
VU Research Portal

Arabidopsis Non-Epsilon 14-3-3 's

van Kleeff, P.J.M.

2014

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
van Kleeff, P. J. M. (2014). Arabidopsis Non-Epsilon 14-3-3 's: Analysis of Their Mutants and Targets. [PhD-
Thesis - Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/6ad29be9-5ca7-405f-b141-5c021a86c88f


Chapter 5

14-3-3 And ion homeostasis

P.J.M van Kleeff1, J. Gao1, S.M.G.C. Mol1, N. Zwart1, S. Förster2,     
D. Becker2, C. Oecking3 and A.H. de Boer1

1 Faculty of Earth and Life Sciences, Department of Structural Biology, Vrije Universiteit, 
De Boelelaan 1085, 1081 HV Amsterdam, the Netherlands
2 Julius-von-Sachs-Institute for Biosciences, University of Würzburg, Julius-von-Sachs-
Platz 2, D97082 Würzburg, Germany
3 Centre for Plant Molecular Biology – Plant Physiology, University of Tübingen, Auf der 
Morgenstelle 32, 72076 Tübingen, Germany 



Chapter 5

92

Abstract
Maintaining ion homeostasis during stress is vital during the life span of a plant. E.g. 
during stress, free cytosolic calcium levels change and are sensed by calcium sensors 
like CDPK’s. CDPK’s are members of a kinase family that phosphorylates target 
proteins including ion channels. Examples are known of CDPK’s phosphorylating 14-
3-3 binding motifs, providing a potential link between ion channel phosphorylation and 
14-3-3 binding.

In this chapter we show that 14-3-3 proteins bind to the vacuolar two-pore 
potassium channel family members TPK1, TPK3 and TPK5 in a yeast-two-hybrid 
(Y2H) assay. Another member of this potassium family, TPK2, harbours a putative 
14-3-3 binding motif which differs by one amino acid at position -5 (F instead of L). 
Changing this F to L did not generate a 14-3-3 binding site demonstrating that amino 
acids surrounding the 14-3-3 binding motif are as important as the motif itself. 

Another potassium ion channel looked at in this study is the potassium outward 
rectifier named GORK. The C-terminus of GORK does not bind to 14-3-3 in a Y2H. 
However, when incubating recombinant C-terminal GORK with ATP and Arabidopsis 
protein extract, GORK pulls down endogenous 14-3-3. Since CDPK’s have ion channels 
as targets, we concentrated on this kinase family. The C-terminus of GORK can be 
phosphorylated by CPK21 and PKA. In addition, CPK3, 6, 21 and 23 bind 14-3-3, with 
CPK21 and 23 showing enhanced activation upon 14-3-3 binding while CPK3 and 6 
are not affected. 

Furthermore, the outcome of the possible GORK-CPK-14-3-3 complexes was 
investigated by measuring ion fluxes (potassium and protons) before and after 100 mM 
NaCl in a non-invasive manner using the vibrating probe technique on WT and mutant 
roots (14-3-3 mutants; six single, three double and three quadruple see Chapter 2, aha2, 
cpk21 and gork). From the root potassium ion flux data it has become clear that two 
single 14-3-3 mutants (chi and phi) show gork-like characteristics. 

From the proton flux data it became clear that CPK21 is involved in proton 
efflux as the cpk21 mutant showed an increased proton influx after salt stress, similar 
to aha2, an abundantly expressed H+-ATPase in roots. Interestingly, some single 14-3-
3’s are involved in either activating H+ influx carriers or inhibiting H+ efflux carriers, 
because they showed a decreased proton influx compared to WT after salt perfusion. 

