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Aim of work 

⇒ review on cytokinins and their metabolism with focus on cis-zeatin and its 

significance and metabolism in plants 

⇒ detection of zeatin cis-trans isomerase in various plant tissues 

⇒ purification and characterization of zeatin cis-trans isomerase from maize 

seedlings 

⇒ detection of other enzyme activities interconverting zeatin-type cytokinins 
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Theoretical part 

Plant Hormones 

The concept of plant hormones as substances regulating plant growth in small 

concentrations has been worked out since the end of 19th century (Darwin and Darwin 

1880; von Sachs 1887). The first proof of existence of low-molecular substances 

regulating plant growth was famous Fritz Went's experiment in which he put coleoptile on 

agar block for a period of time and afterwards put this block on decapitated oat plants, 

what promoted growth, eventually asymmetrical, if the block was put aside (Went 1928). 

Many substances from diverse sources have been examined for plant growth-promoting 

activity in the same manner. The original substance was finally identified as 

indolyl-3-acetic acid, although it was first isolated from human urine (Kögl and 

Kostermans 1934). It has been successfully isolated from higher plants more than 

decade later (Haagen-Smith and others 1946). Thus, the plant hormones are defined as 

naturally occurring substances operating at low concentrations, which are able to 

translocate within the plant body. This definition collides with the term plant growth 

regulators, which can be also synthetic substances with phytohormone activity. There is 

no clear border between these two terms as some substances have debatable 

classification and their occurrence in plant tissues are presumable but not confirmed yet. 

However, based on chemical structure, the basic phytohormone groups are specified as 

auxins, cytokinins, gibberellins, ethylene, abscisic acid, polyamines, brassinosteroids, 

jasmonates, salicylic acid and newly identified strigolactones. 

Cytokinins 

In 1955, new compound was isolated from old or autoclaved (but not fresh) DNA 

from herring sperm and calf thymus (Miller and others 1955). Name kinetin was chosen, 

because this substance could promote cell division – cytokinesis. This ability also gave 

name to the brand new class of hormones – cytokinins. Cytokinins (CKs) are defined as 

"substances, which promote cell division and exert other growth regulatory functions in 

the same manner as kinetin" (Skoog and Armstrong 1970). However, nowadays this term 

describes all molecules with similar structure, no matter, how active they are. Chemically, 

the cytokinins are N6-derivatives of adenine, but the cytokinin activity embody also some 

phenylurea derivatives.  
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Besides the cell division, cytokinins regulate shaping of plant; growth of aerial part 

and roots, differentiation of vascular bundles and release of buds from apical dominance. 

The levels of cytokinins further positively correlate with amount of chloroplasts and with 

onset of senescence. They also function as signal of nutrient and light availability and 

stress conditions and are involved in infection by plant-pathogenic bacteria. Most of these 

functions are tuned by cooperation with the other plant hormones, especially with auxins 

(Galuszka and others 2008). 

Structural diversity of cytokinins 

Naturally occurring cytokinins are adenines, which possess either isoprenoid or 

aromatic side chain at N6-position (Fig. 1). 

The terminal carbon of the isoprenoid side chain of N6-(∆2-isopentenyl)adenine 

(iP) can be hydroxylated in either cis- or trans-position forming zeatin named by the first 

occurrence in maize (Zea mays L.; Letham 1963). The double bond of zeatin is reduced 

in dihydrozeatin, but reduced equivalent of iP was not detected in planta to date. 

The first cytokinin identified, kinetin, is N6-furfuryladenine. The other aromatic 

 

Figure 1: Structures of selected substances with cytokinin activity 
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cytokinins are derivatives of N6-benzyladenine (benzylaminopurine; BAP). In plants there 

are the benzyladenine itself, its derivatives hydroxylated in any position of the phenyl ring 

and the corresponding methoxy derivatives.  

The above mentioned free bases exist in plants also in form of nucleosides and 

nucleotides. The cytokinin bases can be further conjugated to glucose at N3, N7 and N9 

and also at the hydroxyl of the side chain. The hydroxyl group at the side chain can be 

also conjugated to xylose (e.g. Turner and others 1987).  The N9 can be modified with 

L-alanine (Entsch and others 1983) and C2 with 2-methylthio group (Fig. 2; Persson and 

others 1994; Pertry and others 2009). 

Cytokinins combining two above mentioned modifications can occur in plants, 

also CKs with two sugar moieties attached to each other have been found in Monterey 

pine (Pinus radiata; Taylor and others 1984; Zhang and others 2001). The compound 

called “gazer”, isolated from coconut milk, has been identified as 14-O-(3-O-[β-D-

galactopyranosyl-(1→2)-α-D-galactopyranosyl-(1→3)-α-L-arabinofuranosyl]-4-O-(α-L-

arabinofuranosyl)-β-D-galacto-pyranosyl)-trans-zeatin riboside (G3A2-ZR; Kobayashi and 

others 1995). 

Occurrence in plants 

The occurrence of respective CK species can largely vary between plant species 

(Emery and others 2009; Gajdošová and others, to be published), vascular tissues 

(Hirose and others 2008), developmental stage (Emery and others 1998; Quesnelle and 

Emery 2007; Rasmussen and others 2009; Gajdošová and others, to be published) and 

environmental conditions (e.g. Takei and others 2001b, Vyroubalová and others 2009). 

 

Figure 2: Possible modifications on adenine moiety.  



- 12 - 

The isoprenoid cytokinins are widespread in the nature; contrary, the aromatic CKs were 

though for long time to be solely synthetic artifacts. 

Trans-zeatin (tZ) and iP-type cytokinins were though to be the predominant 

cytokinins and the cis-isomer being present only in minor quantities with low or no activity 

(Schmitz and Skoog 1972; Mok and others 1978). This was reflected by ignorance of 

cis-isomer in CK analysis and by designing presumably trans-isomer only as zeatin. 

However, there is increasing number of reports of cZ being the dominant CK species in 

various plants as potatoes (Mauk and Langille 1978; Suttle and Banowetz 2000), 

unfertilized hop cones (Watanabe and others 1982), rice (Takagi and others 1985), 

maize (Veach and others 2003; Václavíková and others 2009; Vyroubalová and others 

2009) and in several species of legumes (Emery and others 1998; 2000; 2009; Quesnelle 

and Emery 2007). Recently, large scale investigation in more than 150 species of 

cis/trans isomers representation was performed (Gajdošová and others, to be published), 

showing that species with exceeding amounts of cZ-type CKs can be found across all 

land plant species. Arabidopsis was considered to be solely tZ-dominant, but Arabidopsis 

seeds were shown to contain almost 80% of cZ-type CKs and the level of cZ-type CKs 

increased also in senescing plants (Gajdošová and others, to be published). 

Dihydrozeatin occurs predominantly in dormant seeds (Václavíková and others 

2009) and apical buds (Rasmussen and others 2009) and it seems to be produced in 

liquid endosperm of bean (Martin and others 1989; Mok and others 1990). These are all 

storage organs, suggesting specialized function of reduced cytokinin. Since, it is resistant 

to degradation by CKX (Galuszka and others 2007), it might serve as a source of active 

cytokinins before the de novo biosynthesis acceleration after germination (Václavíková 

and others 2009). 

Low levels of trans-zeatin can be found in tRNA too, but, in about 40-times lower 

amount than cis-zeatin (Vreman and others 1978). However, tRNA isolated from green 

pea shoots (Pisum sativum L. var. Alaska) contains both isomers in amounts of the same 

order based on UV detection on thin layer chromatography (Vreman and others 1972). 

Although the first cytokinin identified was kinetin, it took more than 40 years until it 

was found in nature. It was detected in commercially available calf thymus DNA and 

fresh human cells (Barciszewski and others 1996) and in human urine (Barciszewski and 

others 2000). In plants, it was found in commercially available coconut chunks 

(Barciszewski and others 1996) as well as fresh coconut endosperm (Ge and others 

2005) and also in root nodules of Australian Pine (Casuarina equisetifolia) infected by 

bacteria Frankia (Raman and Elumalai 1996). On the other hand, derivatives of 

benzyladenine (benzylaminopurine; BAP) have been found in nature already in mid 70s 

(Horgan and others 1973; 1975). The presence in Populus species gave them eventually 
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name topolins from the Czech word "topol" for poplar. Since that time, they were 

discovered in rising number of species (e.g. in tomato crown gall tumours, Nandi and 

others 1989; Arabidopsis, Tarkowská and others 2003; pea, Gaudinová and others 

2005). 

Biosynthesis 

The biosynthesis of isoprenoid CKs starts with transfer of the isoprenoid moiety to 

adenine either in its nucleotide forms or bound in RNA. The isoprenoid side chain donors 

found to date are dimethylallyl pyrophosphate (DMAPP) and (E)-4-hydroxy-3-methyl-but-

2-enyl diphosphate (HMBDP; Krall and others 2002; Sakakibara and others 2005). In the 

case of DMAPP attachment and formation of iP-type cytokinin, the side chain can be 

further hydroxylated by cytochrome P450 monooxygenase (CYP). The evidence for all 

reaction steps will be discussed below. The nucleotides (eventually after release from 

tRNA) are then hydrolyzed up to free bases as discussed in appropriate section. 

Isopentenyl transferases – the first step in cytokinin biosynthesis 

There are two types of isopentenyl transferases (IPT) performing proposed 

rate-limiting step in cytokinin biosynthesis in accordance to used side chain acceptor. 

