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Abstract

Reactive oxygen species (ROS) are important messengers in eukaryotic organisms and their production is
tightly controlled. Active extracellular ROS production by NADPH oxidases in plants is triggered by
receptor-like protein kinase (RLK)-dependent signaling networks. Here we show that the cysteine-rich RLK
CRK2 kinase activity is required for plant growth and CRK2 exists in a preformed complex with the
NADPH oxidase RBOHD in Arabidopsis. Functional CRK2 is required for the full elicitor-induced ROS
burst and consequently the crk2 mutant is impaired in defense against the bacterial pathogen Pseudomonas
syringae pv. tomato DC3000. Our work demonstrates that CRK2 regulates plant innate immunity. We
identified in vitro CRK2-dependent phosphorylation stes in the C-terminal region of RBOHD.
Phosphorylation of S703 RBOHD is enhanced upon flg22 treatment and substitution of S703 with alanine
reduced ROS production in Arabidopsis. Phylogenetic analysis suggests that phospho-sites in C-terminal
region of RBOHD are conserved throughout the plant lineage and between animals and plants. We propose
that regulation of NADPH oxidase activity by phosphorylation of the C-terminal region might be an ancient

mechanism.
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I ntroduction

Plants are continuously confronted with stimuli from the surrounding environment, including abiotic cues
and invading pathogens. Plant cells also perceive a plethora of signals from neighboring cells and distant
tissues. Numerous plasma membrane proteins are involved in the meticulous monitoring and transduction of
signals for inter- and intracellular communication. A common early feature of many cellular responses to
various environmental changes involves the production of reactive oxygen species (ROS) (Kimura et al.,
2017; Waszczak et al., 2018). While ROS are an inevitable by-product of aerobic metabolism their
unrestricted accumulation can have deleterious consequences (Waszczak et al., 2018), ROS are also
ubiquitous signaling molecules in plants and animals alike (Suzuki et al., 2011; Waszczak et al., 2018).
Eukaryotic cells produce ROS in several subcellular compartments as well as the extracellular space, in
plants referred to as apoplast (Kimura et al., 2017; Waszczak et al., 2018). A mgjor component in the
production of extracellular ROS is the evolutionarily conserved NADPH oxidase (NOX) family (Kimura et
a., 2017; Meitzler et al., 2014). NOX-dependent ROS production is involved in regulation of immune
functions, cell growth and apoptosis in animals and plants (Jiménez-Quesada et al., 2016; Waszczak et al.,
2018).

Plant NOXs, referred to as respiratory burst oxidase homologs (RBOHS), have been identified as homologs
of phagocyte gp91P"™/NOX2, which contains six transmembrane helices and a C-terminal NADPH- and
FAD-binding cytoplasmic region (Torres et al., 2002). Unlike gp91°™NOX2, RBOHs contains an
additional N-terminal region with Ca*-binding EF-hands, similar to non-phagocytic NOXs, such as NOX5
(Suzuki et al., 2011). RBOH activity is drictly controlled to avoid damaging consequences of unrestricted
ROS production (Suzuki et al., 2011). Arabidopsis thaliana (Arabidopsis) RBOHD is the best-characterized
RBOH and isinvolved in biotic and abiotic stress responses (Lee et al., 2013; Lee et al., 2018; Torres et al.,
2002). The N-terminal region of RBOHD is phosphorylated by a variety of protein kinases, including
receptor-like cytoplasmic kinases (RLCKs; Dubiella et al., 2013; Han et al., 2019; Kadota et al., 2014; Kaya,
Takeda et a., 2018; Kimura et al., 2012; Li et al., 2014; Ogasawara et al., 2008; Zhang et al., 2018), for
example BOTRYTIS-INDUCED KINASE 1 (BIK1; (Kadota et al., 2014; Li et d., 2014). While previous
research has suggested a predominant role of phosphorylation of the N-termina region for regulation of
RBOH, phosphorylation of the C-terminal region is important for the regulation of human gp91""/NOX 2
and NOX5 (Jagnandan et al., 2007; Raad et al., 2009). NADPH- and FAD-binding sites in C-terminus are
highly conserved in NOXs and RBOHS, but it is unclear whether the C-terminus of plant RBOHs could also
be atarget for regulation of the ROS producing activity.

Apoplastic RBOH-dependent ROS production is a common response to the activation of receptor-like
protein kinase (RLK; Shiu & Bleecker, 2001) signaling, in particular following perception of microbe-
associated molecular patterns (MAMPS) or damage-associated molecular patterns (DAMPs; Couto & Zipfel,
2016; Kimura et al., 2017). However, the role of the so-called ROS burst and its integration into RLK-
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89  triggered signaling networks are as yet unclear (Kimura et a., 2017). A large group of RLKs in plants is
90 formed by the cysteine-rich RLKs (CRKs, Vaattovaara et al., 2019). The extracellular region of CRKs
91  harborstwo copies of the domain of unknown function 26 (DUF26) but the molecular function of the CRK
92  ectodomain remains unknown (Vaattovaara et al., 2019). CRK's have been linked to ROS signaling (Bourdais
93 et al., 2015; Idanheimo et al., 2014; Yadeta et a., 2017; Yeh et a., 2015) and cell death (Bourdais €t al.,
94  2015; Yadeta et al., 2017) and are important signaling elements in plant development, biotic and abiotic
95  dtressresponses (Acharyaet al., 2007; Bourdais et al., 2015; Chen et a., 2004; Chern et al., 2016; Hunter et
96 4., 2019; Idanheimo et al., 2014; Tanaka et al., 2012; Wrzaczek et al., 2010; Yadeta et a., 2017; Yeh et a.,
97  2015).

98  Here we characterize the role of CRK2 in immune signaling in response to MAM P-perception. CRK2 exists

99 in a pre-formed complex with RBOHD. CRK2 controls the activity of RBOHD and functional CRK?2 is
100  required for full MAMP-induced ROS production. Importantly, we show that CRK2 phosphorylates the C-
101  terminal region of RBOHD and modulates the ROS-production activity of RBOHD in vivo. Our results lead
102  usto propose a novel mechanism for the regulation of RBOHD activity through phosphorylation of the C-
103  terminal region and highlight a critical role for CRK2 in the precise control of the ROS burst in response to
104  biotic stress.
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105 Results

106 CRK2kinaseactivity isimportant for plant development

107 CRK2 has been previously implicated in stress responses and development in Arabidopsis (Bourdais et al.,
108 2015). CRK2 is atypical CRK with N-terminal signal peptide, extracellular region containing two DUF26
109 domains, transmembrane region and intracellular protein kinase domain (Fig. 1a). The crk2 mutant was
110  smaller than wild type (Col-0) plants (Fig. 1b; Bourdais et al., 2015), and displayed significantly reduced
111 fresh (Fig. 1c) and dry weight (Fig. S1a). Over-accumulation of the plant hormone salicylic acid (SA) often
112 causes a reduction of plant size, but SA levels were not significantly different between crk2 and wild type
113 plants (Fig. Slb). Expression of YFP-tagged CRK2 under the control of the CRK2 promoter
114  (CRK2pro::CRK2-YFP) in the crk2 background restored plant growth (Figs. 1b, 1c and S1a). Subgtitution of
115  the ATP-binding lysine (K) at position 353 with glutamic acid (E; CRK2*F) or the aspartic acid (D) at
116  position 450 in the catalytic domain V1b (Stone & Walker, 1995) with asparagine (N; CRK2°*™) abated the
117  kinase activity of CRK2 in vitro (Hunter et al., 2019). Kinase dead CRK2"**.YFP or CRK2°*™.YFP
118  under control of the CRK2 promoter displayed the same subcellular localization as wild type CRK2-Y FP
119  (Figs. Slc) but failed to restore the growth defect of crk2 (Figs. 1b, 1c and S1a). In summary, our results
120  show that CRK2 isimportant for proper plant growth and its kinase activity is crucia for this function.

121 CRK2isrequired for MAMP-triggered responses and r esistance to Pseudomonas syringae pv. tomato
122 DC3000

123  Previous results suggested that ROS production triggered by flg22, aMAMP derived from bacterial flagella,
124  isreduced in crk2 (Bourdais et al., 2015). Therefore, we tested the role of CRK2 in MAMP-induced ROS
125  production in detail. ROS production triggered by flg22 was reduced in crk2 and reintroduction of CRK2-
126  YFP into the mutant background restored ROS production to the same levels as in Col-0 (Fig. 2a). The
127  flg22-induced ROS production in plants expressing CRK2°*™.YFP was comparable to crk2 (Fig. 2b).
128  Transcriptional upregulation of flg22 responsive genes (FRK1 and NHL10) showed that MAMP-perception
129  was not impaired in crk2 (Figs. S2a and S2b). To test whether the reduced response of crk2 to flg22 was
130 accompanied by altered pathogen susceptibility, we measured growth of the hemibiotrophic bacterial
131  pathogen Pseudomonas syringae DC3000 pv. tomato (Pto DC3000). The crk2 mutant was significantly more
132  susceptible to the virulent pathogen compared to Col-0 (Fig. 2c). CRK2-YFP but not the kinase-dead
133  CRK2"®™.YFP restored the pathogen susceptibility of crk2 (Fig. 2c). ROS production induced by chitin
134  (Fig. S2¢) or pepl (Fig. S2d) was also reduced in crk2 compared to Col-0 suggesting that the reduced
135 MAMP- or DAMP-triggered ROS productionin crk2 isa general response and not specific to flg22.

136  To investigate the role of CRK2 in flg22-triggered responses in more detail, we assessed Ca’* signaling,
137  MAPK activation and callose deposition in crk2. Application of flg22 resulted in arapid increase in cytosolic
138  Ca" ([Ca™]epo) levelsin wild type plants, which express the FRET-based Ca®*-sensor YCNano-65 (Choi et
139 d., 2014, Lenglet et al., 2017, Toyota et al., 2018). This response was strongly reduced in the crk2 mutant
140  background, YCNano65/crk2 (Figs. S2e and S2f). Interestingly, flg22-dependent MAPK activation (Fig.
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141  S2g) and callose deposition (Fig. S2h and S2i) were more pronounced in crk2 compared to Col-0. Taken
142  together, CRK2 is an essential component for mounting immune responses against the virulent bacterial
143  pathogen in Arabidopsis, modulating extracellular ROS production, callose deposition, Ca®* influx and
144  MAPK activation.

