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1. Introduction
1.1 The pioneers
Cytokinins (CKs) are plant hormones that play a decisive role in many aspects of plant
development including germination, root development, shoot growth, seed size and leaf
senescence (Riefler et al. 2006), nodulation (Tirichine et al., 2007), circadian rhythms (Hanano et
al., 2006) and stress responses (reviewed by Hare et al. 1997 and Argueso et al. 2009). An
intriguing fact is that CKs, from the dawn of plant growth regulators research, are tightly linked
to other plant hormones, especially auxin. Thanks to advances in genomics and proteomics,
completion of sequencing of genomes of several plant species, availability of loss-of-function
mutants and accessibility of massive screening methodology, it became recently possible to
uncover molecular basis not only of CK mode of action but also of their interplay with other
stimuli.
CKs have been discovered during the quest for cytokinesis promoting factors in plant cell culture
research during the 1950's. The pioneering work was done by Professor Folke Skoog and his coworkers at the University of Wisconsin, USA. In the course of 1940's, in vitro plant aseptic tissue
culture was gradually established. The basic compounds of the growing media (sugar, minerals,
vitamins, auxin) were already known but with one particular exception: an undefined chemical
substance which needed to be supplied through the means of autoclaved coconut milk for
example (Van Overbeek et al. 1941).
Miller et al. (1955), finally succeded to isolate the active purine-like compound from autoclaved
herring sperm DNA. In cooperation with Prof. Strong’s laboratory the substance was identified,
by procedures including synthesis, as 6-furfurylaminopurine (Miller et al. 1956). Subsequent
tests have shown the ability of the compound to promote cell division even in a very low
concentration. Therefore it was given the trivial name of kinetin (a subtle suggestion how to
pronounce the word was provided as well: "kine'-uh-tin", sic) and the term "kinins" was
proposed to be the class name to cover substances with similar effect, from which diphenylurea
has been known at that time (Shantz and Steward, 1955). "Thus, kinetin is one specific kinin, as
indoleacetic acid is one specific auxin" wrote Miller to introduce a new class of phytohormones
that promote cytokinesis (Miller et al. 1955; Miller et al. 1956). The name kinin was later
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changed to cytokinin to prevent confusion with another class of compounds stimulating muscle
contraction in animal systems (Skoog and Armstrong, 1970).
Still, kinetin was thought to be an artifact arised spontaneously from DNA preparation, so the
race for discovery of natural compound was started soon after its finding. Miller himself
attempted to isolate a natural cytokinin from immature maize seeds. Eventhough he purified the
extract to a high degree, he was not successful with crystallization, thus failing to provide the
actual chemical formula of the factor (Miller et al., 1956). Therefore, it was Letham et al. (1963)
who claimed the right to chemically characterize and name the first naturally occurring cytokinin
prepared from the same starting material: zeatin from immature grains of Zea mays. In his
paper, he states that Miller's compound is probably identical and that zeatin might be a growth
regulator of wide occurrence. Moreover, Professor Folke Skoog, in his later memories (Skoog,
1994) and contrary to usual textbook statements, claims that Miller should probably be given
priority for isolation and composition of zeatin.

1.2 Inspirations for my thesis and personal overview
During my master thesis I worked on cytokinin and Kn1-family homeogenes interplay in
Arabidopsis in the Laboratory of Molecular Plant Physiology at the Faculty of Science of the
Masaryk University in Brno, under supervision of Assoc. Prof. Dr. Břetislav Brzobohatý. For my
doctoral studies I joined the research group of Assoc. Prof. Dr. Eva Zažímalová in the Laboratory
of Hormonal Regulations in Plants at the Institute of Experimental Botany, and stayed with
cytokinins.
In 2003, auxin transport assays performed on tobacco BY-2 cell culture were already a well
established laboratory's own technique and we agreed that BY-2 suspension cells would be a
suitable tool to assess CK transport on the cellular level of plants. Moreover, our laboratory had
a wide and solid CK-related scientific background ranging from CK metabolism, through
hormonal interplay to stress biology. Not to mention the instrumentation and methods available
and… Dr. Mirek Kamínek's work experience from Folke Skoog's lab. I also had a great review in
hands that I find stimulating up to now: Miroslav Kamínek, Václav Motyka & Radomíra Vaňková:
Regulation of cytokinin content in plant cells, 1997.
CK transport was studied from late 1960's by Lagerstedt and Langston (1967) on bean leaves
vasculature or leaf discs. Also, first essays performed with suspension cells of Acer
pseudoplatanus recorded the uptake and metabolism of CKs (Dorée and Guern, 1973). Further
CK transport experiments were succesfully made with tobacco cell culture by Prof. Michel Laloue
8

and his group and date from late 1970's. Their research represents one of the first attempts to
connect CK uptake and metabolism on the cellular level and was one of the main inspirational
sources for me.
When I started my work on CK accumulation in BY-2, the group of Dr. Wolf Frommer had
published two papers describing the energy dependent candidates for CK transporters, members
of the purine permease family. During my work in 2005, other candidate proteins for CK
transporters, members of the family of plant equilibrative nucleoside transporters from
Arabidopsis and rice, were announced by the group of Prof. Sakakibara. At that time also, papers
by Dr. Petr Mlejnek brought a surprising evidence for CKs acting like apoptosis inducers when
applied in high concentration to BY-2 cells. Needless is to say that all these facts represented a
great source of challenge and inspiration at the same time, and were a basic motivation for
competition studies on BY-2 cell suspension.
In 2005 first results entitled "The mechanism of accumulation of cytokinins in suspensioncultured tobacco cells" were presented on a poster at ACPD international conference in Prague.
A diploma student and a CK-transport colleague of mine, Libuše Marková (Bartošová),
successfully defended her diploma work on CK transport the same year.
As a member of "The auxin group" of our laboratory, I did not escape auxin. A side project arose
from the collaboration with my former colleagues from Brno, who explored the molecular basis
of auxin-cytokinin interaction. I was involved in testing the influence of CKs on the efflux of NAA
(1-naphthaleneacetic acid). The paper is included in my publication list but is not subject of this
thesis which concentrates solely on CK transport.
Later I proceeded with metabolic profiling with the help of Dr. Klára Hoyerová and Dr. Petre I.
Dobrev who both stay behind the development and optimalization of the methods for isolation
and detection of CKs (Dobrev and Kamínek, 2002; Hoyerová et al., 2006). Motivated by the
results of these experiments, CKX assay was performed with the help of Dr. Václav Motyka who
modified and optimized the method together with Dr. Mirek Kamínek (Motyka and Kamínek,
1994).
Some of the results were presented as posters in Prague at ACPD conference

in 2009

("Transport of cytokinins in BY-2 suspension-grown tobacco cells – towards a mathematical
model") and in Tarragona, Spain at the IPGSA 2010 international conference ("After uptake – A
fast metabolism of cytokinins in BY-2 tobacco cells"). I also contributed to the paper by
Gajdošová et al. (2011) with testing the transport characteristics of cZ and tZ in BY-2 cell culture
9

and participating on short-term metabolism comparison of cZ and tZ in BY-2. The paper is
included in this thesis.
To my knowledge, no similarly extensive set of data describing the competition of CK-bases and
CK-ribosides in plant cells has been presented so far. Use of radiolabelled cytokinin substrates
allowed me to connect the uptake and subsequent metabolism of these signalling molecules. In
plants, the two processes seem to be inseparably linked and thus potentially constitute a basic
principle of CK action. I am trying to discuss this issue.
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2. Abstract
Cytokinins (CKs) are plant hormones that play a major role in a number of developmental
processes in plants. Those include promotion of cell division, active growth and differentiation,
and maintenance of sink-source relationships, as well as control of environmental stress
responses. Native CKs are low-molecular derivatives of adenine which seem to act either as
paracrine or as long-distance signals. Due to their numerous physiological effects, plants have to
precisely control the occurrence of bioactive CK molecules on the levels of the whole plant, its
organs, tissues as well as single cells. To achieve this, a concerted action of metabolism and
transport processes is required.
Studies of the kinetics of CK translocation across plasma membrane in BY-2 suspension-grown
tobacco cells suggested the existence of energy-dependent, partially selective transport routes
for CK bases and CK ribosides. HPLC analysis of the metabolites of accumulated CKs pointed at
their fast degradation or metabolic conversion into physiologically inactive forms. The prevalent
ways of inactivation were the degradation to adenine and phosphorylation or phosphoribosyl
transfer to form the nucleotide relevant to the particular, [3H]-labelled CK. Analysis of crude
extracts of CK oxidase/dehydrogenase enzymes from BY-2 revealed their highest affinity towards
isopentenyladenine and found their activity dependent on concentration of externally supplied
CK.
Together these results suggest a close link between the ability of plant cell to transport CKs
across plasma membrane and its capability of a prompt metabolic inactivation of these signalling
molecules. They also highlighted the rapidity and robustness of metabolic changes in cells
related to CKs.
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3. Research objectives
The objective of this thesis is to contribute to elucidation of CK transport at the plant cellular
level. Such data are scarce up to now. Eventhough the candidates for CK transmembrane carriers
were identified, their biochemical characterization has been made predominantly on
heterologous systems such as yeast. In this study I try to describe the characteristics of
accumulation of selected [3H]-labelled bioactive cytokinins and address the question of existence
of two distinct transport systems for CK-bases and CK-ribosides using BY-2 suspension-grown
tobacco cells, i.e. a purely in planta system. In our laboratory, tobacco BY-2 cell line (Nagata et
al. 1992) has been a well-established model for measuring of auxin transport (Petrášek et al.,
2006; Petrášek & Zažímalová, 2006).
In summary this thesis is focused on the following key points:


checking the usability of BY-2 tobacco suspension culture for CK transport studies



describing the kinetics of short-term CK uptake



probing the existence of selective transmembrane transport routes for CK-bases and
CK-ribosides



testing the energy dependence of CK transport



describing the intracellular metabolic fate of uptaken CKs
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4. Literature overview
4.1 Chemical structure of cytokinins
Chemically, cytokinins are derived from adenine with a substituted N6 side chain (Fig 1). The
structural variance of this side moiety as well as metabolic changes on the adenine ring result in
a wide range of chemical substances within the cytokinin metabolic network that possess
different CK activities. According to the character of the side chain, naturally occurring CKs can
be divided in two main subgroups - isoprenoid and aromatic CKs. In general, a specific plant
tissue contains several types of CKs and their modified forms. The distribution of various CKs is
depends on plant species and developmental stage, however CKs with unsaturated isoprenoid
side chain, trans-zeatin (tZ), isopentenyl adenine (iP) and cis-zeatin (cZ), together with saturated
dihydrozeatin (DHZ) seem to be the most prevalent in the plant kingdom (Sakakibara 2006).
Aromatic CKs (Strnad, 1997), namely ortho- and meta-topolin, their methoxy-derivatives and
benzyladenine, have been found so far only in some plant species like tomato (Nandi et al.
1989), poplar (Horgan et al. 1975; Strnad et al. 1997) and Arabidopsis (Tarkowská et al. 2003) for
example. Recently, the role of cis-zeatin, reportedly a physiologically inactive zeatin isomer, is
being reassessed as relatively high portions of cZ are found in some plant species (Gajdošová et
al. 2011). Interestingly, the long lasting conviction about the unnatural origin of kinetin was
doubted recently (Barciszewski et al. 2007).
The majority of CKs in plants exist in a free, soluble form. Besides, some cytokinin nucleotides
were found as structural components of certain tRNAs of domains of Eucarya and Bacteria (but
not Archea), including plants and animals, where they are found adjacent to the 3'-end of the
anticodon, possibly stabilizing the codon-anticodon binding (Pačes & Kamínek 1976; Bouadloun
et al. 1986; Persson et al. 1994). In addition, a group of synthetic diphenylurea derivatives,
structurally unrelated to adenine-type CKs, also possess CK activity (Shantz and Steward, 1955).

