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Summary 

 RBOHF from Arabidopsis thaliana represents a multifunctional NADPH oxidase 

regulating biotic and abiotic stress tolerance, developmental processes and guard cell 

aperture. The molecular components and mechanisms determining RBOHF activity 

remain to be elucidated. 

 Here we combined protein interaction studies, biochemical and genetic approaches 

with pathway reconstitution analyses to identify and characterize proteins that confer 

RBOHF regulation and elucidated mechanisms that adjust RBOHF activity. 

 While the Ca
2+

 sensor activated kinases CIPK11 and CIPK26 constitute alternative 

paths for RBOHF activation, the combined activity of CIPKs and the kinase open 

stomata 1 (OST1) triggers complementary activation of this NADPH oxidase which is 

efficiently counteracted through dephosphorylation by the phosphatase ABI1. Within 

RBOHF, several distinct phosphorylation sites (p-sites) in the N-terminus of RBOHF 

appear to individually contribute to activity regulation. 

 These findings identify RBOHF as a convergence point targeted by a complex 

regulatory network of kinases and phosphatases. We propose that this allows for 

fine-tuning of plant reactive oxygen species (ROS) production by RBOHF in response 

to diverse stimuli and in diverse physiological processes. 
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Introduction 

Second messengers like Ca
2+

 and reactive oxygen species (ROS) crucially function in 

establishing plant developmental and adaptive plasticity (Wrzaczek et al., 2013; Steinhorst 

and Kudla, 2014; Tsukagoshi, 2016; Edel et al., 2017, Kudla et al., 2018). The formation of a 

large fraction of the cellular ROS pool represents a non-avoidable byproduct of essential 

cellular processes and is efficiently counteracted by various detoxification systems 

(Czarnocka and Karpinski, 2018; Waszczak et al., 2018). However, it is increasingly 

appreciated that especially the transient generation of superoxide anions (O2
•–

) and their 

conversion product hydrogen peroxide (H2O2) by NADPH oxidases serves regulatory and 

signaling functions (Suzuki et al., 2011; Marino et al., 2012; Kärkönen and Kuchitsu, 2015; 

Choudhury et al., 2017). Plant NADPH oxidases represent homologs of the mammalian 

gp91
phox

 enzyme subunit, contain six predicted membranes spanning domains and have been 

designated as respiratory burst oxidase homologs (RBOHs) (Torres and Dangl, 2005). The 

Arabidopsis genome encodes 10 distinct isoforms named RBOHA-RBOHJ, which are 

predominantly localized in the plasma membrane (Torres and Dangl, 2005; Suzuki et al., 

2011; Marino et al., 2012). While several RBOH genes exhibit overlapping expression 

patterns, tissue specific expression of some RBOH genes appears to contribute to functional 

specialization (Steinhorst and Kudla, 2013). For example, RBOHH and RBOHJ are specially 

expressed in pollen and pollen tubes and fulfill essential functions in regulating the polar 

growth of these specialized cell types (Kaya et al., 2014; Lassig et al., 2014; 

Jimenez-Quesada et al., 2016).  

Within the RBOH family, RBOHF appears to represent a multifunctional NADPH oxidase 

that is involved in various distinct biological processes. Genetic analysis of RBOHF function 

by characterization of rbohF mutants revealed that RBOHF together with RBOHD function 

in ROS-dependent abscisic acid (ABA) signaling in guard cells and are required for 

accumulation of reactive oxygen intermediates in plant defense responses (Torres et al., 

2002; Kwak et al., 2003; Chaouch et al., 2012; Chater et al., 2015; Sierla et al., 2016; Qi et 

al., 2018). Moreover, it has been reported that both NADPH oxidases also function together 

in positively modulating ABA mediated inhibition of root growth and in triggering organ 
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abscission (Jiao et al., 2013; Lee et al., 2018).  In addition, genetic screens for mutants 

impaired in the formation of the Casparian strip in roots identified rbohF mutants exhibiting 

delayed formation of this paracellular diffusion barrier (Lee et al., 2013). Likely related to 

this phenotype, an independent screen for plants affected in transpiration dependent salt 

tolerance also identified a novel loss-of-function allele of RBOHF (Jiang et al., 2012). In 

these plants, lack of RBOHF-dependent salinity-induced vascular ROS generation caused 

increased Na
+
 concentrations in the xylem sap, resulting in delivery of Na

+
 from root to the 

shoot. The involvement of RBOHF (but also of RBOH proteins in general) in so many 

distinct processes implies that the regulation of RBOH activity must be versatile and flexibly 

adjustable to various cellular environments and physiological conditions.  

Research over the past years has uncovered complex regulatory mechanisms for modulating 

RBOH activity by Ca
2+

 binding to the two EF hand motifs in their N-terminal cytoplasmic 

domains, by protein-protein interactions and post translational protein modifications 

(Ogasawara et al., 2008; Kimura et al., 2012; Kawarazaki et al., 2013; Baxter et al., 2014; 

Kadota et al., 2015; Liu and He, 2016; Koo et al., 2017). In this regard, the small GTPase 

Rac1 has been suggested to interact and positively regulate the activity of RBOHB in rice 

(Wong et al., 2007). In Arabidopsis, interaction of RBOHC with SCN1- a RhoGTPase GDP 

dissociation inhibitor (RhoGDI) - spatially restricts RBOHC-catalyzed production of ROS to 

root hair tips during development (Carol et al., 2005). S-nitrosylation of RBOHD at Cys890 

abolished its ability to synthesize ROS and in this way negatively affected cell death 

development during immune response (Yun et al., 2011). Among the protein modifications 

affecting RBOH activity, protein phosphorylation has been emerging as playing key roles in 

NADPH oxidase regulation. Genetic and biochemical studies suggested that Ca
2+

 dependent 

phosphorylation is required for RBOHC mediated regulation of root hair growth and recently 

the Ca
2+

-activated Calcineurin B-like (CBL) interacting protein kinase CIPK26 has been 

identified as directly phosphorylating RBOHC (Takeda et al., 2008; Zhang et al., 2018). 

Also, RBOHD is subject to regulation by phosphorylation. The receptor-like cytoplasmic 

kinase Botrytis Induced Kinase 1 (BIK1), a kinase associated with the pattern recognition 

receptor (PRR) complex, directly phosphorylates this NADPH oxidase at specific sites in a 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Ca
2+

-independent manner to facilitate ROS generation in response to microbial pathogens. 

Moreover, BIK1-mediated phosphorylation of RBOHD brings about stomatal movement in 

response to flg22, thereby restricting bacterial entry into leaf tissues (Li et al., 2014; Kadota 

et al., 2014). In addition, Dubiella and colleagues identified the plant NADPH oxidase 

RBOHD as an in vivo phosphorylation target of the Ca
2+

 dependent protein kinase 5 (CPK5), 

thereby uncovering a Ca
2+

-dependent pathway of NADPH oxidase regulation (Dubiella et al., 

2013). Pathogen-associated molecular pattern (PAMP) stimulation triggered phosphorylation 

of RBOHD by this kinase in vivo resulting in rapid local ROS synthesis. Moreover, this study 

revealed the requirement of CPK5 for the biochemical and transcriptional activation of 

defense reactions in leaves distal from the primary site of stimulation. These findings 

identified CPK5 as a key regulator of innate immune responses in plants and provided 

evidence for a combined function of CPK5 and RBOHD in ROS-mediated cell-to-cell 

communication to establish organic scale responses to pathogen challenge in plants (Dubiella 

et al., 2013). Together, these studies point to a complex interplay of various kinases in 

activating stimulus triggered ROS production in plants. However, the identity of 

phosphatases that would counteract phosphorylation of plant NADPH oxidase in plants has 

remained largely elusive. 