145 CRK2interactswith RBOHD and controls ROS production

146  RBOHD isthe main source of MAMP/DAMP-induced extracellular ROS production (Couto & Zipfel, 2016;
147  Kimuraet a., 2017) and flg22-, pepl and chitin-induced ROS production was significantly reduced in crk2
148 (Figs. 2 and S2). RBOH proteins, including RBOHD, are synergistically activated by protein
149  phosphorylation and Ca?*-binding to EF-hand motifs in the N-terminal region (Kaya et al., 2018). Given the
150 importance of the kinase activity of CRK2 in MAMP-induced ROS production we investigated whether
151 CRK2 could activate RBOHD. To ted this, we used human embryonic kidney 293T (HEK293T) cells, a
152  human cell culture which produces minimal amounts of extracellular ROS due to a lack of expression of
153  endogenous NADPH oxidases (Ogasawara et al., 2008). HEK293T cells were co-transfected with 3FLAG-
154 RBOHD and CRK2-3Myc or 3Myc-GFP as control. Subsequently, RBOHD-mediated extracellular ROS
155  production was measured by luminol-amplified chemiluminescence. Despite equal 3FLAG-RBOHD protein
156 levels (Fig. S3a) ROS production in cells co-transfected with CRK2-3Myc and 3FLAG-RBOHD was strongly
157  elevated compared to cells co-transfected with 3FLAG-RBOHD and 3Myc-GFP (Fig. 3a). Co-transfection
158  with the inactive variant CRK2°*®-3Myc did not enhance ROS production by 3FLAG-RBOHD compared to
159  co-transfection with CRK2-3Myc (Fig. 3a). Transfection of CRK2-3Myc in the absence of 3FLAG-RBOHD
160  did not induce ROS production in HEK293T cells (Fig. 3a). Since RBOHD can also be activated by Ca?*,
161  HEK?293T cells were treated with ionomycin, a Ca’* ionophore that induces a rise in cytosolic Ca®* levels.
162  lonomycin-induced transient ROS production (Ageta ROS: ROSr=3t0 ROSr=3;) in CRK2-3Myc and 3FLAG-
163 RBOHD co-transfected cells was not different from 3Myc-GFP and 3FLAG-RBOHD co-transfected cells
164  (Fig. 3a). Enhancement of RBOHD activity by CRK2 was not dependent on Ca®* influx as the elevated basal
165 ROS production activity of RBOHD co-transfected with CRK2-3Myc (ROSr= to ROSr=3, in Fig. 3a) was
166  also observed when using Ca*-free assay buffer (Figs. S3b and S3c). These results suggest that CRK2-3Myc
167  enhanced the basal ROS-producing activity of 3FLAG-RBOHD in HEK293T cells uncoupling it from Ca*
168  dependence.

169 The Arabidopsis genome encodes 10 RBOHs (Kaya et al., 2018). To test whether CRK2 specifically
170  activates RBOHD, CRK2-3Myc was co-transfected with RBOHF and RBOHC into HEK293T cells. CRK2-
171  3Myc enhanced basal ROS-producing activity of RBOHC and RBOHF in HEK293T cells similarly to
172 RBOHD (Figs. S3d-S3g). However, while the basal ROS production activity (ROSr=s) of RBOHD and F
173  was elevated approximately 10fold, the basal activity of RBOHC was only elevated 3fold.

174  Toinvedigate whether CRK2 and RBOHD interact in planta, we performed co-immunoprecipitation (Co-1P)
175 assays using rbohD plants expressing 35S::CRK2-YFP and 35S::FLAG-RBOHD. CRK2-YFP was
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176  immunoprecipitated using an anti-GFP antibody coupled to magnetic beads and co-purified RBOHD was
177  detected using a RBOHD-specific antibody. RBOHD co-purified with CRK2 (Fig. 3b) and treatment of
178  plants with flg22 did not alter the interaction of CRK2 with RBOHD (Fig. 3c). To analyze this interaction in
179  more detail, we carried out in vitro interaction assays between the cytosolic region of CRK2 (Fig. 1a) and the
180  cytosolic N-terminal and C-terminal regions of RBOHD (Fig. 3d). Recombinant RBOHD/N or RBOHD/C
181 tagged with 6His and maltose-binding protein (MBP; 6HissMBP-RBOHD/N, 6His-MBP-RBOHD/C) or
182  MBP were incubated with the cytosolic region of CRK2, which contains the kinase domain (CRK2cyto)
183 tagged with 6His and glutathione S-transferase (GST; 6His-GST-CRK2cyto) and glutathione sepharose
184  beads. GST pull-down assay showed that 6His-GST-CRKZ2cyto interacted in vitro with 6His-MBP-
185 RBOHDI/N but intriguingly also with 6HissMBP-RBOHD/C (Fig. 3€). In summary, our results suggest that
186 CRK2 is capable of direct interaction with RBOHD. CRK2 and RBOHD form a complex which exists
187  independent of flg22 perception in planta, in contrast to many other RLK-containing complexes which are
188  formed in response to ligand-binding.

189 CRK2 phosphorylatesRBOHD in vitro

190 The kinase activity of CRK2 was essential for the full flg22-triggered ROS burst in planta as well as for
191 enhancing ROS production by RBOHD in HEK293T cells. Therefore, we tested whether CRK2 could
192  phosphorylate RBOHD in vitro. Recombinant 6His-GST-CRK2cyto and 6HissMBP tagged RBOHD
193  cytosolic regions (Figs. 1a and 3d) were produced in E. coli and affinity purified. The 6His-GST-CRK2cyto
194  phosphorylated 6HissMBP-RBOHD/N but not MBP (Fig. 4a). Because of the similar molecular weight of
195 6His-GST-CRK2cyto (68.5 kDa) and 6HissMBP-RBOHD/C (78.4 kDa), RBOHD/C was divided into three
196  overlapping fragments (C1, C2, and C3; Fig. 3d). The results showed that the C1 and C3 fragments of 6His-
197 MBP-RBOHD were preferentialy phosphorylated by 6His-GST-CRK 2cyto while C2 displayed considerably
198  weaker phosphorylation (Fig. 4b). Mass spectrometric analysis of in-gel trypsin- or Lys-C-digested peptides
199  identified in vitro RBOHD phosphorylation sites targeted by CRK2cyto (Table S1). In the N-terminal region
200 of RBOHD two sites targeted by CRK2 were identified (S8 and S39), while three sites (S611, S703, S862)
201  wereidentified in the C-terminal region. Taken together our results show that the N- and C-terminal regions
202  of RBOHD are phosphorylated by CRK2 in vitro.

203 CRK2regulatesRBOHD via phosphorylation of S703 and S862

204  Among the RBOHD phospho-sites targeted by CRK2 in vitro, phosphorylation of S8 and S39 has been
205  previously described to be phosphorylated by SIK1 (Zhang et al., 2018) and BIK1 (Kadota et al., 2014, Li et
206  al., 2014). S703 has been reported to be phosphorylated upon xylanase treatment but no responsible kinase
207  wasidentified (Benschop et al., 2007) while phosphorylation of S611 and S862 has not been described so far.
208  Inorder to test whether the identified phospho-sitesin RBOHD were important for the regulation of RBOHD
209  activity, the residues S8, S39, S611, S703, and S862 were substituted with alanine to make them non-
210  phosphorylatable. Wild type RBOHD and phospho-site mutant constructs were transfected into HEK293T
211  cdlstogether with CRK2. Amino acid substitutions did not affect RBOHD protein levels (Fig. S4a and $4b).
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212  Substitution of S8 or S39 in the N-terminal cytoplasmic region of RBOHD did not impact ROS-producing
213  activity compared to the wild type protein when co-transfected with CRK2 (Fig. 54). The 3FLAG-
214 RBOHD®®* and CRK2-3Myc co-transfected cells showed reduced basal ROS production as compared to
215 3FLAG-RBOHD and CRK2-3Myc, (Fig. 5b), suggesting that S703 could be a positive regulatory site for
216  RBOHD activity. In contrast to 3FLAG-RBOHD>"®*, HEK293T cells expressing 3FLAG-RBOHD¥** and
217 CRK2-3Myc exhibited higher basal ROS production compared to 3FLAG-RBOHD and CRK2-3Myc (Fig.
218  5b), suggesting that S862 could act as a negative regulatory site. ROS production of 3FLAG-RBOHD®**
219  co-transfected with CRK2-3Myc was similar to 3FLAG-RBOHD suggesting no regulatory role of thissingle
220  site. Mutation of S703 or S862 of RBOHD did not impair Ca?*-dependent activation of ROS production
221  (Figs. SAc and $4d). Taken together, our results suggest that the phospho-sites in the C-terminal cytoplasmic
222  region of RBOHD could be crucial for fine-tuning ROS production activity in HEK293T cells.

223  Phosphorylation of S703 of RBOHD modulates flg22-induced ROS production in planta

224 To investigate whether RBOHD phosphorylation sites targeted by CRK2 in vitro were also phosphorylated
225  upon flg22-treatment in planta, we carried out targeted phosphoproteomic analyses of Col-0 plants treated
226  with flg22 for 5 min. Phosphorylation of S8 was not significantly induced by flg22-treatment (Fig. 6a, S5a
227  and Sbb) while S39 phosphorylation was strongly enhanced (Fig. 6b and S5c¢). Phosphorylation of S611 and
228  S862 could not be evaluated as trypsin or Lys-C digestion resulted in phospho-site-containing peptides of
229  inappropriate length for LC-MS-based targeted analyses. However, phosphorylation of S703, which was
230 targeted by CRK2 in vitro and mutation to alanine reduced ROS production in HEK293T cells, was
231  significantly enhanced upon flg22 treatment (Fig. 6¢ and Fig. Sbd). In agreement with previous studies,
232 phosphorylation of S163, S343, and S347 in RBOHD (Fig. Sbe-S5g), as well as dua phosphorylation of the
233  TEY-motif in the MAPKs MPK3, MPK6 and MPK11 (Fig. Sbh-S5j), were enhanced by flg22-treatment
234  (Kadota, Shirasu et al., 2015). (Kadota et al., 2015)

235 Toinvedigate whether phosphorylation of S703 in the C-terminal region of RBOHD also impacts RBOHD-
236  dependent ROS production in planta, we generated transgenic plants expressing RBOHD or RBOHD®*
237  under the control of the RBOHD promoter (RBOHDpro::3FLAG-RBOHD) in rbohD background. The
238  phospho-site mutations did not alter growth or development compared to the 3FLAG-RBOHD expressing
239  plants (Fig. S6a). Lines expressing similar amounts of 3FLAG-RBOHD or 3FLAG-RBOHD"®** (Fig. Séb).
240  Compared with 3FLAG-RBOHD expression lines, flg22-triggered ROS production in 3FLAG-RBOHD®®*
241  lines was significantly reduced (Figs. 6d and S6¢). In summary, our results suggest that phosphorylation of

242  S703 inthe C-terminus of RBOHD isimportant for full flg22-triggered ROS production also in planta.

243  C-terminal phosphorylation sites are conserved in plant and animal NADPH oxidases

244 Since little is known about control of RBOH activity via its C-terminus we investigated whether regulation
245  through S703 was unique to RBOHD or conserved also in other RBOHs. We constructed a phylogenetic tree
246  of RBOHs from plant genomes representing major branches of the plant lineages (Fig. 7). Plant RBOHs
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247  form a monophyletic group, which is separated from human NOX2 and NOX5. The phospho-sites in the C-
248  terminal region displayed strong conservation throughout the plant RBOH clade. S703 was conserved in a
249  monophyletic clade containing eight of the ten RBOHs from Arabidopsis but not in the clade containing
250 RBOHH and RBOHJ (Fig. 7). The phospho-sites S611 as well as S862, which may be involved in negative
251  regulation based on experiments in HEK293T cells (Fig. 5b), were strongly conserved in all plant RBOHS.
252  The sequence motifs harboring S611 and S862 are intriguingly conserved even in human NOX2 and NOX5
253  (Fig. 7). The C-terminal region binds FAD and NADPH. Therefore it may underlie strong evolutionary
254  condraints to conserve these binding properties. This may be also reflected in the strong conservation of C-

255  terminal phospho-sites and their sequence context not only among plant NADPH oxidases but also animal
256  NOX.
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257  Discussion

