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SHORT COMMUNICATION

N9-substituted aromatic cytokinins with
negligible side effects on root development
are an emerging tool for in vitro culturing
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Abbreviations: BAP, N6-benzylaminopurine; CK, cytokinin; 3MeOBAP, 3-methoxy-6-(benzylamino) purine; 3MeOBAPR,
3-methoxy-6-(benzylamino) purine riboside; 3MeOBA9THPP, 3-methoxy-6-benzylamino-9-(tetrahydropyran-2-yl) purine;
3MeOBA9THEP, 3-methoxy-6-benzylamino-9-(tetrahydrofuran-2-yl) purine; cZ, cis-zeatin; tZ, trans-zeatin; iP, N6-
isopentenyladenine

Natural cytokinins as well as the majority of their synthetic derivatives show negative effects on root growth and
development. Changes in morphology, primarily linked to the inhibition of the cell division in the meristematic zone,
are manifested as thickening and shortening of the primary root and impaired lateral root branching. Rational design
of cytokinin derivatives can partially overcome these drawbacks and reduce the negative effects. Using our database of
cytokinin derivatives, we selected several aromatic cytokinin analogs with modifications at the N9 atom of the adenine
moiety. We found that tetrahydropyranyl and tetrahydrofuranyl substitutions at the N9 atom led to enhanced acropetal
transport of the modified cytokinin, and both derivatives also showed weak anticytokinin activity. Consequently, changes
in the distribution of the active cytokinin pool together with gradual metabolic conversion of the modified cytokinin to
its free form prevent root growth inhibition that limits cytokinin utilization in micropropagation techniques.

Purine-based cytokinins (CKs) are naturally occurring plant
hormones responsible for the regulation of various develop-
mental processes such as coordination of cell division, cell
proliferation, differentiation of roots and leaves or seed germi-
nation.!? CKs are also indispensable in plant micropropaga-
tion techniques, where they promote cell division and secure
normal and proportional organ development. The micropropa-
gation accompanied with CK application into culture media
is a rapid biotechnological method that has been adopted for
commercialization of important crop plants such as banana,?
apple,’ rose,® strawberry,” potatoes,® as well as for the preserva-
tion of endangered species such as Harpagophytum prucubens
or Aloe polyphylla’® In micropropagation, N6-furfuryladenine
(kinetin), N6-isopentenyladenine (iP), trans-zeatin (tZ) and
N6-benzylaminopurine (BAP) are the most frequently used
CKs for callus re-differentiation into adventitious buds. CKs
with an isoprenoid side-chain (iP, tZ) have one major disadvan-
tage when compared with aromatic CKs—they are susceptible
to fast oxidative degradation. On the contrary, both kinetin and

19 and show anti-senescence and

BAP are more stable in vivo,
anti-stress properties, which may be related to their ability to

prevent formation of reactive oxygen species."! Although BAP
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is currently used as the most common and affordable aromatic
CK in tissue culture propagations, its utilization has several
drawbacks such as shoot-tip necrosis, inhibition of rooting and
problematic acclimatization of plant in the greenhouse.'? It has
been hypothesized that some of these negative effects would
be caused by natural N9-glucosylation of the applied purine-
based CK, leading to extensive accumulation of non-active CK
glucosides."? Alternatively, we have recently suggested that the
NO9-glucosides would activate ethylene production and its sig-
naling pathway causing the inhibition of root elongation." The
adverse effects of N9-glucosylation and thus of aromatic CK
treatment could be suppressed by appropriate N9 purine substi-
tution of BAP or methoxylation of its benzyl ring.

In our previous work, to test this hypothesis, we selected
3MeOBAP over non-modified BAP due to its higher stabil-
ity and activity caused by the fact that it is less prone to CK
degradation by catabolic enzymes."® We designed a small
library of N9-derivatives of 3MeOBAP using ribose (yielding
3MeOBAPR), tetrahydropyran-2-yl (yielding 3MeOBA9THPDP,
Fig. 1) and 4-chlorobutyl (yielding 3MeOBA9CIButP) as sub-
stituents and tested their activity in standardized CK activity
assays.'“ Although the substitution at the N9 position very
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Moreover, 3MeOBA9CIButP even showed a
distinct positive effect on lateral root formation.
In contrast, for maize 3MeOBA9CIButP and
3MeOBAPIG had a slightly negative effect on
root proliferation in the submicromolar concen-
tration range (8—40 nM). On the other hand,
3MeOBA9THPP in the same concentration
range, showed no negative effect on primary
root elongation and, in addition, had a positive
impact on the growth of the aerial part when
compared with 3MeOBAP."