 

Figure 3: Scheme of cytokinin biosynthesis. Precursors are provided by mevalonate (MVA) or 
methylerythritol phosphate (MEP) pathway (see Fig. 14). The isoprenoid moiety is attached to side 
chain acceptor by adenylate IPT (1) or tRNA IPT (2). The free iPRMP can be hydroxylated by 
cytochrome P450 (CYP735A; 3), the iP moiety in tRNA can be hydroxylated in bacteria by 
nonheme diiron monooxygenase miaE and in plants by yet unidentified hydroxylase (4). Individual 
nucleotides are probably interconverted by unspecific phosphatases and kinases. The nucleotide 
monophosphates can be activated in one-step by LOG (5). The free bases and nucleosides of cZ 
and tZ are interconvertible by zeatin cis-trans isomerase (6). Free base of tZ can be reduced by 
zeatin reductase (7). Free bases, the active forms of CKs, are shown in cyan. For more details see 
the text. 
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The substrates can either be AMP, ADP or ATP, but not adenosine nor adenine, for 

adenylate isopentenyl transferase (AIPT; EC 2.5.1.27; Blackwell and Horgan 1993; 

Kakimoto 2001; Takei and others 2001a). Interestingly, IPT from mulberry (Morus alba; 

MaIPT) can also accept dATP, dADP, CDP and GDP. In the case of GDP, the 

isopentenyl moiety was transferred to the exocyclic N2-group, rather than endocyclic N1, 

which is closer to C6 (Abe and others 2007). Although it was originally described, that the 

IPT from hop (Humulus lupulus; HlIPT) does not accept GMP, IMP, CMP nor UMP 

(Sakano and others 2004), the recent report, concerning crystal structure of HlIPT, 

describes binding affinity for nucleotides in order ATP > dATP ~ ADP > GTP > CTP > 

UTP (Chu and others 2010). The other type, tRNA isopentenyl transferase (EC 2.5.1.8), 

incorporates prenyl group to adenine in tRNA. It has been proposed (Xie and others 

2007) and later shown (Zhou and Huang 2010), that the modified adenine is flipped out 

similarly as with other nucleic acid modifying enzymes (Klimasauskas and others 1994; 

Slupphaug and others 1996; Xie and others 2003). This type of IPT is present almost in 

all living organisms including bacteria (Caillet and Droogmans 1988), animals (Golovko 

and others 2000), yeast (Yevdakova and others 2007) and of course plants (Golovko and 

others 2002; Miyawaki and others 2006). However, they are not found in Archeabacteria. 

The isopentenylation of adenine in tRNA influences translational efficiency and 

fidelity (reviewed by Persson and others 1994). It was shown, that they improve 

 

Figure 4: Overall structure of HlIPT. The HlIPT is compared with the structure of Agrobacterium 
AIPT (A) and with S. cerevisiae tRNA IPT (B). The tRNA IPT contains an extra domain, which is 
involved in tRNA anticodon stem binding. (taken from Chu and others 2010) 
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translational proof-reading by decreasing misreading at the first position of codon. The 

cytokinins were found also in rRNA (Taller and others 1987 and references therein), but 

their function in this type of RNA is unclear. The tRNA was originally proposed to be 

source of cytokinins, however, the calculations showed, that they could account no more 

than 40% of cytokinins due to long tRNA half-life (Klämbt 1992). 

All three important model plants with sequenced genomes, Arabidopsis, maize 

and rice, contain two putative tRNA IPT (AtIPT2, AtIPT9, ZmIPT1, ZmIPT10, OsIPT9 and 

OsIPT10). The tRNA IPTs share homology with AIPTs (approximately 35% vs. homology 

of AIPTs ranging in 40 – 60%) as well as the overall folding structure, although they 

contain additional domain (Fig. 4; Takei and others 2001a). This C-terminal extension 

forms one side of U shape and is involved in tRNA binding. As has been shown on model 

of Staphylococcus epidermis IPT, there is wide band of positively charged residues 

(Fig. 5), proposed in binding negatively charged sugar-phosphate backbone (Hluska 

2008). Zhou and Huang (2008) have shown 69-nt long L-shaped tRNA docked into the 

U-shaped IPT confirming the function of this band in binding the tRNA (Fig. 6). AtIPT2, 

ZmIPT1, OsIPT9 and MOD5 from Saccharomyces cerevisiae contain additional 

conserved Zn-finger-like motif CxxCx{12-18}HxxxxxH. This zinc finger is sitting on the top 

 

Figure 5: The model of Staphylococcus epidermidis IPT shown as surface coloured according to 
residue charge (in blue positively charged residues; in red negatively charged residues). As 
substrate was chosen AMP, here shown as sticks (taken from 2ZE6 structure). There is visible 
band of positively charged residues, involved in tRNA binding. 
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of the insertion domain (Fig. 6) and provides additional interactions with tRNA. Zhou and 

Huang (2008) proposed two possible functions: 

− it can reinforce the stability of the insertion domain, which may be susceptible to 

protease degradation in eukaryotes 

− additional interactions may enhance the substrate specificity 

Although isopentenyl transferases share only few conserved amino acids (Takei 

and others 2001a), the N-terminal part is an exception. There is the highly conserved 

consensus sequence GxTxxGK[ST]x{5}[VLI]x{7}[VLI][VLI]xxDxxQx{57-60}[VLI][VLI]xGG 

[ST]* (Fig. 7; Kakimoto 2001). The p-loop GxTxxGK[ST] in the N-terminal part is common 

to NTP binding proteins like kinases. However, the first threonine is missing in these 

kinases but it is crucial in IPTs for the side chain donor binding and its activation. The 

oxygen bound to DMAPP's C1 is additionally stabilized by arginine (Arg138 in Tzs; 

Table 1; Fig. 7). This arginine is flipped away after the reaction (Fig. 9D).  

                                                
* Symbols in square brackets mean one of amino acids on place, x mean any amino acid and 

numbers in braces are number of amino acids 

 

Figure 6: Structure of tRNA from Saccharomyces cerevisiae in complex with tRNA and 
pyrophosphate. (A) Ribbon diagram. Green, tRNA; blue, IPT core domain; yellow, IPT insertion 
domain; red, IPT C-terminal extension. The components in the reaction channel of the IPT, 
including the targeted adenine37, the pyrophosphate and the magnesium ion are highlighted in 
spheres and colored green, red and gold, respectively. The zinc ion of the C-terminal zinc finger 
is depicted as a small sphere in dark grey. Surface representation of the structure viewed from 
the opposite side. (taken from Zhou and Huang 2008) 



- 17 - 

Close to proposed trans-side of DMAPP in Tzs is hydrophilic region (Glu 210 to 

His214 and Asp173). After mutagenesis of each of them, the preference for HMBDP∗ ∗ 

has decreased; in the case of His214 and Asp173 as much as 505- and 90-fold, 

respectively (Sugawara and others 2008). These residues are in AtIPTs substituted by 

hydrophobic residues (Fig. 7). However, mutagenesis of corresponding residues in 

AtIPT4 to residues present in Tzs did generally decrease activity with DMAPP and only 

the mutation L233H did slightly increase affinity for HMBDP (the activity with DMAPP was 

<10% of activity of WT enzyme), the other mutations did even lower the preference 

(Sugawara and others 2008). On the cis side there is Tyr211 in Tzs, whereas in HlIPT is 

in this place Thr265 opening larger cavity (Fig. 9C; as shown previously for MaIPT 

(Hluska 2008), the closest homologue of HlIPT; Fig. 10), which enables to accommodate 

longer isoprenoid precursors as well as to form N2-isopentenylguanosine diphosphate 

(Abe and others 2007). However, this tyrosine is substituted by serine or threonine in all 

other examined IPTs (Fig. 7). 
                                                

∗ ∗ Expressed by specificity ratio as kcat/KM for DMAPP divided by kcat/KM for HMBDP 

                    190       200       210       220                  270       280       290 
            ....|....|....|....|....|....|....|....|....|               |....|....|....|....| 
Tzs     5   LIYGPTCSGKTDMAIQIAQET-GWPVVALDRVQCCPQIATGSGRP 48        90  EE-GLILEGGSISLLNCMAKS 109  
HlIPT   34  VLMGATGTGKSRLSIDLAAHF-PLEVINSDKMQVYKGLDITTNKI 77        119 RRKLPVLVGGSNSFIHALLVD 139  
PaIPT   9   FLMGPTAAGKTDLAMALADAL-PCELISVDSALIYRGMDIGTAKP 52        93  RGRIPLLVGGTMLYYKALLEG 113  
SeIPT   11  VIVGPTASGKTELSIEVAKKF-NGEIISGDSMQVYQGMDIGTAKV 54        95  RGKVPIIAGGTGLYIQSLLYN 115  
ScIPT   18  VIAGTTGVGKSQLSIQLAQKF-NGEVINSDSMQVYKDIPIITNKH 61        102 RGKIPIVVGGTHYYLQTLFNK 122  
BhIPT   7   AIVGPTAVGKTKTSVMLAKRL-NGEVISGDSMQVYRGMDIGTAKI 50        91  RGRLPFLVGGTGLYVNAVIHQ 111  
MiaA    14  FLMGPTASGKTALAIELRKIL-PVELISVDSALIYKGMDIGTAKP 57        98  AGRIPLLVGGTMLYFKALLEG 118  
AtIPT1  69  VILGATGAGKSRLSVDLATRF-PSEIINSDKIQVYEGLEITTNQI 112       154 RQKVPIIAGGSNSFVHALLAQ 174  
AtIPT2  24  VIMGPTGSGKSKLAVDLASHF-PVEIINADAMQIYSGLDVLTNKV 67        108 RNHIPVLVGGTHYYIQAVVSK 128  
AtIPT3  45  VIMGATGTGKSRLSVDIATRF-RAEIINSDKIQVHQGLDIVTNKI 88        129 RGKLPIIVGGSNSYVEALVDD 149  
AtIPT4  9   VIMGATGSGKSSLSVDLALHF-KAEIINSDKMQFYDGLKITTNQS 52        94  RKKLPILAGGSNSYIHALLAK 114  
AtIPT5  37  FVMGATGTGKSRLAIDLATRF-PAEIVNSDKIQVYKGLDIVTNKV 80        122 RDRVPIIAGGSNSYIEALVND 142  
AtIPT6  49  LITGTTGTGKSRLSVDLATRFFPAEIINSDKMQIYKGFEIVTNLI 93        135 SKKLPIVVGGSNSFNHALLAE 155  
AtIPT7  38  FVMGATGSGKSRLAIDLATRF-QGEIINSDKIQLYKGLDVLTNKV 81        123 NNKLPIVAGGSNSYIEAL-VN 142  
AtIPT8  47  VIMGATGSGKSCLSIDLATRF-SGEIVNSDKIQFYDGLKVTTNQM 90        132 RGNLPIIAGGSNSFIHALLVD 152  
AtIPT9  54  VISGPTGAGKSRLAMELAKRL-NGEIISADSVQVYKGLDVGSAKP 97        138 RGRVPIVTGGTGLYLRWFMYG 158  
 
