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Abstract

Cytokinins (CKs) play a crucial role in various phases of plant
growth and development, but the basic molecular mechanisms of
their biosynthesis and signal transduction only recently became clear.
The progress was achieved by identifying a series of key genes en-
coding enzymes and proteins controlling critical steps in biosynthe-
sis, translocation, and signaling. Basic schemes for CK homeostasis
and root/shoot communication at the whole-plant level can now be
devised. This review summarizes recent findings on the relation-
ship between CK structural variation and activity, distinct features
in CK biosynthesis between higher plants and Agrobacterium infected
plants, CK translocation at whole-plant and cellular levels, and CKs
as signaling molecules for nutrient status via root-shoot communi-
cation.
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INTRODUCTION

Half a century has passed since the discovery
of cytokinin (CK). Triggered by the isolation
of kinetin in autoclaved products of herring
sperm DNA as a cell division promoting
factor in 1955 (4, 62, 63), a number of com-
pounds with CK activity have been identified,
including #rans-zeatin (tZ) as a naturally
occurring CK (54), diphenylurea as a syn-
thetic compound (66, 84), and several natural
CKs with aromatic side chains (36, 93).
Subsequent studies have clarified structural
requirements for CK activity. Our current
that
ring CKs are adenine derivatives carrying

understanding s naturally occur-
either an isoprene-derived or an aromatic side
chain at the N° terminus (66, 93); conven-
tionally, these families are called isoprenoid
CKs and aromatic CKs, respectively. In both
groups, there are small variations in side-chain
structure such as the absence or presence of
hydroxyl groups and their stereoisomeric
position; the physiological significance
of these variations has not yet been fully
elucidated.
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CK plays a crucial role in regulating the
proliferation and differentiation of plant cells,
and also controls various processes in plant
growth and development, such as delay of
senescence (30, 67), control of shoot/root bal-
ance (112, 113), transduction of nutritional
signals (77, 80, 100), and increased crop pro-
ductivity (6). In spite of its biological and
agricultural importance, only in the past few
years have the basic molecular mechanisms of
biosynthesis and signal transduction been elu-
cidated. This progress was facilitated by the
identification of genes encoding enzymes and
proteins controlling key steps in CK biosyn-
thesis and signaling, by in-depth analysis of
the biochemical properties of the enzymes and
proteins, and by thorough determination of
the whole-plantand subcellular compartmen-
tation of CKs. Generally, CK biosynthesis and
homeostasis are finely controlled by internal
and external factors such as other phytohor-
mones and inorganic nitrogen sources (77).
Recent findings demonstrated that the CK
biosynthesis pathway in Agrobacterium in-
fected plants is distinct from that in higher
plants in terms of substrate choice, and that
this difference is part of the surviving strategy
of Agrobacterium in the host plant cells (78).

The previously widely accepted idea that
CK and auxin are synthesized only in root
tips and shoot apices, respectively, is now
overturned. Both hormones have coordinated
functions as long-distance messengers as well
as local paracrine signals; they are synthesized
and act at various sites in a plant body, al-
though the physiological differentiation and
the mechanisms of the dual signaling system
have not been fully elucidated. In basipetal po-
lar auxin transport, the AUX1/PIN-PGP sys-
tem takes a major role, and the molecular basis
of auxin translocation has been characterized
(16, 70). The nature of CK translocation sys-
tems is less clear, but several lines of evidence
point to a common translocation mechanism
for purines, nucleosides, and CKs.

In this review, I focus on activity, biosyn-
thesis, translocation, and root-shoot commu-
nication, which complements recent excellent
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reviews on CK signaling (44) and metabolism

(66).

STRUCTURAL VARIATION AND
BIOLOGICAL ACTIVITY

Structural Diversity of Natural
Cytokinins

Both isoprenoid and aromatic CKs are nat-
urally occurring, with the former more fre-
quently found in plants and in greater
abundance than the latter. Common natural
isoprenoid CKs are N°-(A’-isopentenyl)-
adenine (iP), tZ, cis-zeatin (c¢Z), and dihy-
drozeatin (DZ) (Figure 1). Among them, the
major derivatives generally are tZ and iP as
well as their sugar conjugates, but there is a
lot of variation depending on plant species,
tissue, and developmental stage. For instance,
tZ- and iP-type CKs are the major forms in
Arabidopsis, whereas substantial amounts of
cZ-type CKs are found in maize (109), rice
(41), and chickpea (24). As for aromatic CKs,
ortho-topolin (0T, meta-topolin (m'T), their
methoxy-derivatives (meoT and memT, re-
spectively), and benzyladenine (BA) are only
found in some plant species (93) (Figure 1).
Several synthetic derivatives possess CK activ-
ity (40, 69, 86, 89) but have not been found in
nature so far. Human urine contains kinetin
(8), but there is no evidence for its occur-
rence in plants. Usually, all natural CK nu-
cleobases have the corresponding nucleosides,
nucleotides, and glycosides (Figure 2).

