biomolecules m\py

Review

Naturally Occurring and Artificial N9-Cytokinin
Conjugates: From Synthesis to Biological Activity
and Back

Hana Vyli¢ilova ¥, Magdaléna Bryksova 1'(%, Vlasta Matuskova !, Karel Dolezal 12
Lucie Plihalova ">*{ and Miroslav Strnad 2

1 Department of Chemical Biology and Genetics, Centre of the Region Hand for Biotechnological and

Agricultural Research, Faculty of Science, Palacky University, Slechtitelti 27, CZ-783 71 Olomouc,
Czech Republic; hana.vylicilova@upol.cz (H.V.); magdalena.bryksova@upol.cz (M.B.);
vlasta.matuskova@upol.cz (V.M.); karel.dolezal@upol.cz (K.D.)

Laboratory of Growth Regulators, Palacky University & Institute of Experimental Botany ASCR,
Slechtitelti 27, CZ-783 71 Olomouc, Czech Republic; miroslav.strnad@upol.cz

Correspondence: lucie.plihalova@upol.cz

t These authors contributed equally to the manuscript.

check for
Received: 7 April 2020; Accepted: 26 May 2020; Published: 29 May 2020 updates

Abstract: Cytokinins and their sugar or non-sugar conjugates are very active growth-promoting factors
in plants, although they occur at very low concentrations. These compounds have been identified
in numerous plant species. This review predominantly focuses on 9-substituted adenine-based
cytokinin conjugates, both artificial and endogenous, sugar and non-sugar, and their roles in
plants. Acquired information about their biological activities, interconversions, and metabolism
improves understanding of their mechanisms of action and functions in planta. Although a number
of 9-substituted cytokinins occur endogenously, many have also been prepared in laboratories
to facilitate the clarification of their physiological roles and the determination of their biological
properties. Here, we chart advances in knowledge of 9-substituted cytokinin conjugates from their
discovery to current understanding and reciprocal interactions between biological properties and
associated structural motifs. Current organic chemistry enables preparation of derivatives with
better biological properties, such as improved anti-senescence, strong cell division stimulation,
shoot forming, or more persistent stress tolerance compared to endogenous or canonical cytokinins.
Many artificial cytokinin conjugates stimulate higher mass production than naturally occurring
cytokinins, improve rooting, or simply have high stability or bioavailability. Thus, knowledge of the
biosynthesis, metabolism, and activity of 9-substituted cytokinins in various plant species extends
the scope for exploiting both natural and artificially prepared cytokinins in plant biotechnology,
tissue culture, and agriculture.

Keywords: cytokinin sugar conjugates; glucoside; riboside; D-arabinoside; disaccharides; cytokinin
nucleosides; plant biotechnology; meta-topolin; zeatin; plant tissue culture

1. Introduction

Plants must adapt to continuous changes in their environments, such as variations in temperature,
light, water status, nutrient availability, and pathogen attacks [1]. Many of these responses,
and developmental processes, are controlled by interactions or ‘cross-talk’ between phytohormones
(small organic signaling molecules) that include cytokinins (CKs), auxins, abscisic acid, gibberellins,
ethylene, jasmonates, strigolactones, and brassinosteroids [2]. The first discovery of a CK
(6-furfurylaminopurine, also known as kinetin, Kin), and its identification as a compound that
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strongly promotes cell division, in the mid-1950s [3,4], initiated intense investigations of CKs’ action
mechanisms. This was mainly due to the obvious utility of CKs in tissue culture, and subsequently in
plant biotechnology, agriculture, and horticulture [5,6]. We can distinguish two types of adenine-based
CKs according to the substitution at N6 atom of adenine moiety. While isoprenoid CKs (IsCKs) are
substituted by isoprenoid chain, aromatic CKs (ArCKs) by aromatic ring that can be further substituted
by another functional group (Figure 1) [7].
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Figure 1. Structure of naturally occurring cytokinin (CK) aminopurine derivatives. The R; determines
the type of side chain, Ry-R5 specify the type of CK conjugate.

Generally, CKs participate in control of cell growth and differentiation, and numerous physiological
processes in plants. They increase antioxidant activity in plant tissues, which (inter alia) limits
peroxidative damage of lipid membranes [8], and participate in chloroplast development [9], regulation
of photosynthesis and senescence delay [8]. Other CK roles include participation in shoot and root
growth [10], flowering [11], lateral bud formation [12], nitrogen accumulation in roots and translocation
to leaves [13], carbohydrate supply [14], and responses to diverse environmental signals [15].

Numerous compounds with CK activity have been identified and structural requirements for
CK activity have been formulated [16]. Naturally occurring CK free bases can be converted into
the corresponding nucleosides, nucleotides, and glucosides. CKs also often occur as N9-alanine
derivatives, but only free bases and ribosides seem to be biologically active [16]. Isoprenoid
Né6-isopentenyl aminopurine riboside (iPR) and trans-zeatin riboside (tZR) are commonly present in
plants and considered to be CK transport forms [17] while nucleotides are the key biosynthetic form.
Conversion of CK free bases to their N-glucosides usually leads to their inactivation [18]. Moreover,
6-benzylaminopurine (BAP) and Kin, which are widely used in many commercial tissue culture
techniques [19,20], due to their low cost and high efficacy, are probably the most well-known ArCKs [21].
Benzyalminopurine is used for the micropropagation of vast numbers of plant species [22-27]. Kin has
been usually used in mixtures with «-naphthalene acetic acid (NAA) in tissue culture of many plants
as well [28-32]. However, combinations of BAP and Kin in growth medium have often been used
for micropropagation [33-38]. In addition, both Kin and BAP are more stable in vivo than naturally
occurring IsCKs, which are more susceptible to fast degradation by CK oxidase/dehydrogenase, a key
CK degrading enzyme [39]. Although BAP is currently the most affordable and widely used ArCK in
tissue culture-based micropropagation, its utilization is associated with several disadvantages [40],
mainly lateral root inhibition, growth heterogeneity, problematic acclimatization of plants in the
greenhouse [41] and shoot tip necrosis [42]. Some authors attribute the inhibition of root initiation and
growth to extensive accumulation of non-active CK N9-glucosides in the shoot base [43] or activation
of ethylene production [44].

Hence, increasing research efforts have been geared toward enhancing the efficiency, and avoiding
negative effects, of the commonly used CKs on root development. Generally, the easiest way to change
the BAP properties is by a substitution on the benzyl ring [45,46]. However, CKs can also be substituted



Biomolecules 2020, 10, 832 3 of 28

at several other positions of the purine ring, such as N1, C2, N3, N7, C8, and N9 [47]. All substitutions
significantly influenced CK activity, but several N9-substituted CKs had no negative effects on
root elongation, which was attributed to prevention of irreversible formation of 9-glucosides [48].
Here, we review current knowledge on O-, N7-, and N9-glucosides, L- and D-ribosides, D-arabinosides,
deoxy-D-ribosides and other sugar CK conjugates. We also included some purely artificial mimetic
derivatives, such as 9-tetrahydropyran-2-yl, 9-tetrahydrofuran-2-yl, 9-halogenalkyls, and other CK
derivatives that are biologically active and could find potential applications in many important sectors,
such as agriculture, tissue culture, the cosmetic industry, and medicine.

2. N7- and N9-Sugar Cytokinin Conjugates

2.1. Cytokinin 7- and 9-Glucosides

Cytokinins can form N-glucosides, in which glucose may be attached to the N3, N7, or N9 atoms
of the purine moiety. CKs also form O-glucosides, in which glucose is linked via an oxygen atom bound
to the benzene ring or N6-side chain attached to N6 atom of adenine-based CKs. N-glucosides are
biologically stable and one of the most abundant naturally occurring CK forms. At certain circumstances,
they may account for approximately 80% of the total CK content in plants [17]. Different glucose
conjugates play different roles in CK transport, protection of CKs from degradation and reversible or
irreversible CK inactivation [10]. Conjugation to the N3 atom has been described rather rarely. It has
been assumed that both 7-glucoside and 9-glucoside formation is irreversible and inactivates CKs [49].
For example, it has long been known that BAP-9-glucoside (BAP9G) has weak activity in CK bioassays
and does not release appreciable amounts of free active BAP [50]. Both aromatic and isoprenoid
9-glucosides have been synthesized via condensation of 6-chloropurine-9-glucoside with appropriate
amines and found to be inactive in Amaranthus, tobacco callus, and senescence bioassays [51]. Moreover,
tobacco callus grew more slowly on media supplemented with CK 9-glucosides than controls that
received no CK treatment, and generally, 9-glucosylation dramatically reduced activities of all CKs
tested in these assays [52]. The 7- and 9-glucosylation generally almost reduce CK activity completely
in nearly all CK bioassays, including the radish cotyledon, Amaranthus betacyanin, oat leaf senescence,
and tobacco pith callus bioassays [52]. This is because 7- and 9-conjugates are usually resistant to
a-glucosidases, and thus cannot be hydrolytically converted into active CKs, unlike O-glucosides,
which are conjugated via an oxygen atom [21]. Moreover, none of the N-glucosides tested reportedly
triggered any response of Arabidopsis thaliana (L.) Heynh. CK receptors of Arabidopsis histidine kinase
(CRE1/AHK4, AHKS3) in a bacterial assay [53]. Very recently, distinct metabolisms of N-glucosides
of N6-isopentenyladenine (iP) and trans-zeatin (fZ) were described. Despite of iP, both N9 and
N7-tZ glucosides were cleaved to tZ free base [54]. Subsequently, constructed mathematical model
provides estimation of the metabolic conversion rates. However, supplementary experiments using
tritiated standards did not fully confirmed the findings. Therefore, in our opinion, because this study
is in contradiction with many observations published before, it needs to be confirmed by detailed
biochemical experiments before being fully accepted.

In the late 1980s, a novel zeatin-O-glucoside-9-glucoside was identified in young wheat
spikes in [55]. This diglucoside was subsequently detected in transgenic A. thaliana plants
overexpressing an IPT gene (encoding the key CK biosynthesis enzyme isopentenyl transferase)
as dihydrozeatin-O-glucoside-9-glucoside [56]. A phosphorylated form of zeatin-9-glucoside was also
identified. We can thus conclude that 9-glucosides are probably involved in homeostatic mechanisms
that control endogenous CK levels, and biological activities of the mentioned forms in three CK
bioassays are reportedly low.

Natural formation of N-glucosides has attracted significant interest over many years, because it was
considered to be a major barrier to the successful use of CKs in field applications [57]. Two enzymes that
catalyze 7- and 9-glucopyranosylation of BAP were found in soluble extracts of expanded cotyledons of
radish (Raphanus sativus L. cv. Long Scarlet) and purified more than 40 years ago [58]. In recent years,
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molecular approaches have been used to elucidate functions of various CK-specific glycosyltransferases
and CKs have been shown to be deactivated by uridine diphosphate glycosyltransferases (UGTs) [59].
Uridine diphosphate glycosyltransferases, also called 1-glycosyltransferases, are the most common plant
enzymes that catalyze transfers of sugar moieties from activated donor molecules to specific acceptor
molecules such as phytohormones, secondary metabolites, and amino acids [60,61]. Two closely related
A. thaliana genes encoding cytosolic enzymes with ability to catalyze CK N-glucosylation (UGT76C1
and UGT76C2) in vitro have been identified. Both recognize classical CKs such as tZ, dihydrozeatin
(DHZ), BAP, iP or Kin, and glucosylate them mainly at the N7 and N9 atoms, but not N3 atom [57].
However, the 7-H tautomer is the favored state, so the N7 is most available for glucosylation by
UGTs, and accordingly the two UGTs reportedly generate higher levels of 7-glucoside in vitro [57].
Subsequent experiments with transgenic plants confirmed that both glucosyltransferases can finely
modulate CK responses via N-glucosylation, but UGT76C2 seems to have stronger effects [62,63].

2.2. Cytokinin 9-Ribosides

2.2.1. IsCK 9-Ribosides

Isoprenoid CKs are ubiquitous in the plant kingdom [64] and regarded as the predominant type of
CKs [65]. More than 50 years ago, 9-ribosides of Kin and iP were found to be 2- to 5-fold less active than
their free bases in the tobacco callus assay [66], and effects of side alkyl chain hydroxylation on CKs’
growth-promoting activity in this bioassay were described [67]. Generally, the most striking effects
observed are that hydroxylation of the isopentyl or isopentenyl chains at the 4-position increases this
CK activity while hydroxylation at the 2- or 3- positions, reduces it. The same bioassay was also used
to test a series of N6-substituted (N6-butyl-, N6-N-2-propoxylethyl-, N6-n-2-butoxyethyl-, N6-geranyl-
and N6-farnesyl-) adenine ribosides (Figure 2). The N6-butyl and propoxyethyl adenosines showed
CK activity, although they were less potent than tZR. In contrast, the other compounds showed only
marginal or none CK activity [68].
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Figure 2. General structure of N6-substituted adenosines and their N6-substituents [68].
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In tobacco bioassays, none of the geometric or position isomers of ZR and other compounds closely
related to zeatin (Figure 3) was found to be more active than zeatin [69]. The 9-ribosyl derivatives of
tZ, cis-zeatin (cZ), trans-isozeatin, and cis-isozeatin were also prepared and found to be less active than

the original free bases [69].
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Figure 3. Compounds prepared and tested by Schmitz et al. in 1972 [69].
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Comparison of the cell-division stimulatory activity of iP and iPR in tobacco callus bioassay more
than 40 years ago [70], and numerous subsequent experiments have shown that free bases generally
have higher biological activity than corresponding ribosides [21]. Differences in relative activities
could be explained by differences in the perception and transmission of the CK signals by various CK
receptors. For example, the two A. thaliana CK receptors AHK3 and CRE/AHK4 are more sensitive
to the IsCK bases trans-zeatin and iP than their ribosides, but AHKS3 is more sensitive to ribosides
than CRE1/AHK4 in vitro and the ability of tZR to activate CRE1/AHK4 does not increase even after
prolonged incubation [53]. Therefore, it was assumed that ribosides have genuine biological activity,
with specificity for AHK3. Variations in ligand preference of three Zea mays L. histidine kinase receptors
(ZmHK1, ZmHK?2, and ZmHKS3a) have also been detected, with indications that ZmHK?2 is most
sensitive to ribosides [71].

Comparison of the activities of cis-zeatin riboside (cZR) and tZR isomers and iP, has also shown that
tZR is more active than ¢ZR in stimulation of cucumber cotyledon expansion, retention of chlorophyll
in detached leaf pieces, induction and stimulation of chlorophyll synthesis in cucumber cotyledons,
and betacyanin synthesis in Amaranthus caudatus L. seedlings grown in the dark [72]. In addition, iP was
less active than tZR in all these bioassays, but more active than ¢ZR in the induction and stimulation of
betacyanin and chlorophyll synthesis. Moreover, the ability of another IsCK, dihydrozeatin riboside
(DHZR), to delay senescence of carnation flowers is similar to that of the free base [73].