So far, the regulation of the NADPH oxidase RBOHF remained less understood. It has been 

reported that the ABA regulated kinase OST1, a member of SnRK2 class of plant kinases, 

directly interacts with RBOHF (Sirichandra et al., 2009; Acharya et al., 2013). Moreover, it 

was observed that OST1 phosphorylated RBOHF at residues Ser13 and Ser174 in vitro 

(Sirichandra et al., 2009). However, the regulatory impact and physiological consequences of 

this interaction and potential phosphorylation remain unknown. More recently, a pathway for 

Ca
2+

 dependent activation of RBOHF was discovered in that the two Ca
2+

 sensors CBL1 and 

CBL9 in combination with the kinase CIPK26 bring about RBOHF activation upon elevation 

of cellular Ca
2+

 concentration (Drerup et al., 2013). However, if and how additional kinases 

contribute to RBOHF regulation and how the interplay of Ca
2+

 signaling with ABA signaling 

fine tunes RBOHF activity remained elusive.  
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Here, we report that RBOHF is subject to regulation by multiple kinases including CIPK26, 

CIPK11 and OST1. Reconstitution of RBOHF regulation in human HEK293T cells revealed 

that CIPK26 and CIPK11 appear to constitute alternative pathways for RBOHF activation. In 

contrast, the combined function of OST1 and CIPK26 resulted in enhanced, additive 

activation of this NADPH oxidase already at resting but also at elevated cellular Ca
2+

 

concentrations. Our identification of shared but also kinase-specific p-sites in the N-terminus 

of RBOHF in combination with the analysis of their influence on RBOHF activity supports 

the additive impact of the distinct p-sites targeted by both kinases as the underlying 

mechanism conferring enhanced activation upon the combined action of CIPKs and OST1. 

Moreover, our biochemical analyses suggested that Ca
2+

 binding to the EF hand of RBOHF 

further facilitated its phosphorylation. In addition, the combined results of our biochemical 

and HEK293T cell assays indicated that dephosphorylation of RBOHF by the phosphatase 

ABI1 efficiently counteracts kinase mediated activation. Together, our results support a 

model that in various biological processes the concerted activation of RBOHF by Ca
2+

 

stimulated, as well as by ABA stimulated kinases can be further sustained by ABA triggered 

inhibition of ABI1. Conversely, in the absence of Ca
2+

 or ABA inducing stimuli, reactivation 

of ABI1 would aid the down-regulation of ROS production. In this way, this regulatory 

kinase-phosphatase network can bring about the fine-tuning of RBOHF activity in the various 

physiological and developmental processes that involve the function of this NADPH oxidase. 

 

Material and Methods: 

Plant materials and growth conditions 

A. thaliana seeds were surface sterilized and stratified at 4℃ for 3 days in the dark. Seeds 

were sown either on 0.5 Murashige and Skoog (MS) media (Duchefa, Netherlands) with 

0.8% (w:v) agar at pH 5.8 for PI staining assays or directly on soil for salt stress assays. 

Plants were grown in controlled-environment growth chambers under a 16-h light (23 °C) / 

8-h-dark (18 °C) cycle with 120 μmol m
-2

s
-1

 light intensity. The following Arabidopsis 

thaliana alleles were investigated in this study: rbohF3 (Torres et al., 2002), cbl1/9 
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(SALK_110426/SALK_142774; Xu et al., 2006), cipk11-1 (SALK_108074; Fuglsang et al., 

2007), cipk26-2 (GK_703D04; Tang et al., 2015), ost1–4 (SALK_008068; Zheng et al., 

2010). 

 

Yeast two-hybrid interaction analyses 

Yeast two-hybrid analysis were performed as described before (Drerup et al., 2013).  

 

RBOHF activity measurements in HEK293T cells 

To measure the activity of RBOHF, pEF1-2xStrepII-N or pEF1-2xStrepII-C vectors (Drerup 

et al., 2013) containing RBOHF or other genes’ coding sequences (CBL1, CIPK3, CIPK11, 

CIPK26, OST1, ABI1) were transiently transfected into HEK293T cells and the ROS 

production assay was performed as described earlier (Zhang et al., 2018). In each assay 10 

min after initiation of measurement, 1µM ionomycin and 1 mM CaCl2 were automatically 

injected into the wells to induce Ca
2+

 influx into the cells. ROS production is expressed as 

relative luminescence units (RLU) per second. For statistical analysis shown in Fig. 6 

Graphpad PRISM 7 software was used to calculate Area Under Curve values and to calculate 

one-way ANOVA with Tukey’s Posttest. All assays presented in this work were performed at 

least in three independent experiments with similar results. 

 

Protein expression and purification 

The N-terminus of RBOHF fused to a GST-tag was expressed as described earlier (Drerup et 

al., 2013). CBL1 and OST1 were both fused with StrepII tag at their C- or N-terminus in the 

pET-24b(+) vector (Novagen), respectively. All primers used to generate constructs for this 

study are listed in table S1. CIPK26, CIPK11 and CIPK3 proteins were expressed using the 

cell free wheat germ RTS 500 system (biotechrabbit) as described earlier (Drerup et al., 

2013). 
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All proteins used in vitro in this study were affinity purified. After expression in E. coli and 

centrifugation, pellets were resuspended in 20 ml lysis buffer (50 mM HEPES/pH 7.5, 150 

mM NaCl, 0.5 mM Brij35) and cycled through a French Press (EmulsiFlex-C3, Alvestin) 3 

times for cell disruption. The cell lysate was cleared by centrifugation (15000 g for 30 min at 

4 °C). Lysate pellets of E. coli expressing GST-RBOHF-N were resuspended with washing 

buffer (50 mM HEPES/ pH 7.5, 150 mM NaCl, 0.5 mM Brij 35) and treated with 6M Urea 

for 30min on ice. The solution was diluted 10 times with washing buffer and cleared by 

centrifugation (5000g for 1 h at 4 °C). For affinity purification, either Glutathione HiCap 

Matrix (Qiagen) or Strep-Tactin Macroprep (IBA) were used. After equilibration of the 

columns with 2 mL washing buffer, the supernatants of the lysates were loaded to the 

columns and washed with 10 column volumes washing buffer. The GST-tagged proteins 

were eluted with GST-elution buffer (50 mM HEPES/ pH 7.5, 150 mM NaCl, 0.5 mM Brij 

35 and 10 mM GSH) and StrepII-tagged proteins were eluted with StrepII-elution buffer (50 

mM HEPES/ pH 7.5, 150 mM NaCl, 0.5 mM Brij 35 and 2.5 mM desthiobiotin). Proteins 

were quantified after SDS-PAGE, Coomassie staining and comparison with a serial BSA 

standard. Proteins were stored at -80 °C. 

