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Summary

. Intracellular malate—starch interconversion plays an important role in stomatal
movements. We investigated whether malate or oxaloacetate from the cytosolic
membrane side regulate anion channels in the plasma membrane of Arabidopsis
thaliana guard cells. Physiological concentrations of cytosolic malate have been
reported in the range of 0.4-3 mM in leaf cells.

. Guard cell patch clamp and two-electrode oocyte voltage-clamp experiments were
pursued.
. We show that a concentration of 1 mM cytosolic malate greatly activates S-type anion

channels in Arabidopsis thaliana guard cells. Interestingly, 1 mM cytosolic
oxaloacetate also activates S-type anion channels. Malate activation was abrogated at
10 mM malate and in SLACI anion channel mutant alleles Interestingly, malate
activation of S-type anion currents was disrupted at below resting cytosolic free
calcium concentrations ([Caz"]cyt), suggesting a key role for basal [Ca2+]cyt signaling.
Cytosolic malate was not able to directly activate or enhance SLAC1-mediated anion
currents in Xenopus oocytes, whereas in positive controls cytosolic NaHCO3 enhanced
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Fig. S1 Cytosolic malate at 1 mM activates ionic currents in Arabidopsis thaliana wild-type (WT) guard cells with 0.1 mM malate
showing partial activation in the depicted experimental set, whereas 10 mM malate showed no activation of currents.

Fig. S2 Cytosolic malate (1 mM) does not activate S-type anion channel currents in Arabidopsis thaliana wild-type guard cells at 0.08
UM free cytosolic Ca2*.

Fig. S3 Cytosolic malate at 1, 10 and 20 mM does not significantly enhance or inhibit SLAC1-mediated ion currents in Xengpus
oocytes co-expressing OST1 or CPK6.

Fig. S4 Cytosolic malate at 1 mM does not significantly enhance SLAH3-mediated ion currents in Xenopus oocytes.

Fig. S5 Average S-type anion channel currents recorded at =145 mV from different genotypes as shown in Figs 4 and 6 under control
conditions (0 mM malate).

Please note: Wiley Blackwell are not responsible for the content or functionality of any supporting information supplied by the
authors. Any queries (other than missing material) should be directed to the New Phytologist Central Office.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Keywords

Page 2

SLACL activity, suggesting that malate may not directly modulate SLAC1. Cytosolic
malate activation of S-type anion currents was impaired in ostI and in cpk5/6/11/23
quadruple mutant guard cells.

Together these findings show that these cytosolic organic anions function in guard cell
ion channel regulation.

Avrabidopsis, CI~ channel; ion channel regulation; malic acid; stomata

Introduction

Stomatal pores, which are formed by pairs of guard cells in the epidermis of aerial tissues,
control gas exchange and account for loss of water, including during drought stress.
Stomatal movements are regulated by several signals, including the phytohormone abscisic
acid (ABA), CO,, humidity, reactive oxygen species, light, and pathogens (Hetherington &
Woodward, 2003; Roelfsema et al., 2012; Murata et al., 2015; Ye et al., 2015). Stomatal
movements are regulated by controlled transport of osmoregulatory ions through several
types of ion channels. Blue light promotes stomatal opening. H* efflux from the cytosol of
stomatal guard cells is mediated by the H*-ATPase that hyperpolarizes the membrane
potential, which consequently activates voltage-gated inward K* channels, causing stomatal
opening (Shimazaki et al., 1986, 2007; Schroeder et al., 1987; Kinoshita & Hayashi, 2011).
By contrast, the plant hormone abscisic acid (ABA), elevated CO, concentrations and ozone
induce stomatal closure. These stimuli activate anion channels among regulation of several
ion channels and transporters and the efflux of anions induces plasma membrane
depolarization that activates outward K* channels, causing stomatal closure (Pandey et al.,
2007; Negi et al., 2014; Munemasa et al., 2015).

