays, we were unable to detect the formation of O-
glucosyldihydrozeatin from dihydrozeatin. Thus the substrate
recognition by the enzyme is highly specific. O-Glucosyl
derivatives of zeatin, dihydrozeatin, and their ribosides have
been found in plant tissues (14). Because the zeatin O-
glucosyltransferase reported herein does not catalyze glucosy-
lation of zeatin riboside, either ribosylation occurs after O-
glucosylation or perhaps other enzymes recognizing cytokinin
ribosides exist.

Based on the sequence of the cDNA, primers were designed
and PCR was used to isolate the genomic sequence. The
products of the genomic PCR indicate that at least one of the
genes encoding zeatin O-glucosyltransferase does not contain
any intron. This is probably the gene that is highly expressed
in seeds, because the sequence is identical to the seed-derived
cDNA. The sequences of the other gene(s) remain to be

FIG. 4. Immunoblots after SDSyPAGE of native enzyme and
recombinant proteins. Lanes: 1, native enzyme; 2, recombinant fusion
protein.

FIG. 6. Southern blot analysis of P. lunatus DNA digested with
KpnI (lane 1), XbaI (lane 2), HindIII (lane 3), and BamHI (lane 4), and
hybridized with the labeled cDNA 21G.

FIG. 3. Nucleotide and deduced amino acid sequence of ORF of
zeatin O-glucosyltransferase cDNA isolated from P. lunatus seeds.

FIG. 5. PCR products, using three sets of primers, obtained from
genomic (G) and cDNA (C) templates. M, size marker.
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determined. The significance of the absence of introns is not
known.

Compared with reproductive organs, enzyme activity was
low in vegetative tissues, based on incubation studies with
labeled zeatin and equal amounts of plant material (unpub-
lished result). The Northern blot analyses confirmed that the
ZOG gene is indeed expressed only at relatively low levels in
roots and leaves. Nevertheless, gene expression in roots lends
support to the assumption that O-glucosylzeatin found in
xylem sap is derived from roots (11). Gene expression is high
in young seeds as predicted from Western blot analyses of
proteins from seeds of different sizes. Because only the cDNA
obtained from seed was used, it is not possible at present to
distinguish gene-specific messages.

Very few genes specific to cytokinins have been isolated
although numerous cytokinin-related mutants have been re-
ported (23, 24). The ipt (4) gene from Agrobacterium is the
most studied gene, relating to cytokinin biosynthesis in micro-
bial systems. However, no ipt-homologous sequence has been
found in plants. Recently, several Arabidopsis genes most likely
involved in cytokinin signaling pathways have been identified.
The gene CKI1 shows similarities to histidine kinase genes and
appears to have cytokinin receptor properties, because con-
stitutive production of the protein leads to cytokinin autonomy
in regeneration experiments (25). The IBC6 gene (26) is
rapidly induced by cytokinin and may function in combination
with CKI1. The CGR1 gene (27) encodes a transmembrane
protein with some similarity to G proteins and, when dis-
rupted, affects cytokinin perception. We have centered our
efforts to isolate genes involved in zeatin metabolism on
Phaseolus (7), and this article reports the cloning of a gene
encoding a zeatin metabolic enzyme. On the basis of the gene
sequence of zeatin O-glucosyltransferase, we have recently
isolated, by PCR and inverse PCR, a genomic sequence from
P. vulgaris seeds exhibiting O-xylosyltransferase activity. The
nucleotide sequence is 93% identical to the O-glucosyltrans-
ferase gene and the deduced amino acid sequence shows 90%
similarity (details to be published elsewhere). The activity of
these enzymes may be affected by other genes, because the
product of a P. vulgaris cDNA constitutively expressed in
transgenic tobacco stimulates low level of O-xylosyltransferase
activity (28). Although genes encoding b-glucosidases able to
degrade O-glucosylzeatin have been reported (15, 29), they do
not exhibit the high specificity of the zeatin O-glucosyltrans-
ferase.

Zeatin is the most active and ubiquitous cytokinin. The
metabolism of zeatin, along with its biosynthesis, is likely to
affect the level of active cytokinins in plant tissues. Unlike
other metabolic steps such as N-glucosylation, the formation
of O-glucosylzeatin is reversible by b-glucosidase (14–16). This

reversibility is important because it indicates that the metab-
olite has a possible regulatory function. In addition, O-
glucosylzeatin is resistant to cytokinin oxidases, which selec-
tively degrade cytokinins with an unsaturated isoprenoid side
chain (12, 13). More importantly, O-glucosylzeatin is found in
all plant species examined, and an understanding of how its
formation is regulated is likely to have broad implications. The
isolation of the cDNA and the gene encoding zeatin O-
glucosyltransferase will allow a more precise assessment of the
role of O-glucosylzeatin in growth and development, through
manipulation of expression of this gene. In cereals, grain
development was suggested to be related to elevated zeatin
(30–32). Because the zeatin O-glucosyltransferase level in
seeds is stage-specific, the enzyme likely regulates active vs.
storage forms of cytokinins and, therefore, could have an
impact on seed growth. This and other possible functions of
O-glucosylation of zeatin are being examined via genetic
manipulations.
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