 

Radioactive in vitro phosphorylation assays 

Purified proteins (100 ng of CIPKs and OST1, 2000ng of RBOHF-N) were mixed in buffer 

containing 50 mM HEPES/ pH 7.5, 150 mM NaCl, 0.5 mM Brij 35, 5 mM MnSO4, 0.5 mM 

CaCl2, 2 mM DTT, 10 µM ATP, and 4 µCi of [γ-
32

P] ATP (3000Ci/mmol) and incubated at 

30 °C for 30 min. Total reaction volume was 24 µL. Afterwards, reactions were stopped by 

addition of 6 µl 5 x SDS-loading buffer (125 mM Tris/HCl pH 6.8, 5 % (v:v) Glycerin, 1 % 

(w:v) SDS, 2.5 % (v:v) β-Mercaptoethanol, 0.025 % (w:v) Bromphenol blue) and then loaded 

to SDS-PAGE. Protein bands were fixed by Coomassie-staining, and [γ-
32

P] labeled proteins 

were visualized by autoradiography. Buffers with defined Ca
2+

 concentrations and assays to 

analyze Ca
2+

 dependence of phosphorylation by CIPK26 and OST1 were described earlier 

(Maierhofer et al., 2014).  
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Salt stress assays 

Seeds were sown on soil and stratified at 4 °C for two days. Pots were then exposed to long 

day conditions (16 h light with 23℃, 8 h darkness with 18℃, 50% humidity). On day 21, the 

trays were watered with tap water with additional 120 mM NaCl (Jiang et al., 2012). The 

control group was watered with the same amount of tap water without any additives. Pictures 

were taken every 2-day after initial of salt treatment. 

 

Propidium iodide staining  

Visualization of the apoplastic barrier was performed as described earlier, with the exception 

that a Leica DMI 6000B inverted microscope equipped with a Leica TCS SP5 laser scanning 

device was used to quantify stained cells (Lee et al., 2013).  

 

Mass spectrometric phosphorylation site identification 

The in vitro phosphorylation sites of RBOHF-N targeted by CIPK26 or CIPK11 were 

analyzed by mass spectrometry. Purified GST-RBOHF-N protein was phosphorylated in vitro 

as described above (without labeled [γ-
32

P] ATP) by CIPKs purified from wheat germ lysate 

at 30 °C for 1 h. After separation of proteins by SDS-PAGE, bands were fixed by Coomassie 

staining. Bands corresponding to RBOHF-N were cut out of the gel and gel slices were 

subjected to tryptic in-gel digestion according to established protocols (Shevchenko et al., 

2006). Phosphopeptides were enriched using titanium dioxide microtips (NT2TIO, Glygen) 

following the manufacturer’s instructions. The LC-MS/MS system consisted of an UltiMate 

3000 RSLC nanoLC (Thermo Scientific) coupled via a nanospray source to a Q Exactive Plus 

mass spectrometer (Thermo Scientific). Peptides were separated on a reversed-phase column 

(Acclaim PepMap, 150x0.075 mm, 2 µm particle size, Thermo Scientific). The buffers used 

were 0.1 % formic acid in ultrapure water (A) and 0.1 % formic acid/80 % acetonitrile in 

ultrapure water (B). The following gradient was applied: 2.5% B to 7.5% over 5 min, 7.5% to 
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40% B over 26 min, 40% to 99% B over 1 min, 99% B for 10 min. The mass spectrometer 

was operated in data-dependent acquisition mode (‘Top12’), switching between one MS1 

scan (resolution: 70,000, scan range: 375-1600 m/z, AGC target: 1e6, maximum injection 

time: 120 ms) and up to 12 MS/MS scans (normalized collision energy: 27 (HCD), 

resolution: 17,500, AGC target: 1e5, maximum injection time: 110 ms). Spectra files were 

searched in MaxQuant (version 1.6.10, Cox and Mann, 2008) using the Uniprot reference 

proteome of E. coli (ProteomeID UP000000625) supplemented with the protein sequence of 

recombinant RBOHF-N. Carbamidomethylation of cysteine was set as fixed modification. 

Oxidation of methionine, acetylation of the protein N-terminus as well as phosphorylation of 

serine, threonine and tyrosine were considered as variable modifications.  

 

ROS measurements in N. benthamiana 

ROS measurements were conducted in leaf discs of N. benthamiana cultivated in a 

glasshouse under a 12-h light/12-h dark cycle with 60% atmospheric humidity. Leaves of 4 

weeks old plants were infiltrated with Agrobacterium tumefaciens (GV3101 with helper 

plasmid pMP90) that were previously transformed with respective plant expression vectors. 

Before infiltration, A. tumefaciens were grown in liquid culture overnight in a shaker adjusted 

to 28 °C until they reached an OD600 between 2 and 5. Preparation and infiltration was 

performed as described in Waadt and Kudla, 2008. After infiltration, plants were incubated 

for 3 days under continuous light. Then leaf disc samples were harvested using a cork borer 

and immersed in 100 µL Milli-Q water facing upside-down in 96-well plates. Plates covered 

with lid were incubated under continuous light for 16-24h at room temperature. For 

measurement, Milli-Q water was aspirated from the wells and replaced by a buffer containing 

4.5 units/mL horseradish peroxidase (Sigma) and 6.25 μM L-012 (Wako). ROS production 

was quantified by the L-012 reaction using a Berthold LB 943 Mithras
2
 plate reader and 

expressed as relative luminescence units (RLU) per second. Ca
2+ 

influx into the cells was 

initiated by addition of 20 mM CaCl2 and 2 % DMSO. The experiment was independently 

performed three times with similar results. 
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Results and Discussion 

CIPK11 and CIPK26 provide complementary paths for Ca
2+

 dependent activation of 

RBOHF  

In previous work we identified CIPK26 as interacting with the N-terminal cytoplasmic 

domain of RBOHF in yeast two hybrid analyses (Kimura et al., 2013; Drerup et al., 2013). 