In conclusion, our data shows that 14-3-3’s can form complexes with potassium 
ion channels either in vitro or in vivo. In addition, members of the protein kinase family 
CDPK bind 14-3-3 with different effects on kinase activity: CPK21 and CPK23 showed 
enhanced activity in vitro by 14-3-3 interaction, whereas the in vitro activities of CPK3 
and 6 were not affected. From the vibrating probe data it became clear that the 14-3-
3phi and chi mutants show gork-like characteristics, indicating a potential link between 
GORK and 14-3-3’s.
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Introduction
Environmental stresses can induce changes in ion homeostasis in plant cells. Ion 
channels and transporters are key components for regulating ion homeostasis during 
abiotic stress (Zhu 2003; Munns and Tester 2008). Salt stress is such a stress that changes 
ion homeostasis. Salt stress can be divided into an ionic and osmotic stress component. 
During stress, cytosolic calcium concentrations increase and trigger activity changes 
of a number of Ca++-binding proteins (Zhu 2002; Cramer et al. 2011). In higher plants 
three calcium sensor families have been identified: calmodulins (CaMs), calcineurin 
B-like proteins (CBL’s) and calcium dependent kinases (CDPK’s).
 Calcium dependent kinases (CDPK’s) have been implicated in stress signalling 
pathways like the closing of the stomata under drought, ROS production and FB1-
induced cell death (Mori et al. 2006; Kudla et al. 2010; Lachaud et al. 2013). Members 
of the CDPK family have been found to phosphorylate ion channels and thus directly 
regulate ion homeostasis (Mori et al. 2006; Geiger et al. 2010; Zou et al. 2010; 
Geiger et al. 2011). The AtCDPK gene family is comprised of 34 genes divided into 
four subgroups based on protein alignment of their kinase domain. Most CDPK’s are 
activated upon calcium binding, but different affinities for calcium have been shown 
with respect to their substrate (Boudsocq et al. 2012). The expression of some CDPK’s 
is regulated through environmental stresses (Hrabak et al. 2003). For example, the 
expression of both CPK10 and CPK30 is induced upon drought and salt stress (Urao et 
al. 1994). Others are activated when plants are exposed to exogenous ABA (CPK4 and 
CPK11) or mannitol (CPK21) (Zhu et al. 2007; Franz et al. 2011).
 A second regulatory mechanism for ion channel activity is provided by 14-3-
3’s. 14-3-3 Proteins are phospho-motif binding proteins that are involved in numerous 
processes in various metabolic pathways and stomatal opening (Bachmann et al. 1996; 
Moorhead et al. 1999; Weiner and Kaiser 1999; Cotelle et al. 2000; Tseng et al. 2012). 
14-3-3 Protein binding is facilitated through phosphorylation. Examples can be found in 
the literature describing CDPK’s phosphorylating 14-3-3 binding motifs. E.g. NtCDPK1 
phosphorylates S114 within the bZIP transcription factor REPRESSION OF SHOOT 
GROWTH (RSG) providing a binding site for 14-3-3 (Igarashi et al. 2001; Ishida et 
al. 2004). The phosphorylation of S543 by a CDPK on the nitrate reductase protein is 
another example of a CPK providing 14-3-3 with a docking site (Douglas et al. 1998).
 An additional twist to this story is that 14-3-3 binds to and enhances the activity 
of AtCPK1 (Camoni et al. 1998). In addition, 14-3-3’s can be phosphorylated by CPK’s. 
Mehlmer et al. have found evidence that CPK3 is able to phosphorylate three At14-
3-3’s namely UPSILON, PHI and OMEGA (Mehlmer et al. 2010). Recently, it has 
been shown that 14-3-3 interacts with CPK3 and that CPK3 is able to phosphorylate 
S58 of 14-3-3 (Lachaud et al. 2013). From mammalian literature it is known that 
S58 phosphorylation causes 14-3-3 dimer disruption and release of its target protein 
(Woodcock et al. 2010).
 In this chapter we investigate the regulation of the outward rectifier potassium 
channel GORK through CPK’s and 14-3-3. GORK is expressed in stomata and root and 
has been linked to 14-3-3 through ion channel recruitment in tomato cells (Booij et al. 
1999). Furthermore GORK was found together with a CPK in a 14-3-3 pull-down study 
using 14-3-3 OMEGA TAP-tag proteins (Chang et al. 2009).
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Results
TPK1, TPK3 and TPK5 bind 14-3-3 in a yeast-two-hybrid assay but not C-terminal 
GORK
Numerous examples can be found in the literature on 14-3-3’s regulating ion channels 
in both mammals and plants (Kagan et al. 2002; Sinnige et al. 2005; van den Wijngaard 
et al. 2005; Sottocornola et al. 2006; Latz et al. 2007; Sottocornola et al. 2008; Latz et 
al. 2013). To investigate the possibility of direct interaction between plant ion channels 
and 14-3-3’s, a yeast-two-hybrid (Y2H) assay was performed. We focused on members 
of two potassium channel families; one vacuolar ion channel family, namely the two-
pore potassium channel (TPK), of which TPK1 and TPK5 have been shown to bind 
14-3-3 in Y2H and/or BiFC experiments (Sinnige et al. 2005; Latz et al. 2007; Voelker 
et al. 2010). The other potassium channel is GORK, a member of the plasma membrane 
localized Shaker channel family of which one member, KAT1, has been shown to be 
regulated by 14-3-3 (Sottocornola et al. 2006; Sottocornola et al. 2008). A link between 
GORK and 14-3-3 was reported by Chang et al. (2009) who found C-terminal GORK 
peptides in a 14-3-3 OMEGA TAP-tag study (Chang et al. 2009). For the Y2H assay the 
cytosolic N-terminus of the TPK family (TPK1, 2, 3, 4, 5 and KCO3) and the C-terminus 
of GORK were cloned and checked against 10 Arabidopsis 14-3-3’s.
 The N-terminus of TPK1, 3 and 5 showed interaction with a subset of 14-3-
3’s (Fig. 1A). All three TPKs bind to KAPPA and LAMBDA, while 14-3-3 OMEGA 
binds to both TPK1 and TPK5. Additional binding is seen for TPK1, with PHI and 
CHI. Johnson et al. (2010) showed that in plants many experimentally proven 14-3-3 
binding motifs have a Leucine (L) at the -5 position and a Serine (S) at -2 (Johnson 
et al. 2010). Intriguingly, TPK2 did not interact with 14-3-3 in the Y2H assay even 
though the putative 14-3-3 binding motif is conserved (Fig. 1B). An alignment of the 
N-terminus of the TPK family shows that TPK2 has a phenylalanine (F) at position -5 
while TPK1, 3 and 5 have a Leucine (L) (Fig. 1B). To see if an L at position -5 in TPK2 
might generate a 14-3-3 docking site, the -5 F residue was mutated to L. As seen in Fig. 
1C this mutation did not result in 14-3-3 binding, indicating that the surrounding amino 
acids are as important as the 14-3-3 binding motif itself, maybe for recognition by the 
phosphorylating kinase. 
 No direct interaction between 14-3-3 and the GORK C-terminus was detected 
(Fig. 1D). A positive control was taken along for GORK to make sure this construct 
is functional in a Y2H. Dreyer et al. showed that the C-terminus of GORK can form 
tetramers and so we used C-terminal GORK against C-terminal GORK as positive 
control and indeed this combination showed interaction (Fig. 1D) (Dreyer et al. 2004). 
 Since no direct interaction between GORK-C and 14-3-3 was seen, we conclude 
that C-terminal GORK does not bind to 14-3-3 in a Y2H. In contrast, next to TPK1 and 
TPK5, 14-3-3 also interacts with TPK3. Mutagenesis of a putative 14-3-3 binding motif 
in TPK2 shows that amino acids surrounding the 14-3-3 motif are as important as the 
14-3-3 motif itself.
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Figure 1. Yeast-two-hyrbid assay with Arabidopsis 14-3-3 and potassium ion channels. 
A) Left, DDO plate with the N-terminus of two-pore potassium channel family (TPK1, 2, 3, 4, 5 and 
KCO3) and 14-3-3. Right, TDO plate supplemented with 5 mM 3-Amino-1,2,4-triazole (3-AT) of the 
colonies from the DDO. Interaction can be seen as colony growth where TPK1 bind KAPPA, LAMBDA, 
PHI, CHI and OMEGA. TPK3 and 5 bind KAPPA and LAMBDA, in addition TPK5 also binds OMGEA. 
B) Alignment between the N-terminus of TPK1, 2, 3, 4 and 5 (modified from (Latz et al. 2007)). The 
arrow indicates F113 which was mutated to L. C) Left, DDO plate with WT TPK2 and F113 to L mutated 
TPK2. Right, TDO plate with 5 mM 3-AT of the colonies from C, no 14-3-3 interaction is seen. D) Left, 
DDO plate with C-terminal GORK against 14-3-3. Right, QDO plate with the colonies of plate E, no 
interaction is seen between the C-terminus of GORK and 14-3-3. As a positive control for GORK, the 
C-terminal GORK against C-terminal GORK was used. 
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The C-terminus of GORK binds endogenous 14-3-3 in a phosphorylation dependent 
manner
In the literature, links are found between 14-3-3 and GORK. In tomato, 14-3-3 activates 
an outward rectifier potassium channel (Booij et al. 1999). In Arabidopsis, a pull-down 
study using 14-3-3 OMEGA TAP-tag identified the C-terminal GORK (Chang et al. 
2009). To validate this result a pull-down was performed using C-terminal GORK and 
soluble protein extract from shoots. Fig. 2A shows that C-terminal GORK is able to pull 
down endogenous 14-3-3 in a phosphorylated dependent manner. This demonstrates 
that in a plant extract with soluble proteins, GORK is found in a protein complex 
together with 14-3-3. These results suggest that there may be a protein that acts as a 
‘bridge’ between GORK and 14-3-3 since our Y2H interaction study showed no direct 
interaction. 

Phosphorylation occurs at the C-terminus of GORK by PKA and CPK21
Our pull-down experiment demonstrates that C-terminal GORK and 14-3-3 bind in a 
phosphorylation dependent manner. Therefore, we postulated that the bridge between 
GORK and 14-3-3 might be a kinase. It is known that Protein Kinase A (PKA) can 
phosphorylate animal ion channels and 14-3-3 binding motifs (Kagan et al. 2002) and 
therefore we hypothesize that PKA is able to phosphorylate GORK. Preliminary data 
using Xenopus laevis oocytes expressing the Arabidopsis outward rectifier GORK 
indicates that activation of endogenous PKA by 8-(4-Chlorophenylthio)adenosine 
3’,5’-cyclic monophosphate sodium salt (RBI) increases the potassium efflux (Fig. 2B). 
The increased potassium flux is similar to the 14-3-3 enhanced activation of outward 
rectifier potassium currents (Booij et al. 1999). Chang et al. found a CPK in their 14-
3-3 pull-down (Chang et al. 2009). Since there is no PKA in plants (Rademacher and 
Offringa 2012), we chose CPK21 as a putative GORK plant kinase. CPK21 Has been 
shown to phosphorylate the anion channel SLAC in a calcium dependent manner (Geiger 
et al. 2010). In addition, NtCDPK1 has been found to be able to phosphorylate a 14-3-3 
binding motif in the bZIP transcription factor REPRESSION OF SHOOT GROWTH 
(RSG) (Ishida et al. 2004). The closest ortholog of NtCDPK1 in Arabidopsis is CPK21. 
Fig. 2C shows that both PKA and CPK21 are able to phosphorylate the recombinant 
C-terminus of GORK in vitro, as determined by Phos-tag gel and mass-spectrometry 
(Fig. 2D). PKA phosphorylates C-terminal GORK at positions S341, Y380, S649, 
S650, S722 and T742. The CPK21 kinase is able to phosphorylate T344, S518 and S649 
whereby one position (S649) overlaps in both kinases. The CPK21 phosphorylation of 
C-terminal GORK indicates an interaction between these two proteins and to investigate 
whether this binding occurs in planta, Bimolecular Fluorescence Complementation 
(BiFC) experiments were performed. The BiFC experiments show binding between 
CPK21 and GORK at the plasma membrane (Fig. 2E). The phosphorylation results 
show that both PKA and CPK21 are able to phosphorylated C-terminal GORK The 
binding between CPK21 and GORK occurs at the plasma membrane indicating possible 
functional involvement of CPK21 in GORK regulation. 
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5Figure 2. Phosphorylation and binding of CPK’s to GORK. 
A) Pull-down experiment with and without ATP using C-terminal His-GORK in Arabidopsis shoot extract. 
Mock elution; the beads are eluted using NIP, a peptide with no 14-3-3 binding. The R18 elution uses R18 
which is a peptide that competes with targets for the 14-3-3 binding groove and therefore elutes specifically 
14-3-3 from C-terminal GORK. Elute stands for elution with imidazole solution which removes all His-
tag bound proteins from the beads. Western blot with 14-3-3 antibody; arrow indicates the pull-down of 
endogenous 14-3-3. B) Two-electrode voltage clamp recording with Xenopus laevis oocytes expressing 
GORK before and after incubation with 8-(4-Chlorophenylthio)adenosine 3′,5′-cyclic monophosphate 
sodium salt (RBI; PKA activator). C) Mn2+-Phos-tag gel showing a phosphorylation specific shift of the 
GORK C-terminus by PKA and AtCPK21. D) Phosphosites detected in the GORK C-terminus by mass-
spectrometry for PKA and AtCPK21. E) Biomolecular fluorescence complementation of GORK and 
CPK21 in transiently transformed Arabidopsis mesophyll protoplasts. EA) transmitted light, EB) Overlay 
of YFP signal (yellow) and Chlorophyll fluorescence.

