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■ Abstract Cytokinins are structurally diverse and biologically versatile. The chem-
istry and physiology of cytokinin have been studied extensively, but the regulation of
cytokinin biosynthesis, metabolism, and signal transduction is still largely undefined.
Recent advances in cloning metabolic genes and identifying putative receptors por-
tend more rapid progress based on molecular techniques. This review centers on
cytokinin metabolism with connecting discussions on biosynthesis and signal trans-
duction. Important findings are summarized with emphasis on metabolic enzymes and
genes. Based on the information generated to date, implications and future research
directions are presented.
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DEDICATION

In memory of Professor Folke Skoog in whose laboratory cytokinin was discovered
and a generation of scientists were inspired.

INTRODUCTION

Cytokinins are plant hormones promoting cell division and differentiation. Since
the discovery of the first cytokinin, kinetin, by Skoog, Miller, and associates in
1955 (119), the number of chemicals fitting the definition of cytokinins has grown
to include a large array of natural and synthetic compounds, adenine and pheny-
lurea derivatives. The chemistry of these groups of cytokinins has been reviewed
extensively by Shaw (160) and Shudo (162). The biological activities of cytokinins
in whole plants and tissues cultures have also been summarized (126, 132). More-
over, endogenous cytokinins have been examined in many species (5, 84, 185).
Despite the wealth of information concerning cytokinin chemistry and physio-
logy, the transition from descriptive studies to molecular biology has been rel-
atively slow compared with other hormones, particularly ethylene (86, 92) and
gibberellin (71, 74, 169). It is still uncertain how cytokinins are synthesized in
plants although it is generally assumed that the model adopted fromAgrobacterium
suffices (42a). Only recently have candidates for cytokinin receptors begun to
emerge (89, 145). Although many metabolites have been identified, their signifi-
cance and the regulation of the metabolic conversions are still largely unknown. In
recent years, sophisticated methods have been employed to quantify a host of major
and minor components. However, as the contribution of individual cytokinins to
particular growth processes is uncertain, the relevance of cytokinin quantities is
open to interpretation. In short, cytokinin research needs to capitalize on the power
of molecular biology to resolve many of the critical issues.1

There are intrinsic challenges particular to cytokinins. In tissue culture bioas-
says, the effects of cytokinins are well defined. In contrast, the responses of whole
plants to cytokinins are broad and unspecific, unlike the triple response, stem elon-
gation, or abscission/dormancy induced by ethylene, gibberellins, and abscisic
acid, respectively (117). The action of cytokinins is often masked by interaction
with other hormones. For example, cytokinins can interact with auxins either syn-
ergistically or antagonistically and induce the production of ethylene; therefore,

1Abbreviations: AMP, adenosine-5′-monophosphate; BA,N6-benzyladenine; CBP, cyto-
kinin-binding protein; CPPU,N-phenyl-N′-[2-chloro-4-pyridyl]urea; DPU,N,N′-diph-
enylurea; i6Ade, N6-(12-isopentenyl)adenine; i6Ado, N6-(12-isopentenyl)adenosine;
i6AMP, N6-(12-isopentenyl)adenosine-5′-monophosphate; ipn6Ade,N6-isopentyladenine;
ipn6Ado, N6-isopentyladenosine; ipt, isopentenyltransferase; TDPG, thymidine-5′-di-
phosphoglucose; UDPG, uridine-5′-diphosphoglucose; UDPX, uridine-5′-diphospho-
xylose; ZMP, zeatin riboside-5′-monophosphate.
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phenotypic changes are not easily identifiable as directly related to cytokinins
(15, 46, 61, 179). Because mutant phenotypes may not be distinguishable from le-
sions affecting other hormones and severe impairment of cytokinin biosynthesis or
action is likely to be lethal, isolating cytokinin mutants has not been very successful.
Moreover, as naturally occurring cytokinins are adenine derivatives, it is necessary
to distinguish metabolic changes unique to cytokinins from those associated with
the biochemistry of purines. These constraints explain to some extent the slow
progress. Nevertheless, recent advances in the identification of genes involved in
cytokinin metabolism, perception, and response have added impetus to cytokinin
research, signaling a fast transition to molecular approaches. Therefore, a summary
of key findings with interpretations and identification of research areas deserving
attention is timely. We take liberty in the latter with the comforting thought that
scientific investigation is a self-correcting process and any predictions/models will
serve as invitation for rigorous tests. The choice of metabolism as the connecting
theme is based on our research interests and the premise that enzymes and genes
involved in inter-conversions provide useful clues to both cytokinin biosynthesis
and mode of action. The review consists of four parts: an overview of cytokinin
metabolites, description of metabolic enzymes and genes, recent progress regard-
ing cytokinin action, and implications related to recent findings.

CYTOKININ METABOLITES

The natural cytokinins are adenine derivatives and can be classified by the con-
figuration of theirN6-side chain as isoprenoid or aromatic cytokinins (Figure 1).
Cytokinins with an unsaturated isoprenoid side chain are by far the most preva-
lent, in particular those with atrans-hydroxylatedN6-side chain,trans-zeatin
(101, 161) and its derivatives. Dihydrozeatin, the counterpart of zeatin with a
saturated side chain, has been identified in many species, whilecis-zeatin and
N6-(12-isopentenyl)adenine (i6Ade) are generally minor components although ex-
ceptions exist (51, 54). Kinetin andN6-benzyladenine (BA) are the best known cy-
tokinins with ring substitutions at theN6-position. In the early years of cytokinin
research, only cytokinins with an isoprenoid side chain were thought to be en-
dogenous compounds; however, in the mid-1970s BA derivatives were identified
as natural cytokinins (75, 76). The phenylureas constitute a group of synthetic
cytokinins, some of which are highly active, e.g. CPPU (N-phenyl-N′-[2-chloro-
4-pyridyl]urea) (170) and thidiazuron (130).

Adenine-Type Cytokinins

Modifications of the Adenine Ring The discovery of a new natural cytokinin is
almost invariably followed by the report of its nucleoside and nucleotide (Figure 2).
These conversions are primarily related to purine metabolism and only inciden-
tal to cytokinin metabolism. Other possible modifications of the adenine ring
(Figure 2) include glucosylation of the adenine ring at the 3-, the 7-, or 9-position
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Figure 1 Structures of natural adenine and synthetic phenylurea cytokinins.
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Figure 2 Modifications of the
adenine ring.

and conjugation of alanine at the 9-position of zeatin, forming lupinic acid (50, 84,
166, 178). These conversions presumably can occur with most adenine-type
cytokinins provided there is no steric hindrance. With the exception of the 3-
glucosides, theN-glucosyl and alanyl conjugates generally exhibit no or low ac-
tivity in bioassays (103). The ribose moiety of cytokinin nucleosides can also be
further glycosylated (173, 178).