Biological Activity

Results from classical bioassays such as those
using tobacco pith (81) and moss (Funaria
bygrometrica) (92) suggested that CK nucle-
obases are the active forms. In these assays,
tZ and iP generally exhibited higher activities
than cZ. tZ and iP generally exhibited higher
activity, but ¢Z had lower or no activity. How-
ever, the results between different bioassays
were not always consistent (55). It is likely
that exogenous-applied CKs could be further
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Cytokinin (CK) conjugates with sugars, sugar phosphates, and others.
O-Glycosylation of side chain (colored in blue) is catalyzed by zeatin
O-glucosyltransferase or O-xylosyltransferase. N-glucosylation of adenine
moiety (colored in red) is catalyzed by cytokinin N-glucosyltransferase.

converted into other metabolites during the
experiments. The identification of CK recep-
tors and the detailed analysis of their ligand
specificity helped us to better understand the
relative activity of various CKs. CK receptors
in higher plants are encoded by a small gene
family (39, 97, 108, 115). Bioassays based on
heterologous expression of CK receptors in
budding or fission yeast (39, 97) and in Es-
cherichia coli (91,97, 114, 115) confirmed that
CK nucleobases are the primary ligands for

iP: N6-(A2-
isopentenyl)adenine

cZ: cis-zeatin
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the receptors whereas the sugar conjugates are
less active or inactive. In a heterologous assay
system, a CK receptor from maize (ZmHKI)
responded to ¢Z with a similar sensitivity to
tZ, and another one (ZmHK2) responded
to tZ riboside (tZR) as well as to tZ (115).
The Arabidopsis CK receptor, AHK3, was as
sensitive to tZR and tZR 5’-monophosphate
(tZRMP) as to tZ (91), suggesting that each
receptor has a specific spectrum of ligand pref-
erence (91, 114, 115). Thus, structural varia-
tions of CK side chains and modifications of
the adenine moiety confer specificity of the
CK-receptor interaction.

CYTOKININ BIOSYNTHESIS
AND METABOLISM

Basic Schemes of Cytokinin
Metabolism

Cytokinin metabolism and homeostasis.
CK metabolic pathways can be broadly clas-
sified into two types: the modification of the
adenine moiety and that of the side chain. The
concomitant occurrence of CK nucleobases
with the corresponding nucleosides and nu-
cleotides in plant tissues suggests that impor-
tant metabolic steps are shared with the purine
metabolic pathway [i.e., salvage pathway (22,
66, 76)]. Thus, the metabolic flow from CK
nucleotides to the active nucleobases is proba-
bly not unidirectional but circular (Figure 3).
In fact, exogenously applied CK nucleobases
are rapidly metabolized into the correspond-
ing nucleotides and nucleosides in plant tis-
sues (56, 65, 88, 115). Enzymes of the purine
salvage pathway in plants are encoded by small
multigene families. It is now supposed that
some of the isoenzymes have broad substrate
specificities, enabling them to act on CKs
as well as on authentic adenine. In this re-
gard, two isoenzymes of adenine phosphori-
bosyltransferase from Arabidopsis, APT2 and
APT3, have a particularly strong preference
for CK nucleobases as compared with other
isoenzymes (3, 83). Such preference is also
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Current model of isoprenoid cytokinin (CK) biosynthesis pathways in Arabidopsis. Isoprenoid side chains
of NO-(A?-isopentenyl)adenine (iP) and #rans-zeatin (tZ) predominantly originate from the
methylerythritol phosphate (MEP) pathway, whereas a large fraction of the cis-zeatin (cZ) side chain is
derived from the mevalonate (MVA) pathway ( green arrows) (46). Plant adenosine
phosphate-isopentenyltransferases (IP'Is) preferably utilize ATP or ADP as isoprenoid acceptors to form

iPRTP and iPRDP,

respectively (blue arrows) (43, 76). Dephosphorylation of iPRTP and iPRDP by

phosphatase (1), phosphorylation of iPR by adenosine kinase (AK), and conjugation of phosphoribosyl
moieties to iP by adenine phosphoribosyltransferase (APRT) create the metabolic pool of iPRMP and
iPRDP. APRT utilizes not only iP but also other CK nucleobases. The CK nucleotides are converted
into the corresponding tZ-nucleotides by CYP735A (red arrows). iP, tZ, and the nucleosides can be
catabolized by CKX to adenine (Ade) or adenosine (Ado). ¢Z and tZ can be enzymatically interconverted
by zeatin cis-trans isomerase (5). tZ can be reversibly converted to the O-glucoside by zeatin
O-glucosyltransferase (ZOGT) and B-glucosidase (Glc). CK nucleobases also can be converted to the
N-glucoside by CK N-glucosyltransferase (CK-N-GT). The width of the arrowheads and lines in the

