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Summary/Zusammenfassung

1  Summary/Zusammenfassung

Knowledge of the molecular mechanisms mediating responses of plants to drought
conditions are of highest significance in times of a rapidly growing world population
accompanied with an increasingly scarce supply of fresh water. Plant guard cells represent
a single cell type controlling evaporative water loss and uptake of CO, and are subject to
intensive research. The plant hormone abscisic acid (ABA) accumulates in leaves during
drought stress and leads to stomatal closure, representing a crucial protective mechanism
to prevent excessive water loss. Within the last >15 years many aspects and proteins
involved in this ABA-dependent closing mechanism have been determined resulting in
guard cells being a model cell type for signal transduction research in plants. The gene for
the S-type anion channel, SLAC1, of which activation is an essential step in fast stomatal
closure, has been identified. Several proteins are phosphorylating and activating SLAC1
with free cytosolic Ca?* playing an important role here. This activation is inhibited by protein
phosphatases. In the presence of ABA these phosphatase are negatively regulated
mediated by ABA-receptor proteins. However, many mechanistic details are still unknown.
For example, whether the above mentioned protein components are sufficient for a
functional reconstitution of the signal transduction pathway is not known. Moreover, the
mechanism explaining how Ca?*-signaling specificity is achieved and how Ca?*-dependent

and Ca?*-independent signaling branches are functionally linked is still unclear.

In this work, besides the calcium dependent protein kinases (CPKs) already known to
be involved in guard cell S-type anion activation mediated by SLAC1, two novel CPKs,
CPK5 and CPK®6, were identified to activate SLAC1. A quadruple knock out mutant including
CPK5 and CPK6 was established and patch clamp analysis revealed that ABA- and Ca?*-
dependent S-type anion current activation is abrogated in this mutant. Several aspects of
CPK6-mediated SLAC1 activation, including identification of the phosphorylated residue
responsible for the activation, kinase and channel phosphorylation affinities, the Ca?*-
dependency of CPKG6 activity, the regulatory role of PP2C phosphatases, and the functional
reconstitution of the entire signal transduction pathway are presented. Furthermore,
biochemical, genetic, and cell biology tools were used to reveal the molecular mechanism
of how specificity in Ca?*- and ABA-dependent signal transduction mediated by PP2C
phosphatases is achieved. Also, the presented results suggest that the functional
dependence of Ca?*-dependent and Ca?*-independent ABA signaling branches is due to
differential phosphorylation of SLAC1, synergistically integrating these two branches of ABA
signal transduction. These results help to understand the tight control of ABA-dependent

stomatal closure, a mechanism essential for plant survival during drought conditions.



Summary/Zusammenfassung

In Zeiten einer stark wachsenden Weltbevolkerung bei gleichzeitiger
Sluswasserknappheit, ist das Verstandnis von Mechanismen die erklaren, wie Pflanzen sich
vor Austrocknung schitzen, von hochstem Interesse. Pflanzliche SchlieRzellen, welche
Spaltéffnungen umschlieRen, sind verantwortlich fiur die Regulation der Aufnahme von CO;
bei gleichzeitigem Verlust von Wasser und werden deshalb intensiv erforscht. Unter
Trockenstress reichert sich das Pflanzenhormon Abscisinsaure (ABA) in Blattern an und
fUhrt zu dem Schluss der Spaltéffnung, um Pflanzung vor Gbermafigen Verlust von Wasser
zu schitzen. Innerhalb der letzten >15 Jahre wurden viele Aspekte und Proteine, die eine
wichtige Rolle im ABA-induzierten Schluss der Spaltéffnung spielen, identifiziert, weshalb
sich SchlieBzellen zu einem Modellzelltyp fur pflanzliche Signaltransduktionsforschung
entwickelten. Das Gen des S-typ Anionkanals, SLAC1, der eine sehr wichtige Rolle im
schnellen Schluss der Stomata spielt, wurde identifiziert. SLAC1 wird von mehreren Kinase
phosphoryliert und aktiviert. Zytosolische Kalziumerhdhungen sind wahrend dieser
Aktivierung sehr wichtig. Diese Aktivierung wiederum wird negativ durch Protein
Phosphatasen reguliert, welche durch ABA, in Kombination mit ABA Rezeptorproteinen,
inhibiert werden. Viele mechanistische Details sind aber bis heute aber noch nicht
verstanden. Der Mechanismus, wie spezifische Antworten auf eine zytosolische
Kalziumerhéhung erreicht werden, ist noch nicht bekannt. Aulerdem ist noch unklar, wie
der Ca?*-abhangige und der Ca?*-unabhangigen Zweig der S-typ Anionenkanal Aktivierung

interagieren.

Neben den schon bekannten Kalzium abhangigen Proteinkinasen (CPKs), wird in dieser
Arbeit gezeigt, dass zwei weitere CPKs, CPK5 und CPK6, SLAC1 aktivieren und
phosphorylieren. Patch clamp Experimente einer vierfach Mutante, in der die Transkription
von vier CPKs, einschlietlich CPK5 und CPK®6, verhindert ist, zeigt dass ABA und Ca?*
Applikation nicht mehr zu der Aktivierung von S-Typ Anionenkanalen flhrt. Mechanistische
details der CPK Aktivierung von SLAC1 einschlie3lich der Identifikation einer funktionell
wichtigen phosphorylierten Aminosaure, die Affinitat der Phosphorylierung von SLAC1
durch mehrere Kinasen, die Ca?'-Abhangigkeit der CPK6 Aktivitat, die regulatorische
Funktion der Protein Phosphatasen, und eine Rekonstitution des gesamten ABA
Signaltransduktionswegs werden in dieser Arbeit prasentiert. Unter Berlicksichtigung dieser
Resultate und unter Benutzung biochemischer, zellbiologischer und genetischer Methoden
konnte ein Mechanismus gefunden werden, der erklart wie zytosolische Ca?* Erhéhungen
zu einer spezifischen Antwort innerhalb des ABA-abhangigen Schlusses der Spaltéffnung
fuhren. AuRerdem deuten Ergebnisse darauf hin, dass die Interaktion der Ca2*-abhangigen
und -unabhangigen S-Typ Anionenkanal Aktivierung darauf beruht, dass SLAC1

differentiell von Kinasen dieser Zweige phosphoryliert und synergistisch aktiviert wird.
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Introduction

3 Introduction

3.1 Water as a limiting factor of crop production

The world’s population is estimated to grow up to 9.6 billion people in 2050 and by then
the world’s food production is estimated to be required to increase up to 60% to feed the
world population (Undesa, 2012, FAO, 2012) but already presently for around 870 million
people food availability is limited resulting in undernourishment (FAO, 2013). Worldwide,
agriculture uses more than 70% of fresh water with more than 90% in the least developed
countries, even though agriculture occupies only 11% of the land surface (FAO, 2011).The
global water consumption of agriculture is estimated to increase by ~20% by 2050 given
that no improvements are made (WWAP, 2012). Many regions of the world are already
facing severe drought conditions and global warming is predicted to further decrease the
supply of fresh water (IPCC 2008). Understanding the mechanisms of how plants utilize
water and how plants adapt to drought conditions will contribute to securing world nutrition.
Plants lose between 70-90% of their water through macroscopic pores called stomata which
are introduced in the next chapter. To understand the regulation of the aperture of this pore
accompanied by water loss might help to improve plants to prevent excessive water loss

and thus be more resistant to conditions with limited water availability.

3.2 Guard cells as “gate keepers“ regulating water loss and CO:

uptake

3.2.1 Occurrence and Anatomy

In the mesophyll of plant leaves, the majority of photosynthetic fixation of atmospheric
COg, or the conversion of light energy into chemical energy, takes place. This stored
chemical energy can be used for all crucial processes in plants and represents the major
mechanism for biomass production. The adaxial and abaxial waxy layer on the leaf surfaces
known as cuticle renders leaf surfaces almost impenetrable for gases (Boyer et al., 1997).
To enable the uptake of atmospheric CO: into the leaf to be used for photosynthesis, plants
possess specialized cells termed guard cells. Guard cells can be found on all aerial parts
of plants but mostly accumulate in the abaxial epidermis of leaves. One pair of guard cells
form a pore called stoma which represents an opening connecting the atmosphere with the
intercellular space of the spongy mesophyll in leaves (Figure 1). Open stomata and CO-

uptake leads to evaporation of water which drives translocation of xylem sap supplemented
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with macro and micro nutrients as well as other molecules from root to shoot, a process
crucial for plant survival. Therefore, evolution of stomata in plants represents a key
evolutionary adaption important for the survival of plants on land (John A. Raven, 2002).
Stomatal apertures are required for CO» uptake and nutrient translocation, but can also be

detrimental due to excessive water loss in the form of water vapor and formation of

pathogen entry sites (Melotto et al., 2006) and hence must be tightly controlled.

Figure 1: Dumb-bell- and kidney-shaped stomata and schematic cartoon of turgor
pressure-dependent stomatal movements.
(A) Grass species possess dumb-bell-shaped stomata while (B) kidney-shaped
stomata are common amongst all other species. (C) In the state of low turgore
pressure the specialized cell wall architecture leads to closed stomatal pores
while (D) high turgor pressure renders the pore open. (Source of figure: Adapted
from Hetherington et al., 2003 (Panel A+B), M. Rob G. Roelfsema et al., 2005
(Panel C+B))

Guard cells forming stomata, dumb-bell or kidney-shaped, possess thickened cell walls
with a specialized structure (Figure 1). This structure allows the stomatal pore between the
guard cells to be either open or closed and therefore serves as a valve permitting or denying
gas exchange. Guard cells of open stomata are turgescent which is achieved by the
accumulation of osmotically active substances, including organic acids and ions (Figure 1D)
(Kim et al.,, 2010). To close stomata, these osmotically active substances have to be
removed from the cell. The stimuli and mechanisms underlying the control of turgor
pressure in guard cells and therefore stomatal movements are explained in the following

chapters.

3.2.2 Stomatal movements

3.2.21 Stomatal opening

At the onset of daylight the photosynthetic activity and the need for CO; of most plants
is increasing and has to be supplied by the atmospheric air. Consequently, decreased
cytosolic CO; concentrations (Ci) and light serve as stomatal opening stimuli enabling the
uptake of CO; through the stomatal pores. Two blue light photoreceptors, PHOTOTROPIN
1 and 2 (PHOT1 and PHOTZ2), have been identified to sense the blue light fraction of the

daylight and to mediate the blue light induced stomatal opening response. Here, blue light
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is perceived by PHOT1 and PHOT2 and leads to auto-phosphorylation of the cytosolic
kinase domains (Kinoshita et al., 2001, Kinoshita et al., 2003, Inoue et al., 2008).
Subsequently, the recently identified kinase BLUE LIGHT SIGNALING 1 (BLUS1) is
phosphorylated by PHOT1 which represents an important step in blue light induced

Blue light

Increase of
turgor pressure

w Lo QO

Decrease in
water potential P

14-3-3
K+%> ¥
Malate2-
Inwardly-rectifying f H,0,
K* channel I— ABA
Q ADP ATP ¢
Bi o

<-100mv

Plasma membrane
hyperpolarization

T H+

Figure 2: Simplified cartoon depicturing blue light-induced stomatal opening
mechanisms.
Blue light is perceived by the phototropin blue light receptors. A mulit-step

Stomatal opening

Phototropins

1433 P =

signlaing cascade including BLUS1 kinase and 14-3-3 proteins lead to the
activation of the plasma membrane H*-ATPase. H*-ATPase mediated active H*-
transport hyperpolarizes the plasma membrane which leads to the influx of K*
via Kin ion channels. Together with the formation of Malate?  the accumulation of
K* ions is triggering water influx thereby increasing turgor preasure resulting in

stomatal opening. (Source of figure: Shimazaki et al., 2007)

stomatal closure (Takemiya et al., 2013). Down-stream multistep signaling mechanisms
subsequently trigger the phosphorylation and activation of the plasma membrane localized
and ATP-driven proton pump (H*-ATPase; Figure 2; Assmann et al., 1985, Kinoshita et al.,
2001, Shimazaki et al., 2007). An unknown serine/threonine kinase, different from PHOT1
and PHOT?2, is phosphorylating a threonine residue in the C-terminal auto-inhibitory region
of the H*-ATPase (Shimazaki et al., 2007). This creates a binding site for 14-3-3 scaffolding
proteins and 14-3-3 protein binding results in the translocation of the auto-inhibitory domain,
thereby activating the H*-ATPase (Shimazaki et al., 2007). The molecular nature of the

signal transduction pathway downstream of BLUS1 and upstream of the H*-ATPase is not
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well understood and subject to intensive research. Besides the above mentioned protein
components, Okadaic acid and calyculin A sensitive phosphatases as well Calcium have
been implicated to be involved in this signal transduction mechanism (Shimazaki et al.,
2007). The H*-ATPase mediated proton extrusion results in the hyperpolarization of the
plasma membrane (Figure 2; Assmann et al., 1985). This hyperpolarization of the plasma
membrane in turn leads to the activation of inward-rectifying K*-channels (Ki,), such as
POTASSIUM CHANNEL IN ARABIDOPSIS THALIANA 1 (KAT1), POTASSIUM CHANNEL
IN ARABIDOPSIS THALIANA 2 (KAT2), ARABIDOPSIS K* TRANSPORTER 1, 2, and 3
(AKT1, AKT2, and AKT3) which mediate K* influx into the cell (Figure 2; Shimazaki et al.,
2007, Kollist et al., 2014). The accumulation of positively charged ions (K*) requires the
generation of negatively charged counter ions such as Malate? and anions including Cl- and
NOs" which are taken up or produced by several mechanisms (Kollist et al., 2014). To avoid
cellular toxicity due to high cytosolic ion concentrations, the majority of these ions and
malate are stored in the vacuole and are transported across the tonoplast by various
transporters and ion channels (Kollist et al., 2014). A decrease in C; and red light have also

been associated to be stomatal opening stimuli (Shimazaki et al., 2007).

The accumulation of osmotically active substances leads to a decrease in the cellular
water potential. Differences in water potentials between the intracellular space in guard cells
and the apoplast induces an influx of water into to the guard cells resulting in increased
turgor pressure. This increase in turgor together with the above mentioned specialized cell

wall structure results in opening of the stomatal pore.

3.2.2.2 Stomatal closing

To conserve water and to protect the plant while taking up sufficient amount of COo,
stomata close in response to biotic and abiotic stresses including pathogen attack, cold

stress, heat stress, low humidity, salt stress, darkness, ozone, and low CO; levels.

3.2.2.21 The abiotic stress hormone abscisic acid in guard cells
H,C CH, CH, Several of the above mentioned abiotic stresses result in
N elevated concentrations of the sesquiterpenoid plant hormone
“"on o on abscisic acid (ABA; (2Z,4E)-5-[(1S)-1-hydroxy-2,6,6-trimethyl-4-
© CHa oxocyclohex-2-en-1-yl]-3-methylpenta-2,4-dienoic acid; Figure 3)
Figure 3: Chemical in guard cells, or leaves in general. Plants began utilizing ABA as
structure of S-(+)- drought stress hormone during land colonization (Hauser et al.,
abscisic acid. 2011). Measuring ABA levels by enzyme-amplified

immunosorbent assay (ELISA) and Forster resonance energy transfer (FRET)-based

optogenetic nanosensors showed that ABA concentrations in guard cells increased already
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15 min after the onset of low humidity (Harris et al., 1991, Waadt et al., 2014). When
subjected to drought conditions, plant leaf ABA concentrations were increased up to 30-fold
(Harris et al., 1988, Harris et al., 1991, Ikegami et al., 2009). Unstressed guard cell ABA
concentration was estimated to a value of ~ 500 nM which is increasing to ~15 uM under
stress conditions (Harris et al., 1988, Harris et al., 1991, Waadt et al., 2014).

Soil drought stress is sensed in roots and two non-mutually exclusive mechanisms have
been postulated to explain how the drought signal leads to ABA accumulation in the shoot
of the plants: 1. During drought conditions ABA is synthesized in the roots and then
transported towards the shoot via the xylem (Sauter et al., 2001, Wilkinson et al., 2002). 2.
After sensing drought conditions, a hydraulic signal is transported to the shoot which
triggers ABA synthesis (Christmann et al., 2005, Christmann et al., 2007, Ikegami et al.,
2009). 2.5 hours after subjecting Arabidopsis thaliana roots to drought stress, ABA levels in
the leaves were increased (lkegami et al., 2009). The recent development of optogenetic
FRET-based nanosensors (Jones et al., 2014, Waadt et al., 2014) will help to determine the
details of time-resolved kinetics of ABA-transport and accumulation. ABA accumulation in
guard cells leads to closure of the stomatal pore. The molecular mechanisms underlying

this drought protection mechanism are explained in the following.

3.22.2.2 Mechanism of Ca?*- and ABA-dependent stomatal closure

The perception of ABA by guard cells leads to cytosolic Ca?* ([Ca?'].y) increase
(McAinsh et al., 1990, Schroeder et al., 1990, Grabov et al., 1998, Allen et al., 1999, Staxén
et al., 1999, MacRobbie, 2000, Marten et al., 2007, Hubbard et al., 2012). Also, ABA triggers
formation of reactive oxygen species (ROS) which leads to the activation Ca?*-permeable
plasma membrane localized channels (Ica), thus contributing to high [Ca?*]., levels (Pei et
al., 2000, Murata et al., 2001). Arabidopsis mutant guard cells lacking the ROS producing
NADP(H) oxidases RESPIRATORY BURST OXIDASE PROTEIN D and F (RbohD and
RbohF) are impaired in ABA-dependent ROS production, cytosolic Ca?*-transients, and
additionally display decreased stomatal closure in response to ABA demonstrating the
important role of ROS and subsequent Ca?*-elevations in stomatal closure (Kwak et al.,
2003). A recent study revealed that RbohF activity is Ca?*-activated and dependent on
phosphorylation suggesting a positive feedback loop (Kimura et al., 2012). Multiple studies
reported that Ca?* is required for stomatal closure (De Silva et al., 1985, Schwartz, 1985,
McAinsh et al., 1990, Grabov et al., 1998, MacRobbie, 2000). The frequency of cytosolic
Ca?" transients has been shown to be important for the long term, so called “Ca?*-
programmed” closure of guard cells, while short term or fast reactive closure, meaning that

stomata re-open after ~ 60 min, is independent of the frequency (Allen et al., 2001). Another
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study, however, indicated that ABA-induced stomatal closure is independent of cytosolic
Ca?"-elevations but requires resting Ca?* levels (Levchenko et al., 2005). Quantitative
analyses of ABA-induced stomatal closure in conditions, which abolish cytosolic Ca?'-
elevations (but hold [Ca®*]. at resting levels), have shown that ~70% of ABA-triggered
stomatal closure is dependent on cytosolic Ca®'-elevations (Siegel et al., 2009).
Surprisingly, intracellular Ca?* has also been reported to play a role in stomatal opening in
response to several stimuli (Irving et al., 1992, Shimazaki et al., 1992, Curvetto et al., 1994,
Shimazaki et al., 1997, Cousson et al., 1998, Young et al., 2006) and additionally long term
[Ca?*]e,x monitoring has shown that cytosolic Ca?* transients even occur without stimulus
(Grabov et al., 1998, Allen et al., 1999, Staxén et al., 1999, Klusener et al., 2002, Young et
al., 2006). These results raise the question of how molecular mechanisms in guard cells

discriminate between [Ca?*]. being a signal for stomatal opening or for stomatal closure.

Elevated [Ca?].: results in the activation of slow-activating sustained (S-type) and
rapid-transient (R-type) anion channels (Schroeder et al., 1989, Hedrich et al., 1990, Mori
et al., 2006, Vahisalu et al., 2008, Siegel et al., 2009, Chen et al., 2010, Meyer et al., 2010).
However, detailed analyses have shown that elevated [Ca?*].,: only triggers S-type anion
currents when guard cells were pre-exposed to several stomatal closing stimuli including
high external Ca?*, CO,, and ABA (Allen et al., 2002, Siegel et al., 2009, Chen et al., 2010,
Xue et al., 2011). Besides anion channel regulation, high [Ca?*]. leads to the inhibition of
Kin preventing the influx of K* into the guard cells (Schroeder et al., 1989, Kelly et al., 1995,
Grabov et al., 1999, Kwak et al., 2001). Moreover, Ca?*-dependent inhibition of the H*-
ATPase (Schroeder et al., 1989, Kinoshita et al., 1995) prevents the re-polarization of the
plasma membrane impairing the re-opening of the guard cells. The S- and R-type anion
channels mediate the extrusion of negatively charged anions (A’), which results in the de-
polarization of the plasma membrane triggering the activity of voltage gated outward-
rectifying K*-channels (Kout) such as GATED OUTWARDLY-RECTIFYING K* CHANNEL
(GORK) driving the efflux of K* (Schroeder et al., 1987, Ache et al., 2000, Becker et al.,
2003, Hosy et al., 2003). The majority of these ions as well as Malate? are stored in the
vacuole during stomatal opening and are released into the cytosol by the action of ion
channels and transporters (Kollist et al., 2014). The reduced cellular A-and K* content
triggers water efflux which results in the loss of turgor pressure and ultimately in the closure

of the stomatal pore.

3.2.2.2.2.1 Anion channels in ABA-dependent stomatal closure

The gene encoding a major S-type anion current mediating anion channel, SLOW
ANION CHANNEL ASSOCIATED 1 (SLACH1), has recently been identified by employing

screens measuring ozone induced stomatal closure and leaf temperatures in response to
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CO- (Negi et al., 2008, Vahisalu et al., 2008). SLAC1 is expressed in guard cells, localized
to the plasma membrane, and anion selective with a high conductivity for NOs™ and CI- (Negi
et al., 2008, Geiger et al., 2009). In slac? knock out lines ABA-dependent and Ca?*-induced
S-type anion currents as well as stomatal closure are abrogated (Vahisalu et al., 2008),
clearly showing the importance of this channel in the fast reactive closure of stomata. A
structural homology model based on a bacterial homologue, HiTehA, predicts SLAC1 to
consist of 10 transmembrane helices which surround the ion conducting pore (Chen et al.,
2010). Homology structure guided analyses of point mutated SLAC1 versions expressed in
Xenopus oocytes pinpointed a bulky Phenylalanine (F450) residue to block the pore and to
be removed during channel activation (Chen et al., 2010). Besides SLAC1, a closely related
anion channel, SLAC1 HOMOLOGUE 3 (SLAH3), has been reported to be important for
NOs3™ anion transport in guard cells (Geiger et al., 2011). SLAH3, when expressed under the
SLAC1 promoter, is able to rescue the slac1 CO.-phenotype (Negi et al., 2008). However,

the importance of SLAH3 in ABA-dependent stomatal closure remains unclear.

Just recently, a channel mediating R-type anion currents, ALUMINUM-ACTIVATED
MALATE TRANSPORTER 12 (ALMT12) or QUICKLY-ACTIVATING ANION CHANNEL 1
(QUACH1), has been identified (Meyer et al., 2010). QUAC1 is highly expressed in guard
cells, localized to the plasma membrane and possesses a high conductivity for malate?
(Meyer et al., 2010). Plants, in which the QUAC1T gene is knocked out, display impaired
guard cell R-type anion currents and decreased ABA-dependent stomatal closure (Meyer

et al., 2010), potentially due to impaired Malate? efflux.

Early patch-clamp studies revealed that ABA-dependent S-type anion current activation
requires ATP and is inhibited in the presence of the Serine/Threonine kinase inhibitor
K252a, suggesting the involvement of Serine/Threonine protein kinases (Schmidt et al.,
1995, Allen et al.,, 1999). It was also indicated that ABA-triggered stomatal closure is
mediated by Ca?*-dependent and Ca?*-independent pathways which depend on each other
quantitatively (Siegel et al., 2009). After the discovery of the SLAC1, subsequent studies
showed that SLAC1 is activated by Ca?'-independent SNF1-RELATED KINASE 2s
(SnRK2s), most importantly SnRK2.6/OPEN STOMATA 1 (OST1), and Ca?*-DEPENDENT
PROTEIN KINASES 21 and 23 (CPK23 and CPK21) in Xenopus oocytes (Geiger et al.,
2009, Lee et al., 2009, Geiger et al., 2010). In vitro kinase assays showed that OST1,
CPK21, and CPK23 phosphorylate the N-terminal (amino acids 1-186; SLAC1-NT), but not
the C-terminal (SLAC1-CT) cytosolic domain of SLAC1. Phospho-site mapping of OST1-
phosphorylated SLAC1-NT revealed that the residues S59, S86, S113, and S120 are
phosphorylated by OST1 in vitro (Vahisalu et al., 2010). Serine 120 has been shown to be
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important for OST1, but not for CPK23, activation of SLAC1 in oocytes (Geiger et al., 2009,
Geiger et al., 2010). SLAC1 activation by OST1 or CPK23 is inhibited in the presence of
the clade A protein phosphatase 2Cs (PP2Cs; see chapter 2.2.2.2.2.4) ABA-INSENSITIVE
1 and 2 (ABI1 and ABI2) in oocytes (Geiger et al., 2009, Geiger et al., 2010) while OST1
activation is inhibited by co-expression of PROTEIN PHOSPHATASE 2CA (PP2CA) in
Xenopus oocytes (Lee et al., 2009). In vitro, the trans-phosphorylation of the SLAC1-NT by
OST1, CPK21 or CPK23 is inhibited in the presence of ABI1 (Geiger et al., 2010). However,
the exact mechanism of this inhibition is not known. Moreover, SLAC1-NT phosphorylation
by OST1 in inhibited in the presence of PP2CA in vitro (Lee et al., 2009). Additionally, co-
expression of OST1 in Xenopus oocytes activates QUAC1 in Malate? containing media
(Imes et al., 2013).

3.2.2.2.2.2 SnRK2 protein kinases in ABA-dependent stomatal closure

The Arabidopsis genome encodes for 10 SnRK2 kinases (Hrabak et al., 2003).
OST1/SnRK2.6 has been identified in a thermal imaging screen to be crucial for stomatal
closure (Merlot et al., 2002, Mustilli et al., 2002). OST1/SnRK2.6 as well as SnRK2.2 and
SnRK2.3 have been reported to be activated by ABA while 9 SnRKs were activated by salt
and osmotic stress (Mustilli et al., 2002, Yoshida et al., 2002, Boudsocq et al., 2004,
Yoshida et al., 2006, Boudsocq et al., 2007, Fujii et al., 2007, Fuijii et al., 2009, Nakashima
et al., 2009, Umezawa et al., 2009). While OST1 represents the major SnRK responsible
for ABA-dependent stomatal phenotypes (Merlot et al., 2002, Mustilli et al., 2002, Yoshida
et al., 2002, Geiger et al., 2009, Imes et al., 2013, Merilo et al., 2013) the ABA-activated
SnRK2.2 and SnRK2.3 appear to be important in other ABA related mechanisms such as
root growth and seedling establishment (Fujii et al., 2007, Fujii et al., 2009, Fujita et al.,
2009, Nakashima et al., 2009). Single ost1 plants show stronger water loss when compared
to wild type plants and this effect is increased in plants in which additionally SnRK2.2 and
SnRK2.3 genes are disrupted (Fujita et al., 2009). Consistent with the SLAC1 activation by
OST1 in Xenopus oocytes disrupting the expression of the OST1 gene in the Arabidopsis
Col0 ecotype leads to an impaired ABA-activation of S-type anion currents in guard cells
(Geiger et al., 2009) resulting in the ABA-hyposensitive stomatal phenotypes mentioned
above. The additive effect of SnRKs in water loss could be explained by the ability of
SnRK2.2 and SnRK2.3 to moderately activate SLAC1 in Xenopus oocytes (Fujita et al.,
2009, Geiger et al., 2009). Another explanation could be that all ABA-activated SnRKs play
an important role in the control of stress responsive gene expression (Umezawa et al., 2004,
Fujii et al., 2007, Fuijii et al., 2009, Fuijita et al., 2009, Nakashima et al., 2009) which might
indirectly influence drought adaption mechanisms. Moreover, OST1 has been shown to

phosphorylate RbohF in vitro and to activate RbohD and RbohF in a heterologous
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expression system (Sirichandra et al., 2009, Kimura et al., 2012) potentially regulating
cytosolic Ca?* levels during ABA-signaling. Consequently, ost?7 mutant plants are impaired
in ABA-dependent ROS production and stomatal closure (Mustilli et al., 2002). Recently the
regulatory role of OST1 in the regulation of the guard cell R-type anion channel QUAC1 has
been reported (Imes et al., 2013) adding yet another regulatory role of OST1 in stomatal
closure. Here, patch clamp studies have shown strongly decreased R-type anion currents
in ost1 mutant guard cells comparable to R-type anion currents in abi1-1 guard cells (Imes
et al., 2013). Additionally, OST1 phosphorylates the Ki, channel KAT1 (Sato et al., 2009)
and in the Ler accession of Arabidopsis thaliana ost1 guard cells are impaired in ABA-

dependent Ki, channel inhibition (Acharya et al., 2013).

The molecular mechanism of the ABA-dependent regulation of SnRK activity has been
subject to intensive research and is well understood. The protein kinase activity of SnRK2
kinases is dependent on the phosphorylation of the activation loop (T-loop) and the
presence of the DI-domain/SnRK2-box (Belin et al., 2006, Boudsocq et al., 2007). The DI-
domain is required for the stabilization of the kinase domain of SnRK2s and has been linked
to ABA-independent regulation mechanisms (Belin et al., 2006, Yoshida et al., 2006, Yunta
et al.,, 2011). ABA-dependent SnRK2 regulation has been shown to be mediated by the
interaction of PP2Cs (Chapter 1.2.2.2.2.4) with the Dll-domain of SnRK2s leading to the
de-phosphorylation of residues in the activation loop of SnRK2s thus rendering the kinases
inactive (Yoshida et al., 2006, Umezawa et al., 2009). The phosphorylation of the SnRK2
activation loop is mediated by auto- and auto-(trans)-phosphorylation events (Belin et al.,
2006, Ng et al., 2011), however, trans-phosphorylation of the SnRKs activation loop by
staurosporine-independent upstream kinases has also been discussed (Boudsocq et al.,
2007).

3.2.2.2.2.3 Calcium dependent protein kinases (CPKs) in ABA-dependent

stomatal closure

Besides other calcium sensing proteins such as CALMODULIN (CaM), CALMODULIN
LIKE (CML), and CALCINEURIN B-LIKE (CBL) plants possess a unique class of Ca?
sensing protein kinases, CPKs. Unlike the other above mentioned Ca?*-binding proteins
one CPK molecule senses Ca?* and additionally possesses an enzymatic activity
transducing the Ca?*-signal into the post-translational modification of down-stream targets.
There are 34 CPK genes in the Arabidopsis genome clustering into 4 subgroups (Boudsocq
et al., 2012). CPK proteins consist of a variable N-terminal domain, a conserved kinase

domain, and a conserved C-terminal domain termed CPK activation domain (CAD). The
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variable N-terminal domain of CPK has been shown to be involved in substrate recognition
(Ito et al., 2010). It also is the site of myristoylation or palmitoylation for several CPKs,
resulting in many CPKs being membrane localized (Boudsocq et al., 2012). The CAD
contains a pseudo-substrate domain followed by a 4 EF-hands containing so called
Calmodulin-like domain. Biochemical and structural studies showed that without calcium
the CAD is folded on top of the catalytic cleft of the kinase domain which is stabilized by the
pseudo-substrate domain binding to the catalytic cleft. Upon binding of Ca?* the CAD is
translocated to the backside of the protein which renders the catalytic cleft accessible to the
substrate thus leading to the activation of the CPK (Liese et al., 2013). However, some
CPKs possess degenerated EF-hands potentially impaired in Ca?*-binding and therefore
Ca?*-activation. Detailed biochemical analyses studying Ca?*-dependent CPK activities of
14 CPKs expressed in planta revealed that subgroup 3 CPKs and also CPK25 are not
activated by Ca?* (Boudsocq et al., 2012). Moreover, CPK23 isolated from bacteria has
been reported to be only weakly activated by Ca?* while CPK21 activity is strongly Ca?*-
dependent (Geiger et al., 2010). CPKs auto-phosphorylating themselves and are
additionally trans-phosphorylated by upstream kinases, but the functional importance of
these post-translational modifications are still not clear (Liese et al., 2013). As mentioned
above, CPK activation of SLAC1 is inhibited in the presence of the phosphatases ABI1 and
ABI2 (Geiger et al., 2010), but the exact mechanism of this negative regulation has yet to

be determined.

When the genes of CPK4, CPK10, and CPK11 are disrupted the mutant plants exhibit
enhanced drought sensitive and impaired stomatal closure phenotypes (Zhu et al., 2007,
Zou et al.,, 2010). For cpk4 and cpk11 these phenotypes can be explained by the
involvement of these CPKs in the regulation of ABA-dependent gene expression (Zhu et
al., 2007). CPK3 and CPK6 single knock out plants are impaired in Ca?'- and ABA-
dependent guard S-type anion current activation and with stronger phenotypes in the
cpk3cpk6 double knock-out mutant (Mori et al., 2006). Furthermore, in cpk3cpk6 double
mutant plants Ca?*-activated stomatal closure is impaired (Mori et al., 2006). cpk23 plants
exhibit decreased Ca?*-activated S-type anion current activities (Geiger et al., 2010).
Surprisingly however, the cpk23 mutant plant exhibits enhanced drought resistance
phenotypes (Ma et al., 2007) which might be due to transcriptional changes of several other
proteins involved in the regulation of S-type anion currents (Geiger et al., 2010). Moreover,
whole plant mechanisms independent of the regulation of stomatal apertures in cpk23 might
be involved. CPK5, a close homologue to CPK®6, has been reported to phosphorylate the
NADP(H) oxidase RbohD and in cpk5 knock out plants bacterial elicitor triggered ROS
production is impaired (Dubiella et al., 2013). In addition, cpk3 and cpk6 single as well as

double knock out mutants are impaired in ABA-dependent I.. channel regulation (Mori et
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al., 2006). However, studies placing the CPK23 homologue in the Ler accession, GROWTH
CONTROLLED BY ABSCISIC ACID 2 (GCA2), downstream of the ROS production (Pei et
al., 2000) and the discovery that ABA-dependent l.. channel activation is independent of
the Serine-Threonine kinase inhibitor K252a (Mori et al., 2006) suggests that ABA-activated
and CPK-mediated lca channel regulation mechanism might be independent of Rboh
phosphorylation events. The detailed role of CPK-mediated and ABA-dependent I,
regulation has still to be determined. CPK3 and CPK6 are, similar to OST1, involved in R-
type anion channel regulation in Arabidopsis guard cells demonstrated by decreased R-
type anion channel activity in cpk3cpk6 mutant guard cells (Mori et al., 2006). In general,
all reported stomatal phenotypes of cpk knock-out mutants reported so far (Mori et al., 2006,
Zhu et al., 2007, Geiger et al., 2010, Zou et al., 2010, Hubbard et al., 2012) are intermediate
in comparison to ost? plant phenotypes which might be due to functional redundancy of
CPKs.

3.2.2.2.24 Clade A PP2C phosphatases in ABA-dependent stomatal closure

The clade A of PP2Cs consist of 9 members in Arabidopsis and many of them have
been described to play a role as negative regulators within ABA-related responses including
seed germination and vegetative growth (Fuchs et al., 2013). In guard cells, the dominant
negative mutations of ABI1 and ABI2, abi1-1 and abi2-1, exhibit impaired ABA-induced I,
Ca?*-channel activation, cytosolic Ca?*-increases, and stomatal closure (Allen et al., 1999,
Merlot et al., 2001, Murata et al., 2001). In abi1-1 and abi2-1 mutant guard cells ABA-
activated S-type anion currents are impaired (Pei et al., 1997) and also R-type anion
currents are decreased in abi1-1 guard cells (Imes et al., 2013). These results are in
agreement with abi1-1 and abi2-1 plants displaying a higher steady state stomatal
conductance, increased water loss and for abi7-1 stomatal closure is insensitive to ABA
(Pei et al., 1997, Yoshida et al., 2006, Merilo et al., 2013). Structural and biochemical
analyses revealed that the point mutations in the abi71-7 and abi2-1 mutant proteins prohibit
the interaction of the mutant PP2C with ABA-bound receptors (Melcher et al., 2009,
Miyazono et al., 2009, Yin et al., 2009), hence rendering the phosphatase constitutively
active independent of the presence of ABA. No reports on ABA-related stomatal phenotypes
of single knock-out mutants are available which might be due to the functional redundancy
of these protein phosphatases. A T-DNA insertion mutant in the PP2C genes ABI1,
HYPERSENSITIVE TO ABA 1 (HAB1), and PP2CA (abi1-2/hab1-1/ppc2ca-1) mutant
displayed a lower steady-state stomatal conductance in gas exchange measurements when

compared to the wild type (Merilo et al., 2013).
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3.2.2.2.2.5 ABA receptors in ABA-dependent stomatal closure

Two independent approaches, a chemical-genetic screen and a protein-protein
interaction screen, led to the identification of cytosolic ABA receptors PYRABACTIN
RESISTANCE 1/PYR1-LIKE /REGULATORY COMPONENT OF ABA RECEPTOR
(PYR/PYL/RCAR) (Ma et al., 2009, Park et al., 2009), a protein family with 14 members.
ABA perception is achieved by direct binding of the hormone in a hydrophobic pocket which
triggers a conformational change leading to the translocation of two B-loops which lock the
ABA molecule within the binding pocket, and are therefore termed “gate” and “latch”
(Melcher et al., 2009). This conformational change creates a binding site for PP2Cs blocking
the active site, thus inhibiting the phosphatase activity (Ma et al., 2009, Melcher et al., 2009,
Park et al., 2009). Protein-protein interaction screens revealed that the ABA receptors
interact with specific PP2Cs creating an interaction network with many different
combinations. In vitro ABA-binding affinities of PYR/PYL/RCAR proteins vary and greatly
increase in the presence of PP2Cs dependent on the combination (Ma et al., 2009, Santiago
et al., 2009, Szostkiewicz et al., 2010, Hao et al., 2011, Miyakawa et al., 2013, Fuchs et al.,
2014) which allows fine-tuned responses to cytosolic ABA concentration changes.
However, some ABA receptors interact with and inhibit PP2Cs even without ABA, which
requires the PYR/PYL/RCAR proteins to be monomeric (Hao et al., 2011). In plants where
the expression of 4 PYR/PYL/RCAR genes was disrupted (pyr1/pyl1/pyl2/pyl4), ABA-
induced anion current activation as well as Kis-inhibition were abrogated (Wang et al., 2013).
Mutant plants lacking PYR/PYL/RCAR proteins display an ABA-hyposensitive stomatal
closure phenotype and increased stomatal apertures (Gonzalez-Guzman et al., 2012). Gas
exchange experiments demonstrate increased steady-state stomatal conductance for
PYR/PYL/RCAR null mutant plants which intensifies with increasing numbers of knocked-
out ABA-receptors (Gonzalez-Guzman et al., 2012, Merilo et al., 2013). This effect could be
explained by the fact that some monomeric ABA-receptor interact with and inhibit PP2Cs

even without ABA and in their absence the basal inhibition of PP2Cs is impaired.

3.2.2.2.2.6 Summary and model of ABA- and Ca?*-dependent stomatal closure

The above described results lead to the following simplified model of ABA- and Ca?*-

dependent stomatal closure (Figure 4).

1: In the presence of the phytohormone ABA, the cytosolic ABA-receptors
(RCAR/PYR/PYL) form a complex with PP2Cs which leads to the inhibition of the protein

phosphatase activity.
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2: PP2Cs represent a major negative regulator within this signaling network and fulffill

multiple roles in ABA signaling. When ABA is present, PP2Cs are inhibited, which results in
the following cellular events in guard cells:

3: The inhibition of the positive regulator kinase OST1 is released which results in both
phosphorylation and activation of the NADPH oxidases Rbohs. Rboh proteins catalyze the

formation of apoplastic ROS such as H2O; and O~ which trigger the elevation of cytosolic

Ca?* mediated by plasma membrane localized Ca?*-permeable ion channels.

Promotion of ion efflux Inhibition of ion influx

o

/ CosT1) |— (PP2Cs)

(PP2cs) — (0ST1)

| @

Vacuole

J

Figure 4: Schematic model of ABA- and Ca?*-dependent stomatal closure

Multi-component signaling including second messengers and protein
components ensure a tight and specific regulation of stomatal closure.
(NMlustration created by the author)

4: This cytosolic Ca?" elevation, supported by Ca?*-promoted release of Ca?" stored in
organelles, including the vacuole, leads to the activation of CPKs. CPKs are also involved

in the ABA-activation of Rboh proteins further promoting Ca?* influx into the cytosol.

5. Both OST1 and CPK kinases phosphorylate and thereby activate plasma membrane
localized anion channels leading to efflux of anions (A"). This process can be inhibited
directly by PP2C phosphatases in the absence of ABA. Two types of anion channels are
activated: the slow (S-type) and rapid (R-type) anion channels.



Introduction

6. Anion efflux leads to depolarization of the plasma membrane which drives K* efflux

mediated by outward-rectifying potassium (K*.ut) channels. The majority of A" and K" in a
plant cell are stored in the vacuole and are released into the cytosol via Ca?*-activated K*
channels and anion release transporters present in the tonoplast. The efflux of ions (A" and

K*) causes loss of turgor pressure of guard cells which results in stomatal closure.

7. To prevent the counteracting accumulation of ions during stomatal closure, ABA and
RCAR/PYR/PYL mediated PP2C inhibition results in the blocking of mechanisms mediating
the accumulation of ions (for stomatal opening), such as plasma membrane H*-ATPases

activity and inward rectifying K* (K*in) channels.

This signaling network provides the basis for robust stomatal ABA-signaling, a signal
transduction cascade crucial for drought adaption and therefore plant survival. However,
there are still many unknown aspects and unraveling them will greatly improve our
understanding of ABA- and Ca?*-dependent signal transduction in guard cells. In the next

chapter | will list the open questions | wanted to address in this work.
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Objectives of this work

Guard cells are crucial cell types for drought adaption mechanisms and plant survival

under water-limited conditions. Several aspects of the Ca?'- and ABA-dependent signal

transduction pathway in guard cells are known (Figure 4), however there are still many open

questions. To determine the details of that mechanisms would greatly improve the

understanding of drought adaption mechanisms in plants. Additionally, as many different

stimuli induce Ca?'-transients in guard cells this cell type is ideal to study specificity

mechanisms in Ca?*-signaling events.

In this work, the following questions were asked:

1.

As CPK single or double knock out mutants displayed only intermediate phenotypes
in S-type anion current activation the question whether more CPKs are involved in
SLAC1 activation and whether higher order knock out mutants lead to completely
abrogated S-type anion current activation arose. Furthermore, a detailed
characterization of CPKs and the activation and phosphorylation of SLAC1 by these

protein kinases was a goal of this work.

Many proteins of the ABA-signaling core resulting in SLAC1 activation have been
identified, however a functional reconstitution of this signaling pathway has not yet
been achieved. Whether the identified proteins within Ca?*-dependent and Ca?*-
independent ABA-signaling are sufficient, or whether more proteins are involved is

a question addressed in this work.

. As mentioned above, Ca?* has been reported to play an important role in stomatal

closing and also in stomatal opening raising the question of how specificity in Ca?*-
signaling in guard cell can be achieved. The presence of ABA primes Ca?*-sensors
to be susceptible to elevated [Ca?']o: thus enabling a specific Ca?*-response.
Unraveling the molecular mechanisms of this Ca?*-sensitivity mechanism taking

results from questions 1 and 2 into account was another goal of this work.

Ca?*-dependent and Ca?*-independent ABA-signaling in guard cell depend on each
other quantitatively. However, the molecular mechanism of these interaction is not

known and has been subject to research presented in this work.
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5 Results and discussion

5.1 Identification and characterization of novel CPKs involved in
SLAC1-mediated S-type anion current activation and

stomatal closure

Hubbard, K. E., R. S. Siegel, G. Valerio, B. Brandt and J. I. Schroeder (2012). "Abscisic acid and
CO:z2 signalling via calcium sensitivity priming in guard cells, new CDPK mutant phenotypes and a
method for improved resolution of stomatal stimulus—response analyses." Annals of Botany 109(1):
5-17.

Brandt, B., D. E. Brodsky, S. Xue, J. Negi, K. Iba, J. Kangasjarvi, M. Ghassemian, A. B. Stephan,
H. Hu and J. I. Schroeder (2012). "Reconstitution of abscisic acid activation of SLAC1 anion
channel by CPK6 and OST1 kinases and branched ABI1 PP2C phosphatase action." Proceedings
of the National Academy of Sciences 109(26): 10593-10598.

Laanemets, K., B. Brandt, J. Li, E. Merilo, Y.-F. Wang, M. M. Keshwani, S. S. Taylor, H. Kollist and
J. |. Schroeder (2013). "Calcium-Dependent and -Independent Stomatal Signaling Network and
Compensatory Feedback Control of Stomatal Opening via Ca?* Sensitivity Priming." Plant

Physiology.

BrandtB., Munemasa S., Wang C., Nguyen D., Belknap T., Aleman F., Schroeder JI (2014). “Calcium
Specificity Mechanism within ABA-dependent Signal Transduction in Arabidopsis thaliana.”
submitted

Single and double knock out mutants of CPKs led to intermediate ABA-dependent
stomatal closure and S-type anion current regulation phenotypes (Mori et al., 2006, Zhu et
al., 2007, Zou et al., 2010, Hubbard et al., 2012), potentially due to functional redundancy
of CPKs. cpk3 and cpk6 single and double mutant plants exhibit reduced ABA- and Ca?*-
activated S-type anion currents (Mori et al., 2006). Co-expression of CPK6 together with
SLAC1 gave rise to macroscopic anion currents (Brandt et al., 2012). In vitro kinase assay
revealed that CPK6 is phosphorylating the SLAC1-NT (Brandt et al., 2012). These results
confirmed that the in planta S-type anion current phenotype (Mori et al., 2006) is due to the
direct action of the kinase on SLAC1. Subsequent detailed biochemical analyses revealed
that CPK6 phosphorylates the SLAC1-NT effectively and that CPK6 phosphorylates the
SLACA1-NT residue Serine 59 (Brandt et al., 2012). When Serine 59 in the SLAC1 was
substituted with a non-phophorylatable amino acid, Alanine, no CPK6-mediated SLAC1
activation could be seen in oocytes confirming the functional importance of SLAC1 Serine
59 phosphorylation during CPK6 activation of that channel (Brandt et al., 2012). CPK6 has
been reported to be only weakly activated in a Ca?*-dependent manner and possess a high
core activity at low Ca?'-concentrations (Scherzer et al., 2012). Detailed biochemical
analyses, however, clearly showed the requirement of high free Ca?* concentrations for
SLAC1-NT phosphorylation and revealed a half maximal activation of CPK6 at a free Ca?*

concentration of ~ 500 nM using a synthetic peptide as the substrate (Brandt et al., 2012,
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Laanemets et al.,, 2013). CPK6 possesses a core activity of ~15% of the maximal
phosphorylation activity in these analyses (Laanemets et al., 2013). Electrophysiological
experiments in oocytes did not show SLAC1 activation when co-expressed with CPK3
(Brandt et al.,, 2012), however a truncated and constitutively active version of CPK3
activated SLAC1 in oocytes (Scherzer et al., 2012). A close homologue of CPK6, CPK5,
was identified to also activate SLAC1 in oocytes (Brandt et al., 2014). A mutant plant in
which the expression of CPK5, CPK6, CPK11, and CPK23 was disrupted (cpk5/6/11/23)
was completely impaired in high external Ca?*- and ABA-priming of anion current activation
by elevated [Ca?']. (Brandt et al., 2014).

The presented and previous results show that several CPKs are able to fulfill the role of
activating SLAC1/S-type anion currents which aids to the robustness of this crucial step of
stomatal closure. However, knocking out 4 CPKs leads to completely abrogated ABA- and
Ca?*-activation of S-type anion currents (Brandt et al., 2014) suggesting that CPK-mediated
S-type anion current activation requires a certain number of CPKs. SLAC1 Serine 120 has
been reported to be important for activation of SLAC1 by OST1 while CPK23 activation of
SLAC1 S120A was comparable to the wild type version of SLAC1 (Geiger et al., 2010). The
requirement of Serine 59 for SLAC1 activation by CPK6 (Brandt et al., 2012) identifies a
novel amino acid responsible for activation of SLAC1 by CPKs which might represent a
novel mechanism of synergistic SLAC1 regulation by Ca?-dependent and Ca?-

independent kinases (see chapter 4.2).

