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Degradation of the plant hormone cytokinin is controlled by cytokinin oxidase/dehydrogenase (CKX) enzymes. The molecular and
cellular behavior of these proteins is still largely unknown. In this study, we show that CKX1 is a type II single-pass membrane protein
that localizes predominantly to the endoplasmic reticulum (ER) in Arabidopsis (Arabidopsis thaliana). This indicates that this CKX
isoform is a bona ﬁde ER protein directly controlling the cytokinin, which triggers the signaling from the ER. By using various
approaches, we demonstrate that CKX1 forms homodimers and homooligomers in vivo. The amino-terminal part of CKX1 was
necessary and sufﬁcient for the protein oligomerization as well as for targeting and retention in the ER. Moreover, we show that
protein-protein interaction is largely facilitated by transmembrane helices and depends on a functional GxxxG-like interaction motif.
Importantly, mutations rendering CKX1 monomeric interfere with its steady-state localization in the ER and cause a loss of the CKX1
biological activity by increasing its ER-associated degradation. Therefore, our study provides evidence that oligomerization is a crucial
parameter regulating CKX1 biological activity and the cytokinin concentration in the ER. The work also lends strong support for the
cytokinin signaling from the ER and for the functional relevance of the cytokinin pool in this compartment.

Cytokinin is a plant hormone involved in a wide
range of biological processes from cell proliferation and
differentiation, tissue patterning and organ initiation, to
physiological responses to the environment (Werner
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and Schmülling, 2009; Hwang et al., 2012). Cytokinin
concentrations need to be dynamically adjusted in different cell types to optimize developmental processes
and growth. An important mechanism contributing to
this regulation is the irreversible metabolic degradation
catalyzed by cytokinin oxidase/dehydrogenase (CKX)
enzymes encoded by a small gene family comprising
seven members in Arabidopsis (Arabidopsis thaliana;
Schmülling et al., 2003). Individual CKX isoforms are
expressed in different tissues (Werner et al., 2003;
Bartrina et al., 2011; Köllmer et al., 2014) and differ
partially in their substrate speciﬁcities (Galuszka et al.,
2007; Kowalska et al., 2010). It has been proposed that
individual CKX proteins also control partly different
cellular cytokinin pools depending on their subcellular
localizations. Whereas CKX7 apparently is the only
Arabidopsis isoform localized to the cytosol (Köllmer
et al., 2014), CKX1 to CKX6 contain a highly hydrophobic N-terminal domain serving as a target sequence
for their import to the endoplasmic reticulum (ER;
Schmülling et al., 2003; Werner et al., 2003).
The ER is the entry compartment of the secretory
pathway consisting of multiple organelles with distinct
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morphologies and functions. Secretory proteins usually
enter the ER cotranslationally. Translocation of soluble
proteins is directed by a cleavable N-terminal signal
peptide. Integral membrane proteins possess one or
more hydrophobic transmembrane (TM)-spanning regions that are inserted into the membrane of the ER.
Single-pass type I membrane proteins have a cleavable
signal peptide and a separate TM domain and are oriented with their N terminus in the lumen of an organelle and their C terminus in the cytoplasm. By contrast,
type II membrane proteins have an uncleavable signal
anchor close to the N terminus serving both as a targeting signal and as a TM helix. This type of protein
exhibits an opposite topology (i.e. the C terminus faces
the organellar lumen and the N terminus faces the cytosol; von Heijne and Gavel, 1988; van Anken and
Braakman, 2005). Soluble and membrane cargo proteins are transported bidirectionally between organelles
in membranous vesicles that are generated by cytoplasmic coat proteins (Schekman and Orci, 1996). In the
biosynthetic anterograde pathway, proteins shuttle
from the ER through the Golgi apparatus to reach the
plasma membrane and extracellular space or vacuoles.
The retrograde trafﬁc facilitates endocytosis and the
recycling of membranes and directs resident proteins
back to their original compartments (Rojo and Denecke,
2008). Protein sorting into different compartments is
generally mediated by sorting determinants contained
within the cargo proteins themselves. These sorting
determinants consist of either short conserved amino
acid sequences, which are recognized by respective
sorting receptors, or of physical properties such as the
length and hydrophobicity of the TM span (Jürgens,
2004; De Marcos Lousa et al., 2012; Cosson et al., 2013;
Gao et al., 2014; Chevalier and Chaumont, 2015).
The distribution and fate of individual CKX isoforms
within the secretory system are not well understood.
Some CKX isoforms, such as CKX2, were shown to be
secreted from cells in heterologous yeast expression
systems (Bilyeu et al., 2001; Werner et al., 2001), providing indirect evidence that these isoforms might be
targeted to the apoplast in plants. This hypothesis is
supported by direct localization of a CKX homolog
from maize (Zea mays) to the apoplast (Galuszka et al.,
2005). In contrast, the localization of CKX proteins to
intracellular compartments of the secretory pathway
has been proposed based on the localization of CKX1GFP and CKX3-GFP reporter proteins to the ER and,
occasionally, to vacuoles (Werner et al., 2003). Intriguingly, the ER localization of CKX1 has been indirectly
supported by the apparent absence of hybrid and
complex N-glycans (Niemann et al., 2015), which are
synthesized on N-glycoproteins upon their arrival to
the Golgi apparatus (von Schaewen et al., 1993).
The cytokinin signal is perceived by sensor His kinases (Inoue et al., 2001; Suzuki et al., 2001), which are
localized predominantly to the ER membrane and, to a
lesser extent, to the plasma membrane (Caesar et al.,
2011; Lomin et al., 2011; Wulfetange et al., 2011), indicating that the steady-state cytokinin concentration in

the ER lumen and apoplast might determine cellular
responses to the hormone. Given the possibility that the
sites of cytokinin degradation and perception might
spatially overlap within the secretory system, it is essential to understand the precise distribution of CKX
proteins and the underlying sorting mechanisms.
Moreover, a recent study revealing the relevance of
endoplasmic reticulum-associated degradation (ERAD;
Römisch, 2005) for the control of CKX protein levels and
plant development (Niemann et al., 2015) has demonstrated the necessity to explore molecular mechanisms
controlling CKX proteins in the secretory system.
Here, we show that Arabidopsis CKX1 is an intrinsic
membrane protein localized predominantly to the ER
and forming homooligomeric complexes. Our data
provide insights into oligomerization mechanisms mediated largely by the TM helices and indicate the functional relevance of complex formation for subcellular
localization and protein stability. We propose that some
CKX isoforms, including CKX1 as a case example, act as
authentic ER-resident proteins to control the cytokinin
homeostatic levels in the ER lumen, thereby directly
regulating the signaling output from this compartment.
RESULTS
CKX1 Is a Type II Integral Membrane Protein