green, blue, and red

arrows indicates the strength of metabolic flow. Flows indicated by black arrows are

not well characterized to date. tZRDP, tZR 5'-diphosphate; tZRTP, tZR 5'-triphosphate; 2,
5’-ribonucleotide phosphohydrolase; 3, adenosine nucleosidase; 4, purine nucleoside phosphorylase; 6,
zeatin reductase; 7, CK cis-hydroxylase. Modified from Reference 104.
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reported from an isoform of tobacco adeno-
sine kinase, ADK2S (50).

On the other hand, the enzymes for the
N-glucosylation of the adenine moiety (37)
and those for the hydroxylation (104), O-
glucosylation, and O-xylosylation of the side
chain (59-61) are specific for particular CK
substrates.

Glycosylation of Cytokinins. Glucosyla-
tion of CK has been observed at the N3,
N7, and N9 position of the purine moiety
as N-glucosides, and at the hydroxyl group
of the side chains of tZ, DZ, and ¢Z as
O-glucosides or O-xylosides (Figure 2). O-
glucosylation is reversible; the deglycosyla-
tion is catalyzed by B-glucosidase (18). On
the other hand, N-glucoconjugates are not
efficiently cleaved by B-glucosidase (18); as
a result, N-glucosylation is practically irre-
versible. The physiological consequences of
the differences in stability of N-glucosides
and O-glucosides are not fully understood to
date. However, it has been suggested that the
readily cleaved O-glucosides represent inac-
tive, stable storage forms of CKs.

Although genes involved in the O-
glycosylation of CKs have been well char-
acterized (59-61, 68, 109), information on
the molecular biology of N-glucosylation
is scarce. In Arabidopsis, two enzymes
(UGT76C1 and UGT76C2) glucosylate a se-
ries of CK nucleobases at the N7- or N9Y-
positions, and also tZ-O-glucoside (tZOG)
at N7 (37). Both enzymes prefer glucosyla-
tion at N7 to that at N9, which corresponds
well with the concentrations of various CK
N-glucosylates in Arabidopsis tissues (78).

Determinants of the levels of active Cy-
tokinins. Steady-state levels of active CK in
planta are determined by the rate of release
of CK nucleobase from the conjugates and
that of CK degradation and inactivating con-
jugation. CK oxidase/dehydrogenase (CKX)
catalyzes the irreversible degradation by
cleavage of the side chain (5, 28, 82), and gly-
cosyltransferases, described above, inactivate

Sakakibara

CKs by glycosylation (Figure 3). Phosphori-
bosylation of CK nucleobase by adenine phos-
phoribosyltransferase also reduces the biolog-
ical activity (Figure 3). The deribosylation
of CK nucleoside to release the nucleobase
might be an important step to regulate the
level of active CKs, but the enzymes catalyz-
ing it and their genes have not been identified
yet.

Stability among CKs also has an effect on
biological activity and is determined by its
affinity to metabolic enzymes. For instance,
tZ and iP are readily catalyzed by CKXs from
various plant species (13, 29), whereas cZ is
generally less amenable (13). Because CKXs
recognize the double bond of the isoprenoid
side chain, DZ and aromatic CKs are resistant

to CKX (5).

Cytokinin Biosynthesis

Primary reaction of de novo cytokinin
biosynthesis. The firststep in the isoprenoid
CK biosynthesis is N-prenylation of adeno-
sine 5'-phosphates (AMP, ADP, or ATP) at the
Nf-terminus with dimethylallyl diphosphate
(DMAPP) or hydroxymethylbutenyl diphos-
phate (HMBDP); this reaction is catalyzed by
adenosine phosphate-isopentenyltransferase
(IPT; EC 2.5.1.27) (Figure 3). It had long
been thought that DMAPP and AMP were
the only substrates for CK biosynthesis, but
now it seems clear that substrate specificities
of IPTs vary depending on the origin and the
species.

