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Guard cells control the aperture of stomatal pores to balance photosynthetic carbon dioxide uptake with evaporative water
loss. Stomatal closure is triggered by several stimuli that initiate complex signaling networks to govern the activity of ion
channels. Activation of SLOW ANION CHANNEL1 (SLAC1) is central to the process of stomatal closure and requires the
leucine-rich repeat receptor-like kinase (LRR-RLK) GUARD CELL HYDROGEN PEROXIDE-RESISTANT1 (GHR1), among other
signaling components. Here, based on functional analysis of nine Arabidopsis thaliana ghr1 mutant alleles identified in two
independent forward-genetic ozone-sensitivity screens, we found that GHR1 is required for stomatal responses to apoplastic
reactive oxygen species, abscisic acid, high CO2 concentrations, and diurnal light/dark transitions. Furthermore, we show
that the amino acid residues of GHR1 involved in ATP binding are not required for stomatal closure in Arabidopsis or the
activation of SLAC1 anion currents in Xenopus laevis oocytes and present supporting in silico and in vitro evidence
suggesting that GHR1 is an inactive pseudokinase. Biochemical analyses suggested that GHR1-mediated activation of SLAC1
occurs via interacting proteins and that CALCIUM-DEPENDENT PROTEIN KINASE3 interacts with GHR1. We propose that
GHR1 acts in stomatal closure as a scaffolding component.

INTRODUCTION

Stomata optimize photosynthetic carbon dioxide uptake with
minimal water loss. Guard cells, which form the stomatal pores,
allow plants to sense and respond to diverse environmental and
endogenous stimuli by adjusting the aperture of stomatal pores.
Stomatal aperture decreases in response to drought, low light
intensity, low air humidity, elevated intercellular CO2 concentra-
tion, pathogens, and the air pollutant ozone (O3). Adjustment of
stomatal aperture is achievedby turgor changes resulting from ion
transport across the guard cell plasma- and vacuole membranes

(Hedrich, 2012). Ion channels and transporters are the primary
targets of guard cell signaling networks, and their activity deter-
mines the aperture of stomatal pores (Kim et al., 2010; Roelfsema
et al., 2012; Kollist et al., 2014; Song et al., 2014). Upstream sig-
naling events involve a complex network of interactions involv-
ing the phytohormone abscisic acid (ABA), cytoplasmic calcium
(Ca2+), and reactive oxygen species (ROS; Sierla et al., 2016).
During the past decades, several molecular components in-

volved in regulating stomatal movement have been identified in
the model plant Arabidopsis thaliana. These components include
theguardcell slow-typeanionchannel,SLOWANIONCHANNEL1
(SLAC1; Negi et al., 2008; Vahisalu et al., 2008) and the core ABA
signalosome, composed of the ABA receptors PYRABACTIN
RESISTANCE1 (PYR)/REGULATORY COMPONENTS OF ABA
RECEPTORS (RCAR; Ma et al., 2009; Park et al., 2009), a group
of type 2C protein phosphatases (PP2Cs; Umezawa et al.,
2009; Vlad et al., 2009), and the SUCROSE NON-FERMENTING1
(SNF1)-related protein kinase OPEN STOMATA1 (OST1; Mustilli
et al., 2002). ABA binding-induced conformational changes in the
PYR/RCAR receptors lead to the inhibitionofPP2Cs,whichallows
the activation of the protein kinase OST1 (Ma et al., 2009; Park
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et al., 2009; Soon et al., 2012). OST1 is then thought to activate
SLAC1 via phosphorylation to initiate stomatal closure (Geiger
et al., 2009; Lee et al., 2009; Vahisalu et al., 2010; Brandt et al.,
2012). Several other kinases, including Ca2+-dependent protein
kinases (CPK3, CPK5, CPK6, CPK21, and CPK23), the leucine-
rich repeat receptor-like kinase GUARD CELL HYDROGEN
PEROXIDE-RESISTANT1 (GHR1), and Calcineurin B-like (CBL)/
CBL-interacting protein kinase (CIPK) complexes, have also been
implicated in SLAC1 activation (Geiger et al., 2010; Brandt et al.,
2012, 2015; Hua et al., 2012; Scherzer et al., 2012; Maierhofer
et al., 2014). Although it is clear that phospho-regulation of SLAC1
channel activity is central to stomatal movements, in planta evi-
dence for these events is still mostly lacking.

Genetic studies have established that SLAC1 and OST1 define
the core pathway regulating rapid stomatal responses to most
closure-inducing cues (Mustilli et al., 2002; Negi et al., 2008;
Vahisalu et al., 2008, 2010; Xue et al., 2011; Hedrich and Geiger,
2017). Other components, including ROS produced by the
NADPH oxidases RBOHD and RBOHF (Sierla et al., 2016), PYR/
RCAR receptors andPP2Csof theABAsignalosome (Merilo et al.,
2013; Chater et al., 2015), and GHR1 (Hua et al., 2012) are also
involved in multiple stomatal responses, while others are
pathway-specific. For example, the Raf-like protein kinase HIGH
LEAF TEMPERATURE1 (HT1) is a CO2-specific guard cell regu-
lator (Hashimoto et al., 2006; Hõrak et al., 2016). Functional re-
dundancy within the 34-member CPK family has hampered their
genetic analysis; however, analysis of single and higher order
mutants has confirmed a role for certain CPKs in ABA-mediated
activation of S-type anion channels in guard cells, which is also
reflected in impaired ABA-induced stomatal closure (Mori et al.,
2006; Brandt et al., 2015).

Cell surface receptors, such as the plant receptor-like ki-
nases (RLKs), are common components in signal perception and

transduction systems. The leucine-rich repeat (LRR) RLKs rep-
resent the largest subclassofRLKs (Shiu andBleecker, 2003;Gou
et al., 2010). Typically, the LRR-RLKs consist of an extracellular
LRR receptor domain, a transmembrane region, and a cytoplas-
mic kinase domain. Activation of LRR-RLKs usually involves
ligand-inducedheterodimerizationwith co-receptors, followedby
transphosphorylation and further activation of the intracellular
kinase modules. Activated receptor kinase complexes initiate
further signaling events via interaction with downstream signaling
components (CoutoandZipfel, 2016;Hohmannet al., 2017). Such
complexes also function in stomatal signaling, e.g., flg22-induced
stomatal closure involves the pattern recognition receptor
FLAGELLIN-SENSITIVE2 (FLS2), the co-receptor BRASSINOS-
TEROID INSENSITIVE1-ASSOCIATED RECEPTOR KINASE1
(BAK1) and the cytoplasmic kinase BOTRYTIS-INDUCED KI-
NASE1 (BIK1) (Kadota et al., 2014; Li et al., 2014).
At least 10% of all human and Arabidopsis protein kinases and

around 20% within the Arabidopsis RLK family lack key residues
essential for catalytic kinase activity and are therefore termed
pseudokinases (Manning et al., 2002; Castells and Casacuberta,
2007). Accumulating evidence demonstrates that pseudokinases
are integral components of signaling pathways and function
primarily as kinase scaffolds (either directly or indirectly, through
other scaffold proteins) or as allosteric modulators of other sig-
naling components (Langeberg and Scott, 2015). Although the
mode of action of plant receptor-like pseudokinases remains
mostly unknown, it is clear that they control various biological
processes. For example, pseudokinases BAK1-INTERACTING
RECEPTOR-LIKE KINASE2 (BIR2) and CORYNE (CRN) mediate
receptor complex formation during immune responses and stem
cell homeostasis, respectively (Blaum et al., 2014; Halter et al.,
2014a, 2014b; Somssich et al., 2015, 2016). POLLEN-SPECIFIC
RECEPTOR-LIKEKINASE5 (PRK5)actsasa receptor forapeptide
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ligand (Wrzaczek et al., 2015), and RECEPTOR DEAD KINASE1
acts as a positive regulator in plant responses to ABA during seed-
ling development through the recruitment of ABA INSENSITIVE1
(ABI1) to the plasma membrane (Kumar et al., 2017).

Apoplastic ROS are signaling molecules involved in both intra-
and intercellular signaling during various inducible and de-
velopmental processes (Suzuki et al., 2011; Sierla et al., 2013;
Waszczak et al., 2018). The air pollutant O3 can be used as
a convenient tool to generate apoplastic ROS to study their
function.Stomatal conductancedetermines theeffectiveO3-dose
and critical flux rate into the leaf intercellular airspace. Therefore,
impaired stomatal regulation can result in altered responses to O3

(Kangasjärvi et al., 2005). A link between O3-sensitivity and sto-
matal function has been recognized for more than four decades
(Mansfield, 1973), but themolecularmechanisms involved remain
mostly undefined.Mutant screens for O3 sensitivity have revealed
components involved in ROS-related signaling cascades, anti-
oxidant biosynthetic pathways (Conklin et al., 2000; Overmyer
et al., 2008), and components in stomatal regulation (Overmyer
et al., 2008; Vahisalu et al., 2008, 2010). Here we describe the
isolation of Arabidopsis mutants for the LRR-RLKGHR1 from two
independent forward genetic screens for O3 sensitivity. We show
that GHR1 is an indispensable component required for stomatal
movements. Our results show that GHR1 is a pseudokinase and
suggest that CPK3 is an interaction partner of GHR1.We propose
thatGHR1acts in stomatal closure viaSLAC1activationmediated
by the scaffolding functions ofGHR1 involving interacting kinases
rather than by direct phosphorylation.

RESULTS

Isolation and Mapping of an Ozone-Sensitive Mutant

In a previous mutant screen of ethyl methanesulfonate (EMS)
mutagenized Arabidopsis of the O3-tolerant Col-0 glabrous1
accession, a set of apoplastic ROS-sensitive radical-induced cell
death (rcd) mutants was identified (Overmyer et al., 2000, 2008).
Analyses of these mutants have revealed components important
for cellular functions, including the transcription factor-interacting
protein RCD1 that functions as a hub for hormonal and stress
signaling (Jaspers et al., 2010; Vainonenet al., 2012) and theguard
cell anion channel SLAC1 (Vahisalu et al., 2008), originally iden-
tified as rcd3. From the same screen another mutant, rcd7, was
isolated. Upon treatment with 350 ppb O3 for 6 h (Figure 1), rcd7
displayed increased tissue damage compared to the wild-type
Col-0 glabrous1 (gl1; Figure 1A). Increased cell death was visu-
alized by trypan blue staining for dead and dying cells and
quantifiedbyelectrolyte leakage (Figures1Band1C;Supplemental
Data Set 1). In whole-rosette (Kollist et al., 2007) gas exchange
measurements, rcd7 appeared to have slightly higher steady state
stomatal conductance compared to wild type (Supplemental
Figure 1A), prompting further studies of stomatal function in this
mutant.

Segregation analysis of an F2 backcross population of rcd7
(rcd7 gl1 x Col-0) revealed recessive inheritance (Supplemental
Table 1A). To identify the rcd7 locus, we generated a mapping
population by outcrossing with the C24 accession and estab-
lished genetic linkage of rcd7 to markers N482S and ciw7 in the

lower arm of chromosome 4. Whole genome resequencing re-
vealed possible causal mutations in ten genes within this region
(Supplemental Table 1, B andC). Analysis of the insertionmutants
of the candidate genes for O3 sensitivity revealed that the line
SALK_031493c carrying a T-DNA insertion within At4g20940,
a gene encoding a leucine-rich repeat receptor-like kinase (LRR-
RLK), exhibited severe O3-damage (Supplemental Table 1C and
Supplemental Figure 1B).
During themapping, a second independentmutation conferring

O3 sensitivity and high stomatal conductance was identified
segregating in the rcd7 mutant background. The phenotypes of
the second mutant were caused by the dominant Ala109Val
mutation in the protein kinaseHT1, ht1-8D, as described byHõrak
et al. (2016). The mutations were genetically separated and an-
alyzed independently, and the rcd7 lines analyzed here (Figure 1;
Supplemental Figure 1) were found to lack this second mutation.
Three additional T-DNA lines for At4g20940 exhibited lesion

formation and increased electrolyte leakage in response to O3

(Figure 1D; Supplemental Figure 1C). Allelism tests between rcd7
and a T-DNA allele (GK_760C07) revealed a lack of comple-
mentation, confirming that the Ala618Thr mutation in At4g20940
in rcd7 conferred its O3-sensitivity (Figure 1E; Supplemental
Figure 1D). As expected, the O3-sensitivity phenotype of the F1

generationwas similar to that of rcd7, whereas the T-DNA lines for
At4g20940exhibited severeO3-sensitivityphenotypes (Figure1E;
Supplemental Figure 1D).
Therefore, the loss of the LRR-RLK III 45 (RCD7; AT4G20940)

resulted in O3-sensitivity, likely mediated by the associated dis-
ruptionofstomatal function.At the timeof thesefindings,Huaetal.
(2012) reported the identification and characterization of the
plasma membrane receptor-like kinase GUARD CELL HYDRO-
GEN PEROXIDE-RESISTANT1 (GHR1). Both RCD7 and GHR1
correspond to At4g20940; therefore, RCD7 will be hereafter re-
ferred to as GHR1 (for allele nomenclature, see Supplemental
Table 2).

