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Abstract
Main conclusion  Five poplar CHASE-containing histidine kinase receptors bind cytokinins and display kinase activi-
ties. Both endogenous isoprenoid and aromatic cytokinins bind to the receptors in live cell assays.

Abstract  Cytokinins are phytohormones that play key roles in various developmental processes in plants. The poplar species 
Populus × canadensis, cv. Robusta, is the first organism found to contain aromatic cytokinins. Here, we report the functional 
characterization of five CHASE-containing histidine kinases from P. × canadensis: PcHK2, PcHK3a, PcHK3b, PcHK4a and 
PcHK4b. A qPCR analysis revealed high transcript levels of all PcHKs other than PcHK4b across multiple poplar organs. 
The ligand specificity was determined using a live cell Escherichia coli assay and we provide evidence based on UHPLC-MS/
MS data that ribosides can be true ligands. PcHK2 exhibited higher sensitivity to iP-type cytokinins than the other receptors, 
while PcHK3a and PcHK3b bound these cytokinins much more weakly, because they possess two isoleucine residues that 
clash with the cytokinin base and destabilize its binding. All receptors display kinase activity but their activation ratios in 
the presence/absence of cytokinin differ significantly. PcHK4a displays over 400-fold higher kinase activity in the presence 
of cytokinin, suggesting involvement in strong responses to changes in cytokinin levels. trans-Zeatin was both the most 
abundant cytokinin in poplar and that with the highest variation in abundance, which is consistent with its strong binding 
to all five HKs and activation of cytokinin signaling via A-type response regulators. The aromatic cytokinins’ biological 
significance remains unclear, their levels vary diurnally, seasonally, and annually. PcHK3 and PcHK4 display the strongest 
binding at pH 7.5 and 5.5, respectively, in line with their putative membrane localization in the endoplasmic reticulum and 
plasma membrane.
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Abbreviations
3FMTDZ	� 1-[1,2,3]thiadiazol-5-yl-3-(3-trifluorometh-

oxy-phenyl)urea
BAP	� N6-benzyladenine
cZ	� N6-(cis-4-hydroxy-3-methyl-2-buten-1-yl)

adenine, i.e. cis-zeatin
iP	� N6-(2-isopentenyl)adenine
iPR	� N6-(2-isopentenyl)adenosine
mT	� meta-topolin
HETDZ	� 1-[2-(2-hydroxy-ethyl)phenyl]-3-(1,2,3-thiadi-

azol-5-yl)urea
HK	� Histidine kinase
oT	� ortho-Topolin
RR	� Response regulators
TDZ	� N-(1,2,3-thidiazol-5-yl)-N´-phenylurea, i.e. 

thidiazuron
tZ	� trans-Zeatin
tZR	� Zeatin riboside

Introduction

The cytokinins are adenine-derived phytohormones that 
regulate cell proliferation and differentiation, shoot and 
root growth, development, and responses to various envi-
ronmental stimuli including biotic and abiotic stress (Wer-
ner and Schmülling 2009; Kieber and Schaller 2014). Two 
groups of cytokinins, aromatic and isoprenoid, can be 
distinguished based on the nature of their N-substituents. 
Isoprenoid cytokinins are ubiquitous in higher plants and 
include the most biologically active species trans-Zeatin (tZ) 
and N6-(2-isopentenyl)adenine (iP) as well as less bioactive 
analogs such as cis-zeatin (cZ) and dihydrozeatin (Spíchal 
et al. 2004; Lomin et al. 2011; Kuderová et al. 2015). Aro-
matic cytokinins are rare and may have different biological 
functions to their isoprenoid counterparts (Strnad 1997). 
Notable aromatic cytokinins include 6-benzylaminopurine 
(BAP) and ortho- (oT) and meta-topolin (mT). Aromatic 
cytokinins were shown to induce changes in chlorophyll a 
and b levels (Dobránszki and Mendler-Drienyovszki 2014). 
Both isoprenoid and aromatic cytokinins also exist as ribo-
sides, 9-glucosides, and other derivatives (Mok and Mok 
2001). Ribosides, considered in general as a transport form 
of the hormone (Beveridge et al. 1997; Corbesier et al. 2003; 
Hirose et al. 2008), can be metabolized by nucleoside-N-
ribohydrolase (NRH) to the active form (cytokinin base) in 
cytosol (Kopečná et al. 2013).

The cytokinin signal is perceived and mediated by a 
multistep His-Asp phosphorelay cascade, which activates 
type-B response regulators (RR) that function as transcrip-
tional activators in the nucleus (Hwang and Sheen 2001; 
Müller and Sheen 2008). Among the genes transcribed 
upon B-type RRs activation are smaller A-type RRs acting 

as negative regulators of the initial signal transduction 
pathway (To et al. 2004). The A-type RRs are cytokinin 
primary response genes (D’Agostino et al. 2000; Rashotte 
et al. 2003). Cytokinin receptors are hybrid-type trans-
membrane sensor histidine kinases (HKs) (Inoue et al. 
2001; Suzuki et al. 2001; Ueguchi et al. 2001) that are 
autophosphorylated at a conserved His residue in the 
HK domain, and subsequently at an Asp residue in the 
receiver domain, upon cytokinin binding. The cytokinin 
binding site is at an N-terminal extracytoplasmic binding 
domain known as the CHASE (Cyclase/Histidine kinase 
Associated Sensory Extracellular) domain, which com-
prises ~ 270 amino acids (Heyl et al. 2007) surrounded by 
transmembrane (TM) domains of ~ 20–25 amino acids. 
Receptors are predominantly localized in the membrane 
of the endoplasmic reticulum (Caesar et al. 2011; Lomin 
et al. 2011; Wulfetange et al. 2011). The best described 
cytokinin receptors are three HKs from Arabidopsis 
(AHK2, AHK3 and AHK4) (Ueguchi et al. 2001). The 
crystal structure of the CHASE domain of AHK4 (Hothorn 
et al. 2011) has been solved, revealing that it forms a dimer 
and explaining previously reported ligand specificity 
(Spíchal et al. 2004; Romanov et al. 2006). Other organ-
isms with biochemically characterized cytokinin recep-
tors include maize (Yonekura-Sakakibara et al. 2004), rice 
(Choi et al. 2012), rapeseed (Kuderová et al. 2015), the 
apple tree (Daudu et al. 2017), and potato (Lomin et al. 
2018). The pathogenic bacterium Xanthomonas campestris 
also senses cytokinin via HKs (Wang et al. 2017), which 
induces a bacterial response to oxidative stress.

