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Abstract. Cytokinin receptors were shown recently to be localised mainly to the endoplasmic reticulum (ER); however,
the activity of ER-located receptors was not proven. We have therefore tested the functionality of ER-located Arabidopsis
receptors. The first step of cytokinin signal transduction is the transfer of a phosphoryl group from the activated receptor
to a phosphotransfer protein. To determine the subcellular localisation of receptor–phosphotransmitter interaction
in planta, BiFC experiments were performed. Receptors ARABIDOPSIS HISTIDINE KINASE 2 (AHK2), AHK3 and
AHK4 (CRE1) and phosphotransmitters ARABIDOPSIS HISTIDINE-CONTAINING PHOSPHOTRANSMITTER 1
(AHP1), AHP2 and AHP3 fused to split-eYFP were transiently expressed in Nicotiana benthamiana leaves.
Receptor–phosphotransmitter pairs were shown to interact in every possible combination in a pattern reflecting the
ER. Receptor dimers, an active form of the receptors, were also detected in the ER. According to BiFC and protease
protection data, the catalytic part of AHK3 was located in the cytoplasm whereas the hormone binding module faced the
ER lumen. This topology is consistent with receptor signalling from the ERmembrane. Finally, the functionality of receptors
in different membrane fractions was tested using an in vitro kinase assay visualising the phosphorylation of phosphotransfer
proteins. The detected cytokinin-dependent phosphotransfer activity was confined mainly to the ER-enriched fraction.
Collectively, our data demonstrate that ER-located cytokinin receptors are active in cytokinin signal transduction. Hence,
intracellular cytokinins appear to play an essential role in cytokinin signalling. An updated model for the spatial organisation
of cytokinin transport form activation, intracellular trafficking and signalling from the ER is proposed.
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Introduction

Cytokinins are ubiquitous plant hormones that regulate
many aspects of plant growth, development and physiology
(Sakakibara 2006; Romanov 2009; Werner and Schmülling
2009; Hwang et al. 2012; Kieber and Schaller 2014). The
cytokinin signal is perceived by membrane-spanning sensor
histidine kinases feeding into a multistep phosphorelay (MSP)

signal transduction pathway (reviewed by Müller 2011; Heyl
et al. 2012; Lomin et al. 2012; Spíchal 2012; El-Showk et al.
2013). Cytokinin receptors from various species share a similar
domain composition and 3D-structure (Lomin et al. 2012;
Steklov et al. 2013), whereas the functional properties of the
receptors, especially their profiles of ligand specificity, can be
variable (Romanov 2009; Heyl et al. 2012; Lomin et al. 2012,
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2015; Kuderová et al. 2015). One of the common features of
cytokinin receptors is a drastic decrease in hormone binding
ability at low (5–5.5) pH (Romanov et al. 2006; Lomin et al.
2015). This type of pHdependence served at the time as afirst hint
to suppose an intracellular receptor localisation. This initial
hypothesis was further corroborated by detailed experiments
showing that the bulk of cytokinin receptors is indeed located
in the endoplasmic reticulum (ER) membranes (Caesar et al.
2011; Lomin et al. 2011; Wulfetange et al. 2011). However, the
question whether or not endomembrane-located receptors are
active and participate in cytokinin signalling has not been
addressed, so still remains a matter of debate (Osugi and
Sakakibara 2015; Zürcher and Müller 2016; Zürcher et al.
2016). Theoretically, it cannot be excluded that a minor part of
cytokinin receptors, presumably located in the plasmamembrane
(PM), performs all the signalling, while the intracellular pool of
receptors stays inert. For example, in mammalian cells, most
(95%) of secreted lipoprotein lipase remains inactive within the
ER (Doolittle et al. 2009). Determining whether or not ER-
located cytokinin receptors are active would thus contribute to
our understanding of the relative roles for extracellular and
intracellular cytokinin as a hormonal signal.

Among the earliest events of intracellular cytokinin
signalling is the cytokinin-induced activation of histidine
kinase activity of receptors resulting in receptor dimer
autophosphorylation and the subsequent transfer of the phosporyl
group to mobile phosphotransfer proteins. Therefore, the
subcellular localisation of the complex of functionally active
receptors with phosphotransfer proteins would indicate the site
of initiation of cytokinin signalling. At present, data on
cytokinin receptor–phosphotransmitter interactions are rather
limited. All available data were obtained in heterologous assay
systems: Escherichia coli (Suzuki et al. 2001), yeast (Dortay
et al. 2006) or insect (Mähönen et al. 2006) cells. Thus, the
subcellular localisation of receptor–phosphotransmitter interaction
in planta was not yet determined. Moreover, the phosphoryl-
transmitting activity of cytokinin receptors located in plant
membranes (total or fractionated) has not been demonstrated
so far.

The aim of this study was to fill the above-mentioned gaps in
our knowledge on cytokinin signalling. The receptor homo-
and heterodimerisation and the binding of phosphotransmitters
to cytokinin receptors were visualised in living plant cells. The
phosphate feeding activity of cytokinin receptors within plant
membranes has been demonstrated. These results support the
functionality of ER-located cytokinin receptors. Thus, the ER
seems to be an important site for cytokinin signalling and
intracellular cytokinins may be considered as an active
hormonal pool, possibly predominant at least in some tissues.
On the basis of these results, and taking into account other recent
data, we present an updated model for the spatial organisation
of cytokinin trafficking, metabolic transformation to the active
form and signalling within the cell.

