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Abstract.

Cytokinins (CKs) are evolutionally old and highly conserved low-mass molecules that have been identified

in almost all known organisms. In plants, they evolved into an important group of plant hormones controlling many
physiological and developmental processes throughout the whole lifespan of the plant. CKs and their functions are, however,
not unique to plants. In this review, the strategies and mechanisms of plants —and phylogenetically distinct plant-interacting
organisms such as bacteria, fungi, nematodes and insects employing CKs or regulation of CK status in plants — are described
and put into their evolutionary context. The major breakthroughs made in the last decade in the fields of CK biosynthesis,

degradation and signalling are also summarised.
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Introduction

At the beginning of the last century, Gottliecb Haberlandt
introduced the idea that there are diffusible factors in potato
(Solanum tuberosum L.) tuber phloem that positively regulate
cell division or cytokinesis. The search for such compounds,
named cytokinins (CKs), became intensive in the 1950s when
Miller and Skoog discovered the first CK, kinetin, in autoclaved
herring sperm (Miller et al. 1955). Since then, many natural and
synthetic compounds have been classified as CKs, which have
become an intensively studied group of plant hormones and an
inseparable part of plant physiology. In plants, CKs have been
shown to regulate cell division, seed dormancy and germination,
senescence, release of buds from apical dominance and de novo
bud formation, and stimulation of leaf expansion (reviewed in
Mok 1994); to control plant organ development; to mediate the
responses to variable extrinsic factors, such as light conditions in
the shoot and availability of nutrients and water in the root;
and to have a role in the response to biotic and abiotic stress
(reviewed in Werner and Schmiilling 2009). CKs and their
functions are not unique to plants. CKs are involved in RNA
translation in phyllogeneticaly distinct organisms from bacteria
to humans (Persson et al. 1994; Golovko et al. 2000), and various
plant-interacting organisms employ or manipulate CKs to
sequester plant developmental programmes to their own ends
(Schultz 2002).

Chemically, natural CKs are derivatives of adenine with
N®-side chains that differ in the structure of the N° substitutent
(Mok and Mok 2001). Isoprenoid CKs have saturated or
unsaturated aliphatic side chains of isoprenoid origin (Fig. 1).
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A second group carries an aromatic side chain that can be further
substituted in different positions of an aromatic ring (Fig. 1).
Almost all natural CKs are present in living organisms as free
bases and corresponding nucleosides and nucleotides, and
conjugates with glucose, xylose or amino acid residues such as
alanine (Fig. 1). After the discovery of kinetin, isoprenoid
CKs and their derivatives modified at the C2 position with
a methylthiol group (2-MeS CKs), both were identified as
functional components of specific tRNAs in all living
organisms except for the Archea (Burrows et al. 1968;
reviewed in Persson ef al. 1994). The first free CK identified
from plants was zeatin, isolated from maize (Zea mays L.)
endosperm in the 1970s (Letham 1973). The aromatic CK
N°-benzyladenine (BA), one of the most highly active and
easily obtainable synthetic CKs, and its hydroxylated
derivatives (topolins) and methoxy derivatives were also
identified as natural CKs in several plant species (reviewed in
Strnad 1997; Tarkowska et al. 2003). Other compounds with CK
activity are synthetic derivatives of phenylurea (Fig. 1; Shantz
and Steward 1955; Iwamura 1994). Despite their structural
divergence, both the adenine-type and phenylurea-type CKs
exhibit activity in different CK bioassays and are effectively
recognised by CK receptors, as will be described later (Yamada
et al. 2001; Spichal et al. 2004; Mok et al. 2005).

Since the beginning of the new millennium, substantial
progress has been made in understanding the molecular basis
of the CK function, biosynthesis, metabolism, degradation,
signalling and evolution, which has been summarised in
several comprehensive reviews focussed on CK’s role in
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Fig. 1. Structure of adenine-type and phenylurea-type CKs. The black R
characterises the determinant side chain, R, to Rg (in red) indicate the type of
CK conjugate resulting from the metabolic interconversions summarised in
Fig. 3. iP, N6—isopentenyladcnine; DZ, dihydrozeatin; tZ, trans-zeatin; cZ,
cis-zeatin; Kin, kinetin; BA, N"-benzyladenine; mT, meta-topolin; oT, ortho-
topolin; CPPU, N-(2-chloro-4-pyridyl)-N’-phenylurea; TDZ, thidiazuron.

plants. This review presents a compilation of up-to-date
perspectives on CK evolution, biochemistry and function not
only in plants but also in other living organisms.

CKs are evolutionally highly conserved molecules
with broad phylogenetic occurrence

CKs as a part of the tRNA of phylogenetically distinct
organisms from bacteria to vertebrates

CKs are evolutionally highly conserved molecules and, in their
free or tRNA-bound form, are present in various organisms such
as bacteria, plants, fungi, nematodes, insects and humans. Certain
tRNAs that bind to codons starting with an uracil contain, at
position 37, an adenine residue modified by an isopentenyl
moiety (Golovko et al. 2000). Such prenylation of tRNA
belongs to nucleotide hypermodifications that are important for
the efficiency and fidelity of protein translation by the ribosome
(reviewed by Persson et al. 1994). The enzyme involved
in the adjustment is tRNA-specific isopentenyltransferase
(tRNA-IPT). Appropriate genes coding the enzyme have been
experimentally identified in, for example, Escherichia coli
(Caillet and Droogmans 1988), Saccharomyces cerrevisiae
(Dihanich et al. 1987), Arabidopsis thaliana (L.) Heynh.
(Takei et al. 2001; Kakimoto 2001), Homo sapiens (Golovko
et al. 2000) and others. The lack of CK modification
in tRNA-IPT mutants causes the destabilisation of the
codon—anticodon interactions and codon context sensitivity
(Caillet and Droogmans 1988). In mammals, the alterations in
tRNA modification have been related to cancer, and the human
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tRNA-IPT gene (TRITI) was identified as a candidate tumour
suppressor negatively regulating lung carcinogenesis (Spinola
et al. 2005).

From the evolutionally fixed function of improving translation
as the modified nucleosides of specific tRNAs (Persson ef al.
1994) free CKs evolved to have further various specific functions
as signalling molecules in plants and organisms interacting with
plants. Decomposition of tRNA was thus originaly thought tobe a
source of free CKs. Although, this has been considered to be
insufficient to establish the significant amount of CKs required by
seed plants (Barnes ef al. 1980), multiplication of genes coding
for tRNA-IPT in basal land plants (see Frébort et al. 2011) seems
to be the first evolutionary step to increase the source of free CKs
as described later.

CK-related genes originate from bacteria

Plants develop effective machinery for the sensing of CKs
and management of their levels (detailed information about
genes and biochemistry is given in the next section). From the
information available, this machinery employs genes that are
similar to those existing already in the genomes of the lowest
organisms such as bacteria and thus could be of bacterial origin.
A possible means of bacterial gene acquisition in plants is
via horizontal gene transfer (HGT) through endosymbiosis
of a cyanobacterial ancestor, giving rise to chloroplasts
(Fig. 2a) and subsequent translocation of genes from the
ancestral organelles to the nucleus. Such a gene flow is well
documented by analyses of 16S and 23S rRNA, tufA4, atpB, rpoC1
and HSP60, each indicating strongly that plastids are derived
from cyanobacterial ancestors (Delwiche and Palmer 1996).
HGT (combined with gene duplication) played a role in the
evolution of Rubisco (Delwiche and Palmer 1996), the key
enzyme employed by green plants. Recent genome-wide
studies identified CK-related genes coding for the key
enzymes of CK biosynthesis (isopentenyltransferase, IPT) and
degradation (CK oxidase—dehydrogenase, CKX), respectively,
in cyanobacteria and other bacteria (Frébort et al. 2011).
Although the function of cyanobacterial IPT and CKX in CK
metabolism has not been confirmed yet (Frébort et al. 2011),
CKs were identified in several cyanobacteria species such as
Synechocystis, Chroococcidiopsis, Anabaena, Phormidium and
Oscillatoria (Hussain et al. 2010). This evidence implies that
CK metabolism in plants evolved through HGT from bacteria to
plants via the chloroplast, which is of cyanobacterial origin
(Fig. 2a; Schmiilling et al. 2003).

