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Abstract 
Potassium is a vital ion for many processes in the plant and fine-tuned ion channels 
control the K+-fluxes across root and shoot membranes. GORK is an outward-rectifying 
K+-channel with important functions in stomatal closure and in root K+-homeostasis. 
Known regulatory molecules of GORK activity are reactive oxygen species, abscisic acid 
and salicylic acid. In this study, post-translational modification of GORK by calcium 
dependent kinases (CPKs) and 14-3-3 proteins was investigated. In a Y2H assay, a direct 
interaction between the GORK C-terminus (GORK-C) and 14-3-3s could not be 
confirmed. However, in vivo pull-down from an Arabidopsis protein extract with 
recombinant GORK-C identified endogenous 14-3-3s (LAMBDA, PHI, NU) as binding 
partners. Since the pull-down of 14-3-3s was phosphorylation dependent, we determined 
GORK-C as substrate for CPK21 phosphorylation and identified three CPK21 
phospho-sites (T344, S518 and S649). Moreover, interaction of 14-3-3 to CPK21 strongly 
stimulates its kinase activity; an effect that can result in increased GORK phosphorylation 
and change in activity. Using the non-invasive vibrating probe technique, we measured 
the predominantly GORK mediated salt induced K+-efflux from wild-type and 14-3-3 
mutant roots. This clearly showed that two (out of six) 14-3-3 isoforms have a function in 
the salt induced K+-efflux: 14-3-3CHI and 14-3-3PHI. In conclusion, our results show 
that GORK can be phosphorylated by CPK21 and suggest that 14-3-3 proteins control 
GORK activity through binding with and activation of CPK21. 
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Introduction 
Potassium (K+) is vital to many plant processes, such as cell turgor regulation (e.g. for 
stomatal movement), transport of photosynthates, enzyme activation and protein synthesis 
(Maathuis 2009, Sharma et al. 2013). In plants, these K+ related processes depend on K+ 
uptake and transport through membrane-bound K+ channel proteins (Maathuis 2009, 
Sharma et al. 2013). K+ channels in Arabidopsis can be grouped into Shaker and 
Tandem-Pore K+ (TPKs) channels (Hedrich 2012, Sharma et al. 2013). The Shaker 
channels are voltage gated and the family comprises nine members in Arabidopsis, which 
can be further divided into 3 groups:  
i) Group 1, the inward-rectifying K+ channels KAT1, KAT2, AKT1, AKT5 and AKT6 
(SPIK), which are activated upon membrane hyperpolarization and mediate a K+ influx, 
ii) Group 2, the outward-rectifying K+ channels SKOR and GORK, which are activated 
upon membrane depolarization and mediate a K+ efflux and, 
iii) Group 3, the weakly rectifying K+ channel AKT2, which can mediate both K+ influx 
as well as K+ efflux.  
The regulator subunit KAT3 (AtKC1) does not form a functional potassium channel on its 
own, but rather regulates AKT1 and KAT1 channel activity by forming hetero-tetramers 
(Hedrich 2012, Sharma et al. 2013). In the past years, electrophysiological and genetic 
analyses in plants and animals have shown that various proteins, e.g., kinases, 
phosphatases and 14-3-3 proteins, are involved in the regulation of K+ Shaker channel 
activity (Booij et al. 1999, Bunney et al. 2002, van den Wijngaard et al. 2005, 
Sottocornola et al. 2006, Sottocornola et al. 2008, Geiger et al. 2010, Lefoulon et al. 
2016). 
Phosphorylation of potassium channels is important for physiological processes such as 
proliferation and signal transduction (Lee et al. 2007, Sato et al. 2009, Mehlmer et al. 
2010) and e.g. for the Shaker-type channel AKT1, a phosphorylation/dephosphorylation 
network was identified that regulates the channel (Lee et al. 2007). In plants, 
Calcium-Dependent Protein Kinases (CDPKs) have been implicated in ion channel 
phosphorylation during environmental stresses (Mori et al. 2006, Geiger et al. 2011, 
Brandt et al. 2012, Latz et al. 2013b, Ronzier et al. 2014). CDPK genes and proteins will 
be indicated in this Chapter by the three-letter abbreviation CPK followed by a number, 
according to the nomenclature of Hrabak et al. (Hrabak et al. 1996), unless we refer to a 

n the literature. The CPK gene family consists of 34 genes in 
Arabidopsis and is divided into four subgroups based on protein alignment of their kinase 
domain (Hrabak et al. 2003). Most CP
different affinities for calcium have been shown with respect to their substrate (Boudsocq 
et al. 2012)
(Hrabak et al. 2003). For example, the expression of both CPK10 and CPK30 are induced 
upon drought and salt stress (Urao et al. 1994). Some others are activated when plants are 
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exposed to exogenous ABA (CPK4 and CPK11) or mannitol (CPK21) (Zhu et al. 2007, 
Franz et al. 2011).  
Another essential regulatory protein of ion channels in plants (both Shak
is the family of 14-3-3 proteins, which affect both inward (KAT1) and outward rectifying 
K+ channels, but in a different fashion (Booij et al. 1999, Bunney et al. 2002, Cherel 2004, 
Sinnige et al. 2005b, van den Wijngaard et al. 2005, Sottocornola et al. 2006, 
Sottocornola et al. 2008). 14-3-3 proteins are a family of highly conserved proteins that 
can regulate the activities of a wide array of targets in a phosphorylation dependent 
manner via direct protein-protein interactions and play a crucial role in environmental 
signaling pathways (DeLille et al. 2001, Paul et al. 2012b, de Boer et al. 2013, van Kleeff 
et al. 2014b). Experiments with Xenopus oocytes injected with the mRNA of KAT1 alone 
or together with the mRNA of a 14-3-3s scavenger protein showed that 14-3-3 proteins 
affect both the voltage dependency of the channel as well as the number of KAT1 
channels in the membrane (Sottocornola et al. 2008). The latter could be due to a control 
of channel trafficking, a well-known effect of 14-3-3s on membrane proteins, like the Cl- 
channel CFTR and the K+-channel TASK1 (Kilisch et al. 2016, Stevers et al. 2016). No 
evidence was presented that KAT1 directly interacts with 14-3-3 and it might be that the 
effect on KAT1 is through 14-3-3 binding to KAT1 phoshorylating kinase(s). 
Several 14-3-3 binding motifs have been identified as CPK substrates. E.g. AtCPK3 
phosphorylates the 14-3-3 binding motif of the vacuolar channel TPK1 during salt stress 
(Latz et al. 2013b) and NtCDPK1 phosphorylates S114 of the bZIP transcription factor 
REPRESSION OF SHOOT GROWTH (RSG) providing a binding site for 14-3-3 
(Igarashi et al. 2001b, Ishida et al. 2004). An additional twist to this story is that 14-3-3 
also binds to and enhances the activity of the kinase AtCPK1 (Camoni et al. 1998). 
Recently, it has been shown that 14-3-3 interacts with CPK3 and that binding of 
sphingosine to CPK3 activates the kinase, which then phosphorylates S58 of 14-3-3 
(Lachaud et al. 2013). Just as is known from animal cells (Woodcock et al. 2010), S58 
phosphorylation causes 14-3-3 dimer disruption, release of its target protein and in the 
case of CPK3, to CPK3 degradation (Lachaud et al. 2013).  
The present study focuses on the regulation of the Arabidopsis outward K+ channel 
GORK, in relation to CPKs and 14-3-3s. The GORK channel is involved in stomatal 
closure and K+ effluxes in root (Hosy et al. 2003). The first indication that GORK may be 
subjected to 14-3-3 regulation came from a 14-3-3 interactome study, where GORK was 
identified as a putative 14-3-3 target protein (Chang et al. 2009). In this study we were 
not able to show that 14-3-3s bind directly to the GORK C-terminus, but in view of the 
presence of GORK and 14-3-3s in one complex, we propose that a third factor may be 
involved. This third factor could be one (or more) member of the CPK family as we 
demonstrated that several CPKs (CPK21, CPK23, CPK3 and CPK6) bind to 14-3-3 in 
dependence of auto-phosphorylation (shown for CPK21). CPK21 does phosphorylate 
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GORK on multiple residues and because 14-3-3 interaction with CPK21 enhanced the 
kinase activity of CPK21, we postulate that 14-3-3s affect GORK activity through 
interaction with CPKs. In planta evidence that 14-3-3 proteins are important for GORK 
activity was provided with non-invasive vibrating probe experiments. In these 
experiments we monitored the GORK mediated salt induced K+-efflux from Arabidopsis 
roots and showed that the characteristics of the K+-efflux curves of two loss-of-function 
14-3-3 mutant plants (14-3-3Phi and Chi) differed significantly from that of Wt plants. 
This result underlines the role for 14-3-3 proteins in abiotic stress regulation of the 
GORK channel. 
 