Cytokinins are also synthesized by some phytopathogens to disrupt the hormonal balance
and to facilitate niche establishment in their hosts. In pathology of Rhodococus fascians
and related microorganisms, methylated CKs, have been repeatedly shown to play an
important role [74-76].  Cytokinin ribosides can be methylated on side-chain or purine
moiety. Moreover, 6-(4-hydroxy-1,3-dimethylbut-trans-2-enylamino)-9-f3-D-ribofuranosylpurine
(1I-methylzeatin riboside), CK methylated on side chains, has been identified endogenously in
Pseunomonas syringae pv savastanoi. Tests with the naturally occurring CK 1’-methylzeatin, its riboside
and various derivatives have shown that they have stronger ability to stimulate synthesis of
chlorophyll in etiolated cucumber cotyledons than tZ and tZR, respectively [77]. In contrast,
dihydro-4’-deoxy-1’-methylzeatin riboside proved to be inactive, mainly due to absence of the
hydroxyl group at C4 of the side chain, and iPR was slightly active. Generally, the length of the alkyl
side chain and cis/trans isomerism reportedly influence CK activity, and the presence of a hydroxyl
group at the C4 atom seems to strongly promote it [77]. The same bioassay was used to test CK
activity of tZR and ¢ZR, and the ribosides were found to be less active than corresponding free
bases [78]. Fas operon of R. fascians is essential for the enhanced production of CK mix including
2-methylthio derivatives of the zeatin ribosides, which are also important part of the pathogenicity
mechanism [75,76].

Cytokinins are synthesized in many cell types, in both roots and shoots, and act both short and
long distances [79]. Generally, tZ-type CKs, mainly tZR, are transported from roots to shoots via
xylem, whereas IsCKs are transported from shoots to roots via phloem [80]. While ¢{Z is an active CK,
cZ shows only limited CK activity [53]. In response to nitrogen availability, plants are thought to be
able to modulate the relative ratio of tZ / tZR in xylem sap and allows them to fine-tune the manner of
shoot growth to adapt to changing environmental condition [81]. In addition, the ratio of cZ/tZ and
their ribosides changes in behalf of cZ type needed for root hair elongation and phosphate allocation
in the root during phosphate starvation [82]. Moreover, both tZR and cZR can reportedly suppress
chlorophyll degradation in an oat leaf senescence assay and maize leaf segments in a drop bioassay
but fZR more effective than cZR as well as in tobacco callus bioassay [64].

Cytokinin ribosides may also contain glucosyl conjugated via oxygen in the hydroxyl group of the
side chain of IsCKs [83]. These CK-riboside-O-glucosides, namely trans-zeatin riboside-O-glucoside
(tZROG), cis-zeatin riboside-O-glucoside (cZROG), dihydrozeatin riboside-O-glucoside (DHZROG),
and the corresponding o-glucosides of free bases, are endogenous CKs that have been recorded in many
species of vascular plants [84], for example Nicotiana rustica L. [85], Vinca rosea L. [86], Populus alba L. [87],
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and Tulbaghia L. [88]. They have also been detected in non-vascular plants, particularly in the moss
Physcomitrella patens (Hedw.) Bruch and Schimp., in which analysis of CK profiles revealed that cZROG
and tZROG were the most abundant intracellular conjugates of CKs [89]. Generally, O-glucosides of
zeatin-type CKs are considered important for storage and transport because they are resistant to CK
oxidase/dehydrogenase-mediated breakdown, and easily converted into the active form by the action
of 3-glucosidases [90]. Moreover, findings that tZROG is biologically active in an A. thaliana reporter
gene test but does not trigger responses by either CRE1/AHK4 or AHKS3 receptors of A. thaliana [53],
could be due to rapid breakdown of this metabolite, yielding biologically active free base in A. thaliana.
Evaluations of endogenous CKs’ distributions indicate that O-glucosides accumulate most strongly in
roots [88,91].

2.2.2. ArCK 9-Ribosides

Neither ArCK ribosides nor free ArCKs were identified as naturally occurring compounds for
many years after the discovery of CKs in plants, although many were prepared in the laboratory
and used widely in tissue culture almost immediately after their discovery. Their natural origin was
only confirmed with the reported isolation of 6-(2-hydroxybenzylamino)-9-3-p-ribofuranosylpurine
(ortho-topolin riboside, 0TR) from poplar leaves in 1975 [92] and from Zantedeschia aethiopica (L.)
Spreng. fruits in 1980 [93]. Kinetin riboside (KinR) was initially identified as a naturally occurring
conjugate in coconut water [94] and BAP 9-B-ribofuranoside (BAPR) has been identified in natural
plant (Cocos nucifera L.) material [95]. Benzylaminopurine 9-f-ribofuranoside is reportedly more
active than zeatin-9-riboside (1ZR) in the tobacco callus bioassay, both BAPR and tZR have high
activity in the Amaranthus bioassay (but lower than that of the corresponding free bases), and BAPR
has weaker anti-senescence activity than tZR [51]. Benzylaminopurine 9-3-ribofuranoside is also a
putative precursor of hydroxybenzylaminopurines (topolins) in plant tissues, and hydroxylation of the
benzyl ring at meta- and ortho- positions, yielding meta-topolin-9-riboside (mTR) and oTR, putatively
promote CK activity and/or deactivate BAPR [96]. Thus, for example, mTR and oTR reportedly
have higher and lower activity in CK bioassays than corresponding free bases meta-topolin (mT) and
ortho-topolin (0T), respectively [51]. Since their discovery, highly active mT and its riboside have been
employed for culture initiation, protocol optimization and for counteracting various in vitro induced
physiological disorders in many species. Evidence from various studies indicate the rising popularity
and advantages (although not universal for all species) of topolins compared to other CKs [97]. For
example, adding mTR to the culture medium during in vitro propagation of potato can significantly
improve survival rates [98]. Further, treatments including mTR provision can overcome the problematic
occurrence of necrotic shoot-tips associated with use of BAPR and its free base in micropropagated
Harpagophytum procumbens (Burch.) DC. ex Meisn. [42]. Moreover, in vitro regeneration rates of
explants of the orchid Ansellia africana Lindl. are significantly higher in mTR-containing media than in
other tested media [99], and it has proposed utility as an alternative to other commonly used CKs in
micropropagation of smoke bush (Cotinus coggygria Scop.) [100]. However, it should be noted that
there are plant species that respond better to other CKs than topolins; hence topolins should not be
taken as a panacea and must pass through the routine process of selection and optimization of tissue
culture protocol [97].

It should be emphasized that the hydroxyl group on the benzyl ring in mT allows reversible
O-glucosylation. Before or after O-glucosylation, the N9 position can be conjugated with ribose,
forming meta-topolin riboside-O-glucoside (mTROG), which has been detected as a main metabolite
of mT in all parts of micropropagated Spathiphyllum floribundum (Linden & André) N.E.Br. However,
mTROG can be easily cleaved in plant tissues by 3-glucosidases, and thus it penetrates plant tissue
with biologically active mT or its riboside. On the other hand, major metabolite of widely used BAP is
the highly stable and biologically inactive BAP9G, which accumulates in plant basal parts and might be
responsible for undesirable inhibition of root development. Plants treated with mT reportedly produce
significantly more, and longer, roots than counterparts treated with BAP during acclimatization [40].



Biomolecules 2020, 10, 832 7 of 28

Clearly, the presence of a hydroxyl group gives topolins a structural advantage over BAP, since it
allows formation of O-glucosides, which cannot be formed from BAP [5].

Recently, two endogenous ArCK isomers of topolins, ortho-topolin-9-riboside-O-glucoside
(0TROG), and meta-topolin-9-riboside-O-glucoside (mTROG) were detected in microalgae [101].
Roughly concurrently, two O-glucosides mTROG and para-topolin-9-riboside-O-glucoside (pTROG)
were detected in shoots of tissue-cultured Aloe polyphylla Pillans plants treated with BAP, at levels that
depended on the type of gelling agent used to solidify the medium [102].

Targeted searches for naturally occurring ArCKs in A. thaliana plants and Populus x canadensis
Moench cv. Robusta leaves led to the identification of two methoxy ArCK ribosides: 6-
(2-methoxybenzylamino)purine-9-riboside (ortho-methoxytopolin riboside) and 6-(3-methoxybenzylamino)
purine (meta-methoxytopolin-9-riboside, MemTR). In the same study, these compounds were found to
have higher CK activity in tobacco callus, Amaranthus, and detached wheat leaf senescence bioassays
than BAP and tZ [103]. Recently, MemTR was also found to have stronger anti-senescence effects
during early senescence than BAP in micropropagation of rose [104]. The high potential utility of
mTR and MemTR was subsequently studied to replace BAP and zeatin in micropropagation of A.
polyphylla [105]. Additionally, MemTR has shown high potential for promoting adventitious shoot
production in micropropagation of the endangered endemic shrub Barleria greenii M. Balkwill and K.
Balkwill [106]. In further recent studies of the effects of mT, mTR, meta-methoxytopolin (MemT), and
MemTR, micropropagated banana plantlets regenerated with MemTR had significantly longer roots and
higher shoot/root ratios than controls and BAP-treated plants. MemTR and mTR also induced higher
chlorophyll a/b ratios than BAP treatments, which were closer to the optimum for photosynthesis
during acclimatization [107].

Based on some of the findings described above, numerous BAPR analogues with various
substituents on the benzyl ring (Figure 4) were synthesized and their biological activities were
studied [45]. The results suggested that position-specific steric effects of the benzyl ring substituents
decrease CK activity, with strength declining in the following order: meta > ortho > para [51]. The highest
activities were observed in the wheat leaf senescence bioassay (WLS), in which some compounds delayed
senescence up to 2.2 times more efficiently than BAP, and almost 50% of the prepared compounds
were more active than BAP. It was assumed that substituents with high electronegativity enhance the
activity of aromatic ribosides, probably through hydrogen bond formation with electron donors of a
CK receptor [108]. This assumption was supported by the findings that fluoro derivatives are the most
active compounds [45]. Important variations in the selectivity of disubstituted derivatives were also
reported. For example, 6-(2,4-dichlorobenzylamino)purine-9-riboside was active in the tobacco callus
bioassay, but not in other CK bioassays, while 6-(3,4-dichlorobenzylamino)purine-9-riboside was active
in WLS and Amaranthus assays. Therefore, small changes in benzyl ring substitution can clearly lead to
significant changes in specificity of compound biological activity [45]. Interestingly, none of the prepared
BAPR derivatives significantly activated either of the A. thaliana CRE1/AHK4 or AHK3 CK receptors [45].
Thus, it was assumed that their biological activities involve other mechanisms. Furthermore,
two of these compounds, 6-(2-hydroxy-3-methoxybenzylamino)purine-9-3-D-ribofuranoside and
6-(2,4-dimethoxybenzylamino)purine-9-3-D-ribofuranoside, were isolated from A. thaliana and
Agrobacterium tumefaciens extracts, and identified as new plant growth substances [45].

Another derivative, 6-(3-fluorobenzylamino)purine-9-riboside (FBAPR), was found to promote
shoot multiplication significantly more strongly than BAP in rose micropropagation [104]. Similarly,
FBAPR treatment resulted in formation of significantly more, but smaller, new shoots during in vitro
cloning of Phalaenopsis amabilis (L.) Blume hybrids (which is generally characterized by slow growth
and low multiplication rates), than treatment with either 6-(3-fluorobenzylamino)purine (FBAP) or
BAP [109]. The results suggested that use of fluorinated BAPRs could substantially improve in vitro
micropropagation of P. amabilis [109].



Biomolecules 2020, 10, 832 8 of 28

X AN
R | SR | R
NH NH
N N
VTS NN
k Z m =
N~ "N N~ N
OH = ,OH
: 0
‘OH 7 YOH
HO (A) HO— (B) (C)

Figure 4. General structures of aromatic (A) 6-benzylaminopurine-9-3-D-riboside derivatives (R; = X, CHj3,
OCH3, OH, OCHF,, OCF;3, CF5 or a combination of these groups), (B) 6-benzylaminopurine-9-3-L-riboside
derivatives (R, = H, F, Cl, OCHj3 or OH) and (C) 6-benzylaminopurine-9-f3-D-arabinoside derivatives
(R3 = X, CH3, OCH3, OH, OCFg, CF3 or NHz)

In our opinion, there is enough evidence to conclude that 6-benzylaminopurine-9-f3-D-ribosides,
bearing appropriate substituent on the phenyl ring, have a great potential to be a solution to many
problems afflicting current tissue culture industry and agriculture in general (such as drought and
other abiotic stress tolerance).

Recently, the number of available N9-conjugates of ArCK sugars with halogen atoms on benzyl
ring has been extended by the preparation of new aromatic 2-chloro-6-(halogenobenzylamino)purine
ribosides and their biological activity was studied [46]. A group of 2,6-disubstituted CK derivatives
was also prepared by reacting 2,6-dichloropurine riboside with the appropriate benzylamines in the
presence of triethylamine in n-propanol [45] and their structures are shown in Figure 5.
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Figure 5. General structure of 2-chloro-6-disubstituted benzylaminopurine riboside derivatives,
where R = halogens [46].

Derivatives bearing a fluorine atom on the benzyl ring have generally strong activity in the WLS
bioassay; 2-chloro-6-(4-fluorobenzylamino)purine-9-riboside, the most potent compound, delayed
loss of 50% chlorophyll 1.96-fold longer than BAP [45,46]. The most active compounds are always
found among the derivatives bearing a halogen in the meta or para position of the N6-benzyl ring.
Moreover, high-throughput comparative gene expression analysis revealed that two tested halogenated
ArCK derivatives upregulated several genes associated with photosystems I and 1II, as well as other
components of the photosynthetic apparatus. Both compounds delayed the onset of senescence by
maintaining chlorophyll and carotenoid levels and increasing the relative abundance of light harvesting
complex II, thereby protecting photosystem II activity. Prepared compounds showed similar biological
activity to standard BAP in tobacco callus and Amaranthus bioassays. Most of the derivatives did not
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trigger CK signaling via the AHK3 and CRE1/AHK4 receptors from A. thaliana, but some of them
specifically activated the ZmHK1 receptor from Zea mays and were more active than BAP in the
ARRS5::GUS CK bioassay using transgenic A. thaliana plants [46].

It should be noted that halogenated ArCK ribosides can induce CK responses that could be caused
by their conversion to the free bases [21,46]. There may also be a different sensing mechanism for
ArCKs in plants [45] and there is strong evidence of the presence of another extracellular CK perception
system involving plasma-membrane-bound receptors [110].

Recently, several derivatives of 6-benzylamino-9-f3-L-ribofuranosylpurines were synthesized
(Figure 4) and their CK activities were measured [111]. These were prepared by one-step nucleophilic
substitution, starting with reaction of 3-L-inosine with corresponding benzyl amines in the presence of
Castro reagent and Hiinig base, largely following previously published procedures [112]. CK activity of
the newly prepared derivatives was tested in Amaranthus, tobacco callus, and WLS bioassays. Generally,
the L-enantiomers had significantly weaker biological activity in WLS bioassays than corresponding
D-enantiomers [111]. For example, classical meta-topolin-9-f3-D-riboside (D-mTR) had 2.37-fold higher
and its L-enantiomer had 3.44-fold lower activity than BAD, respectively. The D-ribosides were also
significantly more active in the tobacco callus bioassay [45].

A remarkable compound, detected in coconut milk, was 14-O-{3-O-[-D-galactopyranosyl-(1—2)-
a-D-galactopyranosyl-(1—3)-a-L-arabinofuranosyl]-4-O-(a-L-arabinofuranosyl)-$-D-galactopyranosyl}-
trans-zeatin riboside (G3A»-ZR) (Figure 6). The discoverers found that at least 20% of the CK activity
of coconut milk could be attributed to G3A-ZR [113]. Thus, G3A,-ZR is an order of magnitude more
potent than 1,3-diphenylurea and an order of magnitude less potent than {ZR. Its CK activity in
tobacco callus could be mediated by hydrolysis to zeatin and, in addition, this conjugate could be
preferentially accepted because it is water soluble, while zeatin and ZR are more lipophilic and have
lower solubility in water. Production of a highly water-soluble CK (or precursor) such as G3Ay-ZR
and its accumulation in coconut milk could be beneficial for nourishment of the immature coconut

embryo [113].
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Figure 6. Structure of 14-O-{3-O-[p-D-galactopyranosyl-(1—2)-a-D-galactopyranosyl-(1—3)-«-
L-arabinofuranosyl]-4-O-(o-L-arabinofuranosyl)-3-D-galactopyranosyl}-trans-zeatin riboside (G3 A»-ZR) [113].