The first identification of substrates for
the isoprenoid CK biosynthesis was achieved
in the slime mold, Dictyostelium discoideum,
which produces discadenine [3-(3-amino-3-
carboxypropyl)-N-(A*-isopentenyl)adenine],
an inhibitor of spore germination (1). The
first step of discadenine biosynthesis is
the IPT-catalyzed prenylation of AMP. D.
discoideurn IPT utilizes AMP or ADP as a
prenyl side-chain acceptor, but not ATP or
cyclic AMP (38, 107). The K, value for AMP
is 100 nM and for DMAPP it is 2.2 uM
(38).
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The first characterization of an IPT gene
was carried out in Agrobacterium tumefaciens, a
crown gall-forming bacterium (2, 9). A. rume-
faciens has two IPT genes, Tmr and Tzs. Tmr
is encoded on the T-DNA region of the Ti-
plasmid and 7zsislocated on the virulence re-
gion of nopaline-type Ti-plasmids, whose role
is to promote T-DNA transfer efficiency (42,
73). After infection, T is integrated into the
host nuclear genome and functions in the host
cell, whereas Tzs acts within the bacterial cells.
Both recombinant enzymes have been puri-
fied and their kinetic parameters character-
ized: The K, value of Tmr for AMP is 85 nM
(14) and those for DMAPP and HMBDP
are 10.1 uM and 13.6 pM, respectively (78).
Tzs also utilizes HMBDP as an isoprene
donor (48), and the affinities for HMBDP
and DMAPP are similar (H. Sakakibara, un-
published results). Both Tmr and Tzs do
not utilize adenosine phosphates other than
AMP.

The reaction pathway of iP riboside 5'-
moophosphate iIPRMP) synthesis in higher
plants has been assumed to resemble that
found in D. discoidenm and A. tumefaciens. Al-
though many attempts have been made to pu-
rify and characterize plant IPT, only a few bio-
chemical properties have been reported (15,
21), probably due to low contents or enzyme
instability. Higher plant IPT genes have been
identified in Arabidopsis (43,99), petunia (116),
and hop (79). In Arabidopsis, seven IPT genes
(AtIPT1 and AtIPT3 to AtIPTS) are involved
in CK biosynthesis (43, 95, 99). Biochemical
studies strongly suggest that plant IP'Ts pre-
dominantly use ADP or ATP rather than AMP
as prenyl acceptors, resulting in the produc-
tion of iP riboside 5'-diphosphate (iPRDP)
or iP riboside 5’-triphosphate (iIPRTP) (43,
76, 79, 103). The K, values of AtIPT1 for
AMP, ADP, and ATP were 185 uM, 14.6 uM,
and 11.4 puM, respectively, and for DMAPP
it was 8.3 uM (99, 103). AdPT4 had K, val-
ues of 9.1 uM for ADP, 3.4 uM for ATP, and

11.6 M for DMAPP (43, 76). The predom-
inant accumulation of iP-type CKs in trans-
genic lines of Arabidopsis that overexpress any

of the AtIPTs suggested that all AtIPTs have
similar substrate preferences in terms of the
isoprenoid donor (78).

Although some Arabidopsis IP'Ts could uti-
lize HMBDP as a prenyl donor in vitro, the
affinities were low and there is little evidence
that tZ-type species are formed via this reac-
tion in vivo (78, 98).

Metabolic origin of the isoprenoid side
chain. HMBDP is a metabolic intermedi-
ate of the methylerythritol phosphate (MEP)
pathway, which occurs in bacteria and plastids
(33). Thus, in higher plants, it is believed that
HMBDP is formed only in plastids. DMAPP
is synthesized via the MEP pathway and the
mevalonate (MVA) pathway, which is com-
monly found in the cytosol of eukaryotes (57,
75). When DMAPP is used as a substrate for
CK biosynthesis, the primary product is iP
nucleotide (Figure 3). tZ nucleotide can be
formed directly when IPT acts on HMBDP.
Before the characterization of the MEP path-
way (57, 75), the MVA pathway was the only
reaction sequence known to produce the iso-
prenoid precursors DMAPP and isopentenyl
diphosphate in higher plants. In cultured to-
bacco BY-2 cells, lovastatin, an inhibitor of
the MVA pathway, significantly decreases CK
accumulation (51, 52), corroborating the idea
that the MVA pathway is the metabolic ori-
gin of isoprenoid CK side chains. However,
in Arabidopsis, a large number of the AtIPTs
(AdPT1, AdPT3, AdPTS5, and AtIPTS) are
located in the plastids (46), and AtPT3 and
AtIPTS are the dominant isoforms in young
and mature plants under normal conditions
(64, 102). Thus, it seems that plastids are the
major subcellular compartment for iP-type
CK biosynthesis in higher plants. Selective
labeling experiments using *C-labeled pre-
cursors specific for either the MEP or MVA
pathway demonstrate that the isoprenoid side
chain of iP- and tZ-type CKs predominantly
originates from the MEP pathway (46), which
is consistent with the IPT subcellular loca-
tion. On the other hand, AtIPT4 and AtIPT7
are localized in the cytosol and mitochondria,
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respectively (46). Therefore, a major role of
the MEP pathway in the biosynthesis of tZ-
and iP-type CK does not rule out a greater
contribution of the MVA pathway to the syn-
thesis of these CKs under different growth
or environmental conditions, if the relative
abundance of IPT isoenzymes is modulated.

