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ABSTRACT

The primary biosynthetic reaction of cytokinin is
thought to be the isopentenylation of an adenine
nucleotide such as AMP with dimethylallylpyro-
phosphate. For many years, the nature of the en-
zyme catalyzing this reaction in higher plants had
not been identified despite the physiological im-
portance of these compounds. However, the com-
pletion of the genomic sequence of Arabidopsis
thaliana, a model plant for genetic research, has
provided us with new opportunities to solve these
problems. Recent studies have revealed the cytoki-
nin biosynthesis enzyme is encoded by a small
multigene family that is structurally related to both
bacterial adenylate isopentenyltransferase and

tRNA isopentenyltransferase. Interestingly, bio-
chemical studies of some of the gene products in-
dicate that ADP and ATP, rather than AMP, are
preferentially used as substrates for this biosynthetic
reaction. These findings require reconsideration of
the currently accepted cytokinin biosynthetic
pathway. In addition, there is an increasing body of
evidence suggesting that the expression of these
cytokinin synthesis genes is affected by the avail-
ability of nutrients.
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INTRODUCTION

Cytokinins are a group of phytohormones involved
in various processes of growth and development of
plants, such as cell division, photosynthesis, senes-
cence, and nutrient metabolism (Mok 1994). Since
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a naturally occurring cytokinin, frans-zeatin (t-Z),
was first isolated from maize in the early 1960s
(Miller 1961; Letham 1963), a variety of cytokinin
species have been identified in various plant species
(Letham 1994). These studies demonstrated that
naturally occurring cytokinins are N°-substituted
adenine derivatives that generally contain an
isoprenoid or an aromatic derivative side chain.
With the progress of chemical research, several cy-
tokinin biosynthetic enzymes have been studied
and characterized and some of the catalytic enzymes
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Figure 1. Schematic representation of the reaction of two types of isopentenyltransferases. Reactions that had been
identified in bacterial enzymes are illustrated; pre tRNA = premature tRNA.

have been purified and the corresponding genes
cloned (for reviews, see Mok and Mok 2001, and
other articles in this issue). Our research has focused
upon increasing the understanding of cytokinin
biosynthetic enzymes in higher plants, for which
relatively little is known.

The first identification of a gene encoding a cy-
tokinin biosynthetic enzyme was carried out in
Agrobacterium tumefaciens, a crown gall-forming
bacterium (Akiyoshi and others 1984; Barry and
others 1984). The gene, designated tmr (ipt), en-
coded an isopentenyltransferase associated with the
synthesis of isopentenyladenosine 5’-monophos-
phate (iPMP) from dimethylallylpyrophosphate
(DMAPP) and AMP in vitro (Blackwell and Horgan
1993). iPMP synthesis in higher plants has been
assumed to be similar to that found in A. tumefac-
iens.Although many groups have attempted to pu-
rify and characterize plant isopentenyltransferase,
only a few biochemical properties have been re-
ported (Blackwell and Horgan 1994; Chen and
Melitz 1979; Chen and Ertl 1994), and the protein
has not been purified to homogeneity, perhaps be-
cause of low content or enzyme instability. Forward
genetic approaches have also been employed, and,
although information about the genes for metabo-
lism and signal transduction is increasing (see other
articles in this issue), little is known about the

gene(s) related to cytokinin synthesis. The difficulty
of this problem has resulted in the suggestion that
the cytokinins may not be synthesized by higher
plants at all, but instead are supplied by external
symbiotic microorganisms (Holland 1997). Al-
though this might be the case in some situations, it
is difficult to accept this hypothesis for a phyto-
hormone that is so central to plant growth and de-
velopment. During 2000, the sequence of the
Arabidopsis genome was completed; if cytokinins are
endogenously produced in higher plants, then the
gene(s) must be present in the genome, which has
been estimated to encode about 24,000 proteins.