Plant HKs display high redundancy with overlapping 
specificities, functions, interactions and gene expres-
sion, at least in Arabidopsis thaliana (Dortay et al. 2006; 
Stolz et al. 2011). While ahk2 ahk4 and ahk3 ahk4 double 
mutants exhibited only minor phenotypic differences from 
the wild type (Nishimura et al. 2004; Higuchi et al. 2004; 
Riefler et al. 2006), studies on the dwarfed ahk2 ahk3 dou-
ble mutant revealed that AHK2 and AHK3 play important 
roles in leaf development. AHK3 regulates leaf senescence 
(Kim et al. 2006). Conversely, AHK4 activity is required for 
the morphogenesis of vascular tissues in roots (Mähönen 
et al. 2000). Cytokinin signaling is also involved in the for-
mation of legume root nodules: spontaneous nodulation in 
a Lotus japonicus mutant was linked to a gain-of-function 
mutation in the HK1 gene (Tirichine et al. 2007). This muta-
tion L266F affected the sequence of the CHASE domain, 
making the mutant protein constitutively active even with-
out cytokinin binding. Constitutively active variants of the 
Arabidopsis AHK4 receptor have also been described (Miwa 
et al. 2007). All these variants feature mutations in a narrow 
region extending from the TM to the HK domain. Gain-
of-function mutants of the AHK2 and AHK3 genes, named 
repressor of cytokinin deficiency2 (rock2) and rock3, caused 
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increased shoot growth, leaf and flower size, and seed yield 
(Bartrina et al. 2017). Interestingly, the rock3-1 and rock3-2 
mutant genes encode AHK3 variants with point mutations 
in the CHASE domain (T179I and E182 K, respectively).

Here, we present a study on a family of cytokinin recep-
tors from Populus × canadensis cv. Robusta, a hybrid of P. 
deltoides × P. nigra. We chose P. × canadensis as a model, 
because it is the first organism reported to contain aromatic 
cytokinins: oT (Strnad et al. 1992), ortho-topolin riboside 
(Hewett and Wareing 1973; Horgan et al. 1973), ortho-
topolin-9-glucoside (oT9G) (Strnad et al. 1994), mT, and its 
sugar conjugates (Strnad et al. 1997) have been detected in 
extracts of its leaves. We recently analyzed the occurrence of 
aromatic cytokinins in various poplar species (Jaworek et al. 
2019). All five poplar HK genes were cloned and putative 
cytokinin receptors were analyzed using a live-cell competi-
tive assay to determine ligand specificities and kinase activi-
ties. We also investigated the genomic organization of the 
HK genes and their expression patterns in poplar by qPCR.

Materials and methods

Biological material and growth conditions

The majority of Populus × canadensis (cv. Robusta) samples 
were collected from a tree growing in the urban environ-
ment (Olomouc, CZ, 49°35′44″ N, 17°13′39″ E). Samples 
for the determination of seasonal changes in cytokinin con-
tent were collected at a set time after daybreak between 25 
May and 29th September 2017. A total of 48 data points 
represent values in samples collected every second week 
in two biological replicates (each replicate was a mixture 
of five leaves), which were measured in triplicate. Roots 
were obtained from poplar twigs rooted in a tap water for 2 
weeks. Calli were grown in a growth chamber at 23/21 °C 

(day/night), with a 14 h photoperiod (140 µmol m−2 s−1) on 
MS medium with vitamins at pH 5.7 solidified with 0.7% 
(w/v) plant agar (Duchefa) and supplemented with 2% (w/v) 
sucrose, glutamine (AppliChem) at 10 mg l−1, glycine at 
2 mg l−1, tZ at 0.2 mg l−1, and 2,4-dichlorophenoxyacetic 
acid at 1.0 mg l−1 (Duchefa). Sub-cultivation was performed 
every 2 weeks. All samples were frozen in liquid nitrogen.

Cloning and construct preparation

Gene-specific primers (Table  S1) for amplification of 
P. × canadensis HK genes, abbreviated as PcHKs, were 
designed based on previously identified corresponding 
sequences from Populus trichocarpa (Immanen et al. 2013). 
The Phytozome 12 (https​://phyto​zome.jgi.doe.gov/) identi-
fication numbers of individual sequences are presented in 
Table 1. Total RNA was extracted from P. × canadensis 
leaves or calli using the RNAqueous isolation kit and treated 
with Turbo DNase (Thermo Fisher Scientific). cDNA was 
synthesized with RevertAid H Minus reverse transcriptase 
(Thermo Fisher Scientific) for PCR amplification with Q5 
DNA polymerase from New England Biolabs (NEB). All 
PcHK ORFs were ligated into a Zero Blunt vector (Thermo 
Fisher Scientific), transformed into NEB 10-β competent E. 
coli cells for plasmid production, and sequenced. A similar 
procedure was used for genes encoding ubiquitin extension 
protein 1 (UBQ1; GeneBank XP_002318470) and α-tubulin 
2 (TUA2; GeneBank XP_002303998), which were used as 
a reference genes for qPCR. All HK genes were further 
subcloned into the pINIIIΔEH vector (kindly provided by 
David Zalabák, Palacký University, CZ) (Suzuki et al. 2001; 
Yamada et al. 2001) using its BamHI and SpeI restriction 
sites and preserving the GATT motif in front of the start 
codon. The constructs were transformed into Escherichia 
coli strain KMI001 (kindly provided by David Zalabák, 

Table 1   A nomenclature of 
HKs from P. × canadensis (cv. 
Robusta) studied in this work

The table shows GenBank™ accession numbers for all five HK genes as well as Phytozome ID numbers for 
the respective P. trichocarpa orthologues with their chromosome locations and corresponding amino acid 
lengths. Sequence identities of CHASE domains with either those of their A. thaliana orthologues or only 
that of AHK4 with known crystal structure (Hothorn et al. 2011) were calculated by Lalign (Huang and 
Miller 1991)

Gene name GenBank™ accession Phytozome ID (P. 
trichocarpa)

Chromosome# AA Identity of CHASE 
domain to:

A.th. 
ortholog 
(%)

AHK4 (%)

PcHK2 MH248795 Potri.014G164700 14 1261 80.3 63.6
PcHK3a MH248793 Potri.001G057400 1 1020 84.8 61.7
PcHK3b MH248794 Potri.003G171000 3 1019 84.8 62.5
PcHK4a MH248791 Potri.008G137900 8 1006 82.6 82.6
PcHK4b MH248792 Potri.010G102900 10 1006 82.6 82.6

https://phytozome.jgi.doe.gov/
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Palacký University, CZ) for use in cytokinin binding and 
receptor activation assays. Because the natural ORFs of 
PcHK2, PcHK3a, PcHK3b and PcHK4a contain BamHI or 
SpeI sites, these were further codon optimized (GenScript).