5.2 Molecular mechanism of Ca?*-specificity and
interdependence of the Ca?*-dependent and Ca?*-

independent branches of ABA-signaling

Brandt, B., D. E. Brodsky, S. Xue, J. Negi, K. Iba, J. Kangasjarvi, M. Ghassemian, A. B. Stephan,
H. Hu and J. I. Schroeder (2012). "Reconstitution of abscisic acid activation of SLAC1 anion
channel by CPK6 and OST1 kinases and branched ABI1 PP2C phosphatase action." Proceedings
of the National Academy of Sciences 109(26): 10593-10598.

Brandt, B., S. Munemasa, C. Wang, D. Nguyen, T. Belknap, F. Aleman, J. |. Schroeder (2014).
“Calcium Specificity Mechanism within ABA-dependent Signal Transduction in Arabidopsis thaliana.”
submitted

Several components of the ABA-signaling core have been identified and the signal
transduction pathway has been reconstituted in mesophyll protoplast with OST1 as the
kinase using a stress activated promoter fused to a reporter gene (Fujii et al., 2009). This

approach does not exclude the possibility of additional factors which are required for the
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signal transduction pathway to be functional being present in the plant cells used. In vitro,
ABA-pathway reconstitution resulting in SLAC1-NT phosphorylation including either OST1
of CPK23 was reported (Geiger et al.,, 2010). However, whether a functional in vivo
reconstitution resulting in SLAC1 activity is possible was not known. Using Xenopus
oocytes, ABA-dependent SLAC1 activation by signal transduction pathway reconstitution
including either OST1 of CPK6 could be seen (Brandt et al., 2012). These results indicate
the components reported so far are sufficient for a functional reconstitution of the ABA
signaling pathway. Also, these analyses revealed that the inclusion of either the Ca?*-
independent protein kinase OST1 or the Ca?*-dependent protein kinase CPK® is sufficient
for the ABA-activation of SLAC1 indicating a branched configuration of the signal

transduction pathway.

The role of PP2Cs was assessed to investigate the molecular mechanism
underlying the phenomenon that the presence of ABA and high external Ca?* (Chapter
2.2.2.2.2) primes Ca?*-sensors to be susceptible to cytosolic Ca?* elevations. In quadruple
PP2C knock out plants (abi1-2/abi2-2/hab1-1/pp2ca-1), elevating [Ca?"]. triggered the
activation of S-type anion currents even when guard cell were not pre-exposed to ABA
(Brandt et al., 2014), underlining the important role of these PP2Cs within this Ca?*-
sensitivity mechanism. Detailed biochemical analyses revealed that PP2Cs do not directly
regulate CPK activities, but inhibit CPK and also OST1 activation by directly removing
phosphorylations added by these kinases to SLAC1 (Brandt et al., 2012, Brandt et al.,
2014). These results suggest that “in the absence of the specific signal, ABA, Ca?'-
responsiveness is inhibited by PP2Cs, thereby preventing responses to unrelated Ca?*
elevations [...] (Irving et al., 1992, Shimazaki et al., 1992, Curvetto et al., 1994, Cousson et
al., 1998, Klisener et al., 2002, Roelfsema et al., 2002, Young et al., 2006). As PP2Cs
inhibit OST1 and also down-regulate SLAC1 directly, this network not only enables stimulus
specific activation of SLAC1 via phosphorylation, but also provides a tight off switch via
PP2C-catalyzed de-phosphorylation of SLAC1 [...]. 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 Ca?*
sensor [...], CPKs could still be capable of fulfilling other signaling roles (Boudsocq et al.,
2010, Munemasa et al., 2011, Dubiella et al., 2013, Gao et al., 2013).” (Brandt et al., 2014)

The ABA-signal transduction pathway resulting in SLAC1 activation was functionally
reconstituted using either OST1 or CPK6 as kinase (Brandt et al., 2012), indicating that
SLAC1 activation can be achieved either by the Ca?*-dependent or the Ca?*-independent
branch of ABA signaling in oocytes. However, analyses of ABA-induced stomatal closure
revealed that in conditions which abolish cytosolic Ca?*-elevations, only ~30% of the

stomatal closure could be seen (Siegel et al., 2009). Also, in cpk5/6/11/23 and
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snrk2.2/snrk2.3/ost1 mutant guard cells ABA-activation of S-type anion currents was
abrogated (Brandt et al., 2014) showing that both the Ca?'-dependent and the Ca?'-
independent branch of ABA signal transduction are required for S-type anion currents
activation in planta. This interdependence could be due to a direct cross-regulation of OST1
and CPKs, however no direct interaction or cross-(trans)-phosphorylation between OST1
and CPKG6 can be seen (Brandt et al., 2014). Electrophysiological experiments in oocytes
revealed that in this system SLAC1 Serine 59 is required for the activation by CPK5, CPKB6,
and CPK23, but not for the activation by OST1 (Brandt et al., 2012, Brandt et al., 2014).
That SLAC1 Serine 120 is crucial for the activation mediated by OST1 but not by CPKS5,
CPK®6, and CPK23 (Geiger et al., 2009, Geiger et al., 2010, Brandt et al., 2014) suggests
that the functional linkage of the Ca?*-dependent and the Ca?*-independent pathway is
mediated by specific SLAC1 phosphorylation events. Co-expression of CPK6 and OST1
together with SLAC1 led to a synergistic activation of the anion channel (Brandt et al., 2014).
However, experiments carried out in the heterologous system of Xenopus oocytes and in
vitro experiments do not necessarily represent the situation in the plant as many parameters
including protein abundances, localizations, and activities might be substantially different.

Further research is needed to elucidate the detailed mechanism in planta.

“The control of ABA-triggered stomatal closure by parallel interdependent Ca?*-
dependent and —independent mechanisms can contribute to the robustness of this essential
signaling network (Hetherington, 2001). Genome analyses have revealed the existence of
more than 200 genes encoding for proteins containing Ca?*-binding EF-hands (Day et al.,
2002) with overlapping expression of many genes in the same cell type, including guard
cells (Winter et al., 2007). The mechanism described here could represent a more general
principle present in plants and possibly other eukaryotes contributing to Ca?*-specificity
within cellular signaling while also maintaining the availability of Ca?*-sensors for distinct

Ca?*-dependent signaling outputs.” (Brandt et al., 2014)
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6 Abbreviations

A-
ABA
ABI
AKT1
AKT2
AKT3
ALMT12
BLUS1
[Ca*]oy
CAD
CaM
CBL

Ci

CML
CPK
ELISA
FRET
GCA2
GORK
H*-ATPase
Ica

Kin

Kout
KAT1
KAT2
OST1
PHOT1
PHOT2
PP2C
PP2CA
PYR1
PYL
QUACA1
Rboh
RCAR
ROS
SLAC1
SLAC1-CT
SLAC1-NT
SLAH3
SnRK2

Anion

abscisic acid

ABA-INSENSITIVE

ARABIDOPSIS K* TRANSPORTER 1
ARABIDOPSIS K* TRANSPORTER 2
ARABIDOPSIS K* TRANSPORTER 3
ALUMINUM-ACTIVATED MALATE TRANSPORTER 12
BLUE LIGHT SIGNALING 1

cytosolic calcium concentration

CPK activation domain

CALMODULIN

CALCINEURIN B-LIKE

cytosolic CO, concentration

CALMODULIN LIKE
Ca?*-DEPENDENT PROTEIN KINASE
enzyme-linked immunosorbent assay

Forster resonance energy transfer

GROWTH CONTROLLED BY ABSCISSIC ACID 2
GATED OUTWARDLY-RECTIFYING K* CHANNEL
ATP-driven proton pump

Ca?*-permeable plasma membrane localized channels
inward-rectifying K*-channels

outward-rectifying K*-channels

POTASSIUM CHANNEL IN ARABIDOPSIS THALIANA 1
POTASSIUM CHANNEL IN ARABIDOPSIS THALIANA 1
OPEN STOMATA 1

PHOTOTRORPIN 1

PHOTOTROPIN 2

clade A protein phosphatase 2C

PROTEIN PHOSPHATASE 2CA

PYRABACTIN RESISTANCE 1

PYR1-LIKE

QUICKLY-ACTIVATING ANION CHANNEL 1
RESPIRATORY BURST OXIDASE PROTEIN
REGULATORY COMPONENT OF ABA RECEPTOR
reactive oxygen species

SLOW ANION CHANNEL ASSOCIATED 1
C-terminal cytosolic domain of SLAC1

N-terminal cytosolic domain of SLAC1

SLAC1 HOMOLOGUE 3

SNF1-RELATED KINASE 2
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Abscisic acid and CO2 signalling via calcium sensitivity priming in guard
cells, new CDPK mutant phenotypes and a method for improved resolution
of stomatal stimulus—response analyses

Katharine E. Hubbard, Robert S. Siegel, Gabriel Valerio, Benjamin Brandt and Julian I. Schroeder

Cell and Developmental Biology Section, Division of Biological Sciences, University of California, San
Diego,9500 Gilman Drive, La Jolla, CA 92093-0116, USA

Background Stomatal guard cells are the regulators of gas exchange between plants and the atmosphere.
Ca%*-dependent and CaZ*independent mechanisms function in these responses. Key stomatal regulation
mechanisms, including plasma membrane and vacuolar ion channels have been identified and are
regulated by the free cytosolic Ca2* concentration ([CaZ*]eyt).

Scope Here we show that COz-induced stomatal closing is strongly impaired under conditions that prevent
intra-cellular Ca?* elevations. Moreover, CaZ* oscillation-induced stomatal closing is partially impaired in
knock-out mutations in several guard cell-expressed Ca?*-dependent protein kinases (CDPKs) here,
including the cpk4cpk11 double and cpk10 mutants; however, abscisic acid-regulated stomatal movements
remain relatively intact in the cpk4cpk11 and cpk10 mutants. We further discuss diverse studies of Ca?*
signalling in guard cells, discuss apparent peculiarities, and pose novel open questions. The recently
proposed Ca?* sensitivity priming model could account for many of the findings in the field. Recent research
shows that the stomatal closing stimuli abscisic acid and CO2 enhance the sensitivity of stomatal closing
mechanisms to intracellular Ca?*, which has been termed ‘calcium sensitivity priming’. The genome of the
reference plant Arabidopsis thaliana encodes for over 250 Ca?*-sensing proteins, giving rise to the question,
how can specificity in Ca2* responses be achieved? Calcium sensitivity priming could provide a key
mechanism contributing to specificity in eukaryotic Ca?* signal transduction, a topic of central interest in cell
signalling research. In this article we further propose an individual stomatal tracking method for improved
analyses of stimulus-regulated stomatal movements in Arabidopsis guard cells that reduces noise and
increases fidelity in stimulus-regulated stomatal aperture responses (Box 1). This method is recommended
for stomatal response research, in parallel to previously adopted blind analyses, due to the relatively small
and diverse sizes of stomatal apertures in the reference plant Arabidopsis thaliana.

Key words: Stomata, ABA, guard cell, Ca2*, CDPK, calcium sensitivity priming, carbon dioxide, Arabidopsis
thaliana.



INTRODUCTION

Stomatal guard cells play a critical role in the regulation of plant gas exchange and water use efficiency
(Kim et al., 2010). Several key physiological stimuli regulate stomatal aperture, including abscisic acid
(ABA), CO2 and pathogenic elicitors (Raschke et al., 1988; Pandey et al., 2007; Joshi-Saha et al., 2010;
Kim et al., 2011). One signalling com-ponent that links these diverse stimuli is the cytosolic free-calcium
concentration ([Ca?*]eyt), which induces stomatal closure ( DeSilva et al., 1985; Gilroy et al., 1990; McAinsh
etal., 1990; Webb et al., 1996; Grabov and Blatt, 1998; Allen etal., 1999a; Staxen etal., 1999; Kluesener
etal.,, 2002; Young et al., 2006). Several independent mechanisms have been identified that are activated
by [Ca?*]eyt in guard cells, and contribute to ABA-induced stomatal closing, including [Ca?*]cyt activation of
S-type anion channels ( Schroeder and Hagiwara, 1989; Mori et al., 2006; Vahisalu et al., 2008; Siegel
et al., 2009; Chen et al., 2010), [Ca?*]cyt activation of R-type anion channels ( Hedrich et al., 1990; Meyer
etal., 2010), [Ca?*]eyt down-regulation of plasma membrane proton pumps ( Kinoshita et al., 1995), [Ca2*]eyt
down-regulation of K* influx channels ( Schroeder and Hagiwara, 1989; Kelly et al., 1995; Grabov and
Blatt, 1997; Kwak et al., 2001) and Ca?*-activation of vacuolar K* release (VK) channels ( Ward and
Schroeder, 1994; Allen and Sanders, 1996; Gobert et al., 2007). These studies and subsequent studies
have identified mechanisms through which plasma membrane and tonoplast ion channels and ATPases
function as key mediators in a network that controls stomatal closing and inhibits stomatal opening
(reviewed in MacRobbie, 1998; Schroeder et al., 2001; Pandey et al., 2007). The importance of [CaZ*]cyt,
relative to Ca?*-elevation-independent control of stomatal closure has recently been quantified in
Arabidopsis showing that the Ca?*-dependent response is responsible for approx. 70 % of the ABA
response ( Siegel et al., 2009). This research is consist-ent with previous studies that demonstrated a
requirement for Ca?* in ABA-induced closure ( DeSilva et al., 1985; Schwartz, 1985; McAinsh et al., 1990;
Grabov and Blatt, 1998; MacRobbie, 2000). Recent ABA signalling models ( Cutler et al., 2010; Hubbard
et al., 2010; Melcher et al., 2010) have not yet incorporated a clear role for [CaZ*]eyt. [Ca2*]eyt elevation-
independent ABA-induced stomatal closure accounted for approx. 30 % of the response ( Siegel et al.,
2009). Ca?*-independent signalling mechanisms function in ABA-and COz-induced stomatal closing and
have been reviewed in depth elsewhere ( Levchenko et al., 2005; Israelsson et al., 2006; Sirichandra et
al., 2009; Kim et al., 2010; Hubbard et al., 2010; Raghavendra et al., 2010). In this study, we examine
and review studies that have identified and analysed Ca2*-dependent stomatal closure and provide an
overview of the mechanisms that have been established during [Ca2*]eyt signalling in guard cells, and
consider models of how specificity and plasticity in Ca2*-signalling networks may be achieved.

DYNAMICS IN ‘RESTING’ [Ca? *]cyt AND SPONTANEOUS Ca? * TRANSIENTS

Due to the cytotoxicity of large Ca?* concentrations inside cells and diverse Ca?*-binding proteins expressed
in cells, the free cytosolic Ca?* concentration is maintained within the 150 nM range in unstimulated cells
through the action of Ca2*-ATPases and Ca%*-H * ion exchangers at the plasma membrane and
membranes of internal stores. However, a number of studies have described fluctuations in [Ca2*]cyt in
guard cells, which had not yet been challenged with ABA or known stimuli (with the caveat that Ca2* imaging
experiments are performed under specific conditions which may inadvertently include physiological stimuli).
For example, in Vicia faba guard cells, spontaneous increases in [Ca2*]c,t were observed before the
application of ABA ( Grabov and Blatt, 1998). Similarly, spontaneous transients were noted in a subset of
unstimulated Commelina communis cells ( Staxen et al., 1999), and spontaneous [Ca?*]ct transients were
observed in Arabidopsis guard cells expressing the non-invasive FRET reporter Yellow Cameleon with no
exposure to ABA (Allen et al., 1999b; Kluesener et al., 2002). As with stimulus-induced [Ca?*]cyt increases
(see below), spontaneous [Ca2*]eyt transients are not necessarily synchronized between guard cells of the
same pair (Allen et al., 1999b). It is possible that [Ca?*]yt increases happen not at the level of the cell but
at the level of [Ca?*]eyt microdomains, as observed in mammalian tissue ( Berridge, 2006). This may
contribute to the highly stochastic nature of spontaneous [Ca?*].yt transients. Spontaneous Ca?* transients



have also been observed in guard cells of intact leaves of Arabidopsis plants ( Yang et al., 2008). These
Ca?* transients can be inhibited by loading cells with high concentrations of Ca?* chelators including the
Ca?* chelating reporter fura-2 and its derivative BAPTA ( Young et al., 2006). Interestingly, these
spontaneous Ca?* transients can be inhibited by removal of extracellular Ca?* or by buffering the
extracellular free Ca?* concentration to 200 nM ( Young et al., 2006; Siegel et al., 2009) and can be
dampened or removed by more positive (depolarized) mem-brane potentials in guard cells ( Grabov and
Blatt, 1998; Staxen et al., 1999; Kluesener et al., 2002; Young et al., 2006). Spontaneous [CaZ*]cyt
transients have been observed in guard cells from several species and using different [Ca2*]cyt imaging
techniques indicating that spontaneous transients in [Ca?*]cyt are a conserved feature of guard cell [Ca2*]cyt
dynamics that are sensitive to external Ca2* and cytoplasmically loaded Ca?* buffer concentrations. While
the nature and function of spontaneous Ca?* transients is currently poorly understood, it is likely that they
include a contribution from Ca?*-permeable cation channels in the plasma membrane that are activated at
increasingly negative (hyperpolarized) membrane voltages ( Aharon et al., 1998; Hamilton et al., 2000;
Pei et al., 2000). Driving mem-brane voltage to more negative (hyperpolarized) membrane potentials
increased the amplitude of [Ca?*]cyt transients ( Grabov and Blatt, 1998 ) and increases the open probability
of Ca?*-permeable cation channels in the plasma membrane of guard cells ( Hamilton et al., 2000; Pei et
al., 2000). Consistent with these findings, the proportion of guard cells with transients and the frequency of
transients is dependent on the incubation buffer used. Low [K*]ext (0-1 mM) results in more negative
(hyperpolarized) membrane potentials and concomitant rapid transients in the majority of cells, while high
[K*]ext (100 mM) causes more positive (depolarized) membrane potentials and abolishes the Ca?* transients
(Kluesener et al., 2002). That some cells exhibit spontaneous transients while others in the same epidermal
preparation have constant resting [Ca?*]cyt levels may reflect a contribution from variation in the membrane
potentials of the population of cells, with only those passing a certain threshold of negative voltages
exhibiting spontaneous transients.

CO2-INDUCED STOMATAL CLOSING IS STRONGLY IMPAIRED IN THE ABSENCE OF Ca?*
ELEVATIONS

The significance of [Ca2*|ci-dependent ABA-induced stomatal closure, relative to Ca2*-elevation-
independent control of stomatal closure, has recently been quantified in Arabidopsis using the above
described approaches that inhibit spontaneous and ABA-induced [Ca?*]eyt increases. Guard cells where
increases in [Ca?*]cyt were prevented using the Ca?*-chelator BAPTA showed only 30 % of the ABA-induced
stomatal closure response compared with guard cells where [Ca?*].yt was allowed to increase ( Siegel et
al., 2009). Under the same experimental conditions that inhibit [Ca2*]cyt elevations (i.e. in the presence of
BAPTA, buffering free Ca?* concentration in the extracellular medium to 200 nM; Siegel et al., 2009), we
analysed stomatal closing induced by elevation in the CO2 concentration here. Interestingly, under these
conditions, CO2-induced stomatal closing was strongly inhibited (Fig. 1B), whereas addition of 50 pM Ca?*
to the bath medium was sufficient to ensure a robust CO2-induced stomatal closing response (Fig. 1A).
Thus CO2-induced stomatal closing is strongly Ca?* dependent in Arabidopsis, consistent with pre-vious
findings in Commelina guard cells ( Schwartz, 1985; Webb et al., 1996). The Ca?* requirement for CO2-
induced stomatal closing (Fig. 1) is particularly interesting because recent research has revealed that the
Ca?*-independent protein kinase, OST1, is required for CO2-induced stomatal closure in Arabidopsis ( Xue
et al., 2011). These data indicate that present models strictly separating Ca?*-dependent and Ca?*-
independent stomatal closing may be oversimplified, and that these mechanisms may interact in an
unknown manner and will require further research.



STIMULUS-INDUCED CHANGES IN [Ca?*]oyt

Several distinct stimuli are known to cause an increase in guard cell [Ca2*]¢y, including cold ( Allen et al.,
2000; Wood et al., 2000), extracellular Ca?* ([Ca?*]lext) ( McAinsh et al., 1995), ABA ( McAinsh et al., 1990;
Schroeder and Hagiwara, 1990; Grabov and Blatt, 1998; Allen et al., 1999a, b; Staxen et al., 1999;
MacRobbie, 2000; Jung et al., 2002; Marten et al., 2007), CO2 ( Webb et al., 1996; Young et al., 2006)
and certain pathogenic elicitors ( Klusener et al., 2002). In cells that show constant resting Ca?* levels,
upon application of a given stimulus, [Ca?*]eyt can increase from approx. 100 =150 nM to 2350 nM. The
pattern of [Ca?*]cyt increases is related to the stimulus applied and the buffer in which cells are incubated.
For example, for cells incubated in a high [K*] buffer (50 mM) a cold shock results in a single large transient
(Fig. 2A), whereas exposure to high [Ca?*]ex: induces [Ca2*]eyt oscillations (Fig. 2B). Physiological stimuli
can also alter the pattern of spon-taneous [Ca?*]cyt transients; for example, transfer from a low to a high
[CO2] buffer reduces the rate of spontaneous Ca?* transients in wild-type Arabidopsis (Landsberg erecta)
guard cells ( Young et al., 2006). This elevated CO2-induced dam-pening of Ca?* transients was proposed
to occur due to depolarization of the guard cell plasma membrane mediated by CO:2 signalling ( Young et
al., 2006). Both types of responses (stimulation and dampening) have been associated with exposure of
cells to ABA, with some studies showing ABA-induced [Ca?*]eyt transients ( Schroeder and Hagiwara, 1990;
Grabov and Blatt, 1998; Allen etal., 1999a, 2000, 2002; Staxen etal., 1999; Islam et al., 2010). However,
in cells that exhibit spontaneous Ca?* transients, prior to ABA application, ABA-dependent dampening and
slowing of spon-taneous [Ca?*]cyt transients was found ( Grabov and Blatt, 1998; Staxen et al., 1999;
Klusener et al., 2002). A number of studies have noted a variety of ABA-induced responses ranging from
repetitive oscillations to no measureable ABA-dependent change in [Ca?*]cyt ( Schroeder and Hagiwara,
1990; Gilroy et al., 1991; Allen et al., 1999a; Hugouvieux et al., 2001; Jung et al., 2002; Kwak et al.,
2002, 2003; Levchenko et al., 2005). These studies and data in Fig. 2 indicate that amongst a population
of guard cells different microenvironments or signalling states may exist resulting in either lack of ABA-
induced [Ca?*]eyt increases (Fig. 2C) or ABA-induced [Ca?*]cyt increases (Fig. 2D, E). Note that plants
analysed in Fig. 2C-D were grown at high humidity, and were misted daily with water, similar to pre-vious
reports ( Allen et al., 1999a; see methods in the figure captions). Daily misting of plant leaves with water
may serve to reduce endogenous ABA levels in guard cells, and appears to enhance mechanisms
mediating ABA-induced [Ca?*]cyt elevations. Mechanistically, evidence suggests that [Ca?*]cyt increases
induced by separate stimuli are likely generated by a different combination of mechanisms. [Ca2*]cyt
oscillations recorded in response to [Ca?*]ext, cold and ABA have distinct patterns ( Allen et al., 2000),
indicating their generation is differently regulated. To generate a specific [Ca?*].yt pattern, such as a
repetitive oscillation, requires the co-ordinated action of both Ca2* influx channels and active Ca2* efflux
transporters. Sorting out the specific genes encoding candidate Ca?*-permeable ion channels and efflux
transporters that mediate specific [Ca2*]cyt patterns will require further research. This question is likely to be
complicated by the circumstances that (a) large families of candidate Ca2*-permeable ion channels exist in
plants with overlapping gene functions ( Lacombe et al., 2001; Kaplan et al., 2007) and (b) more than one
Ca?* channel type is likely to contribute to any given stimulus-induced Ca?* elevation pattern.

[Ca?*]eyt -REACTIVE MECHANISMS

There are a large number of [Ca?*]cit-dependent mechanisms that have been described within the guard-
cell signalling network, most of which function in mediation of stomatal closing, leading to the proposal that
[Ca?*]eyt functions as a ‘hub’ within the stomatal signalling network ( Hetherington and Woodward, 2003).
The diversity of [Ca?*]cyt-dependent processes is illustrated by the large number (approx. 250) of proteins
containing Ca2*-binding ‘EF-hand’ motifs encoded within the Arabidopsis thaliana genome ( Day et al.,
2002). This is likely to be an underestimate of the total number of Ca2*-binding proteins present, as some
proteins such as the 14-3-3 protein GF14 have been described as Ca?*-binding ( Lu et al., 1994; Athwal
and Huber, 2002) but do not contain an EF hand ( Day et al., 2002). EF-hand-containing proteins include



several families of signalling components commonly referred to as Ca2*-sensors which include calmo-dulins
(CaM) and CaM-like (CML) proteins, calcineurin-B-like (CBL) proteins and Ca?*-dependent protein kinases
(CPKs); these protein families have been extensively reviewed elsewhere ( Dodd et al., 2010; Kudla et al.,
2010) and so will not be discussed in detail here. Moreover, additional ‘target proteins’ including ion
channels contain EF-hand(s), and can be directly regulated by [Ca?*]cyt. For example, the K*- and Ca?*-
permeable two-pore channel 1 (TPC1) protein which encodes the slow vacuolar (SV) channel ( Peiter et
al., 2005) contains two EF hands and is Ca?* activated ( Hedrich and Neher, 1987; Pei et al., 1999). The
literature might in a few cases over-interpret findings as mainly supporting a model in which only unique
stimulus-specific patterns in [Ca?*]c,t elevations, rather than Ca?* elevations above thresholds in
concentrations and durations, are required in plant cells for Ca2* to elicit an output. (We have avoided the
attractive term ‘Ca?* signature’ in our previous studies, as this can have several definitions. Nevertheless,
further research in plant model cell systems is needed to elucidate the underlying cell-signalling and bio-
chemical mechanisms, which would represent important breakthroughs in plant Ca?* signalling.)
Experimental impo-sition of [Ca?*]cyt transients through repetitive buffer swap experiments showed that any
Ca?* elevation above a threshold value could trigger a rapid ‘Ca?*-reactive’ stomatal closing response [see
supplemental data for Allen et al. (2001)]. Thus the Ca -reactive stomatal closing response was shown to
be largely independent of the [Ca?*]cyt elevation frequency, number or duration of transients ( Allen et al.,
2001). Nevertheless, the rate and the final degree of Ca?*-reactive stomatal closing depends on the number
and integrated amplitude of Ca?* elevations, which per se could also be modelled by a threshold-type
mechanism. S-type anion channels in the plasma membrane of guard cells play a central role in controlling
stomatal closure ( Schroeder and Hagiwara, 1989; Schroeder, 1995). The rapid Ca -reactive phase of
stomatal closing in response to imposed Ca?* transients is reduced in the Ca?*-dependent protein kinase
double mutant cpk3cpk6 ( Mori et al., 2006; see Fig. 4A). Moreover, mutations that disrupt the gene
encoding the S-type anion channel, SLAC1 ( Negi et al., 2008; Vahisalu et al., 2008), show a dramatically
impaired Ca?*-reactive stomatal closure ( Vahisalu et al., 2008). These findings are consistent with the
model that Ca2*-dependent protein kinases activate S-type anion chan-nels, thus mediating stomatal
closing ( Mori et al., 2006; Geiger et al., 2010). In contrast to Ca%*-reactive stomatal closing, imposed Ca?
* oscillations of particular frequencies and durations resulted in inhibition of stomatal re-opening, after Ca?*
transients had been terminated ( Allen et al., 2001; Li et al., 2004). This latter Ca2*-dependent inhibition of
stomatal re-opening has been coined long-term ‘Ca?*-programmed’ stomatal closure ( Allen et al., 2001;
Yang et al., 2003; Li et al., 2004). The gca2 mutant exhibits more ‘spiky’ Ca2* oscillations during ABA and
elevated CO2 exposures and gca2 exhibits impaired stomatal closure responses ( Allen et al., 2001; Young
et al., 2006). In the gca2 mutant, experimental imposition of strong Ca?* oscillations restored 65 % of
stomatal closure compared with wild-type guard cells ( Allen et al., 2001). Further research suggested that
the increased rate of [Ca?*]cy transi-ents observed in gca2 mutant guard cells ( Allen et al., 2001) could
result from the more negative (hyperpolarized) mem-brane potential of this mutant ( Young et al., 2006).
Indeed membrane potential hyperpolarization enhances the rate of [CaZ*]yt transients in guard cells, as
discussed earlier ( Grabov and Blatt, 1998; Kluesener et al., 2002).

CALCIUM SENSITIVITY PRIMING

Given that both spontaneous transients and stimulus-specific changes in [Ca?*]cyt have been reported in
guard cells, the question remains; how are guard cells able to respond in a Ca?*-dependent manner? In
other words why can Ca?* alter, for example, anion channel activity in response to the appropriate stimulus,
but not in response to spontaneous Ca?* transients? There is increasing evidence to suggest that the prior
conditions that guard cells have experienced modu-late the sensitivity of the signalling network to increases
in [Ca%*]eyt, thus determining the final response of the cell. For example, [CaZ*].-induced activation of the
S-type anion channels was found not to occur in Arabidopsis guard cells under non-stimulated conditions
(see fig. 3 in Allen et al., 2002). Exposure to high extracellular Ca?* concentrations, and even after a



subsequent return to more physiological extra-cellular Ca?* levels, was found to alter the signalling state of
guard cells, such that [Ca?*]et activation of anion channels was restored ( Allen et al., 2002; Mori et al.,
2006; Suh et al., 2007). These data along with the resolution of spon-taneous Ca?* transients in guard
cells provided first evidence that the [Ca?*]cyt sensitivity of stomatal closing mechanisms can be up- and
down-regulated (i.e. primed or de-primed). Ensuing studies showed that [Ca?*]c,t-activation of S-type anion
channels is primed by pre-exposure of guard cells to ABA ( Siegel et al., 2009; Chen et al., 2010). Similarly,
K*-influx channels in Arabidopsis guard cells are rendered more [CaZ*]cyt sensitive by pre-exposure of guard
cells to ABA as well ( Siegel et al., 2009). These findings and Ca?* imaging studies led to the proposal of
the ‘Ca?*-sensitivity priming’ hypothesis ( Young et al., 2006; Siegel et al., 2009), which postulates that a
given physiological stimulus renders a component(s) of the signalling network more [CaZ*]c,t responsive
(Fig. 3). Thus, for example, in the primed state a lower amplitude Ca?* transient would cause a stronger
activation of anion channels ( Chen et al., 2010). This model resolves some of the potential paradoxes
found in the literature. An important question for Ca?* sensitivity priming remains, whether ABA or CO2 can
sensitize guard cells to typical base-line resting [Ca?*]c,t concentrations of 150 nM in vivo. Some
circumstantial evidence exists that this may be the case. For example, in Vicia faba and other species,
guard cells have been previously shown to exhibit ABA-induced Ca2* increases in only a minority of guard
cells ( Schroeder and Hagiwara, 1990; Gilroy et al., 1991; McAinsh et al., 1992). Furthermore, loading
the Ca?* reporter fura-2 into Vicia faba guard cells was shown to enable ABA-induced stomatal closing at
resting [Ca?*]eyt levels in the absence of measurable [Ca?*]cyt elevations ( Levchenko et al., 2005). However,
in the same experiments loading a higher concentration of the fura-2-analogous Ca?* chelator BAPTA into
guard cells reduced resting Ca?* levels to below typical baseline levels and then inhibited ABA-induced
stomatal closing ( Levchenko et al., 2005). Thus, ABA may enhance (prime) the sensitivity of stomatal
closing mechanisms even to resting Ca?* levels. This gives rise to the question whether Ca?*-independent
signalling in vivo (Fig. 2C) is truly Ca2* independent. More research is needed to investigate this question.

There are many potential (non-mutually exclusive) mechanisms through which Ca2*-sensitivity priming may
occur, including post-translational modification of signalling proteins, sub-cellular re-localization, protein—
protein interactions, coincidence detection of Ca2* and a second parallel signal, interaction of parallel Ca2*-
dependent and -independent signalling pathways and transcriptional reprogramming (for reviews and
discussion of putative mechanisms, see Hubbard et al., 2010; Kim et al., 2010). These events may occur
at the level of the Ca?*-sensors, but may potentially play a role at any point of the signalling network
downstream of or parallel to [Ca?*]et responses. Recent research has shown that elevation of the
intracellular CO2 and bicarbonate concentrations in Arabidopsis guard cell protoplasts rapidly enhances the
ability of [Ca?*]ct to activate S-type anion channels, within approx. 3—5 min of whole-cell patch clamp
initiation ( Xue et al., 2011). These findings demonstrate that Ca2*-sensitivity priming can occur rapidly in
guard cells, and may therefore not underlie a slower transcriptional regulation mechanism ( Xue et al.,
2011). The Ca%*-dependent protein kinase CPK1 of Mesembryanthemum crystallinum is dynamically re-
localized within cells depending on growth conditions; upon transfer to low humidity the kinase moves from
the plasma membrane to soluble and nuclear cell fractions, where it is presumably able to activate
downstream signalling processes ( Chehab et al., 2004). Further research is needed to elucidate the
unknown biochemical and cell biological mechanisms by which the stomatal closing stimuli CO2 and ABA
enhance the sensitivity of Ca?*-dependent stomatal closing ( Young et al., 2006; Siegel et al., 2009; Chen
et al., 2010; Xue et al., 2011).

MODULAR BASIS OF [Ca?*]et SIGNALLING

Plants contain a diverse array of proteins associated with Ca?* signalling. For [Ca2*]cy-signals to be
generated and interpreted with specificity, a specific subset of these com-ponents must be employed at a
given time and location. The concept of the ‘signalosome’ has previously been pro-posed for mammalian
Ca?* signalling ( Berridge et al., 2003), and is equally applicable for plant systems, particularly given the



large number of Ca?*-binding site-containing proteins encoded in plant genomes. The components of the
signalosome may be tissue-, cell- or subcellular location-dependent, and may also vary with time, either in
response to endogenous cues such as those provided by the circadian clock, or in response to particular
stimuli. On a technical level, variation in growth conditions, age and physiological conditions of individual
plants may influence the composition of the guard cell signalosome and therefore the sensitivity of stomata
to different stimuli. Evidence for specific control of subcellular location of Ca?*-signalling components has
been elegantly demonstrated through transient expression analysis for the CBL —CIPK network, where
particular CBL —CIPK pairs are restricted to defined sub-cellular locations ( Waadt et al., 2008; Batistic et
al.,, 2010). CIPK14 is located at the tonoplast when in complex with CBL2 or CBL3, but is found at the
plasma mem-brane when co-expressed with CBL8 ( Batistic et al., 2010). It would therefore be predicted
for the intact plant that expression of the individual Ca2*-sensor would affect down-stream signalling
specificity.

ANALYSIS OF Ca?*-DEPENDENT PROTEIN KINASE FUNCTIONS IN STOMATAL REGULATION

Microarray analysis provides evidence that Ca?*-signalling components are expressed in guard cells, e.g.
CPK3, 6, 4, 10 and 11. Additional CPKs are expressed in guard cells, whereas CPK2, 18 and 34 (for
example) are only very weakly expressed in this cell type ( Leonhardt et al., 2004; Mori et al., 2006; Zhu
et al., 2007; Yang et al.,, 2008; Zou et al., 2010). Interestingly, most of the above-mentioned Ca?*-
dependent protein kinases have been reported to contribute to ABA-induced stomatal closing ( Mori et al.,
2006; Zhu et al., 2007; Zou et al., 2010). Here, we show that individual mutants in these same genes
show partial insensitivities in the rapid Ca2*-reactive stomatal closing response, as shown for the cpk3cpk®6,
cpk10, cpk4cpk11 and cpk7cpk8cpk32 mutants (Fig. 4; Valerio, 2007). However, mutants in these Ca?*-
dependent protein kinases (CDPKSs), including cpk10, and even cpk4cpk11 double-mutant stomata and
cpk7cpk8cpk32 triple-mutant stomata did not show a clear ABA-insensitive phenotype in our analyses of
ABA-induced stomatal closing (Fig. 5) and ABA-inhibition of stomatal opening (Fig. 6; Valerio, 2007).
These findings with a cpk4cpk11 double mutant (Figs 5 and 7; Valerio, 2007) do not correlate with a very
strong ABA insensitivity reported for cpk4cpk11 ( Zhu et al., 2007). Note that the cpk4 allele (cpk4-2;
SALK_000685) in the double-mutant plants used for these experiments differs from the ones used in a
previous study ( Zhu et al., 2007; cpk4-1; SALK_081860), whereas the same cpk11-2 allele was used. The
T-DNA insertion of the cpk4-2 allele analysed here was identified as lying in the 6th exon and RT-PCR
analysis revealed that plants harbouring cpk4-2 and cpk11-2 alleles do not express mature transcripts (Fig.
7). These findings showing statistically functional ABA responses but slightly impaired CaZ*-reactive
stomatal closing responses in the analysed cpk mutants ( Valerio, 2007; Figs 4—6) point to the hypothesis
that combinations of these mutants may lead to a stronger ABA insensitivity, as found for the partial ABA
insensitivity of cpk3cpk6 double mutants ( Mori et al., 2006). Furthermore, CPK23 is also expressed in
guard cells, but functions genetically as a negative regulator in drought stress experiments as well as control
of stomatal aperture ( Ma and Wu, 2007). Contrary to the phenotype of cpk23 mutants, CPK23 on the other
hand activates the SLAC1 anion channel in Xenopus oocytes and S-type anion currents in guard cell
protoplasts of cpk23 mutants are reduced ( Geiger et al., 2010). The in vivo mechanisms mediating these
opposing responses will require further analysis. The closest homologue to CPK23, CPK21, can also
mediate acti-vation of the SLAH3 anion channel and to a smaller extent SLAC1 anion channels in Xenopus
oocytes ( Geiger et al., 2011). SLAH3 shows a relative nitrate permeability similar to S-type anion currents
in Vicia faba guard cells ( Schmidt and Schroeder, 1994; Geiger et al., 2011). An aspect of signalosome
models is that protein complexes are dynamically remodelled; and this could include a potentially [Ca2*]cyt-
dependent remodelling ( Berridge et al., 2003). For example, adding a continuous high extracellular Ca2*
concentration to Arabidopsis leaf epidermis causes [Ca?*]eyt elevation ( McAinsh et al., 1995; Allen et al.,
1999a), but under the appropriate conditions does not cause stomatal closing, in spite of the [Ca2*]cyt
elevation, indicating a non-primed state (K. E. Hubbard et al., unpubl. res.). However, repetitively pulsing



extracellular Ca?* to the same leaf epidermis causes a clear Ca2*-reactive stomatal closing response ( Allen
etal., 2001; e.g. Fig. 4). These findings suggest that this later Ca2* treatment of repetitive extracellular Ca?*
pulses causes a Ca2*-primed state compared with simple continuous elevation in extracellular Ca2*. Such
remodelling can establish feedback mechanisms ( Berridge et al., 2003). It is entirely possible that an
analogous process contributes to [Ca?*]eyt sensitivity priming in guard cell signalling. Many Arabidopsis
genes are transcriptionally regulated in response to [Ca?*]eyt, which include transcripts associated with Ca2*-
signalling such as CML24/TCH2 ( Braam, 1992; Kaplan et al., 2006) and CPK32 ( Kaplan et al., 2006).
Similarly, many Ca?*-signalling components are regulated at the level of transcript abundance by ABA
treatment ( Hoth et al., 2002; Sa’'nchez et al., 2004; Zeller et al., 2009). Therefore the potential exists for
[Ca?*]yt-dependent and conditional remodelling of the guard cell signalosome, which should be further
investigated. Note, however, that CO2/HCOs-induced priming of Ca?*-dependent activation of anion
channels occurs within ,3 to 5 min in whole patch clamp experiments, demonstrating that relatively rapid
events function in priming Ca?*sensitivity ( Xue et al., 2011). Similarly the repetitive Ca?* pulse-induced
Ca?*-reactive stomatal closure is measurable within approx. 5 min of Ca2* pulsing as resolved using tracking
of individual stomatal apertures (see Box 1, overleaf).

CONCLUSIONS

Ca?* functions as a second messenger in guard cell signalling and stomatal movements, as was originally
described over 20 years ago ( DeSilva et al., 1985; Schwartz, 1985; Schroeder and Hagiwara, 1989;
McAinsh et al., 1990). The recently derived Ca?*-sensitivity priming model and the concomitant signalosome
model provide a mechanism for specificity in plant [Ca?*]cyt signalling. Further research at the single-cell
type specific level should shed light on the underlying molecular and protein-mediated Ca?2* signalling
mechanisms. Guard cells provide a potent system to pursue combined single-cell time-resolved small
molecule and protein imaging, electro-physiological ion-channel regulation, cell biological, and whole-leaf
and -plant response analyses which undoubtedly will spring new surprises and lead to new levels of
understanding of plant-cell signalling dynamics.
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FIG. 1. CO,-induced stomatal closing is strongly inhibited under conditions that prevent [Ca®'], elevations in guard cells. (A) Robust
CO-induced stomatal closing was observed in response to CO; elevation with 50 mM Ca?* added to the bathing medium (10 mM
KCI, 7’5 mM iminodeactic acid, 10 mM MES, pH 62). Stomatal closing of individual stomata was tracked (see Box 1 for Methods) in
response to elevations in the extracellular CO; concentration from ambient (approx. 390 ppm) to 800 ppm (added at time = 0) with 50
uM Ca?* in the bathing medium. (B) Buffering the extracellular free Ca?* concentration to a low level of 200 nM using the Ca?* chelator
BAPTA strongly inhibited CO-induced stomatal closing. Extracellular bathing media and free Ca?* buffering to 200 nM was performed
using identical solutions to those reported in Siegel et al. (2009). Experiments were conducted on 4- to 5-week-old plants according
to the protocols described in ( Siegel et al., 2009). CO,-induced stomatal closing experiments were performed under identical Ca?*
solutions to those published for ABA-induced stomatal closing experiments with 200 nM free Ca?* or 50 uM Ca?* in the bath medium
( Siegel et al., 2009). Two independent experiments are shown for each condition (open and closed symbols); errors are presented
as +/- s.e. of the mean, n = 30.
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FIG. 2. Stimulus-induced increases in guard cell [Ca?'],. Plants trans-formed with the FRET-based Ca?* sensor YC3'6, targeted to
guard cells with the pGC1 guard cell promoter, were imaged ( Allen et al., 1999b). Cells were initially incubated in a stomatal-opening
buffer and then after 10 min of recording were challenged with (A) a cold shock (4°C; n = 15), (B) 10 mM external CaCl, (n = 26) or
(C-E) 10 uM ABA (n = 31) as indicated. External [Ca?'] elevation induces oscillations in [Ca?'],,: consistent with previous studies (
McAinsh et al., 1995; Allen et al., 2000). The response to ABA was variable, with some cells showing no changes in [Ca?'].: and
others exhibiting oscillations in [Ca?*]., in response to ABA under the imposed conditions ( Allen et al., 1999b; Hugouvieux et al.,
2001; Jung et al., 2002; Kwak et al., 2003), as discussed in the text. All traces are expressed as the ratio of recorded fluorescence
emitted at 535 nm divided by fluorescence emitted at 480 nm after excitation at 440 nm as described in Allen et al. (1999b). Daily
misting of plants with water was used to reduce endogenous ABA concentrations and increased the percentage of guard cells that
showed ABA-induced [Ca?*]., elevation, as reported previously ( Allen et al., 1999a,b). Epidermal peels were prepared from 3- to 5-
week-old plants stably transformed with the cameleon construct according to the method described in Allen et al. (1999b). Samples
were incubated in either a high-[K*] buffer (50 mM K*, 10 mM MES-Tris, pH 62) for cold and the indicated CaCl, treatment (Fig. 2A,
B) or stomatal-opening buffer (5 mM K*, 50 uM CaCl,, 10 mM MES-Tris, pH 62; ABA) for 3 h before imaging (C-E). Imaging was
performed as described in Allen et al. (1999b). Cells were treated with either a cold shock (4°C; n = 15), 10 mM CaCl, (n = 26) or 10
UM ABA (dis-solved in methanol). All traces were corrected for YFP bleaching through sub-traction of the overall gradual decline in
fluorescence in each channel from each data point ( Allen et al., 1999b; Kluesener et al., 2002).
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FIG. 3. Ca?*-sensitivity priming. In the Ca®"-sensitivity priming model, the response of a cell to a given stimulus depends on the
conditions the cell has previously experienced. A generic model is presented, where the magnitude of Ca?* increases and ABA-
dependent priming combine to determine the eventual response ( Siegel et al., 2009; Chen et al., 2010). Without a specific stimulus
only spontaneous [Ca?],: transients occur. In the presence of a stimulus (X) the amplitude of transients increases, but in the un-
primed state this is insufficient to trigger the downstream response (e.g. ion-channel acti-vation). A previously encountered condition
(e.g. ABA) may modulate a Ca®*-response pathway, making it more Ca? * responsive or ‘primed’. When stimulus X is perceived under
the primed conditions the sensor is more Ca?* responsive and therefore downstream responses are triggered. Note, however, that
[Ca?']o: sensitivity enhancement could theoretically occur at any point in the network downstream of or parallel to [Ca?*].,. See text

for details.
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FIG. 4. Imposed Ca?" oscillation-induced stomatal closure is impaired in cpk3,cpk6, cpk10, cpk4,cpk11 and cpk32,cpk7,cpk8 mutants
compared with wild-type stomata. Samples were pre-incubated in depolarizing stomatal-opening buffer for 3 h (50 mM KCI and 10
mM MES-Tris at pH = 5.6). Stomatal apertures of individually tracked stomata (see Box 1) were measured periodically at the indicated
times. Starting at time = 0 and for the first 40 min the sample was exposed to hyperpolarizing (1 m M KCI, 1 mM CaCl, and 10 mM
MES-Tris at pH 5-6) solution four times for 5 min each ( Allen et al., 2001; Mori et al., 2006). For experiments illustrated in Figs 4—6
plants were tented using transparent plastic wrap to maintain a high humidity (.95 %) to reduce endogenous ABA levels. After 2 weeks
of growth, slits were cut in the plastic tent to allow enhanced air circulation. Twenty-four hours before each experiment, the old plastic
was replaced with a new plastic wrap for a high humidity treatment. Stomatal movement analyses were performed following the
imposed Ca?* oscillation protocol and solutions described in Mori et al. (2006). The lower epidermis of Arabidopsis leaves was attached
to glass cover slides using Hollister medical adhesive 9 to attach a leaf abaxial side down onto a coverslip. A razor blade was then
used to carefully remove mesophyll layers of the leaf until only the epidermal layer remained. The coverslip was then incubated in 4
mL depolarizing buffer (50 mM KCI and 10 mM MES-Tris at pH 56) in a Petri dish (35 x 10 mm) for 3 h under white light (200 uE) to
open stomata. The coverslip with epidermal layer attached was then sealed to a glass slide with a 2-cm hole drilled in the middle to
create a 200 mL perfusion well. Depolarizing buffer was alternated with hyperpolarizing buffer (1 mM KCI, 1 mM CaCl,, and 10 mm
MES-Tris at pH 56) using a bath perfusion system. Four 5-min extracellular Ca?* pulses were applied in 10-min intervals in the first
40 min, as described previously ( Mori et al., 2006). In between each transient and after the final transient depolarizing buffer was
continuously applied. Stomatal apertures were measured using an inverted microscope at x40. Both mutant and wild-type plants could
be placed side by side on one coverslip during a single exper-iment. Eight individual stomata per condition were measured and tracked
using Scion Image Software. Experiments were repeated at least three times for each mutant and parallel wild-type controls. Seed
sources were cpk3-1 cpk6-1 ( Mori et al., 2006), cpk10 (Salk_032021) and cpk32 (GABI 824E2). For information on cpk4 and sources
see Fig. 7. Experiments were per-formed single-blinded with the genotype identity unknown. Data are from Valerio (2007).
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FIG. 5. ABA-induced stomatal closure was not dramatically impaired in cpk10, cpk4cpk11 and cpk32cpk7cpk8 compared with Col-1
wild type. Whole leaves were pre-incubated in stomatal-opening buffer (10 mM KCI, 7-5 mM iminodeac-tic acid, 10 mM MES, pH 62)
for 2 h and then incubated for an additional hour with 0, 1 or 10 uM ABA. Stomatal aperture (A) and ratio (width : length) (B) were then
measured. In (C) the average normalized stomatal apertures from (A) are shown. Experiments were performed double blind with both
genotype and ABA concentration unknown; n = 3 experiments with 30 stomata analysed per condition in each experiment (90 stomatal
apertures analysed per bar in the graphs). Error bars represent +/- s.e. of the mean relative to n = 3 experiments. Plants were grown
at approx. 95 % humidity and were subjected to 24 h of high (.98 %) humidity prior to experimentation. ABA-dependent stomatal
movement imaging analyses ( Valerio, 2007) were performed following the pro-tocol from Kwak et al. (2002). Rosette leaves from 4-
to 5-week-old plants were excised and the curvature of each leaf was gently inverted using a finger so that the abaxial side did not
form any air pockets when floating on solution during incubation. Using forceps the whole leaf was placed with the abaxial side down
in 4 mL of stomatal-opening buffer (10 mM KCI, 7-5 mM iminodeactic acid, 10 mM MES, pH 6-2) in a Petri dish (35 x 10 mm). Leaves
were incubated in stomatal-opening buffer for 2 h under white light (200 YE). Then, the stomatal-opening buffer was removed via a
pipette and replaced with 4 mL stomatal-opening buffer containing 0 uM, 1 uM or 10 uM ABA and the leaves were incubated under
white light for one more hour. The abaxial epidermis of each leaf was peeled using forceps and placed on a glass coverslip with
approx. 200 mL of the treatment buffer. Experiments were performed double-blinded. Both genotype identity and ABA concentrations
were unknown to the experimenter. Data are from Valerio (2007).
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FIG. 6. ABA inhibition of stomatal opening is not affected in cpk10, cpk4cpk11 and cpk32cpk7cpk8 compared with Col-1 wild type.
Stomatal apertures (A) and ratios (width : length) (B) were measured. In (C) the averages of normalized apertures are shown.
Experiments were performed double blind with both genotype and ABA concentration unknown to the experimenter; n = 3 experiments
with 30 stomata per condition per experiment (90 stomatal apertures analysed per bar in graph). Error bars represent + standard error
of the mean for n = 3 experiments. For analyses of ABA inhibition of stomatal opening, plants were subjected for 24 h to darkness to
reduce stomatal apertures. Whole leaves were then pre-incubated in stomatal-opening buffer with 0, 1 or 10 uM ABA concentrations
for 2 h. The epidermis was then peeled off and attached onto a glass slide. Stomatal apertures were measured using a microscope
at x40. Thirty stomata per condition were measured in each epidermal peel using Scion Image Software. Data are from Valerio (2007).
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FIG. 7. Characterization of cpk4-2 cpk11-2 mutant plants. (A) Cartoon showing genomic DNA of CPK4 and CPK11 and the T-DNA
insertion sites of the corresponding mutant alleles. White boxes represent exons. Arrowheads show primer locations used for RT-
PCR experiments shown in (B). The T-DNA insertion site of the cpk4-2 allele was localized in the 6th exon at nucleotide 2184 after
ATG by sequencing. In the cpk4-2 mutant, 11 nucleotides (2185-2196) are deleted. The T-DNA insertion of cpk17-2 in the first exon
corresponds to that published by Zhu et al. (2007) and was confirmed. (B) RT-PCR analysis of complementary DNA prepared from
mutant and wild-type plant RNA revealed that in both, cpk4-2 and the cpk11-2 mutant plants no transcripts were detected (35 PCR

cycles). Loading control was Actin2 (23 PCR cycles).