The SLACI gene was genetically mapped and isolated from EMS mutant screens and plays
a central role in stomatal movements (Negi et a/., 2008; Vahisalu et al., 2008). The SLACI
(SLOW ANION CHANNEL-ASSOCIATED1) gene, is required for slow anion channel
activity in Arabidopsis guard cells and stomatal closing mediated by multiple stimuli,
including abscisic acid, CO,, ozone, H,0, and Ca2* (Negi et al., 2008; Vahisalu et al.,
2008). Several protein kinases including OST1 (OPEN STOMATAL), and CPKs (Ca?*-
dependent protein kinases), and GHR1 (GUARD CELL HYDROGEN PEROXIDE-
RESISTANT1) can cause phosphorylation and activation of SLAC1 anion channels in
Xenopus oocytes (Geiger et al., 2009, 2010; Lee et al., 2009; Brandt et al., 2012; Hua et al.,
2012; Brandt et al., 2015).

S-type anion channels in guard cells and SLAC1 expressed in Xenopus oocytes are
permeable to CI~ and NO3™ (Schmidt & Schroeder, 1994; Geiger et al., 2011). However,
SLAC1 and S-type anion channels in Arabidopsis guard cells are not permeable to HCO3™
and malate (Geiger et al., 2009; Xue et al., 2011; Laanemets et al., 2013). Intracellular
bicarbonate generated by carbonic anhydrases can act as a second messenger and activate S-
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type anion channels in guard cells (Hu et a/., 2010; Xue et al., 2011; Tian et al., 2015; Wang
etal., 2016).

R-type anion channels form a distinct type of anion channel in the plasma membrane of
guard cells (Keller et al., 1989; Hedrich et al., 1990; Schroeder & Keller, 1992). R-type
anion channels are encoded by the aluminium-activated malate transporter (ALMT) gene
ALMTI2 (Meyer et al., 2010b). ALMTSs form a unique family of passive anion transport
systems in plants. ALMTSs are involved in dicarboxylic acid excretion required for
aluminium tolerance (Hoekenga et a/., 2006) and in the efflux of inorganic and organic
anions including malate during stomatal closure (Gerhardt et al., 1987; Meyer et al., 2010b;
Sasaki et al., 2010). AtALMT12 is mainly expressed in guard cells and targeted to the
plasma membrane encoding for R-type anion channels (Meyer et a/., 2010b). Loss of
AIALMT12impaired stomatal closure in response to ABA, darkness and high levels of CO,
(Meyer et al., 2010b; Sasaki et al., 2010).

Malate exists in several cellular compartments (i.e. vacuoles, cytosol, chloroplasts and
mitochondria). Malate is transported among compartments and this malate transport is
important for regulation of subcellular malate concentrations (Van Kirk & Raschke, 1978;
Martinoia et al., 1985; Martinoia & Rentsch, 1994; Emmerlich et al., 2003; Meyer et al.,
2010a; Hills et al., 2012). The uptake of apoplastic malate is mediated by the plasma
membrane AtABCB14 (ATP BINDING CASSETTE TRANSPORTER) in Arabidopsis
guard cells (Lee et al., 2008).

Plants exhibit CAM metabolism by using malic acid as a store of available CO, during the
night; as a result malate accumulates to high levels of up to 350 mM in vacuoles (Luttge,
1987; Martinoia & Rentsch, 1994). Decarboxylation decreases the malic acid level by 200
mM during the day. C3 and Cy4 plants accumulate malic acid as salts (i.e. K-malate) at
concentrations of up to 100-200 mM in vacuoles (Winter et al., 1982). However, the
cytosolic malate concentration is tightly controlled and its level is kept in the range from c.
0.4 to 3 mM in the dark and ¢. 2 to 5 mM in the light, since malate is at a central point of
metabolic pathways affecting osmotic balance and pH homeostasis (Gerhardt et a/., 1987;
Martinoia & Rentsch, 1994; Winter et al., 1994; De Angeli et al., 2013).