Our previous experimental work (Niemann et al.,
2015) has suggested that, potentially, not all CKX proteins are soluble proteins, as is generally assumed. In
order to directly test the solubility and possible membrane association, we focused on Arabidopsis CKX1
and prepared microsomal membranes from Nicotiana
benthamiana leaves transiently expressing 35S:mycCKX1 (Niemann et al., 2015). The protein gel-blot
analysis showed that myc-CKX1 was detected exclusively in the 100,000g pellet fraction but not in the
supernatant, indicating that it is either a membraneassociated protein or a soluble luminal protein (Fig.
1A). To differentiate between these possibilities, the
microsomal vesicles were subjected to differential solubilization. As shown in Figure 1A, treatment with
Na2CO3 (pH 11), which converts closed microsomal
vesicles to open membrane sheets, thereby releasing the
soluble luminal proteins and peripheral membrane
proteins (Fujiki et al., 1982; Mothes et al., 1997), did not
release myc-CKX1 from microsomal vesicles. Treatment with urea, which also extracts peripheral and luminal proteins (Schook et al., 1979; Obrdlik et al., 2000),
was similarly ineffective, indicating that myc-CKX1 is
not a soluble luminal protein but rather is tightly anchored within the membrane. In accord with this conclusion, myc-CKX1 could only be displaced from
membranes by Triton X-100 treatment (Fig. 1A), indicating that CKX1 is a true integral membrane protein.
Consistent with this experimental result, the SignalP 4.0
algorithm discriminating signal peptides from TM regions (Petersen et al., 2011) predicts the presence of an
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Figure 1. Membrane association and membrane topology of the myc-fused CKX1 proteins. A, Association of myc-CKX1 with
membranes. Total membranes isolated from N. benthamiana leaves transiently expressing 35S:myc-CKX1 were incubated in
homogenization buffer (control) or treated with 1 M NaCl, chaotropic agent (Urea), alkaline solution, or Triton X-100. Soluble
(supernatant; S100) and insoluble (pellet; P100) membrane protein fractions were separated by recentrifugation at 100,000g. The
proteins were resolved by SDS-PAGE and submitted to immunoblot analysis with anti-myc antibody. B, Proteinase K protection
assay to reveal the membrane topology of CKX1: the C terminus of CKX1 is protected from proteinase K digestion. Microsomal
membranes of 35S:myc-CKX1- and 35S:CKX1-myc-expressing Arabidopsis plants were incubated with proteinase K in the absence (lane 4) or presence (lane 5) of 1% Triton X-100. The samples were analyzed by SDS-PAGE and immunoblot with anti-myc
antibody. Control immunoblot analysis using antibody against the luminal domain of the ER-localized, membrane-bound
CALNEXIN1 and CALNEXIN2 (CNX1/2) was performed to monitor the integrity of the microsomal vesicles. C, Model of CKX1
topology in the membrane. Type II membrane protein topology included a predicted short cytosolic tail (CT), a single membranespanning helix (TM), and a lumen-oriented catalytic domain. Numbers indicate amino acid residues.

uncleavable signal anchor for CKX1 rather than a
cleavable signal peptide (Table I). The TM-spanning
region is predicted to comprise amino acid residues
14 to 34 (Table I). A similar prediction was obtained for
CKX3 and CKX6, whereas the other CKX proteins with
higher probability possess signal peptides (Table I).
To determine the CKX1 topology in the membrane,
we performed a proteinase K protection assay with
microsomal vesicles isolated from Arabidopsis plants
stably expressing either the 35S:myc-CKX1 gene
(Niemann et al., 2015) or CKX1 fused to a myc tag at the
C terminus (35S:CKX1-myc). Proteinase K digestion
typically results in the proteolytic removal of polypeptides that are exposed on the cytoplasmic face of
microsomal vesicles. Immunoblot analysis revealed
that proteinase K treatment of intact 35S:myc-CKX1
microsomes in the absence of detergent led to a complete loss of the myc signal (Fig. 1B), indicating that the
N-terminally fused myc tag of the myc-CKX1 chimera
was localized on the cytosolic membrane face. The
proteolysis of ER chaperone proteins, CNX1/2, was
used as a positive control in this proteolysis protection
assay. Calnexins are conserved single-pass membrane

proteins consisting of a large luminal domain and short
tail facing the cytosol (Huang et al., 1993). Consistent
with their topology, immunoblot analysis of proteinase
K-treated microsomes showed that CNX1/2 were
largely protected from the proteolysis, indicating high
integrity of the microsomal membrane preparations. In
contrast to myc-CKX1, the CKX1-myc fusion protein in
microsomes isolated from 35S:CKX1-myc-expressing
plants was largely protected from proteinase K activity
and, similar to CNX1/2, was fully susceptible to proteolysis only in the presence of the detergent, indicating
that the myc-tagged C terminus of CKX1 was localized
in the microsomal lumen. Together, our results show
that CKX1 is a typical type II membrane protein with
topology consisting of a short cytoplasmic tail, a single
TM region, and a large, luminally oriented, C-terminal
catalytic domain (Fig. 1C).
CKX1 Forms Homooligomeric Complexes

Immunoblot analyses of protein extracts from 35S:
CKX1 plants repeatedly showed that CKX1 partly runs
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Table I. Bioinformatic prediction to discriminate signal peptide and signal anchor sequences in Arabidopsis CKX proteins
Protein

SignalP 4.1 (D-Score)a

Signal Peptide
(P)/Signal Anchor (A)

TM Domain
(Residues)b

CKX1 (At2g41510.1)
CKX2 (At2g19500.1)
CKX3 (At5g56970.1)
CKX4 (At4g29740.1)
CKX5c (At1g75450.1)
CKX5c (At1g75450.2)
CKX6 (At3g63440.1)

0.302
0.738
0.332
0.683
0.729
0.775
0.261

A
P
A
P
P
P
A

14–34
–
9–29
–
–
–
16–36

a

Signal peptide/anchor prediction was performed with SignalP 4.1 (http://www.cbs.dtu.dk/services/Sigb
TM domains were predicted by
nalP/). D-score indicates the likelihood of signal peptide cleavage.
c
ConPred_v2 at the Aramemnon database (Schwacke et al., 2003).
Different translation starts resulting
in different N termini are predicted in TAIR (http://www.arabidopsis.org/).

as an SDS-resistant complex of higher molecular mass
on a reducing SDS-PAGE gel (Fig. 1A), which indicates
potential tight interactions with other proteins or protein homooligomerization. To analyze speciﬁcally
whether CKX1 can homooligomerize, GFP-CKX1 and
myc-CKX1 fusion proteins were transiently coexpressed in N. benthamiana leaves, and total protein extracts were used for coimmunoprecipitation (Co-IP)
assay with an anti-GFP antibody. As shown in Figure
2A, myc-CKX1 was detected robustly in the GFP-CKX1
immunocomplex, but it did not coimmunoprecipitate
with GFP alone, strongly supporting the notion of
CKX1 homodimerization in vivo. Interestingly, Figure
2A shows that, in contrast to the input samples, the
myc-CKX1 signal of high molecular mass was the most
prevalent in the Co-IP fraction. This suggests the formation of a higher order oligomer that was not fully
resolved under SDS-PAGE conditions.
To examine the CKX1 oligomerization in more detail,
we subjected protein extracts from N. benthamiana
expressing myc-CKX1 to size exclusion chromatography
(SEC; Fig. 2, B–D). Given the strong membrane association of myc-CKX1 (Fig. 1), the membrane proteins were
solubilized with the nonionic detergent DDM, and the
detergent was included in the chromatography buffer
during SEC fractionation at a concentration above the
critical micelle concentration. Solubilization of membranes by detergents converts intrinsic membrane proteins into complexes composed of protein, lipid, and
detergent. The micelle size of the detergent used contributes to the ﬁnal molecular mass of a given complex,
thus inﬂuencing the elution volume during SEC (Kunji
et al., 2008). Three major peaks of different apparent
molecular sizes containing myc-CKX1 were detected.
One myc-CKX1 peak eluted late, with an elution volume of 62 to 63 mL corresponding to an apparent
molecular mass of ;130 to 140 kD (Fig. 2C). The average molecular mass of a DDM micelle is ;50 kD
(Rögner, 2000) and the apparent molecular size of the
myc-CKX1 monomer is ;90 kD, as deduced from the
protein migration on the SDS-PAGE gel (Fig. 2A).