However, when we tested the potential interaction of all 26 CIPKs from Arabidopsis with 

RBOHF in such analyses, we observed marker gene activation indicative for protein-protein 

interaction when the combinations of CIPK11 with RBOHF-N or CIPK3 with RBOHF-N 

were analyzed (Fig. 1a). To address the potential functional relevance of these results we 

performed in vitro phosphorylation assays of either CIPK11 or CIPK3 with RBOHF-N as 

substrate. In these experiments CIPK11 efficiently phosphorylated RBOHF-N, but we did not 

observe any phosphorylation of RBOHF-N by CIPK3, while the degree of phosphorylation 

caused by either CIPK11 or CIPK26 appeared to be similar (Fig. 1b, Fig. S1a). We 

subsequently used a ROS production assay based on pathway re-constitution in a human 

embryo kidney cell line (HEK293T) to investigate the regulatory consequences and 

mechanistic requirements of these kinase/substrate relationships. HEK293T cells exhibit very 

low endogenous NADPH oxidase activity and therefore are very well suited to study the 

regulation and activity of heterologously expressed plant RBOH proteins (Ogasawara et al., 

2008; Takeda et al., 2008; Kimura et al., 2012). As previously reported expression of 

RBOHF alone resulted only in a very minor basal ROS generation that was comparable to 

that of cells transfected with empty vector as control (Fig. 1c). However, elevation of 

cytoplasmic Ca
2+

 concentration in these cells by application of the Ca
2+

 ionophore ionomycin 

together with 1 mM Ca
2+

 led to a small but reproducible induction of ROS production in 

RBOHF-expressing cells, which most likely reflects Ca
2+

 binding to the EF hands of this 

NADPH oxidase (Kimura et al., 2012; Drerup et al., 2013). For studying the influence of 

CIPK3, CIPK11 or CIPK26 on RBOHF, we co-expressed these kinases with CBL1 since 

previous studies had established that a Ca
2+

 sensor moiety was required for the activity of 

CBL/CIPK complexes and that these three kinases all interacted with CBL1 (Kolukisaoglu et 

al., 2004; Hashimoto et al., 2012; Drerup et al., 2013). In these assays co-expression of 
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RBOHF with CBL1/CIPK11 or CBL1/CIPK26 always resulted in effective induction of ROS 

production that was already detectable at resting cellular Ca
2+

 concentration but was 

manyfold elevated upon ionomycin triggered Ca
2+

 induction (Fig. 1c). The closely related 

Ca
2+

 sensor CBL9 which was previously reported to activate RBOHF in combination with 

CIPK26 (Drerup et al., 2013) also promoted NADPH oxidase activity when coexpressed with 

CIPK11 (Fig. S1b). Although the absolute amounts of generated ROS displayed some 

variation between different experiments, the ROS production induced by CBL1/CIPK11 

complexes always appeared less pronounced compared to cells expressing the combination of 

CBL1/CIPK26 (Fig. 1c). In sharp contrast but in agreement with the results of our in vitro 

phosphorylation studies we did not detect any activation of RBOHF by CBL1/CIPK3 

complexes. We therefore focused our subsequent studies on CIPK11 and CIPK26. Since our 

results for the first time identified RBOHF as a substrate that was shared by two distinct 

CIPK kinases, we sought to explore the functional consequences that potential dual 

phosphorylation by CIPK11 and CIPK26 may exert on RBOHF. To this end, we 

comparatively studied the activation of RBOHF upon co-expression with either 

CBL1/CIPK11 or CBL1/CIPK26 or with the combination of both kinases together with 

CBL1 (Fig. 1d). To exclude artifacts resulting from different amounts of kinases expressed in 

the HEK293T cells, we used different ratios of plasmid DNA for transfection (namely 

CIPK11:CIPK26:[CIPK11+CIPK26], 30ng:30ng:[15ng+15ng] equal to 1:1:1 or 

30ng:30ng:[30ng+30ng] equal to 1:1:2). No matter which plasmid ratios were transfected, we 

did not observe a pronounced increase in ROS generation when we compared the values 

resulting from CIPK11/26 co-expression with the ROS production induced by either of the 

single kinases (Fig. 1d). Nevertheless, we repeatedly observed a slightly higher activity of 

RBOHF upon co-expression of both kinases. From these data we conclude that CIPK11 and 

CIPK26 do not mediate a synergistic activation of RBOHF. Instead, it appears most likely 

that both kinases provide alternative paths for Ca
2+

 dependent activation and in this way may 

allow to interconnect this NADPH oxidase with distinct environmental or developmental 

stimuli that trigger its activation.  
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Ca
2+

 binding to RBOHF and phosphorylation by CIPKs cooperatively result in full 

NADPH oxidase activation   

We next sought to investigate further mechanistic details of RBOHF regulation. To this end, 

we replaced wild type CIPK26 by a kinase dead version harboring a K-N exchange in amino 

acid residue K42 (designated as CIPK26-KN). In HEK293T cell assays, this inactive kinase 

did not trigger any discernable ROS production in combination with CBL1, indicating that 

indeed phosphorylation of RBOHF by CIPK26 is required for NADPH oxidase activation 

(Fig. 2a). We next mutated the myristoylation motif in CBL1 by G2A replacement, a 

modification that has been shown to abolish plasma membrane targeting of this Ca
2+

 sensor 

protein (Batistic et al., 2008). Also, this mutation completely prevented activation of RBOHF 

by CBL1/CIPK26 complexes underscoring the importance their appropriate targeting to the 

plasma membrane. We next investigated the importance of Ca
2+

 binding to EF hands of 

RBOHF by mutating the conserved -Z position in the first EF hand (designated as 

RBOHF-E288Q). In accordance with previously published results, the modified 

RBOHF-E288Q protein appeared to provide reduced ROS production compared to that of 

wild type RBOHF when expressed alone (Fig. 2b; Kimura et al., 2012). Importantly, this 

mutation dramatically affected the activation characteristics of RBOHF when co-expressed 

with CBL1/CIPK26. While the NADPH oxidase activity at resting Ca
2+

 concentration was 

not affected, the ionomycin triggered, Ca
2+

 induced ROS production was largely diminished 

(Fig. 2b). This result suggests that direct Ca
2+

 binding to RBOHF contributes to the activation 

of this NADPH oxidase through Ca
2+ 

dependent phosphorylation by CBL1/CIPK26 

complexes. We therefore next studied the influence of Ca
2+

 concentration on the efficiency of 

CIPK26 mediated phosphorylation of RBOHF in vitro. For this, we performed in vitro 

phosphorylation assays at different Ca
2+

 concentrations ranging from 0 to 1350 nM (Fig. 2c). 

The omission of CBL1 from these assays ensured that the activity of CIPK26 itself was not 

modulated by Ca
2+

 in these experiments. Remarkably, we observed a steady increase of 

phosphorylation efficiency with increasing Ca
2+

 concentrations that became most pronounced 

at Ca
2+

 concentrations above 351 nM. This activation pattern was not modulated by the 

presence of CBL1 protein in the reaction (Fig. S1c). Together with the influence of the 
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E288Q mutation on RBOHF activation, these data identified a regulatory mechanism for 

RBOHF activation in that Ca
2+

 binding to its N-terminus most likely conveys a structural 

re-arrangement that aids subsequent phosphorylation by CBL1/CIPK26 complexes. In line 

with this postulated mechanism, Ogasawara et al. reported Ca
2+ 

induced conformational 

changes for RBOHD (Ogasawara et al., 2008). 