Cytokinin ribosides and riboside monophosphates (ribotides) were commonly reported as
metabolites of exogenously applied CKs, and their interconversion was demonstrated by radiolabeling
in a study of lettuce seed germination. The results showed that exogenously applied ['*C]Kin
is rapidly metabolized in lettuce seeds to the corresponding nucleoside and nucleotide [114,115].
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Another endogenous ArCK ribotide (BAPR-5-monophosphate - BAPRMP) and isoprenoid CKs
(isopentenyladenosine-5’-monophosphate, dihydrozeatin- riboside-5’-monophosphate, and zeatin
riboside-5"-monophosphate) have been found in aerial parts of the coconut palm [95]. In tests of
trans-zeatin riboside-5'-monophosphate in CK receptor bacterial assays, it activated the CRE1/AHK4
but not the AHKS3 receptor. The ribotide was also active in the ARR5::GUS CK bioassay. Recently
described BAPRMP derivatives have potential medical uses because they have anticancer, antimitotic,
and pro-apoptoticactivities in animal and human cells [116]. Furthermore, a group of BAPR-5'-O-di- and
tri-phosphate derivatives have similar activities against selected cell lines to the parent ribosides [117].
The activity of such ribotides has also been recently patented [116].

2.3. Purine 9-(2'-Deoxyribosides) Cytokinin Conjugates

Purines substituted at N9 atom with 2’-deoxyribose are important components of various
biomolecules that are essential for physiological processes, e.g. DNA, and various signaling
molecules [118]. Test results ca. 30 years ago showed that zeatin-9-(2’-deoxyriboside) (tZ2’'dR)
and its monoacetyl and triacetyl derivatives were able to stimulate chlorophyll synthesis in
etiolated cucumber cotyledons but very weakly [77]. On the other hand, tZ2’dR inhibited the
DNA-polymerizing reaction catalyzed by DNA-polymerase I of Escherichia coli [119]. In addition,
cis-zeatin-2’-deoxyriboside reportedly had no CK activity in the tobacco callus bioassay [78]. Recently,
benzyl ring-substituted 6-benzylamino-9-(2’-deoxy-p-p-ribofuranosyl)purine derivatives (Figure 7)
have been prepared [112,120] and tested in various classical CK bioassays. The results showed that
attachment of a 2’-deoxyribosyl moiety to the N9 atom significantly enhanced the prepared derivatives
anti-senescence activity in the WLS bioassay, relative to activities of both corresponding free bases and
ribosides [120].
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Figure 7. Comparison and general structures of free base, riboside and 2’-deoxyriboside derivatives,
where R = X, OH, OCHj3, CH3, OCF3, CF; or a combination of these groups.

In the Amaranthus bioassay, replacement of ribose by a 2’-deoxyribose sugar moiety did not
significantly affect activity of most of the prepared derivatives, but the activity of some of them
reached the maximum level at ca. 10-fold higher concentration (100 pM) than BAP [120]. Furthermore,
6-(3-hydroxybenzylamino)-9-(2’-deoxyribofuranosyl)purine and 6-(3-methoxybenzylamino)-9-(2’-
deoxyribofuranosyl)purine reportedly have significantly higher anti-senescence and chlorophyll
maintenance activities than BAP in WLS assays. In contrast, most tested compounds had lower activity
than BAP in tobacco callus bioassay [120].

Purine 2’deoxy-nucleoside analogues have been reported to have antiviral potency.
Benzylaminopurine 9-B-ribofuranoside and N6-benzyl-2’-deoxyadenosine are active against
alphaviruses (Semliki Forest and Sindbis viruses) [121] and Human enterovirus 71 [122,123].

Generally, despite the fact that 2’-deoxyadenosines do not bind the CK receptor, they possess
an incredible anti-senescent activity in plant bioassays [120]. Thus, a simple synthetic exchange of
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the pentose sugar group on the N9 atom led to the preparation of substances, which are no longer
apparently CKs, but which have a high added value due to the preservation (and improvement) of
influencing leaf senescence.

2.4. Purine N9-Arabinosides and Their Precursors

More than 40 years ago, a small library of iP analogues substituted at N9 by a ribose or arabinose
with the side chain containing acetylenic, dimethylaminoethyl, pyridylmethyl, cyclopropylbenzyl,
or cyclopropylmethyl functional groups was synthesized and tested for CK activity in the tobacco
callus bioassay [124]. Most of them showed moderate or strong activity. Replacement of D-ribose by
D-arabinose or replacement of the isopentenyl side chain also lowered CK activity [124].

A group of 6-alkylaminopurine arabinosides was also prepared in the 1980s [125-128],
by transferring the arabinosyl moiety from a pyrimidine arabinoside to the purine aglycone [129].
These compounds were found to be selectively active against varicella-zoster virus [130]. This was
not surprising because the -anomer of 9-(D-arabinofuranosyl)adenine (Ara-A), and a series of N6-
or C8-substituted variants of Ara-A had been previously synthesized and found to have in vitro
antiviral activities against herpes simplex and vaccinia viruses as well [131]. Some other derivatives
8-amino-9-(3-D-arabinofuranosyl)adenine and 8,5’-anhydro-8-oxy-9-(j3-D-arabinofuranosyl)adenine
were also tested against vaccinium and herpes simplex [132,133]. However, the results showed that
the substitution of Ara-A’s C8-atom caused loss of antiviral activity against both tested viruses. Finally,
the tested derivatives carrying substituents at the N6 atom of the adenine moiety also had lower
antiviral activity than their parent compounds, except for N6-(3-naphthylmethyl)-Ara-A [131].

Recently, a new class of non-toxic CK 9-(3-D-arabinosides) (Figure 4) was prepared according
to a previously published protocol with a slight modification [112]. It is based on by reaction
9-(p-D-arabinofuranosyl)hypoxanthine with the corresponding benzylamines in the presence of
Castro’s reagent and Hiinig’s base [134]. In the Amaranthus bioassay, none of the derivatives had
stronger activity than BAP, and, in addition, they exhibited low or modest activity (6—40% of BAP
activity) also in the callus bioassay. These data suggested that the CK 9-(3-D-arabinosides) have only
weak CK activity. However, it is interesting to note that several of the new derivatives had similar or
higher activity in the WLS bioassay than BAP. These findings indicate that the new compounds can
specifically affect the physiological processes associated with senescence and/or stress without being
active CKs in receptor assays. Metabolic conversion of 6-benzyladenine arabinoside (BAPA) appears
to be similar to that shown by BAP and is related to the formation of inactive CK 7- and 9-glucosides
that are responsible for the aberrant root formation after BAP treatment [107].

2.5. Cytokinin Disaccharide Conjugates

In the early 1980s, a novel isoprenoid conjugate of tZR with a hexose moiety was identified by
analyses of MS spectra of Pinus radiata D. Don bud extracts, indicating that the hexose moiety,
attached to the ribose moiety, was probably glucose [135]. The zeatin disaccharide conjugate
was active in a soybean hypocotyl bioassay [135], and subsequently detected in buds of the
conifer Douglas fir [136]. Structures of three novel endogenous CK ribosyl-linked glycosides—
dihydrozeatin-9-glucopyranosyl riboside (DHZ9RG), 6-(2-isopentenylamino)purine-9-glucopyranosyl
riboside (iP9RG) and trans-zeatin-9-glucopyranosyl riboside (tZ9RG)—were identified (Figure 8) some
years later, together with their phosphorylated forms, in mature buds of P. radiata [137]. The cited
authors suggested that synthesis of these CK glycosides and their phosphorylated forms in conifers
must involve enzymes that do not participate in formation of glucosides and nucleotides of traditional
CKs [137]. Moreover, levels of phosphorylated CK disaccharides (tZ9RG and DHZ9RG) in P. radiata
positively correlated with numbers of fascicle needle primordia in the adult buds [138]. Disaccharides
have been found to be the major BAP metabolites formed during organogenesis in Gerbera jamesonii
Bolus [139] and were detected in Petunia hybrida Vilm. [140].
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Figure 8. CK disaccharides (Z9RG, DHZ9RG, iP9RG) reported by Zhang et al. (2001) and BAP9RG
reported by Auer and Cohen (1993) [138,140].

In both of these cases, the culture media were supplemented with BAP, so it appeared that in
the angiosperms new glycosides were synthesized from the aglycone present in the medium [137].
Moreover, 6-benzylaminopurine-9-glucopyranosyl riboside (BAPIRG, Figure 8) may be an important
component of the metabolic regulation of the pool of active CKs, which is responsible for shoot
organogenesis in culture [140]; it was also recently identified in tissues of the conifer Pinus pinea L.
during adventitious bud formation in vitro after BAP treatment [141].

The phosphorylated form of BAPIRG was subsequently identified in metabolic profiling of
mature P. radiata bud fragments cultured on BAP containing medium. In conclusion, BAP induces
reinvigoration of the mature buds, in which BAP is converted into metabolites including BAP9RG and
6-benzylaminopurine-9-glucopyranosyl riboside phosphate (BAP9RGP). Anatomical examinations
revealed that BAP inhibited development of secondary needle primordia and the reactivated meristem
regained the ability to produce green primary needles with juvenile characteristics [142]. Understanding
maturation of P. radiata, and other trees, is very important in clonal forestry, i.e., production of
genetically identical trees from the same parental material [138,143]. Due to the frequent isolation
of these disaccharides in conifers, it seems that these disaccharides have an irreplaceable function
in their development, which is related to further improvement that might follow in tissue culture of
tree species.

3. Non-Sugar N9-Substituted Cytokinins

A number of non-sugar 9-substituted derivatives of CKs have been described, several of which
occur naturally and were discovered in plant tissues, such as 9-alanyl derivatives [7]. Most non-sugar
9-substituted CKs have been prepared as mimetics of CK sugar conjugates in the laboratory
conditions [66,144-147]. We summarize current knowledge of these non-sugar 9-substituted CK
derivatives and their biological activity in the following sections.

3.1. 9-Alanyl Derivatives

Attachment of the amino acid alanine to the N9 atom of the purine moiety in zeatin results in
formation of 9-alanylzeatin and 9-alanyldihydrozeatin. These two naturally occurring isoprenoid CKs
were named lupinic and dihydrolupinic acid, respectively, because they were initially identified in
Lupinus angustifolius L. seeds [148]. Later, a novel transferase, which catalyzes conversion of zeatin
to lupinic acid, was isolated and purified from Lupinus luteus L. cv. Weiko III seeds [19,149]. Lupinic
acid is metabolically stable, but inactive or much less active than zeatin in CK bioassays, such as
tobacco callus and radish cotyledon assay [149,150]. In contrast, lupinic acid has appreciable activity
in soybean callus and Amaranthus bioassays [150], so its apparent CK activity acid depends on the
assay. Release of free zeatin from lupinic acid has been observed, indicating that alanine conjugates
may serve as potential storage rather than deactivation forms [151].
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3.2. Synthetic 9-Substituted Alkyl, Cycloalkyl, and Halogenoalkyl CK Derivatives

Substitution at the purine N9 atom with alkyl or cycloalkyl groups significantly affects CK activity.
Almost 50 years ago, it was reported that 9-methoxymethyl, 9-propyl, and 9-cyclohexyl derivatives
of BAP (Figure 9) are less active than the free base in tobacco and soybean bioassays [144]. Several
9-substituted halogenoalkyl derivatives of BAP were also tested in the soybean senescence assay.
The most potent, 9-(4-chlorobutyl), had slightly more ability than BAP to promote chlorophyll retention
in intact soybean leaves. Its activity is probably due to easy dealkylation and release of free BAP, but in
general, the mode of action of such 9-alkyl CK remains unclear [145].

(@)
AN gy re G R/\)ko/\ RJ\O/\

OH

HN
NN
m _ N> R/\/\/\/\/\CHO R/\/\/\/\/Y\OH
N \
R

Figure 9. Structures of aliphatic chains substituted at the N9 atom of BAP [145].

Subsequently, series of 9-substituted ethyl derivatives of four naturally occurring CKs (tZ, cZ,
DHZ, iP Figure 10) were synthesized [146]. All of these derivatives were less active than the parent
CKs in the soybean callus bioassay and their relative activities were more dependent on the structure
of the isoprenoid side chain. The results clearly showed the importance of the structure and size of N9
substitutions and indicated that steric effects cause much lower losses of biological activity than the
polarity of the substituent functional groups [146].
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Figure 10. Structures of compounds prepared by Corse et al. (1989). On N6 (R1): tZ, cZ, DHZ, and iP
side chains. On N9 (R2): 2-carboxyethyl, 2-carbo-t-butoxyethyl and 2-nitriloethyl) [146].

Early experiments showed that many CKs (for example, Kin, ¢Z, and BAP) can delay senescence
in detached leaves of various plant species, such as wheat, soybean [145,152], barley [153], rice [154],
and oat [155]. These studies also showed that CKs can prolong the lifespan of cut carnation flowers [156].
Many CK derivatives have been prepared and tested, including various alkyls, halogenoalkyls and
cycloalkyls, inter alia a group of 9-substituted Kin derivatives with halogenoalkyl, aliphatic or cyclic
ether, and carboxylic chains (Figure 11) [157]. Derivatives substituted at the N9 atom with a short
halogenoalkyl (chloroethyl, bromoethyl) have higher activity in tobacco callus bioassay than Kin,
and derivatives with an aliphatic group and/or cyclic ether at the N9 atom have significant activity in
this assay [157].

In the Amaranthus bioassay, these halogenoalkyl Kin derivatives were found to be only slightly
active. Generally, the aliphatic and cyclic ethers were the most active, followed by halogenoethyl
and halogenobutyl derivatives, while substances bearing 9-carboxylic chains were totally inactive.
Halogenoalkyl derivatives also significantly delayed senescence, and their activity seems to depend on
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both the length of the alkyl chain and the halogen atom. CKs with short N9-halogenoalkyls (chloroethyl
or bromoethyl) had the highest activity [157].
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Figure 11. Structures of Kin derivatives prepared by Mik et al. (2011) [157].

Subsequently, a series of iP derivatives specifically substituted at the purine N9 atom by
ethoxyethyl and C2-C4 alkyl chains terminated by various functional groups (Figure 12) were
prepared [158]. These compounds were synthesized using a previously described procedure [159] with
slight modification.
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Figure 12. Structures of iP derivatives prepared by Mik et al. 2011 [158].

Substitution at the purine N9 atom with ethoxyethyl-, acetoxy-, azido-, 4-chlorobutyl-,
and 3-cyanopropyl groups significantly improved iP cell-proliferation activity in tobacco callus
bioassay. Generally, most of the derivatives showed high activity in the Amaranthus bioassay. However,
the prepared derivatives did not show antisenescence activity in the WLS assay [157], probably because
iP itself has much weaker activity in this bioassay than other CKs, such as BAP, Kin, and tZ [158].

N9-methylated CK antagonist 6-(2-hydroxy-3-methylbenzylamino)purine (PI-55, Figure 13),
has also been synthesized and tested in CK bioassays [160]. PI-55 was the first identified CK receptor
antagonist. This ‘anti-cytokinin’ has strong inhibitory effects on CK-induced responses in various
bioassays, but also accelerates germination of A. thaliana seeds and promotes both root growth and
formation of lateral roots [161]. However, methylation of the N9 atom caused complete loss of CK
activity in all of three CK bioassays used to test them [160].