The hydroxylation step in tZ biosynthe-
sis. In higher plants, there are two pos-
sible pathways for tZ biosynthesis, the iP
nucleotide-dependent and the iP nucleotide-
independent one (7, 72, 104) (Figure 3).
In the iP nucleotide-dependent pathway, tZ
synthesis is catalyzed by a cytochrome P450
monooxygenase (P450); two such enzymes,
CYP735A1 and CYP735A2, were recently
identified in Arabidopsis (104). Although pre-
vious studies on microsomal fractions isolated
from cauliflower showed #rans-hydroxylation
of iP and iPR only (20), CYP735A1 and
CYP735A2, which lack cis-hydroxylation ac-
tivity (104), utilize iP nucleotides but not the
nucleoside and free-base forms (104). Com-

Agrobacterium

HMBDP

DMAPP

Figure 4

MEP pathway
Plastids

Nucleus

Tumorigenesis

Proposed mechanism for the modification of cytokinin (CK) biosynthesis
by Tmr upon Agrobacterium infection. On infection, the T-DNA region is
transferred to the host plant cells and integrated into the nuclear genome.
A series of genes including biosynthesis of CK (Tmr) and auxin (Tmsl
and Tms2) are expressed in the host plants. Among them, T'mr is targeted
into the plastids and directly produces trans-zeatin (t2)-type CK by using
1-hydroxy-2-methyl-2(E)-butenyl 4-diphosphate (HMBDP).
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parison of the specificity constants (key/Kin)
for iP-nucleotides suggests that CYP735As
predominantly acts on iPRMP or iPRDP
rather than on iPRTP (104). Although the
physiological role of the CK nucleotides
has not been fully clarified, the nucleotide-
specific hydroxylation indicates that they form
a metabolic pool for side-chain modifications.
If the CK nucleobases iP and tZ serve distinct
physiological functions that are determined
by side-chain structure, the metabolic com-
partmentalization of the corresponding nu-
cleotides would be important to maintain the
physiological division of tasks at the nucle-
obase level.

In the iP nucleotide-independent pathway,
tZ nucleotides are assumed to be produced
directly by IPT using an unknown hydrox-
ylated side-chain precursor (7). This precur-
sor probably is derived from the MVA path-
way, because mevastatin, an inhibitor of that
pathway, reduces the rate of tZ biosynthe-
sis (7). Although the biochemical nature of
the iP nucleotide-independent pathway re-
mains obscure, one possible explanation is
that tZ biosynthesis via the iP nucleotide-
independent pathway might be mediated by
cis-trans isomerization of c¢Z derivatives, in
which the prenyl side chain is primarily de-
rived from the MVA pathway (46) (Figure 3).
It will be necessary to identify the postulated
isomerase (10) to understand the fabric of the
pathway.

The strategy of Agrobacterium to mod-
ify cytokinin biosynthesis. In vitro stud-
ies on the substrate preference of Tmr (78)
and measurements of CK contents in Twzr-
overexpressing transgenic plants (7, 25, 78)
and crown galls (71, 94) suggested that Tmr
utilizes HMBDP as the primary substrate
and produces tZRMP. However, because Tmr
lacks any apparent sequences for subcellular
localization, it was believed that Tmr func-
tions in the cytosol. However, recent work
demonstrated that Tmr is targeted to and
functions in the plastids of infected host plant
cells (78) (Figure 4). In the stroma of the
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plastids, Tmr creates a CK biosynthesis by-
pass using HMBDP, an intermediate of the
MEP pathway, without the requirement for
CYP735A-mediated hydroxylation (78). This
bypass enables A. tumefaciens to produce high
amounts of tZ in order to induce tumori-
genesis while the host’s CYP735A-mediated
CK hydroxylation activity could be repressed
by auxin (104). Moreover, HMBDP reduc-
tase produces isopentenyl diphosphate and
DMAPP at a ratio of 5:1 (74), and these com-
pounds are used as common building blocks
for all isoprenoids. Therefore, the pool size
of HMBDP available for Tmr may be larger
than that of DMAPP in the plastids.