Materials and methods
Plasmids and recombinant DNA techniques

For Nicotiana benthamiana transient transformation, the
expression vectors pB7FWG2-AHK3, pB7m34GW–PAHK3-

AHK3-Myc, pSPYCE-35S-gAHK2, and pSPYNE-35S-gAHK2
(Wulfetange et al. 2011) containing the cDNA sequence of the
AHK3 and the genomic sequence of the AHK2 gene, respectively,
were used. The genomic AHK3 and AHK4 sequences were
amplified by PCR (see primer sequences in Table S1, available
as Supplementary Material to this paper) from the bacterial
artificial chromosome (BAC) clones F17L21 (GenBank
accession no. AC00455) and T23K3 (GenBank accession
no. AC00706), respectively, and ligated into pSPYNE-35S
and pSPYCE-35S (Walter et al. 2004). AHP1, AHP2, AHP3
and the mutated versions of AHP2 were amplified by PCR (see
primer sequences in Table S1) from Arabidopsis thaliana (L.)
Heynh. cDNA and pDESTTM15-AHP2 (Dortay et al. 2006),
and ligated into pSPYNE-35S and pSPYCE-35S. Genes in
pSPYNE-35S, pSPYCE-35S and pB7FWG2 were positioned
under control of the 35S cauliflower mosaic virus (CaMV)
promoter. All constructs described above were used for
Agrobacterium tumefaciens transformation (strain GV3101).
For AHP expression in Escherichia coli, AHP1 and AHP3
genes were amplified by PCR (see primer sequences in
Table S1) from Arabidopsis cDNA, and ligated into pDESTTM15
(Invitrogen), replacingAHP2 in pDESTTM15-AHP2. pDESTTM15-
AHP1, pDESTTM15-AHP2 and pDESTTM15-AHP3 were used
for E. coli transformation (strain BL21(DE3)pLysE).

Transient expression of receptor genes in tobacco plants

N. benthamiana tobacco plants were cultivated in a greenhouse
on soil at 25�C under long day conditions (16 h of light/8 h of
dark). The transient transformation of leaves of 4-week-old plants
was carried out according to Sparkes et al. (2006).A. tumefaciens
clones carrying target genes fused to fluorescent protein genes or
a Myc-tag sequence and the helper clone carrying the p19 gene
of tomato bushy stunt virus (Voinnet et al. 2003) were grown
for 16 h at 28�C until OD600 ~1 was reached. Agrobacteria
were pelleted for 5min at 10 000g at room temperature and
resuspended in the infiltration solution (10mM MES-KOH,
pH 5.7, 10mM MgCl2, 0.15mM acetosyringone), then
pelleted again for 3min at 10 000g and resuspended in 2–5mL
of the infiltration solution. The infiltration of tobacco leaves
was performed with the following set of bacterial suspensions:
pB7FWG2-AHK3-GFP (OD600 ~0.7) and p19 (OD600 ~1.0)
for the AHK-AHP phosphotransfer assay; pSPYNE-35S-AHK/
AHP (OD600 ~0.7), pSPYCE-35S-AHK/AHP (OD600 ~0.7),
and p19 strain (OD600~1.0) for bimolecular fluorescence
complementation (BiFC); and PAHK3:AHK3-Myc (OD600
~0.3) and p19 (OD600~0.1) for protease protection assay. As
a control for ER localisation, some BiFC experiments were
performed in conjunction with the ER marker CD3-959
(WAK2-mCherry-HDEL) (Nelson et al. 2007). Gene expression
and interaction of the respective proteins in BiFC was detected
3–5 days after infiltration using an inverted fluorescence
confocal microscope Leica DMI 6000 CS equipped with a
Leica TCS SP5 laser scan unit (Leica Microsystems) and
operated with the Leica application software. All confocal
laser scanning microscopy images were obtained using a HC
PL APO 20X/0.70 IMM CORR water-immersion objective
at constant imaging conditions (i.e. gain, offset, and exposure
time). The GFP signal was acquired by excitation at 488 nm
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and detection in the 500–530 nm range. YFP fluorescence was
acquired by excitation at 514 nmanddetection in the 520–550 nm
range. The mCherry signal was acquired by excitation at 561 nm
and detection in the 580–640 nm range. For PM and nuclei
staining, tobacco leaves were infiltrated with the dyes FM4-64
(Invitrogen) or 40,6-diamidino-2-phenylindole (DAPI) (Sigma)
at concentrations of 50mM and 50mgmL–1 respectively. The
following excitation lines and detection ranges were used:
FM4-64, 488 nm and 625–665 nm; DAPI, 790 nm (two-photon
excitation) and 400–470 nm.

