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Keiko Yonekura-Sakakibara, Hitoshi Sakakibara, and David W.S. Mok

Department of Horticulture and Center for Gene Research and Biotechnology (M.C.M., R.C.M., D.W.S.M.),
and Department of Biochemistry and Biophysics (P.S.H.), Oregon State University, Corvallis, Oregon
97331–7304; Institute of Experimental Botany, Academy of Sciences of the Czech Republic, 165 02
Prague 6, Czech Republic (P.D., R.V.); and Plant Science Center, RIKEN, The Institute of Physical
and Chemical Research, 1–7–22, Suehiro, Tsurumi, Yokohama 230–0045, Japan (K.Y.-S., H.S.)

Glucosides of trans-zeatin occur widely in plant tissues, formed either by O-glucosylation of the hydroxylated side chain or
N-glucosylation of the purine ring structure. O-Glucosylation is stereo-specific: the O-glucosyltransferase encoded by the
Phaseolus lunatus ZOG1 gene has high affinity for trans-zeatin as the substrate, whereas the enzyme encoded by the maize (Zea
mays) cisZOG1 gene prefers cis-zeatin. Here we show that hydroxylated derivatives of benzyladenine (topolins) are also
substrates of ZOG1 and cisZOG1. The m-OH and o-OH derivatives are the preferred substrate of ZOG1 and cisZOG1,
respectively. Among the hydroxylated derivatives of thidiazuron tested, the only enzyme/substrate combination resulting in
conversion was cisZOG1/(o-OH) thidiazuron. The abilities of these cytokinins to serve as substrates to the glucosyltransferases
were in a large part correlated with their biological activities in the P. lunatus callus bioassay, indicating that there may be
similarities between cytokinin-binding sites on the enzymes and cytokinin receptors. Further support for this interpretation is
provided by cytokinin recognition studies involving the Arabidopsis (Arabidopsis thaliana) CRE1/WOL/AHK4 and maize
ZmHK1 receptors. The AHK4 receptor responded to trans-zeatin and m-topolin, while the ZmHK1 receptor responded also to
cis-zeatin and o-topolin. Three-dimensional molecular models of the substrates were applied to explain the results.

Cytokinins are a group of plant growth regulators
with important functions at all phases of plant de-
velopment, from seed germination to senescence. The
natural cytokinins are adenine derivatives, of which
trans-zeatin (Fig. 1) is considered central due to its
general occurrence and high activity in bioassays
(Skoog and Armstrong, 1970). Also, cis-zeatin (Fig. 1)
and its derivatives have been found in many plant
species (discussed in Mok and Mok, 2001), often at
relatively high levels; however, cis-zeatin has much
lower cytokinin activity than trans-zeatin (Schmitz
et al., 1972). Dihydrozeatin, the saturated counterpart
of zeatin, also occurs in plant tissues, has high cyto-
kinin activity in bioassays, and is more stable than

trans-zeatin due to its resistance to cytokinin oxida-
ses/dehydrogenases (Skoog and Armstrong, 1970;
Armstrong, 1994).

Although the isoprenoid cytokinins are the major
components of endogenous cytokinins, aromatic cyto-
kinins have been known to occur since their isolation
from poplar (Horgan et al., 1973). Benzyladenine (BAP;
Fig. 1) and its derivatives have now been identified in
a number of plant species as minor components of the
total cytokinins (Strnad, 1997; Sáenz et al., 2003). The
hydroxylated derivatives of BAP were named topolins
(Strnad, 1997). Of the topolins, only the meta form
exhibits high cytokinin activity (Strnad, 1997; Holub
et al., 1998).

Many cytokinin derivatives occur in plant tissues (for
review, see Auer, 1997). The free bases may represent
only a small portion of the total cytokinins, while the
corresponding ribosides and especially nucleotides are
frequently more abundant (Chen, 1997). In addition,
most plant tissues analyzed contain cytokinin storage
and deactivated forms, O- and N-glucosides (Auer,
1997; Vanková, 1999). Glucosides may accumulate to
even higher levels than the free bases and ribosides
under normal circumstances (Takagi et al., 1989; Frank
et al., 2000; Veach et al., 2003) as well as stress condi-
tions (Clarke et al., 1999). In a survey of endogenous
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cytokinins, some plant families were found to accumu-
late preferentially O-glucosides, others N-glucosides,
and again others relatively high levels of both (Vanková,
1999).

A number of phenylurea derivatives exhibit cytoki-
nin activity in bioassays but do not occur in nature
(Shantz and Steward, 1955; Bruce and Zwar, 1966;
Shudo, 1994). One of these is thidiazuron (TDZ; Fig. 1),
a highly stable compound (Mok et al., 1982; Mok and
Mok, 1985) now widely used for plant tissue cultures.
TDZ can be glucosylated in plant tissues (Mok and
Mok, 1985). These glucosides have not been charac-
terized in depth, but evidence indicates occurrence of
both N-glucosides and O-glucosides (after hydroxyl-
ation at the phenyl ring).