ISOPENTENYLTRANSFERASES INVOLVED
IN CYTOKININ PRODUCTION

Two types of isopentenyltransferases are known to
produce cytokinins (Figure 1). One type of isopen-
tenyltransferase modifies tRNA and is called tRNA-
isopentenyltransferase (tRNA-IPT; EC 2.5.1.8). Ma-
ture tRNA molecules are decorated with many
modified nucleosides. Some of the U-group tRNA
molecules, such as Cys, Leu, Phe, Ser, Trp, and Tyr,
contain an isopentenyladenosine (iPA) or a deriva-
tive residue at the site adjacent to the anticodon.
tRNA-IPT catalyzes the first step of the modification
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conjugating the isopentenyl moiety of DMAPP to
the adenine residue. tRNA-IPT genes appear to exist
ubiquitously in organisms: They have been experi-
mentally identified in Homo sapiens (Golovko and
others 2000), Saccharomyces cerevisiae (Dihanich and
others 1987), and FEscherichia coli (Caillet and
Droogmans 1988). In addition, a number of puta-
tive tRNA-IPT genes are registered in the GenBank
database from other organisms.

Because degradation of tRNA could produce
active cytokinins, it has been suggested as a pos-
sible source of the hormone. In fact, six different
compounds, cis-zeatin riboside (c-ZR), trans-zeatin
riboside (#-ZR), iPA, methylthio-iPA, cis-methyl-
thio-ZR, and trans-methylthio-ZR, have been iso-
lated from the hydrolytic products of plant tRNAs
(Taller 1994). Among these, c-ZR is typically the
most abundant cytokinin derived from plant
tRNA. Cis-type cytokinins were therefore postu-
lated to originate from tRNA degradation. How-
ever, based on calculations of the rates of tRNA
turnover and cytokinin production, it is now ac-
cepted that the tRNA degradation pathway is not a
major source of cytokinins (Kldmbt 1992). Be-
cause comparable amounts of cis-zeatin(c-Z) and
trans-zeatin (t-Z) are found in some plant species
(Murofushi and others 1983; Parker and others
1989), we cannot yet exclude the hypothesis that
tRNA degradation does not contribute at all to the
pool of active cytokinins, but it is clearly not a
major source. In such cases, Z cis—trans isomerase
might be involved in the interconversion (Mok
and Mok 2001).

Another type of isopentenyltransferase is an
iPMP-forming enzyme, generally called adenylate
isopentenyltransferase (IPT; EC 2.5.1.27). IPT has
been identified in Agrobacterium (described above,
Figure 1). IPT is structurally related to tRNA-IPT,
suggesting that these transferases may have di-
verged from a common ancestral gene.

IDENTIFICATION OF CYTOKININ SYNTHESIS
(GENES IN ARABIDOPSIS

An in silico search of the Arabidopsis genome for tmr
homologs found the existence of nine putative
genes, designated A¢IPTI to AtIPT9 (Takei and others
2001a; Kakimoto 2001). A phylogenetic analysis
indicated that A#IPT2 and AtIPT9 are more similar in
sequence to tRNA-IPT than to IPT (Takei and others
2001a; Kakimoto 2001; Figure 2); both gene prod-
ucts exhibited tRNA-IPT activity in vitro (Takei and
others, unpublished data). Conversely, the other
seven sequences (AHPTI and AtIPT3 to AtIPT8) are

relatively closer to bacterial IPT than to tRNA-IPT
(Takei and others 2001a; Kakimoto 2001; Figure 2).
In the WS ecotype, AtIPT6 appears to be a pseudo-
gene as it contains a frameshift mutation (Kakimoto
2001).