Here, we tested another 3MeOBAP N9
atom substituent—rtetrahydrofuran-2-yl (yield-
o ing 3MeOBA9THED, Fig. 1)—selected from
the oxygen heterocyclic family. When selected
CKs were applied into the MS media, we could
observe characteristic effects on root elongation
(Fig. 2). Similarly to our previous results,'* the

N

N

application of 50 nM 3MeOBA9THPP had

Figure 1. Structure of 3MeOBAP and two of its N9-derivatives used in the study.

‘ positive effect on primary root elongation when

compared with untreated controls
(cp. primary root lengths: 11.4 =+

1.2 cm vs. 9.9 £ 0.6 cm). The appli-
cation of 50 nM 3MeOBA9THFP
had a low inhibitory effect when
compared with the strong effect of
3MeOBAP/3MeOBAPR (cp. pri-
mary root lengths: 9.4 + 1.1 cm vs.
4.0 + 0.3 cm and 6.5 + 0.6 cm, for
3MeOBAPand3MeOBAPR, respec-
tively). Just like 3MeOBA9THPP,
3MeOBA9THFP had a distinct
positive effect on aerial plant devel-
opment (Fig. 2).

The observed properties of
3MeOBA9THPP and by extrapo-
lation of 3MeOBA9THEFP can
be explained on the basis of their
enhanced  translocation  from
root to leaf as well as by the spe-
cific enzymatic conversion that

is necessary for their activation.

tative plants selected from six independent treatments are shown.

Figure 2. Maize seedlings cv CELLUX cultivated on MS agar in magenta boxes treated with 50 nM
3MeOBAP (B) and its derivatives: 3MeOBAPR (C), 3MeOBA9THFP (D) and 3MeOBAPTHPP (E) in compari-
son to DMSO-treated control plant (A). Seedlings were germinated for three days, transferred to MS agar
and grown at 24°C under long-day conditions for another seven days prior to taking pictures. Represen-

Indeed, we found that acropetal
transport of 3MeOBA9THPP was
strengthened  when
compared with free base transport."

significantly

often decreases the CK activity, this was not the case for the
3MeOBAP derivatives. Then, we compared the effect of treat-
ment with 50 nM 3MeOBAP to that of its three derivatives on
the morphology of germinating Arabidopsis and maize seedlings.
For Arabidopsis seedlings grown on MS media supplemented
with 3MeOBA9THPP, 3MeOBAICIButP or the N9-glucoside,
3MeOBAPIG, we did not observe negative effects on root elon-
gation in a broad range of concentrations (from 0.04 to 1 uM).
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Moreover, when roots were treated
with 3MeOBA9THPP, the total
3MeOBAP CK pool in the xylem sap was about 10 times higher
than that in control plants treated with the free base. This
unexpected finding suggested that the concentration of active
CKs in the aerial part of the plants would probably be higher
in case of 3MeOBA9THPP treatment, explaining the observed
positive effect on the maize shoot. Our subsequent detailed
analysis of the endogenous CK pool in plants treated with
3MeOBA9THPP or 3MeOBAP confirmed that the distribution
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of CKs in these two treatments showed important
changes." Additionally, we explored the intracel- 100
lular faith of the CK analogs in maize using tri-
tium labeled 3MeOBA9THPP-treated samples
purified and fractionated on a CI18 separation
column.'* We found that the THP group can be
cleaved off from its parent CK both in the root
and the leaf. Subsequently, the free base can be
glycosylated at the N9 position to provide the glu-
coside or riboside. Moreover, 3MeOBAP can also
be de-methylated and the resulting 30HBAP and
its glucosides are found especially in the leaves of
treated plants. In plants treated with 3MeOBAP,
however, the most predominant metabolic prod-
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uct we detected was its N9-glucoside (either in
the 3-OH methylated or de-methylated form)." 04
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Then, we analyzed the endogenous CK content
in maize roots and leaves treated or not for three

days with either 3MeOBAP or 3MeOBA9THPP.
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We found that whereas the endogenous pool of
tZ and iP type CKs remained largely unchanged
in 3MeOBA9THPP-treated maize leaves, upon
treatment with 3MeOBAP their level signifi-
cantly decreased. ¢Z and DHZ levels did not