Thus, the myc-CKX1 peak with an apparent size of ;130
to 140 kD corresponds to the myc-CKX1 monomer. The
second myc-CKX1 peak eluted with a retention volume
of 55 to 56 mL corresponding to an apparent molecular
mass range of 215 to 230 kD and most probably represented the myc-CKX1 homodimeric form. The third
peak, with a retention volume of 43 to 44 mL and apparent mass of around 470 to 510 kD, represented a
higher oligomeric form of myc-CKX1 protein. Interestingly, the immunoblot analysis revealed that the
apparent myc-CKX1 homodimer and higher oligomer were partly stable under our SDS-PAGE conditions. Intriguingly, when the SEC experiment was
performed under reducing conditions with 5 mM
b-mercaptoethanol included in the chromatography
buffer, similar results were obtained and the different oligomeric forms of myc-CKX1 were detected
(Supplemental Fig. S2).
To test CKX1 oligomerization independently and
determine whether the protein-protein interaction also
can occur in planta, oligomerization was tested using
the optimized single vector bimolecular ﬂuorescence
complementation (BiFC) system, which utilizes monomeric Venus split at residue 210 (Gookin and Assmann,
2014). For this, CKX1 was cloned in two expression
cassettes of the double open reading frame expression
vector pDOE-08, and by this, the N termini of two individual CKX1 proteins were fused to the N- and
C-proximal halves of Venus (NVen and CVen, respectively). To monitor the nonspeciﬁc assembly of NVen
and CVen, the parent vector expressing NVen-CKX1
and unfused CVen was used as a control. The vector
used also contains an integrated Golgi-localized
mTurquoise2 marker (Golgi-mTq2) for the speciﬁc
identiﬁcation of transformed cells. We performed
transient transformations of N. benthamiana leaves and
examined the ﬂuorescence by confocal laser scanning
microscopy. We identiﬁed expressing epidermal cells
by monitoring the Golgi-mTq2 ﬂuorescence, and, as
illustrated in Figure 3A, all transformed cells showed
very strong Venus ﬂuorescence, indicating BiFC
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Figure 2. Analysis of CKX1 oligomerization. A, In vivo oligomerization of CKX1 detected by Co-IP assay. The myc-CKX1 protein
was transiently coexpressed with GFP-CKX1 or GFP in N. benthamiana, and the protein extracts were used for immunoprecipitations (IP) with anti-GFP antibody followed by immunoblot detection with anti-myc antibody. The left gel shows the input
(10 mg of the crude extract used for Co-IP assay); the right gel shows the pellet fractions from the Co-IP assays. The input control for
GFP-CKX1 and GFP is shown in Supplemental Figure S1. B to D, SEC analysis of CKX1 complex formation. B, For the column
calibration, the standard linear regression curve was generated by plotting the log of the molecular mass of calibration proteins
against their retention volumes: BSA trimer (201 kD; 57.5 min), BSA dimer (132 kD; 63 min), BSA monomer (67 kD; 73.5 min),
and ovalbumin (43 kD; 80 min). C, Microsomal membranes isolated from N. benthamiana leaves transiently expressing 35S:mycCKX1 were solubilized with 1% n-dodecyl-b-D-maltoside (DDM) and subjected to SEC on a column equilibrated with 0.05%
DDM, 50 mM Tris-HCl, pH 7.5, 10% glycerol, and 150 mM NaCl. Eluted fractions were analyzed by SDS-PAGE and immunoblot
with anti-myc antibody. Arrows indicate peak elutions of molecular mass markers (BSA trimer and dimer). White arrowheads
indicate the resistant dimeric and higher oligomeric myc-CKX1 forms. D, Six elution fractions from the experiment shown in C
were reanalyzed in parallel on one western blot.

between NVen-CKX1 and CVen-CKX1. By contrast, no
BiFC was detected when NVen-CKX1 was coexpressed
with the untagged CVen fragment, although the analyzed cells displayed strong Golgi-mTq2 ﬂuorescence
(Fig. 3B), thus proving to be a genuine negative control.
From these results, we conclude that CKX1 can assemble into a homooligomeric complex in planta.
CKX1 Is an ER-Resident Protein

Further detailed microscopic analysis showed that
the NVen-CKX1/CVen-CKX1 BiFC signal was distributed in a reticular pattern characteristic of the cortical
ER network (Fig. 3C). To verify this, we cotransformed
the CKX1-BiFC construct with an ER marker protein
(Lerich et al., 2011). The colocalization of the BiFC and
ER marker signals indicated that the putative CKX1
homodimer localizes to the ER. This localization would

be only partially consistent with the previously published data, which have shown that CKX1-GFP localized largely to the ER but occasionally also to the
vacuole when expressed stably in Arabidopsis under
the control of the 35S promoter (Werner et al., 2003).
These earlier experiments, however, might not have
been fully conclusive, due to possible overexpression
artifacts (Werner et al., 2003). Indeed, Niemann et al.
(2015) recently showed that CKX1 apparently does not
contain complex N-glycans, which is consistent with
the idea that CKX1 could be an ER-resident protein. To
examine the CKX1 subcellular localization and avoid
strong overexpression effects, we tagged CKX1 with
GFP at the N terminus (recapitulating the topology of
the chimeric proteins in the BiFC assay), expressed the
fusion protein transiently in N. benthamiana leaves, and
performed confocal imaging at early time points after
inﬁltration. As shown in Figure 4A, early after inﬁltration, GFP-CKX1 was localized exclusively to the ER in
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Figure 3. CKX1 homodimerizes in a BiFC assay. A, Confocal microscopy analysis of BiFC in N. benthamiana epidermal leaf cells
reveals interaction between NVen-CKX1 and CVen-CKX1, as apparent from the reconstitution of the Venus-derived fluorescence
(yellow). The microscopy was performed 2 d after infiltration (DAI). B, The NVen-CKX1/CVen parent vector shows no background
BiFC signal 2 DAI. Successful transformation is evident from the cyan mTq2 signal in the Golgi. No BiFC signal was observed even
after prolonged incubation (3 DAI). Images in A and B were captured using identical confocal settings. C, NVen-CKX1/CVenCKX1 BiFC fluorescence signal localizes predominantly to the ER. Yellow, Venus BiFC; magenta, RFP-p24. Bars = 50 mm (A and B)
and 5 mm (C).

cells moderately expressing the fusion protein. In cells
with higher expression levels, the GFP-CKX1 ﬂuorescence signal also was localized to bright puncta of
varying sizes (Supplemental Fig. S3). However, a similar
shift of the ﬂuorescence signal from the ER network
into punctate structures also was often observed for
the ER membrane marker RFP-p24 (Lerich et al., 2011)
when expressed to higher levels (Supplemental Fig.
S3A), which suggests either an aberrant protein localization due to exceeded ER retention capacity or
general changes in the ER morphology. The latter assumption was further supported by a frequent colocalization of the strongly expressed GFP-CKX1 with
the tobacco mosaic virus movement protein (MP-RFP;
Sambade et al., 2008; Supplemental Fig. S3B), marking
ER-associated inclusions whose formation is associated with rearrangements of the ER membrane.
To analyze the possibility that the N-terminal GFP
fusion masked an important targeting signal in the cytoplasmic tail of CKX1, we also transiently expressed
CKX1 fused C-terminally to GFP under the control of
the 35S promoter (CKX1-GFP). Compared with the
CKX1-GFP construct reported previously (Werner
et al., 2003), this new chimeric protein includes a short
linker to provide ﬂexibility between the fused proteins (Miyawaki et al., 2003). Figure 4B shows that
the fusion protein was localized predominantly to the
ER with additional GFP signal associated with small
endogenous, motile compartments (arrowheads). We
ﬁrst tested whether the punctate signal might represent
endoplasmic reticulum export sites (ERES; Hanton
et al., 2006) by coexpression of the ERES marker protein

YFP-Sec24 (Stefano et al., 2006); however, we observed
no colocalization (Fig. 4C). Next, we analyzed colocalization with markers for some of the well-deﬁned
post-ER compartments. The cis-Golgi marker ERD2YFP (Brandizzi et al., 2002) did not colocalize with the
punctate CKX1-GFP signal (Fig. 4D). CKX1-GFP also
did not colocalize with the trans-Golgi network/early
endosome marker mCherry-SYP61 (Uemura et al.,
2004; Gu and Innes, 2011; Fig. 4E). Intriguingly, upon
coexpression with ARA6-mCherry, which labels prevacuolar compartments/late endosomes (Ueda et al.,
2001; Gu and Innes, 2012), we observed that the punctate CKX1-GFP signal mostly localized in very close
proximity to the ARA6-mCherry signal and occasionally colocalized with it (Fig. 4F). From the above experiments, we conclude that, similar to GFP-CKX1, the
CKX1-GFP protein is localized mainly to the ER and to
its closely associated punctate structures of not fully
resolved nature.