Previous studies have shown that extracellular malate can activate R-type anion channels in
isolated protoplasts and intact Vicia faba guard cells (Marten et al., 1992; Hedrich & Marten,
1993; Hedrich et al., 1994). These observations suggest a ‘feedforward’ mechanism for
control of R-type anion channels (Hedrich & Marten, 1993; Wang & Blatt, 2011), such that
malate released from guard cells during stomatal closing (Van Kirk & Raschke, 1978), can
further enhance stomatal closing. However, analysis of cyfosolic malate concentrations on
guard cell plasma membrane ion channels has thus far shown that high malate
concentrations = 10 mM can inhibit S-type anion channels in Vicia faba guard cells
(Schmidt & Schroeder, 1994; Wang & Blatt, 2011). Enhancement of guard cell ion currents
by millimolar malate was also observed (Wang & Blatt, 2011). Moreover, 1 mM oxaloacetic
acid (OAA) inhibits anion currents in Vicia faba guard cells (Wang & Blatt, 2011).
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In this study, we investigated whether cytosolic malate and OAA can regulate anion channels
in Arabidopsis guard cells. Interestingly, we have found that malate and OAA cause a clear
activation of S-type anion channels in Arabidopsis guard cells. We have found that 1 mM
malate and 1 mM OAA activate S-type anion channel CI~ currents in wild-type guard cells.
Malate activation occurs at both resting and elevated cytosolic Ca%* concentrations, but
interestingly, physiological baseline cytosolic free Ca2* concentrations are required for
malate activation of S-type channels in guard cells. Furthermore, high cytosolic malate (10
mM) did not activate these channels, presumably due to the previously reported channel
inhibition at high malate (Schmidt & Schroeder, 1994; Wang & Blatt, 2011). We further
show that loss of slaci, ost1 and cpk5/6/11/23 impair 1 mM malate activation of S-type
anion channel currents in guard cells. We also investigate reconstitution of malate regulation
of the SLACL1 anion channel in Xengpus laevis oocytes. These experiments suggest that
malate does not directly increase SLAC1-mediated anion channel activity, which in positive
controls is found to be distinct from bicarbonate regulation of SLAC1.

Materials and Methods

Plant growth conditions

Arabidopsis thaliana L. Heynh. [Author, please confirm inserted text ‘L. Heynh.” is
correct] seedlings were grown on Murashige and Skoog (MS) medium (Sigma-Aldrich)
containing 1% (w/v) sucrose and 0.8% (w/v) agar for 7 d and were transplanted into soil
(Sunshine Professional Blend). The potted plants were kept in a growth chamber (white light
of 100 umol m=2 s at 22°C, 70% relative humidity) for 4-5 wk.

Patch clamp analyses

Arabidopsis thaliana guard cell protoplasts were isolated as described previously
(YYamamoto et al., 2016). During patch clamp recordings, the membrane voltage was stepped
to potentials starting from +35 to —145 mV for 5 s with —30 mV decrements with a holding
potential at +30 mV. All assays were conducted at room temperature (22°C) under dim light.

The bath solution contained 30 mM CsCl, 2 mM MgCl,, 10 mM MES-Tris (pH 5.6), and 1
mM CacCl,, with D-sorbitol added to an osmolality of 485 mmol/kg. The pipette solution
contained 3.35 mM CaCly, 6.7 mM EGTA, 2 mM MgCl,, 10 mM HEPES-Tris (pH 7.1), and
150 mM CsCl, with an osmolality of 500 mmol kg~1. The final free CaZ* concentration in
the pipette solution was 0.2 UM when indicated as calculated using Max Chelator software
version 5.60 developed by Dr. Chris Patton at Stanford University. The free calcium
concentration was buffered to 2 uM (5.86 mM CacCl, in the pipette solution) or to 0.01 uM
free Ca?* (0.3 mM CaCls in the pipette solution) when indicated in the figures. Final
osmolalities were adjusted with D-sorbitol. For analysis of malate and oxaloacetate
activation of S-type anion channels, the indicated malate and oxaloacetate concentrations
and 5 mM Mg-ATP were freshly added to the pipette solution and the pH was adjusted with
Tris before patch clamp experiments. As reported in previous research, the time- and
voltage-dependent Kinetics of deactivation of S-type anion channels in guard cells and
SLAC1-mediated currents in Xenopus oocytes (Schmidt & Schroeder, 1994; Brandt et a/.,
2015) show variability that may reflect distinct post-translational protein modification states
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that remain to be characterized. Intracellular malate and OAA activated anion currents
independent of these channel states.