Loss of RCD7/GHR1 Impairs Stomatal Closure

One critical factor that determines the extent of O3 damage in
plants is stomatal function, and hence, we assayed the responses
of the ghr1mutants to several stomatal closure-inducing signals.
The loss-of-function allele ost1-3 (Yoshida et al., 2002) of the
protein kinase OST1, a key regulator of the guard cell anion
channel SLAC1, was used as a control in all stomatal measure-
ments. Whole-rosette gas exchange measurements were per-
formed for the deletionmutant ghr1-1 (Hua et al., 2012) and for the
T-DNA insertion mutants ghr1-3, ghr1-4, and ghr1-6. Since the
phenotypes of all lines were consistent, representative results of
the detailed analysis of stomatal function are shown only for ghr1-3
(Figure 2). Daytime steady state stomatal conductance in ghr1-3
was higher than that of Col-0 wild type, but lower than in
ost1-3 (Figures 2A to 2D, 2F, and 2G). Rapid OST1-dependent
stomatal closure in response to O3 reflects the fast regulation of
wild-type Col-0 guard cells by apoplastic ROS (Figure 2A; Kollist
et al., 2007; Vahisalu et al., 2010). In the ghr1-3, as in ost1-3 plants
(Figure 2A), a three-minuteO3 pulsewas ineffective at eliciting this
stomatal response, indicating that GHR1 is required for the in-
duction of stomatal closure by apoplastic ROS.
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In addition, ghr1-3 stomata exhibited impaired responses to
elevated CO2, ABA, and light-dark transitions. When the CO2

concentrationwas elevated from 400 to 800 ppm, ghr1-3 stomata
exhibited no response, while the response of ost1-3 stomata was
delayed in comparison to wild type (Figure 2B). ABA treatment
caused a pronounced decline in stomatal conductance in wild-
type plants, whereas the ghr1-3 and ost1-3 mutants were ABA-
insensitive (Figure 2C). Stomata of theghr1-3plants responded to
a reduction in relative air humidity, whereas ost1-3 plants had
a strongly impaired response (Figures 2D and 2E). Thus, signaling
throughGHR1 ismore important than that throughOST1 for CO2-
induced stomatal closure, both proteins are essential for the ABA
response, and stomatal closure induced by reduced air humidity
appears to be less dependent on GHR1 than on OST1.
Darkness during the light period induced a rapid decline in

stomatal conductance in wild-type plants. This process was
delayed inost1-3,whereas theghr1-3mutantwasnon-responsive
(Figure 2F). In plants undergoing diurnal light/dark transitions, the
onset of the dark period triggered a rapid drop in conductance in
wild type and a delayed response in ost1-3 plants, whereas
stomatal conductance did not decrease in ghr1-3 plants. More-
over, throughout thenight period, stomatal conductance inghr1-3
remained similar to that observed during the day, and it was;2.5-
fold higher comparedwith that ofwild type andost1-3 (Figure 2G).
Thus, in addition to acting in apoplastic ROS- andABA-induced

stomatal closure (Figures 2A and 2C; Hua et al., 2012), GHR1 is an
essential component required for stomatal closure provoked by
ozone-induced apoplastic ROS, CO2 and light/dark transitions.

Is the Function of GHR1 in Stomatal Responses Based on Its
Kinase Activity?

GHR1 consists of 1053 amino acids with a calculated molecular
weight of 113.89 kD. Based on cDNA sequencing, GHR1 has
a different gene structure from that predicted in TAIR (release 10).
Based on the cDNA sequences (Gou et al., 2010; Hua et al., 2012),
the correct gene model has different splice sites for the second
intron and translation start site 48 base pairs (bp) upstream of the
predicted model (TAIR release 10). The N-terminal extracellular
domain of GHR1 harbors a signal peptide and 19 predicted LRRs,
while the C-terminal intracellular domain contains a kinase do-
main. However, two of the most critical residues required for ki-
nase function (Figure 3), the aspartate (D) of the HRD motif in
subdomain VI B and the glycine (G) of theDFGmotif in subdomain
VII (Hanks et al., 1988; Stone and Walker, 1995; Hanks, 2003;
Kornev et al., 2006), are not conserved (Figure 3A). The lack of

Figure1. Phenotypesof the rcd7Mutant andCandidate InsertionMutants
and Allelism Tests.

(A) Representative photographs of 3-week-old O3-treated (350 ppb) and
cleanair (CA)control (<20ppb)Col-0gl1and rcd7plants taken18hafter the
end of a 6 h exposure to O3.

(B) Trypan blue staining for dead and dying cells performed 18 h after the
end of O3 exposure.
(C) to (E) Electrolyte leakage measured 4, 18, and 26 h after the end of O3

exposure. Values are plotted as % of total ion content. At least three in-
dependent experimentsconsistingof fourplantsper line for each treatment
were performedwith similar results. Data froma representative experiment
is shown.Data are presented asmean6 SD (n=4plants). Asterisks indicate
statistically significant differences toO3-treatedCol-0 gl1 (C andE)or Col-
0 (D) (ANOVA with Tukey’s honestly significant difference [HSD] test, P <
0.05).
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Figure 2. Characterization of ghr1 Stomatal Phenotypes.
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these two amino acid residues suggests that GHR1 may not be
able to perform a phosphorylation function via classically un-
derstood mechanisms.

To determine whether GHR1 is an active kinase, we expressed
the full-length GHR1 protein and its intracellular domain (GHR1ID;
residues 653 to 1053) as N-terminal GLUTATHIONE-S-TRANS-
FERASE (GST) or polyhistidine (6xHis)-taggedconstructs inE.coli
and subjected them to in vitro kinase assays in laboratories at two
different universities, under several conditions (see Methods).
GST-GHR1ID, GST-GHR1 and 6xHis-GHR1 did not show in vitro
kinase activity toward the artificial substrate myelin-basic protein
(MBP) or toward the physiologically relevant (Hua et al., 2012)
SLAC1 N-terminal domain (Figure 3B; Supplemental Figures 2A
to 2D). Under the same conditions, 6xHis-OST1, GST-OST1
(Geiger et al., 2010) and the GST-tagged intracellular domain of
CYSTEINE-RICH RLK10 (CRK10ID; Bourdais et al., 2015) were
active in both auto- and substrate phosphorylation (Figure 3B;
Supplemental Figures 2A to 2D). Introduction of an aspartate
(present in the consensus HRD motif of active kinases) into
GHR1ID (GHR1ID-N897D) by site-directed mutagenesis did not re-
constitute its kinase activity (Figure 3B; Supplemental Figures 2A
and2B).Wealso generated constructsharboring theGHR1ID-C918G

mutation alone or in combination with GHR1ID-N897D. Such muta-
tions have been previously shown to restore the kinase activity of
the pseudokinasePRK5 (Wrzaczek et al., 2015), an LRR-RLKof the
same subclass as GHR1. However, the introduction of these mu-
tations, either separately or in combination, didnot result in the gain
of autophosphorylation activity or activity toward SLAC1 N ter-
minus or MBP (Figure 3B; Supplemental Figures 2A and B).

We then performed homology modeling to probe the structure
of the GHR1 kinase domain for the signatures of an active kinase.
Querying the Structural Bioinformatics Protein Data Bank (RCSB
PDB; Bluhm et al., 2011) with the sequence of the GHR1 kinase
domain (residues 776 to 1053) produced two major groups of
structures, including (1) structuresof theplant receptor-like kinase
BRASSINOSTEROID INSENSITIVE1-ASSOCIATED KINASE1
(BAK1, PDB accession nos. 3UIM, 3ULZ, and 3TL8) and (2)
structures of the BRASSINOSTEROID INSENSITIVE 1 (BRI1) ki-
nase domain (PDB accession nos. 4OA2, 4OH4, 4Q5J, 4OA6,
4OA9, 4OAB and 4OAC). The BRI1 structure 4OA9 (Bojar et al.,
2014) contained not only AMP, but also twoMn2+ cations andwas
chosen as a template for modeling of the kinase domain of GHR1.
Structurally, the GHR1 kinase domain resembles that of a stan-
dard kinase, with smaller N-terminal lobes, larger C-terminal
lobes, and no obvious structural abnormalities (Supplemental
Figure 3B). According to the predicted structure of the catalytic
core of GHR1, the key residues for ATP binding (K798 and D916)
arepresent in theactivesiteandcouldpotentially interactwithATP

(Figure 3C). The HGN motif of GHR1 (variation of the conserved
HRDmotif) also lies in the active site.However, whether the lack of
the conserved aspartate of this motif in GHR1 disrupts substrate
binding, phosphotransfer, or otherwise interferes with the
structure-function of theproteinwasnot apparent from themodel.
We then tested whether the posttranslational modifications

(PTM) occurring only in eukaryotic cells may be necessary for
GHR1 kinase activity. Full-length GHR1 and control constructs
were expressed and immunoprecipitated from yeast cell extract
prior to in vitro kinase assays. GHR1K798E, where the ATP binding
lysinewas substituted byglutamate to prevent association of ATP
with the N-lobe of GHR1, was used as a negative control. OST1
displayed autophosphorylation and transphosphorylation of the
SLAC1 N terminus, whereas GHR1 displayed weak residual ac-
tivity comparable to that of the kinase-dead OST1K50N and
GHR1K798E (Figure 3D). Immunoblot analysis of yeast cell lysates
confirmed the expressionof all proteins (Supplemental Figure 3C).
In conclusion, although the kinase fold of GHR1 resembles that

of active kinases, the absence of critical residues in the active site
and the lack of in vitro kinase activity displayed by GHR1 suggest
that GHR1 might not be a functionally active kinase.

GHR1 Induces SLAC1 Anion Currents in Xenopus Oocytes

Based on the lack of key residues in its kinase domain, like its
maize (Zea mays) counterpart PANGLOSS2 (PAN2; Zhang et al.,
2012), GHR1 can be classified as a pseudokinase (Castells and
Casacuberta, 2007; Zeqiraj and van Aalten, 2010; Eyers and
Murphy, 2013). The lack of activity observed in the in vitro kinase
assaysalsosupports this classification.However,GHR1hasbeen
shown to activate the SLAC1 anion channel in African clawed frog
(Xenopus laevis) oocyte assays (Hua et al., 2012). To investigate
whether kinase activity in GHR1 is required for SLAC1 activation,
weco-expressedwild-typeandmutant versionsofGHR1together
with SLAC1 in the Xenopus oocyte system and monitored anion
channel currents (Figure 4).
Two different substitutions, GHR1D916L and GHR1D916N, were

introduced to replace the aspartate, which is the only conserved
amino acid residue of theGHR1DFG-domain and one of themost
important residues for catalysis, as it formspolar contactswith the
phosphates of ATP (Figure 3C). In active kinases, thesemutations
prevent phosphotransfer. In other constructs, the ATP binding
lysine was substituted by glutamate or tryptophan, thereby pre-
venting association of ATP with the N-lobe of GHR1 (GHR1K798E,
GHR1K798W; Figure 3C). Based on the commonly used approach,
SLAC1 and GHR1 variants were fused to split halves of YFP (Hua
et al., 2012; Hõrak et al., 2016; in relation to OST1 activation of
SLAC1 e.g., Geiger et al., 2009; Brandt et al., 2012) and cRNA

Figure 2. (continued).