4.2 Metabolism of cytokinins
4.2.1 Biosynthesis of cytokinins
Due to their presence in tRNA, CKs were thought to originate from its breakdown. However, it
has been suggested that tRNA degradation may account for maximally 40 % of total free CKs
detected in plants (Barnes, 1980). Moreover, tRNAs of higher plants contain cZ exhibiting much
lower CK activity than the corresponding trans-isomer (Kamínek et al. 1979) and may restrict
13

interference of tRNA CKs in hormonal regulations (Kamínek 1974). Since isopentenyl-derived CKs
are prevalent in plants, the main focus was brought on the iP-type rather than aromatic CK
biosynthesis. Actually, the biosynthetic pathway of aromatic cytokinins has not been identified
so far.

Figure 1 Structures of representative cytokinin species occuring naturally:
trans-zeatin (tZ), cis-zeatin (cZ), isopentenyladenine (iP), dihydrozeatin (DHZ),
ortho-topolin (oT), meta-topolin (mT), benzyladenine (BA).
Kinetin (Kin) was the first cytokinin discovered and for a long time was considered
to be an artifact of unnatural origin.
Nucleoside and nucleotide forms of CKs are represented by trans-zeatin riboside
(tZR) and trans-zeatin riboside monophosphate (tZRMP), respectively.

Isopentenyltransferase (IPT) catalyzing the key step in biosynthesis of CKs has been known from
Dictyostelium discoideum (Taya et al. 1978). Nevertheless the first isolated IPT genes were
encoded by Tmr (tumor morphology „rooty“) locus of T-DNA of Agrobacterium tumefaciens
14

(Akiyoshi et al. 1984; Barry et al. 1984) and by its Tzs (trans-zeatin secretion) locus of the Ti
plasmid outside of T-DNA (Beaty et al. 1986). With the advancement of genome sequencing
projects on Arabidopsis and rice, complete gene families for plant isopentenyltransferases have
been isolated (Kakimoto 2001; Takei et al. 2001; Sakamoto et al. 2006). There are seven IPTs in
Arabidopsis (AtIPT1, 3-8) and 8 in rice (OsIPT1-8) that catalyze the N-prenylation step in CKs
biosynthesis. AtIPT2 and AtIPT9 of Arabidopsis act as tRNA-IPTs (Miyawaki et al., 2006). Unlike
bacterial Tmr, AtIPTs and OsIPTs prefer ADP and ATP over AMP as prenyl acceptor, and
dimethylallyl diphosphate (DMAPP) over 4-hydroxy-3-methyl-but-2-enyl diphosphate (HMBDP)
as the prenyl donor (Sakakibara et al. 2005). DMAPP originates either from the methylerythritol
(MEP) pathway in plastids or from the mevalonate (MVA) pathway in the cytosol (Kasahara et al.
2004). The former pathway provides DMAPP mainly for biosynthesis of free bioactive cytokinins
while the latter for prenylation of tRNAs (Kasahara et al. 2004; Sakakibara 2006).
The reaction between DMAPP and ADP or ATP produces iP-nucleotides, specifically
iP riboside 5'-diphosphate (iPRDP) and iP riboside 5'-triphosphate (iPRTP) (Kakimoto 2001;
Sakamoto et al. 2006) which undergo further metabolic conversions. Interestingly, Astot et al.
(2000) proposed an alternative, iPMP-independent pathway where 4-hydroxy-3-methyl-but-2enyl diphosphate (HMBDP) serves as a hydroxylated side chain donor, leading directly to transzeatin.

4.2.2 Interconversions
Being derived from purine, some of the reactions associated with CKs are common for the
general purine metabolism while some are supposed to be specific for CKs. After the initial
isopentenylation, iPRTP or iPRDP undergo a series of dephosphorylations that lead to
isopentenyladenosine monophosphate (iPRMP). During all dephosphorylation steps, a side chain
hydroxylation by a CK trans-hydroxylase may occur to give an appropriate trans-zeatin
phosphoderivate. Two CK trans-hydroxylases (CYP735A1 and CYP735A2) that belong to a family
of cytochrome P450 monooxygenases, have been identified in Arabidopsis (Takei et al. 2004).
Currently, two ways for generation of a free cytokinin base from a 5'-monophosphate are
known. First is the two-step enzymatic reaction with dephosphorylation to a riboside followed
by hydrolysis of the riboside intermediate, second is the one-step catalysis by LOG
phosphoribosylhydrolase (lonely guy mutation gives only one pistil and no stamen in rice
flowers) discovered in Oryza sativa (Kurakawa et al., 2007). A family of nine LOG homologs has
been detected in Arabidopsis (Kuroha et al., 2009). However, reported opposite conversion of CK
15

bases to the corresponding ribotides by adenine phosphoribosyltrasferase (Chen and Petschow,
1978) indicates that the product can serve as a CK storage compound.
Saturation of the tZRMP, tZR and tZ side chains by a reductase may lead to the formation of
corresponding dihydrozeatin derivates, but the conversion has been shown only for tZ to DHZ so
far (Martin et al. 1989).

Figure 2 Current model of isoprenoid CK biosynthetic pathways and conversions in higher plants and plant cells
infected by Agrobacterium tumefaciens. The model includes the two possible source pathways generating DMAPP the prenyl donor for IPT-mediated isopentenylation of ATP, ADP or AMP; as well as dephosphorylation cascade and
hydroxylation of its iP-intermediates by CYP735A, leading to iPR- and tZR-monophosphates. A one-step (catalyzed by
LOG) or two-step (dephosphorylation followed by deribosylation) paths lead to bioactive CK bases. The dashed arrow
line depicts the prenylation of AMP by HMBDP producing tZRMP in cells infected by A. tumefaciens. A cis-trans
isomerase may balance the cZ/tZ ratio. Adenine phosphoribosyltransferase (APRT) utilizes not only iP but also other
nucleobases as substrate. The width of the lines indicates the strength of the metabolic flow and gray arrows show
enzymes not yet identified. (Modified from Kamada-Nobusada and Sakakibara 2009).

Metabolic origins of cis-zeatin seem to be specific. An isomerisation from tZ or tZR is likely to
occur although a spontaneous isomeration seems unlikely for thermodynamic reasons and the
enzyme has not yet been fully characterized in plants (Gajdošová et al. 2011). On the other hand,
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the cis-trans isomerase activity has been detected in immature seeds of Phaseolus (Bassil et al.,
1993). In Arabidopsis, biosynthesis of cZ requires the activity of tRNA-IPTs (AtIPT2 and 9)
(Miyawaki et al., 2006) and the cytosolic, MVA pathway-derived source of DMAPP (Kasahara et
al., 2004) .

4.2.3 Conjugation and degradation
Degradation, inactivating conjugation and release of bioactive CK nucleobase from conjugates
are means of regulation of the levels of bioactive CKs in plants. N-glucosylation affects the
adenine ring at the 3-, 7- or 9-position. So far, 3-N-glucosides of cytokinins have been detected
only in some plants such as radish (Letham et al. 1975). Five glycosyltransferases have been
identified in Arabidopsis to recognize CKs, from which two (UGT76C1 and UGT76C2) are
N-glucosyltransferases preferring to glucosylate the N7 position to N9. None of them produced
3-N-glucosides though (Hou et al. 2004). Similarly, O-glucosylation or O-xylosylation have been
observed at the hydroxyl group of the side chain of tZ, cZ and topolin (preferentially o- and
m-topolin) and the enzymes have been characterized (Martin et al. 1999a; 1999b; 2001; Veach
et al. 2003; Mok et al. 2005). CK bases can be released from O-glucosides by β-glucosidase
whereas N-glucosylation is practically irreversible (Brzobohatý et al. 1993). Therefore, it has
been suggested that O-glucosides may represent a readily available but biologically inactive
storage form of CKs.

A cleavage of the unsaturated isoprenoid side chain is catalyzed by CK oxidase/dehydrogenases
(CKX). The enzyme specificity is aimed towards iP, tZ and their ribosides and cZ while cZR, DHZ,
Z-9-glucoside and BA are not substrates (Bilyeu et al., 2001; Frébort et al., 2002). The first CKX
activity in plants has been reported in crude tobacco tissue extract (Pačes et al., 1971). Since
then, CKX enzymes have been characterized in a number of plant species and, similarly to IPT,
the CKX activity has been identified in Dictyostellium discoideum and in several species outside
of green plants (for review see Galuszka et al. 2000). Arabidopsis and rice genomes harbour
seven (AtCKX1-7) and up to eleven (OsCKX1-11) CKX genes, respectively (Schmülling et al. 2003;
Werner et al. 2006). AtCKXs are specific in their biochemical properties and subcellular
localization: AtCKX1 and 3 are targeted to vacuole (Werner et al. 2003), AtCKX7 is restricted to
the cytosol, whereas AtCKX2 and AtCKX4-6 are probably secreted (Schmülling et al. 2003).
Interestingly, CKX activity is enhanced by application of exogenous isoprenoid CKs as well as by
those which do not serve as substrates, like aromatic cytokinins and thidiazuron (Chatfield and
Armstrong, 1986) and by endogenous iP, following enhanced IPT expression (Werner et al. 2001)
17

Figure 3 Schematic view of enzymatic degradation and conjugation of bioactive CKs. iP, tZ and cZ and their
corresponding nucleosides (not shown) can be catabolized by CKX to adenine (Ade) or adenosine (Ado). tZ can be
reversibly converted to O-glucoside by zeatin O-glucosyltransferase (ZOGT) and by β-glucosidase (βGlc). CK bases can
also be converted to N-glucosides by CK N-glucosyltransferase (CK-N-GT). The width of arrows indicates the strenght
of metabolic flow. (Adapted from Sakakibara 2006).

.