CHs;
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Figure 13. Structure of N9-methylated PI-55 [160].
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It seems that alkyl substituent at N9 atom does not have exclusive effect on CK activity itself. It is
rather the combination of appropriate 9-alkyl and functional 6-substitution of adenine, often containing
hydrocarbon residue with suitably located oxo or hydroxyl groups.

3.3. 9-(Tetrahydropyran-2-yl) and 9-(Tetrahydrofuran-2-yl)ated CKs

In a study reported in 1967, 6-benzylamino-9-(tetrahydropyran-2-yl)purine (BAP9THP) was
prepared and found to promote chlorophyll retention (and senescence delay) in plant tissues
exceptionally strongly, and growth of tobacco callus almost as strongly as BAP. Its high activity
was attributed to the lability of the 9-substituent [66]. Other early studies showed that some synthetic
BAPI9THP derivatives could stimulate tiller bud elongation in cereals [162] and increase numbers of
apple and grape fruits [163,164]. A comparative study published in 1981 demonstrated that activities
of BAP and various 9-substituted derivatives in the promotion of lettuce seed germination declined in
the following order: BAP = 9-BAP9THP > 9-methyl BAP > 9-methoxymethyl BAP > 9-cyclopentyl
BAP > 9-cyclohexyl BAP [115]. Later, 6-benzylamino-9-(tetrahydrofuran-2-yl)purine (BAP9THF) was
prepared, its impact on leaf senescence was studied, and both BAP9THP and BAP9THF were found
to delay senescence and induce several growth responses more strongly than BAP. The increased
senescence-retarding activity of these compounds was at least partially attributed to the gradual
cleavage of pyranyl or furanyl and release of free base there form [145]. 6-benzylaminopurine and
BAPITHP have been reported to induce adventitious shoot formation significantly more strongly than
iP or Kin [165]. Generally, 2-tetrahydropyranyl and 2-tetrahydrofuranyl cyclic ether groups are widely
used in organic chemistry as protective groups and can be easily removed in acidic conditions [166].
The 9THP- or 9THF-substituted Kin and other 9THP and 9THF ArCKs have significant anti-senescence
effects, as previously described for BAP [115].

In attempt to improve specific biological properties of CKs reported in 2009, a number of new
hydroxyl and/or methoxy benzene ring-substituted 9THP and 9THF CKs (Figure 14) were synthesized
and tested [147]. They were prepared via the condensation of 6-chloropurine with 3,4-dihydro-2H-pyran
or 2,3-dihydrofuran, catalyzed by trifluoroacetic acid, followed by coupling of the intermediates with
corresponding benzylamines [147].
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Figure 14. General structures of 9THP and 9THF ArCK derivatives (R = OH, OCHj or their
combination) [147].

The 9THP and 9THF ArCKs were found to have higher activities than corresponding free bases in
tobacco callus, WLS, and Amaranthus bioassays. Not all the prepared 9THP and 9THF derivatives are
entirely stable at pH < 4, because they slowly decompose to their free bases [147].

In 2012, 6-(3-methoxybenzylamino)-9-(tetrahydropyran-2-yl)purine (3MeOBAP9THP) derivative
showed that it does not inhibit the primary root growth compared to the parent CK
6-(3-methoxybenzylamino)purine (3MeOBAP) [41]. Besides, the compound showed a positive
impact on the growth of the aerial part compared to free base, all in the nanomolar (8 to 40 nM)
concentration range [41]. This may be due to stimulation of ethylene biosynthesis, which correlated
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with observed root phenotypes and the strength of inhibition of root cell elongation. Root inhibition is
probably caused by the formation of 9-glucosides, as explained above. An appropriate substituent
at the purine N9 atom blocks its fast glucosylation and can thus protect the active CK from
deactivation and prevent the primary root inhibition. Metabolic analysis with radioactively labelled
3MeOBAPI9THP has revealed that the THP group can be slowly eliminated in vivo and its application
indeed results in a significantly lower total content of inactive glucosides than treatments with
unprotected 3MeoBAP [41]. In a study published the following year, the effects of 3MeOBAP9THP,
6-(3-methoxybenzylamino)-9-(tetrahydrofuran-2-yl)purine (3MeOBAP9THF), and 3MeOBAP on root
elongation were compared [48]. 6-(3-methoxybenzylamino)-9-(tetrahydrofuran-2-yl)purine had a
much weaker inhibitory effect than 3MeOBAP, but its ability to compete with tritium-labelled ¢Z for
the activation site of the A. thaliana CRE1/AHK4 receptor in competitive receptor tests was comparable
to that of 3MeOBAP [48]. Subsequently, physiological effects of these compounds have been tested in
a number of micropropagation protocols, inter alia for horticultural and medicinal plants [167-169].
The results of their testing showed effects in diverse processes, e.g. acclimatization of micropropagated
‘Williams’ banana [170,171]. It indicates that these second-generation ArCKs have great potential for
improving in vitro regeneration techniques for various economically important and endangered plants.

Recently, a large collection of 8-substituted 9THP CK derivatives was also synthesized [172].
Most were generated via multiple synthesis following previously published protocols [173-175]
and substitution of the halogen atom at position C8 with a nucleophile (amine or alcoholate) to
afford 8-substituted-9-THP-CK. The CK activity of all the compounds was determined in classical
CK bioassays In the WLS assay, prepared compounds with a THP group generally had lower CK
activity than the parent compounds. However, 8-chloro-9THP-iP and 8-bromo-9THP-iP exhibited
very high activity over a wide concentration range, from 0.1 to 100 pM, in the tobacco callus bioassay
(8-15% stronger activity than 1 uM BAP). Furthermore, all 8-substituted CKs with a 9THP group had
comparable activities to their parent compounds (tZ, iP, and BAP) [172].

In view of the above structure-activity relationships resulting from the synthesis and testing
of various 9-substituted ArCKs, new 9-substituted Kin derivatives were prepared and their
antisenescence activity in WLS assays was investigated [176]. Seven Kin derivatives and analogues
were prepared via nucleophilic substitution of 6-chloro-9-(tetrahydrofuran-2-yl)purine or 2,6-dichloro-
9-(tetrahydrofuran-2-yl)purine with the appropriate amines. The most potent derivatives had slightly
higher activity than BAP in WLS bioassays, similar to that of a previously synthesized compound,
6-furfurylamino-9-(tetrahydrofuran-2-yl)purine (Kin9THF).

Tetrahydropyranylation/tetrafuranylation of known CKs started a new era in the implementation
of novel class of CK derivatives in tissue culture—their potential lies mainly in a small design change—a
suitable easily removable substitution on N9 atom of purine, which prevents the formation of unwanted
9-glucoside associated with root inhibition. Besides, selected known CKs or newly developed mimetics
of BAP and Kin substituted by these THP or THF groups retain very special antisenescent properties
of CKs.

In Table 1, we list derivatives with such combinations of N9, N6, C2 and C8 substitutions that
were significantly more active than the widely applied classical CK compounds BAP, Kin and iP in
three basic CK bioassays in the last 15 years.
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Table 1. Summary of substitutions at N9, N6, C2, and C8 atoms, and their combinations, that resulted in compounds with significantly higher activity than appropriate
standards in indicated CK bioassays.

Position of the Substituent on the Purine Ring

Bioassay Std. N9 N6 c2 cs Ref.
2-chlorobenzyl-, 3-chlorobenzyl-,
2-bromobenzyl-, 3-bromobenzyl-,
3-iodobenzyl-, 3,5-difluorobenzyl-, H H [45]
-D-ribofuranosyl- 2,4,5-trifluorobenzyl-, 2-chloro-4-fluorobenzyl-,
2-trifluoromethylbenzyl-,
3-trifluoromethoxybenzyl-
2-fluorobenzyl-, 3-fluorobenzyl-,
4-fluorobenzyl-, 2-chlorobenzyl-,
3-chlorobenzyl-, 2-bromobenzyl-, c H [20]
3-bromobenzyl-, 4-bromobenzyl-, 3-iodobenzyl-
BAP 3-hydroxybenzyl-, 2-fluorobenzyl-, 4-fluorobenzyl-,
Amaranthus ) ' 2-chlorobenzyl, 3-chlorobenzyl-,
caudatus 2’-deoxy-f-D-ribofuranosyl- 2-bromobenzyl-, H H [120]
betacyanin 3-br0m})enzy1—, 2-methybenzyl-,
2-trifluoromethylbenzyl-
3-aminopropyl-,
. tenvl-. furfurvl- H 4-aminobutyl-, [172]
tetrahydropyran-2-yl 1sopentenyt, turtury methylsulfanyl-,
dimethyl-, allyl-
benzyl- H H [147]
tetrahydrofuran-2-yl benzyl-, 2-methoxybenzyl-, 3-methoxybenzyl- H H [147]
thiofen-2-yl- Cl H [176]
tetrahydropyran-2-yl,
P ethoxyethyl-, 2-bromoethyl-, isopentenyl- H H [158]

2-chloroethyl-,
4-ethoxy-4-oxobutyl-
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Table 1. Cont.

18 of 28

Bioassay Std.

N9

Position of the Substituent on the Purine Ring

Ne6

Cc2

(&}

Ref.

BAP
Senescence
(WLS)

-D-ribofuranosyl-

2-fluorobenzyl-, 3-fluorobenzyl-,
4-fluorobenzyl-, 2-chlorobenzyl-,
4-chlorobenzyl-, 2-methylbenzyl-,
3-methybenzyl-, 2-methoxybenzyl-,
3-methoxybenzyl-, 3,4-dichlorobenzyl-,
2,3-dimethoxybenzyl-, 2,4-difluorobenzyl-,
3,5-difluorobenzyl-, 2,3,4-trifluorobenzyl-,
2,3,6-trifluorobenzyl-, 2-chloro-4-fluorobenzyl-,
3-chloro-4-fluorobenzyl-, 2-hydroxy-5-methylbenzyl-,

2-difluoromethoxybenzyl-

[45]

2-fluorobenzyl-, 3-fluorobenzyl-, 4-fluorobenzyl-,
2-chlorobenzyl-, 3-chlorobenzyl-,4-chlorobenzyl-,
3-bromobenzyl-, 4-bromobenzyl-

-D-arabinofuranosyl-

benzyl-, 2-fluorobenzyl-, 3-fluorobenzyl-,
4-fluorobenzyl-, 3-chlorobenzyl-,
2-methoxybenzyl-,3-methoxybenzyl-,
3-hydroxybenzyl-, 3-methylbenzyl-,
2,5-difluorobenzyl-, 3,5-difluorobenzyl-

[134]

2’-deoxy-p-D-ribofuranosyl-

benzyl-, 2-hydroxybenzyl-, 3-hydroxybenzyl-,
4-hydroxybenzyl, 3-methoxybenzyl-, furfuryl-
2,5-dimethoxybenzyl-, 2-fluorobenzyl-, 3-fluorobenzyl-,
4-fluorobenzyl-, 2-chlorobenzyl-, 3-chlorobenzyl-,
4-chlorobenzyl-, 2-bromobenzyl-, 3-bromobenzyl-,
4-bromobenzyl-, 2-methylbenzyl-, 3-methylbenzyl-,
2-trifluoromethylbenzyl-, 3-trifluoromethylbenzyl-,

[120]

tetrahydropyran-2-yl

benzyl-, 3-hydroxybenzyl-,
2-methoxybenzyl-,

[147]

tetrahydrofuran-2-yl

benzyl-, 3-hydroxybenzyl-

[147]

tetrahydrofuran-2-yl-, thiofen-2-yl-,

5-methylthiofen-2-yl-

[176]

tetrahydrofurfuryl-

Cl

I T || T

[176]

Kin

2-bromoethyl-, 2-chloroethyl-,
4-chlorobutyl-, 1-ethoxyethyl-,
tetrahydrofuran-2-yl

furfuryl-

T

[157]
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Table 1. Cont.
. Position of the Substituent on the Purine Ring
B
toassay Std. N9 N6 c2 c8 Ref.
2-fluorobenzyl-, 4-fluorobenzyl-, H H [45]
f3-D-ribofuranosyl- 2-bromobenzyl-, 2-methoxybenzyl-
2-flourobenzyl-, 3-fluorobenzyl-, 4-fluorobenzyl-, al H [46]
2-chlorobenzyl-, 3-chlorobenzyl-, 4-bromobenzyl-

2’-deoxy-f-D-ribofuranosyl- benzyl-, 4-fluorobenzyl-, furfuryl- H H [120]

2-aminoethyl-,

3-aminopropyl-,
isopentenyl-, furfuryl- H 4-aminobutyl, [172]

BAP tetrahydropyran-2-yl P Y y 6-aminohexyl-,

Tob 1 methoxy-,

obaccocalius 2-hydroxyethyl-
benzyl- H H [147]
etrahydrofuran-2-yl furfuryl-, thiofen-2-yl, 5-hydroxymethylfuran-2-yl- H H [176]
furfuryl-, tetrahydrofurfuryl-, thiofen-2-yl- Cl H [176]

ethoxyethyl-, acetoxy-,
iP 2-azidoethyl-, 4-chlorobutyl-, isopentenyl- H H [158]
3-cyanopropyl-
2-bromoethyl, 2-chloroethyl-,

Kin 1-ethoxyethyl-, furfuryl- H H [157]

tetrahydrofuran-2-yl
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4. Conclusions

The objective of this review was to describe, as far as possible, the endogenous occurrence,
synthesis, and biological activity of numerous sugar and non-sugar 9-substituted CK derivatives.
We have also covered their natural occurrence in plants in relation to their biological properties, toxicity
and effects on plant growth and development, especially root and shoot development. We have
summarized knowledge regarding natural disaccharide conjugates that are soluble in water, and thus
particularly attractive for use in tissue culture. We have also summarized historical progress in their
discovery and synthesis of these derivatives and highlighted several structural aspects of 9-substituted
CKs and CK-like compounds, as well as their relationships to biological activities. Active derivatives
and conjugates are summarized in Table 1, together with references.

We analyzed the inactivation (reversible and reversible) of ArCKs and IsCKs through the formation
of various forms of ribosides and glucosides and discussed the effect of their isomerism on CK activity.
The discovery of new 9-substituted CKs and their potent developmental effects on plants has induced
a boom in synthesis and testing of 9-substituted CK derivatives and their analogues useful in plant
and human biotechnologies. Recently, the generation and testing of a number of new compounds has
provided unexpected information on the biological properties of various 9-substituted CKs, whose
research has historically been halted due to early conclusions by scientists about 9-glucoside inactivity
in plants, since these compounds were considered to be the metabolic end-products of functional
CKs. The development of new CK derivatives with knowledge of efficient structural motifs allows
for an increase in their biological activities and thus provides interesting new molecules with various
potential effects and metabolic advantages.

Author Contributions: Conceptualization, L.P; feedback providing and final proofreading, L.P. and K.D.;
writing—original draft preparation and literature review, L.P,, H.V,, M.B. and V.M.; writing—review and editing
L.P, MS., K.D,, supervision, L.P,; project administration, L.P. and K.D.; funding acquisition, L.P. and K.D.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by an ERDF project entitled "’Development of Pre-Applied Research in
Nanotechnology and Biotechnology’’ (No. CZ.02.1.01/0.0/0.0/17_048/0007323) and IGA_PrF_2020_010.

Acknowledgments: We would like to thank Jarmila Balonova for performing biological tests and Seed editing—for
careful reading of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study, in the collection, analyses, or interpretation of data, in the writing of manuscript or decision to publish the
results. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data;
in the writing of the manuscript, or in the decision to publish the results.