Protease protection assay

Experiments were performed according to Sparkes et al. (2010)
with modifications. One gram of agrobacteria-infiltrated tobacco
leaf sectors expressing PAHK3:AHK3-Myc construct was ground
with a chilled mortar and pestle in 4mL extraction buffer
containing 40mM HEPES-KOH pH 7.5, 0.4mM sucrose,
10mM KCl, 1mM MgCl2, 0.4% PVP for 2min. The homogenate
was centrifuged at 1000g for 5min at 4�C. Microsomal fraction
was obtained by centrifugation at 100000g for 1 h at 4�C in a step
sucrose gradient. Approximately 200mL of microsome fraction
was recovered from the interphase between the 20 and 60%
sucrose layers and gently resuspended in a fresh tube. For one
probe, 15mL of microsome fraction was mixed with 30mL
of buffer containing 75mM Tris–HCl pH 8, 30mM CaCl2 and
0.15% Triton X100. The reaction was initiated by addition of
1mL 2mgmL–1 proteinase K solution, allowed to proceed for
30min at 30�C, then stopped by addition of 1mM PMSF,
50mM EDTA and 16mL loading buffer. Samples were treated
at 100�C for 5min and electrophoresed in 10% SDS–
PAGE. Proteins were transferred afterwards to Immobilon-P
transfer membranes (Millipore). The blots were treated with
anti-Myc-tag monoclonal (mouse) (Millipore) and anti-BiP2
polyclonal (rabbit) antibodies (Agrisera) as described by
Wulfetange et al. (2011).

AHK-AHP phosphotransfer assay

Experiments were performed according to Mähönen et al.
(2006) with modifications. GST-AHP1, GST-AHP2, GST-
AHP3 genes were expressed in E. coli strain BL21(DE3)
pLysE. When the bacterial culture density had reached OD600
~1, transgene expression was induced by addition of 1mM
IPTG for 1 h. Then bacteria were pelleted by centrifuging at
3000g for 20min at 4�C and resuspended in lysis buffer (50mM
Tris–HCl pH 7.6, 250mMKCl, 1mMEDTA, 1mMDTT, 0.2%
Triton X100 and 1mM PMSF). Cell lysates were prepared by
sonication as in Verma et al. (2013), then GST-AHPs were
bound to glutathione-agarose beads (affinity chromatography)
(Sigma-Aldrich) for 3 h with shaking at 4�C. Beads were washed
three times using the same lysis buffer. Finally, GST-AHPs were
eluted with 50mMTris–HCl pH 7.6, 50mMKCl, 10% glycerol,
10mM reduced L-glutathione and 0.5mM PMSF. Cytokinin
receptor AHK3 was transiently expressed in tobacco leaves
transformed with the pB7FWG2-AHK3-GFP construct. Six days
later plant leaves were checked for GFP fluorescence, and
in positive case membranes were isolated and fractionated by
sucrose density centrifugation to obtainERandPMfractions.The
purity of membrane fractions was checked by immunoblotting

with rabbit polyclonal antibodies (Agrisera) against the marker
BiP2 (ER) and H+-ATPase (PM), respectively, as described by
Wulfetange et al. (2011). Phosphotransferwas carried out at 25�C
for 10min in 15mL reactionmixture containing 50mMTris–HCl
pH 7.6, 50mM KCl, 5mM MgCl2, 2mM 2-mercaptoethanol,
10% glycerol, 50mM ATP, 5mCi [g32P]ATP, 2mg GST-AHP,
0.8mg tobacco plantmembranes and trans-zeatin in thenanomolar
concentration range. The reaction was stopped by the addition of
5mL 4� loading buffer (60mMTris–HCl pH 6.8, 10% SDS, 5%
2-mercaptoethanol, 0.05% bromophenol blue) supplemented
with 80mM EDTA. Then, 15mL of each sample without
boiling were applied to 10% SDS–PAGE, and electrophoresed
proteins were transferred onto PVDF membranes (BioRad).
Radioactivity was detected by exposition to a phosphor screen
for 10min and analysed by Storm 860 Molecular Imager
(GMI). Band intensities were measured using the ImageJ
program, conventional specific activities correspond to detected
radioactivity related to equal amounts of microsomes.

Results

Receptor–phosphotransmitter interaction in planta occurs
at the ER membrane

To explore the subcellular localisation and putative interactions
between cytokinin receptors and phosphotransmitters in planta,
we performed bimolecular fluorescence complementation
(BiFC) studies upon transient expression of individual proteins
in N. benthamiana leaves. For these experiments, Arabidopsis
AHK2, AHK3 and AHK4 receptor genes and AHP1, AHP2 and
AHP3 phosphotransmitter genes were inserted in pSPYNE-35S
and pSPYCE-35S vectors to obtain C-terminally split eYFP-
tagged fusion proteins. Receptor and phosphotransmitter
genes were co-expressed in tobacco leaves, and the protein
interaction was tested by confocal microscopy. Specific eYFP
fluorescence was detected for all AHK–AHP combinations
without visible quantitative differences in signal emission
(Fig. 1a–r). In the control experiments testing interaction of
vectors lacking cytokinin receptor and/or phosphotransmitter
genes (pSPYCE-35S-empty� pSPYNE-35S-AHK4, pSPYCE-
35S-empty� pSPYNE-35S-AHP2, and pSPYNE-35S-empty�
pSPYCE-35S-empty) no eYFP fluorescence was registered
(Fig. 1s–x). The subcellular pattern of interaction was similar
to the pattern of ER-associated proteins and included
a strong perinuclear signal (Fig. 1), which is a hallmark of ER
localisation (Marinos 1960; Koizumi et al. 2001; Grefen et al.
2008; McLellan et al. 2013). Control staining of nuclei with
DAPI confirmed the perinuclear origin of BiFC fluorescence
(see Fig. S1, available as Supplementary Material to this paper).
At higher magnification, the fluorescence can be clearly seen
not only around nuclei but also directly in the ERnetwork (Figs 2,
S2). Stacking of several tissue sections showed that the labelled
ER network fills the entire volume of the cell (Fig. 2g–i).