4.3 Cytokinins as a local or a long range signal
4.3.1 Evidence for cytokinins as a local signal
CKs have been usually thought to be synthesized in roots and transported to the shoot with
transpiration flow through xylem. However, the spatial expression patterns of IPTs in Arabidopsis
(Miyawaki et al. 2004; Takei et al. 2004) show that CKs biosynthesis sites are more diverse than
that. AtIPT1 is expressed in root tips, leaf axils, ovules and immature seeds; AtIPT3 in phloem
companion cells; AtIPT4 in immature seeds; AtIPT5 is expressed in lateral root primordia,
columella root cap, young inflorescence and fruit abscission zone; AtIPT6 in siliques; AtIPT7 in
phloem companion cells, endodermis of the root elongation zone, trichomes of young leaves
and pollen tubes and AtIPT8 shares the pattern with AtIPT4.
Such a spatial expression diversity of CK biosynthetic genes indicates that CKs can be locally
synthesized and act as autocrine or paracrine signal. Indeed, earlier reports pointed to the local
CK action demonstrating that attraction of metabolites in leaves and shoot budding in calli are
exhibited directly under the localized source of externally supplied hormone (Grayburn et al.
1982). Similarly, a conditional induction of Agrobacterium IPT leads only to a local lateral bud
outgrowth in tobacco as shown by Faiss et al. (1997). Moreover, after decapitation, local CK
biosynthesis is induced in nodes of Pisum sativum rather than in roots (Tanaka et al. 2006). The
importance of local active CK supply has been confirmed as well in log mutant plants where the
release of free cytokinin base from its nucleotide form is disrupted (Kurakawa et al., 2007).
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4.3.2 Long range aspect of cytokinin signalling
On the contrary, if we borrow another piece of terminology from animal hormonal research, CKs
possess also an "endocrine" aspect in their function. Endocrine animal hormones are secreted to
the blood stream and transported to a distant organ to exert their function. By analogy, various
CKs are known to represent a long range mobile signal which is transported via vasculature by
xylem and phloem streams. CKs presence in xylem and or phloem saps has been detected in
multiple plant species including sunflower (Bano et al., 1994), pea (Beveridge et al., 1997),
cotton (Yong et al., 2000), maize (Takei 2001), cucumber (Kuroha et al., 2002), tomato
(Kudoyarova et al., 2007) and Arabidopsis (Corbesier et al., 2003; Foo et al., 2007; Hirose et al.,
2008).
Up to date, major CKs in the xylem sap are the tZ and its bioactive metabolites with tZR being
the most abundant. Together with the predominant expression pattern of the CYP735A2 in roots
(Takei et al., 2004), these results point to roots as the main site for tZ biosynthesis in plants and
to the role of tZR in root-to-shoot signalling. The CK dependent long range signalling has been
linked to soil nutrient availability, namely nitrogen in barley (Samuelson et al. 1992) and in maize
(Takei et al. 2001). After nitrate application, AtIPT3 expression is induced in Arabidopsis roots,
followed by an increase of tZ-ribotides and tZR (Takei et al. 2004). Transpiration-dependent
xylem flow of CKs has been demonstrated in ARR5::GUS expressing plants by Aloni et al. (2005).

4.4 Cytokinin signal transduction
4.4.1 Cytokinin receptors
Today, CK signalling pathway in plants is relatively well uncovered. The current model is
considered to be a multistep phosphorelay pathway similar to bacterial two-component
signalling system (To & Kieber, 2008; Perilli et al., 2010). In Arabidopsis, three transmembrane
hybrid histidine kinases, AHK4 (ARABIDOPSIS HIS KINASE 4, independently isolated as WOL1
[WOODEN LEG 1; Mähönen et al., 2000] and CRE1 [CK RESPONSE 1; Inoue et al., 2001]) and its
homologs AHK2 and AHK3 receive the CK signal at the N-terminal CHASE (cyclase/histidinekinase-associated extracellular) domain. After autophosphorylation at the cytoplasmic His kinase
domain of the receptor, the phosphoryl group is transferred to the conserved Asp residue on the
receptor's receiver domain. The resulting CK-dependent kinase activity targeted on HPts
(histidine phosphotransfer proteins) was recorded in heterologous bacterial and yeast systems
(Suzuki, 2001; Ueguchi, 2001; Yamada, 2001).
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4.4.2 Downstream signal transduction
In Arabidopsis, posphorylation downstream of AHK receptors is mediated by 5 members of
ARABIDOPSIS HIS PHOSPHOTRANSFER PROTEIN (AHP) family (Hutchison et al. 2006). AHPs bring
the signal to nucleus and phosphorylate type-A ARRs (ARABIDOPSIS RESPONSE REGULATORs),
which act as negative regulators of CK responses, and type-B ARRs proteins, which are
transcription factors with positive role
in CK-regulated gene expression. At
the same time and independently of
ARRs, CRFs (CYTOKININ RESPONSE
FACTORS) accumulate in the nucleus
as a result of CK-linked signalling, and
act in concert with ARRs to mediate
the CK response (Rashotte et al. 2006).
A negative regulation is also inherent
to

CK

pathway.

phosphorelay
First,

at

signalling

the level

of

receptors, at least AHK4 is known to
behave bidirectionally in vitro, in yeast
Figure 4 Schematic model of the core steps of the cytokinin
signalling pathway. A His(H)/Asp(D)-phosphorelay (indicated by
dashed arrow lines) is activated by CK binding to the CHASE domain
of the histidine kinase receptors (AHKs). After autophosphorylation
at the kinase domain (red) of the receptor, the phosphoryl group
(rose) is transferred to the receptor receiver domain (green). The
signal is further propagated by a family of conserved histidine
phosphotransfer proteins (AHPs, orange). AHPs transfer the signal
to the nucleus and activate the CK response via type-B response
regulator (ARR) transcription factors. A negative regulation of the
cascade is provided with type-A ARRs. AHP6 inhibits the phosphoryl
transfer and a non-acivated CRE1/AHK4 receptor possesses
phosphatase activity that dephosphorylates AHPs. (Modified from
Werner and Schmülling 2009).

and

in

planta.

Not

only

AHK4

positively mediates the CK signal in
case of CK presence, but acting as a
phosphatase

it

is

able

to

dephosphorylate HPts in the absence
of CK (Mähönen et al. 2006). Secondly,
a sixth member of the Arabidopsis HPt
family, AHP6, has been shown unable
to participate in phosphotransfer due
to lack of conserved His residue, but

rather to counteract CK signalling. The ahp6 mutation has potential to partially revert the wol
mutation of AHK4 receptor and confers increased CK sensitivity to CK (Mähönen et al. 2006).
Lastly, a negative feedback is assured by the action of type-A ARRs which are rapidly induced in
response to CK by action of type-B ARRs (To et al. 2007). While the molecular mechanism of
type-A ARRs action is still unknown, phosphorylation is required for their action and a subset of
these stabilize in response to CK (To et al. 2007).
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4.4.3 Genome-wide cytokinin response
At the genome-wide level, expression screen performed on 8300-element Affymetrix
Arabidopsis GeneChips revealed at least 30 genes whose expression raised and at least 40 that
were down-regulated after application of exogenous tZ and BAP. Among the up-regulated genes
were type-A ARRs, cytokinin oxidase/dehydrogenase and several other transcription factors.
Down-regulated genes included several peroxidases and E3 ubiquitin ligase (Rashotte et al.
2003).
A screen by Hoth et al. (2003), performed with MPSS (massively parallel signature sequencing)
identified 823 genes up-regulated and 917 genes down-regulated 24 hours after induction of
bacterial IPT in Arabidopsis thaliana. When comparing CK response 6 and 24 hours after IPT
induction, the study found different clusters of genes showing similar course of regulation.
The most detailed experiment with Affymetrix ATH1 gene-chip covering about 23750 loci
identified 71 up- and 11 down-regulated genes 15 minutes after CK treatment of Arabidopsis
seedlings. Amongst were a large portion of transcriptional factors, some of them previously not
connected to CKs, and a set of plastid genes as well. 2 hours long treatment pointed to a delayed
transcriptional increase of several groups of genes including transcription factors and genes
related to signalling, metabolism, hormonal regulation, energy generation and stress reactions
(Brenner et al., 2005).

4.5 Transmembrane transport of cytokinins
Due to distribution of CKs between xylem and phloem, it is conceivable that a selective transport
systems exist in plants that distribute CKs appropriately. Indeed, members of Arabidopsis
PURINE PERMEASE and of Arabidopsis and rice EQUILIBRATIVE NUCLEOSIDE TRANSPORTER
families have been shown to be able to transport free CK-bases and CK-ribosides, respectively.

4.5.1 Purine permeases (PUPs)
15 PUPs have been found in the Arabidopsis genome (Gillissen et al., 2000), by a later analysis
the number was corrected to 21 (Cedzich et al., 2008). They encode for small, hydrophobic
integral membrane proteins that mediate the transport of purine derivatives. In yeast, AtPUP1
has been shown to transport adenine, cytosine and some other purine-derived compounds like
tZ, kinetin and caffeine (Gillissen et al. 2000). Similarly, AtPUP1 and AtPUP2, but not AtPUP3,
mediated uptake of adenine in yeast and a competitive inhibition by BA, trans- and cis-zeatin
was observed. Direct measurement revealed that radiolabelled 3H-tZ can be taken up by yeast
and Arabidopsis suspension cells. The promoter-reporter fusion with GUS gene indicated that
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AtPUP1 is expressed in the epithem of hydathodes and at the stigma surface of siliques, AtPUP2
in phloem cells of leaves and AtPUP3 in pollen of Arabidopsis (Bürkle et al. 2003). Cedzich et al.
(2008) measured radiolabelled tZ uptake in Arabidopsis cell culture. They found that the kinetics
of uptake is multiphasic, and involves both low- and high-affinity CK transport systems. In
addition, the protonophore carbonyl cyanide m-chlorophenylhydrazone effectively inhibited
cytokinin uptake, which was consistent with previous hypothesis of proton-driven,
PUP-mediated uptake on yeast (Bürkle et al. 2003).

4.5.2 Equilibrative nucleoside transporters (ENTs)
By prediction from genome sequence, the equilibrative nucleoside transporter family in
Arabidopsis comprises 8 potential genes that encode for polypeptides strongly similar to ENTs
from other organisms (Hyde et al. 2001). Molecular and biochemical analysis of AtENTs revealed
that AtENT1, 3, 4, 6 and 7 promote adenosine and some other nucleosides import in yeast cells
and that the uptake mechanism differs in proton dependency (Möhlmann et al. 2001; Li et al.
2003; Wormit et al. 2004).
There is a certain confusion about ENTs nomenclature. The protein family name reflects the
properties of prototypical human hENT1 which indeed was an equilibrative nucleoside
transporter. Many members of the ENT family behave more like concentrative nucleoside
transporters (CNT) that are dependent on symport of Na+ or H+. This appears also to be the case
of ENTs of higher plants. (Hyde et al., 2001).
In Arabidopsis suspension cells, the transcription of AtENT1, 3, 4, 6 and 8 increased after
inhibition of de novo nucleotide synthesis, indicating that some of the members of AtENT family
may function in the salvage pathway of nucleotide synthesis (Li et al. 2003). Further, the
expression patterns of different AtENTs showed varying degree of tissue specificity. However all
AtENTs were expressed in leaf and flower (Li et al. 2003). Finally, AtENT1, 3 and 6 were targeted
to plasma membrane in homologous and/or heterologous arrangement (Li & Wang 2000; Li et
al. 2003; Wormit et al. 2004).
So far, CK transport activity was proposed for AtENT3 and 8 (Sun et al. 2005), AtENT3, 6 and 7
(Hirose et al. 2008) in Arabidopsis and OsENT2 in rice (Hirose et al. 2005). In Arabidopsis, a lossof-function mutation in AtENT8 or AtENT3 causes a decrease in sensitivity to iPR and ZR but not
to respective CK-bases. On the other hand, overexpression of AtENT8 confers hypersensitive
reaction to iPR but not to iP. Moreover, experiments on Arabidopsis hypocotyls indicated that
3

H-iPR uptake efficiency is reduced by 40% in AtENT8 and AtENT3 mutants (Sun et al., 2005).
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Hirose et al. (2008) performed a biochemical characterization of transport of CK-ribosides by
AtENT3, 6 and 7 in yeast, showing that AtENT6 could possibly play a role in transport of iPR and
tZR whereas AtENT3 and AtENT7 might contribute only weakly to the transport of CKs. In
Arabidopsis, AtENT6 expression was detected in root, leaf and flower vasculature (Hirose et al.
2008).
The rice genome turned out to contain 4 ENTs (designated OsENT1-4) (Hirose et al. 2005).
However, only OsENT2 was able to complement the ade2 (disabled adenine synthesis) yeast
mutation on adenine-free minimal medium supplied with adenosine and was the only one to
cause lethality of fui1 (disabled uridine transport) yeast strain in the presence of toxic compound
fluorouridine. Furthermore, competition studies showed that adenosine transport is partially
inhibited by iPR. Indeed, subsequent direct measurement of 3H-iPR and 3H-ZR indicated higher
affinity of OsENT2 for iPR than for ZR. As for the expression pattern of OsENT2, the
β-glucuronidase gene expression driven by OsENT2 promoter was detected in the scutellum
during germination and in root and shoot vasculature of rice plants (Hirose et al. 2005).