Time course of stomatal conductance of Col-0, ghr1-3, and ost1-3 plants in response to (A) O3 pulse, (B) elevated CO2, (C) ABA spray, (D) reduced air
humidity, and (F) darkness. Stomatal conductance of 3- to 4-week-old plants was recorded; the indicated treatments were applied at time point zero. Data
points represent means 6 SEM of at least three experiments (n = 8-21 plants). (E) Change in stomatal conductance 16 min after decrease in relative air
humidity, calculated based on the data presented in (D). Significant differences (ANOVA with unequal N HSD as post hoc, P < 0.01) between groups are
denoted with different letters. (G) Diurnal cycle in stomatal conductance of Col-0, ghr1-3 and ost1-3 plants. Stomatal conductance was recorded for two
consecutive days, and diurnal stomatal conductance patterns for the second day are shown. Data points represent mean 6 SEM (n = 3–8 plants).
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combinationswere injected intoXenopusoocytes (Figures 4Aand
4B).Noanioncurrentsweremeasurableusingoocytesexpressing
SLAC1:YC or GHR1:YN alone (Figures 4A and 4C). However,
typical SLAC1-like anion currents were detected (Figures 4A and
4C) upon co-expression of SLAC1:YC with either OST1:YN
(positive control), wild-type GHR1:YN or any of the four GHR1
mutants where amino acids required for ATP binding were mu-
tated. Just like OST1:YN, GHR1:YN shifted the voltage-
dependent open probability of SLAC1:YC to hyperpolarized
membrane potentials (Figure 4D, Maierhofer et al., 2014), thereby

activatingSLAC1-derived anion currents. These results show that
GHR1 is able to activate SLAC1 in oocytes even when the critical
ATPbindingaminoacids required for thephosphorylation reaction
had been mutated.
Therefore, in agreement with evidence presented before, the

results from in vitro kinase assays support the classification of
GHR1 as a pseudokinase. Furthermore, based on functional
analysis inXenopus oocytes, any potential residual kinase activity
thatmightnotbedetectable in invitrokinaseassays isnot required
for the function of the protein as an activator of SLAC1.

Figure 3. GHR1 Kinase Domain and Activity.

(A)Alignment of subdomains VIb andVII of the catalytic core of the kinase domains of active and inactive RLKs andOST1. Residues highlighted in black are
considered indispensable for kinase activity. Bold residues are highly conserved in active kinases.
(B) Phosphorylation activity assays of GHR1 intracellular domain (GHR1ID) and the indicated mutant proteins in in vitro kinase assays using g32P-ATP and
SLAC1N-terminal (N-term) fragment (residues 1–186) as a substrate. GST-CRK10ID and 6xHIS-OST1were used as positive controls. Protein amount used
for the assay was 2 mg apart from 6xHis-OST1, for which 0.04 mg was used. Autoradiograph and Coomassie Brilliant Blue G 250 staining are shown.
(C)Structural prediction of thecatalytic coreof the intracellular kinasedomainofGHR1.Predicted interactionsof Lys798andAsp916ofGHR1withATPand
Mn2+ ions are shown.
(D) Phosphorylation activity assays of full-length GHR1-TAP, OST1-TAP and ATP binding site mutants GHR1K798E-TAP and OST1K50N-TAP im-
munoprecipitated from yeast cell extract toward SLAC1 N-terminal fragment. Coomassie Brilliant Blue G 250 staining and autoradiograph are shown.
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GHR1 Binds ATP In Vitro, but ATP Binding Is Not Required
for Its Function In Planta

Despite the catalytically inactive nature of most pseudokinases,
;40% of them, as also predicted for GHR1 (Figure 3C), retain the
capacity to bind nucleotides (Hámmaren et al., 2015b; Murphy
et al., 2014). Therefore, we studied the ability of the intracellular
domainofGHR1tobindATPusing thermal shift analysiswithnano
Differential Scanning Fluorimetry (nanoDSF; Figure 5). The
presenceofATPsignificantly shifted the inflection temperature for
GST-GHR1IDduring thenanoDSFanalysis, indicating thatGHR1ID

can bind ATP and that this interaction stabilizes the protein
(Figures 5A, 5C, and 5E). However, the mutant variant of GHR1ID

lacking the conserved lysine required for ATPbinding, GHR1ID-K798W,
did not show any changes in inflection temperature, indicat-
ing that GHR1ID-K798W does not bind ATP (Figures 5B, 5D,
and 5E).
Furthermore, we used a transgenic approach to test whether

ATP binding, and thus any putative kinase activity, is required for
the function ofGHR1 in planta.We transformed theghr1-3mutant
with 35S-GHR1-GFP and the active site mutant 35S-GHR1K798W

-GFP. Three independent transgenic lines for eachconstructwere

Figure 4. Activation of SLAC1AnionCurrents byGHR1 Variants That ContainMutations in Residues Essential for ATPBinding in Xenopus laevisOocytes.

(A)Representative whole oocyte current traces from cells expressingGHR1 or SLAC1 alone or SLAC1 together with OST1, wild-type GHR1 or GHR1D916L,
GHR1D916N and GHR1K798E.
(B)BiFCanalysis following co-expressionof SLAC1:YCwithOST1:YN,GHR1:YNorGHR1D916L:YN,GHR1D916N:YN,GHR1K798E:YNandGHR1K798W:YN in
oocytes. One-quarter of a representative oocyte is shown.
(C) Instantaneous currents (IT) recorded at -100mV in standardbuffer of oocytes expressingSLAC1orGHR1WTalone or co-expressingSLAC1withOST1,
GHR1WTor one of theGHR1mutants GHR1D916L, GHR1D916N, GHR1K798E, or GHR1K798W:YN. Four biological repeats, each performedwith oocytes from
different batches, were performed. Data of a representative experiment are shown. All data points are mean6 SD (n$ 4 oocytes). Significant differences
(ANOVA with Tukey’s HSD test, P < 0.05) between groups are denoted with different letters.
(D) Relative voltage-dependent open probability (rel. PO) of oocytes co-expressing SLAC1with either OST1 or GHR1. Oocytes were perfused with buffers
containing30mMnitrate.DatapointswerefittedwithaBoltzmannequation (continuous line). All datapointsaremean6 SD (n=4oocytes).Datapresented in
Figure 4 and Figure 9 derive from the same series of experiments. The control data presented for GHR1:YN and SLAC1:YC (expressed alone or co-
expressed) are the same between the figures.
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analyzed, and all lines showed full complementation of the in-
creasedwater lossandhighsteadystatestomatal conductanceof
ghr1-3 (Figures 5F and 5G). All lines also showed complemen-
tation of the O3 and CO2 responses of ghr1-3; however, the re-
sponses of the transgenic lines appeared to be slightly weaker
than those of the wild-type (Figures 5H and 5I; Supplemental
Figures4A to4D).GFPfluorescencewasapparent in theperiphery
of the guard cells in all transgenic lines (Supplemental Figure 4E),
indicating native localization of the fusion proteins.

Thus, although the wild-type GHR1 can bind ATP, this is
not required for its function in planta. Therefore, we conclude
that GHR1 does not require kinase activity for SLAC1 ac-
tivation (Figure 4) or for its function in stomatal closure in
Arabidopsis.

A Screen for Stomatal Regulators Identifies New
GHR1 Alleles

The identification of GHR1 variants containing single amino acid
changes or protein truncations could potentially give insight into
the structure-function relationship of the protein. In a second
independent screen for O3 sensitive mutants aimed at identifying
novel stomatal regulators, numerous newmutantswere retrieved.
Sequencing of the sequences encoding proteins related to sto-
matal responses in this collection revealed 10 additional alleles
of GHR1 (Figure 6A). In addition, a second independent dou-
ble mutant, ghr1-10 ht1-9D, carrying mutations identical to
the original ghr1-2 ht1-8D was identified. The water loss phe-
notypes in all ten lines were recessive, and eight of them did not

Figure5. Analysis ofATPBindingofGHR1IDandGHR1ID-K798WandCharacterizationofStomatal Phenotypes in Independent Transgenic LinesExpressing
35S:GHR1:GFP or 35S:GHR1K798W:GFP in ghr1-3.

(A) and (B)Ratio of 350nm/330 nm,which represents anunfolding transition of theproteins due to thermal treatment in the absence (solid lines) or presence
(dashed lines) of ATP.
(C)and (D)The first derivative of thedata presented in (A)and (B) showing ashift in inflection temperature uponATPbinding in thecaseofGHR1 intracellular
domain (GHR1ID) (C), whereas in the case of GHR1ID-K798W, inflection temperatures are the same (D).
All experiments were repeated 6 times; representative curves are shown.
(E) Inflection temperatures for GHR1ID and GHR1ID-K798W in the absence or presence of ATP. The bars represent average value and standard deviations
(n = 6). Asterisk denotes statistically significant difference between treatments (independent-samples t test, P < 0.05).
(F) Leaf fresh weight loss in 2 h and (G) stomatal conductance of intact plants. Data are presented as mean6 SEM (n = 3-5 plants). Significant differences
(ANOVA with Tukey’s HSD test, P < 0.05) between lines are denoted with different letters.
(H)and (I)Timecourseof stomatal conductance in response to (H)O3pulseand (I)elevatedCO2 in representative transgenic lines.Stomatal conductanceof
3- to 4-week-old plants was recorded; the indicated treatments were applied at time point zero. Data points represent means 6 SEM (n = 3–5 plants).
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complement the phenotype of ghr1-3 (Figure 6B), showing that
these eightmutationswere responsible for themutant phenotype.

Although ATP Binding Is Dispensable, the Kinase Domain Is
Required but Not Sufficient for GHR1 Function In Planta

The mutation GHR1W799* in the ghr1-17 allele (Figure 6A) in-
troduces a stop codon in the kinase domain of GHR1 immediately
after the ATP binding lysine (GHR1K798), leading to a truncated
protein lacking most of the kinase domain. The loss-of-function
phenotype of this allele indicates that the kinase domain of GHR1
is required for the function of the protein in planta. Similar to the
water loss phenotype of the ghr1-17 allele (Figure 6B), its steady
state stomatal conductance (Figure 7A) and stomatal responses
to O3, CO2, and darkness were recessive and allelic to ghr1-3
(Figures 7B to 7D). However, apart from the lack of O3-response,
the phenotypes displayed by ghr1-17were not as severe as those
ofghr1-3. To verify the expression and correct subcellular targeting
of the truncated protein in planta, GHR1 and GHR1W799* were
expressed as YFP fusions in stable transgenic Arabidopsis plants
and transiently expressed in Nicotiana benthamiana leaf tissue.
Immunoblot analysis confirmed the expression of the transgenes

(Supplemental Figure 5C), and the strength and localization of the
YFP fluorescence signal at the cell periphery were similar be-
tween GHR1-YFP and GHR1W799*-YFP (Figure 7E; Supplemental
Figure5D).RT-qPCRanalysis revealed thatGHR1 transcript levels
were lower in ghr1-17 compared to the wild type (Supplemental
Figures 5A and 5B). It is thus likely that the phenotype of ghr1-17 is
mainly due to the lack of the kinase domain; however, the slightly
reduced transcript levels could also contribute to the phenotype in
aminorway, even though the abundanceof the truncatedprotein is
similar to that of the wild type (Supplemental Figure 5C).
To addresswhether theGHR1 kinase domain alone is sufficient

for functional complementation in planta, we generated trans-
genic ghr1-3 lines expressing GFP fusions of full-length GHR1 or
the GHR1 kinase domain only (GHR1KD; residues 764-1053) and
analyzed their water loss and gas exchange phenotypes. GHR1KD-
GFP fusion protein appeared to accumulate in multiple locations
within the cell, including the nucleus, but also at the cell periphery
(Supplemental Figure 5G). Unlike thewild-typeGHR1-GFPprotein,
GHR1KD -GFP did not complement the ghr1-3mutant (Figures 7F
and 7G; Supplemental Figures 5E and 5F), indicating that the ex-
tracellular part, the transmembrane domain, and the intracellular
juxtamembranedomain (adjacent to one sideof themembrane) are

Figure 6. Additional ghr1 Alleles.