Enzymes mediating the conversions to O- and
N-glucosides have been isolated. A bean (Phaseolus
lunatus) enzyme from young seeds was found to medi-
ate conversion of trans-zeatin to its O-glucoside (Dixon
et al., 1989), while a related enzyme from Phaseolus
vulgaris converted trans-zeatin to itsO-xyloside (Turner
et al., 1987). A radish enzyme could form N-glucosides
of a range of cytokinins, with a preference for the N7
position (Entsch and Letham, 1979; Entsch et al., 1979).
The gene encoding the P. lunatus O-glucosyltransferase
(ZOG1) was cloned (Martin et al., 1999a) as well as
the zeatin O-xylosyltransferase gene from P. vulgaris
(ZOX1; Martin et al., 1999b). Two related genes
(cisZOG1 and cisZOG2) were identified in maize (Zea
mays), but the recombinant enzymes preferred cis-
zeatin over trans-zeatin as substrate (Martin et al.,
2001b; Veach et al., 2003).

The cytokinin glycosyltransferases are UDP-Glc- or
UDP-Xyl-requiring and belong to family 1 of the 68
families of glycosyltransferases classified thus far
(http://afmb.cnrs-mrs.fr/-cazy/CAZY/index.html).

The substrates of some of these UDPG-glycosyltrans-
ferases (UGTs) have been identified, indicating recog-
nition of a range of related substrates by each enzyme
(Jackson et al., 2001; Lim et al., 2001; Fukuchi-Mizutani
et al., 2003). Here we show that the recombinant en-
zymes ZOG1 and cisZOG1 recognize as substrates
additional cytokinin-active compounds, topolins and
hydroxylated phenylureas, and that they display spec-
ificity for a particular substituent position at the
phenyl ring. We also show that the substrate specific-
ities are, to a large extent, correlated with cytokinin
structure-activity relationships in the P. lunatus bio-
assay and cytokinin recognition by the Arabidopsis
(Arabidopsis thaliana) CRE1/WOL/AHK4 and maize
ZmHK1 receptors (Inoue et al., 2001; Suzuki et al.,
2001; Kakimoto, 2003; Yonekura-Sakakibara, 2004) and
that the differences can be reconciled by molecular
modeling of the compounds.

RESULTS

Substrate Recognition of ZOG1 and

cisZOG1: Isoprenoid Cytokinins

Previously, we have described the isolation of the
ZOG1 and cisZOG1 genes (GenBank accessions
AF101972 and AF318075; Martin et al., 1999a, 2001b).
The characterization of the ZOG1 enzyme was per-
formed with recombinant protein with a tag of 7 His
residues fused to the N terminus (Martin et al., 1999a).
This enzyme had high affinity to trans-zeatin but
formed negligible amounts of glucoside from cis-
zeatin. However, even after purification on a nickel
column the His-tagged recombinant protein was not
pure; therefore, we have cloned ZOG1 into the pGex
vector, forming a fusion protein with glutathione
S-transferase that can be purified by cleavage on the
affinity column. This yielded a virtually pure ZOG1
preparation as it did for other glucosyltransferases
(Jackson et al., 2001). The purified ZOG1 enzyme con-
verted cis-zeatin to its glucoside although at a much
lower rate than trans-zeatin. The Km and Vmax were
determined for both isomers (Table I). The Km for
trans-zeatin was 54 mM, which is slightly higher than
that found for the native enzyme (28 mM; Dixon et al.,
1989). Affinity for cis-zeatin was significantly lower
(Table I).

In contrast to ZOG1, cisZOG1 prefers cis-zeatin as
substrate and mediates very low conversion of trans-
zeatin to its glucoside (Table II). Although the Km of
cisZOG1 for cis-zeatin is close to that of ZOG1 for
trans-zeatin, the Vmax for the reaction is much lower
(Table I).

Substrate Recognition of ZOG1 and cisZOG1: Topolins
and Hydroxylated Phenylureas

When leaves of transgenic tobacco (Nicotiana taba-
cum) harboring a 35S:ZOG1 construct were incubated
with radiolabeled trans-zeatin, a large peak was

Figure 1. Chemical structures of cytokinins used in this study. The
positions (o, m, and p) at which BAP and TDZ can be hydroxylated are
indicated.
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formed coinciding with the elution of the O-glucoside
of trans-zeatin, whereas the controls had only traces of
this metabolite (Fig. 2, A and C). Interestingly, trans-
genic leaves incubated with radiolabeled m-topolin
riboside (mTR) also yielded a larger peak eluting be-
fore the parent compound while control leaves did not
(Fig. 2B). Although ZOG1 recognizes free bases and
not the ribosides in in vitro assays, there is generally
rapid interconversion between free bases and ribo-
sides in plant tissues and therefore, feeding either free
base or riboside provides substrate for glucosylation.
Thus, we reasoned that the most likely candidate for
the metabolite was the O-glucoside of m-topolin. Since
no glucosylated standards for topolins are available,
the product was further characterized by hydrolysis
with b-glucosidase, which resulted in a shift to the
m-topolin elution position (data not shown). The
increase in this glucoside in transgenic leaves was ac-
companied by a corresponding decrease in m-topolin
riboside (Fig. 2, B and D). Although only the 6-h data
are shown in Figure 2, similar results were obtained
after 24-h incubation, but with lower recovery of
radiolabel in cytokinins and higher radiolabel in the
fraction coeluting with adenine.