4.6 Tobacco suspension-grown cells and cytokinins
Tobacco cultured cells were already shown to be a suitable model for revealing some aspects of
CK physiology, namely transport, metabolism and cell cycle regulation.

4.6.1 Cytokinin uptake, excretion and metabolism
Experiments by Laloue et al. (1977) showed that the absorption rate of iP and iPR did not differ
significantly in Nicotiana tabacum L. cv. Wisconsin 38 suspension cells and subsequent formation
of mono-, di- and triphosphates was observed for both CKs. However, formation of iP
7-glucoside was recorded only in iP treated suspension cells. Also a fast degradation of iPR to
adenylic products was recorded, which further increased 3-4 hours after exposing tobacco cells
to iPR (Terrine and Laloue, 1980).
Excretion of CKs into the cultivation medium by Nicotiana tabacum L. cv. Virginia Bright Italia
(VBI-0) cells in the course of the subcultivation interval was observed by Petrášek et al. (2002)
and the dynamics of Z, iP, DHZ and their ribosides in the cultivation medium was proportional to
the content of CKs in the cells. The ability of plant cultured cells to excrete endogenously
produced CKs was shown also in Nicotiana tabacum L. cv. Wisconsin 38 suspension-grown cells:
CK species detected in the cultivation medium included CK bases, CK ribosides and even CK
nucleotides (Motyka et al., 2003).
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4.6.2 Cell cycle dependent regulation of CKs content
In synchronized Nicotiana tabacum L. cv. Xanthi cells, tZ, tZR and an undefined CK-glucoside
were detected and their content was found to peak together with the increase of mitotic index
(Nishinari and Syōno, 1980). A more detailed analysis of 16 CK species in synchronized Nicotiana
tabacum L. cv. Bright Yellow 2 (BY-2) cells confirmed Z- and DHZ-type CKs to increase sharply at
the end of the S phase and during mitosis pointing to their possible role in the cell cycle
progression of plant cells (Redig et al., 1996). Indeed, later study identified Z out of 7 tested CKs
(tZ, tZR, DHZ, iP, iPR, BA, kinetin) to be able to override the inhibitory effect of CK biosynthesis
inhibitor lovastatin in G2/M transition in BY-2 cells (Laureys et al., 1998). Despite the S-phaselinked increase in CK content mentioned above, G1/S cell cycle transition required only a low
dose of CK; moreover, application of external
Z prevented normal progression through the S-phase
(Laureys et al., 1999).
Interestingly, changes in CK level were accompanied
with oscillation of CKX activity in synchronized BY-2
cells. The maximum of CKX activity was recorded at
the beginning of the S-phase and the minimum
corresponded to the mitotic index culmination
(Dobrev et al., 2002).

4.6.3 Cytokinins as apoptotic inducers
Contrary

to

commonly

accepted

cytokinesis-

promoting nature of CKs micromolar doses of iP and
Figure 5 BY-2 cells in exponential growth phase.

BAR severely decreased viability of BY-2 cells.
Exposition of BY-2 cells to 10-80 µM iP resulted in

typical apoptotic-like changes including cell shrinkage, chromatin condensation and nuclear DNA
degradation, as well as caspase-like proteases activation, altogether seriously marking cell
growth rate (Mlejnek and Procházka 2002). At similar concentrations, BAR exhibited similar
effects in BY-2 suspension cells, and main causes of its apoptotic effects were identified in
depletion of intracellular ATP required for metabolic flow to BARMP and accompanying massive
production of reactive oxygen species (ROS) (Mlejnek et al., 2003). The ATP depletion, but not
reactive oxygen species formation, was subsequently recognized to be decisive for onset of
apoptosis (Mlejnek et al., 2005).
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5. Materials and methods
5.1 Chemicals
All chemicals were obtained from Sigma-Aldrich (St. Louis, Missouri, USA) or Duchefa Biochemie
(Haarlem, Netherlands) unless otherwise stated. Unlabelled cytokinins were obtained from
OlChemIm (Olomouc, Czech Republic). [2-3H]iP (specific activity 1184 TBq×mol-1), [2-3H]iPR
(1184 TBq×mol-1), [2-3H]transZ (851 TBq×mol-1), [2-3H]cisZ (777 TBq×mol-1), [2-3H]transZR
(851 TBq×mol-1), [2-3H]BA (1384 TBq×mol-1) and [2-3H]BAR (1517 TBq×mol-1) were synthesized at
the Isotope Laboratory, Institute of Experimental Botany AS CR, v. v. i. (Prague, Czech Republic)
according to Hanuš et al. (2000). Cold cytokinins were dissolved in 1 N NaOH and dilution series
(2500× concentrated stocks) was used in competition experiments in order to add equal amount
of solvent to all variants. CCCP was dissolved in dimethyl sulfoxide (DMSO). Final concentration
of DMSO was 0.05 %.

5.2 Plant material
Cells of the tobacco line BY-2, Nicotiana tabacum L. cv. Bright Yellow 2 (Nagata et al., 1992) were
used for all the experiments and were cultivated in darkness at 27 °C on the orbital cultivator
(IKA KS501, IKA Labortechnik, Staufen, Germany; 150 rpm) in liquid medium (3% [w/v] sucrose,
4.3 g×l-1 Murashige and Skoog salts, 100 mg×l-1 inositol, 1 mg×l-1 thiamin, 0.2 mg×l-1 2,4-D, and
200 mg×l-1 KH2PO4, pH 5.8) and subcultured weekly (3 ml of suspension into 100 ml of fresh
medium). Stock BY-2 calli were maintained on the same media solidified with 0.6% (w/v) agar
and subcultured monthly. Cells in the exponential growth phase, 48 hours after subcultivation,
were used for all experiments.

5.3 Cytokinin accumulation assays
Accumulation assays were performed according to Petrášek et al. (2003). Cytokinin
accumulation was measured in BY-2 cells 48 hours after subcultivation in 0.25 ml or 0.5 ml
(unless otherwise stated) aliquots of cell suspension (cell density approximatelly 7×105 cells×ml-1
was determined by counting in the Fuchs-Rosenthal hemocytometer).
Cultivation medium was removed by filtration on 20 µm mesh nylon filters and cells were
resuspended in uptake buffer (20 mM MES, 10 mM sucrose, 0.5 mM CaSO4, pH adjusted to 5.7
with KOH) and equilibrated for 45 minutes on the orbital shaker at 27°C in darkness. Equilibrated
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cells were collected by filtration, resuspended in fresh uptake buffer and incubated with
continuous orbital shaking for another 90 minutes under the same conditions. Radiolabelled CKs
were added to the cell suspension to give a final concetration of 2 nM. At given time points
(depending on the experiment), aliquots of cell suspension were sampled and accumulation of
radiolabelled CK was terminated by rapid filtration under reduced pressure on cellulose filters
(22 mm in diameter). Cell cakes with filters were transferred to scintilation vials, extracted with
ethanol for 30 minutes and radioactivity was determined by liquid scintillation counting (Packard
Tri-Carb 2900TR scintillation counter, Packard Instrument Co., Meridien, CT, USA). Counts were
corrected for surface radioactivity by subtracting counts of aliquots collected right after addition
of radiolabelled CKs. Counting efficiency was determined by automatic external standardization
and counts were corrected automatically. Inhibitors or competitors were added as required from
stock solutions to give appropriate final concentration and proper controls were applied. All
accumulation measurements were done at least in triplicates and SE (standard error of the
mean) is shown. Recorded accumulation values are converted to the density of 1 million of cells
per ml or are expressed as percentage of the control.

5.4 HPLC based metabolic profiling
48 hours after subcultivation, cells were prepared by equilibration in uptake buffer following the
same protocol as described for the accumulation assay. Cells were incubated with 20 nM
radiolabelled CKs for given time period (1, 5, 10 and 15 min). 200 mg FW of cells were removed
by vacuum filtration and frozen in liquid nitrogen. Further extraction and purification of CK
metabolites were adapted from method described by Dobrev and Kamínek (2002).
200 mg (FW) of BY-2 cells were placed in eppendorf tubes, 300 µl of cold modified Bieleski’s
solution was added (methanol/water/formic acid, 15:4:1 v/v/v) and cells were homogenized on
RETSCH M301 (RETSCH, Haan, Germany) mixer mill at 30 Hz for 4 min. After addition of 1.2 ml of
cold Bieleski solution and an overnight incubation at -20°C, samples were centrifuged for 10
minutes at 18000 rpm and 4°C (Jouan AM2.18; Jouan, Saint-Herblain, France) to separate solids.
Supernatant was collected in falcon tubes and the pellet was resuspended in 1 ml of cold
Bieleski’s solution and re-extracted. Pooled supernatants were evaporated to achieve water
fraction 0.2 ml or less. Residue was diluted in 5 ml of 1 M formic acid and purified on Oasis MCX
mixed mode, cation-exchange, reverse-phase column (Waters, 6 cc/150 mg). The column was
pre-conditionned with 5 ml of water and 5 ml of 1 M formic acid and the sample was applied on
column. Subsequently, the column was washed with 5 ml of 1 M formic acid, followed by 5 ml of
1 M methanol to elute auxins and abscisic acid. Next, CK nucleotides were eluted with 5 ml of
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0.35 M ammonium hydroxide followed by elution of CK bases, ribosides and glucosides with 5 ml
of 0.35 M ammonium hydroxide in 60% methanol. After passing of each solvent the columns
were purged briefly with air. Solvents were evaporated into dryness with a rotary vacuum
evaporator at 40 °C.
Evaporated samples were dissolved in 50 μl of 15% (v/v) acetonitrile and used for the detection
of [3H]CK metabolites by high performance liquid chromatography (HPLC). HPLC consisted of
series 200 autosampler and quaternary pump (both Perkin Elmer, USA), column Luna C18(2)
(Phenomenex) heated at 35 °C and two detectors coupled in series: 235C diode array detector
(Perkin Elmer, USA) and Ramona 2000 flow-through radioactivity detector (Raytest, Germany).
Two solvents (A: 40 mM CH3COOH adjusted with NH4OH to pH 4.0 and B: CH3CN/CH3OH, 1/1,
v/v) were used at flow rate of 0.6 ml min-1. The column eluate was monitored at 270 nm by the
diode array detector, and after on- line mixing with 3 volumes of liquid scintillation cocktail (FloScint III, Packard BioSci- ence Co., Meriden, CT) it was monitored by a Ramona 2000 radioactivity
detector. The metabolites of [3H]CKs were identified on the basis of comparison of their
retention times with authentic standards.

