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Abstract A central question is how specificity in cellular responses to the eukaryotic second
messenger Ca?" is achieved. Plant guard cells, that form stomatal pores for gas exchange, provide
a powerful system for in depth investigation of Ca?*-signaling specificity in plants. In intact guard
cells, abscisic acid (ABA) enhances (primes) the Ca**-sensitivity of downstream signaling events that
result in activation of S-type anion channels during stomatal closure, providing a specificity
mechanism in Ca?*-signaling. However, the underlying genetic and biochemical mechanisms remain
unknown. Here we show impairment of ABA signal transduction in stomata of calcium-dependent
protein kinase quadruple mutant plants. Interestingly, protein phosphatase 2Cs prevent non-specific
Ca**-signaling. Moreover, we demonstrate an unexpected interdependence of the Ca**-dependent
and Ca**-independent ABA-signaling branches and the in planta requirement of simultaneous
phosphorylation at two key phosphorylation sites in SLAC1. We identify novel mechanisms ensuring
specificity and robustness within stomatal Ca®*-signaling on a cellular, genetic, and biochemical level.
DOI: 10.7554/eLife.03599.001

Introduction
Cytosolic calcium ([Ca**].) functions as key cellular second messenger in a plethora of crucial processes
in plants and other eukaryotes (Hetherington and Woodward, 2003; Clapham, 2007; McAinsh and
Pittman, 2009, Berridge, 2012; Charpentier and Oldroyd, 2013, Webb, 2013). Elucidation of the
mechanisms mediating specificity in Ca?* signaling is fundamental to understanding signal transduction
(Berridge et al., 2003; Hetherington and Woodward, 2003, Clapham, 2007, Webb, 2013). In a few
cases, the biochemical and cellular mechanisms mediating Ca?* signaling specificity have been revealed
(e.g. De Koninck and Schulman, 1998; Dolmetsch et al., 1998, Oancea and Meyer, 1998; Dolmetsch
et al., 2001; Bradshaw et al., 2003, Rellos et al., 2010; Chao et al., 2011). More than one (non-
exclusive) mechanism is likely to contribute to specificity in Ca?* signal transduction (Berridge et al.,
2003; Dodd et al., 2010). However, characterization of the combined cellular, biochemical, and genetic
mechanisms underlying Ca®* specificity in a single cell type has not been achieved to our knowledge.
The genome of the plant Arabidopsis thaliana encodes over 200 EF-hand Ca**-binding proteins
(Day et al., 2002), with many of these genes co-expressed in the same cell types (Harmon et al.,
2000; McCormack et al., 2005; Schmid et al., 2005; Winter et al., 2007), illustrating the need for
Ca?* specificity signaling mechanisms in plants. Two guard cells form a stomatal pore representing the
gateway for CO; influx, which is inevitably accompanied by plant water loss. The aperture of stomatal
pores is consequently tightly regulated by the guard cells. Intracellular Ca?* represents a key second
messenger in stomatal closing (McAinsh et al., 1990, MacRobbie, 2000; Hetherington, 2001,
Hetherington and Woodward, 2003; Hubbard et al., 2012), but intracellular Ca®* also functions in
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elLife digest Plant leaves have tiny openings or pores called stomata, which allow carbon
dioxide, water vapor and other gases to diffuse in and out of the plant. Two cells called guard cells
surround each stoma and control the opening and closing of the pore. If a plant is losing excessive
amounts of water, for example during a drought, the plant produces a hormone called abscisic acid
that promotes the closure of its stomata.

When abscisic acid is present, the guard cells are sensitive to changes in their internal
concentration of calcium ions so that calcium ions can activate a protein called SLAC1. This leads to
responses in the guard cells that close the stoma. The calcium ions activate SLAC1 by stimulating
enzymes called calcium-dependent protein kinases (CPKs). However, abscisic acid can also trigger
other enzymes that can activate SLAC1 independently of the calcium ions.

Calcium ions are also reported to be involved in the opening of stomata, when abscisic acid is not
present. Therefore, it is not clear how abscisic acid works to specifically ‘prime’ guard cells to close
the stomata in response to increases in calcium ions during drought. Brandt, Munemasa et al. studied
stomata in a plant called Arabidopsis thaliana. The experiments show that, in the presence of abscisic
acid, mutant plants that lack four different CPK enzymes are impaired in the activation of SLAC1 and
the closing of stomata in response to increases in calcium ions.

Further experiments found that other enzymes called the PP2Cs—which are switched off by
abscisic acid—are responsible for regulating the Ca?* sensitivity of guard cells. Switching off PP2Cs
enables closing of the stomata in response to calcium ions. It has been suggested previously that the
CPKs and the calcium-independent enzymes are involved in two separate pathways that promote the
closure of stomata. However, Brandt, Munemasa et al. found that the calcium-independent enzymes
are required for calcium ions to activate SLAC1 in guard cells, revealing that these two pathways are
linked.

Brandt, Munemasa et al.’s findings reveal how abscisic acid is able to specifically prime guard cells
to close stomata in response to calcium ions. The next challenge is to understand how the CPKs and
calcium-independent enzymes work together during the closure of stomata.

DOI: 10.7554/eLife.03599.002

stomatal opening (Irving et al., 1992; Shimazaki et al., 1992; Curvetto et al., 1994; Shimazaki et al.,
1997, Cousson and Vavasseur, 1998; Young et al., 2006), raising the question how cytosolic free Ca?*
concentration ([Ca®*].) elevations trigger a specific cellular response. The underlying mechanisms
mediating specificity in guard cell Ca?* signaling are not well understood. The development of
genetic, electrophysiological, and cell signaling tools for the dissection of Ca®* signaling within this
model cell type renders guard cells a powerful system for the investigation of specificity mechanisms
within Ca?* signal transduction. Recent studies including analyses in intact Arabidopsis (Young et al.,
2006) and Vicia faba (Chen et al., 2010) guard cells, have shown that stomatal closing stimuli
including abscisic acid (ABA) and CO; enhance the [Ca®*],. sensitivity of downstream signaling
mechanisms, switching them from an inactivated state to an enhanced Ca**-responsive ‘primed’ state,
thus tightly controlling specificity in Ca?* responsiveness (Young et al., 2006; Munemasa et al., 2007,
Siegel et al., 2009; Chen et al., 2010; Xue et al., 2011). A rise of [Ca®*].,+ from resting to elevated
levels alone does not trigger the full ion channel regulation and stomatal response (Young et al.,
2006; Munemasa et al., 2007; Siegel et al., 2009; Chen et al., 2010; Xue et al., 2011). Similarly,
a recent study of pathogen-associated molecular pattern (PAMP) signaling suggests that prior PAMP
signaling enhances the sensitivity to intracellular Ca** during signal transduction (Kadota et al., 2014),
indicating that this principle for Ca®* specificity priming may be more widely used in plants. The
biological closing stimulus has to be present for the guard cell to react to physiological Ca** elevation.
However, the biochemical and genetic mechanisms mediating Ca?* sensitivity priming remain unknown.