 

CBL-CIPK complexes activate ROS production and RBOHF in planta 

To further validate the mechanistic insights into RBOHF regulation that we gained from the 

in cellulo reconstitution assays in the human cell line we modified and established a transient 

expression protocol in N. benthamiana by combining transient expression of multiple 

proteins with a peroxidase-based ROS measurement assay. In these leaves an elevation in 

cytoplasmic Ca
2+

 concentration was triggered by application of 20 mM CaCl2 and 2% 

DMSO. To allow simultaneous microscopic monitoring of protein expression we fused CBL1 

with SCFP3A (CBL1-SCFP3A), CIPK26 with mCherry (mCherry-CIPK26) and RBOHF 

with mVenus (mVenus-RBOHF). In addition, we verified expression of mVenus-RBOHF by 

quantification of the mVenus fluorescence in the leaf discs using a plate reader (Fig. 3b) and 

by western analysis with a GFP-antibody (Fig. 3c). Control measurements of leaf discs 

infiltrated only with the 19K helper strain defined the background level of luminescence and 

yellow fluorescence (Fig. 3a). In these assays, coexpression of CBL1 and CIPK26 induced 

already clearly detectable ROS production that was further enhanced upon elevation of 

cytoplasmic Ca
2+

 concentration, suggesting that overexpression of this Ca
2+

 sensor/kinase 

complex was able to activate endogenous NADPH oxidases in a Ca
2+

 supported manner (Fig. 

3a). Expression of RBOHF alone in these cells clearly enhanced ROS production, which 

could be further stimulated by increasing the cellular Ca
2+

 concentration. This result 

establishes that RBOHF functions as an active enzyme in N. benthamiana and suggests that 

either enhanced Ca
2+

 binding to its EF-hands, or the Ca
2+

 stimulated activity of endogenous 

CBL-CIPK complexes, or both can further promote its activity. Importantly, when we 

co-expressed RBOHF, CBL1 and CIPK26, we observed a further enhanced ROS production 
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that was profoundly enhanced upon Ca
2+

 stimulation. Together, these data confirm the 

mechanistic principles of RBOHF regulation revealed by our analysis in HEK293T cells and 

demonstrate the functionality of this Ca
2+

 sensor/kinase/NADPH-oxidase module in plant 

cells (Fig. 3a). 

 

cbl and cipk mutants do not share known rbohF mutant phenotypes 

Previous studies identified the lack of Casparian strip formation and transpiration dependent 

salt sensitivity as two hallmark phenotypes of rbohF loss-of-function mutants (Lee et al., 

2013; Jiang et al., 2012). To study the impact of CBL/CIPK regulation on RBOHF function 

in planta we made use of published Arabidopsis mutant alleles and created a cipk11/cipk26 

double mutant by crossing the respective single mutants. When we comparably studied the 

salt tolerance of these lines we always observed the published leaf bleaching phenotype, 

which is indicative for salt sensitivity, on rbohF mutant plants while wild type plants 

appeared to be much less affected. Somewhat surprisingly, this salt sensitive phenotype was 

not observed on cbl1/9, cipk11, cipk26-2 and cipk11/cipk26-2 mutants (Fig. 4a). Also, ost1 

mutants did not display a discernable salt sensitive phenotype (Fig. S2a). Similar results were 

obtained when we studied the Casparian strip formation by differential propidium iodide 

staining of roots. Here again only the rbohF mutant exhibited a clearly discernable 

impairment of the Casparian strip formation, while other mutants or mutant combinations 

were not distinguishable from wild type plants (Fig. 4b,c; Fig. S2b,c). These results 

suggested that in stable T-DNA induced mutants other kinases may be able to compensate for 

the loss of CBL or CIPK function. In this regard it has for example been reported that Ca
2+

 

dependent protein kinases (CDPKs) and receptor like cytoplasmic kinases (RLcKs) can target 

NADPH oxidases (Dubiella et al., 2013; Kadota et al., 2014; Li et al., 2014). Consequently, 

such kinases represent likely candidates that may bring about such compensatory effects. 
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OST1 and CBL/CIPK complexes complementary activate RBOHF 

The ABA modulated kinase OST1 has been reported to phosphorylate RBOHF at residues 

Ser13 and Ser174 in vitro and therefore represented an alternative candidate that could bring 

about RBOHF activation (Sirichandra et al., 2009). We therefore investigated the ability of 

OST1 to activate RBOHF by co-expression in HEK293T cells. Previous characterization of 

OST1 function in heterologous cells like Xenopus oocytes established the requirement of 

enhanced plasma membrane targeting of this kinase in such cells. This was for example 

achieved by using BiFC constructs that anchor OST1 to its target protein slow anion 

channel-associated 1 (SLAC1) (Lee et al., 2009; Geiger et al., 2009, 2010; Brandt et al., 

2012, 2015; Maierhofer et al., 2014; Lind et al., 2015; Schäfer et al., 2018). Consequently, in 

our studies we not only used OST1 wild type protein but also OST1 fused with a plasma 

membrane targeting domain (designated PM-OST1). This targeting domain consisted of 12 

amino acids from the N-terminus of CBL1 that had been previously shown to mediate plasma 

membrane targeting (Batistic et al., 2010; Held et al., 2011). While OST1 failed to activate 

RBOHF in HEK293T cells, PM-OST1 efficiently elicited activation of this NADPH oxidase 

(Fig. 5a). This differential activation potential was reflected by the localization of both 

proteins. While OST1 uniformly accumulated in the cytoplasm of these human cells, 

PM-OST1 exhibited plasma membrane localization when fused with mCherry (Fig. 5b).  

When we compared the activation capability of CBL1/CIPK26 with that of PM-OST1, we 

observed that both kinases triggered a comparable activation profile of RBOHF and level of 

ROS production (Fig. 5a). In this regard, the intensity of RBOHF activity at resting cellular 

Ca
2+

 concentrations by either CBL1/CIPK26 or PM-OST1 was indistinguishable. Quite 

surprisingly, ionomycin triggered elevation of Ca
2+

 concentration not only boosted 

CBL/CIPK mediated activation but also comparably enhanced PM-OST1 dependent 

activation of RBOHF (Fig. 5a). Considering that OST1 activity is not modulated by Ca
2+

 

concentration (Maierhofer et al., 2014), this result suggested that Ca
2+

 binding to RBOHF 

may represent an essential prerequisite for its full activation by phosphorylation. In line with 

this conclusion, impairment of Ca
2+

 binding in RBOHF-E288Q did not affect the basal 

activation conferred by PM-OST1 at resting Ca
2+

 concentrations (Fig. 5c). However, this 
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mutation completely abolished the Ca
2+

 induced activation of RBOHF by PM-OST1. Also in 

vitro phosphorylation of RBOHF by OST1 occurred more efficiently in the presence of 39 

mM Ca
2+

 compared to Ca
2+

 free conditions (Fig. 5d). Together, these data support the 

conclusion that Ca
2+

 signaling towards the EF hands of RBOHF represents an essential 

prerequisite for full enhancement of RBOHF activity by the ABA activated kinase OST1.  