To confirm the observation with transgenic tissues
that aromatic cytokinins are substrates for ZOG1 and
to determine possible activities of the positional iso-
mers, recombinant ZOG1 enzyme was incubated with
o-, m-, and p-topolin in the presence of UDPG. Clearly,
only the meta substituent yielded substantial amount
of glucoside (Table II). The Km for m-topolin was
144 mM, higher than for cis-zeatin but lower than for
trans-zeatin. The parent compound, BAP, did not give
any product and neither did the riboside of m-topolin,
which is consistent with the supposition that ZOG1
converts only free bases to O-glucosides. To compare
the substrate recognition of ZOG1 with that of cis-
ZOG1, the same substrates were incubated with cis-
ZOG1 enzyme. Interestingly, o-topolin was found to be
the best substrate, giving substantially higher conver-
sion than cis-zeatin (Table II). In agreement with this,
the Vmax of the reaction was also higher (Table I), but its
affinity for the enzyme was lower (Km of 177 mM for
o-topolin versus 46 mM for cis-zeatin).

When radiolabeled TDZ was supplied to P. lunatus
callus cultures, the main metabolites formed were
glucosides (Mok and Mok, 1985). To test whether
ZOG1 could be responsible for this conversion, TDZ

as well as the hydroxylated derivatives at the o-, m-,
and p-position of the phenyl ring were incubated with
recombinant enzyme. None of the positional isomers
gave any conversion to glucosides (Table II). As expec-
ted, TDZ itself was not a substrate. However, (o-OH)-
TDZ was a substrate for cisZOG1, with slightly higher
conversion rates than for cis-zeatin.

Several other compounds were tested, but none of
them was converted to their glucosides by the two en-
zymes. They include cinnamic acid, b-indoleacetic
acid, abscisic acid, kaempferol, and quercetin. The
latter two are main flavonoids found in bean seed
(Hempel and Bohm, 1996).

Cytokinin Activities in the P. lunatus Bioassay

Cytokinin activities of the compounds used in the
enzyme assays were compared in the P. lunatus callus
bioassay to determine possible correlations of the rel-
ative conversions by ZOG1 and cisZOG1 with their
abilities to promote growth in bioassays. Since the
activities of the topolins in this bioassay have not been
reported before, they are presented in detail in Figure
3A, while the activities of all three types of cytokinins
(isoprenoid, aromatic, and TDZ derivatives) are sum-
marized in Figure 3B as the midpoints of the response
curves. The results show clearly that the relative
activities and even the absolute activities of the cor-
responding positional isomers of the topolins and
hydroxylated TDZ are very similar. Moreover, the rel-
ative activities of meta and ortho substituents are close
to those of trans- and cis-zeatin. The main difference
between the three groups resides in the activities of the
parent compounds. While N6-(D2-isopentenyl)adenine
(i6Ade) is a bit less active than trans-zeatin and BAP
about equally active as m-topolin, TDZ has much
higher cytokinin activity than its m-hydroxyl deriva-
tive (Fig. 3B). Although it is not known why this is the
case, there seems to be a correlation with the stabil-
ity of the compounds. Whereas i6Ade is highly labile
and is broken down readily by cytokinin oxidases/

Table I. Substrate specificity of the recombinant ZOG1 and
cisZOG1 enzymes

Protein Substrate Km Vmax kcat

mM nmol mg21 s21 s21

ZOG1 trans-zeatin 0.05 8.9 0.45
ZOG1 cis-zeatin 0.40 0.7 0.04
ZOG1 m-topolin 0.14 1.6 0.08
cisZOG1 cis-zeatin 0.05 0.1 0.01
cisZOG1 o-topolin 0.18 0.5 0.03

Table II. Relative activities of the recombinant ZOG1 and cisZOG1
enzymes with selected cytokinins

Recombinant ZOG1 and cisZOG1 were incubated with 500 mM

cytokinin and 1 mM UDPG. The relative activity is presented as the
percentage of zeatin (for ZOG1) or cis-zeatin (for cisZOG1).

Substrate
Relative Activity (%)

ZOG1 cisZOG1

trans-Zeatin 100 14
cis-Zeatin 3 100
o-Topolin 0.1 490
m-Topolin 23 0
p-Topolin 0.1 0
TDZ 0 0
(o-OH)TDZ 0 128
(m-OH)TDZ 0 0
(p-OH)TDZ 0 0

O-Glucosylation of Aromatic and Phenylurea Cytokinins

Plant Physiol. Vol. 137, 2005 1059



dehydrogenases (Armstrong, 1994), BAP is more
stable and TDZ is very stable (Mok and Mok, 1985).

Recognition of Cytokinins by the AHK4 and
ZmHK1 Receptors

To directly assess the responsiveness of receptors
to the topolins and hydroxylated TDZs, AHK4 and

ZmHK1 were expressed in the DrcsC and cpsTlacZ
mutant background of Escherichia coli as described
before (Suzuki et al., 2001; Yonekura-Sakakibara et al.,
2004). Those studies demonstrated that AHK4 and
ZmHK1 can induce lacZ expression in the presence of
cytokinins recognized by the receptors (Suzuki et al.,
2001; Yamada et al., 2001; Yonekura-Sakakibara et al.,
2004). In this expression system AHK4 was responsive