SLAC1 represents the major anion channel mediating S-type anion currents in guard cells (Negi
et al., 2008; Vahisalu et al., 2008) and Ca** activation of S-type anion currents is an early and crucial
step in stomatal closure (Schroeder and Hagiwara, 1989; McAinsh et al., 1990; Siegel et al., 2009,
Chen et al., 2010). Ca**-independent SnRK2 protein kinases (Li et al., 2000; Mustilli et al., 2002;
Yoshida et al., 2002), most importantly OST1, have been shown to activate SLAC1 in Xenopus leavis
oocytes (Geiger et al., 2009; Lee et al., 2009; Brandt et al., 2012). The full length Ca?*-dependent
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protein kinases 6, 21, and 23 (CPK6, CPK21, and CPK23) also activate SLAC1 in oocytes (Geiger et al.,
2010; Brandt et al., 2012). Presently, the Ca®*-dependent and Ca?'—independent branches are
considered to function independently (e.g. Li et al., 2006; Kim and et al., 2010; Roelfsema et al.,
2012). The activation of SLAC1 by OST1 or CPKé is inhibited by the clade A protein phosphatase 2Cs
(PP2Cs) ABI1, ABI2, or PP2CA in oocytes (Geiger et al., 2009; Lee et al., 2009; Brandt et al., 2012).
The cytosolic ABA-receptors pyrabactin resistance (PYR)/PYR-like (PYL)/regulatory component of ABA
receptor (RCAR) (Ma et al., 2009; Park and et al., 2009) have been shown to inhibit PP2C activity in
the presence of ABA (Ma et al., 2009, Park and et al., 2009, Santiago et al., 2009; Nishimura et al.,
2010; Szostkiewicz et al., 2010). Reconstitution of ABA activation of SLAC1 in Xenopus oocytes has
been shown by co-expression of the ABA-receptor PYR1 together with SLAC1, PP2Cs, and either Ca®*
-independent OST1 or Ca?*-dependent CPK6 protein kinases (Brandt et al., 2012). However, whether
the Ca?"-dependent and-independent branches in ABA signal transduction are functionally linked and
depend on one-another in planta remains to be investigated using higher order genetic mutants. Here
we present biochemical, genetic and cellular signaling findings that describe mechanisms underlying
specificity and robustness in Ca?* signaling within a single cell type and demonstrate an unexpected
strong dependence of the Ca?"-dependent signal transduction branch on the Ca**-independent
pathway in guard cells. Moreover our results suggest that in contrast to OST1 (Umezawa et al., 2009;
Viad et al., 2009), calcium-dependent protein kinases (CPKs) are not directly deactivated by PP2Cs,
but these PP2Cs rapidly deactivate both of the Ca®"-dependent and Ca®**-independent branches by
directly dephosphorylating the protein kinase target SLAC1.

Results

CPK requirement for ABA activation of anion channels

Previous studies have shown that A. thaliana single or double mutants in CPKs cause partial ABA-
insensitivities in guard cell signaling (Mori et al., 2006; Zhu et al., 2007, Hubbard et al., 2012). We
addressed the question whether higher order CPK gene disruption mutant plants display more
strongly impaired ABA responses. CPK6 and CPK23 were shown to activate SLAC1 in Xenopus
oocytes and disruption of the corresponding genes in plants leads to a partial reduction of S-type
anion current activation in guard cells (Mori et al., 2006; Geiger et al., 2010; Brandt et al., 2012).
The closest homolog to CPK6, CPKS5, is associated with reactive oxygen species signaling (Boudsocq
et al., 2010, Dubiella et al., 2013). CPK5 also activates SLAC1 in oocytes (Figure 1—figure
supplement 1A,B). Whole-cell patch-clamp analysis showed that mutation of CPK5 alone does not
substantially disrupt ABA-activation of S-type anion channels (Figure 1—figure supplement 1C,D),
consistent with findings of over-lapping gene functions in this response (Mori et al., 2006; Hubbard
et al.,, 2012). CPK11 is highly expressed in guard cells and involved in ABA responses (Zhu et al.,
2007; Geiger et al., 2009). We isolated cpk5/6/11/23 quadruple T-DNA insertion mutant plants and
investigated ABA-induced S-type anion channel current regulation. Either ABA treatment (Siegel
et al., 2009) or by-passing ABA signaling by exposure of guard cells to a high external Ca** shock
(Allen et al., 2002) renders wildtype (Col0) guard cells sensitive to physiological [Ca**].,: increases.
Notably, even when previously exposed to ABA or a high external Ca** shock, 2 uM [Ca®*]., did not
result in S-type anion current activation in cpk5/6/11/23 quadruple mutant guard cells in contrast to
WT plants (Figure 1A-D). These results show an important role of these calcium sensing protein
kinases in ABA-dependent S-type anion channel activation in guard cells. We further investigated
ABA-induced stomatal movement responses. Application of 5 pM ABA to WT leaves significantly
decreased stomatal apertures compared to mock-treated control stomatal apertures (Figure 1E; p < 0.05).
In the cpk5/6/11/23 mutant, however, 5 pM ABA-induced stomatal closing was not significant (Figure 1E;
p = 0.51). When the ABA concentration was increased to 10 pM, ABA-induced stomatal closure was
weakened in cpk5/6/11/23 mutant leaves (Figure 1F; p = 0.07; 0 min ABA-exposed cpk5/6/11/23 mutant
leaves compared to 60 min ABA-exposed cpk5/6/11/23 mutant leaves). The partial ABA response at the
higher ABA concentration may be linked to parallel activation of R-type anion channels (see ‘Discussion’).