CPK family members bind 14-3-3 resulting in enhanced kinase activity of CPK21 
and 23
One group of kinases that has been found to be regulated by 14-3-3 and to regulate ion 
channels is the CPK family. In vitro, CPK1 activity is enhanced by 14-3-3 (Camoni et 
al. 1998). Four CPK’s, CPK3, CPK6, CPK21 and CPK23, were investigated for binding 
and changes in activity upon 14-3-3 binding. All four kinase have been shown to regulate 
ion channels (Mori et al. 2006; Geiger et al. 2010; Zou et al. 2010; Geiger et al. 2011). 
CPK3, 21 and 23 cluster in the same phylogenetic subfamily, consequently CPK21 and 
23 are homologs. CPK6 resides in another subgroup (Hrabak et al. 2003). In vitro pull-
down assays using recombinant GST-CPK3, CPK6, CPK21, CPK23 and His-14-3-3 
UPSILON showed that all four CPK’s bind 14-3-3 (Fig. 3A). BiFC experiments using 
14-3-3PHI and CPK6 and 21 underline the in vitro pull-down assay showing that 14-
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3-3:CPK binding occurs in planta (Fig. 3B). This interaction is seen at the level of the 
plasma membrane. Interestingly, in vitro phosphorylation of a peptide containing a CPK 
phosphorylation site (QPLLLKRHRTLSSTPLA) showed that 14-3-3 can enhance the 
activity of CPK21 and CPK23, just like CPK1, but not of CPK3 and CPK6 (Fig. 3C). 
These results show that 14-3-3’s are able to bind to all four tested CPK’s and that the 
interaction enhances the kinase activity of only two of these CPK’s, viz. CPK21 and 
CPK23. 

Figure 3. Arabidopsis CPK3, 6, 21 and 23 bind 14-3-3 whereby 21 and 23 are activated upon 14-3-3 
binding and CPK3 and 6 are not affected. 
A) Pull-down assay showing recombinant His-14-3-3 elution using GST-CPK3, 6, 21 and 23. N is the 
elution with NIP peptide, a peptide that does not bind to 14-3-3. R stands for R18 and is a peptide that 
competes specifically with the 14-3-3 binding groove thereby eluting 14-3-3. B) Bimolecular fluorescence 
complementation of 14-3-3 PHI and CPK6 (A and B) and CPK21 (C and D) in transiently transformed 
Arabidopsis mesophyll protoplasts. A and C are transmitted light, B and D are overlay of YFP (yellow) and 
chlorophyll fluorescence. C) Recombinant CPK activity with- and without the presence of recombinant 
14-3-3. The activity of both CPK21 and CPK23 are enhanced in the presence of 14-3-3, while CPK3 and 
6 are unaffected.

Net ion fluxes from Arabidopsis mutant roots
A connection between 14-3-3-CPK-GORK was found in which 14-3-3’s bind to CPK’s 
and CPK’s bind to GORK. To investigate this connection in planta, potassium (K+) and 
proton (H+) fluxes were measured in a non-invasive manner using the vibrating probe 
technique. The vibrating probe uses ion selective electrodes to measure ion fluxes at the 
surface of a root. In short, an electrode selective for a single ion like K+, measures the 
K+ concentration 20 µm from the root epidermis and moves, in a motion perpendicular 
to the root surface, 70 µm from the surface and taking a second measurement. Using 
these concentrations together with the diffusion coefficient and the diameter of the root, 
a net flux can be calculated (Newman 2001). To examine the possible 14-3-3-CPK-
GORK connection, the six single, three double and three quadruple 14-3-3 mutants 
were used (Chapter 2 of this thesis). In addition, aha2 (PM H+-ATPase), cpk21 and gork 
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loss-of-function mutants were used as comparison. The proton pump AHA2 is the most 
abundant plasma membrane localized proton pump in Arabidopsis root (Fuglsang et al. 
2011). In addition, this proton pump is activated upon 14-3-3 binding (Maudoux et al. 
2000).
 Arabidopsis roots can be divided into three main zones: the meristematic zone, 
the elongation zone and the mature zone. In this study ion flux measurements were 
taken in two different root zones, namely the elongation zone (520 µm from root tip) 
and the mature zone (850 µm from root tip) (Verbelen et al. 2006). Changes in K+-flux 
were induced by exposing the roots to 100 mM NaCl and, as shown in Fig. 4A, different 
responses to salt can be seen between the elongation zone and mature zone, with larger 
transient K+ fluxes in the elongation zone as compared to the mature zone.
 Since the K+ flux is higher in the elongation zone, measurements were taken 
in this zone for both K+ and H+ fluxes. In addition, steady state measurements were 
taken 5 minutes before perfusion with 100 mM NaCl and 30 minutes after 100 mM 
NaCl addition in both the elongation and mature zone, to give insight in the ion fluxes 
in the different zones before and after salt. NaCl is a combined shock with an ionic 
and osmotic component. To investigate which of these two components causes the K+ 
efflux, we measured WT roots with 100 mM NaCl and its iso-osmotic equivalent with 
mannitol (200 mM). Fig. 4B shows that 100 mM NaCl results in a steep increase of K+ 
efflux while mannitol does not induce a K+ efflux. From this we conclude that the ionic 
component of salt causes the K+ efflux and not the osmotic component.

Figure 4. Non-invasive potassium flux measurements from 3 week old Arabidopsis Col-0 roots grown 
on hyrdroponics after 100 mM NaCl addition. 
A) Difference in potassium fluxes between the root elongation zone (black) and mature zone (grey) after 
addition of 100 mM NaCl (indicated by the arrow). B) Potassium efflux after salt (black) and mannitol 
(blue) in the elongation zone after addition of either 100 mM NaCl or 200 mM mannitol. Arrow indicates 
perfusion with 100 mM NaCl, or 200 mM mannitol. Displayed are averages (n ≥ 4) and error bars depict 
SEM.
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Salt induced K+ efflux shows differences for the chi and phi 14-3-3 mutant
The gork1-1 allele in WS-0 background shows a slight K+ efflux in response to salt 
when measured in the mature zone. The remaining K+ leak is probably due to ROS 
activated non-selective cation channels (NSCC) (Demidchik et al. 2010). In the Col-
0 background, as shown in Fig. 5A, the transient potassium efflux of the gork mutant 
shows three striking differences compared to WT; 1) gork shows a smaller maximum 
peak flux, 2) the peak time is delayed and 3) gork is delayed in bringing the K+ flux back 
to baseline. However, the total amount of potassium (total K+ efflux from 2 - 30 minutes) 
extruded from the root does not differ from WT for the time measured (Fig. 6A). These 
results indicate that in WT roots GORK contributes to the initial rapid potassium efflux 
induced by the sudden exposure to salt. It is not clear why the ‘closure’ of the K+-leak 
in the gork mutant is much slower than in WT. In Arabidopsis WT plants, salt strongly 
depolarizes the plasma membrane that activates both PM localized H+-ATPases and 
GORK resulting in repolarization of the PM. The absence of GORK, in the gork mutant 
could cause a longer depolarization of the PM resulting in a longer K+ leak as compared 
to WT, possibly through NSCC (Shabala et al. 2006; Demidchik and Maathuis 2007; 
Demidchik et al. 2010).