The N-Terminal Part of CKX1 Is Required and Sufﬁcient
for Homooligomerization and Targeting to the ER

Interestingly, we observed no homodimerization in a
yeast two-hybrid assay when truncated CKX1 protein
without N-terminal signal anchor sequence (CKX135-575)
was used, although this mutant form was capable of
interacting with other proteins in yeast (H. Weber, unpublished data). This indicates that the CKX1 N terminus might be relevant for the homooligomerization.
In order to test this hypothesis, we generated a chimeric
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Figure 4. CKX1 fusion proteins to GFP localize
predominantly to the ER. Confocal microscopy
analysis was performed on N. benthamiana leaf
epidermal cells coexpressing different GFP-fused
CKX1 chimeric proteins (left column; green) and
the indicated organelle markers (middle column;
magenta). A, GFP-CKX1 colocalizes with the ER
marker protein RFP-p24 when expressed 1 d after
infiltration (DAI). B to E, CKX1-GFP largely colocalizes with the ER marker protein (B) and shows
additional localization in small punctate structures
(arrowheads), which are distinct from ERES labeled
by YFP-Sec24 (C), Golgi bodies labeled by ERD2YFP (D), and trans-Golgi network/early endosome
(TGN/EE) labeled by mCherry-SYP61 (E). F, CKX1GFP signal localizes mostly close to prevacuolar
compartments/late endosomes (PVC/LE) labeled by
ARA6-mCherry (arrowheads and magnified in inset). Occasionally, CKX1-GFP and ARA6-mCherry
signals overlapped (arrow). The microscopy was
performed 2 DAI. Bars = 5 mm.
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Figure 5. The CKX1 N terminus directs the homooligomerization and targeting to the ER. A, Co-IP assay for the detection of
homooligomerization mediated by the CKX11-79 N-terminal fragment. The myc-CKX1 protein was coexpressed transiently with
CKX11-79-GFP or CKX1-GFP in N. benthamiana, and the protein extracts were used for immunoprecipitations (IP) with anti-GFP
antibody followed by immunoblot detection with anti-myc antibody. The left gel shows the input (10 mg of the crude extract used
for Co-IPassay); the right gel shows the pellet fractions from the Co-IPassays. The input control for CKX11-79-GFPand CKX1-GFP is shown
in Supplemental Figure S4. B, Confocal microscopy analysis of N. benthamiana leaf epidermal cells coexpressing CKX11-79-GFP
(green) with the ER marker RFP-p24 (magenta). The microscopy was performed 2 DAI. Bars = 5 mm.

reporter construct consisting of the ﬁrst 79 N-terminal
amino acid residues (comprising the cytoplasmic tail, TM
domain, and putative stem region) of CKX1 fused to GFP
(CKX11-79-GFP). To test the capacity of this short N-terminal
peptide to mediate the homooligomerization, CKX11-79-GFP
was coexpressed transiently together with myc-CKX1 in N.
benthamiana leaves and used as bait in Co-IP experiments.
Immunoblot analysis revealed that myc-CKX1 copuriﬁed
robustly with CKX11-79-GFP (Fig. 5A; Supplemental Fig.
S4). In parallel, we performed a control Co-IP assay with
the full-length CKX1 protein tagged C terminally with
GFP (CKX1-GFP). Interestingly, the quantity of copuriﬁed myc-CKX1 was comparable to that of CKX11-79
-GFP (Fig. 5A), suggesting that the examined N-terminal
region of CKX1 is primarily responsible for homooligomeric complex formation.
Next, we questioned the role of the CKX1 N terminus in
directing the subcellular localization of the protein and
compared the subcellular localization of CKX11-79-GFP
with that of the full-length reporter CKX1-GFP. Transient
expression and confocal imaging of CKX11-79-GFP
revealed very similar subcellular localization comparable
to that of the full-length reporter CKX1-GFP (Fig. 5B),
suggesting that the N-terminal peptide is sufﬁcient for the
targeting and retrieval to the ER.
The CKX1 TM Domain Is Required for
Protein Homooligomerization

Showing the relevance of the N-terminal part of CKX1
for homooligomerization and subcellular localization,

we further aimed to delimitate the functional motifs
relevant for these processes. Several reports have
shown that TM helices of type II membrane proteins
can mediate protein oligomerization involving different interaction mechanisms (Tu and Banﬁeld, 2010).
CKX1 contains a potential GxxxG-like interaction motif
(SxxxG) formed by residues Ser-27 and Gly-31 (Fig. 6A).
GxxxG-like motifs consist of small amino acids (Gly,
Ala, and Ser) arranged to form GxxxG (where x represents any amino acid) and GxxxG-like patterns (Russ
and Engelman, 2000; Senes et al., 2000). These interaction motifs often are found at the interface of GASright
dimers, a frequently occurring TM association motif
(Walters and DeGrado, 2006) characterized by the close
proximity of the two TM helices and the formation of
characteristic networks of carbon hydrogen bonds
(Senes et al., 2001). We employed the computational
structure prediction program CATM (Mueller et al., 2014;
Anderson et al., 2017) to investigate whether the TM
helices of CKX1 proteins may associate by forming a
GASright dimer.
As shown in Figure 6A, CATM predicts a plausible
GASright dimer for the TM sequence of CKX1. The
resulting model is characterized by favorable complementary packing and mediated by the SxxxG motif. It
should be noted that the software assumes that the TM
domain is in regular helical conformation. The sequence
of CKX1 contains a Pro residue at position 30, an amino
acid that could potentially kink the helices, even though
Pro also is compatible with straight or nearly straight
conformation in TM helices (Senes et al., 2004). The Pro
residue occurs on the opposite face of the dimeric
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contact; thus, it does not participate in the predicted interface. The amino acids that are involved at the dimer
interface are highlighted in the sequence in Figure 6A.
Computational mutational analysis indicated that
introduction of the large Ile in place of the small amino
acids of the SxxxG motif (Ser-27Ile and Gly-31Ile)
would create signiﬁcant steric clashes in the model;
thus, it should prevent any dimerization mediated by the
predicted association interface (Supplemental Fig. S6).
To test the prediction, we introduced two Ile residues
(Ser-27Ile and Gly-31Ile) in the full-length CKX1 protein and analyzed the homodimerization ability of the
resulting mutant protein (CKX1) in a BiFC assay.
Compared with the nonmutagenized control, BiFC
between NVen-CKX1 and CVen-CKX1 was reduced
severely (Fig. 6, B and C), suggesting that the interaction was mediated largely by the TM domain and
that the identiﬁed residues are functionally relevant.
Importantly, CKX1-GFP was glycosylated in a similar
fashion to the control, and the mutant protein was
detected exclusively in the membrane protein fraction
(Supplemental Fig. S5), indicating that the introduced
mutations in the TM region neither altered the capacity of the signal anchor to translocate the protein into
the ER nor compromised the general helix structure
and anchoring to the membrane.