Results 
GORK and 14-3-3 proteins are part of one complex 
Several studies indicate that there is a link between 14-3-3 proteins and 
outward-rectifying K+-channels in plants. First, patch-clamp experiments have shown that 
the activity of plasma membrane outward-rectifying K+-channels in cells from tomato 
leaves and barley embryonic roots are regulated by 14-3-3 proteins (Booij et al. 1999, van 
den Wijngaard et al. 2005). Second, in a Tap-tag 14-3-3 pull-down study the 
outward-rectifier GORK was identified (Chang et al. 2009). The GORK peptides 
identified in this proteomics study were located in the cytosolic C-terminal part of GORK 
(Fig. S1, (Chang et al. 2009)) and this suggested to us that the interaction with 14-3-3 
proteins involves the GORK C-terminus. Therefore, we focused on the question whether 
14-3-3 proteins affect the activity of GORK through direct or indirect interaction. To 
investigate whether the interaction between GORK-C and 14-3-3s is through direct 
binding, a yeast-two-hybrid (Y2H) assay was performed. As a positive control for GORK 
we used GORK-C against GORK-C since it is known that GORK can form tetramers 
(Dreyer et al. 2004). We used the H+-ATPase from barley as a positive control for 
functional 14-3-3 interaction, a known 14-3-3 interactor (Schoonheim et al. 2007b). Two 
GORK-C constructs of different length (343-820 and 324-820) cloned in the AD-vector 
were tested against ten Arabidopsis 14-3-3s cloned in the BD-vector as shown in Fig. 1A. 
In this Y2H assay no direct interaction between GORK-C and any of the ten 14-3-3 
isoforms could be detected. Both positive controls (GORK/GORK and ATPase/14-3-3; 
Fig. 1A and 1B) worked well. Although this experiment failed to show direct interaction, 
yeast lacks plant specific kinases and therefore it is possible that the phosphorylation of a 
putative 14-3-3 binding motif in GORK-C is lacking. If the interaction is indirect and 
involves a third protein that is not present in yeast, then GORK-C and 14-3-3 may not 

complex. 
 

-tagged GORK C-terminus as 
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recombinant protein (His-GORK-C), coated the protein on nickel magnetic beads and 
incubated this in a protein extract from Arabidopsis with and without MgATP (to enable 
GORK-C phosphorylation). After washing, the beads were eluted in three steps: first with 
a non-interacting peptide, NIP (ERYMGICMRKQYNNFVPVCLRS) (Gao et al. 2014b), 
next with the R18 peptide which has a high-affinity and specificity for the 14-3-3 binding 
groove (Fujita et al. 2003) and lastly with imidazole (IMI) to elute His-GORK-C from the 
beads; all fractions were tested by means of Western blot for the presence of 14-3-3 
protein. As shown in Fig. 1C a clear difference is observed between the samples 
incubated without and with MgATP. In the sample incubated without MgATP only the 
imidazole elution shows a weak band. In contrast, in the sample incubated with MgATP, 
both the R18 and imidazole elutions show a clear 14-3-3 band. This suggests that GORK 
and 14-3-3 are in one complex in dependence of phosphorylation; whether the interaction 
is direct or indirect cannot be concluded from this experiment. In a parallel experiment, 
the eluted proteins were identified using Orbi-trap MS/MS. Analysis of the +MgATP / 
imidazole elutions (two independent replicates) revealed the presence of three 14-3-3 

14-3-3 related peptide (Table S1). From these experiments we conclude that when a plant 
soluble protein extract is used, 14-3-3 and the GORK C-terminus are found in one 
complex and the complex formation is phosphorylation dependent. 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Fig. 1. GORK C-terminus does not directly interact with ten 14-3-3 isoforms in Y2H 
assay, but GORK-C pull-down shows phosphorylation dependent presence of 
GORK-C and 14-3-3 in one complex. A. Yeast-two-hybrid assay with ten Arabidopsis 
14-3-3s and GORK C-terminus. No interaction was seen between the C-terminus of 
GORK and 14-3-3. As a positive control for GORK, the C-terminal GORK against 

A 
 
 
 
 
 
 
 
B                                 C 
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C-terminal GORK was used. B. Y2H with the plasma membrane H+-ATPase and 14-3-3 
Omega as a positive control for functional 14-3-3; DDO=double dropout medium, 
QDO=quadruple dropout medium. C. Pull-down experiment with His-GORK C-terminus, 
after incubation without and with MgATP in Arabidopsis shoot protein extract. 
Interacting proteins were eluted with non-interacting peptide , 14-3-3 interacting peptide 
R18 and imidazole (IMI). Western blot was done with a 14-3-3 antibody. 
 