Comparative analyses identified several gene families with
cyanobacterial ancestry in the genomes of a taxonomically
wide range of plastid-lacking eukaryotes (Phytophthora
(Chromalveolata), Naegleria  (Excavata), Dictyostelium
(Amoebozoa), Saccharomyces and Monosiga (Opisthokonta);
Maruyama et al. 2009). This demonstrates the potentially
significant contributions of ancestral or extant cyanobacteria to
the eukaryotic genomes, which probably occurred via HGT or
ancient primary endosymbiotic gene transfer events, followed
by retention of the transferred genes in the nuclear genomes after
the plastid loss (Maruyama et al. 2009). This can explain the
presence of CK-related genes in Dictyostelium discoideum, an
early eukaryote slime mould that diverged from the line leading to
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Fig.2. (a) Simplified evolutionary trees of life and () close up of green plants showing the possible
origin and paths of evolution of CK biosynthesis, degradation and signalling in the context of general
evolutionary events (indicated by red arrows; the relative order is unknown). Phylogenetic trees
were modified from Simpson (2006) and the CK evolution compiled from Pils and Heyl (2009) and
Frébort et al. (2011). Stars indicate secondary endosymbiosis. The putative existence of IPT and CKX
in green algae and CKX with differentiated subcellular localisation in lower land plants are indicated
by dashed lines.

animals shortly after the separation of plants and animals but two genes coding for proteins similar to members of a two-
which retained characteristics of both kingdoms (Anjard and component system (TCS; Anjard and Loomis 2008). TCS is a
Loomis 2008). Dictyostelium has three IPT genes — two well described signal transduction pathway in prokaryotes and
coding proteins closely related to the bacterial and eukaryotic lower eukaryotes; in plants, it forms a CK signalling pathway
tRNA-IPTs and one IPT involved in de novo CK synthesis —and (West and Stock 2001). TCS is shared among bacteria, plants and
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early diverging eukaryotes such as Saccharomyces cerevisiae
or Dictyostelium discoideum but not animals. Interestingly,
Dictyostelium codes for two cyclases—histidine-kinase-
associated sensory extracellular (CHASE) domains that
contain proteins that are similar to receptors sensing CK
signals in plants. However, neither appears to be a cytokinin
receptor and CKs that are essential inducers of Dictyostelium
sporulation act through another pathway that is as yet unknown
(Anjard and Loomis 2008). No other gene with significant
homology to the CK-sensing CHASE domain has been found
anywhere apart from land plants, including in algal or
cyanobacterial genomes, except for the genome of the virus
Ectocarpus siliculosus virus 1 (Pils and Heyl 2009; Frébort
et al. 2011). This virus encoding a CHASE domain-containing
histidine (His) kinase integrates itself into the genome of the
brown algae Ectocarpus siliculosus (which produces CKs) and
thus may have acted as a possible vector (Pils and Heyl 2009).
In mammals, two enzymes have been found to share sequence
homology with the TCS His kinases (Tan et al. 2002). However,
the absence of a CHASE domain disqualifies them from this role
in CK signalling.

In conclusion, it can be speculated that (1) the individual
components of the TCS were most probably acquired by early
eukaryotes via HGT from bacteria (Fig. 2a¢; Anantharaman et al.
2007), (2) during evolution, the pathway was not acquired
multiple times but was rather lost in animals (Pils and Heyl 2009).

Evolution of CK machinery in plants

Although CKs have been identified in representatives of brown
(Phaeophyta) and red (Rhodophyta) seaweeds as well as many
green soil-dwelling microalgae (Chlorophyta) (reviewed in Stirk
and Van Staden 2010), the early evolution of CK sensing and
metabolism in plants is poorly understood. The algal biosynthetic
pathway has not been confirmed yet, no CK-metabolic genes have
been identified so far in algal genomes (Gu et al. 2010), and
only Type B response regulators (RRs) — but not the cytokinin
receptor — have been found in the green unicellular microalgae
Chlamydomonas reinhardtii (Pils and Heyl 2009). Two scenarios
were suggested for the evolution of CK signalling in algae by Pils
and Heyl (2009): (1) algae that were not confronted with the new
stress conditions faced by the land conquesting plants and did not
need more elaborate developmental programmes requiring a new
or more complex regulation of CKs could have lost the CHASE
domain His kinase fixed in the last common ancestor of amoebae
and algae overtime, or (2) CHASE domain His kinase exists in the
charaphytes that are ancestral to land plants but the fact that their
genome sequences have not been mapped yet has prevented the
identification of CK receptors in these algae lineages.

As illustrated in Fig. 2b the different factors of the TCS
were gradually acquired during plant evolution. His-containing
phospho-transmitter proteins (HPts) and Type B RRs had already
appeared in the green algae, whereas a CHASE domain-
containing His kinase, a CK receptor and Type A RRs that
serve as negative feedback regulators of the pathway were
fixed later during the conquest of land in response to new
stress stimuli (Pils and Heyl 2009). Phylogenetic analysis has
revealed that the hormone-binding receptor and a class of
negative regulators first appeared in land plants, as shown in
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the example of the moss Physcomitrella patens (Pils and Heyl
2009). Interestingly, the number of receptors remained fairly
constant from mosses to flowering plants, and the common
ancestor probably likely already had three CK receptors
before the split of the monocots and the dicots, whereas the
other protein families expanded (Fig. 2b; Pils and Heyl 2009;
Heyl et al. 2012).

Another interesting evolutionary pattern is visible in CK
metabolic genes (Fig. 2b). Both the /PT and CKX genes
coexist in the moss Physcomitrella patens, which points to an
important evolutionary event generating fine-tuning control of
CK homeostasis via biosynthesis and degradation processes
(Gu et al. 2010). tRNA-IPTs are evolutionally conserved
throughout the whole phylogenetic tree, whereas adenylate
IPTs that are capable of de novo CK synthesis occurred later
during the evolution of seed plants (Fig. 2b). The basal land plants
Physcomitrella patens and Selaginella moellendorffii contain
only tRNA-IPTs (Yevdakova and von Schwartzenberg 2007)
and decomposition of modified tRNA represent the only source
of CKs for them. Interestingly, six fRNA-IPT genes were
identified in the Physcomitrella patens genome but only two
such genes are present in higher land plants (Frébort et al. 2011).
The first evolutionary adaptation of the land plants satisfiing
demands for the higher CK production demands connected to the
completely new conditions was thus duplication of tRNA-IPTs.
However, another strategy — the divergence of the biosynthetic
pathway and acquirement of adenylate IPTs capable of de novo
CK synthesis — was fixed later during the evolution of seed plants
(Frébort et al. 2011; Fig. 2b). Both tRNA-IPTs and adenylate
IPTs can be found in the cyanobacteria, pointing again to the
possible cyanobacterial origin of the plant genes that might have
been acquired through HGT via the chloroplast (Schmiilling
et al. 2003; Frébort et al. 2011). Plant tRNAs have typically
been reported to contain cis-zeatin ribosides (cZR) as the most
abundant cytokinin (Taller 1994) and indeed cis-zeatin CKs have
been found to be dominant in representatives of liverworts,
mosses and ferns (Gajdosova et al. 2011). Although the tRNA
pathway is generally considered to be insufficient to establish the
significant amount of CKs required by seed plants (Barnes et al.
1980), analysis of atipt2 and atipt9 (both encoding tRNA-IPTs)
mutants of Arabidopsis thaliana suggested that tRNA may still
represent a significant source of cis-zeatin in higher plants
(Miyawaki et al. 2006). A similar situation can be described
for CKX genes. In all genomes sequenced so far, one cytosolic
CKX is always conserved (Frébort ez al. 2011). However, in the
basal land plants Physcomitrella and Selaginella, other putative
CKXs have been identified (Gu et al. 2010; Frébort et al. 2011).
This already implies the drastic expansion of CKX genes into
multigene families with a varying number of members with
the diverse functions, expression patterns and (sub)cellular
localisations that are typical of higher plants (Gu et al. 2010).