To find further support of cytokinin receptor-
phosphotransmitter protein interaction at the ER membrane,
the co-expression of interacting AHK–AHP BiFC pairs with
the ER marker WAK2-mCherry-HDEL (Nelson et al. 2007)
was tested. The analysis yielded overlapping signals consistent
with their co-localisation (Fig. 3a–p, u, v). In contrast, the signal
overlap was minimal (if any) with PM membranes that were
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stained with FM4-64 (Fig. 3q–t, w). Taken together, the
subcellular pattern of AHK–AHP interaction in planta was
consistent with the initiation of cytokinin signalling from the ER.

ER-located cytokinin receptors form dimers

Cytokinin receptors are long thought to function as dimers,
similar to sensing histidine kinases in bacteria (West and Stock
2001). The dimeric form is considered to be the active form of
histidine kinases. BiFC data have shown that AHK2 receptors
form homodimers in the ER (Wulfetange et al. 2011). Also
evidences were presented that AHK3 can form homo- or
hetero- (with AHK4) dimers within the ER membrane (Caesar
et al. 2011). Here we have tested by BiFC the interaction of
different pairs of Arabidopsis cytokinin receptors. In each case a
fluorescent signal was obtained, indicating the tight interaction of
the expressed proteins (Fig. 4a, e, i). Some features, in particular
a circular fluorescence around the nucleus (Fig. 4m, n) and
overlap with the ER marker (Fig. 4q–t), indicated that this
fluorescence originated in the ER. This pattern of ER-confined
fluorescence contrasts with the pattern produced by interacting

phosphotransfer proteins (Fig. 4c, g, k, o, p) which are known to
reside in the cytoplasm and inside the nucleus (Punwani et al.
2010). We note that phosphotransmitter complexes colouring
the nucleoplasm did not stain the nucleoli (Fig. S3).

Receptor topology within the ER is favourable
for signalling

It is firmly established that phosphotransfer proteins, which
circulate in the plant cell between cytoplasm and nucleus
(Punwani et al. 2010), interact with the receiver domain
located at the C-terminus of hybrid histidine kinases (Urao
et al. 2000; Dortay et al. 2006; Pekárová et al. 2011; Bauer
et al. 2013). Hence the in vivo interaction between cytokinin
receptors and phosphotransmitters shown by BiFC (Figs 1–3)
suggests that at least a significant portion of receptors adopt a
topology favourable for signalling, meaning the C-terminus of
the receptor facing the cytosol. Additional support was obtained
from protease protection assays with microsomes isolated
from tobacco leaves transiently expressing the AHK3 receptor
harbouring a C-terminal Myc-tag. Freshly prepared ER

(a) (b) (c) (d) (e) (f )

(i )(g)

(m)

(k)( j ) (l )(h)

(t )

(n) (p)(o)

(s) (v)(u) (x)(w)

(r )(q)

AHK2

AHK3

AHK4

AHP1 AHP2 AHP3

Fig. 1. Cytokinin receptor–phosphotransmitter interaction in planta determined by BiFC. Vectors pSPYNE-35S-AHK2–4 and pSPYCE-35S-AHP1–3
harbouring cytokinin receptor or phosphotransmitter genes were co-expressed in N. benthamiana leaves and cell fluorescence was visualised by confocal
microscopy. Interaction pairs: (a) pSPYNE-35S-AHK2� pSPYCE-35S-AHP1; (c) pSPYNE-35S-AHK2� pSPYCE-35S-AHP2; (e) pSPYNE-35S-AHK2�
pSPYCE-35S-AHP3; (g) pSPYNE-35S-AHK3� pSPYCE-35S-AHP1; (i) pSPYNE-35S-AHK3� pSPYCE-35S-AHP2; (k) pSPYNE-35S-AHK3� pSPYCE-
35S-AHP3; (m) pSPYNE-35S-AHK4� pSPYCE-35S-AHP1; (o) pSPYNE-35S-AHK4� pSPYCE-35S-AHP2; (q) pSPYNE-35S-AHK4� pSPYCE-35S-
AHP3.Controls: (s) pSPYNE-35S� pSPYCE-35S; (u) pSPYNE-35S-AHK4� pSPYCE-35S; and (w) pSPYNE-35S-AHP2� pSPYCE-35S. (b, d, f, h, j, l, n, p,
r, t, v, x – brightfield images corresponding to fluorescent ones on their respective left side. White arrows indicate nuclei.
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microsomes are topologically identical to the ER in planta (Ma
et al. 2006), i.e. the outside of the microsomes corresponds to
the ER membrane facing the cytoplasm. Incubation of such
microsomes with proteinase K resulted in the loss of the Myc
moiety from AHK3, but the ER lumen marker BiP was partly
preserved, indicating the protection of lumen-localised peptides
from protease digestion. When microsomes were permealised
with the detergent Triton X-100, both bands disappeared
after digestion (Fig. S4). These results are consistent with the
conclusion derived from BiFC experiments and show that the
C-terminus of most if not all cytokinin receptors is exposed to
the cytoplasm. Accordingly, the hormone binding module at
the N-terminus of the receptor should be oriented towards the
ER lumen.