Aromatic cytokinins. Aromatic CKs, BA,
and topolins (Figure 1) were identified in sev-
eral plant species including poplar (93) and
Arabidopsis (106), butitis notyet clear whether
they are ubiquitous in plants. Although they
exhibit strong CK activity, their biosynthesis
and degradation pathways remain to be elu-
cidated. The mechanisms of glycosylation of
aromatic CKsand of their interaction with the
cellular signaling system appear to be shared
with isoprenoid CKs because the enzymes
and receptors involved recognize members of
both groups (39, 66, 68, 114). In tomato peri-
carp tissue, the modification of BA is greatly
inhibited by metyrapone, a potent inhibitor of
P450 enzymes (58). Although details are un-
known, CYP735A or some other P450s may
be involved in the biosynthesis of topolins.

A neglected pathway: cytokinins derived
from tRINA degradation. Shortly after the
discovery of CKs, it was assumed that tRNA
is a major source of CKs because isoprenoid
CKs were identified in the hydrolysates of
tRNAs (45, 90, 110, 111). Several of the
tRINA species with anticodons complemen-
tary to codons beginning with uridine, such
as tRNAM" and tRNAS®| carry a prenylated
adenosine adjacent to the anticodon. Thus,
tRNA prenylation could contribute, at least
to some extent, to CK production. The first
step of the pathway leading to CKsis catalyzed

by tRNA-isopentenyltransferase (tRINA-IPT;
EC 2.5.1.8) (32) (Figure 3). Because the
prenyl-moiety of the tRNNA contains a cis-
hydroxylated group (111), tRNA-degradation
is a source of cZ-type CKs; the biochemical
nature of the cis-hydroxylating enzyme has not
been characterized yet. A large fraction of the
¢Z side chain in Arabidopsis is derived from the
MVA pathway, suggesting that plants are able
toindependently modulate the levels of tZ and
cZ (46). Early calculations of turnover rates of
tRNA led to the conclusion that tRINA degra-
dation was nota major pathway of CK synthe-
sis (47). However, tRNA-derived CKs should
not be neglected as some plant species such as
maize and rice contain substantial amounts of

cZ-type CKs.

Regulation of Cytokinin Biosynthesis

Spatial expression of AtIPTs. Analyses of
spatial expression patterns of AtPTS us-
ing their promoter:reporter genes revealed
tissue- and organ-specific patterns of CK syn-
thesis by IPT (64, 102). AtIPT1 is expressed
in xylem precursor cell files in root tips, leaf
axils, ovules, and immature seeds; AtIPT3 is
expressed in phloem companion cells; AtIPT4
and AtIPTS are expressed in immature seeds
with highest expression in the chalazal en-
dosperm; AtIPTS is expressed in lateral root
primordia, columella root caps, upper parts
of young inflorescences, and fruit abscission
zones; AtIPT6 is expressed in siliques; At/PT7
is expressed in phloem companion cells, the
endodermis of the root elongation zones, tri-
chomes on young leaves, and occasionally in
pollen tubes. CK biosynthesis in aerial organs
was also confirmed by in vivo deuterium la-

beling methods (72).

Regulation by plant hormones. The ex-
pression of key genes for CK biosynthe-
sis and homeostasis such as IPT, CKX, and
CYP735A4 is regulated by phytohormones in-
cluding CKs, auxin, and abscisic acid (ABA).
In Arabidopsis, the accumulation of the tran-
scripts of AtIPTS and AtIPT7 is promoted by
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auxin in roots, whereas the transcript levels
of AtIPT1, AtIPT3, AtIPTS, and AtIPT7 are
negatively regulated by CK (64). On the other
hand, the expression of both CYP735A41 and
CYP735A2 is upregulated by CKs in roots but
downregulated by auxin or ABA (104). Genes
for CKX in maize are upregulated by CK and
ABA (17). These regulation patterns suggest
that the enzymes antagonistically regulate cel-
lular CK levels and the balance between iP
and tZ, which interact with auxin and/or ABA.
The interdependent regulation of phytohor-
mones might provide a basis for the variable
morphogenetic responses of plants to envi-
ronmental factors.

Cytokinins as a local signal. In the con-
trol of outgrowth and dormancy of axillary
buds, the mutual regulation of auxin, ABA,
and CKs has been proposed to play a cen-
tral role (85). In pea, the expression of two
IPT genes, PsIPT1 and PsIPT2, which are ex-
pressed in nodes, is negatively regulated by
auxin (105). Although an antagonistic role of
auxin and CKsin the regulation of axillary bud
outgrowth has been postulated for a consid-
erable time, little is known about the under-
lying molecular mechanisms. Recent studies
revealed that one role of apex-derived auxin
in apical dominance is to repress CK biosyn-
thesis in the nodes and that after decapitation
CKs are locally synthesized in the stem rather
than being transported to the stem from the
roots (105).