Evolution and use of CKs by plant-interacting organisms
as tools for plant growth management

CKs have been identified in a broad spectrum of bacterial taxons
including Cyanobacteria, Proteobacteria, Actinobacteria and
Firmicutes, and also in various phylogenetically very distinct
organisms such as fungi, insects and nematodes. Why have these
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organisms evolved and fixed mechanisms controlling CK
production? In most cases, it is linked to the life strategies of
plant pathogens or symbionts that actively use CKs for
manipulation of plant host growth and development.
Diazotrophic cyanobacteria of the genus Nostoc colonise
cavities in the host plant’s surface developed by the plant in
the absence of the cyanobiont; however, after colonisation,
the cyanobacteria can rearrange the plant tissue to form
differentiated, elongated host cells increasing the
cyanobiont-host surface contact (Beattie 2007). This activity
may involve CKs as morphogenetic tools. Gall-forming plant
pathogenic bacteria such as Rhodococcus fascians and
Agrobacterium tumefaciens produce auxin and CKs as tools
to enhance their pathogenicity and to modulate the physiology
of host plants (Choi et al. 2011). Unlike Agrobacterium
tumefaciens, which engineers the host plant to locally
overproduce CKs from transfer DNA (T-DNA) integrated into
the plant chromosome (Sakakibara et al. 2005), Rhodococcus
fascians produces the efficient mix of CKs (Pertry et al. 2009)
involved in enhancement of sensitivity to pathogen-derived
CKs and in symptom maintenance (Pertry et al. 2010).
CK biosynthesis is also a virulence determinant in other gall-
producing bacteria, such as Erwinia herbicola pv. gypsophilae,
Pseudomonas syringae pv. savastanoi and Streptomyces
turgidiscabies (Joshi and Loria 2007). The CKs produced by
the bacteria are mostly Nﬁ-isopentenyladenine (iP) and trans-
zeatin; however, recent studies indicate the high importance of
cis-zeatin and especially the 2-MeS CKs that can serve as
symptom maintainers due to their differentiated affinities to
the host plants’ sensing and degradation apparatus (Pertry
et al. 2009). Symbiotic nitrogen-fixing bacteria such as
Rhizobium leguminarosum trigger the formation of a new root-
derived organ in their legume hosts, the nitrogen-fixing nodule
(reviewed in, for example, Frugier ef al. 2008). In this process,
CKs act downstream of Nod factor perception, as the key
differentiation signal and the proper functioning of the CK
receptor was found essential for nodule organogenesis
(Gonzalez-Rizzo et al. 2006; Murray et al. 2007; Tirichine
et al. 2007). Interestingly, some photosynthetic bradyrhizobia
form nodules on their plant hosts, although they lack the canonical
nodABC genes and Nod factors (Giraud ez al. 2007). Based on
the findings that Rhizobium Nod strains expressing bacterial
IPT induce nodule formation (Cooper and Long 1994) and
that CKs can mimic the effects of Nod factors even when
applied exogenously (Lorteau et al. 2001), it is speculated that
bradyrhizobia can use CKs as an alternative signal triggering
nodule organogenesis (Giraud et al. 2007). The question was
addressed whether CK could be the key player in the molecular
mechanism used also by other CK-producing symbiotic
organisms, such as Frankia, to induce nodulation on
nonleguminous plants (Giraud et al. 2007). Plant growth-
promoting bacteria of the genera Azospirillum, Bacillus and
Pseudomonas are known to have beneficial effects on
bacterial-legume or fungal-plant symbioses, probably through
the production of phytohormones (including CK) that enhance
root hair proliferation and elongation (Beattie 2007).

The same effects are even more enhanced in the mutualistic
tripartite relationship of rhizosphere bacteria, plants and
arbuscular micorrhizal fungi, such as Glomus, that increase
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phosphorus content in plants (Beattie 2007). CKs were also
identified in some ectomycorrhizal fungi, e.g. Rhizopogon spp.
(Miller 1967). CKs are also produced by the phytopathogenic
fungi Puccinia thlaspeos, Fusarium moniliforme and Ustilago
maydis, and most probably, in concert with other phytohormones,
serve to alter the plant host’s morphology (Stirk and Van
Staden 2010; Bruce et al. 2011). A putative tRNA-IPT gene was
predicted in Ustilago maydis (Bolker et al. 2008) and it was
hypothesised to release sufficient CK levels to play a significant
role during the development of corn smut disease (Bruce et al.
2011). A soilborne fungal pathogen, Verticillium longisporum,
causes vascular disease in oilseed rape (Brassica napus L.) and
other members of the Brassicaceae. Preceding the disease
symptoms (stunted growth, early senescence), the fungus
actively decreases plant CK levels by upregulation of plant
CKX by an unknown mechanism that can be reverted by
upregulation of the CK biosynthetic gene or application of a
CKX inhibitor (TTeichmann and L Spichal, unpubl. data).
Another root parasite, the obligate biotrophic protist
Plasmodiophora brassicae (Rhizaria), besides its own CK
production, modulates the CK status of a host plant during
infection by downregulation of CK degradation and
upregulation of CK perception to cause clubroot disease
(Siemens et al. 2006).

Although the utilisation of CKs as plant managing signals by
fungi, insects and nematodes is a very interesting field to study,
recent knowledge is still limited to the analysis of CK content
in some species (reviewed in Stirk and Van Staden 2010) and,
except for the predicted broad presence of tRNA-IPT genes in all
eukaryotes, less is known about this part of CK evolution in
nature. In general, the evolution of CK machinery in insects and
nematodes seems to be highly connected to the evolution of their
parasitism. Insects and nematodes share a common ancestor
as members of the high-level taxon Ecdysozoa (Aguinaldo
et al. 1997) and both induce cellular modifications in host
tissues, including the formation of galls, implying a role for
phytohormones (Bird and Koltai 2000). Progress in the
sequencing of nematode genomes has revolutionised the
understanding of these organisms at the molecular level
(Mitreva et al. 2005) and can also help in understanding the
aquisition of CK mechanisms by eukaryotes in general. It was
shown that besides intrachromosomal rearrangements and
modifications to secretory proteins, some parasitic nematodes
might rely on virulence factors acquired by HGT from
prokaryotes (Mitreva et al. 2005). HGT thus represents an
important route of evolution from free-living nematodes to the
parasitic lifestyle (Mitreva et al. 2005). In support of this, no
striking cases of potential HGT from prokaryotes have been
identified in either free-living nematodes or animal parasitic
nematodes, although candidate transfers from a fungal genome
into Caenorhabditis elegans have been identified (Mitreva et al.
2005). Candidate donors are usually soil-dwelling and are either
plant-pathogenic or plant-associated microorganisms, hence
occupying the same ecological niche as the nematodes
(Haegeman et al. 2011). The most striking examples of HGT
between bacteria and root knot nematodes in relation to CKs
are the genes with the highest similarity to those involved in
the rhizobial nodulation pathway (e.g. NodL). Phylogenetically,
rhizobia appear to be the predominant group of ‘donor’ bacteria
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(Scholl et al. 2003). Moreover, it was suggested that root knot
nematodes and bacterial Nod factors elicit common signal
transduction events in host plants (Weerasinghe et al. 2005).
Nematodes causing galls (Meloidogyne spp.) and cysts
(Heterodera spp.) formation in roots are able to reshape the
initial feeding cell of a host plant into a functional giant cell or
syncytium (Stirk and Van Staden 2010). In this process, CKs,
which are possibly secreted by the nematode to the host tissue,
are implicated as triggers of cell proliferation, resulting in gall
formation and establishment of a nutrient sink at the nematodes’
feeding site (De Meutter et al. 2003).

