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Abstract
The aim of this study was to investigate the action spectrum of two urea derivatives, the 1,3-di(benzo[d]oxazol-5-yl)urea 
(5-BDPU) and the 1,3-di(benzo[d]oxazol-6-yl)urea (6-BDPU). In order to evaluate a possible adjuvant activity on cyto-
kinins the compounds alone or in the simultaneous presence of different cytokinins were assayed either on in vitro typical 
cytokinin-related bioassays, or on in planta interaction with cytokinin signal transduction pathway. The compounds ability to 
activate the cytokinin receptor CRE1/AHK4 was studied either by a heterologous bacterial assay or by a competitive binding 
assay and docking simulations were performed with the crystal structure of the same receptor. Then, owing to their chemi-
cal structure which resembles that of urea-type cytokinins, the ability of 5- and 6-BDPU to inhibit the activity of cytokinin 
oxidase/dehydrogenase of Zea mays (ZmCKX1) was investigated and docking simulations were performed as well. Accord-
ingly to the experimental results, we speculate that BDPUs could show a dual activity: the blocking of the conformational 
re-adaption of CRE1/AHK4 receptor maintaining the cytokinin inside its binding pocket, thus possibly enhancing its kinase 
action; the inhibition of cytokinin oxidase/dehydrogenase activity thus possibly preventing its cleavage of natural cytokinins 
with isoprenoid side chain.
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Introduction

Plant hormones are small bioactive molecules controlling 
and coordinating a wide variety of physiological processes. 
Among these chemically different molecules, the naturally 
occurring cytokinins are N6-substituted adenine derivatives, 
with either an isoprene-derived or an aromatic side chain, 
playing diverse roles in growth and development through-
out plant’s life. In fact, they are involved in cell division, 
shoot and root development, senescence, seed development, 
response to environmental stresses (Sakakibara 2006). Thus, 
the endogenous content of active cytokinins in a cell is finely 
tuned through biosynthesis, N- or O-conjugation to glucose 
or irreversible selective degradation (Kieber and Schaller 
2014). This latter reaction is catalysed by the cytokinin oxi-
dase/dehydrogenase (CKX, EC 1.5.99.12) that cleaves the 
unsaturated N6-side chains to form adenine and the corre-
sponding aldehyde (Armstrong 1994; Galuszka et al. 2001; 
Nisler et al. 2016 and references herein). CKX activity has 
been reported from tissues of several plants, as Zea mays, 
Arabidopsis, Oryza sativa, Hordeum vulgare, Pisum sati-
vum, Dendrobium sp., showing differences in its expres-
sion regulation, cellular localization and substrate affinity 
(Schmülling et al. 2003; Kopečný et al. 2010). Cytokinins 
are perceived by redundantly acting histidine kinase recep-
tors, identified in the model plant Arabidopsis thaliana as 
ARABIDOPSIS HISTIDINE KINASE 2 (AHK2), ARABI-
DOPSIS HISTIDINE KINASE 3 (AHK3) and CYTOKININ 
RESPONSE 1 (CRE1/AHK4) (Inoue et al. 2001; Suzuki 
et al. 2001; Ueguchi et al. 2001; Yamada et al. 2001). They 
have been assumed to be located in the plasma membrane, 
while quite recently it has been demonstrated that they are 
mainly localized in the endoplasmic reticulum at subcel-
lular level, in almost all different plant organs (Caesar et al. 
2011; Lomin et al. 2011, 2015, 2017; Wulfetange et al. 2011; 
Durán-Medina et al. 2017; Romanov et al. 2018).

Since cytokinins have been discovered as cell division 
promoting factors (Miller et al. 1955), they have been exten-
sively used in in vitro culture of higher plants, as they allow 
the de novo formation of organs and/or whole plants, by 
organogenesis and/or somatic embryogenesis (Pierik 1987; 
Sangwan et al. 1997; Vasil 2008; Duclercq et al. 2011; Trigi-
ano and Gray 2011; Motte et al. 2014). Rather, in tissue cul-
ture systems naturally occurring cytokinins are increasingly 
replaced by some urea derivatives, such as the N-phenyl-N′-
(2-chloro-4-pyridyl)urea (CPPU) and the N-phenyl-N′-1,2,3-
thiadiazol-5-ylurea (Thidiazuron, TDZ), showing improved 
cytokinin-like activity even if structurally unrelated to ade-
nine derivatives (Gaspar et al. 1996; Ricci and Bertoletti 

2009; Trigiano and Gray 2011). About this, it has been dem-
onstrated that these synthetic compounds and some of their 
derivatives have an intrinsic effect at cytokinin receptor level 
regardless their different molecular structure, they are not 
degraded by CKX, they positively affect the endogenous 
cytokinin concentration in plants inhibiting CKX activity 
(Schmülling et al. 2003; Nisler et al. 2016, 2021; Hönig et al. 
2018; Nisler 2018). Besides, it has been recently reported 
that some urea derivatives delay leaf senescence, a cyto-
kinin-driven effect, without affecting the cytokinin level, 
thus demonstrating that this activity of theirs could be due 
to a cytokinin-independent mechanism, not yet elucidated 
(Nisler et al. 2018).

Starting from our structure–activity relationship stud-
ies, we reported that two symmetrically substituted urea 
derivatives, the N,N′-bis-(2,3-methylenedioxyphenyl)urea 
(2,3-MDPU) and the N,N′-bis-(3,4-methylenedioxyphenyl)
urea (3,4-MDPU), exert adventitious rooting adjuvant activ-
ity without showing auxin-like activity (Ricci et al. 2001a, 
2003, 2008) and induce somatic embryogenesis in stigma 
and styles of Citrus without showing cytokinin-like activity 
(Carra et al. 2006). Then, modifying the aromatic moiety 
of these synthetic lead substances by the replacement of 
the methylenedioxyphenyl groups by the isostere benzoxa-
zole ones, we synthesized the 1,3-di(benzo[d]oxazol-5-yl)
urea (5-BDPU) and the 1,3-di(benzo[d]oxazol-6-yl)urea 
(6-BDPU) (Fig. 1), that have been extensively studied as 
adventitious rooting adjuvants (Ricci et al. 2006; Brunoni 
et al. 2014; Ricci and Rolli 2020). Besides, recently, we 
demonstrated that 5-BDPU acts also as xylogenesis enhancer 
(Ricci et al. 2016). Here, with the aim of investigating their 
action spectrum, we tried to verify if their adjuvant activity 
could have effect on cytokinins, endogenous or exogenously 
added ones, regardless of being natural adenine-type or syn-
thetic urea-type cytokinins. For this purpose, we analysed 
the effects of BDPU supplementation in typical cytokinin-
related processes by in vitro specific bioassays. Afterwards, 
in order to elucidate their action mechanism, the in planta 
interaction of BDPUs with cytokinin signal transduction 
pathway was evaluated by assaying their effect in Arabidop-
sis thaliana ARR5::GUS transgenic plants. Then, the inter-
action of BDPUs with the Arabidopsis cytokinin receptor 
CRE1/AHK4 was investigated in a heterologous bacterial 
system and by competitive binding assay. Moreover, due to 
the availability of the CRE1/AHK4 receptor crystal struc-
ture, computational studies of docking simulations were 
performed to analyse the interaction of BDPUs with it, try-
ing to understand, at the molecular level, their effects in the 
absence and in the presence of cytokinin. On the other hand, 
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as to their urea deriving structures and taking into account 
what already reported about the mode of action of some 
diphenylurea-derived compounds (Kopečný et al. 2010; 
Nisler et al. 2016, 2021), to verify if BDPUs could inhibit 
CKX activity, in vitro enzymatic activity was screened using 
ZmCKX1 (Houba-Hérin et al. 1999; Morris et al. 1999) and 
docking simulations were performed with the same crystal 
structure of ZmCKX1 (Kopečný et al. 2010) and with that 
of AtCKX7 (Bae et al. 2008), the only crystal structure of 
AtCKX currently available.

Materials and methods

Preparation of chemical solutions

The 1,3-di(benzo[d]oxazol-5-yl)urea (5-BDPU) and the 
1,3-di(benzo[d]oxazol-6-yl)urea (6-BDPU), the N-phenyl-
N′-(1,2,3-thiadiazol-5-yl)urea (TDZ) and the 1,2-benzisox-
azole-3-acetic acid (BOAA, used as auxin in the tomato 
regeneration test (Ricci et al. 2001b)) were dissolved in 
dimethylsulfoxide (DMSO). The final concentration of 
DMSO in the in vitro solid or liquid culture medium did 
not exceed the one considered toxic (0.2%) (Schmitz and 
Skoog 1970). The 5-BDPU and the 6-BDPU, synthesized 
as previously reported (Ricci et al. 2006), were of analytical 

grade. The aqueous solutions of  N6-(2-isopentenyl)adenine 
(2iP) and 6-benzylaminopurine (BAP) were sterilized by fil-
tration using 0.2 μm pore size sterile disposable filter units 
(Schleicher and Schuell). The trans-zeatin riboside (ZR) was 
dissolved in 70% ethanol.