258 CRKsare alarge group of RLKs involved in biotic and abiotic stress signaling in Arabidopsis (Bourdais et
259  al., 2015). We have previously shown that flg22-triggered extracellular ROS production is altered in several
260  crk mutants (Bourdais et al., 2015). In particular CRK2, a member of the basal clade of CRKs (Vaattovaara
261 et al., 2019), has been highlighted since crk2 displays striking phenotypes (Bourdais et al., 2015) including
262  reduced rosette size and reduced flg22-induced ROS production. Functional CRK2 restored the reduced
263  rosette size (Fig. 1) as well as the MAMP-induced ROS burst (Fig. 2). In addition to their role in stress
264  responses, extracellular ROS have also been implicated in leaf cell expansion (Schmidt et al., 2016), and the
265  rbohd rbohf double mutant displays reduced rosette size (Torres et al., 2002). Overexpression of CRKs has
266  been associated with increased SA accumulation (Acharya et al., 2007; Chen et a., 2004). However, since
267  SA levels were undtered in the loss-of-function mutant crk2 (Fig. Slb), its smaller size may be a
268  consequence of impaired ROS production (Fig. 2). Thisis supported by the observation that CRK2 enhanced
269  the activity of RBOHD but also RBOHF in HEK293T cells (Fig. 3aand S3f). Alternatively, other substrates
270  of CRK2 might be involved in the regulation of plant growth. In line with reduced MAMP- and DAMP-
271  induced ROS production (Fig. 2a and 2b; Fig. S2c and S2d), crk2 was more susceptible to the virulent
272  bacterial pathogen Pto DC3000 (Fig. 2c) suggesting that CRK2-mediated ROS production was essential to
273  effectively counter pathogen infection. Also other flg22-induced defense responses were altered in crk2
274  including reduced changes in cytosolic Ca’* but enhanced callose deposition and MAPK activation (Fig.
275  S2e-i). Ca&* isimportant for the activation of RBOH but ROS also triggers Ca’* fluxes in plants (Kimura et
276  al., 2017). Thus, the diminished increase of cytosolic Ca?* in crk2 may be a consequence of the impaired
277  flg22-induced ROS production. Also, callose deposition (Caillaud et al., 2014; Ellinger & Voigt, 2014) has
278  been previously linked to ROS production (Couto & Zipfel, 2016) and CRK2 interacts with callose synthases
279  and phosphorylates CALLOSE SYNTHASE 1 (CALSLD) in vitro (Hunter et al., 2019). However, unlike in
280 the response to flg22, salt-induced callose deposition is reduced in crk2 (Hunter et al., 2019) suggesting that
281 CRK2 might regulate different callose synthases in response to biotic and abiotic stimuli. Interestingly,
282 CRK2 forms clusters at the plasma membrane in response to flg22-treatment and ROS is required for this
283  process (Hunter et al., 2019). It is not clear how these clusters are integrated with the regulation of RBOHD
284  activity but it might serve to connect RBOHD-dependent ROS production with callose deposition. Another
285  important element in response to biotic and abiotic cues is the activation of MAPK cascades (Bigeard et al.,
286  2015; Boudsocq et al., 2015) and earlier reports suggest a bifurcation to ROS burst and MAPK activation in
287  defense signaling following MAMP-perception (Yeh et a., 2016; Zhang et al., 2007). CRK2 could be
288 involved in balancing MAMP-induced ROS signaling pathways and MAPK signaling but the mechanisms
289  are still unclear. Thus, CRK2 likely participates in the control of ROS production via interaction with
290 RBOHD rather than MAMP-receptor complexes. Intriguingly, CRK2 existed in a pre-formed complex with
291  RBOHD in planta independent of MAMP-treatment (Fig. 3c) while many other RLK protein complexes are
292  formed upon signal perception.
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293  Phosphorylation of the C-terminus is critical for the regulation of human NADPH oxidases. Phosphorylation
294  of the NOX2 C-terminus by protein kinase C (PKC) enhances assembly of the multimeric NOX2 complex
295 and its activity, whereas phosphorylation by ataxia telangiectasa-mutated (ATM) kinase inhibits NOX2
296  activity (Beaumel et al., 2017; Raad et al., 2009). NOX5 activity is regulated by Ca?*-binding to EF-handsin
297  the N-terminus (Banfi et al., 2004) but NOX5 is also activated by phosphorylation of the C-terminus by
298 PKCa or calcium/calmodulin-dependent kinase Il (CAMKII; Chen et al., 2014; Pandey et al., 2011).
299  Although the C-terminal catalytic domain of RBOHSs is highly conserved in plants and animal, the N-
300 terminus has been considered as important for activation of the ROS-production activity and multiple
301  phospho-sites (S8, S39, S133, S148, S163, S339, S334 and S347) have been reported. Intriguingly,
302 CRKZ2cyto interacted with and phosphorylated the RBOHD C-terminal region at S611, S703 and S862 (Fig.
303  3e, 4b and Table S1). Phosphorylation of S703 upon xylanase treatment has been reported (Benschop et al.,
304  2007) but not linked with other MAMPs or modulation of ROS production. Treatment of flg22 enhanced
305  phosphorylation of S703 in Arabidopsis (Fig. 6¢). Mutation S703A in RBOHD led to reduced CRK2-
306 dependent RBOHD activity in HEK293T cells (Fig. 5b) and reduced flg22-induced ROS production in
307  Arabidopsis (Fig. 6d). These results suggest that phosphorylation of the RBOHD C-terminus at S703 likely
308  contributes to the regulation of MAMP-induced ROS production. Phosphorylation sites in the C-terminus
309  were highly conserved among RBOHSs (Fig. 7) suggesting that phosphorylation of the C-terminal region
310 could be a general feature of plant NADPH oxidases. Remarkably, two putative RBOHD phospho-sites,
311  S611 and S862, were identified even in the human NADPH oxidases NOX2 and NOX5 (Fig. 7). Substitution
312  of RBOHD S862 to alanine resulted in enhanced ROS-producing activity in HEK293T cedlls. But substitution
313 of RBOHD S611 to danine, smilarly to RBOHD S39A, did not alter ROS production in HEK293T cells
314 (Fig. 5). RBOHD S39A aso did not affect flg22-induced ROS production but phospho-mimic S39D
315 enhanced the ROS production and phosphorylation of S39 is enhanced by MAMP treatment in planta
316 (Kadota et al., 2014)(Fig. 6b, Sbc). These results suggest the importance to determine the phosphorylation
317  status of S611 and S862 in planta. RBOHD can also be regulated by cysteine S-nitrosylation in the C-
318 terminus (Yun et al., 2011) but it is unclear how this modification is integrated with other regulatory
319 mechanisms. Taken together, our results suggest that phosphorylation of the C-terminal region of plant
320 NADPH oxidasesis strongly conserved and important for controlling ROS production.

321  Severa protein kinases phosphorylate RBOHD N-terminus and regulate the activity including RLCKs
322 (Kadotaet al., 2014; Li et al., 2014; Lin et al., 2015), MAP4Ks (Zhang et al., 2018), CPKs (Dubiella et al.,
323  2013) and RLKs (Chen et al., 2017) but how is regulation by phosphorylation of the N- and C-terminal
324  regions coordinated? BIK1 is a component involved in the activation of RBOHD by phosphorylation
325 (Kadota et al., 2014; Li et a., 2014) and ROS production in bikl is reduced to a similar extent as in crk2.
326  However, reduced flg22-induced ROS production in crk2 was not due to lower BIK1 transcript abundance
327  (Fig. S7). BIK1 homologs, AvrPphB SUSCEPTIBLE1 (PBS1) and AvrPphB SUSCEPTIBLE1-LIKE (PBL)
328  kinases, contribute to the regulation of RBOH activity and ROS production is progressively reduced in
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329  double mutants with bikl (Lin et a., 2015; Zhang et a., 2018). CRK2 and BIK1 could synergistically
330 regulate ROS production but we were unable to obtain a double mutant between bikl and crk2 (Table S2).
331  Therefore, we propose that at least one of these components is essentially required. BIK1 has previoudy
332  been shown to interact with other kinases including CRKs (Lee, 2017) but interaction with CRK2 has not
333  been investigated. BIK1 and CRK2 are likely highly coordinated in order to precisely control ROS
334  production in response to environmental stimuli (Fig. 8). Like CRKs, RBOHs are involved in diverse
335  processes in stress responses and also plant development and it is conceivable that different CRKs regulate
336 the diverse set of RBOH proteins in various cellular contexts potentially via phosphorylation of the C-
337  terminal region.

338 In summary, we propose that CRK2 is a central element in orchestrating the extracellular ROS burst and in
339 mediating the balance between different defense responses. The full complexity and integration of the
340  regulatory components controlling RBOH activity is still atopic of much speculation (Kimura et al. 2017).
341  The diversity of regulators converging at RBOHSs reflects the prominent role of apoplagtic ROS in signal
342  transduction while smultaneously grict control is required to circumnavigate oxidative damage. We suggest
343 that RBOHD is regulated by phosphorylation of the C-termina region to complement regulatory
344 mechanisms targeting the N-terminus (Fig. 8). Based on the conservation of serine and threonine resdues in
345  the C-terminus of NADPH oxidases we propose that this mode of regulation could be evolutionarily
346  conserved in plants and animals. In the future it will be interesting to investigate how CRK-mediated
347  phosphorylation of the RBOH C-terminus is integrated in the diverse processes which incorporate
348  extracellular ROS.
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349 Materialsand methods

350 Plant Material and growth condition

351 Arabidopsisthaliana plants used in this study include Col-0, crk2 (Bourdais et al., 2015), rbohD (Torres et
352 a., 2002), fls2 (Zipfel et al., 2004), bikl (Veronese et al., 2006) and 35S.:FLAG-RBOHD/rbohD (Kadota et
353 4a., 2014). To generate crk2/bikl double mutant, crk2 and bik1 single mutant plants were crossed. F1, F2 and
354  F3 progenies were analyzed by PCR. F2 and F3 seeds were obtained by self-pollination. Primers are listed in
355 TableS3.

356  Seeds were sterilized by 70 % ethanol 2 % Triton X-100 for 5 min and washed 3 times with 99 % ethanol.
357  Surface sterilized seeds were sown on 1x or %2 strength Murashige and Skoog (MS) medium containing 1 %
358  sucrose and subsequently stratified for 2-4 days in the dark at 4 °C. Plants were grown in growth chambers
359  (Panasonic, #MLR-352-PE) under 12 h light/12 h dark (22°C /18°C). After 10 days, seedlings were
360 transferred to soil and grown in growth rooms under the following conditions: 12 h light/12 h dark (23 °C
361 /19 °C), relative humidity 50-60 %, unless otherwise stated.

362  For SA measurements seedlings were grown in liquid culture as described (Denness et al., 2011) with minor
363 modifications. 20 mg of seeds were sterilized by sequential incubation with 70 % ethanol and 50 % bleach
364  on arotating mixer for 10 min each and washed three times with sterile water. Seeds were then transferred
365 into 250 mL Erlenmeyer flasks containing 125 mL %2 strength MS medium supplemented with 1 % sucrose.
366  Seedlings were grown under long-day conditions (16 h light /8 h dark, 22 °C/18 °C) at 150 umol m? s*
367  photon flux density on an IKA KS501 flask shaker at a constant speed of 130 rotations per minute. Seedlings
368  werecollected after 6 days of growth.

369  Céll cultureand Transfection

370  HEK293T cells (ATCC, #CRL-3216) were maintained at 37 °C in 5 % CO, in Dulbecco’s Modified Eagle's
371  Medium nutrient mixture Ham’s F-12 (SIGMA, #D8062) supplemented with 10 % fetal bovine serum
372  (Gibco, #26140-079). Cdls were transfected with pcDNA3.1 and pEF1 vectors using GeneJuice transfection
373  regent (Merck Millipore, #70967-3) according to the manufacturer’ s instructions.