qPCR analysis of PcHK and PcRR expression

Total RNA from individual tissues and calli of P. × canaden-
sis was extracted using the RNAqueous isolation kit and 
treated with Turbo DNase (Thermo Fisher Scientific) twice. 
Expression of A-type response regulator genes (PcRR) was 
analyzed in freshly cut leaves from mature trees. Leaf stalks 
were incubated in 1 µM tZ, 0.5 µM oT and 0.5 µM oTR 
for 4 h. Alternatively, freshly cut young twigs were treated 
with 2 µM tZ and BAP for 24 h. cDNA was synthesized 
using the RevertAid H Minus reverse transcriptase (Thermo 
Fisher Scientific) with random hexamer primers. RNA from 
a pool of 15–20 poplar organ samples (flowers, buds, leaves, 
etc.) was transcribed in two independent reactions. All sub-
sequent PCR analyses of cDNA samples were performed 
in triplicate. The qPCR reaction mixture contained cDNA, 
200 nM FAM-TAMRA probe, 400 nM primers, and Luna® 
universal probe qPCR master mix (NEB). Primer Express 
3.0 software (Thermo Fisher Scientific) was used for primer 
and probe design (Table S1). Data were recorded using the 
QuantStudio 5 Real-Time PCR System (Thermo Fisher Sci-
entific). PCR efficiencies and specificities of designed probes 
and primer pairs were verified using plasmid DNA carrying 
ORFs of the poplar HK genes. Cycle threshold values were 
normalized with respect to the amplification efficiency of 
two housekeeping genes UBQ1 and TUA2.

Phylogenetic analysis and cytokinin‑binding site 
comparison

An amino acid alignment of the HK sequences was generated 
using T-Coffee (Notredame et al. 2000) and then treated with 
Gblocks (Castresana 2000). A maximum likelihood phylog-
eny with bootstrap analysis was constructed with PhyML 
v3.0 using the LG amino acid replacement matrix (Guindon 
et al. 2010). The phylogeny included HK sequences from 
Arabidopsis thaliana (AHKs) (Ueguchi et al. 2001), Bras-
sica napus (BnHKs) (Kuderová et al. 2015), Malus domes-
tica (MdHKs) (Daudu et al. 2017), Oryza sativa (OsHKs) 
(Du et al. 2007), P. × canadensis (PcHKs; Table 1), Sola-
num tuberosum (StHKs) (Lomin et al. 2018), and Zea mays 
(ZmHKs) (Yonekura-Sakakibara et al. 2004). A sequence 
logo was generated using WebLogo from the sequences 
used in the phylogenetic analysis together with sequences 
from Prunus persica (Immanen et al. 2013) and sequences 
from Hordeum vulgare, Kalanchoe laxiflora, Salix purpu-
rea, and Solanum lycopersicum retrieved from the Phyto-
zome 12 (https​://phyto​zome.jgi.doe.gov/) or Uniprot (www.

unipr​ot.org) databases. Models of the poplar receptor sen-
sor domains were constructed with SWISS-MODEL (https​
://swiss​model​.expas​y.org) using the dimeric domain of the 
AHK4 crystal structure (PDB ID 3T4L) (Hothorn et al. 
2011) as a template. The resulting models of the PcHK4a 
and PcHK4b CHASE domains display an average RMSD of 
0.15 Å and share 83% sequence identity with that of Arabi-
dopsis AHK4. Models of the PcHK2, PcHK3a and PcHK3b 
CHASE domains display an average RMSD of 0.25 Å and 
share 66–68% sequence identity with that of Arabidopsis 
AHK4. HK sequences from P. × canadensis, P. trichocarpa 
and P. deltoides were nearly identical as shown in Table S2.

Cytokinin‑binding assay

The PcHKs’ binding properties were analyzed using a live 
cell competitive binding assay (Romanov et al. 2005, 2006) 
with slight modifications as described previously (Kuderová 
et al. 2015). Radiolabeled trans-Zeatin ([2-3H]zeatin, 1.3 
TBq/mmol) was obtained from the Isotope Laboratory, Insti-
tute of Experimental Botany (Prague, CZ). Bacterial cultures 
were grown in liquid M9 medium supplemented with 0.1% 
(w/v) casamino acids, 100 μg ml−1 ampicillin and 100 μM 
IPTG at 25 °C overnight up to an OD600 of 0.7–0.8. Samples 
of the bacterial suspension (1 ml) were then transferred to 
Eppendorf tubes, incubated for 30 min, and centrifuged at 
6000×g for 6 min. The resulting bacterial pellet was resus-
pended in 1 ml of a scintillation cocktail (Beckman, USA) 
and its radioactivity was monitored using a Hidex 300 SL 
scintillation counter (Hidex). A high excess of unlabeled tZ 
(at least 3000-fold) was used for competition to discriminate 
between specific and non-specific binding. Mean KD val-
ues were determined based on three independent Scatchard 
analyses (Scatchard 1949) using GraphPad Prism 5.1 (http://
www.graph​pad.com/). Competitive assays to determine IC50 
values were performed at pH 7.0 using 2.5 nmol l−1 [3H]-tZ 
for PcHK2, PcHK3a and PcHK3b or 5 nmol l−1 [3H]-tZ 
for PcHK4a and PcHK4b samples, with or without unla-
beled cytokinins at various concentrations, and 0.1% (v/v) 
dimethylsulphoxide (DMSO). Ki values were calculated 
using the equation Ki = IC50/(1 + [radioligand]/KD) (Cheng 
and Prusoff 1973), where KD denotes the radioligand’s affin-
ity for the receptor being studied. The optimal pH was stud-
ied using 100 mM MES and MOPS buffers in pH range from 
5.5 to 8.0. Prior to measurements, bacterial cultures were 
resuspended in liquid M9 medium containing tenfold lower 
concentration of phosphate salts. Riboside stability was stud-
ied using the same concentration of iP and iPR (25 nM for 
PcHK2, 900 nM for PcHK3b and 125 nM for PcHK4a). In 
parallel, 30 µg of pure maize NRH2b (Kopečná et al. 2013) 
were added to the reactions with iPR to release free iP either 
at 4 °C or at room temperature for 30 min.

https://phytozome.jgi.doe.gov/
http://www.uniprot.org
http://www.uniprot.org
https://swissmodel.expasy.org
https://swissmodel.expasy.org
http://www.graphpad.com/
http://www.graphpad.com/
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Receptor activation assay