                    460                 500       510                  570       580       590 
            ....|....|....               |....|....|....|               |....|....|....|....| 
Tzs     131 FLTRAKQRVAEMFA 144       168 –ILEDIDGYRCAIRFA 182       202.ELIEAIANEYLEHALSQERDF 222  
HlIPT   177 LTDYLAKRVDDMLE 190       217 –GLRKAIGVPEFDRYF 231       256 EAVRAIKENTCHLAKRQIGKI 276  
PaIPT   216 LHARIAQRFRQMLE 229       250 –PSIRAVGYRQVWDYL 264       272 EMTERGIIATRQLAKRQFTWL 292  
SeIPT   210 LYLRINKRVDIMLG 223       242 –QSMQAIGYKELVPVI 256       264 NAVEKLKQHSRQYAKRQLTWF 284  
ScIPT   213 LFQRLDDRVDDMLE 226       253 –GVWQVIGFKEFLPWL 267       280 DCIERMKTRTRQYAKRQVKWI 300  
BhIPT   204 LYDRINRRVDQMVE 217       236 –QSVQAIGYKEMYDYL 250       258 EAIDTLKRNSRRYAKRQLTWF 278  
MiaA    210 LHQRIEQRFHQMLA 223       244 –PSIRCVGYRQMWSYL 258       266 EMVYRGVCATRQLAKRQITWL 286  
AtIPT1  210 LYEYLLRRVDEMMD 223       246 –GIRKAIGVPEFDGYF 260       282 KAVDDIKRNTWTLAKRQVKKI 302  
AtIPT2  238 LDRYVEQRVDAMVD 251       271 –GLRQSIGVREFEDFL 285       329 EAIDRVKLNTRRLLRRQKRRV 349  
AtIPT3  172 LHGFVSERVDKMVE 185       206 –GIKKAIGFPEFDRFF 220       238 –VLEEIKRNTFELACRQREKI 257  
AtIPT4  150 LFEYLSLRLDLMMK 163       185 –GIWKAIGVQEFDDYL 199       221 KAVRAIKENTFQLTKDQITKI 241  
AtIPT5  164 LHSFVSERVDKMVD 177       198 –GIRRAIGVPELDEFL 212       230 TAIEKIKENTCLLACRQLQKI 250  
AtIPT6  193 LFQHLCNRVDQMIE 206       228 –GVRKTIGVEEFDRYF 242       264 ETVKGMKERTCRLVKKQKEKI 284  
AtIPT7  166 LNSFVSKRVDRMME 179       199 –GIRRAIGVPELHEYL 213       230 VAVKNIKKNTEILACRQLKKI 250  
AtIPT8  187 LFEYLSKRVDQMME 200       223 HGIHKTIGIPEFDRYF 238       262 EAVQEIKENTWRLAKKQIERI 282  
AtIPT9  282 LYRSIDFRCEDMLS 295       318 –PATRAIGYRQAMEYL 332       349 AFLNKFQTASRNFAKRQMTWF 369  
 

Figure 7: Alignment of isopentenyl transferases with resolved structure (see Table 1) and of 
AtIPTs. The alignment was done by T-COFFEE algorithm based on 3D structures called Expresso 
(http://tcoffee.vital-it.ch/cgi-bin/Tcoffee/tcoffee_cgi/index.cgi). Identical and similar residues are 
highlighted in black and grey, respectively. Residues discussed in text are shown as follows 
(numbering in Tzs): binding DMAPP's oxygen in orange (R138); residues in proximity to methyl 
groups of isoprenyl side chain donor in gold (D173, E210-H214); residues binding N6 group of 
adenine shown in green (D33, Q36, S45) and residues at the entrance shown in blue (R34, S99, 
S101, D171, D221). 

 

http://tcoffee.vital-it.ch/cgi-bin/Tcoffee/tcoffee_cgi/index.cgi
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Another crucial residue is the aspartate shown in bold above. It is involved in 

binding N6-amino group of the adenine. This hydrogen binding is stabilized by glutamine 

from the conserved pattern (Asp46 and Gln49 in ScIPT; Fig. 8). However, this glutamine 

is substituted by leucine in some IPTs. Yet another binding moiety is threonine located 

nine amino acids downstream from the above mentioned glutamine (Thr58 in ScIPT; 

Thr74 in HlIPT). Although it is not included in the above mentioned consensus, it is highly 

conserved with only minor exceptions (e.g. in Tzs), where it is replaced with highly 

homological serine. This implies its importance (Fig. 8). There are several conserved 

residues at the entrance of active site cavity (Ser129 and Ser131 in HlIPT), whereas 

others are variable. Thus in the HlIPT, 

there are several basic residues (Fig. 9A). 

Lys63 is exchanged by Arg34 in Tzs 

binding β- and γ-phosphate groups or 

α-phosphate group of nucleotide substrate, 

respectively. On the other hand, Lys220 

and Lys275 of HlIPT are both substituted 

by aspartates in Tzs (Fig. 7; Fig. 9B), 

proposing explanation for different affinities 

to different adenosine phosphates of 

bacterial vs. plant AIPTs. Remarkably, 

Lys63 and Lys 275 are substituted mostly 

with serine and tryptophan, respectively, in 

the tRNA IPTs (Fig. 7). 

The properties of adenylate 

isopentenyl transferases have been 

extensively reviewed earlier (Hluska 2008). 

Table 1: Summarization of structures of isopentenyl transferases published to date. Besides the 
organism and type of IPT are shown abbreviations used in the text and primary references. 

 organism type abbr. reference

Pseudomonas aeruginosa tRNA IPT PaIPT Xie and others (2007)
Agrobacterium tumefaciens adenylate IPT Tzs Sugawara and others (2008)
Saccharomyces cerevisiae tRNA IPT ScIPT Zhou and Huang (2008)
Escherichia coli tRNA IPT MiaA Chimnaronk and others (2009)
Escherichia coli tRNA IPT MiaA Seif and Hallberg (2009)
Humulus lupulus adenylate IPT HlIPT Chu and others (2010)
Staphylococcus epidermidis tRNA IPT SeIPT Fourouhar and others (to be published a) 
Bacillus halodurans tRNA IPT BhIPT Fourouhar and others (to be published b) 

Figure 8: Molecular recognition of the substrate 
adenine in Saccharomyces cerevisiae tRNA IPT. 
The main chain of IPT is represented as grey 
ribbons. The side chains or IPT and tRNA are 
depicted as sticks. Hydrogen bonds are depicted 
as dotted lines in black. The carbon atoms of 
IPT and tRNA are colored in orange and green, 
respectively. Hetero-atoms are colored 
individually, with nitrogen in blue, oxygen in red, 
phosphorus in magenta and sulfur in yellow. 
(taken from Zhou and Huang 2008) 



- 19 - 

Here, only the most important and relevant data will be discussed.  

The first cytokinin biosynthetic activity was detected in slime mold Dictyostelium 

discoideum (Taya and others 1978), where is the activity important for production of 

discadenine, a spore germination inhibitor. Interestingly, discadenine shows cytokinin 

activity in assays of tobacco callus growth (Nomura and others 1977).  

The first cytokinin biosynthetic gene was identified in plant pathogenic bacteria 

Agrobacterium tumefaciens. The gene Tmr located in the T-DNA (transfer) region on 

Ti-plasmid (tumor-inducing) was shown to be able to induce tumorigenesis independently 

of other T-DNA located genes (Lichtenstein and others 1984). The activity of adenylate 

isopentenyl transferase was confirmed in 1984 (Barry and others 1984; Akiyoshi and 

Figure 9: (A) The entrance into the active site in HlIPT. The surrounding basic residues are 
shown in sticks. (B) Superposition of adenylate and DMAPP binding sites of HlIPT (magenta) and 
Tzs (cyan). The p-loop binding the pyrophosphate moiety is shown as well. (C) Comparison of 
binding site surrounding the hydrophobic end of the isopentenyl group. Equivalent residues of 
HlIPT and Tzs are shown in grey and cyan, respectively. The surfaces of the isopentenyl group 
binding cavity are shown as mesh in magenta and cyan, respectively. (D) Superimposition of the 
reaction centers of Tzs-AMP (green), Tzs-AMP/DMASPP (cyan) and Tzs-PPi (yellow). Notice the 
position of Arg138.  (A, B and C taken from Chu and others 2010; D taken from Sugawara and 
others 2008) 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lichtenstein%20C%22%5BAuthor%5D
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others 1984). The gene was later cloned and expressed in E. coli (Blackwell and Horgan 

1991; 1993). The KM values for both AMP and DMAPP were low (85.7 nM and 8.28 µM, 

respectively), but the kcat/KM ratio was also low (4.7 × 105 s-1 M-1). However, even lower 

enzyme efficiency was reported for all AIPTs studied to date (e.g. Takei and others 

2001a; Kakimoto 2001; Sakano and others 2004; Abe and others 2007). The cytokinin 

biosynthetic genes have been identified in many other plant pathogenic bacteria (for 

review see Kakimoto 2003a). 

Agrobacterium 

contains additional IPT 

gene. The Tzs (trans-zeatin 

synthesizing) gene is not, 

contrary to Tmr, transferred 

to the plant genome, but 

rather is expressed in the 

bacteria in loco (Morris and 

others 1993). Tmr and Tzs 

are very homologous 

proteins (Fig. 10); the amino 

acids crucial for substrate 

recognition are the same, 

but differ from plant AIPTs 

 

Figure 10: Phylogenetic unrooted tree of isopentenyl transferase proteins from different species. 

 

 

Figure 11: Content of cytokinins in media from cultures of E. coli 
harbouring AtIPTs genes with Tmr from Agrobacterium 
tumefaciens as control. Cells were grown in the presence of 1 
mM IPTG in M9 minimal media for 4 h. The culture media were 
collected,  CK fraction purified and molecular species determined 
by ELISA. Values shown are the means of three independent 
replicates. (taken from Takei and others 2001a) 
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(Kamada-Nobusada and Sakakibara 2009; Chu and others 2010 and see above), 

revealing preference of both enzymes for HMBDP.  

Identification of the first plant IPTs was enabled as far as the first sequencing of 

first plant genome of the thale cress (Arabidopsis thaliana L.). The AtIPTs were identified 

by BLAST search against bacterial IPT genes concluding with 9 genes (Kakimoto 2001; 

Takei and others 2001). Two of them are putative tRNA IPTs (AtIPT2 and AtIPT9). The 

activity of AtIPT9 has not been detected yet, but AtIPT2 has been confirmed as tRNA IPT 

(Golovko and others 2002). The supernatants of bacteria expressing all other AtIPTs did 

secrete cytokinins (Fig. 11) indicating for their cytokinin biosynthetic activity. 