Modifications of the N6-Isoprenoid Side Chain The most important changes are
those affecting theN6-side chain, since even small substitutions have pronounced
effects on cytokinin activity, as demonstrated by extensive structure-activity re-
lationship studies (100, 155, 156, 163). The modifications of thetrans-zeatin side
chain include reduction to dihydrozeatin, conjugation toO-glycosides (O-gluco-
sides andO-xylosides), and side chain cleavage by cytokinin oxidases (Figure 3).
O-Acetylation has been observed in a few species (84, 105). Modifications of the
side chain of dihydrozeatin, such asO-glucosylation andO-xylosylation, are also
known to occur (125, 182); however, an important difference betweentrans-zeatin
and dihydrozeatin resides in the resistance of dihydrozeatin to cytokinin oxidases
(3). Thecis-isomer of zeatin is usually much less active than itstranscounterpart
in bioassays (156) and is somewhat susceptible to oxidases (3, 14). Evidence
is emerging that theO-glucoside ofcis-zeatin also occurs (111, 181) and iso-
merization of thecis- to the trans-configuration has been reported (11). Both
i6Ade and i6Ado are highly susceptible to cytokinin oxidase attack (3) and can
be converted to zeatin or zeatin riboside (38, 52), but reduction of the side
chain from isopentenyl to isopentyl (to form ipn6Ade or ipn6Ado) has never been
demonstrated.
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Figure 3 Enzymes (E) and genes (G) involved in the modifications of theN6-isoprenoid
side chain.
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Aromatic Cytokinins BA-type compounds were recognized as naturally occur-
ring based on their isolation from poplar (75, 76),Zantedeschia(33), anise (58),
and tomato (136). Modifications of the adenine ring on aromatic cytokinins mostly
parallel those of the isoprenoid-cytokinins (Figure 2). Hydroxylated forms of BA,
meta- and ortho-topolin, occur naturally, with the accompanying nucleosides,
nucleotides, andO-glucosides (166).meta-Topolin is much more active than the
paraandortho-derivatives. Other metabolites include 3-, 7-, and 9-glucosides and
9-alanine on the adenine ring (166) and a glucoside linked to the ribosyl moiety
(6). It is not known if the distribution of BA derivatives is limited to a few species
or is more widespread since plants analyzed in early experiments have often not
been re-examined for their occurrence nor have these compounds been searched
for routinely in recent analyses.

Phenylurea-Type Cytokinins

Diphenylurea (DPU) (Figure 1) was the first cytokinin-active phenylurea identified
(159). Although this discovery was linked to detection of the compound in liquid
coconut endosperm, it was later found to be a contaminant from prior chemical
analyses of DPU. This fortuitous discovery, however, led to the synthesis of a num-
ber of potent analogues such as CPPU and thidiazuron (Figure 1), with cytokinin
activity exceeding that of zeatin (130, 132, 162, 170). In contrast to zeatin, these ac-
tive phenylureas are highly stable. Major metabolites isolated from bean callus tis-
sues grown on medium containing14C-thidiazuron are glucosyl derivatives (129).
There is no evidence that any phenylurea cytokinins occur naturally in plant tissues.

Perspectives on the Discovery and
Quantitation of Metabolites

In the early years of cytokinin research, metabolites were isolated primarily by
analyses of chromatographic fractions showing cytokinin activity in bioassays.
This approach led to the identification of metabolites formed in relatively large
quantities. Subsequent protocols for the isolation of cytokinins were often based
on the structures and properties of metabolites discovered earlier. With the ad-
vent of more refined analytical tools such as HPLC combined with ELISA and/or
mass spectral analyses (4, 7, 47, 63, 70, 174), metabolites present at minute con-
centrations can be detected, but the tendency to focus on known structures con-
tinues. Obviously, it is difficult to devise protocols for the isolation of unknown
compounds; moreover, less common and novel cytokinin derivatives can be over-
looked. Such may be the case with lupinic acid, isolated from lupin (104), and
O-xylosylzeatin, found inPhaseolus vulgaris(99, 177), which could also occur
in other species. Additional routes to identify new metabolites are now available.
For example, determining the substrate specificity of metabolic enzymes would
help predict the possible occurrence of unknown/unexpected compounds. As an
illustration, the zeatinO-xylosyltransferase ofP. vulgariswas found to convert
dihydrozeatin to itsO-xylosyl derivative (177; see below), which led to the isolation
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of O-xylosyldihydrozeatin from bean seeds (125). Prediction of metabolites could
also be based on genomics. Newly cloned genes encoding cytokinin metabolic en-
zymes can be compared with GENBANK sequences to identify homologues. The
recombinant proteins of candidate genes can then be tested in vitro to determine if
(and which) cytokinins are substrates for the enzymes. Enzymatic products may
represent cytokinin metabolites occurring in vivo even though they have not yet
been revealed using conventional approaches. For instance, the cloning of a gene
from maize encoding anO-glucosyltransferase specific tocis-zeatin (111; see be-
low) suggests the presence ofcis-zeatin-O-glucoside in this species. Eventually,
metabolites may be predicted through the identification of sequences known to
represent cytokinin binding sites.

Numerous studies have focused on measurements of cytokinin levels, but the
significance of such quantitations is often unclear. Early on, levels of biologically
active cytokinins were usually expressed as kinetin equivalents based on results
of bioassays such as tobacco callus culture or chlorophyll retention tests. This
approach, although seemingly undefined/unrefined, was operationally useful. As
more cytokinin metabolites were discovered, results from cytokinin analyses grad-
ually evolved into the display of arrays of metabolites and their quantities, the extent
of which is limited mainly by the machinery and resources of the laboratories. The
presentation of all measurable cytokinin components allows for a myriad of inter-
pretations, but how such data sets relate to active cytokinin levels is not obvious.
This is in part due to the uncertainty regarding the active form of cytokinin and
the presumed reversibility of storage forms to active forms. The more cytokinin
metabolites are discovered, the more difficult the task of interpreting the results
of quantitative measurements becomes. As long as the function, or the qualitative
importance, of each cytokinin remains unknown, the interpretation of prolific mea-
surements will continue to be problematic. Moreover, current methods measure
only extractable/free metabolites without including cytokinins bound to proteins
or structural components. As the efficacy of each cytokinin is determined by a
composite of factors such as cellular/tissue location, stability, and its metabolism,
the quantity of that cytokinin extracted from mixed tissues or whole plants may
or may not reflect its biological significance in vivo. Therefore, instead of relying
on quantitation, it may be more informative to associate phenotypic variations or
responses to environmental/chemical cues with changes in a specific metabolic
step. In order for this approach to be successful, it is necessary to identify enzymes
and genes regulating such metabolic conversions.

METABOLIC ENZYMES AND GENES

Conversions Between Cytokinin Bases,
Nucleosides, and Nucleotides

Feeding experiments with cytokinin bases invariably result in the formation of cor-
responding nucleosides and nucleotides (102). Generally, such interconversions
involve enzymes common to purine metabolism. These enzymes usually have
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higher affinity for adenine, adenosine, and AMP than for the corresponding cy-
tokinins (reviewed in 34). For example, a 5′-nucleotidase (EC 3.1.3.5) from wheat
germ (36) and tomato (26) converts AMP to adenine and cytokinin nucleotides to
cytokinin bases but has higher affinity to AMP. Similarly, adenosine nucleosidase
(EC 3.2.2.7) from wheat germ (37) has a lowerKm for adenosine than i6Ado. For-
mation of cytokinin nucleosides from their free bases is mediated by an adenosine
phosphorylase (EC 2.4.2.1), which prefers adenine over i6Ade (41). Nucleotides
of cytokinins can be formed from nucleosides by adenosine kinase (EC 2.7.1.20)
or directly from free bases via the action of adenine phosphoribosyltransferase
(APRTase; EC 2.4.2.7) (40). Mutants deficient in APRTase were isolated from
Arabidopsis(123) and two genes encoding this enzyme were cloned (122, 158).
Although one of the two recombinant enzymes (APT1) has much higher affinity
for adenine than BA, the other (APT2) has threefold higher affinity for BA. The
affinities for isoprenoid cytokinins were not reported. It is not known whether the
male sterility of theapt1 mutant is due to changes in cytokinin composition or
purine metabolism (66). Another gene, encoding an adenosine kinase, was iso-
lated from the mossPhyscomitrellaby complementation of a purine auxotrophic
E. coli mutant, but its substrate specificity has not yet been determined (180).