Figure 2. Metabolism of 3H-labeled cytokinins in leaves of wild-type (control) and transformed (35S:ZOG1) tobacco. A,
Chromatogram of leaf extracts after incubation with [3H]Z for 24 h, containing free bases, ribosides, and glucosides. B,
Chromatogram of leaf extracts after incubation with m-[3H]TR for 24 h, containing free bases, ribosides, and glucosides. C,
Relative amounts (% of total) of major products obtained from leaves incubated with [3H]Z for 6 and 24 h. D, Relative amounts
(% of total) of major products obtained from leaves incubated with m-[3H]TR for 6 and 24 h. Cytokinins were extracted and
purified according to the method of Dobrev and Kaminek (2002), resulting in two separate extracts from each sample: the
fraction containing free bases, ribosides, and glucosides, and that containing the nucleotides. Radiolabeled metabolites were
analyzed by HPLC coupled to a diode array detector and a flow-through radioactivity detector. Elution positions of purine and
cytokinin standards in A and B are indicated by short horizontal lines. The data presented in C and D are the averages of two
independent incubations and extractions. Z, trans-Zeatin; ZR, trans-zeatin riboside; Z7G, trans-zeatin-7-Glc; ZOG, trans-zeatin-
O-glucoside; mT, m-topolin; and mTR, m-topolin riboside.
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to trans-zeatin but not cis-zeatin, whereas ZmHK1 was
responsive to both trans- and cis-zeatin (Yonekura-
Sakakibara et al., 2004). Our assay with the topolins
showed that only the meta isomer interacted with the
AHK4 receptor (Fig. 4A), which is in agreement with
a recent study (Spı́chal et al., 2004). The response to
m-topolin was stronger than to BAP, as was the re-
sponse of trans-zeatin to its non-hydroxylated coun-
terpart, i6Ade. The assays with ZmHK1 (Fig. 4B)
showed that this receptor is slightly more responsive
to m-topolin than o-topolin, comparable to the re-
lationship between trans-zeatin and cis-zeatin. In the
case of ZmHK1, responses to i6Ade and BAP were
stronger than to their hydroxylated derivatives.

Similar assays with TDZ and derivatives showed
that TDZ was recognized by AHK4, but none of the
hydroxylated compounds were (Fig. 4A). Neither TDZ
nor its hydroxylated derivatives were recognized by
ZmHK1 (Fig. 4B).

Although only the 8-h data are shown here, results
of the 2-h experiment were exactly the same with re-
gard to relative responses but the absolute values were
lower. A similar experiment with the control E. coli
strain harboring the empty pIN-III vector gave only
background b-gal activities in the presence of any of
the cytokinins (data not shown), similar to the di-
methyl sulfoxide controls presented in Figure 4.

Synopsis of Results and Molecular Modeling

of Cytokinins

The relative conversions in the enzyme assays,
activities in the bioassay, and recognition by the
receptors are generally consistent for the adenine-
type cytokinins. For instance, zeatin and m-topolin
were preferred substrates of ZOG1, exhibited high
activity in the bean bioassay, and were recognized by
the AHK4 receptor. Likewise, cis-zeatin and o-topolin
were good substrates of cisZOG1, showed much
weaker activity in the bean bioassay, and were recog-
nized by ZmHK1. Furthermore, p-topolin was not
a substrate for the enzymes, did not exhibit much

Figure 3. Cytokinin activities in the P. lunatus cv Kingston callus
bioassay. A, Callus fresh weight in response to a range of concentrations
(log scale) of BAP, m-, o-, and p-topolin. B, Summary of activities as
indicated by the concentration at which one-half of the maximal
growth is obtained of: (1) i6Ade and its hydroxylated derivatives, trans-
zeatin and cis-zeatin; (2) BAP,m-topolin, o-topolin, and p-topolin; and
(3) TDZ and its m-, o-, and p-OH derivatives. Three callus pieces of
about 25 mg were placed in each Erlenmeyer with Murashige and
Skoog medium (Murashige and Skoog, 1962) with a range of cytokinin
concentrations (added dissolved in dimethyl sulfoxide after autoclav-
ing). Cultures were grown in the dark at 27�C for 30 d. The values
presented are means and SE of three replicate experiments each with
four flasks per treatment. tZ, trans-zeatin; cZ, cis-zeatin.

Figure 4. Effects of cytokinins on expression of lacZ in E. coli (DrcsC.
cpsTlacZ ) harboring AHK4 (A) or ZmHK1 (B). The E. coli strains were
cultured in the absence (C, control) or presence of 1 mM of the indicated
cytokinins. cZ, cis-zeatin; tZ, trans-zeatin. The culture period was 8 h.
The cells were harvested and the b-galactosidase activity was measured
with o-nitrophenyl-b-D-galactopyranoside as a substrate. The values
presented are means of triplicate samples with SD.

O-Glucosylation of Aromatic and Phenylurea Cytokinins
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cytokinin activity, and did not induce detectable
activity in the receptor assay.

Based on the results with the topolins, which also
have a phenyl ring, one would expect (m-OH)TDZ to
show the same enzyme and receptor recognition as
m-topolin and (o-OH)TDZ as o-topolin. However, this
was clearly not the case. Although (o-OH)TDZ was
a substrate of cisZOG1, (m-OH)TDZ was neither a
substrate of ZOG1 nor a cytokininin recognized by
AHK4.

To further explain the results, we compared the mol-
ecular structure models of the cytokinins. One strategy
to decipher the biochemical results is to compare the
three-dimensional structures (rather than the flat chem-
ical schematics in Fig. 1) of the various substrates (Fig.
5). For these comparisons, we first constructed geom-
etry optimized molecular models of each compound,

then superimposed the structures according to one or
more of the corresponding ring systems.