The expression pattern of individual AtIPT genes is differential (Fig. 12; Takei and 

others 2004b; Miyawaki and others 2004). AtIPT3, 5 and 7 are expressed in all examined 

tissues with AtIPT3 being the most abundant one. AtIPT6 and AtIPT1 were expressed in 

siliques and AtIPT1 additionally in flowers. However, AtIPT6 is a pseudogene in 

Arabidopsis ecotype Wassilewskija and no expression is detected in there (Kakimoto 

2001).  

The expression of AIPTs was shown to respond to phytohormones content; 

AtIPT3, 5 and 7 are upregulated by auxin in roots, but not if cytokinins are present 

 

Figure 12: Spatial distribution of cytokinin-related gene expression in Arabidopsis. (taken from 
Hirose and others 2008) 



- 22 - 

(Miyawaki and others 2004), but in 

decapitated pea shoots is the 

expression of PsIPT1 and PsIPT2 

upregulated in absence of auxin 

(Tanaka and others 2006); in 

soybean (Glycine max L.) was 

expression of GmIPT1 only slightly 

upregulated after treatment with 

auxin (Ye and others 2006), but 

treatment with gibberellin resulted in 

2.5-fold increase of expression.  

The Arabidopsis AIPTs were 

shown to respond to nutrient status 

as well (Fig. 13; Takei and others 

2001b; 2004b; Miyawaki and others 

2004; Hirose and others 2008). 

Expression of AtIPT5 in roots was 

positively correlated with ammonia 

and nitrate levels in media, whereas 

in shoots, it was decreased as well 

as the transcript levels of AtIPT1 and 

AtIPT7 (Takei and others 2004b). 

AtIPT3 levels decreased in roots, 

when grown on ammonia, whereas 

in nitrogen-limited Arabidopsis 

AtIPT3 transcript quickly increased 

after nitrate supply in both roots and 

shoots (Miyawaki and others 2004; 

Takei and others 2004b). Level of 

AtIPT3 is also dependent on 

availability of other nutrients as 

sulphate, phosphate and iron 

(Fig. 13; Hirose and others 2008; 

Séguéla and others 2008).  

The levels of ZmIPT 

transcripts in response to salinity 

and/or osmotic stress were 

 
 

Figure 13: Effect of macronutrients in IPT expression. 
Nitrate concentration dependent fluorescence in IPT3 
promoter:GFP transgenic Arabidopsis (A). Effects of 
sulphate and phoshphate in growth medium on AtIPT 
expression (B). Schematic representation of the 
regulatory relationship among nutrients, cytokinin 
biosynthesis and nutrient transporters (C) N – nitrate; S 
– sulphate; P – phosphate; TN – nitrate transporter 
gene; TS – sulphate transporter gene; TP – phosphate 
transporter gene; Ph – phloem. Arrowhead bar 
indicates positive regulation and flat bar indicates 
negative regulation. (taken from Hirose and others 
2008)  
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determined as part of large-scale transcriptome analysis in stressed maize seedlings 

(Vyroubalová and others 2009). In leaves, levels of ZmIPTs increased 72 hours after the 

stress treatment. Although tRNA IPTs are generally assumed to be expressed 

constitutively, without being affected by plant hormones or nutrient status (Miyawaki and 

others 2004), the expression of maize ZmIPT10 is raised after longer exposition to stress 

environment predominately in leaves (Vyroubalová and others 2009). The transcript level 

of soybean GmIPT1 has increased 1.6 and 1.9-times after 5 hour treatment with cold and 

salt (Ye and others 2006). 

The ChloroP 1.1 program (Emanuelsson and others 1999) predicted for AtIPT1, 

3, 5 and 8 to be localized in plastids. This localization was confirmed for AtIPT1, 3 and 5 

in leaf cells by fusion with green fluorescent protein (GFP). AtIPT8 exhibited the same 

pattern as AtIPT1 and AtIPT3 in root cells (Kasahara and others 2004). Recently, it was 

found, that AtIPT3 contains CaaX motif in the C-terminus and is farnesylated. This 

farnesylation drives translocation to nucleus in onion (Allium cepa L.) epidermal cells 

(Galichet and others 2008), where it could serve as local source of cytokinins for cell 

cycle progression. This could seem contradictory to previous report, however, Kasahara 

and others (2004) used GFP fused to C-terminus, which would block farnesylation and 

thus the translocation to the 

nucleus. Nevertheless, 

attempts to confirm the 

nuclear localization were 

unsuccessful (Sakakibara, 

personal communication). 

AtIPT4 and tRNA AtIPT2 

were localized in cytosol 

and AtIPT7 signal peptide 

driven fluorescence was 

found in mitochondria 

(Fig. 14; Kasahara and 

others 2004). Noticeably, 

the Agrobacterium 

tumefaciens Tmr protein is 

localized into plastids too, 

although it is missing the 

amino-terminal extension 

(Sakakibara and others 

2005). 

 

Figure 14: Schematic representation of isoprenoid biosynthesis 
and its compartmentation in plants. In bold blue are shown 
precursors fro CK biosynthesis; in red are shown inhibitors of 
both pathways. Localization of AtIPTs is shown based on 
Kasahara and others 2004 and Galichet and others 2008. 
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Origin of zeatin 

There are proposed two possible biosynthetic pathways for tZ-type cytokinins: 

iP-dependent pathway, where iP nucleotide is produced first and it is later hydroxylated 

by cytochrome P450 monooxygenases (Takei and others 2004a).  

iP-independent pathway, where tZ-type CK is produced directly by transferring 

hydroxylated side chain from proposed precursor (E)-4-hydroxy-3-methyl-but-2-enyl 

diphosphate (HMBDP) to adenine ring (Åstot and others 2000; Sakakibara and others 

2005). 

The question, which pathway is more relevant is connected to the origin of the 

side chain donor. In plants, there are two pathways for production of isoprenoids. The 

first one, mevalonate (MVA) pathway, which works also in animals, fungi, Archaea, and a 

few Eubacteria, is located in cytosol and mitochondria and produces precursors for 

biosynthesis of sterols, certain sesquiterpens and the side chain of ubiquinone. The 

second one, methylerythritol phosphate (MEP) pathway localized in plastids was 

discovered in 1993 and is responsible for production of monoterpenes, certain 

sesquiterpens, diterpens, carotenoids and the side chains of chlorophylls and 

plastoquinone (Fig. 14; Rohmer and others 1993; Lichtenthaler 1999; Laule and others 

2003). The most important steps of both pathways from CK biosynthesis point of view 

are: 

The mevalonate (MVA) pathway starts with condensation of three acetyl-CoA 

molecules and subsequent reduction to mevalonate. This reduction is directly controlled 

by isoprenoid levels and is inhibited by statins (e.g. lovastatin or mevastatin). The 

mevalonate is then twice phosphorylated to produce mevalonate 5-diphosphate and 

another phosphorylation with subsequent decarboxylation-driven dephosphorylation 

yields IPP, which can be isomerased to DMAPP serving as a precursor for cytokinins. 

The methylerythritol phosphate (MEP) pathway starts with condensation of 

pyruvate and glyceraldehyde 3-phosphate producing 1-deoxy-D-xylulose-5-phosphate. It 

is afterward converted to methylerythritol phosphate. This step is performed by 

reductoisomerase, which is inhibited by fosfidomycin (Proteau 2004). The MEP is 

conjugated with cytidylphosphate moiety into CDP-ME, which follows another 

phosphorylation, release of CMP and cyclization. Reduction yields (E)-4-hydroxy-

3-methyl-but-2-enyl diphosphate (HMBDP), which can be further reduced to IPP and to 

lesser extent to DMAPP. Both HMBDP and DMAPP can work as cytokinin precursors, 

but the level of HMBDP in plastids is about 5-fold higher (Sakakibara and others 2005). 

Although both pathways produce IPP/DMAPP, their localization and purpose is 

different and exchange between IPP/DMAPP pools can occur, at least to some extent 

(Laule and others 2003). 
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It has been shown, that Tzs is capable to synthesize directly ZMP from AMP and 

HMBDP (Krall and others 2002); Z-type cytokinin levels increased in Arabidopsis plants 

overexpressing Tmr, while iP-type CK levels remained low (Åstot and others 2000). On 

the other hand, E. coli expressing Tmr secreted predominantly iP-type CKs (Fig. 11; 

Takei and others 2001a). Since KM values for both HMBDP and DMAPP are similar 

(Sakakibara and others 2005), the preference for either precursor may be given by their 

availability. Indeed, the concentration of HMBDP in plastids is 5-fold higher compared to 

DMAPP (Sakakibara and others 2005). The Z-type CKs in Arabidopsis overexpressing 

Tmr levels increased even after addition of metyrapone, the inhibitor of cytochromes 

P450 (Åstot and others 2000). The direct biosynthesis was also confirmed by labeling 

experiments (Åstot and others 2000; Sakakibara and others 2005). This implies major 

involvement of plastidial methylerythritol phosphate pathway (MEP) to Z-type CK pool in 

agreement with Tmr localization into plastids (Sakakibara and others 2005). 

The involvement of MVA pathway in CK synthesis has been traditionally 

considered to be low or any (Piaggesi and others 1997 and references therein). Dual 

labeling study of incorporation from both pathways into CKs has revealed almost 

exclusive incorporation from MEP pathway into tZ and iP type CKs (Fig. 15; Kasahara 

and others 2004). Only minor incorporation from MVA pathway was observed, what could 

be explained either by exchange between pools of both pathways as described before 

(e. g. Laule and others 2003) or by actual use of MVA pathway precursors, probably by 

cytosolic AtIPT4 and AtIPT7 (Kasahara and others 2004). Both theories can be evaluated 

by comparison with incorporation into abscisic acid (ABA), which was previously 

described to be synthesized by the MEP pathway (Hirai and others 2000). The 

incorporation into CKs should be approx. the same or higher, respectively, but it was 

actually even lower (Kasahara and others 2004). Although the influence of the cytosolic 

and mitochondrial AtIPTs should not be neglected, their expression is not insignificant 

and probably not relevant for designed experiment. 