PKA and CPK21 both phosphorylate the GORK C-terminus 
In view of the phosphorylation dependence of the GORK-C/14-3-3 complex formation 
(Fig. 1C) and because a 14-3-3 interaction motif must be phosphorylated for high affinity 
14-3-3 interaction, we looked for phospho-sites in the GORK C-terminus. In PhosPhAt 
4.0 (http://phosphat.mpimp-golm.mpg.de/; (Durek et al. 2010)) only three residues were 
reported as phospho-residues, namely S18, S689 and T820, and none of these is in a 
canonical mode-I or mode-II 14-3-3 binding motif (R/KXX(X)S/TXP). In order to find 
additional phospho-sites, we incubated the recombinant GORK C-terminus (AA 311-820) 
with two kinases: Protein Kinase A (PKA) and the calcium-dependent protein kinase 
CPK21 and analyzed the presence of phospho-residues with LC-MS/MS. PKA was 
chosen as whole-cell patch-clamp recordings from Vicia faba mesophyll protoplasts 
showed that application of intracellular cAMP stimulates outward K+-currents in a 
dose-dependent fashion (Li et al. 1994) and because Shaker channels can be 
phosphorylated by PKA (Michard et al. 2005). CPK21 was selected as it was reported to 
phosphorylate a GORK derived peptide at S649 (Curran et al. 2011) and also because 
CPK21 might be the kinase that coordinates cat- and anion efflux from stomata through 
phosphorylation of SLAC1 (Geiger et al. 2010) and GORK. A phosphate-affinity 
SDS-PAGE gel (Phos-tag; (Kinoshita et al. 2012)) together with Western blot was used to 
analyze phosphorylation of the His-tagged GORK C-terminus by either PKA or CPK21 
(Fig. 2A). Western blotting with the anti-His antibody showed multiple slower migrating 
bands in the samples incubated with PKA or CPK21 and MgATP (not in the absence of 
MgATP). Next, the samples were analyzed by means of mass-spectrometry to identify 
phosphorylated residues in the GORK C-terminus. Six residues were found to be 
phosphorylated by PKA (S341, Y380, S649, S650, S722 and T742) and three residues to 
be phosphorylated by CPK21 (T344, S518, S649) (Fig. 2B and Table S2). Overlap in 
phosphorylation of the two kinases was found for the S649 residue only and this is also 
the residue reported to be phosphorylated by CPK21 (Curran et al. 2011). A search for 
putative 14-3-3 interaction motifs in the C-terminus using Scansite 
(http://scansite.mit.edu/) in combination with the PlantMatrix (de Boer et al. 2013) 
identified two of the phospho-sites, namely T742 and S649, with the best scores; 0.445 
and 0.542 resp. We tested the peptide with the best Scansite score (the pT742-peptide) for 
its ability to bind to recombinant 14-3-3 protein in a competitive Fluorescence 
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Polarization assay (cFP). However, the peptide did not show affinity for 14-3-3 (data not 
shown).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. GORK is phosphorylated by PKA and CPK21. A. Mn2+-Phos-tag gel showing a 
phosphorylation specific shift of the GORK C-terminus when incubated with PKA+ATP 
and AtCPK21+ATP (lower panel); the upper panel shows equal loading of GORK-C 
(SDS-PAGE gel). B. Phosphosites of GORK C-terminus detected by mass-spectrometry. 
Blue circles indicate sites phosphorylated by PKA, red circles indicate CPK21 
phospho-sites and the green circle indicates the site that is phosphorylated by both PKA 
and CPK21. 
 
 
CPK21 and three other CPKs interact with 14-3-3 proteins and the interaction is 
auto-phosphorylation dependent 
A number of CPK kinases (CPK1 and CPK3) have been reported to interact with 14-3-3 
proteins (Camoni et al. 1998, Lachaud et al. 2013). Moreover, CPK21, CPK23, CPK3 
and CPK6 have been shown to phosphorylate and regulate ion channels (Mori et al. 2006, 
Geiger et al. 2010, Brandt et al. 2012). To establish whether the latter four CPK family 
members are 14-3-3 target proteins, an in vitro pull-down assay was set up. First, we 
tested whether the purified recombinant kinases were active, using a phosphorylation 
assay with a peptide containing a canonical CPK phosphorylation motif 
QPLLLKRHRTPLSSTPLA (motif underlined; derived from the CLCa chloride channel, 
AT5G40890) as a substrate. Phosphorylation was determined by separation of the 
non-phosphorylated and the phosphorylated peptide by HPLC. As shown in Fig. 3A, all 
kinases do phosphorylate the peptide, with CPK23 being less efficient than the other 
CPKs.  
Since CPK kinases are known to auto-phosphorylate, we next addressed the question 
whether the CPKs interact with 14-3-3 proteins after auto-phosphorylation. We incubated 
the kinases with MgATP to allow for auto-phosphorylation and with recombinant 14-3-3 

A                                    B 
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UPSILON ( ) protein. After 1 hour of incubation a kinase pull-down was done with 
magnetic glutathione beads, and after efficiently washing with buffer, beads were eluted 
with NIP (control peptide), followed by R18. Fig. 3B shows that R18 elutes 14-3-3 
protein from all four kinases: the control lanes (NIP elution) are empty. From this we 
conclude that in vitro 14-3-3 interacts directly with MgATP activated CPK kinases. In 
order to test whether auto-phosphorylation of the kinase is essential for the interaction 
with 14-3-3s, the kinase-inactive variant CPK21 D204A was used (Franz et al. 2011). We 

e not phosphorylate our 
peptide (Fig. 3C). In addition, the CPK21 D204A mutant also lost the ability to interact 
with 14-3-3 protein, as shown in a pull-down experiment (Fig. 3D). From these 
experiments, we conclude that the 14-3-3 binds to CPK21 in dependence of 
auto-phosphorylation activity of CPK21. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. 14-3-3 binding to CPKs depends on auto-phosphorylation activity. A. 
Recombinant CPK kinases phosphorylate the CLCa peptide in vitro. The peptide was 

- 

A 
 
 
 
 
 
 
 
B                                                                                       
 
 
 
 
 
 
 
C                                              D                                                
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phosphorylated by kinases in the presence of 1 mM MgATP during an incubation for 1 
hour at 30 ºC. Non-phosphorylated and phosphorylated peptides were separated on a C18 
column and due to a decrease in hydrophobicity the phosphorylated peptide (dotted line) 
elutes earlier than the non-phosphorylated peptide. B. Pull-down assay with GST-CPK21, 
23, 3 and 6 and Western blotting with His-antibody to show elution of bound His-14-3-3. 

presents the elution with NIP peptide, a peptide that does not bind to 14-3-  
represents the elution with R18 peptide; a peptide that competes specifically with the 
14-3-3 binding groove. C. The kinase dead mutant CPK21-D204A cannot phosphorylate 
the CLCa peptide in vitro. D. Pull-down assay with His-14-3-3 coated beads and CPK21 
and the kinase dead mutant CPK21-D204A. The incubation was done in the presence of 
the NIP peptide (N) or the R18 peptide (R) and after washing, the beads were boiled in 
SDS sample buffer.  
 
 
CPK21 autophosphorylation sites 
To determine the 14-3-3 interaction motif(s) in CPK21, we did a phosphoprotein 
mass-spectrometry analysis to detect auto-phosphorylated residues of CPK21 protein. In 
PhosPhAt4.0 only three phosphorylation sites are reported 
(http://phosphat.mpimp-golm.mpg.de/), viz. T27, T38 and S417. We identified an 
additional six phospho-serines/threonines in the CPK21 protein as it was purified from E. 
coli without incubation in MgATP (Fig. 4). This is not surprising because the 
auto-phosphorylation of CPKs using recombinant or purified enzymes has been observed 
for almost all CPKs studied (Grandellis et al. 2012). After incubation with MgATP for 1 h 
at 30 °C, 11 additional phospho-residues were detected including two tyrosines, Y80 and 
Y238 (Fig. 4, Table S3).  
Next, we combined the phospho-proteomics analysis with a bioinformatic analysis to 
predict and test putative 14-3-3 binding motifs in the CPK21 protein. We used Scansite 
(http://scansite.mit.edu/) in combination with the PlantMatrix (de Boer et al. 2013) and 
selected five motifs with a good Scansite score, with three of these having a confirmed 
phospho-S/T (Table S4). A competitive Fluorescent Polarization assay as described by 
(Wu et al. 2006) and used before by us (De Vries-vanLeeuwen et al. 2013) was used to 
measure interaction between the peptides and 14-3-3 proteins. Whereas the control 
peptide R18 showed strong competition, none of the CPK21 derived peptides did interact 
with the 14-3-3 protein (Fig. S2).  
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Fig. 4. Auto-phosphorylation sites detected in recombinant CPK21. Scheme of the 
domain structure of CPK21 with the phospho-sites identified by LC-MS/MS marked to 
the N-terminal variable domain (V), the kinase domain (K) and calcium activation 
domain (CAD) with the EF-hands in the C-terminus of the protein. Amino acids marked 
in blue are phospho-sites identified in E. coli produced recombinant CPK21 before 
incubation with MgATP. Amino acids marked in black are residues that were 
phosphorylated after MgATP incubation. Two tyrosine residues, marked in red, were 
found to be phosphorylated, only after MgATP incubation. The PhosPhat database, which 
contains comprehensive information about phosphorylation sites in Arabidopsis proteins 
(hosted by http://phosphat.mpimp-golm.mpg.de), reports three CPK21 phospho-sites: T27, 
T38, S417, where T27 was also identified in this study. Peptides around phospho-sites T45, 
S350, S414, S520 and T521 (the latter two because they are in a predicted 14-3-3 interaction 
motif) were tested for their ability to bind to 14-3-3 protein (see Table S4).  
 