CKX1 Oligomerization Is Indispensable for Its
Biological Activity

We further examined whether the altered ability of
CKX1-GFP to oligomerize affects the cellular behavior
and biological activity of the protein. Confocal
microscopy showed that, in comparison with the
CKX1-GFP control (Fig. 4B), the ﬂuorescence signal of
CKX1-GFP was completely absent from the ER and accumulated in vesicles and vesicular aggregates of varying sizes (Fig. 6D). In addition, the overall CKX1-GFP
ﬂuorescence signal was reduced greatly in comparison
with that of CKX1-GFP, together suggesting that the
TM-mediated oligomerization regulates CKX1 retention/localization to the ER and/or contributes to the
control of protein abundance in the ER. To address the
biological relevance of the CKX1 oligomerization, we
analyzed Arabidopsis plants stably expressing CKX1GFP or CKX1-GFP under the control of the 35S promoter.
The shoots of plants expressing the 35S:CKX1-GFP
transgene displayed strong phenotypic changes typical
for cytokinin deﬁciency (Fig. 7A; Werner et al., 2003;
Holst et al., 2011), with a frequency of 45% among T1
plants. In comparison, we only detected very subtle
phenotypic alterations among 90 T1 individuals transformed with the 35S:CKX1-GFP construct. To rule out
the possibility that the observed differences were due to
different transgene expression levels, we identiﬁed homozygous lines with comparable transcript levels of the
respective transgene (Fig. 7C; Supplemental Fig. S7).
This analysis conﬁrmed that the strong cytokinin
deﬁciency phenotype was associated only with the

expression of the 35S:CKX1-GFP, but not the 35S:CKX1GFP, transgene (Fig. 7, A and B). Moreover, immunoblot
analysis revealed that the levels of the CKX1-GFP protein were strongly diminished in comparison with
CKX1-GFP (Fig. 7D; Supplemental Fig. S7), which was
consistent with the absence of strong phenotypical
changes in plants expressing the mutant protein. In line
with this, direct determination of endogenous cytokinins revealed that their levels were signiﬁcantly weaker
in 35S:CKX1-GFP lines in comparison with plants
expressing the nonmutated 35S:CKX1-GFP construct
(Fig. 7E; Supplemental Fig. S7).
It was shown previously that several secretory CKX
proteins are regulated by the ERAD pathway (Niemann
et al., 2015). Therefore, we reasoned that the low levels
of the oligomerization-deﬁcient CKX1-GFP protein
variant could be due to enhanced ERAD. To test this
assumption, we analyzed CKX1-GFP levels upon
treatment with Eeyarestatin I (EerI) and Kifunensin
(Kif), which are speciﬁc inhibitors of the ERAD pathway (Tokunaga et al., 2000; Fiebiger et al., 2004; Wang
et al., 2010). Figure 7D shows that the CKX1-GFP levels
increased signiﬁcantly upon both treatments. Similarly,
CKX1-GFP levels were enhanced signiﬁcantly by the
proteasome inhibitor MG132. Together, these results
suggest that the lower CKX1-GFP steady-state levels
were caused by increased ERAD and that the CKX1
oligomerization is an important factor regulating its
stability in the ER.

DISCUSSION

Taking CKX1 from Arabidopsis as a case example,
this study draws attention to several new molecular
and cellular aspects of CKX-mediated cytokinin degradation and provides results that are relevant for better understanding of the functional modality of this
metabolic pathway in controlling cytokinin activity in
plants.
First, we demonstrated that CKX1 is not a soluble
protein but an integral single-pass membrane protein
with a type II architecture comprising a short
N-terminal cytoplasmic tail, a TM helix, and a luminally oriented catalytic domain. A similar topology is
typical for proteins such as Golgi- and ER-resident
glycosyltransferases and glycosidases (Tu and Banﬁeld, 2010). As signal peptides and N-terminal TM
helices of the secretory pathway proteins generally are
difﬁcult to discriminate (Petersen et al., 2011), the
possible membrane association of CKX proteins has
been neglected previously (Schmülling et al., 2003)
and clearly needs to be determined experimentally for
individual CKX isoforms. Several CKX proteins have
been shown convincingly to be soluble proteins containing cleavable signal peptides (Houba-Hérin et al.,
1999; Galuszka et al., 2005), which, together with our
results, suggests that two different subtypes of CKX
isoforms, soluble and membrane bound, operate in the
secretory system.
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Figure 6. The CKX1 TM domain mediates the protein homooligomerization and ER retention. A, Structural model of the CKX1
TM dimer predicted by CATM. From left to right, ribbon representation of the entire TM helix (front view) and detail of the interface
(side view). CATM predicts a well-packed interface mediated by the amino acids highlighted in the sequence. The SxxxG sequence pattern (marked in red) allows the backbones to come into close contact at the crossing point, enabling the formation of
networks of interhelical hydrogen bonds (dashed lines) between Ca-H donors and carbonyl oxygen acceptors. Additionally, an
interhelical hydrogen bond between the side chains of Arg-32 and Asn-34 also is observed. B and C, Confocal microscopy analysis of BiFC in N. benthamiana epidermal leaf cells reveals strongly reduced interaction between NVen-CKX1 and
CVen-CKX1 (C) in comparison with the interaction of NVen-CKX1 and CVen-CKX1 (B), as apparent from the reconstitution of the
Venus-derived fluorescence (yellow; top images). Comparable expression levels are apparent from the activity of the control gene
Golgi-mTq2 (cyan; bottom images). The microscopy was performed 2 d after infiltration (DAI). Identical confocal settings were
used to capture respective images in B and C. D, Confocal microscopy analysis of N. benthamiana leaf epidermal cells coexpressing CKX1-GFP (green) with the ER marker RFP-p24 (magenta). The microscopy was performed 2 DAI. Bars = 25 mm (B and C)
and 5 mm (D).
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Along with the difference in this basic protein feature, different cellular behavior of the individual CKX
isoforms can be expected as, for example, different
sorting mechanisms for soluble and membrane proteins
operate in the secretory pathway. Unlike for soluble
proteins, sorting of membrane proteins is additionally
determined by motifs located in their cytosolic domains
and by the structure of the TM domain (Brandizzi et al.,
2002; Gao et al., 2014). It is well established that the
default destination for soluble proteins lacking positive
sorting information is the apoplast (Rojo and Denecke,
2008). Indeed, several CKX isoforms shown to be soluble or having strongly predicted signal peptides have
been demonstrated to be secreted to the apoplast
(Houba-Hérin et al., 1999; Bilyeu et al., 2001; Galuszka
et al., 2005). These ﬁndings correlate with the fact that
all putative soluble CKX proteins lack obvious sorting
determinants, such as the (H/K)DEL ER retention signal. Thus, it appears that soluble CKX isoforms may
generally follow the default secretory route to the
apoplast. In contrast, CKX1, deﬁned in this work as a
prototypic membrane-bound CKX isoform, localized
predominantly to the ER. CKX1 retention in the ER is
well consistent with its apparent modiﬁcation by highMan N-glycans (Niemann et al., 2015). This ﬁnding is
highly relevant because recent reports have revealed
that AHK cytokinin sensor His kinases are localized
predominantly in the ER (Caesar et al., 2011; Lomin
et al., 2011; Wulfetange et al., 2011). Hence, CKX1, as an
authentic ER protein, presumably coincides with the
ER-localized AHK proteins and controls cytokinin
concentrations directly perceived by the hormone receptors in the ER lumen. This active control of the cytokinin pool in the ER by CKX lends more support to
the functional relevance of cytokinin receptor-mediated
signaling from this cellular compartment.
Evidence regarding CKX1 localization beyond the ER
is ambiguous. For example, prolonged expression of
GFP-CKX1 caused, in addition to ER localization, the
accumulation of GFP signal in larger bodies that coincide with ER-associated inclusions formed, for example, upon the expression of MP-RFP (Sambade et al.,
2008). GFP-CKX1 signals in these structures, therefore,
may reﬂect changes in ER structure that can be caused
by strong, transient overexpression of an ER-resident
protein (Niehl et al., 2012; Supplemental Fig. S3A)
rather than by the normal cellular distribution of GFPCKX1. Additionally, in the case of the C-terminal
CKX1-GFP fusion, the predominant ER signal was accompanied by localization to very small puncta, which
often were positioned in direct proximity of prevacuolar compartments/late endosomes labeled by
ARA6-mCherry. However, these showed only limited
colocalization. The identity of these CKX1-GFP-labeled
structures will require further clariﬁcation. Importantly, both analyzed CKX1 fusion proteins were not
detected in the vacuole. Together, the analysis does not
support our previous hypothesis that CKX1 might be
actively targeted to the lytic vacuole (Werner et al., 2003).
It is possible that the occasional vacuolar targeting