Cytokinin bioassays

By our previous structure–activity relationship studies we 
have learnt that these couples of urea derivatives, i.e. 2,3-
MDPU and 3,4-MDPU first, 5-BDPU and 6-BDPU then, 
show similar and comparable effects in the different bio-
assays in which they have been tested. Thus, sometimes, 
in order to reduce redundant experimental conditions and 
results, only one of the two couples was used, as reference 
compound, instead of both (Ricci et al. 2006, 2008; Brunoni 
et al. 2014). Here the effect of 5-BDPU was assayed on shoot 
regeneration and on GUS activity in ARR5::GUS transgenic 
plants as a representative of the group, while in all the other 
bioassays and in the computational studies of docking simu-
lations both the compounds were taken into account.

Plant development

Arabidopsis thaliana ecotype Columbia (Col-0) seeds 
were surface sterilised in 70% ethanol for 1 min, followed 
by 10 min in 50% commercial bleach (equivalent to 2.5% 
NaOCl) and then washed five times in sterile distilled water. 
They were sown on ¼ strength Murashige and Skoog (MS) 
medium (Murashige and Skoog 1962) supplemented with 
1% (w/v) sucrose, 0.8% (w/v) agar (Phytoagar, Duchefa), 
pH 5.8, first in the presence of 1, 10, 100 nM, 1, 10 µM 
2iP, BAP, TDZ, 5-BDPU or 6-BDPU alone then in the pres-
ence of mixtures consisting of 1, 10, 100 nM 2iP, BAP or 
TDZ plus 10 µM 5-BDPU or 6-BDPU. After a cold treat-
ment at 4 °C for 3 days in the darkness, the plates, contain-
ing 25 seeds each, were incubated in a growth chamber at 
23 ± 1 °C at light intensity of 27 μmol  m−2  s−1 under 16 h 
photoperiod. Control conditions were performed by seeds 
grown in hormone free (HF) medium and/or in the presence 
of the highest volume of DMSO. The effects of the differ-
ent supplementations on general plant development and leaf 
shape were evaluated and compared after 2 and 3 weeks, as 
previously described (Motte et al. 2013). The experiments 
were repeated twice.

Root elongation inhibition assay

Arabidopsis thaliana ecotype Columbia (Col-0) seeds sur-
face sterilised as described above were sown on ¼ strength 
MS medium supplemented with 1% (w/v) sucrose, 0.8% 
(w/v) agar (Phytoagar, Duchefa), pH 5.8, in the pres-
ence of 10, 100 nM, 1 µM 2iP, BAP, TDZ alone or in the 
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Fig. 1  Molecular structure of the urea derivatives used in this study
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simultaneous presence of 10  µM 5-BDPU or 6-BDPU. 
After a cold treatment at 4 °C for 3 days in the darkness, 
the plates, containing 10 seeds each, were vertically incu-
bated in a growth chamber at 23 ± 1 °C at light intensity 
of 27 μmol  m−2  s−1 under 16 h photoperiod. Control con-
ditions were performed by seeds grown in hormone free 
(HF) medium and in the presence of 10 µM 5-BDPU or 
6-BDPU alone. Root length was measured after 6 days, as 
previously described (Motte et al. 2013). The experiments 
were repeated twice.

Amaranthus seedling test

The Amaranthus bioassay was performed as previously 
described (Romanov et al. 2000) with minor modifications. 
Seeds of Amaranthus caudatus L. were germinated on filter 
paper moistened with distilled water in the dark at 23 °C for 
4 days. The apical part of the hypocotyls together with the 
cotyledons (henceworth derooted seedlings) were then cut 
off and placed in multiwell dishes (12 wells/dish, Costar). 
Ten derooted seedlings were put in each well containing 
600 µl phosphate buffer (12 mM  K2HPO4–NaH2PO4, pH 
6.4) plus 0.45 mg/ml L-tyrosine (Sigma), a betacyanin pre-
cursor. In a first set of experiments the effects of 10, 100 nM, 
1, 10 µM 2iP, BAP, TDZ, 5-BDPU or 6-BDPU alone were 
analysed. In a second set of experiments mixtures were per-
formed with the 2 lowest concentrations of each cytokinin, 
i.e. 10, 100 nM 2iP or BAP or TDZ, plus 10, 100 nM, 1, 
10 µM 5-BDPU or 6-BDPU, and the corresponding effects 
were detected. Control conditions were performed by 
derooted seedlings put in the presence of tyrosine alone and/
or in the presence of the highest DMSO volume. To prevent 
light induced betacyanin formation all these handlings were 
done in green dim light. After 20 h incubation in the dark 
at 23 °C, the derooted seedlings were collected and placed 
in cold 0.1 M HCl. Betacyanin was extracted following four 
cycles of freezing and thawing. The optical density was 
determined at 540 nm. The experiments were carried out in 
triplicate, and repeated three times.

Shoot regeneration assay

Seeds of Lycopersicon esculentum Mill. var. Alice were sur-
face sterilized, sown and germinated as previously described 
(Ricci et al. 2001b). Twelve cotyledon explants, obtained 
from 1-week old in vitro cultured seedlings, were plated in 
each Petri dish containing full strength MS medium sup-
plemented with MS vitamins, 3% (w/v) sucrose, 0.8% (w/v) 
agar (Phytoagar, Duchefa), pH 5.8, in the presence of 1, 5, 
10 µM 2iP, BAP or TDZ, as adenine- or urea-type cyto-
kinins, or in the presence of 0.1, 1, 10 µM 5-BDPU alone, to 
verify their shoot regeneration capacity by a dose–response 
curve. In a second set of experiments the tomato cotyledon 

explants were plated on the same tissue culture medium 
described above in the presence of the mixtures made by 
5 µM 2iP, BAP or TDZ respectively, plus 0.1, 1, 10 µM 
5-BDPU. To validate each experiment control condition was 
performed by cotyledon explants grown in the presence of 
1.4 µM trans-zeatin riboside plus 20 µM BOAA (Ricci et al. 
2001b). Petri dishes were incubated at 24 ± 1 °C at light 
intensity of 27 μmol  m−2  s−1 under 16 h photoperiod. After 
two-week incubation, cotyledon explants were transferred 
to hormone free (HF) medium and the percentage of the 
explants forming shoots was checked two weeks later. The 
experiments were done in triplicate and repeated three times.

Effect on GUS activity in ARR5::GUS transgenic plants

Arabidopsis thaliana ARR5::GUS transgenic plants in Col-0 
background, homozygous for the GUS reporter gene (To 
et al. 2004), were used in this study. Seeds were surface 
sterilised in 70% ethanol for 1 min, followed by 10 min in 
50% commercial bleach (equivalent to 2.5% NaOCl), washed 
five times in sterile distilled water, sown on ¼ strength MS 
medium supplemented with 1% (w/v) sucrose, 50 µg/ml 
kanamycin, 0.8% (w/v) agar (Phytoagar, Duchefa), pH 5.8 
and kept in the dark at 25 °C.

Four-day-old seedlings were transferred to ½ strength 
MS liquid medium plus 1.5% (w/v) sucrose, alone (hormone 
free, HF) or supplemented with 1, 10 or 100 nM 2iP, BAP, 
or TDZ alone as exogenous cytokinins; 1, 10, 100 nM, 1, 10 
or 100 µM 5-BDPU alone; 2iP (1 or 10 nM) in combination 
with 5-BDPU (1, 10, 100 nM or 1, 10 or 100 µM); BAP (1 
or 10 nM) in combination with 5-BDPU (1, 10, 100 nM 
or 1, 10 or 100 µM); TDZ (1 or 10 nM) in combination 
with 5-BDPU (1, 10 or 100 nM or 1, 10 or 100 µM). Ten 
seedlings were used in each treatment. The HF condition 
was assumed as internal control to validate the experimental 
procedure, while the supplementation of 2iP, BAP and/or 
TDZ was assumed as control either of 5-BDPU or of each 
combination treatment, respectively. After 5 h incubation 
in multiwell dishes kept in a growth chamber at 24 ± 1 °C 
with a light intensity of 27 µmol  m−2  s−1, the seedlings were 
vacuum infiltrated for 10 min and then submerged in X-Gluc 
solution containing 100 mM sodium phosphate buffer (pH 
7.0), 1 mM 5-bromo-4-chloro-3-indolyl-b-d-glucuronide, 
10 mM EDTA, 1 mM K3/K4(FeCN)6, 0.1% (v/v) Triton 
X-100, 1% (v/v) N,N-dimethylformamide (Bai and Dema-
son 2008, with minor modifications. Incubation was carried 
out for 5 h at 37 °C. The seedlings were then washed three 
times in distilled water to remove excess substrate, cleared in 
freshly made ethanol:acetic acid (6:1, v/v) solution overnight 
at 4 °C, washed twice in 96% (v/v) ethanol and stored in 70% 
(v/v) ethanol (Mattsson et al. 2003, with minor modifica-
tions). Seedlings were observed for each treatment with a 
stereomicroscope with Nikon DSFil digital camera (whole 
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seedling) and with a conventional light microscope with a 
Leica DC 100 digital camera (close-up views). Experiments 
were repeated three times.