 
14-3-3 Protein enhances kinase activity of CPK21 and CPK23 
The effect of 14-3-3 interaction with target proteins largely depends on the nature of the 
target (Paul et al. 2012b, de Boer et al. 2013). For two CPK kinases an effect of 14-3-3 
interaction has been reported: the activity of CPK1 is stimulated by interaction with three 
14-3-3 isoforms (OMEGA, PSI and PHI) (Camoni et al. 1998) and the CPK3 protein is 
stabilized by interaction with 14-3-3 (Lachaud et al. 2013). To investigate the effect of 
14-3-3 binding to the selected four CPKs, a kinase activity assay was performed in the 
presence and absence of 14-3-3. As shown in Fig. 5A, the kinase activity of CPK21 is 
enhanced by 14-3-3 in a concentration dependent manner. Next, we tested whether the 
binding of 14-3-3 to CPK21 affects the calcium sensitivity of the kinase and this is not the 
case as shown in Fig. 5B. Fig. 5C shows that the activity of CPK23 is also enhanced by 
14-3-3, but although CPK3 and CPK6 do interact with 14-3-3 in the pull-down assay (Fig. 
3B), the activity of these kinases is not affected by 14-3-3 (Fig. 5C). For CPK3 it was 
shown recently that the in vivo binding of 14-3-3 to CPK3 prevents the proteasomal 
degradation of CPK3 (Lachaud et al. 2013). Clearly, this effect cannot be reproduced in 
an in vitro test as performed by us. From these experiments, we conclude that CPK21 and 
CPK23 are activated by 14-3-3 interaction. 
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Fig. 5. 14-3-3 protein enhances the kinase activity of CPK21 and CPK23. A. CPK21 
kinase activity is stimulated by addition of 14-3-3Nu protein in a concentration dependent 
manner. Addition of 14-3-3Nu protein inactivated by boiling has no effect on kinase 
activity. B. Calcium activation curve of CPK21 in the absence and presence of 14-3-3Nu 
protein. The activation of CPK21 by 14-3-3 is not the result of a shift in the Ca++ 
dependency of the kinase. C. Activity of four CPKs in the absence and presence of 2 
µg/µl recombinant 14-3-3Nu. The activity of both CPK21 and CPK23 is enhanced in the 
presence of 14-3-3Nu, while that of CPK3 and 6 is unaffected.  
 
 
14-3-3s affect GORK mediated K+ fluxes in planta 
The GORK K+-channel not only mediates K+-release from guard cells, but also plays a 
major role in the depolarization induced K+-release from root cells (Ivashikina et al. 2001, 
Demidchik et al. 2010), e.g. by the exposure of roots to high salt (100 mM NaCl). The 
vibrating probe technique was used to monitor the salt induced K+-release from roots of 
wild-type (Wt) and gork1-1 mutant plants, both in WS-0 background (Demidchik et al. 
2010) as in Col-0 background (Becker et al. 2003). These measurements showed that the 
salt induced response in the mature zone was strongly attenuated in the gork1-1 roots. So, 
in vivo activation and deactivation (the response is transient) of GORK underlies the salt 
induced K+-release in roots. To investigate whether a signaling network encompassing 
GORK, CPK21 and 14-3-3 is involved in this salt induced K+-release, we used the 
vibrating probe technique to monitor net K+-fluxes from Wt and mutant roots. All 
genotypes of the mutants used are in the Col-0 background and all measurements were 
taken in the elongation zone (500 µm from root tip).  
 
Fig. 6A shows the salt-induced K+-efflux as measured in the elongation zone of roots of 
Wt plants and gork1-1 mutant plants. The efflux in Wt roots is characterized by a strong 
and rapid net K+-efflux, reaching a maximum peak efflux within 2.8 ± 0.14 min (Fig. 6A). 
Thereafter, the efflux declines in an exponential manner with a t½ of around 3 minutes. 
The efflux curve of the gork1-1 mutant is very different from that of Wt: the initial 
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increase in efflux is slow (maximum efflux is reached in 6.5±0.03 min, Fig. 6A), the 
maximum peak level is < 60% of that of the Wt (Fig. 6C) and the decline in efflux is 
linear and slow. Due to the slow decline of the gork1-1 efflux, the accumulated K+-efflux 
(area under the curve, 2-30 min) is similar to that of the Wt roots (Fig. 6D). These results 
are very similar to those reported by the group of Shabala (Shabala and Cuin 2008).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. 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. Transient K+ flux 
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in the root elongation zone of Wt and gork root before and after salt perfusion 
(application of 100 mM NaCl is indicated by an arrow). 
and error bars depict SEM. B-D. Statistical analysis (one-way-ANOVA) was performed 
and the multiple comparison analysis is only shown for Wt. B. K+ flux peak time in the 
elongation zone, the time of the maximum peak flux for all genotypes tested. C. K+ peak 
flux in the elongation zone, the maximum peak flux for all genotypes tested. D. 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. E-F. Transient 
K+ flux in the root elongation zone of Wt and aha2 and cpk21 root before and after salt 
perfusion, respectively (application of 100 mM NaCl is indicated by an arrow). G-H. 
Transient K+ flux in the root elongation zone of Wt and phi and phi root before and after 
salt perfusion, respectively (application of 100 mM NaCl is indicated by an arrow). 

I. Phylogenetic tree of 13 
Arabidopsis 14-3-3 genes according there amino acids sequence. 
 
 
The salt induced membrane depolarization (Ache et al. 2000) is likely an important factor 
in the GORK mediated K+-efflux. To test whether plasma membrane H+-ATPases, the 
activation of which results in membrane repolarization, play a role in the degree and/or 
duration of K+-efflux, we measured the K+-efflux in the aha2 loss-of-function mutant 
(AHA2 is one of the two most predominantly expressed proton pumps in Arabidopsis 
seedlings (Fuglsang et al. 2011)). Although the parameters measured for aha2 did not 
differ statistically from the Wt parameters, the trend of the aha2 efflux curve differed 
from that of the Wt curve: the maximum K+-efflux is around 30% larger and the closure 

+- +-efflux as measured over the 
2-30 measuring period (Fig. 6E). We also measured the response of the cpk21 
loss-of-function mutant to salt stress, and the curves show a trend that is very similar to 
that of the aha2 mutant (Fig. 6F). The differences with Wt were not significant and 
redundancy with other CPKs, like CPK23, (Brandt et al. 2012), may be the reason for 
this.  
 