Two-electrode voltage-clamp recordings in Xenopus laevis oocytes

Results

All constructs were cloned into the pNB1 oocyte expression vector using the USER (Uracil-
Specific Excision Reagent) method (Nour-Eldin et a/,, 2006). To investigate intracellular
malate effects on anion channel activity in oocytes, SLAC1lyc and OST1yn cRNA (Geiger et
al., 2009) or SLAC1 and CPK6 cRNA or SLAH3 and CPK21 cRNA were co-injected into
oocytes and incubated in ND96 buffer at 16°C for 2 d before voltage-clamp recordings
(Wang et al., 2017). The extracellular recording solution contained 10 mM MES/Tris (pH
7.4), 1 mM MgCl,, 1 mM CaCl,, 2 mM KCI, 24 mM NacCl, and 70 mM Na-gluconate.
Osmolality was adjusted to 220 mM using D-sorbitol. To investigate effects of malate, 11.5
mM bicarbonate, 1 mM, 10 mM or 20 mM malate were injected into each oocyte as final
calculated concentrations based on oocyte volume calculations (final concentration = 25 nl
[injected volume] / 500 nl [oocyte volume] x injected concentration) (Wang et a/., 2016). To
maintain the same injection volume of 25 nl in all experiments, 20 mM, 200 mM, 400 mM
malate and 230 mM NaHCO3 solutions were prepared to achieve final concentrations of 1
mM, 10 mM and 20 mM malate and 11.5 mM bicarbonate in oocytes. For malate and
bicarbonate injections, oocytes were recorded consistently 10 min after injections (Wang et
al., 2016). Steady state currents were recorded starting from a holding potential of 0 mV and
ranging from +40 to =160 mV in =20 mV decrements, followed by a =120 mV voltage ‘tail’
pulse (Geiger et al., 2009; Wang et al., 2016).

We investigated whether physiological cytosolic malate affects the activity of S-type anion
channels in the plasma membrane of Arabidopsis guard cells. Interestingly, adding 1 mM
malate to the patch clamp pipette solution that dialyzes the cytoplasm of guard cells caused
enhancement of whole guard cell ion currents (Fig. 1, Supporting Information Fig. S1),
similar to Vicia faba guard cells (Wang & Blatt, 2011). Addition of 0.1 mM malate to the
cytosol was not sufficient to cause a robust enhancement in ion currents (Fig. 1). In one of
the experimental data sets, 0.1 mM cytosolic malate caused a significant but small
enhancement of ion currents in guard cells (Fig. S1; < 0.02 at —145 mV, n= 8 guard cells).
All experiments were performed in the presence of 165.6 mM chloride ions in the pipette
solution that dialyzes the cytosol, suggesting that the effect of the malate anion is unique
relative to chloride ions.

Previous studies have however shown that higher cytosolic malate concentrations (i.e. =10
mM) can inhibit or block S-type anion channels in Vicia faba guard cells (Schmidt &
Schroeder, 1994; Wang & Blatt, 2011) and that S-type anion channels in Arabidopsis guard
cells are largely impermeable to malate anions (Laanemets et al., 2013). We therefore tested
the effect of adding 10 mM malate to the cytosol. Interestingly, at 10 mM malate, the
activation of guard cell ion currents was not observed (Figs 1, S1).

Robust abscisic acid activation of S-type anion channels in Arabidopsis guard cells is
mediated by simultaneously elevating cytosolic Ca2* (Siegel et a/., 2009; Brandt et a/.,
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2015). Addition of 1 mM malate to the cytosol in guard cells enabled activation of ion
currents when the cytosolic free Ca2* concentration ([Ca2+]cyt) was buffered to 0.2 uM (Fig.
2). When [Ca2+]cyt was buffered to an elevated level of 2 pM, anion currents were not
activated in the absence of malate (Figs 2, 3), consistent with previous studies (Allen et al.,
2002; Brandt et al., 2015). Addition of 1 mM malate to the pipette solution with [Ca2+]cyt
buffered to 2 UM led to even stronger enhancement of guard cell anion currents than at 0.2
UM [Ca2+]cyt (Fig. 2). However, when the cytosolic free Ca2* was buffered to a slightly
below resting concentration of 0.08 uM and a sub-resting level of 0.01 uM, 1 mM malate did
not significantly enhance anion channel currents (Figs 3, S2).

The SLAC1 gene is required for S-type anion channel activity in guard cells and in Xenopus
oocytes (Negi et al., 2008; Vahisalu et al., 2008; Geiger et al., 2009; Lee et al., 2009). We
investigated whether cytosolic malate activation is mediated by SLAC1-associated anion
currents by using s/ac mutant plants, in which R-type anion channel currents are intact
(Vahisalu et al.,, 2008). The malate activation of anion currents in guard cells was disrupted
in two s/ac1 mutant alleles, showing that intracellular malate activates S-type anion channels
in guard cells and that SLAC1 plays a key role in this response (Fig. 4).