observed previously (Werner et al., 2003) was an
overexpression artifact due to saturated ER retention
capacity. CKX1-GFP escaping ER retention mechanisms might passively reach the vacuole, which has
been discussed as the default compartment for some
membrane proteins (Barrieu and Chrispeels, 1999;
Langhans et al., 2008). Accordingly, although we
showed in this study that CKX1 is bound exclusively to
membrane, the CKX1-GFP signal reported by Werner
et al. (2003) did not label the tonoplast but the vacuolar
lumen, which indicates the formation of a soluble
degradation product. Taken together, there is currently
no clear experimental evidence supporting the function
of CKX proteins in the vacuole. However, we note that
cytokinin has been detected in vacuoles (Fusseder and
Ziegler, 1988; Kiran et al., 2012; Jiskrová et al., 2016), but
its biological signiﬁcance in this organelle remains obscure.
A surprising outcome of our study is that CKX1
forms homodimeric and oligomeric complexes in vivo.
Most interestingly, complex formation was mediated
mainly by a strong interaction between the TM domains. Oligomerization of the TM helices of bitopic
membrane proteins can be important for the structural
assembly of stable protein complexes as well as play
functional roles when association or conformational
changes are critical for modulating signaling and regulation (Moore et al., 2008). Classic examples are the
receptor Tyr kinase and cytokine receptor families of
type I membrane proteins, for which dimerization and
structural rearrangement involving the TM region play
critical roles in activation (Li and Hristova, 2006;
Maruyama, 2015). For animal type II membrane proteins, including several Golgi glycosyltransferases, it
was shown previously that protein oligomerization can
be determined by the luminal juxtamembrane region
and/or the TM-spanning region (Tu and Banﬁeld,
2010).
A variety of physical forces have been implicated in
the promotion of TM helix interactions (Senes et al.,
2004; Li et al., 2012), from van der Waals packing
(MacKenzie et al., 1997) to hydrogen bonding between
polar amino acids (Choma et al., 2000; Zhou et al., 2000)
and aromatic p-p and cation-p interactions (Johnson
et al., 2007). A particularly important class of TM helix
interaction motifs is the GASright dimer, which is stabilized by unusual networks of hydrogen bonds that are
formed by Ca-H donors and backbone carbonyl oxygen acceptors on the opposite helix (Ca-H∙∙∙O=C
bonds; Senes et al., 2001). The signature sequence pattern of GASright is the presence of small residues (Gly,
Ala, and Ser) arranged in motifs such as GxxxG or
variants thereof that facilitate close interhelical contact
and carbon-hydrogen bond formation between TM
helices (Mueller et al., 2014). The mutation and Co-IP
analyses presented in this work showed that the identiﬁed GxxxG-like motif (SxxxG) in the TM domain of
CKX1 is largely required for CKX1 homooligomerization. Currently, little is known about GxxxG-mediated
protein-protein interactions and their functions in
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Figure 7. TM-mediated CKX1 homooligomerization regulates protein stability. A, Shoot phenotypes of the soil-grown wild-type control and plants
expressing 35S:CKX1-GFP (line 1) and 35S:CKX1-GFP (line 14) 4 weeks after germination. Homozygous T4 plants are shown. Bar = 1 cm. B, Rosette
diameters of the plants shown in A. Values are means 6 SD (n $ 5). C and D, Comparison of the CKX1 transcript levels (C) and the protein abundances
(D) in shoots of the 35:CKX1-GFP and 35:CKX1-GFP plants shown in A. Transcript levels were determined by quantitative real-time PCR. Means 6 SD
(n = 4) are shown in C. For the protein abundance analysis, 50 mg of the crude protein extracts was analyzed by immunoblot using anti-GFP antibody.
Coomassie Blue staining of Rubisco large subunit (RbcL) was used as a loading control in D. E, Total cytokinin (CK) contents of the 3-week-old plants
shown in A. Means 6 SD (n = 3) are shown. FW, Fresh weight. F, Analysis of the effects of the ERAD inhibitors EerI and Kif, and of the proteasome
inhibitor MG132, on CKX1-GFP and CKX1-GFP protein abundances. Arabidopsis seedlings grown in liquid cultures for 7 d were treated for 24 h with
50 mM Kif or 20 mM EerI and for 9 h with 100 mM MG132. Proteins were analyzed as described in D. In B, C, and E, different letters indicate statistically
significant differences (Student’s t test, P , 0.05).

plants. A TM domain containing a GxxxG motif has
been reported to occur in many receptor-like kinases
and receptor-like proteins mediating plant immune
responses (Fritz-Laylin et al., 2005), but only two
studies have addressed the function of the GxxxG motif
in protein-protein interactions and signaling responses
to pathogens (Zhang et al., 2010; Bi et al., 2016). In addition to dimerization, our SEC fractionations also
suggested higher order oligomerization of CKX1,
which is in accord with several previous reports describing the assembly of GxxxG dimers into higher
oligomeric complexes (Dews and MacKenzie, 2007;
Xu et al., 2007; Hoang et al., 2015; Kwon et al., 2015).
Although the underlying assembly mechanisms are
mostly unclear, they may involve TM domain interactions as well as interfaces in the soluble domain.
It will be important to understand whether the described protein features are conserved among CKX homologs. Our sequence analysis revealed only a related
AxxxA motif (Gimpelev et al., 2004) in the TM domain of
CKX6, indicating that the sequence of TM domains is not
conserved and that the SxxxG motif is unique to CKX1.
However, given that TM domains do not need to contain
speciﬁc sequence motifs to oligomerize (Moore et al.,
2008), it is currently not possible to conclude whether
oligomerization is a shared mechanism in the CKX