A similar scenario could also work in the case of gall-inducing
insects whose larvae produce CKs in the infected tissue and, by
maintaining high CK levels, keep the gall as an active nutrient sink
(Stirk and Van Staden 2010). Galling sawfly (Pontania proxima,
Hymenoptera) injects the CK-enriched contents of an accessory
gland into the host plant tissues with the egg to initiate a tumour-
like swelling to accommodate developing larvae (Schultz 2002).
CKs or CK-like activity have been identified in larvae of the
fly Procecidochares utilis inducing galls in crofton weed
(Ageratina adenophora (Spreng.) R. M. King & H. Rob.), the
jumping plant louse Pachypsylla celtidis-mamma that causes
hackberry nipple galls on Celtis occidentalis L., the Eurytoma
wasp that induces galls in Erythrina latissima E. Mey, the fly
Eurosta solidaginis that makes ball galls in the stem of Solidago
altissima L. and the wasp Dryocosmus kuriphilus that forms
galls in the buds of Japanese chestnut (Castanea crenata
Siebold & Zucc.; reviewed in Stirk and Van Staden 2010).
Interestingly, differences in CK profiles and different rates of
CK biosynthesis were found in the male and female larvae
of the wasp Trichilogaster acaciaelongifoliae, which form
sexually dimorphic galls in developing inflorescence of Acacia
longifolia (Andrews) Willd., supporting the idea that larvae
can synthesise CKs independently (Dorchin et al. 2009). It can
be assumed that these species adopted CK biosynthetic
machinery and produce their own CKs to influence the growth
and development of their host plants. However, a recent
study showed that the phytophagous leaf-mining moth
Phyllonorycter blancardella (Lepidoptera) relies on CK-
producing bacterial endosymbionts, most probably Wolbachia,
to manipulate the physiology of its host plant, resulting in
photosynthetically active green patches in otherwise senescent
leaves and to increase its fitness (Kaiser et al. 2010). It is also
worth mentioning the work by Tsoupras et al. (1983), who
published an identification of the predominating maternal
conjugate of ecdysone with CK, N-isopentenyladenosine-5'-
monophosphate (iPRMP) in newly laid eggs of Locusta
migratoria. The role in embryonic development of CK
liberated on the process of hydrolysis of the maternal ecdyson
is however not known (Tsoupras et al. 1983).

CK biosynthesis, metabolism, degradation and perception

In this part a of the review, a survey of known genes and enzymes
regulating CK biosynthesis, metabolism and signalling will be
described to give basic knowledge of the machinery involved
in CK homeostasis in living organisms. A scheme of CK
biosynthesis, interconversions and degradation in plants is
shown in Fig. 3.
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CK biosynthesis

The first and rate-limiting step in CK biosynthesis is the
transfer of an isoprenoid moiety to the N°-position of the
adenine nucleotide catalysed by IPT. This enzyme activity
was first described in extracts of the slime mould
Dictyostelium discoideum (Taya et al. 1978), which produces
a spore germination inhibitor discadenine, a compound that is
structurally related to the CKs and is active in a CK bioassay
(Nomura et al. 1977). Two types of structurally related IPT
enzymes derived from a common ancestral gene differing in
their target of isopentenylation are known to produce CKs in
living organisms. The tRNA-IPT enzyme (EC 2.5.1.8) modifies
some tRNAs by adding the dimethylallylpyrophosphate
(DMAPP) isopentenyl moiety to the adenine residue adjacent
to the anticodon. The broad phylogenetical appearance of
tRNA-IPTs and the significance of the tRNA isopentenylation
have been discussed in the previous text.

Another IPT, adenylate IPT (EC 2.5.1.27) is a free nucleotide-
forming enzyme known to be a main contributor to the CK
pool. The first identification of a gene encoding a CK de novo
biosynthetic enzyme was carried out in the gall-forming bacteria
Agrobacterium tumefaciens (Akiyoshi et al. 1984; Barry et al.
1984). This gene, designated Tmr (tumour morphology root), is
located in the T-DNA of the tumour-inducing (Ti) plasmid and
encodes an IPT that is primarly associated with synthesis of
iPRMP from DMAPP and AMP (Blackwell and Horgan 1991),
but with the same K, value that also recognises 4-hydroxy-3-
methyl-2-(E)-butenyl diphosphate (HMBPP) as the side chain
substrate (Sakakibara et al. 2005). In the virulence region of the
Agrobacterium tumefaciens Ti-plasmid, which is not translocated
to the plant cells, another gene encoding the enzyme of frans-
zeatin synthesis (7zs) is present, utilising HMBPP as a prenyl
donor and AMP as the acceptor (Krall et al. 2002). Recently, Tzs
was crystallised and critical amino acid residues responsible for
differences in the prenyl-donor substrate specificity of Tzs and
plant IPTs were determined in its substrate binding pocket
(Sugawara et al. 2008). CK biosynthesis is also a virulence
determinant of other gall-producing bacteria, and IPTs were
identified and functionally proved in, for example, the
collinear fas operons of Streptomyces turgidiscabies (Fas4;
Joshi and Loria 2007) and Rhodococcus fascians (FasD; Pertry
et al. 2010).

A family of plant DMAPP:ATP/ADP IPT genes were first
identified in Arabidopsis thaliana (Takei et al. 2001; Kakimoto
2001). Arabidopsis thaliana contains AtIPT genes that are
involved in de novo biosynthesis (AtIPT1 and AtIPT3—AtIPTS)
and two tRNA IPTs (4#/PT2 and AtIPTY; Takei et al. 2001;
Kakimoto 2001). IPTs were identified and functionally proved
in other plants such as hop (Humulus lupulus 1.)(HIIPT; Sakano
et al. 2004), mulberry (Morus alba L.; Abe et al. 2007), maize
(ZmIPT2; Brugiere et al. 2008) and rice (Oryza sativa L.)
(OsIPT1-OsIPT8; Sakamoto et al. 2006). Biochemical
characterisations showed that all plant IPTs described so far
prefer DMAPP as the side chain donor, and ATP or ADP,
but not AMP, as the accepting moiety to form
N®-isopentenyladenosine-5'-triphosphate (iPTP) or iPDP as
the precursors of active CKs. In contrast to bacterial Tmr,
Arabidopsis 1PTs exclusively use DMAPP as a substrate
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Fig.3. Scheme of CK biosynthesis, interconversions and degradation in plants. Enzymes involved in these interconversions are indicated
by red numbers. Dashed lines show pathways that have not yet been sufficiently proven. (1) adenylate isopentenyltransferase (EC 2.5.1.27);
(2) tRNA-specific isopentenyltransferase (EC 2.5.1.8); (3) phosphatase (EC3.1.3.1); (4) 5'-ribonucleotide phosphohydrolase (EC 3.1.3.5);
(5) adenosine nucleosidase (EC 3.2.2.7); (6) CK phosphoribohydrolase ‘Lonely guy’; (7) purine nucleoside phosphorylase (EC 2.4.2.1);
(8) adenosine kinase (EC 2.7.1.20); (9) adenine phosphoribosyltransferase (EC 2.4.2.7); (10) N-glucosyl transferase (EC 2.4.1.118);
(11) cytochrome P450 mono-oxygenase; (12) cytokinin dehydrogenase (EC 1.5.99.12); (13) zeatin-O-glucosyltransferase, either trans-
zeatin-specific (EC 2.4.1.203) or cis-zeatin specific (EC 2.4.1.215), utilising xylose instead of glucose (EC 2.4.2.40); (14) B-glucosidase
(EC3.2.1.21); (15) zeatin reductase (EC 1.3.1.69); (16) zeatin isomerase. DMAPP, dimethylallylpyrophosphate; HMBPP, 4-hydroxy-3-
methyl-2-(E)-butenyl diphosphate; iPRDP, N®-isopentenyladenosine-5'-diphosphate; iPRTP, N°-isopentenyladenosine-5'-triphosphate;
iPRMP, N°-isopentenyladenosine-5'-monophosphate; iPR, N®-isopentenyladenosine; iP7G, N°-isopentenyladenosine-7-glucoside; iP9G,
Nﬁ-isopentenyladenosine-9-glucoside, and the equivalents for tZ, DZ and cZ; tZOG, trans-zeatin-O-glucoside; tZROG, trans-zeatin-O-
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glucoside riboside and the equivalents for DZ and ¢Z; tZOX, trans-zeatin-O-xyloside; ¢cZOX, cis-zeatin-O-xyloside.

(Sakakibara ef al. 2005). However, Morus alba IPT was shown
to also utilise HMBPP, supporting the idea of trans-zeatin
formation in plants via the iPRMP-independent pathway
suggested by Astot et al. (2000). Interestingly, this enzyme
also accepts dADP, dATP, CDP and GDP as the prenyl
acceptors (Sakamoto et al. 2006). Binding affinity of
nucleotides in the order of ATP > dATP~ADP > GTP > CTP
> UTP was recently reported for HIIPT (Chu et al. 2010).
Crystallisation studies on Agrobacterium Tzs revealed that the
carbon—nitrogen-based prenylation proceeds by the SN2-
reaction mechanism (Sugawara et al. 2008) and, together with
structural studies of HIIPT (Chu ez al. 2010) and yeast tRNA-IPT
(Zhou and Huang 2008), have given insight into substrate
recognition.