5.5 Determination of CKX activity
The cytokinin oxidase/dehydrogenase (CKX) from BY-2 cells was extracted and partially purified
according to (Motyka et al. 2003) and its activity and substrate specificity were determined by in
vitro radioisotope assays based on the conversion of [2-3H]-labelled CKs ([2-3H]iP, [2-3H]tZ and
[2-3H]cZ ) to [3H]adenine. The assay mixture (50 µl final volume) included 100 mM TAPS-NaOH
buffer containing 75 µM 2,6-dichloroindophenol (pH 8.5), 2 µM [2-3H]CK (7.4 TBq mol-1 each),
and enzyme preparation equivalent to 10-20 mg tissue FW (corresponding to 0.7 to 1.2 mg
protein g-1 FW for BY-2 cells). After 4 hours incubation at 37 °C the reaction was terminated and
the substrate was separated from the product of the enzyme reaction by HPLC, as described
elsewhere (Gaudinová et al., 2005). Protein concentrations were determined according to
Bradford (1976) using bovine serum albumin as a standard.
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6. Results
6.1 CKs are rapidly accumulated in BY-2 cells
To describe the early dynamics of CKs uptake in BY-2 cells, short 10 minutes accumulation
experiments were performed with bioactive CK-bases, namely [3H]tZ, [3H]iP and [3H]BA, and
their respective ribosylated forms, [3H]tZR, [3H]iPR and [3H]BAR (Fig. 6). Each examined
compound was tested in series of 3 independent accumulation runs. In this particular
experiment collected data were not corrected for surface radioactivity. Drawback to this
approach is that we do not eliminate the offset of the curve caused by rapid cell wall
contamination. A minor spread between the recorded values of the three independently run
variants supports the validity of the experimental model.

6.1.1 Accumulation of CK-bases
CK-bases are readily taken up by tobacco BY-2 cells (Fig. 6). There was a steady increase in their
accumulation which started immediately after addition of radiolabelled CKs to reach 2 nM
concentration. It should be noted that the first sampling took place not earlier than
approximately 10 seconds after addition of the tritiated substrate which is the limit of the
experimental setup. Interestingly, a possible cell wall contamination effect was recorded in case
of BA uptake where the offset of the accumulation curve was the strongest one.
The accumulation appears to be non-linear in case of tZ and iP, whereas linear dependency is
apparent in case of BA after the initial rapid increase. The limited experimental runtime did not
reveal further development of the curve. Checking the shape of control accumulation curves in a
longer run (Fig. 10) showed the same tendencies: non-linearity of tZ and iP, but not of BA
uptake.

6.1.2 Accumulation of CK ribosides
The accumulation of CK-ribosides follows a pattern similar to CK-bases, i. e. a stable increase in
accumulation of externally added tZR, iPR and BAR during the 10 minutes experimental
timeframe (Fig. 6). The transport of tZR and iPR appears limitless within this time span. However,
a brief look at longer accumulation assays (Fig. 10) reveals that uptake rate of iPR and BAR but
not ZR may reach a limit within a larger timescale experiment. To elucidate the possible
saturability of CKs transport, I performed a set of additional competition experiments presented
further in this thesis.
28

3

Figure 6 Accumulation of [ H]CKs in BY-2 cells. [LEFT] Accumulation of CK-bases (tZ, iP and BA). [RIGHT] Accumulation
of CK-ribosides (tZR, iPR and BAR). Concetration of tested CKs is 2 nM. x-axis displays time in minutes, y-axis displays
3
the accumulation of respective [ H]CK in pmols. 0.5 ml samples.

6.1.3 Cis-zeatin and trans-zeatin uptake do not differ
Accumulation rates of cZ and tZ in BY-2 suspension cells were examined in order to elucidate a
possible role of high portions of cZ in certain plant species. A significant difference in uptake may
correspond to a difference in the ability of triggering signalling events (Fig. 7). However, there
was no particular difference in accumulation pattern of both zeatin isomers. During a 40 min
long experiment, cisZ accumulation differred neither from that of tZ (Fig. 7), nor iP (see Fig. 8,
for an example). These results were published in paper which is part of this thesis (Gajdošová et
al., 2011).
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Figure 7 Comparison of cis-zeatin and trans-zeatin uptake in
BY-2 cells. Concetration of tested CKs is 2 nM. x-axis displays
time in minutes, y-axis displays the accumulation in pmols of
3
respective [ H]zeatin isomer in 0.5 ml suspension samples.
Error bars show SEM (n=4).

6.2 Competition between radiolabelled and cold CKs
Competition studies represent a suitable tool for determination of kinetic parameters of
enzyme-substrate interaction. The relation between the transporter and the transported solute
may be regarded as an analogy to enzyme ligand-binding studies. Therefore the same
methodology and terminology is often applied. From this point of view, a competition
experiment is a displacement assay performed by either the same chemical species (homologous
displacement) or by a different chemical species (heterologous displacement) of the competitor
(Rovati, 1998). I did series of homologous and heterologous displacements studies to test the
properties of putative transmembrane CK transporters. The main purpose was to test the
hypothesis of two distinct transport routes of CK-bases and CK-ribosides that would correspond
to the suggested cytokinin transport activities of purine permeases and equilibrative nucleoside
transpoters.

6.2.1 CK transport saturates at elevated concentrations of cold competitor of
the same species
Competition of [3H]tZ, [3H]iP, [3H]tZR and [3H]iPR with the cold competitor of the same species
applied in increasing concentration of the cold competitor of the same species reveals a
gradually decreasing accumulation of the radiolabelled tracer in all cases (Fig. 8). With the
exception of iP, it is obvious that effective competition is reached with competitor applied at
concetrations higher than 20 nmol×l-1. iP competition is reached already with the smallest, 2 nM,
concentration of the cold competitor and competition further gradually increases gradually with
its concentration.
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3

Figure 8 (LEFT) Competition between [ H]-labelled and cold CK-bases (tZ or iP) (RIGHT) Competition between [ H]3
labelled and cold CK-ribosides (tZR or iPR). After mixing the cells with [ H]CK, a sample was removed for correction of
cell surface contamination, the cell suspension was divided into aliquots and competitors (2 nM, 20 nM, 200 nM, 2
µM, 20 µM) were added before proceeding. X-axis displays time in minutes, y-axis displays the accumulation of
3
respective [ H]CK in pmols. iPR: 0.5 ml samples. Error bars show SEM (n=4).

Figure 9 depicts the actual displacement
curves constructed with data taken from
Figure 8 graphs at 15 min timepoint. The
displacement constant Kd which indicates
half

the

capacity

of

the

putative

transporters for translocation of a given CK
corresponds to the inflexion point of the
curve. Actually, in this case the prediction
is only indicative as the concentration
Figure 9 Displacement curves of tZ, tZR, iP and iPR. Control (c;
open circles) concentration of the 'hot' substrate is 2 nM.
Concentration of the competing 'cold' substrates (closed
circles) is 2 nM, 20 nM, 200 nM, 2 µM and 20 µM respectively.
Data for the curves are taken from graphs in Fig. 7 at 15 min
interval.

range required for proper reading was
probably not fully covered. However, the
most precise reading of Kd value for tZ may
be close to 100 nM, and a relatively

reasonable prediction of Kd value for tZR and iPR would actually be 1 µM or higher. Based on the
data obtained, no reliable estimation is possible to make for iP.
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6.2.2 CK-bases and CK-ribosides show limited uptake competition
In order to test the interdependence of CK-bases and CK-ribosides transport in BY-2 cells,
displacement experiments between radiolabelled tracers and 'cold' competitors of the different,
complementary species were performed. In other words, [3H]tZ was subjected to a competition
by cold tZR, [3H]iP was competed by cold iPR and vice versa (Fig. 10). All other experimental
conditions remained the same as in the previous "same species" displacement assays.

3

Figure 10 (LEFT) Competition between [ H]CK-bases (tZ or iP) and a corresponding cold CK-riboside (tZR and iPR,
3
respectively). (RIGHT). Competition between [ H]CK-riboside (tZR or iPR) and a corresponding cold CK-base (tZ and iP,
3
respectively). After mixing the cells with [ H]CKs, a sample was removed for correction of cell surface contamination,
the cell suspension was divided into aliquots and competitors (2 nM, 20 nM, 200 nM, 2 µM, 20 µM) were added
3
before proceeding. X-axis displays time in minutes, y-axis displays the accumulation of respective [ H]CK in pmols. iPR:
0.5 ml samples. Error bars show SEM (n=4).

From the collected data it is obvious that uptake competition between the two cytokinin forms
is limited. tZ accumulation is not perturbed by tZR up to 2 µM tZR concentration, and massive
surplus of the competitor (20 µM) is necessary to alter the accumulation curve. iP accumulation
is interfered by iPR at concentration of 200 nM and higher. Reciprocally, tZR and iPR do not show
any sign of accumulation change uder the influence of CK-base competitors at any tested
concentration.
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6.2.3 Displacement testing with other CKs, adenine and adenosine
To further test the potential competition of CK-bases and CK-ribosides for the same transport
route, I used a broader spectrum of CKs and other related substances like adenine and
adenosine and set up competition experiments proceeded under same conditions but using only
one concetration of cold competitors, 20 µM, as it turned out to be the one reliably efficient in
previous attempts (Fig. 11).

3

Figure 11 (LEFT) Competition between 2 nM [ H]CK-bases (tZ, iP, BA) and cold CK-bases (20 µM). (RIGHT)
3
Competition between 2 nM [ H]CK-ribosides (tZR, iPR, BAR) and cold CK-ribosides (20 µM). After mixing the cells
3
with [ H]CKs, a sample was removed for correction of cell surface contamination, the cell suspension was
divided into aliquots and competitors were added before proceeding. X-axis displays the time in minutes, y-axis
3
displays the accumulation of respective [ H]CK in pmols. iP and iPR: 0.5 ml samples. Error bars show SEM (n=4).
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Evidently, competition takes place between the same species of competitors (CK-base vs. CKbases, CK-riboside vs. CK-ribosides) in most cases. Exceptionally, iP accumulation is not
perturbed to a similar extent by a high concentration excess of CK-bases competitors. Notably,
adenosine is the only substance that does not disturb the accumulation rate of any of the 3
tested CK ribosides.

3

3

Figure 12 (A) Competition between [ H]CK-bases (2 nM) and cold CK-bases (20 µM). (B) Competition between [ HCK3
ribosides (2 nM) and cold CK-ribosides (20µM). Accumulation values of [ H]CK (*tZ, *iP, *BA, *tZR, *iPR, *BAR) equal
3
100 %. Competitors were added at the beginning of the experiment and a decrease of accumulation of [ H]CKs is
expressed as percentage of control. Saturated colors represent competition by the same CK-species. Data were taken
at 15 min interval from Fig. 11.

A review of accumulation decrease 15 minutes after the beginning of measurement expressed as
percentage of control value is presented in Fig. 12. If an effective competition occurs, the
accumulation of the radiolabelled tracer usually falls down to approximatelly 30 % compared to
control. A good measure to this claim may be the control represented by the accumulation ratio
of the cold competitor of the same species, marked always with the same saturated color in the
figures. Interestingly, the uptake specificity turns out to be the most variated in case of iP,
ranging from 60 % level for competition by tZ, DHZ and BA, to 80 or 90 % levels for competition
by kinetin and adenine, respectively. Also, adenine decreases the accumulation of [3H]BA to 50 %
level. Adenosine presence, as mentioned above, seemingly does not significantly affect the
uptake rates of tested CK-ribosides.
Competition experiments between [3H]tZ or [3H]BA and cold CK-ribosides, and [3H]tZR or
[3H]BAR and cold CK-bases yield several interesting results (Fig. 13). First, tZ and BA uptake is
most efficiently supressed by tZR, adenosine and iPR. [3H]tZ accumulation decreases to 30 % (tZR
competition), 33 % (adenosine competition) and 57 % (iPR competition), and [3H]BA
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accumulation decreases to 33 % (tZR competition), 36 % (adenosine competition) and 48 % (iPR
competition) (Fig. 14).
Maximal decrease caused by DHZR or BAR is by 17 % or less of the control accumulation.
Compared to the results of displacement of [3H]CK bases by cold CK ribosides, [3H]tZR and
[3H]BAR accumulation is affected much less by competition with CK bases (Figs. 13, 14). The
most prominent competitors at 15 minutes time interval picked from Fig. 13 are iP and BA, both
lowering the accumulation to 60-80 % of the controls. DHZ and kinetin compete tZR uptake by
approximately 20 % efficiency and even less in the case of BAR uptake. Notable is the lack of
inhibition of uptake of both tested CK ribosides by adenine which contrasts with a strong
adenosine inhibition of CK bases accumulation (Fig. 14).
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Figure 13 (LEFT) Competition between 2 nM [ H]CK-bases (tZ, BA) and cold CK-ribosides (20 µM). (RIGHT) Competition
3
between 2 nM [ H]CK-ribosides (tZR, BAR) and cold CK-bases (20 µM). Competitors were added at the beginning of
3
the experiment. X-axis displays the time in minutes, y-axis displays the accumulation of respective [ H]CK in pmols.
Error bars show SEM (n=4).