Other Modifications of the Adenine Moiety

A glucosyltransferase (EC 2.4.1.118) catalyzing the formation of cytokinin glu-
cosides at the 7- and 9-positions was isolated from radish cotyledons (55, 57).
Although the enzyme recognizes a large number of adenine derivatives as sub-
strates, the rate of conversion is highest for compounds withN6-side chains of
at least three alkyl carbons and roughly correlates with cytokinin activity (57).
The formation of 7-glucosides is favored, but the relative amounts of 7- and
9-glucosides formed differ between substrates, with ratios of about 2:1 for BA
and 10:1 for zeatin. TheKm for zeatin is 150µM. The enzyme has a mass of about
46.5 kD and a broad pH range with an optimum of 7.3. Both UDPG and TDPG
can serve as glucosyl donors.

A transferase (EC 4.2.99.13) converting zeatin to its 9-alanyl derivative, lupinic
acid, was partially purified from lupin seeds (56). This enzyme has low substrate
specificity but shows a preference for cytokinins since the rate of product formation
is 14 times higher with zeatin than adenine and theKm is 0.88 mM for zeatin versus
26 mM for adenine. The donor substrate isO-acetyl-L-serine (Km 47 µM). The
mass of the enzyme is estimated as 64.5 kD.

Modification of the Isoprenoid Side Chain

Cytokinin Oxidases Cytokinin oxidases selectively degrade unsaturatedN6-iso-
prenoid side chains, converting active cytokinins such as zeatin and i6Ade to
adenine (Figure 3). Cytokinin bases and nucleosides but not the nucleotides are
susceptible (3, 69, 87). The oxidation product of the i6Ade-side chain has been
identified as 3-methyl-2-butenal (23). Since the isolation of the first cytokinin
oxidase from tobacco callus tissues 30 years ago (140), this type of enzyme has
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been obtained from maize, beans, poplar, wheat, andVinca roseacrown gall tis-
sues (reviewed in 3, 69, 87). The wide occurrence of oxidases is matched by their
diversity. They vary in mass, from 25 kD for the enzyme fromVinca roseato
94 kD for maize (3, 118). Most but not all of these enzymes are glycoproteins,
with pH optima ranging from 6.0 to 9.0 (3, 90). Based on the degradation prod-
ucts, the use of oxygen, and the enhancement by copper imidazole complexes
(32), oxidases were classified as copper-dependent amine oxidases (EC 1.4.3.6).
This classification has recently been questioned (147) because copper-depen-
dent amine oxidase seems to oxidize primary amines specifically (98), whereas
cytokinins are secondary amines. The finding that the recombinant cytokinin
oxidases of maize are flavoproteins (14, 77, 133; see below) also suggests that
reclassification may be in order. However, the diverse properties of cytokinin
oxidases indicate that there may be more than one class of cytokinin degrada-
tion enzyme.

Maize cytokinin oxidase genes were recently cloned in two laboratories (77,
133). Both groups based their strategies on determining partial internal amino
acid sequences of enzymes purified from immature maize kernels. A partial gene
sequence was then obtained using PCR with degenerate primers. Morris et al (133)
isolated the full-length gene by screening a genomic library, while Houba-H´erin
et al (77) cloned the cDNA via RACE PCR from a maize kernel cDNA library.
The ORF was expressed inPichia or moss protoplasts and an active oxidase
was secreted into the culture medium. The two groups may have isolated alleles
of the same gene family since the two clones differ only in seven nucleotides
(three amino acids). The gene,ckxor CKO, consists of three exons separated by
two small introns. The ORF of 1602 bp encodes a 57-kD enzyme with a flavin-
binding domain and eight possible glycosylation sites. BLAST searches revealed
homology to sevenArabidopsisaccessions as well as thefas5gene ofRhodococcus
fascians(14, 77). TheArabidopsishomologs are 39% to 47% identical to the maize
gene at the amino acid level. Of the four homologs tested, three encode proteins
displaying cytokinin oxidase activity (14). Western analyses detected high levels
of the enzyme in maize kernels but low or no enzyme in other plant parts. TheKm
values for the recombinant enzyme (i6Ade, 1.5µM; i6Ado, 11µM; zeatin, 14µM;
cis-zeatin, 46µM) are in good agreement with those of the native enzyme, but
differ somewhat from earlier estimates reported for maize cytokinin oxidase by
other laboratories (3, 118). The molecular weight and the pH optimum also differ
from earlier findings, again suggesting the likely occurrence of additional types of
cytokinin oxidases.

Many studies have shown that phenylurea-type cytokinins such as thidiazuron
and CPPU are strong inhibitors of cytokinin oxidase activity (3, 25, 31, 96). Al-
though characterizations of maize and bean oxidases suggested such inhibition
is noncompetitive (3, 25), the latest kinetic analyses of ckx1 recombinant protein
indicate that CPPU is a competitive inhibitor, at least to this maize oxidase (14).
It should be noted that adenine-type cytokinins such as BA and kinetin, which do
not serve as substrates to the enzyme, did not inhibit oxidase activity in bean callus
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cultures (31). Whether these cytokinins show competitive inhibition with the ckx1
enzyme has not been determined.

Zeatin O-GlycosyltransferasesO-Glucosylzeatin seems to be a ubiquitous
metabolite in plants (178), althoughO-xylosylzeatin has been detected thus far only
in Phaseolus(99, 125). AsO-glucosylzeatin is resistant to cytokinin oxidase attack
(3) and can be converted to the active aglycone byβ-glycosidases,O-glycosylation
may serve an important function in regulating the level of active cytokinins. Two
zeatinO-glycosyltransferases have been isolated thus far, anO-xylosyltransferase
(EC 2.4.1.204) fromP. vulgaris(177) and anO-glucosyltransferase (EC 2.4.1.203)
from P. lunatus(49). The two enzymes are similar in mass (about 50 kD) but differ
in charge. TheO-glucosyltransferase uses UDPG and UDPX as donor substrates
but has much higher affinity to UDPG, whereas theO-xylosyltransferase uses
only UDPX. The cytokinin substrate recognition of the enzymes is also highly
specific; besides zeatin, the only other substrate is dihydrozeatin, which is used
by both transferases to formO-xylosyldihydrozeatin in the presence of UDPX
(49, 109, 124). Interestingly, theO-glucosyltransferase does not catalyze the for-
mation ofO-glucosyldihydrozeatin in the presence of UDPG. This is rather un-
expected sinceO-glucosyldihydrozeatin is known to occur inP. vulgaris(182);
therefore, it is likely that otherO-glucosyltransferases exist capable of mediat-
ing conversion of dihydrozeatin. Neithercis-zeatin nor any of the ribosides serve
as substrates for the enzymes. The stringent substrate specificity for cytokinins
and sugar donors suggests thatO-glycosylation is precisely regulated, tailored to
individual cytokinins.

Genes encoding the zeatinO-glucosyl- andO-xylosyltransferase have been
cloned fromP. lunatusand P. vulgaris, respectively (112, 113). The first gene,
ZOG1 (for zeatin O-glucosyltransferase), was identified by screening a cDNA
library from immatureP. lunatusseeds with monoclonal antibodies (110). The
second gene,ZOX1 (for zeatin O-xylosyltransferase), was obtained by inverse
PCR with primers based on theZOG1sequence. Neither gene contains any in-
trons. The ORFs ofZOG1andZOX1encode polypeptides of 459 and 454 amino
acids, respectively, with a mass of 51 kD. The recombinant proteins (112, 113) ex-
hibit properties identical to those of the native enzymes (49, 177). The two genes
exhibit 93% and 87% identity at the DNA and amino acid level, respectively.
Northern analyses showed high expression of the genes in immature seeds but low
in vegetative tissues. Recently, additional homologues have been isolated from
Phaseolusas well asGlycine max(X Shan, RC Martin, MC Mok & DWS Mok,
unpublished results).