Heterologous bacterial assay

Escherichia coli strain KMI001, harbouring vector pIN-
III-AHK4 expressing the Arabidopsis cytokinin receptor 
CRE1/AHK4, that is capable of signalling the downstream 
YojN → RcsB → cps::lacZ pathway in response to exter-
nal cytokinins, was used in the experiments (Suzuki et al. 
2001; Yamada et al. 2001). Therefore, the activation of the 
signalling pathway can be easily monitored by measuring 
β-galactosidase activity of E. coli cells. Bacterial strains 
were kindly provided by dr. T. Mizuno (Nagoya, Japan). 
Bacteria were grown in Luria–Bertani (LB) medium (Sam-
brook et al. 1989) at 37 °C with ampicillin (50 µg/ml) with 
extensive shaking. Culture density was controlled by meas-
uring the absorption at 600 nm  (OD600). A homogenous 
bacterial suspension  (OD600 between 0.04 and 0.4) was ali-
quoted in multiwell dishes supplemented with 0.1, 1, 10 µM 
2iP, BAP or TDZ as adenine- or urea-type cytokinins, or 
with 0.1, 1, 10 µM 5-BDPU or 6-BDPU alone, or with the 
mixtures made by a single (1 µM) concentration of 2iP, BAP 
or TDZ plus 0.1, 1, 10 µM 5-BDPU or 6-BDPU. Bacteria 
grown in the presence of the relative volumes of DMSO 
were used as control. After 40 h incubation at 25 °C in the 
dark, the β-galactosidase activity was detected as described 
by Zhang and Bremer (Zhang and Bremer 1995) with 
minor modifications. Twenty µl samples of cultures were 
mixed into 80 µl of permeabilization solution (0.8 mg/ml 
hexadecyltrimethylammonium bromide, 0.4 mg/ml sodium 
deoxycholate, 100  mM  Na2HPO4, 20  mM KCl, 2  mM 
 MgSO4, 5.4 µl/ml β-mercaptoethanol). This mixture was 
kept at 30 °C for 1.30 h, then 600 µl of 30 °C prewarmed 
substrate solution (60 mM  Na2HPO4, 40 mM  NaH2PO4, 
1 mg/ml o-nitrophenyl-β-d-galactopyranoside, 2.7 µl/ml 
β-mercaptoethanol) were added to initiate the reaction. 
After 2 h at 30 °C, reactions were stopped by the addition 
of 700 µl of 1 M  Na2CO3 and the absorption at 420 nm was 
recorded for each sample. Enzyme activities were expressed 
as Miller units (Miller 1972) by the formula 1000 ×  [OD420/
(OD600 × 20 µl × 120 min)]. Experiments were carried out in 
triplicate and repeated twice.

Live‑cell cytokinin‑binding assay

The assay was performed as described by Nisler et  al. 
(2010).

CKX inhibition measurements

ZmCKX1 was expressed in yeast Yarrowia lipolytica then 
purified and the inhibition assay was performed according to 
a published protocol (Kopečný et al. 2005), using 2,6-dichlo-
rophenol indophenol (DCPIP) as an electron acceptor. Com-
pounds were tested with two replicates and the entire test 
was repeated at least twice. Gene 5 software was used to 
calculate the residual CKX activity for each compound and 
concentration.  IC50 values for each compound were deter-
mined in Origin Pro software.

Statistical analyses

Root elongation inhibition assay Analysis of variance 
(ANOVA) was performed and the significantly different val-
ues among the mean root lengths were identified by Fisher’s 
LSD test (p ≤ 0.05), using the statistical software package 
SPSS 26.

Amaranthus seedling test Differences among the mean val-
ues of betacyanin accumulation were examined with non-
parametric Kruskal–Wallis test (p ≤ 0.05), using the statisti-
cal software package SPSS 26.

Shoot regeneration assay Differences among the percent-
ages of cotyledon explants forming shoots were examined 
with asymptotic Wilcoxon Mann–Whitney rank sum test 
(p ≤ 0.05) using R statistics package (R Core Team 2013).

Heterologous bacterial assay All data were first submitted 
to logarithmic or Box-Cox power transformation (Box and 
Cox 1964). Statistical analysis was performed by analysis 
of variance (ANOVA) and the significantly different values 
(p ≤ 0.01) were identified by the Tukey’s HSD test. Before 
the ANOVA the hypothesis of homoscedasticity was tested 
using the Fligner-Killeen test. The statistical analyses were 
performed by R statistics package (R Core Team 2013).

Molecular docking simulations

CRE1/AHK4 receptor

The crystal structure of the Arabidopsis histidine kinase 
4 sensor domain (CRE1/AHK4), containing the cytokinin 
binding site, was retrieved from the Protein Data Bank 
(PDB) (Berman et  al. 2000) in the dimeric form com-
plexed with  N6-(2-isopentenyl)adenine (2iP) [PDB ID: 
3T4J (Hothorn et al. 2011)], and used after deletion of all 
ligands and water molecules (except for the simulations 
performed with two conserved waters, see below). The 
crystal structures of all the available complexes of CRE1/
AHK4 with different natural and synthetic cytokinins were 
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considered. They all have the same resolution; in addition, 
all the residues of the binding site are perfectly superimpos-
able, meaning that the differences between the compounds 
seem to have minimal effects on the ligand neighborhood. 
This observation not only minimizes the induced-fit effects, 
but also makes the choice of the compound for the refer-
ence docking simulation, not critical. The CRE1/AHK4-2iP 
complex was chosen on the basis of its known high affinity 
(Romanov et al. 2006) and 2iP relevance in our experimental 
results. The structure of 2iP extracted from the crystal was 
re-docked into the binding site as a reference test for the 
docking parameters. In the chosen enzyme structure 3T4J, 
Met256 is the only residue of the binding pocket that pre-
sents two different orientations, with occupancy of 0.26 and 
0.74. Therefore, in the first docking simulation with 2iP, 
both of them were tested, seeming not to have any influ-
ence on the ligand binding mode. The residue orientation 
with higher occupancy was thus definitely used for further 
investigation.

Receptor hydrogens were added by means of MolProbity 
software (Davis et al. 2007), that checks also for the flip of 
Asn, Gln and His sidechains. His were kept in the neutral 
form. Gasteiger partial charges (Gasteiger and Marsili 1980) 
were added.

Both 2iP and BDPUs binding mode was tested also in 
the presence of the two conserved water molecules that 
make bridges between the protein and the nitrogen atoms 
of adenine ring (Hothorn et al. 2011), keeping them inside 
the receptor structure. Their hydrogen atoms and Gasteiger 
partial charges were added with the Chimera software (Pet-
tersen et al. 2004).

For the docking of 2iP, the grid maps were centered on 
the cytokinin binding site of chain A, with a box size of 
86 × 88 × 88 points, 0.375 Å spaced.

For the docking of BDPUs, two grids were used. The first 
grid was centered on the cytokinin binding site of chain A, 
with a box size of 86 × 88 × 88 points, 0.375 Å spaced. A 
second bigger grid, comprehending the whole dimer surface, 
was built, with box dimensions of 106 × 90 × 102 points, 
with a spacing of 0.7 Å. Then, around the new prevalent 
ligand position found, the orientation was refined with a 
smaller grid (84 × 84 × 88) with a spacing of 0.375 Å.

CKX enzyme

The crystal structure of the maize cytokinin oxidase/dehy-
drogenase type 1 (ZmCKX1) was retrieved from the Protein 
Data Bank (PDB) (Berman et al. 2000) in complex with 
N-phenyl-N′-(2-chloro-4-pyridyl)urea (CPPU) inhibitor 
[PDB ID: 2QKN (Kopečný et al. 2010)]. The ZmCKX1 
2QKN structure was chosen for the docking because it was 
of the same type of the one used for the inhibition experi-
ments, and because available in complex with a urea-type 

inhibitor structurally similar to BDPUs, that we used for 
reference and comparison.

The only available crystal structure of the Arabidopsis 
cytokinin oxidase/dehydrogenase was type 7 (AtCKX7) and 
was again retrieved from PDB [PDB ID: 2EXR (Bae et al. 
2008)].