ER-located cytokinin receptors are active in AHK-to-AHP
phosphotransfer in vitro

To study the receptor functionality, AHK–AHP phosphotransfer
assays were performed in vitro with cytokinin receptors
located within plant membranes. The AHK3 receptor gene was

overexpressed under control of the 35S CaMV promoter in
tobacco leaves. Different membrane fractions enriched for ER
or PM were obtained by centrifugation of total membranes from
tobacco leaves in a discontinuous sucrose gradient. The degree
of fraction purity was assessed by immunoblotting with specific
antibodies against ER- and PM marker proteins (Fig. 5a).
The estimated fraction enrichment was more than 2-fold for
the ER marker and much higher for the PM marker. The
phosphotransmitters AHP1, AHP2 and AHP3, all N-terminally
fused to GST, were produced in E. coli and purified by affinity
chromatography. Cytokinin-dependent phosphotransfer was
carried out in a mixture of cell membranes, with one of the
three purified AHPs, and a range of trans-zeatin concentrations
from 0 to 500 nM. In the presence of labelled ATP, the
phosphorylation of phosphotransfer proteins was clearly
detected with membranes from leaves overexpressing the
AHK3 gene (Fig. 5b) but not detected when membranes from
non-transformed leaveswere used (Fig. 5c).AHPphosphorylation
increased in a cytokinin-dependent manner with similar
efficiency for all three AHP substrates. Both membrane
fractions, ER- or PM-enriched, were principally able to carry

(a) (b) (c)

(e)(d) (f )

(g) (h) (i )

AHK3

x

AHP2

AHK2

x

AHP3

AHK2

x

AHP2

Fig. 2. High resolution subcellular localisation of cytokinin receptor–phosphotransmitter interaction as
detected by BiFC. (a) pSPYNE-35S-AHK3� pSPYCE-35S-AHP2; (b) brightfield image of (a); (c) enlarged
view of the framed section in (a); (d) pSPYNE-35S-AHK2� pSPYCE-35S-AHP3; (e) brightfield image of (d);
(f) enlarged view of the framed section in (d). (g) pSPYNE-35S-AHK2� pSPYCE-35S-AHP2; (h) brightfield
image of (g); (i) enlarged viewof the framed section in (g). (g–i) correspond to the image stack. Reticular structures
typical for the ER network are clearly seen in the right column. White arrows indicate nuclei.
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out this cytokinin-dependent phosphorylation reaction, but the
ER-enriched membranes demonstrated much higher activity
(Fig. 5b). The quantitation of band intensity (Fig. 5d–f)
showed that the specific activity (i.e. radioactivity transferred
to phosphotransmitters by equal amounts of microsomes) of the
ER-enriched fractionwasmore than 2-fold higher comparedwith
the PM-enriched fraction.Hence, this approach demonstrates that
the cytokinin receptors within the ER are able to phosphorylate
phosphotransfer proteins upon hormone addition, meaning that
they are functionally active.

Discussion

To date, the interaction between cytokinin receptors and
phosphotransfer proteins has been analysed directly only in a

single study in a heterologous test system (Dortay et al. 2006).
These authors used the soluble C-terminal parts of Arabidopsis
receptors AHK2, AHK3 and AHK4 together with a set of
phosphotransfer proteins (AHP1 to AHP3, AHP5) and showed
by means of a yeast two-hybrid system and in vitro pull-down
assays a promiscuous interaction between receptors and
phosphotransmitters: each receptor C-terminal part was able to
bind anyof the phosphotransfer proteins studied. This result was in
accordancewith functional testsmadeusingbacterial cells (Suzuki
et al. 2001) or insect membranes (Mähönen et al. 2006) as well as
with genetic data on Arabidopsis ahp mutants (Hutchison et al.
2006) which revealed the functional redundancy of these
phosphotransfer proteins. The receiver domains of other sensor
histidine kinases (AHK5, CKI1, ETR1) of Arabidopsis were
shown also to interact with different phosphotransmitters with a
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Fig. 3. Co-localisation in planta of cytokinin receptor–phosphotransmitter complexes (BiFC) with the ER marker protein WAK2-mCherry-HDEL. (a–d)
pSPYNE-35S-AHK2� pSPYCE-35S-AHP2 co-expressed with ERmarker; (e–h) pSPYNE-35S-AHK2� pSPYCE-35S-AHP3 co-expressed with ERmarker;
(i–l) pSPYNE-35S-AHK3� pSPYCE-35S-AHP2 co-expressed with ER marker; (m–p) pSPYNE-35S-AHK4� pSPYCE-35S-AHP3 co-expressed with ER
marker; (q–t) pSPYNE-35S-AHK3� pSPYCE-35S-AHP2, PM was stained with FM4-64. (a, e, i, m, q) BiFC; (b, f, j, n) ER marker protein WAK2-mCherry-
HDEL; (r) PM staining with FM4-64; (c, g, k, o, s) brightfield images for left figures in the respective row; (d, h, l, p, t) merged images for the respective row.
White arrows indicate the nuclei. eYFP fluorescence in BiFC micrographs is shown in green to distinguish it from the co-localisation pattern (yellow colour in
the merged images). Right column: enlarged views (u, v,w) of the framed sections in merged images (l, p, t, respectively). White arrows indicate the nuclei. Note
that the yellow colour indicating genuine co-localisation occurs predominately with the ER- but not the PM marker.
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varying degree of preference (Urao et al. 2000; Pekárová et al.
2011; Bauer et al. 2013).