The regions of theZOG1gene relevant to UDPG affinity were determined us-
ing hybrid enzymes derived from domain exchanges of parentalZOG1andZOX1
genes (109). The N-terminal half of the enzyme is of critical importance in this
aspect since hybrid enzyme having the N-terminal half of ZOG1 and C-terminal
half of ZOX1 had exactly the same patterns of UDPG and UDPX utilization as
ZOG1. Substituting the region between bp 401 and 637 of theZOG1ORF with
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the corresponding segment ofZOX1abolished utilization of UDPG as substrate,
but UDPG still competed with UDPX when present in the reaction mix. Addi-
tional substitution of the segment from bp 74 to 400 eliminated binding of UDPG
to the enzyme, as evidenced by the loss of competitive inhibition by UDPG in
UDPG+UDPX incubation. Amino acids critical for UDPG binding toZOG1may
be pinpointed by site-directed mutagenesis.

Transgenic tobacco plants were generated harboring theZOG1 gene under
the control of a constitutive (35S) and an inducible (Tet) promoter (114). Ex-
pression of the transgene resulted in elevated enzyme production and increased
conversion of exogenous zeatin to itsO-glucoside. In zeatin/NAA interaction ex-
periments, Tet-ZOG1 leaf discs cultured in the presence of tetracycline required
tenfold higher zeatin concentrations for the formation of shoots and callus than
the controls (Tet-no insert), which fits the hypothesis ofO-glucosylzeatin being
a storage product. On the other hand, 35S-ZOG1plants showed developmental
variations including adventitious root formation on the lower stems and axillary
shoot growth, the latter indicative of decreased apical dominance. Thus, increased
zeatinO-glucosylation in detached, cytokinin-dependent tissues leads to cytokinin
sequestering whereas in whole plants the effect can simulate a reduction or a
rise in cytokinin activity, depending on the tissue and stage of development. The
use of tissue- and stage-specific promoters will further clarify the role of cy-
tokinin O-glycosylation and perhaps even allow targeted modifications of growth
patterns.

Recently, a novel gene,cisZOG1, encoding acis-zeatinO-glucosyltransferase,
was isolated from maize (RC Martin, MC Mok, JE Habben & DWS Mok, un-
published results). This gene was cloned utilizing the sequence ofZOG1 from
Phaseolusto identify candidate genes from maize EST (expressed sequence tag)
data banks of Pioneer Hi-Bred International (PHB). This gene also does not have
any introns and the ORF of 1401 bp encodes a polypeptide of 50 kD. The enzyme
recognizescis-zeatin and UDPG as substrates, but nottrans-zeatin, dihydrozeatin,
cis-zeatin riboside, or UDPX. ThecisZOG1andZOG1genes are 60% identical at
the DNA level and 40% at the deduced amino acid level. The occurrence oftrans-
andcis-specific enzymes again reinforces the precision of metabolic regulation.
The finding suggests thatcis-zeatin derivatives may play a more important role in
cytokinin homeostasis than currently recognized and illustrates the possible use of
genomic analyses to seek new cytokinin metabolites.

β-Glucosidases In order to restore cytokinin activity, conversion of glucosides to
the corresponding aglycones is necessary. Althoughβ-glucosidases (EC 3.2.1.21)
and genes encoding these enzymes have been identified, none showed specificity
to cytokinins. A maizeβ-glucosidase of 60 kD (p60) was partially purified (27) and
the gene cloned (24). The recombinant enzyme (64 kD) cleavesO-glucosylzeatin
and kinetin-N3-glucoside (24) as well as a number of other artificial and natural
substrates (42). The gene (Zm-p60.1, glu1) is about 5 kb in length and consists
of 12 exons separated by 11 introns. A similar gene was isolated fromBrassica
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napus(60). The recombinant enzyme converts zeatinO-glucoside to zeatin, but
related substrates, such as cytokininN-glucosides, were not tested. Considering
the low specificity ofβ-glucosidases, hydrolysis of glucosides may not be highly
regulated, in contrast toO-glucosylation. Separation of cytokinin glycosides from
β-glucosidases in different subcellular locations may provide a measure of control,
as suggested by the finding that theO-glucoside of dihydrozeatin is localized in
vacuoles (65).

Zeatin Reductase Reduction of thetrans-zeatin side chain to form dihydrozeatin
is mediated by a zeatin reductase isolated from immature seeds ofP. vulgaris(115).
The enzyme is highly specific for zeatin; it does not reducecis-zeatin, trans-
zeatin riboside, i6Ade, or zeatinO-glycosides. The enzyme requires NADPH as
a cofactor. Two isoforms of the enzyme, about 25 kD and 55 kD in size, were
found in Phaseolusspecies. As dihydrozeatin is resistant to cytokinin oxidases,
reduction of the zeatin side chain may preserve cytokinin activity, especially in
tissues with high levels of oxidases.

Zeatin Isomerase A cis-transzeatin isomerase was partially purified fromPhase-
olus(11). The enzyme favors conversion from thecis- to thetrans- isomer. As the
indirect pathway of cytokinin biosynthesis involves the breakdown of cytokinin-
containing tRNAs (146, 171), the isomerase provides a possible route to convert
the less activecis-zeatin to the highly activetrans-isomer.

Hydroxylase Hydroxylation of the isopentenyl side chain was detected in a mi-
crosomal fraction of cauliflower (38). The enzyme catalyzed conversion of i6Ade
to zeatin and i6Ado to zeatin riboside in the presence of NADPH. However, further
purification and characterization of the enzyme has not been reported.

CYTOKININ ACTION

For close to 30 years, scientists have been searching for cytokinin-binding pro-
teins (CBPs) that could serve as receptors (reviewed in 19–21; 18, 22, 64, 93–95,
120, 138). Many CBPs exhibit some of the properties expected of receptors, but
clear proof for a true receptor is lacking. Based on the cytokinin concentrations
in plant tissues, few of these proteins haveKd values low enough to qualify as
receptors. Moreover, the function of these proteins is often unknown (reviewed in
15, 19, 20, 21).

The advent of molecular biology has brought about rapid progress in the field
of plant hormone perception/signaling (61, 117). The patterns emerging for plant
signal transduction resemble those established for other organisms (30, 117, 143).
The first step involves binding of the hormone to a high-affinity receptor protein,
resulting in a conformational change. This then sets into motion a signal transduc-
tion cascade, either through a his-asp phosphorylation/dephosphorylation chain or
by guanine nucleotide binding and hydrolysis, eventually leading to changes in
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transcription of a specific set of genes. Although information on the components
of cytokinin perception and signal transduction is still very limited, recent findings
suggest that this model may be applicable to cytokinin signaling as well.

Phosphorelay Signal Transduction

A gene encoding a putative cytokinin receptor, CKI1, was isolated fromArabidop-
sis throughAgrobacterium-mediated activational tagging using a 35S promoter
(89, 135). Tissues of the transformant harboring the promoter upstream of theCKI1
gene were cytokinin-independent in vitro, indicative of either increased cytokinin
production or sensitivity. The CKI1 protein contains a putative input domain with
two membrane-spanning regions, a sensor histidine kinase, and a receiver domain.
The phenotype of the mutant together with the similarity of the protein to bacterial
two-component systems and ETR1, an ethylene receptor (29, 154), render a cy-
tokinin receptor function plausible. However, binding of CKI1 to cytokinins has
yet to be demonstrated.