BOX 1. IMPROVED RESOLUTION OF STIMULUS-INDUCED STOMATAL MOVEMENTS IN GUARD CELLS BY
TRACKING OF INDIVIDUAL STOMATAL APERTURES
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BOX FIG. 1. ABA-induced stomatal closing of individually tracked stomatal apertures. (A) Average individually tracked stomatal
apertures in the presence of 50 uM Ca?* (open triangles) and in the presence of 200 nM free Ca?* (open squares) in the bath solution
from three experiments are shown and were normalized to the stomatal apertures at time = 0. (B, C) ABA-induced stomatal closing in
the presence of 50 uM Ca?" in five individually tracked stomatal apertures. In (A; open triangles) normalized stomatal apertures of the
same stomata depicted in (B) and (C) are shown. Methods used in these experiments tracking individual stomatal apertures are
described in Siegel et al. (2009). ABA-induced stomatal closing experiments are reproduced from Siegel et al. (2009) with permission
of the publisher.

Arabidopsis guard cells have become a prime model system for analysing signal transduction, since early
research combining genetic and ion channel analyses in this system ( Ichida et al., 1997; Pei et al., 1997,
1998; Roelfsema and Prins, 1997). Arabidopsis stomata are small relative to other stomatal model systems
and stomatal apertures of various plant types including Arabidopsis are known to show variability in the
size of individual stomatal complexes and also variability in the opening apertures of stomata of similar size
in a given leaf ( Gorton et al., 1988; Mott and Buckley, 2000; Mottand Peak, 2007). Thus stomatal aperture
measurements are expected to show a clear degree of statistical variation. Use of blind experiments, in
which the genotype and, when possible, the stimulus being applied to guard cells is unknown to the
experimenter ( Murata et al., 2001) has been employed by several laboratories, has become a standard in



the field and has aided in addressing the above limitations of the range of stomatal aperture sizes found
under any given condition. Research in our laboratory has shown that a major additional improvement in
experiments can be made, by adding imaging of the same individual stomatal apertures over time ( Allen
et al., 2001; Mori et al.,, 2006; Vahisalu et al., 2008; Siegel et al., 2009), while performing blind
experiments. In such ‘stomatal tracking’ experiments the lower side of a leaf is attached to a glass coverslip
in an extracellular incubation medium ( Webb etal.,2001; Young etal.,2006). The mesophyll and upper leaf
epidermis are removed surgically for better optical resolution of stomatal apertures in the intact lower leaf
epidermis ( Young et al., 2006). For stimulus-induced stomatal closing analyses, a field of well-opened
stomata is located and images are captured (e.g. using Scion Image software) for later analyses and data
storage. The bottom (dry side) of coverslips can be marked with colour marker pens to label grids in the
regions where apertures where imaged, for finding these same stomata subsequently if needed. Images of
the same stomatal apertures are taken over time and can be stored for later analyses of individual stomatal
apertures and for deposition of image files. While this approach has been used as a standard for imposed
Ca?* oscillation studies ( Allen et al., 2001; Mori et al., 2006; Vahisalu et al., 2008; Fig. 4), we have found
that this method also substantially improves stomatal movement response analyses to any given stimulus
( Siegel et al., 2009; see Figs 1 and 4 and, Box Fig. 1). For example, while individual stomata are known
to have diverse apertures (e.g. Box Fig. 1C), the relative responses of wide open stomata and smaller
stomatal apertures to ABA or to CO2 were comparable (Fig. 1 and Box Fig. 1; Siegel et al., 2009). Note
that this method has previously been proposed and used in Vicia faba ( Gorton et al., 1988), for which
stomata exhibit relatively weak ABA and CO:2 responses, compared with, for example, Arabidopsis. We
propose that this simple image-capturing approach, together with blind analyses, be used as a standard for
stomatal response research in arabidopsis. Our research experience with this method shows that this
approach will aid in greatly improving resolution and robustness and in defining the functions of individual
Ca%*-independentandCa?*-dependent components and mechanisms in stomatal response analyses.
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The plant hormone abscisic acid (ABA) is produced in response to
abiotic stresses and mediates stomatal closure in response to
drought via recently identified ABA receptors (pyrabactin resis-
tance/regulatory component of ABA receptor; PYR/RCAR). SLAC1
encodes a central guard cell S-type anion channel that mediates
ABA-induced stomatal closure. Coexpression of the calcium-depen-
dent protein kinase 21 (CPK21), CPK23, or the Open Stomata 1
kinase (OST1) activates SLAC1 anion currents. However, reconsti-
tution of ABA activation of any plant ion channel has not yet been
attained. Whether the known core ABA signaling components
are sufficient for ABA activation of SLAC1 anion channels or
whether additional components are required remains unknown.
The Ca®*-dependent protein kinase CPK6 is known to function
in vivo in ABA-induced stomatal closure. Here we show that
CPK6 robustly activates SLAC1-mediated currents and phosphory-
lates the SLAC1 N terminus. A phosphorylation site (559) in SLAC1,
crucial for CPK6 activation, was identified. The group A PP2Cs
ABI1, ABI2, and PP2CA down-regulated CPK6-mediated SLAC1 ac-
tivity in oocytes. Unexpectedly, ABI1 directly dephosphorylated
the N terminus of SLAC1, indicating an alternate branched early
ABA signaling core in which ABI1 targets SLAC1 directly (down-
regulation). Furthermore, here we have successfully reconstituted
ABA-induced activation of SLAC1 channels in oocytes using the
ABA receptor pyrabactin resistant 1 (PYR1) and PP2C phosphatases
with two alternate signaling cores including either CPK6 or OST1.
Point mutations in ABI1 disrupting PYR1-ABI1 interaction abol-
ished ABA signal transduction. Moreover, by addition of CPK6,
a functional ABA signal transduction core from ABA receptors to
ion channel activation was reconstituted without a SnRK2 kinase.

Arabidopsis | chloride channel

he perception of the phytohormone abscisic acid (ABA) is

achieved by the recently discovered 14-member START
protein family of ABA receptors named pyrabactin resistance
(PYR), or regulatory component of ABA receptor (RCAR) (1,
2). PYR/RCARs have been shown to bind to clade A PP2Cs and
inhibit the activity of these PP2Cs in the presence of ABA (1-5).
Structural studies show that PYR1, PYL1, and PYL2 function as
ABA receptors, with ABA binding in a protein cavity that locks
down the ABA molecule (6-10).

ABA reduces transpirational water loss of plants by inducing
stomatal closure (11). ABA can cause an increase in guard cell
intracellular Ca®* concentration (12-17), which leads to the
down-regulation of inward-rectifying K* channels and activation
of both slow-sustained (S-type) and rapid-transient (R-type) an-
ion channels (18-20). Previous findings have led to the model that
S-type anion channels play a key role in controlling stomatal
closure (18, 21, 22). slac! mutant plants have greatly reduced
S-type anion channel activity (23) and display impaired stomatal
closure in response to ABA, elevated CO,, ozone, reactive

www.pnas.org/cgi/doi/10.1073/pnas. 1116590109

oxygen species, calcium, and reduced humidity, underlining that
SLACI represents a key component functioning downstream of
these signals and is crucial for stomatal closure (23, 24).

The subclass IIT SnRK2 kinase OST1 (Open Stomata 1), also
known as SnRK2.6, is required for ABA- and CO,-induced sto-
matal closure (25-27). Several members of the PP2C family have
been shown to directly interact with (3, 28, 29) and deactivate
subclass IIT SnRK2 protein kinases (SnRK2.2, SnRK2.3, and
SnRK2.6/0ST1) through dephosphorylation in vitro (28-30).

S-type anion channels in guard cells are activated by phos-
phorylation events (31, 32). Xenopus oocyte electrophysiology
experiments demonstrated that SLACI in the presence of the
protein kinases OST1, calcium-dependent protein kinase 23
(CPK23), and, to a lesser extent, CPK21 can generate S-type
anion channel activity (33-35). An S120A mutation in SLACI1
prevents channel activation by OST1, but CPK23 is still able to
induce SLAC1 S120A-mediated currents in Xenopus oocytes (33,
34). SLACl-mediated anion currents are down-regulated by the
PP2C-type phosphatases ABI1, ABI2 (33, 34), and PP2CA (35).
However, whether ABA activation of anion channels can be
reconstituted in Xenopus oocytes with these core signaling com-
ponents remains unknown (33-36).

The role and function of CPKs in the regulation of SLACI are
still ambiguous. In vivo, CPK6 functions as a positive regulator of
ABA control of S-type anion channels in guard cells (37). In
cpk3cpk6 double knockout mutant Arabidopsis plants, ABA- and
Ca?*-induced stomatal closure, as well as activation of S-type
anion channel activity, was impaired in vivo, with CPK6 playing
a more prominent role than CPK3 (37). CPK21 and CPK23
activate SLAC1 in Xenopus laevis oocytes (34), but cpk2] and
¢pk23 mutants show enhanced drought and salt tolerance (38,
39) rather than drought sensitivity. Furthermore, CPK6 was
reported to weakly interact with SLAC1 in Xenopus oocytes (34).
Here we functionally reconstitute activation of SLAC1 channels
by ABA with either CPK6 or OST1 in the ABA signaling core
and identify mechanisms of this signaling pathway. Interestingly,
these findings further show that an alternate early ABA signaling
core can be functionally reconstituted for ABA activation of
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a plant ion channel without inclusion of a SnRK2 kinase. Fur-
thermore, in addition to the known dephosphorylation of OST1
by the ABI1 PP2C, we demonstrate that ABI1 directly dephos-
phorylates the N terminus of SLACI, enabling tight control of
anion channel activity.

Results

CPK6 Activates SLAC1 in Xenopus Oocytes and Phosphorylates the
N Terminus of SLAC1. Two-electrode voltage-clamp experiments
in X. laevis oocytes were performed to analyze SLACI regulation.
When SLACI cRNA was injected into oocytes alone, average
inward currents were similar to those of water-injected control
oocytes (Fig. 1 4 and B). We investigated whether CPK6, which
functions in S-type anion channel activation in vivo (37), can ac-
tivate SLACI channels. Coexpression of SLACI and individual
protein kinases, including CPK6 and CPK23, significantly acti-
vated SLACI1-dependent ion currents compared with those of
SLACI alone (Fig. 1 A4 and B and Fig. S14; P = 0.001 and P =
0.04 for CPK6 and CPK23, respectively; Mann—Whitney U test at

A B
SLAC1 SLAC1 + CPK12 ]
40mv 40my v ImV] 10(#
é% 200 150 100 -50 0
-180mv -180 mvV

SLAC1 + CPK6

+40 mV
10 pAl
1s Water Control (n=8) _30d
— & SLAC1 (n=8)
—somy - SLAC1 + CPK6 (n=9)
= SLAC1 + CPK12 (n=8)
C Lane 1 2 3 45 6 7
CPK6 e o - - e .
SLAC1-NT o+ - e o1
SLAC1-CT - -+ -+ - -
ABI - e e e e s
32P-Signal (Autoradiography)
CPK6 _p S S C— — 75kDa
ABI1
SLACA-NT —» . ' — 50 kDa
SLAC1-CT —» — 37 kDa

Loading Control (Western Blot)

e 50,

CPK6 ;,--”

ABI1
SLAC1-NT —» — — . — 50 kDa
— 37kD
SLAC1-CT —» °

Fig. 1. Strong activation of SLAC1 channels by the CPK6 protein kinase in
Xenopus oocytes and in vitro. (A) Whole-cell voltage-clamp recordings for
oocytes expressing SLACI1, in the presence or absence of CPKs, show that
coexpression of SLAC1 with CPK6 results in large CI™ currents, as opposed to
SLAC1 with CPK12. (B) The average steady-state current-voltage relation-
ships are shown in water-injected (pink circles), SLAC1-injected (green
squares), and SLAC1 + CPK-injected oocytes. The protein kinase CPK6 (red
triangles) stimulates SLAC1 activity, whereas CPK12 (blue triangles), a ho-
molog of CPK6, did not increase SLAC1 activity in oocytes. Representative
data from one batch of oocytes are shown (of >3 batches tested). Error bars
represent SEM. (C) Autoradiograph of in vitro kinase assays using recombi-
nant proteins (Upper) and Western blot analysis detecting GST as loading
control for the individual proteins (Lower). The kinase CPK6 (lane 1) is able
to transphosphorylate the N terminus of SLAC1 (lane 2; SLAC1-NT) but not
the C terminus (lane 3; SLAC1-CT). No signal could be detected upon in-
cubation of SLAC1-NT (lane 4) or SLAC1-CT alone (lane 5). Coincubation of
CPK6 with ABI1 decreased SLAC1-NT transphosphorylation (lane 6). Assaying
ABI1 alone did not result in a 32P signal (lane 7).
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—180 mV). It was also confirmed that CPK6 was able to activate
SLACI consistently throughout six of the tested batches of
oocytes (P < 0.001; two-way ANOVA). Reversal potentials of
SLACI and kinase-activated ion currents were close to the equi-
librium potential for CI™, consistent with the anion selectivity of S-
type anion channels. Robust CPK6 activation of SLACI channels
(Fig. 1 A4 and B and Fig. S14) did not require experimentally
imposed linkage of SLACI to the protein kinase using split yellow
fluorescent protein (YFP-BIiFC) fusions, as shown for OST1 (33).
The calcium dependent protein kinases closely related to CPK6
and CPK23 [CPK12 and CPK31, respectively (40)] were not able
to stimulate SLAC1 activity (Fig. 1 4 and B and Fig. S14; CPK12,
P = 0.305; Student’s ¢ test; CPK31, P = 0.234; Mann—Whitney U
test at —180 mV). Coexpressing the kinase-inactive variant of
CPK6 (D209A) together with SLACI did not activate SLAC1
(Fig. S1B), indicating a kinase activity-dependent event. Com-
parison of SLACI activity in the presence of the tested kinases
suggests that SLACI activations by CPK6 and CPK23 are statis-
tically comparable (Fig. S14; P = 0.561; Mann—Whitney U test at
—180 mV), whereas CPK3 and CPK31 showed no significant ac-
tivation of SLAC1 (Fig. S14; P = 0.363 and P = 0.321 for CPK3
and CPK31, respectively; Mann—Whitney U test at —180 mV).
Localizations and abundances of CPK6 and CPK23 were
analyzed in Xenopus oocytes. Confocal laser microscopy of
cryomicrodissected CPK fusion protein (mTurquoise; mTq)-
expressing Xenopus oocytes revealed that a significant proportion
of the CPK6 and CPK23 proteins are located at the cell surface,
with an additional weak fluorescence distributed throughout the
cytoplasm (Fig. 2 A and B). Quantification of the fluorescence
intensities showed that CPK6-mTq and CPK23-mTq abundance

A B ..
H20 mTq
% 0.8 Cell Surface
g
£ 06
-}
(7]
dodium = 04
g ) Cytosol
S
Z 0.2
. . 0.0 7
N KO KO N KO <O
CPK6 CPK23 Ky Q‘&Q@ XY *Q‘(.'L
-mTq -mTq $®'@ O @ ¢
100
75 Km Vmax
[uM] [nmol/min/mg]
£ 50 < CPK6
g 25 ¥CPK23 CPK6 | 29.1+/-7.6 | 1071 +/-175
< 5 CPK23 [49.9 +/-16.5 34 +/-8
OST1 | 5.2+/-1.4 12 +/-1.2

o 10 20 30
SLAC1-NT [uM]

Fig. 2. CPK6 is expressed at the cell surface and high in vitro CPK6 activity
toward SLAC1-NT phosphorylation. (A) Kinases CPK6 and CPK23 are local-
ized at the cell surface, whereas mTurquoise (mTq) alone is uniformly spread
throughout oocytes. (B) Analysis of fluorescence intensity (normalized to
mTaq) highlights the strong cell-surface localization of both CPK6 and CPK23
(data points represent mean + SE; n > 3). (C) P81 filter-based protein kinase
assays show kinetics of SLAC1-NT phosphorylation by CPK6 (red circles),
CPK23 (blue triangles), and OST1 (green diamonds). Data points represent
mean values + SE (n = 3). (D) K, values are given in uM SLAC1-NT, and
maximum specific activities are in nmol PO, incorporated-min~"-mg~" kinase.
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did not significantly differ (Fig. 2B; cell surface, P = 0.474; cytosol,
P =0.344; Student’s ¢ test). To estimate a saturation point of CPK6
and CPK23-dependent SLACI1 activation, defined amounts of
cRNA encoding the protein kinases CPK6 and CPK23 were
injected into oocytes: a standard [CPK6/23] cRNA amount (~25
ng; [1.0]), an intermediate cRNA amount (~12.5 ng CPK6/23;
[0.5]), or one-tenth cRNA amount (~2.5 ng CPK6/23; [0.1]). For
these experiments, oocytes were coinjected with 25 ng SLACI
cRNA. Halving the injected cRNA amount resulted in no signifi-
cant change in SLACI channel activity (Fig. S2; P > 0.685 at
—180 mV; Student’s ¢ test). However, injecting one-tenth of the
amount of cRNA resulted in a strong reduction of SLAC1-medi-
ated anion currents (Fig. S2; P < 0.01 at —180 mV; Mann—Whitney
U test), suggesting that the injected CPK6/23 cRNA amount at
25 ng was near the saturation point when 25 ng SLACI cRNA was
coinjected.

In vitro protein kinase assays were performed to assess
whether CPK6 can phosphorylate cytosolic domains of the
SLACI1 channel. Wild-type recombinant CPK6 protein showed
weak autophosphorylation (Fig. 1C, Upper, lane 1). The N ter-
minus of SLAC1 (SLACI-NT; amino acids 1-186), but not the
C terminus (SLACI-CT; amino acids 497-556), was strongly
phosphorylated by CPK6 (Fig. 1C, Upper, lanes 2 and 3). The
SLACI termini incubated alone did not show any signal (Fig. 1C,
Upper, lanes 4 and 5). The strong CPK6-mediated SLACI-NT
phosphorylation was dependent on the presence of free Ca** in
the reaction buffer (Fig. S3).

To quantify the degree of CPK6-mediated SLACI1 phosphor-
ylation activity, P81-grade filter-based kinetic in vitro phos-
phorylation assays were performed (Fig. 2 C and D). The K, and
Vmax values of the kinase substrate pairs reveal that CPK6 very
efficiently and, to a lower extent, CPK23 and OST1, phosphor-
ylates the SLACI-NT in vitro (Fig. 2 C and D).

Identification and Characterization of Sites Phosphorylated by CPK6.
Due to activation of SLACI-mediated ion currents by CPK6
(Figs. 1 and 3) and the in vivo function of CPK6 in guard cells
(37), we focused on deciphering the properties of this regulation.
To date, the only known amino acid that is crucial for SLAC1
activation by a protein kinase is serine 120 (33, 34, 41). To de-
termine which residues may be relevant, trypsin-digested SLAC1-
NT, phosphorylated by CPK6 in the presence of nonradioactive
ATP, was analyzed by high-pressure liquid chromatography
(HPLC) coupled to tandem mass spectroscopy (LC-MS/MS) us-
ing nanospray ionization. A SLAC1-NT phosphorylation site was
identified at the amino acid serine 59 (Fig. 34). Consequently,
this amino acid was replaced by either alanine (which cannot be
phosphorylated; SLAC1 S59A) or aspartate (putative phospho-
mimetic; SLAC1 S59D), and CPK6 activation of SLAC1 was
analyzed in oocytes. Voltage-clamp recordings showed that
SLAC1 S59A was not activated by CPK6 (Fig. 3B). SLAC1 S59D
did not exhibit constitutive activation of anion current activity
compared with wild-type SLAC1 (Fig. S4B), indicating that either
this mutant is not a functional phosphomimetic or that additional
phosphorylation sites are required. These findings indicate that
serine 59 represents a crucial amino acid for CPK6-mediated
activation of SLACI.

Down-Regulation of CPK6-Activated SLAC1 Channels by Group A
PP2Cs. We tested several PP2Cs that function in ABA signaling
for their ability to inhibit CPK6-mediated SLACI activation.
Experiments showed that the PP2C protein phosphatases ABI1
(42, 43), ABI2, and PP2CA (44-46) were able to almost com-
pletely down-regulate CPK6-activated anion currents in oocytes
(Fig. 4 A and B).

In in vitro kinase assays, the phosphorylation of the SLACI-
NT by CPK6 (Fig. 1C, Upper, lane 2) was decreased when
recombinant ABI1 protein was included in the reaction (Fig. 1C,
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Fig. 3. Serine 59 of SLAC1 is crucial for CPK6-mediated activation of the
anion channel. (A) Zoomed-in spectrum section of product ion scan for the
peptide QVpSLETGFSVLNR [(M + 2H)* = 765.4]. The fragment ion (Yq,) cor-
responding to phosphorylated serine (S59) is labeled in the figure (Y;; (5 +
H3POy)). The Y;o fragment is labeled to demonstrate that T62 and S65 are
not phosphorylated for this ion. The complete spectrum and statistical
parameters are presented in Fig. S4A and Table S1. (B) Average steady-state
current-voltage relationships show that the point mutation of serine 59 to
alanine (black triangles) abolishes anion channel activity due to CPK6 (red
triangles). Representative data from one batch of oocytes are shown (of two
batches tested).

Upper, lane 6 and Fig. 4C, Upper, lane 5). Data further indicate
that ABI1 might also be phosphorylated by CPK6 (Fig. 1C,
Upper, lane 6). ABI1 alone did not produce any signal on the
autoradiogram (Fig. 1C, lane 7).

Experiments were pursued to address whether ABI1 is able to
dephosphorylate amino acid residues in the N terminus of
SLACI after phosphorylation by CPK6. The kinase inhibitor
staurosporine strongly inhibited CPK6 transphosphorylation ac-
tivity (Fig. 4C, Upper, lane 4). To probe the ability of the PP2C
ABII1 to dephosphorylate SLAC1 directly, the SLAC1-NT was
first phosphorylated by CPK6 (Fig. 4C, Upper, lane 1). Ten
minutes later, either staurosporine alone (Fig. 4C, lane 3,
10 min) or staurosporine and recombinant ABI1 protein (Fig.
4C, lane 2, 10 min) were added, and the reaction was incubated
for an additional 35 min. Ten-minute delayed addition of
staurosporine alone did not change the phosphorylation state of
the SLACI-NT (Fig. 4C, Upper, lane 3), but coincubation with
ABI1 strongly decreased the prior CPK6-mediated phosphory-
lation (Fig. 4C, Upper, lane 2). Thus, CPK6 phosphorylates the N
terminus of SLACI1. Unexpectedly, ABI1 reduces this phos-
phorylation by directly dephosphorylating the SLAC1-NT, which
differs from previously reported OST1-ABI1 interactions in
which ABI1 did not directly dephosphorylate SLACI after
OST1-mediated phosphorylation (33). This points to a mecha-
nism for ABA-induced SLACI regulation (Discussion).

Can ABA Regulate CPK6- or 0ST1-Dependent SLAC1 Anion Channel
Activity in Oocytes? In previous studies, reconstitution of ABA
activation of SLACI channels has not been studied (33-36). To
assess whether ABA activation of SLACI can be reconstituted,
we coinjected cRNAs of SLACI, ABI1/ABI2, the PYRI ABA
receptor, and either CPK6 or OST1I into oocytes. In the absence
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Fig. 4. Strong inhibition of CPK6-mediated SLAC1 activation by PP2C pro-
tein phosphatases and direct SLAC1 N terminus dephosphorylation by ABI1.
(A) Whole-cell current recordings for oocytes show that protein phosphatase
ABI1 strongly inactivated CPK6-induced SLAC1 ion channel current. (B)
Current-voltage relationships in oocytes containing SLAC1 and CPK6 dem-
onstrate that the PP2Cs ABI1 (green triangles), ABI2 (blue triangles), and
PP2CA (black diamonds) are capable of strongly inhibiting CPK6-mediated
SLAC1 activity (red squares). Data from one representative batch of oocytes
(of >3 batches) are shown. (C) (Upper) 32P phosphorylation of the N terminus
of SLAC1. (Lower) Loading controls of the individual proteins CPK6, ABI1,
and SLAC1. After initial CPK6 exposure, the strong phosphorylation state
of SLAC1-NT phosphorylated by CPK6 (Upper, lane 1) decreases if sub-
sequently coincubated with ABI1 and staurosporine 10 min after CPK6 ex-
posure (lane 2). However, phosphorylation of SLAC1-NT by preexposure to
CPK6 is not reduced if the protein kinase inhibitor staurosporine alone is
added 10 min after CPK6 exposure (lane 3). If staurosporine is added si-
multaneously with CPK6, SLAC1-NT transphosphorylation is strongly inhibi-
ted (lane 4). The ABI1 protein phosphatase added simultaneously with CPK6
inhibits phosphorylation of SLAC1-NT (lane 5).

of ABA, PYRI1 did not affect the small magnitude of anion
currents in oocytes expressing the PP2Cs ABI2 or ABI1 with
SLACI and CPK6 (Fig. 5B) or OST1 (Fig. 5SD). Extracellular
ABA application did not result in SLACI activation (n > 6).
When ABA was injected into the cytoplasm of oocytes 15 min
before the recording of oocyte currents, anion channel activity
was dramatically enhanced in oocytes containing SLACI,
ABI1/ABI2, PYRI, and either CPK6 or OST1 (Fig. 5). Note
that to enhance the activation of SLACI via OST1 (Fig. 5D), split
YFP (BiFC) constructs were attached to the anion channel and
kinase (33) to irreversibly link these proteins. In contrast, ABA
activation of SLACI1 channels via CPK6 did not require imposed
linkage of the expressed signaling proteins (Fig. 5 4 and B).
Therefore, the analyzed ABA signaling pathway components were
sufficient to reconstitute ABA activation of SLACI currents with
either the CPK6 or OST1-Yn protein kinases. Thus, a functional
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Fig. 5. Functional reconstitution of ABA activation of SLAC1 channels in
(A and B) CPK6- and (C and D) OST1-containing signaling pathways. Current
traces (A and C) show examples of the ABA activation of SLAC1 channel
currents in oocytes. An ABA-dependent signaling pathway was reconstituted
in oocytes using the protein kinases CPK6 (A and B) and OST1 (C and D). Split
YFP (BiFC) was used in the case of SLAC1 and OST1 coexpression (C and D).
The PP2C phosphatase ABI2 (A and B) or ABI1 (C and D) is able to inhibit
SLAC1 currents (blue triangles in B and D). In the absence of ABA, the ABA
receptor PYR1 does not activate SLAC1 currents (black hexagons in B and D).
However, in the presence of injected ABA, SLAC1 currents are strongly ac-
tivated (red circles in B and D). Data from one representative batch of
oocytes (of >3 batches) are shown in D. Data from two to five independent
batches were averaged in B.

ABA signaling core was reconstituted with CPK6, enabling ABA
activation of SLAC1 without a SnRK2 kinase (Fig. 5 4 and B).

We attempted to reconstitute the ABA signaling core in-
cluding PYR1, ABI1, CPK6, and SLACI-NT in vitro. Inhibition
of CPK6-mediated SLAC1-NT phosphorylation by ABI1 (Fig.
6A4, Upper, lanes 5, 6, and 8) is decreased if the ABA receptor
PYR1 and ABA are present (Fig. 64, Upper, lane 7). Addition of
PYR1 or ABA alone did not alter CPK6- and ABI1-dependent
SLACI-NT phosphorylation (Fig. 64, Upper, lanes 1, 4, 5, and 8).

The tryptophan 300 residue of ABI1 was identified as being
crucial for stabilizing the PYL1-ABA-ABI1 complex due to in-
teraction of this residue with the narrow hydrophobic ABA-binding
pocket (7, 10). When the ABA-dependent signaling pathway
containing the ABI1 W300L mutant was expressed in oocytes,
ABI1 W300L was able to inhibit SLACI ion currents similarly to
wild-type ABI1 (Fig. S5). However, SLACI anion currents could
not be activated upon injection of ABA when coexpressing PYR1,
OST1, and ABI1 W300L (Fig. S5).

Discussion

In the present study, we show that the calcium-dependent protein
kinase CPK6 activates SLACIl-dependent anion currents in
Xenopus oocytes (Figs. 1, 3, and 4). In vitro kinase assays dem-
onstrate that CPK6 phosphorylates the SLACI N terminus (Fig.
1C), as previously observed for CPK21, CPK23, and OST1 (33—

Brandt et al.
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Fig. 6. (A) In vitro reconstitution of an ABA-dependent signal transduction
pathway including PYR1, ABI1, CPK6, and SLAC1-NT protein. Independent of
ABA, CPK6 phosphorylates SLAC1-NT (lanes 1 and 2). The presence of ABI1,
but not PYR1, inhibits SLAC1-NT phosphorylation, with or without ABA (lanes
3-6). If CPK6, ABI1, and PYR1 are present, addition of ABA leads to the release
of ABI1-mediated inhibition of SLAC1 phosphorylation (lane 7). (B) Model for
ABA activation of the SLAC1 channel via the OST1 and CPK6 protein kinases
and down-regulation by the ABI1 protein phosphatase. ABA binds to PYR1,
which causes inhibition of PP2C protein phosphatases, including ABI1. This
leads to ABA-induced activation of SLAC1 channels in Xenopus oocytes by
CPK®6, which functions in native guard cells in ABA activation of S-type anion
channels (37). Note that the ABI1 protein phosphatase can directly de-
phosphorylate the SLAC1 N terminus, which represents a previously unknown
target for ABI1 and a mechanism for tight negative SLAC1 regulation, in ad-
dition to the known down-regulation of OST1.

35, 41). Here, LC-MS/MS experiments revealed a phosphoryla-
tion site in SLAC1 (S59) that is crucial for SLACI channel ac-
tivation by CPK6 in Xenopus oocytes (Fig. 3). This SLACI
phosphorylation may lead to conformational changes in the
channel, resulting in rearrangement of the phenylalanine residue
450, which is crucial for the gating of SLACI1 (47). Kinetic pro-
tein kinase quantification analyses reveal a high catalytic effi-
ciency of CPK6 toward SLACI1-NT phosphorylation (Fig. 2 C
and D), which is comparable to other plant kinases (48, 49).

A 1:10 cRNA ratio of channel versus activating kinase in-
jection led to only very weak SLACTI activation (Fig. S2 4 and B),
which appears to be puzzling, as protein kinases are potentially
able to phosphorylate and thereby activate multiple channels.
Potential reasons could include (i) direct CPK6-protein linkage
to SLACI, (ii) a lower expression level of the kinase compared
with SLACI, or (iii ) that endogenous oocyte phosphatases might
be able to remove the phosphate groups added by the kinases
and thereby inhibit kinase-mediated SLACI1 activation until
a certain threshold is reached. The effect of CPK3 expression on
SLACT activity in the oocytes was statistically insignificant (Fig.
S1A4). Recent studies have shown differential effects of CPK3
and CPK6 on stomatal closing (50, 51). Consistent with these
findings, CPK3 and CPK6 are not in the same CPK subfamily
(37, 40). The CPK6 activation of SLACI in oocytes reported in
this work and reduced ABA- and Ca®*-induced S-type anion
channel activation in guard cell protoplasts (37) are in line with
the recently reported drought-resistant phenotype of CPK6-
overexpressing Arabidopsis plants (52).

We have further observed strong inhibition of CPK6-activated
SLACI channel activity in the presence of the three group A
PP2Cs ABI1, ABI2, and PP2CA (Fig. 4 A and B). SnRK2 kinases
have been shown to be directly regulated by PP2C phosphatases
through dephosphorylation of the kinase-activation loop (28—
30). Phosphorylation experiments at the N terminus of a SLAC1
homolog (SLAH3) by CPK21 suggested that ABII inhibits ki-
nase activity, but does not dephosphorylate the N terminus of
SLAH3 (36). Interestingly, the present findings provide bio-
chemical evidence suggesting that the ABI1 protein phosphatase
can directly dephosphorylate SLAC1 (Figs. 4C and 6B). Conse-
quently, our results with CPK6 indicate an alternate ABA sig-
naling pathway that is distinct from the linear PYR/RCAR~-
PP2C-SnRK2 (OST1)-SLACT such that, in addition to SnRK2
down-regulation, the PP2C ABI1 directly competes with CPK6
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for (de)phosphorylation of the SLACI N terminus, which can
add a mechanism for the tight regulation of S-type anion chan-
nels found in guard cells (20, 21) (Figs. 4C and 6B). The question
of whether ABI1 additionally inhibits CPK6 activity will require
further investigation.

We further demonstrate functional reconstitution of ABA
activation of SLACI ion channel activity using either the CPK6
or OST1 protein kinase coexpressed with ABI1, ABI2, and
PYRI1 in Xenopus oocytes (Fig. 5). We show that ABA activation
requires intracellular injection of ABA. Also, CPK6 mediates
SLACI-NT phosphorylation in vitro in response to ABA in the
presence of PYR1 and ABI1 (Fig. 64). An earlier study reported
reconstitution of an ABA-dependent signaling pathway consist-
ing of PYR/RCARSs, group A PP2Cs, SnRK2 kinases, and the
transcription factor ABF2 using a protoplast system with a lu-
ciferase reporter (53). Interestingly, the reconstituted ABA sig-
nal transduction pathway found here expands the present model
for ABA signaling cores, by showing that the calcium-dependent
protein kinase CPK6 can mediate an ABA-activated ion channel
response in the absence of a SnRK2 protein kinase.

Conclusions

Our findings demonstrate the complete reconstitution of ABA
activation of a plant ion channel, SLACI, in a heterologous sys-
tem including CPK6. Whereas strong activation of SLACI via the
OST1 protein kinase required induced interaction of the OST1-
SLACI pair via split YFP fusion, CPK6 strongly activates SLACI
channels without using additional components that enhance
protein—protein interactions. A regulatory phosphorylation site in
CPKG6 activation of SLACI, S59, is identified (Fig. 3). The present
study expands the current model for early ABA signaling mech-
anisms in which ABA binds to ABA receptors, including PYRI,
leading to inhibition of PP2Cs and subsequent SnRK2 kinase
activation. We show here that CPKs can replace SnRK2 kinases
in ABA regulation of SLACI1 channels, suggesting that both of
these protein kinase families function in parallel in vivo (Fig. 6B).
These data further correlate with findings showing calcium de-
pendence of ABA-induced stomatal closure (1215, 17, 20) and
parallel Ca**-independent mechanisms (20, 54). Moreover, data
show that ABI1 directly dephosphorylates the N terminus of
SLACI, indicating a branched configuration: ABI1 deactivates
SLACI1 by directly interacting with and down-regulating SnRK2s
(28-30) and dephosphorylating the SLAC1 N terminus (Figs. 4C
and 6B).

Materials and Methods

Construct Preparation, Electrophysiology, and Histology in X. laevis Oocytes. All
constructs were cloned into the pNB1 oocyte expression vector using the USER
method (55). cRNA was prepared using the mMessage mMachine Tran-
scription Kit (Ambion). Approximately 25 ng of each tested cRNA, in a total
volume of 50 nL, was injected into each oocyte for voltage-clamp recordings,
if not otherwise stated. mTq fusion proteins were visualized in fixed sections
using confocal laser microscopy. For information on instrument setup, sol-
utions used, and analyses, see SI Materials and Methods.

Site-Directed Mutagenesis, Protein Expression, Isolation, in Vitro Kinase Assays,
and Western Blot Analyses. CPK6, OST1, ABI1, PYR1, and SLAC1 N and C ter-
minus coding sequences were cloned into modified pGEX-6P1 (GE Healthcare)
vectors using the USER method (55), and the proteins were overexpressed in
Escherichia coli Rosetta (DE3) pLysS (Novagen) and isolated using Strep-Tactin
MacroPrep (IBA) (Fig. S6). In vitro kinase assays were performed as previously
described (34). To assess phosphorylation kinetics, P81-grade filter paper
(Whatman) and a scintillation counter were used. More detailed information
for all methods is given in SI Materials and Methods.
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S| Materials and Methods

Construct Preparation and Electrophysiology in Xenopus laevis
Oocytes. All constructs were cloned into the pNB1 oocyte expres-
sion vector using the USER method (1). cRNA was prepared using
the mMessage mMachine Transcription Kit (Ambion). Approxi-
mately 25 ng of each tested cRNA, in a total volume of 50 nL, was
injected into each oocyte for voltage-clamp recordings, if not oth-
erwise stated. The recordings were performed 2-3 d after injection,
with a Cornerstone (Dagan) TEV-200 two-electrode voltage-
clamp amplifier. Data analyses were performed using an Axon
Instruments Digidata 1440A Low-Noise Data Acquisition System
(Molecular Devices). The last 0.5 s of each voltage pulse were
averaged using Clampfit 10.2 software for all current-voltage
graphs. Oocytes were subjected to voltage pulses, with a holding
potential of 0 mV, using a voltage protocol with a range of —180 mV
to +40 mV in +20-mV increments, followed by a —120-mV voltage
“tail” pulse. Data were low-pass-filtered at 20 Hz throughout all
recordings. Oocytes were recorded in 75 mM NaCl, 20 mM CaCl,,
1 mM MgCl,, 10 mM Hepes (pH 7.4; titrated with Tris base), and
osmolarity was balanced to 220-260 mmol osmotically active sub-
stances/kg with D-mannitol for the recordings. The oocytes were
impaled with electrodes filled with 3 M KCI. For the oocyte groups
with injected abscisic acid (ABA), 500 pM ABA was injected into
each oocyte (to a final concentration of ~50 pM ABA, assuming an
approximate 500-nL total volume of oocytes). ABA microinjections
were performed 15 min before voltage-clamp experiments. Error
bars indicate SEM. Statistical analyses were performed using the
Student’s ¢ test and two-way ANOVA (for datasets with a de-
termined normal distribution) or the Mann-Whitney U test (for
datasets with a nonnormal distribution). All experiments were
performed at room temperature. The numbers (7) of individual
oocytes analyzed in n batches are given in the figure legends. If not
otherwise mentioned, data represent measurements of one repre-
sentative batch of oocytes, as current magnitudes vary from batch
to batch.

Oocyte Histology. Four days after fusion-protein [calcium-de-
pendent protein kinase (CPK)6 and CPK23 coding sequences
were fused to mTurquoise (2) in the pNB1 vector, and cRNA was
prepared using the mMessage mMachine Transcription Kit
(Ambion)] mRNA injection, three to five oocytes per freezing
mold were submerged in 3 mL O.C.T. compound (Tissue-Tek).
The samples were flash-frozen in liquid nitrogen and sliced into
100-pm sections using a cryostat microtome. The sections were
collected on microscope slides, taking care to keep the sections
from drying out by application of cool water vapor to the slide
face containing the sections. Coverslips were immediately
mounted on the slides with an airtight barrier formed by a thin
ring of silicone vacuum grease (Beckman) sandwiched between
the coverslip and the slide along the perimeter.

The prepared slides were temporarily stored in a dark, hu-
midified chamber to be imaged within 1 h of sectioning. Each
section was imaged on a Nikon Eclipse TE2000-U spinning disk
confocal microscope with a 10x objective.

Site-Directed Mutagenesis, in Vitro Kinase Assays, Protein Expression,
Isolation, and Western Blot Analyses. CPK6, Open Stomata 1
(OST1), ABII, and SLACI1 N and C terminus coding sequences
were cloned into a modified pGEX-6P1 (GE Healthcare) vector
using the USER method (1). In the pGEX-6P1 vector, a USER
cassette followed by a Strepll-tag was introduced. The PYR1
coding sequence was cloned into a modified pGEX-6P1 vector,
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resulting in an N-terminal Strepll-tag fusion. Plasmids were
transformed into Escherichia coli Rosetta (DE3) pLysS (Novagen)
and grown to ODae00) ~0.6. Protein expression was induced by
adding isopropyl-p-Dp-thiogalactopyranoside to a final concentra-
tion of 0.5 mM and carried out for 3 h at room temperature. For
PYRI1 protein isolation, the culture was incubated at 15 °Cfor 18 h.
Harvesting the bacteria was achieved by centrifugation (4,000 X g;
15 min) and bacterial pellets were resuspended in buffer W
(100 mM Tris, 150 mM NaCl, pH 8.0) supplemented with 1 mg/mL
lysozyme and protease inhibitor mixture (Complete EDTA-free;
Roche). After lysis of the cells by three 30-s sonication pulses
(Heat Systems; Ultrasonics), insoluble cell debris was removed by
centrifugation (25,000 x g for 30 min at 4 °C). CPK6, ABI1, PYRI,
and SLAC1 N and C terminus were purified using Strep-Tactin
MacroPrep (IBA) by gravity flow in Micro Bio-Spin chromatog-
raphy columns (Bio-Rad) following instructions listed in the
manufacturer’s manual. Eluted recombinant proteins were sup-
plemented with 10% (vol/vol) glycerol and stored at —20 °C. In
vitro kinase assays were performed as previously described (3).
The kinase buffer consisted of 50 mM Hepes (pH 7.5), 10 mM
MgCl,, 1x protease inhibitor (Complete EDTA-free; Roche),
2mM DTT, 5 mM EGTA, 5 uCi [y-**P]ATP, and 4.87 mM CaCl, to
gain a final free Ca>* concentration of ~3 uM (calculated with http://
www.stanford.edu/~cpatton/webmaxc/webmaxcE.htm) in most of
the 20-pL reaction volumes. To remove free Ca®* from the reaction
buffer, no CaCl, was added and the reaction buffer was supple-
mented with 12.9 mM MgCl, to gain a final free Mg®* concen-
tration of 10 mM (calculated with http:/www.stanford.edu/
~cpatton/webmaxc/webmaxcE.htm). For the in vitro recon-
stitution, either 5 uM ABA (dissolved in ethanol; lanes indicated
with + ABA) or an equivalent amount of ethanol (lanes indicated
with — ABA) was used. Using [y-**P]JATP, the reactions were
started, carried out at room temperature for 10 min for most of the
experiments, and subsequently stopped by adding 6x SDS-loading
dye. To the reaction mixtures shown in lanes 2 and 3, components
indicated by “10 min” were added after the initial 10-min in-
cubation time and incubated for an additional 35 min before being
stopped using 6x SDS-loading dye. After incubation at 98 °C for 5
min, proteins were separated by SDS/PAGE in 4-15% gradient
gels (Mini Protean TGX; Bio-Rad) and subsequently stained us-
ing Page Blue (Fermentas). Radioactivity of *P was monitored
using HyBlot CL autoradiography films (Denville Scientific).
Loading of proteins was controlled by performing Western blot
analysis (Figs. 1C and 4C) as well as Coomassie staining. The
reactions used for subsequent Western blot analysis were treated
exactly the same way as those used for in vitro kinase assays with
the only difference that no [y-**P]ATP was added. Proteins were
separated by SDS/PAGE in 4-15% gradient gels (Mini Protean
TGX; Bio-Rad) and subsequently blotted on Immobilon-PS®
membranes (Millipore). GST-fusion proteins were detected us-
ing an anti-GST-HRP conjugate antibody (GE Healthcare),
SuperSignal West Pico (Pierce), and BioMax MR film (Kodak).
For Coomassie-stained loading controls, photographs of the gels
were taken before detection of radioactivity by autoradiography.

P81 Filter Paper-Based Kinase Kinetics Assay. Recombinant SLACI-
NT (N terminus of SLACT1) used for kinase kinetics assays was
concentrated using Amicon Ultra devices (Ultracell 30k; Milli-
pore) and thereby the buffer was changed to 50 mM Tris-HCI (pH
7.5), 150 mM NaCl, 2 mM DTT. For determining concentrations
of recombinant CPK6, CPK23, OST1, and SLACI-NT, proteins
were subjected to SDS/PAGE, Coomassie-stained, and dried
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between two cellophane sheets to assess purity (Fig. S6). Sub-
sequently, protein concentrations were measured using the BCA
Protein Assay Kit (Pierce). To determine kinetic parameters,
20 nmol kinase was incubated in a buffer containing 75 mM
Tris-HCI (pH 7.5), 10 mM MgCl,, 3 mM DTT, 75 mM NaCl, and
variable concentrations of SLACI-NT (0.625-25 pM) in a 10-pL
reaction for 2.5 min, 5.5 min, or 10 min at room temperature for
CPK6, CPK23, or OST1, respectively. Note that for CPK6 and
CPK23, the reaction buffer was supplemented with 4.87 mM
CaCl, and 5 mM EGTA, resulting in ~3 pM free Ca** (calculated
with http://www.stanford.edu/~cpatton/webmaxc/webmaxcE.htm).
After quenching the reactions by adding 90 pL 30% (vol/vol)
acetic acid, 50 pL was spotted on P81-grade filter paper discs
(Whatman) and subsequently washed in 0.5% (vol/vol) phos-
phoric acid five times for 5 min. After washing the filter discs in
acetone for 2 min followed by air drying, >*P incorporation was
determined using scintillation fluid (Ecoscint; National Diag-
nostics) and a counter (Beckman). Using GraphPad Prism 5,
kinetic constants were calculated.