In the work presented here, we investigated the interaction
of the full-length Arabidopsis cytokinin receptors with different
phosphotransfer proteins under close to natural conditions, i.e. in
living plant cells, namely cells of the tobacco abaxial epidermis.
Of course, it should be taken into account that all studied
proteins were tagged and strongly overexpressed in tobacco
leaves. However, precedent work has shown that the presence
of a tag and the level of expression had no marked impact on
the subcellular localisation of cytokinin receptors (Caesar
et al. 2011; Lomin et al. 2011; Wulfetange et al. 2011). By
using the BiFC method the interaction of receptors with
phosphotransmitters was clearly visualised and the promiscuity
of this interaction was demonstrated as well. Molecular
modelling confirmed the promiscuous mode of interaction

between receptor receiver domains and phosphotransfer
proteins (DV Arkhipov, SL Lomin, GA Romanov, unpubl.
data). The in planta BiFC study offered the advantage to test
also for the subcellular localisation of the interaction of these
macromolecules. According to our data, this interaction occurs
principally at the ER membrane where the receptor dimers
were detected as well. Contrary to prokaryotes where sensor
histidine kinases usually form homodimers (West and Stock
2001), plant cytokinin receptors form both homo- and
heterodimers. As phosphotransmitters are known to bind to the
receptor at its C-terminus, the interaction between receptors
and phosphotransmitters at the ER membrane might serve a
proof for the orientation of the C-terminal part of the receptor
towards the cytoplasm, meaning that the receptor orientation
is appropriate for intracellular signalling. Taken together, our
results of the receptor-AHP interaction study and the protease
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Fig. 4. Receptor dimers reside in the ER membrane. Vectors pSPYNE-35S-AHK2-4 and pSPYCE-35S-AHK2
harbouring cytokinin receptor genes were co-expressed in N. benthamiana leaves for BiFC analysis and cell
fluorescence was detected by confocal microscopy (a, e, i). (b, f, j, s) brightfield images correspond to respective
fluorescent ones on their left side. Similar vectors harbouring phosphotransfer protein genes were used as a control
(c, g, k), with corresponding brightfield images (d, h, l). The nuclear fluorescence patterns of the expressed receptors
(m, n) and phosphotransmitters (o, p) are compared. (q, t) pSPYNE-35S-AHK3� pSPYCE-35S-AHK2 co-
expressed with ER marker (r). White arrows indicate the nuclei.
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protection assay provided strong evidences for receptor
localisation in and signalling from the ER membrane.

All phosphotransmitters used (AHP1, AHP2 and AHP3)
were distributed between cytoplasm and nuclei, in accordance
with previous data (Punwani et al. 2010). Phosphotransmitter
complexes strongly accumulated in the nucleoplasm but left
nucleoli unstained. Evidently, a part of phosphotransfer proteins
interacting with the receptors should be transiently associated
with the ER membrane too.

The prevalence of receptor dimers in the ER and even their
association at this site with phosphotransmitters does not
necessarily imply that the receptors are enzymatically active in
this compartment. Therefore we have elaborated a special
assay system to test the functional activity of receptors within
different plant membranes. The results of the phosphotransfer
assays in vitro further corroborated the localisation of cytokinin
receptors in the ER and showed that these receptors transmit
labelled phosphate to their natural substrate, the AHP.
Previously, this phosphotransfer was studied using the AHK4
(CRE1) receptor fixed to membranes of SF9 insect cells
(Mähönen et al. 2006). Here we demonstrate that a cytokinin
receptor (exemplified by AHK3) inserted in a plant membrane
has the ability to phosphorylate cognate MSP substrates
(exemplified by AHP1, AHP2 and AHP3) in a cytokinin-
dependent manner. Importantly, ER-enriched microsomes
showed a higher receptor-to-AHP phosphotransfer than PM-
enriched ones. It should be noted that the kinase reaction was
carried out at pH 7.6, which is close to the pH in the cytoplasm

and ER (Martinière et al. 2013). In contrast, in planta the outer
side of the PM is normally much more acidic (Yu et al. 2000;
Felle 2005) and might reduce ligand binding by cytokinin
receptors (Romanov et al. 2006; Lomin et al. 2015). Therefore
the contribution of the putative PM-located receptors to the total
cytokinin signalling in vivo is presumably less than it may
appear from in vitro assays. Further, it seems likely that at
least a considerable portion of the activity of the PM-enriched
fraction is due to its contaminationwith ERmembranes (Fig. 5a).
In addition, one should take into account that the ER comprises
~10–15 times more membranes than the PM (Wulfetange et al.
2011). Collectively, these data are consistent with the ER
serving as the main cellular platform for active cytokinin
receptors. In contrast, a role for the PM in cytokinin signalling
cannot be concluded – but also not excluded – from the data;
among Arabidopsis receptors, AHK4 seems to be the most
plausible candidate to reside in the PM (Wulfetange et al. 2011).

In this and inprecedent studies (Caesar et al. 2011;Wulfetange
et al. 2011) the results supporting a predominant ER-location
of cytokinin receptors were obtained using leaf tissues, mainly
abaxial epidermis cells. This does not exclude a predominant
PM-location of the receptors in some other organs/tissues or
at different developmental stages (Kim et al. 2006; Lomin et al.
2011; Zürcher et al. 2016).