References

1.  Peleg, Z.; Blumwald, E. Hormone balance and abiotic stress tolerance in crop plants. Curr. Opin. Plant Biol.
2011, 14, 290-295. [CrossRef]

2. Liu, J.; Moore, S.; Chen, C.; Lindsey, K. Crosstalk Complexities between Auxin, Cytokinin, and Ethylene in
Arabidopsis Root Development: From Experiments to Systems Modeling, and Back Again. Mol. Plant 2017,
10, 1480-1496. [CrossRef]

3. Miller, C.O.; Skoog, F.; Von Saltza, M.H.; Strong, EM. Kinetin, a Cell Division Factor from Deoxyribonucleic
Acid. J. Am. Chem. Soc. 1955, 77,1392. [CrossRef]

4. Miller, C.O.; Skoog, F.; Okumura, ES.; Von Saltza, M.H.; Strong, F.M. Isolation, Structure and Synthesis of
Kinetin, a Substance Promoting Cell Division. J. Am. Chem. Soc. 1956, 78, 1375-1380. [CrossRef]

5. Moyo, M.; Bairu, M.W.; Amoo, S.O.; Van Staden, ]J. Plant biotechnology in South Africa: Micropropagation
research endeavours, prospects and challenges. S. Afr. J. Bot. 2011, 77, 996-1011. [CrossRef]

6. Barcitiewski, J.; Rattan, S.I.S.; Siboska, G.; Clark, B.EC. Kinetin—45 years on. Plant Sci. 1999, 148, 37-45.
[CrossRef]

7. Davies, P. Plant Hormones: Biosynthesis, Signal Transduction, Action! 3rd ed.; Springer: Maastricht,
The Netherlands, 2010; ISBN 978-1-4020-2685-0.


http://dx.doi.org/10.1016/j.pbi.2011.02.001
http://dx.doi.org/10.1016/j.molp.2017.11.002
http://dx.doi.org/10.1021/ja01610a105
http://dx.doi.org/10.1021/ja01588a032
http://dx.doi.org/10.1016/j.sajb.2011.06.003
http://dx.doi.org/10.1016/S0168-9452(99)00116-8

Biomolecules 2020, 10, 832 21 of 28

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Honig, M.; Plihalova, L.; Husi¢kov4d, A.; Nisler, J.; Dolezal, K. Role of cytokinins in senescence, antioxidant
defence and photosynthesis. Int. J. Mol. Sci. 2018, 19, 4045. [CrossRef]

Cortleven, A.; Schmiilling, T. Regulation of chloroplast development and function by cytokinin. J. Exp. Bot.
2015, 66, 4999-5013. [CrossRef]

Werner, T.; Motyka, V.; Strnad, M.; Schmiilling, T. Regulation of plant growth by cytokinin. Proc. Natl. Acad.
Sci. USA 2001, 98, 10487-10492. [CrossRef]

D’Aloia, M.; Bonhomme, D.; Bouché, F.; Tamseddak, K.; Ormenese, S.; Torti, S.; Coupland, G.; Périlleux, C.
Cytokinin promotes flowering of Arabidopsis via transcriptional activation of the FT paralogue TSF. Plant ].
2011, 65, 972-979. [CrossRef]

Brandes, H.; Kende, H. Studies on Cytokinin-Controlled Bud Formation in Moss Protonemata. Plant Physiol.
1968, 43, 827-837. [CrossRef] [PubMed]

Takei, K.; Sakakibara, H.; Taniguchi, M.; Sugiyama, T. Nitrogen-dependent accumulation of cytokinins in
root and the translocation to leaf: Implication of cytokinin species that induces gene expression of maize
response regulator. Plant Cell Physiol. 2001, 42, 85-93. [CrossRef] [PubMed]

Roitsch, T.; Ehnefs, R. Regulation of source/sink relations by cytokinins. Plant Growth Regul. 2000, 32, 359-367.
[CrossRef]

Argueso, C.T,; Ferreira, FJ.; Kieber, ].J. Environmental perception avenues: The interaction of cytokinin and
environmental response pathways. Plant Cell Environ. 2009, 32, 1147-1160. [CrossRef] [PubMed]
Sakakibara, H. Cytokinins: Activity, Biosynthesis, and Translocation. Annu. Rev. Plant Biol. 2006, 57, 431-449.
[CrossRef] [PubMed]

Osugi, A.; Sakakibara, H. Q and A: How do plants respond to cytokinins and what is their importance?
BMC Biol. 2015, 13, 102. [CrossRef]

Schoor, S.; Farrow, S.; Blaschke, H.; Lee, S.; Perry, G.; von Schwartzenberg, K.; Emery, N.; Moffatt, B.
Adenosine kinase contributes to cytokinin interconversion in arabidopsis. Plant Physiol. 2011, 157, 659-672.
[CrossRef]

Hill, K; Schaller, G.E. Enhancing plant regeneration in tissue culture. Plant Signal. Behav. 2013, 8, e25709.
[CrossRef]

Ikeuchi, M.; Ogawa, Y.; Iwase, A.; Sugimoto, K. Plant regeneration: Cellular origins and molecular
mechanisms. Development 2006, 143, 1442-1451. [CrossRef]

Mok, D.W.S.; Mok, M.C. Cytokinin Metabolism and Action. Annu. Rev. Plant Physiol. Plant Mol. Biol. 2001,
52,89-118. [CrossRef]

Bastos de Almeida, W.A ; Silva Santana, G.; Pinheiro Martinelli Rodriguez, A.; Pereira de Carvalho Costa, M.A.
Optimization of a protocol for the micropropagation of pineapple. Rev. Bras. Frutic. 2002, 24, 296-300.
[CrossRef]

Boudabous, M.; Mars, M.; Marzougui, N.; Ferchichi, A. Micropropagation of apple (Malus domestica L. cultivar
Douce de Djerba) through in vitro culture of axillary buds. Acta Bot. Gall. 2010, 157, 513-524. [CrossRef]
Goswami, K.; Sharma, R.; Singh, PK_; Singh, G. Micropropagation of seedless lemon (Citrus limon L. cv. Kaghzi
Kalan) and assessment of genetic fidelity of micropropagated plants using RAPD markers. Physiol. Mol. Biol.
Plants 2013, 19, 137-145. [CrossRef] [PubMed]

Peixe, A.; Raposo, A.; Lourengo, R.; Cardoso, H.; Macedo, E. Coconut water and BAP successfully replaced
zeatin in olive (Olea europaea L.) micropropagation. Sci. Hortic. 2007, 113, 1-7. [CrossRef]

Hristova, L.; Damyanova, E.; Doichinova, Z.; Kapchina-Toteva, V. Effect Of 6-benzylaminopurine on
micropropagation of artemisia chamaemelifolia Vill. (asteraceae). Bulg. J. Agric. Sci. 2013, 19, 57-60.

Ruzi¢, D.V,; Vujovi¢, T.I. The effects of cytokinin types and their concentration on in vitro multiplication of
sweet cherry cv. Lapins (Prunus avium L.). Hortic. Sci. 2008, 35, 12-21. [CrossRef]

Grendysz, J.; Danuta, K.; Jacek, W. Influence of micropropagation with addition of kinetin on development
of a willow (Salix viminalis L.). World Sci. ]. 2017, 70, 201-215.

Hesar, A.A.; Kaviani, B.; Tarang, A.; Zanjani, S.B. Effect of different concentrations of kinetin on regeneration
of ten weeks (Matthiola incana). Plant Omics 2011, 4, 236-238.

Hanur, V.S. In-Vitro Organogenesis in Tomato (Solanum Lycopersicum) Using Kinetin. Adv. Plants Agric. Res.
2016, 4, 397-401. [CrossRef]

Lameira, O.A.; Pinto, ]. In vitro propagation of Cordia verbenacea (Boraginaceae). Rev. Bras. Plant Med.
Botucatu 2006, 8, 102-104.


http://dx.doi.org/10.3390/ijms19124045
http://dx.doi.org/10.1093/jxb/erv132
http://dx.doi.org/10.1073/pnas.171304098
http://dx.doi.org/10.1111/j.1365-313X.2011.04482.x
http://dx.doi.org/10.1104/pp.43.5.827
http://www.ncbi.nlm.nih.gov/pubmed/16656847
http://dx.doi.org/10.1093/pcp/pce009
http://www.ncbi.nlm.nih.gov/pubmed/11158447
http://dx.doi.org/10.1023/A:1010781500705
http://dx.doi.org/10.1111/j.1365-3040.2009.01940.x
http://www.ncbi.nlm.nih.gov/pubmed/19183294
http://dx.doi.org/10.1146/annurev.arplant.57.032905.105231
http://www.ncbi.nlm.nih.gov/pubmed/16669769
http://dx.doi.org/10.1186/s12915-015-0214-5
http://dx.doi.org/10.1104/pp.111.181560
http://dx.doi.org/10.4161/psb.25709
http://dx.doi.org/10.1242/dev.134668
http://dx.doi.org/10.1146/annurev.arplant.52.1.89
http://dx.doi.org/10.1590/S0100-29452002000200005
http://dx.doi.org/10.1080/12538078.2010.10516227
http://dx.doi.org/10.1007/s12298-012-0148-0
http://www.ncbi.nlm.nih.gov/pubmed/24381445
http://dx.doi.org/10.1016/j.scienta.2007.01.011
http://dx.doi.org/10.17221/646-HORTSCI
http://dx.doi.org/10.15406/apar.2016.04.00158

Biomolecules 2020, 10, 832 22 of 28

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

Naing, A.H.; Kim, S.H.; Chung, M.Y.; Park, SK_; Kim, C.K. In vitro propagation method for production of
morphologically and genetically stable plants of different strawberry cultivars. Plant Methods 2019, 15, 1-10.
[CrossRef]

Amer, A.; Omar, H. In-vitro propagation of the multipurpose Egyptian medicinal plant Pimpinella anisum.
Egypt Pharm. J. 2019, 18, 254-262. [CrossRef]

Shekhawat, M.S.; Manokari, M.; Ravindran, C.P. Micropropagation, Micromorphological Studies, and in
Vitro Flowering in Rungia pectinata L. Scientifica 2016. [CrossRef]

Kelta, A.; Hajare, S.T.; Banjaw, A. Studies on in vitro Micropropagation in Banana. Int. ]. Curr. Microbiol.
Appl. Sci. 2018, 7, 3366-3375. [CrossRef]

Melyan, G.; Sahakyan, A.; Harutyunyan, A. Micropropagation of grapevine (Vitis vinifera L.) seedless cultivar
“Parvana” through lateral bud development. Vitis—]. Grapevine Res. 2015, 54, 253-255.

Balajaru, K.; Agastian, P.; Preetamraj, J.P.; Arokiyaraj, S.; Ignacimuthu, S. Micropropagation of Vitex
agnus-castus, (Verbenaceae)—A valuable medicinal plant. In Vitro Cell. Dev. Biol.—Plant 2008, 44, 436—441.
[CrossRef]

Pelegrini, L.L.; Ribas, L.L.E,; Zanette, F.; Koehler, H.S. Micropropagation of Ocotea porosa (Nees & Martius)
Barroso. Afr. J. Biotechnol. 2011, 10, 1527-1533. [CrossRef]

Galuszka, P.; Popelkova, H.; Werner, T.; Frébortova, J.; Pospisilova, H.; Mik, V.; Kollmer, I.; Schmiilling, T.;
Frébort, I. Biochemical characterization of cytokinin oxidases/dehydrogenases from Arabidopsis thaliana
expressed in Nicotiana tabacum L. ]. Plant Growth Regul. 2007, 26, 255-267. [CrossRef]

Werbrouck, S.; Strnad, M.; Onckelen, H.; Debergh, P. Meta-topolin, an alternative to benzyladenine in tissue
culture? Physiol. Plant. 1996, 98, 291-297. [CrossRef]

Podlesakova, K.; Zalabak, D.; Cudejkové, M.; Plihal, O.; Szii¢ov4, L.; Dolezal, K.; Spichal, L.; Strnad, M.;
Galuszka, P. Novel cytokinin derivatives do not show negative effects on root growth and proliferation in
submicromolar range. PLoS ONE 2012, 7, €39293. [CrossRef]

Bairu, M.W.; Jain, N.; Stirk, W.A.; Dolezal, K.; Van Staden, ]J. Solving the problem of shoot-tip necrosis
in Harpagophytum procumbens by changing the cytokinin types, calcium and boron concentrations in the
medium. S. Afr. ]. Bot. 2009, 75, 122-127. [CrossRef]

Werbrouck, SP.O.; van der Jeugt, B.; Dewitte, W.; Prinsen, E.; Van Onckelen, H.A.; Debergh, P.C.
The metabolism of benzyladenine in Spathiphyllum floribundum “Schott Petite” in relation to acclimatisation
problems. Plant Cell Rep. 1995, 14, 662-665. [CrossRef] [PubMed]

Cary, A.J.; Liu, W.; Howell, S.H. Cytokinin action is coupled to ethylene in its effects on the inhibition of root
and hypocotyl elongation in Arabidopsis thaliana seedlings. Plant Physiol. 1995, 107, 1075-1082. [CrossRef]
[PubMed]

Dolezal, K.; Popa, I.; Hauserova, E.; Spichal, L.; Chakrabarty, K.; Novak, O.; Krystof, V.; Voller, J.; Holub, J.;
Strnad, M. Preparation, biological activity and endogenous occurrence of N6-benzyladenosines. Bioorgan. Med.
Chem. 2007, 15, 3737-3747. [CrossRef] [PubMed]

Vylicilova, H.; Husi¢kova, A.; Spichal, L.; Srovnal, J.; Dolezal, K.; Plihal, O.; Plihalova, L. C2-substituted
aromatic cytokinin sugar conjugates delay the onset of senescence by maintaining the activity of the
photosynthetic apparatus. Phytochemistry 2016, 122, 22-33. [CrossRef] [PubMed]

Plihalovd, L.; Vylicilovd, H.; Dolezal, K.; Zahajska, L.; Zatloukal, M.; Strnad, M. Synthesis of aromatic
cytokinins for plant biotechnology. Biotechnol. 2016, 33, 614-624. [CrossRef]

Plihal, O.; Szti¢ova, L.; Galuszka, P. N9-substituted aromatic cytokinins with negligible side effects on root
development are an emerging tool for in vitro culturing. Plant Signal. Behav. 2013, 8, €24392. [CrossRef]
Kieber, J.J. Cytokinins. Arabidopsis Book. 2002, 1, €0063. [CrossRef]

Letham, D.S.; Gollnow, B. Regulators of cell division in plant tissues. XXX. Cytokinin metabolism in relation
to radish cotyledon expansion and senescence. . Plant Growth Regul. 1985, 4, 129-145. [CrossRef]

Holub, J.; Hanus, J.; Hanke, D.E.; Strnad, M. Biological activity of cytokinins derived from Ortho- and
Meta-hydroxybenzyladenine. Plant Growth Regul. 1998, 26, 109-115. [CrossRef]