The existence of a his-asp phosphorelay chain is further suggested by the iden-
tification of other possible components of such a pathway (44, 45).Arabidopsis
genes rapidly induced by cytokinin,IBC6/ARR5and IBC7/ARR4, were isolated
by two groups (17, 80, 91, 172). The induction of gene expression does not require
protein synthesis, indicative of a primary response function. Moreover, highly ac-
tive cytokinins, including thidiazuron, were able to induce these genes, whereas
adenine was only weakly active (17). Maize genes homologous toIBC/ARRhave
also been identified (152, 153). The gene products are similar to the receiver do-
main of bacterial two-component systems (30) and contain two invariant aspartate
residues and an invariant lysine residue. Although 14 members of this family were
reported forArabidopsis(45, 79), only those containing a receiver domain and a
short C-terminal region (A-type) were rapidly induced by cytokinins. Those hav-
ing a receiver domain and a longer C-terminal region (B-type) were not induced
by cytokinin. Divergence between the two types is indicated by the low homology
of amino acid sequences of receiver domains between members of the two groups
(24% to 30%), in contrast to the high homology between members of the same
group (60% to 96%). B-type ARR proteins have properties suggestive of transcrip-
tion factors, including the presence of a Myb-related motif, nuclear localization,
and the ability to activate transcription when fused to the GAL4 DNA-binding
domain (79, 107).

A gene family (AHP) with potential action in the same signal transduction
pathway as A-type ARR members was obtained by scanning theArabidopsisEST
database for genes containing histidine phospho-transfer domains (121, 168). Puri-
fied AHP1 and AHP2 protein, when previously phosphorylated by crude bacterial
membranes, could phosphorylate ARR3 and ARR4 in vitro, indicating a possible
role upstream of ARR in the pathway. It should be noted that genes similar toAHP1
also occur in maize (151). A model was proposed by D’Agostino & Kieber (45),
with CKI1 as the receptor, AHP downstream from CKI1, and ARR downstream
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from AHP. However, a complication is the finding that AHP1 can phosphorylate
the receiver domain of CKI1 as well (135). To provide an explanation, the au-
thors speculated that the CKI1 receiver domain may negatively modulate its own
signaling pathway through the removal of a phosphate from a previously phospho-
rylated AHP. The same set of AHP proteins can form stable complexes with B-type
ARRs, but does not phosphorylate them (79). Another gene possibly interacting
with ARR4 was obtained by a yeast two-hybrid screen (184). This gene (AtDBP)
had been cloned earlier and encodes a DNA-binding protein (2).

CycD3, encoding a protein involved in the G1—S transition of the cell cycle,
may be one of the primary genes induced by cytokinin (148, 165). Transcripts
began to accumulate within one hour of cytokinin treatment of cell suspensions and
intact seedlings (148). Moreover, tissues overexpressing CycD3 were cytokinin-
independent in culture. The inability of cycloheximide to inhibit induction indicates
that this is an early response gene, not requiring protein synthesis. Although there is
no established connection with the phosphorelay genes described above, regulation
through phosphorylation is implicated by the effects of phosphatase and kinase
inhibitors (148). Another candidate gene iscdc2, a histone H1 kinase involved in
G2—M transition with expression induced by cytokinin and auxin (73, 83, 186).
As expected, many additional genes are induced or repressed by cytokinins, and in
some cases expression was shown to be affected by phosphorylation (for review,
see 43, 157). However, for most of these genes either the function is unknown or
the lag time before changes in transcription is too long to be considered as early
response genes. (See Note Added in Proof, p. 118.)

G-Protein Coupled Receptor

A different type of putative cytokinin receptor, belonging to the class of G-protein
coupled receptors (59), was identified by Plakidou-Dymock et al (145) through
screening of anArabidopsisEST database for genes with homology to known bac-
terial G-protein receptors. The deduced amino acid sequence of the gene,GCR1
(for G-protein cytokinin receptor), contains seven membrane-spanning domains
and homology to 7TM G-protein coupled receptors. This protein was assigned a
role in cytokinin perception due to the lower sensitivity to cytokinins ofArabidop-
sis transformants containing an antisenseGCR1construct (145). Binding of this
putative receptor to cytokinins and interaction with G-proteins has yet to be shown.

IMPLICATIONS

Significance of Metabolites and Enzymes

The metabolic complexity of natural cytokinins can be reduced substantially if
inter-conversions between bases, nucleosides, and nucleotides are considered sep-
arately. This seems reasonable since these interchanges are likely adjunct to purine
metabolism, as supported by the observation that none of the enzymes involved in
the modification of the adenine ring has specificity for cytokinins (34). Mutation of
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theAPT1gene ofArabidopsisencoding an adenine phosphoribosyltransferase re-
sults in male sterility and recalcitrance in tissue culture (66, 123), and theschizoid
mutant ofArabidopsis, having a lesion in a gene with high homology to adenosine
kinases, has characteristics indicative of cytokinin overproduction (144). How-
ever, it is not known whether the phenotypic alterations are related to a change
in cytokinin metabolism or general purine metabolism. Yet, the interconversions
between the three forms can have a bearing on cytokinin activity and transport.
The free base is usually the most active in bioassays (100, 116, 155, 156, 163),
which may be related to rapid uptake and high intrinsic activity (97). Evidence
has also been presented that the three forms are transported differentially via
the xylem, with the nucleosides being predominant (102). Recently, a family of
adenine transporters was discovered inArabidopsis(67). Although they are not
specific for cytokinins, their activity is likely to influence the cell-to-cell transport
of cytokinin bases as well. Thus, despite the nonspecific nature of the interchanges,
the relative proportions of the three forms may directly or indirectly influence cy-
tokinin activity.

Side chain modifications appear to be highly specific. Not only can the en-
zymes distinguish between cytokinin bases, nucleosides, and nucleotides, but
also between saturation, hydroxylation, and steric conformation. The former is
illustrated by the fact that zeatinO-glycosyltransferases act only on cytokinin
bases (49, 112, 113, 177). The latter is demonstrated by the characteristics of zeatin
O-glycosyltransferases and reductase, withO-glycosyltransferases differentiating
betweencis-, trans-, and dihydro-zeatin (124) and the reductase recognizing
trans-zeatin but notcis-zeatin or i6Ade (115). Even though cytokinin oxidases
are not as specific, cleaving all cytokinins with unsaturated isoprenoid side chains,
the rate of degradation is also dependent on side chain configuration (14, 31). The
properties of these enzymes imply that the metabolism of individual cytokinins is
precisely regulated by a host of highly specific proteins, many of which yet to be
discovered.

Metabolic enzymes and genes are useful tools in dissecting the function of cy-
tokinin metabolites. The levels of enzymes and reaction products can be modu-
lated by manipulating the expression of genes encoding the enzymes. For ex-
ample, cloning of theZOG/ZOXgenes allows more precise determination of the
effects ofO-glycosylation on plant development. The fact that leaf discs of trans-
genic tobacco (with increasedZOG1 expression) required significantly higher
zeatin concentrations for shoot regeneration (114) confirmed a storage role of
O-glucosylzeatin. However, in intact plants, increasedO-glucosylation can also
lead to characteristics indicative of higher cytokinin activity, which could not
have been predicted from the theoretical consequences of cytokinin sequestering
throughO-glucosylation. Although there are a number of possible explanations
for the seemingly opposite effects on detached and intact plants tissues (114),
the observations suggest that local cytokinin composition in organs at particu-
lar stages of development may be more important than total cytokinins in whole
plants.
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External factors may influence the expression of metabolic genes and compo-
sition of metabolites. In a recent study, zeatinO-glycosyltransferase levels were
determined in roots of maize and beans (106) using antibodies specific to the bean
enzymes (110). At low temperatures, 10◦ and 4◦C, the amount of antigenic protein
was substantially higher than at 25◦C. Thus, low temperatures may induce se-
questering of active compound by triggering zeatinO-glycoside formation. If con-
firmed, this would establish the relationship between a specific metabolic step and
an environmental cue. In general, identification of physical and chemical factors
influencing the expression of metabolic genes will provide valuable information
on the regulation of metabolite levels and plant development.