On the other hand, the incorporation into cZ-type CKs was ambiguous. The 

incorporation into cZ-type CKs after addition of MEP and MVA pathway labeled 

 

Figure 15: Relative levels of 13C incorporation into CKs, ABA and CAM after addition of labeled 
intermediate of MEP (A) or MVA (B) pathways. The 13C incorporation was calculated using the 
molecular ion cluster after substraction of natural 13C abundance. (taken from Kasahara and 
others 2004) 
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precursors were approx. 60 and 75%, whereas for ABA and campesterol (CAM; 

proposed to be synthesized by MVA pathway) it was about 90 and 25% vs. 30 and 90%, 

respectively (Kasahara and others 2004). However, the levels of cZ-type CKs were 

lower, so in absolute numbers, the exchange of all CKs may be similar. 

Contrary, use of mevastatin, the inhibitor of cytosolical mevalonate pathway 

(MVA), decreased the deuterium incorporation into ZMP (Åstot and others 2000). Also, 

the application of lovastatin decreased CK level in tobacco BY-2 cells (Laureys and 

others 1998; 1999). 

Auxin has been shown to modulate Z levels both by decrease expression of the 

CYP735As (Takei and others 2004a) as well as by inhibition of the iP-independent 

pathway (Nordström and others 2004). 

Both de novo biosynthetic pathways are to date relevant only for trans-zeatin. 

Since, to date neither cis-hydroxylase has been identified in plants, nor isoprenoid 

precursor with hydroxyl group in cis-position has been found in nature, tRNA degradation 

is the only widely accepted source of cis-zeatin. Interestingly, in the Arabidopsis plants, 

with knock-out of AtIPT2, cZ level in tRNA was decreased, whereas in plants lacking 

AtIPT9 the levels of iP in tRNA decreased 25-times (Table 2; Miyawaki and others 2006), 

suggesting, that there could be some cis-hydroxylated side chain precursor.  

In Salmonella typhimurium the miaE gene was identified as tRNA 2-methylthio-

N6-isopentenyladenosine cis-hydroxylase (Persson and Björk 1993). It is not present in 

E. coli (Persson and Björk 1993) and the Clusters of Orthologous Groups (COG 

database) contains only 4 homologous proteins (Kaminska and others 2008) and our 

BLAST search on PubMed (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and TAIR 

(http://www.arabidopsis.org/Blast/ index.jsp) did not find any homologues in eukaryotes. 

Interestingly, the search on MaizeSeq (http://www.maizesequence.org/blast) found few 

proteins with significant homology (Table 3), some of them spanning whole length of 

sequence. It was shown, that miaE insertion mutant is unable to grow on the citric acid 

cycle intermediates (Persson and Björk 1993), however, the influence on enzymes of 

Table 2: Cytokinins released from tRNA isolated from tRNA IPT knockout plants. Measurements 
are nanograms of riboside equivalent per microgram of tRNA. ND, below detection limits.  (taken 
from Miyawaki and others 2006) 

Line tZR cZR iPR 

WT ND 2.13 ± 0.28 0.0740 ± 0.0113 

atipt2 ND 0.68 ± 0.10 0.0720 ± 0.0074 

atipt9 ND 1.36 ± 0.31 0.0027 ± 0.0006 

atipt2 9 ND ND ND 

atipt1 3 5 7 ND 2.26 ± 0.37 0.0685 ± 0.0073 

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.arabidopsis.org/Blast/%20index.jsp
http://www.maizesequence.org/blast
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glycolysis, citric acid cycle and respiratory chain has been ruled out and the reason has 

not been found (Persson and others 1998). Later, it was characterized as a nonheme 

diiron monooxygenase (Mathevon and others 2007). 

Another predicted source of cZ is activity of zeatin cis-trans isomerase (ZI). It was 

first described in and isolated from immature seeds of bean (Phaseolus vulgaris; Bassil 

and others 1993). The enzyme requires flavin and light; as well DTT was needed for the 

reaction and probably also for inhibition of CK degradation enzymes in measured plant 

extracts. Similar requirements were described for cis-trans isomerase of geraniol and 

geranyl phosphate (Shine and Loomis 1974). It was desribed, that in the presence of 

oxygen, product formation was only 25% of that observed in N2, thus the thiol compounds 

may be also necessary for establishment of reductive environment. On the other hand, 

flavin (both FAD and FMN can be used) must be in oxidized form, not reduced, although 

it can be partially reduced and in that case, the light is even not essential (Bassil and 

others 1993).  

The zeatin cis-trans isomerase has been purified using Mono-Q, Superose 12 

and Phenyl Superose with ~150-fold purification and 60% recovery. The last step was 

either polyacrylamide gel electrophoresis (PAGE) or Con A Sepharose. The PAGE 

Table 3: Results of BLAST search using miaE from Salmonella as query against maize proteome 
database. Only hits with E-value lower than 1E-05 are shown. 

 accession number score E-value % identity length

AC195387.3_FGP002 179 2.60E-08 32.85 137
GRMZM2G331652_P01 179 2.60E-08 32.85 137
AC194630.3_FGP004 155 2.20E-06 30.3 132
AC190732.3_FGP009 155 2.20E-06 30.3 132
GRMZM2G153096_P01 155 2.20E-06 30.3 132
GRMZM2G332049_P01 155 2.20E-06 30.3 132
GRMZM2G104363_P01 153 7.20E-06 30.43 138
AC197071.3_FGP006 152 3.30E-06 29.89 174
AC215195.3_FGP007 152 1.10E-05 29.45 292
GRMZM2G088313_P02 149 1.70E-05 23.98 246
GRMZM2G468404_P01 149 3.70E-05 26.07 303
GRMZM2G047198_P02 148 1.90E-05 30.81 211
GRMZM2G047198_P01 148 1.90E-05 30.81 211
AC211689.4_FGP002 148 2.00E-05 27.11 225
AC211689.3_FGP002 148 2.00E-05 27.11 225
GRMZM2G150934_P01 148 2.40E-05 27.11 225
GRMZM2G048763_P01 147 1.40E-05 28.9 218
AC217433.3_FGP002 147 2.60E-05 28.92 166
AC205399.3_FGP003 147 2.60E-05 28.92 166
AC198651.3_FGP006 142 7.00E-05 24.82 282
AC199207.3_FGP002 142 7.30E-05 27.01 274
GRMZM2G457929_P01 142 7.30E-05 27.01 274
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resulted in further 5-fold purification, 

though the recovery was only 10%. On 

the other hand, Con A chromatography 

yielded in additional 15-fold purification 

giving total 2271-fold purification with 

44% recovery (Fig. 16). However, since 

that time, no more further 

characterization has been performed and 

there are only few reports of zeatin 

cis-trans isomerase activity in vivo. For 

instance, after application of radioactively 

labeled cis-zeatin to potato (Solanum 

tuberosum L.) tubers, about 10% of 

recovered radioactivity was associated 

with trans-zeatin 4 and 7 days after 

application (Suttle and Banowetz 2000). 

Contrary, there are other reports, where 

no isomerization was detected (Nandi and Palni 1997; Kuroha and others 2002; 

Yonekura-Sakakibara and others 2004). Furthermore, in the Arabidopsis multiple IPT 

mutants, where either adenylate AtIPT1, 3, 5 and/or 7 or tRNA AtIPT2 and 9 were 

knock-outed, the levels of tZ or cZ type CKs were markedly reduced, respectively 

(Miyawaki and others 2006). If there was any zeatin cis-trans isomerase activity, the plant 

should be able to balance ratio between cis/trans isomers caused by multiple knockouts. 

This is in agreement with distinct origin of side chains of cZ and tZ in Arabidopsis with 

only very low exchange between MEP and MVA pathways (Fig. 15; Kasahara and others 

2004). However, the isolation of ZI from immature seeds of Phaseolus (Bassil and others 

1993) and the activity predominantly found only in young roots of maize (this work; see 

below), suggest that the ZI activity may be restricted to only some developmental stages 

contrary to other cytokinin metabolizing activities. 

The origin of dihydrozeatin (DHZ) is still unclear. The only source found to date is 

putative zeatin reductase (EC 1.3.1.69). The conversion of zeatin to corresponding 

derivatives of dihydrozeatin was first described in excised bean axes (Phaseolus 

vulgaris; Sondheimer and Tzou 1971). Later, it was detected in embryos of Phaseolus 

coccineus and P. vulgaris, but not of P. lunatus (Mok and others 1990) and in leaves of 

pea (Pisum sativum), but not in leaves of bean (Phaseolus vulgaris) and soybean 

(Glycine max; Gaudinová and others 2005). The enzyme was purified to near 

homogeneity and partially characterized (Martin and others 1989). The reaction was 

 

Figure 16: Coomasie brilliant blue stained SDS 
PAGE gel of pooled active fractions after each 
purification step. Protein in each line is from 10 µl 
of endosperm or multiple, if indicated. Lanes: 
1 - molecular markers; 2 - 30 to 60% ammonium
sulphate precipitation; 3 - anion exchange 
chromatography; 4 - Superose 12 FPLC; 
5 - Superose 12 FPLC (10×); 6 - Phenyl Superose 
FPLC; 7 - Phenyl Superose FPLC (10×); 
8 - PAGE; 9 - PAGE (50×). (taken from Bassil and 
others 1993) 
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NADPH dependent, but concentration higher than 0.25 mM was inhibitory. NADH did not 

work as proposed cofactor (Martin and others 1989). The bean enzyme did not require 

ATP nor cations (Mok and others 1990), but the pea enzyme was inhibited by addition of 

diethyldithiocarbamate, the chelating agent, suggesting, that a metal cofactor may be 

needed (Gaudinová and others 2005). The bean seeds contained two isoforms with 

estimated molecular weights 55 ± 5 and 25 ± 5 kDa (Martin and others 1989). The 

specific activity of purified enzyme was particularly low suggesting protein instability. 

The only identified substrate was trans-zeatin; cZ, tZR or tZOX were not accepted. The 

reverse reaction with DHZ and NADP has not been observed (Martin and others 1989). 

Activation of cytokinin nucleotides and nucleosides 

Cytokinins are de novo synthesized as low-active nucleotide mono-, di- or tri-

phosphates; the release of CKs from tRNA leads to nucleotide monophosphates. 