374  Plasmid construction

375 CRK2 and RBOHD constructs for Arabidopsis were generated through MultiSite Gateway technology
376  (Invitrogen). To generate pPBm43GW-CRK2pro::CRK2-Venus (Y FP)-3AT for crk2 complementation lines,
377  the coding region of CRK2 or kinase-dead mutants (K353E or D450N) were recombined into pENTR/D-
378  TOPO vector (Invitrogen). pDONRP4P1R/zeo-CRK2pro, pDONR/zeo-CRK2 (or pENTR/D-TOPO-CRK2
379  kinase-dead mutant) and p2R3a-VenusYFP-3AT were recombined with pBm43GW. To generate
380 pHM4A3GW-pRBOHD::3FLAG-RBOHD-nosT, the coding region of 3FLAG-RBOHD was amplified by
381 PCR from pcDNA3.1-3FLAG-RBOHD and cloned into pDONR/zeo vector (Invitrogen). The promoter
382  region of RBOHD was amplified by PCR from pBin19g-pRBOHD::3FLAG-RBOHD and cloned into
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383 pDONRP4P1R/zeo vector (Invitrogen). pPDONRPAP1R/zeo-RBOHDpro, pDONR/zeo-3FLAG-RBOHD and
384  p2R3a-nosT were recombined with pHM43GW. Single amino acid substitution mutants of CRK2 and
385 RBOHD were generated by point-mutant primers and the mega-primer PCR method. pBm43GW-
386 CRK2pro::CRK2-YFP-3AT and pHM43GW-pRBOHD::3FLAG-RBOHD-nosT constructs were transformed
387 into crk2 and rbohD plants, respectively, by Agrobacterium tumefaciens strain GV 3101 (pSoup)-mediated
388 flora dipping (Clough & Bent, 1998). To generate CRK2 over-expression lines for co-immunoprecipitation,
389 pBm43GW-35S::CRK2-YFP-3AT were transformed into Col-0. p2R3a-Venus(Y FP)-3AT, p2R3a-nosT,
390 pBm43GW and pHmM43GW (Siligato et al., 2016), pBin19g-pRBOHD::3FLAG-RBOHD (Kadota et al.,
391  2014), pcDNA3.1-3FLAG-RBOHD (Kaya et al., 2018), pDONR/zeo-CRK 2, pBm43GW-35S::CRK 2-Y FP-
392  3AT and pDONRP4P1R/zeo-CRK 2pro (Hunter et al., 2019) have been described previously.

393 6HissGST-CRK2cyto and 6HissMBP-RBOHD/C constructs for recombinant proteins were generated by
394  using In-Fusion technology (Clontech). The coding regions of CRK2cyto (WT, K353E, and D450N),
395 RBOHD/C (full-length, C1, C2, and C3) were amplified by PCR and cloned into pOPINK (Addgene,
396  #41143) or pOPINM (Addgene, #26044) vectors. pPOPINM-RBOHD/N was described previously (Kadota et
397 ., 2014).

398  For HEK?293T cell experiments, pEF1-M CS-3Myc [BamHI-Notl-3Myc-stop fragment was inserted between
399  Kpnl and Xbal sites of pEF1/myc-His B vector (Invitrogen)] was generated. To generate pEF1-CRK2 (WT
400 or D450N)-3Myc, the codon optimized coding sequence of Kozak-CRK2 (WT or D450N) was cloned
401  between BamHI and Notl sites of pEF1-MCS-3Myc. To generate pcDNA3.1-3FLAG-RBOHD mutant
402  congructs, the coding regions of RBOHD (S8A, S39A, S611A, S703A, or S862A) were cloned into BamHI
403  site of pcDNA3.1-3FLAG-MCS [Kozak-3FLAG-BamHI-EcoRV -stop fragment was inserted between Nhel
404  and Kpnl sites of pcDNA3.1(-) vector (Invitrogen)]. Amino acid substituted mutants of CRK2 and RBOHD
405  were generated by point-mutant primers and the mega-primer PCR method. pEF1-3Myc-GFP (Kawarazaki,
406 Kimura et al., 2013), pcDNA3.1-3FLAG-RBOHD, pcDNA3.1-3FLAG-RBOHC, pcDNA3.1-3FLAG-
407 RBOHF and pcDNA3.1-3FLAG-MCS were described previously (Kaya et al., 2018). Primer sequences are
408 listed inthe Table S3.

409  Subcellular protein localization
410  Fluorescent images were obtained using a Leica TCS SP5 |1 HCS confocal microscope. For investigation of
411  CRK2-YFPlocalization, 514 nm excitation and 525-590 nm detection range were used.

412  ROS measurements

413  Leaf discs were collected using a cork borer from 4-week-old Arabidopsis plants and floated overnight in
414  derile distilled water in 96 well plates under continuous light at room temperature. On the following day,
415  water was replaced with assay buffer containing 34 mg/L luminol sodium salt (Sigma, #A4685), 20 mg/L
416  horseradish peroxidase (Fujifilm Wako, #169-10791), 200 nM flg22 (GenScript), 200 pg/mL Chitin (Sigma,
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417  #C9752) or 1 pM AtPepl (ATKVKAKQRGKEKVYSSGRPGQHN: synthesized by Synpeptide, China).
418  Luminescence was measured for 1 sec every 1 min at room temperature using GloMax-Multi+Detection

419  System (Promegd). ROS production was expressed in relative luminescence units (RLU).

420  The ROS producing activity of RBOHs in HEK293T cells was measured as described previoudly (Kimura et
421  a., 2012). Two days after transfection, medium was removed and cells were gently washed with 1XHBSS
422  (GIBCO, #14025-092 or #14175-095). Measurements were started after addition of the assay buffer
423  containing 250 uM lunimol sodium salt and 66.7 mg/L horse radish peroxidase. After 30 min measurement,
424  1pM ionomycin (Calbiochem, #407952) was added. Chemiluminescence was measured for 1 sec every 1
425 min a 37 °C using GloMax-Multi+Detection System. ROS production was expressed in relative
426  luminescence units (RLU). Expressed proteins were detected by immunoblotting with anti-FLAG (Sigma,
427  #F1804), anti-cMyc (Fujifilm Wako, #017-2187), anti-p-actin (Sigma, #A5316) and IRDye800CW anti-
428  mouse IgG (LI-COR, #926-32210) antibodies.

429  Bacterial growth assay
430 To quantify bacterial growth on 4-week-old plants infected with the virulent PtoDC3000 (Whalen et al.,
431  1991), growth curve assays were performed as described previoudly (Wrzaczek et al., 2007).

432  Ca’imaging

433  Cacium imaging with YCNano-65 expressing plants was performed as described previously (Choi et al.,
434 2014, Lenglet et al., 2017, Toyota et al., 2018). In brief, Y CNano-65 was visualized by a fluorescence stereo
435  microscope (Nikon) with a 1x objective lens (Nikon), image splitting optics (Hamamatsu Photonics) and a
436 sCMOS camera (Hamamatsu Photonics). To excite YCNano-65, a mercury lamp (Nikon), a 436/20 nm
437  excitation filter (Chroma) and a 455 nm dichroic mirror (Chroma) were used. The fluorescent signal from
438 Y CNano-65 was separated by a 515 nm dichroic mirror (Chroma) equipped in the image splitting optics. The
439  resultant CFP and Y FP (FRET) signals passed independently through a 480/40 nm and 535/30 nm emission
440  filters, respectively (Chroma). A pair of the CFP and FRET images was simultaneously acquired every 4 s
441  with the sSCMOS camera using NIS-Elements imaging software (Nikon). Approximately 2 uL of 1 uM flg22
442  was applied to the adaxial surface of cotyledons in 7-day-old seedlings, in which a region of interest (ROI)
443  was placed to analyze both CFP and FRET signals. The FRET/CFP ratio was calculated by the 6D imaging
444 plug-in modules (Nikon).

445 MAPK assay

446 MAPK assays were performed as previously described (Yadeta et al., 2017). In brief, 4-week-old
447  Arabidopsis plants were sprayed with 10 uM flg22 with 0.025 % Silwett L-77. Leaf samples were ground in
448  liquid nitrogen and sand. Extraction buffer [50 mM HEPES (pH7.4), 50 mM NaCl, 10 mM EDTA, 0.2 %
449  Triron X-100, 1 % Protease inhibitor cocktail (SIGMA, #P9599), 1 % Halt phosphatase inhibitor cocktail
450  (Thermo scientific, #78428)] was added (2 mL/g plant powder). Samples were incubated at 4 °C for 30 min
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451  and centrifuged at 12,000 x g, 4 °C for 10 min. The supernatant was used for immunoblotting with anti-
452 Phospho-p44/42 MAPK (Cell Signaling Technology, #4370) and IRDye800CW anti-rabbit 1gG (LI-COR,
453  #926-32211) antibodies.

454  Callose Staining
455  Callose staining was performed as described previoudly (Hunter et a., 2019).

456  gRT-PCR

457  Col-0, crk2 and fls2 seedlings were grown on MS 1 % sucrose agar plate for 5 days and were transferred into
458 MS 1 % sucrose liquid media and grown for 5 days. Plants were incubated with 1 uM flg22 for 30 min, 1 h
459  and 3 h, respectively. Plants were ground in liquid nitrogen and total RNA was extracted using the GeneJET
460 Plant RNA purification Kit (Thermo scientific, #K0802). Total RNA was treated with DNase | (Thermo
461  scientific, #EN0525) and cDNA was synthesized with Maxima H Minus Reverse Transcriptase (Thermo
462  scientific, #EP0751). gPCR analysis was performed with CFX real-time PCR (BioRad, Hercules, CA, US)
463  using 5x HOT FIREPol EvaGreen gPCR Mix Plus ROX (Soils Biodyne). SAND, TIP41 and YLS3 were used
464 as reference genes for normalization. Relative expression was caculated with gBase+

465  (Biogazelle; https.//www.gbaseplus.com/). Primersare listed in Table S3.

466  Phytohormone analysis

467  SA was analyzed from liquid-cultured seedlings as described previously (Forcat, Bennett et al., 2008) with
468  minor modifications. Seedlings were flash-frozen in liquid nitrogen and freeze-dried for 24 h. About 6 mg
469  aliquots of freeze-dried material were homogenized by shaking with 5 mm stainless steel beads in a Qiagen
470  Tissue Lyser Il for 2 min at 25 Hz. Shaking was repeated after addition of 400 uL extraction buffer (10 %
471  methanol, 1 % acetic acid) with internal standard (28 ng Salicylic-d, Acid; CDN Isotopes, Pointe-Claire,
472  Canada). Samples were then incubated on ice for 30 min and centrifuged for 10 min at 16,000 x g and 4 °C.
473  Supernatants were transferred into fresh 2 mL tubes and pellets were re-extracted with 400 pL extraction
474 buffer without internal standards. Supernatants were combined and centrifuged 3 times to remove all debris
475  before LC-MS/MS analysis.