We next investigated the consequences of combined phosphorylation by PM-OST1 and 

CBL1/CIPK26 on the regulation of RBOHF by co-expressing these proteins together in 

HEK293T cells. In contrast to the combination of CIPK11 with CIPK26, the combination of 

PM-OST1 and CBL1/CIPK26 caused an enhanced activity of RBOHF compared to the 

activity induced by either kinase alone (Fig. 6a). This additive activating effect was observed 

at resting cellular Ca
2+

 concentrations and also at elevated Ca
2+

 levels, indicating a 

complementary role of both kinases in modulating RBOHF function. To address the 

underlying mechanism, we determined target amino acid residues of the CBL1/CIPK26 

complex in RBOHF. For this, the N-terminal cytoplasmic domain (residues 1-383) was 

expressed in E. coli and purified protein was incubated with either CIPK26 or CIPK11 

protein purified from wheat germ extracts in in vitro phosphorylation assays. Subsequent 

peptide fragmentation and mass-spectrometric analyses allowed to identify the amino acid 

residues S13, S130 and S132 as phosphorylation sites targeted by both CIPKs (Fig. S3). 

Considering the previously published results on OST1 phosphorylation of RBOHF, these data 

indicated that all three kinases may jointly target S13, but also that S174 would be uniquely 

modified by OST1 and that S130/132 would represent specific target sites for CIPK26 and 

CIPK11 (Fig. 6b).  

To further scrutinize this conclusion, we performed further in vitro phosphorylation assays, in 

which we incubated either wild type RBOHF N-terminus (RBOHF-N-WT) or a mutated 

N-terminus with a non-phosphorylatable S-to-A exchange at the S174 OST1 target side 

(RBOHF-N-SA) with either CIPK26 or OST1 (Fig. 6c,d). In these experiments CIPK26 

phosphorylated RBOHF-N-WT and RBOHF-N-SA to a similar extent (Fig. 6c,d), suggesting 

that indeed S174 does not represent target site that significantly contributes to the CIPK26 

mediated phosphorylation of this NADPH oxidase. In contrast, phosphorylation of 
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RBOHF-N-SA by OST1 was around 34 % reduced when compared to the phosphorylation 

intensity of RBOHF-N-WT. The latter result reinforces the recognition of S174 as a site 

relevant for OST1 phosphorylation of RBOHF and reproduces results reported by Sirichandra 

and colleagues, who reported a 40 % reduction in similar assays (Sirichandra et al., 2009). 

Together these results support the conclusion that the coexistence of kinase specific target 

sites in RBOHF with target sites that are shared by both kinases provides a structural basis for 

the complementary activation capability of both kinases towards this NADPH oxidase. 

 

Individual p-sites contribute to the fine-tuning of RBOHF activity 

The apparent complexity of the phosphorylation-dependent aspects in the activation process 

of RBOHF prompted us to dissect the contribution of each singular p-site and also of 

combinations of distinct p-site patterns to this process. To this end, we pursued a targeted 

loss-of-modification approach in HEK293T cells by studying the activation of different S-A 

versions of RBOHF upon co-expression with either OST1 or CBL1/CIPK26 or a combination 

of both (Fig. 7 and Fig. S4). We also comparatively analyzed the activation of RBOHF at 

resting and at elevated Ca
2+

 levels. In this approach we considered the closely spaced 

residues S130 and S132 as a singular regulatory site that was simultaneously modified 

(S130/132A). In this way we generated and analyzed three modified RBOHF versions in 

which singular p-sites were mutated (S13A, S174A and S130/132A), two dual mutated 

versions (S13/130/132A, aimed to block CIPK mediated activation and S13/174A, to prevent 

OST1 dependent phosphorylation) and a version in which all identified p-sites were 

substituted by a non-phosphorylatable residue (S13/130/132/174A). In general, at resting and 

at elevated Ca
2+

 concentrations we observed similar consequences of p-site modification for 

each site or each mutation combination. This finding suggests that the requirement of 

phosphorylation for enhancing the activation status of RBOHF exists independent of the 

actual cellular Ca
2+

 concentrations. Moreover, already the prevention of phosphorylation at 

single sites like S13 or S130/132 noticeable reduced NADPH oxidase activity, with 

S130/132A having the strongest effect no matter which kinase or kinase combination was 
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combined with the NADPH oxidase. It became also evident, that any increase in the number 

of non-phosphorylatable residues clearly correlated with a decrease of RBOHF activity, with 

the S13/130/132/174A mutant exhibiting lowest ROS production. Nevertheless, this mutant 

version still exhibited around 20 to 30 % of maximum wild type activity, which may reflect 

the existence of alternative not yet identified p-sites. With regard to kinase-specific effects of 

preventing phosphorylation, mutation of S13, a site that is shared by both kinases, had a 

similar impact of activation no matter of PM-OST1 or CIPK26 was combined with RBOHF. 

In contrast, the impact of the S130/132A mutation, which targets the CIPK mediated 

activation branch, was clearly stronger when RBOHF was co-expressed with CIPK26 (or 

with CIPK26 plus PM-OST1) compared to assays in which PM-OST1 activated RBOHF. 

The S to A exchange in S174 (specific for OST1 phosphorylation) did not significantly 

impact on activation of RBOHF by its corresponding OST1 kinase and also had only a minor 

influence on activation by OST1 combined with CBL1/CIPK26. However, when 

co-expressing with CBL1/CIPK26 alone this amino acid exchange caused hyperactivation of 

the NADPH oxidase. Also, in combination with other mutations (in S13/174A and in 

S13/130/132/174A) this exchange appeared to mitigate the negative effects of the other 

mutations (Fig. 7b). These kinase-specific consequences of the S174A exchange represent a 

most interesting result that points to a so far not appreciated complexity of most likely 

structural interactions in the folding of RBOHF that may depend on the identity of the 

interacting kinase. Currently, we can only speculate about the underlying mechanisms and 

structures. However, it has been reported, that RBOHD and RBOHF activity is stimulated by 

phosphatidic acid (PA) binding to their N-terminal domains and these binding sites have been 

mapped to vicinity of S174 (Zhang et al., 2009). Since a S-A exchange in this residue not 

only prevents phosphorylation, but also adds hydrophobicity (like PA binding), this amino 

acid exchange may coincidentally mimic facets of this regulatory mechanism. In any case, 

our observation highlights the importance of protein of folding in this region for the overall 

activity of RBOHF. 
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Altogether, the results of this targeted loss-of-modification approach revealed that each 

individual p-site in RBOHF contributes to the fine-tuning of ROS production and underscores 

the conclusion that the ABA-activated OST1 kinase and Ca
2+

 activated CBL1/CIPK26 

complexes exert complementary functions in these processes (Fig. 8). 