Figure 3. Competitive receptor test of selected CKs with 2 nM [*HtZ] for binding into
the Arabidopsis CK receptor AHK4 using a bacterial competition assay.>'® The assay was
done with different concentrations of the CKs, tZ served as a positive and adenine (Ade)
as a negative control for ligand binding. The values are expressed as means + SD of
three independent replicates.

change in response to both treatments. Hence,
the positive effect of 3MeOBA9THPP treatment
on plant development is correlated with the endogenous CK
levels, strongly suggesting that the observed phenotypic effects
are proportional to the concentration of the active CK forms,
which result from the metabolic conversions of exogenously
applied CK and from successful homeostasis of endogenous iso-
prenoid CKs."

To address the question of biological activity of a given CK
form, we can employ two types of biological assays, both of
which are based on heterologous expression of the plant CK
histidine kinase (HK) receptor in E. coli strain KMI001. The
receptor activation test reflects the ability of the ligand to
initiate signal transduction from the tested HK receptor and
makes use of the reporter gene /acZ under the control of cps
promoter.” -galactosidase activity was assayed using the fluo-
rogenic substrate 4-methylumbelliferyl-B-D-galactopyranoside
after overnight incubation of the bacteria with selected CKs.
As previously reported, none of the studied N9-analogs were
able to activate the Arabidopsis or maize HK receptors,' which
is in agreement with the general view on N9-modified CKs as
biologically non-active.

Here, to further explore the biological roles of the prepared
N9-modified CKs, we measured the interaction of the ligand
with the HK receptor activation site using a receptor competi-
tion test reasoning that even when the ligand cannot initiate
signal transduction, it is still possible that it enters the recep-
tor activation site. Such an interaction is biologically relevant,
because a group of compounds, referred to as anticytokinins,
can competitively inhibit binding of the natural substrate to
the target CK receptor'
important players in the intracellular CK signaling pathways.

and, therefore, anticytokinins are
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Importantly, it has been reported that anticytokinin PI-55
accelerated the germination of Arabidopsis seeds and promoted

the root growth and formation of lateral roots.!® As such, we

assessed whether 3MeOBA9THPP, 3MeOBA9THEFP and
3MeOBAP were able to compete with tritium-labeled tZ in the
receptor activation site of the Arabidopsis receptor AHK4 (Fig.
3). Surprisingly, both 3MeOBA9THPP and 3MeOBA9THEFP
showed a moderate ability to interact with the receptor acti-
vation site. Even more, in the higher concentration range for
3MeOBA9THEFP, a significant competition comparable to that
of 3MeOBAP was observed. Thus, some CK N9-derivatives
appear to partially retain their biological activity and affect the
CK concentration in situ in the receptor binding site in a simi-
lar way as anticytokinins.

In conclusion, our data show that some of the N9-derivatives
of CKs may have important biological functions. Although
these derivatives seem to be lacking the ability to switch on the
HK receptor, possibly they can still partially interact with the
receptor activation site and compete for binding with endog-
enous CKs. Despite the general view on N9-analogs as terminal
metabolic products, we have gathered clear evidence that some
derivatives, such as 3MeOBA9THPP and 3MeOBA9THEFP,
can be effectively processed in maize, resulting in the free base
which is then involved in CK-mediated signaling. Importantly,
enhanced acropetal transport of these derivatives is another
regulatory mechanism that allows uniform distribution of CKs
within the plant body and secure good organ development.
Thus, these novel N9-substituted derivatives of the aromatic
CKs have a great potential as alternative compounds to improve
plant in vitro regeneration techniques.
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