3

Figure 14 (A) Competition between [ H]CK-bases (2 nM) and cold CK-ribosides (20 µM). (B) Competition between
3
3
[ H]CK-ribosides (2 nM) and cold CK-bases (20µM). Accumulation values of [ H]CKs (*tZ, *BA, *tZR, *BAR) equal 100 %.
Competition is expressed as a percentual decrease compared to control (saturated colors). Data were taken at 15 min
interval from Fig. 13.
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6.3 Uptake of cytokinins is sensitive to protonophore CCCP
Carbonylcyanide m-chlorophenyl hydrazone (CCCP) is an uncoupling chemical agent used to
disturb the H+ equilibrium of lipid bilayers, thus affecting membrane processes depending on
proton motive force, for example energy dependent solute transport or ATP synthesis.
CCCP affects the accumulation of both CK bases (tZ and iP) and CK ribosides (tZR and iPR) in BY-2
cells (Fig. 15). At the concentration of 50 µmol × L-1 , an "in flight" addition of CCCP practically
abolishes further CK uptake, indicating that CKs translocation is energy dependent. The onset of
CCCP effect is accompanied by approximately 1 minute delay, so addition of the inhibitor right
after the beginning of the experiment mimicks the "in flight" variant, retaining the levels of the
already taken up substrate. Notable is the steady state tendency of CCCP-influenced curves,
which in accumulation terms means that there is no uptake and, equally, no excretion.

Figure 15 Energy dependence of CKs transport. Effect of carbonylcyanide m-chlorophenylhydrazone (CCCP, 50 µM) on
accumulation of 2 nM (LEFT) CK bases (tZ and iP) and (RIGHT) CK ribosides (tZR and iPR). The first addition of CCCP
was done immediately after the beginning of the experiment, the "in flight" addition then in the approximatelly
seventh minute. CCCP addition times are marked with arrows. Error bars show SEM (n=4).
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6.4 CKs are promptly metabolised upon entering BY-2
cells
To address the intracellullar fate of CKs accumulated in BY-2 cells, metabolic profiles of tritium
labelled CK bases (tZ, iP and BA), and their respective ribosides (Tab. 1) were investigated
(Figures 17 and 18). Samples were collected along the accumulation experiment in the first,
fifth, tenth and fifteenth minutes, CK metabolites were extracted and subsequently analysed by
HPLC connected in tandem with radioactivity detector. Any reference to the "first minute"
sample means that the sample was removed as quickly as possible, usually within 20 seconds,
after addition of the tritiated substrate. Due to required resolution of the chromatograms,
accumulations were performed with 20 nM [3H]CK concentration and 200 mg FW samples.

6.4.1 CK bases metabolic profiling
Overlays of chromatograms representing the four timepoints for all the three CK bases are
shown in Fig. 17. An increase in intracellular accumulation of metabolites may be seen best
distinguished among the extremities marked with red line corresponding to the first minute
sample and black line corresponding to the fifteenth minute sample. Curiously, even in the first
samples, lower than expected activities are present in peaks representing the actually
accumulated substance. Instead, a shift of the radio label to the metabolites fraction is recorded
from the very first minute. Just for the record, tritium is part of the purine ring, which allows
identification of metabolic changes on the side chain. A time dependent proportional plot with
a percentually represented metabolite distribution is shown in Fig. 19.
The purity of stock [3H]CKs was examined by HPLC as well and is given in Table 1.
3

[ H]CK
Purity [%]

tZ

cZ

iP

BA

tZR

iPR

BAR

86.2

90.4

91.0

89.7

94.3

91.8

83.5

Table 1 Purity of the stock solutions of CKs tested in the feeding experiment. Numbers represent the percentual
portion of the total recorded radioactivity as determined by HPLC and identification of the resulting peaks on the basis
of coincidence of their retention times with authentic standards.

A quick look at Fig. 17 reveals two prominent metabolic conversions that are preferentially used
for a fast inactivation of bioactive CK bases in BY-2 cells. First is the degradation of iP to adenine
and the second is phosphoribosyl transfer to trans-zeatin and benzyladenine to form an
appropriate CK-riboside monophosphate.
In terms of percents of total accumulated tracer, 91.5 % of the original stock tZ results in 46 % of
total radioactivity just after entering the cell, decreasing further to 38 % after 5 minutes, 22 %
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after 10 minutes and 14 % after 15 minutes. In the meantime, the portion of tZRMP, the main
metabolite, increases respectively from 30 %, to 43 %, 53 % and finally to 58 % of total recorded
radioactivity. Another main metabolite, tZR grows from 6 % to 16 % of total. Detected adenine
and cZ levels are relatively stable around 5 % and 1 % share, respectively (Fig. 19).
iP is, from the starting stock purity of 93.4 %, readily degraded to adenine decreasing its portion
to 41 % in the first sample followed by shrinking to 25 %, 14 %, and finally down to 10 % of total
representation. The aforementioned degradation product, adenine, grows meanwhile from
44 %, through 56 %, to 67 % and 71 % of total detected activity. Other detectable metabolites
are iPRMP levelling between a steady state 5-7 % and iP7G (isopentenyladenine 7-glucoside),
which grows from 2 % to 4 % during the 15 minutes long experiment, and Ado, extending from
under 1 % to aproximately 3 % (Fig. 19).
The third tested CK base, BA, enjoys 91 % initial radio-purity which in the cells diminishes to 73 %
in the first recording and subsequently to 57 %, 42 % and finally 39 % of total sample
radioactivity, while its monophosphate metabolite part evolves from the starting 13 % level into
46 % proportion after a quarter hour. Increased fractions of BA7G (benzyladenine 7-glucoside)
and BA9G (benzyladenine 9-glucoside) are recorded as well, finishing at 6 % and 1.4 %
respectively (Fig. 19).

3

3

Figure 16 Metabolism of [ H]cisZ and [ H]transZ in tobacco BY-2 suspension-cultured cells. The bars represent the
3
distribution of radioactivity associated with individual CK metabolites 5, 10, and 15 min after application of [ H]cisZ (A)
3
or [ H]transZ (B); the values are expressed as a percentage of the total extracted radioactivity taken up by cells. Error
bars represent the SD (Ade, adenine; Ado, adenosine; cisZ, cis-zeatin; cisZR, cis-zeatin riboside; cisZRMP, cis-zeatin
riboside-5'-monophosphate; transZ, trans-zeatin; transZR, trans-zeatin riboside; transZRMP, trans-zeatin riboside-5'monophosphate; transZ7G, trans-zeatin 7-glucoside; trans-ZOG, trans-zeatin O-glucoside). (Gajdošová et al., 2011)

An additional independent comparison of the short term metabolism of tZ and cZ was
performed. cZ gradually decreased from 90 % of initial purity to 72 % ratio in the first sample
and finished with 31 % portion of total accumulated radioactivity. After 15 minutes, the most
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abundant metabolite was cZRMP (25 %), followed by adenine (15 %) and cZR (11 %). Compared
to tZ, the metabolic changes of cZ were slower and yielded different spectrum of metabolites.
Surprisingly, no cis-trans isomeration occured during the feeding experiment (Fig. 16). These
results were published in paper which is part of this thesis (Gajdošová et al., 2011).

6.4.2 CK ribosides metabolic profiles
Similar chromatograms resulting from HPLC analysis of tZR, iPR and BAR are presented in
Figure 18. For a percentual plot see Figure 19. The main way to quickly cope with excessive
uptake of bioactive CK ribosides in BY-2 cells seems to be the phosphorylation to form the
appropriate CK monophosphate. However, certain differences exist between tested CK
ribosides.
tZR of stock solution purity higher than 96 % is immediately metabolised to ZRMP and preserves
a share of 25 % on the first reading down to 20 % on the last, 15 minutes reading. At the expense
of tZR, the tZRMP proportion grows from 59 % to 70 %. A small increment was seen for tZ which
turned from 3 % to 4.5 % during the 15 minutes timeframe.
iPR of initial purity approximately 93 % drops down to 30 % ratio upon entering BY-2 cells and
further decreases to 12 % share after a quarter hour run. The main metabolite, iPRMP reaches
its peak ratio in the 5th minute, transitionning from 55 % of the first minute's relative abundance,
through 64 %, 62 % to a final decrease to 55 %. This is probably due to an increase of Ado and
Ade ratio from a mere 3 % for both substances up to 15 % in case of Ado and 12 % in case of
Ade.
Last, BAR enters the cells with 86 % purity before being converted promptly to monophosphate.
Also, BAR is the only CK tested whose intracellular metabolic ratio doesn't only decrease during
the experiment but grows after the initial dropdown, with fractions evolving from 28 % in the
first minute through 26 % on the second reading, 27 % after 10 minutes and a final increase to
30 % of relative abundance. Also, Ade and Ado minor ratios of total radioactivity are diminishing
gradually.
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Figure 17 The HPLC chromatograms of metabolites of tested CK-bases. 48 hours after subcultivation, BY-2 cells were
3
3
3
incubated with [ H]tZ, [ H]iP and [ H]BA, and samples were removed in the first, fifth, tenth and fifteenth minute after
beginning of the feeding experiment. Each graph represents overlay of HPLC chromatograms obtained by analysis of
the 4 timepoint sample series. The metabolites were identified on the on the basis of coincidence of their retention
times with authentic standards. Ade (adenine), Ado (adenosine), tZ (trans-zeatin), cZ (cis-zeatin), iP
(isopentenyladenine), BA (benzyladenine), tZR (trans-zeatin riboside), ZRMP (trans-zeatin riboside monophosphate),
iPRMP (isopentenyladenosine monophosphate), BARMP (benzyladenosine monophosphate), iP7G (isopentenyl
7-glucoside), BA7G (benzyladenine 7-glucoside), BA9G (benzyladenine 9-glucoside). X-axis represents time in minutes,
3
y-axis represents H activity in counts per second.
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Figure 18 The HPLC chromatograms of metabolites of tested CK-ribosides. 48 hours after subcultivation, BY-2 cells
3
3
3
were incubated with H-tZR, H-iPR and H-BAR, and samples were removed in the first, fifth, tenth and fifteenth
minute after beginning of the feeding experiment. Each graph represents the HPLC chromatograms obtained by
analysis of the 4 timepoint sample series. The metabolites were identified on the on the basis of coincidence of their
retention times with authentic standards. Ade (adenine), Ado (adenosine), tZ (trans-zeatin), tZR (trans-zeatin
riboside), iPR (isopentenyladenosine), BAR (benzyladenosine), ZRMP (trans-zeatin riboside monophosphate), iPRMP
(isopentenyladenosine monophosphate), BARMP (benzyladenosine monophosphate). X-axis represents time in
3
minutes, y-axis represents H activity in counts per second.
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Figure 19 Quantification of detected metabolites. Areas of metabolite peaks were integrated and expressed as
percentual part of the total area of the corresponding plot to highlight the relative proportions and time-dependent
dynamic changes in detected metabolite levels. 100 % = total integrated area per single run. Ade (adenine), Ado
(adenosine), tZ (trans-zeatin), cZ (cis-zeatin), iP (isopentenyladenine), BA (benzyladenine), tZR (trans-zeatin riboside),
iPR (isopentenyladenosine), BAR (benzyladenosine), ZRMP (trans-zeatin riboside monophosphate), iPRMP
(isopentenyladenosine monophosphate), BARMP (benzyladenosine monophosphate), iP7G (isopentenyladenine
7-glucoside), BA7G (benzyladenine 7-glucoside), BA9G (benzyladenine 9-glucoside), Other (non-identified peaks or
metabolites under 1 % of relative abundance).
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6.5 Cytokinin oxidase/dehydrogenase activity assay
To check whether the accumulation of CK-bases and their subsequent degradation to adenine is
accompanied by an increase in cytokinin oxidase/dehydrogenase (CKX) activity, BY-2 cells were
treated with 2 nM, 20 nM, 200 nM and 20 µM concentrations of cold tZ and iP mimicking an
actual accumulation experiment. Samples of 1 g (FW) of suspension cells were removed in the
course of the experiment at 5 minutes intervals up to 20 minutes. Change of CKX activity was
determined in an assay based on conversion of 2 µM [3H]iP to [3H]Ade as described in methods.
The enzyme preparation containing 0.7 to 1.2 mg protein × g-1 FW (equivalent to 10 mg of tissue
FW) allowed the optimum degradation of [3H]iP in the range of 15-55 %.
Both tZ and iPA seem to modify the CKX activity in BY-2 cell culture, although differently (Table 3).
Except the 5 minute timepoint, tZ at the lowest tested concentration induces an increase of CKX
activity by up to 50 % compared to control. On the other hand, higher concentrations of tZ rather
diminish CKX activity. The most prominent example is the inhibition by as much as 30 % in the 20
nM and 20 µM tZ addition variants. iP applied to the cells in concentration range from 2 nM to
200 nM did not modify the CKX activity by more than 13 % and in most cases its increase rather
than decrease was recorded. However, feeding BY-2 cells with 20 µM iP resulted in a gradual
decrease down to 46 % of the remaining CKX activity on the last, 20 minutes sampling.