The function ofcis-zeatin is unclear. Although it is only weakly active in bioas-
says (156),cis-zeatin and its derivatives can be the predominant cytokinins in some
species, such as chickpea (54), or in specific organs, such as male flower buds of
Mercurialis (51).cis-Zeatin and derivatives were also detected in rice roots (82),
potato tubers (137, 167), hops (183), wheat (142), and oats (142). It is conceivable
thatcis-zeatin has either a highly specialized function or can serve as a precursor
for trans-zeatin. For instance,cis-isomers produced in roots may be transported
to shoots, where light can enhance isomerization totrans-isomers (11). Manipu-
lations involving thecisZOG1gene of maize (RC Martin, MC Mok, JE Habben &
DWS Mok, unpublished results) may be useful to further elucidate the function of
cis-derivatives, particularly in plant species with substantial amounts ofcis-zeatin.

The fact that cytokinin oxidase level in whole plants and callus cultures is sti-
mulated by both adenine- and phenylurea-cytokinins (3, 31, 134, 141, 175) indi-
cates that these enzymes are important in the catabolism of excessive cytokinins.
Another possible function of oxidases may be the prevention of cytokinin move-
ment into or out of specific tissues or organs. An example may be found in devel-
oping seeds where high cytokinin oxidase activity occurs in the seed coat (176),
limiting movement of cytokinins to and from developing embryos (102). Now
that an oxidase gene from maize has been cloned, determining the distribution
of oxidases among endosperm, embryo, aleurone, and pericarp of maize may be
an initial step in examining the concept of oxidases as regulators of cytokinin
trafficking between tissues.

Cytokinin and cytokinin oxidase activity during grain development have been
studied rather extensively, with the ultimate goal of manipulating yield (8, 48, 85,
88, 150). At early embryo development of cereals, there is a narrow period (days)
when cytokinin content rises, after which it declines rapidly. This led to the hy-
pothesis that seed fill and the eventual size/yield of the seeds may be related to,
and can be manipulated by, maintaining a higher level of cytokinins. However,
external application of adenine- or urea-type cytokinins had sporadic effects on
yield (8, 78), while transformation with theipt (isopentenyltransferase) gene is
beneficial only if expression of the gene could be regulated rather precisely. Since
the decline in cytokinin level is accompanied by an increase in cytokinin oxidase,
lowering the level of cytokinin oxidases may be a viable alternative. In general,
cytokinin genes can conceivably be used to optimize agronomic characteristics.
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Biosynthesis

Our knowledge of cytokinin biosynthesis in plants is still very limited. It is gener-
ally assumed that i6Ade and zeatin have a common origin and that the first product
of biosynthesis is i6AMP (16, 35). Although this pathway seems logical, particu-
larly in light of the action of theipt gene ofAgrobacterium tumefaciens(1, 10),
evidence for this pathway in plants is still inconclusive. Only rather crude tobacco
extracts were found to contain ipt activity (30). As zeatin-type compounds are
predominant in plants, hydroxylation has to be a crucial step in the direct pathway
but the general occurrence of this conversion is still uncertain. Incorporation of
radiolabeled i6Ade and i6Ado into zeatin and its riboside by a microsomal frac-
tion of cauliflower was reported (38). Conversion of exogenous, unlabeled i6Ade
to a product coeluting with zeatin was also observed inActinidia (52), although
the product was not further authenticated. On the other hand, callus tissues of
Phaseolusdid not incorporate any significant amount of label from14C-i6Ade or
14C-i6Ado into zeatin or its riboside (28, 131). It is possible that hydroxylation is
limited to certain plant species, as supported by a survey (53), accounting for the
inconsistent occurrence.

It is also possible that there are other substrates for the direct biosynthesis of
zeatin in plants. For example, the formation of ZMP could occur through trans-
fer of a hydroxylated side chain. In fact, this function could also be mediated by
the enzyme encoded by thetzsgene ofA. tumefaciens. Expression of thistzs in
bacteria resulted in the recovery of zeatin in the culture medium (13, 72). The
explanation given was that side chain hydroxylation occurred after the formation
of i6AMP/i6Ado/i6Ade, through the action of bacterial enzymes. That explanation,
however, cannot be reconciled with the observation thatAgrobacteriumwithout the
Ti plasmid secreted only i6Ade, derived from tRNA (68). Further support in favor of
direct transfer of a hydroxylated side chain was recently provided by the dynamics
of deuterium in vivo labeling of cytokinins inipt-transformed and wild-typeAra-
bidopsis(4). Moreover, transferases could conceivably differ in their relative affini-
ties to isopentenyl and hydroxylated side chains, with plant enzymes preferring the
hydroxylated side chains. However, plant transferases are unlikely to have high ho-
mology to their bacterial counterparts since extensive probing of plant genomes did
not reveal complementary sequences toipt/tzs(12). Nevertheless, theArabidopsis
data bank contains a number of candidate genes with low homology to these genes.

For many years, tRNA as a source of cytokinins has been the subject of debate.
Measurements of tRNA breakdown indicated that this process can contribute up to
50% of the free cytokinins (9, 108). An often encountered argument against tRNA
being a considerable source of cytokinin is the fact thatcis-zeatin is the major
cytokinin in tRNA. However, this problem can potentially be accommodated by
the isomerization ofcis-zeatin totrans-zeatin bycis-transisomerases (11). Another
objection is the general nature of tRNA breakdown, occurring in all tissues, while
cytokinin production is localized in root tips, shoot meristems, and immature seeds
(102), and must be highly regulated. Therefore, if tRNAs were a major source of
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cytokinins, regulatory mechanisms must operate at the level of the metabolism of
the releasedcis-zeatin.

The occurrence ofcis-zeatin as a minor cytokinin constituent could be explained
by its origin from tRNA, but its presence as the major component in some plants or
plant organs (51, 54, 82) may signify a direct pathway of biosynthesis. The isopen-
tenyl side chain can possibly be hydroxylated to thecis configuration or, as pro-
posed above fortrans-zeatin, acis-hydroxylated side chain is directly transferred
to the adenine moiety. The biosynthetic pathway leading to aromatic cytokinins
is entirely unknown. To date, no enzymes mediating the conjugation of a benzyl
ring to adenine have been identified. It is apparent that the pathway for the biosyn-
thesis of these cytokinins should be substantially distinct from that proposed for
the isoprenoid cytokinins, perhaps closer to the metabolism of phenolics (166). A
precursor suggested for topolin is the amino acid phenylalanine (185). In the same
vein, isoprenoid cytokinins could be derived from compounds related to the amino
acid leucine. However, these are theoretical pathways, the confirmation of which
will have to come from the identification of the enzymes and genes involved. Never-
theless, the possibility that cytokinins with specific side chain configurations have
separate origins, rather than having a common intermediate, must be considered.