Constitutive [Caz““]q,t activation of S-type anion channels and primed

Ca®**-dependent stomatal closure in pp2c quadruple mutant guard cells
Members of the clade A of the PP2C class play important roles as negative regulators of ABA
signaling (Cutler et al., 2010) and were shown to inhibit CPK-activation of SLAC1 in oocytes
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Figure 1. Calcium-dependent protein kinase (CPK) quadruple loss of function mutants show abscisic acid (ABA)
and Ca®* insensitive S-type anion current activation and are impaired in stomatal closing. (A-D) Intracellular
Ca?*-activation of S-type anion channels enabled by pre-exposure to ABA (A and C) or high external Ca** pre-
shock (Allen et al., 2002) (B and D) is strongly impaired in cpk5/6/11/23 guard cells at 2 pM [Ca**]y:. (E and F)
5 pM ABA-application to intact leaves shows impaired ABA-induced stomatal closing in cpk5/6/11/23 mutant
plants (E; p = 0.51 Mock-treated cpk quadruple mutant vs ABA-treated cpk quadruple mutant stomata;
unpaired t-test; n = 6 experiments and >51 total stomata per group). Application of 10 pM ABA results in

a partially reduced average stomatal response (F, p = 0.07; 0 min ABA-exposed cpk5/6/11/23 mutant leaves
compared to 60 min ABA-exposed cpk5/6/11/23 mutant leaves; Student’s t-test; n = 3 experiments and >59
total stomata per group). Representative whole cell currents (A and B), average steady-state current-voltage
relationships +SEM (C and D), average guard cell apertures +SEM (E and F) are shown. Measurements shown
in Figure 1C and Figure 1—figure supplement 1D were acquired under the same experimental condition.
Therefore, WT Control and WT + ABA control data are the same in both figures. Several error bars are not
visible, as these were smaller than the illustrated symbols.

DOI: 10.7554/eLife.03599.003

The following figure supplement is available for figure 1:

Figure supplement 1. CPK5 activates SLACT in Xenopus oocytes and ABA-activation of S-type anion currents in

cpk5 single mutant is not impaired.
DOI: 10.7554/elife.03599.004
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(Geiger et al., 2010; Brandt et al., 2012). To determine whether these PP2Cs function in the ABA-
triggered enhancement of the [Ca®*].+-sensitivity in guard cells, we performed whole-cell patch-clamp
analysis using a plant line carrying T-DNA insertion mutations in the key ABA signaling PP2Cs ABI1,
ABI2, HAB1, and PP2CA (abil-2/abi2-2/hab1-1/pp2ca-1). Surprisingly, in abil-2/abi2-2/hab1-1/
pp2ca-1 quadruple mutant guard cells, strong Ca**-activated S-type anion currents were observed
even without pre-exposure to ABA (Figure 2A-D). At low 0.1 pM [Ca**].: S-type anion channels did
not show significant activation in the pp2c quadruple mutant compared to WT (Figure 2—figure
supplement 1A,B; p = 0.294 at —145 mV). These findings provide genetic evidence for first genes that
are essential for the ABA-triggered Ca®* sensitivity priming in guard cells and show that these PP2Cs
provide a mechanism ensuring specificity in Ca®* signal transduction.

CPK activities are not directly ABA-regulated and disruption of PP2Cs
does not cause constitutive activation of OST1

Based on the above results we sought to determine the biochemical mechanisms by which PP2Cs
down-regulate Ca?* sensitivity in the absence of ABA. The main SLAC1-activating protein kinase in the
Ca?*-independent branch, OST1 (Mustilli et al., 2002; Yoshida et al., 2002), is directly inactivated by
PP2Cs through de-phosphorylation of the activation loop (Umezawa et al., 2009, Viad et al., 2009).
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P e e S

B A o
50 pA | P
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Figure 2. In protein phosphatase 2C (PP2C) quadruple mutant plants, Ca?* activation of S-type anion currents is
constitutively primed. (A and C) 2 pM [Ca®*]., activates S-type anion currents in WT if the guard cells were
pre-exposed to ABA. (B and D) In PP2C quadruple mutant guard cells ABA pre-exposure is not required for 2 pM
[Ca®].,+-activation of S-type anion currents. Average steady-state current-voltage relationships +SEM, guard cell
numbers (C and D), and representative whole cell currents (A and B) are presented. Several error bars are not visible,
as these were smaller than the illustrated symbols.

DOI: 10.7554/eLife.03599.005

The following figure supplement is available for figure 2:

Figure supplement 1. Analysis of ABA activation of S-type anion currents in PP2C quadruple mutant guard cells at
low [Ca®*]eyr.

DOI: 10.7554/elife.03599.006
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We tested whether CPKs might be down-regulated by PP2Cs in a similar manner and whether pp2c
quadruple mutant plants may also exhibit a constitutive OST1 activity. Our first approach to test
whether CPK activity is regulated by ABA through PP2Cs was an in-gel protein kinase assay using
protein extracts of Arabidopsis seedlings, which is routinely used to test OST1 activation by ABA
(Mustilli et al., 2002) and also CPK activation by flg22 (Boudsocq et al., 2010). Guard cell [Ca®*].
ranges from resting levels of ~#0.15 pM to stimulus induced elevated levels of above 1 pM (McAinsh
et al., 1990). Similar to studies reporting the ABA-activation of SnRK2.2, SnRK2.3, and SnRK2.6/0OST1
(Mustilli et al., 2002, Yoshida et al., 2002; Fujii et al., 2007), we compared the phosphorylation
pattern of a reaction carried out at 0.15 pM free Ca?* with the phosphorylation pattern at 3 pM free
Ca®* (Figure 3A,B; for intermediate free Ca®* concentration of 0.4 yM Ca®* see Figure 3—figure
supplement 2). Incubating the gels in a reaction buffer with 3 uM free Ca?* led to strong Ca®*
-activated phosphorylation signals compared to resting Ca?* at 0.15 uM (Figure 3A,B). To determine
whether these Ca?*-activated signals are CPK-derived we included two distinct quadruple mutants,
cpk5/6/11/23 and cpk1/2/5/6, in the in-gel kinase assays. Several Ca**-activated bands disappeared
or became notably weaker when extracts were tested from cpk5/6/11/23 and cpk1/2/5/6 (Boudsocq
et al., 2010) plants (Figure 3B and for improved visibility Figure 3—figure supplement 1).