6.5.1 CKX activity and substrate specificity assay in BY-2
The difference in metabolic inactivation between iP, which was preferentially degraded to Ade,
and tZ, which was deactivated by formation of tZRMP, led us to investigate the substrate
specificity of crude extract of CKX in BY-2 cells.
For this purpose, the enzyme preparation from the "iP 20 µM" control sample from previous
experiment was used. The enzyme preparation equivalent to 20 mg of tissue FW (0.91 mg
protein × g-1 FW) was used to test the substrate specificity for [3H]tZ, [3H]iP and [3H]cZ. The order
of preference for potential substrates was determined as iP > cZ > tZ in BY-2 cells (Table 2).

Table 2 Substrate specificity of crude extracts of CKX enzymes from tobacco BY-2 cells toward iP, tZ and cZ. The CKX
3
3
3
activity was determined using tritiated substrates [ H]iP, [ H]tZ and [ H]cZ, 2 μM each, as substrates.
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Table 3 CKX activity assay. The enzymatic activity of CKX was checked in BY-2 cells in four timepoints during the
accumulation of tZ and iP at various concentrations (2 nM, 20 nM, 200 nM and 20 µM). Control samples were
removed before the addition of cold CKs. Samples (1 g FW) were removed in the first, fifth, tenth and fifteenth minute
of the accumulation experiment and CKX activity was determined. Mean of two replicates of CKX activity assessment
is given in the table and the percentual change compared to the control value (100 %) is represented in shades of blue
(less than 100 % activity) and red (more than 100 % activity).
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7. Discussion
7.1 Cytokinins accumulate rapidly in BY-2 cells
I have shown throughout this study that BY-2 cultured cells are, in addition to reliable measuring
of auxin transport, a suitable model for assessing the short-term kinetics of CK transport at the
plant cellular level. All the convenience and reliability of BY-2 cell culture as a plant model comes
as a bonus for transport studies: its high growth rate and high homogeneity being among the
most prominent advantages. Moreover, its friability allows to express the accumulation rates per
cell number indeed.
There have been several attempts to describe the absorption or excretion of CKs using plant
suspension-grown cells of several tobacco cultivars like Wisconsin 38 (Laloue et al., 1977; Terrine
and Laloue, 1980; Motyka et al., 2003), VBI-0 (Petrášek et al., 2002) or even BY-2 itself (Mlejnek
et al., 2003, 2005); and recently also in Arabidopsis (Cedzich et al., 2008). However, the majority
of experiments characterized the kinetics of CK translocation on hours or even days spreading
timescale. I tried to focus more on short term direct uptake measurement of selected bioactive
CKs, using tritium labelling as a tracer.
The accumulation assays using BY-2 cells revealed a quick uptake of 3H-labelled tZ, iP, BA, and
their respective riboside forms: tZR, iPR and BAR. In an attempt to investigate the early
accumulation stage, linear uptake kinetics was recorded during the first 10 minutes of the
accumulation run of tZR, iPR and BA, after the offset caused probably by initial cell wall
contamination. This artifact is eliminated in further assays by subtracting the first collected
aliquots as correction. Detected uptake linearity is in accordance with results by Cedzich et al.
(2008) who assessed tZ transport kinetics in Arabidopsis suspension culture in 4 minutes uptake
experiment. However, in my case tZ, iP and BAR show a non-linear absorption tendency. This
fact becomes even more obvious during a longer accumulation assay where tZ, iP, iPR and BAR
accumulation rates clearly slow down at later stages.
Similar uptake kinetics would support earlier views on CKs transport which was considered to be
a simple diffusion. Actually, CK-bases and CK-ribosides under physiological pH are non-polar
lipophilic molecules (Horgan and Scott, 1987; Barták et al., 2000) that could potentially cross the
phospholipid membranes dependently on concentration gradient. However, recent advances in
identification of proteins capable of CK translocation (Gillissen et al., 2000; Cedzich et al., 2008;
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Bürkle et al., 2003; Sun et al., 2005; Hirose et al., 2005, 2008) support the hypothesis of an active
transport process.

7.2 Kinetics of CK uptake in BY-2 cells
To assess a possible involvement of active transport, a series of experiments testing the
competition of radiolabelled CK tracers with 'cold' CKs for a shared transport route was
performed. Displacement by increasing concentration of the competitor of the same species
revealed a saturation of transport of both bases, tZ and iP, and their ribosides in the presence of
surplus of the competitor. Approximate displacement constants (Kd), which in the sense of
Michaelis-Menten kinetics correspond to KM of the tested substrate uptake, were estimated to
be 100 nM for tZ and 1 µM or higher for tZR and iPR. 100 nM Kd value for tZ is close to KM
predicted by Cedzich et al. (2008) for high-affinity tZ uptake in Arabidopsis cultured cells. Such
affinity for a putative transporter would be favorable in the context of 1 nM - 200 nM
concntration range of CKs that are usually referred as physiological in literature (Terrine and
Laloue, 1980; Komor et al., 1993; Hwang and Sheen, 2001).
The existence of another, low-affinity mode of transport was also reported by Cedzich et al.
(2008), and two additional Km values within the micromolar range (3.9 µM and 98.8 µM) were
detected for tZ uptake supplied at concentration 20 µM. The former KM corresponds to the
estimated Kd for tZR and iPR uptake in BY-2 cells. The latter KM value may be questionned in the
light of aforementioned physiological concentrations of CKs in plants. However, the low-affinity
transport is comparable with low affinities for CKs that have been described for some enzymes
involved in biosynthesis and metabolism of CKs, namely O-glycosyl- and O-xylosyltransferase in
Phaseolus (Turner et al., 1987; Dixon et al., 1989), cisZ O-glucosyltransferase in maize (Veach et
al., 2003), CYP735A in Arabidopsis (Takei et al., 2004), cytokinin oxidase/dehydrogenase in maize
(Bilyeu et al., 2001), as well as enzymes of the purine salvage pathway like adenosine kinase
(Moffatt et al., 2000) and adenine phosphoribosyltransferase in Arabidopsis (Allen et al., 2002).
Moreover, the existence of low-affinity CK transport is supported by identification of both PUPs
and ENTs as low-affinity CK transporters.
Consistently with data published on the mechanism of solute transport by AtPUPs (Gillissen et
al., 2000; Bürkle et al., 2003), AtENTs and OsENTs (Möhlmann et al., 2001; Wormit et al., 2004;
Hirose et al., 2005), and general uptake of CKs in Arabidopsis suspension-grown cells (Cedzich et
al., 2008), the transport of tZ, iP, tZR and iPR is dependent on proton gradient in BY-2 cells. CCCP,
the uncoupler of oxidative phosphorylation, effectively abolishes the uptake and possible
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excretion of CKs or their metabolites. This is probably the main argument against a simple
diffusion as a driving force of the transmembrane transport of CKs.

7.3 Substrate specificity of CK transport in BY-2
The potential existence of a common transport systems for adenine and CKs, or nucleosides and
CKs, has been anticipated by competitive inhibition of adenine or adenosine uptake by a number
of CK-bases and CK-ribosides in yeast, transformed with AtPUP1, AtPUP2, AtENT3, AtENT6 and
OsENT2 (Gillissen et al., 2000; Bürkle et al., 2003; Hirose et al., 2005, 2008), as well as in
wild-type Arabidopsis suspension cells (Bürkle et al., 2003; Cedzich et al., 2008).
My experiments using wild-type BY-2 cell culture revealed a strong competition for uptake
between [3H]tZ or [3H]BA and cold CK-bases, including iP, DHZ, Kin; and also Ade. [3H]iP was an
exception as the competition with other cold CK-bases was lower and, interestingly, Ade showed
only very weak interference with iP uptake. This means that tested CK-bases, except iP, may
share a common way of translocation over the plasma membrane. Because of the fact that iP
inhibited more effectively the uptake of both [3H]tZ and [3H]BA than vice-versa, it is conceivable
that iP enters BY-2 cells via two distinct routes: one is the shared CK-bases/Ade way and the
other one is a unique translocation way for iP.
Regarding CK-ribosides, high surplus of all tested cold CK-riboside competitors significantly
lowered the accumulation of all three [3H]CK-ribosides. Yet, Ado was the only substance, which
did not perturb the accumulation rate of CK-ribosides at all. Surprisingly, Ado as well as some
CK-ribosides were good competitors for [3H]CK-bases (tZ and BA) uptake.
Conversely some CK-bases like iP or BA disturbed [3H]tZR and [3H]BAR absorption in BY-2 cells,
although to a smaller extent. These results correspond to the findings published by Cedzich et al.
(2008) who also reported the competition of tZR for [3H]tZ uptake in Arabidopsis cultured cells;
or to the results of Gillissen et al. (2000), Bürkle et al. (2003) and Hirose et al. (2005), who
reported on the specificities of single PUP and ENT transporters of Arabidopsis and rice origin
using heterologous expression in yeast. Altogether, these specificity tests imply a probable
existence of at least two transport systems: one which may have overlapping specificity for
CK-bases and CK-ribosides, and one which is specific for CK-ribosides.
Interestingly, neither Ade nor Ado perturbed the accumulation rate of CK-ribosides. Instead,
both substances were shown to compete for the same transport route with CK-bases in BY-2.
This fact suggests the existence of a yet uncharacterized separate transporter specific for either
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CK-ribosides or Ado, and a shared transporter for CK-bases, Ade and Ado. Members of the PUP
family may account for candidates for such function: 1) So far, only AtPUP1-3 of the large 21
members protein family have been characterized, 2) AtPUP1 has been shown to facilitate the
transport of adenine, adenosine, CK-bases and limitedly also CK-ribosides (Gillissen et al., 2000;
Bürkle et al., 2003), and 3) the transport of Ade by AtPUP2 is inhibited by both CK-bases (tZ, cZ,
iP, BA) and tZR (Bürkle et al., 2003).