Palni, L.M.; Summons, R.; Letham, D. Mass Spectrometric Analysis of Cytokinins in Plant Tissues: V.
Identification of the Cytokinin Complex of Datura Innoxia Crown Gall Tissue. Plant Physiol. 1983, 72, 858-863.
[CrossRef] [PubMed]


http://dx.doi.org/10.1186/s13007-019-0421-0
http://dx.doi.org/10.4103/epj.epj_12_19
http://dx.doi.org/10.1155/2016/5813851
http://dx.doi.org/10.20546/ijcmas.2018.707.392
http://dx.doi.org/10.1007/sI
http://dx.doi.org/10.5897/AJB09.976
http://dx.doi.org/10.1007/s00344-007-9008-5
http://dx.doi.org/10.1034/j.1399-3054.1996.980210.x
http://dx.doi.org/10.1371/journal.pone.0039293
http://dx.doi.org/10.1016/j.sajb.2008.08.006
http://dx.doi.org/10.1007/BF00232734
http://www.ncbi.nlm.nih.gov/pubmed/24194317
http://dx.doi.org/10.1104/pp.107.4.1075
http://www.ncbi.nlm.nih.gov/pubmed/7770519
http://dx.doi.org/10.1016/j.bmc.2007.03.038
http://www.ncbi.nlm.nih.gov/pubmed/17418578
http://dx.doi.org/10.1016/j.phytochem.2015.12.001
http://www.ncbi.nlm.nih.gov/pubmed/26706318
http://dx.doi.org/10.1016/j.nbt.2015.11.009
http://dx.doi.org/10.4161/psb.24392
http://dx.doi.org/10.1199/tab.0063
http://dx.doi.org/10.1007/BF02266951
http://dx.doi.org/10.1023/A:1006192619432
http://dx.doi.org/10.1104/pp.72.3.858
http://www.ncbi.nlm.nih.gov/pubmed/16663099

Biomolecules 2020, 10, 832 23 of 28

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Spichal, L.; Rakova, N.Y,; Riefler, M.; Mizuno, T.; Romanov, G.A.; Strnad, M.; Schmiilling, T. Two cytokinin
receptors of Arabidopsis thaliana, CRE1/AHK4 and AHKS3, differ in their ligand specificity in a bacterial assay.
Plant Cell Physiol. 2004, 45, 1299-1305. [CrossRef] [PubMed]

Hosek, P.; Hoyerova, K.; Kiran, N.S.; Dobrev, PI.; Zahajska, L.; Filepova, R.; Motyka, V.; Miiller, K,;
Kaminek, M. Distinct metabolism of N-glucosides of isopentenyladenine and trans-zeatin determines
cytokinin metabolic spectrum in Arabidopsis. New Phytol. 2020, 225, 2423-2438. [CrossRef] [PubMed]
Sayavedra-Soto, L.A.; Durley, R.C.; Trione, E.J.; Morris, R.O. Identification of cytokinins in young wheat
spikes (Triticum aestivum cv. Chinese Spring). |. Plant Growth Regul. 1988, 7, 169-178. [CrossRef]

Werner, T.; Hanus, J.; Holub, J.; Schmiilling, T.; Van Onckelen, H.; Strnad, M. New cytokinin metabolites in
IPT transgenic Arabidopsis thaliana plants. Physiol. Plant. 2003, 118, 127-137. [CrossRef]

Hou, B.; Lim, EK,; Higgins, G.S.; Bowles, D.J. N-glucosylation of cytokinins by glycosyltransferases of
Arabidopsis thaliana. ]. Biol. Chem. 2004, 279, 47822-47832. [CrossRef]

Entsch, B.; Letham, D.S. Enzymic glucosylation of the cytokinin, 6-benzylaminopurine. Plant Sci. Lett. 1979,
14, 205-212. [CrossRef]

Smehilové, M.; Dobrtiskova, J.; Novak, O.; Takag, T.; Galuszka, P. Cytokinin-specific glycosyltransferases
possess different roles in cytokinin homeostasis maintenance. Front. Plant Sci. 2016, 7, 1264. [CrossRef]

Li, YJ.; Wang, B.; Dong, R.R.; Hou, B.K. AtUGT76C2, an Arabidopsis cytokinin glycosyltransferase is
involved in drought stress adaptation. Plant Sci. 2015, 236, 157-167. [CrossRef]

Lao, J.; Oikawa, A.; Bromley, ].R.; McInerney, P; Suttangkakul, A.; Smith-Moritz, A.M.; Plahar, H.; Chiu, T.Y,;
Gonzalez Fernandez-Nifio, S.M.; Ebert, B.; et al. The plant glycosyltransferase clone collection for functional
genomics. Plant |. 2014, 79, 517-529. [CrossRef]

Wang, J.; Ma, X.M.; Kojima, M.; Sakakibara, H.; Hou, B.K. N-glucosyltransferase UGT76C2 is involved in
cytokinin homeostasis and cytokinin response in Arabidopsis thaliana. Plant Cell Physiol. 2011, 52, 2200-2213.
[CrossRef] [PubMed]

Wang, J.; Ma, X.M.; Kojima, M.; Sakakibara, H.; Hou, B.K. Glucosyltransferase UGT76C1 finely modulates
cytokinin responses via cytokinin N-glucosylation in Arabidopsis thaliana. Plant Physiol. Biochem. 2013, 65,
9-16. [CrossRef] [PubMed]

Gajdosova, S.; Spichal, L.; Kaminek, M.; Hoyerovéd, K.; Novak, O.; Dobrev, PI.; Galuszka, P; Klima, P;
Gaudinova, A.; Zizkova, E.; et al. Distribution, biological activities, metabolism, and the conceivable function
of cis-zeatin-type cytokinins in plants. J. Exp. Bot. 2011, 62, 2827-2840. [CrossRef] [PubMed]

Albrecht, T.; Argueso, C.T. Should I fight or should I grow now? The role of cytokinins in plant growth and
immunity and in the growth-defence trade-off. Ann. Bot. 2017, 119, 725-735. [CrossRef]

Skoog, F; Hamzi, H.Q.; Szweykowska, A.M.; Leonard, N.J.; Carraway, K.L.; Fujii, T.; Helgeson, J.P;
Loeppky, R.N. Cytokinins: Structure/activity relationships. Phytochemistry 1967, 6, 1169-1192. [CrossRef]
Leonard, N.J.; Hecht, S.M.; Skoog, F; Schmitz, R.Y. Cytokinins: Synthesis, mass spectra, and biological
activity of compounds related to zeatin. Biochemistry 1969, 63, 175-182. [CrossRef]

Fleysher, M.H. N6-Substituted Adenosines: Synthesis, Biological Activity, and Some Structure-Activity
Relationships. J. Med. Chem. 1972, 15, 187-191. [CrossRef]

Schmitz, R.Y.; Skoog, F,; Playtis, A.]J.; Leonard, N.J. Cytokinins: Synthesis and Biological Activity of Geometric
and Position Isomers of Zeatin. Plant Physiol. 1972, 50, 702-705. [CrossRef]

Laloue, M.; Terrine, C.; Guern, J. Cytokinins: Metabolism and Biological Activity of
N6-(A2-Isopentenyl)adenosine and N6-(A2-Isopentenyl)adenine in Tobacco Cells and Callus. Plant Physiol.
1977, 59, 478-483. [CrossRef]

Yonekura-Sakakibara, K.; Kojima, M.; Yamaya, T.; Sakakibara, H. Molecular characterization of
cytokinin-responsive histidine kinases in maize. Differential ligand preferences and response to cis-zeatin.
Plant Physiol. 2004, 134, 1654-1661. [CrossRef]

Kaminek, M.; Paces, V., Corse, J; Challice, J. Effect of Stereospecific Hydroxylation of
N6—(A2—Isopentenyl)adenosine on Cytokinin Activity. Planta 1979, 145, 239-243. [CrossRef] [PubMed]

Van Staden, J.; Bayley, A.D.; Upfold, S.]J.; Drewes, EE. Cytokinins in Cut Carnation Flowers. VIII. Uptake,
Transport and Metabolism of Benzyladenine and the Effect of Benzyladenine Derivatives on Flower Longevity.
J. Plant Physiol. 1990, 135, 703-707. [CrossRef]


http://dx.doi.org/10.1093/pcp/pch132
http://www.ncbi.nlm.nih.gov/pubmed/15509853
http://dx.doi.org/10.1111/nph.16310
http://www.ncbi.nlm.nih.gov/pubmed/31682013
http://dx.doi.org/10.1007/BF02024680
http://dx.doi.org/10.1034/j.1399-3054.2003.00094.x
http://dx.doi.org/10.1074/jbc.M409569200
http://dx.doi.org/10.1016/0304-4211(79)90061-0
http://dx.doi.org/10.3389/fpls.2016.01264
http://dx.doi.org/10.1016/j.plantsci.2015.04.002
http://dx.doi.org/10.1111/tpj.12577
http://dx.doi.org/10.1093/pcp/pcr152
http://www.ncbi.nlm.nih.gov/pubmed/22051886
http://dx.doi.org/10.1016/j.plaphy.2013.01.012
http://www.ncbi.nlm.nih.gov/pubmed/23416491
http://dx.doi.org/10.1093/jxb/erq457
http://www.ncbi.nlm.nih.gov/pubmed/21282330
http://dx.doi.org/10.1093/aob/mcw211
http://dx.doi.org/10.1016/S0031-9422(00)86080-X
http://dx.doi.org/10.1073/pnas.63.1.175
http://dx.doi.org/10.1021/jm00272a015
http://dx.doi.org/10.1104/pp.50.6.702
http://dx.doi.org/10.1104/pp.59.3.478
http://dx.doi.org/10.1104/pp.103.037176
http://dx.doi.org/10.1007/BF00454447
http://www.ncbi.nlm.nih.gov/pubmed/24317729
http://dx.doi.org/10.1016/S0176-1617(11)80883-7

Biomolecules 2020, 10, 832 24 of 28

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Radhika, V.; Ueda, N.; Tsuboi, Y.; Kojima, M.; Kikuchi, J.; Kudo, T.; Sakakibara, H. Methylated Cytokinins
from the Phytopathogen Rhodococcus fascians Mimic Plant Hormone Activity. Plant Physiol. 2015, 169,
1118-1126. [CrossRef] [PubMed]

Pertry, I; Vaclavikova, K.; Depuydt, S.; Galuszka, P.; Spichal, L.; Temmerman, W.; Stes, E.; Schmulling, T.;
Kakimoto, T.; Van Montagu, M.C.E,; et al. Identification of Rhodococcus fascians cytokinins and their modus
operandi to reshape the plant. Proc. Natl. Acad. Sci. USA 2009, 106, 929-934. [CrossRef] [PubMed]

Pertry, I.; Vaclavikova, K.; Gemrotova, M.; Spichal, L.; Galuszka, P.; Depuydt, S.; Temmerman, W.; Stes, E.;
De Keyser, A.; Riefler, M.; et al. Rhodococcus fascians impacts plant development through the dynamic
fas-mediated production of a cytokinin mix. Mol. Plant Microbe Interact. 2010, 23, 1164-1174. [CrossRef]
[PubMed]

Evidente, A.; Fujii, T.; Iacobellis, N.; Riva, L.S.; Sisto, A.; Surico, G. Structure-activity relationship of zeatin
cytokinins produced by plant pathogenic Pseudomonades. Phytochemistry 1991, 30, 3505-3510. [CrossRef]
Fujii, T.; Ohba, M.; Kawamura, H.; Nakashio, Y.; Honda, K.; Matsubara, S. Purines. LXII. Both enantiomers
of N6-(1,3-dimethyl-2-butenyl)adenine and their 9-3-D-ribofuranosides: Synthesis and cytokinin activity.
Chem. Pharm. Bull. 1994, 42, 1045-1049. [CrossRef]

Kieber, J.J.; Schaller, G.E. Cytokinin signaling in plant development. Development 2018, 145, 1-7. [CrossRef]
Lomin, S.N.; Krivosheev, D.M.; Steklov, M.Y.; Osolodkin, D.I.; Romanov, G.A. Receptor Properties and
Features of Cytokinin Signaling. Acta Nat. 2012, 4, 31-45. [CrossRef]

Osugi, A.; Kojima, M.; Takebayashi, Y.; Ueda, N.; Kiba, T.; Sakakibara, H. Systemic transport of trans-zeatin
and its precursor have differing roles in Arabidopsis shoots. Nat. Plants 2017, 3, 17112. [CrossRef]
Silva-Navas, J.; Conesa, C.M.; Saez, A.; Navarro-Neila, S.; Garcia-Mina, ].M.; Zamarrefio, A.M.; Baigorri, R.;
Swarup, R.; del Pozo, ].C. Role of cis-zeatin in root responses to phosphate starvation. New Phytol. 2019, 224,
242-257. [CrossRef] [PubMed]

Turner, ].E.; Mok, M.C.; Mok, D.W.S. Zeatin Metabolism in Fruits of Phaseolus. Plant Physiol. 1985, 79, 321-322.
[CrossRef] [PubMed]

Letham, D.S. The biosynthesis and metabolism of cytokinins. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1983,
34,163-197. [CrossRef]

Singh, S.; Palni, L.M.S.; Letham, D.S. Cytokinin Biochemistry in Relation to Leaf Senescence V. Endogenous
Cytokinin Levels and Metabolism of Zeatin Riboside in Leaf Discs from Green and Senescent Tobacco
(Nicotiana rustica) Leaves. |. Plant Physiol. 1992, 139, 279-283. [CrossRef]

Scott, LM.; Martin, G.C.; Horgan, R.; Heald, J. Mass spectrometric measurement of zeatin glycoside levels in
Vinca rosea L. crown gall tissue. Planta 1982, 154, 273-276. [CrossRef]

Duke, C.C.; Letham, D.S.; Parker, C.W.; MacLeod, J.K.; Summons, R.E. The complex of O-glucosylzeatin
derivatives formed in Populus species. Phytochemistry 1979, 18, 819-824. [CrossRef]

Aremu, A.O.; Plackovd, L.; Gruz, J.; Biba, O.; Subrtova, M.; Novék, O.; Dolezal, K.; Van Staden, ]. Accumulation
pattern of endogenous cytokinins and phenolics in different organs of 1-year-old cytokinin pre-incubated
plants: Implications for conservation. Plant Biol. 2015, 17, 1146-1155. [CrossRef]

Von Schwartzenberg, K.; Nufiez, M.F,; Blaschke, H.; Dobrev, P1.; Novak, O.; Motyka, V.; Strnad, M. Cytokinins
in the bryophyte Physcomitrella patens: Analyses of activity, distribution, and cytokinin oxidase/dehydrogenase
overexpression reveal the role of extracellular cytokinins. Plant Physiol. 2007, 145, 786-800. [CrossRef]
Kiran, N.S.; Benkov4, E.; Rekova, A.; Dubova, J.; Malbeck, J.; Palme, K.; Brzobohaty, B. Retargeting a maize
-glucosidase to the vacuole—Evidence from intact plants that zeatin-O-glucoside is stored in the vacuole.
Phytochemistry 2012, 79, 67-77. [CrossRef]

Fusseder, A.; Ziegler, P. Metabolism and compartmentation of dihydrozeatin exogenously supplied to
photoautotrophic suspension cultures of Chenopodium rubrum. Planta 1988, 173, 104-109. [CrossRef]
Horgan, R.; Hewett, EW.; Horgan, ].M.; Purse, J.; Wareing, PF. A new cytokinin from Populus x robusta.
Phytochemistry 1975, 14, 1005-1008. [CrossRef]

Chaves das Neves A new cytokinin from fruits of Zantedeschia-Aethiopica. Tetrahedron 1980, 21, 4387—-4390.
[CrossRef]