(A)Structureof theGHR1protein (bottom)and itsencodinggene (top).PositionofT-DNA insertions,EMSpointmutations, andpredicted functionaldomains
of the protein are depicted. Gray boxes, exons; SP, signal peptide; LRR, leucine-rich repeat; TM, transmembrane domain; KD, kinase domain.
(B) Leaf fresh weight loss in 2 h in the indicated ghr1mutants and the F1 progenies from their respective crosses to ghr1-3 (GK_760C07) and Col-0 with GC1:
YC3.6.Four independentexperimentsconsistingofat least tenplants foreach linewereperformed.Datafromarepresentativeexperiment isshown.Alldatapoints
are mean 6 SD (n = 11–16 plants). Significant differences (ANOVA with Tukey’s HSD test, P < 0.01) from YC3.6 are denoted with asterisks.
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necessary for the function of GHR1. However, we cannot rule out
the possibility that the change in localization could contribute to the
lackofcomplementation, althoughthesignal fromthecellperiphery
was clearly visible (Supplemental Figure 5G). Taken together, these
data indicate that the kinase domain of GHR1 is necessary but not
sufficient for its function in planta.

GHR1 Interacts with SLAC1 and CPK3 Independent of Its
Kinase Domain

We performed bimolecular fluorescence complementation (BiFC;
Gookin and Assmann, 2014) analysis to investigate whether the

loss-of-functionphenotypeofghr1-17wasduetolossof interaction
between GHR1 and SLAC1. The closely related LRR-RLK PRK5
was used as negative control. Strong reconstituted mVenus signal
wasapparent in thecellperipheryuponexpressionof theconstructs
bearing SLAC1 and wild-type GHR1 or GHR1W799* (Figure 8A) in-
dicating that the interaction of GHR1 with SLAC1 in planta did not
require the kinasedomain ofGHR1. Little to no signalwasdetected
when constructs carrying SLAC1 and PRK5 coding sequences
were expressed (Figure 8A). Immunoblot analysis confirmed ex-
pression of GHR1, GHR1W799*, PRK5, and SLAC1 (Figure 8B).
As shown above (Figure 3B; Supplemental Figure 2), the in vitro

kinase assays did not showdetectable activity forGHR1,whereas

Figure 7. Functional Domains of GHR1.

(A) to (D) Characterization of stomatal phenotypes of ghr1-17 and the F1 progeny from its cross to ghr1-3 (GK_760C07) and Col-0 with GC1:YC3.6. (A)
Stomatal conductance of intact plants. Data are presented as mean6 SEM (n = 5–7 plants) and derive from two independent batches of plants. Significant
differences (ANOVAwith Tukey’s HSD test, P < 0.05) between lines are denoted with different letters. (B) to (D)Stomatal response of intact plants to (B)O3

pulse, (C) elevated CO2, (D) darkness. Stomatal conductance (expressed in relative units) of 3- to 4-week-old plants was recorded; at time point zero, the
indicated treatments were applied. Data points represent means 6 SEM (n = 5–7 plants).
(E)Subcellular localization of 35S:GHR1:YFP, 35S:GHR1W799*:YFPand 35S:YFP fusion proteins inNicotiana benthamiana epidermal cells. Representative
images for each construct taken with identical confocal microscopy acquisition settings are shown.
(F) Leaf fresh weight loss in 2 h and (G) stomatal conductance of intact plants in independent transgenic lines expressing 35S:GHR1:GFP or 35S:GHR1KD:
GFP inghr1-3. Data are pooled from two independent experiments andare presented asmean6 SEM (n=6–10plants in [F],n=6-8 plants in [G]). Significant
differences (ANOVA with Tukey’s HSD test, P < 0.05) between lines are denoted with different letters.
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Figure 8. Interaction of GHR1 with SLAC1 and CPK3.

(A) and (F) Bimolecular fluorescence complementation assays were performed with N. benthamiana leaves infiltrated with 35S:GHR1:CmVen, 35S:
GHR1W799*:CmVen or 35S:PRK5:CmVen with 35S:SLAC1:NmVen or 35S:CPK3:NmVen. mVenus (top row) and mTq2 (bottom row) signals are shown.
Expressionof themTq2Golgimarker (bottomrow)confirms that transformationofall constructswassuccessful.N.benthamiana leaf tissuewas imaged48h
after transformation. Identical settings were used for all constructs allowing direct comparison. All experiments were repeated at least three times, and
representative BiFC images are shown.
(B) and (G) Immunoblots showing expression of split-YFP fusion proteins in BiFC samples used for confocal imaging.
(C), (D), and (E)Analysis of in vitro bindingofGHR1IDandPRK5IDwithCPK3. Interactionbetween intracellular domain ofGHR1 (GHR1ID) andPRK5 (PRK5ID)
fused toGSTwith CPK3wasmonitored bymicroscale thermophoresis (MST). (C)MST traces of 66 nM fluorescently labeledGHR1ID in the absence (black)
andpresence (red)of5mMCPK3. (D)MSTtracesof 40nMfluorescently labeledPRK5ID in theabsence (blue) andpresence (red)of5mMCPK3. (E)Difference
in normalized fluorescence between GHR1ID or PRK5ID alone and in the presence of CPK3 as indicated. All experiments were performed four times.
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Hua et al. (2012) demonstrated phosphorylation of the SLAC1 N
terminus when GHR1-Myc was expressed in Arabidopsis pro-
toplasts and aMyc-immunoprecipitate was used for the kinase
assays. This finding suggests that there may possibly be addi-
tional components, such as active protein kinases, that interact
and copurify with GHR1. To test this hypothesis, we searched
the Membrane-based Interactome Network Database (MIND;
Jones et al., 2014) for GHR1 interactors. CALCIUM-DEPENDENT
PROTEIN KINASE3 (CPK3), which has previously been shown to
phosphorylate SLAC1 (Scherzer et al., 2012; Maierhofer et al.,
2014), was identified among the GHR1 interactors. We tested the
in vitro interaction between the GHR1 intracellular domain and
CPK3 by microscale thermophoresis (MST). We detected a clear
increase in normalized fluorescence in the presence of CPK3 for
GHR1ID, but not forPRK5ID (Figures8C to8E). This result indicates
that a complex formed between GHR1ID and CPK3 in vitro. The
MST measurements revealed a clear concentration-dependent
interaction betweenGHR1ID andCPK3 (Supplemental Figures 6A
to 6C); however, aggregation of the sample at high ligand con-
centrations prevented precise measurement of the Kd; estimates
ranged between 58.9 nM and 89.4 nM (Supplemental Figures 6A
to6C).BiFCanalysis confirmed thatGHR1andCPK3 interacted in
planta and that the interaction was not dependent on the kinase
domain of GHR1 and was absent for PRK5 (Figure 8F). Immu-
noblot analysis confirmed the expression of GHR1, GHR1W799*,
PRK5, and CPK3 (Figure 8G).

Thus, GHR1 interacted with SLAC1 and CPK3 in planta.
However, the GHR1 kinase domain was not required for these
interactions.

Electrophysiology Provides Structural Insights into
GHR1 Function

To further address the importance of specific residues and
structural elements of GHR1 required for SLAC1 activation, we
expressed SLAC1 fused with the C-terminal half of YFP (SLAC1-
YC) and GHR1 variants fused with the N-terminal half of YFP
(GHR1-YN) in Xenopus oocytes (Figure 9). We addressed the
role of the GHR1 N-terminal region (including the ectodomain,
transmembrane domain, and intracellular juxtamembrane do-
main) in SLAC1 activation using a construct bearing the GHR1
truncation lacking the kinasedomain (GHR1W799*). GHR1W799*:YN
inducedSLAC1currentsand interactedwithSLAC1:YCon thecell
periphery in amanner similar to that ofwild-typeGHR1 (Figures9B
and 9C).

Contrary to the in planta expression experiments conducted in
N. benthamiana via Agrobacterium infiltration (Supplemental
Figure 7), when expressed in oocytes, the GHR1 ectodomain
mutants GHR1G108D:YN and GHR1D293N:YN showed similar
protein abundance to the wild-type GHR1:YN (Figure 9D;
Supplemental Figure 8). Thus, the Xenopus oocyte studies ad-
dressed the importance of the G108 and D293 amino acid resi-
dues of GHR1 for SLAC1 activation. No interaction between
GHR1G108D:YNorGHR1D293N:YNwithSLAC1:YCwasdetected in
oocytes (Figure 9B). In addition, neithermutantwas able to induce
SLAC1 currents (Figures 9A and 9C). To confirm that the lack of
interactionwith andactivation ofSLAC1by these twoectodomain
mutants of GHR1 was not due to mislocalization of the mutant

proteins, we analyzed the localization of GHR1G108D:YFP and
GHR1D293N:YFP fusion proteins. In oocytes, both mutants lo-
calized to the cell periphery, as did wild-type GHR1-YFP fusion
protein (Figure 9E).
Thus, in oocytes, GHR1W799* interacted with SLAC1 and ac-

tivated currents. Moreover, the GHR1 ectodomain residues
GHR1G108 and GHR1D293 were required for the interaction and
activation of SLAC1.

HT1 Phosphorylates GHR1 at Multiple Sites

The protein kinase HT1 is one of the few CO2 signaling-specific
regulators in guard cells. Thus, an intriguing result from this study
is the identification of two independent double mutants from
different genetic backgrounds, ghr1-2 ht1-8D and ghr1-10 ht1-
9D, containing identical substitutions in GHR1 A618T and in
HT1 A109V. We previously showed that GHR1 is a direct phos-
phorylation substrate for HT1 and that HT1 inhibits the activation
of SLAC1 by GHR1 in oocytes (Hõrak et al., 2016). Here, we
identified the GHR1 amino acid residues targeted by HT1 in vitro.
Purified recombinant GST-GHR1 was incubated with 6xHis-HT1,
and the phosphorylation sites were determined by mass spec-
trometry. A total of 40 GHR1 Ser, Thr, or Tyr residues were
phosphorylated byHT1 in vitro (Figure 10; Supplemental Data Set
2). Notably, 16 of the phosphosites were located on the in-
tracellular juxtamembrane domain of GHR1, and seven were lo-
cated in itspseudokinasedomain. In summary, in vitroproteomics
analysis demonstrated that HT1, which inhibits the activation of
SLAC1 by GHR1 in the oocyte system, phosphorylates GHR1
directly in vitro, and the analysis identified potential sites through
which HT1-mediated regulation of GHR1 may occur.