To assess whether 14-3-3 proteins play a role in the in vivo regulation of GORK we used 
six 14-3-3 single loss-of-function mutants and monitored, using the vibrating probe 
technique, the salt induced K+-release. In the GORK pull-down, we identified three 
14-3-3 proteins from the 14-3-3 non-epsilon group (LAMBDA, NU and CHI; see above). 
We therefore used these three single 14-3-3 mutants and in addition three of their closest 
homologues: KAPPA, UPSILON, and PHI (Fig. 6I) (Van Kleeff et al. 2014). Our working 
hypothesis is that if the 14-3-3 proteins have a role in the salt-induced activation or 
deactivation of GORK, the efflux curve of these mutants will be different from that of the 
Wt plants. The efflux curves of the nu, upsilon, lambda and kappa mutants were 
indistinguishable from Wt (Fig. S3). However, the mutant phi (Fig. 6G) showed a 
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significant reduction in max peak K+-efflux and accumulated K+-efflux between 2-30 min 
(Fig. 6C and D). The peak time of K+-efflux of the chi mutant was slower than that of Wt 
(Fig. 6H and B), although not significant, the accumulated K+-efflux was around 35% less 
than that of Wt. From these vibrating probe data we conclude that mutants that lack two 
of the six 14-3-3 proteins (PHI and CHI) are affected in salt-induced K+-efflux in a 
comparable manner as the gork1-1 mutant.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Model showing the role of 14-3-3 proteins and CPKs in the activation of the 
outward-rectifying K+-channel GORK and the H+-ATPase during salinity stress. The 
phosphatase AtPP2CA was recently shown to inhibit GORK activity (Lefoulon et al. 
2016). 
 
 
Discussion 
This study was initiated by a number of articles that indicated a role for 14-3-3 proteins in 
the regulation of outward-rectifying K+-channels in plants (Bunney et al. 2002, Cherel 
2004, Sinnige et al. 2005b, van den Wijngaard et al. 2005, Sottocornola et al. 2006, 
Sottocornola et al. 2008). The first indications were obtained in electrophysiology studies. 
Patch-clamp analysis of plasma membrane K+ 
showed enhanced outward K+-currents when 14-3-3 was over-expressed or introduced by 
means of the patch pipette (Saalbach et al. 1997, Booij et al. 1999). In a study with 
protoplasts from barley embryonic roots, K+-out channel activity was found to be reduced 
by 14-3-3 proteins (van den Wijngaard et al. 2005). The Arabidopsis genome encodes two 
voltage-dependent outward rectifying K+-channels, SKOR and GORK, and further 
evidence that in the aforementioned studies the GORK channel is a candidate target of 
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14-3-3 regulation was provided by a 14-3-3 Tap-tag pull-down study (Chang et al. 2009). 
Since phosphorylation of a 14-3-3 target protein is in most cases a prerequisite for 14-3-3 
interaction (de Boer et al. 2013), we focused in this study on 14-3-3 proteins and on 
kinases that can phosphorylate GORK and on their mutual relationship. 
 
GORK and 14-3-3 proteins are found in one complex 
The Y2H assay that we performed with GORK and ten 14-3-3s to assess whether the 
GORK/14-3-3 interaction is through direct binding did not provide evidence for a direct 
interaction. Then we repeated the pull-down study using Arabidopsis cell lysate as done 
by Chang et al. (Chang et al. 2009), but now with the recombinant C-terminus of GORK 
instead of recombinant 14-3-3 protein. This experiment confirmed the results of Chang et 
al., namely that GORK and 14-3-3 are pulled-down together and MS/MS analysis 
identified three 14-3-3 isoforms. However, this pull-down in cell lysate does not answer 
the question whether the interaction is direct or indirect. Also the large-scale 
split-ubiquitin membrane interactome study with the full-length GORK protein against 
14-3-3 proteins (either as bait or prey) did not find evidence for direct interaction 
(http://biodb.lumc.edu/mind/search.php).  
 
Phosphorylation sites in the GORK C-terminus 
The clear dependence of the formation of the GORK/14-3-3 complex on MgATP (Fig. 1C) 
suggested to us that somehow kinase activity is important for the formation of a complex 
which contains both GORK and 14-3-3s. For reasons given above, we choose to 
phosphorylate the GORK C-terminus (AA 311-820) by the mammalian kinase PKA and 
by the plant calcium-dependent kinase, CPK21. Our phospho-proteomics analysis 
identified subsequently nine phosphorylated residues in the GORK C-terminus: six by 
PKA and three by CPK21, with only S649 overlapping. To our knowledge, this is the first 
report on the phosphorylation of the outward rectifying GORK K+-channel in Arabidopsis 
thaliana. A search for putative 14-3-3 interaction motifs using the Plantmatrix in Scansite 
(de Boer et al. 2013) identified the motif around T742 with the best score (0.445), but the 
T742 phospho-peptide did not show interaction with 14-3-3 proteins in the cFP assay. 
A recent paper that came out when finishing this manuscript, shows that co-expression of 
GORK with the phosphatase AtPP2CA in Xenopus oocytes, reduces the 
voltage-dependent GORK current (Lefoulon et al. 2016). A direct interaction between 
GORK and AtPP2CA was shown and residues S649 and S722 (both found as 
phospho-residues in our study) play a key role in the AtPP2CA regulation of the GORK 
channel. So, reasoning along this line of evidence, we hypothesize that GORK activity 
will be stimulated by CPK21 phosphorylation of S649 (and S722 ?), with 14-3-3 acting as 
amplifier through CPK21 activation. 
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CPK interacts with GORK and 14-3-3 proteins
Next, we addressed the question whether CPKs may form a bridge between GORK and 
14-3-3 proteins. So, we tested CPK/GORK interaction and CPK/14-3-3 interaction. The 
Membrane-based Interactome Network Database (http://biodb.lumc.edu/mind/), where by 
means of a split-ubiquitin screen GORK interaction with a wide range of proteins was 
tested, brought forward the interaction with another CPK, viz. CPK13.  
To obtain evidence for direct CPK/14-3-3 interaction, we performed an in vitro pull-down 
experiment with 14-3-3 and this showed that recombinant CPK21, CPK23, CPK3 and 
CPK6 all interact with recombinant 14-3-3 in vitro (Fig. 3B). Because the CPK21/14-3-3 
interaction clearly depends on the auto-phosphorylation of CPK21 in the in vitro 
pull-down assay (Fig. 3D), we identified the phosphorylated residues in the CPK21 
protein in search for putative 14-3-3 interaction motif(s). CPKs are known to have 
auto-phosphorylation activity and in a recent study with six CPKs, a total of 45 
phospho-sites were identified by MS, most of which located within the N-terminal 
variable and catalytic domains (Swatek et al. 2014). We identified in total 17 
phospho-sites in the CPK21 protein, two of which were tyrosines: Y80 and Y238 (Fig. 4). 
Amongst the 45 CPK phospho-sites identified by Swatek et al. in six CPKs, only CPK28 
showed a phosphorylated tyrosine: Y463. This tyrosine is absent in CPK21 and in CPK24 
(Fig. S4). Y80 is conserved in all CPKs shown and Y238 of CPK21 is unique amongst 
these seven CPKs: the other six have a phenylalanine at position CPK21-Y238 (Fig. S4). 
We tested phospho-peptides derived from CPK21 for their binding activity against 14-3-3, 
but none of these showed any binding activity (Fig. S2).  
 