Considering the potential link between GORK, CPK21 and 14-3-3 we examined 
the K+ fluxes from the aforementioned loss-of-function mutants including aha2 (a H+-
ATPase) (see Fig. S1 for an overview of K+ transient fluxes of all genotypes). Fig. 
5 shows the transient K+ fluxes and only the genotypes that have K+-efflux curves 
different from that of WT plants are shown. Two groups can be formed according to 
their transient K+ fluxes. The first group, chi and phi, is characterized by a smaller 
maximum peak flux compared to WT and in that respect resembles gork (Figs. 5A-C). 
The second group is formed by aha2, cpk21, pc, unpc and klpc with all showing a larger 
K+ flux, which may be due to a more prolonged depolarization of the plasma membrane 
(Figs. 5D-H). This could indicate that these mutants are involved in similar processes 
whereby the “closing” of the potassium efflux is slowed down possibly because time-
wise the PM is longer in depolarized state due to reduced activation of the H+-ATPase 
or higher activation of proton anti- or symporters. 
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Figure 5. Transient potassium (K+) fluxes in the root elongation zone before and after 100 mM NaCl 
perfusion in WT and a subsection of mutant lines.
A-J) Transient K+ flux in the root elongation zone of WT and a mutant root before and after salt perfusion 
(application of 100 mM NaCl is indicated by an arrow). Please note that the scale of the Y-axes differs. A) 
WT and gork. B) phi shows gork-like characteristics like reduced max peak flux. C) chi shows gork-like 
characteristics like a delayed max flux time. D-E) Transient K+ flux in the root elongation zone of WT and a 
mutant root whereby the mutants show comparable transient K+ fluxes. D) aha2. E) cpk21. F-H) Transient 
K+ flux in the root elongation zone of WT and a mutant root whereby the mutants show comparable transient 
K+ fluxes. F) pc. G) unpc. H) klpc. Displayed are averages (n ≥ 5) and error bars depict SEM.
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In the elongation zone, the K+ flux (total K+ efflux during 2 - 30 minutes) after salt 
perfusion does not differ significantly between the mutants and WT (Fig. 6A and Fig. S1 
for the transient K+ fluxes). In some of the single mutants gork -like characteristics are 
seen. The 14-3-3 mutants phi and chi do not differ statistically from gork with respect 
to the reduced maximum peak flux indicating that the maximum peak fluxes between 
gork and both 14-3-3 mutants phi and chi are similar (Fig. S3C). In addition, the time 
of the maximum peak flux in the mutant chi is delayed but less severe than that of gork: 
3.7±0.10 min for chi against 6.5±0.03 min for gork (Fig. 6C). Interestingly, the double 
mutant pc does not show a difference in peak time or maximum potassium peak fluxes 
and is indistinguishable from WT for both parameters (Figs. 6B-C). It could be that the 
single mutants phi and chi are involved in opposing pathways, which results in transient 
K+ effluxes of the double mutant pc indistinguishable from WT. The steady-state fluxes 
measured in the elongation zone (Fig. 6D) show that before salt application there is 
little difference between the different mutants tested. However, after salt treatment gork 
shows a larger K+ efflux compared to most genotypes (Fig. 6E). The larger K+ flux after 
30 min of salt for gork indicates that the ‘closure’ of K+ leaking is delayed.

For the maturation zone, no differences in steady state K+ were found before 
salt perfusion for the tested genotypes (Fig. 6F). However, after salt perfusion both 
nu and aha2 showed a higher potassium efflux compared to WT, indicating a delay in 
bringing the net K+-flux back to zero after 30 minutes (Fig. 6G). These results could 
indicate that the depolarization of the membrane occurs for a longer period of time 
whereby the K+ efflux continues. 

Overall, the net K+ fluxes in the mutants tested show links between the proteins 
tested. Similarities were seen in K+ transient effluxes e.g. between aha2 and cpk21, 
which indicates a possible link between these two proteins. In addition, similarities 
were found between gork, phi and chi indicating a possible link between GORK and 
14-3-3. 

             

 
          Figure 6. Potassium (K+) fluxes in both the elongation zone and the mature zone of WT and 
mutant roots. Statistical analysis (one-way-ANOVA) was performed and the multiple comparison analysis 
is only shown for WT. A) The amount of K+ extruded from the root after 100 mM NaCl perfusion in the 
elongation zone between 2 and 30 minutes, calculated by the area of the transient K+ flux. B) K+ peak flux in 
the elongation zone, the maximum peak flux for all genotypes tested. C) K+ flux peak time in the elongation 
zone, the time of the maximum peak flux for all genotypes tested. D) Steady state K+ fluxes within the 
elongation zone prior to perfusion with 100 mM NaCl. G) Steady state K+ fluxes within the elongation 
zone 30 min after perfusion with 100 mM NaCl. H) Steady state K+ fluxes within the mature zone prior 
to perfusion with 100 mM NaCl. I) Steady state K+ fluxes within the mature zone 30 min after perfusion 
with 100 mM NaCl. Bar graph depicts average of n ≥ 5 roots and multiple comparison analysis after Welch 
ANOVA are shown in Fig. S3 and S4. Significance * p<0.05 > 0.01, ** <0.01 >0.001, *** >0.000
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H+ fluxes
The proton pump AHA2 is the most abundant plasma membrane localized proton 
pump in Arabidopsis roots (Fuglsang et al. 2011). In addition, the AHA proton pumps 
are well-known 14-3-3 targets that are activated upon 14-3-3 binding. In line with the 
known function of AHA2, the aha2 mutant showed a much higher net H+ influx after 
salt addition as compared to WT (Fig. 7A), demonstrating that AHA2 is an important 
contributor to WT net proton effluxes. Both similarities and differences can be seen 
in the salt induced transient H+ fluxes between the mutants (Fig. S2 for the transient 
H+ fluxes of all genotypes). In addition to aha2, cpk21 (Figs. 7 A-B) and the mutants 
lambda, kl, un and klpc (Figs. 7 C-F) showed higher net H+-influxes compared to WT, 
which indicated that these proteins are involved in activation of H+-efflux or inhibiting 
H+-influx in WT roots. In contrast, the mutants gork, and nu (Figs. 7G-H) and the 
mutants phi, chi and pc (Figs. 7I-K) had a much lower net H+ influx after salt addition 
than WT roots. These results indicate that these proteins in the WT plant positively 
affect H+-influx or have a negative effect on H+-efflux (or both). 

The steady-state measurements in the elongation zone of the 14-3-3 single 
mutants before salt addition showed no significant differences between WT and the 
tested mutants (Fig. 8A). After salt addition, the 14-3-3 single mutant nu showed a net 
H+-efflux and differed significantly from that of WT (Fig. 8B). 

In the mature zone, the steady state measurements before salt showed a reduced 
net proton influx for kappa, nu and cpk21 compared to WT (Fig. 8C). After salt nu 
remained at a lower net proton influx compared to WT (Fig. 8D). This indicates that, 
after salt application, NU is somehow involved in transport processes that involve the 
transport of H+-ions across the plasma membrane in both the elongation and the mature 
zone. 