DISCUSSION

GHR1 Is an Integral Component Required for
Stomatal Function

Guard cells sense and respond to a multitude of signals through
the activation of various signaling pathways. These pathways
often have unique early signaling components, but all ultimately
target commonelements, such as the anion- andK+channels that
drive stomatal closure (Hedrich, 2012; Hedrich andGeiger, 2017).
Large gaps remain in our understanding of the specificity and
overlap between stomatal signaling pathways. Here, we identified
the LRR-RLK GHR1 as an integral component required for sto-
matal closure. Our results support a role for GHR1 as an activator
of SLAC1, as previously reported (Hua et al., 2012). However, we
propose that GHR1 is a pseudokinase that exerts its effect on
SLAC1 by acting as a scaffold for additional regulators rather than
by direct phosphorylation activity.
The SnRK protein kinase OST1 has long been recognized as

akey regulator of guardcell responses that integrates signals from
most closure-inducing cues tested to date (Melotto et al., 2006;
Vahisalu et al., 2010; Xue et al., 2011; Merilo et al., 2013; Guzel
Deger et al., 2015). A role for GHR1 as an integral component
required for stomatal function is now emerging, as we demon-
strate here the requirement for GHR1 in the control of steady state
stomatal conductance and stomatal closure induced by elevated
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CO2 levels, darkness, diurnal light/dark transitions, and the air
pollutantO3,whichmimics apoplasticROSproduction byNADPH
oxidases. Importantly, the total lack of response to CO2 and
darkness observed in the ghr1mutant, as opposed to the delayed
response in ost1 (Figure 2), indicates that GHR1 has a relatively
larger impact on these responses. Using in vivo gas exchange
measurements of intact rosettes (Kollist et al., 2007), we recorded
a total absence of responsiveness to diurnal light/dark transitions
and to darkness applied during the light period in ghr1-3. These
responses have previously been reported to be mostly functional
in ghr1-1 (Hua et al., 2012). These diverse results could be due to
differences in the experimental setups andmethodology used for
the measurements or to the different ghr1 alleles used.

Stomatal closure induced by reduced air humidity likely relies
on a combination of passive hydraulic movements and active
(possiblyABA-mediated)movements (Xie et al., 2006;Bauer et al.,

2013; McAdam and Brodribb, 2016; Wang et al., 2017; Merilo
et al., 2018). Although ABA-induced stomatal closure was fully
impaired in both ost1 and ghr1 plants, the response to reduced air
humiditywasdetected inghr1, but not inost1. Thesedata suggest
that GHR1 is indispensable for ABA signal transduction leading to
stomatal closure, but the same process is dispensable for sto-
matal closure triggered by a reduction in air humidity. This lends
further support to the hypothesis that stomatal responses to re-
duced air humidity are not solely controlled by ABA signaling in
guardcellsbutmayalso involvehydropassive components (Wang
et al., 2017; Merilo et al., 2018). It thus appears that the signaling
cascades in guard cells involving GHR1 and OST1 are at least
partially independent of each other and may have other targets in
addition to SLAC1.
A strong connection between GHR1 and apoplastic ROS has

been suggested (Hua et al., 2012; Devireddy et al., 2018), and

Figure 9. Activation of SLAC1 Anion Currents by GHR1 Truncation and Ectodomain Mutants in Xenopus laevis Oocytes.

(A) Representative whole oocyte current traces from cells expressing GHR1 or SLAC1 alone or SLAC1 together with wild-type GHR1 or GHR1G108D and
GHR1D293N.
(B) BiFC analysis following co-expression of SLAC1:YC with GHR1:YN or GHR1W799*:YN, GHR1G108D:YN and GHR1D293N:YN in oocytes. One-quarter of
a representative oocyte is shown.
(C) Instantaneous currents (IT) recorded at 2100 mV in standard buffer of oocytes expressing SLAC1 alone or co-expressing SLAC1 with GHR1 WT or
GHR1W799*:YN, GHR1G108D:YN andGHR1D293N:YN. Four biological repeats, each performedwith oocytes fromdifferent batches, were performed. Data of
a representativeexperiment isshown.All datapointsaremean6SD (n$6oocytes).Significantdifferences (ANOVAwithTukey’sHSDtest,P<0.05)between
groups are denoted with different letters.
(D) Immunoblot analysis of GHR1 WT:YN, GHR1G108D:YN and GHR1D293N:YN protein levels in oocytes.
(E) Subcellular localization of GHR1 WT:YFP, GHR1G108D:YFP and GHR1D293N:YFP fusion proteins in oocytes. One-quarter of a representative oocyte is
shown. Data presented in Figure 4 and Figure 9 derive from the same series of experiments. The control data presented for GHR1:YN and SLAC1:YC
(expressed alone or co-expressed) are the same between the figures.
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genetic analysis indicated that GHR1 acts downstream of ROS
production but upstream of Ca2+ channel activation in the Ca2+-
dependent ABA signaling pathway (Hua et al., 2012). O3 is de-
graded to H2O2 in the apoplast, mimicking the activity of
RESPIRATORYBURSTOXIDASEHOMOLOGs (RBOHs). Thus, the
importance of GHR1 in apoplastic ROS signaling was highlighted
by the identification of ten EMS mutants representing nine novel
alleles of GHR1 from two independent screens for O3 sensitivity.
The additional GHR1-mediated stomatal response pathways
identified here, which are initiated by elevated CO2 and darkness,
both require RBOH-generated ROS (Chater et al., 2015; Zhang
et al., 2017) and thus provide further evidence for the role of GHR1
in signalingprocesses involvingapoplasticROS.HowdoesGHR1
integrate the diverse apoplastic ROS-mediated closure-inducing
signals into a functional response? The severity and pervasive
nature of stomatal phenotypes in ghr1mutant plants suggest that
GHR1 might play a structural role in connecting diverse com-
ponents required for proper stomatal function, allowing their
regulation in a coordinated manner.

GHR1 Is a Pseudokinase

The in silico, in vitro, and in vivo analyses presented here suggest
that GHR1 is a pseudokinase lacking kinase activity. Despite this,
the central role of GHR1 in stomatal function is evident from the
phenotypes of loss-of-function mutants. Several plant receptor-
like pseudokinases, which lack detectable kinase activity, have
been shown to act in various biological processes.Mutations in all
of these pseudokinase RLKs cause clear phenotypes (Vaddepalli
et al., 2011; Zhang et al., 2012; Blaum et al., 2014; Halter et al.,
2014a, 2014b; Somssich et al., 2015, 2016;Wrzaczek et al., 2015;

Kumar et al., 2017). These findings indicate that, even without
kinase activity, pseudokinase RLKs play important roles in spe-
cificdevelopmental or inducible processes in plants. Similarly, our
resultspresentevidencesupporting thenotion thatGHR1function
does not require kinase activity.
Somepseudokinases retain ATPbinding activity independently

of phosphotransfer. This ATPbinding activity is thought to act as
an allosteric switch between active and inactive conformational
states (Murphy et al., 2014; Hammarén et al., 2015a, 2015b). Our
results show that althoughwild-typeGHR1canbindATP, neither
phosphotransfer nor ATP binding are necessary for its function,
as GHR1 mutants lacking the specific amino acid residues re-
quired for ATP binding retained their ability to interact with and
activate SLAC1 currents in oocytes. Similarly, a mutation re-
moving the conserved ATP binding lysine (GHR1K798W) and thus
the ability of GHR1 to bind ATP (Figures 5A to 5E) did not affect
the in planta function of GHR1 in stomatal closure. This finding
suggests that GHR1 plays a structural role related to SLAC1
activation in the regulation of stomatal function. This rolemay be
related to signal convergence, as mutations in GHR1 caused
severe defects in stomatal movements triggered by almost all
internal and external stimuli that function through the activation
of SLAC1.
A model for the direct regulation of SLAC1 by GHR1 in planta

wasproposedbyHuaetal. (2012)basedon thephosphorylationof
the SLAC1 N terminus by a GHR1-Myc fusion protein immuno-
purified from Arabidopsis protoplasts. The experimental proce-
dures used to purify GHR1-Myc (Hua et al., 2012) were similar to
those commonly used for coimmunoprecipitation and, therefore,
it cannot be excluded that the observed effect could have been
caused by the copurification of kinases, which could have been

Figure 10. In Vitro Phosphorylation Sites of GST-GHR1 by 6xHis-HT1 Identified by Mass Spectrometry

Purified recombinant GST-GHR1 was phosphorylated by 6xHis-HT1 in vitro and the phosphorylation sites were subsequently identified by mass
spectrometry. The positions of all identified phosphorylation sites are depicted on the GHR1 protein structure (upper panel). Phosphorylation sites located
on the intracellular juxtamembrane domain and pseudokinase domain (gray highlighting) are additionally marked (bold letters) on the GHR1 protein
sequence (lower panel). SP, signal peptide; LRR, leucine-rich repeat; TM, transmembrane domain; KD, kinase domain. See Supplemental Data Set 2 for
MaxQuant Phospho(STY)Sites table.
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responsible for GHR1-mediated activation of SLAC1 in planta.
GHR1K798Emay interferewith someof these putative interactions,
as GHR1K798E-aMyc immunoprecipitate was reported to not
phosphorylate SLAC1. CPK3 could be an example of a candidate
kinase(s) that relays the signal fromGHR1 toSLAC1, asCPK3was
shown to interact with GHR1 in yeast (Jones et al., 2014), in vitro
(Figures 8C to 8E) and in planta (Figure 8F), and CPK3was shown
to interact with- and activate SLAC1 by phosphorylating its N
terminus (Scherzer et al., 2012). Furthermore, the loss of CPK3
leads to impaired stomatal closure (Mori et al., 2006). The iden-
tification of both GHR1 and CPK3 together with the SLAC1 ho-
molog SLAH3 in detergent-resistant membrane fractions (Demir
et al., 2013) suggests their co-localization in lipid nanodomains
and possible physical and functional connections similar to those
demonstrated for other ABA signaling components.

Does GHR1 Function as a Scaffold?

A scaffolding role for the kinase domains of both animal and plant
pseudokinases has previously been demonstrated, and the in-
teraction partners are often active kinases (Halter et al., 2014a,
2014b; Langeberg and Scott, 2015). Identification and analysis of
theghr1-17mutant, which lacks the kinasedomain, indicated that
this domain is required for GHR1 function in planta. Although this
deficiency did not affect the interaction of GHR1 with SLAC1 or
CPK3, the loss-of-function phenotype of ghr1-17 could be due to
the loss of interaction with thus far unidentified downstream ef-
fectors or a potential co-receptor. Analysis of kinase domain
mutants for the plant pseudokinases SCRAMBLED (SCM; Kwak
et al., 2014) and CRN (Somssich et al., 2016) revealed that while
the entire kinase domains or certain residues within them were
required for their function in particular pathways, they are dis-
pensable for others, which is likely mediated via interaction with
pathway-specific factors. The kinase domains of several ca-
nonical kinases andpseudokinases are known to function via their
interaction with a co-receptor (Halter et al., 2014a, 2014b;
Hohmann et al., 2017). For example, the kinase domain of the
pseudokinase BIR2 is an in vitro substrate for BAK1, and the
interaction between the proteins is dependent on BAK1 kinase
activity (Halter et al., 2014b).