476  The chromatographic separation was carried out using an Acquity UHPLC Thermo system

477  (Waters, Milford, U.S.) equipped with a Waters Cortecs C18 column (2.7 um, 2.1 x 100 mm). The solvent
478  gradient (acetonitrile (ACN) / water with 0.1 % formic acid each) was adapted to a total run time of 7 min: O-
479  4min20 % to 95 % ACN, 4-5min 95 % ACN, 5-7 min 95 % to 20 % ACN; flow rate 0.4 mL / min. For

480  hormoneidentification and quantification, a tandem mass spectrometric system Xevo TQ-

481 XS, triple quadrupole mass analyser (QqQ) with a ZSpray ESI function (Waters, Milford, U.S.) was used.
482  Masstrangtionswere: SA 137 > 93, D,-SA 141 > 97.


https://doi.org/10.1101/618819

bioRxiv preprint doi: https://doi.org/10.1101/618819; this version posted July 5, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

483  Protein extraction and Co-immunopr ecipitation

484  Co-immunoprecipitation was performed as described previously (Kadota et a., 2016). Homozygous
485  35S::FLAG-RBOHD/rbohD was crossed with homozygous 35S.: CRK2-YFP/Col-0 or 35S.: YFP-6Myc/Col-0.
486  35S::FLAG-RBOHD/35S::CRK2-YFP/rbohD F3 plants were selected by kanamycin resistance (homozygous
487  FLAG-RBOHD insertion) and PCR (homozygous rbohD T-DNA insertion). F1 and F3 plants were grown on
488 MS 1 % sucrose agar plate for 7 days and were transferred into MS 1 % sucrose liquid media and grown for
489  8-10 days. F3 plants were incubated in water or 1 pM flg22 for 10 min or 30 min after vacuum application
490 for 2 min. Plants were ground in liquid nitrogen and sand. Extraction buffer [50 mM Tris-HCI (pH 7.5), 150
491 mM NaCl, 10 % Glycerol, 5 mM DTT, 1 % Protease inhibitor cocktail (SIGMA, P9599), 2 % IGEPAL
492  CA630, 1 mM N&Mo0O42H,0, 2.5 mM NaF, 1.5 mM Activated sodium orthovanadate, 1 mM PMSF] was
493  added at 1.5 - 2 mL/g fresh weight. Samples were incubated at 4 °C for 1 h and centrifuged at 15,000 x g,
494 4 °Cfor 20 min. Supernatants were adjusted to 5 mg/mL protein concentration and incubated for L hat 4 °C
495  with 100 pL of anti-GFP magnetic beads (Miltenyi Biotec, #130-091-125). Bound proteins were analyzed by
496  immunoblotting with anti-GFP (Invitrogen, #A11122), anti-RBOHD (Agrisera, #AS15-2962), and
497  IRDyeB00CW anti-rabbit 1gG (LI-COR, #926-32211) antibodies.

498 To detect 3FLAG-RBOHD, total protein was extracted from RBOHDpro::3FLAG-RBOHD (WT or
499  S703A)/rbohD T3 homozygous plants with the same extraction buffer and analyzed by immunoblotting with
500 anti-FLAG (Sigma, #F1804 and IRDye800CW anti-mouse 1gG (L1-COR, #926-32210) antibodies.

501  Protein purification from E.coli

502  Cytosolic regions of CRK2 were expressed in Escherichia coli Lemo21. Cytosolic regions of RBOHD and
503  Maltose binding protein (MBP) were expressed in Escherichia coli BL21. Glutathione S transferase (GST)-
504  tagged recombinant proteins were purified using glutathione sepharose 4B (GE Healthcare, #17-0756-01)
505  according to manufacturer’s instructions. MBP-tagged proteins were purified using amylose resin (New

506  England Biolabs, #£8021S) according to manufacturer’s instructions.

507  Invitro pull down

508 6His-GST-CRK2cyto, 6HissMBP-RBOHD/N, 6HissMBP-RBOHD/C and MBP were incubated with
509  glutathione Sepharose 4B in the pull down buffer (20 mM HEPES, 50 mM KCl, 5 mM MaCl,, 1 % Tween20,
510 1mM DTT and 100 uM PMSF) at 4 °C for 1 h. The glutathione sepharose 4B was washed four times with
511  the pull down buffer and eluted with 10 mM reduced gluthatione. The mixture was analyzed by
512  immunoblotting anti-6xHis (Invitrogen, #MA1-135), anti-MBP (Santa Cruz Biotechnology, #sc-13564) and
513 IRDy800CW anti-mouse 1gG antibodies.

514  Invitro kinase assay
515  Purified recombinant proteins were incubated with [y-*2P] for 30 min at room temperature in the kinase assay
516  buffer [50 mM HEPES (pH7.4), 1 mM DTT, 10 mM MgCl,, 0.6 mM unlabeled ATP]. The mixture was
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517  subsequently separated by SDS-PAGE and autoradiography was detected by FLA-5100 image analyzer
518  (Fujifilm, Japan). For identification of in vitro phosphorylation sites by LC-ESI-MS/MS, 1.5 mM unlabeled
519  ATP was used in the kinase buffer. The proteins were separated by SDS-PAGE, followed by CBB staining
520 and weredigested by trypsin (Thermo scientific, #90057) or Lys-C (Thermo scientific, #90051).

521  ldentification of in vitro phosphorylation stesof RBOHD by LC-ESI-MS/M S

522  Trypsin or Lys-C digested protein samples were analyzed by a Q Exactive mass spectrometer (Thermo
523  Fisher Scientific, Bremen, Germany) connected to Easy NanoLC 1000 (Thermo Fisher Scientific). Peptides
524  werefirg loaded on a trapping column and subsequently separated inline on a 15 cm C18 column (75 pm x
525 15 cm, ReproSil-Pur 5 um 200 A C18-AQ, Dr. Maisch HPLC GmbH, Ammerbuch-Entringen, Germany).
526  The mobile phase consisted of water with 0.1 % formic acid (solvent A) or acetonitrile/water [80:20 (v/v)]
527  with 0.1 % formic acid (solvent B). A linear 10 min gradient from 8 % to 42 % B was used to el ute peptides.

528  MS data was acquired automatically by using Thermo Xcalibur 3.1 software (Thermo Fisher Scientific). An
529  information dependent acquisition method consisted of an Orbitrap MS survey scan of mass range 300-2000
530 m/z followed by HCD fragmentation for 10 most intense peptide ions. Raw data was searched for protein
531 identification by Proteome Discoverer (version 2.2) connected to in-house Mascot (v. 2.6.1) server.
532  Phosphorylation site locations were validated using phosphoRS algorithm. A SwissProt database with a
533  taxonomy filter Arabidopsis thaliana was used. Two missed cleavages were allowed. Peptide mass tolerance
534 £ 10 ppm and fragment mass tolerance £+ 0.02 Da were used. Carbamidomethyl (C) was set as a fixed
535  modification and methionine oxidation, acetylation of protein N-terminus, phosphorylation of Ser and Thr
536  wereincluded as variable modifications. Only peptides with FDR 0.01 were used.

537  Targeted (phospho) peptide analysis

538 Plant treatment and phosphopeptide enrichment. Arabidopsis seeds were sterilized by incubating with
539 1.5 % NaClO 0.02 % Triton X-100 solution for 5 min and vernalized at 4 °C for 2 days. Sterilized seeds
540  were germinated and grown in liquid culture on 6 well plates (30 seeds/well) in MGRL medium with 0.1 %
541  (wlv) sucrose (2 mL/well; Fujiwara et a., 1992) at 23 °C under continuous light (100 pmol m? s%) in a
542  Percival growth chamber. Plates with 11-day-old seedlings were transferred from the growth chamber to a
543  workbench and kept o/n for acclimatization before treatments. Seedlings were treated with either 1 uM flg22
544  or sterile water for 5 min after which seedlings were immediately collected and flash-frozen in liquid
545  nitrogen and stored at -80 °C. Frozen seedlings were disrupted using a Retsch mill (5 min, 30 Hz), and 500
546  pL urea extraction buffer [8M urea in 100mM Tris, pH 8.5, 20 pL/mL Phosphatase Inhibitor Cocktail 3
547  (Sigma, P0044), 20 pL/mL Phosphatase Inhibitor Cocktail 2 (Sigma, P5726), 5 mM DTT] was added to the
548  disrupted frozen powders, mixed briefly and incubated at RT for 30 min. After centrifugation at 15,000 x g
549  for 10 min, supernatants were transferred to fresh tubes. Protein concentrations were determined using Pierce
B50 660 nm protein assay (Thermo Scientific). Extracts with 500 ug of protein were akylated with 14 mM
551  chloroacetamide (CAA) at RT for 30 min in the dark, CAA was quenched by addition of 1/200 sample
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552  volume 1M DTT. Samples were diluted 1:8 with 0.1 M Tris, pH 8.5, 1 mM CaCl, and were digested o/n at
553  RT either with 5 pg trypsin or 5 pg Lys-C. Digegtion reaction was terminated by addition of TFA (0.1 %
554  final concentration), and peptides were desalted using C18 SepPaks [ 1cc cartridge, 100 mg (WAT023590)].
555 In brief, SepPaks were conditioned using methanol (1 mL), buffer B (80 % acetonitrile, 0.1 % TFA; 1 mL)
556  and buffer A (0.1 % TFA; 2 mL). Samples were |oaded by gravity flow, washed with buffer A (1 x 1 mL, 1 x
557 2 mL) and eluted with buffer B (2 x 400 pL). 40 pL of eluates were kept separately to measure non-
558  phosphopeptides and the rest were used for further phosphopeptide enrichment. Phosphopeptide enrichment
559  was performed by hydroxy acid-modified metal-oxide chromatography (HAMMOC) using titania as
560  described previously with minor modifications (Nakagami, 2014; Sugiyamaet al., 2007).

561 LC-MS/MS data acquisition. Samples were analyzed using an EASY -nLC 1200 (Thermo Fisher) coupled
562  to a Q Exactive Plus mass spectrometer (Thermo Fisher). Peptides were separated on 16 cm frit-less silica
563  emitters (New Objective, 0.75 um inner diameter), packed in-house with reversed-phase ReproSil-Pur C18
564 AQ 1.9 pm resin (Dr. Maisch). Peptides were loaded on the column and eluted for 115 min using a
565  segmented linear gradient of 5 % to 95 % solvent B (0 min, 5 % B; 0-5 min, 5 % B; 5-65 min, 20 % B; 65-90
566  min, 35 % B; 90-100 min, 55 % B; 100-105 min, 95 % B; 105-115 min, 95 % B) [solvent A (0 % ACN,
567 0.1 % FA); solvent B (80 % ACN, 0.1 % FA)] at a flow rate of 300 nL/min. Mass spectra were acquired
568  using atargeted (parallel reaction monitoring, PRM) approach. The acquisition method consisted of a full
569  scan method combined with a non-scheduled PRM method. The 16 targeted precursor ions were selected
570  based on the results of a DDA peptide search of phospho-enriched samplesin Skyline (MacLean, Tomazela
571 etadl., 2010) (Version 4.2.0.x, https://skylinems). MS spectra were acquired in the Orbitrap analyzer with a
572  mass range of 300-1750 m/z at a resolution of 70,000 FWHM and a target value of 3x10° ions, followed by
573 MS/MS acquisition for the 16 targeted precursors. Precursors were selected with an isolation window of 2.0
574 m/z. HCD fragmentation was performed at a normalized collision energy of 27. MS/IMS spectra were
575  acquired with a target value of 2x10° ions at a resolution of 17,500 FWHM, a maximum injection time of
576 120 msand afixed first massof m/z 100.