CPK21 and CPK23 kinase activity is enhanced by the presence of 14-3-3s 
The reported effects of 14-3-3 interaction on the activity of the CPKs are very different. 
For CPK1, interaction with 14-3-3 proteins increased the kinase activity (Camoni et al. 
1998), but no phosphorylated motif was identified. In contrast, interaction between CPK3 
and dimeric 14-3-3 proteins was shown to prevent CPK3 degradation (Lachaud et al. 
2013) and maintain kinase activity; no 14-3-3 motif identified. Activation of CPK3 kinase 
by sphingoid long chain bases (LCBs) resulted in phosphorylation of the CPK3 binding 
partner, 14-3-3 proteins, at the dimer interface. This phosphorylation led to the disruption 
of the complex and subsequently to CPK3 degradation. Binding between 14-3-3 and 
NtCDPK1 is also established upon auto-phosphorylation and appears to be a weak 
binding (Ito et al. 2014). Interestingly, dephosphorylation experiments showed that 
14-3-3 remains attached to dephosphorylated NtCDPK1. Furthermore, the authors 
showed that a complex of 14-3-3/NtCDPK1/REPRESSION OF SHOOT GROWTH 
(RSG) is formed, where NtCDPK1 phosphorylates RSG and transfers the bound 14-3-3 to 
RSG since the binding site in RSG for 14-3-3 has a higher affinity than that of NtCDPK1 
(Ito et al. 2014). They called -
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may also apply to the GORK/14-3-3/CPK21 complex and warrants further testing.  
In view of the observed interaction between the CPKs used in this study and 14-3-3 
proteins, we investigated how the interaction affects the kinase activity. Just like 
demonstrated for CPK1, the CPK21 kinase activity increased with more than 60% in a 
concentration dependent manner (EC50 around 15 µM) by addition of 14-3-3 proteins. 
Since the activity of CPK21 is Ca2+-dependent, we also tested whether the binding of 
14-3-3 to the kinase affects its Ca2+-sensitivity. The stimulatory effect of 14-3-3 was seen 
over de whole range of Ca2+-concentrations and the Ca2+-sensitivity of the kinase was not 
affected (Fig. 5B). Whether this implies that the 14-3-3 proteins do not interact with the 
C-terminal domain of CPK21 containing the four EF-hands, remains to be shown. Since 
besides CPK21, three other CPK kinases, CPK3 and CPK6 and CPK23 are also involved 
in signal transduction and ion homeostasis in guard cells (Mori et al. 2006, Geiger et al. 
2011) we tested the effect of 14-3-3 on the activity of these kinases as well. The activity 
of the closest CPK21 homologue, CPK23, was also enhanced by 14-3-3, but the activity 
of CPK3 and CPK6 remained unaffected when incubated with 14-3-3. This lack effect of 
14-3-3 on in vitro CPK3 activity is in line with the results of (Lachaud et al. 2013) and 
since CPK3 and CPK6 are both involved in the ABA regulation of guard cell S-type 
anion- and Ca2+-permeable channels (Mori et al. 2006) we hypothesize that the 
mechanism of 14-3-3 regulation may be similar for CPK3 and CPK6. 
 
14-3-3 and CPKs together play a role in K+ homeostasis during salt stress  
To find out whether 14-3-3 proteins play a role in GORK regulation in planta, we used 
the vibrating probe with a K+-selective electrode to monitor changes in K+-fluxes in the 
elongation zone of young Arabidopsis roots. The advantage of this technique is that it is 
non-invasive and analysis of gork1-1 mutant plants show that the salt-induced K+-efflux 
is largely mediated by the GORK channel (Shabala and Cuin 2008, Demidchik et al. 
2010).  
The salt induced K+-efflux in Wt roots is characterized by two phases: a rapid efflux, 
reaching a maximum around 2.8 min, followed by a decline in efflux. The curves could 
be fitted well with a log normal equation. And indeed, as reported (Shabala and Cuin 
2008, Demidchik et al. 2010), in the gork1-1 mutant the salt induced K+-efflux is much 
attenuated. Fig. 7 shows the working model to explain these effects: sudden salt stress 
induces a depolarization of the membrane potential and a transient rise in the free 
cytosolic calcium (Knight et al. 1997, Chen et al. 2007). The rise in Ca++ activates 
Ca++-dependent kinases like the CPKs, which autophosphorylate, bind 14-3-3 and 
phosphorylate GORK: this, together with the depolarization activates the outward 
K+-current and starts the membrane repolarization. In turn, activation of the plasma 
membrane H+-pumps (a.o. AHA2) by phosphorylation and 14-3-3 binding (Takahashi et 
al. 2012) will also repolarize the membrane potential, restore Ca++ homeostasis and 
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ensure closure of the K+-efflux channel. The observation that the peak of the K+-efflux in 
the aha2 mutant is stronger than in Wt and that the recovery phase is somewhat slower 
(although not significant), indicates that AHA2 plays a role in the extent and duration of 
the K+-efflux; redundancy with other members of the AHA-family may be one reason that 
the effects were not significant. The same may hold for the observed differences between 
the cpk21 mutant and Wt, as there may be redundancy in function between CPK21 and its 
homologue CPK23 (Franz et al. 2011).  
The measurements on the 14-3-3 single mutants clearly show isoform specificity towards 
the salt induced K+-efflux. The efflux curves of four mutants was indistinguishable from 
that of Wt, but the curves of the 14-3-3chi and phi mutants clearly showed an attenuation 
in the K+-efflux: the peak-time was delayed, the peak K+-efflux lower and also the total 
K+-efflux in the 2-30 min period after the addition of NaCl was reduced. The 
phylogenetic tree (Fig. 6I) shows that CHI and PHI cluster in the same clade and 
therefore CHI and PHI may be redundant in their function (see also (van Kleeff et al. 
2014b). A working model that incorporates the roles of 14-3-3 proteins, CPK21/23 and 
also AtPP2CA (Lefoulon et al. 2016) in the regulation of K+-fluxes across the plasma 
membrane upon a sudden salt stress is shown in Fig. 7. 
 
Material and Methods 
Plant growth conditions 
Plants were grown in ½ strength Hoagland solution (3 mM KNO3, 2 mM Ca(NO3)2, 1 
mM NH4H2PO4 -EDTA, 0.5 mM MgSO4 3BO3
MnSO4 4 4 4)6Mo7O24) in a growth chamber at 
16/8h day/night regime, 22/18°C day/night temperature and a photon flux density of 170 

-2 -1. Fully developed leaves and roots of 4-5 week-old plants were used for 
protein extraction. For the vibrating probe assay, plants were grown 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. 
 
Recombinant protein production and purification 
GST-CPK3 and GST-CPK21 were kind gifts from D. Geiger (Uni. Würzburg, Germany). 
The C-terminus of GORK (G343-T820), and the full-length coding sequences of 14-3-3 

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 
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S-transferase (GST)-tagged protein expression was induced by adding 0.5 mM 
isopropylthio- -galactoside (IPTG) and growth continued for 4-5 hours at 30°C. Cells 
transformed with the His-constructs were grown 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 4°C using glutathione 

-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 and 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 
healthcare). The His-tagged protein was eluted with 300 mM Imidazole in binding and 
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. 
 
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. Claudia Oecking (Univ. Tübingen). Yeast two hybrid transformation 
was 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. A 
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. 100 µl of 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 at 42°C. Samples were plated on selective double 
dropout SD-DDO (-LW) plates and transferred to a 30°C incubator for 3-5 days. After the 
incubation, 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-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. 
 