We next sought to address the individual and combined contributions of the identified p-sites 

to the regulation of RBOHF in planta, where very likely additional yet unknown kinase 

would also target this NADPH oxidase. For these structure-function analyses we cloned the 

wild-type cDNA of RBOHF or all p-site mutated versions that were analyzed in HEK293T 

cells as N-terminal mVenus fusions in plant transformation vectors either under control of the 

ubiquitously expressed UBI10 promoter or under control of the endogenous RBOHF 

promoter. The functionality of each construct was verified by analyses of YFP fluorescence 

in transiently transformed N. benthamiana leaves and these verified constructs were 

subsequently transformed into a rbohF loss-of-function mutant (a list of generated lines is 

provided in table S2). For each construct we created and analyzed at least 4 independent lines 

that were carried into the F3 generation. Unfortunately, for none of the numerous constructs 

no matter if we analyzed UBI10-driven overexpression lines or lines that expressed the 

transgene under control of the RBOHF promoter, we could ever detect any protein expression 

of mVenus-RBOHF either by microscopic inspection or by western-analyses in any of the 

analyzed F1 or F2 plants. This surprising result prevented us from further elucidating of the 

role of individual p-sites in planta but may suggest a so far not appreciated crucial role of 

RBOHF intron sequences for the proper expression of this NADPH oxidase. Accordingly, 

none of these lines exhibited a complementation of the salt sensitive or the Casparian strip 

phenotype observed in the rbohF mutants (Fig. S5). 
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The phosphatase ABI1 counteracts RBOHF activation by CBL1-CIPK26 complexes 

and OST1 kinase 

Previous studies on the SLAC1 anion channel revealed that activation by OST1 kinase can be 

opposed by the function of the PP2C ABI1, suggesting that this phosphatase can recognize 

OST1 and its target sites as substrate (Geiger et al., 2009; Maierhofer et al., 2014). We 

therefore included this phosphatase in our HEK293T cell -based ROS production assays. In 

these experiments, ABI1 almost completely abolished CBL1-CIPK26 mediated activation of 

RBOHF at resting as well as at elevated Ca
2+

 concentration (Fig. 9a). This negative 

regulatory function required ABI1 phosphatase activity, since ABI1-D177A (a phosphatase 

inactive version) did not impact on CBL-CIPK mediated activation of RBOHF. When 

PM-OST1 was combined with RBOHF, the activation of this NADPH oxidase was 

completely abrogated upon co-expression of ABI1 (Fig. 9b). In this case, ABI1 D177A 

clearly diminished the activating potential of PM-OST1, resulting in reduced ROS production 

at resting and at enhanced Ca
2+

 concentrations. This finding may point to steric interference 

between PM-OST1 and ABI1 at the RBOHF target. Finally, ABI1 also completely abolished 

ROS production of RBOHF when this phosphatase was co-expressed with PM-OST1 and 

CBL1-CIPK26 and this negative impact was strictly dependent on ABI1 phosphatase activity 

(Fig. 9c). Together, these data for the first time identify a complete regulatory module that 

brings about NADPH oxidase activation and deactivation. 

 

Emerging complexity of NADPH oxidase regulation in plants 

In Arabidopsis, RBOHF and its cognate NADPH oxidase RBOHD both represent versatile 

generators of ROS signals that function in wide range of biological processes. Considering 

recent advances in our understanding of RBOHD phosphorylation it appears safe to predict 

that in addition to CIPK11, CIPK26 and OST1, which our work establishes as positive 

regulators of RBOHF, also CDPKs and RLcKs will likely contribute to the regulation of this 

NADPH oxidase (Dubiella et al., 2013; Li et al., 2014; Kadota et al., 2014). Such 

multi-kinase regulation on one hand provides the opportunity to integrate multiple stimuli on 
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RBOHF as convergence point of various adaptive and developmental pathways and on the 

other hand simultaneously facilitates robustness and versatility of RBOHF regulation. As a 

consequence, robustness and versatility unavoidably complicate conventional functional 

investigations by mutant analyses. This robustness against system perturbations most likely 

explains the absence of RBOHF related phenotypes that we observed in cipk11/cipk26 double 

mutants. However, not even the possible analysis of a cipk11/cipk26/ost1 triple mutant would 

promise to provide reliable insights into details of RBOHF regulation. This obstacle can be 

exemplified using the guard cell model system. In these cells, it has been established, that 

OST1 and CIPK11 contribute to SLAC1 ion channel regulation while our work establishes 

RBOHF as additional target of these kinases (Geiger et al., 2009; Saito et al., 2018). It would 

be challenging to distinguish the physiological contribution of each of these components to 

the observed phenotypes of the respective mutants. Our complementary approach to 

reconstitute regulatory modules in appropriate heterologous cell culture systems provided an 

alternative means to dissect RBOHF regulation and allowed to define the individual and 

combined contributions of different CIPKs, OST1 and the phosphatase ABI1. These results 

underscore the value of dissecting regulatory principles in in cellulo reconstitution systems. 

Moreover, the identification of functional relevant p-sites reported here in combination with 

targeted quantitative phosphorylation pattern analysis in WT and mutant backgrounds may 

allow to further dissect important details of NADPH oxidase fine-tuning in the future.  
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Description of supplemental material: 

Fig. S1 Analysis of CIPK mediated RBOHF activation. 

 

Fig. S2 ost1-4 mutants do not share the salt sensitivity of rbohF-3 and are not impaired in 

Casparian strip formation. 

 

Fig. S3 Annotated fragmentation spectra of tryptic phosphopeptides derived from in vitro 

phosphorylated RBOHF-N 

 

Fig. S4 ROS production assays of various RBOHF p-site mutants coexpressed with either 

CBL1/CIPK26, PM-OST1 or both. 

 

Fig. S5 None of the generated RBOHF expression lines complements the rbohF3 mutant 

phenotypes. 

 

Table S1 Primers used in this study 

 

Table S2 rbohF3 complementation lines generated in this study  
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Figure Legends: 

 

Fig. 1 Multiple CIPKs target Arabidopsis RBOHF. (a) Both CIPK11 and CIPK3 interact with 

RBOHF-N in yeast two hybrid assays. (b) In vitro kinase assay with RBOHF-N and CIPK3 

or CIPK11. Only CIPK11 phosphorylates RBOHF-N in vitro. The arrows indicating protein 

bands are color coded (protein amounts per reaction: CIPK3, 400 ng; CIPK11, 160 ng; 

RBOHF-N, 200 ng). (c) Co-expression of CBL/CIPK complexes with RBOHF in HEK293T 

cells reveal RBOHF activation by CIPK11. ROS production assays of transfected HEK293T 

cells were performed in 96-well plates. After preincubation for 10 min, 1 mM CaCl2 and 1 

µM Ionomycin (indicated by Ca
2+

) were injected into each well. Luminescence intensity was 

measured as relative light units (RLU). Error bars indicate ± SD. Each data point represents 

the mean of 3 wells analyzed in parallel. (d) Co-expression of CBL1-CIPK11/26 with 

RBOHF did not cause synergistic activation of RBOHF. For this assay, total amount of 

pEF1-2xStrepII-CIPK DNA for transfection was kept constant (per well either 30 ng 

pEF1-CIPK26, 30 ng pEF1-CIPK11 or 15 ng pEF1-CIPK26 and 15 ng pEF1-CIPK11 in 

parallel).  