The molecular models show that zeatin and the
topolins have obvious structural similarities (Fig. 5, A–
D). Moreover, when the molecular models for zeatin
and various topolins are superimposed, it becomes
clear that m-topolin is very close to trans-zeatin (Fig. 5,
A and B), which is in agreement with the results ob-
tained with ZOG1, the bean bioassay, and the receptor
assays. Similarly, the hydroxyl group of o-topolin (but
not of m- and p-topolin) corresponds closely to that of
cis-zeatin (Fig. 5, C and D), explaining the results with
the cisZOG1 enzyme and ZmHK1.

There are several possible ways to overlay the struc-
tural models of BAP and TDZ (Fig. 5, E–H), with
alignment of either the five-membered ring, the phenyl
ring, or the linker between the rings. In overlays of the

Figure 5. Comparison of molecular models of substrates. A and B, Overlay of trans-zeatin andm-topolin. The structure of trans-
zeatin is shown with carbons in green andm-topolin with carbons in black. The structures are overlaid according to the atoms of
the purine base to show the correspondence of the hydroxyl groups of the twomodel structures as a head-on view into the purine
ring (A) and slightly canted (B). C and D, Overlay of cis-zeatin (green carbons) and o-topolin (black carbons). The hydroxyl group
of the cis-configuration of zeatin is shown to correspond best with the hydroxyl group at the ortho position of topolin. Again, the
overlays are shown as views into the purine ring (C) and slightly rotated (D). E to H, Overlay of BAP (carbons in black) and TDZ
(carbons in green). In E, the five-membered ring of TDZ is overlaid with the five membered ring of the adenine of BAP, showing
the correspondence of the ortho position, but not the meta or para positions of the phenyl ring. In F, the structures are overlaid
according to the phenyl rings, while in G, the superposition is defined by the conformation of the linker between the benzyl and
purine/thiadiazol rings of the two compounds. H is similar to F, except that the low energy form of a rotation isomer of BAP is
shown (rotation about the link to the benzyl ring of BAP).
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thiodiazol ring with the five-membered purine ring
(Fig. 5E), there is close correspondence between the
ortho but not the meta positions of the phenyl rings of
BAP and TDZ, which is consistent with the results of
the enzyme assays. The P. lunatus bioassay results
would suggest recognition of the phenyl ring as the
determinant, which is represented by overlays of the
phenyl rings. Although at first glance the results with
AHK4 may seem inconsistent with this interpretation,
it should be noted that the activity of TDZ in the
bioassay was 50 times higher than that of (m-OH)TDZ.
If this differential also would exist for the receptor,
(m-OH)TDZ activity would not be detectable in the
AHK4 assay. The extremely high activity of TDZ-type
compounds in tissue culture system is most likely
related to their high stability (Mok and Mok, 1985).
However, the ZmHK1 receptor does not seem to
recognize TDZ and its derivatives, indicating a differ-
ent conformation, such as represented by the overlay
in Figure 5G.

Analyses of Endogenous Topolins

Topolins have been found in several genera (Strnad,
1997; Sáenz et al., 2003; Tarkowská et al., 2003). Their
levels, however, are generally much lower than those
of isoprenoid cytokinins. The presence of topolins in
several plant species, combined with the fact that
selected topolins are substrates of the ZOG1 and
cisZOG1 enzymes, raises the question whether these
compounds might be present in beans and maize. We
have searched for these compounds in maize and bean
leaves and roots, but did not detect any activity above
our detection limits (about 1 pmol g21 fresh weight).
Thus, although topolins may be present in these spe-
cies, their levels must be quite low, at least in roots and
leaves.

DISCUSSION

Each of the two cytokinin UGTs, ZOG1 and cis-
ZOG1, has a defined range of substrates. ZOG1 has the
highest activity with trans-zeatin and also recognizes
m-topolin as substrate but has much lower activ-
ity with cis-zeatin. cisZOG1 recognizes cis-zeatin,
o-topolin, and (o-OH)TDZ as substrates while having
lower catalytic activity with trans-zeatin. The com-
pounds recognized as substrates by these enzymes are
functionally related: all substrates have cytokinin
activity. However, it is not known whether other,
functionally unrelated metabolites are also substrates
to the enzymes. We have tested a number of com-
pounds, including kaempferol and quercetin, two
flavonoids found in beans, but none of these were
found to be substrates of ZOG1.

The various cytokinin O-glucosyltransferases differ
widely in reaction velocities. The bean ZOG1 and
ZOX1 enzymes have considerably higher reaction
velocities than the maize cisZOG1 enzyme and also

the Arabidopsis ZOG enzymes (R.C. Martin, D.W.S.
Mok, and M.C. Mok, unpublished data). However, the
reaction rate of the most active enzyme, ZOG1, was
still lower than of the cytokinin oxidase/dehydroge-
nase of maize (Bilyeu et al., 2001), which is consistent
with the generally rapid degradation of trans-zeatin in
vivo.

The cytokinin-binding site on the enzyme is likely to
have some features in common with other cytokinin-
binding proteins such as receptors. Indeed, there is
a close correlation between the cytokinin recognition
of ZOG1 and AHK4. Both recognize trans-zeatin and
to a lesser extent m-topolin, while they have very low
or no recognition of cis-zeatin, o-, and p-topolin, or any
of the hydroxylated TDZs. ZmHK1 has features in
common with both enzymes, recognizing trans-zeatin
and m-topolin (like ZOG1) as well as cis-zeatin and
o-topolin (like cisZOG1). In all our assays, the activity
of trans-zeatin was correlated with that of m-topolin,
while activity of cis-zeatin was correlated with that of
o-topolin. This relationship also applied to responses
in the PARRTGUS reporter assay in Arabidopsis
(Spı́chal et al., 2004). These findings are in agreement
with predictions from molecular modeling, showing
the similarities of trans-zeatin to m-topolin and cis-
zeatin to o-topolin.