Perception

The action of cytokinins at the molecular and the whole plant level is still largely
unknown. In addition to putative receptor/signal transduction genes such asCKI1,
ARR, andGCR1, proposed cytokinin targets include cell cycle genes and genes
affecting shoot meristem formation. Candidate genes related to the cell cycle are
CycD3andcdc2(83). Theknottedhomeobox gene of maize andArabidopsiswas
also implicated in cytokinin action since transgenic plants overexpressing theipt
gene orkn1have similar phenotypes (139) andipt transformants have increased
mRNA levels of homeobox genes (149). As cytokinins stimulate cell division and
formation of meristematic tissues, a link between these events and cytokinin action
is expected. However, with the exception ofCycD3(148), there is no evidence for
primary action of these genes and they likely function further downstream from
the signal transduction chain.

The study of action/perception will invariably encounter the paradox unique
to cytokinins, the apparently indistinguishable biological effects of adenine and
phenylurea cytokinins. It has been debated whether the phenylurea derivatives ex-
ert direct effect or indirect effect by modifying the biosynthesis and metabolism of
endogenous cytokinins. The direct-effect hypothesis is supported by steric model-
ing studies suggesting that both adenine and urea cytokinins have a conformation
capable of binding to the same receptor protein (62, 81). If that is the case, a true
cytokinin receptor should display affinity to both types of cytokinins. The report of
CBPs with affinity to both types of compounds (138) seems to suggest the occur-
rence of proteins with epitopes fitting both classes of cytokinins. The induction of
theARR4andARR5genes by both adenine and phenylurea cytokinins (17) is also
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compatible with the direct-action hypothesis. Signal-receiving molecules capable
of binding to both types of compounds, however, will also have to conform to
the rules for structure-activity relationship of cytokinins, especially regarding the
configuration of theN6-side chain (163). The notion of ligands (cytokinins) with
such different chemical structures recognizing the same signal-receiving proteins
is challenging. The alternative, i.e. phenylureas acting on endogenous cytokinin
metabolism or biosynthesis, is supported by the observations that they are inhibitors
of cytokinin oxidases (14, 32) and are able to induce cytokinin-autonomous growth
of cultured cells (127). In addition, conversion of cytokinin nucleotides to nucleo-
sides is stimulated by phenylurea cytokinins (28). These properties, coupled with
the stability of the phenylureas, are expected to alter the level/action of endoge-
nous cytokinins. Unfortunately, the relative contributions of the direct and indirect
effects on cytokinin action cannot easily be determined. Nevertheless, the studies
of phenylurea cytokinins indicate quite clearly that in general, the apparent cy-
tokinin activities of chemicals may not necessarily correlate with their affinities
to cytokinin receptors since indirect effects and differential stability will influence
their efficacy.

FUTURE RESEARCH DIRECTIONS

Cytokinin research based on traditional concepts and approaches will continue to
be necessary in updating and confirming earlier findings. Molecular biology cou-
pled with innovative and testable hypotheses will be needed if significant progress
is to be made. For example, it may be useful to consider the possibility of inde-
pendent pathways for the direct biosynthesis of cytokinins with distinctN6-side
chains, rather than continue to pursue a single pathway based on theAgrobac-
terium model. The contribution of the indirect pathway involving tRNA should
also be reinvestigated. Parallel pathways may operate in cytokinin biosynthesis,
just as for auxin biosynthesis (164), and different pathways may operate in differ-
ent species. The metabolism of diverse classes of adenine-type cytokinins is likely
to be regulated by different sets of genes encoding enzymes with precise recogni-
tion based on the configuration of theN6-side chain. The various metabolites may
have unique functions via differential subcellular localization or accumulation in
tissues. Therefore, determining the location of enzymes as well as metabolites in
tissues and cells will be important. Quantifying cytokinins may be more meaning-
ful if selective measurements are taken of particular tissues at specific stages of
development. Determination of changes in cytokinin components associated with
defined phenotypic variations should be more useful than data taken on whole
plants. Many areas of cytokinin research require attention but the greatest need
is the cloning and characterization of additional genes, be they involved in cy-
tokinin biosynthesis, metabolism, or perception/signal transduction. Employing
genomics, transgenics, and reverse genetics as routine tools to study cytokinins
will be crucial to gene discovery and characterization. Concentrating efforts on
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model plants extensively used for cytokinin analyses in the past, such as tobacco,
beans, and maize, or those with sequenced genomes, such asArabidopsis, should
accelerate the pace of progress.
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eds. 1992.Physiology and Biochemistry
of Cytokinins in Plants. The Hague: SPB
Academic

91. Kiba T, Taniguchi M, Imamura A,
Ueguchi C, Mizuno T, et al. 1999. Dif-
ferential expression of genes for response
regulators in response to cytokinins and
nitrate inArabidopsis thaliana.Plant Cell
Physiol.40:767–71

92. Kieber J. 1997. The ethylene response
pathway in Arabidopsis.Annu. Rev. Plant
Phys. Plant Mol. Biol.48:277–96

93. Kobayashi K, Fukuda M, Igarashi D,
Sunaoshi M. 2000. Cytokinin-binding
proteins from tobacco callus share homo-
logy with osmotin-like protein and an en-
dochitinase.Plant Cell Physiol.41:148–
57

94. Kulaeva ON, Karavaiko NN, Selivankina
SY, Moshkov IE, Novikova GV. 1996.
Cytokinin signalling systems—From a
whole plant to the molecular level.Plant
Growth Regul.18:29–37

95. Kulaeva ON, Zagranichnaya TK, Brovko
FA, Karavaiko NN, Selivankina SY, et al.
1998. A new family of cytokinin receptors
from Cereales.FEBS Lett.423:239–42

96. Laloue M, Fox JE. 1989. Cytokinin ox-
idase from wheat. Partial purification
and general properties.Plant Physiol.
90:899–906

97. Laloue M, Pethe-Terrine C, Guern J.
1981. Uptake and metabolism of cytokin-
ins in tobacco cells: studies in relation



P1: FUM/FYU P2: FQP/GBC QC: FGP

March 30, 2001 14:42 Annual Reviews AR129B-04

114 MOK ¥ MOK

to the expression of their biological ac-
tivities. See Ref. 68a, pp. 80–96

98. Lee Y, Sayre LM. 1998. Reaffirmation
that metabolism of polyamines by bovine
plasma amine oxidase occurs strictly at
the primary amino termini.J. Biol. Chem.
273:19490–94

99. Lee YH, Mok MC, Mok DWS, Griffin
DA, Shaw G. 1985. Cytokinin meta-
bolism in Phaseolusembryos. Genetic
difference and the occurrence of novel
zeatin metabolites. Plant Physiol.
77:635–41

100. Leonard NJ, Hecht SM, Skoog F, Schmitz
RY. 1969. Cytokinins: synthesis, mass
spectra, and biological activity of com-
pounds related to zeatin.Proc. Natl. Acad.
Sci. USA63:175–82

101. Letham DS. 1963. Zeatin, a factor induc-
ing cell division isolated fromZea mays.
Life Sci.8:569–73

102. Letham DS. 1994. Cytokinins as phyto-
hormones—sites of biosynthesis, translo-
cation, and function of translocated cy-
tokinin. See Ref. 125a, pp. 57–80

103. Letham DS, Palni LMS, Tao G-Q, Goll-
now BI, Bates CM. 1983. Regulators of
cell division in plant tissues XXIX. The
activities of cytokinin glucosides and ala-
nine conjugates in cytokinin bioassays.J.
Plant Growth Regul.2:103–15

104. Letham DS, Summons RE, Parker CW,
MacLeod JK. 1979. Regulators of cell di-
vision in plant tissues. XXVII. Identifi-
cation of an amino-acid conjugate of 6-
benzylaminopurine formed inPhaseolus
vulgarisseeds.Planta146:71–74

105. Letham DS, Zhang R. 1989. Cytokinin
translocation and metabolism in lupin
species. II. New nucleotide metabolites of
cytokinins.Plant Sci.64:161–65