Exposure of Arabidopsis seedlings to ABA led to OST1 protein kinase activation, confirming
functional ABA responses (Figure 3A,B, lanes 1-2 and 9-10; ‘OST1" inset). However, CPK-derived band
intensities did not change in the presence of ABA, indicating that CPK activities may not be directly
ABA-regulated, in contrast to OST1 (Figure 3B). These findings were also obtained at an intermediate
free Ca®* concentration of 0.4 pM (Figure 3—figure supplement 2A,B). Moreover, in-gel CPK protein
kinase activities were not altered with or without ABA in seedling extracts of abi1-2/abi2-2/hab1-1/
pp2ca-1 quadruple mutant plants (Figure 3A,B, lanes 3-4 and 11-12; Figure 3—figure supplement
1A,B). Interestingly, the pp2c quadruple mutants did not enable constitutive OST1 activation in vivo,
differing from (Fujii et al., 2009), but consistent with (Vlad et al., 2009) (Figure 3A,B, lanes 3-4 and
11-12 and Figure 3—figure supplement 2A,B; see 'OST1' inset). Furthermore, OST1-derived
band intensities were not changed in the cpk5/6/11/23 and cpk1/2/5/6 mutant plants showing that
these cpk quadruple mutants retain ABA-activation of OST1 (Figure 3A,B, lanes 5-8 and 13-16;
see '‘OST1’ inset).

PP2Cs do not down-regulate CPKé kinase activity directly

Initially, we tested whether the signals found in in-gel protein kinase assays are derived from kinase
auto-phosphorylation or due to trans-phosphorylation activities of the protein kinases. To distinguish
between auto- and trans-phosphorylation activities of recombinant CPK6 and OST1 we compared in-
gel band intensities of gels with or without the substrate Histone-lll (Figure 3—figure supplement
3A,B). The strong reduction of band intensities for recombinant CPK6é6 and OST1 when no Histone-lll is
present (Figure 3—figure supplement 3A,B) indicates that the signals observed in in-gel protein
kinase assays are largely derived from CPK6 and OST1 kinase trans-phosphorylation activities of
Histone-lIl consistent with previous reports for CPKs involved in pathogen signaling (Boudsocgq et al.,
2010).

To determine whether PP2Cs can directly down-regulate CPKs we next investigated whether the
SLAC1-activating CPKé (Mori et al., 2006; Brandt et al., 2012), is negatively regulated by the PP2Cs
ABI1 and PP2CA. In-gel protein kinase assays using recombinant proteins were pursued in which kinases
and phosphatases are separated by size prior to substrate phosphorylation. CPKé, and as positive
control OST1, were pre-incubated either alone or with ABI1 or PP2CA with and without ATP before
being subjected to in-gel protein kinase assays. Pre-incubation with either ABI1 or PP2CA did not inhibit
CPKé trans-phosphorylation activity (Figure 3C, lanes 2-3 and 5-6). In contrast, control OST1-derived
substrate phosphorylation band intensities strongly decreased when ABI1 or PP2CA proteins were
present during the pre-incubation period (Figure 3D, lanes 2-3 and 5-6). These results indicate that
OST1, but not CPK6 activity, is directly down-regulated by ABI1 and PP2CA. CPKs have been previously
reported to interact with ABI1 (Geiger et al., 2010). An electro-mobility shift can be observed for OST1
as well as for CPKé (Figure 3C,D). These shifts could be due to dephosphorylation of CPKé
(Figure 3—figure supplement 4) and OST1 (Umezawa et al., 2009; Viad et al., 2009) by PP2Cs.
However, dephosphorylation by PP2Cs did not inhibit CPKé activity (Figure 3C). An additional
independent biochemical assay measuring ATP consumption also did not show down-regulation of
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Figure 3. CPK activity is not changed by ABA or hyper-activated in pp2c quadruple mutants at defined Ca**
concentrations. (A and B) In-gel kinase assays with Histone-lll as substrate for whole plant protein extracts show
(B) 3 pM Ca?*-activated trans-phosphorylation kinase activities independent of application of 50 pM ABA (lanes 9
and 10). In contrast, ABA activation of OST1 is clearly visible (lanes 1-2 and 9-10 at ~41 kDa; lower '‘OST1" inset
shows the same signal optimized autoradiography at the ~41 kDa region and the corresponding gel regions are
indicated by blue lines; see ‘Materials and methods’). Disruption of four PP2C genes (ABI1, ABI2, HAB1, and PP2CA)
does not result in constitutive Ca?*-activated and OST1 kinase activities (lanes 3-4 and 11-12). In-gel kinase activities
of two independent CPK quadruple mutant lines indicate that the Ca?*-activated kinase signals are CPK-derived
(compare lanes 9-10 with 13-16 in B and see Figure 3—figure supplement 1); predicted MWs for CPK1, CPK2,
CPK5, CPK6, CPK11, and CPK23 are 68.3 kDa, 72.3 kDa, 62.1 kDa, 61.1 kDa, 55.9 kDa, 58.7 kDa, respectively.

(C and D) In-gel protein kinase assays with recombinant proteins show that incubation of the protein kinases with the
PP2Cs ABI1 and PP2CA does (C) not change CPK6 activity while (D) OST1 activity is strongly down-regulated by
PP2Cs. Each experiment has been repeated at least three times with similar results.

DOI: 10.7554/elife.03599.007

The following figure supplements are available for figure 3:

Figure supplement 1. Close up view of Ca**-activated kinase activities.
DOI: 10.7554/eLife.03599.008

Figure 3. continued on next page
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Figure 3. Continued

Figure supplement 2. Protein kinase activities are not altered by ABA-application at 150 nM and 400 nM free Ca®*.
DOI: 10.7554/elife.03599.009

Figure supplement 3. Signals in in-gel kinase assays are largely derived from kinase trans-phosphorylation activities.
DOI: 10.7554/eLife.03599.010

Figure supplement 4. CPKé6 is de-phosphorylated by the PP2Cs ABI1, ABI2, and PP2CA.

DOI: 10.7554/eLife.03599.011

Figure supplement 5. CPK6 kinase activity is not inhibited in the presence of ABI1 or PP2CA.

DOI: 10.7554/eLife.03599.012

CPK® activity in the presence of ABI1 and PP2CA (Figure 3—figure supplement 5), further underlining
no direct down-regulation of CPKé activity by these three PP2Cs, in contrast to OST1 controls.