Comparisons of the molecular models of BAP and
TDZ (Fig. 5, E–H) show that the two substrates can be
superimposed using either the benzyl ring system
or overlaying the thiadiazol ring of TDZ with either
the five- or six-membered rings of the adenine moiety
of BAP. In all cases, there is correspondence of one
ring system, but not the other. This suggests that the
various proteins (O-glucosyltransferases and recep-
tors) could be recognizing different functional groups
or different conformations of the molecules. This
would explain the recognition of (o-OH)TDZ by
cisZOG1 but lack of recognition of (m-OH)TDZ by
ZOG1 (Fig. 5E) as well as the m.o.p relationship in
the P. lunatus bioassay (Fig. 5F). Even though the
bioassay and AHK4 receptor assay concern two dif-
ferent species, the lack of recognition of any of the
hydroxylated TDZ derivatives by AHK4 is consistent
with the bioassay results. TDZ was 80-fold more active
than the most active hydroxylated derivative, (m-OH)-
TDZ, in the bioassay, while a similar relationship
between TDZ and (m-OH)TDZ would lead to below
detectable recognition of (m-OH)TDZ in the AHK4
assay.

UGTs may function in facilitating biosynthesis, in-
activation, storage, and stability, as well as intra- and
intercellular transport of a large array of natural com-
pounds (Jones and Vogt, 2001; Paquette et al., 2003). In
addition, some UGTs are involved in detoxification of
xenobiotics (Sandermann et al., 1991; Leah et al., 1992;
Loutre et al., 2003). Generally, glycosylation of hydro-
phobic compounds leads to increased hydrophilicity
and decreased reactivity. Glycosylation of zeatin can
lead to increased stability since zeatin is readily broken
down by cytokinin oxidases/dehydrogenases, while
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zeatin O-glucoside is resistant to such enzymes. Al-
though a function of cytokinin glycosides in transport
has not been demonstrated, glycosides have been
found in xylem sap (Letham, 1994; Kato et al., 2002).
In tobacco leaf discs containing a ZOG1 transgene
controlled by an inducible promoter, the increase in
zeatin O-glucosylation led to a decrease of active cyto-
kinin (Martin et al., 2001a). However, in intact plants
containing constitutively expressed ZOG1, increased
cytokinin glycosylation did not lead to significant
decreases in the level of the free base or riboside
(Martin et al., 2001a), indicating that plants precisely
control active cytokinin levels. It seems that natural
cytokinin glycosylation is one of the mechanisms
whereby the plant can fine-tune its active cytokinins
to levels appropriate for each tissue and stage of
development. For instance, levels of glucosides in-
crease during leaf maturation and senescence (Van
Staden et al., 1988; Noodén and Letham, 1993).

Hydroxylation of natural compounds often pre-
cedes glucosylation (Paquette et al., 2003). This also
seems to be the case for cytokinins. The mononucleo-
tide of isopentenyl adenine was shown to be converted
to that of zeatin and an enzyme mediating this con-
version, with characteristics of a P450 hydroxylase,
was partially purified from cauliflower microsomes
(Chen and Leisner, 1984). Recently, two Arabidopsis
genes encoding such hydroxylases have been identi-
fied (Takei et al., 2004). However, on the basis of results
from deuterium-label dilution analysis, an alternative
pathway for the formation of zeatin-type cytokinins,
independent of i6AMP, was postulated (Åstot et al.,
2000), which may possibly involve direct transfer of
the hydroxylated side chain (Wolff et al., 2002) as
shown for the Agrobacterium Tzs protein (Krall et al.,
2002). Although formation of trans-zeatin can be
accommodated by this pathway, hydroxylation can
lead to formation of cis-zeatin and trans-zeatin as well
as the topolins. Based on the results with the gluco-
syltransferases, we speculate that some hydroxylases
may mediate conversion to trans-zeatin and m-topolin,
while others may lead to formation of cis-zeatin and
o-topolin. The occurrence of different hydroxylases for
formation of cis- and trans-zeatin is supported by the
finding that trans-zeatin is formed in plastids and cis-
zeatin predominantly in the cytoplasm (Kasahara et al.,
2004).

In conclusion, the cytokinin O-glucosyltransferases
have a range of related substrates including natural
and synthetic cytokinins but are defined by the posi-
tion of the hydroxyl group. This range conforms to
expectations based on molecular models. Moreover,
the recognition of naturally occurring topolins by the
enzymes corresponds with cytokinin activities dis-
played in the bean bioassay as well as activities in
AHK4 and ZmHK1 receptor assays. The situation with
the synthetic TDZ derivatives is more complex but can
be explained to a great extent by our molecular
models. Elucidation of the crystal structure of the
ZOG1 enzyme and receptor proteins should provide

further insight in the conformation of these proteins
and their cytokinin binding sites and will serve as
a critical test of our current interpretation.