The E. coli KMI001 strains express the HK recep-
tor → YojN → RcsB → cps::lacZ pathway, enabling reporter 
gene activation upon cytokinin binding (Takeda et  al. 
2001). The ability of the PcHK receptors to trigger phos-
phorelay signaling was verified by monitoring the strains’ 
β-galactosidase activity in the absence or presence of tZ as 
described (Spíchal 2011) with slight modifications. Bacterial 
precultures were grown in liquid M9 medium (pH 7.0) sup-
plemented with 0.1% (w/v) casamino acids and 100 μg ml−1 
ampicillin at 25 °C up to an OD600 of 0.6. Precultures were 
diluted with fresh media containing 100 μM IPTG at ratios 
of 1:100 for strains expressing PcHK2, 1:5 for PcHK3a, 
1:500 for PcHK3b, and 1:5 for PcHK4a and PcHK4b. Each 
preculture was then split into two batches; solvent was 
added to one (the control) and tZ at a final concentration 
of 1 μM to the other. Three aliquots of 200 μl from each 
culture were transferred to a 96-well plate and incubated for 
18 h at 25 °C, with shaking at 250 rpm. At the end of the 
incubation, the OD600 values of these samples were meas-
ured using a Synergy™ H4 hybrid multi-mode microplate 
reader (Biotek), and a 50 μl subsample from each well was 
transferred to a new 96-well plate containing 2 μl of 25 mM 
4-methyl umbelliferyl galactoside (Sigma–Aldrich) in each 
well. After a 15 min incubation at 37 °C, the reaction was 
stopped by adding 100 μl of a pH 10.7 solution (NaOH) con-
taining 130 mM glycine and 80 mM sodium carbonate. The 
fluorescence of 4-methylumbelliferone was measured using 
a plate reader at excitation and emission wavelengths of 365 
and 460 nm, respectively. The ratio of the fluorescence sig-
nal to the product of the OD600 and cultivation time was used 
to compare the β-galactosidase activity of the controls and 
tZ-supplemented samples.

Analysis of cytokinin content

Isoprenoid cytokinins were isolated and purified according 
to (Bar et al. 2016) using 3 pmol of heavy-labeled stand-
ards (13C5-tZ, 13C5-cZ, 2H6-iP, 2H6-iPR, 2H5-tZR, 2H5-cZR 
2H3-DHZR, 2H6-iPRMP, 2H5-tZ9G, 2H5-cZ9G 2H3-DHZ9G) 
(OlChemIm, Olomouc, CZ). Cytokinins were isolated by 
solid-phase extraction with a strong cation exchanger (Agi-
lent Technologies), concentrated under reduced pressure at 
37 °C, and analyzed by UHPLC-MS/MS (LCMS-8050, Shi-
madzu) according to (Novák et al. 2008). The resulting data 
were processed using the standard isotope dilution method 
(Rittenberg and Foster 1940). Molar concentrations of cyto-
kinins were calculated by assuming a relative water content 
of 95% for leaf tissue (Sorrentino et al. 2016) to compare 
hormone levels in leaves to the receptors’ Ki values.

The identity and levels of iP and iPR incubated with E. 
coli cell cultures expressing PcHK4a were determined via 
UHPLC-MS/MS (LCMS-8050, Shimadzu) according to 
Novák et al. (2008). Samples for analysis were prepared by 
liquid–liquid extraction of cultivation media with diethyl 
ether. Three ether aliquots for each sample were pooled 
and concentrated under reduced pressure at 30 °C prior to 
analysis.

Accession numbers

Sequence data can be found in the GenBank (www.ncbi.
nlm.nih.gov/genba​nk/) data library under accession numbers 
MH248795 for PcHK2, MH248793 for PcHK3a, MH248794 
for PcHK3b, MH248791 for PcHK4a and MH248792 for 
PcHK4b. Alternatively spliced PcHK2 sequences were also 
submitted as MH248796 for PcHK2_v1 and MH248797 for 
PcHK2_v2.

Results

HK genes in Populus × canadensis cv. Robusta 
and their phylogeny

A detailed analysis of the Populus trichocarpa genome 
revealed the existence of five putative cytokinin receptors, 
all of which are CHASE-containing HKs (Table 1) (Pils 
and Heyl 2009; Immanen et al. 2013). The high number of 
these receptors in poplar compared to Arabidopsis is due to 
a whole-genome duplication event in the Salicaceae fam-
ily, from which almost 8000 pairs of paralogous genes have 
survived in poplar to the present day (Tuskan et al. 2006). 
We cloned all ORFs of the five HKs found in P. × canaden-
sis (for accession numbers, see Table 1) including several 
splicing variants of PcHK2. The PcHK2 gene lies on chro-
mosome 9 and comprises 13 exons (Fig. S1). The exon num-
ber and lengths of HK2 orthologues, including those from 
Arabidopsis and maize, are conserved except for the first 
exon of PcHK2, which is about 150 bp longer. Additionally, 
there are two PcHK3 paralogues on chromosomes 1 and 14 
with 10 exons, and two PcHK4 paralogues on chromosomes 
8 and 10 with 11 exons. Uniquely, the Arabidopsis AHK4 
gene contains an additional first exon and longer second 
exon that encode an extra membrane-anchored N-terminal 
helix (Ueguchi et al. 2001; Hothorn et al. 2011). In line with 
increasing length of N-terminal part of sequences, both 
PcHK4 comprise two TM segments, both PcHK3 have 3 
TM segments and PcHK2 comprises even 4 TM segments 
(Table S3).

The phylogenetic tree constructed from the HK sequences 
of the seven studied plant species (which include both 

http://www.ncbi.nlm.nih.gov/genbank/
http://www.ncbi.nlm.nih.gov/genbank/
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monocots and dicots) shows that the receptors cluster into 
three main clades (Fig. 1). Each clade contains one of the 
Arabidopsis receptors with established numbering; this pat-
tern is also observed for the poplar, potato (Lomin et al. 
2018), and apple tree (Daudu et al. 2017) orthologues. Bras-
sica napus is the only analyzed species (Kuderová et al. 
2015) without representation in all clades; it lacks an AHK4 
orthologue but has four members of the HK2 clade.

Expression profile of poplar HKs

The gene expression of the five PcHKs was analyzed in vari-
ous poplar organs by qRT-PCR (Fig. 2). Their transcript 
copy numbers varied between 600 and 2200 per 1 ng of 

RNA (Table S4). PcHK2 is the most abundant HK gene, 
and is expressed strongly in all organs. The evolution of 
paralogous genes often leads to functional diversification, 
as appears to have happened in the case of the PcHK4 genes 
based on their distinct expression profiles. The two PcHK3 
paralogues exhibit similar expression patterns, with their 
transcripts being most abundant in young leaves, roots and 
flowers. However, the only strongly expressed PcHK4 para-
logue was PcHK4a, which is mostly expressed in roots and 
axillary meristems.