The CKX structures were prepared for docking after dele-
tion of all water molecules and ligands, with the exception of 
the flavin-adenine dinucleotide (FAD) because of its impli-
cation in the inhibitor binding.

Receptor hydrogens were added by means of MolPro-
bity software, checking also for the flip of Asn, Gln and His 
sidechains; His were kept in the neutral form and Gasteiger 
partial charges (Gasteiger and Marsili 1980) were added.

The structure of CPPU extracted from the crystal was 
re-docked into the binding site to check the docking param-
eters and the binding energy value, keeping the two active 
torsions (i.e. those around the bonds connecting the urea 
group and the rings) free to rotate.

The grid maps were centered in the binding cavity, with 
dimensions of 54 × 64 × 56 points and a spacing of 0.375 Å.

BDPU ligands

The structure of 5-BDPU and 6-BDPU used for the dock-
ing simulations were built by means of the PRODRG server 
(van Aalten et al. 1996) and minimized by the Avogadro 
program (Hanwell et al. 2012) with the MMFF94 force field 
(Wang et al. 2006). Gasteiger partial charges were added to 
the ligands. The only two 5-BDPU and 6-BDPU torsions 
that were able to rotate (i.e. around the bonds between the N 
atoms and the aromatic substituents) were kept free.

Docking simulation parameters

The docking simulations were performed with the Autodock 
4.2 software package, with the aid of the AutoDockTools 
(ADT) interface (Morris et al. 2009).

For the docking calculations, the Lamarckian Genetic 
Algorithm (Morris et al. 1998) was used, performing 1000 
runs, each with  107 energy evaluations, assuring in such 
a way the convergence of the docking. For each run, 250 
individuals in the initial population, and 27,000 generations 
were set. A conformational cluster analysis was carried out 
on the docked conformations, to determine similarity of 
the ligand poses within a rmsd value of 2 Å, reporting the 
clusters ranked by increasing energy, by the lowest energy 
in each cluster (Morris et al. 1998). All the clusters were 
analyzed, in particular the ones with the lowest energy and 
the most populated (i.e. the statistically most probable bind-
ing mode).

Structural analysis of the binding modes was made using 
ADT, VMD (Humphrey et al. 1996) and Swiss-PdbViewer 
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(Guex and Peitsch 1997) software and the web tool for mac-
romolecular visualization FirstGlance in Jmol (The Jmol 
Team 2007) (http:// bioin forma tics. org/ first glance/ fgij/ index. 
htm).

The cation-π interactions with BDPUs were assessed 
using the criterion of the web-based software “First Glance 
in Jmol” (Herráez 2006), that is a distance less than 6.0 Å 
between the cation and three alternate carbons in the aro-
matic ring.

Results

Cytokinin bioassays

Plant development

Cytokinin-treated plants had a stunted appearance, antho-
cyanin accumulation was clearly visible, leaves frequently 
showed jagged margins and sometimes they were com-
pletely malformed, root growth was strongly reduced. All 
these cytokinin responses became more evident as the con-
centrations and/or the length of the supplementation period 
increased, as expected (Figs. 2 and S1). These alterations 
were visible at different stages even when plants were cul-
tured in the presence of the mixtures, depending on the type 
of cytokinin. More precisely, when low concentrations of 
2iP were added to 5-BDPU or 6-BDPU the cytokinin-driven 
effects were extremely mild. Otherwise, when 5-BDPU or 
6-BDPU were supplemented in the simultaneous presence 
of low concentrations of BAP these effects were even more 
visible than the ones obtained in the presence of the same 
concentration of BAP alone. When 5-BDPU or 6-BDPU 
were supplemented in the simultaneous presence of low 
concentrations of TDZ the effects were particularly severe 
(Fig. 3). None of these alterations in the general develop-
ment was clearly visible when plants were grown in the pres-
ence of the different concentrations of 5-BDPU or 6-BDPU 
alone throughout the entire supplementation period, as they 
appeared similar to that grown in control conditions (Figs. 2 
and S1).

Root elongation inhibition assay

The concentration-dependent inhibition effect of cytokinins 
on root elongation was detected in the presence of the dif-
ferent concentrations of 2iP, BAP and TDZ, as expected 
(Fig.  4a–c), neither 5-BDPU nor 6-BDPU affected the 
root elongation compared to the hormone free condi-
tion (Fig. 4d). Interestingly, the inhibition of root elonga-
tion was significantly enhanced when Arabidopsis plants 
were cultured in the simultaneous presence of the differ-
ent concentrations of 2iP and 10 µM 5-BDPU or 6-BDPU, 

compared with the inhibition caused by the corresponding 
2iP supplementation alone (Fig. 4a). Similar results were 
obtained in the presence of BAP, as cytokinin (Fig. 4b). 
When TDZ was present in the culture medium the inhibi-
tion of root elongation was significantly enhanced by the 
mixtures 100 nM TDZ plus 10 µM 6-BDPU and 1 µM TDZ 
plus 10 µM 5-BDPU or 10 µM 6-BDPU, compared with the 

Fig. 2  Representative morphological appearance of Arabidopsis 
Col-0 plants grown for 2 and 3 weeks in the continuous presence of 
10  µM 2iP, BAP, TDZ, 5-BDPU, 6-BDPU or in their absence (HF 
and DMSO). Scale bars = 1 mm. For the effects of other concentra-
tions see Fig. S1

http://bioinformatics.org/firstglance/fgij/index.htm
http://bioinformatics.org/firstglance/fgij/index.htm
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Fig. 3  Representative morphological appearance of Arabidopsis 
Col-0 plants grown for 2 and 3 weeks in the continuous presence of 
10 nM 2iP, BAP, TDZ alone or in mixtures consisting of 10 nM 2iP, 
BAP, TDZ plus 10 µM 5-BDPU or 6-BDPU respectively

Fig. 4  Effects of 10 µM 5-BDPU or 6-BDPU on the mean root length 
of Arabidopsis Col-0 plants in the simultaneous presence of differ-
ent concentrations of a 2iP, b BAP, c TDZ; d effects of the absence 
(HF) or of the presence of 10 µM 5-BDPU or 6-BDPU alone. Col-
umns labelled with asterisks are significantly different (Fisher’s LSD 
test, p ≤ 0.05)
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inhibition caused by the corresponding TDZ supplementa-
tion alone (Fig. 4c).

Amaranthus seedling test

The concentration-dependent effect of cytokinins on accu-
mulation of betacyanin was detected in the presence of the 
different concentrations of 2iP, BAP and TDZ, as expected, 
while the same concentrations of 5-BDPU or 6-BDPU alone 

were completely ineffective (Fig. 5). In the second set of 
experiments the addition of increasing concentrations of 
5-BDPU or 6-BDPU to 10 or 100 nM 2iP, BAP or TDZ as 
fixed concentrations did not affect this physiological process. 
In fact, the betacyanin accumulation detected in the presence 
of the mixtures did not significantly differ from that obtained 
by each corresponding 2iP, BAP or TDZ supplementation 
alone (Fig. S2).

Tyrosine by itself and DMSO had no effect on the reac-
tion studied (data not shown).

Shoot regeneration assay

When different concentrations of 5-BDPU were supple-
mented alone to tomato cotyledon explants they were inef-
fective (data not shown). On the contrary, when 1, 5, 10 µM 
2iP, BAP or TDZ respectively were supplemented alone to 
tomato cotyledon explants they were able to induce shoot 
regeneration, each of them to its own extent in a dose-
dependent manner. Thus, to verify if BDPUs were able to 
enhance the cytokinin-dependent shoot regeneration process, 
tomato cotyledon explants were maintained in the presence 
of the mixtures made by 5 μM 2iP, BAP, TDZ, respectively, 
as intermediate concentration value, plus 0.1, 1, 10 µM 
5-BDPU. Only in the simultaneous presence of 5 μM 2iP 
and 10 μM 5-BDPU the percentage of explants forming 
shoots was enhanced, as it was significantly higher than that 
of the same 2iP concentration alone (Fig. 6). No significant 
enhancement in the percentage of the shoot regenerating 

Fig. 5  Effects of different concentrations of 2iP, BAP, TDZ, 5-BDPU 
or 6-BDPU in the betacyanin accumulation in derooted seedlings of 
Amaranthus. Results are expressed as optical density at 540 nm. For 
the effects of the mixtures see Fig. S2

Fig. 6  Effect of different 
concentrations of 5-BDPU on 
shoot regeneration of tomato 
cotyledons in the simultaneous 
presence of 5 µM 2iP. Results 
are expressed as percentage 
of explants forming shoots. 
Columns labelled with different 
letters are significantly different 
(Wilcoxon Mann–Whitney rank 
sum test, p ≤ 0.05)
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explants was detected when cotyledon explants were cul-
tured in the presence of the mixtures made by 5 μM BAP or 
TDZ plus 0.1, 1, 10 µM 5-BDPU (data not shown).