E. coli transformants that express At/PT! and
AtIPT3 to AtIPTS (henceforth called AtIPT3-8) ex-
creted cytokinin isopentenyladenine (iP) and ¢-Z
into the culture media. Although ¢-Z was detected in
E.coli culture medium, it was not detected in the
culture media of S. cerevisiaze transformants ex-
pressing these genes (Takei and others, unpublished
result). These results suggest two possibilities: (1) E.
coli cells contain an unknown compound of terpe-
noid origin that functions as a side chain donor in-
stead of DMAPP. If such a compound exists, the
initial product of the reaction is not iPMP but trans-
zeatin 5’-monophosphate (+-ZMP). (2) An unknown
enzyme(s) having hydroxylase activity exists in
E.coli cells. This enzyme converts isopentenylade-
nine-type cytokinins to zeatin-type cytokinins. In-
terestingly, Astot and coworkers (2000) have
suggested an alternative cytokinin biosynthetic
pathway whose initial product was not iPMP but
t-ZMP based upon in vivo deuterium-labeling
experiments. Taken together, it is possible that a
hydroxylated derivative of DMAPP, such as 4-py-
rophosphate-2-methyl-trans-but-2-enol, exists as a
substrate in plants and E. coli (Figure 3). Clearly, it
will be essential to examine the catalytic activity of
AtIPTs using the putative substrates in vitro and to
identify the compounds in the plant tissues.

Extracts of E. coli transformants expressing At/PT]
and AtIPT3-8 demonstrate IPT activity. In addition,
overexpression of AtIPT4 driven by a CaMV 35S
promoter enabled calli to regenerate shoots even in
the absence of externally applied cytokinins
(Kakimoto 2001). These results strongly suggest
that AtIPTI and AtIPT3-8 encode cytokinin biosyn-
thesis enzymes.

Recently, AtIPTI and AtIPT4 were purified as re-
combinant enzymes and the cytokinin biosynthetic
activity was identified (Takei and others 2001la;
Kakimoto 2001). Takei and coworkers (2001a)
found that purified AtIPT1 could synthesize iPMP
from AMP and DMAPP in vitro and that the activity
of AtIPT1 was strongly inhibited in the copresence of
ADP or ATP (using a rapid IPT assay that measures
incorporation of radioisotope-labeled AMP into iPA;
after Blackwell and Horgan 1993). The K, value for
AMP was found to be 185 = 19 uM and that for
DMAPP 50 = 3 uM, values that are much higher
than those for A. tumefaciens tmr (K,, for AMP, 85.7
nM; K,, for DMAPP, 8.3 uM; Blackwell and Horgan
1993). On the other hand, a biochemical analysis of
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Figure 2. Phylogenetic tree of various isopentenyltransferases. Phylogenetic relationship was calculated using the
CLUSTALW program at the DNA Data Bank of Japan (http://www.ddbj.nig.ac.jp). Accession numbers of the amino acid
sequence are shown in parentheses. *OsIPT sequence is deduced from the nucleotide sequence whose accession number is
AP003455 (80946 to 79969). O. sativa = Oryza sativa; A. rhizogenes = Agrobacterium rhizogenes; R.fascians = Rhodococcus fascians;

C.elegans = Caenorhabditis elegans; S. coelicolor = Streptomyces coelicolor, B. subtilis = Bacillus subtilis; Synechocystis = Synechocystis
sp. PCC6803.

Bacterial tRNA-IPT

AtIPT4 revealed that the recombinant enzyme
preferentially used ATP and ADP; AMP was not
utilized as a substrate by the recombinant enzyme.
The K, value for ATP was 18 uM and that for
DMAPP was 6.5 uM (Kakimoto 2001), which are
much lower than the comparable values for AMP
and DMAPP. AtIPTI also utilizes ATP and ADP
preferentially, although the enzymatic parameters
have not yet been determined (Takei and others,
data not shown). The apparent inhibition by ATP
and ADP in the IPT rapid assay is probably due to

substrate competition between radioisotope-labeled
AMP and cold ATP or ADP. These findings suggest
that AtIPTI has cytokinin biosynthetic properties
and that ADP and ATP are the preferential acceptors
of the isopentenyl moiety during cytokinin syn-
thesis in higher plants. Interestingly, while AtIPT1
can utilize AMP, it is not used as a substrate by
AtIPT4, suggesting that the substrate specificity of
the AtIPTs differ. Although a complete biochemical
characterization of the seven AtIPTs is not yet
complete, the data strongly suggest that we should
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reconsider the previous model for the cytokinin
biosynthetic pathway (Figure 3).