Functional analysis of poplar HKs using isoprenoid 
cytokinins

A functional analysis of all five cloned PcHK protein-encod-
ing genes with conserved CHASE domains was performed 
to determine whether they can function as genuine cyto-
kinin receptors. A modified direct binding assay using E. 
coli strains expressing individual full-length ORFs of five 
PcHKs was used (Romanov et al. 2005, 2006; Kuderová 
et al. 2015) to obtain saturation curves for [3H]-tZ (Fig. 3a). 
All five PcHKs display strong tZ-binding affinities with esti-
mated KD values from 1.8 nM for PcHK3a to 5.5 nM for 
PcHK4b. The effect of pH on binding strength was analyzed 
in pH range from 5.5 to 8.0 (Fig. 3b). PcHK2 displayed a 

Fig. 1   Phylogenetic tree illustrating the relationship of poplar 
PcHK2, PcHK3a/b and PcHK4a/b to other CHASE-containing HKs. 
Amino acid alignments of 28 HKs were performed using T-Cof-
fee (Notredame et  al. 2000) and treated with Gblocks (Castresana 
2000). The maximum likelihood phylogeny with bootstrap analysis 
was performed with PhyML v3.0 using the LG amino acid replace-
ment matrix (Guindon et  al. 2010). The internal labels show boot-
strap frequencies (in percentage) for each clade. Scale bar shows an 
average number of substitutions per site. Only a subset of known 
HKs was chosen, focusing on those that have been studied previ-
ously. The subset includes examples from Arabidopsis thaliana 
(AtHKs: At5g35750, At1g27320 and At2g01830), Brassica napus 
(BnHKs: KF621029-33), Malus domestica (MdHKs: KM114879-
83), Oryza sativa (OsHKs: Os02g50480, Os03g50860, Os10g21810 
and Os01g69920), Solanum tuberosum (StHKs: XM_015303261.1, 
XM_006352114.2 and XM_006354988.2) and Zea mays (ZmHKs: 
AB042270, AB102956, AB102957 and AB121445)

Fig. 2   Expression pattern of PcHK genes in various organs. The heat 
map shows transcript levels detected in 1 ng of total RNA. These total 
transcript levels are expressed as log2 values and are color coded from 
blue to red representing the lowest and highest detected transcript 
numbers, respectively



Planta (2020) 251:1	

1 3

Page 7 of 15  1

maximal binding at pH 6.5, while curves of both isoforms 
PcHK3 as well as of PcHK4 showed opposite trends. Cyto-
kinin binding to PcHK3 receptors increased steadily towards 
higher pH values. On the other hand, binding to PcHK4 
receptors decreased linearly from a maximal value at pH 5.5. 
The receptors’ kinase activities were also analyzed using tZ 
in a bacterial activation assay (Suzuki et al. 2001). All five 
receptors exhibited kinase activity and thus are functional 
cytokinin receptors. Uniquely, PcHK3b exhibited a relatively 
high background activity level (60% of that observed in the 
presence of 1 µM tZ) in the absence of cytokinins (Fig. S2). 
The fold activation value (i.e. the ratio of kinase activity 
in the presence and absence of tZ) for PcHK4a was 400, 
whereas those for PcHK2 and PcHK3b were only 6 and 2, 
respectively (Fig. 3c).

The receptors’ ligand specificities were investigated using 
isoprenoid and aromatic cytokinins including bases and 
ribosides (Fig. 4) by determining their IC50 (inhibitory con-
centration 50%) values, i.e. the concentrations of unlabeled 
ligands required to reduce the binding of a radioligand by 
50%. This enabled the determination of Ki values (Table 2) 
(Cheng and Prusoff 1973), which are properties of the recep-
tor and unlabeled ligand, whereas IC50 values are only prop-
erties of the experiment. The cytokinin binding strengths of 
all five receptors declined in the order tZ > iP > cZ. PcHK2 
had a much higher sensitivity than the other four recep-
tors; it displayed the lowest overall Ki values (the highest 
being 100 nM) and thus the strongest binding to cytokinin 
bases and ribosides. The only exception was tZR, which was 
bound slightly more strongly by the PcHK3a/b isoforms. 
However, PcHK3a and PcHK3b exhibit weaker binding to 
iP-type cytokinins, cZ, BAP, and oT than the other HKs. The 
Ki values for isoprenoid cytokinin bases range from 2 nM 
(for tZ) to 1.1 µM (for cZ), while those for isoprenoid cyto-
kinin ribosides range from 9 nM (for tZR) to 2.3 µM (for 
iPR). In general, tZR is a good ligand for all five PcHKs, 
with Ki values up to 50 nM, while iPR only binds strongly 
to PcHK2. 

a

b

c
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Fig. 3   Cytokinin binding and kinase activity of PcHKs. a Dose-
dependent specific binding of [3H]tZ to cytokinin receptor-expressing 
E. coli clones. Binding was studied at pH 7.0 and cytokinin concen-
trations of up to 30 nM, and the calculated KD values are given for 
each receptor. b Effect of pH on binding strength. Binding was ana-
lyzed for [3H]-tZ in pH range from 5.5 to 8.0 using 100 mM MES and 
MOPS buffers. c Ratios of maximal to background kinase activity for 
individual receptors. Maximal activity was measured in the presence 
of 1 µM tZ. Absolute detected fluorescence values were normalized 
against the product of the bacterial cultures’ OD600 values and cul-
tivation times (fluorescence × OD−1

600 × h−1). Two values were calcu-
lated for each receptor, representing results obtained in the absence 
and presence, respectively, of 1 µM tZ: 358 ± 16 and 2128 ± 371 for 
PcHK2, 11 ± 6 and 294 ± 53 for PcHK3a, 3817 ± 477 and 6522 ± 515 
for PcHK3b, 6 ± 14 and 2795 ± 83 for PcHK4a, 13 ± 1 and 398 ± 44 
for PcHK4b. All measurements were performed twice with three 
technical replicates

▸
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Fig. 4   Competitive binding curves for various cytokinins versus 
[3H]-tZ using five poplar cytokinin receptors. The bound radioactivity 
corresponding to 100% binding was 19500, 11,000, 70,000, 16,500 

and 13,500 dpm for experiments with PcHK2, PcHK3a, PcHK3b, 
PcHK4a and PcHK4b, respectively. Binding was studied at pH 7.0

Table 2   Ki values for various 
natural and synthetic cytokinins 
and their binding to the 
cytokinin HK receptors from 
poplar

The values were calculated using the equation of Cheng and Prusoff (1973) based on IC50 values obtained 
from competitive binding curves and the known KD values for [3H]-tZ towards each receptor determined at 
pH 7.0. Values are means of at least three measurements

Compound Ki (nM)