Effect on GUS activity in ARR5::GUS transgenic plants

The results of the series of the bioassays performed and 
described above suggested that, despite the fact that 5-BDPU 
or 6-BDPU are not showing cytokinin-like activity, most 
likely they interact with the cytokinin status of plants. To 
investigate this we first analysed whether 5-BDPU inter-
acts with cytokinins in planta, using the reporter activity 
in Arabidopsis thaliana ARR5::GUS transgenic plants, in 
response to different types of supplementation. GUS expres-
sion was found in the root and shoot meristem regions at 
day four after sowing when seedlings were cultured in the 
absence of exogenous cytokinins (hormone free condition), 
as already described (D’Agostino et al. 2000; To et al. 2004) 
(data not shown). No considerable changes in this spatial 
pattern were detected when seedlings were cultured in the 
presence of the different 5-BDPU concentrations (data not 
shown).

Interestingly, GUS expression was strengthened when 
5-BDPU was supplemented to seedlings simultaneously 
with 2iP, as natural adenine-type cytokinin. In fact, GUS 
activity was clearly induced at root tips and in the vascu-
lature of primary root in the presence of exogenous 1 nM 
2iP, while a stronger staining was visible when different 
5-BDPU concentrations were also present, as representa-
tive ones 100 nM and 100 µM 5-BDPU (Fig. 7a). When 
ten-fold higher 2iP concentration was supplemented to the 
seedlings, staining was clearly detectable at root tips, while 
the signal became darker and even more diffused in all the 
tissues of the primary root in the presence of 10 nM 2iP 
plus 100 nM or 100 µM 5-BDPU (Fig. 7b). On the contrary, 
no evident differences in intensity and/or diffusion of GUS 
expression were visible at the primary root-hypocotyl junc-
tions (Fig. 7a, b).

Once again, when seedlings were supplemented with 
1 nM or 10 nM TDZ, as synthetic urea-type cytokinin, the 
signal was visible at root tips and in the vasculature of pri-
mary root in a concentration dependent manner. The signal 
became partially darker or more diffused in the primary root 
when 100 nM or 100 µM 5-BDPU were added to 10 nM 
TDZ concentrations. No evident differences in intensity and/
or diffusion of GUS expression were visible at the primary 
root-hypocotyl junctions (Fig. 7c, d).

BAP induced very high GUS expression if compared with 
the results obtained in the presence of exogenously added 
2iP or TDZ. Even in the presence of the low concentrations 
of BAP (1 or 10 nM) GUS staining was so dark and wide-
spread in the primary root tissues that it was impossible to 

observe an enhancement in its intensity when 5-BDPU was 
simultaneously supplemented to seedlings (data not shown).

Interaction of BDPUs with the cytokinin receptor CRE1/
AHK4

To verify if 5-BDPU and/or 6-BDPU could interact with 
the cytokinin signalling pathway, we analysed their capac-
ity to interact with the Arabidopsis cytokinin receptor 
CRE1/AHK4 in the heterologous bacterial assay. 5-BDPU 
and 6-BDPU were unable to activate the receptor, at each 
concentration (0.1, 1 and 10 μM), confirming that BDPUs 
do not show any cytokinin-like activity per se. Otherwise, 
2iP, BAP and TDZ activated the CRE1/AHK4-mediated 
signalling pathway to a different extent depending on the 
type of the molecule and on its concentration, as expected 
(Fig. 8). This finding was further confirmed by studying of 
the direct interaction of the BDPUs with CRE1/AHK4 in 
a live-cell hormone-binding assay (Romanov et al. 2005). 
Both BDPUs failed to block binding of 3 nM 2-[3H]tZ to 
the CRE1/AHK4 including in the more than 6.500 higher 
concentration, confirming that BDPUs have no affinity to the 
cytokinin-binding site of CRE1/AHK4 (Fig. 9).

Intriguingly, in the simultaneous presence of 1 μM 2iP, 
BAP and/or TDZ plus either 5-BDPU or 6-BDPU supple-
mented at different concentrations, the receptor activation 
was significantly greater than that obtained in the presence 
of the same concentration of each cytokinin alone (Fig. 8A, 
C, E and B, D, F, respectively). Besides, perhaps as a result 
of the fixed cytokinin concentration, the activation of the 
receptor by these mixtures was independent of the 5-BDPU 
or 6-BDPU concentrations. Interestingly, as shown in 
Fig. 8A and B, only in the simultaneous presence of 1 μM 
2iP plus either 5-BDPU or 6-BDPU, the β-galactosidase 
activity was significantly higher even than that measured in 
the presence of 10 µM 2iP alone, i.e. a cytokinin concentra-
tion tenfold higher than that used in the mixture. No activa-
tion of the receptor was detected in the presence of DMSO, 
as control solvent.

Interaction of BDPUs with ZmCKX1 enzyme

Due to the fact that the BDPUs are structurally similar to the 
previously described inhibitors of CKX derived from urea, 
we further tested the possibility that BDPUs can interact 
with cytokinin metabolism through interaction with CKX. 
Hence, we tested the ability of the two derivatives to inhibit 
the activity of maize ZmCKX1 in vitro. IC50 values were 
determined using a saturating concentration of the substrate 
2iP (10 μM), using DCPIP de-colorization assay. Both com-
pounds were able to inhibit ZmCKX1 activity, reaching  IC50 
values of 52 μM and 15 μM in the case of 5-BDPU and 
6-BDPU, respectively (Fig. 10).
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Fig. 7  Histochemical locali-
zation of GUS activity. A-D 
show the effects of the different 
treatments on ARR5::GUS 
expression in the primary root-
hypocotyl junctions and in the 
root tips (from the top to the 
bottom of the panels). Close-up 
views of the representative 
phenotypes are shown
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Fig. 8  Activation of cytokinin receptor CRE1/AHK4. a, b show the 
effect of the different concentrations of 2iP, 5-BDPU, 6-BDPU alone 
and of the mixtures (2iP plus 5-BDPU, 2iP plus 6-BDPU); c, d show 
the effect of the different concentrations of BAP, 5-BDPU, 6-BDPU 
alone and of the mixtures (BAP plus 5-BDPU, BAP plus 6-BDPU); 
e, f show the effect of the different concentrations of TDZ, 5-BDPU, 

6-BDPU alone and of the mixtures (TDZ plus 5-BDPU, 2iP plus 
6-BDPU). β-Galactosidase activity is expressed as Miller units by the 
formula × 1000  [OD420/(OD600 × 20 µl × 120 min)]. Columns labelled 
with different letters are significantly different (Tukey’s HSD test, 
p ≤ 0.01). Error bars show SE (n = 6)
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Docking simulations

Docking with CRE1/AHK4 receptor

The Arabidopsis thaliana histidine kinase 4 receptor (CRE1/
AHK4) is a homodimeric membrane cytokinin receptor 
that contains a cytoplasmic histidine kinase module and an 
extracellular ~ 270-residue sensor domain that harbours the 
cytokinin-binding site. The N-terminus of the CRE1/AHK4 
sensor domain folds into a long stalk helix connected by a 
shorter helix to two PAS-like domains (Hothorn et al. 2011). 
The membrane-distal PAS domain binds cytokinins in a 
pocket formed by a β-sheet floor lined by small hydropho-
bic residues. CRE1/AHK4 can bind both naturally occur-
ring adenine-type cytokinins and urea-type synthetic com-
pounds in the same site. A H-bond formed by the ligand with 
Asp262 seems to be critical for receptor function.

Looking at the crystal structures, by comparison with 
other PAS domains, we can identify a big loop-helix-loop 
lid (residues 245–274) and a small loop connecting βC and 
βD strands (residues 282–288), jointly acting to keep the 
ligand into the binding site.

All the available complexes, even with different ligands, 
preserve an identical backbone conformation. In addition, 
all the sidechains of the binding site residues in the different 
complexes are perfectly superimposable (see also “Materi-
als and methods” section), meaning that the different ligand 
typology does not affect the ligand neighbourhood, main-
taining (or inducing) the same conformation of the site. This 
observation minimizes the docking simulation problems 
raising from the so-called “induced fit” of the binding site 
around the ligand.

As the natural cytokinin 2iP has one of the highest affin-
ity for CRE1/AHK4 receptor (Romanov et al. 2006) and the 
highest relevance in our experimental results, it was chosen 
to validate the docking simulation parameters. The described 
similarity of binding site conformations in the presence of 
different ligands indicates that the choice of the compound 
for the reference docking simulation is not critical.