 

Fig. 2 Kinase activity of CIPK26 and membrane targeting of CBL1 are essential for 

Arabidopsis RBOHF activation by CBL1-CIPK26 complexes in HEK293T cells. (a) 

Co-expression of kinase dead CIPK26-K42N and CBL1 with RBOHF abolished its 

activation. G2A mutation of CBL1 is leading to loss of plasma membrane-localization and 

abrogated the activation of RBOHF by CBL1-CIPK26. Each data point represents the mean 

of 6 wells analyzed in parallel ± SD. (b) Ca
2+

 binding to the first EF hand of RBOHF is 

essential for its activation at high Ca
2+

 concentration. Each data point represents the mean of 

3 wells analyzed in parallel ± SD. (c) Elevated Ca
2+

 concentrations enhanced the 

phosphorylation of RBOHF-N by CIPK26 in vitro. Arrows indicate GST-RBOHF-N proteins 

(protein amounts per reaction: CIPK26, 100 ng; RBOHF-N, 2 µg). 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Fig. 3 Arabidopsis RBOHF is a functional enzyme in Nicotiana benthamiana leaves and can 

be activated by overexpression of CBL1 and CIPK26. Heterologous expression of 

CBL1/CIPK26 in N. benthamiana leads to slight reactive oxygen species (ROS) production, 

while expression of RBOHF results in sustained ROS production. ROS production can be 

further enhanced by coexpression of CBL1/CIPK26 in a Ca
2+

 dependent manner. Ca
2+

 influx 

into the cells was induced by addition of 20 mM CaCl2 and 2% DMSO, indicated by Ca
2+

 (a). 

Expression of mVenus-RBOHF was confirmed by detection of mVenus fluorescence using a 

plate reader (b) and by western analysis (c). In (a) and (b), each data point represents the 

mean ± SEM. 

 

Fig. 4 Phenotypic analysis of RbohF related mutants. (a) None of the analyzed cipk or cbl 

mutant lines shared the transpiration dependent salt sensitive phenotype with rbohF. 

Arabidopsis plants were watered three times in the age of 21, 25 and 29 days after 

germination with tap water with 120 mM NaCl or with normal tap water (0 mM NaCl) as 

control. Pictures were taken on 33
rd

 day. Only rbohF3 mutants showed a bleaching 

phenotype of the leaves after salt treatment. (b) Unlike rbohF3, all analyzed mutants 

displayed functional endodermal barrier formation. Presence of functional Casparian strips 

was indirectly visualized as they blocked the penetration of externally applied PI (15 µM) 

into the stele. Bars, 30 µm. (c) Quantification of (b) showed that except rbohF3 none of the 

mutants significantly shifts the block of PI uptake (5-day-old seedlings, mean ± SEM, 

unpaired two tailed test; ****, P<0.0001, n=10).  

 

Fig. 5 OST1 activates and phosphorylates Arabidopsis RBOHF. (a) Co-expression of 

RBOHF with PM-OST1 but not wild type OST1 activates RBOHF in HEK293T cells. Each 

data point represents the mean of 3 wells analyzed in parallel ± SD. (b) Fusion of the 

N-terminal 12 amino acids of CBL1 to OST1 efficiently targets the fusion-protein to the 

plasma membrane of HEK293T cells. Bars, 5 µm. (c) Ca
2+

 binding to the first EF-hand of 

RBOHF is required for its activation by PM-OST1 after Ca
2+ 

influx. Each data point 
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represents the mean of 3 wells analyzed in parallel ± SD. (d) Presence of Ca
2+

 enhanced the 

phosphorylation of RBOHF-N by OST1 in vitro. Arrows indicate RBOHF-N protein. 

 

Fig. 6 CIPK26 and OST1 lead to additive activation of Arabidopsis RBOHF. (a) 

Simultaneous co-expression of CBL1-CIPK26 and PM-OST1 with RBOHF induced 

increased RBOHF activity. For this assay, total amount of pEF1-2xStrepII-CIPK26 and 

pEF1-PM-OST1-2xStrepII plasmid for transfection was kept constant (per well either 30 ng 

pEF1-2xStrepII-CIPK26, 30 ng pEF1 PM-OST1-2xStrepII or 15 ng pEF1-2xStrepII-CIPK26 

and 15 ng pEF1-PM-OST1-2xStrepII in parallel. Each data point represents the mean of 6 

wells analyzed in parallel ± SD. Please note that RBOH alone and RBOHF + CBL1/CIPK26 

control-curves are identical to that presented in Fig.1(d), as they derive from the same 

experiment. (b) Three CIPK26 targeted phosphorylation sites of RBOHF were identified by 

mass spectrometry. p-sites are color coded. (c) In vitro phosphorylation assay of RBOHF-N 

with CIPK26 or OST1. WT, wild type; SA, S174A. Color coded arrows indicate the position 

of the respective protein bands. (d) RBOHF-N bands were excised, and phosphorylation 

intensity was quantified by scintillation counting. S174A mutation leading to a 

non-phosphorylatable site did not reduce phosphorylation by CIPK26, whereas 

phosphorylation by OST1 was reduced by 34%. 

Fig. 7 Characterization of different Arabidopsis RBOHF p-site mutants in HEK293T cells. 

(a) Overview of WT RBOHF activation with different kinases. Reactive oxygen species 

(ROS) production in the resting period (0-9 min) (b, d, f) and stable period (21-30 min) (c, e, 

g) are presented as normalized area under curve values (AUC). Multiple p-sites mutants of 

RBOHF with CBL1/CIPK26 (b, c), PM-OST1 (d, e) or the combination of both (f, g) were 

measured in HEK293T cells. Individual ROS production profiles of each kinase RBOHF 

combination are presented in Supporting Information Fig. S4. The ROS production was 

measured as described in Fig. 1. Each data point represents the mean of 3 wells analyzed in 

parallel ± SD. Letters above bars indicate significant differences (one-way ANOVA, Tukey 

Posttest). 
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Fig. 8 Model of RBOHF regulation. (a) Alternative activation paths by CIPKs. Both CIPK11 

and CIPK26 target identical phosphorylation sites within RBOHF. Therefor activation by 

either CIPK11 or CIPK26 result in similar activation of the NADPH oxidase. This provides 

the hypothetical opportunity that both kinases respond to Ca
2+

 signals which are triggered by 

different stimuli. In this way, activation of RBOHF can be caused by alternative stimuli. (b) 

Ca
2+

 dependent phosphorylation and ABA dependent phosphorylation result in additive 

activation of RBOHF. Because the ABA dependent kinase OST1 and CIPKs target 

overlapping but also distinct p-sites in RBOHF, the combined function of both kinase classes 

results in maximum phosphorylation leading to additive activating effects. Broken arrows 

indicate direct RBOHF activation by Ca
2+

 binding to EF-hands which functions in concert 

with phosphorylation dependent activation. Note that for clarity deactivation of NADPH 

oxidase activity which is brought about by dephosphorylation of all p-sites through ABI1 is 

not illustrated.  

 

Fig. 9 Activation of Arabidopsis RBOHF co-expressed with CBL1/CIPK26, PM-OST1 or the 

combination of both kinases is counteracted by the PP2C phosphatase ABI1. Co-expression 

of RBOHF with ABI1 and CBL1/ CIPK26 (a), PM-OST1 (b), or the combination (c) almost 

abolished its activation, while the inactive version ABI1 D177A had minor to no effect on the 

activation of RBOHF. (a–c) were measured in separate experiments. Each data point 

represents the mean of 3 wells analyzed in parallel ± SD. 
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