AtIPT-GFP fusions were used for localisation of AtIPT
isoforms at the subcellular level showing plastid (AtIPT1, -3,
-5 and -8), cytosolic (AtIPT2 and -4) and mitochondrial (AtIPT7)
localisations (Fig. 3; Kasahara et al. 2004). However, localisation
of AtIPT3 is dependent on its farnesylation status and, despite the
presence of a chloroplast transit peptide, farnesylation appears to
direct most of the protein to the nucleus (Galichet e al. 2008).
This finding, together with the endoplasmic reticulum (ER)
localisation of AtCKX3 (Werner et al. 2003), now seems to be

very relevant due to new evidence of CK receptor localisation to
the ER membrane, with the CK sensor domain most probably
oriented into the lumen of the ER (Caesar et al. 2011).
Interestingly, farnesylation also substantially influences the
catalytic activity of AtIPT3 (Galichet et al. 2008). AtIPT::GUS
expression analysis revealed wide distribution of expression
patterns throughout the plant during its developmental stages
(Miyawaki et al. 2004). AtIPT expression is affected by
application of nutrient, CK and auxin (Miyawaki et al. 2004;
Takeietal. 2004a; Tanaka et al. 2006). A study on multiple At/PT
knockout mutants for At/PT1, AtIPT3, AtIPT5, AtIPT6 and
AtIPT7 reported by Miyawaki et al. (2004) showed that plants
with reduced CK biosynthesis display the CK deficiency
phenotypes described for plants overexpressing CKX (Werner
et al. 2001; Werner et al. 2003).

CK metabolism

CKs are metabolised in living systems by modification of
their purine moiety, or by N°-side chain modifications or
cleavage. These structural changes lead to reversible or
irreversible loss of CK activity, and determine the function
and compartmentalisation of the respective CK metabolite.
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The enzymes of general purine metabolism can convert the
adenine ring of CKs to the respective nucleoside and nucleotide.
Several enzymes involved in these interconversions as
5'-nucleotidase (EC 3.1.3.5), adenosine nucleosidase (EC
3.2.2.7), adenine phosphoribosyltransferase (EC 2.4.2.7) and
adenosine kinase (ADK, EC 2.7.1.20) were found in different
plant species (reviewed in Mok and Mok 2001). Although these
enzymes have broad substrate specificity and recognise
adenosines in general, an ADK was isolated from tobacco
(Nicotiana tabacum L.) BY-2 suspension culture using CK-
based affinity purification (Laukens et al. 2003), and ADKs
cloned from Nicotiana tabacum have been shown to have high
affinity to CKs (Kwade e al. 2005). Recently, Arabidopsis
thaliana lines silenced in ADK expression proved that despite
its generally high K, for CK ribosides, ADK contributes
significantly to CK homeostasis in vivo (Schoor et al. 2011).

The list of the enzymes modifying CKs at the adenine part
of the molecule was extended in 2007 with the CK-specific
phosphoribohydrolase ‘lonely guy’ (LOG; Kurakawa et al.
2007) that directly converts inactive CK nucleotides to their
free-base forms. The role of LOG in CK metabolism was
confirmed in Arabidopsis thaliana (Kuroha et al. 2009;
Tokunaga et al. 2012) and is also supported by localisation of
the LOG homologue in the fas operon involved in the production
of CKs by Rhodococcus fascians (Pertry et al. 2010).

Next to ribosylation and phosphoribosylation, other frequent
modifications of the purine ring are glucosylation of N-3, N-7
and N-9, and the formation of alanyl conjugates (Duke et al.
1978; Shaw 1994). The enzyme involved in N-glucosylation of
N-7 and N-9, a glucosyltransferase (EC 2.4.1.118), uses uridine
diphosphate glucose (UDPG) and uridine triphosphate glucose
(TDPG) as glucosyl donors. With the exception of N-3
glucosides, N-glucosides are generally not active in bioassays
and it has been assumed that N-7 and N-9 glucosylation
irreversibly inactivates CKs (Mok and Mok 2001), whereas
N-3 glucoside can be converted to the free base by
B-glucosidases (Brzobohaty et al. 1993). Recently, CK N-9
glucosides were found to be the preferred substrates of some
CKX isoforms (Galuszka et al. 2007; Kowalska et al. 2010).

Other types of glycosylation affect the N°-side chain of
hydroxylated forms of CKs and contribute to the modulation
of CK activity through the side chain modifications. Genes
encoding the O-glucosyltransferase (ZOG, EC 2.4.1.203;
Dixon et al. 1989) and O-xylosyltransferase (EC 2.4.1.204;
Turner et al. 1987) were cloned from Phaseolus Ilunatus
L. and Phaseolus vulgaris L., respectively. Their biochemical
characterisation showed differences in CK substrate and sugar
donor recognition. ZOG uses both UDPG and uridine
diphosphate xylose (UDPX) as donor substrates, whereas
O-xylosyltransferase uses only UDPX. Both the transferases
recognise the CK substrate in a highly specific manner and
only the trams-isomer of zeatin and partial dihydrozeatin are
the substrates. The strict substrate specificity of the enzymes
suggests that O-glycosylation is a precisely regulated process.
This is supported by identification of a maize gene encoding a
cis-zeatin  O-glucosyltransferase (cisZOG) that does not
recognise either frans-zeatin or dihydrozeatin, and uses UPDG
as the only sugar donor (Martin ez al. 2001). Besides trans-zeatin
and cis-zeatin, ZOG and cisZOG also recognise topolins and
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hydroxylated phenylureas as substrates, and the substrate
specificities correlate with CK recognition by the Arabidopsis
thaliana and maize CK receptors (Mok et al. 2005).
O-glycosylation has been shown to preserve the CKs from
N°=side chain cleavage by CK oxidase (Armstrong 1994). In
addition, O-glycosylated CKs can be easily converted to the
active form by B-glucosidases (EC 3.2.1.21; Brzobohaty et al.
1993), which explains the biological activity of O-glucosylated
CKs in different bioassays, although they are not recognised
by CK receptors (Spichal et al. 2004). Based on the facts
mentioned above and the finding that O-glucosylated
dihydrozeatin is localised in vacuoles (Fusseder and Ziegler
1988), it is believed that O-glycosylation produces an inactive,
stable storage form of CKs and thus plays an important role in
balancing CK levels (Mok and Mok 2001).

Another important N°-side chain modification s
hydroxylation of the isopentenyladenine side chain. This
modification represents important step of trans-zeatin
biosynthesis and is catalysed by cytochrome P450 mono-
oxygenases CYP735A1 and CYP735A2 (Takei et al. 2004b).
The double bond of zeatin can be reduced by a zeatin reductase
(EC 1.3.1.69) to form dihydrozeatin with an unsaturated trans-
zeatin side chain. Zeatin reductase isolated from immature seeds
of Phaseolus vulgaris is highly specific to trans-zeatin base and
does not reduce the cis-form of zeatin or isopentenyladenine
(Martin et al. 1989). The enzyme converting zeatin from the
trans- to the cis- isoform was partially purified from Phaseolus
(Bassil et al. 1993). However, such conversion slowly proceeds
in vitro and without any enzymatic activity, and no other works so
farhave been published that exploit the physiological significance
of zeatin isomerisation.