PP2Cs interact with and rapidly dephosphorylate SLAC1

Our results suggest that PP2Cs neither down-regulate CPKé activity directly in vitro (Figure 3C,D and
Figure 3—figure supplement 5) nor that CPK activities are strongly ABA-regulated independent of
[Ca?*] changes in native plant protein extracts (Figure 3A,B). We next investigated the kinetics and
specificity of PP2C down-regulation of SLAC1 activation by CPKs through dephosphorylation of the
SLAC1 channel, a mechanism reported for CPK-dependent transcription factor regulation (Lynch
et al., 2012) and consistent with previous findings (Brandt et al., 2012). First, we determined whether
SLAC1 interacts with the PP2C ABI1 in planta using bimolecular fluorescence complementation (BiFC).
We observed clear BiFC signals for full length SLAC1 co-expressed with CPK6 and ABI1 (Figure 4A,B)
while signal intensities of SLAC1 co-expressed with a control protein phosphatase 2A catalytic subunit
5 (PP2ACS5) were very low (Figure 4B). Protein—protein interaction of SLAC1 with PP2CA in BiFC
experiments was reported earlier (Lee et al., 2009). As shown in Figure 4C,D, the ABI1-mediated
dephosphorylation of the N-terminus of SLAC1 (SLAC1-NT) previously phosphorylated by CPKé
(Brandt et al., 2012) occurs very rapidly. Already 1 min after the addition of ABI1 a strong decrease of
the phosphorylation signal was observed (Figure 4D, lane 4). This de-phosphorylation was also found
when the PP2C phosphatase PP2CA was added instead of ABI1 (Figure 4C,E, lane 4). To test whether
this is a general phenomenon, we phosphorylated the SLAC1-NT with the SLAC1-activating and
-phosphorylating kinases CPK21, CPK23, and OST1 (Geiger et al., 2009, 2010, Lee et al., 2009) and
analyzed whether ABI1 and PP2CA are able to remove phospho-groups added by these kinases
(Figure 4F-H and Figure 4—figure supplement 1). After inhibiting the kinase with staurosporine,
band intensities decreased only after addition of the PP2C protein phosphatases for all combinations,
showing that this rapid SLAC1 de-phosphorylation is mediated by PP2Cs (Figure 4F-H and
Figure 4—figure supplement 1, lanes 5-6).

Disruption of Ca**-independent SnRK kinases impairs Ca**-dependent
S-type anion channel regulation

The Ca®**-independent and Ca?*-dependent branches of ABA signal transduction are presently
considered to be independent (e.g., Li et al., 2006; Kim and et al., 2010, Roelfsema et al., 2012),
but this model has not been genetically investigated in Arabidopsis. In the cpk5/6/11/23 quadruple
mutant, ABA-activation of S-type anion currents and stomatal closure were impaired (Figure 1A-E),
providing evidence for a possible interdependence of these signaling branches. The ost1 single gene
disruption mutant in the Col ecotype shows intermediate S-type anion current activation by ABA
(Geiger et al., 2009). Three Ca**-independent SnRK kinases, SnRK2.2, SnRK2.3, and OST1 can
activate SLAC1 in oocytes (Geiger et al., 2009) and redundantly function in controlling leaf water loss
(Fujii and Zhu, 2009). Interestingly, snrk2.2/snrk2.3/ost1 triple mutants were strongly impaired in ABA
activation and notably also external Ca?* shock-induced activation of S-type anion channels at 2 uM
[Ca**]: (Figure 5A-D). Imposing repetitive cytosolic Ca®* transients by alternating guard cell
incubation buffers induces a fast Ca?*-reactive stomatal closure response (Allen et al., 2001). We
further analyzed imposed Ca®* oscillation-induced stomatal closure in snrk2.2/snrk2.3/ost1 triple
mutants. Ca?* reactive stomatal closure of the snrk triple mutant was impaired compared to wildtype
plants (Figure 5E, p < 0.02 for wildtype vs snrk2.2/snrk2.3/ost1 at 120 min). These data show that
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Figure 4. PP2Cs interact with and directly and rapidly dephosphorylate the N-terminus of SLAC1 (SLAC1-NT) when previously phosphorylated by several
SLAC1-activating CPK and OST1 protein kinases. (A) Bimolecular fluorescence complementation (BiFC) experiments in Nicotiana benthamiana leaves
show YFP-derived fluorescence signals of YC-SLAC1 co-expressed with CPK6-YN and YN-ABI1. (B) Quantification of BiFC-mediated YFP-fluorescence
shows that SLAC1 interacts with CPKé and ABI1 but not with the control catalytic protein phosphatase 2A subunit C5 (PP2AC5). YFP signals of positive
control YN-PP2ACS5 with protein phosphatase 2A regulatory subunit A3 fused to YC (YC-PP2AA3) confirm expression of PP2ACS5. Data shown in (B)
represent the average fluorescence intensity of randomly picked leaf areas (n = 40; +SEM) and these data are also included in Figure 6—figure
supplement 5. (C-E) CPKé-phosphorylated SLAC1-NT is rapidly de-phosphorylated by ABI1 and PP2CA. SLAC1-NT phosphorylation by CPKé (D and E,
lane 1) is strongly inhibited if the PP2C protein phosphatase was added before starting the reaction (D and E, lane 2), but remains stable after addition of
elution buffer (Elu.) and kinase inhibitor staurosporine (Stau.) with subsequent 10 min incubation (D and E, lane 3). If (D) ABI1 or (E) PP2CA together with
staurosporine are added after the initial 10 min CPKé mediated phosphorylation period, the SLAC1-NT phosphorylation signal rapidly decreases within
1 min (D and E, lanes 4-7). Staurosporine pre-exposure control inhibits SLAC1-NT phosphorylation by CPKé (D and E, lane 8). (F-H) PP2Cs de-
phosphorylate the SLAC1-NT which was phosphorylated by major SLAC1-activating kinases CPK23 and OST1. The SLAC1-NT is phosphorylated by CPK23
(G, lane 1) and OST1 (H, lane 1) which is inhibited when the PP2Cs ABI1 and PP2CA are added before starting the reactions (G and H, lanes 2-3). When
adding staurosporine and elution buffer after the initial phosphorylation period and incubating for 10 min the signal does not change (G and H, lane 4).
Addition of ABI1 or PP2CA after supplementing the reaction with staurosporine leads to rapid (10 min) dephosphorylation of the SLAC1-NT previously
phosphorylated by the OST1 and CPK23 protein kinases (G and H, lanes 5-6).