Astot and coworkers (2000) found that t-ZMP was
preferentially synthesized independent of iPMP
synthesis. If all AtIPTs prefer ATP and ADP as sub-
strates, the reaction products may be trans-zeatin
riboside 5’-diphosphate (t-ZDP) and trans-zeatin ri-
boside 5’-triphosphate (t-ZTP), respectively. General
procedures for purification and quantification of
cytokinin contain a phosphatase treatment and,
thus, cannot discriminate the various nucleotides.
Therefore, we may have to reconsider quantifica-
tion results that are focused on nucleotide deriva-
tives of cytokinin.

InsiGHT INTO REGULATION OF CYTOKININ
B10SYNTHESIS

The existence of a family of genes that encode the
cytokinin synthesis enzymes suggests that each
gene may be specialized for a distinct physiological
role. Although experimental data is not yet avail-
able, one can speculate that these genes may be
expressed in distinct spatial and temporal patterns.

The accumulation of cytokinins is closely corre-
lated with the nitrogen status of the plant in several
species such as Urtica dioica (Wagner and Beck
1993), barley (Samuelson and Larsson 1993), cotton

(Yong and others 2000), and maize (Takei and
others 2001b). In maize, Takei and coworkers
(2001b) reported that nitrogen stimulated the ac-
cumulation of iPMP first, and then Z-type cytoki-
nins accumulated in the roots. In the xylem, both
the exudation rate of xylem sap and the concen-
tration of #-ZR were significantly increased, after
which #-Z levels subsequently increased in the
leaves (Takei and others 2001b). Cytokinins there-
fore would represent a long-distance root-to-shoot
signal for nitrogen availability to regulate the ex-
pression of genes involved in photosynthesis
(Sugiharto and others 1992) and His—Asp phos-
phorelay signal transduction (Sakakibara and others
1998, 1999; Taniguchi and others 1998). Although
the accumulation of cytokinins can result from the
conversion of glucosylated derivatives (Takei and
others 2002), our study strongly suggests that
de novo biosynthesis of cytokinin is activated by the
nitrate replenishment in the roots. It should be
noted that the methods used to measure iPMP in
this study were not able to discriminate between
isopentenyladenosine 5’-diphosphate (iPDP) and
isopentenyladenosine 5’-triphosphate (iPTP) be-
cause the extracted cytokinins were dephosphory-
lated before their identifications (Takei and others
2001b). A similar accumulation of cytokinins in
response to nitrate resupply was observed in Ara-
bidopsis (Takei and others 2002), suggesting that
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nitrogen-induced cytokinin biosynthesis is a com-
mon property of higher plants and that some AtPT
genes may be regulated by nitrogen availability in
the root zone.

In addition to nitrogen, other macronutrients
have been shown to affect cytokinin metabolism
and action. For example, phosphate starvation has
been associated with decreased concentrations of
cytokinins in higher plant tissues (Horgan and
Waering 1980; Salama and Waering 1979). Exoge-
nously supplied cytokinins counteract the root
growth stimulation induced under a low-nutrient
condition (Kuiper 1988). Furthermore, during floral
initiation in Sinapis alba, the length of the day is
closely related to phloem sucrose content and cy-
tokinin concentration in root tips (Bernier and
others 1993). These findings imply that cytokinin
synthesis may be regulated by changes in the
availability of a number of macronutrients in addi-
tion to nitrogen.

Finally, the concentrations of biologically active
cytokinins are also influenced by the rate of cytok-
inin degradation and interconversion pathways. In
Arabidopsis, cytokinin oxidase, an enzyme that de-
grades a subset of cytokinins, is encoded by a small
multigene family composed of seven genes (Bilyeu
and others 2001). Other genes involved in the
metabolic pathway have also been reported (Mok
and Mok 2001). However, almost nothing is known
about how these genes might respond to nutritional
availability. The quantitative and qualitative bal-
ance of activities among the biosynthesis, degrada-
tion, and interconversion determines the level of
biologically active cytokinins in tissues. There is
little doubt that comprehensive studies, including
biosynthesis, degradation, and interconversion,
under various nutritional regimes are clearly need-
ed to depict a whole view of the regulation for these
important biosynthetic enzymes.
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