MATERIALS AND METHODS

Cloning ZOG1 and cisZOG1 into the pGex-6P-1 Vector

The open reading frame of ZOG1 was obtained by PCR from genomic

DNA of bean (Phaseolus lunatus) cv Kingston using primers with BamHI sites

incorporated into each primer. The open reading frame of cisZOG1 was

obtained by PCR from genomic DNA of maize (Zea mays) inbred B73 using

primers with a BamHI site on the forward primer and a XhoI site on the reverse

primer. The primers were as follows:

ZOG1F: CCAAATGGATCCATGGCTTTGAATGACAAAAGC

ZOG1B: GCTAGGATCCCAGGCTAAATGGTATGACTATTTAG

cisZOG1F: GATTGGATCCATGGCGGTTGACAC

cisZOG1B: GTCGACTCGAGATACTTTCACCTTGTGAT

PCR was performed using Cloned Pfu DNA Polymerase (Stratagene, La

Jolla, CA). The PCR products were cloned using the Zero Blunt TOPO PCR

Cloning kit (Invitrogen Life Technologies, Carlsbad, CA) and checked for

sequence errors. Clones with perfect sequences were digested with BamHI

(ZOG1) or BamHI and XhoI (cisZOG1) and ligated into pGex-6P-1 digested

with appropriate enzymes. The plasmids were introduced into Escherichia coli

strain XL1-Blue Competent cells (Stratagene).

Induction and Protein Purification

E. coli XL-1 Blue cells containing the recombinant plasmids were grown

overnight at 37�C in 23 YT media containing 100 mg mL21 carbenicillin. The

next morning the cells were diluted 1:100 in 23 YT media with carbenicillin

and grown for an additional 3.5 h. The cultures were grown for another hour

at about 26�C and then isopropylthio-b-galactoside was added to a final

concentration of 1 mM. The cultures were induced overnight and the cells were

harvested by centrifugation at 7,000g. Cell pellets were stored at 280�C until

purified. Cells were thawed in cold water and resuspended in phosphate

buffered saline, pH 7.4, with 0.25 mg mL21 lysozyme (Sigma, St. Louis), 0.1%

Protease Inhibitor cocktail set III (Calbiochem, San Diego), 0.2 mM phenyl-

methylsulfonylfluoride (Sigma), 2 mM dithiotreitol (DTT), and 1 mL/mL

Benzonase Nuclease (Novagen, Madison, WI)) and treated according to the

manufacturer’s recommendations (GST Gene Fusion System, Amersham

Biosciences; Piscataway, NJ). Proteins were purified using Glutathione Se-

pharose 4 Fast Flow and cleaved on the column using PreScission Protease

according to manufacturer’s instructions (Amersham Biosciences).

Biochemical Characterization of

Recombinant Enzyme

To test for enzyme activity with a particular substrate, recombinant

enzyme (0.1–10 mg) was incubated with 500 mM of the substrate, 1 mM UDP-

Glc (including 0.5 mCi UDP-[6-3H]Glc), and 5 mM DTT in 0.17 M Tris, pH7.5, for

30 min at 30�C. For determination of Km and Vmax, purified recombinant ZOG1

(0.1–1 mg) was incubated with 10 to 200 mM trans-zeatin (including 0.5 mCi

trans-[2-3H]zeatin) or 20 to 800 mM cis-zeatin (including 0.5 mCi cis-[8-3H]

zeatin), 4 mM UDP-Glc, and 5 mM DTT in 150 mL 0.17 M Tris, pH 7.5, for 30 min

at 30�C. The reaction was terminated by addition of 15 mL cold trichloroacetic

acid. Products were separated by HPLC and radioactivity in each fraction was

determined as described in Dixon et al. (1989). The data presented in Tables I

and II are the averages of three experiments.

Metabolism of 3H-Labeled Cytokinins in
Tobacco Leaves

Apical portions of young but fully developed leaves of tobacco (Nicotiana

tabacum) L. cv W38 transformed with the cauliflower 35S promoterTZOG1

and controls (1 g fresh weight) were incubated for 6 or 24 h in water with 1 mCi

tritiated cytokinin (m-[2-3H]topolin riboside (specific activity 48 mCi/mmol)
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or trans-[2-3H]zeatin (specific activity 54 mCi/mmol) at room temperature and

continuous light in the laminar flow hood.

Cytokinins were extracted and purified according to the method of

Dobrev and Kaminek (2002). Leaf material was frozen in liquid nitrogen

and extracted overnight with 10 mL methanol/water/formic acid (15:4:1,

v/v/v, pH 2.5) at 220�C. The extract was passed through 2-mL Si-C18

columns (SepPak Plus, Waters, Milford, MA) to remove interfering lipophilic

substances. After organic solvent evaporation in vacuo, the aqueous residue

was applied to an Oasis MCX mixed mode (cation exchange and reverse-

phase) column (150 mg, Waters). Adsorbed cytokinin nucleotides were eluted

with 5 mL of 0.35 M ammonium in water; cytokinin bases, ribosides, and

glucosides with 5 mL 0.35 M ammonium in 60% methanol. The eluates were

evaporated in vacuo.