PcHK2 PcHK3a PcHK3b PcHK4a PcHK4b

iP 3.9 ± 0.2 236 ± 13 147 ± 13 17 ± 0.9 14 ± 1
tZ 1.6 ± 0.1 1.5 ± 0.1 1.6 ± 0.1 3.7 ± 0.1 4.8 ± 0.2
cZ 106 ± 7 858 ± 113 1070 ± 194 205 ± 24 331 ± 22
iPR 22 ± 1 2270 ± 117 890 ± 81 125 ± 6 96 ± 11
tZR 24 ± 2 8.9 ± 0.8 11 ± 0.4 38 ± 3 53 ± 2.1
BAP 87 ± 5 704 ± 33 850 ± 82 601 ± 27 739 ± 39
oT 1100 ± 118 > 5000 > 5000 4500 ± 296 2820 ± 346
mT 23 ± 2 55 ± 6 52 ± 5 302 ± 22 223 ± 16
TDZ 2.2 ± 0.1 3.5 ± 0.2 1.5 ± 0.1 9.6 ± 0.5 23 ± 1
HETDZ > 5000 3530 ± 789 1190 ± 88 > 5000 > 5000
3FMTDZ > 5000 3890 ± 465 622 ± 37 > 5000 > 5000
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Binding of cytokinin ribosides to poplar HKs in live 
cell assay

The fact that cytokinin ribosides can bind to receptors in 
E. coli assays was further verified by measuring binding 
stability. E. coli cultures expressing PcHK2, PcHK3b and 
PcHK4a were incubated with iPR for 2 h at 4 °C compared 
with the standard 30 min. iP incubated for 30 min was used 
as a positive control. Ligand concentrations were chosen to 
reach 50% [3H]-tZ displacement according to Ki values for 
iPR (25, 900 and 125 nM, Table 2). Obtained data (Fig. 5a) 
show that receptor saturation was ~ 50% and did not sig-
nificantly differ over the incubation period. An addition of 
ZmNRH2b (Kopečná et al. 2013) induced release of iP from 
iPR resulting in higher receptor saturation.

Additional UHPLC-MS/MS quantification of iPR and 
iP incubated at 125 nM (Ki values for iPR) for 30 min in 
media containing E. coli producing PcHK4a was performed 
to assess a false positive effect of iP released from iPR 
(Fig. 5b). A small conversion of iPR to iP was observed 
(7.1 nM of 125 nM). Such a concentration of iP would sat-
urate the receptor only up to ~ 17% (83% of nondisplaced 
tritiated tZ) as calculated from the binding curve of iP 
(Fig. 5c). However, the assay with 125 nM iPR (Fig. 5a, 
second column) showed saturation of 49.7 ± 3.4%, which 
must be due to riboside binding. Addition of ZmNRH2b 

and 30-min incubation at room temperature resulted in 50% 
conversion of iPR to iP (58.0 nM). This concentration of 
iP would saturate the receptor up to ~ 60% according to the 
iP binding curve. We may assume that 65 ± 1.9% PcHK4a 
receptor saturation (Fig. 5a, last column) can be fully attrib-
uted to released iP.

Binding of urea‑derived and aromatic cytokinins

The synthetic phenylurea TDZ (Mok et  al. 1982) is a 
similarly good ligand to tZ, with low Ki values (Table 2). 
Two other TDZ derivatives, namely 1-[1,2,3]thiadiazol-
5-yl-3-(3-trifluoromethoxy-phenyl)urea (3FMTDZ) and 
1-[2-(2-hydroxy-ethyl)phenyl]-3-(1,2,3-thiadiazol-5-yl)
urea (HETDZ) were also tested, because they are bet-
ter inhibitors of cytokinin oxidase/dehydrogenase (CKX) 
(Nisler et al. 2016) than TDZ itself. As subtle modulations 
of cytokinin levels in planta can have positive effects on seed 
filling and crop yield, it is important to determine whether 
these new inhibitors can trigger undesired cytokinin sign-
aling. 3FMTDZ and HETDZ are poor ligands for PcHK2, 
PcHK4a/b and PcHK3a. However, their affinity towards 
PcHK3b is higher, with Ki values of 0.6 µM and 1.2 µM, 
respectively. These values are comparable to the inhibition 
constants for CKX.
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Fig. 5   Stability of iPR in cytokinin binding assays with three PcHKs. 
a The graph shows relative binding of cytokinin base (iP) and ribo-
side (iPR) determined by competitive binding assay with [3H]-tZ at 
pH 7.0. Concentrations of iP and iPR used in the assay were based on 
Ki values for each receptor (25 nM for PcHK2, 900 nM for PcHK3b 
and 125  nM for PcHK4a). Addition of nucleoside N-ribohydrolase 
(NRH), hydrolyzing ribosides to bases, to E. coli samples resulted 
in signal increase corresponding to stronger binding of iP. Dashed 

lines indicate a maximal response if all iPR would be converted to 
iP. b Concentration of iP and iPR present in the reaction mixture with 
PcHK4a receptor-expressing E. coli clones determined by UHPLC-
MS/MS. Data show cytokinin levels under standard assay conditions 
and upon addition of NRH; applied 125 nM iPR incubated for 30 min 
is shown as a dashed line. c Calculated saturation of the PcHK4a 
receptor by the amount of released iP from iPR as measured by 
UHPLC-MS/MS in the reaction mixture
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Of the tested aromatic cytokinin bases, BAP and mT bind 
to PcHKs with Ki values between ~ 23 nM and ~ 0.85 µM 
(Table 2), with mT generally binding more strongly. Con-
versely, oT is a poor ligand for PcHK3 isoforms; its Ki val-
ues were above the range measurable in the assay. Leaves 
of mature P. × canadensis trees exhibit diurnally fluctuating 
levels of oT under physiological conditions (Jaworek et al. 
2019); its concentration can peak at around 250 nM, which 
may be sufficient to trigger cytokinin signaling in pop-
lar by activating PcHK2 and (at least partially) PcHK4b. 
This point was clarified by analyzing the expression of two 
cytokinin primary fast response genes coding for A-type 
RRs (Ramírez-Carvajal et al. 2008), namely PcRR1 and 
PcRR10, by qPCR using FAM-TAMRA probes. PcRR1 
gene is strongly (~ 7–9 fold) upregulated while PcRR10 gene 
response is only moderate (~ 3 fold) after tZ treatment for 4 h 
(Fig. S3). BAP, which displays much lower Ki values for all 
five receptors than oT, induces expression of PcRR1 only, 
although it is still half of that observed with tZ. Activation 
of cytokinin signaling by oT and oTR (transport form of oT) 
is inconclusive as only 2 out of 11 type-A RRs were studied 
and differences in expression are not statistically significant 
enough.

Cytokinin content in poplar leaves

Finally, we profiled cytokinins in mature leaves of 
P. × canadensis between the end of May and September in 
2017 (Fig. 6). As we had detected oT and oTR in poplar 
leaves harvested in July 2015 (Jaworek et al. 2019), here, we 

screened their appearance covering the period of dark green 
fully expanded leaves till the early stage of senescence. Sur-
prisingly, the levels of aromatic cytokinins were close to the 
detection limit (oT) or well below those required for appre-
ciable receptor binding (oTR), and are not presented. The 
main isoprenoid cytokinin was tZ followed by iP, whereas 
the concentration of cZ was lower by one order of magnitude 
than that of tZ. Nevertheless, a decrease of total cytokinins 
was not observed during our experiment. While the levels 
of tZ and cZ steadily rose from the beginning of August till 
the end September, those of the remaining cytokinins did not 
follow any obvious trend (Fig. S4). iP and iPR displayed a 
positive peak during August.