DOI: 10.7554/elife.03599.013

The following figure supplement is available for figure 4:

Figure supplement 1. When previously phosphorylated by CPK21, the SLAC1-NT is de-phosphorylated by the PP2Cs ABI1 and PP2CA.
DOI: 10.7554/elife.03599.014
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Figure 5. Both, ABA- and high external Ca®*-activation of S-type anion currents at elevated [Ca*].,; and imposed
Ca**-oscillation-triggered stomatal closure are impaired in snrk2.2/2.3/0st1 triple mutant guard cells while the
ABA-activation of I, currents is intact. (A-D) Whole-cell patch-clamp experiments reveal that [Ca®*].,-activation of
S-type anion currents is disrupted in snrk2.2/2.3/ost1 triple mutant guard cells even if pre-incubated with high
external Ca®* shock (A and B) or ABA (C and D). Note that pre-incubation with high external Ca®* shock by passes
early ABA signaling (Allen et al., 1999a; Allen et al., 2002). Typical current responses (A and C), average steady-
state current-voltage relationships +SEM, and the number of measured cells are presented (B and D). In (B) data for
snrk2.2/2.3/ost1 triple mutants with and without ABA overlap with WT controls. (E) Imposed Ca?* oscillation-induced
stomatal closure is impaired in Ca®*-independent protein kinase snrk2.2/2.3/ost1 triple mutant leaves, providing
further evidence for an interdependence of these responses. Four 5-min extracellular Ca**-pulses were applied in
10-min intervals from time = 0 to 35 min. Average individually tracked stomatal apertures were normalized to the
stomatal apertures at time zero. The averages of the normalized apertures £SEM and the number of independent
genotype-blind experiments (n = 4) are shown (>40 total stomata per group). Average stomatal apertures at time
zero were 4.61 + 0.44 pm in WT (n = 4) and 5.51 + 0.87 pm in the snrk2.2/2.3/ost1 triple mutant (n = 4). (F) Patch
clamp experiments reveal that ABA activation of I, currents is not impaired in snrk2.2/2.3/ost1 triple mutant guard
cells. Average steady-state current—voltage relationships +SEM, and the number of measured cells are presented in
(F). Representative whole cell current traces for (F) are presented in Figure 5—figure supplement 1. Several error
bars are not visible, as these were smaller than the illustrated symbols.

DOI: 10.7554/elife.03599.015

Figure 5. continued on next page
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Figure 5. Continued
The following figure supplement is available for figure 5:

Figure supplement 1. snrk2.2/2.3/ost1 triple mutant guard cells show intact ABA activation of Ca®**-permeable ICa
currents.
DOI: 10.7554/eLife.03599.016

disruption of Ca®*-independent signaling in snrk2 triple mutants also impairs Ca?*-dependent
stomatal responses. Thus these findings investigating S-type anion channel regulation and stomatal
movements both provide genetic evidence for an unexpected interdependence of the Ca**-dependent
and -independent branches of the guard cell signaling network.

The Ca**-independent OST1 protein kinase affects Ca?* signaling in Landsberg erecta guard cells
via regulation of plasma membrane-localized Ca®"-permeable channels (Ic,) (Acharya et al., 2013). To
test whether the functional linkage of the Ca?*-dependent and Ca**-independent branch is due to the
regulation of the Ic, channels by SnRK2 protein kinases in the Columbia ecotype, we performed patch
clamp analyses measuring plasma membrane Ic, channel currents in snrk2.2/snrk2.3/ost1 triple
mutant guard cells. However, ABA activation of Ic, channels remained intact in snrk2.2/snrk2.3/ost1
triple mutant guard cells (Figure 5F and Figure 5—figure supplement 1). In positive control
experiments, ABA receptor pyr1/pyl1/2/4 quadruple mutant guard cells showed clear impairment of
ABA activation of Ic, channels (Data not shown, n = 5; control vs ABA, p = 0.96; Student’s t-test),
consistent with previous findings (Wang et al., 2013).

ABA-dependent stomatal responses are impaired in non-
phosphorylatable SLAC1 serine 59 and serine 120 double mutant plants
In addition to possible direct cross-regulation of CPKs and SnRK2s, another non-mutually exclusive
potential mechanism for the requirement of both SnRK and CPK kinases for ABA activation of S-type
anion channels could be that SLAC1 serves as coincidence detector through differential
phosphorylation by protein kinases of the Ca®*-dependent and -independent branches. The amino
acid residue serine 120 of SLAC1 has been shown to be required for OST1, but not for CPK23
activation of SLAC1 in Xenopus oocytes (Geiger et al., 2009, 2010). A different site, serine 59, has
been shown to be required for SLAC1 activation by CPKé (Brandt et al., 2012). Thus we investigated
whether several CPKs can activate the SLACT S120A mutant in oocytes and whether the SLAC1 S59A
mutant is activated by OST1 and other CPKs in oocytes. CPK5, CPK6, and CPK23 activation of SLAC1
S120A was similar to WT SLAC1 activation (Figure 6A-C and Figure 6—figure supplement 1A,B). In
contrast, SLAC1 S59A activation by these CPKs was strongly impaired (Figure 6A-C and
Figure 6—figure supplement 1A,B). Interestingly however, OST1 was able to activate SLAC1
S59A (Figure 6D-F), which was confirmed in multiple independent experimental sets under the
imposed conditions. These results suggest that S59 is required for strong activation by protein kinases
of the Ca?*-dependent CPK branch, while S120 represents a crucial amino acid for strong activation by
the Ca®*-independent branch of the ABA signaling core. To avoid spurious phosphorylation by high
protein kinase concentrations in oocytes, effects of co-expression of CPK6 and OST1 at low levels that
do not fully activate SLAC1 were investigated. These experiments show a clear enhanced SLAC1
activation in oocytes when both kinases are co-expressed (Figure 6—figure supplement 2A-D). This
enhancement of SLAC1 activation by OST1 became less clear when an inactive OST1 protein kinase
(OST1 D140A) was analyzed (Figure 6—figure supplement 2E).