family, and individual proteins will need to be analyzed
experimentally in the future.
Ultimately, it is important to understand the significance of CKX1 homooligomerization for its cellular
activity. One possibility is that the CKX1 oligomeric
state and its enzymatic activity would be coupled.
Examples of such a structure-activity relation for type
II membrane proteins are known (Chung et al., 2010;
Tu and Banﬁeld, 2010). However, heterologous expression of a chimeric CKX1 protein with the N terminus replaced by a cleavable yeast secretion signal
yielded a relatively high enzyme activity preparation (Kowalska et al., 2010), suggesting that the
TM-mediated oligomerization may not be required for
CKX1 enzyme activity per se. Further experiments are
still needed to test this possibility more rigorously. In
contrast, our analysis demonstrated that mutations
rendering CKX1 monomeric cause (1) a loss of its ER
localization, resulting in an unspeciﬁed cellular redistribution, and (2) a reduction of its overall cellular
levels. The ﬁrst suggests that the CKX1 oligomerization
status may represent an important determinant for its
ER retention and, consequently, for the cytokinin concentration and signaling activity in the ER. ER retention
mechanisms based on TM-mediated protein dimerization were proposed earlier (e.g. for the type II TM
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chaperone COSMS; Sun et al., 2011). It should be noted,
however, that the ER residency of membrane proteins
often can be determined by the combined activity of
different retention and retrieval signals (Boulaﬂous
et al., 2009). Therefore, it will be interesting to analyze
whether the ER localization of CKX1 is eventually
controlled by additional sorting signals (Cosson et al.,
2013; Gao et al., 2014). Second, our analysis demonstrated that plants expressing the monomeric CKX1
mutant variant accumulated the protein to levels considerably lower than those detected in plants expressing the wild-type form. The reduced protein levels were
correlated with the lack of a prominent cytokinin deﬁciency phenotype in the respective transgenic lines,
suggesting that the capacity of the mutant protein to
regulate the cytokinin concentration in the ER was
impaired. Less severe reduction of endogenous cytokinin levels in 35S:CKX1-GFP-expressing lines corroborated this conclusion. It is interesting that the
cytokinin levels in these lines were still signiﬁcantly
lower in comparison with the wild type, which is in line
with the notion that the cytokinin signal must be reduced below a certain threshold to trigger strong
growth alterations (Werner et al., 2010).
We have recently shown that CKX1 as well as apparently other CKX isoforms targeted to the secretory
pathway are regulated by the proteasome-dependent
ERAD pathway (Niemann et al., 2015), which represents a conserved cellular route to withdraw proteins
from the ER that fail to attain their native conformation
(Römisch, 2005). Therefore, it is conceivable that the
unassembled monomeric CKX1 is prone to increased
degradation by ERAD. Consistent with this hypothesis,
the CKX1-GFP protein levels were signiﬁcantly restored by treatments with ERAD inhibitors, indicating
that CKX1 oligomerization is a crucial parameter determining its ERAD and, hence, the protein abundance
in the ER. The exact mechanisms underlying ERAD of
CKX1 and other CKX proteins are currently unknown;
however, it can be hypothesized that the assembly of
individual subunits into multimeric complexes can
enhance protein folding or conformational stability,
which can prevent proteolytic degradation (Vembar
and Brodsky, 2008). Although it needs to be studied in
more detail, it is interesting that CKX1-GFP levels were
not fully rescued by the ERAD inhibition, suggesting
that, eventually, other mechanisms may be involved in
CKX1 removal from the ER as well.
It should be further noted that detailed genetic studies
will be required in the future to complement the data
presented here and to identify biological processes involving the molecular mechanisms described in this
work.

MATERIALS AND METHODS
Plasmid Construction
The 35S:myc-CKX1 construct was described previously (Niemann et al.,
2015). To generate 35S:GFP-CKX1, the CKX1 cDNA from pDONR221-CKX1

(Niemann et al., 2015) was subcloned into pK7WGF2 (Karimi et al., 2002) by
Gateway LR recombination (Invitrogen). For 35S:CKX1-GFP, the CKX1 cDNA
was PCR ampliﬁed in two steps by using primer pairs 1/2 and 3/4
(Supplemental Table S1), and the ﬁnal amplicon was cloned into the vector
pDONR221 (Invitrogen) and subsequently pK7FWG2 (Karimi et al., 2002). The
CKX11-79-GFP fusion gene was created by overlapping PCR. In the ﬁrst step, the
CKX1 fragment and GFP-coding sequence were ampliﬁed by using primer
pairs 3/5 and 6/7 and pDONR221-CKX1 and pK7WGF2 as templates, respectively. These two fragments were combined and ampliﬁed with primers
3 and 4, and the ﬁnal amplicon was cloned successively in pDONR221 and
pK7FWG2 to generate 35S:CKX11-79-GFP. The CKX1-GFP construct was generated by site-directed mutagenesis (Euroﬁns Genomics).
For protein-protein interaction by BiFC, the CKX1 cDNA was PCR ampliﬁed
using primer pairs 8/9 and 10/11, and the resulting fragments were cloned into
pJet vector. First, CKX1 cDNA was subcloned into the MCS1 BamHI site of
pDOE-08 (Gookin and Assmann, 2014), resulting in pDOE-08-CKX1 parent
vector expressing CKX1 N-terminally tagged with the N-terminal fragment of
monomeric Venus split at residue 210 (NVen-CKX1) and unfused C-terminal
Venus fragment (CVen). This vector was used as a negative control. In the next
step, the second CKX1 cDNA fragment was subcloned into the KﬂI site within
MCS3 of the pDOE-08-CKX1 parent vector, resulting in vector expressing
NVen-CKX1/CVen-CKX1 used for the homodimerization test. Mutated fulllength CKX1 cDNA was used in a similar cloning approach to generate the
vector encoding NVen-CKX1/CVen-CKX1.
Single-copy transgenic Arabidopsis (Arabidopsis thaliana) lines harboring
35S:CKX1-GFP and 35S:CKX1-GFP were used in this study.

Transient Expression in Nicotiana benthamiana and
Confocal Laser Scanning Microscopy
Inﬁltration was performed as described previously (Sparkes et al., 2006;
Niemann et al., 2015) using Agrobacterium tumefaciens strain GV3101:pMP90
and 6-week-old N. benthamiana plants. For coexpression, the A. tumefaciens
cultures harboring different expression constructs were mixed in inﬁltration
medium to a ﬁnal OD600 of 0.1 for the CKX1 fusions and 0.01 to 0.05 for the
marker constructs. 35S:p19 was included in all inﬁltrations at OD600 = 0.1. The
following binary constructs were used in this work: pH7MP:RFP (Boutant et al.,
2010), RFP-p24 (Lerich et al., 2011), ERD2-YFP (Brandizzi et al., 2002), YFPSec24 (Stefano et al., 2006), mCherry-SYP61 (Gu and Innes, 2011), and ARA6mCherry (Gu and Innes, 2012). Confocal imaging analysis was performed using
a Leica TCS SP5 laser scanning confocal microscope 1 to 3 d after inﬁltration.
mTq2, GFP, YFP, RFP, and mCherry were excited at 458, 488, 514, and 561 nm,
and the ﬂuorescence emissions were detected at 461 to 488, 498 to 538, 520 to
556, 600 to 630, and 590 to 640 nm, respectively. In cases where GFP and YFP
were analyzed simultaneously, GFP and YFP were detected at 490 to 507 and
557 to 585 nm, respectively.