Discussion

The poplar genome contains five putative cytokinin recep-
tor HK genes and to get insight into the cytokinin percep-
tion, we cloned all five HKs and analyzed gene expres-
sion and binding properties of coded receptor proteins. 
The data of HK gene expression correlate well with those 
in the apple tree (Malus domesticus; MdHK) published 
only recently (Daudu et al. 2017). MdHK2, an orthologue 
of PcHK2, was the most abundant in leaves and stems; 
MdHK3a was mainly expressed in roots, and MdHK3b in 
flowers. In Arabidopsis, AHK2 was reported to be mod-
erately expressed in all tested organs, whereas AHK3 
transcripts were even more abundant in leaves and AHK4 
transcripts appeared mainly in roots (Ueguchi et al. 2001; 
Higuchi et al. 2004).

The KD values for tZ and five poplar PcHKs in low 
nanomolar range observed in this work correlate well 
with those reported for Arabidopsis (Romanov et  al. 
2005, 2006; Stolz et al. 2011; Lomin et al. 2015), Bras-
sica (Kuderová et al. 2015), and potato HKs (Lomin et al. 
2018). The specificity and sensitivity of PcHK2 are strik-
ingly similar to those for the two orthologous receptors 
from Brassica (Kuderová et al. 2015). The high sensitivity 
of PcHK2 parallels that of MdHK2 from apple tree (Daudu 
et al. 2017). Similarly, the weak binding of iP-type cyto-
kinins by PcHK3a/b is mirrored by that of the Arabidopsis 
AHK3 receptor (Romanov et al. 2006) and to lesser degree 
by the AHK3-like Brassica BnHK5 receptor (Kuderová 
et al. 2015). Both of these receptors also display similar 
specificity as PcHK3a and PcHK3b. Our experiments also 
confirmed that cytokinins bind to all five poplar receptors 
at pH values of their supposed subcellular localization 
either in endoplasmic reticulum (neutral pH, Martinière 
et al. 2013) or in apoplast (acidic pH of ~ 5.5) (Fig. 3b). 
At pH 5.5, both PcHK4 receptors display maximal ligand-
binding ability, while PcHK2 and both PcHK3 receptors 
have their pH maxima at more neutral or basic pH values.

Fig. 6   Seasonal fluctuations of isoprenoid cytokinins in leaves of 
P. × canadensis. Values for each cytokinin represent a sum of 48 data 
points and concentrations are reported in units of nM although they 
were determined in pmol  g−1 FW. The conversion assumes a rela-
tive leaf water content of 95% (1.0 g–0.95 ml). Values in boxes cover 
data from upper and lower quartiles (25–75%), lines in the middle of 
the boxes stand for a median value while the black squares indicate 
a mean values. Whiskers delineate 9th and 91st percentiles and stars 
indicate the lowest and highest values
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A superposition of the sensor domain of Arabidopsis 
AHK4 (Hothorn et  al. 2011) with those of five PcHK 
models constructed using SWISS-MODEL (Waterhouse 
et al. 2018) confirmed the presence of highly conserved 
and mainly hydrophobic residues that form the cytokinin-
binding cavity and are thus essential for receptor activity. 
The conservation of these residues is also apparent in the 
analysis of 52 plant HKs (Fig. 7a). All five PcHKs share a 
conserved aspartate residue (Asp285 in AHK4) that forms 
two hydrogen bonds to the nitrogen atoms of the cytokinin 
ligands’ adenine ring, and a conserved threonine residue 
(Thr317 in AHK4) that binds the hydroxyl group of tZ 
(Fig. 7b–d). While T317A mutant was still binding tZ, 
residues interacting with the adenine ring (namely D285, 
F304, L306 and L307) were found to be essential for cyto-
kinin binding, because the corresponding alanine mutants 
were inactive (Hothorn et al. 2011).

The primary sphere of interactions of PcHK4a and 
PcHK4b with the cytokinin ligand comprises only a minor 
difference compared with that of AHK4 where L274 is 
replaced by isoleucine in PcHK4a/b (Fig. 7b). The substitu-
tion occurs above the cytokinin adenine ring. PcHK2 also 
exhibits this substitution of L274 for isoleucine, together 
with the replacement of Y273 with histidine and A345 
with serine (Fig. 7d). The latter change introduces a new 

H-bond donor/acceptor at the base of the binding site, ena-
bling stronger interactions with the cytokinin base’s nitrogen 
atoms or the hydroxyl groups of a cytokinin riboside, as 
demonstrated by the Ki values for the PcHK2 and PcHK4a/b 
isoforms. The binding sites of PcHK3a and PcHK3b differ 
from that of AHK4 by five substitutions (Fig. 7c). L274, 
located above the cytokinin adenine ring, is replaced by 
smaller valine residue. However, two residues below the 
adenine ring, namely V315 and A345, are replaced by bulk-
ier isoleucine residues. These residues would clash with a 
cytokinin molecule bound in the position observed in AHK4 
(Hothorn et al. 2011) and, therefore, presumably alter the 
binding position of the cytokinin ligand, shifting its adenine 
moiety up towards V141 (in the PcHK3a numbering). These 
changes clearly destabilize the binding of the studied cyto-
kinins (Table 2). The weak binding of iP derivatives can be 
explained by the missing isoprenoid hydroxyl group, which 
allows tZ derivatives to establish H-bonds to T317 on the 
opposite side of the cavity and thus bind more strongly.

Although a crystal structure of cytokinin receptor in com-
plex with cytokinin riboside is not available, an induced fit, 
rearrangement of the loop close to the nucleobase or even-
tually a nucleobase flip may occur. In the case of cytokinin 
oxidase/dehydrogenase, the adenine base of the ligand can 
be flipped by 180° around its longitudinal axis formed by the 

a

cb d

Fig. 7   Amino acid conservation in the cytokinin binding sites of 
poplar HKs. a Overall conservation of residues forming cytokinin 
binding sites in 52 plant HKs. Sequence logos were generated using 
WebLogo (http://weblo​go.three​pluso​ne.com). 3D representations of 
the binding sites for the PcHK4a model (b colored in pink), PcHK3a 

model (c colored in blue), and PcHK2 model (d colored in green) 
constructed using SWISS-MODEL with the crystal structure of 
Arabidopsis AHK4 (PDB ID 3T4L) serving as a template (colored in 
gray). The numbering follows that of AHK4; substitutions are labeled 
in red and indicated by red arrows