To more directly investigate S-type anion channel regulation in planta, we established slac1-1 plant
lines which express SLAC1 WT, S59A, S120A, and S59A/S120A fused to mVenus under the native
SLAC1 promoter and carried out patch clamp analyses. Expression of wildtype SLAC1-mVenus in
slac1-1 guard cells resulted in recovery of S-type anion channels (Figure 6G and Figure 6—figure
supplement 3A). Unexpectedly, expression of the single site SLAC1 mutants, SLAC1 S59A or SLAC1
S120A in slac1-1 guard cells restored ABA regulation of S-type anion currents (Figure 6G and
Figure 6—figure supplement 3A). However, expression of the double phosphorylation site SLAC1
mutant, SLAC1 S59A/S120A did not restore ABA activation of S-type anion channels (Figure 6G and
Figure 6—figure supplement 3A). Furthermore, ABA-induced stomatal closing responses in these
complementation lines confirmed the need to mutate both the S59 and S120 sites to alanine to
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Figure 6. Ca’*-dependent protein kinase and OST1 protein kinase activation of SLAC1 in oocytes requires serine 59
or serine 120, respectively while in planta ABA-dependent S-type anion current activation and stomatal closing are
only impaired in SLAC1 S59A/S120A double amino acid mutants. (A—C) SLACT activation by CPKé in Xenopus
oocytes was abolished when serine 59 is mutated to alanine (S59A) (A and C) (Brandt et al., 2012) but was
comparable to wild type SLACT activation for the SLAC1 S120A mutated version (B and C). (D-F) OST1 activation of
SLAC1 was abolished in the SLAC1 S120A mutant (E and F) (Geiger et al., 2009), while OST1 robustly activated
SLAC1 S59A (D and F). (G) In whole-cell patch-clamp experiments, slac-1 guard cells show impaired ABA-activation
of S-type anion currents. Expression of SLAC1 WT, S59A, and S120A in slacT-1 plants restores ABA activation of
S-type anion currents in guard cells, but expression of SLAC1 S59A/S120A does not. (H) The ABA-insensitive
phenotype of slac-1 stomata was recovered by expression of SLACT WT, S59A, and S120A, but not by expression
of S59A/S120A. Note that SLAC1T WT, S59A, S120A, and S59A/S120A are expressed as C-terminal mVenus fusion
proteins under native SLAC1 promoter (see ‘Materials and methods’). Representative current traces are depicted in
(A, B, D and E) and average current voltage relationships are shown (C and F; £SEM). Average steady-state current
responses +SEM at —145 mV are plotted in (G) and average stomatal apertures +SEM in (H). * indicates p < 0.05;
unpaired Student’s t-test. Exact p-values and number of individual experiments for (G and H) can be found in
Figure 6—figure supplement 4. Note that WT (Col0) and slac1-1 control measurements shown in (G and H) are the
same control data as those shown in Figure 6—figure supplement 3A,B as all lines were investigated under the
same conditions. Several error bars are not visible, as these were smaller than the illustrated symbols.

DOI: 10.7554/elife.03599.017

The following source data and figure supplements are available for figure é:

Source data 1. Statistical data and number of repeats (n) for the (Table 1) patch clamp measurements shown in
Figure 6G and Figure 6—figure supplement 3A and (Table 2) for measurements of stomatal apertures presented
in Figure 6H and Figure 6—figure supplement 3B (n = 3 experiments and >45 total stomata per group).

DOI: 10.7554/elife.03599.018

Figure supplement 1. SLAC1 serine 59 but not serine 120 is required for CPK5 or CPK23 activation in Xenopus
oocytes.

DOI: 10.7554/eLife.03599.019

Figure supplement 2. SLAC1 exhibits enhanced activity by co-expression of CPKé and OST1 in Xenopus oocytes.
DOI: 10.7554/elife.03599.020

Figure supplement 3. ABA-induced S-type anion currents and stomatal closure responses are impaired when both
SLAC1 S59 and S120 are substituted with alanine in independent double amino acid mutant line.

DOI: 10.7554/elife.03599.021

Figure supplement 4. Analysis of expression and subcellular localization of SLAC1-WT, SLAC1S5%9A, S120A, and
S59A/S120A in slacT-1 complementation lines.
DOI: 10.7554/elLife.03599.022

Figure é. continued on next page
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Figure 6. Continued

Figure supplement 5. BiFC fluorescence intensities are altered for CPK6 and ABI1 co-expression with SLACT-WT,
SLAC1S59A, S120A, and S59A/S120A.
DOI: 10.7554/elife.03599.023

significantly impair ABA-induced stomatal closing in planta (Figure 6H and Figure 6—figure
supplement 3B). The above described patch clamp and stomatal movement experiments were
conducted with two independent complementation lines (Figure 6G,H and Figure 6—figure
supplement 3A,B). To ensure that the impaired ABA-activation of S-type anion currents and stomatal
closure in the SLAC1 S59A/S120A mutant was not due to non-expressed protein we investigated
the mVenus-derived fluorescence in all complementation lines. All SLAC1 complementation lines
expressed SLAC1-mVenus driven by the native SLACT promoter to a similar degree (Figure 6—figure
supplement 4).

We examined putative roles of the two phosphorylation sites in SLAC1 for interaction of SLAC1
with CPKé6 and ABI1 by BiFC analysis. Reconstituted YFP fluorescence intensity of CPKé-YN co-
expressed with YC-SLAC1-S59A, YC-SLAC1-S120A, or YC-SLAC1-S59A/S120A was significantly lower
than that of CPK6-YN co-expressed with YC-SLAC1-WT (Figure 6—figure supplement 5). YN-ABI1
co-expression with the YC-SLAC1-S59A mutant did not significantly change the YFP fluorescence
intensity while YN-ABI1 co-expression with YC-SLAC1-S120A or YC-SLAC1-S59A/S120A resulted
in lower YFP fluorescence intensity when compared to YN-ABI1 co-expression with YC-SLAC1-WT
(p < 0.005; unpaired t-test; Figure 6—figure supplement 5). These results point to the need for
future research to determine whether these phosphorylation sites in SLAC1 might contribute to
promotion of CPKé kinase and ABI1 phosphatase interaction strength with the SLAC1 channel
(Figure 6—figure supplement 5).