The single mutant phenotypes disappear in the higher order mutants for both 
potassium and proton fluxes. For example nu showed no net proton flux after salt but 
no difference was seen in the H+ flux after salt for either un or klun or unpc. The higher 
order mutations clearly ‘mask’ the effect of the single nu mutation. 

Overall, like the K+ fluxes, the net H+ fluxes in the mutants tested showed links 
between the proteins tested. For example, the mutants gork, nu, phi, chi and pc showed 
a lower net H+ influx after salt. These results indicate that these proteins are either 
involved in inhibiting H+ efflux or activating H+ influx. 

  Figure 7. Transient proton (H+) fluxes in the root elongation zone before and after 100 mM 
NaCl perfusion in WT and a subsection of mutant lines.
A-I) Transient H+ flux in the root elongation zone of WT and a mutant root before and after salt perfusion 
(application of 100 mM NaCl is indicated by an arrow). A-E) Mutants that show a similar trend of reduced 
H+ influx compared to WT: A) aha2. B) cpk21. C) lambda. D) kl. E) klpc. F) un. G-H and I-K) Mutants that 
show a similar trend of increased H+ influx compared to WT: G) gork. H) nu. I) phi. J) chi. K) pc. Displayed 
are averages of (n ≥ 5) and error bars depicts SEM.
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Figure 8. Steady state proton (H+) fluxes in both the elongation zone as mature zone in the Arabidopsis 
root. Statistical analysis (one-way-ANOVA) was performed and the multiple comparison analysis is only 
shown for WT. A) Steady state H+ fluxes within the elongation zone prior to perfusion with 100 mM NaCl. 
B) Steady state H+ fluxes within the elongation zone 30 min after perfusion with 100 mM NaCl. C) Steady 
state H+ fluxes within the mature zone prior to perfusion with 100 mM NaCl. D) Steady state H+ fluxes 
within the mature zone 30 min after perfusion with 100 mM NaCl. Bar graph depicts average of n ≥ 5 roots 
and multiple comparison analysis after Welch ANOVA are shown in fig.S5. Significance * p<0.05 > 0.01, 
** <0.01 >0.001, *** >0.000.

Discussion
Maintaining ion homeostasis is vital for the survival of plants. 14-3-3 Proteins have 
been shown to associate with targets that regulate ion homeostasis (Camoni et al. 1998; 
Maudoux et al. 2000; Sottocornola et al. 2006; Latz et al. 2007; Sottocornola et al. 
2008). In this Chapter, we further explored 14-3-3 association of these targets e.g. ion 
channels of the TPK family and potassium outward rectifier GORK, kinases of the CPK 
family, and AHA2. 

Amino acids surrounding the putative 14-3-3 binding motif are as important as the 
binding motif itself
The yeast-two-hybrid (Y2H) assay conducted in this Chapter showed that in addition to 
TPK1 and TPK5, TPK3 is also able to bind 14-3-3 (also shown in (Latz et al. 2007) for 
TPK1, (Voelker et al. 2010) for TPK1 and 5). The -5 F to L mutation in TPK2 did not 
generate a 14-3-3 binding site. This result indicates that the amino acids surrounding 
the 14-3-3 motif are as important as the 14-3-3 motif itself. A possible explanation is 
that the amino acids surrounding the 14-3-3 binding motif are necessary for kinase 
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binding. For example, two arginine residues R35 and R39, which reside before the 14-
3-3 binding motif (Ser42) in TPK1, are necessary for CPK3 binding and subsequent 
phosphorylation of S42 (Latz et al. 2013). These arginine residues are also found in 
TPK5 which showed 14-3-3 binding. Interestingly, R35 is not present in TPK3 which 
bound 14-3-3 in the Y2H assay. Possibly the yeast kinase that is able to phosphorylate 
the 14-3-3 binding motif is less constrained to the surrounding amino acids as compared 
to CPK3. Whether 14-3-3 binds TPK3 in vivo needs further investigation.

CPK21 and 23, but not 3 and 6, show enhanced activation upon 14-3-3 binding
CPK’s may form a connection between 14-3-3 and GORK. CPK’s can bind GORK in 
BiFC (Fig. 2E) and 14-3-3 is known to bind and activate CPK1 (Camoni et al. 1998). 
CPK’s can be grouped in four phylogenetic clades, although the grouping does not 
always correlate with their calcium dependency (Geiger et al. 2010; Boudsocq et al. 
2012). The homologues CPK21 and CPK23 phosphorylate the guard cell anion channel 
SLAC1 at the N-terminus. Geiger et al. showed that CPK21 phosphorylates N-terminal 
SLAC1, in a calcium dependent manner, while CPK23 phosphorylation occurred in 
a calcium independent manner (Geiger et al. 2010). The difference in the regulation 
of CPK’s, independent of their phylogenetic grouping, can also be seen in the 14-3-3 
CPK activity assay, where the activity of both CPK21 and CPK23 are enhanced by 
14-3-3. On the other hand CPK3, which resides in the same subgroup as 21 and 23, is 
not activated by 14-3-3 (Fig. 3C). CPK1 and CPK6 are in the same subgroup but both 
are differently regulated by 14-3-3: CPK1 is activated while CPK6 does not respond 
to the presence of 14-3-3. These results indicate that the phylogenetic grouping of the 
CPK’s does not reflect their regulation by 14-3-3. However, it is worth noting that lack 
of enhanced activation by 14-3-3 for e.g. CPK6 could be due to the substrate used 
since the calcium dependent activation of certain CPK’s varies with different substrates 
(Boudsocq et al. 2012).
 Recently, it was shown that CPK3 is bound to dimeric 14-3-3 proteins by which 
CPK3 degradation is prevented. The cellular amount of sphingosine (PHS) increases in 
response to Fumonisin B1 (FB1), a toxin produced by Fusarium moniliforme. Together 
with an increase in the cellular calcium concentration, the PHS accumulation modifies 
the dimeric 14-3-3, allowing phosphorylation on Ser-58 by CPK3. Phosphorylation of 
CPK3 disrupts the dimeric 14-3-3 complex which results in the release of CPK3 and 
subsequent proteolysis of CPK3 (Lachaud et al. 2013). Whether a similar mechanism is 
involved in CPK3 phosphorylation events in other biotic or abiotic stresses is unknown. 
Mehlmer et al. showed that CPK3 can phosphorylate three At14-3-3’s, namely 
UPSILON, PHI and OMEGA (Mehlmer et al. 2010). In addition, CPK3 has been found 
to phosphorylate the 14-3-3 binding motif in TPK1 after salt stress (Latz et al. 2013). 
These results indicate that the relation between 14-3-3’s and CPK’s is very complex. 
Enhanced activation can occur upon 14-3-3 binding and CPK’s can phosphorylate 14-
3-3’s themselves and 14-3-3 binding sites, thus potentially regulating 14-3-3 binding. 

14-3-3’s Are in the same complex as GORK and possibly involve CPK’s
From the literature it is clear that 14-3-3’s are able to enhance the activity of outward-
rectifying potassium channels (Booij et al. 1999). Our results show that the C-terminus 
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of one of the potassium outward-rectifiers in Arabidopsis, i.e. GORK, is able to pull 
down endogenous 14-3-3 in a phosphorylation dependent manner (Fig. 2A). Chang 
et al. (2009) found in an 14-3-3 pull-down study, both C-terminal GORK and a CPK 
(CPK1), and we identified CPK3 in the 14-3-3 pull-down described in Chapter 4. In this 
Chapter, we show that CPK21 is able to phosphorylate C-terminal GORK (Figs. 2C-D) 
and that the binding between GORK and CPK21 occurs at the plasma membrane (Fig. 
2E). As discussed above, 14-3-3 is able to enhance the activity of certain CPK’s. In 
planta, the binding between 14-3-3 and CPK21 and 6 occurred at the plasma membrane 
(Fig. 3B). Because of these results we postulate that there is a connection between 
GORK, CPK’s and 14-3-3’s. To resolve this connection we used the vibrating probe 
which, in a non-invasive manner, measures ion fluxes from Arabidopsis roots in the 
elongation and the mature zone. NaCl was used to initiated potassium (K+) efflux and 
proton (H+) influxes.