Historically it is considered, that the interconversions of the nucleotides, nucleosides and 

free bases are performed by enzymes of adenine metabolism. However, a low affinity of 

these enzymes toward cytokinins may be insufficient due to physiological concentrations 

of cytokinins in plant tissues that are up to six orders lower than those of adenine 

derivatives (Galuszka and others 2008). 

The cytokinin nucleotide phosphates, which can be in vivo dephosphorylated by 

phosphatases with broad substrate specificity, such as 5’-nucleotidase (EC 3.1.3.5; Chen 

and Kristopeit 1981) or by any abundant alkaline (EC 3.1.3.1) and acid phosphatase (EC 

3.1.3.2). Deribosylation of the cytokinin nucleoside can be mediated by enzyme activity of 

adenosine nucleosidase (EC 3.2.2.7). Arabidopsis mutants deficient in this enzyme 

accumulated more cytokinin nucleotides and nucleosides compared to wild type plants 

(Auer 1999; Auer 2002). Recently, novel uridine ribohydrolase URH1 has been 

characterized in Arabidopsis (Jung and others 2009). It has been shown to process iPR 

too, with KM about half of that for uridine and adenosine. However, the kcat was four 

orders of magnitude lower. Arabidopsis plants with either increased or decreased 

expression were constructed, but the levels of cytokinins have not been determined 

(Möhlmann, personal communication). 

It was demonstrated many times that exogenously applied free cytokinin bases 

are rapidly metabolized into corresponding nucleosides and nucleotides (e.g. 

Sondheimer and Tzou 1971; Letham and Zhang 1989; Suttle and Banowetz 2000). 

Reverse phosphorylation of nucleosides to nucleotides could be catalyzed by adenosine 

kinase (EC 2.7.1.20) as it was manifested for the recombinant enzyme from moss 

Physcomitrella patents (von Schwartzenberg and others 1998). Adenosine kinase 

isolated from tobacco cells also shows high affinity to cytokinins (Kwade and others 
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2005). Direct conversion of cytokinin free bases to nucleotides can be contributed to an 

activity of adenine phosphoribosyltransferases (EC 2.4.2.7; Schnorr and others 1996; 

Allen and others 2002). Contrary to wild type, Arabidopsis male sterile mutants deficient 

in this enzyme were not able to convert exogenously applied benzyladenine to 

corresponding ribotide (Moffatt and others 1991). Interestingly, one of the five 

Arabidopsis isoforms identified later shows a higher affinity to benzyladenine than to 

adenine (Schnorr and others 1996). In general, high concentrations of nucleotides and 

nucleosides are found in young seedlings and developing organs, probably due to an 

increased de novo synthesis. Therefore the demand for deactivation of free bases by 

their conversion back to nucleotides in planta is still questionable, notwithstanding that 

mentioned enzymes are usually constitutively expressed without the possibility of 

pronounced regulation. 

However, the recent discovery of cytokinin-specific phosphoribohydrolase (Lonely 

Guy, LOG; Kurakawa and others 2007) suggests, that also the other reactions may be 

performed by cytokinin-specific, yet unidentified enzymes. 

The Lonely Guy (LOG) was identified in rice plants with altered shoot meristems 

and reduction in panicle size and abnormal branching patterns as a consequence of loss-

of-function mutation (Kurakawa and others 2007). Originally it was annotated as lysine 

decarboxylase, but the co-occurrence of LOG homologues in operons with CK 

biosynthetic genes in some bacteria indicated involvement in cytokinin metabolism. 

Eleven and nine LOG genes have been identified in rice and Arabidopsis genomes, 

respectively (Kurakawa and others 2007; Kuroha and Sakakibara 2007). The cytokinin 

phosphoribohydrolase activity of Arabidopsis LOGs has been confirmed in vitro and in 

vivo (Kuroha and others 2009). The AtLOG9 misses the N-terminal third of the rice LOG 

sequence (Kuroha and others 2009) with the highly conserved PGGxGTxxE motif (Jeon 

and others 2006). Analyzed clone sequence of AtLOG9, together with AtLOG6 showed 

premature stop codon and thus they are probably pseudogenes. It was shown, that LOG 

works only with cytokinin nucleotide monophosphates, but not with di- or triphosphates, 

nucleosides nor with adenosine monophosphate (Kurakawa and others 2007), so the 

hydrolysis of β- and γ-phosphate by some phosphatase must precede. Regarding the 

cytokinin preference, the specificity towards isoprenoid AtLOG proteins is obvious 

(Fig. 17A; Kuroha and others 2009) with DHZRMP being generally the best substrate and 

tZRMP being slightly better substrate than cZRMP, whereas both were worst substrates, 

than iPRMP. The reactivity towards aromatic CKs differed more. The relative activities of 

AtLOG1, 2 and 3 with BARMP were less than 10% of their activity with iPRMP, whereas 

the activities of the other LOGs were higher, approximately 50% of this with IPRMP 

(Fig. 17A; Kuroha and others 2009). The plants expressing LOG genes under control of 
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inducible promoter showed significant increase in iP free base, 9-glucoside and 7-

glucoside and nucleotides were decreased, whereas the nucleoside remained 

unchanged (Fig. 17B). 

The biochemical properties of Arabidopsis LOGs are similar to the one 

characterized in rice in details, except of AtLOG2, whose KM and kcat were 4 and 2 times 

higher than of rice LOG. Interestingly, AtLOG2 is the least expressed protein of all 

Arabidopis LOGs (Kuroha and others 2009). Although the kcat/KM ratio for AtLOG8 was 

less than 1% of the corresponding value for rice LOG, the AtLOG8 overexpressing 

Arabidopsis plants showed the highest increase in iP, iP7G and iP9G (Fig 17B). It was 

the most strongly expressed AtLOG in wild-type plants, thus maybe compensating the 

low processivity. Arabidopis LOG family has differential temporal and spatial pattern of 

expression with generally higher transcript abundance in shoots than roots. Only AtLOG7 

have 5-fold higher expression in root than in shoot (Kuroha and others 2009). 

Interestingly, structure of AtLOG3 and AtLOG8 has been determined (Jeon and 

others 2006), before their CK phosphoribohydrolase activity has been recognized. The 

overall fold was highly similar and structure based search showed the highest similarity to 

putative lysine decarboxylases. The CASTp server identified a cleft, which contains the 

conserved motif PGGxGTxxE (Jeon and others 2006). 

 

Figure 17: (A) Substrate specificities of recombinant rice LOG and AtLOG proteins. Enzymes 
were incubated at their optimum pH with 100 µM cytokinin nucleotides. Error bars represent the 
standard deviation (n = 3). (B) DEX-inducible overexpression of AtLOG genes and changes in 
cytokinin levels. Transgenic Arabidopsis seedlings harboring vector pTA-7001 with indicated 
insert were grown for 17 days on MGRL agar medium and then transferred to MGRL agar 
medium with or without 10 µM dexamethasone (DEX). After 5 days, seedling roots were 
harvested and cytokinin content elucidated. (taken from Kuroha and others 2009) 
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Conjugations 

As mentioned above, the cytokinin free bases can be de/conjugated to 

ribosyl(phosphates) by enzymes of adenine metabolism.  

The N7- and N9-glucosides are resistant to hydrolysis and are thought to be 

inactivation forms. Thus they are discussed shortly below. 

Although the N3-glucosides have been detected in several plants (Letham and 

others 1975), their biosynthetic enzymes have not been detected yet. The DHZ and 

DHZOG, but not Z and ZOG, has been metabolized to DHZ3G in derooted radish 

seedlings (Raphanus sativus; McGaw and others 1985). Contrary to N7- and 

N9-glucosides, kinetin-N3-glucoside can be deglycosylated together with O-glycosides by 

maize β-glucosidase (Brzobohatý and others 1993).  

CKs with hydroxyl group on the side chain are capable to undergo 

O-glycosylations. The genes coding for glucosyltransfarases capable to glycosylate 

zeatins and topolins have been identified and enzymes has been characterized in many 

plants, e.g. in Arabidopsis, bean, maize and soybean (Hou and others 2004; Martin and 

others 1999a; 1999b; 2001; Veach and others 2003; Mok and others 2005; Meek and 

others 2008). The maize enzymes has been shown to utilize only cis-zeatin (Martin and 

others 2001; Veach and others 2003), so they are distinguished as cis-zeatin-O-β-D-

glucosyl-transferase (EC 2.4.1.215). The other group, trans-zeatin-O-β-D-

glucosyltransferase (EC 2.4.1.203), is capable to transfer xylosyl moiety from UDP-Xyl 

too (Martin and others 1999a; 1999b). Nevertheless, the Arabidopsis enzymes did not 

discriminate between both isomers and are able to efficiently glycosylate both zeatin 

isomers (Hou and others 2004). Extensive O-glycosylations occur in Phaseolus and there 

have been identified many cytokinin O-glycosyl-transferases. One of them is narrowly 

specific to only xylose conjugation (zeatin O-xylosyltransferase; EC 2.4.2.40; Turner and 

others 1987). 

The phenotype of maize plants, which generally accumulate predominantly 

cis-zeatin forms (Veach and others 2003; Václavíková and others 2009; Vyroubalová and 

others 2009), overexpressing transZOG from Phaseolus (Pineda Rodó and others 2008) 

resembled plants overexpressing the degrading enzyme – CKX by dwarfish shoot and 

increased root growth (e.g. Werner and others 2001). Interestingly, these plants had also 

feminized tassel florets (Pineda Rodó and others 2008). 

The hydroxylated aromatic cytokinins, topolins, as well as hydroxylated 

thidiazuron, have been shown to be substrates of O-glucosyltransferases (Mok and 

others 2005). There was preference of cisZOG and transZOG for ortho- and 

meta-topolins, respectively, on the base of structural similarity of respective derivatives 

with Z-type CKs. 
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The O-glycosyl derivatives are resistant to cytokinin degrading enzyme, CKX (see 

below) and are proposed to be storage forms as they can be cleaved by β-glucosidase 

(EC 3.2.1.21; Brzobohatý and others 1993). Both ZOG and β-glucosidase are thought to 

play important roles in maintaining appropriate levels of active CKs, as the biosynthetic 

genes work slowly (see above). In agreement, the β-glucosidase has been detected in 

places of high meristematic activity, e.g. elongation zone of young maize seedlings 

(Václavíková and others 2009). It is also present around vascular bundles, where it can 

participate in the cytokinin transport (Kristoffersen and others 2000). Although most 

β-glucosidases show broad substrate specificity, the one isolated from rape (Brassica 

napus) showed significant activity only towards zeatin O-glucoside (Falk and Rask 1995). 