Some of the signaling specificity of GHR1 is likely derived from
negative regulation. The protein phosphatase ABI2 (Hua et al.,
2012) and theproteinkinaseHT1 (Hõraketal., 2016) are thought to
negatively regulate GHR1 during ABA- and CO2-induced sig-
naling, respectively. The isolation of two independent double
mutants carrying identical mutations inGHR1 andHT1 during this
study also points to a functional connection between these
proteins. The differential modulation of affinities to interacting
proteins through phosphorylation is an established regulatory
mechanism of RLKs. The identification of amino acid residues in
GHR1 that are phosphorylated by HT1 suggests that HT1 might
play a role in regulating theseputative interactions. As is typical for
plant RLKs (Wang et al., 2005, 2008; Kim andWang, 2010; Blaum
et al., 2014), the intracellular juxtamembrane domain of GHR1
contains multiple potential phosphosites, some of which are
targeted byHT1 (Figure 10; Supplemental Data Set 2; Hõrak et al.,
2016). The phosphorylation of the juxtamembrane domain in
receptor-like pseudokinases could result in the formation of

docking platforms for cytosolic factors or modulate the affinities
for additional RLKs (Blaumet al., 2014). The negative regulation of
GHR1byHT1 (Hõrak et al., 2016) could be executed through such
mechanisms.
What do the experiments in oocytes tell us about the role of

GHR1 in the activation of SLAC1? The induction of anion currents
by the interaction of GHR1 and SLAC1 suggests that the in-
teraction itself could trigger a conformational change in SLAC1
that modulates the properties of the channel. A kinase-
independent activation mechanism for the SLAC1 homolog
SLAH3 has been demonstrated involving the electrically silent
SLAH1 subunit (Cubero-Font et al., 2016). Similarly, GHR1 could
be an auxiliary protein that can gate SLAC1 open by allosteric
regulation. Alternatively, GHR1 could function as a scaffold that
positions a host kinase in the proximity of SLAC1 to trigger SLAC1
activation via phosphorylation.
When we studied GHR1-mediated activation of SLAC1 in

a heterologous system in the absence of other plant-specific
factors, it was apparent that the N-terminal region excluding
the kinase domain (GHR1W799*) was sufficient for the interaction
with and induction of SLAC1 currents (Figure 9). GHR1W799* also
retained its ability to interact with SLAC1 in planta. Although the
loss-of-function phenotype of ghr1-17 indicated that the kinase
domain was required for proper stomatal function, the less severe
nature of the phenotypes compared with ghr1-3 suggested that
GHR1W799* retained a partial ability for in planta function. This is in
linewith theobservations inoocytesandcouldbeexplainedby the
ability of the truncated protein to modulate the properties of
SLAC1 structurally and/or through interaction with a subset of the
putative effectors in planta. The interaction with CPK3 is likely
mediated via the juxtamembrane domain of GHR1 (Figure 8F) and
is thus likely unaffected in ghr1-17. Thus CPK3-mediated acti-
vation of SLAC1 could be responsible for some of the residual
stomatal function of ghr1-17.
As the SLAH3 anion channel has been shown to be a target of

kinase-dependent and -independent activation (Cubero-Font
et al., 2016), it is tempting to speculate that SLAC1 could also
be activated by two independent mechanisms and that GHR1
couldplaya role inboth. Theseverity of thephenotypesofghr1-17
suggests that the kinase domain is required for full GHR1 function
in planta, and here we propose that the major role of GHR1 in
stomatal closure is based on scaffolding mediated by the kinase
domain. This is in line with reports suggesting that while the ec-
todomains of LRR-RLKs, including pseudokinases, allow their
binding to other transmembraneproteins, the signaling specificity
may be determined by their intracellular domains (Hohmann et al.,
2018a, 2018b).
The two mutations within the extracellular LRR domain

(GHR1G108D and GHR1D293N) prevented the interaction with and
activationofSLAC1 inoocytes. This observation further highlights
the functional importance of the GHR1 ectodomain, but it also
serves as an important control verifying the specificity of the
oocyte assays. The importance of the extracellular domain for
ligand binding and protein-protein interactions has been de-
scribed for a number of LRR-RLKs, with BRI1, FLS2, and
CLAVATA1 (CLV1) being the best-characterized examples
(De Smet et al., 2009; Gish and Clark, 2011; Greeff et al., 2012)
and BIR3 recently arising as the paradigm for pseudokinases
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(Hohmann et al., 2018a). The putative role of GHR1D293 and
GHR1G108 in protein-protein interactions in planta remains to be
addressedunder native conditions inArabidopsis guard cells. The
concept ofGHR1as a candidate protein that integrates extra- and
intracellular signals is consistent with a recent report demon-
strating that structural modifications or signaling events on both
sides of the plasma membrane are involved in SLAC1 regulation
(Yamamoto et al., 2016).

To fully understand the molecular basis of the role of GHR1 in
stomatal function,additional componentsof the receptorcomplex
will need to be identified: these will likely include co-receptor/s,
hitherto unidentified pathway-specific cytosolic factors, and
possibly extracellular ligands. It is rather likely that in addition to
SLAC1, the complex would also include other channels and
transporters that are active in guard cells to allow coordinated
regulation of these proteins in membrane-bound protein micro-
domains during stomatal movements.

METHODS

Plant Material and Growth Conditions

Arabidopsis thaliana mutants were obtained from the Nottingham Arabi-
dopsis Stock Centre (NASC; http://arabidopsis.info/) unless otherwise
noted. A transgenic line expressing the pGC1:YC3.6 (Yang et al., 2008)
transgene was obtained from Prof. Julian Schroeder (University of Cal-
ifornia, San Diego). The ost1-3 (srk2e) seeds were obtained from Prof.
Kazuo Shinozaki. Seeds were sown on a 1:1 mixture of peat and ver-
miculite, vernalized in the dark for two days at 4°C, and germinated for one
week, after which the plants were transferred to fresh pots. Plants were
grown in controlled growth rooms or chambers (Model SGC120; http://
weiss-uk.com) under 12 h light (200 mmol m22 s21; OSRAM Lumilux Plus
Daylight bulbs)/12 h dark cycle, 22°C/18°C (day/night), 60%/70% relative
humidity. Mutant lines (Figures 1D and 1E; Supplemental Figure 1) were
genotyped to confirm homozygous plants by PCR using gene-specific
primers (Supplemental Data Set 3).

Mutant Screening and Isolation of rcd7 and ghr1 EMS Mutants

Mutagenesis andmutant screening leading to the isolation of rcd7 (ghr1-2)
were described previously (Overmyer et al., 2000). The Col-0 glabrous1
(gl1) line, which lacks trichomes (Oppenheimer et al., 1991), was used for
mutagenesis to produce plants with amorphological marker to avoid seed
contamination and to monitor the success of crosses. All crosses used
rcd7/gl1 plants as the pollen acceptor, and the F1 progeny weremonitored
for the presence of trichomes. The rcd7 mutant was backcrossed to Col-0
and segregation scored in three independent O3-exposures using
populations from two independent crosses (418 plants in total). The
segregationdatawerepooled fromall experiments. Formapping, rcd7was
outcrossed to theC24 accession;O3 sensitive F2 individualswere selected
for linkage analysis with the genetic markers listed in Supplemental Data
Set 3. Aseptically grown 7-d-oldM3 rcd7/gl1 seedlings were used for DNA
isolation using a kit (QiagenDNeasy PlantMaxi kit; www.qiagen.com), and
the DNA was sequenced using the Solid platform at DNA sequencing and
Genomics Laboratory, Institute of Biotechnology, University of Helsinki.
MAQ software (Li et al., 2008) was used to map the Solid reads to the
reference genome (TAIR10 version) and for SNP calling. SNP analysis
wasperformedbydeveloping in-housescripts inRandusing theBiostrings
and BiomaRt packages (R version 3.0.3). In brief, the SNP list was fil-
tered for the coordinates of the given window, selected for a quality
score >20, mapped to exons and introns using gene coordinates from

TAIR10 (www.arabidopsis.org), and filtered for homozygosity and con-
sistency with EMS mutagenesis. The mutations causing an amino acid
change are reported in Supplemental Table 1C.

The mutants ghr1-7 to ghr1-17 were isolated from a second, separate
O3-sensitivity and stomatal function mutant screen. Mutagenesis of Ara-
bidopsis pGC1:YC3.6 (Yang et al., 2008) seedswas performed using 0.4%
ethyl methanesulfonate (EMS) for 8 h, as described (Kim et al., 2006). Two-
week-old high-density-grown M2 plants were treated with O3 (6 h 3 275-
350 ppb). Sensitive plants were transplanted and one to two weeks later,
rosetteswere imagedusinga thermalcamera (Thermal ImagerOptrisPI450
with the analysis software, Optris PI Connect, Optris GmbH, Berlin, Ger-
many), and water loss after 2 h was measured from detached leaves.
Phenotypes were reconfirmed in the M3 generation before selecting lines
for gas exchange measurements.

Lines with gas exchange phenotypes were subjected to candidate
gene sequencing by PCR amplification with gene-specific primers
(Supplemental Data Set 3) with Phusion DNA polymerase (ThermoFisher
Scientific). For each line, amplified genes were pooled and sheared (Co-
varisS2ultrasonicator,Covaris) into800–1000bp fragments, end repaired,
and ligated tobarcodedadaptorsaccording to themanufacturer’sprotocol
(Roche). The final library was size selected (800–1000 bp) as described in
(Borgström et al., 2011) and quantified using a Qubit 3.0 fluorometer
(ThermoFisher Scientific). Subsequently, the library integrity was analyzed
with a 2100Bioanalyzer (Agilent). Emulsion PCRwas performed according
to themanufacturer’s instructions and run on aGSFLX+ system (Roche) at
DNA Sequencing and Genomics Laboratory, Institute of Biotechnology,
University of Helsinki. Data processing and assemblywere performedwith
GSAssembler (Roche). Thepresenceofmutationswasassessedmanually
using Tablet (Milne et al., 2013) and GAP4 (Bonfield et al., 1995) software.

O3 Treatment and Analysis of Leaf Damage

Three-week-old plants were exposed to O3 (350 ppb 3 6 h) unless oth-
erwise stated, and damagewas visually scored andphotographed 24-48 h
post exposure. For electrolyte leakage, rosettes were collected into 15mL
of MilliQ water 2 h after the end of exposure, and conductance of the O3

treated and control samples was measured 2 h, 16 h, and 24 h following
sample collectionwith aMettler conductivitymeter (Model FE30; www.mt.
com) and analyzed as described (Overmyer et al., 2000). Lactophenol
trypan blue staining was performed as described (Koch and Slusarenko,
1990). Rosettes were collected one day post exposure, boiled in staining
solution for five minutes, and cleared in chloral hydrate solution. The
samples were stored in 60% glycerol before image acquisition with an
Epson V750 scanner.

Gas Exchange Measurements

Plants for gas exchange experiments were sown into a 4:2:3 peat:
vermiculite:water mixture and grown in custom-made pots (Kollist et al., 2007)
in growth cabinets (AR-66LX andAR-22L, Percival Scientific, IA, USA)with
12 h day (23°C) and 12 h night (18°C) cycle at 70% relative humidity and
100–150 mmol m22 s21 light. Stomatal conductance measurements were
performed with three- to four-week-old plants using a custom-built gas
exchange device as described (Kollist et al., 2007). In brief, the plants
were inserted into measurement cuvettes where their stomatal con-
ductancewas recordedat;100mmolm22 s21 light and;70%relative air
humidity. After stomatal conductance had stabilized, the plants were
subject to O3 (400 ppb 3 3 min), CO2 elevation (from 400 ppm to 800
ppm), darkness, reduction in relative air humidity (to;35%) or 5 mMABA
treatment. ABA was applied by spraying as described previously (Merilo
et al., 2015). For diurnal stomatal conductance measurements, the cu-
vette light was switched on and off so that it mimicked the plant growth
day/night regime.
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Preparation of Recombinant Proteins

To express the GHR1 intracellular domain (GHR1ID; residues 653 to 1053)
as a GST-fusion protein, the coding sequence for GHR1ID, as predicted
by a Simple Modular Architecture Research Tool (SMART; http://smart.
embl-heidelberg.de/), was cloned with primers introducing EcoRI/NotI
sites (Supplemental Data Set 3) into the pGEX-4T-1 vector (GE Healthcare
Life Science). This construct was used as template for site-directed mu-
tagenesiswithaPhusionSite-DirectedMutagenesisKit (ThermoScientific)
to generate constructs carrying point mutations in the kinase domain.
BL21 cells transformedwith expression constructs were induced at OD600

of 0.9 with 500 mM IPTG for 8 h at 28°C. Proteins were purified with
Glutathione Sepharose 4B (GE Healthcare) according to the manu-
facturer’s instructions.