7.4 After uptake: A fast metabolism of CKs
CK levels in plant cells depend on several factors, including CK biosynthesis, metabolic
interconversions, inactivation, degradation as well as uptake and excretion (Kamínek et al.,
1997). External application of biologically active CKs leads to their accumulation inside plant cells
which is accompanied by their progressive degradation or metabolic inactivation (Laloue et al.,
1977; Terrine and Laloue, 1980; Fusseder and Ziegler, 1988; Mlejnek et al., 2003, 2005;
Gaudinová et al., 2005).
HPLC-based metabolic profiling of radiolabelled tZ, iP, BA and their ribosides based on a shortterm feeding experiment in BY-2 cells revealed that the intracellular metabolic inactivation of CK
is an immediate process which was not reported previously. During 15 minutes of the
accumulation experiment with 20 nM CK substrates, more than 80 % of the total tracer
radioactivity relocated from the monitored CK into a spectrum of metabolites. In most cases, the
metabolic flow was steep right from the beginning of the experiment and usually only one
metabolite prevailed. With the exception of iP which was degraded preferably to Ade, an
appropriate CK monophosphate was formed at the expense of delivered [3H]CK-bases (tZ, cZ,
BA) and [3H]CK-ribosides (tZR, iPR, BAR). Based on this observation, only 3 enzymes are involved
in this first answer to excessive CK abundance: cytokinin oxidase/dehydrogenase, adenosine
kinase and phosphoribosyl transferase.
In general these results are in accord with already published work. Laloue et al. (1977) detected
Ade and various adenylic nucleotides as primary metabolites of iP and iPR fed to tobacco
suspension cells. Mlejnek et al. (2003, 2005) observed CK-riboside monophosphates and
N7-glucosides as main metabolites of BA, BAR and iP in BY-2 cells. Interestingly, no degradation
of iP to Ade was reported in this case. This difference may be explained by the high
concentration (10-50 µM) of CKs used in the experiment or by the extended experimental
timeframe.
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Excessive formation of CK-nucleotides is known to deplete the pool of available ATP and
consequently to lead to programmed cell death (Mlejnek et al., 2003, 2005). In this regard, the
formation of CK-ribotides may be considered as a "first aid" action deployed readily to maintain
cell's hormonal homeostasis. In order to prevent a possible collapse of intracellular metabolism,
a shift to "harmless" metabolites needs to occur. Despite the limited experimental time course,
such trend becomes apparent in metabolic profiles of [3H]iP and [3H]BA, where levels of 7- and
9-N-glucosides gradually increase. Similar progress may be seen in the continuously growing
Ade/Ado portion in metabolic profiles of [3H]cZ and [3H]iPR.
The striking preference for [3H]iP degradation to adenine, as well as increasing ratios of adenine
or adenosine in metabolic profiles of [3H]cZ and [3H]iPR are supported by differential substrate
specificity (iP>cZ>tZ) of crude extract of CKX enzymes from tobacco BY-2 cells. Eventhough CKX
specificity towards iPR was not determined in BY-2, both iP and its riboside are known as
preferred substrates of CKX (Kamínek, 1992).
CKX activity in tobacco cv. Wisconsin 38 suspension-grown cells is enhanced by either exogenous
CK application or conditional IPT expression after 4 days of treatment (Motyka et al., 2003). Our
results show, that low concentrations of tZ or iP may enhance CKX activity by 50 % in the course
of 20 min experiment. Contrary, higher concentrations (tZ: 20 nM-20 µM; iP: 20 µM) may inhibit
its activity down to 50 % compared to control. Together with the detected affinity of CKX extract
towards tZ, this would explain why 20 nM [3H]tZ was not degraded to adenine, and also why
higher concentration of iP was primarily metabolized to iPRMP instead of Ade (Mlejnek et al.,
2005).

7.5 Physiological implications
CKs are signal molecules that can act at the site of their production or they can transfer the
information about a particular physiological status to a distant part of the plant body. Contrary
to a directed flow of auxin via PIN or ABC transporters, no such mechanism has been discovered
for CKs yet. According to the present state of the art, any crossing of the plasmalemma by CKs
seems to be facilitated by a set of purine permeases or nucleoside transporters with broad
substrate specificities. Not all the members of ENT or PUP families have been characterized yet
in terms of CK transport ability, some of them have not been even cloned yet, so the possibility
of existence of a CK-specific transporter among PUPs and ENTs is not excluded, as well as the
existence of other, yet unknown transport systems.
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The question of the need of plant cells to take up CKs has not been answered fully up to now.
From the data published in this thesis and from results by others, it is possible to conclude that
the purpose of CK absorption consists in the necessity of metabolic inactivation of the
biologically active signalling molecules. Eventhough CKX activity occurs outside of the cell, other
enzymes indispensable for CK metabolism, including biosynthesis, are found in various inner cell
compartments. In this regard, the need for internal transmembrane transport of CKs arises as
well but, to the best of my knowledge, was not adressed yet. Together with the necessity of the
newly synthesized CKs to leave cytoplasmic space, the need for a transport system is obvious.
The link between the transport of CKs and their fast inactivation by target cells may constitute a
basic principle of a dynamic system where a signalling molecule is synthesized, delivered to
target cells and promptly deactivated after signal reception. This sequence may be then
continuously reproduced until the reason for signalization event passes away. Most CK
concentrations used throughout this thesis are of reported physiological range. This fact
validates the results for real in planta scenario. The undifferenciated character of the cell
suspension then encourages the application of a similarly functioning model, if not to plant cells
in general, then at least to meristematic tissues and their response to long distance CK signalling.
So far, CK signalling cascade model assumed that CK receptors reside on the plasma membrane.
However, latest work of Wulfetange et al. (2011) brings evidence for intracellular localization of
CK receptors, proposing the perception of CK signal to occur at the endoplasmic reticulum.
Uptake of CKs by plant cells would be then appointed a new significance.
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8. Conclusions
The mechanism of translocation of cytokinins across plasma membrane and their intracellular
metabolic fate was investigated using tobacco BY-2 suspension-grown cells. In addition to a
reliable auxin transport measuring, BY-2 cell culture has proven to be a capable model system
for CK transport experiments using tritiated CKs at their physiological concentrations.
Based on observations presented in this thesis, following conclusions can be made:


Both CK-bases and CK-ribosides are readily taken up by BY-2 tobacco cells. Using
competition approach with displacement by the same species of competitor, apparent
Kd values for tZ of 100 nM and for tZR and iPR of approximately 1 µM could be
estimated. The affinities of putative CK transport systems in BY-2 are compatible with
reported concentration range of CKs in plants.



The substrate specificity assay of CK uptake in BY-2 cells confirmed the existence of a
shared uptake route for CK-bases, and also a strong competition for a shared route
between CK-ribosides. Surprisingly, some CK-ribosides proved to be good competitors
for CK-bases uptake. Adenine and adenosine disturbed the accumulation of CK-bases,
but not of CK-ribosides. These observations suggest the existence of a yet unknown
carrier(s) with overlapping specificity for CK-bases, Ade and Ado, as well as a specific
carrier for CK-ribosides.



The uptake of both CK-bases and CK-ribosides by BY-2 cells was sensitive to CCCP,
indicating that it is mediated by secondary active transport systems dependent on
plasma mebrane proton gradient.



HPLC analysis of the metabolites of accumulated CKs pointed at fast degradation of CKs
or their metabolic conversion into physiologically inactive forms. Except iP, which was
preferably degraded to Ade, an appropriate CK-riboside monophosphate is formed as a
first response to increased CK uptake in BY-2 cells. 3 enzymes are likely to be involved in
this homeostasis-keeping process: cytokinin oxidase/dehydrogenase, adenosine kinase
and phosphoribosyl transferase.



By analysis of crude extracts of CKX enzymes from BY-2, their highest affinity towards iP
was confirmed and their activity was found to be dependent on concentration of
externally added bioactive CK.
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Závěry
Tato práce se věnuje otázce mechanismu transportu rostlinných hormonů cytokininů a jejich
následnému metabolismu v buněčné suspenzi tabáku BY-2. BY-2 se, vedle již osvědčeného
použití pro měření transportu auxinu, ukázala být vhodným modelovým systémem i pro
experimenty s cytokininy značenými triciem, a to s použitím jejich fyziologických koncentrací.
Na základě výsledků, které jsou v této práci představeny, lze vyvodit následující závěry:


Báze i ribozidy cytokininů jsou buňkami tabákové suspenzní kultury BY-2 rychle
absorbovány. Pomocí kompetičních vytěsňovacích experimentů za použití kompetitoru
stejného druhu se zvyšující se koncentrací mohly být odhadnuty hodnoty vytěsňovacích
konstant Kd pro tZ v oblasti 100 nM a pro tZR a iPR přibližně 1 µM. Tyto koncentrace jsou
shodné s běžně pozorovanými fyziologickými koncentracemi cytokininů v rostlinách.



Pokusy zkoumající substrátovou specificitu předpokládaných cytokininových přenašečů v
suspenzi BY-2 potvrdily kompetici mezi jednotlivými druhy CK bází o stejnou transportní
cestu, stejně jako v případě jednotlivých CK ribozidů. Zajímavé zjištění přinesl fakt, že
některé ribozidy cytokininů dobře kompetovaly s příjmem cytokininových bází. Dále se
ukázalo, že adenin i adenosin interferují s příjmem CK bází a nikoli ribozidů. Dohromady
tato zjištění podporují existenci dosud neznámých přenašečů s překrývající se
specificitou pro báze cytokininů, adenin a adenosin, případně přenašeče specifického
pro cytokininové ribozidy.



Příjem bází i ribozidů cytokininů buňkami BY-2 byl senzitivní k CCCP, což naznačuje, že
jejich přenos je umožněn způsobem sekundárního aktivního transportu, závislého na
gradientu protonů na buněčné membráně.



HPLC analýza cytokininů přijatých buňkami BY-2 poukázala na jejich rychlou degradaci
anebo metabolickou přeměnu na biologicky neaktivní formu. S výjimkou iP, který byl
přednostně degradován na adenin, podléhaly všechny ostatní testované CK metabolické
přeměně na odpovídající nukleotid monofosfát. Na této první homeostatické reakci na
zvýšený obsah CK se tedy nejspíše podílely 3 enzymy: cytokinin oxidáza/dehydrogenáza,
adenozin kináza a fosforibozyl transferáza.



Analýza celkové enzymatické aktivity CKX izolované z buněk BY-2 potvrdila vysokou
afinitu k iP a závislost míry aktivity na koncentraci externě dodaného biologicky aktivního
cytokininu.
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formation and locally synthesized CK modulate auxin effects via regulation of the auxin efflux
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ethylene production) for elimination of possible ethylene mediated effect on auxin transport.

Figure S4 of the Supporting information which displays my work is filed after the article.
Article and Supporting information is freely available online at PNAS website.
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