S-type anion currents have been shown to be activated by high intracellular concentrations of
bicarbonate anions (HCO3™) in guard cells (Hu et al., 2010; Xue et al.,, 2011; Tian et al.,
2015) and the same concentrations of intracellular bicarbonate enhances the activity of
SLAC1 channels activated by the protein kinases OST1, CPK6 and CPK23 in Xenopus
oocytes (Wang et al., 2016). We investigated whether SLAC1-mediated currents in Xenopus
oocytes are also directly enhanced by intracellular malate. However, micro-injection of
malate at a final concentration of 1 mM in the cytoplasm of oocytes did not enhance OST1-
or CPK6-mediated SLAC1 channel activity in oocytes (Figs 5, S3a). In positive control
experiments, injection of HCO3~ enhanced SLAC1-mediated currents in the same batches of
oocytes (Fig. 5), consistent with previous findings (Wang et al., 2016). These data suggest
that the mechanism of HCO3~ enhancement of SLAC1 activity differs from the malate
activation of S-type anion channels in guard cells found here. We also tested the SLAH3
channel that contributes to S-type anion channel function in guard cells (Geiger et a/., 2011).
Cytosolic malate (1 mM) also did not enhance SLAH3 anion channel activity in Xenopus
oocytes (Fig. S4). Additional experiments were conducted by injecting malate at final
concentrations of 10 mM or 20 mM into oocytes expressing SLAC1 and OST1. However,
these treatments did not clearly enhance or inhibit SLAC1-mediated anion currents (Fig.
S3b) (n> 3 oocyte batches tested).

We further investigated whether the intracellular malate activation of S-type anion currents
in guard cells (Figs 1, 2) depends on upstream protein kinases, using the ostZ and
cpk5/6/11/23 mutants that impair abscisic acid activation of S-type anion channels in guard
cells (Li et al., 2000; Geiger et al., 2009; Brandt et al., 2015). The ostI and cpk5/6/11/23
mutants displayed no S-type anion currents without malate consistent with previous findings
in these mutants (Geiger et al., 2009; Brandt et a/., 2015) and also with zero malate controls
in wild-type guard cells (Figs 1, 4, 6, S5). We found that malate activation of S-type anion
currents was impaired in the ost! and cpk5/6/11/23 mutants (Fig. 6).
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Oxaloacetic acid is a precursor in the malate synthesis pathway in guard cells (Martinoia &
Rentsch, 1994). To test the effect of OAA on S-type anion channel currents, we added
oxaloacetate (OAA) to the pipette solution. Surprisingly, 1 mM OAA was able to activate S-
type anion channel currents, while this stimulation was not observed at 0.1 mM cytosolic
OAA (Fig. 7). The unexpected activation of S-type anion currents by cytosolic OAA was
found in independent experimental sets by J.W. and C.W.

Discussion

Previous studies have shown that extracellular malate enhances R-type anion channel
activity but not S-type anion channel activity in guard cells (Marten et al., 1992; Hedrich &
Marten, 1993; Hedrich et al,, 1994). Moreover, intracellular malate at high concentrations >
10 mM inhibits S-type anion channel activity in guard cells (Schmidt & Schroeder, 1994;
Wang & Blatt, 2011) and at 1 mM malate an enhancement of anion currents occurs in Vicia
faba guard cells (Wang & Blatt, 2011).

Cytosolic malate concentrations in the range from 0.4 to 3 mM have been reported in plant
cells (Gerhardt & Heldt, 1984; Winter et a/., 1994; Farre et al., 2001). In the present study
we have found that cytosolic malate concentrations of 1 mM activate S-type anion channels
in Arabidopsis guard cells, whereas lower malate concentrations of 0.1 mM showed either
weak or no substantial activation of anion currents in guard cells (Figs 1, S1). Moreover,
another cytosolic dicarboxylic acid OAA also stimulates S-type anion channels in the guard
cell plasma membrane (Fig. 7). By contrast, in Vicia faba guard cells 1 mM intracellular
oxaloacetate inhibited plasma membrane anion currents (Wang & Blatt, 2011).