In some organisms, the key metabolic regulation of CK
contents is provided by an irreversible cleavage of the N°-side
chain. This enzymatic activity was first reported by Paces et al.
(1971), who demonstrated conversion of radiolabelled
NP-isopentenyladenine to adenine in a crude tobacco tissue.
The enzyme was named CK oxidase (shortened to CKO by
the original author; nowadays, the acronym CKX is more
often used) and for a long time was classified as a copper
amine oxidase (EC 1.4.3.6) utilising oxygen as the electron
acceptor (Whitty and Hall 1974; Hare and Van Staden 1994).
To date, the sequences of genes encoding CKX proteins have
been identified in many plant species such as Arabidopsis, maize,
rice, orchid (Dendrobium Sonia), barley (Hordeum vulgare L.)
and wheat (Triticum aestivum L.)(review in Frébort et al. 2011).
CKX genes were also identified in several prokaryotic organisms
such as the bacteria Rhodococcus fascians (the FasE gene),
the function of which was confirmed by studies of the
substrate specificity of a corresponding recombinant enzyme
(Pertry et al. 2010) and the presence of homologous genes was
found in cyanobacterial genomes (e.g. of Nostoc and Anabaena;
(reviewed in Schmiilling et al. 2003; Frébort et al. 2011). Cloning
of'the first CKX gene from maize (ZmCKXT) and its expression in
a yeast and a moss (Houba-Hérin et al. 1999; Morris et al. 1999)
launched detailed biochemical studies on CKX. The enzyme was
found to contain a covalently bound flavin adenine dinucleotide
(FAD) cofactor (Houba-Hérin et al. 1999; Morris et al. 1999;
Bilyeu et al. 2001). The reaction proceeds through a two-electron
transfer from the CK substrate to an FAD cofactor accompanied
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by the formation of an imine intermediate (Laloue and Fox 1985)
that hydrolyses to adenine and unsaturated aldehyde (Brownlee
et al. 1975; Popelkova et al. 2006). The finding that CKX can
effectively use a variety of artificial electron acceptors under
anaerobic conditions (Galuszka et al. 2001; Frébort et al. 2002)
led to the reclassification of the enzyme as CK dehydrogenase
(EC 1.5.99.12). Biochemical studies on the ZmCKX1 reaction
mechanism suggested the preference of quinones as electron
acceptors (Frébortova et al. 2004) generated from plant
phenolics by peroxidise, and either tyrosine, laccase or
catechol oxidase (Galuszka et al. 2005). Recently, free radicals
generated by enzymatic oxidation of natural benzoxazinones
were shown to be the most efficient electron acceptors of CKX
(Frébortova et al. 2010).

So far, two CKXs have been crystallised. The crystal
structures of ZmCKX1 and AtCKX7 reveal a highly
conserved active site in terms of both architecture and amino
acid composition (Malito et al. 2004; Bae et al. 2008). The

CKI1

AHK2, AHK3

CRE1/AHK4
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enzyme does not undergo any conformational changes upon
substrate binding. The substrate binds above the isoalloxazine
plane of the FAD cofactor and its amino group forms a hydrogen
bond with an aspartic acid—glutamic acid (Asp—Glu) pair that
facilitates the oxidation (Malito et al. 2004). Studies on
the substrate specificity of Arabidopsis thaliana and maize
CKX isoforms revealed that not only free bases and ribosides
of isoprenoid CKs, including cis-zeatin (Smehilova er al.
2009; Pertry et al. 2010; Gajdosova et al. 2011), but also CK
9-glucosides and nucleotides are effectively cleaved by
individual isoforms (Galuszka et al. 2007, Kowalska et al.
2010). It was also presented that aromatic CKs are degraded
by CKX as well, although with lower reaction rates (Frébortova
et al. 2004; Galuszka et al. 2007). The individual CKX isoforms
also differ in their cellular localisation (Fig. 4). In Arabidopsis
thaliana, CKX proteins targeted either the vacuoles (AtCKX1
and AtCKX3) or the apoplast (AtCKX2, AtCKX4, AtCKXS and
AtCKX6), except for AtCKX7, which lacks the signal peptide,

AtCKX2, AtCKX4,
AtCKX5, AtCKX6

AtIPT1, AtIPT3,
f% AtIPTS, AtIPTSB

AtCKX1, AtCKX3

Fig. 4. Model of CK signalling and cellular distribution of biosynthetic CKs (AtITPs, in green rectangles) and degradation CKs (AtCKXs, in red rectangles)
enzymes in Arabidopsis thaliana. CK signalling involves AHK receptors (AHK2, AHK3 and CRE1/AHK4) localised in the plasma membrane (Kim ez al. 2006)
and the endoplasmatic reticulum (ER; Lomin ez al. 2011; Wulfetange et al. 2011; Caesar et al. 2011). CKI1 is involved in CK signalling but does not perceive
CKs (Hejatko et al. 2009; Yamada ef al. 2001). After CK binding, the signal is transduced via phosphorelay through conserved His (H) and Asp (D) residues
from AHKSs to AHPs and then to the nuclei localised Type B response regulators (RRs) that induce expression of effector genes directly or through CRFs, or
Type A ARRs acting as negative feedback regulators. CRE1/AHK4 has a dual function and works both as a kinase and a phosphatase in the presence or absence
of CK, respectively (Médhonen et al. 2006). AHP6 is the inhibitor of the phosphorelay (Mdhonen et al. 2006). Yellow arrows indicate the putative pathways
of CK membrane transport in which purine permease and equilibrative nucleoside transporter proteins can be involved (Biirkle ef al. 2003; Hirose et al. 2005).
PM, plasmatic membrane; Nu, nucleus; Va, vacuole; Mt, mitochondria; Ch, chloroplast.
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indicating its cytosolic localisation (reviewed in Frébort et al.
2011). The vacuolar localisation of AtCKX1 and AtCKX3, the
ER localisation of AtCKX3 and secretion of AtCKX2 were
confirmed by protein—GFP fusions (Werner et al. 2003). It is
expected that all secreted CKX enzymes are post-transcriptionaly
modified by glycosylation (Galuszka et al. 2008). Glycosylation
most probably contributes to the enzyme localisation, and also
to translocation and protein stability (Schmiilling ef al. 2003), as
the glycosylated CKXs were shown to have different pH optima
and higher activity compared with the nonglycosylated forms
(Kaminek and Armstrong 1990; Motyka et al. 2003).

CK perception and signal transduction

CKs act in plants as signalling molecules at only nanomolar
concentrations and their interaction with a specific receptor
represents a crucial step leading to conversion of the signal
into the specific response. Several authors report on
biochemical approaches leading to identification of CK-
binding proteins (CBPs) in several plant species such as
maize, barley, wheat, oats (Avena sativa L.), tobacco,
cucumber (Cucumis sativus L.), carrot (Daucus carota L.) and
Vigna radiata (L.) R. Wilczek (Brinegar 1994; Brault et al.
1999; Kaminek et al. 2003; Pasternak et al. 2006). Despite
the many CBPs that exhibited binding of CKs in vitro, their
K4 values were too low to qualify them as receptors. However,
what was interesting was the preference in binding of aromatic
CKs found for CBPs localised in wheat and oat grains, suggesting
that CBPs may regulate the levels of CK that has an aromatic
side chain by their immobilisation during grain development
(Kaminek et al. 2003).

Initial attempts to identify the genuine CK receptor resulted
in the discovery of the CKI1 (CK-independent 1) protein
homologous to the His kinases and receiver domains of the
bacterial TCS pathway (Kakimoto 1996). Although CKI1
does not contain the CK-binding domain and does not bind
CKs in vitro (Yamada et al. 2001), it shares at least some of
the signalling proteins with the two-component phosphorelay
system in the CK signalling pathway (Hejatko et al. 2009).
CKI1 is critical in female gametophyte development (Pischke
et al. 2002; Hejatko et al. 2003) and is important for vascular
development via the regulation of procambium proliferation and
the maintenance of its identity (Hejatko et al. 2009).

In2001, CRE1 (CK response 1;Inoue et al. 2001) and AHK?2,
3,4 (Arabidopsis histidine kinase 2, 3, 4; Suzuki et al. 2001) were
identified in Arabidopsis thaliana as genes coding for putative
CK receptors. CRE] was found to be identical to AHK4 and to
Wooden Leg (WOL), which was described as being essential for
root growth and normal cell division during initial embryonic
vascular formation (Mahonen et al. 2000). AHK2, AHK3 and
CREI/AHK4/WOL are His kinases that are homologous to
proteins of the TCS pathway, which is a common sensor and
intracellular signalling system among prokaryotes, lower
eukaryotes and plants (Parkinson and Kofoid 1992; Mizuno
1998). Their protein structure consists of two (CRE1/AHK4)
to three (AHK2 and AHK3) hydrophobic membrane-spanning
domains at the N-terminal part, followed by transmitter and
receiver domains possessing an invariant His or Asp residue,
respectively (Ueguchi et al. 2001a). The N-terminal loop contains
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a ligand-binding region (the CHASE domain) that is common
among prokaryotes and lower eukaryotes, where it serves as
ligand-binding domain for low molecular weight ligands and
small peptides (Mougel and Zhulin 2001).