Regulation by nitrogen supply. Inorganic
nitrogen strongly affects plant growth and de-
velopment. Plants constantly sense the nutri-
ent status and modulate their metabolic ac-
tivities and developmental program to adapt
efficiently to the nutritional environment. CK
is a pivotal signaling substance communicat-
ing the nitrogen nutrient status from root to
shoot via the xylem vessels (87, 100, 101).
Recent studies reveal a molecular mecha-
nism of nitrogen-dependent CK biosynthe-
sis and regulation (Figure 5); A¢#[PT3 and
AtIPTS are regulated differentially depend-

Sakakibara

ing on the nitrogen sources available (64,
102). A¢IPT3 rapidly and specifically responds
to NO; ™~ under nitrogen-limited conditions
whereas AtIPT5 responds to both NO;~ and
NH,* under long-term treatment (102). This
dual-response system might be important
for plants coping with unpredictably chang-
ing nitrogen availability. AtIPT3 and AdPTS5
are the dominant IPTs in Arabidopsis under
normal conditions (64, 102); they are lo-
calized in plastids (46), strongly suggesting
that CK biosynthesis is affected by nitrogen
sources. In a Ds transposon-insertion mutant
of AtIPT3, NO;~-dependent CK accumula-
tion was greatly reduced (102), indicating that
AtIPT3 is a key determinant of CK biosynthe-
sis in response to rapid changes in NO; ™ in
the soil.

Cytokinins as a long-range signal. Expres-
sion of CYP735A2 in roots is strongly upregu-
lated by CK application (104). In this context
the fact that AtIPT3 is upregulated by NO;~
seems to explain the observation that apply-
ing NO;~ induces tZ-nucleotide accumula-
tion in roots (100) (Figure 5). tZR is the major
species of CKs in the xylem (53, 80, 100). In-
terestingly, its translocation rate in xylem ves-
selsis controlled by NO; ™ in the root medium
(100). Thus, xylem-mediated signaling by tZ-
type CKs in the transpiration stream appears
important for the communication of nutri-
ent signals on the whole-plant level. How-
ever, leaf exudates contain mainly iP-type
CKs(23). Note that NO; ~-dependent expres-
sion of AtIPT3 occurs in phloem tissue (64,
102). One possible explanation is that t7ans-
hydroxylation controls the differential com-
partmentalization of CK species and thus also
controls the direction of CK translocation, al-
though the detailed mechanisms remain to be
elucidated.

TRANSLOCATION

Cytokinin Nucleobase Transport

Because de novo CK biosynthesis catalyzed by
IPTs is tissue- and cell-specific, the CKs must
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Figure 5
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Nitrogen-dependent regulation of cytokinin (CK) biosynthesis and root/shoot communication via xylem
and phloem. Solid arrows indicate positive regulation of gene expression. Broken lines with arrowheads
show metabolic flow or translocation of CKs. Xylem stream and phloem stream are indicated in violet
and red lines, respectively. Although CK functions as both a local signal and a long-range signal, only the
long-range signal is illustrated in this figure. iP-nuc., iP nucleotides; tZ-nuc., tZ nucleotides. Other
abbreviations as defined in the text. Modified from Reference 77.

be moved to target cells by diffusion and/or
by selective transport systems. The idea of se-
lective transport is supported by reports that
plant cells are capable of absorbing CK nucle-
obases (19, 27) and nucleosides (88), and that
tZ-type and iP-type CKs accumulate in xylem
and phloem, respectively (23, 53, 100).

In cultured Arabidopsis cells, adenine and
CK nucleobase cross membranes using the
same proton-coupled high-affinity transport
system (19). Two genes for Arabidopsis purine
permeases, AtPUPI and AtPUP2, encode
transporters that mediate CK nucleobase up-
take (19, 31). When expressed in budding
yeast cells, AtPUP1 and AtPUP2 mediate tZ
uptake, and the affinity of AtPUP1 for tZ (K; =
20-35 uM) is comparable to that of other CK

metabolizing enzymes for their substrates (19,
31). PUPs have a broad substrate specificity
and mediate uptake of several adenine deriva-
tives, such as adenine itself and caffeine. The
expression of AtPUPI observed in the ep-
ithem of hydathodes and the stigma surface
suggests a role for this transporter in the re-

PUP: purine
permease

trieval of CK from xylem sap to prevent loss
during guttation; similarly, AtPUP2 expres-
sion in the phloem implies a function in the
long-distance transport of CKs (19).