The docking simulations on 2iP correctly reproduce the 
position adopted in the crystal structure only if the N(7)
H tautomer of the adenine imidazole ring (Dreyfus et al. 
1975) is considered. This fact is in agreement with the crys-
tal structure of the complex, which shows the presence of an 
H-bond between N(7) of the imidazole ring and the carboxy-
late sidechain of Asp262 (Hothorn et al. 2011).

However, it is reported that some polar interactions 
established with the cytokinins are mediated by conserved 
water molecules (Hothorn et al. 2011; Lomin et al. 2012). 
In particular, two conserved molecules are involved in water 
bridges between the protein and two nitrogen atoms of the 
adenine ring (Hothorn et al. 2011), therefore we have per-
formed a new docking simulation on 2iP keeping the two 
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water molecules into the binding site. Again, the N(7)H tau-
tomer adopts the correct position, preserving the key inter-
action with Asp262. In addition, in the presence of water 
the intermolecular interaction energy  (Ei) is slightly more 
favourable (− 8.17 vs. − 7.82 kcal/mol without any water).

A first set of docking simulations of 5-BDPU and 
6-BDPU to CRE1/AHK4 receptor was carried out restricting 
the search of the binding mode in the conformational space 
of the cytokinin binding PAS domain, both in the presence 
and in the absence of conserved waters. The poses of the two 
BDPU molecules were found to be very similar.

In the absence of water inside the binding pocket, the 
conformational cluster analysis shows that the statistically 
most relevant binding mode (corresponding to the most 
populated cluster, that for 6-BDPU is also the one with the 
lowest energy, see also “Materials and methods” section) 
adopts a conformation outside the cytokinin binding site. In 
addition, almost all the other binding modes are out of the 
site; only in a small percentage of complexes (about 12% of 
the total conformations) the BDPUs are placed inside the 
binding pocket, forming the expected H-bond between the 
urea nitrogen and the oxygen atom of Asp262.

The presence of the two conserved water molecules inside 
the binding site makes it difficult for the bulky BDPUs to 
enter the pocket. In this case, only the first very small cluster 
of 5-BDPU (6% of the total population) presents a binding 
mode inside the binding pocket, but in a not canonical orien-
tation, i.e. with the rings flipped around molecular axis and 
the urea nitrogen atoms far away from Asp262. In all the rest 
of clustered conformations, BDPUs find only poses spread 
at the surface of the domain.

For this reason, a second set of docking simulations 
were then carried out with BDPUs, enlarging the grid map 
to comprehend the whole surface of the dimeric receptor, 
with the aim of investigating a possible involvement of 
the domain interfaces and to evaluate the affinity of other 
sites with respect to the cytokinin binding pocket. Except 
for a very little cluster (0.8% of the total conformations) 
that shows the ligands inside the pocket, but in the flipped 
position, the simulations identified a low energy position 
behind the binding domain, adopted in both monomers along 
the cluster distribution. The results were then refined with 
a closely spaced grid around the new site (see Materials 
and Methods), finding for the two BDPUs exactly the same 
binding mode (Figs. 11 and 12). The two poses represent the 
60% (for 5-BDPU) and 78% (for 6-BDPU) of the total con-
formations, with an  Ei of − 7.76 and − 8.2 kcal/mol, respec-
tively. In addition, all other poses in the other clusters are 
very similar to that one. In such favourable conformation, 
the ligand is positioned between the β-sheet edge close to 
the first loop of the lid and the stalk helix, near the dimer 
interface (Figs. 11 and 12a). Even if the 6-BDPU double 
ring is flipped in respect with 5-BDPU, the symmetry of 

the polar atoms is maintained, allowing the formation of 
the same H-bonds that, together with several hydrophobic 
interactions, involve both the β-sheet and the stalk helix 
(Fig. 12b). In particular, H-bonds are formed with Ser168, 
His161, and the backbone of Gly273 and Ala275. However, 
the most interesting interaction is with R190 residue belong-
ing to the other monomer and placed in the short helix at the 
dimer interface, that forms a H-bond and a cation–π interac-
tion (see the Materials and Methods section for the assess-
ment criterion) with the BDPU molecules. This behaviour 
indicates a putative involvement of both chains in the ligand 
binding.  

Docking with CKX enzyme

CKXs are monomeric enzymes belonging to the group of 
FAD-containing oxidoreductases (Schmülling et al. 2003), 
showing a two-domain topology, with a FAD-binding 
domain and a substrate-binding domain strictly connected. 
The isoalloxazine ring of the FAD cofactor is located at the 
interface of the two domains. As described in Materials and 
Methods section, several structures of CKX receptor are 
available in the PDB databank, 2 from Arabidopsis thaliana 
(all of type 7) and 21 from Zea mays. Therefore, for docking 
simulations we chose the only available cytokinin oxidase/
dehydrogenase type 7 of Arabidopsis (AtCKX7), and the 

Fig. 11  Preferred complex of 5-BDPU with the dimeric structure of 
the AHK4 receptor, as obtained by the docking simulations. In orange 
is highlighted the cytokinin PAS binding domain of chain A, with 
its loop-helix-loop lid (in green); in yellow is the stalk helix of the 
same chain and in pink the shorter helix of the opposite chain B. The 
5-BDPU ligand is in blue. 5-BDPU is chosen as an example of the 
two BDPUs’ identical complex conformations. (Color figure online)
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maize CKX type 1 (ZmCKX1), the same used in inhibition 
experiments.

The ZmCKX1 structure 2qkn was chosen because it is 
complexed with N-phenyl-N′-(2-chloro-4-pyridyl)urea 
(CPPU), a urea-type competitive inhibitor structurally simi-
lar to BDPUs (Kopečný et al. 2010) that we have tested as a 
reference for docking simulations with this kind of receptor.

CPPU has a preferential binding mode in which the 
2-chloro-4-pyridyl ring stacks against isoalloxazine plane of 
FAD cofactor, and urea backbone nitrogen atoms are hydro-
gen bonded to the side chain of Asp169, the residue involved 
in the catalytic mechanism. An additional H-bond is formed 
between Glu381 and the nitrogen of pyridyl ring. Several 
other tested inhibitors (Kopečný et al. 2010; Nisler et al. 
2016) show a binding mode with a π–π stacking of their 

aromatic ring on the FAD isoalloxazine ring. The CPPU 
docked into its binding site, in the presence of FAD ligand, 
recovers its correct binding mode forming all the aforemen-
tioned interactions, with  Ei =  − 8.49 kcal/mol.

The BDPU ligands docked into the CKX binding site 
recover the same position as CPPU in the crystal, with one 
of the double ring groups in stacking with the FAD isoallox-
azine ring (Fig. 13a), even if, as previously observed for the 
CRE1/AHK4 receptor, the 6-BDPU double ring is flipped in 
respect with 5-BDPU one. The other double ring is slightly 
rotated towards the entrance of the binding pocket. Even if 
the BDPU molecules are shifted in respect with CPPU, due 
to the different steric hindrance, one hydrogen bond between 
the urea nitrogen and the side chain of Asp169 is maintained, 
even if for 5BDPU it is slightly longer than for 6-BDPU. In 

Fig. 12  a Molecular surface of the cavity hosting the BDPU ligands 
in the dimeric structure of the AHK4 receptor. 5-BDPU is in lime 
and 6-BDPU in pink; chain A and chain B are in silver and orange, 
respectively. b Residues interacting with BDPUs. The H-bonds are 

highlighted in dashed lines. The colour scheme is the same of (a), 
with the polar atoms that form H-bonds colored by type (red = oxy-
gen, blue = nitrogen). (Color figure online)

Fig. 13  a The 5-BDPU ligand (in lime, with polar atoms colored by 
type) docked inside the ZmCKX1 binding site. The conformation of 
CPPU in the crystal (in yellow) is overlaid. The stacking with FAD 
rings is evident. In this panel only 5-BDPU molecule is shown for 

clarity. b Residues interacting with BDPUs (5-BDPU in lime and 
6-BDPU in pink), colored by atom type. The H-bonds are again in 
dashed line. (Color figure online)
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addition, three other H-bonds are formed: between Asn399 
and an oxygen atom of the oxazole ring; between the Ser456 
and the nitrogen atom of the same ring; between the oxygen 
atom of urea and the FAD isoalloxazine ring (Fig. 13). The 
 Ei of the best complex (with a very high cluster population, 
from 64% of the total conformations of 5-BDPU to 67% of 
6-BDPU) is of − 8.44 kcal/mol for 5-BDPU and − 8.57 kcal/
mol for 6-BDPU, therefore very similar to CPPU one.