In Gel Digest and LC-MS/MS. Isolated recombinant SLACI-NT
protein was incubated with and without CPK6 protein for 10 min
at room temperature using the same buffer conditions as used for
in vitro kinase assays, with the only difference that instead of
5 uCi [y-**P]JATP, 100 uM ATP was present. After separation by
SDS/PAGE and subsequent Coomassie staining, SLACI-NT-
corresponding bands were cut out. The gel slices were cut to
1-mm cubes and destained three times by first washing with 100 pL
of 100 mM ammonium bicarbonate for 15 min, followed by
addition of the same volume of acetonitrile (ACN) for 15 min.
Samples were dried in a SpeedVac. Samples were then reduced
by mixing with 200 pL of 100 mM ammonium bicarbonate,
10 mM DTT and incubated at 56 °C for 30 min. The liquid was
removed and 200 pL of 100 mM ammonium bicarbonate, 55 mM
iodoacetamide was added to the gel pieces and incubated at
room temperature in the dark for 20 min. After the removal of
the supernatant and one wash with 100 mM ammonium
bicarbonate for 15 min, the same volume of ACN was added to
dehydrate the gel pieces. The solution was then removed and
samples were dried in a SpeedVac. For digestion, enough solution
of ice-cold trypsin (0.01 pg/pL) in 50 mM ammonium bicarbonate
was added to cover the gel pieces and set on ice for 30 min. After
complete rehydration, the excess trypsin solution was removed,

. Nour-Eldin HH, Hansen BG, Nerholm MHH, Jensen JK, Halkier BA (2006) Advancing
uracil-excision based cloning towards an ideal technique for cloning PCR fragments.
Nucleic Acids Res 34:e122.

. Goedhart J, et al. (2010) Bright cyan fluorescent protein variants identified by
fluorescence lifetime screening. Nat Methods 7(2):137-139.
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replaced with fresh 50 mM ammonium bicarbonate, and left
overnight at 37 °C. The peptides were extracted twice by the ad-
dition of 50 pL of 0.2% (vol/vol) formic acid and 5% (vol/vol)
ACN and vortex mixing at room temperature for 30 min. The
supernatant was removed and saved. A total of 50 uL of 50%
ACN/0.2% (vol/vol) formic acid was added to the sample, which
was vortexed again at room temperature for 30 min. The super-
natant was removed and combined with the supernatant from the
first extraction. The combined extractions were analyzed directly
by liquid chromatography (LC) in combination with tandem mass
spectroscopy (MS/MS) using electrospray ionization. Trypsin-di-
gested peptides were analyzed by HPLC coupled with tandem
mass spectroscopy (LC-MS/MS) using nanospray ionization. The
nanospray ionization experiments were performed using a Triple-
Tof 5600 hybrid mass spectrometer (ABSCIEX) interfaced with
nano-scale reversed-phase HPLC (Tempo; Eksigent, ABSCIEX)
using a 10 cm x 100 pm i.d. glass capillary packed with 5-pm C18
Zorbax beads (Agilent Technologies). Peptides were eluted from
the C18 column into the mass spectrometer using a linear gradi-
ent [5-60% (vol/vol)] of ACN at a flow rate of 250 pL/min for 1 h.
The buffers used to create the ACN gradient were buffer A [98%
H,0, 2% ACN, 0.2% formic acid, 0.005% TFA (vol/vol)] and
buffer B [100% ACN, 0.2% formic acid, 0.005% TFA (vol/vol)].
MS/MS data were acquired in a data-dependent manner in which
the MS1 data were acquired for 250 ms at an m/z of 400-1,250 Da
and the MS/MS data were acquired from an m/z of 50-2,000 Da.
For independent data acquisition (IDA) method parameters were
as follows: a 250 ms time of flight survey scan (MS1-TOF) was
followed by 50 product ion scans (MS2) of 25 ms each. For MS2
IDA criteria, ions that had reached the threshold of 200-counts
and had the charge state +2, +3, or +4 where selected. Four-
second exclusion criteria was chosen to limit the number of re-
petitive MS2 events on the same ion. Finally, the collected data
were analyzed using Mascot (Matrix Science) and ProteinPilot 4.0
(AB SCIEX) for peptide identification. To further analyze
phosphorylation of serine 59, product ion scan methods were
constructed and carried out for the product of m/z = 765.4
[QVpSLETGFSVLNR (M + 2H)]. All LC conditions were
identical to the above settings. For the product ion scans, the Q1
resolution was set to unit and the collision energy was set to 39 at
an accumulation time of 200-ms scans.

3. Geiger D, et al. (2010) Guard cell anion channel SLAC1 is regulated by CDPK protein
kinases with distinct Ca** affinities. Proc Nat/ Acad Sci USA 107:8023-8028.
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Fig. S1. Strong kinase activity-dependent activation of SLAC1 channel currents by the CPK6 protein kinase in Xenopus oocytes. (A) The average steady-state
current-voltage relationships are shown in water-injected (pink circles), SLAC1-injected (brown squares), and SLAC1 + CPK-injected oocytes. The protein kinases
CPK6 (red circles) and CPK23 (black hexagons) are able to increase SLAC1 activity, whereas CPK31 (green triangles), a homolog of CPK23, and CPK3 (blue
triangles) did not significantly increase SLAC1 activity in oocytes. Representative data from one batch of oocytes are shown (CPK3, CPK31; of >3 batches),
except for SLAC1 + CPK6 and SLAC1 + CPK23, which show average data from two to five independent oocyte batches. (B) SLAC1 was not activated by a kinase-
inactive CPK6 mutant (D209A; green triangles), whereas coexpression of wild-type CPK6 (red triangles) together with SLAC1 resulted in a large anion current
(n = 3 batches). Note that the degree of SLAC1 activation in A and B differed, as experiments were conducted in independent batches of oocytes, resulting in
typical differences among oocyte batches. Therefore, the illustrated internal controls were always coinjected in the same batch of oocytes.
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squares) cRNA content of CPK®6, to investigate the saturation point of SLAC1-mediated currents. Representative data from one batch of oocytes (of >2 batches)
are shown in A. (C) Maximum SLAC1-mediated current activation as a function of injected CPK6 cRNA amount.

Brandt et al. www.pnas.org/cgi/content/short/1116590109 30f7



SIS

Lane 1 2 3 4
CPK6 + + + +
SLAC1-NT - - + +
ca* -+ -+

32p_gignal (Autoradiography)

CPK6 —» d

] — 75kDa

SLAC1-NT —» —— .I — 50kDa

Loading Control (Coomassie Staining)

CPK6 —»
— 75kDa

SLAC1-NT —» M. S | — 50 kDa

Fig. $3. SLAC1-NT phosphorylation is Ca**-dependent in vitro. In the absence of free Ca%*, both CPK6 auto- (lane 1; Upper) and SLAC1-NT cross-phosphor-
ylation (lane 3; Upper) are strongly decreased compared with the 32P signal in the presence of Ca®* (lanes 2 and 4; Upper). Note that the CPK6 migrating speed
in the SDS/PAGE is Ca®*-dependent (lanes 1-4; Lower), as previously reported for several CPKs (1-3).

1. Harmon AC, Putnam-Evans C, Cormier MJ (1987) A calcium-dependent but calmodulin-independent protein kinase from soybean. Plant Physiol 83:830-837.

2. Romeis T, Piedras P, Jones JDG (2000) Resistance gene-dependent activation of a calcium-dependent protein kinase in the plant defense response. Plant Cell 12:803-816.

3. Yoon GM, Cho HS, Ha HJ, Liu JR, Lee HS (1999) Characterization of NtCDPK1, a calcium-dependent protein kinase gene in Nicotiana tabacum, and the activity of its encoded protein.
Plant Mol Biol 39:991-1001.
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Fig. S5. The W300L point mutation in the PP2C phosphatase ABI1 disrupts ABA activation of SLAC1 ion currents mediated by OST1 in Xenopus oocytes. ABI1
W300L was able to inhibit SLAC1 activity similar to wild-type ABI1 (gold triangles), but exhibited an inability of PYR1 to enhance SLAC1-mediated inward
currents in the presence of ABA (green circles). Data from one representative batch (of two batches) of oocytes are shown except for OST1 data without ABI1
(red squares; >3 batches averaged).
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In the past 15 years or more, many mutants that are
impaired in stimulus-induced stomatal closing and
opening have been identified and functionally char-
acterized in Arabidopsis (Arabidopsis thaliana), leading
to a mechanistic understanding of the guard cell signal
transduction network. However, evidence has only
recently emerged that mutations impairing stomatal
closure, in particular those in slow anion channel
SLOW ANION CHANNEL-ASSOCIATED1 (SLAC1),
unexpectedly also exhibit slowed stomatal opening
responses. Results suggest that this compensatory
slowing of stomatal opening can be attributed to a
calcium-dependent posttranslational down-regulation
of stomatal opening mechanisms, including down-
regulation of inward K channel activity. Here, we
discuss this newly emerging stomatal compensatory
feedback control model mediated via constitutive en-
hancement (priming) of intracellular Ca* sensitivity of
ion channel activity. The CALCIUM-DEPENDENT
PROTEIN KINASE6 (CPK®6) is strongly activated by
physiological Ca** elevations and a model is discussed
and open questions are raised for cross talk among
Ca**-dependent and Ca**-independent guard cell signal
transduction pathways and Ca** sensitivity priming
mechanisms.
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Stomatal pores formed by two guard cells enable
CO, uptake from the atmosphere, but also ensure leaf
cooling and provide a pulling force for nutrient uptake
from the soil via transpiration. These vitally important
processes are inevitably accompanied by water loss
through stomata. Stomatal opening and closure is
caused by the uptake and release of osmotically active
substances and is tightly regulated by signaling path-
ways that lead to the activation or inactivation of
guard cell ion channels and pumps. Potassium ions
enter guard cells through the inward-rectifying K"
channels (K*;)) during stomatal opening and are re-
leased via outward-rectifying K* channels during sto-
matal closure (Schroeder et al., 1987; Hosy et al., 2003;
Roelfsema and Hedrich 2005). Cytosolic Ca**, an im-
portant second messenger in plants, mediates ion chan-
nel regulation, particularly down-regulation of inward-
conducting K'; | channels and activation of S-type anion
channels, thus mediating stomatal closure and inhibiting
stomatal opening (Schroeder and Hagiwara, 1989; Dodd
et al., 2010; Kim et al., 2010). Stomatal closure is initiated
by anion efflux via the slow S-type anion channel SLAC1
(Negi et al., 2008; Vahisalu et al., 2008; Kollist et al.,
2011) and the voltage-dependent rapid R-type anion
channel QUICK-ACTIVATING ANION CHANNEL1
(Meyer et al. 2010; Sasaki et al., 2010).

In recent years, advances have been made toward
understanding mechanisms mediating abscisic acid
(ABA)-induced stomatal closure (Cutler et al., 2010;
Kim et al., 2010; Raghavendra et al., 2010). The core
ABA signaling module, consisting of PYR/RCAR
(for pyrabactin resistance 1/regulatory components
of ABA receptors) receptors, clade A protein phos-
phatases (PP2Cs), SNF-related protein kinase OPEN
STOMATA1 (OST1), and downstream targets, is
Ca2+—independent (Ma et al., 2009; Park et al., 2009;
Hubbard et al., 2010). However, ABA-induced sto-
matal closure was reduced to only 30% of the nor-
mal stomatal closure response under conditions that
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inhibited intracellular cytosolic free calcium ([Ca**]_,,)
elevations in Arabidopsis (Siegel et al., 2009), consis-
tent with previous findings in other plants (De Silva
et al., 1985; Schwartz, 1985; McAinsh et al.,, 1991;
MacRobbie, 2000). Together these and other stud-
ies show the importance of [Ca? vt oyt for a robust
ABA-induced stomatal closure. Here, we discuss
Ca®*-dependent and Ca®’-independent signaling
pathways in guard cells and open questions on how
these may work together.

Plants carrying mutations in the SLACI anion
channel have innately more open stomata, and exh1b1t
clear 1rnpa1rments in ABA-, elevated CO,, Ca*
ozone-, air humidity-, darkness-, and hydrogen
peroxide-induced stomatal closure (Negi et al., 2008;
Vahisalu et al., 2008; Merilo et al., 2013). Recent re-
search, however, unexpectedly revealed that muta-
tions in SLAC1 also down-regulate stomatal opening
mechanisms and slow down stomatal opening (Laanemets
et al, 2013).

UNEXPECTED SLOWING OF STOMATAL OPENING
IN SLAC1 MUTANT ALLELES

Stomatal opening in plants is mediated by in-
creased light intensity or enhanced air humidity and
by decreased CO, concentrations inside the leaf (C,)
that occur as a result of photosynthesis. During light-
induced stomatal opening, phototropin-related blue-
light signaling leads to the activation of H"-ATPases,
resulting in H efflux and plasma membrane hy-
perpolarization (for review, see Shimazaki et al,,
2007), which in turn leads to the uptake of K* via K*
channels (Schroeder et al., 1984). Simultaneously,
due to active photosynthesis, C; is reduced and
S-type anion channels are inactivated, which further
favors stomatal opening (Roelfsema et al., 2002). Muta-
tions in the SLACI gene result in impaired anion efflux,
and would therefore be expected to accelerate stomatal
opening in response to opening stimuli. Unexpectedly,
the opposite was detected: Stomatal opening of intact
whole rosettes induced by three independent bio-
logical stimuli (light, low C;, and high humidity)
was slower in slacl mutants (Laanemets et al., 2013).
Independent research showed that slacI mutant
guard cells show a greatly reduced activity of K,
channels (Laanemets et al., 2013), which contribute
to stomatal opening (Kwak et al., 2001; Figs. 1 and
2). These independent findings suggest that plants
possess a system that counteracts the impaired stomatal
closing of S-type anion channels in slacl mutants by
down-regulating stomatal opening mechanisms to prevent
excessive water loss.

IMPAIRED ANION EFFLUX LEADS TO A CHANGED
IONOMIC PROFILE IN SLAC1 GUARD CELLS

Severely reduced S-type anion channel activity and
reduced anion efflux in slacl guard cells change the

Plant Physiol. Vol. 163, 2013
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Figure 1. K, channel current activity is reduced in the stomatal
closing impaired mutants slac1, ost1, and abi2-1 and this K* channel
down-regulation is rapidly reversed in slacT guard cells by lowering
[Ca“JCyt to less than 10 nm. Average K*,, channel current magnitudes at
=180 mV are shown for wild-type Columbia-0 (WT) and the slacT,
ostl, and abi2-1 alleles. The concentrations of buffered [Caz*]Cyt
concentrations are indicated. Whole-cell patch clamp recordings were
performed on guard cell protoplasts at the indicated cytosolic free Ca**
concentrations. Note that an abi2-1 allele in the Columbia-0 accession
was analyzed (Nishimura et al., 2004). Error bars (sem) for the indicated
number of guard cells analyzed are depicted. K*;, channel current
magnitudes in slacT recovered at less than 10 nm [Caz*]Cyt compared
with 100 nm [Caz*]cyl (P < 0.005). Statistical analyses showed sig-
nificant down-regulation of K*; channel current magnitudes in the
slac1-1, slac1-3 (P < 0.001), ost1 (P < 0.04), and abi2-1 (Columbia-0;
P < 0.02) mutants compared with wild-type guard cells at 100 nm
free [Ca®*] in the cytosol. Small but statistically nonsignificant dif-
ferences for comparisons of K*;, channel current magnitudes in re-
sponse to lowering [Ca*] from 100 nm to less than 10 nm for ost1-3
(P value = 0.525) and abi2-1 (P value = 0.109) were found. *P <
0.05; **P < 0.01. Unpaired Student’s t tests were applied to assess
significance. Data from WT < 10 nm and slac7-7 < 10 nm are from
Laanemets et al., 2013. Methods were as described in Laanemets
et al., 2013 (see Supplemental Text S1).

entire ionomic profile of guard cells. Elevated accu-
mulation of anions such as chloride, malate, and fu-
marate, but also potassium was observed (Negi et al.,
2008). Hyperaccumulation of chloride and malate can
suppress H'-coupled anion transport (Sanders et al,
1989). Accordingly, the cytosolic pH (pH.,) of slacl
guard cells was slightly more alkaline (W};\ng et al,
2012). Furthermore, the removal of S-type anion
channel activity in slacl mutant guard cells (Vahisalu
et al., 2008) is expected to cause a more negative
(“hyperpolarized”) membrane potential due to the
reduced anion efflux from guard cells. This is pre-
dicted to enhance the activity of hyperpolarization-
activated Ca® influx channels resulting in a slightly

505

Downloaded from www.plantphysiol.org on May 19, 2016 - Published by www.plant.org
Copyright © 2013 American Society of Plant Biologists. All rights reserved.



Laanemets et al.

Mutant with impaired

Wild type SLACH activity

Cl- JSL."\CA‘- -

Ch, Mal* k' ==
clevated ~ - -

a’ sensitivity
of K*, is primed

Normal
stomatal opening

Down-regulation of
stomatal opening

Figure 2. Schematic model for K*,, down-regulation in mutants
with impaired SLACT activity. Without SLAC1, ions accumulate in
guard cells, and the plasma membrane is charged more negatively
(hyperpolarization) due to reduced anion efflux, which leads to
activation of hyperpolarization-dependent Ca”*-permeable influx
channels and elevated levels of [Ca2+]cyr. The increased [Caz"]Cyt
concentration down-regulates K, channel activity. Furthermore,

K*,, channels exhibit an enhanced (primed) Ca’* sensitivity, thus
enhancing K%, channel down-regulation. The negative charges
shown at the inner side of the plasma membrane (right model) in-
dicate the more negative (hyperpolarized) membrane potential
expected for slacT mutant alleles.

elevated [Ca*"],, in slacl guard cells (Grabov and
Blatt, 1998; Hamilton et al., 2000; Pei et al., 2000).
Slightly elevated [Ca?*]_, in slacl guard cells was ex-
perimentally observed in two studies (Wang et al.,
2012; Laanemets et al.,, 2013) and causes down-
regulation of K", activity (Schroeder and Hagiwara,
1989; Siegel et al.,, 2009), thereby slowing stomatal
opening in slacl.

DOWN-REGULATION OF GUARD CELL K* UPTAKE
CHANNEL ACTIVITY BY ENHANCED [Ca*]cyy
SENSITIVITY IN SLACI

Analyses of guard cell ion channel transcript levels
showed only partially reduced expression of K*; and
H'-ATPase gene transcripts in slacl guard cells, sug-
gesting that posttranslational mechanisms may down-
regulate K, (Laanemets et al., 2013). The patch clamp
method enables clamping of defined [Ca® Jeye and
pH.,, conditions by rapidly equilibrating the cytosol
with the patch pipette solution. The first experiments
showing dramatic down-regulation of K*,, channel
activity in plants lacking SLAC1 (slac] -1 and slacl-3)
were performed at 250 num free [Ca? “]eye- Interestingly,
the reduction of K',, activity was rapidly reversed
by lowering [Ca®']_,, to a subphysiological [Ca*']

cyt cyt
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concentration of less than 10 nm (Laanemets et al.,

2013), indicating that Ca**-induced inhibition of K*;,

is more sensitive to [Ca® eyt In slacl than in wrld-
type plants (Fig. 1). However whether K, channel
act1v1ty in slac1 guard cells is also affected ‘at resting
[Ca®*].,, levels had not yet been investigated. Addi-
tional patch clamp experiments show that K*.,

activity of slac1-1 and slac1-3 is also greatly reduced
at physiological resting [Ca®*]., of 100 nwm
(Fig. 1; Supplemental Fig. 51), 1nd1cating a down-
regulation of K*,, activity in slacl plants even at
resting [Ca’ Iy These results demonstrate that
the sensitivity of K", channels to physiological
[Ca®*],,, is constitutively enhanced (primed) in
slacl guard cells. These findings support the hy-
pothesis that the sensitivity of Ca®" signaling
mechanisms in guard cells can be enhanced such
that guard cells respond to resting [Ca +] oyt levels,
thus resulting in possible residual [Ca*'], 4t signal-
ing (Siegel et al., 2009).

The priming of K*,, channel sensitivity to [Ca2+]
leads to reduced K* influx representing a mechanrsm
to counteract the potential adverse effect of more open
stornata in slac1 plants (Laanemets et al., 2013). Guard
cell [Ca® "oyt elevation alone is not sufflcrent to explain
the slowed stomatal opening of slacl mutants. As
mentioned above, anion accumulation in the slacl
mutant resulted in elevated pH,, (Wang et al., 2012),
which mlght also slow stomatal opening. In sum, the
primed Ca** sen51t1v1ty of K*,, channels, together with
higher [Ca®*],,, and more alkaline pH, provide a
feedback rnec anism helping to prevent excessive
water loss in slacl mutant plants that are defective in
stomatal closure (Fig. 2).

The next quest1on was whether slacl plants always
show higher Ca®" sensitivity of K*, channels or
whether this is reversible. Patch clamp experiments
showed that the reductlon of K*,, activity was reversed
by lowering [Ca®],, to a subphysrologlcal Ca®* con-
centration (Laanemets et al., 2013). If stomata of slacl
plants are in a more closed state, does this provide
feedback to [Ca? ]C v PHeyp and most importantly to
Ca**-priming of K'; channels, resulting in a wild-type-
like stomatal openlng rate? The answer to this question
requires further research, but results so far indicate
that the Ca**-priming of K*,, channels is indeed re-
versible and depends on initial stomatal “openness”.
When slacl and wild-type plants showed nearly
similar steady-state starting stomatal conductances
(Laanemets et al., 2013), the differences in half-times
for stomatal opening between slacl and wild-type
plants were only moderate (Table I). However, when
the starting stomatal apertures of slacl plants were
considerably larger than those of the wild type, the
differences in half-times for stomatal opening were
also larger, about 2-fold (Wang et al., 2012), indicating
that in the latter experiments the compensatory
feedback control of stomatal opening functioned to
counteract further stomatal opening in this already
open state.
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Table I. Increase in stomatal conductance is slower in slac1-1, slac1-3,
and ost1-3 mutants (background Columbia-0) and in abi2-1 mutant
(background Ler)

*P < 0.1; **P < 0.05 (statistical difference from the wild type, one-
way ANOVA, n = 5-18).

Half-Times for Stomatal Opening®

Genotype Low CO, Light
min
Wild type (Columbia-0) 18.8 £ 0.9 15.4 + 0.6
slaci-1 22.8 = 2.0* 21.1 = 1.7%*
slac1-3 26.3 = 2.3%* 19.7 £ 1.4
ost1-3 243 + 1.2%* 22.1 £ 1.3*%*
Wild type (Ler) 19.8 = 0.8 10.1 = 0.8
abi2-1 249 =33 16.6 + 3.9%*

“In light experiments, plants were kept in the measurement cuvettes
(Kollist et al., 2007) overnight and stomatal opening was measured
during the onset of the light period in the morning. In CO, experi-
ments, plants were kept at ambient CO, (400 mmol mol™") for 2 h,
then the CO, was decreased to 40 mmol mol~'The stomatal opening
response, within first 45 min, was scaled to the range from 0% to
100%, directly yielding the half-times for stomatal opening. Plant
growth conditions were as described in Laanemets et al., 2013.
See Supplemental Text ST for further experimental details.

SLOWED STOMATAL OPENING AND
DOWN-REGULATION OF GUARD CELL K* UPTAKE
CHANNEL ACTIVITY IS ALSO OBSERVED IN OTHER
MUTANTS WITH MORE OPEN STOMATA

If down-regulation of K*;, channel activity via Ca**
priming is caused by the open stomata phenotype of
slacl mutants, the question arises whether the same
phenotype is also present in other mutants with con-
stitutively more open stomata. To address this point,
experiments were performed with o0st1-3 (Mustilli
et al.,, 2002; Yoshida et al., 2002) and the dominant
mutant aba insensitive2 (abi2-1; Koornneef et al., 1984).
OST1 is a protein kinase that activates SLAC1 anion
channels via phosphorylation (Geiger et al., 2009; Lee
et al., 2009; Vahisalu et al., 2010) and functional ABA
activation of SLAC1 channels via OST1 was recon-
stituted in oocytes (Brandt et al., 2012). An unexpected
reduced K';, channel activity in abi2-1 mutant guard
cells was shown in an earlier study (Pei et al., 1997).
The dominant abi2-1 mutation generates a mutant
ABI2 protein phosphatase that is refractory to ABA-
induced inhibition by PYR/RCAR receptors and sup-
presses OST1 activation (Ma et al., 2009; Park et al.,
2009; Umezawa et al., 2009). Guard cells lacking
functional OST1 or having a dominant active ABI2,
are likely to hyperaccumulate ions and exhibit more
negative plasma membrane potential, which would
lead to an increase in [Ca? "1yt (Grabov and Blatt,
1998; Hamilton et al., 2000; lgel et al., 2000). Our
gas-exchange experiments showed that both light- and
low-CO,-induced stomatal opening responses were
slower in ostl1-3 and abi2-1 plants compared with
corresponding wild types (Table I). Additional patch
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Guard Cell Compensatory Signaling Network

clamp experiments with abi2-1 and ost1-3 guard cells
were performed and K*,, channel activity was found to
be reduced in ost1-3 guard cells and confirmed to be
reduced in abi2-1 guard cells (Pei et al., 1997; Fig. 1;
Sup;)lemental Figs. S2 and S3). However reducing
[Ca®"]., to a subphysiological Ca”" concentration
(less than 10 nwm) only slightly improved K*,, activity in
0st1-3 and in abi2-1 guard cells compared with slacl
(Fig. 1; Supplemental Figs. S2 and S3; Laanemets et al.,
2013). These recent studies also highlight that K*,
channel activities in guard cells do not always correlate
with the predominant phenotype of a given mutant, as
illustrated for the slacl, abi2-1, and ost1 mutants (Pei
etal., 1997; Laanemets et al., 2013; Fig. 1; Supplemental
Figs. 51-53).

Taken together, elevated ;Ca ]C » combined with an
increased sensitivity of Ca™ -mediated K", inhibition
in slacl plants (Wang et al., 2012; Laanemets et al.,
2013), leads to the down—regulation of K, channel
activity, even at physiological resting [Ca2+]
concentrations (Fig. 1; Supplemental Fig. S1). This re-
sults in slowed stomatal opening of intact slacl plants
in response to several stimuli such as air humidity,
CO,, and light. Reduced K*;, activity and slowed sto-
matal opening of ost1-3 and abi2-1 mutants further
suggests that this may be a general characteristic of
plants with more open stomata or of plants with im-
paired S-type anion channel activation. Further research
of mutants with an enhanced open stomata phenotype
independent of S-type anion channels is needed to
address this point. Importantly, in slaclI mutants the
down—regulahon of K*;,, channel activity was reversi-
ble at low [Ca® ey whereas it was not clearly revers-
ible in ost1-3 and only partly reversible in abi2-1
mutants, indicating that either actlve OST1 is involved
in the increase of K*;  at low [Ca®']. oy Or this type of
reversible compensatory regulation of ion channel ac-
tivity is a unique characteristic related to the impaired
SLACT anion channel.

PHYSIOLOGICAL STIMULI RAPIDLY ENHANCE
[Ca®*]cyr SENSITIVITY

Considering that the Arabidopsis genome encodes
over 200 calcium binding (EF-hand containing) pro-
teins (Day et al., 2002), understandmg the mechanisms
that mediate spec1f1c responses to Ca”" is a subject of
current research interest in plants and in eukaryotes
in general (Berridge, 2012). Several mecharusms have
been proposed to mediate specificity in Ca®* signaling
in plants, all of which may contribute to this phe-
nomenon (Dodd et al., 2010; Kudla et al., 2010).
However, strong cellular and biochemical evidence for
any given model is missing and needed in plants, as
well as in other systems (Berridge, 2012). Research on
guard cell signal transduction has led to a new model
that can contribute a mechanism for specificity in
Ca” signaling. Studies in different plant species have
shown that calcium is required for both ABA- and
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CO,-induced stomatal closing (De Silva et al., 1985;
Schwartz, 1985; Webb et al., 1996, Grabov and Blatt,
1998; Staxén et al., 1999; MacRobbie, 2000; Mori et al.,
2006; Young et al., 2006; Siegel et al., 2009). Several
independent findings support the model that the
stomatal closing signals, ABA and elevated CO,,
“prime” specific early Ca”** sensing mechanisms,
switching them from a relatively inactivated state to a
Ca*- respons1ve “primed” state, and therefore tightly
controlling Ca® responsiveness. Here, we briefly re-
view evidence supporting this Ca** sensitivity priming
model (Table 1.

" imagin ; in guard cells resolved “spontaneous”
repetltlve [Ca™], transients that are more likely to
occur at mcreasmgly negative membrane potentials
(Grabov and Blatt, 1998; Allen et al., 1999; Kliisener
et al., 2002; Young et al., 2006; S1egel et al 2009; Table II).
Surpr1smgly, repetitive [Ca®']_ ot elevations even oc-
curred when the stomatal opemng stimulus low CO,
was applied (Young et al 2006). The following ques-
tion arose: How can [Ca? ] be required for stomatal
closing if [Ca*"], vt elevatrons are also observed while
applying stomatal opening stimuli (Young et al,
2006)7 Previous research showed that any 1mposed
[Ca® Joyt elevation above a threshold value can cause a
rapid Ca**-reactive stomatal closure (Allen et al., 2001;
Table II). Moreover, the [Ca®*]_., osc1llat10n frequency
and pattern did not affect this rapid “Ca**-reactive”
stomatal closure response (Allen et al., 2001). (Note
that the Ca** elevation pattern does affect the ability
of closed stomata to reopen later, a response called
“Ca**-programmed” stomatal response [Allen et al.,
2001; Cho et al., 2009; Eisenach et al., 2012].) The above
findings together led to the hypothesis that stomatal
closmg stimuli may modulate and thus enhance the
Ca® sensitivity of specific Ca**-activated stomatal
closing mechanisms (Young et al., 2006).

Further studles are consistent with the stimulus-
induced Ca”" sensitivity priming hypothesis (Table 1I).
In brief, an early study showed that raising [Ca® eyt
alone does not trigger S-type anion channel act1vat1on

in Arabidopsis guard cells (Allen et al., 2002). How-
ever, if the guard cell protoplasts were preexposed to
high external Ca®" during isolations prior to record-
ings, then elevated [Ca2+]Cyt rapidly activated S-type
anion currents (figure 3 in Allen et al., 2002). A simi-
lar and physiologically more relevant effect was found
for ABA: when guard cells were preexposed to ABA,
elevated [Ca’ ]Cyt strongly act1vated S-type anion cur-
rents by shifting the [Ca®']_,, sensitivity to lower
[Ca? ] levels (Siegel et al., 2009; Chen et al,, 2010)
Interestmgly, ABA pre1ncubat10n also pr1med K%,
down-regulation by [Ca® ]C . (Siegel et al., 2009). An
increase in the Ca* sens1t1v1ty of S-type anion channel
activation was also triggered by elevated CO, (Xue
et al., 2011). Intracellular bicarbonate and CO, levels
lead to strong S- type anion channel activation 1n the
presence of 2 um [Ca? "leyv but not at 0.1 pm [Ca® ey
already 3 to 5 min after achieving the patch clamp
whole-cell configuration, which allows equilibration
of the pipette solutron with the cytosol (Xue et al.,
2011). This rapid Ca*" sensitivity priming indicates
that the underlying processes are less likely mediated
by transcriptional changes. Early ABA signaling
mechanisms were determined to indirectly or par-
tially affect CO, control of stomatal closing (Merilo
et al., 2013), which could be explained by the finding
that both pathways require S-type anion channels and
the OST1 protein kinase (Roelfsema et al., 2004; Hu
et al., 2010; Xue et al., 2011; Merilo et al., 2013). Fur-
thermore, basal ABA signaling in guard cells may
partially prime guard cells to respond stronger to
other stimuli such as CO, elevation (Merilo et al.,
2013).

In preliminary experiments we have observed that
simply continuously increasing the extracellular Ca**
concentration appears to show a weaker Ca™" reactive
stomatal closure _response than when oscillations in
extracellular Ca®" are 1mposed As hyperpolarization
of guard cells causes Ca** oscillations (Grabov and
Blatt, 1998; Staxén et al., 1999; Kliisener et al., 2002;
Siegel et al., 2009), slacl mutants may enhance (prime)

Table Il. Evidence for stimulus-induced Ca’* sensitivity enhancement (priming) in guard cells

Experimental Observations

Reference

Spontaneous calcium transients found in guard cells

Spontaneous calcium transients found in guard cells
even when stomatal opening stimulus is applied

Rapid Ca’* reactive stomatal closing occurs for any
Ca’" elevation pattern above a threshold level

Calcium is required for both ABA and CO, induced
stomatal closing

Priming (enhancement) of [Caz*]cy[ sensitivity of S-type anion
and K%, channel regulation by ABA, elevated CO,
and high external Ca**

Constitutive priming of Ca®" sensitivity of K*,, channel
down-regulation in slacT guard cells

Grabov and Blatt, 1998; Allen et al., 1999; Staxén et al., 1999;
Klisener et al., 2002; Young et al., 2006
Young et al., 2006

Allen et al., 2001; Supplemental Fig. S4: http:/www.nature.com/
nature/journal/v411/n6841/extref/4111053a0_S1.htm

e.g De Silva et al., 1985; Schwartz, 1985; Webb et al., 1996;
Staxén et al., 1999; MacRobbie, 2000; Mori et al., 2006;
Young et al., 2006; Zhu et al., 2007; Siegel et al., 2009

Allen et al., 2002; Siegel et al., 2009; Chen et al., 2010;
Xue et al., 2011

Laanemets et al., 2013
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the cytosolic Ca** sensitivity via this pathway Thus,
prior Ca** exposure itself can play a role in Ca** sen-
sitivity priming (see figure 3 in Allen et al., 2002). More
work is needed, however, to identify the underlying
mechanisms.

The result showing that the compensatory down-
regulation of K*; channels in slacI guard cells can be
rapidly reversed by lowering [Ca "l provides addition-
al strong evidence that the [Ca? "Jye sensitivity of mech-
anisms leading to stomatal movements can be primed
(Laanemets et al., 2013). Interestingly, in slacl mutants,
[Ca? “Jeye down- regulation of K*,, channels is constitu-
tively primed under these conditions (Laanemets et al.,
2013; Fig. 1). Moreover, it was reported that ABA-
1nduced stomatal closure does not require preceding
[Ca? I oyt signaling (Levchenko et al., 2005; but see De
Silva et al., 1985; Schwartz, 1985; Grabov and Blatt,
1998; Staxén et al., 1999; MacRobbie, 2000; Mori et al.,
2006; Young et al., 2006; Siegel et al., 2009; Chen et al.,
2010). Ca** sensrtrvrty priming, such that phys1olog1cal
resting [Ca®']_,, levels enable Ca** signaling, may ex-
plain this (Levchenko et al., 2005).

Modulation of the sensitivity of calcium sensors
provides a mechanisrn which could contribute to the
specificity in Ca** signaling in other plant responses
and might help to resolve the crucial question of how
Ca** elevations are translated” into specific responses
with numerous Ca** binding proteins expressed in
individual cells. Further research is needed to deter-
mine whether this mechanism might also occur in
other cell types and represent a more broadly used
option to achieve specificity in responses to [Ca*']

X cyt
in plants.

PUTATIVE BIOCHEMICAL MECHANISMS THAT
MAY MEDIATE Ca?* SENSITIVITY PRIMING

In vivo research has shown that CPKs are important
mediators of Ca”**-dependent stomatal closing and
S-type anion channel activation (Mori et al., 2006; Zhu
et al., 2007; Zou et al., 2010). The CPKs that are pres-
ently known to function in Ca**-induced stomatal
closing in vivo are CPK6, CPK3, CPK4, CPK10, and
CPK11 (Mori et al., 2006; Zhu et al., 2007; Zou et al.,
2010; Hubbard et al., 2012). In addition, CPK23 and
CPK21 mutants were reported to show enhanced
drought resistance (Ma and Wu, 2007; Franz et al,,
2011), whereas recent data showed slightly impaired
stomatal closing phenotypes in response to environ-
mental stimuli for a CPK23 mutant (Merilo et al.,
2013). However, the cellular and molecular 51gnaling
mechanisms mediating Ca®* sensitivity priming re-
main unknown. Research in Xenopus laevis oocytes and
in vitro biochemistry are providing insights into how
CPKs may mediate stomatal closing. Expression of the
Ca**-dependent protein kinases CPK23, CPK21, and
CPK6 showed that these CPKs activate SLAC1 anion
channels in oocytes (Geiger et al., 2010; Brandt et al., 2012).
Furthermore, expression of a truncated and constitutively
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active CPK3 also resulted in SLAC1 activation (Scherzer
et al., 2012).

Although CPK6 functions in Ca?"-, ABA-, and
methyl jasmonate-induced activation of S-type anion
channels in vivo (Mori et al., 2006; Munemasa et al.,
2011), CPK6 was reported to interact with SLAC1 only
weakly (Geiger et al 2010) and not to show physio-
logically relevant Ca**-activated protein kinase activity
in vitro (Scherzer et al., 2012). However, quantitative
phosphorylation analyses showed a strong preference
for CPK6 to phosphorylate the N terminus of SLAC1
in a Ca* -dependent manner (Brandt et al., 2012).
A stringent biochemical analysis (modified after Hastie
et al., 2006) of CPK6 protein kinase activity reveals that
CPKG6 is strongly activated by elevation in [Ca®*] in the
physiological range of [Ca®*]_, increases from baseline
levels of approximately 100 to 150 v to concentrations
greater than or equal to 300 nm (Fig. 3). Taken together,
CPK6 is activated by physiological [Ca®'] increases
and interacts with SLAC1 to phosphorylate SLAC1
Ca** dependently (Fig. 3; Brandt et al., 2012) One
hypothesis for a mechanism mediating Ca** sensitivity
priming is that the clade A PP2Cs directly down-
regulate CPK activity (see Fig. 4), similar to PP2C-
mediated down-regulation of OST1 activity (Belin
et al., 2006; Yoshida et al., 2006; Umezawa et al., 2009;
Vlad et al., 2009). However, to date no study has
shown the down-regulation of CPK activity by PP2Cs,

A 6000
£ 4000

20001

l"0 10 20 30 40 50 60 70

Time (min)

100
80
40
20

0

10 107 105 10
free Ca®* concentration (M)

(o8]

Relative
CPK®6 activity
3

Figure 3. Quantitative phosphorylation assays show a strong Ca®* acti-
vation of CPK6 activity for physiological [Ca®*] elevations. A, To deter-
mine proper conditions, the time-dependent phosphorylation of Syntide-2
(400 um) by CPK6 (75 nm) was analyzed by measuring the incorporation
of 3?P into the substrate (in counts per minute [cpm]). B, A time point in
the linear range of product phosphorylation in A (4.5 min) was chosen to
determine CPK6 activities at defined free Ca’* concentrations. CPK6
activity is strongly dependent on the free Ca®* concentration (fit param-
eters: K, = 508 nwm; Hill coefficient = 1.8 = 0.2 sg; R? = 0.98). Error bars
represent sb (n = 3 experiments). See Supplemental Text S1 for a detailed
description of the method used.
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Figure 4. Simplified model of abscisic acid signaling in guard cells. In
the presence of ABA, PYR/RCAR proteins inhibit PP2C phosphatases.
This enables activation of the protein kinase OST1, which in turn
phosphorylates and activates SLACT, representing the Ca**-independent
branch of SLACT activation. Furthermore, the ABI1 PP2C directly de-
phosphorylates SLAC1 leading to deactivation of SLAC1. Decreased
PP2C activity induced by ABA also leads to decreased negative reg-
ulation of SLACT activation by calcium dependent protein kinases.
Whether this regulation solely occurs by dephosphorylation of SLACT
or whether in addition PP2Cs directly regulate CPKs remains to be
determined (see text). A potential mechanism of cross talk between
Ca**-dependent and -independent SLAC1 activation may occur by
cross regulation of OST1 and CPKs, which is indicated by ?, but is
hypothetical and remains to be investigated.

neither in vivo nor in vitro, and thus more research is
needed to address this or other hypotheses

Studies showed that the Ca? —1ndeper1dent protein
kinase OST1 can activate SLAC1 in X. laevis oocytes
and that this is inhibited by the presence of clade A
PP2C phosphatases (Geiger et al., 2009; Lee et al,
2009). Moreover, a recent study demonstrated that
functional ABA-activation of SLAC1 channels can be
reconstituted in X. laevis oocytes by coexpression of
ABA receptors, PP2Cs, protein kmase and SLAC1
(Brandt et al., 2012). Either the Ca**-dependent protein
kinase CPK6 (Fig. 3) or the Ca*"-independent protein
kinase OST1 was sufficient for functional reconstitu-
tion of ABA activation of SLAC1 (Brandt et al., 2012).
Further research is needed to determine the genetic
and cell signaling mechanisms that mediate stimulus-
induced enhancement (priming) of [Ca*] -dependent

- ; eyt
signal transduction.

COMMUNICATION AMONG Ca**-DEPENDENT AND
Ca**-INDEPENDENT MECHANISMS

It remains unknown how the above-described
Ca®*-dependent and Ca”*-independent pathways
communicate with one another in guard cells in vivo.
Several nonexclusive models can be envisioned as
discussed below, although other mechanisms may
also mediate this communication. A hypothesis in
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which PP2Cs may down-regulate CPKs (Fig. 4) re-
mains to be investigated, as dlscussed above. Given
that Ca**-dependent and Ca**-independent stomatal
closing appear to depend on one another quantita-
tively (Mustilli et al., 2002; Siegel et al., 2009), an ad-
ditional hypothesis is that CPKs and OST1 (cross)
regulate each other (Fig. 4). However, no biochemical
evidence for such cross regulation or protein-protein
interaction has presently been reported, in vivo or in
vitro, and this hypothesis would need to be investi-
gated. In addition to these models, recent research
demonstrated that the ABI1 PP2C phosphatase di-
rectly dephosphorylates the N terminus of SLACI
(Flg 4; Brandt et al, 2012). (Note that PP2Cs are
Mg -requiring protein phosphatases and millimolar
Mg?* concentrations are best included at all times, in-
cluding during all PP2C protein purification steps, to
assess their roles in target dephosphorylation.) The
dephosphorylation of SLAC1 by ABI1 provides a
mechanism for the required tight regulation of S-type
anion channel activity in guard cells (Fig. 4; Pei et al,,
1997). Direct regulation of ion channels by protein
phosphatases has been reported for other plant and
animal ion channels (Westphal et al., 1999; Chérel
et al., 2002; Lee et al., 2007; Zhou et al., 2010). Fur-
thermore, OST1 may regulate [Ca2+]C . levels via the
NADPH oxidases respiratory burst oxidase homolog
D and F and subsequent reactive oxygen species
bursts (Sirichandra et al., 2009). Through this
pathway, OST1 could control [Ca®*].,, (Kwak et al.,

2003) and regulate CPK activities. A tyourth hypothe-
sis, which does not exclude the above models, is that
SLAC1 serves as a coincidence detector for phospho-
rylation and activation by OST1 and CPKs (Fig. 4).
OST1 has been shown to phosphorylate residues in-
cluding Ser 120 (S120) in the N terminus of SLAC1 and
S120 phosphorylation is essential for the SLAC1 acti-
vation by OST1 in oocytes (Geiger et al., 2009) and for
stomatal closing (Vahisalu et al., 2010). However, re-
cent experiments showed that stomatal closure in-
duced by environmental factors were clearly less
impaired in slacl-7 plants that carry S120F mutation
than those observed for SLAC1 knockout plants, fur-
ther suggesting that SLAC1 activation is a process that
involves phosphorylation of multiple amino acids by
multiple protein kinases (Merilo et al., 2013). In line
with this assumption, S120A mutation did not disrupt
activation of SLAC1 by CPK23 (Geiger et al., 2010).
Moreover, CPK6 phosphorylated Ser 59 (S59) in the
SLAC1 N terminus and S59 phosphorylation is es-
sential for SLAC1 activation by CPK6 (Brandt et al,,
2012). Data show that S59 can also be phosphorylated
by OST1 in vitro (Vahisalu et al., 2010). However,
whether this is required for OST1 activation of SLAC1
remains unknown. Thus, a combination of the above
opt1ons and/or additional mechanisms may mediate
Ca** spec1f1c1ty and sensitivity prlmmg and synergistic
effects of Ca**-dependent and Ca**-independent signal
transduction. These models await investigation and
could lead to a detailed mechanistic understanding of
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a network that mediates specificity in plant calcium
signal transduction.

SUMMARY

In conclusion, recent findings show that stomata
compensate for excessively open apertures by mecha-
nisms that include constitutive priming (enhance-
ment) of Ca®" sensitivity, as found in slacT guard cells
(Laanemets et al., 2013; Figs. 1 and 2; Supplemental
Fig. S1). The finding that stomatal regulation can
adapt to and compensate for impaired stomatal re-
sponses (Laanemets et al., 2013) could be of broader
relevance for plant-environment interactions. A precise
biochemical and cellular understanding of the mech-
anisms that ensure compensatory regulation of sto-
matal movements and detailed mechanisms mediating
specificity in Ca®* signaling remain to be elucidated in
plants. ABA- and CO,-induced Ca** sensitivity prim-
ing in guard cells (Young et al., 2006; Siegel et al., 2009;
Chen et al., 2010; Xue et al., 2011) provides a system
that can explaln calcium 51gnahng specificity in guard
cells and adds to other (nonexclusive) models for Ca*
signaling specificity in plants (Kudla et al., 2010). An
in depth biochemical and cellular understandmg of
mechanisms mediating specificity in Ca®" signaling is
also a present goal in animal cell signaling research
(Berridge, 2012). The hypotheses and models proposed
here (Fig. 4) could enable the underlying specificity
mechanisms to be characterized at an in depth mech-
anistic level in a plant cell system.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers supplied in Supplemental Text S1.
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Supplemental Figure S2. K, channels are down-regulated in ost1-3
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Supplemental Figure S3. K*, channels are down-regulated in abi2-1 mu-
tant plants.

Supplemental Text S1. Supplemental Materials and Methods.

Received April 23, 2013; accepted June 10, 2013; published June 13, 2013.