Cytokinin Nucleoside Transport

Although CK nucleobases are present in
xylem as well as phloem, the major CK forms
in the xylem are nucleosides such as tZR (11,
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12, 100). In addition, the mobility of kinetin
riboside in the xylem exceeds that of BA and
kinetin (34). Therefore, nucleosides are con-
sidered the major translocation form of CKs.
In higher plants, some members of the equili-
brative nucleoside transporter (ENT) family
appear to mediate the selective translocation
of CK nucleosides. The rice genome contains
four ENT genes (OsENT1 - OsENT#%); one
of the gene products, OsENT?2, mediates the
uptake of CK nucleosides as well as that of
adenosine (35). OsENT?2 prefers iPR (K, =
32 uM) over tZR (K, = 660 uM), suggest-
ing that it may be responsible in part for the
selective transport of CK nucleosides in the
vascular tissues (35). OsENT?2 expression was
detected in the scutellum during germina-
tion and in the vascular tissues in germinated
seedlings, suggesting that OsENT?2 partici-
pates in the retrieval of endosperm-derived
nucleosides in the germinating embryo and in
the long-distance transport of nucleosides in
growing plants (35). In Arabidopsis, an ENT
gene, SOI33/AtENTS, was also suggested to
function in CK nucleoside transport (96). In
summary, our current understanding of CK
translocation in planta is that CK transport
is achieved by the translocation systems that
also mediate the transport of purine deriva-
tives and nucleosides.

Compared with the highly elaborated po-
lar transportation system for auxin, CK trans-

SUMMARY POINTS

port appears somewhat unspecific. However,
differential loading into xylem or phloem
might be sufficient for acropetal and sys-
temic transport of CKs, respectively. It is in-
teresting, though, that CK transport seems
to occur in parallel with that of fundamen-
tally important building blocks of the ge-
netic apparatus and the energy transduction
machinery, such as purine and nucleosides,
which may be related to the CKs’ function
as a signal in the coordination of growth and
development.

Intracellular Traffic of Cytokinin

Plastids are the major subcellular compart-
ments of de novo CK biosynthesis through
IPT (46, 102). This leads us to speculate on a
transport system of CKs from plastids to the
cytosol. At present, we have no evidence as
to which form of CKs is transported across
the plastid membranes. There is a report that
AtIPT?7 is localized in mitochondria (46). CK
glycosides accumulate in the vacuole (26), and
the deglucosylating enzyme, 3-glucosidase, is
localized in the plastids (49). Such complex-
ity in the subcellular location of CK biosyn-
thesis and metabolism points to an intricate
intracellular CK transport network. It is still
unknown whether the intracellular traffic of
CK is also based on a transporting system for
structurally related compounds.

1. Structural variations at the side chain of isoprenoid and aromatic CKs affect the
interaction with CK receptors, perhaps signifying functional specificity.

2. The initial step of CK biosynthesis (iP nucleotide synthesis) is catalyzed by adenosine
phosphate-isopentenyltransferase; plastids are the major subcellular compartment for

this initial step.

3. trans-Hydroxylation in tZ biosynthesis is catalyzed by a P450 enzyme, CYP735A.
The hydroxylation predominantly occurs at the nucleotide step.

4. Tmr of Agrobacterium is targeted to the plastids of infected cells despite lacking a

typical plastid-targeting sequence, and creates a CK biosynthesis bypass using an
intermediate in the plastid-specific MEP pathway to synthesize tZ.
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5. CK translocation shares the same transport systems moving purines and nucleosides
at the whole-plant and perhaps at the cellular level.

6. Root/shoot signaling may be related to movement of tZ and iP derivatives, respec-
tively, in the xylem and phloem streams.

7. CK biosynthesis and homeostasis are fine-tuned by internal and external factors such
as phytohormones and inorganic nitrogen sources, which appears important in linking
nutrient signals and morphogenetic responses.

FUTURE ISSUES TO BE RESOLVED

1. Identification of genes involved in ¢Z biosynthesis and ¢Z-tZ isomerization: Itis essen-
tial to understand the physiological function of c¢Z and the physiological significance
of tRNA-derived CK production.

2. Identification and characterization of genes encoding CK nucleosidases: Because CK
nucleobase is the active form, their release from the nucleobases is one of the critical
steps to control active CK level.

3. Analysis of knockout mutants of genes involved in side-chain modification: Itis impor-
tant to understand the possible unique properties and physiological roles of different
isoprenoid and aromatic CKs.

4. Determine the molecular mechanism of Tmr import into the plastid: It would be of
interest to know if the Toc-Tic system is involved in the translocation.
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