Radiolabeled metabolites were analyzed by HPLC. Dried samples were

resuspended in 200 mL 20% (v/v) acetonitrile. The system contained a Series

200 Quaternary HPLC pump (Perkin Elmer, Boston) and Luna C18(2), 150 mm/

4.6 mm/3 mm column (Phenomenex, Torrance, CA) coupled to a 235C diode

array detector (Perkin Elmer), and RAMONA 2000 flow-through radioactivity

detector (Raytest, Straubenhardt, Germany). The sample (10 mL) was eluted at

a flow rate of 0.6 mL/min at 30�C. The mobile phase consisted of A, 40 mM

CH3COOH adjusted to pH 4.1 with NH4OH; and B, CH3OH/CH3CN 51/1

(v/v). A linear gradient of 10% to 20% B over 2 min, 20% to 45% B over 17 min,

and 45% to 100% B over 2 min was used. The radioactive metabolites were

identified based on retention times of authentic standards. Since no standards

for O-glucosides of m-topolin and its riboside are available, the main product

of m-topolin riboside formed in ZOG1-containing leaves was characterized by

treatment with b-glucosidase (Sigma). Extract containing cytokinin bases,

ribosides, and glucosides was diluted with 1 mL 40 mM ammonium acetate

buffer, pH 5.0, and split in two. One part was dried, the other treated with

b-glucosidase (3.5 units) for 1 h at 37�C, applied to Si-C18 columns (SepPak

Plus, Waters), washed with 5% MeOH, eluted with 80% MeOH, and dried.

The two samples were then analyzed by HPLC as described above.

P. lunatus Cytokinin Bioassay

Cytokinin activity was determined in the P. lunatus cv Kingston callus

bioassay as described earlier (Mok et al., 1978). The medium consisted of

Murashige and Skoog inorganics (Murashige and Skoog, 1962), (L21) 30 g Suc,

100 mg myo-inositol, 1 mg thiamine, 5 mg nicotinic acid, 0.5 mg pyridoxine,

2.5 mM picloram, and 8 g Difco Bacto agar. The pH of the medium was adjusted

to 5.7 before autoclaving. Cytokinins, dissolved in dimethylsulfoxide, were

added to autoclaved flasks (25 mL/50 mL medium). Three pieces of callus

weighing about 25 mg each were planted per 125-mL Erlenmeyer flask

containing 50 mL medium. Callus yield was determined after 30 d of growth

at 27�C in the dark. Data were obtained from three experiments with four

replicate flasks per treatment.

Expression of AHK4 and ZmHK1 in E. coli

A heterologous expression assay with the AHK4 and ZmHK1 cytokinin

receptors in E. coli containing the DrscC and cpsTlacZ genetic background was

used to determine the receptor recognition of cytokinins, as described pre-

viously (Suzuki et al., 2001; Takeda et al., 2001; Yonekura-Sakakibara et al.,

2004). Briefly, transformants were grown overnight in Luria-Bertani medium

supplemented with 50 mM potassium phosphate, pH 7, 40 mM Glc, and 50 mg

mL21 ampicillin. The overnight culture (1 mL) was inoculated in 100 mL fresh

culture medium containing 1 mM cytokinin and then grown for 2 h or 8 h at

25�C with vigorous shaking. The cells were harvested and suspended in an

appropriate volume of Z buffer (100 mM sodium phosphate, 10 mM KCl, and

1 mM MgSO4, pH 7.0). Cells were disrupted by sonication, and supernatant

was recovered by centrifugation and assayed for b-galactosidase activity with

o-nitrophenyl b-D-galactopyranoside as a substrate.

Models of Molecular Structures

Molecular models of the trans and cis forms of zeatin, and the isomers of

topolin, BAP, and TDZ were constructed, and geometries optimized using the

Builder function in the Insight II (Accelrys/MSI, San Diego). All ring and urea

functional groups were defined as delocalized partial double-bond or as

aromatic ring systems. Freely rotating single bonds were modeled in all

possible staggered conformations prior to geometry optimization. The lowest

energy structures for each compound are represented in Figure 5.

Analysis of Endogenous Cytokinins

Roots and leaves were obtained from 6-week-old maize (Z. mays) inbred

B73 and 5-week-old P. lunatus cv Kingston grown in a hydroponic Hoagland

solution under a 16-h light at 25�C. Tissues were lyophilized and cytokinins

extracted as described earlier (Veach et al., 2003). Isoprenoid and aromatic

cytokinins were analyzed in separate runs. The isoprenoid cytokinins were

analyzed as in Veach et al. (2003), while an HPLC column AQUA, 250 mm/

2 mm/5 mm (Phenomenex) was used to separate aromatic cytokinins, with

a gradient of 15% to 60% acetonitrile in water and a constant level of acetic

acid (0.05%, v/v) at a flow rate of 0.2 mL/min. Detection and quantification

were carried out by mass spectrometry (MS) with a Finnigan LCQ operated in

the positive ion, full-scan MS/MS mode. Aromatic cytokinins were identified

by retention times and spectra of standards of BAP, m-topolin, o-topolin, and

the corresponding ribosides. Since no deuterated internal standard of BAP

and topolins were available, recovery rates were calculated based on those of

N6-(D2-isopentenyl)adenine, its riboside and 9-glucoside, and trans-zeatin

riboside. The electrospray ionization probe was installed with a sheath and

auxiliary gasses at 96 and 6 units, respectively. The heated metal capillary

temperature was maintained at 250�C and capillary voltage at 2.5 V. Two

replicate samples were analyzed for each type of tissue.

Sequence data from this article have been deposited with the EMBL/

GenBank data libraries under accession numbers AF101972 and AF318075.
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