The present study suggests that cytosolic OAA and malate at concentrations in the range of 1
mM, predicted to be physiological (Gerhardt & Heldt, 1984; Winter et al., 1994; Farre et al.,
2001) can play an important role in anion channel up-regulation in Arabidopsis guard cells
thus functioning in stomatal closing. During stomatal opening, guard cells synthesize malate
from starch and transport malate into vacuoles, where malate is stored at high concentrations
in the >100 mM range as osmotic counter ion to K* ions (Winter et al., 1994). An increase
in malate production in guard cells required for stomatal opening has been predicted to lead
to an increase in the cytosolic malate concentration (Wang & Blatt, 2011). An increase in
cytosolic malate to 10 mM would inhibit S-type anion channel activity (Figs 1, S1) (Schmidt
& Schroeder, 1994; Wang & Blatt, 2011), which would favor stomatal opening. Thus high
cytosolic malate concentrations may contribute to stomatal opening by inhibiting S-type
anion channels. In line with this prediction, the stomatal opening signals blue light, red light
and/or low CO, cause down-regulation of S-type anion channel activity in guard cells
(Roelfsema et al., 2002; Roelfsema et al., 2006).

Malate enhanced S-type anion currents in guard cells both at a resting cytosolic free Ca2*
concentration of 0.2 uM and at 2 uM free Ca2* (Fig. 2). Interestingly however, when the free
calcium was clamped to 0.08 pM, a concentration that is only slightly below resting levels,
or to a sub-resting level of 0.01 pM free Ca?*, S-type anion channels were not activated by
intracellular malate (Figs 3, S2). A previous study showed that buffering the free calcium
concentration to sub-resting levels disrupts abscisic acid activation of anion channels in
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Vicia faba guard cells (Levchenko et af., 2005). A contribution of baseline resting Ca2*
levels to stimulus-induced stomatal closing has been observed (Gilroy et al., 1991; Grabov
& Blatt, 1998; Levchenko et al., 2005; Siegel et al., 2009) but sub-resting levels have been
less studied. Based on the present findings and previous research (Levchenko et a/., 2005)
further analyses of guard cell ion channel regulation at sub-baseline levels should be of
interest for dissecting functions of resting calcium concentrations on ion channel regulation,
in particular based on studies showing that abscisic acid and elevated CO5 increase the
sensitivity of S-type anion channels and inward-rectifying K* channels to cytosolic Ca2*
(Siegel et al., 2009; Chen et al., 2010; Xue et al., 2011; Brandt et al., 2015).

Predicted physiological cytosolic malate concentrations (0.4—3 mM) activate S-type anion
channels in guard cells (Figs 1, 2, 4, 6) (Wang & Blatt, 2011). During stomatal closing,
malate concentrations are reduced in guard cells through efflux and starch synthesis, (Van
Kirk & Raschke, 1978; Schnabl, 1981; Schnabl et a/.,, 1982), indicating that low millimolar
cytosolic malate concentrations may occur. Thus the up-regulation of anion channel activity
identified here could contribute to stomatal closing. Consistent with these findings, malate
activation of S-type anion channels was disrupted in the ostZ and ¢pk5/6/11/23 mutants (Fig.
6) that impair stomatal closing (Mustilli et a/., 2002; Yoshida et al., 2002; Brandt et al.,
2015). The enhancement of S-type anion channel activity by intracellular malate depends on
the SLACI gene, as slacI mutants disrupted the cytosolic malate response (Fig. 4).

The ALMT9 and ALMT®6 chloride channels are targeted to the tonoplast of guard cells.
ALMT9 has been shown to mediate malate and fumarate currents directed into vacuoles of
mesophyll cells (Kovermann et al., 2007; De Angeli et al., 2013; Zhang et al., 2013, 2014).
AtALMT6 mediates Ca2* and pH dependent malate currents into guard cell vacuoles (Meyer
et al., 2011). Most recently, another tonoplast targeted ALMT channel, AtALMT4, was
shown to mediate malate efflux from vacuoles, functioning in stomatal closure in response to
ABA (Eisenach et al., 2017). Interestingly, malate is not only transported into vacuoles by
ALMTY, but cytosolic malate and oxaloacetate also up-regulate the ALMT9 channels that
reside in the vacuolar membrane of guard cells and other plant cells, with ALMT9 channel
activation occurring at ¢. 0.3 mM cytosolic malate (De Angeli et al., 2013).