There are some advantages in the intracellular localisation of
cytokinin receptors for hormone signalling. The probability of
interaction with a phosphotransmitter would be higher when
the receptors reside not only in the PM but are distributed
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within the whole intracellular space where phosphotransmitters
are synthesised and circulate. The ER-location of the receptor,
compared with PM location, shortens the distance needed for
phosphotransfer proteins to reach the nucleus thus increasing
the velocity and the reliability of cytokinin signal transduction.
This is particularly true for the perinuclear receptors which
have been detected both as single fluorescent tags as well
as part of a complex with phosphotransmitters and/or other
receptors (forming homo- and heterodimers) in BiFC assays.
As was stated above, also the intracellular pH is more favourable
for ER-located receptors than the extracellular pH would be for
PM-located ones. Finally, the receptor ER-localisation offers an
opportunity for cytokinin signalling regulation and crosstalk
also at the level of intracellular hormone trafficking and
metabolic conversion as will be discussed in the following
paragraphs.

If one assumes that the bulk of active cytokinin receptors
is located in the ER, one has to conclude that intracellular
cytokinins substantially contribute to cytokinin signalling, the
ER lumen being a main site for cytokinin recognition by
receptors. The question is, however, how do cytokinins reach
the receptor sensor module located inside the ER? Cytokinins
are known to act in both paracrine and endocrine fashion (Faiss
et al. 1997; Romanov 2009). In case of paracrine action, active
cytokinins produced in a given cell or neighbouring cells
connected through plasmodesmata easily find receptors located
inside the same cell(s). But in case of endocrine (long-distance)
action, cytokinins are transported principally as N9 ribosides
via the xylem (mainly tZR) and phloem (mainly iPR) (Hirose
et al. 2008; Zürcher and Müller 2016). These transport forms
have no own cytokinin activity (Hothorn et al. 2011; Lomin
et al. 2015) and must be converted to free bases to become
active. However, no specific plant enzyme that cleaves cytokinin
ribosides and releases free bases have been found so far. The
unique report on a related enzyme in potato, presumably
apoplastic and displaying prevalently ribosyltransferase activity,
suggested that cytokinin riboside phosphorylase activity is
‘normally present at undetectably low levels’ (Bromley et al.
2014). Indeed, isolated plant membranes, contrary to bacterial
ones, showed no significant cytokinin riboside-cleaving activity
(Lomin et al. 2015). Instead, LOG phosphoribohydrolases
(Kurakawa et al. 2007; Kuroha et al. 2009) that function in the
cytosol and cleave cytokinin nucleotides releasing free bases
were described.

Here we propose a model for the conversion of the cytokinin
transport form into an intracellular signal emitted from the ER
(Fig. 6). According to this model, cytokinin ribosides derived
from elsewhere in the plant enter the target cell, probably
facilitated by ENT transporter (Hirose et al. 2008). Inside the
cell, ribosides are phosphorylated by a presumed kinase activity,
which has been detected in tracer experiments (Tokunaga et al.
2012), and thus converted to nucleotides – cytokinin riboside
50-monophosphates. These nucleotidesmay serve as cytoplasmic
inactive (storage) form for cytokinins. The next step depends on
cytoplasmic LOG phosphoribohydrolases (Kurakawa et al.
2007; Kuroha et al. 2009), which play the main role in
producing active cytokinin bases from nucleotides (Tokunaga
et al. 2012). Active hormone released by LOG enzymes can
penetrate into the ER lumen (Le Gall et al. 2004; Lizák et al.

2008) to trigger signalling from ER-located cytokinin receptors.
Thus, in case of endocrine cytokinin action, the receptors are
activated presumably by cytokinins released in the same or
plasmodesmata-connected neighbouring cells, as in case of
paracrine action. The two mentioned enzymatic activities
(putative kinase and LOG) may participate in the regulation
of cytokinin homeostasis and activity in planta. They may
constitute additional targets of crosstalk between cytokinin and
other regulatory systems as hormonal and non-hormonal factors
may affect their activities. In particular, the expression of LOG
genes is regulated by several environmental cues, including the
availability of nutrients and abiotic stress (Ramireddy et al.
2014). Their regulation may contribute to translating information
from the environment into a hormonal signal coordinating plant
growth. These aspects of ER-location of active cytokinin
receptors open new perspectives for further studies. Even so,
at present we consider our model yet as one of several possible
pathways for cytokinin trafficking and signalling within the
cell, without pretension to be universal for this group of
multifunctional hormones. For example, in the bryophyte
Physcomitrella, extracellular iP and iPR were reported to be
the main cytokinins responsible for bud induction (von
Schwartzenberg et al. 2007).