106. Li R, Sosa JL, Zavala ME. 2000. Accu-
mulation of zeatin O-glycosyltransferase
in Phaseolus vulgarisandZea maysfol-
lowing cold treatment.J. Plant Growth
Regul.In press

107. Lohrmann J, Buchholz G, Keitel C,

Sweere U, Kircher S, et al. 1999. Differ-
ential expression and nuclear localization
of response regulator-like proteins from
Arabidopsis thaliana. Plant Biol.1:495–
505

108. Maass H, Kl¨ambt D. 1981. Cytokinin
biosynthesis in higher plants. See Ref.
68a, pp. 27–33

109. Martin RC, Cloud KA, Mok MC, Mok
DWS. 2000. Substrate specificity and
domain analyses of zeatin O-glyco-
syltransferases.Plant Growth Regul.In
press

110. Martin RC, Martin RR, Mok MC, Mok
DWS. 1990. A monoclonal antibody spe-
cific to zeatin O-glycosyltransferases of
Phaseolus. Plant Physiol.94:1290–94

111. Martin RC, Mok MC, Habben JE, Mok
DWS. 2001. A maize cytokinin gene en-
coding an O-glucosyltransferase specific
to cis-zeatin.Proc. Natl. Acad. Sci. USA.
Submitted

112. Martin RC, Mok MC, Mok DWS. 1999.
A gene encoding the cytokinin enzyme
zeatin O-xylosyltransferase ofPhaseolus
vulgaris. Plant Physiol.120:553–57

113. Martin RC, Mok MC, Mok DWS. 1999.
Isolation of a cytokinin gene,ZOG1, en-
coding zeatin O-glucosyltransferase of
Phaseolus lunatus. Proc. Natl. Acad. Sci.
USA96:284–89

114. Martin RC, Mok DWS, Smets R, Van On-
ckelen HA, Mok MC. 2001. Development
of transgenic tobacco harboring a zeatin
O-glucosyltransferase gene fromPhase-
olus. In Vitro Cell. Dev. Biol.In press

115. Martin RC, Mok MC, Shaw G, Mok
DWS. 1989. An enzyme mediating the
conversion of zeatin to dihydrozeatin
in Phaseolusembryos. Plant Physiol.
90:1630–35

116. Matsubara S. 1980. Structure-activity re-
lationships of cytokinins.Phytochemistry
19:2239–53

117. McCourt P. 1999. Genetic analysis of hor-
mone signaling.Annu. Rev. Plant Physiol.
Plant Mol. Biol.50:219–43



P1: FUM/FYU P2: FQP/GBC QC: FGP

March 30, 2001 14:42 Annual Reviews AR129B-04

CYTOKININ METABOLISM AND ACTION 115

118. McGaw BA, Horgan R. 1983. Cytokinin
oxidase from Zea mayskernels and
Vinca roseacrown gall tissue.Planta
159:30–37

119. Miller CO, Skoog F, von Saltza MH,
Strong M. 1955. Kinetin, a cell divi-
sion factor from deoxyribonucleic acid.
J. Am. Chem. Soc.77:1329–34

120. Mitsui S, Wakasugi T, Sugiura M. 1996.
A cytokinin-binding complex from to-
bacco leaves.Plant Growth Regul.18:
39–43

121. Miyata S, Urao T, Yamaguchi-Shinozaki
K, Shinozaki K. 1998. Characteriza-
tion of genes for two-component phos-
phorelay mediators with a single Hpt
domain inArabidopsis thaliana. FEBS
Lett.437:11–14

122. Moffatt BA, McWhinnie EA, Burkhart
WE, Pasternak JJ, Rothstein SJ. 1992.
A complete cDNA for adenine phos-
phoribosyltransferase fromArabidop-
sis thaliana. Plant Mol. Biol. 18:653–
62

123. Moffatt BA, Somerville CR. 1988. Posi-
tive selection for male-sterile mutants of
Arabidopsislacking adenine phosphori-
bosyltransferase activity.Plant Physiol.
86:1150–54

124. Mok DWS, Martin RC, Shan X, Mok
MC. 2000. Genes encoding zeatin
O-glycosyltransferases.Plant Growth
Regul.In press

125. Mok DWS, Mok MC. 1987. Metabolism
of 14C-zeatin in Phaseolusembryos.
Occurrence of O-xylosyldihydrozeatin
and its ribonucleoside.Plant Physiol.
84:596–99

125a. Mok DWS, Mok MC, eds. 1994.Cyto-
kinins—Chemistry, Activity, and Func-
tion. Boca Raton: CRC Press

126. Mok MC. 1994. Cytokinins and plant
development—an overview. See Ref.
125a, pp. 155–66

127. Mok MC, Kim SG, Armstrong DJ, Mok
DWS. 1979. Induction of cytokinin auto-
nomy by N,N′-diphenylurea in tissue

cultures ofPhaseolus lunatusL. Proc.
Natl. Acad. Sci. USA76:3880–84

128. Mok MC, Martin RC, Mok DWS. 2000.
Cytokinins: biosynthesis, metabolism
and perception.In Vitro Cell. Dev. Biol.
Plant36:102–7

129. Mok MC, Mok DWS. 1985. The
metabolism of [14C]-thidiazuron in cal-
lus tissues ofPhaseolus lunatus. Physiol.
Plant.65:427–32

130. Mok MC, Mok DWS, Armstrong DJ,
Shudo K, Isogai Y, et al. 1982. Cytokinin
activity of N-phenyl-N′-1,2,3-thiadiazol-
5-ylurea (Thidiazuron).Phytochemistry
21:1509–11

131. Mok MC, Mok DWS, Dixon SC, Arm-
strong DJ, Shaw G. 1982. Cytokinin
structure-activity relationships and the
metabolism of N6-(12-isopentenyl)-
adenosine-8-14C in Phaseolus callus
tissues.Plant Physiol.70:173–78

132. Mok MC, Mok DWS, Turner JE, Mu-
jer CV. 1987. Biological and biochem-
ical effects of cytokinin-active phenyl-
urea derivatives in tissue culture systems.
HortScience22:1194–97

133. Morris RO, Bilyeu KD, Laskey JG,
Cheikh NN. 1999. Isolation of a gene
encoding a glycosylated cytokinin oxi-
dase from maize.Biochem. Biophys. Res.
Commun.255:328–33

134. Motyka V, Kam´ınek M. 1992. Character-
ization of cytokinin oxidase from tobacco
and poplar callus cultures. See Ref. 90a,
pp. 33–39

135. Nakamura A, Kakimoto T, Imamura
A, Suzuki T, Ueguchi C, et al. 1999.
Biochemical characterization of a pu-
tative cytokinin-responsive His-kinase,
CKI1, fromArabidopsis thaliana. Biosci.
Biotechnol. Biochem.63:1627–30

136. Nandi SK, Letham DS, Palni LMS,
Wong OC, Summons RE. 1989. 6-
Benzylaminopurine and its glycosides as
naturally occurring cytokinins.Plant Sci.
61:189–96

137. Nicander B, Bj¨orkman P-O, Tillberg E.



P1: FUM/FYU P2: FQP/GBC QC: FGP

March 30, 2001 14:42 Annual Reviews AR129B-04

116 MOK ¥ MOK

1995. Identification of an N-glucoside of
cis-zeatin from potato tuber sprouts.Plant
Physiol109:513–16
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NOTE ADDED IN PROOF

A gene,CRE1(cytokinin response 1), encoding a histidine kinase was identified
in Arabidopsis.When expressed in yeast lacking the endogenous enzyme SLN1,
CRE1confers a cytokinin dependent growth phenotype, indicative of receptor
properties (80a).