http://weblogo.threeplusone.com
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isoprenoid side chain as observed for tZ in WT-ZmCKO1 
(Malito et al. 2004) and for iP in P427Q-ZmCKO1 (Kopečný 
et al. 2016). Such a flip in AHK is possible and opens a pos-
sibility for riboside binding. Previously, it was demonstrated 
that cytokinin ribosides are poor ligands in plant assays 
using microsomal fractions but not intact cells as used in E. 
coli assay (Lomin et al. 2015). This brings a possibility of 
contamination with cytosolic enzymes involved in cytokinin 
metabolism such as NRHs (Kopečná at el. 2013) or adeno-
sine kinases (Schoor et al. 2011) and others. We analyzed 
the stability of iPR in live cell E. coli assay and found no 
changes in signal during several hours (Fig. 5). However, all 
data during competition experiments are always acquired 
after 30 min incubation at 4 °C. Moreover, our UHPLC-
MS/MS data show the presence of only a small amount of 
iP released from iPR which is not sufficient to displace 50% 
of [3H]-tZ based on binding curves for iP. These findings 
confirm that all five poplar HKs bind cytokinin ribosides 
in live cell assay. In parallel, pure NRH2b (Kopečná et al. 
2013) was added to the reactions with iPR to release its free 
base iP. Our data show that it would take up to 8 h to fully 
convert iPR and reach the value of iP signal at 4 °C.

Incubation at room temperature resulted in approximately 
half-conversion of iPR (Fig. 5b). The amount of iP released 
and the calculated displacement of [3H]-tZ correlate well 
with the measured response of PcHK4a (displacement of 
tritiated tZ, Fig. 5a, c). Our finding is further supported by 
a recent study showing the ability of cytokinin receptors to 
bind N9-substituted cytokinins fluorescently labeled with 
7-nitrobenzofurazan group (Kubiasová et al. 2018). Such 
compounds cannot be hydrolyzed as NRHs require the pres-
ence of the ribose group and, therefore, these derivatives are 
suitable for in vivo labeling.

The functional analysis of the receptors (Table 2, Fig. 4) 
suggests that PcHK2 (and to lesser extent also PcHK4a 
and PcHK4b) are the most likely to be activated by in vivo 
concentrations of iP. At least partial activation may also 
be induced by iPR. The cytokinin exhibiting the most dra-
matic seasonal changes in poplar was tZ (Fig. 6), but its 
concentration remained above Ki values for all receptors, 
suggesting that it plays a central role in cytokinin signal-
ing in poplar. The affinity of tZR towards the receptors is 
lower by approximately one order of magnitude. However, 
the in vivo concentrations of tZR are more stable than those 
of tZ and still sufficient to activate all receptors, at least 
partially. Conversely, the concentration of cZ was much 
lower than that of the other cytokinins, suggesting that it 
induces little activation, if any. Levels of isoprenoid and 
aromatic cytokinins measured from P. × canadensis leaves 
presented in this work and those gathered 2 years earlier 
from the same tree (Jaworek et al. 2019) reveal consider-
able variability between years, as well as seasonal fluctua-
tions. This is consistent with a report on annual and seasonal 

fluctuations in P. tremula (Edlund et al. 2017) observed in 
3 consecutive years. Other factors such as interactions with 
microbial pathogens or insects must also be accounted for. 
Activation of cytokinin signaling pathway by both cytokinin 
types was verified by analyzing the expression of two A-type 
RRs, which are well known as fast cytokinin response genes. 
Cytokinin-dependent upregulation of RR1 and weaker acti-
vation of RR10 was observed, which slightly differs from 
findings in P. trichocarpa (Ramírez-Carvajal et al. 2008) 
where stronger activation was reported for RR10 using semi-
quantitative PCR.

PcHK3b displays a significant constitutive background 
HK activity. The sequence shows no alternations in proxim-
ity to the conserved His site (SHE motif) found in the HK 
domain and conserved Asp site (FMD motif) in the receiver 
domain. Very recently, the similar activity was reported for 
both HK3a and HK3b in a study on apple MdHK family 
(Daudu et al. 2017), which relied on complementation of 
Δsln1 yeast mutant strain lacking endogenous osmo-sens-
ing HK called SLN1 (Inoue et al. 2001). While MdHK2, 
MdHK4a and MdHK4b rescued the mutant in cytokinin-
dependent manner, both MdHK3a and especially MdHK3b 
allowed a basal growth of the mutant in absence of cytokinin 
suggesting a constitutive background HK activity. Similar 
finding has also been reported for A. thaliana AHK3 and 
AHK2 (Tran et al. 2007). AHK4 variants equivalent to rock2 
and rock3 mutants also suppressed the lethality of Δsln1 
even without the addition of cytokinin (Bartrina et al. 2017). 
Additionally, it is known that among five apple cytokinin 
receptors only MdHK3a and MdHK3b do not form homodi-
mers (Daudu et al. 2017). Taken together, the constitutive 
HK activity of HK3 found in woody plants raises the ques-
tion of either additional sensing function or alternation of 
kinase activity due to the presence of particular unknown 
residue and slight structural rearrangements in relation to 
changes in the receptor’s oligomerization.

Conclusion

We have characterized all five poplar CHASE-containing 
HKs and verified that they function as genuine cytokinin 
receptors. The affinity of PcHK2 for cytokinins declines in 
the order tZ > TDZ > iP > iPR ≥ mT ≥ tZR > BAP > cZ > o
T > oTR, whereas the cytokinin affinities of PcHK3a and 
PcHK3b decline in the order tZ > TDZ > tZR > mT > iP > B
AP > cZ ~ iPR > oT > oTR. Those of PcHK4a and PcHK4b 
decline in the order tZ > iP ~ TDZ > tZR > iPR > mT ~ cZ > 
BAP > oT > oTR. Although the PcHK2 and PcHK3b genes 
are expressed quite strongly across various organs in pop-
lar, they have comparatively low kinase activation ratios. 
Conversely, the kinase activity of PcHK4a increases over 
400-fold upon cytokinin binding, suggesting an exceptional 
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role in strong responses to changes in cytokinin levels. The 
best receptor for aromatic cytokinins is PcHK2, which also 
displays a strong affinity for the other tested cytokinins. The 
full set of poplar HK constructs developed in this work could 
be used as a tool for testing newly developed urea derivatives 
as CKX inhibitors to identify compounds with strong inhibi-
tory effects that do not activate cytokinin receptors. Such 
compounds have potential agricultural applications as agents 
for increasing crop yields (Kopečný et al. 2010; Nisler et al. 
2016). It is important to note that cytokinin profiling was 
performed at the leaf level. Therefore, the quantitative data 
presented here relate to average cytokinin concentrations in 
the organs. Future studies should investigate the localization 
of cytokinin signaling at the sub-organ level.
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