The function of AHKs as CK receptors was proved by
heterologous complementation of His kinase-dependent
pathways of yeast (Inoue et al. 2001; Ueguchi et al. 2001a;
Suzukietal. 2001) and bacteria (Suzuki et al. 2001; Yamada et al.
2001) mutants engineered to express CK receptors and for easy
scoring of the CK response (reviewed in Schmiilling 2001).
Expression of CREI/AHK4, AHK3 and AHK2-CHASE-TM
(AHK2-CHASE including the two adjacent transmembrane
domains) in Escherichia coli ArcsC and cps::lacZ mutant
strains producing [-galactosidase in reaction to CK (Suzuki
et al. 2001), and direct receptor binding assays (Romanov
et al. 2005) were used for molecular and biochemical
characterisation of the receptors (Suzuki et al. 2001; Yamada
etal. 2001; Spichal et al. 2004; Romanov et al. 2006). It has been
shown that the receptors bind isoprenoid and aromatic CKs,
and also thidiazuron (a derivative of phenylurea), in a highly
specific manner with K, in the nanomolar range (Yamada et al.
2001; Romanov et al. 2005; Romanov et al. 2006; Lomin et al.
2011; Stolz et al. 2011). Individual receptors of Arabidopsis
thaliana are most sensitive to the bases of the isoprenoid-type
CKs and thidiazuron, but differ in their recognition of CK
metabolites. In contrast to CRE1/AHK4 and AHK2, which
effectively ~ discriminate between CK basis and their
conjugates, AHK3 has broader specificity and, alongside cis-
zeatin and dihydrozeatin (DZ) (Spichal et al. 2004; Stolz et al.
2011) noticeably recognises CK ribosides and nucleotides
(Spichal et al. 2004). AHK3 shows a stronger preference
towards frans-zeatin-type CKs than iP-type CKs, whereas
CRE1/AHK4 recognises both trans-zeatin and iP similarly
(Spichal er al. 2004; Romanov et al. 2006). Based on the
opposite predominant occurrences of trans-zeatin- and iP-type
CKs in xylem and phloem sap, respectively, and the fact that
AHK3 is predominantly expressed in the shoot but CRE1/AHK4
is expressed in the root (Ueguchi et al. 2001b; Higuchi et al.
2004), the specific function of AHK3 of responding to a long-
distance signal coming from the roots was suggested (Romanov
et al. 2006). A recent study by Stolz et al. (2011) showed that
AHK2 is highly similar to CRE1/AHK4 in ligand preference and
function, as proved by the promoter-swap experiments.
Interestingly, in contrast to AHKSs, all maize His kinases have
very high affinity to both isoprenoid and aromatic CKs (Lomin
etal.2011)and are effectively activated by cis-zeatin (Yonekura-
Sakakibara et al. 2004). These findings helped to refute the long-
held picture of cis-zeatin as a nonactive CK and, together with
new findings of the phylogenetic and ontogenetic distribution,
biological activities and metabolism of cis-zeatin in plants
(Gajdosova er al. 2011), reopened the discussions about the
true physiological role of cis-zeatin. The molecular basis of the
ligand recognition by CK receptors has been unravelled only
recently thanks to crystallisation of the sensor domain of CRE1/
AHK4 (Hothorn et al. 2011). Superposition of CRE1/AHK4
sensor domain structures accommodating chemically distinct
adenine-type CKs and thidiazuron revealed that the basic
design principles for active CKs are the presence of a planar
ring structure occupying the adenine-binding pocket, followed by



Cytokinins — recent news of old molecules

a linker competent to establish hydrogen bonds with Asp262 and
a planar aliphatic or aromatic tail group (Hothorn et al. 2011).
To determine the relevant biological functions of individual
receptors, the loss-of-function single (Ueguchi et al. 20015),
double and triple mutants of AHKs were studied (Nishimura
etal. 2004; Higuchi et al. 2004; Riefler et al. 2006). The analyses
revealed partially redundant but differentiated functions for the
individual receptors and prominent roles for the AHK2-AHK3
receptor combination in quantitative control of organ growth,
with opposite regulatory functions in roots and shoots (Riefler
et al. 2006). The physiological consequences of the lowered
CK perception are described below. Three very recent studies
reported the localisation of the Arabidopsis and maize CK
receptors in the ER (Fig. 4; Wulfetange et al. 2011; Lomin
et al. 2011; Caesar et al. 2011). Although the general concept
of CK signalling assumed that CK receptors are located in the
plasma membrane (Kim e al. 2006) and sense the extracellular
hormone (Inoue ez al. 2001; Ueguchi et al. 20014), data on the pH
dependence of CK binding by AHK3 and CRE1/AHK4 support
the function of the receptors inside the plant cell (Romanov et al.
2006). The CK signalling pathway consists of three elements
interacting via phosphorelay from the phospho-accepting His to
Asp residues of conserved domains. Binding of the CK ligand
into the receptor active site triggers kinase activity that
autophosphorylates the His residue of the receptor transmitter
domain with subsequent release of the phosphate to the Asp of
the receiver domain. Downstream from the receptors, the
phosphate is transferred to HPts, which transfer the phosphate
to the Asp residues of the response regulators localised in the
nucleus (Fig. 4; Hwang and Sheen 2001). Interestingly,
CRE1/AHKA4, exclusively, has a dual function and works in
the presence of CK as a kinase phosphorylating Arabidopsis
histidine phosphotransfer proteins (AHPs) but, conversely, in the
absence of CK, acts as a phosphatase dephosphorylating AHPs
(Fig. 4; Méhonen et al. 2006).

The AHP family of CK signal transducers contains five HPts
(AHP1-AHPS), small proteins with phosphate-accepting His
domain ssimilar to the His kinase transmitter domain of the
AHK receptors, and one pseudo-HPt (AHP6) in which the
conserved His residue essential for the His—Asp phosphorelay
is replaced by asparagine (Asn) (Suzuki et al. 2000; Mdhonen
etal. 2006). The function of AHPs to transmit the signal from the
receptor to RRs localised in the nucleus was demonstrated by
functional complementation of yeast HPts mutants by AHPI,
AHP2 and AHP3 (Suzuki et al. 2000), and the function of
some AHPs as cytoplasmatic—nuclear shuttles in response to
exogenously applied CK was suggested (Hwang and Sheen
2001). However, a recent study by Punwani et al. (2010)
suggested that the overall distribution of AHPs remains
nucleo-cytosolic independently of CK signalling, and
proposed that the AHP proteins undergo constant, active,
bidirectional nuclear—cytosolic transport regardless of their
phosphorylation status and that this movement serves to
shuttle phosphoryl groups into and out of the nucleus.
Analysis of AHP1-5 multiple insertion mutants indicated that
most of the AHPs are redundant, positive regulators of CK
signalling and affect multiple aspects of plant development
(Hutchison et al. 2006), whereas the pseudo-HPT AHP6
works as the inhibitor of CK signalling (Mdhonen et al. 2006).
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HPts phosphorylate RRs as the target points of the CK
signalling pathway. Based on their protein structure, all 22
Arabidopsis thaliana RRs (ARRs) were divided into two
major groups, Type A and Type B (D’Agostino and Kieber
1999; Imamura et al. 1999). Type B ARRs contain a receiver
domain followed by an extended C-terminus with an output
domain including a GARP motif that is related to the DNA
binding motifs of MYB transcription factors (Riechmann et al.
2000). These RRs are localised in the nucleus and act as
transcriptional activators (Lohrmann et al. 1999; Sakai et al.
2000, 2001). The Type A RRs are relatively small and contain a
receiver domain followed by short C-terminal extensions (Mason
et al. 2004). Type A, but not Type B, ARRs are very rapidly
induced in response to CK application (D’ Agostino et al. 2000)
and their protein levels are stabilised via phosphorylation upon
stimulation of the pathway (To et al. 2007). After phosphorylation
by AHP, the sequestered Type B ARRs are released from a
negative regulator protein and activate transcription of target
genes via binding to cis elements in their promoters (Hwang and
Sheen 2001). Such target genes may be Type A ARRs or CK
response factors (CRFs; Rashotte ef al. 2006) that both further
positively regulate transcription of CK response genes (Fig. 4).
In parallel, CRFs are induced by phosphorylated AHPs
and relocalise to the nucleus (Rashotte e al. 2006). Transient
overexpression of some of Type A ARRs caused the repression of
other Type A ARRs, indicating negative feedback control of the
CK signalling pathway (Hwang and Sheen 2001). The negative
regulation of CK signalling by the Type A ARRs most probably
involves phosphorylation-dependent interactions (To et al.
2007), although it may also involve competition with the Type
B ARRs for phosphorylation by the AHP proteins (Kieber and
Schaller 2010). Studies of multiple knockouts of the both groups
of RRs indicated functional overlap of their members and
confirmed the roles of positive regulators of Type B RRs and
negative regulators of Type A RRs in CK signalling, respectively
(To et al. 2004; Mason et al. 2005).