AtCKX isoform 7 was used in the docking experiments 
because, as we said, it is the only crystal structure of AtCKX 
currently available. Both the available crystal structures of 
AtCKX7 contain the FAD, but do not have any molecule 
inside the substrate-binding domain. Interestingly, the sub-
strate binding site is almost perfectly superimposable with 
the one of ZmCKX1 (Bae et al. 2008), even if not all the 
residues of the binding cavity are strictly conserved. This 
could indicate that binding does not considerably influence 
the site architecture, as reported also by Kopečný and co-
workers (Kopečný et al. 2016).

Our docking of BDPUs on the AtCKX7 2exr structure 
produced in both cases a unique cluster, that is a unique 
binding mode, in which BDPU molecules form a π–π stack-
ing with the FAD isoalloxazine ring, in an almost identical 
way as in ZmCKX1 enzyme, with a  Ei of − 8.73 kcal/mol 
for 5-BDPU and − 9.0 kcal/mol for 6-BDPU. In addition, the 
H-bond with the catalytic Asp162 (Asp169 in Zea mays) is 
still conserved (Fig. 14), as well as the other H-bonds, with 
the exception of the one involving Ser456 (Zea mays num-
bering) that here is substituted by Ala441.

Discussion

In the past few years, starting from previous structure–activ-
ity relationship studies and results, we have reported that two 
synthetic urea derivatives, the 5-BDPU and the 6-BDPU, act 
as adventitious rooting adjuvants and 5-BDPU as xylogene-
sis enhancer, without showing auxin- or cytokinin-like activ-
ity per se (Brunoni et al. 2014; Ricci et al. 2006, 2016). We 
also demonstrated that these effects depend on their capacity 
to somehow magnify the activity of auxins, which therefore 
need to be simultaneously present in the experimental cul-
ture system. But, as it is well known that not only auxins but 
even cytokinins play important roles in plant cell growth 
and development, we would like to verify if BDPUs could 
interact directly and/or indirectly also with cytokinins. Thus, 
setting up a variety of biological assays increasingly accu-
rate, together with predictive computational studies, we tried 
to analyze the extent of BDPU action spectrum, as nothing 
has been previously reported about their possible adjuvant 
activity exerted on cytokinins. As we completely ignored 
the type of the potentially existing interaction, we planned 
a multi-faced approach, in order to verify if BDPUs could 
somehow interfere with cytokinin behaviour and their-driven 
effects. Thus, depending on the specificity of the bioassays, 
structurally diverse adenine-type cytokinins, i.e. 2iP, BAP, 
tZ, and TDZ, a synthetic urea-type cytokinin, were used in 
mixture with BDPUs. In addition to their chemical structure, 
these cytokinins were chosen accordingly to their different in 
planta metabolism; in fact, 2iP and tZ are degraded by cyto-
kinin oxidase/dehydrogenase (CKX), while BAP is resistant 
to CKX cleavage and TDZ non-competitively inhibits the 
enzyme (Kieber and Schaller 2014).

Plant development

This adaptable bioassay has been used to compare the effects 
of different concentrations of 5-BDPU and 6-BDPU to that 
of 2iP, BAP and TDZ on Arabidopsis seedling development 
either alone or in mixtures. Cytokinin-treated plants show 
a strong reduction of shoot development, morphological 
leaf alterations and/or abnormalities, anthocyanin accumu-
lation, inhibition of root growth, in a concentration- and 
supplementation length-dependent way, as expected. The 
occurrence of these alterations also depends on the type of 
cytokinin, being evident even at the lowest concentration of 
BAP, while a higher concentration is required for TDZ and 
even higher for 2iP. The effects of 5-BDPU and 6-BDPU 
are not comparable to that of cytokinin-treated plants, rather 
they are similar to that of non-treated control plants (HF and 
DMSO conditions). Thus, these morphological qualitative 
results confirm that 5-BDPU and 6-BDPU do not function 
as cytokinins, and it is impossible to point out a hypothetical 

Fig. 14  The BDPU ligands docked inside the AtCKX7 binding site. 
Again, the stacking of a double ring with FAD rings is evident. Resi-
dues interacting with BDPUs are labelled and colored as in Fig. 12, 
as well as H-bonds. (Color figure online)



185Plant Growth Regulation (2021) 95:169–190 

1 3

interaction with endogenous cytokinins. When Arabidopsis 
seeds are sown in the presence of mixtures of compounds, 
i.e. exogenous cytokinins plus 5-BDPU or 6-BDPU, the 
resulting plant development is negatively affected. In fact, 
the same alterations and abnormalities cited above are more 
evident than the ones caused by the corresponding cytokinin 
concentration alone, being more severe in the presence of 
BAP and TDZ.

Root elongation inhibition assay

This simple but also specific bioassay has been used to eval-
uate either the effect of 5-BDPU and 6-BDPU alone or their 
hypothetical adjuvant effect towards the inhibition of root 
elongation, a typical cytokinin-related process. Our results 
clearly prove that 5-BDPU and 6-BDPU alone do not show 
cytokinin-like activity. Rather they magnify the inhibition 
of root elongation caused by all the concentrations of 2iP 
and BAP, natural cytokinins, and by the highest concen-
trations of TDZ, a synthetic urea-type cytokinin. Thus, the 
simultaneous supplementation of 5-BDPU or 6-BDPU affect 
this specific physiological process, making the cytokinin-
dependent inhibition effect significantly more severe. Also, 
it seems that the adjuvant effect differs according to type of 
cytokinin, i.e. natural or synthetic.

Amaranthus seedling test

This highly specific bioassay has been used to confirm the 
adjuvant effect of 5-BDPU and 6-BDPU demonstrated by 
the root elongation inhibition assay. On the contrary, the 
betacyanin content is not significantly affected by the simul-
taneous presence of cytokinins and urea derivatives (com-
pletely ineffective when supplemented alone). This could be 
tentatively explained by the different efficacy and/or target 
of this bioassay and by the relatively fast response (results 
are collected after a few hours).

Shoot regeneration assay

This versatile in vitro tomato shoot regeneration protocol has 
been used to assay the cytokinin-like activity of whatever 
compound, performing a reproducible shooting response, 
highly medium-dependent. Our data confirm that 5-BDPU 
does not show any cytokinin-like activity per se, but exerts 
an adjuvant activity clearly evident when it is added to 2iP. 
The absence of any adjuvant effect when 5-BDPU is added 
to BAP and/or TDZ could be once more dependent to the 
type and/or the activity of cytokinins in this complex met-
abolic system. As BAP is resistant to CKX cleavage and 
TDZ non-competitively inhibits the enzyme, they probably 
exert a strong long-lasting cytokinin activity in this long 
time assay, thus making the hypothetical enhancement or 

adjuvant activity of 5-BDPU not clearly detectable and/or 
insignificant.

Interaction of BDPUs with proteins involved 
in cytokinin perception and degradation

Cytokinin perception

In Arabidopsis thaliana three transmembrane histidine 
kinases, namely AHK2, AHK3, and CRE1/AHK4, serve as 
cytokinin receptors (Inoue et al. 2001; Suzuki et al. 2001; 
Ueguchi et al. 2001; Yamada et al. 2001). They are expressed 
in almost all tissues, acting redundantly in cytokinin signal-
ling, even if they differently contribute to different processes 
(Riefler et al. 2006; Stolz et al. 2011). The CRE1/AHK4 
was the only one of the three cytokinin receptors used in 
this study, as it has previously reported (i) that it exerts a 
dominating role in cytokinin-induced inhibition of primary 
root growth (Higuchi et al. 2004), (ii) that it gives a major 
contribution to the in vitro shoot regeneration process (Rief-
ler et al. 2006 and references herein), (iii) that it provokes a 
several fold higher response in Escherichia coli than AHK3, 
with the highest affinity for 2iP (Spíchal et al. 2004), (iv) that 
in planta transmission of a cytokinin signal through AHK3 
and AHK2 was several fold lower than through CRE1/AHK4 
(Hwang and Sheen 2001), (v) that AHK2 and CRE1/AHK4 
have similar ligand preferences (Stolz et al. 2011). From 
our results, we can infer that BDPUs do not activate the 
CRE1/AHK4 cytokinin receptor, as no direct interaction 
with CRE1/AHK4 was recorded in the direct completion 
assay and no β-galactosidase activity was detected when the 
compounds were tested alone in the heterologous bacterial 
assay. On the contrary, their presence in the mixture cyto-
kinin plus BDPU, regardless their concentration, magnify 
the receptor activation shown by each cytokinin alone, i.e. 
2iP, BAP or TDZ. This could be consistent with a peculiar 
interaction, allowed only by the simultaneous presence of 
the three actors: cytokinin, CRE1/AHK4 receptor, BDPU.