LITERATURE CITED

Allen GJ, Chu SP, Harrington CL, Schumacher K, Hoffmann T, Tang YY,
Grill E, Schroeder JI (2001) A defined range of guard cell calcium oscillation
parameters encodes stomatal movements. Nature 411: 1053-1057

Allen GJ, Kwak JM, Chu SP, Llopis J, Tsien RY, Harper JF, Schroeder JI
(1999) Cameleon calcium indicator reports cytoplasmic calcium dy-
namics in Arabidopsis guard cells. Plant J 19: 735-747

Allen GJ, Murata Y, Chu SP, Nafisi M, Schroeder JI (2002) Hypersensi-
tivity of abscisic acid-induced cytosolic calcium increases in the Arabi-
dopsis farnesyltransferase mutant eral-2. Plant Cell 14: 1649-1662

Plant Physiol. Vol. 163, 2013

Guard Cell Compensatory Signaling Network

Belin C, de Franco P-O, Bourbousse C, Chaignepain S, Schmitter J-M,
Vavasseur A, Giraudat J, Barbier-Brygoo H, Thomine S (2006) Iden-
tification of features regulating OST1 kinase activity and OST1 function
in guard cells. Plant Physiol 141: 1316-1327

Berridge MJ (2012) Calcium signalling remodelling and disease. Biochem
Soc Trans 40: 297-309

Brandt B, Brodsky DE, Xue S, Negi J, Iba K, Kangasjirvi J, Ghassemian
M, Stephan AB, Hu H, Schroeder JI (2012) Reconstitution of abscisic
acid activation of SLAC1 anion channel by CPK6 and OST1 kinases and
branched ABI1 PP2C phosphatase action. Proc Natl Acad Sci USA 109:
10593-10598

Chen ZH, Hills A, Lim CK, Blatt MR (2010) Dynamic regulation of guard
cell anion channels by cytosolic free Ca*" concentration and protein
phosphorylation. Plant J 61: 816-825

Chérel I, Michard E, Platet N, Mouline K, Alcon C, Sentenac H, Thibaud
J-B (2002) Physical and functional interaction of the Arabidopsis K*
channel AKT2 and phosphatase AtPP2CA. Plant Cell 14: 1133-1146

Cho D, Kim SA, Murata Y, Lee S, Jae SK, Nam HG, Kwak JM (2009) De-
regulated expression of the plant glutamate receptor homolog AtGLR3.1
impairs long-term Ca*-programmed stomatal closure. Plant ] 58: 437-449

Cutler SR, Rodriguez PL, Finkelstein RR, Abrams SR (2010) Abscisic acid:
emergence of a core signaling network. Annu Rev Plant Biol 61: 651-679

Day IS, Reddy VS, Shad Ali G, Reddy AS (2002) Analysis of EF-hand-
containing proteins in Arabidopsis. Genome Biol 3: H0056

De Silva DLR, Cox RC, Hetherington AM, Mansfield TA (1985) Suggested
involvement of calcium and calmodulin in the responses of stomata to
abscisic acid. New Phytol 101: 555-563

Dodd AN, Kudla J, Sanders D (2010) The language of calcium signaling.
Annu Rev Plant Biol 61: 593-620

Eisenach C, Chen ZH, Grefen C, Blatt MR (2012) The trafficking protein
SYP121 of Arabidopsis connects programmed stomatal closure and K*
channel activity with vegetative growth. Plant J 69: 241-251

Franz S, Ehlert B, Liese A, Kurth J, Cazalé A-C, Romeis T (2011) Calcium-
dependent protein kinase CPK21 functions in abiotic stress response in
Arabidopsis thaliana. Mol Plant 4: 83-96

Geiger D, Scherzer S, Mumm P, Stange A, Marten I, Bauer H, Ache P,
Matschi S, Liese A, Al-Rasheid KAS, et al (2009) Activity of guard cell
anion channel SLAC1 is controlled by drought-stress signaling kinase-
phosphatase pair. Proc Natl Acad Sci USA 106: 21425-21430

Geiger D, Scherzer S, Mumm P, Marten I, Ache P, Matschi S, Liese A,
Wellmann C, Al-Rasheid KAS, Grill E, et al (2010) Guard cell anion
channel SLAC1 is regulated by CDPK protein kinases with distinct Ca*
affinities. Proc Natl Acad Sci USA 107: 8023-8028

Grabov A, Blatt MR (1998) Membrane voltage initiates Ca*" waves and
potentiates Ca®" increases with abscisic acid in stomatal guard cells. Proc
Natl Acad Sci USA 95: 4778-4783

Hamilton DWA, Hills A, Kohler B, Blatt MR (2000) Ca** channels at the
plasma membrane of stomatal guard cells are activated by hyperpo-
larization and abscisic acid. Proc Natl Acad Sci USA 97: 4967-4972

Hastie CJ, McLauchlan HJ, Cohen P (2006) Assay of protein kinases using
radiolabeled ATP: a protocol. Nat Protoc 1: 968-971

Hosy E, Vavasseur A, Mouline K, Dreyer I, Gaymard F, Porée F, Boucherez J,
Lebaudy A, Bouchez D, Very AA, et al (2003) The Arabidopsis outward K*
channel GORK is involved in regulation of stomatal movements and plant
transpiration. Proc Natl Acad Sci USA 100: 5549-5554

Hu H, Boisson-Dernier A, Israelsson-Nordstroem M, Boehmer M, Xue S,
Ries A, Godoski J, Kuhn JM, Schroeder JI (2010) Carbonic anhydrases
are upstream regulators of CO2-controlled stomatal movements in
guard cells. Nat Cell Biol 12: 87-93

Hubbard KE, Nishimura N, Hitomi K, Getzoff ED, Schroeder JI
(2010) Early abscisic acid signal transduction mechanisms: newly
discovered components and newly emerging questions. Genes Dev
24: 1695-1708

Hubbard KE, Siegel RS, Valerio G, Brandt B, Schroeder JI (2012) Abscisic
acid and CO, signalling via calcium sensitivity priming in guard cells,
new CDPK mutant phenotypes and a method for improved resolution of
stomatal stimulus-response analyses. Ann Bot (Lond) 109: 5-17

Kim TH, Bohmer M, Hu H, Nishimura N, Schroeder JI (2010) Guard cell
signal transduction network: advances in understanding abscisic acid,
CO,, and Ca*" signaling. Annu Rev Plant Biol 61: 561-591

Kliisener B, Young JJ, Murata Y, Allen GJ, Mori IC, Hugouvieux V,
Schroeder JI (2002) Convergence of calcium signaling pathways of

511

Downloaded from www.plantphysiol.org on May 19, 2016 - Published by www.plant.org
Copyright © 2013 American Society of Plant Biologists. All rights reserved.



Laanemets et al.

pathogenic elicitors and abscisic acid in Arabidopsis guard cells. Plant
Physiol 130: 2152-2163

Kollist H, Jossier M, Laanemets K, Thomine S (2011) Anion channels in
plant cells. FEBS J 278: 4277-4292

Kollist T, Moldau H, Rasulov B, Oja V, Rimma H, Hiive K, Jaspers P,
Kangasjarvi J, Kollist H (2007) A novel device detects a rapid ozone-
induced transient stomatal closure in intact Arabidopsis and its absence
in abi2 mutant. Physiol Plant 129: 796-803

Koornneef M, Reuling G, Karssen CM (1984) The isolation and charac-
terization of abscisic acid-insensitive mutants of Arabidopsis thaliana.
Physiol Plant 61: 377-383

Kudla J, Batistic O, Hashimoto K (2010) Calcium signals: the lead currency
of plant information processing. Plant Cell 22: 541-563

Kwak JM, Murata Y, Baizabal-Aguirre VM, Merrill J, Wang M, Kemper
A, Hawke SD, Tallman G, Schroeder JI (2001) Dominant negative
guard cell K channel mutants reduce inward-rectifying K* currents
and light-induced stomatal opening in Arabidopsis. Plant Physiol 127:
473-485

Kwak JM, Mori IC, Pei ZM, Leonhardt N, Torres MA, Dangl JL, Bloom
RE, Bodde S, Jones JDG, Schroeder JI (2003) NADPH oxidase AtrbohD
and AtrbohF genes function in ROS-dependent ABA signaling in Arabi-
dopsis. EMBO ] 22: 26232633

Laanemets K, Wang YF, Lindgren O, Wu J, Nishimura N, Lee S, Caddell
D, Merilo E, Brosche M, Kilk K, et al (2013) Mutations in the SLAC1
anion channel slow stomatal opening and severely reduce K* uptake
channel activity via enhanced cytosolic [Ca*"] and increased Ca’* sen-
sitivity of K* uptake channels. New Phytol 197: 88-98

Lee SC, Lan WZ, Kim BG, Li LG, Cheong YH, Pandey GK, Lu GH,
Buchanan BB, Luan S (2007) A protein phosphorylation/dephosphorylation
network regulates a plant potassium channel. Proc Natl Acad Sci USA 104:
15959-15964

Lee SC, Lan W, Buchanan BB, Luan S (2009) A protein kinase-phosphatase
pair interacts with an ion channel to regulate ABA signaling in plant
guard cells. Proc Natl Acad Sci USA 106: 21419-21424

Levchenko V, Konrad KR, Dietrich P, Roelfsema MR, Hedrich R (2005)
Cytosolic abscisic acid activates guard cell anion channels without
preceding Ca®" signals. Proc Natl Acad Sci USA 102: 4203-4208

Ma S-Y, Wu W-H (2007) AtCPK23 functions in Arabidopsis responses to
drought and salt stresses. Plant Mol Biol 65: 511-518

Ma Y, Szostkiewicz I, Korte A, Moes D, Yang Y, Christmann A, Grill E
(2009) Regulators of PP2C phosphatase activity function as abscisic acid
sensors. Science 324: 1064-1068

MacRobbie EAC (2000) ABA activates multiple Ca®" fluxes in stomatal
guard cells, triggering vacuolar K" (Rb") release. Proc Natl Acad Sci USA
97: 12361-12368

McAinsh MR, Brownlee C, Hetherington AM (1991) Partial inhibition of
ABA-induced stomatal closure by calcium-channel blockers. Proc R Soc
Lond, Ser B Biol Sci 243: 195-201

Merilo E, Laanemets K, Hu H, Xue S, Jakobson L, Tulva I, Gonzalez-
Guzman M, Rodriguez PL, Schroeder JI, Brosche M, et al (May 28,
2013) PYR/RCAR receptors contribute to ozone-, reduced air humidity-,
darkness- and CO,-induced stomatal regulation. Plant Physiol http://
dx.doi.org/10.1104/pp.113.220608

Meyer S, Mumm P, Imes D, Endler A, Weder B, Al-Rasheid KA, Geiger
D, Marten I, Martinoia E, Hedrich R (2010) AtALMT12 represents an
R-type anion channel required for stomatal movement in Arabidopsis
guard cells. Plant ] 63: 1054-1062

Mori IC, Murata Y, Yang Y, Munemasa S, Wang Y-F, Andreoli S, Tiriac H,
Alonso JM, Harper JF, Ecker JR, et al (2006) CDPKs CPK6 and CPK3
function in ABA regulation of guard cell S-type anion- and Ca**-permeable
channels and stomatal closure. PLoS Biol 4: 327

Munemasa S, Hossain MA, Nakamura Y, Mori IC, Murata Y (2011) The
Arabidopsis calcium-dependent protein kinase, CPK6, functions as a
positive regulator of methyl jasmonate signaling in guard cells. Plant
Physiol 155: 553-561

Mustilli A-C, Merlot S, Vavasseur A, Fenzi F, Giraudat J (2002) Arabi-
dopsis OST1 protein kinase mediates the regulation of stomatal aperture
by abscisic acid and acts upstream of reactive oxygen species produc-
tion. Plant Cell 14: 3089-3099

Negi J, Matsuda O, Nagasawa T, Oba Y, Takahashi H, Kawai-Yamada M,
Uchimiya H, Hashimoto M, Iba K (2008) CO, regulator SLAC1 and its
homologues are essential for anion homeostasis in plant cells. Nature
452: 483-486

512

Nishimura N, Yoshida T, Murayama M, Asami T, Shinozaki K, Hirayama
T (2004) Isolation and characterization of novel mutants affecting the
abscisic acid sensitivity of Arabidopsis germination and seedling growth.
Plant Cell Physiol 45: 1485-1499

Park SY, Fung P, Nishimura N, Jensen DR, Fujii H, Zhao Y, Lumba S,
Santiago J, Rodrigues A, Chow TF, et al (2009) Abscisic acid inhibits
type 2C protein phosphatases via the PYR/PYL family of START pro-
teins. Science 324: 1068-1071

Pei ZM, Kuchitsu K, Ward JM, Schwarz M, Schroeder JI (1997) Differ-
ential abscisic acid regulation of guard cell slow anion channels in
Arabidopsis wild-type and abil and abi2 mutants. Plant Cell 9: 409-423

Pei Z-M, Murata Y, Benning G, Thomine S, Kliisener B, Allen GJ, Grill E,
Schroeder JI (2000) Calcium channels activated by hydrogen peroxide
mediate abscisic acid signalling in guard cells. Nature 406: 731-734

Raghavendra AS, Gonugunta VK, Christmann A, Grill E (2010) ABA
perception and signalling. Trends Plant Sci 15: 395-401

Roelfsema MRG, Hanstein S, Felle HH, Hedrich R (2002) CO, provides
an intermediate link in the red light response of guard cells. Plant J 32:
65-75

Roelfsema MRG, Hedrich R (2005) In the light of stomatal opening: new
insights into ‘the Watergate’. New Phytol 167: 665-691

Roelfsema MRG, Levchenko V, Hedrich R (2004) ABA depolarizes guard
cells in intact plants, through a transient activation of R- and S-type
anion channels. Plant J 37: 578-588

Sanders D, Hopgood M, Jennings IR (1989) Kinetic response of H*-coupled
transport to extracellular pH: critical role of cytosolic pH as a regulator.
J Membr Biol 108: 253-261

Sasaki T, Mori IC, Furuichi T, Munemasa S, Toyooka K, Matsuoka K,
Murata Y, Yamamoto Y (2010) Closing plant stomata requires a ho-
molog of an aluminum-activated malate transporter. Plant Cell Physiol
51: 354-365

Scherzer S, Maierhofer T, Al-Rasheid KA, Geiger D, Hedrich R (2012)
Multiple calcium-dependent kinases modulate ABA-activated guard cell
anion channels. Mol Plant 5: 1409-1412

Schroeder JI, Raschke K, Neher E (1987) Voltage dependence of K*
channels in guard-cell protoplasts. Proc Natl Acad Sci USA 84:
4108-4112

Schroeder JI, Hedrich R, Fernandez JM (1984) Potassium-selective single
channels in guard cell protoplasts of Vicia faba. Nature 312: 361-362

Schroeder JI, Hagiwara S (1989) Cytosolic calcium regulates ion channels
in the plasma membrane of Vicia faba guard cells. Nature 338: 427-430

Schwartz A (1985) Role of Ca®>* and EGTA on stomatal movements in
Commelina communis L. Plant Physiol 79: 1003-1005

Shimazaki KI, Doi M, Assmann SM, Kinoshita T (2007) Light regulation
of stomatal movement. Annu Rev Plant Biol 58: 219-247

Siegel RS, Xue S, Murata Y, Yang Y, Nishimura N, Wang A, Schroeder JI
(2009) Calcium elevation-dependent and attenuated resting calcium-
dependent abscisic acid induction of stomatal closure and abscisic acid-
induced enhancement of calcium sensitivities of S-type anion and inward-
rectifying K* channels in Arabidopsis guard cells. Plant J 59: 207-220

Sirichandra C, Gu D, Hu HC, Davanture M, Lee S, Djaoui M, Valot B,
Zivy M, Leung ], Merlot S, et al (2009) Phosphorylation of the Arabi-
dopsis AtrbohF NADPH oxidase by OST1 protein kinase. FEBS Lett 583:
2982-2986

Staxén I, Pical C, Montgomery LT, Gray JE, Hetherington AM, McAinsh
MR (1999) Abscisic acid induces oscillations in guard-cell cytosolic free
calcium that involve phosphoinositide-specific phospholipase C. Proc
Natl Acad Sci USA 96: 1779-1784

Umezawa T, Sugiyama N, Mizoguchi M, Hayashi S, Myouga F, Yamaguchi-
Shinozaki K, Ishihama Y, Hirayama T, Shinozaki K (2009) Type 2C protein
phosphatases directly regulate abscisic acid-activated protein kinases in
Arabidopsis. Proc Natl Acad Sci USA 106: 17588-17593

Vahisalu T, Kollist H, Wang YF, Nishimura N, Chan WY, Valerio G,
Lamminmaiki A, Brosché M, Moldau H, Desikan R, et al (2008) SLAC1
is required for plant guard cell S-type anion channel function in stomatal
signalling. Nature 452: 487491

Vahisalu T, Puzérjova I, Brosché M, Valk E, Lepiku M, Moldau H,
Pechter P, Wang Y-S, Lindgren O, Salojdrvi J, et al (2010) Ozone-
triggered rapid stomatal response involves the production of reactive
oxygen species, and is controlled by SLAC1 and OST1. Plant J 62:
442-453

Vlad F, Rubio S, Rodrigues A, Sirichandra C, Belin C, Robert N, Leung J,
Rodriguez PL, Lauriere C, Merlot S (2009) Protein phosphatases 2C

Plant Physiol. Vol. 163, 2013

Downloaded from www.plantphysiol.org on May 19, 2016 - Published by www.plant.org
Copyright © 2013 American Society of Plant Biologists. All rights reserved.



regulate the activation of the Snfl-related kinase OST1 by abscisic acid
in Arabidopsis. Plant Cell 21: 3170-3184

Wang Y, Papanatsiou M, Eisenach C, Karnik R, Williams M, Hills A, Lew
VL, Blatt MR (2012) Systems dynamic modeling of a guard cell CI™
channel mutant uncovers an emergent homeostatic network regulating
stomatal transpiration. Plant Physiol 160: 1956-1967

Webb AAR, McAinsh MR, Mansfield TA, Hetherington AM (1996) Car-
bon dioxide induces increases in guard cell cytosolic free calcium. Plant J
9: 297-304

Westphal RS, Tavalin SJ, Lin JW, Alto NM, Fraser IDC, Langeberg LK,
Sheng M, Scott JD (1999) Regulation of NMDA receptors by an asso-
ciated phosphatase-kinase signaling complex. Science 285: 93-96

Xue S, Hu H, Ries A, Merilo E, Kollist H, Schroeder JI (2011) Central
functions of bicarbonate in S-type anion channel activation and OST1
protein kinase in CO, signal transduction in guard cell. EMBO ] 30:
1645-1658

Yoshida R, Hobo T, Ichimura K, Mizoguchi T, Takahashi F, Aronso J,
Ecker JR, Shinozaki K (2002) ABA-activated SnRK2 protein kinase is
required for dehydration stress signaling in Arabidopsis. Plant Cell
Physiol 43: 1473-1483

Plant Physiol. Vol. 163, 2013

Guard Cell Compensatory Signaling Network

Yoshida R, Umezawa T, Mizoguchi T, Takahashi S, Takahashi F,
Shinozaki K (2006) The regulatory domain of SRK2E/OST1/SnRK2.6
interacts with ABI1 and integrates abscisic acid (ABA) and osmotic
stress signals controlling stomatal closure in Arabidopsis. ] Biol Chem
281: 5310-5318

Young JJ, Mehta S, Israelsson M, Godoski J, Grill E, Schroeder JI (2006)
CO, signaling in guard cells: calcium sensitivity response modulation, a
Ca**-independent phase, and CO, insensitivity of the gca2 mutant. Proc
Natl Acad Sci USA 103: 7506-7511

Zhou X-B, Wulfsen I, Utku E, Sausbier U, Sausbier M, Wieland T, Ruth P,
Korth M (2010) Dual role of protein kinase C on BK channel regulation.
Proc Natl Acad Sci USA 107: 8005-8010

Zhu S-Y, Yu X-C, Wang X-J, Zhao R, Li Y, Fan R-C, Shang Y, Du S-Y,
Wang X-F, Wu F-Q, et al (2007) Two calcium-dependent protein kinases,
CPK4 and CPK11, regulate abscisic acid signal transduction in Arabi-
dopsis. Plant Cell 19: 3019-3036

Zou JJ, Wei FJ, Wang C, Wu JJ, Ratnasekera D, Liu WX, Wu WH (2010)
Arabidopsis calcium-dependent protein kinase CPK10 functions in abscisic
acid- and Ca*-mediated stomatal regulation in response to drought stress.
Plant Physiol 154: 1232-1243

513

Downloaded from www.plantphysiol.org on May 19, 2016 - Published by www.plant.org
Copyright © 2013 American Society of Plant Biologists. All rights reserved.



Supplemental Figures
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Supplemental Figure S1. slac1 mutants dramatically reduce inward K* channel
currents in Arabidopsis guard cells at resting free [Ca”]Cyt of 0.1 uM. (A) Whole-cell
recordings of inward K* channel currents in the presence of 30 mM KCI in the bath
solution were made in wild-type, slac1-1, and slac7-3 guard cells with 0.1 uM free
Ca?* in the pipette solution. (B) Average current—voltage relationships. K*;, channel
currents were activated by voltage pulses with +20 mV increments from -180 mV to
+20 mV. WT control data are from the same experimental set and are the same as
in Figures S2 and S3. Error bars indicate + SEM. Methods in figures S1, S2 and S3
were as in Laanemets et al., 2013 (see supplemental methods section).
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Supplemental Figure S2. ost7-3 mutant guard cells exhibit reduced inward K*
channel currents at resting free cytosolic [Ca2+]Cyt of 0.1 uM but lowering the free
cytosolic Ca?* concentration to <10 nM did not significantly affect K*,, activity in
ost1-3 guard cells. (A) Whole-cell recordings of inward K* currents in the presence
of 30 mM KCI in the bath solution were conducted in wild-type and ost71-3 guard
cells with 0.1 uM free Ca®" in the pipette solution. (B) Average current-voltage
relationships. K%, channel currents were activated by voltage pulses of +20 mV
increments from -180 mV to +20 mV. Error bars indicate + SEM. WT data control
data are the same as in figures S1 and S3.
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Supplemental Figure S3. Guard cells of the abi2-1 (Col-0) mutant have reduced
inward K* channel activity at resting free [Ca**].,, of 0.1 uM. Only a slight but non-
significant reversal of K*;, activity in abi2-1 (Col-0) guard cells could be observed by
reducing [CaZ’L]Cyt to <10 nM. (A) Whole-cell recordings of inward K* currents in the
presence of 30 mM KCI in the bath solution were conducted in wild-type and abi2-1
guard cells with 100 nM free Ca?* or <10 nM free Ca?" (abi2-1) in the pipette
solution. (B) Effect of lowering the Ca2+Cyt concentration on K*,, channel currents in
abi2-1 guard cells. Average current—voltage relationships are shown. K*;, channel
currents were activated by voltage pulses with +20 mV increment from -180 mV to
+20 mV. WT data control data are the same as in Figures S1 and S2. Error bars
indicate + SEM.



Supplemental Text S1:

Material and Methods:

Patch clamp in guard cell protoplasts

Plant growth conditions and patch clamp measurements were carried out as described
previously (Laanements et al., 2013). Arabidopsis thaliana ecotype Columbia (wild type), slac?-
1 (C456T), slac1-3 (SALK_099139) , ost71-3 (SALK_008068) and abi2-1 (G168D) (all mutants
are in the Columbia background) were grown in a growth chamber controlling the environment
(20-22°C, 70% humidity, 75 pmol m2 s white light, 16-h-light/8-h-dark). Arabidopsis guard cell
protoplasts (GCPs) were prepared enzymatically from rosette leaves of 4- to 6-week-old plants
as described previously (Pei et al., 1997). The GCPs were incubated for 5-7 min after achieving
the whole cell configuration to allow equilibration of the cytosol with the pipette solution. Inward-
rectifying potassium (K*in) channel currents were recorded using an Axopatch 200 amplifier
(Axon Instruments, Foster City, CA) by voltage pulses with a +20 mV increment from -180 mV to
+20 mV. The pipette solution was composed of 30 mM KCI, 70 mM K-Glu, 2 mM MgCl,, 6.7 mM
EGTA, 5 mM ATP and 10 mM HEPES (Tris, pH 7.1). To adjust guard cell cytoplasmic free Ca?*
concentrations ([Ca?].yt) to 100 nM the pipette solution was supplemented with 2 mM CaCls.
For measurements at a [Ca?*].,x of <10 nM, no CaCl, was added to the pipette solution. The
bath solution contained 30 mM KCI, 1 mM CaCl,, 2 mM MgClz and 10 mM MES (Tris, pH 5.6).
Osmolarity was adjusted by D-sorbitol to 500 mmol kg™ for the pipette solution and 485
mmol-kg™ for the bath solution.

Quantitative protein kinase activity measurements

Protein expression and isolation was performed as described in Brandt et al., 2012. The CPK6
coding sequence was cloned into a modified pGEX-6P1 E.coli expression vector (GE
Healthcare) employing the USER cloning method (Nour-Eldin et al., 2006) resulting in CPK6
protein fused to glutathione S-transferase (GST) and Strepll at the N- and C-terminus,
respectively. E.coli Rosetta (DE3) pLysS (Novagen) carrying the above described vector were
grown in LB-medium to an ODae00) Of approximately 0.5 and protein expression was induced by
adding isopropyl-p-D-thiogalactopyranoside (0.5 mM final concentration). After 4 h incubation at
room temperature the bacteria were pelleted (centrifugation at 5,000 x g for 15 min) and stored
at -80 °C. Isolation of CPK6 was achieved by a combined gravity flow and batch affinity
purification approach with Strep-Tactin Sepharose (IBA) as resin using the buffers
recommended by the manufacturer. Please note that the elution buffer was supplemented with
20 % (v/v) Glycerol and after flash freezing in liquid nitrogen aliquots of the purified protein were
stored at -80 °C. To assess protein purity and concentration different volumes of the isolated
protein together with defined amounts of bovine serum albumine (BSA) were subjected to SDS-
PAGE. After coomassie staining of the proteins the gel was dried between 2 cellophane sheets.



The dried gel was scanned and band intensities were measured using Fiji (http://fiji.sc/Fiji).
CPK®6 protein concentrations were calculated based on the equation of the linear regression of
the BSA standards (similar to Hashimoto et al., 2012).

Time dependent Syntide-2 phosphorylation by CPK6 was assessed as described in the
following: 75 nM CPK6 and 400 uM Syntide-2 (Sigma) were incubated in 100 mM HEPES pH
7.5,2 mM DTT, 10 mM MgClz, 1 mM EGTA, 100 uM ATP, ~0.15 pCi/pl [y-*2P] ATP and 3.8 uM
free Ca?* (calculated with http://www.stanford.edu/~cpatton/webmaxc/webmaxcE.htm) at room
temperature. After 0, 2.5, 5, 10, 30, 60 min the reactions were quenched by at adding glacial
acetic acid (27% v/v final concentration). Subsequently, a part of the quenched reactions was
spotted on P81 grade filter paper discs (Whatman). The filter discs were washed 5 times for 5
min with 0.5% (v/v) phosphoric acid, incubated with acetone for 2 min, and air dried. To quantify
incorporated 2P the discs were immersed in scintillation fluid (EcoScint) followed by measuring
the radioactivity (in counts per minute; cpm) in a scintillation counter (Beckman). To measure
Ca?"-dependent CPK6 activities the same conditions were used (4.5 min incubation time) with
the only difference that free Ca?* concentrations in the reaction buffer were adjusted to a range
from 15 nM to 7 uM. Data points are normalized relative to the maximum CPKG6 activity in each
experiment. Error bars represent SD of the mean (n=3).

Whole plant gas exchange measurements

Seeds of Arabidopsis thaliana (L.) Heynh Columbia (Col-0) and Landsberg erecta (Ler) and
their respective mutants slac1-1, slac1-3, ost1-3 and abi2-1 were planted in soil containing 4 : 3
(v : v) peat:vermiculite and were grown through a hole in a glass plate covering pot (Kollist et al.,
2007) in growth chambers (AR-66LX and AR-22L, Percival Scientific, IA, USA) with 70-75% air
humidity and 12 h light (23°C, 150 ymol m? s*')/12 h dark period (18°C). Stomatal conductance
of 23-26 days old intact plants was measured using a custom-made rapid-response gas
exchange measurement device (described in Kollist et al., 2007).

In light experiments, plants were inserted into the device (ambient CO>, light=150 umol m2 s,
RH=60-75%) in the evening prior to measurements, kept in the measurement cuvettes
overnight while maintaining the same photoperiod of 12hr light/12hr dark as in growth chambers
and stomatal opening was measured during the onset of the light period in the morning. In CO
experiments, plants were inserted into the device and kept at ambient CO concentration (400
mmol mol'), until stomatal conductance had stabilized (for ~2 h). Then the CO, concentration
was decreased to 40 mmol mol by filtering air through a granular potassium hydroxide. In both
experiments, increases in stomatal conductance were followed during ~45 min. Photographs of
plants were taken after the experiments and rosette leaf area was calculated using ImageJ
1.37v (National Institutes of Health, USA). Stomatal conductance for water vapour was
calculated with a custom written program (Kollist et al., 2007).

Accession numbers of the genes

OST1: AT4G33950; ABI2: AT5GS57050; SLAC1: AT1G12480; CPK6: AT2G17290
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Abstract

A key question is how specificity in cellular responses to the eukaryotic
second messenger Ca?* is achieved. Plant guard cells, that form stomatal pores for
plant gas exchange, provide a powerful system for in depth investigation of Ca?*-
signaling specificity. Abscisic acid (ABA) primes the Ca?'-sensitivity of
downstream signaling events that result in stomatal closure, providing a
mechanism for specificity in Ca?*-signaling. However, the underlying mechanisms
remain unknown. Here we show that protein phosphatase 2Cs prevent non-specific
Ca?*-signaling by direct regulation of key targets in the downstream ABA-signaling
network. Moreover, we show an interdependence of Ca?*-dependent and Ca2*-
independent signaling pathways and that the anion channel SLAC1 can function
as coincidence detector of these pathways, thus ensuring a specific Ca?*-response
and robust regulation of ABA signaling. We identify novel mechanisms explaining
how specificity and robustness within Ca?*-signaling is achieved on a cellular,

genetic, and biochemical level.
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Introduction

Cytosolic calcium ([Ca?*]cyt) functions as key cellular second messenger in a
plethora of crucial processes in eukaryotes (1-6). Elucidation of the mechanisms
mediating specificity in Ca?*-signaling is fundamental to understanding signal
transduction (1-4). In a few cases, the biochemical and cellular mechanisms mediating
Ca?*-signaling specificity have been revealed (e.g. 7-13). More than one (non-exclusive)
mechanism could contribute to specificity in Ca?*-signal transduction (1, 14). However,
the characterization of the combined cellular, biochemical, and genetic mechanism

underlying Ca?*-specificity in a single cell type has not been achieved to our knowledge.

Plant genomes encode over 200 EF-hand Ca?*-binding proteins (15), with many
of these genes co-expressed in the same cell types (16), illustrating the need for Ca?*
specificity mechanisms. Two plant guard cells form a stomatal pore representing the
gateway for COz2 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 major second messenger in stomatal closing (2, 17-20), but intracellular
Ca?* also functions in stomatal opening (21-26). 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 Ca2*-signaling
within this model cell type renders guard cells a powerful system for the investigation of
specificity mechanisms within Ca?*-signal transduction. Recent studies have shown that
stomatal closing stimuli including abscisic acid (ABA) and CO2 enhance the intracellular
Ca?* ([Ca?*]cyt)-sensitivity of downstream signaling mechanisms, switching them from an
inactivated state to a Ca?*-responsive "primed" state, thus tightly controlling specificity in
Ca?* responsiveness (26-30). 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 (31, 32) and Ca?*-activation of S-type anion current activation is an early and
crucial step in stomatal closure (28, 29, 33). Ca?*-independent SnRK2 protein kinases,
most importantly OST1 (34, 35), have been shown to activate SLAC1 in Xenopus leavis
oocytes (36-38). The full length Ca?*-dependent protein kinases 6, 21, and 23 (CPKS®,

3
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CPK21, and CPK23) also activate SLAC1 in oocytes (38, 39). Moreover, functional ABA-
activation of SLAC1 via signal transduction pathway reconstitution has been
demonstrated including either the Ca?*-independent OST1 or the Ca?*-dependent CPK6
protein kinases (38). However, whether the Ca?*-dependent and —independent branches
in these signal transduction pathways are functionally linked and depend on one-another
in vivo remains unknown. Here we present biochemical, genetic and cellular signaling
findings that describe mechanisms underlying specificity and robustness in Ca?*-signaling

within a single cell type.
Results

Previous studies have shown that Arabidopsis thaliana single or double mutants
in Ca?*-dependent protein kinases (CPKs) cause partial ABA-insensitivities in guard cell
signaling (18, 40, 41). We addressed the question whether higher order CPK gene
disruption mutant plants display more strongly impaired ABA responses. CPK23 and
CPK6 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 (38-40). The closest homolog to CPK6, CPK5, is associated with
reactive oxygen species signaling (42, 43). CPK5 also activates SLAC1 in oocytes (Figure
1-figure supplement 1A-B). We investigated S-type anion channel current activation in
cpk5/6/11/23 quadruple T-DNA insertion mutant guard cells. Either ABA application or
high external Ca?* shock renders wild type guard cells sensitive to physiological cytosolic
free Ca?* concentration ([Ca?*]cyt) increases (27-29, 44). Notably, even when previously
exposed to ABA or high external Ca?*, 2 uM [Ca?*]cyt did not result in S-type anion current
activation in cpk5/6/11/23 quadruple mutant guard cells in contrast to WT (Col0) plants
(Figure 1A-D) underlining the important role of these calcium sensing protein kinases in

S-type anion channel activation.

The clade A protein phosphatase 2Cs (PP2Cs) play important roles as negative
regulators of ABA signaling (45) and were shown to inhibit CPK-activation of SLAC1 in
oocytes (38, 39). To determine whether these PP2Cs are involved in the ABA-triggered

enhancement of the [Ca?*]eyt-sensitivity in guard cells, we performed whole-cell patch-
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clamp analysis using a plant line carrying T-DNA insertion mutations in the key ABA
signaling PP2Cs ABI1, ABI2, HAB1, and PP2CA (abi1-2/abi2-2/hab1-1/pp2ca-1).
Remarkably, in abi1-2/abi2-2/hab1-1/pp2ca-1 guard cells, strong Ca?*-activated S-type
anion currents were observed even without pre-exposure to ABA (Figure 2A-D; for 0.1
UM [Ca?*]eyt see Figure 2-figure supplement 1A-B), providing genetic evidence that these

PP2Cs are essential for the ABA-triggered Ca?*-sensitivity priming in guard cells.

Based on these results we sought to determine the biochemical mechanisms
mediating the role of these PP2Cs within the Ca?*-sensitivity priming. The main SLAC1-
activating protein kinase in the Ca?*-independent pathway, OST1 (34), is directly
inactivated by PP2Cs through de-phosphorylation of the activation loop (46, 47). 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 kinase assay using protein extracts of Arabidopsis seedlings, which is routinely
used to test ABA activation of OST1 (Figure 3A-B; for 0.4 uM Ca?* see Figure 3-figure
supplement 1A-B) (34) and also CPK activation by flg22 (42). A reaction buffer with 3 yM
free Ca?* led to strong Ca?*-activated phosphorylation signals compared to resting Ca?*
at 150 nM (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 when extracts were
tested from cpk5/6/11/23 and cpk1/2/5/6 plants, consistent with CPK kinase activities
found at these molecular weights (42, 43) (Figure 3B, lanes 13-16). Exposing Arabidopsis
seedlings to ABA led to OST1 activation (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 are not ABA-regulated (Figure 3B). These findings were also obtained
at 0.4 uM free Ca?* (Figure 3-figure supplement 1A-B). Moreover, in-gel CPK kinase
activities were not altered with or without ABA using protein 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 (Figure 3A-B, lanes 3-4 and 11-12 and Figure 3-figure

supplement 1A-B; see “OST1” inset). Furthermore, OST1-derived band intensities were
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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).

To test whether PP2Cs can directly down-regulate CPKs we next investigated
whether the SLAC1-activating calcium-dependent protein kinase CPK6 (38), is negatively
regulated by the PP2Cs ABI1 and PP2CA. In-gel kinase assays using recombinant
proteins were pursued in which kinases and phosphatases are separated by size prior to
substrate phosphorylation. CPK6, 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 kinase assays. CPKG6 trans-phosphorylation activities were not inhibited by pre-
incubation with either ABI1 or PP2CA (Figure 3C, Lanes 2-3 and 5-6). In contrast, control
OST1-derived substrate phosphorylation band intensities strongly decreased when ABI1
or PP2CA protein 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 shown to interact with ABI1
(39). An electro-mobility shift can be observed for OST1 as well as for CPK6 (Figure 3C-
D), which could be due to de-phosphorylation of CPK6 and OST1 by PP2Cs (Figure 3-
figure supplement 2). However, de-phosphorylation by PP2Cs did not inhibit CPK6
activity (Figure 3C). An additional independent biochemical assay measuring ATP
consumption also did not show down-regulation of CPKG6 activity in the presence of ABI1

and PP2CA (Figure 3-figure supplement 3).

Our results suggest that PP2Cs neither down-regulate CPK activity directly in vitro
(Figure 3C-D and Figure 3-figure supplement 3) nor 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 de-phosphorylation of the SLAC1 channel, a
mechanism reported for CPK-dependent transcription factor regulation (48) and
consistent with previous findings (38). First, we determined whether SLAC1 interacts with
the PP2C ABI1 in planta using bi-molecular fluorescence complementation (BiFC). We
observed clear BIFC signals for full length SLAC1 co-expressed with CPK6 and ABI1 with
comparable intensities (Figure 4A-C). Protein-protein interaction of SLAC1 with PP2CA
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in BiFC experiments was reported earlier (36). As shown in Figure 4D-E, the ABI1
mediated de-phosphorylation of the N-terminus of SLAC1 (SLAC1-NT) previously
phosphorylated by CPK6 (38) is very rapid as already 1 min after the addition of ABI1 a
strong decrease of the phosphorylation signal was observed. This was also found when
the phosphatase PP2CA was added instead of ABI1 (Figure 4D and F). To test whether
this is a general phenomenon, we phosphorylated the SLAC1-NT with the SLAC1-
activating and -phosphorylating kinases CPK21, CPK23, and OST1 (36, 37, 39) (Figure
4G-| and Figure 4-figure supplement 1, Lane 1) and analyzed whether ABI1 and PP2CA
are able to remove phospho-groups added by these kinases. After inhibiting the kinase
with Staurosporine, band intensities decreased only after addition of the PP2C protein
phosphatases for all combinations (Figure 4G-I and Figure 4-figure supplement 1, lanes
5-6), showing that this rapid SLAC1 de-phosphorylation by PP2Cs is a general

mechanism.

It has remained unclear whether the Ca?*-independent and Ca?*-dependent
branches of ABA signaling are interdependent. In the cpk5/6/11/23 quadruple mutant,
ABA-activation of S-type anion currents in guard cells was strongly impaired (Figure 1A-
D) providing evidence for interdependence. ost7-2 knock out plants (ColO ecotype) show
intermediate S-type anion current activation by ABA (37). We disrupted the genes of 2
additional Ca?*-independent SnRK kinases, SnRK2.2 and SnRK2.3, which can activate
SLAC1 in oocytes (37). snrk2.2/snrk2.3/ost1 triple mutants were strongly impaired in
ABA- and notably also external Ca?*-activation at 2 yM [Ca?*]cyt (Figure 5A-D). These
findings suggest an interdependence of the Ca2*-dependent and -independent branches
of the ABA signaling network. A putative mechanism for interdependence between Ca?*-
dependent and -independent ABA signaling could be direct cross-regulation of OST1 and
CPKs. However, in yeast 2 hybrid assays no protein-protein interaction between CPK6
and OST1 could be detected and in vitro assays show no evidence for a direct cross-
phosphorylation of OST1 and CPKG6 (Figure 5-figure supplement 1-2). Also, in-gel protein
kinase assays from in vivo protein extracts showed no change in ABA-activated OST1-
derived band intensities in two separate CPK quadruple mutants under several ABA and

Ca?* conditions (Figure 3A-B and Figure 3-figure supplement 1). These independent
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approaches provide no evidence for a direct cross-regulation of the Ca?*-dependent and

—independent protein kinases in the ABA signaling core.

Another non-mutually exclusive possible mechanism for the requirement of both
SnRK and CPK kinases for ABA activation of SLAC1 could be that SLAC1 serves as
coincidence detector through differential phosphorylation by protein kinases of the Ca?*-
dependent and -independent branches. SLAC1 S120A has been shown to be required
for OST1, but not for CPK23 activation of SLAC1 (37, 39). A different site, serine 59, has
been shown to be required for SLAC1 activation by CPK6 (38). Thus we investigated
whether several CPKs can activate the SLAC1 S120A mutant in oocyte 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-F and
Figure 6-figure supplement 1A-B). In contrast, SLAC1 S59A activation by these CPKs
was strongly impaired (Figure 6A-F and Figure 6-figure supplement 1A-B). Interestingly
however, OST1-mediated activation of SLAC1 S59A was comparable to WT SLAC1
(Figure 6D-F). These results suggest that S59 is required for activation by protein kinases
of the Ca?*-dependent CPK branch, while S120 represents a crucial amino acid for the
Ca?*-independent branch of the ABA signaling core. Co-expression of low CPK6 and
OST1 levels with SLAC1 show a clear synergistic SLAC1 activation in oocytes Figure 6G-
J). Together, these findings indicate a synergistic relationship of the Ca?*-dependent and

—independent branches in the guard cell signaling core.
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
have been characterized, e.g. (7-13). Ca?* is a major hub within the signaling network of
plant guard cells (2, 17-20) but the mechanisms mediating specificity have remained
unknown. In guard cells, the stomatal closing stimuli ABA and CO2 enhance (prime)
[Ca?*]eyt-sensitivity (26-30).
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Here we report genetic, cellular and biochemical mechanisms that underpin ABA-
induced Ca?*-sensitivity priming. In the absence of the specific signal, ABA, Ca?*-
responsiveness is inhibited by PP2Cs, thereby preventing responses to unrelated Ca?*
elevations (Figure 7) (21-26, 49, 50). As PP2Cs inhibit OST1 and also down-regulate
SLAC1 directly, this network not only enables stimulus specific activation of SLAC1 via
phosphorylation, but also provides a tight off switch via PP2C-catalyzed de-
phosphorylation of SLAC1 (Figure 7). This mechanism could also prevent SLAC1
activation by CPK23 which exhibits a moderate Ca?* sensitivity (39). Moreover, as PP2Cs
control Ca?* signaling specificity downstream of the Ca?* sensor (Figure 7), CPKs could

still be capable of fulfilling other signaling roles (42, 43, 51, 52).

The presented data provide evidence for interdependence of the Ca2*-dependent
and —independent branches to trigger the downstream response within in this signaling
network further tightening the regulation of stomatal closure (Figure 7). Oocytes may
permit more promiscuous SLAC1 phosphorylation due to kinase abundance. For
example, to strongly activate SLAC1 with OST1, the interaction has to be forced by fusing
the proteins to split YFP moieties (39). For the SLAC1 channel to serve as a coincidence
detector in planta, phosphorylation of both S59 (38) and S120 (37, 53) would produce a
synergistic activation of the channel (Figure 6G-l). Further research is needed to elucidate
details of the mechanisms of this synergistic regulation. Increased SLAC1 activation by
co-expression of (non-split YFP moieties) OST1 and CPK6 provides evidence for the
hypothesis of a synergistic SLAC1 activation by the Ca?*-dependent and Ca?*-
independent pathways (Figure 6G-I).

The control of ABA-triggered stomatal closure by parallel interdependent Ca?*-
dependent and —independent mechanisms can contribute to the robustness of this
essential signaling network (17). Genome analyses have revealed the existence of more
than 200 genes encoding for proteins containing Ca?*-binding EF-hands (15) with
overlapping expression of many genes in the same cell type, including guard cells (16).
The mechanism described here could represent a more general principle present in plants

and possibly other eukaryotes contributing to Ca?*-specificity within cellular signaling
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while also maintaining the availability of Ca2*-sensors for distinct Ca?*-dependent

signaling outputs.

Material and Methods

Mutant plant lines

All Arabidopsis thaliana plants used in this study are in the Col0O ecotype. cpk5/6/11/23
quadruple T-DNA insertion mutant plants were established by crossing cpk5/6/11
(sail_657C06/salk_025460/salk_054495) kindly provided by Jen Sheen (Harvard Medical
School) (42) with cpk23-1 (salk_007958) obtained from ABRC (39, 54). Dr. Ping He

(Texas A&M University) shared cpk1/2/5/6
(salk_096452/salk_059237/sail_657C06/salk_025460) mutant seeds (51). The PP2C
quadruple knock-out plants (abi1-2/abi2-2/hab1-1/pp2ca-1,

salk_72009/salk_15166/salk_2104/salk_028132) and snrk2.2/2.3/ost1 (GABI-
Kat_807G04/salk_107315/salk_008068) were kindly provided by Dr. Pedro L. Rodriguez
(University of Valencia) (55). A second independent snrk2.2/2.3/ost1 (GABI-
Kat_807G04/salk_107315/salk_008068) line was established by crossing snrk2.2/2.3
with ost7-3 supplied by Drs. Jian-Kang Zhu (Shanghai Center for Plant Stress Biology)
and Rainer Waadt (University of California, San Diego), respectively.

Patch Clamp analyses

Arabidopsis plants were grown on soil in the growth chamber at 21°C under a 16-
h-light/8-h-dark photoperiod with a photon flux density of 80 umol/(m?2*s). The plants were
watered from bottom trays with deionized water once or twice per week and sprayed with
deionized water every day. The growth chamber humidity was 50 to 70%.

Arabidopsis guard cell protoplasts were isolated enzymatically as previously
described (56). One or two rosette leaves of 4- to 5-week-old plants were blended in a
blender with deionized water at room temperature for approximately 30 sec. For isolation
of guard cell protoplasts from snrk2.2/snrk2.3/ost1 triple mutants, four or five rosette
leaves were used. Epidermal tissues were collected using a 100-um nylon mesh and
rinsed well with deionized water. The epidermal tissues were then incubated in 10 ml of
enzyme solution containing 1% (w/v) Cellulase R-10 (Yakult, Japan), 0.5% (w/v)
Macerozyme R-10 (Yakult, Japan), 0.1 mM KCI, 0.1 mM CaClz, 500 mM D-mannitol, 0.5%
(w/v) BSA, 0.1% (w/v) kanamycin sulfate, and 10 mM ascorbic acid for 16 h at 25°C on a
circular shaker at 40 rpm. Guard cell protoplasts were then collected by filtering through
a 20-um nylon mesh. Subsequently, the protoplasts were washed twice with washing
solution containing 0.1 mM KCI, 0.1 mM CaClz, and 500 mM D-sorbitol (pH 5.6 with KOH)

10
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by centrifugation for 10 min at 200 x g. The guard cell protoplast suspension was kept on
ice before use.

To investigate ABA activation of S-type anion channels, the guard cell protoplast
suspension was pre-incubated with 10 yM (Figure 1A-C) or 50 uM (Figures 2A-D and 5C-
D as well as Figure 2-figure supplement 1A-B) +/- ABA (Sigma) for 30 min. S-type anion
channel currents in guard cell protoplasts were recorded by the whole-cell patch-clamp
technique as previously described (28, 32, 56). The pipette solution contained 150 mM
CsCl, 2 mM MgClz2, 5 mM Mg-ATP, 6.7 mM EGTA, and 10 mM Hepes-Tris (pH 7.1). To
obtain a [Ca?*]eyt of 2 yM and 110 nM, 5.86 mM and 1.79 mM of CaCl2 were added to the
pipette solution, respectively. Osmolality of the pipette solution was adjusted to 500
mmol/l using D-sorbitol. The bath solution contained 30 mM CsClI, 2 mM MgCl2, 1 mM
CaClz, and 10 mM MES-Tris (pH5.6). Osmolality of the bath solution was adjusted to 485
mmol/l using D-sorbitol. To investigate external Ca?*-activation of S-type anion channels,
guard cell protoplasts were pre-incubated with the bath solution containing 40 mM CaClz,
instead of 1 mM CaClz for 30 min. Whole-cell currents were recorded 3 to 5 min after
achieving the whole-cell configuration. The seal resistance was no less than 10 GQ. The
voltage was decreased from +35 mV to —145 mV with 30 mV decrements and the holding
potential was +30 mV.

Recombinant protein isolation

Over-expression and purification of recombinant proteins were performed as
described in (38) with minor adjustments: For the isolation of the PP2C proteins ABI1,
ABI2, and PP2C additionally 5 mM MgCl2 and 5 % Glycerol were added to the buffer in
which the bacterial pellet was resuspended (buffer W in IBA manual). Also, all proteins
except SLAC1-NT were eluted in elution buffer supplemented with 20% Glycerol instead
of 10% and stored at -80 °C instead of -20 °C. To assess protein concentrations, several
volumes of the eluates were loaded on a gel together with several defined bovine serum
albumin (BSA) protein amounts. After separating the proteins by SDS-PAGE (57), the
proteins were stained with coomassie brilliant blue R-250, dried between two sheets of
cellophane, and then scanned. BSA and recombinant protein band intensities were
measured using Fiji (58). After subtracting the background signal, BSA band signal
intensities were used to plot a standard curve. Concentrations of isolated recombinant
proteins were then calculated based on the equation resulting from the linear regression
of the BSA standard curve.

Whole plant protein extraction

Seeds were sterilized by incubation in sterilization medium (70% Ethanol and
0.04% (w/v) SDS) for 15 min followed by 3 washes in 100% Ethanol. After drying, the
seeds for all genotypes were plated on one plate with %2 Murashige and Skoog Basal
Medium (MS; Sigma-Aldrich) and 0.8% phyto-agar. The plate was then stored at 4°C for
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>3 days and subsequently transferred to a growth cabinet (16/8 light/dark and 22°C).
After a growth phase of 10-14 days >10 seedlings per genotype were floated on liquid 2
MS and equilibrated for 60-90 min in the growth cabinet. Either +/- ABA (Sigma) to a final
concentration of 50 uM (indicated by + in the figure) or the same volume of solvent control
(Ethanol; indicated by — in the figure) was added to the floating seedlings. After 30 min
the seedlings were removed from the %2 MS and flash frozen in liquid nitrogen. Plant
tissue was disrupted by shaking the frozen seedlings together with steel balls in a shaker
(Retsch) for 3 times 30 seconds at 30 Hz in pre-cooled mountings. Subsequently,
extraction buffer (100 mM HEPES-NaOH pH 7.5, 5 mM EDTA, 5 mM EGTA, 0.5% (v/v)
Triton X-100, 150 mM NaCl, 0.5 mM DTT, 10mM NaF, 0.5% (v/v) protease inhibitor
(Sigma-Aldrich), 0.5% (v/v) phosphatase inhibitor 2 (Sigma-Aldrich), 0.5% (v/v)
phosphatase inhibitor 3 (Sigma-Aldrich), 5 mM NasVOa4, and 5 mM B-Glycerophosphate
disodium salt hydrate) was added. The samples were then treated in a sonication water
bath (Fisher Scientific) with ice added to the water for 30 seconds. Cell debris was
removed via centrifugation at 20.000 x g and 4°C for 40 min. Protein concentrations of
the supernatants were measured using the BCA Protein Assay Kit (Pierce). 20 ug of total
protein for each genotype and treatment were subjected to SDS-PAGE (57) under
denaturing conditions (see in gel kinase assay).