Preparation of Microsomal Membranes and Membrane
Association Analysis
N. benthamiana leaves (1 g) were homogenized in 5 mL of homogenization
buffer (25 mM Tris-HCl, pH 7.5, 300 mM Suc, 1 mM EDTA, 1 mM 1,4-dithioerythritol, and complete protease inhibitor cocktail without EDTA [Roche]) using a
mortar and pestle. The homogenate was passed through one layer of Miracloth
(Calbiochem) and centrifuged at 10,000g for 10 min at 4°C to remove the debris.
The microsomal membrane fraction was pelleted by ultracentrifugation at
100,000g for 90 min at 4°C. Pellets were resuspended in 5 mL of homogenization
buffer or homogenization buffer supplemented with 1 M NaCl, 2 M urea, 0.1 M
Na2CO3, pH 11, or 1% Triton X-100.
For the protease digestion assay, the microsomal membranes were isolated
from rosettes of 14-d-old soil-grown Arabidopsis plants expressing 35S:mycCKX1 (Niemann et al., 2015) and 35S:CKX1-myc. The 100,000g pellet was
resuspended in proteinase inhibitor-free homogenization buffer and incubated
with 10 mg mL21 proteinase K at room temperature for 45 min in the presence or
absence of 1% Triton X-100. A concentration of 6 mM phenylmethanesulfonyl
ﬂuoride (Sigma-Aldrich) was used to terminate the protease digestions. After
15 min of incubation on ice, the membranes were solubilized with 23 SDSPAGE sample buffer (125 mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 10%
b-mercaptoethanol, and 0.01% Bromphenol Blue).
Protein samples were resolved by SDS-PAGE and blotted on PVDF membranes (Millipore). Membranes were blocked with 5% skim milk in PBS containing 0.1% Tween 20. A mouse monoclonal anti-myc antibody (clone 4A6;
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Millipore; dilution 1:1,000) followed by a goat anti-mouse antibody
coupled to horseradish peroxidase (sc-2005; Santa-Cruz; dilution 1:2,000)
were used to detect myc-CKX1. For immunodetection of Arabidopsis
calnexins, the blots were stripped (2 3 10 min; 1.5% Gly, 0.1% SDS, and 1%
Tween 20, pH 2.2) and reprobed by using anti-CNX1/2 antibody (Agrisera; dilution 1:10,000) and horseradish peroxidase-conjugated goat antirabbit antibody (Calbiochem; dilution 1:2,000). Bound antibodies were
visualized with SuperSignal West Pico chemiluminescent substrate
(Thermo Scientiﬁc).

Co-IP Assays
GFP and myc fusion proteins were coexpressed in N. benthamiana leaves,
which were ground in liquid nitrogen and homogenized in extraction buffer
(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.3% Triton X-100, 0.2% Igepal, 1 mM
phenylmethanesulfonyl ﬂuoride, and complete protease inhibitor cocktail
[Roche]). Samples were cleared by 10 min of centrifugation at 4°C and
6,000g. Supernatants (1.4 mL) were adjusted to 2.8 mg mL21 protein and
incubated with 20 mL of GFP-Trap-A beads (Chromotek) for 3 to 4 h at 4°C.
Beads were washed ﬁve times with the extraction buffer, mixed with 20 mL
of 23 SDS-PAGE sample buffer, incubated for 5 min at 95°C, and cleared by
centrifugation. The proteins were subjected to SDS-PAGE and immunoblot
analysis using anti-myc or anti-GFP antibody (clone JL-8; Clontech; dilution
1:2,500).

Computational Modeling
The structure of CKX1-TM was predicted from its sequence (11RQNNKTFLGIFMILVLSCIAGRTNLCS-37) using CATM (Mueller et al., 2014).
Side chain mobility was modeled using the energy-based conformer library
applied at the 95% level (Subramaniam and Senes, 2012). Energies were determined using the CHARMM 22 van der Waals function (MacKerell et al.,
1998) and the hydrogen bonding function of SCWRL 4 (Krivov et al., 2009), as
implemented in MSL (Kulp et al., 2012), with the following parameters for Ca
donors, as reported previously: B = 60.278; D0 = 2.3 Å; sd = 1.202 Å; amax = 74°;
and bmax = 98° (Mueller et al., 2014). The relative energy of the Ser-27Ile, Gly31Ile mutant was calculated as


DEmut ¼ Emut;dimer 2 Emut;monomer 2 EWT;dimer 2 EWT;monomer
where EWT,dimer and Emut,dimer are the energies of the wild-type and mutant sequences, respectively, in the dimeric state and EWT,monomer and Emut,monomer are the
energies of the wild-type and mutant sequences, respectively, in a side chainoptimized monomeric state with the same sequence.

Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number At2G41510 (CKX1).

Supplemental Data

SEC
Microsomal membranes were isolated according to the protocol by Abas and
Luschnig (2010). Brieﬂy, N. benthamiana leaves were homogenized in 1 volume
of extraction buffer (100 mM Tris-HCl, pH 7.5, 300 mM NaCl, 25% Suc, and 5%
glycerol). The homogenate was kept on ice for 20 min and centrifuged at 600g
for 3 min. After an additional 20 min of incubation on ice, the supernatant was
diluted with 1 volume of water, divided into 200-mL aliquots in 1.5-mL tubes,
and centrifuged at 16,000g for 2.5 h. The membranes from 7 g of leaves were
solubilized in 1 volume of buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 20%
glycerol, 15 mM b-mercaptoethanol, and 1% DDM) overnight at 4°C. Membrane
proteins were concentrated using Amicon Ultra-15 centrifugal ﬁlter units
(50-kD cutoff; Millipore). The whole protein extract was loaded on the HiLoad
16/60 Superdex 200 column (GE Healthcare) equilibrated with at least 3 column
volumes of running buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% glycerol,
and 0.05% DDM). Chromatography was performed with the ÄKTA FPLC
system (GE Healthcare) at a ﬂow rate of 1 mL min21. Elution fractions of 1 mL
were collected and subjected to SDS-PAGE followed by western blotting and
immunodetection. The Superdex 200 column was calibrated using the following proteins as standards: BSA trimer (201 kD), BSA dimer (132 kD), BSA
monomer (67 kD), and ovalbumin (43 kD).

The following supplemental materials are available.
Supplemental Figure S1. Co-IP detection of CKX1 oligomerization.
Supplemental Figure S2. SEC analysis of CKX1 complex formation.
Supplemental Figure S3. Strong overexpression of GFP-CKX1 alters the
ER morphology.
Supplemental Figure S4. Co-IP detection of homooligomerization mediated by the CKX11-79 N-terminal fragment.
Supplemental Figure S5. CKX1-TM-GFP is N-glycosylated and membrane
associated.
Supplemental Figure S6. Structural model of the Ser-27Ile, Gly-31Ile double mutant of CKX1.
Supplemental Figure S7. Growth and molecular phenotypes of Arabidopsis plants expressing 35S:CKX1-GFP and 35S:CKX1-TM-GFP.
Supplemental Table S1. Oligonucleotides used in this study.

RNA Extraction, cDNA Synthesis, and Quantitative PCR
RNA extraction from shoots of single plants, cDNA synthesis, and quantitative PCR were done as described before using UBC10 for normalization
(Niemann et al., 2015). The primers used for CKX1 ampliﬁcation in the quantitative PCR were CKX1-fw (59-ATGGATCAGGAAACTGGCAA-39) and
CKX1-rev (59-AGATGAAAACAAAGTGGATGGAA-39).
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Treatments with ERAD Inhibitors
Seedlings were grown in liquid cultures for 7 d followed by 24 h of treatment
with 50 mM Kif dissolved in water, 20 mM EerI dissolved in DMSO, and the
respective mocks. A total of 50 mg of protein extracts was analyzed by immunoblot analysis using anti-GFP antibody as described above. Loading was
veriﬁed by Coomassie Blue staining after immunoblot detection according to
Welinder and Ekblad (2011).

Determination of Cytokinin Content
The cytokinin content in shoots of 3-week-old soil-grown plants was determined by ultra-performance liquid chromatography-electrospray-tandem
mass spectrometry as described by Svacinová et al. (2012), including modiﬁcations described by Antoniadi et al. (2015).
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