As ALMT6 & ALMT?9 channels function in stomatal opening (Meyer et al., 2011; De
Angeli et al, 2013) and S-type anion channels function in stomatal closing, these findings
together suggest that an additional degree of regulation of these ion channels would be
required to avoid futile simultaneous activation of counteracting ion channels in the guard
cell vacuolar and plasma membranes. During stomatal opening S-type anion channels are
directly down-regulated by type 2C protein phosphatases (Brandt ef a/., 2015). This tight
down-regulation by PP2Cs may preclude malate activation of S-type anion channels during
stomatal opening, if cytosolic malate concentrations are low. Based on the present findings
suggesting that malate acts further upstream of S-type anion channels rather than as a direct
channel activator, these data point to the hypothesis that malate facilitates stomatal closing
under permissive conditions that trigger stomatal closing, when PP2C phosphatases are
inhibited. This hypothesis will require further investigation.
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Consistent with the hypothesis that malate regulation of S-type anion channels depends on
additional coinciding signal transduction mechanisms, cytosolic malate activation of anion
channels does not appear to occur via a direct interaction with and up-regulation of SLAC1;
Cytosolic malate in oocytes did not affect SLAC1- and SLAH3-mediated anion channel
activity (Figs 5, S3, S4), as found in experiments conducted independently by three of the
authors (C.W., J.Z. and D.B.). In control experiments, SLAC1-mediated currents were
upregulated by intracellular bicarbonate in the same oocyte batches showing typical SLAC1
properties (Fig. 5). This is consistent with a recent study, in which high intracellular HCO3~
could enhance anion currents mediated by SLAC1, when protein kinases were co-expressed,
including OST1yn, CPK6 or CPK23 in Xenopus laevis oocytes. By contrast, direct
modulation of SLAC1 or SLAH3 activity by malate was not observed (Figs 5, S3, S4).
These data, together with the requirement of protein kinases for malate activation of S-type
channels in guard cells (Fig. 6) indicate that malate activation of S-type anion channels is
likely to occur via modulation of signaling mechanisms upstream of S-type anion channels
in guard cells.

In summary, the present study reveals a new mode of S-type anion channel regulation in
guard cells by cytosolic malate and oxaloacetate. This newly recognized regulation
mechanism could contribute to physiological stomatal closing, as well as to the well-known
regulation of stomatal movements by malate. Further research will be needed to dissect
which of the many known upstream stomatal regulation mechanisms are directly regulated
by cytosolic malate concentrations.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Cytosolic malate at 1 mM activates ionic currents in Arabidopsis thaliana wild-type (WT)

guard cells, whereas 0.1 mM did not significantly enhance ion currents in these experiments
and 10 mM malate showed no activation of currents. (a) Typical whole-cell recordings of
ionic currents in guard cell protoplasts of wild type plants without malate or with 0.1 mM, 1
mM and 10 mM malate added to the pipette solution that dialyzes the cytosol of guard cells.
(b) Steady state current-voltage relationships recorded as in (a). The number of guard cells
was 77=5-8 for each condition. Data are mean + SE (One-way ANOVA and Tukey’s test: P
<0.01 for WT vs WT+1 mM malate; A< 0.01 for WT+10 mM malate vs WT+1 mM
malate; £< 0.05 for WT+0.1 mM malate vs WT+1 mM malate at —145 mV).
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Fig. 2.
Malate activation of anion currents in Arabidopsis thaliana wild-type (WT) guard cells

occurs at a buffered resting cytosolic free Ca2* concentration of 0.2 uM, and malate
activation of S-type anion channel currents is enhanced by 2 pM free Ca2* compared with
0.2 uM free Ca?* in the pipette solution. (a) Typical whole-cell recordings of S-type anion
channel currents in guard cell protoplasts of wild type plants with 0.2 uM free Ca2*, 2 pM
free Ca2*, 0.2 UM free Ca2* + 1 mM malate and 2 pM free Ca?*+1 mM malate in the pipette
solution. (b) Steady state current-voltage relationships recorded as in (a). The number of
guard cells was 1= 5-7 for each condition. Data are mean + SE (£< 0.01 for 0.2 uM free
Ca?* vs 0.2 uM free CaZ* + 1 mM malate; P< 0.01 for 2 uM free Ca?* vs 2 uM free Ca2*

+ 1 mM malate at =145 mV).
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Fig. 3.