To express full-length GHR1 as a His- or GST-fusion protein, the coding
sequence of GHR1 was cloned into either the pET28a vector (Novagen,
Merck Millipore) or the pGEX-4T-1 vector (GE Healthcare Life Science).
6xHis-GHR1,6xHis-SLAC1(1-186),6xHis-HT1,GST-GHR1,andGST-OST1
were expressed in E. coli BL21(DE3) cells. The cultures were grown in 2xYT
medium at 37°C to OD600 ;0.6. Recombinant protein expression was in-
duced by0.3mM IPTGat 16°C for 16h. 6xHis-tagged proteinswere purified
by nickel-affinity chromatography. GST-tagged proteins were purified by
glutathione-affinity chromatography. For full-length GHR1 and OST1 ex-
pression inSaccharomyces cerevisiaeW303 (MATa/MATa {leu2-3,112 trp1-1
can1-100 ura3-1 ade2-1 his3-11,15} [phi+]), the coding sequences of
GHR1, GHR1K798E, OST1, and OST1K50N were cloned into the 2 micron
vector pRS426containingaGAL1promoter and theC-terminal TAP-tagby
exploiting homologous recombination in yeast. Yeast cells were grown in
one liter ofCSM-Uramedium (Formedium)containing2%raffinose (Sigma)
at 30°C. Recombinant protein expression was induced by 2% galactose
(Sigma) for3h.The frozenyeastcell pelletwasground in liquidnitrogenwith
a Retsch MM 400 homogenizer. Lysis buffer (25 mM HEPES, 1 M NaCl,
0.1% NP-40, 1 mM PMSF, 1 mg/ml leupeptin, 1 mg/ml aprotinin, 1 mg/ml
pepstatin, 50 mM NaF, 80 mM b-glycerophosphate, 1 mM Na3VO4, 1 mM
EDTA, 30 mM EGTA) was added to the ground yeast cells.

Kinase Analysis and Assays

The kinase domains of GHR1 and a set of well-characterized active and
inactive kinases, as predicted by a Simple Modular Architecture Research
Tool (SMART; http://smart.embl-heidelberg.de/) were aligned using
Clustal Omega (Sievers et al., 2011).

For experiments with the GHR1 intracellular domain, in vitro kinase
assays were performed according to Idänheimo et al. (2014), with small
modifications. Purified protein (2 mg) was incubated with [g- 32P]-ATP
(6000 Ci/mmol, Perkin Elmer) for 1 h at 30°C in the presence of phos-
phorylation buffer (50 mM HEPES, pH 7.4, 1 mM DTT, 50 mM NaCl)
supplemented with 10 mMMg2+ and/or 10 mMMn2+. Additionally, kinase
buffer described by Hua et al. (2012) was used. CRK10 (Idänheimo et al.,
2014) and OST1 (Vahisalu et al., 2010) were used as positive controls and
MBPand theN terminusof SLAC1 (Vahisalu et al., 2010) as substrates. The
proteins were separated by 14% SDS-PAGE and exposed on phosphor
screens (Fujifilm).

For experiments with full-length GHR1, GHR1, and OST1, kinase
activity assays were performed by incubating purified recombinant 6xHis-
GHR1 (0.1 mM), GST-GHR1 (0.1 mM), GST-OST1 (0.1 mM), and 6xHis-
SLAC1(1-186; 2.5mM) in reaction buffer (50mMTris-HCl (pH 7.4), 150mM
NaCl, 5mMMgCl2, 5mMMnCl2, 500mMATP, 1mMDTT, 0.2mg/ml insulin
and 100mCi/ml 32P-g-ATP). C-terminally TAP-taggedGHR1, GHR1K798E,
OST1, and OST1K50N were immunoprecipitated from yeast cell extract
using 20 mL of IgG beads (IgG Sepharose 6 Fast Flow, GE Healthcare,
based on the Sepharose 6 Fast Flow matrix, with human IgG covalently
coupled to it). The beads were washed with lysis buffer (25 mM HEPES,
1 M NaCl, 0.1%NP-40, 1mM PMSF, 1 mg/ml leupeptin, 1 mg/ml aprotinin,

1mg/mlpepstatin, 50mMNaF,80mMb-glycerophosphate, 1mMNa3VO4,
1 mM EDTA, 30 mM EGTA) and kinase assay buffer (50 mM Tris-HCl (pH
7.4), 150 mM NaCl, 5 mM MgCl2, 5 mM MnCl2, 500 mM ATP, 1 mM DTT,
0.2 mg/ml insulin, and 100 mCi/ml 32P-g-ATP). GHR1 and OST1 kinase
activity assayswere performedby addingwashed beads into kinase assay
buffer containing purified 6xHis-SLAC1(1-186) (2.5 mM). Reactions were
performedat roomtemperature for 30minand thenstoppedby theaddition
of SDS loading buffer. Proteins were separated by 10% SDS-PAGE and
visualized by Coomassie brilliant blue G-250 (Sigma) staining. GHR1 and
OST1 activity was determined by autoradiography.

Immunoblot Analysis

For immunodetection of TAP-tagged GHR1 and OST1 or 6xHis-tagged
GHR1, 1 mL of yeast cell extract or 1 mL of purified recombinant 6xHis-
GHR1was separated on a10%SDSpolyacrylamide gel. After SDS-PAGE,
the proteins were transferred onto a nitrocellulose membrane. Im-
munodetection of TAP-tagged or 6xHis-tagged proteins was performed
with rabbit IgG (1:1000; I5006 Sigma-Aldrich) or anti-6xHis tag antibody
[HIS.H8] (ab18184 Abcam) in a 1:1300 dilution, followed by a goat anti-
rabbit or mouse HRP-conjugated secondary antibody (1:7500 dilutions;
LabAs, Estonia) and chemiluminescent detection.

Mapping of HT1 Phosphorylation Sites in GHR1 by
Mass Spectrometry

Purified recombinant GST-GHR1 was phosphorylated by 6xHis-HT1. An
aliquot from the kinase reaction was pooled together with SDS-PAGE
loading buffer (1:1). Proteins were separated by 10% SDS-PAGE, the gel
was stained with Coomassie brilliant blue G-250 (Sigma), and the GHR1
protein band was excised from gel. In-gel digestion of GHR1 protein was
performed usingTrypsin/P (10 ngml21; Sigma). Peptideswere purifiedwith
C18 StageTips and loaded onto a fused silica emitter (75 mm 3 150 mm;
Proxeon) packed in house with Reprosil-Pur C18-AQ 3 mm particles (Dr.
Maisch HPLCGmbH). Peptideswere separated on the Agilent 1200 series
nanoflow system (Agilent Technologies) with a 30 min 3%–40% buffer B
(0.5%aceticacid/80%acetonitrile) gradientataflowrateof200nl/min,and
eluted peptides were sprayed directly into an LTQ Orbitrap XL classic
mass-spectrometer (Thermo Electron) with a spray voltage of 2.2 kV. The
MS scan range was m/z 300–1,800, and the top five precursor ions were
selected for subsequentMS/MSscans. A lockmass of 445.0003was used
for the LTQOrbitrap to obtain constant mass accuracy during the gradient
analysis.

Peptides were identified with the Mascot (http://www.matrixscience.
com/) search engine. Peptide mass tolerance of 7 ppm and fragment ion
mass tolerance of 0.5 Dwere used. Twomissed cleavage sites for Trypsin/
P were allowed. The carbamidomethylation of cysteine was set as a fixed
modification. The oxidation of methionine and phosphorylation of serine
and threonine were set as variable modifications. Two independent
phosphorylation experiments were performed.

Thermal Shift Analysis

Measurements of the unfolding profiles of GST-GHR1 intracellular domain
andGST-GHR1ID-K798W kinase domainmutant in the absence or presence
of ATP were performed on a Tycho NT.6 instrument. Thermal stability was
analyzed by monitoring intrinsic fluorescence of aromatic residues. Upon
protein unfolding, aromatic residues buried in the core of the protein are
beingexposed to thebuffer, resulting inashift of theirfluorescencemaxima
from 330 nm to 350 nm. This shift was presented as 350/330 nm ratio and
monitored in a temperature range from 35°C to 95°C. This allowed the
inflection point of protein unfolding to be determined. The capillaries were
filled with amixture of 20mL proteins (0.1mg/ml) in 50mMHEPES, pH 8.0,
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150mMNaCl, 10mMMgCl2 with or without 100 mMATP. The presence of
ATP triggered a shift in the inflection temperature for the wild-type protein,
but not for the mutant protein. All experiments were performed in six
replicates.

Microscale Thermophoresis

Microscale Thermophoresis (MST) analysis was performed on a Nano-
Temper Monolith NT.115 instrument using premium coated capillaries at
25°C. GST-GHR1 andGST-PRK5 intracellular domainswere fluorescently
labeled using theMonolith protein labeling kit RED-MALEIMIDE (Cysteine-
reactive) according to the manufacturer’s instructions. After labeling, the
proteins were eluted into MST buffer (75 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 10 mM MgCl2), which was also used as assay buffer for the MST
experiments. Thermophoresis was performed with excitation power 60%
using66nMGST-GHR1IDor40nMGST-PRK5IDandCPK3concentrations
of 0.1–5000 nM. All experiments were repeated four times.

Generation of Constructs for Localization and BiFC Analysis in
Nicotiana benthamiana

For subcellular localization studies, the coding sequences of GHR1 and
GHR1W799* were amplified from Col-0 cDNA, and GHR1G108D and
GHR1D293N were amplified from ghr1-7 and ghr1-8 cDNA, respectively,
and cloned into the GatewayTM pDONRTM/Zeo vector (Thermo Scientific)
according to themanufacturer’s instructions. The coding sequences were
subsequently recombined intopEarleyGate101 (ABRCstockno.CD3-683)
to generate fusions with C-terminal YFP-HA.

The BIFC experiments were performed using the pDOE-05 vector
(ABRC stock No. CD3-1905) as described before (Gookin and Assmann,
2014). Cloning into MCS3 of pDOE-05 (35S:X:CmVen210) leads to the
additionofat least threeaminoacids (MGS;when theSanDIenzyme isused
for vector linearization) at the protein N terminus, potentially disrupting the
signal peptides. To avoid extra N-terminal amino acids upstream of the
MCS3SanDI recognitionsite, theATGcodonwasmutagenized intoanATT
codon (Ile). The G to T mutation was introduced by PCR with plasmid-
specific reverse complement primers (Supplemental Data Set 3) and
Q5High-FidelityDNAPolymerase (NewEnglandBioLabs) according to the
manufacturer’s instructions.

The coding sequences of GHR1, GHR1W799*, PRK5, SLAC1, and CPK3
were amplified from Col-0 cDNA with Phusion High-Fidelity DNA Poly-
merase (New England BioLabs) according to the manufacturer’s in-
structionswithgene-andMCS-specificprimers (SupplementalDataSet3).
To generate parent clones (pDOE535S:SLAC1/CPK3:NmVen210 – 35S:X:
CmVen210), mutated pDOE-05 vector was linearized with NcoI and BcuI
(Thermo Scientific) in MCS1 and recombined with the coding sequences
using an In-Fusion HD Cloning Kit (Clontech Laboratories). Parent clones
were cleaved with AatII and Eco105I (Thermo Scientific) in MCS3 and
recombined with the respective coding sequences.

Expression of Fusion Proteins in Nicotiana benthamiana

Transient expression of fluorescent fusion proteins in Nicotiana ben-
thamiana leaf tissue was performed as described (Wu et al., 2004) with
minor modifications. Agrobacterium strain GV3101 containing the binary
plasmid was grown in LB medium with the appropriate antibiotics at 28°C
for 48 h. The cultures were diluted 10-fold into fresh LB and grown for
another 24 h. The cells were centrifuged, washed once in infiltration me-
dium (10mMMESpH5.6, 10mMMgCl2 and 200mMacetosyringone), and
resuspended to a final OD600 of 1.0 (PRK5 constructs) or 0.1 (all other
constructs). The culturesweremixed1:1 (v/v)withP19strain (Voinnet et al.,
2003), which had been prepared the same way, and incubated at room
temperature for 1hbefore infiltration. Five-week-oldN.benthamianaplants

were inoculated with a 1 mL needleless syringe. Leaf discs were viewed
under a confocal microscope at 2 d post-inoculation.

Confocal Microscopy

Imaging of plant samples was performed using a Leica TCS SP5 II HCS A
inverted confocal laser-scanningmicroscope. YFPwas excited with a 514
nmargon laserwith theemissiondetectionwindowsetat 529-589nm.GFP
was excitedwith a 488 nmargon laser with the emission detection window
set to 500-515 nm. HCX PL APO 63x/1.2WCorr/0.17 CS (water) objective
wasused for imagingArabidopsis guardcells,whileHCPLAPO20x/0.7CS
(air) objective was used for imaging Nicotiana benthamiana epidermal
cells.