The gork loss-of-function mutant shows K+ leakage and H+ fluxes lower than WT
Non-invasive measurements of gork in the elongation zone showed: 1) a lower K+-efflux 
peak, 2) a delay in K+ peak time and 3) K+ leak which did not ‘close’ within the 30 min 
measured (Fig. 5A). Addition of NaCl to WT Arabidopsis roots, strongly depolarized 
the plasma membrane activating both the H+-ATPase and GORK. The activation of 
both, first GORK and then the H+-ATPase, reflected in the rapid and steep K+-efflux, 
was reached in 2.8 minutes (activation of GORK by membrane depolarization) followed 
by a decline in efflux because of membrane repolarization (Fig. 5A). The measurement 
on the gork mutant indicated that GORK is involved in the rapid efflux of K+ after 
NaCl and is involved in restoring K+ balance as previously shown (Demidchik et al. 
2010 ). The prolonged K+ leak seen in gork is probably due to non-selective cation 
channels (NSCC) (Shabala et al. 2006; Demidchik and Maathuis 2007; Demidchik et 
al. 2010). The delayed closing of NSCCs seen in gork could be the result of the delay in 
membrane repolarization, as GORK is possibly involved in repolarization of the plasma 
membrane. 
 The H+-flux in WT roots showed a strong H+-influx after salt addition, which 
declined over time. However, in gork the H+-influx and H+-efflux were balanced after 
salt stress (Fig. 7G). When an Arabidopsis root is exposed to NaCl, H+-transporters like 
the PM H+-ATPases and SOS1 (Na+/H+ antiporter) are activated. The apex of sos1 roots, 
after NaCl, showed a H+-efflux, which could be the result of H+-ATPase activation by 
salt (Shabala et al. 2005; Guo et al. 2009). Since GORK is likely to be involved in 
repolarization of the membrane potential (because of K+efflux ), the absence of GORK 
in the gork mutant may result in stronger activation of the H+-ATPases (and thus H+-
efflux) to compensate for the lack of membrane repolarization due to loss of GORK 
mediated K+-efflux. 

The loss-of-function mutants cpk21 and aha2 show similarities in both K+ and H+ 
fluxes 
The cpk21 and aha2 mutants showed a similar behaviour in transient K+- and H+-fluxes 
(Figs. 5D-E and 7A-B). There were no gork-like characteristics seen in cpk21 or aha2 
for K+-fluxes. Whether there will be a stronger phenotype in the cpk21 mutant when its 
closest homolog CPK23 is mutated as well (cpk21/23 mutant) remains to be shown. 
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It is known of the cpk21 mutant that the transcript of its homologue CPK23 is up-
regulated (Franz et al. 2011). In addition, CPK23 can bind GORK in BiFC and therefore 
redundancy is a possibility between these two genes. It would be interesting to make the 
double mutant cpk21/cpk23 and measure the potassium flux after salt with the vibrating 
probe, to see if there is redundancy. 
 The aha2 mutant showed a higher net H+-influx, which is likely due to the 
lack of AHA2 mediated H+-efflux in combination with enhanced activation of H+-influx 
transporters (Fig. 7A). H+-ATPases can become phosphorylated at different sites with a 
different effect on activity. E.g., CIPK11 (PKS5) phosphorylates S931, which prevents 
14-3-3 binding (Fuglsang et al. 2007). A CPK kinase is known to inhibit AHA2 activity 
in beet root (Lino et al. 1998), while an ABA regulated CPK in grape berry was shown 
to regulate H+-ATPase positively (Yu et al. 2006). Upon salt exposure ABA is produced 
which could result in activation of CPK21 (Geiger et al. 2011) and the higher net H+-
influx of cpk21 compared to WT after salt might be the result of the absence of the 
activating effect of CPK21 through phosphorylation of the H+-ATPase phosphorylation. 
However, since we measured net fluxes, another possibility is that CPK21 inhibits H+-
influx transporters like SOS1. 

The 14-3-3 mutants phi and chi show gork-like characteristics 
The vibrating probe data showed that after 100 mM NaCl, K+-fluxes differed between 
WT and single 14-3-3 mutants in both the elongation and mature zone (Figs. 5, 6, 7 
and 8). This indicates that 14-3-3’s are involved in potassium fluxes induced by salt 
exposure, since gork-like characteristics were found in the 14-3-3 single mutants such 
as a shift in K+ peak time for chi (Figs. 5B and 6C), and a reduced peak flux for both 
chi and phi (Fig. 6B). These characteristics were missing in the double mutant pc. This 
could be because PHI and CHI behave in opposite pathways or mask each other’s 
effects making the result indistinguishable from WT. A similar effect has been seen in 
other higher order mutants where two closely related genes, ARR5 (reduced petiole 
size) and ARR6 (indistinguishable from WT) show WT phenotypes in the respective 
double mutant (To et al. 2004). 

14-3-3 Proteins are known to activate H+-ATPases through binding to the 
phosphorylated penultimate threonine. Considering this, our hypothesis is that some of 
the 14-3-3 mutants may show a higher net influx (as compared to WT), similar to aha2. 
Interestingly, the transient H+-influx for klpc is the only 14-3-3 mutant higher than that 
of WT when salt is applied. The 14-3-3 mutants nu, phi, chi and pc H+-fluxes were lower 
than the WT H+-flux. These results indicate that the mutants have either a higher activity 
of H+-effux transporters or a lower activity of H+-influx transporters. 

In conclusion, 14-3-3’s can enhance the activity of a subset of CPK’s and 
CPK21 can phosphorylate GORK. No direct correlation in planta has been found 
between CPK21 and GORK, which may be due to redundant functions between CPK21 
and CPK23. However, there are similarities in cpk21 and aha2 in both K+ as well as 
H+ fluxes. These results could indicate that CPK21 phosphorylates AHA2 and thereby 
activates AHA2. A direct link between 14-3-3 and GORK is suggested by the gork-like 
characteristics seen in the 14-3-3 phi and chi mutants with respect to both K+ and H+ 
transient fluxes. Patch-clamp experiments on root protoplasts of these 14-3-3 mutants 
will be able to answer the question as to how these two proteins regulate GORK. 
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Material and methods
Plant growth and material
All plants used are in the Arabidopsis thaliana Columbia ecotype (Col-0) background, for the 14-3-
3 mutants see Chapter 2, aha2 (SALK_0220010) provided by Dr. W. Schmidt, cpk21 (SALK_029412) 
provided by Dr. T. Romies, and gork (SALK_144737C) provided by Dr. D. Becker. Plants were either 
grown on ½ strength Hoagland solution (3 mM KNO3, 2 mM Ca(NO3)2, 1 mM NH4H2PO4, 20 μM Fe-
EDTA, 0.5 mM MgSO4, 1 μM KCl, 25 μM H3BO3, 2 μM MnSO4, 2 μM ZnSO4, 0.1μM CuSO4, 0.1 μM 
(NH4)6Mo7O24) or on 0.5x MS medium (pH 5.8) solidified with 12 g L-1 of plant agar (Sigma A1296). For 
plants grown on plate, seeds were surface sterilized by rinsing the seeds in 70% ethanol (10 min), followed 
by 10 min 25% bleach + 0.1% Tween-20. Thereafter, the seeds were washed 3 times with sterilized MQ and 
resuspended in 0.1% sterile agarose. Seeds were plated on 0.5 x MS medium (pH 5.8) and stratified for 3 
days at 4°C. For germination, plates were placed vertically in a growth chamber with 14 hours light (22°C)/ 
10 hours dark (18°C), 170 µmol.m-2.sec-1. 