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 
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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 and 1 mM KCl 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, pH 5.5-5.7) 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 (Applicable Electronics, Science Wares, 
Inc. Falmouth, MA, USA). The probe was lowered and positioned perpendicular to the 
roots surface at 20 µm distance. With a 50 µm step, the probe was 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 the elongation zone in buffer and 1 min after the onset of salt perfusion the 
measurement continued for 30 min. In addition, a second reference measurement under 
salt conditio -2 s-1 and analyzed 
with Excel (Microsoft Corporation). The area under the curve of K+ efflux measurements 
was calculated with Clampfit 9.0 (Axon Instruments) and converted and analyzed in 
Excel. Statistical analysis was performed in SPSS.  
 
Peptide phosphorylation 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). Phosphorylation of peptide was performed by incubating 100 µM peptide for 
1 h at 30°C together with 0.2 µM of recombinant kinase in the presence of 1 mM MgATP 
in phosphorylation reaction buffer: 20 mM HEPES-KOH (pH 7.4), 20 mM MgCl2, 1 mM 

-glycerophosphate, 100 µM CaCl2 and 1 mM ATP), final volume 100 µl. 
To obtain defined free Ca++ concentrations, we calculated the (total Ca++)/EGTA ratios (1 
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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. 
 
Fluorescence Polarization measurement 
In order to test for putative 14-3-3 binding sites in CPK21 and GORK, phosphorylated 
peptides were tested for their ability to bind to 14-3-3 proteins in a competitive 
fluorescent polarization assay, as described by (Coblitz et al. 2006). Briefly, the binding 
of the fluorescently labeled peptide FAM-SWTY to a 14-3-3 protein reduces the peptide 
mobility what results in an increase in the fluorescent anisotropy signal. The FAM-SWTY 
peptide (INQNYTPV-COOH) was a kind gift from Dr. M. Li (Baltimore, MD, USA). The 
synthesized peptides are summarized in Table S4. Each sample contained 100 nM 
FAM-SWTY, 2.5 µM His-14-3-
peptides and PBS in a final volume of 200 µl. The reaction mixture was incubated at RT 
for 30 min and the polarization was measured with Cary Eclips Fluorescence 
Spectrophotometer (Varian, USA). All anisotropy values are corrected for the background 
anisotropy of FAM-SWTY alone. 
 
In vitro phosphorylation assay and phos-tag acrylamide gel analysis 
In vitro phosphorylation assays were performed by including 0.5 µg of PKA (Sigma) or 1 
µg of CPK21, and 2 µg GORK C-terminus (G313 - T820) in 25 µl reaction containing the 
phosphorylation reaction buffer described above in the presence or absence of 1 mM ATP 
for 1 h 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. 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 proteins on Phos-tag separating gels using 200 V 
for 1 h at 4°C, and gels were run until 15 min after the dye front ran off the end of the gel 
(Kinoshita et al. 2009).  
 
In vitro pull down assays 
50 µg of His-14-3-
extensively washed with binding buffer (300 mM NaCl, 50 mM sodium phosphate, 10 
mM imidazole, pH 8). 10 µg of purified GST-CPKs were incubated in phosphorylation 
reaction buffer described above in a total reaction volume of 100 µl at 30°C for 1 h. 
Following phosphorylation, the mixture was submitted to the 14-3-3 coated beads and 
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incubated for 1 h 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 a 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 analyzed 
by protein gel blotting with anti- GST polyclonal antibody (Santa Cruz Biotechnology). 
 
Pull-down with cell lysate 
Arabidopsis shoots were ground with mortar and pestle in liquid nitrogen and extracted 
with 4 mL of extraction 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 20,000g for 
15 min. After coating 50 µg of His-GORK C terminus to 100 µl 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 His-GORK 
coated beads and incubated with or without 1 mM MgATP for 1 h at RT. Beads were 
separated from supernatant by placing the tube into the Magnetic Stand. Next, beads were 
washed five times with 1 mL binding buffer. Bound proteins were eluted from the beads 
with 100 µl of 100 µM NIP peptide or 100 µl of 100 µM R18 in wash buffer (pH 8.0) for 

separated by 10% SDS-PAGE, transferred to a PVDF membrane (Bio-Rad), and analyzed 
by protein gel blotting with pan anti-14-3-3 antibody (Santa Cruz Biotechnology) or Mass 
spectrometric analysis. 
 
In gel digestion and Mass Spectrometry 
Gels were stained with Coomassie (Bio-Rad) and each gel lane was cut in four slices. The 
gel slices were transferred to 1.5 ml eppendorf tubes and cut in smaller pieces. All 
incubation steps were performed while vortexing unless stated otherwise. The gel 
particles were incubated for 20 min in 1 ml 25 mM NH4HCO3/50% acetonitrile to destain 
the gel particles. This step was repeated until the gel particles were transparent. The 
solution was removed and gel particles were incubated for 20 min in 100 µl 100% 
acetonitrile. Supernatant was removed and gel particles were dried in speed-vac for 
maximum 30 min. One ml of 10 mM dithiothreitol (DTT) was added and incubated for 1 
h at 56 °C without vortexing, cooled to RT, and replaced by 1 ml of 55 mM 
iodoacetamide and incubated for 45 min in the dark with vortexing every 15 min. The gel 
particles were washed twice for 10 min with 1 ml 50 mM NH4HCO3 followed by one 
wash for 10 min with 25 mM NH4HCO3/50% acetonitrile. Thereafter, the gel particles 
were dried in the speed-vac and stored at -80°C. Gel particles were thawed and re-swelled 
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with 10 ng.ml 1 sequencing grade modified trypsin (Promega) in 50 mM NH4HCO3 for 
45 min at 4 °C enough to cover gel particles. Afterwards, 20 µl of 50 mM NH4HCO3 was 
added to cover the pieces and digested overnight at 37 °C. Peptides were extracted twice 
in 0.1% acetic acid/50% acetonitrile for 20 min while vortexing. The tryptic peptides 
were dried with speed-vac, re-
mass accuracy mass spectrometer LTQ-Orbitrap (Thermo Electron, San Jose, CA, USA) 
as described by Chen et al (Chen et al. 2011). MS/MS spectra were searched against an 
IPI Arabidopsis database (ipi.ARATH.v3.85) with the ProteinPilotTM software (version 
3.0; Applied Biosystems, Foster City, CA, USA; MDS Sciex) using the Paragon 
algorithm (version 3.0.0.0) as the search engine. The search parameters were set to 
cysteine alkyation with acrylamide, and digestion with trypsin. Raw MS data were 
downloaded from Tranche data repository and converted to mzXML format with Protsum 
software. The detected protein threshold (unused protscore (confidence)) in this software 
was set to 0.50 to achieve 95% confidence, and removed reverse gene entries and 
combine isoforms to minimize redundancy. Only peptides identified with Unused 
Protscore higher than 1.5 in both biological replicates were acceptable. To remove false 
positive bait-prey matrix, we compared the abundance of proteins identified in each 
pull-down against their abundance in the matching empty bead, in which the true positive 
bait-prey interactions should be >5-fold enriched in the experiments. 
 
Phospho-site identification  
The identification of phospho-peptides in the GORK C-terminus and CPK21 was 
performed on a reversed phase (RP) nano-LC-coupled LTQ Orbitrap XL (Thermo Fisher 
Scientific) using CID (collision induced dissociation) or ETD (electron transfer 
dissociation) as described previously (Zhang et al. 2013). Raw data were searched using 

(DBVersion:78, Thermo Scientific), against TAIR9 database containing a total of 67344 
entries with carbamidomethyl cysteine as a fixed modification, oxidized methionine and 
phosphorylation (serine, threonine, and tyrosine) were searched as variable modifications. 
Searches were done employing Top 6 peaks filter node and percolator nodes, with tryptic 
specificity allowing one missed cleavage. Mass tolerances were set to 50 ppm for MS and 
0.6 Da for MS/MS. As filters, high peptide confidence corresponding to an FDR < 1%, 
search engine rank 1 and Mascot ion score 20 were used.  
 