577 MS data analysis. Raw data from PRM acquisition were processed using MaxQuant software (version
578  1.5.7.4, http://www.maxquant.org/; Cox & Mann, 2008). MS/MS spectra were searched by the Andromeda
579 search engine against a combined database containing the sequences from Arabidopsis thaliana
580 (TAIR10 pep 20101214; ftp://ftp.arabidopsis.org/home/tair/Proteing TAIR10 protein lists/) and sequences

581  of 248 common contaminant proteins and decoy sequences. Trypsin specificity was required and a maximum

582 of two missed cleavages alowed. Minima peptide length was set to seven amino acids.
583  Carbamidomethylation of cysteine residues was set as fixed, phosphorylation of serine, threonine and
584  tyrosine, oxidation of methionine and protein N-terminal acetylation as variable modifications. The match
585  between runs option was disabled. Peptide-spectrum-matches and proteins were retained if they were below

586  afalse discovery rate of 1 % in both cases. The “msms.txt” output from MaxQuant was further analyzed
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587  using Skyline in PRM mode. Trypsin specificity was required and a maximum of two missed cleavages
588 dlowed. Minimal and maximum peptide lengths were set to 7 and 25 amino acids, respectively.
589  Carbamidomethylation of cysteine, phosphorylation of serine, threonine and tyrosine, oxidation of
590  methionine, and protein N-terminal acetylation were set as modifications. Results were filtered for precursor
591  chargesof 2 and 3, and b- and y-ions with ion charges of +1 and +2. Product ions were set to “fromion 1 to
592 last ion”. All chromatograms were inspected manually and peak integration was corrected for best
593  representation of MS2 signals. Peak area data was exported and further processed. The Skyline documents
594  containing the data for the targeted phophoproteomics experiments have been uploaded to Panorama Public
595 and can be obtained from https.//panoramaweb.org/RBOHDphosphorylation.url. Raw data have
596  been deposited to the ProteomeXchange Consortium via the Panorama partner repository with the dataset
597  identifier PXD013525 (http://proteomecentral.proteomexchange.org/cgi/GetDataset? D=PXD013525).

598  Phylogenetic analysis

599  Sequences for plant RBOH genes were extracted from public genome databases and manually curated. The
600 phylogenetic maximum likelihood tree was inferred from a PAGAN (Loytynoja et al., 2012) alignment using
601 FASTTREE (Priceet al., 2010), 1000 bootstrap replicates were calculated using RAXML (Stamatakis, 2014).
602 The sequence alignment of plant RBOHs, human NOX2 and NOX5M can be viewed on the Wasabi
603 (Veidenberg et al., 2016) webserver (http://was.bi?id=JauZ6q). Sequence motifs were analyzed using the
604 MEME suite (Bailey et al., 2009).

605  Statigtical analysis
606  Statistical analyses were performed with IMP Prol3 (SAS, https://www.jmp.con).

607  Data availability

608  Phylogenetic tree of human and plant NADPH oxidases with bootstrap information for 1000 replicates and
609  corresponding sequence alignment has been deposited on Wasabi (http://wasabiapp.org). Data for the
610 targeted  phophoproteomics  experiments has been uploaded to  Panorama  Public
611  (https://panoramaweb.org/RBOHDphosphorylation.url). Raw data have beendeposited to the
612  ProteomeXchange Consortium via the Panorama partner repository with the dataset identifier PXD013525
613  (http://proteomecentral.proteomexchange.org/cgi/GetDatasetAD=PXD013525). Materials used in the

614  experimental work are available from the authors upon request.
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822  Figurelegends:

823 Fig. 1 CRK2 kinase activity isrequired for plant growth.

824  a Schematic representation of CRK2 structure. SP: signal peptide (AAs 1-29), DUF26-A (AAs 39-132),
825 DUF26-B (AAs 146-243), TM: transmembrane domain (AAs 261-283), and kinase domain (AAs 325-601).

826 b Representative pictures of 21-day-old plants of Col-0, crk2, CRK2pro::CRK2-YFP/crk2,
827  CRK2pro:: CRK2***.YFP/crk2 and CRK2pro:: CRK2°*™.YFP/crk2 plants. Bar = 1 cm.

828 ¢ Box plot shows the fresh weight of 21-day-old plants (n = 10). Differences between Col-0 and transgenic
829 lines were evaluated with One-way Anova with Tukey-Kramer HSD, *** p<0.001, ns, not statistically
830 significant (Oneway Anova, F value = 71.5559, DF = 7). The experiment was repeated three times with

831  similar results.
832

833 Fig. 2 CRK2regulatesflg22-triggered ROS production and resistance to a virulent bacterial pathogen.
834 a and b flg22-induced ROS production in Col-0, crk2 and CRK2pro::CRK2-YFP/crk2 or
835  CRK2pro::CRK2°*™.YFP/crk2. Leaf discs from 28-day-old plants were treated with 200 nM flg22 and
836  ROS production was measured. Box plot shows cumulative ROS production over 40 min (upper right).

837  a Values represent mean £SEM of n > 16. Differences compared with Col-0 were evaluated with One-way
838  Anova(F value=9.2282, DF = 3) with Tukey-Kramer HSD, *** p < 0.001, ns, not Satigtically significant.

839 b Values represent the mean £SEM of n > 19. Differences compared with Col-0 were evaluated with One-
840  way Anova (F value = 8.8777, DF = 3) with Tukey-Kramer HSD, *p < 0.05, *** p < 0.001.

841 ¢ Quantitative analysis of bacterial growth in Col-0, crk2 and CRKZ2pro::CRK2-YFP/crk2 or
842  CRK2pro::CRK2°*™.YFP/crk2 following syringe infiltration with Pto DC3000 (1 x 10° CFU/mL). Values
843  represent mean £SD of n =3 (0 DPI) or n = 6 (2 DPI). Letters indicate significant differences at p < 0.05
844  [One-way Anova (F value = 566.5661, DF = 11) with Tukey-Kramer HSD]. a - ¢ The experiment was
845  repeated three times with similar results.

846

847  Fig. 3CRK2 interactswith RBOHD.

848 a ROS production of RBOHD-expressing HEK293T cells. 3FLAG-RBOHD was transently co-expressed
849  with either 3Myc-GFP or CRK2 (WT or D450N)-3Myc. After 30 min 1 uM ionomycin was added to the
850 medium. Values represent mean +SEM of n = 3. E.V. = empty vector. The experiment was repeated three
851  timeswith similar results.

852 b and c Co-IP analysis of interaction between RBOHD and CRK2. CRK2-Y FP was immuno-precipitated
853 using anti-GFP beads followed by immunoblotting with anti-RBOHD and anti-GFP antibodies. FLAG-
854  RBOHD: 105 kDa, CRK2-Y FP; 99.9 kDaand Y FP-6Myc: 36.7 kDa.
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855 b 35S:FLAG-RBOHD/rbohD x 35S::CRK2-YFP/Col-0 (F1) and 35S::FLAG-RBOHD/rbohD x 35S::YFP-
856  6Myc/Col-0 (F1) plants. The experiment was repeated three times with similar results.

857 ¢ 35S:FLAG-RBOHD/35S:CRK2-YFP/rbohD plants with 1 pM flg22 treatment. M: Protein molecular
858  marker, *: unspecific signal. Total protein from rbohD was used for immunoblot of input as a negative
859  control.

860 d Schematic representation of RBOHD structure. EF-hands (AAs 257-329), TM: transmembrane domains
861 (AAs374-605), FAD: FAD-binding domain (AAs 613-730), NADPH: NADPH-binding domain (AAs 736-
862  904), RBOHD/N: RBOHD N-terminal region (AAs 1-376), RBOHD/C: RBOHD C-terminal region (AAs
863  606-922); C1: RBOHD/C1 (AAs 606-741), C2: RBOHD/C2 (AAs 696-831), C3: RBOHD/C3 (AAs 787-
864  922).

865 elnvitro pull-down analysis of direct interaction between RBOHD and CRK2. MBP, 6HissMBP-RBOHD/N
866 and 6His-MBP-RBOHD/C were incubated with 6His-GST-CRK2cyto and pull down with GST followed by
867  immunoblotting with anti-6His and anti-MBP antibodies. 6His-GST-CRK2cyto: 68.5 kDa, 6His-MBP-
868 RBOHD/N: 84.7 kDa, 6HissMBP-RBOHD/C: 78.4 kDa, MBP: 50.8 kDa. The experiment was repeated two
869  timeswith similar results.

870

871  Fig. 4 CRK2 phosphorylatesthe cytosolic regions of RBOHD in vitro.

872 a and b Autophosphorylation and transphosphorylation were visualized with [y-*P] ATP and
873  autoradiography (upper panel). Input proteins were stained with coomassie brilliant blue (CBB) (lower
874  panel). Experiments were repeated three times with similar results. 6His-GST-CRK2cyto: 68.5 kDa, 6His-
875 MBP-RBOHD/N: 84.7 kDa, 6HissMBP-RBOHD/C1:57.9 kDa, /C2:57.8 kDa, /C3:58.4 kDa, 6HisMBP:
876 44.3kDa

877 a In vitro transphosphorylation of 6HissMBP-RBOHD N-terminus by 6His-GST-CRK2cyto. 6His-MBP-
878 RBOHD/N or 6His-MBP was incubated with 6His-GST-CRK 2cyto in kinase buffer.

879 b In vitro trangphosphorylation of 6HissMBP-RBOHD C-terminus by 6His-GST-CRK2cyto. 6His-MBP-
880 RBOHD/CL1,/C2, /C3 or 6His-MBP was incubated with 6His-GST-CRK2cyto in kinase buffer.

881

882 Fig. 5 CRK2 modulates the ROS-production activity of RBOHD via phosphorylation of the C-
883  terminusin HEK293T cells.

884  aEffect of mutations of CRK2-dependent in vitro phosphorylation sites in the N-terminal cytosolic region of
885 RBOHD. 3FLAG-RBOHD (WT, S8A or S39A) was transiently co-expressed with either 3Myc-GFP or
886 CRK2-3Myc in HEK293T cells. After 30 min 1 uM ionomycin was added to the medium to promote Ca’*
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887 influx. Valuesrepresent mean £SEM of n= 3. E.V. = empty vector. The experiment was repeated three times

888  with similar results.

889 b Effect of mutations in the CRK2-dependent in vitro phosphorylation sites in the C-terminal cytosolic
890 region of RBOHD. 3FLAG-RBOHD (WT, S611A, S703A or S862A) were transiently co-expressed with
891  either 3Myc-GFP or CRK2-3Myc in HEK293T cells. After 30 min 1 pM ionomycin was added to the
892  medium to promote C&* influx. Values represent mean +SEM of n = 3. E.\V. = empty vector. The

893  experiment was repeated three times with similar results.
894

895 Fig. 6 RBOHD S703isinvolved in regulation of flg22-induced ROS production.

896 a - ¢ Quantification of RBOHD phosphorylation in Col-0 upon flg22 treatment. 12-day-old seedlings were
897  treated with water (-) or 1 uM flg22 (+) for 5 min. Total proteins were digested with trypsin (S8 and S39) or
898 Lys-C (S703) and phosphopeptides were enriched, and then selected phosphopeptides were quantified by
899 LC-MS/MS. Box plots show MS2 fragment peak ion areas of indicated phosphopeptides (n = 4). Differences
900  between water- or flg22-treated samples were evaluated with One-way Anova (DF = 1) with Tukey-Kramer
901 HSD, *** p<0.001, ns, not statistically significant.

902 aRBOHD S8residue (F value = 0.4745).
903 b RBOHD S39 residue (F value = 51.3297).
904 ¢ RBOHD S703 residue (F value = 41.0851).

905 d flg22-induced ROS production in RBOHDpro::3FLAG-RBOHD/rbohD #1-3 and RBOHDpro::3FLAG-
906  RBOHD®*rbohD #3-2. Leaf discs from 28-day-old plants were treated with 200 nM fIg22. Box plot shows
907 cumulative ROS production over 40 min (upper right). Values represent mean +SEM of n > 23. Difference
908  hetween lines was evaluated with One-way Anova (F value = 4.4509, DF = 1) with Tukey-Kramer HSD, * p
909 <0.05. The experiment was repeated three times with similar results.