For BiFC imaging, the argon laser line excitation wavelengths 458 nm
and514nmwereusedwithemissionwindowwavelengths462-493nmand
529-589 nm set for mTurquoise2 and mVenus, respectively. Sequential
scanning alternating between turquoise and yellow channels was per-
formed to avoid crosstalk between the fluorophores. Image acquisition
parameters were kept identical within an experiment. The remainder of the
leaf sample was collected and used for protein extraction and immunoblot
analysis.

Immunoblot Analysis of Plant Tissue

Frozen leaf samples were ground by shaking using an Ivoclar Vivadent
Silamat S6 mixer, followed by extraction in 2% SDS, 50 mM Tris-HCl, pH
7.5, and protease inhibitors (Sigma P9599, 1:100) at 37°C for 20min. Total
protein (70 mg) was loaded onto a 10% SDS polyacrylamide gel, and after
electrophoresis, the gelwas electroblotted onto a polyvinylidene difluoride
(PVDF) membrane. For Nicotiana benthamiana studies, immunological
reactions were performed with CmVen (1:10000; Agrisera AS11 1775, Lot
1606)orNmVen (1:2000;AgriseraAS111776,Lot1605)polyclonal antisera
before detection with a horseradish peroxidase (HRP)-conjugated goat
anti-rabbit secondaryantibody (1:10000;AgriseraAS09602,Lot1808). For
Arabidopsis studies, immunological reactions were performed with Anti-
GFP mouse IgG monoclonal antibody (1:1000; Roche Diagnostics Gmbh
11814460001, Lot 11,751,700) before detection with a Goat Anti-Mouse
IgG (H+L) -HRPConjugate secondary antibody (1:10000;Bio-Radno. 170-
6516, Lot 64,048,329).

Generation of Arabidopsis Transgenic Lines and Their Analysis

The coding sequences of GHR1, GHR1K798W, and GHR1KD were cloned
into the pART7 vector in frame with the GFP sequence. Subsequently, the
35S expression cassettes with the GHR1, GHR1K798W, and GHR1KD se-
quences were re-cloned into the agrobacterial pMLBart vector. The final
constructs were introduced into Agrobacterium tumefaciens strain
GV3101. Agrotransformation of the ghr1-3 mutant plants was performed
using the floral dip method (Bent, 2006). Transgenic plants were selected
by spraying with Basta (glufosinate ammonium) as well as by detection of
the GFP signal in guard cells. T2 plants were germinated in pots for the gas
exchange experiments, sprayed with Basta at the age of five days, and
studied at the age of four weeks using a custom-made gas exchange
device (Kollist et al., 2007). The fresh weight loss of detached leaves after
2 h of drying was determined for the same plants. Leaves were cut,
weighed,and left inopenPetri dishesona laboratory table. The leaveswere
weighed after 2 h, and the relative fresh weight loss was calculated.

Cloning of GHR1 and GHR1W799* into pEarleyGate101 was described
above. The constructs were transformed into Col-0 plants by Agro-
transformation, and transgenic lineswere selected for Basta-resistance on
selection plates (1/23Murashige and Skoog Medium, 0.7% agar, 7.5 mg/
ml Basta, 125 mg/ml Cefotaxime, pH 5.6) and subsequently transferred to
soil. Fusion protein expression was confirmed by immunoblot analysis of
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nine transgenic T1 individuals for each construct. Two representative in-
dependent lines for each construct were selected for further work, and
fusion protein expression and subcellular localization were confirmed in
later generations.

Expression Analysis by qPCR

The expression of GHR1 was measured by RT-qPCR using three bio-
logical repeats. Rosettes of five three-week-old plants were pooled
for each sample, and the tissue was ground in liquid nitrogen. Total
RNA was extracted using a Genejet plant RNA isolation kit and treated
with DNaseI (Thermo Fisher Scientific). Five micrograms of RNA was
reverse-transcribed with Maxima HMinus Reverse Transcriptase (RT) and
Ribolock RNase inhibitor (Thermo Fisher Scientific) in a 20mL volume. The
reactionswerediluted to the final volumeof 100mL, 3mLofwhichwasused
as template forPCRusingHOTFIREPolEvaGreenqPCRMixPlus (noROX;
Solis Biodyne). The PCR was performed on the ABI 7900HT Fast RT PCR
System (Applied Biosystems) with the following cycle conditions: 95°C
10 min, 40 cycles with 95°C 15 s, 60°C 30 s, 72°C 30 s, and ending with
melting curve analysis. Data normalization was performed in qBase 2.0
(Biogazelle) using YELLOW-LEAF-SPECIFIC GENE8 (YLS8), TAP42
INTERACTING PROTEIN OF 41 KDA (TIP41), and PROTEIN PHOSPHATASE
2A SUBUNIT A3 (PP2AA3) as reference genes. A plasmid DNA dilution
series was used to determine primer amplification efficiencies in qBase.
Primer sequences are listed in Supplemental Data Set 3. The data were
log10-transformed and statistically analyzed to evaluate significant dif-
ferences between the mutant and the wild type by independent-samples
t test using IBM SPSS Statistics 24.

Modeling

All protein structure templates were taken from the Protein Data Bank
(RCSB PDB; Bluhm et al., 2011), and modeling was performed using
MODELER software (Webb and Sali, 2014). Resulting structures were
analyzed using the BIOVIA (Accelrys) Discovery Studio molecular
modeling environment (www.accelrys.com). Color figures were pro-
ducedwithMOLSCRIPT (Kraulis, 1991) andRaster3D (Merritt andBacon,
1997). For modeling of the GHR1 kinase domain, residues 776 to 1053
were used (GenBank: AGT59499.1). The region includes the “PKc_like”
protein kinase catalytic domain (Conserved Domain Database [CDD],
accession no. cl21453; Marchler-Bauer et al., 2015). A search of the
RCSB PDB with the sequence of the GHR1 kinase domain produced
two major groups of available structures: (1) the group consisting of
3UIM, 3ULZ, and 3TL8, which were structures of the plant receptor-like
kinase BAK1 in different settings, and (2) the group consisting of 4OA2,
4OH4, 4Q5J, 4OA6, 4OA9, 4OAB, and 4OAC, which were structures
of the BRI1 kinase domain. The 4OA9 structure contained not only AMP,
but also two Mn2+ cations, and thus, was chosen as a template for
modeling of the kinase domain of GHR1. Alignment between the GHR1
and BRI1 kinase domains was performed manually using (1) the SALIGN
multiple protein sequence/structure alignment program (Braberg et al.,
2012), which is a general alignment module of the modeling program
MODELER; and (2) the MULTALIN alignment program (Corpet, 1988).
The resulting alignment contained 30% sequence identity and 48%
sequence similarity.

Cloning and cRNA Generation

The cDNAs of SLAC1, OST1, and GHR1 were cloned into oocyte (BiFC)
expression vectors (based on pGEM vectors) using an advanced uracil-
excision-based cloning technique as described (Nour-Eldin et al., 2006).
Site-directed mutations were introduced using a modified USER fusion
method as described by (Dadacz-Narloch et al., 2011). For functional

analysis, cRNA was prepared with an mMESSAGE mMACHINE T7 tran-
scription kit (Ambion). Oocyte preparation and cRNA injection were per-
formed as described (Becker et al., 1996). For the oocyte BiFC and
electrophysiological experiments, 12.5 ng of SLAC1, OST1, or GHR1 (or
mutants thereof) cRNA was injected.

BiFC Experiments in Xenopus Oocytes

To document the oocyte BiFC results, photographs were taken with
a confocal laser-scanning microscope (Leica DM6000 CS, Leica Micro-
systems CMS GmbH) equipped with a Leica HCX IRAPO L253/0.95W
objective for oocyte images. For interaction studies in Xenopus oocytes,
SLAC1 was fused to the C-terminal half of YFP and coexpressed with the
respective interaction partner fused to the N-terminal half of YFP.

DEVC

For the double-electrode voltage clamp (DEVC) studies, oocytes were
perfusedwith standard solutionscontaining10mMTris/MESpH5.6, 1mM
CaGluconate2, 1 mMMgGluconate2, 1 mM LaCl3 and either 100 or 30 mM
NaNO3. Tobalance the ionic strength, nitrate variationswerecompensated
for using sodium gluconate. Starting from a holding potential (VH) of 0 mV,
single voltage pulses were applied in 20 mV decrements from +60 to -200
mV. The relative open probability PO was determined based on current
responses to a constant voltage pulse to -120 mV, subsequent to the
different 20 s test pulses. These currentswere normalized to the saturation
value of the calculated Boltzmann distribution. Instantaneous currents (IT)
were extracted immediately after the voltage jump from the holding po-
tential of 0 mV to 50-ms test pulses ranging from +70 to 2150 mV.

Detection of GHR1 expression in oocytes by Immunoblot analysis

IsolationofGHR1wild typeormutantproteins fromoocyteswasperformed
by homogenizing five oocytes in 200 mL buffer A (10 mM HEPES pH 7.9,
83 mM NaCl, 10 mM MgCl2, 5 mM PMSF, 1x protease inhibitor (Roche),
2 mM EDTA pH 8) by pipetting up and down. After 2x centrifugation for
10 min (4°C, 1000g), the supernatant was centrifuged for 20 min (4°C,
10000g) and the pellet was resuspended in water. To achieve the correct
molecular weight of GHR1, putative N-linked oligosaccharides were re-
moved by PNGase F digestion (New England Biolabs) and mixed with 2x
loading buffer. Total proteinswere loadedonto a10%SDSpolyacrylamide
gel, and after electrophoresis, the gels were electroblotted onto a poly-
vinylidene difluoride (PVDF) membrane. Immunological reactions were
performed with Anti-NT-YFP (Agrisera AS11 1776, Lot 1605) polyclonal
antisera (diluted 1:2000) before detection with a horseradish peroxidase-
conjugated goat anti-rabbit secondary antibody in a 1:2000 dilution (Cell
Signaling Technology #7074S, Lot 20, Ref 02/2011).Molecularweight was
definedviacomparisonwithaprestainedprotein ladder (ThermoScientific,
PageRulerTM Plus Prestained Protein Ladder, #26619).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL li-
braries under the following accession numbers: At4g20940 (RCD7/GHR1),
At4g33950 (OST1), At1g12480 (SLAC1), At4g23180 (CRK10), At1g50610
(PRK5), andAt4g23650 (CPK3). The rcd7genome resequencing data have
been deposited at NCBI under SRA accession number PRJNA495717.

Supplemental Data

Supplemental Figure 1. Phenotypes of the rcd7mutant, O3-sensitivity
screen of T-DNA mutants for rcd7 candidate genes, and allelism tests

Supplemental Figure 2. GHR1 kinase activity assays
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Supplemental Figure 3. Sequence and predicted structure of the
kinase domain of GHR1 and GHR1 expression in Saccharomyces
cerevisiae

Supplemental Figure 4. Characterization of stomatal phenotypes and
subcellular localization of fusion proteins in transgenic lines express-
ing 35S-GHR1-GFP and 35S-GHR1K798W-GFP

Supplemental Figure 5. Characterization of ghr1-17 and transgenic
lines expressing GHR1 variants

Supplemental Figure 6. In vitro binding of GHR1ID with CPK3
analyzed by microscale thermophoresis

Supplemental Figure 7. Subcellular localization of fusion proteins

Supplemental Figure 8. Immunoblot analysis of OST1:YN, GHR1 WT:
YN, GHR1G108D:YN and GHR1D293N:YN protein levels in oocytes

Supplemental Table 1. Inheritance, mapping process and candidate
genes for RCD7

Supplemental Table 2. Allele nomenclature for the rcd7/ghr1 mutants
used

Supplemental Data Set 1. ANOVA Tables

Supplemental Data Set 2. MaxQuant Phospho(STY)Sites table of
in vitro phosphorylation sites of GST-GHR1 by 6xHis-HT1 identified by
mass-spectrometry

Supplemental Data Set 3. Primers used in this study
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