Lupinic acid, the conjugate of zeatin and alanine, is produced in lupin seeds 

(Lupinus luteus) by zeatin 9-aminocarboxyethyltransferase (EC 2.5.1.50). The alanyl 

moiety donor is O-acetyl-L-serine and acceptor can be various N6-derivatives of adenine, 

but zeatin is the best one (Entsch and others 1983). It was shown, that the enzyme is 

inhibited by certain urea derivatives, but also by indole-3-acetic acid (auxin) and similar 

compounds (Parker and others 1986).  

The 2-methylthio derivatives of cytokinins are synthesized by miaB gene (for 

review see Persson and others 1994). It is known to be member of radical 

S-adenosylmethionine (SAM) enzymes (Gefter 1969; Kaminska and others 2008). This 

family comprises today more than 2800 members, which contain conserved motif 

CxxxCxxC nucleating [4Fe-4S] cluster (Pierrel and others 2002; Frey and others 2008; 

Kaminska and others 2008). MiaB is bifunctional protein involved in both thiolation and 

methylation of iP in tRNA (Pierrel and others 2004); two molecules of SAM are used, the 

first is used for thiolation after reductive cleavage of SAM by the [4Fe-4S] cluster and the 

second serves as source of the methyl group as shown by labeling experiments (Pierrel 

and others 2004). The enzyme strictly requires isopentenylated adenine in tRNA as 

substrate. Mutation in the miaA gene (tRNA IPT) in E. coli results in accumulation of 

unmodified adenine-37, but not 2-MetS-adenine-37. Adenine in position 37 of tRNATyr is a 

target for activity of both miaA as well as miaB producing 2-MetS-iP (Gefter and Russell 

1969). Substrate specificity of miaB, however, seems to be very tight as the tRNASec 

(reading UGA codon) contains iP, but is not methylthiolated (Schön and others 1989). 

Majority of cytokinins produced by pathogenic bacteria Rhodococcus fascians are 

methylthio-derivatives (Pertry and others 2009). Besides other cytokinin metabolizing 

genes, there were identified two ORFs in the pathogenic locus (fas-operon) with 

significant homology to S-adenosylmethionine-dependent methyltransferases, however, 

their methylthiolation activity towards free cytokinins has not been studied yet. 



- 34 - 

Deactivation of cytokinins 

The levels of biologically active cytokinins must be precisely maintained. Besides 

irreversible side chain cleavage the cytokinins can be glucosylated at N7- and 

N9-positions. The N-glucosides show generally low activity in bioassays (Letham and 

others 1983, Spíchal and others 2004) and are only weakly metabolized (Parker and 

Letham 1973; Parker and others 1978). N-glucosides showed high indifference to 

metabolic conversion in radish (Raphanus sativus) tissues and thus the N-glucosylation 

is considered as irreversible deactivating process (McGaw and others 1984; 1985). 

However, recombinant AtCKX proteins showed ability to degrade N9-glucosides and two 

of them even prefer iP9G as a substrate in acidic environment (Galuszka and others 

2007). 

Irreversible degradation 

The adenine derived cytokinins can be irreversibly degraded by oxidative 

cleavage of the N6-side chain (Fig. 18). The enzyme was known for long time; it was 

thought, that it is copper-containing amine oxidase (EC 1.4.3.6 Hare and van Staden 

1994). However, the amine oxidases are not able to cleave secondary amines and it was 

later shown, that the cytokinin degrading enzyme contains FAD as cofactor (Morris and 

others 1999) leading to classification as cytokinin oxidase (EC 1.4.3.18). Later it was 

shown that this enzyme works better with other electron acceptors than is oxygen and 

thus it was named cytokinin dehydrogenase (CKX; cytokinin dehydrogenase; 

EC 1.5.99.12; Galuszka and others 2001).  

As best electron 

acceptors has been classified 

compounds with p-quinone 

structure and 2,6-

dichlorophenol indophenol 

(Galuszka and others 2001). It 

was shown, that CKX can act in 

dual mode; in the 

dehydrogenase mode it highly 

prefers isoprenoid CKs, 

whereas in oxidase mode, the 

turnover rates of isoprenoid and 

aromatic CKs are similar 

(Frébortová and others 2004).  

 

 

Figure 18: Degradation of cytokinins by CKX leading to 
adenine and corresponding aldehyde. Adapted from 
Galuszka and others 2001. 
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The maize CKX has been localized to aleurone layer and accompanion phloem 

cells in stems. Co-localization with laccases suggests that endogenously produced 

phenolics could serve as an electron acceptor (Galuszka and others 2005). Recently, 

2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA), abundant phenolic 

compound in maize tissues, it's oxidative cleavage product 4-nitrosoresorcinol-

1-monomethylether (coniferron) and potentially also its free radical have been shown to 

serve as very potent natural electron acceptors of CKX (Frébortová and others 2010). 

The CKX proteins have been purified from maize (Morris and others 1999; 

Houba-Hérin and others 1999), barley and wheat (Galuszka and others 2001). In 

Arabidopsis have been identified 7 CKX genes (Bilyeu and others 2001); and the 

enzymes were extensively characterized in vitro (Galuszka and others 2007). 13 isoforms 

have been identified in maize (Vyroubalová and others 2009), some of them were 

heterogously expressed and characterized (Morris and others 1999; Houba-Hérin and 

others 1999; Massonneau and others 2004; Šmehilová and others 2009). 

Mode of Action 

The cytokinins act, as other signaling molecules, in very low concentrations (1 to 

50 pmol per gram of fresh weight; Galuszka and others 2008). It is accepted that they do 

not participate physically in processes, which they control, but rather they act through 

signaling cascade. Cytokinins act both as paracrine local signal in meristematic tissues 

and as distal signals e.g. for signaling of nutrition availability (Sakakibara 2006; Werner 

and Schmülling 2009). 

 

Figure 19: Comparison of prokaryotic (A) and eukaryotic (B) two component system. A presumed 
view with regard to pseudo two component signal transducers, such as phytochromes and the 
pseudo response regulator family members of higher plants is shown in C. (taken from Mizuno 
and Nakamichi 2005) 
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Two-component signaling – unification of bacterial and plant signaling 

The two-component signaling (TCS), also histidyl-to-aspartyl system or His-Asp 

phosphorelay, gained its name by the pattern of multiple transfer of phosphate group 

from histidine to aspartate. These cascades are found in bacteria, where genes encoding 

for two protein components can account up to 1% of whole genome (Mizuno 1997), as 

well as in plants and fungi, but not in animals. However, the eukaryotic system evolved to 

be more complicated and contains additional intermediate – histidine phosphotransfer – 

protein (Fig. 19). 

The first component of cytokinin signaling cascade is histidine kinase (HK), which 

passes the phosphate to the histidine phosphotransfer proteins (HP) and they further 

pass the signal into nucleus to the last component: response regulators of type B (RR-B). 

These work as transcription regulators and affect expression of the cytokinin target genes 

including response regulators of type A (RR-A), which inhibit the phosphotransfer from 

HPt to RR-B and thus work as negative feedback loop (Fig. 20). 

 

Figure 20: Schematic representation of current state of the art of cytokinin signaling. The 
cytokinin receptors, the histidine kinases, phosphorylate themselves in presence of cytokinins 
and transfer further the phosphate to the histidine phosphotransfer proteins (AHPs). However, in 
absence of cytokinins, AHK4 has phosphatase activity and dephosphorylates all AHPs. The 
transfer is inhibited by AHP6, which have substituted the conserved Asp for Asn. AHP2,3 and 5 
are fastly dephosphorylated by ARR22. The AHPs transfer the phosphate group to type-B 
response regulators, which work as transcription factors. One of their targets are also type-A 
response regulators, which inhibit the phosphotransfer from AHPs to type-B RRs. The invariant 
residues are marked (H - histidine; D - aspartate; N - asparagine). The phosphate group is 
marked by P in pink circle. The transmembrane domains of the HKs are shown as black dashes, 
the extracellular CHASE domain in yellow, the transmitter domain is shown in green and receiver 
and receiver-like domains in light blue with and without marked D, respectively. For more details 
see the text. 
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Histidine kinases must determine subtle differences 

In the Arabidopsis genome was identified 8 canonical histidine kineses, which can 

be divided into several subclasses (Fig. 21). The first subgroup encompasses ethylene 

receptors, ethylene resistant 1 (ETR1) and ethylene response sensor 1 (ERS1), which 

are associated with endoplasmatic reticulum (Guo and Ecker 2004). ERS1 is the only 

known plant non-hybride HK (Fig. 21); the other subgroup contains AHK1/AtHK1, 

putative membrane-bound osmosensor (Urao and others 1999), and CKI1 (cytokinin 

insensitive 1). CKI1 has debatable function; it was proposed to be involved in CK 

perception, production or having no role in CK signaling. It was shown to be involved in 

female gametophyte development (Pischke and others 2002) and in CK-independent 

vascular bundle formation (Hejátko and others 2009). However, plants expressing 

antisense CKI1 cDNA had altered CK profiles under nutrient stress (Glover and others 

2008). AHK5/CKI2 is unique as it lacks any transmembrane domain and is thus predicted 

to be cytoplasmic hybrid HK. The last subgroup consists of three characterized cytokinin 

receptors AHK2, AHK3 and AHK4/CRE1/WOL (Inoue and others 2001; Suzuki and 

others 2001; Ueguchi and others 2001; Higuchi and others 2004; Nishimura and others 

2004). 