910

911  Fig. 7 Phosphorylation sitesin the C-terminal region are conserved in plantsand animals.

912  Phylogenetic tree showing that plant RBOHSs form a single clade which is parallel to the NADPH oxidases
913 NOX2 and NOX5B from Homo sapiens. The tree was constructed using FASTTREE from a PAGAN
914  aignment in WASABI, 1000 bootstraps were calculated with RAXML. The full sequence alignment can be
915 found in Wasabi at_http://was.bi?id=JauZ6q. Plant species included were: Arabidopsis thaliana (At),
916 Capsdlarubella (Cr), Prunus persica (Pp), Solanum lycopersicum (), Aquilegia coerula (Ac), Oryza sativa
917  (Os), Sorghum bicolor (Sb), Amborella trichopoda (Atr), and Marchantia polymorpha (Mp). Numbers of

918  phospho-sites in the meme figures represent the position of the amino acid in RBOHD from Arabdiopsis

919 thaliana. Arrowsindicate the position of the phospho-site (Sor T) or corresponding amino acid.
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920

921  Fig. 8 Schematic model for M AM P-triggered RBOHD activation.

922  MAMPsarerecognized by MAMP receptor complexes. RBOHD N-terminus is phosphorylated by BIK1 and
923  SIK1 and apoplastic ROS production is induced. Apoplastic ROS production by RBOHD leads to Ca®*
924 influx into the cytosol. Ca**-binding to RBOHD N-terminus and to CPK's leads to Ca®*-dependent activation
925 of RBOHD. We found that CRK2 also contributes to the activation of RBOHD via phosphorylation of its C-
926  terminusat S703. CRK2 can also mediates inhibition of MAPK activation and callose deposition via CALS
927  after MAMP perception. MPK, mitogen-activated protein kinase; MP2K, MPKK; MP3K, MPKKK.

928

929  Supplementary figurelegends

930 Fig. S1 Complementation of crk2 with CRK2pro::CRK2-YFP.

931 aBox plot shows dry weight of 21-day-old plants (n = 10). Differences compared with Col-0 were evaluated
932  with One-way Anova with Tukey-Kramer HSD, *** p < 0.001, ns, not statistically significant (One-way
933  Anova, F value = 48.2539, DF = 7). The experiment was repeated three times with similar results.

934 b Sdlicylic acid accumulation level in Col-0, crk2 and CRK2pro::CRK2-YFP/crk2 #1-22 (n = 3). 6-day-old
935  seedlings were used. Differences compared with Col-0 were evaluated with One-way Anova (F value =
936  3.0476, DF = 2) with Tukey-Kramer HSD. ns, not satistically significant.

937 ¢ Subcellular localization of CRK2-YFP, CRK2“***:.YFP and CRK2°*™.YFP in leaves of 7-day-old
938  seedlings. Plasma membrane localization was confirmed using plasmolysis to visualize Hechtian strands

939  (arrow head). Plasmolysis was induced by the application of 0.8 M mannitol. Scale bar = 25 um.
940

941  Fig. S2MAMP-triggered ROS production and molecular responsesin crk2.

942 a and b Box plot shows quantitative real-time RT-PCR (gPCR) analysis of FRK1 (a) or NHL10 (b)
943  transcriptsin Col-0, crk2 and fls2 after treatment with flg22 (n = 3, biological replicates). 10-day-old plants
944  wereincubated in 1 uM flg22 solution and collected at indicated time (each time point contains 90 plants per
945  genotype). Transcript levels were calculated by comparison with non-treated Col-0 (Time = 0).

946  a FRK1 expression. Different letters indicate significant difference at p < 0.05 [One-way Anova (F value =
947  9.4471, DF = 11) with Tukey-Kramer HSD].

948 b NHL10 expression. Different letters indicate significant difference at p < 0.05 [One-way Anova (F value =
949  9.1059, DF = 11) with Tukey-Kramer HSD].

950 cand d Chitin- or AtPepl- induced ROS production in Col-0, crk2 and rbohD. Leaf discs from 28-day-old
951  plants were treated with 200 pg/mL chitin (c) or 1 uM AtPepl (d). ROS production is expressed in relative
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952  luminescence units (RLU). Box plots show integration of ROS production for 40 min (upper right). The

953  experiment was repeated three times with similar results.

954 ¢ Values represent the mean £SEM of n > 21. Differences compared with Col-0 were evaluated with One-
955  way Anova (F value = 24.1435, DF = 2) with Tukey-Kramer HSD, * p < 0.05, *** p < 0.001.

956  d Values represent the mean +SEM of n = 24. Differences compared with Col-0 were evaluated with One-
957  way Anova (F value = 44.5132, DF = 2) with Tukey-Kramer HSD, *** p < 0.001.

958 e Quantitative analysis of cytosolic Ca®* changes in response to 1 pM flg22 in 7-day-old YCNano65 or
959  YCNano65/crk2 seedlings. Values represent the mean +SEM of n = 9 (YCNano65) or n = 15
960  (YCNano65/crk2).

961 f Representative frame images of cytosolic Ca’* change in wild type and crk2 plants. Bar = 0.5 mm.

962 g MAPK activation in Col-0, crk2 and fls2 in response to treatment with 1 uM flg22. 28-day-old plants (12
963  plants per genotype). Phosphorylated MPK3 and MPK6 were detected with anti-p44/42 MPK antibody
964  (upper panel). Proteins stained with amido black staining (lower panel). The experiment was repeated three
965  timeswith similar results.

966  h Quantification of flg22-induced callose deposition by aniline blue (n > 16) in 7-day-old seedlings with (+)
967  or without (-) treatment with 10 uM flg22 for 30 min. Letters indicate significant differences at p < 0.05
968 [One-way Anova (F value = 44.8732, DF = 3) with Tukey-Kramer HSD].

969 i Representative images of aniline blue stained leaves. Bar = 100 um.
970

971  Fig. S3 CRK2 modulates the ROS-producing activity of RBOHC, D and F in HEK 293T cdlls.
972  a Expressed proteins were detected by anti-FLAG and anti-Myc antibodies (Fig. 3a). 3FLAG-RBOHD: 107
973 kDa, CRK2-3Myc: 75.8 kDa, 3Myc-GFP: 31 kDa, B-actin 42 kDa. As a loading control, B-actin was used.
974  Loading volume for anti-Myc antibody: 3FLAG-RBOHD + 3Myc-GFP (5 uL), the others (50 uL).

975 b ROS production in RBOHD-expressing HEK293T cells in Ca™*-free buffer. 3FLAG-RBOHD was
976  transiently co-expressed with either 3Myc-GFP or 3Myc-CRK2 (WT or D450N) in HEK293T cells. Values
977  represent mean +SEM of n = 3. E.V. = empty vector. The experiment was repeated three times with similar
978  results.

979 ¢ Proteins expressed in HEK293T cells were detected by anti-FLAG and anti-Myc antibodies (Fig. S3b).
980 3FLAG-RBOHD: 107 kDa, CRK2-3Myc: 75.8 kDa, 3Myc-GFP: 31 kDa, B-actin 42 kDa. As a loading
981  control, B-actin was used. Loading volume for anti-Myc antibody: 3FLAG-RBOHD + 3Myc-GFP (5 uL),
982  others (50 puL).
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983 d - f ROS production of RBOHD-, RBOHC-, or RBOHF-expressing HEK293T cells. 3FLAG-RBOHD (d),
984  3FLAG-RBOHC (e), or 3FLAG-RBOHF (f) was transiently co-expressed with 3Myc-GFP or CRK2-3Myc
985  in HEK293T cells, respectively. After 20 min of base line measurement, 1 uM ionomycin was added to the

986  medium. Values represent mean +SEM of n = 3. The experiment was repeated two times with similar results.

987 g Proteins expressed in HEK293T cells were detected by anti-FLAG and anti-Myc antibodies (Fig. S3d-f).
988 3FLAG-RBOHD: 107 kDa, 3FLAG-RBOHC, 106 kDa, 3FLAG-RBOHF: 111 kDa, CRK2-3Myc: 75.8 kDa,
989  3Myc-GFP: 31 kDa, B-actin 42 kDa. As a loading control, B-actin was used. Loading volume for anti-Myc
990  antibody: 3FLAG-RBOHs + 3Myc-GFP (5 pL), 3FLAG-RBOHs + CRK 2-3Myc (50 pL).

991

992  Fig. $4 ROS production activity of RBOHD S703A and S862A in HEK 293T cells.

993 aand b Proteins expressed in HEK293T cells were detected by anti-FLAG and anti-Myc antibodies (Fig. 5a
994  and 5b). 3FLAG-RBOHD: 107 kDa, CRK2-3Myc: 75.8 kDa, 3Myc-GFP: 31 kDa, B-actin 42 kDa. As a
995  loading control, B-actin was used. Loading volume for anti-Myc antibody: 3FLAG-RBOHD + 3Myc-GFP (5
996 L), others(50 pL).

997 a3FLAG-RBOHD (WT, S8A or S39A) was transiently co-expressed with either 3Myc-GFP or CRK2-3Myc
998  into HEK293T cdlls (Fig. 5a).

999 b 3FLAG-RBOHD (WT, S611A, S703A or S862A) was transiently co-expressed with either 3aMyc-GFP or
1000 CRK2-3Myc into HEK293T cells (Fig. 5b).

1001 cand d ROS production of RBOHD-expressing HEK293T cells. After 30 min 1 uM ionomycin was added to
1002  the medium. Values represent mean +SEM of n=3. E.V. = empty vector. The experiment was repeated three

1003  times with similar results.

1004 ¢ 3FLAG-RBOHD (WT or S703A) was transiently co-expressed with either 3Myc-GFP or CRK2-3Myc into
1005  HEK293T cells. The right upper panel is the enlargement of ionomycin-induced transient ROS production of
1006  3FLAG-RBOHD (WT or S703A) and 3Myc-GFP co-expressing cells (dashed box).

1007 d 3FLAG-RBOHD (WT or S862A) was transiently co-expressed with either 3Myc-GFP or CRK2-3Myc into
1008  HEKZ293T cells.

1009

1010  Fig. S5 Quantification of RBOHD and M PK phosphorylation in Col-0 upon flg22 treatment.

1011  12-day-old Col-0 seedlings were treated with water (-) or 1 uM flg22 (+) for 5 min. Total proteins were
1012  digested by trypsin for peptides from RBOHD N-terminal region and MPKs, by Lys-C for RBOHD S703
1013  peptide. Peptides were enriched, and then selected phosphopeptides were quantified by LC-MS/MS. Box
1014  plots show MS2 fragment peak ion areas of indicated phosphopeptides (n = 4). Differences between water-
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1015  or flg22-treated samples were evaluated with One-way Anova (DF = 1) with Tukey-Kramer HSD, * P<0.05,
1016  ** P<0.01, *** p<0.001, ns, not statistically significant.

1017 aand b RBOHD S8residue[F value = 9.3550 (a), F value = 1.7274 (b)].
1018 ¢ RBOHD S39 residue (F value = 51.1741).

1019 d RBOHD S703 residue (F value = 87.8835).

1020 e RBOHD S163 residue (F value = 71.8320).

1021 f RBOHD S347 residue (F value = 22.8032).

1022 g RBOHD S343 and S347 residues (F value = 10.9184).

1023 h MPK3 TEY motif (F value = 8.0906).

1024 i MPK6 TEY motif (F value = 33.9863).

1025 j MPK11 TEY motif (F value = 11.6362).