Yeast-two-hybrid assay
Two GORK C-terminus constructs (G343-T820 or N324-T820) were cloned into pGADT7 vectors 
(Clonetech). At14-3-3 in the pGBKT7 (Clonetech) vector were provided by Prof. Dr. C. Oecking. Yeast 
two hybrid transformations were performed using the LiAc method. In short, PJ694A yeast strain was 
selectively grown overnight in Dropout supplement-Lys (MP Biomedicals) at 30°C, 220 rpm, after which 
a 1:500 dilution was used to grow yeast in YAPD medium o/n at 30°C, 220 rpm. An 0.5 ml aliquot per 
transformation was transferred into an eppendorf and centrifuged, supernatant was removed and 2.5 µl 
of pGADT7, 2.5 µl of pGADT7 and 5 µl of boiled and sonicated salmon sperm (Stratagene) were added 
and resuspended. Next, 100 µl 40% PEG-4000/0.2M LiAc was added and vortexed. Thereafter, samples 
were placed at 30°C, 220 rpm for 30 min followed by 15 min incubation at 42°C. Samples were plated 
on selective SD-DDO (-LW) medium and placed in a 30°C incubator for 3-5 days. Four colonies were 
resuspended in 50 µl MQ of which 5 µl was spotted on SD-DDO, SD-TDO (-LWH medium supplemented 
with 5 mM 3-Amino-1,2,4-triazole (3-AT)) and SD-QDO (-LHWA). Plates were incubated for 1-3 days 
after which viability was checked. At least three independent colonies had to show viability to consider 
interaction.

Two-electrode voltage clamping of Xenopus oocytes
GORK cRNA was prepared using the mMESSAGE mMACHINE T7 kit (Ambion Inc., USA). GORK-
pGEM-HE was a kind gift from (Dr. D. Geiger). Oocytes were obtained from Ecocyte Biosciences 
(Germany) and injected with GORK cRNA. After oocyte injections, oocytes were incubated at 16°C 
in ND96 solution (96 mM NaCl, 2 mM KCl, 1 mM MgCl2, 5 mM HEPES-Tris pH 7.4, 1 mM CaCl2) 
supplemented with Na+-pyruvate and gentamycin for two days before electrophysiological recordings. For 
electrophysiological recordings the bath solution consisted of ND96 minus Na+-pyruvate and gentamycin. 
Voltage-dependent activation was recorded using a single-pulse protocol from -120 mV to 60 mV in 
steps of 20 mV. Endogenous PKA was activated using RBI (8-(4-Chlorophenylthio)adenosine 3′,5′-cyclic 
monophosphate sodium salt) end concentration of 100 µM. First the oocyte was impaled and GORK 
activation was measured, afterwards the oocytes were incubated at RT in 100 µM RBI for 1 to 1.5 hours 
and GORK activation was measured again. Data was analysed with pClamp9 (Jandel Scientific) software.

Recombinant protein production, purification and in vitro phosphorylation
GST-CPK3, GST-CPK6, GST-CPK21 and GST-CPK23 were kind gifts from Dr. D. Geiger. The C-terminus 
of GORK (N324-T820) and the full-lengths coding sequences minus ATG (CDS-ATG) of 14-3-3 KAPPA, 
LAMBDA, NU, UPSILON and PHI were cloned into the N-terminal His-vector pRSETC. Both the GST- 
and His-vectors were transformed into the E. coli strain BL21 (DE3) cells. The transformed bacteria were 
then grown in LB-medium with ampicillin at 37°C to an optical density of 0.6-0.8 at 600 nm. Glutathione 
S-transferase (GST)-tagged protein expression was induced by adding 0.5 mM isopropylthio-β-galactoside 
(IPTG) and growth continued for 4-5 hours at 30°C. Cells transformed with the His-constructs were grown 



14-3-3 And ion homeostasis

111

5

for 4-5 hours at 25°C after induction. GST-protein containing cells were harvested and crushed by French 
Press in 30 ml of phosphate-buffered saline (PBS) contained 1× protease inhibitor cocktail (Roche). GST-
fusion proteins were subjected to column purification at RT using glutathione sepharose (GSTrap™ FF 
columns, 1 ml, GE healthcare). 50 mM Tris-HCl with 10 mM reduced glutathione was used for protein 
elution, then protein containing fractions were pooled and desalted with 50 mM HEPES; pH 8.0. 
Cells expressing the His-tagged proteins were harvested and lysed by French Press in 30 ml of binding/ 
wash buffer (300 mM NaCl, 50 mM sodium phosphate, 10 mM imidazole, 1× protease inhibitor cocktail 
(Roche); pH 7.4). Lysates were centrifuged and the His-fusion protein was bound to Nickel sepharose 
(HisTrap™ HP columns, 1 ml, GE healthcare). The His-tagged protein was eluted with 300 mM imidazole 
in binding/ wash buffer. Protein containing fractions were pooled and desalted with 50 mM HEPES (pH 
8.0). Protein concentrations were determined by Bradford micro-assay (Bio-Rad) using BSA as a standard.

Peptide phoshorylation detection by reverse phase HPLC
As a substrate for the CPK kinases we used the CLC-a peptide (QPLLLKRHRTLSSTPLA; phosphorylated 
T underlined) synthesized by GL Biochem (Shanghai, China). Phosphorylation of peptide was performed 
by incubating 1 µM peptide for 1 h at 30°C together with 0.2 µM of recombinant kinase in the presence 
of 1 mM ATP in phosphorylation reaction buffer: 20 mM HEPES-KOH (pH 7.4), 20 mM MgCl2, 1 mM 
DTT, 25 mM β-glycerophosphate and 100 µM CaCl2), final volume 100 µl. To obtain defined free Ca++ 
concentrations, we calculated the (total Ca++)/EGTA ratios (1 mM EGTA, pH 7.5) using the WEBMXC 
extended website (http://www.stanford.edu/~cpatton/oprog.htm). For separation of the phosphorylated and 
non-phosphorylated peptides a Shimadzu HPLC with a C18 column (250×4.60 mm, 5 micron, Phenomenex) 
and a water/acetonitrile gradient from 0 to 10% for 5 min, from 10 to 40% for 30 min was used. The flow 
rate was 1ml/min and peptides were detected at 220 nm.

In vitro phosphorylation assay and phos-tag acrylamide gel analysis
In vitro phosphorylation assays were performed by including 0.5 µg of PKA or CPK21, and 2 µg of His-
GORK C- terminus (N324-T820) in 25 µl reaction volume containing the phosphorylation reaction buffer 
described above in the presence or absence of 1 mM ATP for 1 hour at 30°C. Phos-tag acrylamide gels 
contained 7.5 % (w/v) 29:1 acrylamide:N,N''-methylene-bis-acrylamide, 375 mM Tris, pH 8.8, 0.1% (w/v) 
SDS, 50 µM Phos-tag and 50 µM MnCl2 (Kinoshita et al. 2006). Stacking gels contained 4% (w/v) 29:1 
acrylamide:N,N''-methylene-bis-acrylamide, 125 mM Tris, pH 6.8, 0.1% (w/v) SDS. To achieve optimal 
results, we always ran the gels at 200 V for 1h at 4°C, and gels were run until 15 min after the dye front 
ran off the end of the gel. 

BiFC experiments
Full length 14-3-3 PHI was cloned into pUC-SPYNE (Walter et al. 2004) and CPK21, CPK6 were cloned 
into pCAMBIA vectors, as described in (Nour-Eldin et al. 2006). Transient protoplast expression was 
performed using the polyethylene glycol transformation method as described in (Geiger et al. 2010). 