Transgenic plants with altered CK status as tools
for understanding CK functions

After the discovery of CKs, only exogenous applications were
available for studies of their biological function. Progress in plant
molecular genetics offered transformation with bacterial ipf as a
tool for manipulation of endogenous CK levels. Several works
described how the expression of ipf under the control of specific
promoters leads to massively increased CK concentrations
causing the so-called general CK syndrome, which comprises
reduced apical dominance followed by release of axillary buds,
reduced stem and leaf area, reduced root growth and retarded leaf
senescence (Medford er al. 1989; Schmiilling et al. 1989;
Beinsberger et al. 1991; Hewelt et al. 1994; Zhang et al. 1995;
Gan and Amasino 1995; Redig et al. 1996; Faiss et al. 1997).
Anther-specific expression of ipt in tobacco pointed to the effect
of CKs on floral organ systems and reproductivity as well
(Sa et al. 2002). Further roles of CKs in regulation of plant
growth and development were discovered using transgenic
plants with altered CK metabolism and perception. Cloning of
the first CKX genes in 2001 enabled studies of endogenous CK
functions in plants by creating their deficiency through CKX



278 Functional Plant Biology

overproduction. Transgenic tobacco and Arabidopsis thaliana
plants constitutively expressing the CKX genes from the 35S
promoter exhibited reduced CK contents, leading to the CK
deficiency phenotype, which is characterised by formation of
slow-growing, stunted shoots with small leaves; an enlarged
root system; and distinct changes in plant sink and source
parameters (Werner et al. 2001, 2003; 2008; Yang et al.
2003). The developmental consequences of CK deficiency
were later confirmed by studies of Arabidopsis thaliana ipt
(CK biosynthetic) loss-of-function mutants (Miyawaki et al.
2006). Construction of Arabidopsis thaliana CK receptor
mutants revealed a high level of redundancy of CRE1/AHK4,
AHK3 and AHK?2; however, analyses of the multiple mutants has
assigned functions to CKs in the control of shoot growth, leaf
senescence, seed size and germination, root elongation and
branching, and CK metabolism (Higuchi et al. 2004;
Nishimura et al. 2004; Riefler et al. 2006). Surprisingly, the
lack of all three receptors is not lethal and the plants develop
normally, although they are markedly limited in growth and
reproduction (Higuchi et al. 2004; Nishimura et al. 2004;
Riefler et al. 2006). This raises the question whether CKs are
indeed essential hormones for plant development or if any other
recognition system for CK operates in plants. In legumes, analysis
of loss-of-function and gain-of-function mutations of CK
receptors has revealed the direct and essential involvement of
CK perception in nodule organogenesis (Gonzalez-Rizzo et al.
2006; Murray et al. 2007; Tirichine et al. 2007). Similar
phenotypes to the plants with genetically reduced CK
perception have also been described for plants with reduced
CK transduction and response (i.e. higher-order mutants of His
phosphotransfer proteins (ahp 1, -2,- 3, -4 and -5; Hutchison et al.
2006) and Type B response regulators (arrl, -10 and -12; Mason
et al. 2005), or plants expressing 35S:ARRI-SRDX, a dominant
repressor of response regulator ARR1 (Heyl er al. 2008)).
Mutation of particular CKX isoforms leading to flower organ-
specific enhancement of CK levels confirmed the role of CK in
regulation of flower and reproductive development through
control of the size and activity of floral meristems and placenta
(Bartrina et al. 2011). Ectopic overexpression of the
CK-activating enzyme LOG showed pleiotropic phenotypes,
such as promotion of cell division in embryos and leaf
vascular tissues, reduced apical dominance and a delay of leaf
senescence (Kuroha et al. 2009). Very recently, analyses of
Arabidopsis  thaliana LOG multiple knockout mutants
suggested the dominant role of the single-step activation
pathway mediated by LOGs for CK production (Tokunaga
et al. 2012). Tokunaga et al. (2012) showed that some LOG
gene family members have overlapping but differentiated
functions in growth and development, and are required for the
maintenance of shoot apical meristem size and normal primary
root growth.

Conclusions and perspectives

The last century ended with the knowledge about CK function
covering the identification of many natural CKs and their
metabolites in various organisms, synthesis of a great number
of CK analogues and descriptions of their function (in classical
CK bioassays) or effects (after exogenous application to plants).

L. Spichal

The enzymatic activity connected to CK biosynthesis and
degradation was extensively studied in plants and the first
biosynthetic gene (ipf) was identified in bacteria. The era of
molecular genetics offered the possibility to use the gene to
investigate the effects of CK overproduction in plants through
ectopic expression of ipt, and various physiological roles have
been attributed to CKs. Many basic aspects of CKs’ mode of
action were, however, poorly understood. Symbolically, the
dawn of the new millennium also brought a new day for CK
research. The first genes involved in CK degradation (CKX) were
cloned and were used for generation of CK-deficient plants as
tools for understanding the genuine roles of endogenous CK in
plants and the basic concept of CKs as positive regulators of
the shoot and negative regulators of the root was confirmed
(Werner et al. 2001). In 2001, the enigma of CK biosynthesis
and signalling in plants was unravelled, the relevant gene
families were cloned and their proteins were functionally
described. Great collections of (mainly Arabidopsis thaliana)
mutants have been prepared and have helped us understand the
molecular basis of CK function, CKs’ interaction with other
hormones and their adaptation to different conditions and
stresses.

However, many questions still remain to be answered.
There is, for example, simple evidence missing regarding the
biosynthesis of aromatic CKs. Although aromatic CKs have
been identified as natural compounds, and the ability of plants
to recognise them by their signalling and metabolic machinery
has been described, the biosynthetic pathway of aromatic CKs
is not known. CKs work both as paracrine and long-distance
signalling molecules. Thus the transport inside and outside
the cell as well as across the membranes of the subcellular
compartments should represent an important means of
regulating CK levels and function in plants. The proteins
capable of transporting CK bases (purine permeases; Biirkle
et al. 2003) and CK nucleosides (equilibrative nucleoside
transporters; Hirose et al. 2005) have been reported; however,
their affinities to CKs and selectivity do not seem sufficient to
consider them specific CK transporters. Hence, CK transport
seems to be one of the next topics to be solved. What are the
other directions for future CK research? The subcellular
localisation of CK receptors that was recently discoverd calls
for the revision of the CK signalling model and promises new
exciting plots within the CK story. Structural insights into how
CK bindis to the CRE1/AHK4 receptor (Hothorn ez al. 2011)
should accelerate the search for CK receptor antagonists that
might have interesting applications in agriculture (Spichal et al.
2009; Nisler et al. 2010) as root-growth promoting substances
(Arataetal. 2010). Similarly, due to the finding that CKX activity
is a determinant of generative organ development and yield
(Ashikari et al. 2005; Bartrina et al. 2011), great potential lies
ahead for the practical use of deregulation of CK degradation
by transgenic approaches or by chemical inhibition of CKX
activity. CK perception and metabolism are involved in
response to various biotic and abiotic stresses, which opens
new possibilities for agricultural applications to increase the
stress tolerance. Finally, it will be very interesting to continue
in tracking CK evolution and the missing connections and
relationships may be unravelled with the sequencing of new
genomes.
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