1026

1027  Fig. S6 RBOHD S703isinvolved in regulation of flg22-induced ROS production.
1028 a Representative pictures of 21-day-old plants of RBOHDpro::3FLAG-RBOHD/rbohD #1-3 and
1029  RBOHDpro::3FLAG-RBOHD>***/rbohD #3-2 plants. Bar = 1 cm.

1030 b Expressed proteins in RBOHDpro::3FLAG-RBOHD/rbohD #1-3 and RBOHDpro::3FLAG-
1031  RBOHD®***/rbohD #3-2. 3FLAG-RBOHD was detected by anti-FLAG antibody. Input proteins stained with
1032  amido black staining (lower panel).

1033 ¢ flg22-induced ROS production in RBOHDpro::3FLAG-RBOHD/rbohD #11-1 and RBOHDpro::3FLAG-
1034  RBOHD**/rbohD #1-4. Leaf discs from 28-day-old plants were treated with 200 nM fIg22. Box plots show
1035 integration of ROS production for 40 min (upper right). Values represent the mean +SEM of n = 24.
1036  Difference between lines was evaluated with One-way Anova (F value = 15.4533, DF = 1) with Tukey-
1037  Kramer HSD, *** p < 0.001.

1038

1039  Fig. S7 Reduced ROSproduction in crk2 isnot dueto lower expression of BIK1.

1040 Box plot shows quantitative real-time RT-PCR (QPCR) analysis of BIK1 transcripts in Col-0, crk2 and fls2
1041  after treatment with flg22 (n = 3, biological replicates). 10-day-old plants were incubated in 1 uM flg22
1042  solution and collected at indicated time (each time point contains 90 plants per genotype). Transcript levels
1043  were calculated by comparison with non-treated Col-0 (Time = 0). Different letters indicate significant
1044  differenceat p < 0.05 [One-way Anova (F value = 220.6240, DF = 8) with Tukey-Kramer HSD].
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Supplementary table legends

Table S1. In vitro phosphorylation sites of 6HissM BP-RBOHDcyto by 6HissGST-CRK 2cyto

The 6HissMBP-RBOHD cytosolic regions were incubated with 6His-GST-CRK 2cyto. The 6His-MBP-
RBOHDcyto bands were excised from a SDS polyacrylamide gel and subsequently digested by trypsin or Lys-C.
The peptides were analyzed by LC-MS/MS. Phosphorylated peptides are designated as pS.

Table S2. Progeny of CRK2/crk2 BIK1/bik1 parent and CRK2/crk2 bik1/bik1 parent
The genotypes of F2 and F3 progenies were determined by PCR. Observed, the number of individuals observed,;
Expected, the expected number based on Mendelian inheritance. Chi-square test was used to determine the

probability (P) of which the deviation of the observed value from the expected value was due to chance.

Table S3. Primer sequences
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Fig. 1 CRK2 kinase activity is required for plant growth.

a Schematic representation of CRK2 structure. SP: signal peptide (AAs 1-29), DUF26-A (AAs 39-132), DUF26-B (AAs 146-
243), TM: transmembrane domain (AAs 261-283), and kinase domain (AAs 325-601).

b Representative pictures of 21-day-old plants of Col-0, ck2, CRK2pro::CRK2-YFP/crk2, CRK2pro::CRK2““*-YFP/crk2 and
CRK2pro::CRK2"""™-YFP/crk2 plants. Bar=1 cm.

¢ Box plot shows the fresh weight of 21-day-old plants (n = 10). Differences between Col-0 and transgenic lines were evaluated
with One-way Anova with Tukey-Kramer HSD, *** p<0.001, ns, not statistically significant (Oneway Anova, F value =71.5559,
DF =7). The experiment was repeated three times with similar results.
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with 200 nM fig22 and ROS production was measured.
Box plot shows cumulative ROS production over 40 min
(upperright).

a Values represent mean +SEM of n > 16. Differences
compared with Col-0 were evaluated with One-way Anova
(F value=9.2282, DF = 3) with Tukey-Kramer HSD, *** p
<0.001, ns, not statistically significant.
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Fig.3 CRK2 interacts with RBOHD.

a ROS production of RBOHD-expressing HEK293T cells. 3FLAG-RBOHD was transiently co-expressed with either
3Myc-GFP or CRK2 (WT or D450N)-3Myc. After 30 min 1 pM ionomycin was added to the medium. Values
represent mean +SEM ofn=3. E.V.=empty vector. The experiment was repeated three times with similar results.

b and ¢ Co-IP analysis of interaction between RBOHD and CRK2. CRK2-YFP was immuno-precipitated using anti-
GFP beads followed by immunoblotting with anti-RBOHD and anti-GFP antibodies. FLAG-RBOHD: 105 kDa,
CRK2-YFP:99.9 kDaand YFP-6Myc: 36.7 kDa.

b 35S::FLAG-RBOHD/rbohD x 35S::CRK2-YFP/Col-0 (F1) and 35S::FLAG-RBOHD/rbohD x 35S::YFP-
6Myc/Col-0(F1) plants. The experiment was repeated three times with similar results.

¢ 358::FLAG-RBOHD/35S::CRK2-YFP/rbohD plants with 1 uM flg22 treatment. M: Protein molecular marker, *:
unspecific signal. Total protein from rbohD was used for immunoblot of input as a negative control.

d Schematic representation of RBOHD structure. EF-hands (AAs 257-329), TM: transmembrane domains (AAs 374 -
605), FAD: FAD-binding domain (AAs 613-730), NADPH: NADPH-binding domain (AAs 736-904), RBOHD/N:
RBOHD N-terminal region (AAs 1-376), RBOHD/C: RBOHD C-terminal region (AAs 606-922); C1: RBOHD/C1
(AAs 606-741),C2: RBOHD/C2 (AAs 696-831), C3: RBOHD/C3 (AAs 787-922).

e In vitro pull-down analysis of direct interaction between RBOHD and CRK2. MBP, 6His-MBP-RBOHD/N and
6His-MBP-RBOHD/C were incubated with 6His-GST-CRK2cyto and pull down with GST followed by
immunoblotting with anti-6His and anti-MBP antibodies. 6His-GST-CRK2cyto: 68.5 kDa, 6His-MBP-
RBOHD/N: 84.7 kDa, 6His-MBP-RBOHDY/C: 78.4 kDa, MBP: 50.8 kDa. The experiment was repeated two times
with similar results.
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Fig. 4 CRK2 phosphorylates the cytosolic regions of
RBOHD in vitro.

a and b Autophosphorylation and transphosphorylation
were visualized with [y-"P] ATP and autoradiography
(upper panel). Input proteins were stained with coomassie
brilliant blue (CBB) (lower panel). Experiments were
repeated three times with similar results. 6His-GST-
CRK2cyto: 68.5 kDa, 6His-MBP-RBOHD/N: 84.7 kDa,
6His-MBP-RBOHD/C1:57.9 kDa, /C2:57.8 kDa,
/C3:58.4kDa, 6His-MBP: 44.3 kDa.

a In vitro transphosphorylation of 6His-MBP-RBOHD N-
terminus by 6His-GST-CRK2cyto. 6His-MBP-
RBOHD/N or 6His-MBP was incubated with 6His-GST-
CRK2cyto in kinase buffer.

b In vitro transphosphorylation of 6His-MBP-RBOHD C-
terminus by 6His-GST-CRK2cyto. 6His-MBP-
RBOHD/C1, /C2, /C3 or 6His-MBP was incubated with
6His-GST-CRK2cyto in kinase buffer.
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Fig. 5 CRK2 modulates the ROS-production activity of
RBOHD via phosphorylation of the C-terminus in

HEK293T cells.

a Effect of mutations of CRK2-dependent in vitro
phosphorylation sites in the N-terminal cytosolic region of
RBOHD. 3FLAG-RBOHD (WT, S8A or S39A) was
transiently co-expressed with either 3Myc-GFP or CRK2-
3Myc in HEK293T cells. After 30 min 1 uM ionomycin
was added to the medium to promote Ca’" influx. Values
represent mean £SEM of n = 3. E.V. = empty vector. The

experiment was repeated three times with similar results.

b Effect of mutations in the CRK2-dependent in vitro
phosphorylation sites in the C-terminal cytosolic region of
RBOHD. 3FLAG-RBOHD (WT, S611A, S703A or
S862A) were transiently co-expressed with either 3Myc-

GFP or CRK2-3Myc in HEK293T cells. After 30 min

1

uM ionomycin was added to the medium to promote Ca”
influx. Values represent mean £+SEM of n=3. E.V. =empty
vector. The experiment was repeated three times with

similar results.
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Fig. 6 RBOHD S703 is involved in regulation of fig22-induced ROS production.

a - ¢ Quantification of RBOHD phosphorylation in Col-0 upon flg22 treatment. 12-day-old seedlings were treated
with water (-) or 1 uM fig22 (+) for 5 min. Total proteins were digested with trypsin (S8 and S39) or Lys-C (S703) and
phosphopeptides were enriched, and then selected phosphopeptides were quantified by LC-MS/MS. Box plots show
MS?2 fragment peak ion areas of indicated phosphopeptides (n = 4). Differences between water- or flg22-treated
samples were evaluated with One-way Anova (DF = 1) with Tukey-Kramer HSD, *** p<0.001, ns, not statistically
significant.

a RBOHD S8 residue (F value=0.4745).

b RBOHD S39 residue (F value=51.3297).

¢RBOHD S703 residue (F value=41.0851).

d flg22-induced ROS production in RBOHDpro::3FLAG-RBOHD/rbohD #1-3 and RBOHDpro::3FLAG-
RBOHD""/rbohD #3-2. Leaf discs from 28-day-old plants were treated with 200 nM flg22. Box plot shows
cumulative ROS production over 40 min (upper right). Values represent mean £SEM of n > 23. Difference between
lines was evaluated with One-way Anova (F value = 4.4509, DF = 1) with Tukey-Kramer HSD, * p < 0.05. The
experiment was repeated three times with similar results.
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Fig. 7 Phosphorylation sites in the C-terminal region are conserved in plants and animals.
Phylogenetic tree showing that plant RBOHs form a single clade which is parallel to the NADPH oxidases NOX2 and
NOXS5B from Homo sapiens. The tree was constructed using FASTTREE from a PAGAN alignment in WASABI,
1000 bootstraps were calculated with RAXxML. The full sequence alignment can be found in Wasabi at
http://was.bi?id=JauZ6q. Plant species included were: Arabidopsis thaliana (At), Capsella rubella (Cr), Prunus

S not

persica (Pp), Solanum lycopersicum (SI), Aquilegia coerula (Ac), Oryza sativa (Os), Sorghum bicolor (Sb),
Amborella trichopoda (Atr), and Marchantia polymorpha (Mp). Numbers of phospho-sites in the meme figures
represent the position of the amino acid in RBOHD from Arabdiopsis thaliana. Arrows indicate the position of the
phospho-site (S or T) or corresponding amino acid.
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Fig. 8 Schematic model for MAMP-triggered RBOHD activation.

MAMPs are recognized by MAMP receptor complexes. RBOHD N-terminus is phosphorylated by BIK1 and SIK1
and apoplastic ROS production is induced. Apoplastic ROS production by RBOHD leads to Ca’" influx into the
cytosol. Ca*-binding to RBOHD N-terminus and to CPKs leads to Ca’-dependent activation of RBOHD. We found
that CRK?2 also contributes to the activation of RBOHD via phosphorylation of'its C-terminus at S703. CRK2 can also
mediates inhibition of MAPK activation and callose deposition via CALS after MAMP perception. MPK, mitogen-
activated protein kinase; MP2K, MPKK; MP3K, MPKKK.
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