In vitro pull-down assays
50 µg of His-14-3-3UPSILON was coated on 100 µl nickel bead suspension and extensively washed 
with binding buffer (300 mM NaCl, 50 mM sodium phosphate, 10 mM imidazole, pH 8). 10 µg of 
purified GST-CPK’s were incubated in phosphorylation reaction buffer described above in a total 
reaction volume of 100 µl at 30°C for 1 hour. Following phosphorylation, the mixture was submitted 
to the 14-3-3 coated beads and incubated for 1 hour at RT. Beads were extensively washed (5 times, 1 
ml for 1 min) with binding buffer. Bound proteins were eluted with 100 µl of 100 µM NIP (14-3-3 non-
interacting peptide, ERYMGICMRKQYNNFVPVCLRS), followed by an R18 (14-3-3 interacting peptide, 
PHCVPRDLSWLDLEANMCLPP) elution. Beads were separated from supernatant by placing the tube 
into the Magnetic Stand. The eluted protein were separated by 10% SDS-PAGE, transferred to a PVDF 
membrane (Bio-Rad), and analysed by protein gel blotting with anti- GST polyclonal antibody (Santa Cruz 
Biotechnology).



Chapter 5

112

GORK C-terminal pull-down using soluble root extract
Arabidopsis shoots were ground with morter and pestal in liquid nitrogen and extracted with extract buffer: 
50 mM HEPES-NaOH (pH 7), 10 mM MgCl2, 1 mM Na2EDTA, 2 mM DTT, 10% ethylene glycol, 0.02% 
Triton, 1× protease inhibitor cocktail and 1× phosSTOP (both Roche). Protein extracts were centrifuged 
twice at 20,000xg for 15 min. After coating 50 µg of His-GORK C-terminus to 100µl nickel beads and 
extensive washing with binding buffer (50 mM sodium phosphate, 300 mM sodium chloride, 10 mM 
imidazole, pH 8), 2 mg of protein extract was added to the beads and incubated with or without 1mM ATP 
for 1 hour at RT. Next, beads were extensively washed with binding buffer. The protein extract was added 
and incubated overnight at 4 ºC. Beads were extensively washed with binding buffer (5x with 1 ml). For the 
competition experiment, 14-3-3 was eluted specifically with R18 and as control, NIP was used (=Mock). 
Both peptides were dissolved in 50 mM HEPES-KOH (pH 8.0). Beads were incubated for 20 minutes 
with 100 µl of 100 µM NIP followed by an incubation step of 20 minutes with 100 µl of 100 µM R18. The 
final elution was performed using 150 mM imidazole. All elution’s were separated by 10% SDS-PAGE, 
transferred to a PVDF membrane (Bio-Rad), and analysed by protein gel blotting with pan anti-14-3-3 
antibody (Santa Cruz Biotechnology).

Vibrating probe
Probes were fabricated from tributylchlorosilane (Fluka 90796) silanized 1.5 mm x 1.17 mm thin wall 
capillaries (Harvard Apparatus) pulled on a Sutter P-1000 pipette puller to give a 10 µm tip opening. The 
tips were filled with 150-300 µm K+ LIX (Fluka 60031) or H+ LIX (Fluka 95297) through brief submersion 
of the tip in LIX held in a capillary and backfilled with K+ (100 mM KCl) or H+ (15 mM NaCl, 40 mM 
KH2PO4, pH 7,0 (NaOH)) respectively.
Probes were left to equilibrate in 1 mM KCl for a minimum of 1 hour to overnight and calibrated shortly 
before the start of the measurements. The K+ probe was calibrated with a 0.1, 0.5 or 1 mM KCl solution 
with 0.1 mM CaCl2 and 0.1 mM MgCl2. The H+ probe was calibrated with a 3 mM MES pH 5, 6 or 
7 (KOH) solution with 0.1 mM CaCl2 and 0.1 mM MgCl2. Calibration values (Nernst slope > 50 mV/
decay) were used for one day. Plants grown on agar plates of 14 to 15 days were left to equilibrate in bath 
buffer solution (0.5 mM KCl, 0.1 mM CaCl2, 0.1 mM MgCl2, pH5.5-5.7) for 30 minutes and subsequently 
placed in a bath with its root positioned on the glass circle. After the bath solution was aspirated, the root 
surroundings were quickly and carefully dried with a piece of tissue and subsequently fixed with a small 
drop of Kwik-Cast Sealant (WPI). Sealant was cured for <5 minutes while root tip and the root behind 
the sealant were kept submerged in bath solution to avoid dehydration. The bath was then fitted with a 
reference electrode, perfusion inlet and perfusion outlet and placed in the SIET setup. Probes were lowered 
and positioned perpendicular to the roots surface at 20 µm distance. With a 50 µm step, the probes were 
alternated between 20 and 70 µm from the root in a perpendicular direction. At each location, the ion 
concentration was measured in a 10 second cycle (2s waiting, 0.5s averaging(1000 measure points/s), 
move, 2s wait, 0.5s averaging), the waiting steps allows the solution to settle after the motion of the probes. 
The concentration difference between the two locations was directly calculated and reported as the flux. 
A reference measurement was taken 1250 µm from the root. The ion fluxes from roots were measured as 
follows; 5 min in maturation zone (MZ) (1200-1500 µm from root tip) followed by 5 min in the distal 
elongation zone or DEZ (500 µm from root tip). After perfusion (for 1 min) with salt solution (bath solution 
+ 100 mM NaCl) the DEZ and MZ were measured for 30 min and 5 min, respectively. In addition, a second 
reference measurement under salt conditions was taken. To examine the influence of the sudden osmotic 
change upon perfusion (~200 mOsm/kg), osmolality of the bath solution was equalized with D-mannitol 
(Sigma-Aldrich M4125) as measured with a Wescor 5500 osmometer. The data values were converted 
into nmol∙m-2∙s-1 and analysed with Excel (Microsoft Corporation). The area under the curve of K+ efflux 
measurements was calculated with Clampfit 9.0 (Axon Instruments) and converted and analysed in Excel.
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         Figure S1. Transient potassium (K+) fluxes in the root elongation zone before and after 100 mM 
NaCl perfusion in WT and mutant lines.
A-O) Transient K+ flux in the root elongation zone of WT and a mutant root before and after salt perfusion 
(application of 100 mM NaCl is indicated by an arrow). Please note that the Y-axis differ. A) kappa. B) 
lambda. C) kl. D) nu. E) upsilon. F) un. G) phi. H) chi. I) pc. J) klun. K) klpc. L) unpc. M) aha2. N) cpk21. 
O) gork. Displayed are averages (n ≥ 5) and error bars depicts SEM. 
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         Figure S2. Transient proton (H+) fluxes in the root elongation zone before and after 100 mM 
NaCl perfusion in WT and mutant lines.
A-O) Transient H+ flux in the root elongation zone of WT and a mutant root before and after salt perfusion 
(application of 100 mM NaCl is indicated by an arrow). Please note that the Y-axis differ. A) kappa. B) 
lambda. C) kl. D) nu. E) upsilon. F) un. G) phi. H) chi. I) pc. J) klun. K) klpc. L) unpc. M) aha2. N) cpk21. 
O) gork. Displayed are averages (n ≥ 5) and error bars depicts SEM. 
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Figure S3. Multiple comparison analysis of vibrating probe data of potassium flux, area, peak time 
and peak flux.
Data of figure 6A. B) Data of figure 6B. C) Data of figure 6C. Multiple comparison analysis after Welch 
ANOVA. Significance * p<0.05 > 0.01, ** <0.01 >0.001, *** >0.000.
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Figure S4. Multiple comparison analysis of vibrating probe data of potassium flux.
A) Data of figure 6D. B) Data of figure 6E. C) Data of figure 6F. D) Data of figure 6G. Multiple comparison 
analysis after Welch ANOVA. Significance * p<0.05 > 0.01, ** <0.01 >0.001, *** >0.000.
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Figure S5. Multiple comparison analysis of vibrating probe data of proton flux.
A) Data of figure 8A. B) Data of figure 8B. C) Data of figure 8C. D) Data of figure 8D. Multiple comparison 
analysis after Welch ANOVA . Significance * p<0.05 > 0.01, ** <0.01 >0.001, *** >0.000.
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