Supplementary Information 
Fig. S1. GORK peptides identified in 14-3-3 pull-down study by Chang et al. 2009.  
Fig. S2. Fluorescence polarization competition measurements with 14-3-3 and five 
CPK21 derived peptides phosphorylated at a putative 14-3-3 interaction motif.  
Fig. S3. Salt induced K+-efflux is unaffected in four 14-3-3 mutants.  
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Fig. S4. Alignment of seven CPKs.  
Table S1. 14-3-3s identified by mass-spectrometry in the eluate of the His-GORK 
C-terminus pull-down from Arabidopsis protein extract (Fig. 1C). 
Table S2. Phospho-sites detected in the GORK C-terminus after phosphorylation with 
either PKA or CPK21. 
Table S3. Phospho-sites detected in the CPK21 protein after isolation from E.coli and 
after incubation with MgATP.  
Table S4. Phospho-peptides derived from the CPK21 protein, tested in the competitive 
fluorescent polarization assay (Fig. S1).  
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Supplementary Information 
 
MGRLRRRQEIIDHEEEESNDDVSSRRGKLSLAETFRWLDSSEHRRIETDGHNDYKYIIHPKN
RWYKAWEMFILVWAIYSSLFTPMEFGFFRGLPERLFVLDIVGQIAFLVDIVLQFFVAYRDTQ
TYRTVYKPTRIAFRYLKSHFLMDFIGCFPWDLIYKASGKHELVRYLLWIRLFRVRKVVEFFQ
RLEKDTRINYLFTRILKLLFVEVYCTHTAACIFYYLATTLPPENEGYTWIGSLKLGDYSYEN
FREIDLWKRYTTALYFAIVTMATVGYGDIHAVNLREMIFVMIYVSFDMVLGAYLIGNITALI
VKGSNTERFRDKMNDLISFMNRKKLGRDLRSQITGHVRLQYDSHYTDTVMLQDIPASIRAKI
AQLLYLPYIKKVPLFKGCSTEFINQIVIRLHEEYFLPGEVITEQGNVVDHLYFVCEGLLEAL
VTKTDGSEESVTLLGPHTSFGDISIICNISQPFTVRVCELCHLLRLDKQSFSNILEIYFHDG
RTILNNIMEEKESNDRIKKLESDIVIHIGKQEAELALKVNSAAFQGDFYQLKSLIRSGADPN
KTDYDGRSPLHLAACRGYEDITLFLIQEGVDVNLKDKFGHTPLFEAVKAGQEGVIGLLVKEG
ASFNLEDSGNFLCTTVAKGDSDFLKRLLSSGMNPNSEDYDHRTPLHVAASEGLFLMAKMLVE
AGASVISKDRWGNSPLDEARLCGNKKLIKLLEDVKNAQSSIYPSSLRELQEERIERRKCTVF
PFHPQEAKEERSRKHGVVVWIPSNLEKLIVTAAKELGLSDGASFVLLSEDQGRITDIDMISD
GHKLYMISDTTDQT  
 
Fig. S1. GORK peptides identified in 14-3-3 pull-down study by Chang et al. 2009. 
Amino acid sequence of the cytosolic part of GORK showing the two peptides that were 
identified in a Tap-tag 14-3-3 pull-down from Arabidopsis protein extract. The two 
peptides are marked in grey: 323MNDLISFMNRK333 and 798ITDIDMISDGHK809 . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S2. Fluorescence polarization competition measurements with 14-3-3 and five 
CPK21 derived peptides phosphorylated at a putative 14-3-3 interaction motif. Only the 
R18 peptide shows competition with the fluorescently labeled peptide (FAM-SWTY). 
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Fig. S3. Salt induced K+-efflux is unaffected in four 14-3-3 mutants. A-D. Transient 
potassium (K+) effluxes in the root elongation zone of Wt and 14-3-3 kappa, lambda, nu 
and upsilon, induced by perfusion of 100 mM NaCl perfusion (application of 100 mM 
NaCl is indicated by an arrow).  
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Fig. S4. Alignment of seven CPKs. The phosphorylated tyrosines in CPK21 (Y80 and Y238, this 
study) and in CPK28 (Y463) are marked with an arrow. The Y80 residue is conserved in all the CPKs 
shown. 
 
 
 
Fig. S4. Alignment of seven CPKs. The phosphorylated tyrosines in CPK21 (Y80 and 
Y238, this study) and in CPK28 (Y463) are marked with an arrow. The Y80 residue is 
conserved in all the CPKs shown. 
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Table S1. 14-3-3s identified by mass-spectrometry in the eluate of the His-GORK 
C-terminus pull-down from Arabidopsis protein extract (Fig. 1C).  
 

IPI Species ATG a) Name Unusedb) 

NIP 1 NIP 2 Eluate 1 Eluate 2 
IPI00517027 3702 AT5G10450 GRF6; 14-3-3 

lambda -1 -1 13.24 13.55 

IPI00536399 3702 AT3G02520 GRF7; 14-3-3 
nu -1 -1 3.22 8.92 

IPI00938811 3702 AT2G22840 GRF1; 14-3-3 
chi -1 -1 1.52 2.75 

a) ATG: the accession number of Arabidopsis genes. 
ores from all the 

non-redundant peptides matched to a single protein. 
 
 
 
 
Table S2. Phospho-sites detected in the GORK C-terminus after phosphorylation with 
either PKA or CPK21. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

PKA CPK21 
P-site # peptides P-site # peptides 
S341 1   
  T344 1 
Y380 1   
  S518 2 
S649 2 S649 1 
S650 1   
S722 2   
S742 1   
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Table S3. Phospho-sites detected in the CPK21 protein after isolation from E.coli 
and after incubation with MgATP. Two tyrosine phosphosites were detected: Y80 and 
Y238 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S4. Phospho-peptides derived from the CPK21 protein, tested in the competitive 
fluorescent polarization assay (Fig. S1). The phosphorylated Thr or Ser in each peptide is 
marked in bold and the putative 14-3-3 binding motif is marked in grey. Note that S520 
and S521 were not detected as phospho-sites in the autophosphorylated CPK21 protein. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Before # After # 
  T11 1 
S19 1 S19 1 
T27 2 T27 1 
T45 3 T45 2 
S53 4 S53 5 
  Y80 1 
  T94 1 
  S213 1 
  Y238 1 
  S244 1 
  S310 3 
   T328 1 
S350 1 S350 1 
  S399 1 
T407 1 T407 2 
  S414 1 
  S469 1 

# CPK21 
P-site 

Motif Scansite 
score 

Disorder Tested in anisotropy 

1 T45 TPTPKPMTQPIHQQI 0.5198 0.950 No binding 
2 S350 APDKPIDSAVLSRMK 0.5763 0.222 No binding 
3 S414 TGLTRLGSRLSETEV 0.6058 0.543 No binding 
4 S520 CAMMRSGSTQPQGKL 0.4476 1.574 No binding 
5 T521 AMMRSGSTQPQGKLL 0.4159 2.034 No binding 
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