C)?tosolic malate (1 mM) does not activate S-type anion channel currents in Arabidopsis
thaliana wild-type (WT) guard cells at a low free cytosolic Ca2* concentration of 0.01 pM.
(a) Typical whole-cell recordings of S-type anion channel currents in guard cell protoplasts
of wild type plants with or without 1 mM malate at 0.01uM and 2 pM free Ca2*. Note 2 pM
free Ca2* was buffered with 5.7 mM CaCl, + 6.7 mM EGTA; 0.01 uM free Ca2* used 0.3
mM CaCl, + 6.7 mM EGTA. (b) Steady-state current-voltage relationships of recordings as
in (a). The number of guard cells was from seven to nine for each condition. Data are mean
+ SE (P< 0.01 for WT vs WT+1 mM malate+2 pM free Ca?*; £< 0.01 for WT+1 mM
malate+0.01 uM free Ca2* vs WT+1 mM malate+2 uM free Ca2*).
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Fig. 4.

5/301-1 and s/ac1-3 mutants impair 1 mM malate activation of S-type anion channel currents
in Arabidopsis thaliana guard cells. () Typical whole-cell recordings of S-type anion
channel currents in guard cell protoplasts of wild type (WT), s/facZ-1 and slac1-3 mutant
plants with 1 mM malate and 2 pM free Ca2* in the pipette solution that dialyzes the cytosol.
(b) Steady-state current-voltage relationships recorded as in (a). The number of guard cells
was n7=5-7. Data are mean + SE (P< 0.01 for s/acZ-1+ 1 mM malate vs WT + 1 mM
malate; £< 0.01 for sfacZ-3+ 1 mM malate vs WT + 1 mM malate at —145 mV).
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-10

Cytosolic malate at 1 mM did not enhance SLAC1yc-OSTlyn—mediated anion channel
currents in Xenopus oocytes. (a) Whole-cell currents were recorded from oocytes expressing
SLAC1yc and OST1yn after injection of the indicated final NaHCO3 or malate
concentrations. (b) Steady state current-voltage relationships from oocytes recorded as in
(@). The number of oocytes was /7= 9-14. Data are mean *+ SE. Experiments shown here are
from one batch of oocytes, with similar findings made in three independent oocyte batches.
(P<0.01 for SLACyc+OST1yn vs SLACyc+OST1yn +11.5 mM HCO3™; < 0.01 for
SLACyc+OST1yn +1 mM malate vs SLACyc+OST1yn +11.5 mM HCO3™ at =160 mV.)
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Fig. 6.

cpgk5/6/11/23 and ostI-3 mutant plants impair 1 mM malate activation of S-type anion
channel currents in Arabidopsis thaliana guard cells. (a) Typical whole-cell recording of S-
type anion channel currents in guard cell protoplasts of wild type (WT), cpk5/6/11/23 and
ost1-3mutant plants. (b) Steady state current-voltage relationships recorded as in (a). The
number of guard cells was 7= 4-7. Data are mean + SE. The pipette solution contained 2
UM free Ca?* (P< 0.01 for cpk5/6/11/23+1 mM malate vs WT+1 mM malate; P< 0.01for
ost1-3+1 mM malate vs WT+1 mM malate at —-145 mV).
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Fig. 7.
Cytosolic oxaloacetate (OAA) at 1 mM activates S-type anion channel currents in wild-type

(WT) Arabidopsis thaliana guard cells, whereas 0.1 mM OAA does not show activation. (a)
Typical whole-cell recordings of S-type anion channel currents in guard cell protoplasts of
wild type (WT) plants without OAA or with 0.1mM or 1 mM OAA added to the pipette
solution. The pipette solutions contained 2 pM free Ca?*. (b) Steady state current-voltage
relationships recorded as in (a). The number of guard cell is 7= 6-9 for each condition. Data
are mean + SE. Note that Fig. 3 shares the same WT I-V curves, as data were obtained in
the same experimental data sets (P< 0.01 for WT vs WT+1 mM OAA; P< 0.01 for WT+0.1
mM OAA vs WT+1 mM OAA at —145 mV).
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