Conclusion

The functionality of cytokinin receptors within ER membranes
was tested in different ways. The receptors associated with the
ER were shown to (i) specifically bind cytokinin (Lomin et al.
2011; Wulfetange et al. 2011); (ii) form homo- and heterodimers
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Fig. 6. A model for intracellular cytokinin trafficking and signalling, or
how a former inactive transport form achieves receptor activation. The
proposed pathway is exemplified by trans-zeatin-type cytokinins and leads
to the activation of the initial transport form (tZR, trans-zeatin riboside) via
phosphorylation and successive conversion to the free base (tZ, trans-zeatin)
inside the cell. The free base diffuses across the ER membrane activating
cytokinin signal transduction and thus altering the transcription of nuclear
genes. PM, plasma membrane; ER, endoplasmic reticulum; ENT,
equilibrative nucleoside transporter, facilitates cytokinin ribosides to
cross the plasma membrane (Hirose et al. 2008); LOG, LONELY GUY, a
cytokinin nucleoside 50-monophosphate phosphoribohydrolase (Kurakawa
et al. 2007).The site of cytokinin signalling initiation (ER) ismarkedby a star.
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(Wulfetange et al. 2011; this study); (iii) bind phosphotransfer
proteins (this study); (iv) transfer the phosphoryl group fromATP
to prosphotransfer proteins in a cytokinin-dependent manner
(this study); and (v) possess a membrane topology appropriate
for signalling from the ER (present study). Also the pH values at
their respective site would be much more favourable for
signalling in the case of ER-located receptors than for putative
PM-located receptors (Romanov et al. 2006; Lomin et al. 2015).
Taken together, these findings support the viewpoint that ER-
located cytokinin receptors are active and represent an important
source of cytokinin signalling in the plant cell. Accordingly,
intracellular cytokinins could play an essential role in cytokinin
signalling, at least in some tissue types. To reconcile these
findings with data on cytokinin transport and metabolism
required to supply cells with active cytokinins, we have
presented an updated model explaining, how the inactive
cytokinin transport form (riboside) coming from the apoplast
becomes active cytokinin and reaches the ligand binding site
of the receptor located in the ER lumen. This model suggests
additional targets for crosstalk between cytokinin and other
signalling pathways in higher plants.
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Table S1. Sequences of primers used for PCR

Primer name Primer sequence 

F AHK3/XbaI 5`-ACGTCTAGAATGAGTCTGTTCCATG-3’

R AHK3/Cfr9I 5`- ATCCCGGGTGATTCTGTATCTGAAG-3’

F AHK4/XbaI 5`- ACGTCTAGAATGAGAAGAGATTTTGTG-3’

R AHK4/Cfr9I 5`- ATCCCGGGCGACGAAGGTGAGAT-3’

F AHP1/BcuI 5`-GCCACTAGTATGGATTTGGTTCAG-3` 

R AHP1/XhoI 5`-CTCGAGAGATCCACCACCTCCACCAAATCCGAGTTCGAC-3` 

F AHP2/BcuI 5`-GCCACTAGTATGGACGCTCTCAT-3` 

R AHP2/XhoI 5`-GCCCTCGAGGTTAATATCCACTTGA-3` 

F AHP3/BcuI 5`-GCCACTAGTATGGACACACTCATT-3` 

R AHP3/XhoI 5`-ATCTCGAGAGATCCACCACCTCCACCTATATCCACTTGAGG-3` 

F AHP1/NcoI 5`-TAACCATGGGGTGGAGGTGGTGGATCTATGGATTTGGTTCAG-3` 

R AHP1/BamHI 5`-AAGGATCCTCAAAATCCGAGTTCGACG-3` 

F AHP3/NcoI 5`-TAACCATGGGGTGGAGGTGGTGGATCTATGGACACACTCATT-3` 

R AHP3/BamHI 5`-AGGGATCCTTATATATCCACTTGAGGG-3` 
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Fig..S1. Interaction pattern of AHK3 and AHP2 shown by BiFC in N. benthamiana leaves. (a) Fluorescence signal

indicating AHK3 x AHP2 interaction. (b) DAPI staining. (c) Merged pictures of the sections shown in (a) and (b). White

arrows indicate the nucleus. The nucleolus is clearly seen in (b) and (c). Apart nuclei, DAPI is known to stain also cell

walls (b) (Jordan C.V. et al., Plant Mol. Biol., 2007, 65:163–175; Juntawong P. et al., The Plant J., 2013, 74:1016–1028).

Note that BiFC staining and DAPI staining do not overlap.



Fig. S2. Interaction AHK4 x AHP3 shown by BiFC in N. benthamiana leaves. Fluorescence signals indicating

interaction mark the ER network.



Fig. S3. An example of a fluorescent nucleus (AHP2 x AHP2, BiFC) where the nucleolus is clearly seen.



Fig. 1. Determination of AHK3 
topology through protease protection. 
Microsomes from tobacco leaves 
expressing  gene were 
subjected to proteinase K treatment in 
the presence or absence of Triton X-100. 
Microsomal proteins were solubilized, 
resolved by SDS-PAGE, and subjected 
to immunoblot with Anti-Myc tag 
monoclonal antibodies (A) and 
polyclonal rabbit antibodies against ER 
lumen marker BiP (B).

AHK3-Myc

(b)

(a)

Fig..S4. Determination of AHK3 orientation by a protease protection assay. Microsomes from tobacco leaves

expressing the AHK3-Myc gene were treated with proteinase K in the presence or absence of Triton X-100. The Myc-

tag was fused to the C-terminus of AHK3. Microsomal proteins were solubilized, resolved by SDS-PAGE, and subjected

to immunoblotting using (a) anti-Myc-tag monoclonal antibodies, or (b) rabbit polyclonal antibodies against the BiP

marker of the ER lumen. The disappearance of the signal derived from the detection of the Myc-tag and the

preservation of the BiP signal (second column) indicates the localization of these two markers at opposite sides of the

membrane. The lowering of BiP content in (b) in the absence of Triton X-100 may be due to different reasons, the same

trend was observed in the original protocol (Ma et al. 2006).
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