In vitro kinase assays:

The reaction buffer consisted of 100 mM HEPES-NaOH pH 7.5, 10 mM MgClz, 2
mM DTT, 1 mM EGTA, and CaClz was added to get a final concentration of 2.5 uM free
Ca?* (calculated with http://www.stanford.edu/~cpatton/webmaxc/webmaxcE.htm). Note
that the pH of the reaction buffer dropped to pH 7.3 after adding all components and free
Ca?* calculations were performed accordingly. The flow charts in the respective figures
indicate the components which were added subsequently in sequence (from top to
bottom) and the respective incubation times. For the experiments shown in Figure 4D-I
and Figure 4-figure supplement 1, SLAC1-NT (1.5 ug) was mixed together with 200 nM
of the protein kinases CPK6, CPK23, OST1, and CPK21 in reaction buffer. Staurosporine
was added to a final concentration of 100 uM and the final concentration of the PP2Cs
ABI1 and PP2CA was 600 nM. For the reactions shown in Figure 3-figure supplement 2
0.5 yg of CPK6 and 1 pg of the PP2Cs ABI1, ABI2, and PP2CA were used. The addition
of EGTA for reactions shown in Extended Data Fig. 2c lanes 2-4 resulted in a free Ca?*
concentration < 10 nM (calculated with
http://www.stanford.edu/~cpatton/webmaxc/webmaxcE.htm). In the reactions depictured
in Figure 4-figure supplement 1 250 nM of CPK6 and 750 nM of OST1 were mixed
together with 1.2 ug of CPK6 D209A, OST1 D140A, and SLAC1-NT in reaction buffer. To
start all in vitro kinase reactions, 5 uCi of [y-32P]-ATP (Perkin-Elmer) was added and the
reactions were incubated at room temperature (RT) for 10 min. The final volumes were
20 ul and the reactions were stopped by the addition of 4 ul of 6x loading dye with
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subsequent incubation at 95°C for 5 min. The proteins were then separated by SDS
polyacrylamide gel electrophoresis (SDS-PAGE, (57)) in 4-20% acryl amide gradient gels
(Biorad). After, the proteins were stained with coomassie brilliant blue R-250 (Sigma). To
visualize the 3?P-derived radioactive signals, gels were exposed to a storage phosphor
screen (Molecular Dynamics; Figure 4D-I, Figure 4-figure supplement 1, and Figure 5-
figure supplement 1) or HyBlot CL autoradiography films (Denville Scientific; Figure 3-
figure supplement 2). The phosphor storage screen was read out using a Typhoon
scanner (Amersham Bioscience).

To compare CPKG6 activities by measuring ATP consumption (Figure 3-figure
supplement 3) with or without the PP2Cs ABI1 and PP2CA, 0.5 uM of the kinase was
incubated at room temperature for 7.5 min either alone or with 1 yM of PP2C protein in
the above mentioned reaction buffer supplemented with 10 yM ATP and ~ 150 yM
Histone III-S (Sigma). The reactions were stopped by the addition of Staurosporine.
Residual ATP levels were quantified using the KinaseGlo kit (Promega) according to the
manufacturer’s instructions resulting in luminescence signals measured in a plate reader
(Berthold Mithras LB 940) (59). ATP consumption was calculated by first assessing the
maximum range (ARmax) of luminescence by subtracting the signal intensity of the
background (no ATP added; Rs) from the maximum signal (no kinase added; Rmax). TO
calculate the ATP consumption, signal intensities derived from the residual ATP in the
reactions (Rx) were subtracted from the maximum signal (Rmax) and then related to the
maximum range (ARmax) and plotted in per cent ([(Rmax-Rx)/ARmax]*100).

In gel kinase assays

For in gel kinase assays using recombinant proteins shown in Figure 3C-D, 500
ng of OST1 and CPK6 kinase and the PP2Cs ABI1 and PP2CA in a 1:3 molar ration were
mixed in reaction buffer with 2.5 uM free Ca?* (for buffer composition see in vitro kinase
assay section). The reactions labelled with “(ATP)” were additionally supplemented with
100 uM ATP. All samples were incubated at RT for 20 min and stopped by adding SDS
loading dye and heating at 95°C for 5 min.

These samples as well as the samples described in the “whole plant protein
extraction” section were subjected to SDS-PAGE (57). The 10% SDS acryl amide
resolving gels were supplemented with 0.25-0.5 mg/ml Histone III-S (Sigma-Aldrich).
After electrophoresis, the gel was washed three times with washing buffer (25 mM Tris—
HCI pH 8.0, 0.5 mM DTT, 0.1 mM NasVOs4, 5 mM NaF, 0.5 mg/ml BSA, and 0.1% (v/v)
Triton X-100) for 30 min each at room temperature, followed by two washes with
renaturation buffer (25 mM Tris—HCI pH 8.0, 1 mM DTT, 0.1 mM NasVO4, and 5 mM NaF)
for 30 min each at room temperature and one wash at 4°C overnight. Then, the gels were
equilibrated with reaction buffer (see in vitro kinase assay) for 30-45 min at room
temperature and incubated in 20 ml of reaction buffer supplemented with 50 uCi [y-32P]-
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ATP (Perkin-Elmer). The reaction times were: Figure 3A-B: 90 minutes; Figure 3C: 60
min; Figure 3D: 120 min. To stop the reactions and to remove background signals the
gels were subsequently extensively washed with a solution containing 5% (v/v)
trichloroacetic acid and 1% (v/v) phosphoric acid for at least 6 times for 15 min each. The
gels were then stained with coomassie brilliant blue R-250, dried on Whatman 3MM
paper, and exposed to a storage phosphor screen (Molecular Dynamics). The storage
phosphor screen was scanned with a Typhoon reader (Amersham Bioscience). For the
in gel kinase assays shown in Figure 3A-B and Figure 3-figure supplement 1 all steps
except the equilibration in reaction buffer and the reactions were carried out together and
exactly the same way which allows the autoradiographs to be compared. The image files
given by the Typhoon reader software are automatically adjusted to best display the
bands with the highest intensity. Ca?*-activated kinase signals are stronger than OST1-
derived bands which renders OST1 bands hardly visible by the Typhoon reader software.
To better visualize OST1 activity, the signal intensity of the ~41 kDa regions (blue box) in
Figure 3A-B and Figure 3-figure supplement 1 were adjusted as described in the
following: The output files (.gel) of the Typhoon scanner software was opened using Fiji
(58) and in order to enhance the visibility of OST1-derived bands the maximum signal
was adjusted for the entire image including controls in accordance with journal policies
(http://jicb.rupress.org/content/166/1/11.full). Subsequently, the regions around 41 kDa
were saved as .jpg file which was used for the preparation of the figures. The parallel
adjustment of the whole image showing both gels which are depicted in either Figure 3A-
B or Figure 3-figure supplement 1 allows the comparisons of band intensities within each
figure. Additionally, in Figure 3-figure supplement 1 several lanes of the same gel have
been cut out indicated by the black line as explained in
http://jcb.rupress.org/content/166/1/11.full.

Quantitative bimolecular fluorescence complementation

Quantitative bimolecular fluorescence complementation (BiFC) experiments were carried
out as described in (60) with changes explained in the following: BIFC vectors were
altered to be USER cloning (61) compatible (indicated by the “u” addition to the vector
name) as described in (62). Subsequently, SLAC1, CPK6, and ABI1 cDNAs were
amplified using the PfuX7 polymerase (63) and subsequently USER-cloned into
pSPYCE(MR)u, pSPYNE173u, and pSPYNE(R)173u, respectively. Microscopy was
performed using the following setup: Nikon Eclipse TE2000-U microscope with Nikon
Plan 20x/0.40 «/0.17 WD; 1.3 and Plan Apo 60x/1.20 WI «/0.15-0.18 WD; 0.22
objectives. Attached were a CL-2000 diode pumped crystal laser (LaserPhysics Inc.), and
a LS 300 Kr/Ar laser (Dynamic Laser), a Photometrics Cascadell 512 camera, a QLC-
100 spinning disc (VisiTech international), and a MFC2000 z-motor (Applied Scientific
Instruments). The software used to acquire the pictures was Metamorph (version 7.7.7.0;
Molecular Devices). Figure 4B images depict maximum projections of z-stacks.

14



411

412
413
414
415
416
417
418
419

420

421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436

Electrophysiological measurements in Xenopus laevis oocytes

Two electrode voltage clamp measurements in Xenopus leavis oocytes were carried out
as described previously (38) with adjustments listed in the following. The recording
solution contained 10 mM MES/Tris (pH 5.6), 1 mM CaClz, 1 mM MgClz, 2 mM KCI, 24
mM NaCl, and 70 mM Na-gluconate. Osmolality was adjusted to 220 mM using D-sorbitol.
Oocytes were held at a holding potential of 0OmV, and subjected to voltage pulse from +40
mV to -140 mV or -120 mV in -20 mV decrements. For the experiments shown in Figure
6G-J the amounts of injected cRNA were 5 ng of SLAC1, 0.5 ng of CPKG6, and 7.5 ng of
OST1.

Yest-2-Hybrid protein-protein interaction assay

The vectors pGBT9.BS (for fusion to the Gal4-binding domain; BD) and pGAD.GH
(results in activation domain fusions; AD) (64) were altered (62) to be compatible to the
USER cloning method (61). All cDNA were amplified using the PfuX7 polymerase (63)
and cloned into the prepared vectors. For ABI1 a truncated version (amino acids 125 to
434) was used to avoid an auto-activation similar to HAB1 (65). To disrupt the
myrostilation site in CPK6 (66), glycine 2 was mutated to alanine. The prepared vectors
were transformed into the PJ69-4A yeast strain (67) employing the polyethylene
glycol/lithium acetate method (68) and subsequently selected for successful
transformation by incubating transformations for 1-2 days at 28°C on CSM-agar (BD
Biosciences) not containing tryptophane and leucine (CSM-Leu-Trp). Single growing
colonies of yeast containing both plasmids were re-streaked on new CSM-Leu-Trp plates
and grown for additional 1-2 days. Subsequently, serial dilutions from ODasoo 1 to 0.0001
(as indicated by the arrow in the figure) in 2% Glucose were spotted on CSM-Leu-Trp
and on CSM medium lacking leucine, tryptophane and histidine (CSM-Leu-Trp-His)
supplemented with 1 mM 3-amino-1,2,4-triazole (3-AT) and grown for 3 days at 28°C.
Growth indicates a physical protein-protein interaction between the two proteins tested.
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Figure Legends

Figure 1: CPK quadruple loss of function mutants are ABA and Ca?* insensitive.

Intracellular Ca?*-activation of S-type anion channels enabled by pre-exposure to ABA
(A-C) or high external Ca?* (A,B, and D) is strongly impaired in cpk5/6/11/23 guard cells
at 2 uM [Ca?*]yt. Representative whole cell currents (A-B), average steady-state current-
voltage relationships +/- SEM, and guard cell numbers are shown (C-D).

Figure 1—figure supplement 1: CPK5 activates SLAC1 in Xenopus oocytes.

(A-B) Whole cell currents were measured in Xenopus oocytes expressing SLAC1
together with CPK5 and, as a control, CPK6. Large CI- currents demonstrate that CPK5
is capable of activating SLAC1. Representative current traces (A), average steady-state
current-voltage relationships (+/- SEM), and numbers of individual cells are shown (B).

Figure 2: In PP2C quadruple mutant plants, Ca?* activation of S-type anion currents
is constitutively primed.

2 UM [Ca?*]eyt activates S-type anion currents in WT if the guard cells were pre-exposed
to ABA (A, C). In PP2C quadruple mutant guard cells ABA pre-exposure is not required
for 2 uM [Ca?*]cyt-activation of S-type anion currents (B, D). Average steady-state current-
voltage relationships +/- SEM, guard cell numbers (C-D), and representative whole cell
currents (A-B) are presented.

Figure 2—figure supplement 1: ABA activation of S-type anion current in PP2C
quadruple mutant guard cells requires elevated [Ca?*]cyt.

(A-B) ABA application in WT and abi1-2/abi2-2/hab1-1/pp2ca-1 guard cells with [Ca?*Jcyt
buffered to a resting level of 0.1 uM does not result in large S-type anion current
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activation. Typical current traces (A), averaged steady-state currents in response to
applied voltages (+/- SEM), and numbers of individual measured cells are shown (B).

Figure 3: CPK activity is not changed by ABA or constitutively or hyper-activated
in pp2c quadruple mutants.

(A-B) In gel kinase assays with Histone as substrate for whole plant protein extracts show
(B) 3 uM Ca?*-activated trans-phosphorylation kinase activities independent of
application of 50 yM 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; See Methods). Disrupting 4 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; predicted MWs for CPK1, CPK2, CPKS5,
CPK®6, CPK11, and CPK23 are 68.3 kDa, 72.3 kDa, 62.1 kDa, 61.1 kDa, 55.9 kDa, 58.7
kDa, respectively). (C-D) In gel 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 3 times with similar results.

Figure 3—figure supplement 1: Kinase activities are not altered by ABA-application
at 150 nM and 400 nM free Ca?"*.

(A-B) Whole plant protein extracts were analyzed in in gel kinase assays with the free
Ca?* concentration buffered to either 150 nM or 400 nM. No differences in the band
pattern could be found between these different free Ca2* concentrations (A-B). The
presence of 400 nM free Ca?* does not change ABA activation of OST1 (lower inset
“‘OST1” in A and B) in WT, abi1-2/abi2-2/hab1-1/pp2ca-1 or cpk5/6/11/23 plants. PP2Cs
have been shown to be involved in [Ca?*]cyt regulation (69).

Figure 3—figure supplement 2: CPK6 is de-phosphorylated by the PP2Cs ABI1,
ABI2, and PP2CA.

In in vitro kinase assays, recombinant CPK6 was incubated in the presence of 5 uM free
Ca?* which results in auto-phosphorylation signals (Lanes 1 and 5). After the initial auto-
phosphorylation period the kinase inhibitor Staurosporine (Stau.) and the PP2Cs ABI1,
ABI2, and PP2CA were added to the reactions (Lanes 2-4 and 6-8). For the samples
displayed in Lanes 2-4, the Ca?*-chelator EGTA, which buffers free Ca?* concentrations
to <10 nM, was added together with Staurosporine and the indicated PP2Cs. Addition of
Staurosporine and the PP2Cs ABI1, ABI2, and PP2CA resulted in decreased auto-
phosphorylation signals showing that PP2Cs de-phosphorylate CPK6 (Lanes 2-4 and 6-
8).
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Figure 3—figure supplement 3: CPK6 kinase activity is not inhibited in the presence
of ABI1 or PP2CA.

In vitro kinase assays measuring the kinase activity via ATP consumption show that
Staurosporine but not ABI1 or PP2CA inhibited CPK6 kinase activity. The increased ATP-
consumption signal in the presence of ABI1 and PP2CA can be explained by higher ATP
consumption triggered by kinase auto-phosphorylation of residues removed by the PP2C
protein phosphatases. Data shown represent the mean of 3 experiments +/- SD.

Figure 4: PP2Cs interact and directly and rapidly de-phosphorylate the N-terminus
of SLAC1 when previously phosphorylated by several SLAC1-activating CPK and
OST1 protein kinases.

(A-C) Bi-molecular fluorescence complementation (BiFC) experiments in N. benthamiana
leaves show YFP-derived fluorescence signals of SLAC1-YC co-expressed with CPK6-
YN and YN-ABI1 of comparable intensity. Data shown in (C) represent the average
fluorescence intensity of randomly picked leaf areas (n=9; +/- SEM). (D-F) CPK6
phosphorylated SLAC1-NT is rapidly de-phosphorylated by ABI1 and PP2CA. SLAC1-NT
phosphorylation by CPK6 (E-F, lane 1) is strongly inhibited if the PP2C protein
phosphatase was added before starting the reaction (E-F, lane 2), but remains stable
after addition of elution buffer (Elu.) and kinase inhibitor Staurosporine (Stau.) with
subsequent 10 min incubation (E-F, lane 3). If (E) ABI1 or (F) PP2CA together with
Staurosporine are added after the initial 10 min CPK6 mediated phosphorylation period,
the SLAC1-NT phosphorylation signal rapidly decreases within 1 min (E-F, lanes 4-7).
Staurosporine pre-exposure control inhibits SLAC1-NT phosphorylation by CPK6 (E-F,
lane 8). (G-1) PP2Cs de-phosphorylate the SLAC1-NT which was phosphorylated by
major SLAC1-activating kinases CPK23 and OST1. The N-terminus of SLAC1 is
phosphorylated by CPK23 (H, lane 1) and OST1 (I, lane 1) which is inhibited when the
PP2Cs ABI1 and PP2CA are added before starting the reactions (H-I, lanes 2-3). When
adding Staurosporine and elution buffer after the initial phosphorylation period and
incubating for 10 min the signal does not change (H-I, lane 4). Addition of ABI1 or PP2CA
after supplementing the reaction with Staurosporine leads to rapid (10 min) de-
phosphorylation of the SLAC1-NT previously phosphorylated by the above mentioned
kinases (H-I, lanes 5-6).

Figure 4—figure supplement 1: When previously phosphorylated by CPK21, the
SLAC1-NT is de-phosphorylated by the PP2Cs ABI1 and PP2CA.

Recombinant SLAC1-NT phosphorylation by CPK21 (Lane 1) is inhibited if the protein
phosphatases ABI1 and PP2CA are added before starting the reaction (Lanes 2-3). The
phosphorylated SLAC1-NT derived signal is rapidly and strongly decreased if the PP2Cs
ABI1 and PP2CA (Lanes 4-7) are added after the addition of Staurosporine.
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Figure 5: Both, ABA- and high external Ca2+-activation of S-type anion currents at
elevated [Ca?*]cyt are abrogated in snrk2.2/2.3/ost1 triple mutant guard cells.

In whole cell patch clamp experiments, snrk2.2/2.3/ost1 triple mutant guard cells disrupt
Ca?*-activation of S-type anion currents even if pre-incubated with (A-B) high external
Ca?* shock (44) or (C-D) ABA. 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.

Figure 5-figure supplement 1: CPK6 and OST1 do not trans-phosphorylate one
another in vitro.

We analyzed whether CPK6 and OST1 trans-phosphorylated one another by using the
respective active and inactive mutant kinase versions (OST1 D140A and CPKG6 D209A).
This approach allowed us to distinguish between auto- and trans-phosphorylation derived
32P-signals. Kinase inactive versions of OST1 (D140A (37)) and CPK6 (D209A (38)) are
not phosphorylated by active CPK6 and OST1, respectively (lanes 1 and 3). When OST1
D140A and CPK6 D209A were incubated alone no signal can be seen (lanes 2 and 4).
Both, OST1 and CPK6 phosphorylated the SLAC1-NT which shows that the kinase
proteins used exhibit trans-phosphorylation activities (lanes 5-6). The auto-
phosphorylation activities of CPK6 (lanes 1 and 5) and OST1 (lanes 3 and 6) can be seen.

Figure 5-figure supplement 2: In yeast-2hybrid assays, OST1 interacts with ABI1
but not with CPK6

In yeast-2-hybrid assays, OST1 interacts with ABI1 as indicated by yeast growth on CSM-
Leu-Trp-His (right panel). No growth can be observed when OST1 was co-transformed
with CPK6 under identical conditions, indicating no physical protein-protein interaction of
OST1 and CPKG®6 in yeast. Empty: Control experiments with empty vectors.

Figure 6: Ca?*-dependent protein kinase and OST1 protein kinase activation of
SLAC1 requires serine 59 or serine 120, respectively. SLAC1 is synergistically
activated by CPKs and OST1.

SLAC1 activation by CPK6 in Xenopus oocytes (A and C) is abolished when serine 59 is
mutated to alanine (S59A) but (B-C) is comparable to wild type SLAC1 activation for the
SLAC1 S120A mutated version. (D-F) OST1 activation of SLAC1 (E-F) is abolished in the
SLAC1 S120A mutant, while (D and F) the SLAC1 S59A activation by OST1 is similar to
the wild type. (G-J) If SLAC1 (5 ng cRNA) is expressed alone or with non-BIFC OST1
(7.5 ng), no anion currents can be detected (I-J). If CPK6 (0.5 ng) is co-expressed,
SLAC1-mediated currents can be seen (G, | and J) which are synergistically enhanced
when OST1 (7.5 ng) is added (H-J). Due to overlapping data of “SLAC1” and “SLAC1 +
OST1” alternating data points are shown in (I). Typical current responses (A-B, D-E and
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G-H), average steady-state current-voltage relationships +/- SEM, and the number of
measured cells are presented (C, F, and |). Steady-state current responses at -140 mV
are plotted in g (*** indicates p=0.005; unpaired t-test with Welch’s correction).

Figure 6-figure supplement 1: SLAC1 serine 59 but not serine 120 is required for
CPKS5 or CPK23 activation.

SLAC1 activation by CPK5 (A) and CPK23 (B) is comparable to WT when serine 120 is
substituted by alanine (S120A) while the CPK5 and CPK23 activation of SLAC1 S59A is
completely impaired. Representative current traces (A), average steady-state current-
voltage relationships (+/- SEM), and numbers of individual measured cells are depictured

(B).

Figure 7: Schematic model for Ca?*-specificity mechanism within ABA-dependent
SLAC1 activation in guard cells.

Without ABA, spontaneous or un-specifically induced Ca?* transients (26, 28) do not lead
to SLAC1 activation as PP2C phosphatases directly negatively regulate SLAC1 activation
(left panel). In the presence of ABA this SLAC1 inhibition is released, OST1 and CPKs
phosphorylate, and thereby activate the channel (right panel). ABA also causes [Ca?*]cyt
elevation via PP2C inhibition (70, 71). Data indicate a cross-talk between Ca?*-dependent
and -independent ABA-activation of SLAC1 which could be mediated through synergistic
target coincidence detection activity via differential SLAC1 phosphorylation by OST1 and
CPKs (right panel).
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Figure 1: CPK quadruple loss of function mutants are ABA and Ca?" insensitive.

Intracellular Ca2*-activation of S-type anion channels enabled by pre-exposure to ABA (A-C) or high external Ca®*
(A,B, and D) is strongly impaired in cpk5/6/11/23 guard cells at 2 uM [Ca2+]cyt. Representative whole cell currents
(A-B), average steady-state current-voltage relationships +/- SEM, and guard cell numbers are shown (C-D).
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Figure 1-figure supplement 1: CPK5 activates SLAC1 in Xenopus oocytes.

(A-B) Whole cell currents were measured in Xenopus oocytes expressing SLAC1 together with CPK5 and, as a
control, CPK6. Large CI" currents demonstrate that CPK5 is capable of activating SLAC1. Representative current
traces (A), average steady-state current-voltage relationships (+/- SEM), and numbers of individual cells are

shown (B).
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Figure 2: In PP2C quadruple mutant plants, Ca?* activation of S-type anion currents is constitutively
primed.
2 uM [Caz“]cyt activates S-type anion currents in WT if the guard cells were pre-exposed to ABA (A, C). In PP2C

quadruple mutant guard cells ABA pre-exposure is not required for 2 uyM [Ca”]cvt-activation of S-type anion
currents (B, D). Average steady-state current-voltage relationships +/- SEM, guard cell numbers (C-D), and

representative whole cell currents (A-B) are presented.
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Figure 2—figure supplement 1: ABA activation of S-type anion current in PP2C quadruple mutant guard
cells requires elevated [Caz*]cyt.

(A-D) ABA application in WT and abi1-2/abi2-2/hab1-1/pp2ca-1 guard cells with [Caz"]Cyt buffered to a resting
level of 0.1 uM does not result in large S-type anion current activation. Typical current traces (A), averaged
steady-state currents in response to applied voltages (+/- SEM), and numbers of individual measured cells are
shown (B).
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Figure 3: CPK activity is not changed by ABA or constitutively or hyper-activated in pp2c quadruple
mutants.

(A-B) In gel kinase assays with Histone as substrate for whole plant protein extracts show (B) 3 uM Ca?'-
activated trans-phosphorylation kinase activities independent of application of 50 uM 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; See Methods). Disrupting 4 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; 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-D)
In gel 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 3 times with similar results.
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Figure 3—figure supplement 1: Kinase activities are not altered by ABA-application at 150 nM and 400 nM
free Ca?.

(A-B) Whole plant protein extracts were analyzed in in gel kinase assays with the free Ca?" concentration
buffered to either 150 nM or 400 nM. No differences in the band pattern could be found between these different
free Ca®" concentrations (A-B). The presence of 400 nM free Ca®" does not change ABA activation of OST1
(lower inset “OST1” in A and B) in WT, abi1-2/abi2-2/hab1-1/pp2ca-1 or cpk5/6/11/23 plants. PP2Cs have been
shown to be involved in [Caz"]Cyt regulation (54).
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Figure 3—figure supplement 2: CPK6 is de-phosphorylated by the PP2Cs ABI1, ABI2, and PP2CA.

In in vitro kinase assays, recombinant CPK6 was incubated in the presence of 5 uM free Ca?" which results in
auto-phosphorylation signals (Lanes 1 and 5). After the initial auto-phosphorylation period the kinase inhibitor
Staurosporine (Stau.) and the PP2Cs ABI1, ABI2, and PP2CA were added to the reactions (Lanes 2-4 and 6-8).
EGTA, which buffers free Ca?* concentrations to <10
nM, was added together with Staurosporine and the indicated PP2Cs. Addition of Staurosporine and the PP2Cs
phosphorylation signals showing that PP2Cs de-

For the samples displayed in Lanes 2-4, the Ca?*-chelator

ABI1,
phosphorylate CPK6 (Lanes 2-4 and 6-8).

ABI2, and PP2CA resulted in decreased auto-
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Figure 3—figure supplement 3: CPK6 kinase activity is not inhibited in the presence of ABI1 or PP2CA.

In vitro kinase assays measuring the kinase activity via ATP consumption show that Staurosporine but not ABI1
or PP2CA inhibited CPK®6 kinase activity. The increased ATP-consumption signal in the presence of ABI1 and
PP2CA can be explained by higher ATP consumption triggered by kinase auto-phosphorylation of residues
removed by the PP2C protein phosphatases. Data shown represent the mean of 3 experiments +/- SD.
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Figure 4: PP2Cs interact and directly and rapidly de-phosphorylate the N-terminus of SLAC1 when
previously phosphorylated by several SLAC1-activating CPK and OST1 protein kinases.

(A-C) Bi-molecular fluorescence complementation (BiFC) experiments in N. benthamiana leaves show YFP-
derived fluorescence signals of SLAC1-YC co-expressed with CPK6-YN and YN-ABI1 of comparable intensity.
Data shown in (C) represent the average fluorescence intensity of randomly picked leaf areas (n=9; +/- SEM).
(D-F) CPK6 phosphorylated SLAC1-NT is rapidly de-phosphorylated by ABI1 and PP2CA. SLAC1-NT
phosphorylation by CPK6 (E-F, lane 1) is strongly inhibited if the PP2C protein phosphatase was added before
starting the reaction (E-F, lane 2), but remains stable after addition of elution buffer (Elu.) and kinase inhibitor
Staurosporine (Stau.) with subsequent 10 min incubation (E-F, lane 3). If (E) ABI1 or (F) PP2CA together with
Staurosporine are added after the initial 10 min CPK6 mediated phosphorylation period, the SLAC1-NT
phosphorylation signal rapidly decreases within 1 min (E-F, lanes 4-7). Staurosporine pre-exposure control
inhibits SLAC1-NT phosphorylation by CPK6 (E-F, lane 8). (G-I) PP2Cs de-phosphorylate the SLAC1-NT which
was phosphorylated by major SLAC1-activating kinases CPK23 and OST1. The N-terminus of SLAC1 is
phosphorylated by CPK23 (H, lane 1) and OST1 (I, lane 1) which is inhibited when the PP2Cs ABI1 and PP2CA
are added before starting the reactions (H-1, lanes 2-3). When adding Staurosporine and elution buffer after the
initial phosphorylation period and incubating for 10 min the signal does not change (H-I, lane 4). Addition of ABI1
or PP2CA after supplementing the reaction with Staurosporine leads to rapid (10 min) de-phosphorylation of the
SLAC1-NT previously phosphorylated by the above mentioned kinases (H-I, lanes 5-6).
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Figure 4-figure supplement 1: When previously phosphorylated by CPK21, the SLAC1-NT is de-
phosphorylated by the PP2Cs ABI1 and PP2CA.

Recombinant SLAC1-NT phosphorylation by CPK21 (Lane 1) is inhibited if the protein phosphatases ABI1 and
PP2CA are added before starting the reaction (Lanes 2-3). The phosphorylated SLAC1-NT derived signal is
rapidly and strongly decreased if the PP2Cs ABI1 and PP2CA (Lanes 4-7) are added after the addition of
Staurosporine.
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Figure 5: Both, ABA- and high external Ca?*-activation of S-type anion currents at elevated [Ca2+]cyt are
abrogated in snrk2.2/2.3/ost1 triple mutant guard cells.

In whole cell patch clamp experiments, snrk2.2/2.3/ost1 triple mutant guard cells disrupt Ca?*-activation of S-type
anion currents even if pre-incubated with (A-B) high external Ca?* shock (35) or (C-D) ABA. 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.
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Figure 5-figure supplement 1: CPK6 and OST1 do not trans-phosphorylate one another in vitro.

We analyzed whether CPK6 and OST1 trans-phosphorylated one another by using the respective active and
inactive mutant kinase versions (OST1 D140A and CPK6 D209A). This approach allowed us to distinguish
between auto- and trans-phosphorylation derived *?P-signals. Kinase inactive versions of OST1 (D140A (28))
and CPK6 (D209A (29)) are not phosphorylated by active CPK6 and OST1, respectively (lanes 1 and 3). When
OST1 D140A and CPK6 D209A were incubated alone no signal can be seen (lanes 2 and 4). Both, OST1 and
CPK®6 phosphorylated the SLAC1-NT which shows that the kinase proteins used exhibit trans-phosphorylation
activities (lanes 5-6). The auto-phosphorylation activities of CPK6 (lanes 1 and 5) and OST1 (lanes 3 and 6) can
be seen.
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Figure 5-figure supplement 2: In yeast-2hybrid assays, OST1 interacts with ABI1 but not with CPK6

lIn yeast-2-hybrid assays, OST1 interacts with ABI1 as indicated by yeast growth on CSM-Leu-Trp-His (right
panel). No growth can be observed when OST1 was co-transformed with CPK6 under identical conditions,

indicating no physical protein-protein interaction of OST1 and CPK®6 in yeast. Empty: Control experiments with
empty vectors.
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Figure 6: Ca?*-dependent protein kinase and OST1 protein kinase activation of SLAC1 requires serine 59
or serine 120, respectively. SLAC1 is synergistically activated by CPKs and OST1.

SLAC1 activation by CPK6 in Xenopus oocytes (A and C) is abolished when serine 59 is mutated to alanine
(S59A) but (B-C) is comparable to wild type SLAC1 activation for the SLAC1 S120A mutated version. (D-F)
OST1 activation of SLAC1 (E-F) is abolished in the SLAC1 S120A mutant, while (D and F) the SLAC1 S59A
activation by OST1 is similar to the wild type. (G-J) If SLAC1 (5 ng cRNA) is expressed alone or with non-BIFC
OST1 (7.5 ng), no anion currents can be detected (I-J). If CPK6 (0.5 ng) is co-expressed, SLAC1-mediated
currents can be seen (G, | and J) which are synergistically enhanced when OST1 (7.5 ng) is added (H-J). Due to
overlapping data of “SLAC1” and “SLAC1 + OST1” alternating data points are shown in (I). Typical current
responses (A-B, D-E and G-H), average steady-state current-voltage relationships +/- SEM, and the number of
measured cells are presented (C, F, and |). Steady-state current responses at -140 mV are plotted in g (***
indicates p=0.005; unpaired t-test with Welch’s correction).
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Figure 6-figure supplement 1: SLAC1 serine 59 but not serine 120 is required for CPK5 or CPK23
activation.

SLAC1 activation by CPK5 (A) and CPK23 (B) is comparable to WT when serine 120 is substituted by alanine
(S120A) while the CPK5 and CPK23 activation of SLAC1 S59A is completely impaired. Representative current
traces (A), average steady-state current-voltage relationships (+/- SEM), and numbers of individual measured
cells are depictured (B).
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Figure 7: Schematic model for Ca?*-specificity mechanism within ABA-dependent SLAC1 activation in
guard cells.

Without ABA, spontaneous or un-specifically induced Ca?* transients (21, 29) do not lead to SLAC1 activation as
PP2C phosphatases directly negatively regulate SLAC1 activation (left panel). In the presence of ABA this
SLAC1 inhibition is released, OST1 and CPKs phosphorylate, and thereby activate the channel (right panel).
ABA also causes [Caz“]Cyt elevation via PP2C inhibition (64, 65). Data indicate a cross-talk between Ca?'-
dependent and -independent ABA-activation of SLAC1 which could be mediated through synergistic target
coincidence detection activity via differential SLAC1 phosphorylation by OST1 and CPKs (right panel).
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SUMMARY
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regulatory subunits of type 2A protein phosphatases, which function in abscisic acid responses.
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ABSTRACT

The plant hormone abscisic acid (ABA) controls growth and development and regulates plant
water status through a well-established signaling pathway. In the presence of ABA, pyrabactin
resistance/regulatory component of ABA receptor (PYR/RCAR) ABA receptor proteins inhibit
type 2C protein phosphatases (PP2C) to enable the activation of SNFI-related kinases 2
(SnRK2). OST1/SnRK2.6/SRK2E is the major protein kinase responsible for mediating ABA
responses in guard cells. Recessive ost/-3 mutant plants transformed with OST1-6xHis-3xFLAG
were used for the co-purification and identification of OST1-interacting proteins after osmotic
stress or ABA treatments. These analyses revealed the homo- and heterodimerization of OST1
with other SnRK2-type protein kinases and identified proteins involved in lipid and galactolipid
metabolism and type 2A protein phosphatases (PP2A) as OST1-interacting proteins. Further
analyses revealed protein-protein interactions of regulatory PP2AA- and PP2AB-subunits with
various SnRK2-type protein kinases. pp2a double mutants exhibited a reduced sensitivity to
ABA during seed germination and stomatal closure but an enhanced sensitivity during seedling

growth.



INTRODUCTION
Land plants adapted the molecule ABA as a hormone to control plant water status and to regulate
developmental processes in response to limited water conditions (Cutler et al., 2010;
Raghavendra et al., 2010; Hauser et al., 2011). In particular, ABA regulates seed dormancy
(Finkelstein et al., 2008), root growth and development (De Smet et al., 2006; Duan et al., 2013)
and stomatal movements (Kim et al., 2010) in response to environmental cues including drought
and salinity.

ABA is perceived by a family of PYR/RCAR ABA receptors (Ma et al., 2009; Park et al.,
2009), which in complex with ABA interact with and negatively regulate PP2C-type
phosphatases (Ma et al., 2009; Park et al., 2009; Santiago et al., 2009; Szostkiewicz et al., 2009;
Nishimura et al., 2010). Inhibition of PP2C-type phosphatases enables the activation of SnRK2-
type protein kinases (Fujii et al., 2009; Melcher et al., 2009) through a release of
dephosphorylation and sterical inhibition (Umezawa et al., 2009; Vlad et al., 2009; Soon et al.,
2012; Xie et al., 2012).

SnRK2-type protein kinases consist of a ten member family in Arabidopsis (Hrabak et
al., 2003). While salt- and osmotic-stress activate nine family members (Boudsocq et al., 2004,
2007; Umezawa et al., 2004; Yoshida et al., 2006), the major kinases activated by ABA are
SnRK2.2/SRK2D (SnRK2.2), SnRK2.3/SRK2I (SnRK2.3) and OST1/SnRK2.6/SRK2E (OST1)
(Mustilli et al., 2002; Yoshida et al., 2002, 2006; Boudsocq et al., 2004, 2007; Fujii et al., 2007;
Fujii and Zhu, 2009; Nakashima et al., 2009; Umezawa et al., 2009). In addition, OST1 is also
activated by low humidity (Yoshida et al., 2002, 2006). SnRK2 activation requires the
phosphorylation of the activation loop within the kinase domain and its stabilization by the DI-
domain/SnRK2-box, located C-terminal to the activation loop (Belin et al., 2006; Boudsocq, et
al., 2007; Umezawa et al., 2009; Vlad et al., 2010; Yunta et al., 2011). Phosphorylation of the
activation loop can occur through intra(cis)- or intermolecular(¢rans)-autophosphorylation (Belin
et al., 2006; Ng et al., 2011) or potentially also through not yet identified kinases. Detailed
analyses of OST1 showed that the C-terminal DII-domain/ABA-box is required for PP2C-type
phosphatase interaction and ABA activation (Belin et al., 2006; Yoshida et al., 2006). However,
the deletion of this domain did not affect the activation of OST1 in response to osmotic stress
and low humidity, suggesting ABA-dependent and independent activation mechanisms of OST1

(Yoshida et al., 20006).



Substrates or interacting proteins of SnRK2-type protein kinases include
AREB/ABF/ABI5-type transcription factors (Kobayashi et al., 2005; Furihata et al., 2006;
Sirichandra et al., 2010), the ion channels SLAC1, QUACI and KAT1 (Geiger et al., 2009; Lee
et al., 2009; Sato et al., 2009; Sasaki et al., 2010; Brandt et al., 2012; Imes et al., 2013), the
NADPH oxidase RbohF (Sirichandra et al., 2009), 14-3-3 proteins (Shin et al., 2007), the
calcium sensor SCS (Bucholc et al., 2011) and the functionally unknown protein SNSI
(Umezawa et al., 2013). In addition putative substrates were identified through mapping peptide
phosphorylation preferences (Vlad et al.,, 2008; Sirichandra et al., 2010) and through
phosphoproteomics approaches (Shin et al., 2007; Umezawa et al., 2013; Wang et al., 2013).
However, validation and functional analyses of such putative SnRK2 substrates or interacting
proteins are incomplete.

Consistent with the environmental conditions in which SnRK2-type protein kinases are
activated, mutations in SnRK2-type protein kinases rendered Arabidopsis plants hypersensitive
to drought, osmotic stress and low humidity, and insensitive to elevated CO> (Mustilli et al.,
2002; Yoshida et al., 2002, 2006; Umezawa et al., 2004; Xie et al., 2006; Fujii et al., 2007, 2011;
Fujii and Zhu, 2009; Fujita et al., 2009; Xue et al., 2011; Merilo et al., 2013). These defects were
linked to altered gene expression of stress responsive genes (Umezawa et al., 2004; Fujii et al.,
2007, 2011; Fujii and Zhu, 2009; Fujita et al., 2009; Nakashima et al., 2009) and impaired
stomatal responses (Merlot et al., 2002; Mustilli et al, 2002; Yoshida et al., 2002; Xie et al.,
2006; Vahisalu et al., 2010; Xue et al., 2011; Merilo et al., 2013). Of the ABA-activated SnRK2-
type protein kinases SnRK2.2 and SnRK2.3 function together predominantly during seed
germination, seedling development and root growth (Fujii et al., 2007; Fujii and Zhu, 2009;
Fujita et al., 2009; Nakashima et al., 2009), while OST1 plays a major role in guard cells (Merlot
et al., 2002; Mustilli et al, 2002; Yoshida et al., 2002; Xie et al., 2006; Xue et al., 2011).
However, disruption of all three ABA-activated SnRK2-type protein kinases resulted in an even
more reduced ABA sensitivity, which affected seed dormancy and leaf water loss (Fujii and Zhu,
2009; Fujita et al., 2009; Nakashima et al., 2009).

PP2A-type phosphatases are heterotrimeric holoenzyme complexes consisting of
regulatory PP2AA- and PP2AB- and catalytic PP2AC-subunits (Xu et al., 2006; Shi, 2009). The
Arabidopsis genome encodes for three PP2AA-, seventeen PP2AB- (two PP2AB-, nine PP2AB’-
, six PP2AB’’-) and five PP2AC-subunits (DeLong, 2006; Farkas et al., 2007). Forward and



reverse genetics approaches revealed functional roles of PP2A-type phosphatases in ABA
signaling (Kwak et al., 2002; Pernas et al., 2007) in regulation of auxin fluxes (Fischer et al.,
1996; Garbers et al., 1996; Rashotte et al., 2001; Michniewicz et al., 2007; Ballesteros et al.,
2012; Dai et al., 2012), brassinosteroid signaling (Tang et al., 2010; Wu et al., 2011), ethylene
signaling and biosynthesis (Larsen and Cancel, 2003; Skottke et al., 2011), methyl jasmonate
signaling (Saito et al., 2008; Trotta et al., 2011) blue light signaling (Tseng and Briggs, 2010)
and microtubule organization (McClinton and Sung, 1997; Camilleri et al., 2002; Kirik et al.,
2012).

PP2AA-subunits consist of 15 tandem HEAT-repeats, forming a hook-like structure for
binding to the PP2AB- and PP2AC-subunits (Farkas et al., 2007; Xu et al., 2006). Severe
developmental defects were observed in PP2AA-subunit double mutants, however only when
pp2aal (renl) was combined with either pp2aa?2 or pp2aa3, indicating that RCN1 plays a major
role in the regulation of PP2A activity (Zhou et al., 2004; Michniewicz et al., 2007). In the
Arabidopsis Wassilewskija (Ws) accession, RCNI mutation resulted in an ABA hyposensitivity
in seed germination and stomatal closure (Kwak et al., 2002; Saito et al., 2008). In contrast the
catalytic subunit mutant pp2ac2 exhibited an ABA hypersensitivity in seed germination, root
growth and seedling development (Pernas et al., 2007), leading to the question about the role of
other catalytic PP2AC-subunits in ABA responses.

The goal of this study was the identification and characterization of novel OST1-
interacting proteins. Using in planta OST1 protein complex isolations we identified family
members of the SnRK2-type protein kinases, PP2A-type phosphatases and proteins involved in
lipid and galactolipid metabolism as OST1-interacting proteins. Further analyses revealed that
regulatory PP2AA- and PP2AB-subunits form an interaction network with ABA-activated
SnRK2-type protein kinases. Phenotypically pp2a double mutant combinations were ABA
hyposensitive during seed germination and stomatal closure but hypersensitive to ABA in root
growth assays. Together, our data add PP2A-type phosphatases as another family of protein

phosphatases into the interaction network of SnRK2-type protein kinases.



RESULTS

Generation and functional characterization of OST1-HF lines

The SnRK2-type protein kinase OST1 was fused at its C-terminus to a 6xHis-3xFLAG (HF)-tag,
resulting in the OST1-HF construct. As a control a green fluorescent protein GFP-HF fusion was

generated. Further, the kinase inactive OST1pa-HF, harboring the D140A mutation in the proton

acceptor site (http://www.uniprot.org/uniprot/Q940H6), the OST1sa-HF, harboring the S175A
mutation of the major phosphorylaton site in the activation loop (Umezawa et al., 2009; Vlad et
al., 2009) and the OST1ac-HF construct, with deletion of the DII-domain/ABA-box (amino acids
P319-M362; Belin et al., 2006; Yoshida et al., 2006), were generated. All constructs, driven by
the pUBQ10 promoter, were transformed into the ost/-3 mutant in the Col-0 background
(SALK 008068; Yoshida et al., 2002) and proper expression was verified by western blot and
anti-FLAG immunodetection (Supplemental Fig. STA).

To confirm the functionality of the OST1-HF constructs, initial co-immunoprecipitation
(co-IP) experiments were performed using the PP2C-type phosphatase ABII as positive control
(Yoshida et al., 2006; Umezawa et al., 2009; Nishimura et al., 2010) and the fluorescent protein
mVenus (Nagai et al., 2002) as negative control (Supplemental Fig. SIB). In these experiments,
OST1-HF was probed for interaction with mVenus-ABI1 or mVenus, and HF-ABI1 was probed
for interaction with mVenus-OST1 or mVenus (Supplemental Fig. S1B). After transient
expression in N. benthamiana leaves purification of OST1-HF and HF-ABI1 did not result in co-
purification of mVenus. In purified OSTI-HF fractions mVenus-ABIl was hardly detected,
while HF-ABI1 co-purified mVenus-OST1 very efficiently (Supplemental Fig. S1B). These
results suggest, that the HF-tag fused adjacent to the DII-domain/ABA-box of OST1 might
interfere with PP2C-type phosphatase interaction (see Discussion).

OSTI loss of function mutants are characterized by a reduced leaf temperature, an
impairment of stomatal closure in response to ABA and CO; and an enhanced water loss under
low humidity and drought conditions (Merlot et al., 2002; Mustilli et al., 2002; Yoshida et al.,
2002; Xie et al., 2006; Xue et al., 2011). ABA inhibition of seed germination and root growth
was not drastically affected in osz/-3 mutants (Yoshida et al., 2002; Fujii and Zhu 2009; Fujita et
al., 2009).

ABA response analyses were performed to investigate whether the different OST1-HF

constructs could complement the ost/-3 mutant phenotype (Fig. 1). Seed germination analyses



revealed that ost/-3, ostl-3/GFP-HF and ost1-3/OST1sa-HF (inactive activation loop mutant)
exhibited a slight but significant ABA hyposensitivity when compared to Col-0 wild type at 0.5
uM ABA (Fig. 1A-C). ostI-3/OST1-HF and o0st/-3/OST1ac-HF seed germination was
comparable to Col-0 wild type (Fig. 1A-C). However, ost1-3/OST 1pa-HF seeds, over-expressing
the inactive proton acceptor site mutation version, exhibited a much stronger pronounced ABA
hyposensitivity when compared to the other investigated lines (Fig. 1A,B yellow line and Fig.
1C). Also in cotyledon expansion/greening assays the kinase inactive ost/-3/OST1pa-HF and
ost1-3/0OST1sa-HF lines exhibited a significantly reduced ABA sensitivity (Fig. 1D), indicating a
dominant negative effect of over-expressed inactive OST1 versions. When 4-day-old seedlings
were transferred to 0.5 MS media supplemented with 10 uM ABA root growth of os¢/-3/OST1-
HF was strongly inhibited in comparison to the other investigated lines and to os¢/-3/OST1-HF
grown on control media (Fig. 1E,F). Also ost/-3/OST1ac-HF exhibited a slight but significant
ABA hypersensitivity in the root growth assay (Fig. 1E,F). Investigations of ABA-induced
stomatal closure revealed that only the OST1-HF wild type construct could complement the ost1-
3 mutant phenotype (Fig. 1G), consistent with Col-0 wild type-like wilting kinetics after rosette
leaves were detached from the roots (Supplemental Movie S1). Note, that also stomata of ost!-
3/GFP-HF plants responded slightly to ABA (Fig. 1G).

Taken together, while over-expression of inactive OST1 versions induces a dominant
negative effect in seed germination and cotyledon expansion/greening (Fig. 1A-D), OST1-HF
and OST1ac-HF over-expression renders plant roots hypersensitive to ABA (Fig. 1E,F), but only
OST1-HF rescues the stomatal ABA response (Fig. 1G) and the accelerated wilting phenotype of
ost1-3 (Supplemental Movie S1). These data provide evidence for the in planta functionality of
OST1-HF. Together with the reduced interaction of OSTI1-HF with mVenus-ABII
(Supplemental Fig. S1B), the OST1-HF construct could enable the identification of novel OST1-

interacting proteins.

OST1-HF protein complex isolations and validations of interactions

Protein complex isolations of transgenic Arabidopsis lines were conducted on 15-day-old
seedlings as described in Materials and Methods. LC-MS/MS acquired peptide data were
collected from seven experiments treated with 200 mM sorbitol for 5, 30 or 60 min and from

seven experiments treated with 50 uM ABA for 30 or 60 min. For each treatment three
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experiments were performed on ost/-3/OST1-HF and three on ost/-3/GFP-HF as background
control. In addition one experiment was conducted on o0st/-3/OST1ac-HF treated with 200 mM
sorbitol and one experiment on ost/-3/OST1lpa-HF treated with 50 uM ABA. A list of all
experiments is provided in Supplemental Table S1. From all experiments a total of 120299
peptides were identified and probed against the TAIR10 protein database. OST1-interacting
proteins were either identified through only unique peptides (Supplemental Table S2) or through
any peptide, which matches the respective protein sequence (Supplemental Table S3). Note that
Supplemental Table S2 and Supplemental Table S3 list only proteins which were not detected in
the respective ost/-3/GFP-HF background control experiments. Only proteins identified in at
least three experiments or with ten peptides were considered as potential OST1-interacting
proteins.