Discussion

Dissection of Ca?* signaling specificity mechanisms can be advanced through characterization of the
combined cellular, genetic, and biochemical mechanisms in a single cell type. Biochemical and
cellular mechanisms that function in Ca®* specificity, notably those mediated by the mammalian
Ca?*/calmodulin-dependent kinase Il, have been characterized (De Koninck and Schulman, 1998;
Bradshaw et al., 2003; Rellos et al., 2010; Chao et al., 2011). Genome analyses in plants have
revealed the existence of more than 200 genes encoding for proteins containing Ca?*-binding EF-
hands in the Arabidopsis genome alone (Day et al., 2002) with overlapping expression of many
genes in the same cell type, including guard cells (Harmon et al., 2000; McCormack et al., 2005;
Schmid et al., 2005; Winter et al., 2007). This plethora of Ca®* signaling proteins and the many
responses in plants mediated by Ca?* (Dodd et al., 2010) calls for robust mechanisms mediating
specificity in Ca®* signaling.

Ca?" is a major hub within the signaling network of plant guard cells (MacRobbie, 2000,
Hetherington, 2001; Hetherington and Woodward, 2003), but the biochemical mechanisms
mediating Ca?" specificity have remained unknown. In guard cells, stomatal closing stimuli, including
ABA and COg, enhance (prime) [Ca®*],-sensitivity, as also shown in intact Arabidopsis and V. faba
guard cells (Young et al., 2006, Munemasa et al., 2007, Siegel et al., 2009, Chen et al., 2010; Xue
et al., 2011). Calcium sensitivity priming could provide a key mechanism contributing to specificity in
Ca?* signaling, as this response switches between a state of reduced Ca®* sensitivity to a Ca**-re-
sponsive ‘primed’ state, thus tightly controlling Ca®* responsiveness (Allen et al., 2002; Young et al.,
2006; Munemasa et al., 2007, Siegel et al., 2009, Chen et al., 2010; Xue et al., 2011). However, the
genetic and biochemical mechanisms mediating Ca?* sensitivity priming have remained unknown.

Here we report genetic, biochemical and signaling network mechanisms that underpin this cellular
response. In the absence of ABA, Ca®" responsiveness is inhibited by PP2Cs, thereby preventing
responses to unrelated stomatal opening-mediating stimuli (Irving et al., 1992; Shimazaki et al.,
1992; Curvetto et al., 1994; Shimazaki et al., 1997, Cousson and Vavasseur, 1998; Young et al.,
2006) and also spontaneous Ca®* elevations (Young et al., 2006; Siegel et al., 2009). As PP2Cs
inhibit OST1 and also down-regulate SLAC1 directly, this network not only enables stimulus specific
activation of SLAC1, but also provides a tight off switch via PP2C-catalyzed dephosphorylation of
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SLAC1 (Figure 7). This mechanism could also prevent SLAC1 activation by CPK23 which exhibits
a moderate Ca?" sensitivity (Geiger et al., 2010). Moreover, as PP2Cs control Ca?* signaling
specificity downstream of the CPK Ca?* sensors (Figure 7), the same CPK isoforms remain capable of
fulfilling other signaling roles, consistent with several studies (Boudsocq et al., 2010; Munemasa
etal., 2011; Dubiella et al., 2013; Gao et al., 2013). Similarly, the same MAP kinase genes have been
shown to function in multiple plant signaling pathways and unknown mechanisms mediating specificity
are required (Rodriguez et al., 2010; Xu and Zhang, 2015). It was reported that ABI1 is not able to
remove phosphate groups from SLAC1 after OST1 phosphorylation (Geiger et al., 2009; Scherzer
et al, 2012). In contrast, the present study and other recent research shows a clear
dephosphorylation of SLAC1 by PP2Cs (Brandt et al., 2012; Maierhofer et al., 2014). Here we
demonstrate that ABI1 and PP2CA not only dephosphorylate the SLAC1 N-terminus, but these PP2Cs
are able to very rapidly remove the OST1- and CPK-mediated phosphorylation of SLAC1
(Figure 4C-H and Figure 4—figure supplement 1).

The Ca®**-dependent and Ca®*-independent ABA-signaling branches are presently considered to
function independent of one another (e.g., Li et al., 2006; Kim et al., 2010; Roelfsema et al., 2012).
However, this model has not yet been investigated using higher order genetic mutants. In the present
study we unexpectedly have found that snrk2.2/snrk2.3/ost1 triple mutant plants in the Ca®**-inde-
pendent ABA signal transduction pathway, also abrogate the ‘by pass’ (Allen et al., 1999a) Ca®*
-induced [Ca®*] activation of S-type anion channels and Ca** oscillation-induced stomatal closing in
planta (Figure 5A,B,E). These data show an unexpected dependence of Ca®*-dependent stomatal
closing on the Ca®*-independent SnRK2 protein kinase signaling branch. Moreover, we have identified
the cpk5/6/11/23 quadruple mutations to impair ABA activation of S-type anion channels and
stomatal closure (Figure 1). Notably, this impairment occurs despite an intact SnRK2 signaling branch.
Note that a weakened ABA-induced stomatal closing response in cpk mutant plants, as found here
when applying 10 pM ABA (Figure 1F), is likely the result of parallel ABA activation of R-type anion
channels (Meyer et al., 2010; Sasaki et al., 2010; Imes et al., 2013) and a possible less-stringent CPK
regulation of the SnRK2 signaling branch. In cpk5/6/11/23 quadruple mutant plants signal
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Figure 7. Simplified schematic model for Ca**-specificity mechanism within ABA-dependent SLAC1 activation in
guard cells. (A) Without ABA, Ca?* elevations that can also function in stomatal opening responses (Irving et al.,
1992; Shimazaki et al., 1992, Curvetto et al., 1994; Shimazaki et al., 1997: Cousson and Vavasseur, 1998;
Young et al., 2006) and spontaneous or un-specifically induced Ca®* transients (Allen et al., 1999b; Kliisener
et al., 2002, Young et al., 2006; Yang et al., 2008; Siegel et al., 2009) do not lead to S-type anion channel
(SLAC1) activation as PP2C protein phosphatases directly negatively regulate SLAC1 activation. (B) In the presence
of ABA this SLAC1 inhibition is released, OST1 and CPKs phosphorylate, and thereby activate the channel. ABA also
causes [Ca2*]Cyt elevation via PP2C inhibition (Allen et al., 1999a; Murata et al., 2001). Data indicate cross-talk
between Ca**-dependent and -independent ABA-activation of SLAC1 which may be mediated through

a combination of protein kinase cross regulation and additive activation via differential affinities for SLAC1
phosphorylation sites by OST1 and CPKs.
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