 

Figure 21: Structural characteristics of canonical histidine kinases (AHKs; a), histidine 
phosphotransfer proteins (AHP; b), response regulators (ARR; c) and pseudo-response regulators 
(APRR; d) from Arabidopsis thaliana. (a) Black vertical bars transmembrane domains; striped 
rectancle extracellular CHASE domain of AHK2, 3 and 4; checked rectancles extracellular 
domains of CKI1 and AtHK1; open rectancles transmitter domains; open ovals receiver(-like) 
domains; crosshatched quadrate GAF-domain in ETR1 and ERS1; (b) open quadrate
phosphotransfer domain; (c) oval receiver domain; striped bar NLS; rhomboid GARP DNA binding 
domain; open parallelogram transactivation domain; (d) oval receiver-like domain; striped bar
NLS; rhomboid CCT domain; open parallelogram transactivation domain. D aspartate; E glutamic 
acid; H histidine. (taken from Trefen and Harter 2004) 
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 The CK receptors have several transmembrane domains spanning the extra-

cellular domain. It is called cyclases/histidine kinases associated sensory extracellular 

(CHASE),  as it is present in many receptor-like proteins with histidine kinase and 

nucleotide cyclase domains (Pas and others 2004). The CHASE domain was shown to 

be sufficient for cytokinin binding and crucial residues for CK binding were identified 

(Heyl and others 2007). The intracellular part contains a transmitter and receiver domains 

as well as receiver-like domain positioned between both previously mentioned. The 

transmitter and receiver domains contain invariant histidine and aspartate, respectively 

(Fig 21A).  

After ligand binding, the receptors form dimers, which phosphorylate each other 

and the phosphate group is transferred from the transmitter to receiver domain and 

further to the histidine phosphotransfer protein. In yeast two-hybrid system, interactions 

between AHK2 with itself, AHK2-AHK3 and AHK3-AHK4 were identified (Dortay and 

others 2006). Interestingly, AHK4, but not AHK2 and AHK3, was shown to possess 

phosphatase activity in absence of CKs (Fig. 20; Mähönen and others 2006b). 

The AHKs were shown to bind CKs in vivo, when expressed in E. coli lacking 

osmosensor resulting in cytokinin-dependent growth (Inoue and others 2001; Suzuki and 

others 2001; Yamada and others 2001). This system was also used to investigate the 

specificity of the HKs from Arabidopsis and maize (Spíchal and others 2004; Yonekura-

Sakakibara and others 2004). In maize, three genes for CK signaling HKs were identified 

with ZmHK3 being alternatively spliced (Yonekura-Sakakibara and others 2004; 

Vyroubalová and others 2009). AHK4 accepted only tZ and iP and meta-topolin, which is 

structural homologue of tZ (see ZOG part above) and gave 3-fold lower response. 

Similarly, its closest ortholog ZmHK1 showed high recognition between particular CKs 

with affinity: iP >> iPR ≥ tZ ≅ cZ > tZR > cZR. AHK3 accepted wider range of ligands with 

tZ and iP being the best, but cZ and DHZ still showed more than 50% affinity. Kinetin and 

benzyladenine were also accepted. ZmHK3b did not pass the signal further to 

downstream components of the signaling pathway. It could be involved in fine tunning of 

CK response. ZmHK2 and ZmHK3a bound all CKs tested with similar affinities, but 

ZmHK2 showed slightly higher affinity for tZ and tZR and ZmHK3 showed higher affinities 

for free bases than ribosides in order iP > tZ > cZ. 

Histidine phosphotransfer proteins – connecting input and output 

The histidine phosphotransfer proteins are responsible for transfer of 

phosphosignal from the histidine kinase to response regulators in nucleus. They form 

small gene family in Arabidopsis comprising of 6 proteins, from which five (AHP1-5) 

contain conserved histidine that is the target of phosphorylation and one (AHP6/APHP1), 
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which lacks this histidine. They were 

shown to interact directly with other 

components of cytokinin signaling 

cascade (e.g. Tanaka and others 2004; 

Dortay and others 2006) having partially 

redundant positive effect on cytokinin 

signal (Hutchison and others 2006) in 

agreement with overlapping expression 

pattern (Tanaka and others 2004). 

However, AHP4, which is close 

homologue of putative rice pseudo-HPts 

(Fig. 22), was shown to be partially 

negative regulator (Hutchison and others 

2006). AHP6, which lacks the invariant 

histidine, was shown to be inhibitor of 

cytokinin signaling (Mähönen and others 

2006a). AHPt1, 2 and 4 were shown to be 

located in nucleus in response to cytokinin 

treatment (Hwang and Sheen 2001; 

Yamada and others 2004). 

Response regulators and other transcription factors 

The response regulators (RR) are the final components in the cytokinin signaling. 

They are divided into several classes based on their structure. 

The type-A RRs are small proteins consisting of the receiver domain with short 

C-terminal extension. Although they do not contain nuclear localization signal (NLS), the 

GFP signal of particular fusion proteins was found in cytosol and nucleus (Sweere and 

others 2001) or accumulated in nucleus (Kiba and others 2002). Cytokinin treatment 

results in higher expression (To and others 2004) and in increased half-life (To and 

others 2007). They are negative regulators of CK signaling due to competition with 

type-B RRs for phosphosignal delivered by HPts (To and others 2004). Recently, ARR7 

and ARR15 were shown to be repressed by auxin (Müller and Sheen 2008). 

ARR22 and ARR24 share structural homology with type-A RRs, but sequence 

alignment revealed closer homology to receiver domains of histidine kinases (Fig. rB; 

Kiba and others 2004). However, they are not upregulated by CKs as other type-A RRs 

(Kiba and others 2004). Transcripts of ARR22 were predominantly detected in 

reproducing organs as flowers and siliques (Kiba and others 2004; Horák and others 

 

Figure 22: A phylogenetic tree of HPt amino acid 
sequences from plants. 1000 bootstrap replicates 
were used to construct the NJ tree, and bootstrap 
values as percentages are marked on the 
consensus tree. AHPs are highlighted in bold and 
predicted pseudo-HPts are in grey. (taken from 
Hutchison and others 2006) 
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2008). It was shown to interact in yeast and tobacco cells with AHP2, AHP3 and AHP5, 

but not with AHP1, AHP4, AHP6 or the transmitter domain of AHK3 (Horák and others 

2008). When ARR22 was incubated with AHP5 labeled with radioactive phosphate, the 

signal disappeared in 1 min from both proteins, but not in case, when ARR22DN (mutant 

unable to accept the phosphate group) was used. Meaning that ARR22 has a strong 

phospho-histidine phosphatase activity, in which the phospho-accepting aspartate 

residue is critically involved (Kiba and others 2004). As well, essential role of 

phosphoaccepting aspartate was confirmed in in vivo experiment. While, plants 

overexpressing ARR22DN or ARR22DE (simulating phosphorylated form) did not show 

any phenotype, plants overexpressing non-mutated ARR22 showed dwarfed growth 

(Kiba and others 2004). 

The type-B RRs have the receiver domain homologous to that in HKs (Kiba and 

others 2004) and C-terminal extension with NLS, GARP motif and a transactivation 

domain. The GARP motif (named after presence in proteins Golden2, ARR and Psr1) of 

~60 amino acids is related to the Myb repeat motif in Myb transcription factors. The 

GARP domain binding sites are over-represented in promoter regions of many CK 

primary response genes, including the type-A RRs (Sakai and others 2000; Rashotte and 

others 2003). They have been shown to be localized in nucleus and work as redundant 

positive elements in CK signaling (Hwang and Sheen 2001). Interestingly, ARR14 was 

shown to interact with AHK2 and ARR10 (type-B; Dortay and others 2006). 

In Arabidopsis, six Cytokinin Response Factors (CRFs) were identified as 

subclass of ethylene response factors, belonging to APETALA2-like superfamily 

(Rashotte and others 2006). Three of them showed induced expression after CK 

treatment. Despite, the other three very homologous genes do not directly react on 

cytokinin signal; their basal expression was significantly higher and thus could resemble 

cytokinin signaling function of above described respective RR proteins. They are also 

accumulated in nucleus in HK- and HPt-dependent, but ARR-independent, manner 

(Rashotte and others 2006).  

Recently, another class of transcription factors involved in CK signaling was 

described (Chevalier and others 2008). They are called GLABROUS1 enhancer-binding 

protein (GeBP; GPL (GeBP-like)). GeBP/GPL proteins are plant specific transcription 

factors and 4 out of 21 members share conserved C-terminal domain. They were shown 

to form homo- and heterodimers through the Leucine-zipper. They are involved in CK 

response indirectly through type-A RRs, because: 

I. The knock-out mutants are less sensitive to CKs and the levels of type-A 

RRs were elevated. 
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II. The levels of type-A RRs in the mutants are partially insensitive to 

exogenous CKs. 

III. Plants expressing GPL fused with strong activation domain showed 

reduced RR levels and increased sensitivity to cytokinins. 

In Arabidopsis were identified 9 pseudo response regulators (PRRs; Hwang and 

others 2002). They resemble structure of other RRs, but the phosphoryable aspartate in 

receiver-like domain is changed for other amino acids (Makino and others 2000). They 

are involved in circadian rhythm and probably act as nuclear transcription factors 

downstream of phytochromes, as they contain nuclear localization signal (for review see 

Grefen and Harter 2004; Mizuno and Nakamichi 2005). 

 



- 42 - 

Abbreviations 
ABA abscisic acid 

AHK Arabidopsis histidine kinase 

AIPT adenylate isopentenyl transferase (EC 2.5.1.27) 

CAM campesterol 

CK cytokinin 

CKX cytokinin oxidase/dehydrogenase 

Con A concanavalin A (Sepharose chromatography) 

cZ cis-zeatin 

DCHBS 3,5-dichloro-2-hydroxybenzenesulphonic acid 

DHZ dihydrozeatin (N6-(4-hydroxy-3-methylbutyl)adenine) 

DIMBOA hydroxamic acid 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one  

DMAPP dimethylallyl pyrophosphate 

DTT dithiothreitol 

FAD flavin adenine dinucleotide (oxidised) 

FADH2 flavin adenine dinucleotide (reduced) 

GFP green fluorescent protein 

HMBDP (E)-4-hydroxy-3-methyl-but-2-enyl diphosphate 

HP histidine phosphotransfere protein 

iP N6-(∆2-isopentenyl)adenine 

IPT isopentenyl transferase 

LOG Lonely Guy (cytokinin phosphoribohydrolase) 

MEP methylerythritol phosphate (pathway) 

MVA mevalonate (pathway) 

NLS nuclear localization signal 

OPAO Oat polyamine oxidase 

PAGE polyacrylamide gel electrophoresis 

Q0 2,3-dimethoxy-5-methyl-1,4-benzoquinone 

TCA trichloroacetic acid 

WT wild-type (plant; i.e. non-mutated) 

ZI zeatin cis-trans isomerase 

ZOG zeatin O-glucosyltransferase or zeatin O-glucoside 
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