Ge, L.; Yong, ] WH.; Goh, N.K,; Chia, L.S.; Tan, S.N.; Ong, E.S. Identification of kinetin and kinetin riboside
in coconut (Cocos nucifera L.) water using a combined approach of liquid chromatography-tandem mass
spectrometry, high performance liquid chromatography and capillary electrophoresis. . Chromatogr. B Anal.
Technol. Biomed. Life Sci. 2005, 829, 26-34. [CrossRef] [PubMed]


http://dx.doi.org/10.1104/pp.15.00787
http://www.ncbi.nlm.nih.gov/pubmed/26251309
http://dx.doi.org/10.1073/pnas.0811683106
http://www.ncbi.nlm.nih.gov/pubmed/19129491
http://dx.doi.org/10.1094/MPMI-23-9-1164
http://www.ncbi.nlm.nih.gov/pubmed/20687806
http://dx.doi.org/10.1016/0031-9422(91)80055-6
http://dx.doi.org/10.1248/cpb.42.1045
http://dx.doi.org/10.1242/dev.149344
http://dx.doi.org/10.32607/20758251-2012-4-3-31-45
http://dx.doi.org/10.1038/nplants.2017.112
http://dx.doi.org/10.1111/nph.16020
http://www.ncbi.nlm.nih.gov/pubmed/31230346
http://dx.doi.org/10.1104/pp.79.1.321
http://www.ncbi.nlm.nih.gov/pubmed/16664397
http://dx.doi.org/10.1146/annurev.pp.34.060183.001115
http://dx.doi.org/10.1016/S0176-1617(11)80337-8
http://dx.doi.org/10.1007/BF00387874
http://dx.doi.org/10.1016/0031-9422(79)80021-7
http://dx.doi.org/10.1111/plb.12367
http://dx.doi.org/10.1104/pp.107.103176
http://dx.doi.org/10.1016/j.phytochem.2012.03.012
http://dx.doi.org/10.1007/BF00394494
http://dx.doi.org/10.1016/0031-9422(75)85176-4
http://dx.doi.org/10.1016/S0040-4039(00)77865-8
http://dx.doi.org/10.1016/j.jchromb.2005.09.026
http://www.ncbi.nlm.nih.gov/pubmed/16216563

Biomolecules 2020, 10, 832 25 of 28

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Séenz, L.; Jones, L.H.; Oropeza, C.; V1acil, D.; Strnad, M. Endogenous isoprenoid and aromatic cytokinins in
different plant parts of Cocos nucifera (L.). Plant Growth Regul. 2003, 39, 205-215. [CrossRef]

Kaminek, M.; Vanék, T. Cytokinin activities of N6-benzyladenosine derivatives hydroxylated on the side-chain
phenyl ring. J. Plant Growth Regul. 1987, 113-120. [CrossRef]

Aremu, A.O.; Bairu, M.W.,; Dolezal, K.; Finnie, ].F.; Van Staden, J. Topolins: A panacea to plant tissue culture
challenges? Plant Cell Tissue Organ Cult. 2012, 108, 1-16. [CrossRef]

Baroja-Fernandez, E.; Aguirreolea, J.; Martinkova, H.; Hanus, J.; Strnad, M. Aromatic cytokinins in
micropropagated potato plants. Plant Physiol. Biochem. 2002, 40, 217-224. [CrossRef]

Vasudevan, R.; van Staden, J. Cytokinin and explant types influence in vitro plant regeneration of Leopard
Orchid (Ansellia africana Lindl.). Plant Cell Tissue Organ Cult. 2011, 107, 123-129. [CrossRef]
Podwyszynska, M.; Wegrzynowicz-Lesiak, E.; Dolezal, K.; Krekule, ]J.; Strnad, M.; Saniewski, M. New
cytokinins—Meta-methoytopolins in micropropagation of Cotinus Coggygria Scop. ‘Royal Purple’.
Propag. Ornam. PLANTS 2012, 12, 220-228.

Ord('jg, V.; Stirk, W.A.; Van Staden, J.; Novak, O.; Strnad, M. Endogenous cytokinins in three genera of
microalgae from the chlorophyta. J. Phycol. 2004, 40, 88-95. [CrossRef]

Ivanova, M.; Novdk, O.; Strnad, M.; Van Staden, J. Endogenous cytokinins in shoots of Aloe polyphylla
cultured in vitro in relation to hyperhydricity, exogenous cytokinins and gelling agents. Plant Growth Regul.
2006, 50, 219-230. [CrossRef]

Tarkowska, D.; Dolezal, K.; Tarkowski, P,; Astot, C.; Holub, J.; Fuksova, K.; Schmiilling, T.; Sandberg, G.;
Strnad, M. Identification of new aromatic cytokinins in Arabidopsis thaliana and Populus x canadensis leaves
by LC-(+)ESI-MS and capillary liquid chromatography/frit-fast atom bombardment mass spectrometry.
Physiol. Plant. 2003, 117, 579-590. [CrossRef] [PubMed]

Bogaert, I.; Van Cauter, S.; Werbrouck, S.P.O.; Dolezal, K. New aromatic cytokinins can make the difference.
Acta Hortic. 2006, 725 1, 265-270. [CrossRef]

Bairu, M.W.; Stirk, W.A.; Dolezal, K.; Van Staden, ]. Optimizing the micropropagation protocol for the
endangered Aloe polyphylla: Can meta-topolin and its derivatives serve as replacement for benzyladenine and
zeatin? Plant Cell. Tissue Organ Cult. 2007, 90, 15-23. [CrossRef]

Amoo, S.0.; Finnie, ].E; van Staden, ]J. The role of meta-topolins in alleviating micropropagation problems.
Plant Growth Regul. 2011, 63, 197-206. [CrossRef]

Aremu, A.O.; Bairu, M.\W,; Szii¢ova, L.; Finnie, J.F; Van Staden, J. The role of meta-topolins on the
photosynthetic pigment profiles and foliar structures of micropropagated “Williams” bananas. ]. Plant
Physiol. 2012, 169, 1530-1541. [CrossRef]

Matsubara, S. Structure-activity relationships of cytokinins. Phytochemistry 1980, 19, 2239-2253. [CrossRef]
Murvanidze, N.; Dolezal, K.; Werbrouck, S.P.O. Fluorine containing topolin cytokinins for
Phalaenopsis Amabilis (L.) blume micropropagation. Propag. Ornam. Plants 2019, 19, 48-51.

Duran-Medina, Y.; Diaz-Ramirez, D.; Marsch-Martinez, N. Cytokinins on the move. Front. Plant Sci. 2017, 8,
146. [CrossRef]

Bryksova, M. Preparation and biological activity of the new cytokinin derivatives. Ph.D. Thesis,
Palacky University Olomouc, Olomouc, Czech republic.

Wan, Z.K; Binnun, E.; Wilson, D.P; Lee, J. A highly facile and efficient one-step synthesis of N6-adenosine
and N6-2'-deoxyadenosine derivatives. Org. Lett. 2005, 7, 5877-5880. [CrossRef]

Kobayashi, H.; Morisaki, N.; Tago, Y.; Hashimoto, Y.; Iwasaki, S.; Kawachi, E.; Nagata, R.; Shudo, K.
Identification of a major cytokinin in coconut milk. Experientia 1995, 51, 1081-1084. [CrossRef] [PubMed]
Miernyk, J.A.; Blaydes, D.F. Short-Term Metabolism of Radioactive Kinetin during Lettuce Seed Germination.
Physiol. Plant. 1977, 39, 4-8. [CrossRef]

Pietraface, W.J.; Blaydes, D.E. Activity and metabolism of 9-substituted cytokinins during lettuce seed
germination. Physiol. Planetarum 1981, 53, 249-254. [CrossRef]

Zatloukal, M.; Dolezal, K.; Voller, J.; Spichal, L. Strnad, M. Substitution Derivatives of
N-Benzyladenosine-5’-monophosphate, Methods of Preparation Thereof, Use Thereof as Medicaments,
and Therapeutic Preparations Containing these Compounds. WO 2011134444, EP2563801 (24.9.2014).
Voller, J.; Zatloukal, M.; Lenobel, R.; Dolezal, K.; Béres, T.; Krystof, V.; Spichal, L.; Niemann, P.; Dzubak, P;
Hajduch, M.; et al. Anticancer activity of natural cytokinins: A structure-activity relationship study.
Phytochemistry 2010, 71, 1350-1359. [CrossRef] [PubMed]


http://dx.doi.org/10.1023/A:1022851012878
http://dx.doi.org/10.1007/BF02026460
http://dx.doi.org/10.1007/s11240-011-0007-7
http://dx.doi.org/10.1016/S0981-9428(02)01362-1
http://dx.doi.org/10.1007/s11240-011-9964-0
http://dx.doi.org/10.1046/j.1529-8817.2004.03046.x
http://dx.doi.org/10.1007/s10725-006-9139-x
http://dx.doi.org/10.1034/j.1399-3054.2003.00071.x
http://www.ncbi.nlm.nih.gov/pubmed/12675749
http://dx.doi.org/10.17660/ActaHortic.2006.725.33
http://dx.doi.org/10.1007/s11240-007-9233-4
http://dx.doi.org/10.1007/s10725-010-9504-7
http://dx.doi.org/10.1016/j.jplph.2012.06.006
http://dx.doi.org/10.1016/S0031-9422(00)91006-9
http://dx.doi.org/10.3389/fpls.2017.00146
http://dx.doi.org/10.1021/ol052424+
http://dx.doi.org/10.1007/BF01946921
http://www.ncbi.nlm.nih.gov/pubmed/7498450
http://dx.doi.org/10.1111/j.1399-3054.1977.tb09276.x
http://dx.doi.org/10.1111/j.1399-3054.1981.tb04495.x
http://dx.doi.org/10.1016/j.phytochem.2010.04.018
http://www.ncbi.nlm.nih.gov/pubmed/20553699

Biomolecules 2020, 10, 832 26 of 28

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.; Walter, P. Molecular Biology of the Cell, 4th ed.; Garland
Science: New York, NY, USA, 2002; pp. 120-121. ISBN 0-8153-3577-6.

Inoue, Y.; Ling, F; Kimura, A. 2’-Deoxyribosylzeatin: A Novel Inhibitor for DNA Polymerase I of
Escherichia coli. Agric. Biol. Chem. 1991, 55, 629-631. [CrossRef]

Matuskova, V.; Zatloukal, M.; Voller, J.; Gruz, ].; Péknd, Z.; Briestenska, K.; Mistrikova, J.; Spichal, L.;
Dolezal, K.; Strnad, M. New aromatic 6-substituted 2’-deoxy-9-(p3)-D-ribofuranosylpurine derivatives as
potential plant growth regulators. Bioorgan. Med. Chem. 2020, in press. [CrossRef]

Pohjala, L.; Barai, V.; Azhayev, A.; Lapinjoki, S.; Ahola, T. A luciferase-based screening method for inhibitors
of alphavirus replication applied to nucleoside analogues. Antivir. Res. 2008, 78, 215-222. [CrossRef]
Tararov, V.I; Tijsma, A.; Kolyachkina, S.V.; Oslovsky, V.E.; Neyts, J.; Drenichev, M.S.; Leyssen, P;
Mikhailov, S.N. Chemical modification of the plant isoprenoid cytokinin N 6-isopentenyladenosine yields a
selective inhibitor of human enterovirus 71 replication. Eur. J. Med. Chem. 2015, 90, 406-413. [CrossRef]
Drenichev, M.S.; Oslovsky, V.E.; Sun, L.; Tijsma, A.; Kurochkin, N.N.; Tararov, V.I; Chizhov, A.O.;
Neyts, J.; Pannecouque, C.; Leyssen, P.; et al. Modification of the length and structure of the linker
of N6-benzyladenosine modulates its selective antiviral activity against enterovirus 71. Eur. ]. Med. Chem.
2016, 111, 84-94. [CrossRef]

Dutta, S.P; Mittelman, A.; Chen, C.M.; Chheda, G.B. Synthesis and biological-activities of some analogs of
N-6-(A2-isopentenyl)adenosine. J. Carbohydrates Nucleosides Nucleotides 1978, 5, 47-57.

Hansske, F.; Madej, D.; Robins, M.J. 2" And 3’-ketonucleosides and their arabino and xylo reduction products.
Tetrahedron 1984, 40, 125-135. [CrossRef]

Reist, E.J.; Benitez, A.; Goodman, L.; Baker, B.R.; Lee, W.W. Potential Anticancer Agents.1 LXXVI. Synthesis
of Purine Nucleosides of 3-D-Arabinofuranose. J. Org. Chem. 1962, 27, 3274-3279. [CrossRef]

Secrist III, J.A.; Shortnacy, A.T.; Montgomery, J.A. Synthesis and Biological Evaluations of Certain
2-Halo-2’-Substituted Derivatives of 9-B-D-Arabinofuranosyladenine. J. Med. Chem. 1988, 31, 405-410.
[CrossRef] [PubMed]

Gosselin, G.; Bergogne, M.C.; Imbach, J.L. Obtaining of arabinofurannonucleosides using the chemical
transformation of certain xylofurannonucleosides. Nucleosides Nucleotides 1984, 3, 265-275. [CrossRef]
Krenitsky, T.A.; Koszalka, G.W.; Tuttle, ].V,; Rideout, J.L.; Elion, G.B. An enzymic synthesis of purine
D-Arabinonucleosides. Carbohydr. Res. 1981, 97, 139-146. [CrossRef]

Koszalka, G.W.; Averett, D.R.; Fyfe, ].A.; Roberts, G.B.; Spector, T; Biron, K.; Krenitsky, T.A. 6-N-substituted
derivatives of adenine arabinoside as selective inhibitors of varicella-zoster virus. Antimicrob. Agents
Chemother. 1991, 35, 1437-1443. [CrossRef]

Kaneko, M.; Kimura, M., Nishimura, T.S.B. Synthesis of Né6-substituted or 8-substituted
9-(B-D-arabinofuranosyl)-adenines and their anti-viral activities against Herpes-Simplex and Vaccinia
viruses. Chem. Pharm. Bull. 1977, 25, 2482-2489. [CrossRef]

Ikehara, M.; Kaneko, M.; Ogiso, Y. Cleavage of 8,2’-anhydro-8-oxy-9-f-D-arabinofuranosyladenine with
hydrogen sulfide and its interconversion with 8,5 -cyclonucleoside. Tetrahedron Lett. 1970, 11, 4673-4676.
[CrossRef]

Ikehara, M.; Ogiso, Y. Studies of nucleosides and nucleotides-LIV. Purine cyclonucleosides. 19.
Further investigations on the cleavage of the 8,2’-O-anhydro linkage. = A new synthesis of
9-B-D-arabinofuranosyladenine. Tetrahedron 1972, 28, 3695-3704. [CrossRef]

Bryksova, M.; Dabravolski, S.; Ku¢erova, Z.; Zavadil Kokas, F,; épundové, M.; Plihalova, L.; Taka¢, T.; Gruz, J.;
Hudecek, M.; Hlouskov4, V.; et al. Aromatic cytokinin arabinosides promote PAMP-like responses and
positively regulate leaf longevity. ACS Chem. Biol. 2020. Submitted.