ARR5 is a type-A Arabidopsis Response Regulator gene 
showing the greatest fold-induction in response to cytokinin 
(D’Agostino et al. 2000; Rashotte et al. 2003) and it has been 
used to monitor in planta specific sites and patterns of cyto-
kinin distribution and/or to investigate the auxin-cytokinin 
interaction (To et al. 2004; Kakani 2011; Zhang et al. 2014). 
Even if the information obtained is not quantitative but only 
qualitative, it is widely accepted that the visualization of 
staining intensity and/or extent and the appearance of new 
sites of staining is strictly dependent on the different treat-
ments the seedlings have undergone. While the 5-BDPU is 
ineffective alone, by our images it is possible to visualize 
a clear adjuvant effect of 5-BDPU when added to 2iP in 
the form of altered spatial expression of ARR5::GUS in the 
primary root, as the blue staining is stronger and wider than 
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in the corresponding control condition. The adjuvant effect 
is only partially evident or even unclear when 5-BDPU is 
added to TDZ. Besides, in our experimental conditions, 
GUS is so abundantly expressed in the primary root tis-
sues in the presence of BAP that it is impossible to visual-
ize any adjuvant effect due to 5-BDPU presence. By the 
way, this situation resembles that observed in the previous 
in vitro shoot regeneration assay. As ARR5 transcription is 
upregulated by cytokinins in a dosage-dependent manner, we 
suppose that 5-BDPU could modify cell sensitivity to cyto-
kinins affecting their signalling pathway, interfering with 
their receptor(s) and/or inhibiting the cytokinin oxidase/
dehydrogenase activity.

Cytokinin degradation

Through the enzymatic experiments we showed that BDPUs 
are capable of inhibition of CKX. Both the compounds were 
able to inhibit activity of ZmCKX1 reaching IC50 values 
comparable to the previously published derivatives of CPPU 
(Kopečný et al. 2010) and TDZ (Nisler et al. 2016).

Docking simulations

CRE1/AHK4 receptor is a homodimer in crystal, reflecting 
the behaviour of histidine kinases, in which signalling is 
not mediate by dimerization of kinase domains, but rather, 
it is believed that perception of stimuli causes alteration of 
protein–protein interactions within the preformed dimer sur-
face and that these perturbations are relayed to the kinase 
core domain (Gao and Stock 2009). Therefore, it is useful to 
investigate the interaction of BDPUs with the dimer already 
conformed by the presence of cytokinin into the binding 
site—as the chosen receptor structure is.

The docking results are in agreement with what observed 
by the experiments. The intermolecular interaction energy 
of BDPUs with the receptor is comparable with the one of 
the endogenous 2iP, but the binding of BDPUs inside the 
cytokinin pocket is statistically very unfavorable, confirm-
ing and justifying the absence of cytokinin-like action of 
BDPUs alone.

Instead, the docking exploration of the whole dimeric 
structure evidences the presence of a site among the bind-
ing PAS domain, the stalk helix and the dimer interface. Due 
to their steric hindrance, BDPUs could block the movement 
of the lid opening or the re-adaption of the structurally per-
turbed interface, which could release the cytokinin molecule. 
The effect of this blocking could be the higher persistence of 
cytokinin in its binding pocket and the subsequent enhancing 
of its kinase action.

To give more structural insights into the inhibition of a 
cytokinin oxidase/dehydrogenase, docking simulations of 
BDPUs both on the maize and Arabidopsis CKX structures 

were performed and compared with the behavior of CPPU 
inhibitor. Not only the orientation and several key interac-
tions are conserved, but also the intermolecular interaction 
energy is comparable.

Finally, also the intermolecular interaction energy of the 
BDPU–CRE1/AHK4 complex with the one of BDPU–CKX 
is comparable, indicating that both the interactions can con-
temporarily occur.

Conclusions

In this manuscript we demonstrate for the first time that 
5-BDPU and 6-BDPU exert an adjuvant activity on some 
natural adenine- and/or synthetic urea-type cytokinin-driven 
effects. The 2iP-related effects are enhanced by the simul-
taneous presence of 5-BDPU and 6-BDPU, with the only 
exception of the betacyanin accumulation that is not affected 
by their presence. The BAP-dependent alteration of plant 
development and the inhibition effect on root elongation 
are enhanced by the simultaneous presence of 5-BDPU and 
6-BDPU, while betacyanin accumulation, shoot regenera-
tion and GUS activity in transgenic plants are not affected 
by their presence. The TDZ-dependent alteration of plant 
development is enhanced by the simultaneous presence of 
5-BDPU and 6-BDPU, while the inhibition effect on root 
elongation as well as GUS activity in transgenic plants are 
partially enhanced by their simultaneous presence, on the 
contrary betacyanin accumulation and shoot regeneration 
are not affected. Thus, by our results we can infer that the 
adjuvant activity depends on the type of cytokinin supple-
mented and, keeping in mind the intrinsic shortcomings that 
characterize each bioassay (Mok 1994), it is clearly provable 
only in some of them. In fact, completely negative results, 
as that obtained with each of the 3 cytokinins plus BDPUs 
by the Amaranthus seedling test, demonstrate that it is nec-
essary to use bioassays that differ each other in target, sig-
nalling pathway, length of detection time. About the latter, 
using extremely rapid bioassays, as Amaranthus assay, or 
very long responsive ones, as regeneration assay, can cause 
important loss of information, as we have experienced.

Moreover, the circumstance that the adjuvant activity is 
clearly shown only in the simultaneous presence of exog-
enously supplemented cytokinins led us to try to verify 
the existence of a structural relationship among cytokinin-
cytokinin receptor-BDPU. By docking simulations, we 
have seen that BDPUs unfavourably bind into the cytokinin 
binding pocket of CRE1/AHK4 receptor, as it could be 
inferred by the results obtained by the heterologous bacte-
rial assay, in agreement with the absence of a cytokinin-like 
activity per se, as previously reported (Ricci et al. 2006, 
2016; Brunoni et al. 2014) and further demonstrated here. 
Rather, quite interestingly, by the docking simulation results 
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we hypothesize that the tripartite system, cytokinin-CRE1/
AHK4 receptor-BDPU, could be another example of allos-
teric interaction (Kumari and Van der Hoorn 2011). In fact, 
it was reported that cytokinin binding to the CRE1/AHK4 
pocket causes conformational changes, that involve the 
protein–protein interaction at the dimer surface (Gao and 
Stock 2009). Likely, also the lid—or a portion of it—could 
be involved in an opening/closure movement. Consequently, 
this change creates an outer surface on which BDPU is able 
to bind favourably, blocking the lid movement and/or the 
readjusting of the dimer interface. This could probably 
favour the persistence of the cytokinin inside the pocket, 
having an effect similar to an enhanced affinity.

In addition, we cannot exclude that BDPUs could inhibit 
cytokinin oxidase/dehydrogenase (CKX) that inactivates 
cytokinins in planta. This hypothesis originates from two 
distinct aspects: first, their effectiveness is much more evi-
dent towards 2iP, naturally degraded by CKX, rather than 
BAP, resistant to CKX cleavage, or TDZ, non-competitively 
inhibiting the enzyme; second, their urea-type chemical 
structure resembles that of other urea derivatives, that inhibit 
CKX (Nisler et al. 2016). By docking simulation, we have 
demonstrated that BDPUs favourably binds into the binding 
pocket of the enzyme possibly preventing its effect of inacti-
vation of natural adenine-type cytokinin with isoprenoid side 
chain. By CKX inhibition measurements using ZmCKX1, 
we experimentally proved that BDPUs can increase the life-
time of cytokinins in planta.

In the end, the biological assays and the docking simula-
tions both show that the adjuvant activity exerted by BDPUs 
towards some cytokinin-driven physiological effects could 
be due to a combination of two interactions: a binding to 
the surface of CRE1/AHK4 receptor, and a binding into the 
active site of CKX. Incidentally, a dual activity is not sur-
prising, as it has already been reported for other urea-type 
compounds, as TDZ and CPPU (Kopečný et al. 2010).

But, still, many questions are unanswered: (i) do BDPUs 
remain in the apoplast, inhibiting apoplastic CKXs and 
binding to the small population of CRE1/AHK4 receptor 
located in the plasma membrane? (ii) do BDPUs enter the 
cells exerting their dual activity towards CKXs and CRE1/
AHK4 receptor located at subcellular level? And in the case, 
do they need specific influx carriers for their uptake into the 
cells? (iii) do BDPUs exert their adjuvant activity on other 
important cytokinin-driven effects, as leaf senescence delay, 
nutrient balance and/or stress responses?

Work is in progress to answer these questions and further 
studies are required to verify if, thanks to their contempo-
rary dual effect, even BDPUs could be positively employed 
in biotechnology, cosmetics, precise agricultural practice 
as recently suggested for natural cytokinins and synthetic 
cytokinin-like compounds (Oshchepkov et al. 2020).

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10725- 021- 00735-3.
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