Based on these data potential OSTl-interacting proteins were selected for further
analyses. These proteins are labeled in red in Supplemental Table S2 and Supplemental Table S3
and listed in Table I. PP2C-type phosphatases were not detected in our analyses, most likely due
to the HF-tag fusion C-terminal of the OST1 DII-domain/ABA-box. Also other known OST1-
interacting proteins or substrates (see Introduction) were not detected. Our analyses detected 3-5
SnRK2-type protein kinases and 5-7 type 2A protein phosphatase subunits by unique or non-
unique peptides (Table I; Supplemental Table S2; Supplemental Table S3). Top candidate OST1-
interacting protein was the UDP-D-glucose 4 epimerase 2 (UGE2), which was identified in all
OST1-HF purifications (Table I).

Subcellular localization analyses (Supplemental Fig. S2A), protein-protein interaction
analyses using bimolecular fluorescence complementation (BiFC) (Supplemental Fig. S2B,C)
and co-IP analyses (Supplemental Fig. S2D) were performed on proteins listed in Table I. OST1-
interacting proteins were localized in various subcellular compartments, including the plasma
membrane and tonoplast (NPC4), the nucleus and nuclear bodies (OIP1 and RS31a), the
chloroplast envelope membrane (SFR2) or punctuate structures (OIP6 and OIP26) (Supplemental
Fig. S2A). In general the subcellular localization of the OST1-interacting protein determined the
subcellular localization of its complex with OSTI1, which was investigated using BiFC
(Supplemental Fig. S2B,C). In BiFC analyses UDP-D-glucose 4 epimerase 2 (UGE2) and the
non specific phospholipase C4 (NPC4) exhibited the strongest BiFC emission, which was
comparable to the interaction of OST1 with the PP2C-type phosphatase ABI1 (Supplemental
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Fig. S2C top graph). Only OIP26, which located in punctuate structures (Supplemental Fig. S2A
bottom right image), did not form complexes with OST1 in BiFC analyses (Supplemental Fig.
S2B bottom right image and Supplemental Fig. S2C bottom graph). In co-IP analyses all
investigated HF-tagged OST1-interacting proteins could efficiently co-purify mVenus-OST1 or
(mT)urquoise-OST1 (Supplemental Fig. S2D). Note, that OIP1-, OIP4- and the galactolipid-
remodeling enzyme sensitive to freezing 2 (SFR2)-HF proteins were not detected by anti-FLAG
detection after immunoprecipitation (Supplemental Fig. S2D right panel), indicating a low
expression level or an inefficient purification of these proteins. However, in these co-IP analyses

mT-OST]1 was still co-purified (Supplemental Fig. S2D right panel).

OST]1 interacts with SnRK2-type protein kinases in BiFC and co-IP analyses

One major finding from the in vivo SnRK2 kinase OST1 protein complex isolations was that 3-5
other SnRK2-type protein kinases co-purified with OST1-HF (Table I; Supplemental Table S2;
Supplemental Table S3). Subcellular localization analyses using (mT)urquoise fusion proteins
revealed that SnRK2.2, SnRK2.3, OST1 and SnRK2.8 localized in the cytoplasm and the
nucleus, similar to the PP2C-type phosphatase ABI1 (Fig. 2A). BiFC analyses indicated OST1
interactions with the respective SnRK2-type protein kinases in the cytoplasm and the nucleus,
and also with ABII, used as a positive control (Fig. 2B). Quantification of the BiFC emissions
indicated a stronger OST1-OST1 homodimer vs. OST1-SnRK2 heterodimer formation (Fig. 2C).
OST1 and SnRK2 interactions were weaker compared to the OST1 and ABI1 interaction (Fig.
2C). In co-IP analyses SnRK2-HF and mT-OST1 (Fig. 2D) or OST1-HF and (mT)urquoise-
SnRK2 interactions were investigated (Fig. 2E). In these analyses, OSTI1-OSTI
homodimerization and OST1-SnRK2 heterodimerizations were confirmed (Fig. 2D,E). Note, that
in western blot analyses of the raw protein extracts, indicated as ‘Input’ in Fig. 2D,E, OST1-HF
was not always detected. However after HF-purification (IP), OST1-HF was likely enriched and
clearly detected (Fig. 2D top panel and Fig. 2E left panel). Taken together, protein complex
isolations, BiFC and co-IP analyses provide evidence for OST1-OST1 and OST1-SnRK2-type

protein kinase interactions.
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SnRK2-type protein kinases form an interaction network with regulatory PP2AA- and
PP2AB’-subunits

Interaction of the SnRK2-type protein kinase OST1 with the PP2A-type phosphatase regulatory
subunit PP2AB’beta (Supplemental Fig. S2) and the identification of 5-7 PP2A-subunits in the
OST1-HF protein complex isolations (Table I) raised the question whether OST1 generally
interacts with PP2A-type phosphatases. Therefore initial BiFC analyses were conducted to
investigate interactions of OST1 with all three regulatory PP2AA-, three regulatory PP2AB’-
(PP2AB’alpha, PP2AB’beta and PP2AB’delta) and all five catalytic PP2AC-subunits
(Supplemental Fig. S3A,D). In these analyses BiFC emissions were observed for all OST1 and
PP2A-type phosphatase subunit combinations, however with very low BiFC emissions of OST1
and the catalytic PP2AC-subunit complexes (Supplemental Fig. S3D inset). In general OST1 and
PP2A-subunit complexes were localized in the cytoplasm and the nucleus, with the exception of
OST]1 and the regulatory subunit PP2AB’delta interaction, which was not detected in the nucleus
(Supplemental Fig. S3A top right panel). In addition, OSTI1 interaction with the regulatory
PP2AB’beta- and PP2AB’delta-subunits and with the catalytic PP2AC-subunits was also
observed in punctuate structures (Supplemental Fig. S3A arrows). Additional analyses were
conducted to investigate whether PP2A-type phosphatase subunits form an interaction network
with SnRK2-type protein kinases. Therefore the regulatory PP2A-subunits PP2ZAA1 (RCN1) and
PP2AB’beta were probed for interactions with the ABA-activated SnRK2.2, SnRK2.3 and OST1
protein kinases in BiFC analyses (Supplemental Fig. S3B,C,E,F). Results indicated interactions
of RCN1 (Supplemental Fig. S3B) and of PP2AB’beta (Supplemental Fig. S3C) with all three
investigated SnRK2-type protein kinases in the cytoplasm and the nucleus. Compared to the
OST1 and ABI1 BiFC emission, the RCN1 and SnRK2 BiFC emission was 41-67 %
(Supplemental Fig. S3E) and the PP2AB’beta and SnRK2 BiFC emission was 9-11 %
(Supplemental Fig. S3F).

The SnRK2-type protein kinase and PP2A-type phosphatase subunit interaction network
was further investigated using co-IP analyses. In these analyses the regulatory PP2A-subunits
PP2AA1 (RCNI1) and PP2AB’beta were fused to the HF-tag and co-expressed with
(mT)urquoise-tagged SnRK2-type protein kinases or (mT)urquoise alone, which was used as a
negative control (Fig. 3A,B). The results clearly demonstrate, that purification of RCN1-HF (Fig.
3A) and HF-PP2AB’beta (Fig. 3B) could efficiently co-purify the SnRK2-type protein kinases
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SnRK2.2, SnRK2.3 and OSTI1, but not mTurquoise alone (Fig. 3A,B anti-GFP blots). In
additional experiments the SnRK2-type protein kinase OST1 fused to the HF-tag was co-
expressed with (mT)urquoise- (Goedhart et al., 2010) or mVenus-tagged PP2A-subunits or with
(mT)urquoise alone (Fig. 3C,D). Purification of OST1-HF efficiently co-purified the regulatory
PP2AA-subunits RCN1 and PP2AA3, but not PP2AA2 and (mT)urquoise (Fig. 3C). Also the
regulatory PP2AB’alpha, -B’beta and -B’delta-subunits were efficiently co-purified with OST1-
HF (Fig. 3D), consistent with data of our protein complex isolations (Table I). Co-purification of
the catalytic PP2AC3-subunit with OST1-HF was barely detected (Fig. 3D). These results were
consistent with the very low BiFC fluorescence emission of OST1 and PP2AC-subunits in BiFC
analyses (Supplemental Fig. S3D inset).

In summary, BiFC and co-IP analyses revealed strong evidence for the formation of a
protein-protein interaction network between SnRK2-type protein kinases with PP2A-type
phosphatase regulatory PP2AA- and PP2AB’-subunits.

PP2A-type phosphatase subunit mutants exhibit altered ABA responses

PP2A-subunits are known to be involved in ABA responses. In the Arabidopsis Ws accession the
regulatory subunit mutant rcnl-1 exhibited ABA hyposensitive phenotypes, while the single
catalytic subunit mutant pp2ac2 was ABA hypersensitive (Kwak et al., 2002; Pernas et al.,
2007). For our analyses, we used T-DNA insertion lines in the Columbia-0 (Col-0) accession as
described in Materials and Methods. Currently it is unknown, which regulatory PP2 AB-subunits
function in ABA responses. Because the Arabidopsis genome encodes for seventeen PP2AB-
subunits including nine PP2AB’-subunits (Farkas et al., 2007), we focused on functional
characterizations of regulatory PP2AA-subunits and on catalytic PP2AC-subunits.

Seed germination analyses in response to 1 uM ABA revealed a reduced ABA sensitivity
of the regulatory PP2AA-subunit mutant rcn/-6 and of the catalytic PP2AC-subunit mutants
pp2ac3, pp2ac4 and pp2ac5 (Fig. 4A,B). Seed germination of these lines was significantly
inceased when grown on 0.5 MS media supplemented with 1 uM ABA and compared to Col-0
wild type on day four after stratification (Fig. 4C). Also a significantly higher amount of rcni-6
mutant seedlings were green with expanded cotyledons on day seven after stratification (Fig.
4C). ABA sensitivities of pp2aa3 and pp2ac2 mutant lines were similar to Col-0 wild type (Fig.
4).
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Analysis of seedling growth on 0.5 MS media supplemented with or without 5 uM ABA
was compared to the ABA insensitive abil-1 mutant in the Col-0 background (Supplemental Fig.
S4). In contrast to abil-1, which was insensitive to ABA, the pp2a mutants exhibited a root
growth reduction similar to Col-0 wild type in response to ABA (Supplemental Fig. S4B). Note
that rcnl-6 exhibited an agravitropic root growth on control media, which was further enhanced
in the presence of 5 uM ABA (Supplemental Fig. S4A).

In Arabidopsis PP2A ternary complexes could potentially consist of 255 different PP2A-
subunit combinations. We further investigated ABA responses of regulatory PP2AA- and
catalytic PP2AC-subunit double mutant combinations, in which only a limited number of
potential PP2A-type phosphatase ternary complexes can be formed. The regulatory PP2AAI-
subunit RCN1 plays a major role in PP2A-type phosphatase regulation in the Ws accession
(Zhou et al., 2004; Michniewicz et al., 2007). Therefore also rcnl-6 and pp2ac double mutant
combinations were generated and functionally analyzed.

In seed germination and cotyledon expansion/greening assays on 0.5 MS control media,
the investigated double mutant combinations exhibited germination rates and seedling growth
similar to Col-0 wild type (Fig. 5A,C,D). However, in response to 0.8 uM ABA all investigated
renl-6/pp2ac and pp2ac double mutant combinations exhibited an ABA hyposensitive increased
seed germination rate when compared to Col-0 wild type (Fig. 5B). In particular, on day four
after stratification seed germination of rcnl-6/pp2ac2, rcnl-6/pp2ac5, pp2ac3/pp2ac5 and
pp2ac4/pp2ac5 was significantly increased and > 2-fold higher compared to Col-0 wild type
(Fig. 5C). The number of seedlings with green and expanded cotyledons on day six after
stratification was significantly higher for rcnl-6/pp2ac2, rcnl-6/pp2ac5 and pp2ac3/pp2acs
(Fig. 5D). The rcni-6/pp2ac3 double mutant had no significant effect on ABA inhibition of seed
germination and cotyledon expansion in these experimental conditions (Fig. 5C,D).

In contrast to the reduced ABA sensitivity during seed germination, the rcnil-6/pp2ac?2,
pp2ac3/pp2acs and pp2ac4/pp2ac5 double mutants exhibited a significantly enhanced sensitivity
to 5 uM ABA in root growth assays (Fig. SE,F). Root growth of these mutants was inhibited to
42-60 % of control conditions compared to 70 % of rcnl-6/pp2ac5 and 91 % of Col-0 wild type
(Fig. 5F). Interestingly, when grown on control media, all investigated rcni-6/pp2ac double

mutants exhibited an rcn/-6-like agravitropic root growth phenotype (Fig. SE top row and
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Supplemental Fig. S4E). Such agravitropic root growth was also observed for pp2ac3/pp2ac5 but
not for pp2ac4/pp2ac5 (Fig. SE top row).

None of the investigated rcnl-6/pp2ac and pp2ac double mutant combinations in the Col-
0 accession exhibited altered responses for ABA-induced stomatal closure (Fig. 5G). Therefore
we investigated stomatal responses of regulatory pp2aa double mutant combinations (Fig. 6).
Stomata of Col-0 wild type and the pp2aa2-1/pp2aa3-1 double mutant significantly responded to
5 uM ABA and closed to 75 % and 86 % of apertures in control conditions (Fig. 6). In contrast,
stomata of the rcnl-6/pp2aa2-1 and rcnl-6/pp2aa3-1 double mutants did not respond
significantly to 5 uM ABA (Fig. 6). Note that the rcnl-6/pp2aa2-1 and rcnl-6/pp2aa3-1 double
mutants exhibited a strongly reduced growth when compared to Col-0 wild type and the pp2aa2-
1/pp2aa3-1 double mutant (Supplemental Fig. S5). These data are consistent with a previous
report on rcnl-1/pp2aa2-1 and rcnl-1/pp2aa3-1 double mutants (Zhou et al., 2004). In
summary, disruption of PP2A activity renders Arabidopsis Col-0 plants less sensitive to ABA
during seed germination and stomatal closure but hypersensitive to ABA during seedling

development.

Regulatory PP2AA- and catalytic PP2AC-subunits interact in BiFC and yeast-two-hybrid
analyses

Due to the huge numbers of potential PP2A-type phosphatase ternary complexes, knowledge of
PP2A-subunit expression, subcellular localization and interaction patterns is essential for
understanding PP2A-type phosphatase function. BiFC- (Fig. 7) subcellular localization-
(Supplemental Fig. S6) and yeast-two-hybrid analyses (Supplemental Fig. S7) were performed to
investigate whether PP2AA- and PP2AC-subunit interactions and PP2A-subunit localizations
correlate with the observed differences in ABA responses of pp2a single and double mutants
(Fig. 4 and Fig. 5). BiFC emission was observed for all possible regulatory PP2AA- and catalytic
PP2AC-subunit combinations (Fig. 7) Protein complexes of PP2AA1 (RCNI1) (Fig. 7A),
PP2AA2 (Fig. 7B) and PP2AA3 (Fig. 7C) with PP2AC-subunits were located predominantly in
the cytoplasm. However, the single PP2AA- and PP2AC-subunit proteins fused to (mT)urquoise
or mVenus localized in the cytoplasm and the nucleus (Supplemental Figure S6A,B), while
PP2AB-subunits were differentially distributed within the cell (Supplemental Figure S6C-E).
Although the PP2AA- and PP2AC-subunit BiFC emissions were relatively weak for all
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complexes, differences in emission intensities were detected, indicating a reduced interaction of
RCNI1 with PP2ACS (Fig. 7D). PP2AA?2 interacted predominantly with PP2AC3 (Fig. 7E) and
PP2AA3 with PP2AC3-PP2ACS (Fig. 7F). Yeast-two-hybrid analyses confirmed the broad
interaction spectrum of PP2AA- and PP2AC-subunits (Supplemental Fig. S7). However, in our
experimental condition PP2AA3 did not interact with PP2AC4 in yeast-two-hybrid analyses
(Supplemental Fig. S7C).

Taken together regulatory PP2AA- and catalytic PP2AC-subunits form a broad
interaction spectrum of complexes which are localized mainly in the cytoplasm. The single
fluorescent protein-fused PP2AA- and PP2AC-subunits were also observed in the nucleus.
Regulatory PP2AB-subunits were more diversely localized, which is consistent with their
proposed roles in subcellular targeting of PP2A-type phosphatase complexes (DeLong, 2006;
Farkas et al., 2007).

DISCUSSION

Design and ABA responses of OST1-HF lines

The SnRK2-type protein kinase OST1 is one of the major ABA signaling components in guard
cells (Merlot et al., 2002; Mustilli et al., 2002; Yoshida et al., 2002; Xie et al., 2006; Acharya et
al., 2013). Our goal was the identification of novel OST1-interacting proteins using in planta
protein complex isolations followed by LC-MS/MS analyses. We ubiquitously expressed OST1-
HF constructs, including inactive D140A and S175A mutations, and the C-terminally truncated
OSTl1ac-HF construct, lacking the DII-domain/ABA-box, in the ost/-3 mutant background
(Supplemental Fig. S1A). From these constructs only OST1-HF could complement guard cell
related phenotypes of ost/-3 (Fig. 1G and Supplemental Movie S1), indicating that these
responses require the active kinase and the DII-domain/ABA-box. These results were consistent
with previous reports, which analyzed the ABA activation and phenotypes of similar constructs
(Belin et al., 2006; Yoshida et al., 2006; Boudsocq et al., 2007). Interestingly ectopic expression
of OST1-HF rendered roots hypersensitive to ABA (Fig. 1E,F). Similarly, over-expression of the
ABA receptors PYR1, PYL2 and PYLS, as positive regulators of ABA signaling, enhances ABA
sensitivity (Santiago et al., 2009; Mosquna et al., 2011; Waadt et al., 2014b), while over-
expression of the PP2C-type phosphatases ABI1 and HABI, as negative regulators, decreases
ABA sensitivity (Santiago et al., 2009; Nishimura et al., 2010). However, the enhanced ABA
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sensitivity of the ost/-3/OST1-HF line could also be explained by the strongly reduced
interaction of OSTI1-HF with the PP2C-type phosphatases ABI1 (Supplemental Fig. S1B),
resulting in an inefficient inhibition of OST1-HF by ABI1 or probably also other Group A PP2C-
type phoshpatases. Expression of the inactive OST1pa-HF construct resulted in a reduced ABA
sensitivity during seed germination and young seedling development (Fig. 1B-D). OST1pa-HF
might compete with endogenous ABA-activated SnRK2-type protein kinases for substrate
binding and thereby inhibiting ABA responses. These data are consistent with the inhibition of
ABA responses in Vicia faba guard cells through over-expression of an ABA-activated protein
kinase AAPK, which was inactivated through a mutation in the ATP-binding site (Li et al.,
2000).

Identification of OST1-interacting proteins

LC-MS/MS analyses of proteins co-purified with OST1-HF identified several potential OST1-
interacting proteins (Table I and Supplemental Tables S2-S4). However, none of the known
OST1 substrates (see introduction) were identified in our analyses. Three possible reasons could
explain this result: 1) low protein abundance of known OST1-interacting proteins in total protein
extracts due to tissue specific expression (e.g. guard cells), 2) reduced interactions of OST1-HF
with PP2C-type phosphatases due to the HF-tag fusion adjacent to the DII-domain/ABA-box
(Supplemental Fig. S1B) and 3) OST]1 interactions with substrates can be transient and may
occur only during signaling. The present analyses demonstrate the interactions of various
proteins previously not known to interact with SnRK2-type protein kinases. These interactions
have been confirmed using co-IP and, except for OST1 and OIP26 interaction, also in BiFC
analyses (Supplemental Fig. S2). Below we discuss some interesting aspects of novel OST1-

interacting proteins.

Novel OST1 interactors are implicated in lipid metabolism

Among the top OST1-interacting protein candidates identified in the in planta protein complex
isolations were the UDP-D-glucose 4 epimerase 2 (UGE2), the non specific phospholipase C4
(NPC4) and the galactolipid-remodeling enzyme sensitive to freezing 2 (SFR2) (Table I). BiFC
of OST1 with UGE2 and NPC4 exhibited the strongest fluorescence emission, when compared to
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OST1 with ABIl and other OST1 interactors (Supplemental Fig. S2C). Co-IP analyses
confirmed interactions of OST1 with UGE2, NPC4 and SFR2 (Supplemental Fig. S2D).

NPC4 hydrolyzes phosphatidylcholin or phosphatidylethanolamine to produce Pi-
containing headgroups and diacylglycerol and has been implicated in phosphate recycling from
phospholipids during phosphate deprivation (Nakamura et al., 2005). Diacylglycerol produced
by NPC4 can be converted to phosphatidic acid, which acts as a signaling molecule and is also
involved in ABA signaling (Jacob et al., 1999; Testerink and Munnik, 2005; Peters et al., 2010).
Analyses of npc4 mutants revealed its role in salt-, osmotic stress and ABA responses (Peters et
al., 2010; Kocourcova et al., 2011).

UGE activity has been implicated to provide UDP-Galactose for cell wall and for
galactolipid biosynthesis (Dérmann and Benning 1998; Rosti et al., 2007). Galactolipids are
synthesized at the chloroplast envelope membranes from UDP-galactose and diacylglycerol to
produce  monogalactosyldiacylglycerol =~ which can  be  further  processed to
digalactosyldiacylglycerol (Moellering and Benning, 2011). Both of these galactolipids are
substrates of OST-interacting protein SFR2 (Table I, Supplemental Fig. S2), which produces
oligogalactolipids and diacylglycerol (Benning and Ohta, 2005; Moellering et al., 2010;
Moellering and Benning, 2011). SFR2 was originally identified through a screen for mutants
sensitive to freezing (Warren et al., 1996; Thorlby et al., 2004). Interestingly, SFR2 activity was
also induced by osmotic stress and dehydration (Moellering et al., 2010) and the modulation of
lipid compositions is known to occur in response to abiotic stresses (Moellering and Benning,
2011). Thus NPC4, UGE2 and SFR2 might be involved in ABA-mediated responses to abiotic
stresses through membrane lipid remodeling, which could be regulated through OST1.

OST1 interacts with other SnRK2-type protein kinases

One major finding of the in planta protein complex isolations was, that OST1 formed OST1-
OST1 homo- and OST1-SnRK2-type protein kinase heterodimer complexes (Table I), which was
confirmed for SnRK2.2, SnRK2.3 and SnRK2.8 in BiFC and co-IP analyses (Fig. 2). Such
complexes could contribute to the amplification of the SnRK2 phosphorylation- and activation
status through trans-(auto)phosphorylation. /n vitro trans-(auto)phosphorylation of OST1 has
been reported (Ng et al., 2011). Analyses of recombinant OST1 protein suggested a monomeric

status of OST1 (Yunta et al., 2011). However, the present study provides evidence, that SnRK2-
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type protein kinases form oligomers in planta (Table I and Fig. 2). This might indicate that other

plant components are needed for SnRK2-type protein kinase oligomerization in planta.

SnRK2-type protein kinases interact with type 2A protein phosphatase regulatory subunits
Among the potential OST1-interacting proteins identified from the in planta protein complex
isolations were 5-7 PP2A-type phosphatase subunits (Table I). More detailed analyses revealed,
that OST1 interacted with regulatory PP2AA- and PP2AB’-subunits in co-IP and BiFC analyses
(Fig. 3, Supplemental Fig. S3). In addition interactions were also confirmed for the regulatory
subunits PP2AA1 (RCNI1) and PP2AB’beta with three ABA-activated SnRK2-type protein
kinases (Fig. 3 and Supplemental Fig. S3). These data suggest a broad interaction network
between SnRK2-type protein kinases and PP2A-type phosphatases besides the well-established
interactions of SnRK2-type protein kinases with type 2C protein phosphatases (Yoshida et al.,
2006; Umezawa et al., 2009; Vlad et al., 2009; Nishimura et al., 2010).

PP2A-type phosphatases function in ABA responses

Earlier studies on PP2A-type phosphatase subunit mutants in the Arabidopsis Ws accession
revealed a reduced ABA sensitivity of the regulatory PP2AA-subunit mutant rcnl/-1 in seed
germination and stomatal responses (Kwak et al., 2002; Saito et al., 2008) and an ABA
hypersensitivity of the catalytic subunit mutant pp2ac2 in seed germination and root growth
(Pernas et al., 2007). Our analyses on PP2A-subunit mutants in the Arabidopsis Col-0 accession
revealed a reduced ABA sensitivity in seed germination assays of pp2a single mutants, including
renl-6, and of renl-6/pp2ac and pp2ac double mutants (Fig. 4B-D and Fig. 5B-D). We did not
observe any altered ABA responses of the catalytic pp2ac2 single mutant in our experimental
conditions (Fig. 4 and Supplemental Fig. S4). For stomatal responses, a reduced ABA sensitivity
of the PP2AA-subunit mutant rcn/-6 was observed in combination with pp2aa2-1 or pp2aa3-1
mutants (Fig. 6), but not in combination with catalytic pp2ac mutants. The differences between
ABA responses in Ws compared to Col-0 may result from altered expression levels between
natural accessions of Arabidopsis. Gene dosages of regulatory PP2AA-subunits were discussed
to be important for PP2A-type phosphatase function (DeLong, 2006). Consistently, PP2A-type
phosphatase activity in Ws was measured to be four-fold higher compared to Col-0 (Hu et al.,

2014).
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The regulatory PP2AA-subunit mutant rcn/-6 exhibited an enhanced root curling in
presence of ABA (Supplemental Fig. S4A), and ABA sensitivity of root curling and growth was
strongly increased in rcnl-6/pp2ac and catalytic subunit pp2ac double mutants (Fig. SE,F). Our
ABA response analyses indicate that PP2A-type phosphatases function as positive regulators of
ABA responses in seeds and guard cells but as negative regulators in roots. Previous studies on
stomatal ABA responses using the PP2A-type phosphatase inhibitor okadaic acid provided
evidence that PP2A-type phosphatases function as negative regulators of ABA-responses in
Pisum sativum and Vicia Faba (Schmidt et al., 1995; Hey et al., 1997), but as positive regulators
in Arabidopsis (Pei et al., 1997; Kwak et al., 2002). PP2A-type phosphatases function not only in
ABA responses but also in other plant hormone and light responses (Lillo et al., 2014).
Arabidopsis plants with mutations in PP2A-type phosphatase subunits are characterized by
enhanced ethylene levels and ethylene responses (Larsen and Cancel, 2003; Muday et al., 2006;
Skottke et al., 2011), altered auxin transport (Garbers et al., 1996; Rashotte et al., 2001; Muday
et al., 2006; Michniewicz et al., 2007; Ballesteros et al., 2012) and an enhanced blue light-
induced stomatal opening (Tseng and Briggs, 2010). These findings suggest that the observed
differences in ABA responses of PP2A-type phosphatase mutants might be a result of their direct
interactions with ABA-activated SnRK2-type protein kinases and cross talk with auxin, ethylene

and blue light responses.

PP2AA- and PP2AC-subunits interact in vivo and PP2AB’-subunits are differentially
localized

Information about the subcellular distributions and interaction patterns of PP2A-type
phosphatase subunits is essential for understanding their cellular functions. There is limited
knowledge about interaction patterns among PP2A-subunits (Haynes et al., 1999) and subcellular
localizations are known for the regulatory PP2AA- and for six PP2AB’-subunits (Blakeslee et
al., 2008; Matre et al., 2009; Tang et al., 2010; Trotta et al., 2011; Tran et al., 2012). We
performed comprehensive interaction analyses of all three regulatory PP2AA- and all five
catalytic PP2AC-subunits and detected a broad interaction spectrum using BiFC (Fig. 7) and
yeast-two-hybrid analyses (Supplemental Fig. S7). Interestingly, while all regulatory PP2AA and
catalytic PP2AC complexes localized in the cytoplasm (Fig. 7), single PP2AA- and PP2AC-
subunits were detected also in the nucleus (Supplemental Fig. S6A,B). Regulatory PP2AB-
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subunits are thought to be necessary for the subcellular targeting of PP2A holoenzyme
complexes (DeLong, 2006; Farkas et al., 2007). This hypothesis is supported by diverse
localization patterns of PP2 AB-subunits (Supplemental Fig. S6C-E).

CONCLUSIONS

The identification of interacting proteins or substrates of ABA-activated SnRK2-type protein
kinases is crucial for unraveling the ABA signaling network and its communication with other
signaling pathways. We performed in vivo protein complex isolations of the SnRK2-type protein
kinase OST1 and identified novel OST1-interacting proteins using LC-MS/MS and confirmed
selected interactions using co-IP and BiFC analyses. Our major findings were: 1) OST1 forms
homodimers and heterodimers with other SnRK2-type protein kinases, 2) OST1 interacts with
enzymes involved in lipid metabolism, and 3) SnRK2-type protein kinases form complexes with
regulatory subunits of type 2A protein phosphatases. Further analyses of PP2A-type
phosphatases added new findings about the role of regulatory PP2AA- and catalytic PP2AC-
subunits in ABA responses which might be directly linked to SnRK2-type protein kinase

interactions and potentially also to cross talk with other signaling pathways.

MATERIALS AND METHODS

T-DNA lines and genotyping

T-DNA lines were obtained from the Arabidopsis Biological Resource Center and from the
Nottingham Arabidopsis Stock Centre. T-DNA insertions were confirmed by PCR on genomic
DNA and sequencing of the left- and right-borders. Genomic DNA was isolated using the CTAB
method (Stacey and Isaak, 1994). RNA was isolated using the RNeasy Plant Mini Kit (Quiagen)
and reverse transcribed using the First-Strand cDNA Synthesis Kit and Not I d(T)is primers (GE
Healthcare). Mutant status was confirmed by RT-PCR (38 cycles) including actin2 as expression
control.

The following T-DNA lines in Columbia-0 accession were used in this work: ost/-3
(SALK _008068; Yoshida et al., 2002), rcni-6 (SALK _059903; Blakeslee et al., 2008), pp2aa2-1
(SALK 042724; Zhou et al., 2004), pp2aa3-1 (SALK 014113; Zhou et al., 2004), pp2aa3-2
(SALK _099550; Zhou et al., 2004), pp2ac2 (GK-072G03), pp2ac3 (SALK 035009), pp2ac4
(GK-089F04), pp2ac5 (SALK 139822; Tang et al., 2010).
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Plant growth and ABA response assays
Arabidopsis seeds were surface sterilized in 70 % EtOH and 0.04 % SDS followed by three
washes in 100 % EtOH and sown on 0.5 MS media (Sigma) (pH 5.8) supplemented with 0.8 %
Phyto Agar (RPI). After four days of stratification at 4 °C in the dark, plants were grown in a
growth room in long day conditions (16 h light/8 h dark) with 50 - 80 uE m s’! light intensity at
25-27 °C and 25-30 % relative humidity. Six-day-old seedlings were transferred to pots and
either grown in the growth room or in a Conviron CMP3244 plant growth chamber with 16 h
day, 22 °C/8 h night, 18 °C cycle and 50-100 pE m™s"! and 40-50 % relative humidity.

ABA response assays were performed as described previously (Waadt et al., 2014b).
Seed germination assays were performed in the growth room on 0.5 MS agar media
supplemented with 0.5 or 0.8 uM (+)-ABA (TCI) or 1 uM (+/-)-ABA (Sigma) or the respective
concentration of EtOH as solvent control. Analyses represent mean values + SEM of four
technical replicates normalized to the seed count of each experiment. Root growth assays were
performed on four-day old seedlings, which were transferred to 0.5 MS agar media
supplemented with 5-10 uM ABA or the respective concentration of EtOH as solvent control and
grown vertically in the growth room for additional 5 days. Root length was measured using Fiji

(http://fiji.sc/Fiji;  Schindelin et al., 2012) or the Root Detection software

(http://www.labutils.de/rd.html) and analyzed as means of seven seedlings = SEM of 4-5

technical replicates and normalized to the 0.5 MS control conditions.

ABA-induced stomatal closure analyses were performed with detached leaves of 3-5-
week-old plants, which were floated in stomatal assay buffer [5 mM KCl, 50 uM CaCl; and 10
mM MES-Tris pH 6.15 (pp2a mutants) or pH 5.6 (ost/-3 and OSTI1-HF lines)] for 2 hours.
Subsequently, 5-10 uM (+)-ABA or the respective concentration of EtOH as solvent control was
added to the opening buffer followed by an additional 2 hour incubation. Leaf epidermal tissue
was isolated using the blending method and images were acquired using an inverted light
microscope. Stomatal apertures were measured using Fiji Schindelin et al., 2012). Data represent
mean stomatal apertures + SEM of three to six experiments normalized to the solvent control.

For the dry down experiment, rosettes of each genotype were cut from plants grown in

soil in the growth chamber, placed immediately on dry Whatman paper and imaged every 0.5
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min for 30 min. Significance of data were analyzed in R (Team, 2010) using a one-way- or two-

way ANOVA.

Subcellular localization and BiFC analyses

For subcellular localization analyses coding sequences were inserted into plant expression
vectors harboring a pGPTVILbar or pGPTVILhyg backbone (Walter et al., 2004) and an
expression cassette consisting of the pUBQ10 promoter (AT4G05310; Norris et al., 1993; Krebs
et al., 2012) or the pUBQ10 driven beta-estradiol inducible system (Schliicking et al., 2013) and
the HSP18.2 terminator (T) (AT5G59720; Nagaya et al.,, 2010) and fused to the fluorescent
proteins mTurquoise (Goedhart et al., 2010) or (m)Venus (Nagai et al., 2002). Constructs for
BiFC analyses were generated by ligation of coding sequences into hygII-SPYNE(R) and kanlI-
SPYCE(M) or kanlI-SPYCE(MR) plasmids (Waadt et al., 2008). Plasmids were transformed into
Agrobacterium tumefaciens GV3101 (pMP90; Koncz and Schell, 1986) and transiently
expressed in leaves of 5-6-week-old Nicotiana benthamiana plants together with the pl9
silencing suppressor as described (Waadt et al., 2014a). Subcellular localizations and BiFC
analyses were performed by confocal microscopy as described previously (Waadt et al., 2014a;

Waadt et al., 2014Db).

In vivo protein complex isolations and co-immunopreciptation analyses

Coding sequences were inserted into the pGPTVILbar plant expression vector harboring either a
pUBQI10 - NosT expression cassette (see above and Walter et al., 2004) and a 6xHis-3xFLAG
(HF)-tag located 3’ of the multiple cloning site or a pUBQ10 - HSP18.2T expression cassette and
the HF- tag located 5° of the multiple cloning site and transformed into Agrobacterium
tumefaciens GV3101 (pMP90; Koncz and Schell, 1986).

For in vivo protein complex isolations GFP-HF and OST1(pa, sa, ac)-HF constructs were
transformed into the osz/-3 mutant background (Yoshida et al., 2002) by the floral dip method
(Clough and Bent, 1998). Transformants were selected on 0.5 MS agar plates supplemented with
10 pg/mL glufosinate and further selected by western-blot and anti-FLAG immuno-detection.
Homozygous T4 lines were sown on 0.5 MS agar plates (12 plates, 24 seedlings/plate) and grown
vertically in the growth room for 15 days. For transient expression, Agrobacteria harboring HF-

constructs, mTurquoise- or mVenus-tagged constructs and the p19 strain were co-transfected into
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one N. benthamiana leaf and incubated for 3-4 days. Transient expression in N. benthamiana
was performed as described (Waadt et al., 2014a).

Plant tissue was harvested and incubated for 1 h in 0.5 MS liquid media. Subsequently,
media was exchanged by 0.5 MS liquid media + 200 mM sorbitol, or (+)-ABA was added to a
final concentration of 50 uM followed by an incubation for 5, 30 or 60 min. Plant tissue was
dried briefly using paper towels, frozen in liquid N> and extracted in SlI-buffer (100 mM
NaxHPO4/NaH2POs, pH 8.0, 150 mM NaCl, 5 mM EDTA, 5 mM EGTA, 0.1 % Triton-X-100)
supplemented with protease inhibitor (Roche), Phosphatase inhibitors 2 and 3 (Sigma) and 1 mM
phenylmethylsulfonyl fluoride (PMSF). After 10 min of rotation at 4 °C, raw extracts were
sonicated (20x 0.5 s on ice) followed by 20 min centrifugation at 20,000 g and filtration through
a 0.45 syringe filter. Protein extracts were mixed with (1/100 v/v) Anti-FLAG M2 magnetic
beads (Sigma) equilibrated in SII-buffer and rotated 4 h at 4 °C. Proteins bound to the Anti-
FLAG M2 magnetic beads were concentrated using the DynaMag-2 magnetic particle
concentrator (Invitrogen) and washed 3-4 times in > 20 bead volumes of SII-buffer, followed by
two washes in FLAG-to-His-buffer (100 mM Na;HPO4/NaH2PO4, pH 8.0, 150 mM NaCl, 0.05
% Triton-X-100). Proteins were eluted four times in one bead volume of FLAG-to-His-buffer
supplemented with 500 pg/mL 3xFLAG peptide (Sigma) and stored at -80 °C. Western-blot and
immuno-detection was performed using a mouse Anti-FLAG M2 antibody (Sigma) or rabbit
monoclonal anti-GFP antibody (Invitrogen) followed by a secondary goat anti mouse or anti
rabbit IgG (H + L) horseradish peroxidase-conjugate antibody (BioRad) as described (Waadt et
al., 2014a).

For LC-MS/MS analyses proteins were precipitated by addition of 1/3 (v/v) of cold 100
% trichloracetic acid, 30 min incubation on ice and 30 min centrifugation at 20,000 g and 4 °C.
Protein pellets were washed twice with 100 % ice cold acetone and 10 min centrifugation at

20,000 g and 4 °C, air dried and stored at -80 °C.

Mass Spectrometry and Data Analysis

Protein pellets were resolubilized by addition of 50 pl 0.2 % ProteaseMAX™ surfactant
prepared in 50 mM ammonium bicarbonate and adjusted to 100 pL volume by addition of 8 M
urea. Disulfide bonds in the proteins were reduced by addition of tris(2-carboxyethyl)-phosphine

hydrochloride (TCEP) to a final concentration of 5 mM and incubated at room temperature for
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20 min. Alkylation was performed in the dark by 10 mM lodoacetamide treatment for 20 min.
Samples were diluted to reduce the urea concentration to less than 2 M and proteins were
digested overnight at 37 °C and 750 rpm using Sequencing Grade Modified Trypsin (Promega).
Subsequently samples were acidified with formic acid at a final concentration of 5 % followed
by a centrifugation at 14,000 rpm for 30 min. The peptide supernatant was transferred to a
separate reaction tube and pressure-loaded into a biphasic trap column.

Mass spectrometric analysis of the samples was performed using MudPIT technology
(Washburn et al., 2001). Capillary columns were prepared in-house from particle slurries in
methanol. An analytical column was generated by pulling a 100 um ID/360 um OD capillary
(Polymicro Technologies) to a 3 um ID tip. The pulled column was packed with reverse phase
particles (Aqua C18, 3 um dia., 90 A pores, Phenomenex) until 15 cm long. A biphasic trapping
column was prepared by creating a Kasil frit at one end of an deactivated 250 um ID/360 um OD
capillary (Agilent Technologies), which was then successively packed with 2.5 cm strong cation
exchange particles (Partisphere SCX, 5 um dia., 100 A pores, Phenomenex) and 2.5 cm reverse
phase particles (Aqua C18, 5 pm dia., 90 A pores, Phenomenex). The trapping column was
equilibrated using buffer A (5 % acetonitrile/0.1 % formic acid) prior to sample loading. After
sample loading and prior to MS analysis, the resin-bound peptides were desalted with buffer A
by flow through the trap column. The trap and analytical columns were assembled using a zero-
dead volume union (Upchurch Scientific).

LC-MS/MS analysis was performed on LTQ OrbitrapVelos (Thermo Scientific)
interfaced at the front end with a quaternary HP 1100 series HPLC pump (Agilent Technology)
using an in-house built electrospray stage. Electrospray was performed directly from the
analytical column by applying the ESI voltage at a tee (150 wm ID, Upchurch Scientific) directly
downstream of a 1:1000 split flow used to reduce the flow rate (250 nL/min). A fully automated
4-step MudPIT run was performed on each sample using a three mobile phase system consisting
of buffer A, buffer B (80 % acetonitrile/0.1 % formic acid), and buffer C (500 mM ammonium
acetate/S % acetonitrile/0.1 % formic acid). The first step was 60 min reverse-phase run, whereas
three subsequent steps were of 120 min duration with different concentrations (10 %, 50 % and
100 %) of buffer C run for 4 min at the beginning of each of the gradient. Peptides were analyzed
using a Top-20 data-dependent acquisition method. As peptides were eluted from the

microcapillary column, they were electrosprayed directly into the mass spectrometer with the
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application of a distal 2.4 kV spray voltage. For each cycle, full-scan MS spectra (m/z range 300-
1600) were acquired in the Orbitrap with the resolution set to a value of 60,000 at m/z 400 and an
automatic gain control (AGC) target of 1x10° ions and the maximal injection time of 250 ms.
For MS/MS scans the target value was 5,000 or 10,000 ions with injection time of 25 ms. Once
analyzed, the selected peptide ions were dynamically excluded from further analysis for 120 s to
allow for the selection of lower-abundance ions for subsequent fragmentation and detection
using the setting for repeat count = 1, repeat duration = 30 ms and exclusion list size = 500.
Charge state filtering was enabled. The minimum MS signal for triggering MS/MS was set to
500 and an activation time of 10 ms was used. All tandem mass spectra were collected using
normalized collision energy of 35 % and an isolation window of 2 h.
For protein identification an Integrated Proteomics Pipeline (IP2) software and a web-based
proteomics data analysis platform were used (Integrated Proteomics Applications, Inc.). Tandem
mass spectra were extracted from the Xcalibur data system format into MS2 format using
RawXtract].9.9.2. MS/MS spectra were searched with the ProLuCID algorithm against the
TAIR10 database (downloaded January 2011) that was concatenated to a decoy database in
which the sequence for each entry in the original database was reversed. The search parameters
include 50 ppm peptide precursor mass tolerance and 0.6 Da for the fragment mass tolerance
acquired in the ion trap. The initial wide precursor mass tolerance in the database search was
subjected to post-search filtering and eventually constrained to 10 ppm. Carbamidomethylation
on cysteine was defined as fixed modification and phosphorylation on STY was included as
variable modification in the search criteria. The search space also included all fully- and semi-
tryptic peptide candidates of length of at least six amino acids. Maximum number of internal
miscleavages was kept unlimited. ProLuCID outputs were assembled and filtered using the
DTASelect2.0 program (Tabb et al., 2002).

Identified peptide sequences were blasted against the TAIRI0 protein database

(http://www.arabidopsis.org/index.jsp) and peptide data were used to calculate protein- and

experiment-scores for each identified protein using an in house designed ‘Dismemberer’ Java
application. Protein-scores were calculated as the sum of protein matching peptides identified in
the OST1(pa, ac)-HF purification experiments minus the sum of the protein matching peptides
identified in the GFP-HF purification experiments. Experiment scores were calculated as the

count of OST1(pa, ac)-HF purification experiments, in which the protein was identified minus the
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count of GFP-HF purification experiments, in which the protein was identified. Scores were
calculated from unique peptides, of which their sequence matches only one single TAIR10
annotated protein, or from any protein matching peptides, of which their sequence matches any
TAIR10 annotated protein. Proteins with experiment scores > 3 or protein scores > 10 were

considered as potential OST 1-interacting proteins.

Yeast-two-hybrid analyses

Coding sequences were inserted into pGBT9.BS and pGAD.GH vectors (Elledge et al., 1991).
The PJ69-4A yeast strain (James et al., 1996) grown at 28 °C in YPD agar media (2 %
Bactopeptone [BD Biosciences, http://www.bd.com], 1 % yeast extract, 2 % glucose, and 2 %
bactoagar) was transformed using the polyethylene glycol/lithium acetate method (Gietz et al.,
1992) and plated on CSM agar media (3.35 % YNB = Yeast Nitrogen Base/(NH4)2SO4, 0.32 %
CSM-Leu-Trp, 2 % glucose, 2 % bactoagar) lacking leucine and tryptophan and incubated for 2-
3 days at 28 °C. Successfully transformed yeast colonies were re-streaked to new CSM-Leu-Trp
agar media and incubated 1-2 days at 28 °C. 5 uL of ten-fold dilution series (ODg0o nm of 10° - 10"
*in 2 % glucose) of transformants were spotted on CSM-Leu-Trp agar media as a control and on
CSM-Leu-Trp-His agar media lacking leucine, tryptophan, and histidine and supplemented with
2.5 mM 3-amino-1,2,4-triazole (3-AT) for selection of positive interaction. Yeast transformants

were incubated for 5-7 days at 28 °C and images were acquired for documentation.
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SUPPLEMENTAL DATA

Supplemental Figure S1. Western blot of HF-lines and control co-IP experiments.
Supplemental Figure S2. Subcellular localizations and interaction analyses of OST1 with
OST1-interacting proteins.

Supplemental Figure S3. SnRK2-type protein kinases interact with PP2A-type phosphatase
subunits in BiFC analyses.

Supplemental Figure S4. ABA does not inhibit root growth of pp2a-subunit single mutants but
induces an enhanced root curling of rcni-6.

Supplemental Figure S5. 39-day-old rcni-6/pp2aa2-1 and rcnl-6/pp2aa3-1 plants exhibit a
reduced growth when compared to Col-0 wild type and pp2aa2-1/pp2aa3-1 plants.
Supplemental Figure S6. Subcellular localizations of PP2A-subunit fluorescent protein fusions.
Supplemental Figure S7. Regulatory PP2AA-subunits interact with catalytic PP2AC-subunits
in yeast-two-hybrid analyses.

Supplemental Table S1. List of protein complex isolation experiments and treatments.
Supplemental Table S2. List of proteins identified by unique peptides and found only in ost/-
3/0OST1(pa, ac)-HF purifications.

Supplemental Table S3. List of proteins identified by any matching peptide and found only in
ost1-3/OST1(pa, ac)-HF purifications.

Supplemental Table S4. Summarized list of potential OST1-interacting proteins selected for
further analyses (related to Table I).

Supplemental Movie S1. 30 min time-laps movie of wilting detached rosettes.