Taylor, J.S.; Koshioka, M.; Pharis, R.P.; Sweet, G.B. Changes in Cytokinins and Gibberellin-Like Substances in
Pinus radiata Buds during Lateral Shoot Initiation and the Characterization of Ribosyl Zeatin and a Novel
Ribosyl Zeatin Glycoside. Plant Physiol. 1984, 74, 626—631. [CrossRef]

Morris, J.W.; Doumas, P.; Morris, R.O.; Zaerr, ]J.B. Cytokinins in vegetative and reproductive buds of
Pseudotsuga menziesii. Plant Physiol. 1990, 93, 67-71. [CrossRef] [PubMed]

Zhang, H.; Horgan, K.J.; Reynolds, PH.S.; Norris, G.E.; Jameson, P.E. Novel cytokinins: The predominant
forms in mature buds of Pinus radiata. Physiol. Plant. 2001, 112, 127-134. [CrossRef] [PubMed]

Zhang, H.; Horgan, K.J.; Reynolds, PH.S.; Jameson, P.E. Cytokinins and bud morphology in Pinus radiata.
Physiol. Plant. 2003, 117, 264-269. [CrossRef]


http://dx.doi.org/10.1271/bbb1961.55.629
http://dx.doi.org/10.1016/j.bmc.2019.115230
http://dx.doi.org/10.1016/j.antiviral.2008.01.001
http://dx.doi.org/10.1016/j.ejmech.2014.11.048
http://dx.doi.org/10.1016/j.ejmech.2016.01.036
http://dx.doi.org/10.1016/0040-4020(84)85111-X
http://dx.doi.org/10.1021/jo01056a071
http://dx.doi.org/10.1021/jm00397a024
http://www.ncbi.nlm.nih.gov/pubmed/3339610
http://dx.doi.org/10.1080/07328318408081263
http://dx.doi.org/10.1016/S0008-6215(00)80531-5
http://dx.doi.org/10.1128/AAC.35.7.1437
http://dx.doi.org/10.1248/cpb.25.2482
http://dx.doi.org/10.1016/S0040-4039(00)89405-8
http://dx.doi.org/10.1016/S0040-4020(01)93816-5
http://dx.doi.org/10.1104/pp.74.3.626
http://dx.doi.org/10.1104/pp.93.1.67
http://www.ncbi.nlm.nih.gov/pubmed/16667467
http://dx.doi.org/10.1034/j.1399-3054.2001.1120117.x
http://www.ncbi.nlm.nih.gov/pubmed/11319024
http://dx.doi.org/10.1034/j.1399-3054.2003.00026.x

Biomolecules 2020, 10, 832 27 of 28

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Blakesley, D.; Lenton, J.R.; Horgan, R. Benzyladenine ribosylglucoside: A metabolite of benzyladenine in
Gerbera jamesonii. Phytochemistry 1991, 30, 387-388. [CrossRef]

Auer, C.A,; Cohen, ].D. Identification of a benzyladenine disaccharide conjugate produced during shoot
organogenesis in Petunia leaf explant. Plant Physiol. 1993, 102, 541-545. [CrossRef]

Cortizo, M.; Cuesta, C.; Centeno, M.L.; Rodriguez, A.; Fernandez, B.; Ordas, R. Benzyladenine metabolism
and temporal competence of Pinus pinea cotyledons to form buds in vitro. J. Plant Physiol. 2009, 166,
1069-1076. [CrossRef]

Zhang, H.; Horgan, K.J.; Reynolds, PH.S.; Jameson, P.E. 6-Benzyladenine metabolism during reinvigoration
of mature Pinus radiata buds in vitro. Tree Physiol. 2010, 30, 514-526. [CrossRef]

Tahir, M.; Banyal, R. Clonal forestry: An effective technique for increasing the productivity of plantations.
SKUAST ]. Res. 2017, 19, 22-28.

Fox, ].E.; Sood, C.K.; Buckwalter, B.; McChesney, ].D. The metabolism and biological activity of a 9-substituted
cytokinin. Plant Physiol. 1971, 47, 275-281. [CrossRef]

Zhang, R.; Letham, D.S. Cytokinin biochemistry in relation to leaf senescence. III. The senescence-retarding
activity and metabolism of 9-substituted 6-benzylaminopurines in soybean leaves. J. Plant Growth Regul.
1989, 8, 181-197. [CrossRef]

Corse, J.; Pacovsky, R.S.; Lyman, M.L.; Brandon, D.L. Biological activity of several 9-nonglycosidic-substituted
natural cytokinins. J. Plant Growth Regul. 1989, 8, 211-223. [CrossRef]

Sziicova, L.; Spichal, L.; Dolezal, K.; Zatloukal, M.; Greplova, J.; Galuszka, P; Krystof, V.; Voller, J.;
Popa, I; Massino, EJ.; et al. Synthesis, characterization and biological activity of ring-substituted
6-benzylamino-9-tetrahydropyran-2-yl and 9-tetrahydrofuran-2-ylpurine derivatives. Bioorganic Med. Chem.
2009, 17,1938-1947. [CrossRef] [PubMed]

Duke, C.; Macleod, J.; Summons, R.; Letham, D.; Parker, C. The Structure and Synthesis of Cytokinin
Metabolites. II. Lupinic Acid and O-B-p-Glucopyranosylzeatin From Lupinus angustifolius. Aust. J. Chem.
1978, 31, 1291-1301. [CrossRef]

Entsch, B.; Parker, C.W.; Letham, D.S. An enzyme from lupin seeds forming alanine derivatives of cytokinins.
Phytochemistry 1983, 22, 375-381. [CrossRef]

Palni, L.M.S.; Palmer, M.V.; Letham, D.S. The stability and biological activity of cytokinin metabolites in
soybean callus tissue. Planta 1984, 160, 242-249. [CrossRef]

Mok, D.W.S.; Mok, M.C. Cytokinins: Chemistry, Activity, and Function; CRC Press: Boca Raton, FL, USA, 1994;
ISBN 0849362520.

Kuhnle, J.A,; Fuller, G; Corse, ].; Mackey, B.E. Antisenescent Activity of Natural Cytokinins. Physiol. Plant.
1977, 41, 14-21. [CrossRef]

Kuroda, M.; Oaiawa, T.; Imagawa, H. Changes in chloroplast peroxidase activities in relation to chlorophyll
loss in barley leaf segments. Physiol. Plant. 1990, 80, 555-560. [CrossRef]

Kar, M.; Mishra, D. Catalase, Peroxidase, and Polyphenoloxidase Activities during Rice Leaf Senescence.
Plant Physiol. 1976, 57, 315-319. [CrossRef]

Varga, A.; Bruinsma, J. Effects of different cytokinins on the senescence of detached oat leaves. Planta 1973,
111, 91-93. [CrossRef]

Eisinger, W. Role of Cytokinins in Carnation Flower Senescence. Plant Physiol. 1977, 59, 707-709. [CrossRef]
[PubMed]

Mik, V,; Szii¢ova, L.; Smehilova, M.; Zatloukal, M.; Dolezal, K.; Nisler, J.; Gruz, J.; Galuszka, P; Strnad, M.;
Spichal, L. N9-substituted derivatives of kinetin: Effective anti-senescence agents. Phytochemistry 2011, 72,
821-831. [CrossRef] [PubMed]

Mik, V.; Szticova, L.; Spichal, L.; Plihal, O.; Nisler, J.; Zahajska, L.; Dolezal, K.; Strnad, M. N9-Substituted
N6-[(3-methylbut-2-en-1-yl)amino]purine derivatives and their biological activity in selected cytokinin
bioassays. Bioorg. Med. Chem. 2011, 19, 7244-7251. [CrossRef] [PubMed]

Robins, M.J.; Hall, R.H.; Thedford, R. N6—(A2—Isopenteny1) adenosine. A Component of the Transfer
Ribonucleic Acid of Yeast and of Mammalian Tissue, Methods of Isolation, and Characterization. Biochemistry
1967, 6, 1837-1848. [CrossRef]

Nisler, J.; Zatloukal, M.; Popa, I.; Dolezal, K.; Strnad, M.; Spichal, L. Cytokinin receptor antagonists derived
from 6-benzylaminopurine. Phytochemistry 2010, 71, 823-830. [CrossRef]


http://dx.doi.org/10.1016/0031-9422(91)83689-I
http://dx.doi.org/10.1104/pp.102.2.541
http://dx.doi.org/10.1016/j.jplph.2008.12.013
http://dx.doi.org/10.1093/treephys/tpp130
http://dx.doi.org/10.1104/pp.47.2.275
http://dx.doi.org/10.1007/BF02308087
http://dx.doi.org/10.1007/BF02308090
http://dx.doi.org/10.1016/j.bmc.2009.01.041
http://www.ncbi.nlm.nih.gov/pubmed/19232496
http://dx.doi.org/10.1071/CH9781291
http://dx.doi.org/10.1016/0031-9422(83)83008-8
http://dx.doi.org/10.1007/BF00402861
http://dx.doi.org/10.1111/j.1399-3054.1977.tb01514.x
http://dx.doi.org/10.1111/j.1399-3054.1990.tb05678.x
http://dx.doi.org/10.1104/pp.57.2.315
http://dx.doi.org/10.1007/BF00386739
http://dx.doi.org/10.1104/pp.59.4.707
http://www.ncbi.nlm.nih.gov/pubmed/16659922
http://dx.doi.org/10.1016/j.phytochem.2011.02.002
http://www.ncbi.nlm.nih.gov/pubmed/21354583
http://dx.doi.org/10.1016/j.bmc.2011.09.052
http://www.ncbi.nlm.nih.gov/pubmed/22019467
http://dx.doi.org/10.1021/bi00858a035
http://dx.doi.org/10.1016/j.phytochem.2010.01.018

Biomolecules 2020, 10, 832 28 of 28

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Spichal, L.; Werner, T.; Popa, L; Riefler, M.; Schmiilling, T.; Strnad, M. The purine derivative PI-55 blocks
cytokinin action via receptor inhibition. FEBS J. 2009, 276, 244-253. [CrossRef]

Johnston, G.ES; Jeffcoat, B. Effects of some growth regulators on tiller bud elongation in cereals. New Phytol.
1977, 79, 239-245. [CrossRef]

Letham, D.S. Regulators of Cell Division in Plant Tissues: VI. The effects of zeatin and other stimulants of
cell division on apple fruit development. N. Z. J. Agric. Res. 1969, 12, 1-20. [CrossRef]

Weaver, R.J.; van Overbeek, J.; Pool, R-M. Induction of Fruit Set in Vitis vinifera L. by a Kinin. Nature 1965,
206, 952-953. [CrossRef]

Arena, MLE,; Pastur, G.].M. Adventitious shoot induction from leaf explants of Ribes magellanicum cultured
in vitro. Sci. Hortic. 1997, 72, 73-79. [CrossRef]

Falck, J.R; Li, D.R;; Bejot, R.; Mioskowski, C. An economic and practical synthesis of the 2-tetrahydrofuranyl
ether protective group. Tetrahedron Lett. 2006, 47, 5111-5113. [CrossRef] [PubMed]

Amoo, S.O.; Aremu, A.O.; Moyo, M.; Sziicova, L.; Dolezal, K.; Van Staden, J. Physiological effects of a novel
aromatic cytokinin analogue in micropropagated Aloe arborescens and Harpagophytum procumbens. Plant Cell.
Tissue Organ Cult. 2014, 116, 17-26. [CrossRef]

Amoo, 5.0.; Aremu, A.O.; Moyo, M.; Sunmonu, T.O.; Plihalov4, L.; DoleZal, K.; Van Staden, J. Physiological
and biochemical effects of a tetrahydropyranyl-substituted meta-topolin in micropropagated Merwilla plumbea.
Plant Cell. Tissue Organ Cult. 2015, 121, 579-590. [CrossRef]

Masondo, N.A.; Aremu, A.O.; Finnie, ].E; Van Staden, J. Plant growth regulator induced phytochemical
and antioxidant variations in micropropagated and acclimatized Eucomis autumnalis subspecies autumnalis
(Asparagaceae). Acta Physiol. Plant. 2014, 36, 2467-2479. [CrossRef]

Aremu, A.O.; Bairu, M.W.; Szii¢ova, L.; Dolezal, K.; Finnie, J.E.; Van Staden, J. Assessment of the role of
meta-topolins on in vitro produced phenolics and acclimatization competence of micropropagated “Williams”
banana. Acta Physiol. Plant. 2012, 36, 2265-2273. [CrossRef]

Aremu, A.O.; Platkova, L.; Bairu, M.W.; Novak, O.; Sziicova, L.; Dolezal, K.; Finnie, J.F.; Van Staden, J.
Endogenous cytokinin profiles of tissue-cultured and acclimatized “Williams” bananas subjected to different
aromatic cytokinin treatments. Plant Sci. 2014, 214, 88-98. [CrossRef] [PubMed]

Zahajska, L.; Nisler, J.; Voller, J.; Gucky, T.; Pospisil, T.; Spichal, L.; Strnad, M. Preparation, characterization
and biological activity of C8-substituted cytokinins. Phytochemistry 2017, 135, 115-127. [CrossRef]

Taddei, D.; Kilian, P; Slawin, AM.Z; Woollins, ].D. Synthesis and full characterisation of
6-chloro-2-iodopurine, a template for the functionalisation of purines. Org. Biomol. Chem. 2004, 2,
665-670. [CrossRef]

Robins, R K.; Godefroi, E.F,; Taylor, E.C.; Lewis, L.R.; Jackson, A. Purine Nucleosides. I. The Synthesis of
Certain 6-Substituted-9-(tetrahydro-2-pyxanyl)- purines as Models of Purine Deoxynucleosides. J. Am. Chem.
Soc. 1961, 83, 2574-2579. [CrossRef]

M]JNolsoee, J.; Gundersen, L.-L.; Rise, F. Synthesis of 8-Halopurines by Reaction of Lithiated Purines with
Appropriate Halogen Donors. Synth. Commun. 1998, 28, 4303-4315. [CrossRef]

Honig, M.; Plihalova, L.; Spichal, L.; Gruz, J.; Kadlecova, A.; Voller, J.; Svobodova, A.R.; Vostalova, J.;
Ulrichova, J.; Dolezal, K.; et al. New cytokinin derivatives possess UVA and UVB photoprotective effect on
human skin cells and prevent oxidative stress. Eur. J. Med. Chem. 2018, 150, 946-957. [CrossRef] [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1111/j.1742-4658.2008.06777.x
http://dx.doi.org/10.1111/j.1469-8137.1977.tb02201.x
http://dx.doi.org/10.1080/00288233.1969.10427073
http://dx.doi.org/10.1038/206952b0
http://dx.doi.org/10.1016/S0304-4238(96)00940-5
http://dx.doi.org/10.1016/j.tetlet.2006.05.081
http://www.ncbi.nlm.nih.gov/pubmed/17637848
http://dx.doi.org/10.1007/s11240-013-0377-0
http://dx.doi.org/10.1007/s11240-015-0728-0
http://dx.doi.org/10.1007/s11738-014-1619-4
http://dx.doi.org/10.1007/s11738-012-1027-6
http://dx.doi.org/10.1016/j.plantsci.2013.09.012
http://www.ncbi.nlm.nih.gov/pubmed/24268166
http://dx.doi.org/10.1016/j.phytochem.2016.12.005
http://dx.doi.org/10.1039/b312629c
http://dx.doi.org/10.1021/ja01472a034
http://dx.doi.org/10.1080/00397919808004464
http://dx.doi.org/10.1016/j.ejmech.2018.03.043
http://www.ncbi.nlm.nih.gov/pubmed/29604584
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	N7- and N9-Sugar Cytokinin Conjugates 
	Cytokinin 7- and 9-Glucosides 
	Cytokinin 9-Ribosides 
	IsCK 9-Ribosides 
	ArCK 9-Ribosides 

	Purine 9-(2'-Deoxyribosides) Cytokinin Conjugates 
	Purine N9-Arabinosides and Their Precursors 
	Cytokinin Disaccharide Conjugates 

	Non-Sugar N9-Substituted Cytokinins 
	9-Alanyl Derivatives 
	Synthetic 9-Substituted Alkyl, Cycloalkyl, and Halogenoalkyl CK Derivatives 
	9-(Tetrahydropyran-2-yl) and 9-(Tetrahydrofuran-2-yl)ated CKs 

	Conclusions 
	References