REFERENCES

Acharya BR, Jeon BW, Zhang W, Assmann SM (2013) Open Stomata 1 (OST1) is limiting in
abscisic acid responses of Arabidopsis guard cells. New Phytol 200: 1049-1063

Ballesteros I, Dominguez T, Sauer M, Paredes P, Duprat A, Rojo E, Sanmartin M,
Sanchez-Serrano JJ (2012) Specialised functions of the PP2A subfamily II catalytic
subunits PP2A-C3 and PP2A-C4 in the distribution of auxin fluxes and development in
Arabidopsis. Plant J

Belin C, de Franco PO, Bourbousse C, Chaignepain S, Schmitter JM, Vavasseur A,
Giraudat J, Barbier-Brygoo H, Thomine S (2006) Identification of features regulating
OST]1 kinase activity and OST1 function in guard cells. Plant Physiol 141: 1316-1327

Benning C, Ohta H (2005) Three enzyme systems for galactoglycerolipid biosynthesis are
coordinately regulated in plants. J Biol Chem 280: 2397-2400

28



Blakeslee JJ, Zhou HW, Heath JT, Skottke KR, Barrios JA, Liu SY, DeLong A (2008)
Specificity of RCNI-mediated protein phosphatase 2A regulation in meristem
organization and stress response in roots. Plant Physiol 146: 539-553

Boudsocq M, Barbier-Brygoo H, Lauriére C (2004) Identification of nine sucrose
nonfermenting 1-related protein kinases 2 activated by hyperosmotic and saline stresses
in Arabidopsis thaliana. J Biol Chem 279: 41758-41766

Boudsocq M, Droillard MJ, Barbier-Brygoo H, Lauriére C (2007) Different phosphorylation
mechanisms are involved in the activation of sucrose non-fermenting 1 related protein
kinases 2 by osmotic stresses and abscisic acid. Plant Mol Biol 63: 491-503

Brandt B, Brodsky DE, Xue S, Negi J, Iba K, Kangasjarvi J, Ghassemian M, Stephan AB,
Hu H, Schroeder JI (2012) Reconstitution of abscisic acid activation of SLACI1 anion
channel by CPK6 and OST]1 kinases and branched ABI1 PP2C phosphatase action. Proc
Natl Acad Sci U S A 109: 10593-10598

Buchole M, Ciesielski A, Goch G, Anielska-Mazur A, Kulik A, Krzywinska E,
Dobrowolska G (2011) SNF1-related protein kinases 2 are negatively regulated by a
plant-specific calcium sensor. J Biol Chem 286: 3429-3441

Camilleri C, Azimzadeh J, Pastuglia M, Bellini C, Grandjean O, Bouchez D (2002) The
Arabidopsis TONNEAU2 gene encodes a putative novel protein phosphatase 2A
regulatory subunit essential for the control of the cortical cytoskeleton. Plant Cell 14:
833-845

Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agrobacterium-mediated
transformation of Arabidopsis thaliana. Plant J 16: 735-743

Cutler SR, Rodriguez PL, Finkelstein RR, Abrams SR (2010) Abscisic acid: emergence of a
core signaling network. Annu Rev Plant Biol 61: 651-679

Dai M, Terzaghi W, Wang H (2012) Multifaceted roles of Arabidopsis PP6 phosphatase in
regulating cellular signaling and plant development. Plant Signal Behav 8

De Smet I, Zhang H, Inzé D, Beeckman T (2006) A novel role for abscisic acid emerges from
underground. Trends Plant Sci 11: 434-439

DeLong A (2006) Switching the flip: protein phosphatase roles in signaling pathways. Curr Opin
Plant Biol 9: 470-477

Duan L, Dietrich D, Ng CH, Chan PM, Bhalerao R, Bennett MJ, Dinneny JR (2013)
Endodermal ABA signaling promotes lateral root quiescence during salt stress in
Arabidopsis seedlings. Plant Cell 25: 324-341

Doérmann P, Benning C (1998) The role of UDP-glucose epimerase in carbohydrate metabolism
of Arabidopsis. Plant J 13: 641-652

Elledge SJ, Mulligan JT, Ramer SW, Spottswood M, Davis RW (1991) Lambda YES: a
multifunctional cDNA expression vector for the isolation of genes by complementation
of yeast and Escherichia coli mutations. Proc Natl Acad Sci U S A 88: 1731-1735

Farkas I, Dombradi V, Miskei M, Szabados L, Koncz C (2007) Arabidopsis PPP family of
serine/threonine phosphatases. Trends Plant Sci 12: 169-176

Finkelstein R, Reeves W, Ariizumi T, Steber C (2008) Molecular aspects of seed dormancy.
Annu Rev Plant Biol 59: 387-415

Fisher RH, Barton MK, Cohen JD, Cooke TJ (1996) Hormonal Studies of fass, an
Arabidopsis Mutant That Is Altered in Organ Elongation. Plant Physiol 110: 1109-1121

29



Fujii H, Verslues PE, Zhu JK (2007) Identification of two protein kinases required for abscisic
acid regulation of seed germination, root growth, and gene expression in Arabidopsis.
Plant Cell 19: 485-494

Fujii H, Zhu JK (2009) Arabidopsis mutant deficient in 3 abscisic acid-activated protein kinases
reveals critical roles in growth, reproduction, and stress. Proc Natl Acad Sci U S A 106:
8380-8385

Fujii H, Chinnusamy V, Rodrigues A, Rubio S, Antoni R, Park SY, Cutler SR, Sheen J,
Rodriguez PL, Zhu JK (2009) In vitro reconstitution of an abscisic acid signalling
pathway. Nature 462: 660-664

Fujii H, Verslues PE, Zhu JK (2011) Arabidopsis decuple mutant reveals the importance of
SnRK2 kinases in osmotic stress responses in vivo. Proc Natl Acad Sci U S A 108: 1717-
1722

Fujita Y, Nakashima K, Yoshida T, Katagiri T, Kidokoro S, Kanamori N, Umezawa T,
Fujita M, Maruyama K, Ishiyama K, Kobayashi M, Nakasone S, Yamada K, Ito T,
Shinozaki K, Yamaguchi-Shinozaki K (2009) Three SnRK2 protein kinases are the
main positive regulators of abscisic acid signaling in response to water stress in
Arabidopsis. Plant Cell Physiol 50: 2123-2132

Furihata T, Maruyama K, Fujita Y, Umezawa T, Yoshida R, Shinozaki K, Yamaguchi-
Shinozaki K (2006) Abscisic acid-dependent multisite phosphorylation regulates the
activity of a transcription activator AREB1. Proc Natl Acad Sci U S A 103: 1988-1993

Garbers C, DeLong A, Deruére J, Bernasconi P, Soll D (1996) A mutation in protein
phosphatase 2A regulatory subunit A affects auxin transport in Arabidopsis. EMBO J 15:
2115-2124

Geiger D, Scherzer S, Mumm P, Stange A, Marten I, Bauer H, Ache P, Matschi S, Liese A,
Al-Rasheid KA, Romeis T, Hedrich R (2009) Activity of guard cell anion channel
SLACI is controlled by drought-stress signaling kinase-phosphatase pair. Proc Natl Acad
SciU S A 106: 21425-21430

Gietz D, St Jean A, Woods RA, Schiestl RH (1992) Improved method for high efficiency
transformation of intact yeast cells. Nucleic Acids Res 20: 1425

Goedhart J, van Weeren L, Hink MA, Vischer NO, Jalink K, Gadella TW (2010) Bright
cyan fluorescent protein variants identified by fluorescence lifetime screening. Nat
Methods 7: 137-139

Hauser F, Waadt R, Schroeder JI (2011) Evolution of abscisic acid synthesis and signaling
mechanisms. Curr Biol 21: R346-355

Haynes JG, Hartung AJ, Hendershot JD, Passingham RS, Rundle SJ (1999) Molecular
characterization of the B' regulatory subunit gene family of Arabidopsis protein
phosphatase 2A. Eur J Biochem 260: 127-136

Hey SJ, Bacon A, Burnett E, Neill SJ (1997) Abscisic acid signal transduction in epidermal
cells of Pisum sativum L. Argenteum: both dehydrin mRNA accumulation and stomatal
responses require protein phosphorylation and dephosphorylation. Planta 202: 85-92

Hrabak EM, Chan CW, Gribskov M, Harper JF, Choi JH, Halford N, Kudla J, Luan S,
Nimmo HG, Sussman MR, Thomas M, Walker-Simmons K, Zhu JK, Harmon AC
(2003) The Arabidopsis CDPK-SnRK superfamily of protein kinases. Plant Physiol 132:
666-680

Hu R, Zhu Y, Shen G, Zhang H (2014) TAP46 plays a positive role in the ABSCISIC ACID
INSENSITIVES-regulated gene expression in Arabidopsis. Plant Physiol 164: 721-734

30



Imes D, Mumm P, Bohm J, Al-Rasheid KA, Marten I, Geiger D, Hedrich R (2013) Open
stomata 1 (OST1) kinase controls R-type anion channel QUACI in Arabidopsis guard
cells. Plant J 74: 372-382

Jacob T, Ritchie S, Assmann SM, Gilroy S (1999) Abscisic acid signal transduction in guard
cells is mediated by phospholipase D activity. Proc Natl Acad Sci U S A 96: 12192-
12197

James P, Halladay J, Craig EA (1996) Genomic libraries and a host strain designed for highly
efficient two-hybrid selection in yeast. Genetics 144: 1425-1436

Kim TH, Béhmer M, Hu H, Nishimura N, Schroeder JI (2010) Guard cell signal transduction
network: advances in understanding abscisic acid, CO», and Ca*" signaling. Annu Rev
Plant Biol 61: 561-591

Kirik A, Ehrhardt DW, Kirik V (2012) TONNEAU2/FASS regulates the geometry of
microtubule nucleation and cortical array organization in interphase Arabidopsis cells.
Plant Cell 24: 1158-1170

Kobayashi Y, Murata M, Minami H, Yamamoto S, Kagaya Y, Hobo T, Yamamoto A,
Hattori T (2005) Abscisic acid-activated SNRK2 protein kinases function in the gene-
regulation pathway of ABA signal transduction by phosphorylating ABA response
element-binding factors. Plant J 44: 939-949

Kocourkova D, Krckova Z, Pejchar P, Veselkova S, Valentova O, Wimalasekera R,
Scherer GF, Martinec J (2011) The phosphatidylcholine-hydrolysing phospholipase C
NPC4 plays a role in response of Arabidopsis roots to salt stress. J Exp Bot 62: 3753-
3763

Koncz C, Schell J (1986) The promoter of Ti-DNA gene 5 controls the tissue-specific
expression of chimaeric genes carried by a novel type of Agrobacterium binary vector.
In. Mol Gen Genet, pp 383-396

Krebs M, Held K, Binder A, Hashimoto K, Den Herder G, Parniske M, Kudla J,
Schumacher K (2012) FRET-based genetically encoded sensors allow high-resolution
live cell imaging of Ca®" dynamics. Plant J 69: 181-192

Kwak JM, Moon JH, Murata Y, Kuchitsu K, Leonhardt N, DeL.ong A, Schroeder JI (2002)
Disruption of a guard cell-expressed protein phosphatase 2A regulatory subunit, RCNI1,
confers abscisic acid insensitivity in Arabidopsis. Plant Cell 14: 2849-2861

Larsen PB, Cancel JD (2003) Enhanced ethylene responsiveness in the Arabidopsis eer!/
mutant results from a loss-of-function mutation in the protein phosphatase 2A A
regulatory subunit, RCN1. Plant J 34: 709-718

Lee SC, Lan W, Buchanan BB, Luan S (2009) A protein kinase-phosphatase pair interacts
with an ion channel to regulate ABA signaling in plant guard cells. Proc Natl Acad Sci U
S A 106: 21419-21424

Li J, Wang XQ, Watson MB, Assmann SM (2000) Regulation of abscisic acid-induced
stomatal closure and anion channels by guard cell AAPK kinase. Science 287: 300-303

Lillo C, Kataya AR, Heidari B, Creighton MT, Nemie-Feyissa D, Ginbot Z, Jonassen EM
(2014) Protein phosphatases PP2A, PP4 and PP6 - mediators and regulators in
development and responses to environmental cues. Plant Cell Environ

Ma Y, Szostkiewicz I, Korte A, Moes D, Yang Y, Christmann A, Grill E (2009) Regulators
of PP2C phosphatase activity function as abscisic acid sensors. Science 324: 1064-1068

Matre P, Meyer C, Lillo C (2009) Diversity in subcellular targeting of the PP2A B'eta
subfamily members. Planta 230: 935-945

31



McClinton RS, Sung ZR (1997) Organization of cortical microtubules at the plasma membrane
in Arabidopsis. Planta 201: 252-260

Melcher K, Ng LM, Zhou XE, Soon FF, Xu Y, Suino-Powell KM, Park SY, Weiner JJ,
Fujii H, Chinnusamy V, Kovach A, Li J, Wang Y, Peterson FC, Jensen DR, Yong
EL, Volkman BF, Cutler SR, Zhu JK, Xu HE (2009) A gate-latch-lock mechanism for
hormone signalling by abscisic acid receptors. Nature 462: 602-608

Merilo E, Laanemets K, Hu H, Xue S, Jakobson L, Tulva I, Gonzalez-Guzman M,
Rodriguez PL, Schroeder JI, Brosché M, Kollist H (2013) PYR/RCAR receptors
contribute to ozone-, reduced air humidity-, darkness-, and COs-induced stomatal
regulation. Plant Physiol 162: 1652-1668

Merlot S, Mustilli AC, Genty B, North H, Lefebvre V, Sotta B, Vavasseur A, Giraudat J
(2002) Use of infrared thermal imaging to isolate Arabidopsis mutants defective in
stomatal regulation. Plant J 30: 601-609

Michniewicz M, Zago MK, Abas L, Weijers D, Schweighofer A, Meskiene I, Heisler MG,
Ohno C, Zhang J, Huang F, Schwab R, Weigel D, Meyerowitz EM, Luschnig C,
Offringa R, Friml J (2007) Antagonistic regulation of PIN phosphorylation by PP2A
and PINOID directs auxin flux. Cell 130: 1044-1056

Moellering ER, Muthan B, Benning C (2010) Freezing tolerance in plants requires lipid
remodeling at the outer chloroplast membrane. Science 330: 226-228

Moellering ER, Benning C (2011) Galactoglycerolipid metabolism under stress: a time for
remodeling. Trends Plant Sci 16: 98-107

Mosquna A, Peterson FC, Park SY, Lozano-Juste J, Volkman BF, Cutler SR (2011) Potent
and selective activation of abscisic acid receptors in vivo by mutational stabilization of
their agonist-bound conformation. Proc Natl Acad Sci U S A 108: 20838-20843

Muday GK, Brady SR, Argueso C, Deruére J, Kieber JJ, DeLong A (2006) RCN1-regulated
phosphatase activity and EIN2 modulate hypocotyl gravitropism by a mechanism that
does not require ethylene signaling. Plant Physiol 141: 1617-1629

Mustilli AC, Merlot S, Vavasseur A, Fenzi F, Giraudat J (2002) Arabidopsis OST1 protein
kinase mediates the regulation of stomatal aperture by abscisic acid and acts upstream of
reactive oxygen species production. Plant Cell 14: 3089-3099

Nagai T, Ibata K, Park ES, Kubota M, Mikoshiba K, Miyawaki A (2002) A variant of
yellow fluorescent protein with fast and efficient maturation for cell-biological
applications. Nat Biotechnol 20: 87-90

Nagaya S, Kawamura K, Shinmyo A, Kato K (2010) The HSP terminator of Arabidopsis
thaliana increases gene expression in plant cells. Plant Cell Physiol 51: 328-332

Nakamura Y, Awai K, Masuda T, Yoshioka Y, Takamiya K, Ohta H (2005) A novel
phosphatidylcholine-hydrolyzing phospholipase C induced by phosphate starvation in
Arabidopsis. J Biol Chem 280: 7469-7476

Nakashima K, Fujita Y, Kanamori N, Katagiri T, Umezawa T, Kidokoro S, Maruyama K,
Yoshida T, Ishiyama K, Kobayashi M, Shinozaki K, Yamaguchi-Shinozaki K (2009)
Three Arabidopsis SnRK2 protein kinases, SRK2D/SnRK2.2, SRK2E/SnRK2.6/0OST1
and SRK2I/SnRK2.3, involved in ABA signaling are essential for the control of seed
development and dormancy. Plant Cell Physiol 50: 1345-1363

32



Ng LM, Soon FF, Zhou XE, West GM, Kovach A, Suino-Powell KM, Chalmers MJ, Li J,
Yong EL, Zhu JK, Griffin PR, Melcher K, Xu HE (2011) Structural basis for basal
activity and autoactivation of abscisic acid (ABA) signaling SnRK2 kinases. Proc Natl
Acad Sci U S A 108: 21259-21264

Nishimura N, Sarkeshik A, Nito K, Park SY, Wang A, Carvalho PC, Lee S, Caddell DF,
Cutler SR, Chory J, Yates JR, Schroeder JI (2010) PYR/PYL/RCAR family members
are major in-vivo ABI1 protein phosphatase 2C-interacting proteins in Arabidopsis. Plant
J61: 290-299

Norris SR, Meyer SE, Callis J (1993) The intron of Arabidopsis thaliana polyubiquitin genes is
conserved in location and is a quantitative determinant of chimeric gene expression. Plant
Mol Biol 21: 895-906

Park SY, Fung P, Nishimura N, Jensen DR, Fujii H, Zhao Y, Lumba S, Santiago J,
Rodrigues A, Chow TF, Alfred SE, Bonetta D, Finkelstein R, Provart NJ, Desveaux
D, Rodriguez PL, McCourt P, Zhu JK, Schroeder JI, Volkman BF, Cutler SR
(2009) Abscisic acid inhibits type 2C protein phosphatases via the PYR/PYL family of
START proteins. Science 324: 1068-1071

Pei ZM, Kuchitsu K, Ward JM, Schwarz M, Schroeder JI (1997) Differential abscisic acid
regulation of guard cell slow anion channels in Arabidopsis wild-type and abil and abi2
mutants. Plant Cell 9: 409-423

Pernas M, Garcia-Casado G, Rojo E, Solano R, Sanchez-Serrano JJ (2007) A protein
phosphatase 2A catalytic subunit is a negative regulator of abscisic acid signalling. Plant
J51: 763-778

Peters C, Li M, Narasimhan R, Roth M, Welti R, Wang X (2010) Nonspecific phospholipase
C NPC4 promotes responses to abscisic acid and tolerance to hyperosmotic stress in
Arabidopsis. Plant Cell 22: 2642-2659

Raghavendra AS, Gonugunta VK, Christmann A, Grill E (2010) ABA perception and
signalling. Trends Plant Sci 15: 395-401

Rashotte AM, DeLong A, Muday GK (2001) Genetic and chemical reductions in protein
phosphatase activity alter auxin transport, gravity response, and lateral root growth. Plant
Cell 13: 1683-1697

Rosti J, Barton CJ, Albrecht S, Dupree P, Pauly M, Findlay K, Roberts K, Seifert GJ
(2007) UDP-glucose 4-epimerase isoforms UGE2 and UGE4 cooperate in providing
UDP-galactose for cell wall biosynthesis and growth of Arabidopsis thaliana. Plant Cell
19: 1565-1579

Saito N, Munemasa S, Nakamura Y, Shimoishi Y, Mori IC, Murata Y (2008) Roles of
RCNI1, regulatory A subunit of protein phosphatase 2A, in methyl jasmonate signaling
and signal crosstalk between methyl jasmonate and abscisic acid. Plant Cell Physiol 49:
1396-1401

Santiago J, Rodrigues A, Saez A, Rubio S, Antoni R, Dupeux F, Park SY, Marquez JA,
Cutler SR, Rodriguez PL (2009) Modulation of drought resistance by the abscisic acid
receptor PYLS through inhibition of clade A PP2Cs. Plant J 60: 575-588

Sasaki T, Mori IC, Furuichi T, Munemasa S, Toyooka K, Matsuoka K, Murata Y,
Yamamoto Y (2010) Closing plant stomata requires a homolog of an aluminum-
activated malate transporter. Plant Cell Physiol 51: 354-365

33



Sato A, Sato Y, Fukao Y, Fujiwara M, Umezawa T, Shinozaki K, Hibi T, Taniguchi M,
Miyake H, Goto DB, Uozumi N (2009) Threonine at position 306 of the KATI
potassium channel is essential for channel activity and is a target site for ABA-activated
SnRK2/OST1/SnRK2.6 protein kinase. Biochem J 424: 439-448

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S,
Rueden C, Saalfeld S, Schmid B, Tinevez JY, White DJ, Hartenstein V, Eliceiri K,
Tomancak P, Cardona A (2012) Fiji: an open-source platform for biological-image
analysis. Nat Methods 9: 676-682

Schliicking K, Edel KH, Koster P, Drerup MM, Eckert C, Steinhorst L., Waadt R, Batistic
O, Kudla J (2013) A new p-estradiol-inducible vector set that facilitates easy
construction and efficient expression of transgenes reveals CBL3-dependent cytoplasm to
tonoplast translocation of CIPK5. Mol Plant 6: 1814-1829

Schmidt C, Schelle I, Liao YJ, Schroeder JI (1995) Strong regulation of slow anion channels
and abscisic acid signaling in guard cells by phosphorylation and dephosphorylation
events. Proc Natl Acad Sci U S A 92: 9535-9539

Shi Y (2009) Serine/threonine phosphatases: mechanism through structure. Cell 139: 468-484

Shin R, Alvarez S, Burch AY, Jez JM, Schachtman DP (2007) Phosphoproteomic
identification of targets of the Arabidopsis sucrose nonfermenting-like kinase SnRK2.8
reveals a connection to metabolic processes. Proc Natl Acad Sci U S A 104: 6460-6465

Sirichandra C, Gu D, Hu HC, Davanture M, Lee S, Djaoui M, Valot B, Zivy M, Leung J,
Merlot S, Kwak JM (2009) Phosphorylation of the Arabidopsis AtrbohF NADPH
oxidase by OST]1 protein kinase. FEBS Lett 583: 2982-2986

Sirichandra C, Davanture M, Turk BE, Zivy M, Valot B, Leung J, Merlot S (2010) The
Arabidopsis ABA-activated kinase OST1 phosphorylates the bZIP transcription factor
ABF3 and creates a 14-3-3 binding site involved in its turnover. PLoS One 5: e13935

Skottke KR, Yoon GM, Kieber JJ, DeLong A (2011) Protein phosphatase 2A controls
ethylene biosynthesis by differentially regulating the turnover of ACC synthase isoforms.
PLoS Genet 7: €1001370

Soon FF, Ng LM, Zhou XE, West GM, Kovach A, Tan MH, Suino-Powell KM, He Y, Xu Y,
Chalmers MJ, Brunzelle JS, Zhang H, Yang H, Jiang H, Li J, Yong EL, Cutler S,
Zhu JK, Griffin PR, Melcher K, Xu HE (2012) Molecular mimicry regulates ABA
signaling by SnRK2 kinases and PP2C phosphatases. Science 335: 85-88

Stacey J, Isaac PG (1994) Isolation of DNA from plants. Methods Mol Biol 28: 9-15

Szostkiewicz I, Richter K, Kepka M, Demmel S, Ma Y, Korte A, Assaad FF, Christmann A,
Grill E (2010) Closely related receptor complexes differ in their ABA selectivity and
sensitivity. Plant J 61: 25-35

Tabb DL, McDonald WH, Yates JR (2002) DTASelect and Contrast: tools for assembling and
comparing protein identifications from shotgun proteomics. J Proteome Res 1: 21-26

Tang W, Yuan M, Wang R, Yang Y, Wang C, Oses-Prieto JA, Kim TW, Zhou HW, Deng
Z, Gampala SS, Gendron JM, Jonassen EM, Lillo C, Del.ong A, Burlingame AL,
Sun Y, Wang ZY (2011) PP2A activates brassinosteroid-responsive gene expression and
plant growth by dephosphorylating BZR 1. Nat Cell Biol 13: 124-131

Team, RDC (2010) R: A language and environment for statistical computing. Vienna, Austria:
R Foundation for Statistical Computing. Retrieved from http://R-project.org

Testerink C, Munnik T (2005) Phosphatidic acid: a multifunctional stress signaling lipid in
plants. Trends Plant Sci 10: 368-375

34



Thorlby G, Fourrier N, Warren G (2004) The SENSITIVE TO FREEZING2 gene, required
for freezing tolerance in Arabidopsis thaliana, encodes a beta-glucosidase. Plant Cell 16:
2192-2203

Tran HT, Nimick M, Uhrig RG, Templeton G, Morrice N, Gourlay R, DeLong A,
Moorhead GB (2012) Arabidopsis thaliana histone deacetylase 14 (HDA14) is an a-
tubulin deacetylase that associates with PP2A and enriches in the microtubule fraction
with the putative histone acetyltransferase ELP3. Plant J 71: 263-272

Trotta A, Wrzaczek M, Scharte J, Tikkanen M, Konert G, Rahikainen M, Holmstrom M,
Hiltunen HM, Rips S, Sipari N, Mulo P, Weis E, von Schaewen A, Aro EM,
Kangasjirvi S (2011) Regulatory subunit B'gamma of protein phosphatase 2A prevents
unnecessary defense reactions under low light in Arabidopsis. Plant Physiol 156: 1464-
1480

Tseng TS, Briggs WR (2010) The Arabidopsis rcnl-1 mutation impairs dephosphorylation of
Phot2, resulting in enhanced blue light responses. Plant Cell 22: 392-402

Umezawa T, Yoshida R, Maruyama K, Yamaguchi-Shinozaki K, Shinozaki K (2004)
SRK2C, a SNFl-related protein kinase 2, improves drought tolerance by controlling
stress-responsive gene expression in Arabidopsis thaliana. Proc Natl Acad Sci U S A
101: 17306-17311

Umezawa T, Sugiyama N, Mizoguchi M, Hayashi S, Myouga F, Yamaguchi-Shinozaki K,
Ishihama Y, Hirayama T, Shinozaki K (2009) Type 2C protein phosphatases directly
regulate abscisic acid-activated protein kinases in Arabidopsis. Proc Natl Acad Sci U S A
106: 17588-17593

Umezawa T, Sugiyama N, Takahashi F, Anderson JC, Ishihama Y, Peck SC, Shinozaki K
(2013) Genetics and phosphoproteomics reveal a protein phosphorylation network in the
abscisic acid signaling pathway in Arabidopsis thaliana. Sci Signal 6: rs8

Vahisalu T, Puzérjova I, Brosché M, Valk E, Lepiku M, Moldau H, Pechter P, Wang YS,
Lindgren O, Salojirvi J, Loog M, Kangasjérvi J, Kollist H (2010) Ozone-triggered
rapid stomatal response involves the production of reactive oxygen species, and is
controlled by SLAC1 and OSTI1. Plant J 62: 442-453

Vlad F, Turk BE, Peynot P, Leung J, Merlot S (2008) A versatile strategy to define the
phosphorylation preferences of plant protein kinases and screen for putative substrates.
Plant J 55: 104-117

Vlad F, Rubio S, Rodrigues A, Sirichandra C, Belin C, Robert N, Leung J, Rodriguez PL,
Lauriére C, Merlot S (2009) Protein phosphatases 2C regulate the activation of the
Snfl-related kinase OST1 by abscisic acid in Arabidopsis. Plant Cell 21: 3170-3184

Vlad F, Droillard MJ, Valot B, Khafif M, Rodrigues A, Brault M, Zivy M, Rodriguez PL,
Merlot S, Lauriére C (2010) Phospho-site mapping, genetic and in planta activation
studies reveal key aspects of the different phosphorylation mechanisms involved in
activation of SnRK2s. Plant J 63: 778-790

Waadt R, Schmidt LK, Lohse M, Hashimoto K, Bock R, Kudla J (2008) Multicolor
bimolecular fluorescence complementation reveals simultaneous formation of alternative
CBL/CIPK complexes in planta. Plant J 56: 505-516

Waadt R, Schliicking K, Schroeder JI, Kudla J (2014a) Protein fragment bimolecular
fluorescence complementation analyses for the in vivo study of protein-protein
interactions and cellular protein complex localizations. Methods Mol Biol 1062: 629-658

35



Waadt R, Hitomi K, Nishimura N, Hitomi C, Adams SR, Getzoff ED, Schroeder JI (2014b)
FRET-based reporters for the direct visualization of abscisic acid concentration changes
and distribution in Arabidopsis. Elife 3: e01739

Walter M, Chaban C, Schiitze K, Batistic O, Weckermann K, Nike C, Blazevic D, Grefen
C, Schumacher K, Oecking C, Harter K, Kudla J (2004) Visualization of protein
interactions in living plant cells using bimolecular fluorescence complementation. Plant J
40: 428-438

Wang P, Xue L, Batelli G, Lee S, Hou YJ, Van Oosten MJ, Zhang H, Tao WA, Zhu JK
(2013) Quantitative phosphoproteomics identifies SnRK2 protein kinase substrates and
reveals the effectors of abscisic acid action. Proc Natl Acad Sci U S A 110: 11205-11210

Warren G, McKown R, Marin AL, Teutonico R (1996) Isolation of mutations affecting the
development of freezing tolerance in Arabidopsis thaliana (L.) Heynh. Plant Physiol 111:
1011-1019

Washburn MP, Wolters D, Yates JR (2001) Large-scale analysis of the yeast proteome by
multidimensional protein identification technology. Nat Biotechnol 19: 242-247

Wu G, Wang X, Li X, Kamiya Y, Otegui MS, Chory J (2011) Methylation of a phosphatase
specifies dephosphorylation and degradation of activated brassinosteroid receptors. Sci
Signal 4: ra29

Xie T, Ren R, Zhang YY, Pang Y, Yan C, Gong X, He Y, Li W, Miao D, Hao Q, Deng H,
Wang Z, Wu JW, Yan N (2012) Molecular mechanism for inhibition of a critical
component in the Arabidopsis thaliana abscisic acid signal transduction pathways,
SnRK2.6, by protein phosphatase ABII. J Biol Chem 287: 794-802

Xie X, Wang Y, Williamson L, Holroyd GH, Tagliavia C, Murchie E, Theobald J, Knight
MR, Davies WJ, Leyser HM, Hetherington AM (2006) The identification of genes
involved in the stomatal response to reduced atmospheric relative humidity. Curr Biol 16:
882-887

Xu J, Li HD, Chen LQ, Wang Y, Liu LL, He L, Wu WH (2006) A protein kinase, interacting
with two calcineurin B-like proteins, regulates K* transporter AKT1 in Arabidopsis. Cell
125: 1347-1360

Xu Y, Xing Y, Chen Y, Chao Y, Lin Z, Fan E, Yu JW, Strack S, Jeffrey PD, Shi Y (2006)
Structure of the protein phosphatase 2A holoenzyme. Cell 127: 1239-1251

Xue S, Hu H, Ries A, Merilo E, Kollist H, Schroeder JI (2011) Central functions of
bicarbonate in S-type anion channel activation and OST1 protein kinase in CO» signal
transduction in guard cell. EMBO J 30: 1645-1658

Yoshida R, Hobo T, Ichimura K, Mizoguchi T, Takahashi F, Aronso J, Ecker JR,
Shinozaki K (2002) ABA-activated SnRK2 protein kinase is required for dehydration
stress signaling in Arabidopsis. Plant Cell Physiol 43: 1473-1483

Yoshida R, Umezawa T, Mizoguchi T, Takahashi S, Takahashi F, Shinozaki K (2006) The
regulatory domain of SRK2E/OST1/SnRK2.6 interacts with ABI1 and integrates abscisic
acid (ABA) and osmotic stress signals controlling stomatal closure in Arabidopsis. J Biol
Chem 281: 5310-5318

Yunta C, Martinez-Ripoll M, Zhu JK, Albert A (2011) The structure of Arabidopsis thaliana
OST1 provides insights into the kinase regulation mechanism in response to osmotic
stress. J Mol Biol 414: 135-144

Zhou HW, Nussbaumer C, Chao Y, DeLong A (2004) Disparate roles for the regulatory A
subunit isoforms in Arabidopsis protein phosphatase 2A. Plant Cell 16: 709-722

36



FIGURE LEGENDS

Figure 1. OST1(pa, sa, ac)-HF constructs affect ABA responses. A and B, Time-dependent seed
germination of Col-0, ost/-3 and indicated OST1 lines in presence of (A) 0 uM ABA and (B) 0.5
uM ABA. C and D, Seed germination on (C) day three after stratification and (D) cotyledon
expansion on day six after stratification in the presence of 0 uM ABA (blue bars) and 0.5 uM
ABA (red bars). A to D, Means +£ SEM, n = 4 with 49 seeds/n and normalized to the seed count.
E, Four-day-old seedlings were transferred to 0.5 MS agar plates supplemented with 0 uM ABA
(top row) or 10 uM ABA (bottom row) and grown for additional five days. F, Root growth of
seedlings shown in (E) in the presence of 0 uM ABA (blue bars) and 10 uM ABA (red bars;
means £ SEM, n = 5, with seven seedlings/n) normalized to the 0 uM ABA control conditions.
G, Stomatal apertures of 22-26-day-old 0.5 MS agar grown seedlings 2 h after incubation in 0
uM ABA (blue bars) or 10 uM ABA (red bars; means = SEM, n = 3-4 with > 17 stomata/n)
normalized to the 0 uM ABA control conditions. Statistical values for differences between Col-0

wild type and the mutant and transgenic lines were calculated using a two-way ANOVA (P-

values: *, <0.05; **,<0.01; *** <0.001). See also Supplemental Movie S1.

Figure 2. The SnRK2-type protein kinase OST1 forms homo- and heterodimers with other
SnRK2-type protein kinases. A, (mT)urquoise-ABI1 and mT-SnRK2s are localized in the
cytoplasm and the nucleus. B, BiFC analyses reveal OST1 interaction with ABI1 and SnRK2s in
the cytoplasm and the nucleus. A and B, Maximum projections of 32-plane z-stacks. C, BiFC
quantification (means = SEM, n = 10 images). D, mT-OST1 co-purifies with SnRK2-HF fusion
proteins. Western blots of HF-tagged SnRK2s (anti-FLAG, top panel) and mT-OST1 (anti-GFP,
bottom panel) after co-expression in N. benthamiana (Input) and anti-FLAG immuno-
precipitation (IP) of HF-tagged SnRK2s. E, mT-SnRK2 fusion proteins co-purify with OSTI-
HF. Western blot of OST1-HF (anti-FLAG, left panel) and mT-SnRK2s (anti-GFP, right panel)
after co-expression in N. benthamiana (Input) and anti-FLAG immuno-precipitation (IP) of

OSTI1-HF.
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Figure 3. SnRK2-type protein kinases interact with regulatory PP2A-subunits in co-IP analyses.
A, Co-IP analyses of RCN1-HF with (mT)urquoise-SnRK2s and mT. B, Co-IP analyses of HF-
PP2AB’beta with mT-SnRK2s and mT. C, Co-IP analyses of OSTI-HF with mT-PP2AA
regulatory subunits and mT. D, Co-IP analyses of OST1-HF with mT-PP2AB’ regulatory
subunits and with the mVenus-PP2AC3 catalytic subunit. A to D, Western blots of HF-tagged
proteins (anti-FLAG) and mT- or mVenus-tagged proteins (anti-GFP) after co-expression in M.

benthamiana (Input) and anti-FLAG immuno-precipitation (IP) of HF-tagged proteins.

Figure 4. PP2A-subunit single mutants exhibit a reduced ABA sensitivity during seed
germination. A and B, Time-dependent seed germination of Col-0 and indicated pp2a single
mutants in the presence of (A) 0 uM ABA and (B) 1 uM ABA. C and D, Seed germination on
(C) day four after stratification and (D) cotyledon expansion on day seven after stratification in
the presence of 0 uM ABA (blue bars) and 1 uM ABA (red bars). A to D, Means + SEM, n =4
technical replicates with 49 seeds/n and normalized to the seed count. Statistical values for
differences between Col-0 wild type and the pp2a single mutant lines were calculated using a

two-way ANOVA (P-values: *, <0.05; **,<0.01).

Figure 5. rcnl-6/pp2ac and pp2ac double mutants exhibit altered ABA responses during seed
germination and seedling growth. A and B, Time-dependent seed germination of Col-0 and
indicated pp2a double mutants in presence of (A) 0 uM ABA and (B) 0.8 uM ABA. C and D,
Seed germination on (C) day four after stratification and (D) cotyledon expansion on day six
after stratification in the presence of 0 uM ABA (blue bars) and 0.8 uM ABA (red bars). A to D,
Means + SEM, n = 4 with 49 seeds/n and normalized to the seed count. E, Four-day-old
seedlings were transferred to 0.5 MS agar plates supplemented with 0 uM ABA (top row) or 5
uM ABA (bottom row) and grown for additional five days. F, Root growth of seedlings shown in
(E) in the presence of 0 uM ABA (blue bars) and 5 uM ABA (red bars; means = SEM, n = 5,
with seven seedlings/n) normalized to the 0 uM ABA control conditions. G, Stomatal apertures 2
h after incubation in 0 uM ABA (blue bars) or 5 uM ABA (red bars; means + SEM, n =4 with >

19 stomata/n) normalized to the 0 uM ABA control conditions. Statistical values for differences
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between Col-0 wild type and the pp2a double mutant lines were calculated using a two-way

ANOVA (P-values: *, <0.05; **, <0.01; *** <0.001).

Figure 6. PP2A A-subunit double mutants exhibit a reduced ABA sensitivity in stomatal closure.
Stomatal apertures of 29-33-day-old-plants 2 h after incubation in 0 puM ABA (blue bars) or 5
uM ABA (red bars; means = SEM, n = 3-6 with > 30 stomata/n) normalized to the 0 uM ABA
control conditions. Statistical values for differences between the control and 5 uM ABA

treatments were calculated using a one-way ANOVA (P-values: *, <0.05).

Figure 7. Regulatory PP2AA-subunits interact with catalytic PP2AC-subunits in BiFC analyses.
A and D, BiFC analyses of YN-RCNI with YC-PP2ACI1-CS5. B and E, BiFC analyses of YN-
PP2AA2 with YC-PP2ACI1-C5. C and F, BiFC analyses of YN-PP2AA3 with YC-PP2AC1-C5.
A to C, 32-plane z-stack maximum projections showing PP2AA- and PP2AC-subunit complex

formations in the cytoplasm. D to F, BiFC quantifications (means + SEM, n = 10 images).

Table I. List of potential OST1-interacting proteins selected for further analyses. Displayed are
the agi codes of the respective OSTl-interacting proteins (OIPs) with information on
phosphorylation status and protein and experiment scores (shown in parentheses). Scores were
calculated from ‘unique’ or ‘total’ protein matching peptides, which were identified in sorbitol or
ABA treated experiments. The sum of scores from sorbitol and ABA treated experiments are
also displayed. Protein scores were calculated as the sum of protein-matching peptides from
OST1a, ac)-HF purification experiments minus the sum of protein-matching peptides from
GFP-HF purification experiments. Experiment scores were calculated as count of OST1(pa, ac)-
HF purification experiments in which the protein was identified minus the count of GFP-HF

purification experiments in which the protein was identified.

Supplemental Figure S1. Western blot of HF-lines and control co-IP experiments. A, Anti-
FLAG western blot confirms expression of indicated constructs (top panel) and PageBlue
loading control (bottom panel). B, Western blots of HF-tagged proteins (anti-FLAG, top panel)
and mVenus-tagged proteins (anti-GFP, bottom panel) after co-expression in N. benthamiana

(Input) and anti-FLAG immuno-precipitation (IP) of HF-tagged proteins. Note, that OST1-HF
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cannot efficiently co-purify mVenus-ABIl. However, HF-ABI1 can efficiently co-purify
mVenus-OST1.

Supplemental Figure S2. Subcellular localizations and interaction analyses of OST1 with
OST1-interacting proteins. A, Subcellular localizations of indicated (mT)urquoise- or mVenus-
tagged OSTl-interacting proteins (OIPs) after transient expression in N. benthamiana. B,
Subcellular localizations of BiFC complexes of YN-OST1 with YC-tagged OIPs. A and B,
Maximum projections of 32-plane z-stacks. C, BiFC quantifications (means + SEM, n = 10
images). Note, that BiFC data derived from two separate experiments. D, Western blots of HF-
tagged OIPs (anti-FLAG, top panel) and mVenus- or mT-OST1 (anti-GFP, bottom panel) after
co-expression in N. benthamiana (Input) and anti-FLAG immuno-precipitation (IP) of HF-

tagged OIPs.

Supplemental Figure S3. SnRK2-type protein kinases interact with PP2A-type phosphatase
subunits in BiFC analyses. A and D, BiFC analyses of YN-OST1 with YC-PP2A-subunits and
YC-ABII as control. B and E, BiFC analyses of YN-SnRK2s with YC-RCNI1. C and F, BiFC
analyses of YN-SnRK2s with YC-PP2AB’beta. A to C, Maximum projections of 32-plane z-
stacks. Punctuate structures are indicated by an arrow. D to F, BiFC quantification (means +
SEM, n = 10 images). For better comparison of the emission signals the scale was adjusted in the

inset of (D).

Supplemental Figure S4. ABA does not inhibit root growth of pp2a-subunit single mutants but
induces an enhanced root curling of rcnl-6. A, Four-day-old seedlings of Col-0, abil-1 in Col-0
background and ppZ2a-subunit single mutants were transferred to 0.5 MS agar plates
supplemented with 0 uM ABA (left panel) or 5 uM ABA (right panel) and grown for additional
five days. B, Root length of seedlings shown in (A) in the presence of 0 uM ABA (blue bars) and
5 uM ABA (red bars; means + SEM, n = 4 with seven seedlings/n) normalized to the 0 uM ABA
control conditions. Statistical values for differences between Col-0 wild type and the investigated

mutant lines were calculated using a two-way ANOVA (P-values: **, <0.01).
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Supplemental Figure S5. 39-day-old rcni-6/pp2aa2-1 and rcnl-6/pp2aa3-1 plants exhibit a
reduced growth when compared to Col-0 wild type and pp2aa2-1/pp2aa3-1 plants.

Supplemental Figure S6. Subcellular localizations of PP2A-subunit fluorescent protein fusions.
A to E, Maximum projections of 32-plane z-stacks of (mT)urquoise-PP2A-subunit (cyan),
mVenus-PP2AC (yellow) and PP2A-subunit-mVenus fusion proteins (yellow). The fusion
proteins analyzed are indicated. A, PP2AA-subunits are localized in the cytoplasm and the
nucleus. B, PP2AC-subunits are localized in the cytoplasm, the nucleus and in punctuate
structures (indicated by arrows). C, PP2AB-subunits are localized in the cytoplasm, the nucleus
and in punctuate structures. D, PP2AB’-subunits are localized in the cytoplasm and the nucleus
(PP2AB’alpha and PP2AB’beta), the cytoplasm and in punctuate structures (PP2AB’gamma and
PP2AB’delta), the cytoplasm, nucleus and nucleolus (PP2AB’zeta) and the cytoplasm, nucleus,
nucleolus, plasma membrane and punctuate structures (indicated by arrows; PP2AB’eta,
PP2AB’theta, PP2AB’kappa). E, PP2AB’’-subunits are localized in the cytoplasm and the
nucleus, except of PP2AB’’gamma, which was observed in the nucleus and in punctuate

structures.

Supplemental Figure S7. Regulatory PP2AA-subunits interact with catalytic PP2AC-subunits
in yeast-two-hybrid analyses. A to C, Yeast-two-hybrid analyses of (A) RCN1 with PP2ACI1-C5,
(B) PP2AA2 with PP2ACI1-C5 and (C) PP2AA3 with PP2AC1-C5. Indicated combinations of
pGAD.GH-PP2AA- and pGBT9.BS-PP2AC-subunits, empty plasmids and pGAD.GH-
AKTI1/pGBT9.BS-CIPK23 (Xu et al., 2006, positive control) were transformed into PJ69-4A.
Decreasing ten-fold dilution series (ODgoo nm of 10° - 10%), indicated by the black arrows, were
spotted onto -LW control media and onto -LWH + 2.5 mM 3-AT media to select for positive
interactions and incubated for the indicated time period at 28 °C. Note, that, depending on the
experiment, PP2AC-subunits exhibited a slight transactivation, as observed by a weak growth on
selective media when yeast was transformed with empty pGAD.GH- and pGBT9.BS-PP2AC
plasmids. However, in every case the selective growth of yeast transformed with pGAD.GH-
PP2AA and pGBT9.BS-PP2AC plasmids was stronger than the respective transactivation

controls.
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Supplemental Table S1. List of protein complex isolation experiments and treatments. 14
experiments were conducted on the indicated lines after treatments with either 200 mM sorbitol

or 50 uM ABA for the indicated time period.

Supplemental Table S2. List of proteins identified by unique peptides and found only in ost/-
3/0OST1(pa, ac)-HF purifications. Potential OST1-interacting proteins, which were detected by
unique peptides are displayed by their agi code, description, phosphorylation status (detected by
MS/MS; 1, phosphorylated; 0, not phosphorylated), protein scores and experiment scores (shown
in parentheses). Listed are proteins, which were only identified from o0st/-3/OST1(pa, ac)-HF
purifications and were not detected in the respective ost/-3/GFP-HF background controls.
Proteins were designated as potential OST 1-interacting proteins according to their protein and
experiment score using the following cut-off: protein score > 10 or experiment score > 3. Scores
were calculated from treatment specific- or from all purifications. Red labeled proteins were

selected for further analyses and are listed in Table I and Supplemental Table S4.

Supplemental Table S3. List of proteins identified by any matching peptide and found only in
ost1-3/OST1(pa, ac)-HF purifications. Potential OST1-interacting proteins, which were detected
by any matching peptides are displayed by their agi code, description, phosphorylation status
(detected by MS/MS; 1, phosphorylated; 0, not phosphorylated), protein scores and experiment
scores (shown in parentheses). Listed are proteins, which were only identified from osti-
3/0OST1a, ac-HF purifications and were not detected in the respective ost/-3/GFP-HF
background controls. Proteins were designated as potential OST1-interacting proteins according
to their protein and experiment score using the following cut-off: protein score > 10 or
experiment score > 3. Scores were calculated from treatment specific- or from all purifications.
Red labeled proteins were selected for further analyses and are listed in Table I and

Supplemental Table S4.

Supplemental Table S4. Summarized list of potential OST1-interacting proteins selected for
further analyses (related to Table I). Given are the agi codes of the respective OST1-interacting
proteins (OIPs) with information on the known or predicted biochemical functions, the

phosphorylation status and protein and experiment scores (shown in parentheses). Scores were
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calculated from ‘unique’ or ‘total’ protein matching peptides, which were identified in sorbitol or
ABA treated experiments. The sum of scores from sorbitol and ABA treated experiments are
also displayed. Protein scores were calculated as the sum of protein-matching peptides from
OST1a, ac)-HF purification experiments minus the sum of protein-matching peptides from
GFP-HF purification experiments. Experiment scores were calculated as count of OST1(pa, ac)-
HF purification experiments in which the protein was identified minus the count of GFP-HF
purification experiments in which the protein was identified. In addition to Table I, this table
summarizes the subcellular localizations of fluorescent protein tagged OIPs and the subcellular

localizations of the OST1 complexes with OIPs.

Supplemental Movie S1. 30 min time-laps movie of wilting detached rosettes. From left top to
right bottom: wilting of detached rosettes of 29-day-old Col-0, ost/-3, ostl-3/GFP-HF, osti-
3/OST1-HF, ost1-3/OST1pa-HF, ost1-3/OST1sa-HF and ost/-3/OST1ac-HF recorded for a time
period of 30 min with 0.5 min/picture frame. Note, that only os¢/-3/OST1-HF wilts at slower rate
similar to Col-0 wild type.
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Table 1. List of potential OST1-interacting proteins selected for further analyses. Displayed are
the agi codes of the respective OSTIl-interacting proteins (OIPs) with information on
phosphorylation status and protein and experiment scores (shown in parentheses). Scores were
calculated from ‘unique’ or ‘total’ protein matching peptides, which were identified in sorbitol or
ABA treated experiments. The sum of scores from sorbitol and ABA treated experiments are
also displayed. Protein scores were calculated as the sum of protein-matching peptides from
OST1(pa, ac)-HF purification experiments minus the sum of protein-matching peptides from
GFP-HF purification experiments. Experiment scores were calculated as count of OST1(pa, ac)-
HF purification experiments in which the protein was identified minus the count of GFP-HF

purification experiments in which the protein was identified.

) Phospho- Unique Unique Sym Total Total Sum
Agi (o)1 4 Score Score Unique Score Score Total
rylated | 5o rpitol ABA Score | Sorbitol ABA Score
AT4G33950.1 OST1 yes 971 (4) 917 (4) 1888 (8) 3671 (1) 2856 (3) 6527 (4)
AT4G23920.1 UGE2 no 16 (4) 11 (4) 27 (8) 23 (4) 19 (4) 42 (8)
AT3G44690.1 OlIP1 no 26 (4) 57 (2) 83 (6) 26 (4) 57 (2) 83 (6)
AT3G03530.1 NPC4 no 24 (4) 53 (2) 77 (6) 34 (4) 57 (2) 91 (6)
AT3G09880.1 | PP2AB'beta no 12 (4) 15 (2) 27 (6) 19 (4) 23 (2) 42 (6)
AT5G14720.1 OIP4 no 4(1) 31 (4) 35 (5) 4(1) 31 (4) 35 (5)
AT3G09980.1 OIP6 no 3(1) 16 (4) 19 (5) 3(1) 17 (4) 20 (5)
AT5G66880.1 SnRK2.3 no (yes) 5 (2) 5 (3) 10 (5) 2609 (1) 1872 (3) 4481 (4)
AT1G78290.2 SnRK2.8 no 3(2) 7 (3) 10 (5) 126 (4) 81 (4) 207 (8)
AT4G24800.1 ECIP1 yes 4(2) 7 (3) 11 (5) 4(2) 7 (3) 11 (5)
AT2G46610.1 RS31a no 7 (1) 21 (3) 28 (4) 7(1) 21 (3) 28 (4)
AT3G06510.2 SFR2 no - 16 (4) 16 (4) - 16 (4) 16 (4)
AT5G03470.1 | PP2AB'alpha no 5(2) 8 (2) 13 (4) 5(2) 8 (2) 13 (4)
AT1G08050.1 0IP20 yes - 29 (3) 29 (3) - 29 (3) 29 (3)
AT1G13320.1 PP2AA3 no 2 (1) 9(2) 11 (3) 4 (3) 10 (1) 14 (4)
AT1G70770.1 OIP26 yes - 8 (3) 8 (3) - 8 (3) 8(3)
AT3G50500.2 SnRK2.2 no (yes) 4(2) 1(1) 5(3) 2508 (1) 1809 (3) 4317 (4)
AT1G59830.1 PP2AC1 no 2 (1) 2(1) 4(2) 5(2) 4(1) 9 (3)
AT3G25800.1 PP2AA2 no 1(1) 0 (0) 1(1) 5(3) 6 (0) 11 (3)
AT3G26030.1 | PP2AB'delta no - - - 6 (3) 5(3) 11 (6)
AT1G10430.1 PP2AC2 no - - - 3(2) 2(1) 5(3)
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Supplemental Figure S7.



