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Short title: BIR3 negatively regulates and stabilizes BAK1 

One-sentence summary: The receptor kinase BIR3 negatively regulates cell surface 
receptor complexes and thereby prevents unwanted activation of immune and 
hormone responses. 
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ABSTRACT 
BAK1 is a co-receptor and positive regulator of multiple ligand-binding leucine-rich-
repeat receptor kinases (LRR-RKs) and is involved in brassinosteroid (BR)-
dependent growth and development, innate immunity and cell death control. The 
BAK1-interacting LRR-RKs BIR2 and BIR3 were previously identified by proteomics 
analyses of in vivo BAK1 complexes. Here we show that BAK1-related pathways 
such as innate immunity and cell death control are affected by BIR3 in Arabidopsis 
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thaliana. BIR3 also has a strong negative impact on BR signaling. BIR3 directly 
interacts with the BR receptor BRI1 and other ligand-binding receptors and negatively 
regulates BR signaling by competitive inhibition of BRI1. BIR3 is released from BAK1 
and BRI1 after ligand exposure and directly affects the formation of BAK1 complexes 
with BRI1 or FLAGELLIN SENSING2. Double mutants of bak1 and bir3 show 
spontaneous cell death and constitutive activation of defense responses. BAK1 and 
its closest homolog BKK1 interact with and are stabilized by BIR3, suggesting that 
bak1 bir3 double mutants mimic the spontaneous cell death phenotype observed in 
bak1 bkk1 mutants via destabilization of BIR3 target proteins. Our results provide 
evidence for a negative regulatory mechanism for BAK1 receptor complexes in which 
BIR3 interacts with BAK1 and inhibits ligand-binding receptors to prevent BAK1 
receptor complex formation.  
 

INTRODUCTION 1 

Plants recognize external signals using cell surface receptors to perceive their 2 

environment or developmental status and adapt to changing needs. In Arabidopsis 3 

thaliana, members of the receptor kinase family, one of the largest protein families, 4 

facilitate the perception of a wide spectrum of signals and the activation of 5 

downstream signaling (Lehti-Shiu et al., 2009a). Leucine-rich repeat receptor kinases 6 

(LRR-RK), the largest subfamily of receptor kinases, function in many aspects of 7 

plant growth, development and interaction with the environment (Gou et al., 2010). 8 

The BRASSINOSTEROID INSENSITIVE1 (BRI1)-ASSOCIATED KINASE (BAK1) 9 

belongs to a five-member LRR-RK subfamily with five LRRs, called SOMATIC 10 

EMBRYOGENESIS RECEPTOR KINASE1 to 5 (SERK1-5) (Hecht et al., 2001). 11 

BAK1/SERK3 is a general regulator of other LRR-RKs (Chinchilla et al., 2009) by 12 

acting as an interactor and positive regulator of ligand-binding receptors (Chinchilla et 13 

al., 2007; Heese et al., 2007; Roux et al., 2011; Ladwig et al., 2015). The best-14 

studied BAK1 interaction partners are FLAGELLIN SENSING2 (FLS2), which senses 15 

bacterial flagellin (or the derived epitope flg22), and BRI1, the major Arabidopsis 16 

thaliana brassinosteroid (BR) receptor. Biochemical and genetic analyses revealed 17 

that BAK1 is involved in both the BRI1 and FLS2 signaling pathways (Li et al., 2002; 18 

Nam and Li, 2002; Chinchilla et al., 2007; Heese et al., 2007). Analyses of the crystal 19 

structures of the ligand-bound trimolecular receptor complexes have shown how 20 

SERK co-receptors bind to ligand-binding LRR-RKs as well as to the receptor-bound 21 

ligands (Santiago et al., 2013; Sun et al., 2013a; Sun et al., 2013b). Ligand-induced 22 

association with co-receptors is essential for transmembrane activation of RKs (Song 23 

et al., 2016; Hohmann et al., 2017). Subsequent transphosphorylation steps lead to 24 

full activation of the cytoplasmic kinase domains and the initiation of signaling (Wang 25 
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et al., 2008; Cao et al., 2013; Bojar et al., 2014). Besides FLS2 and BRI1, BAK1 can 26 

interact with several other LRR-RKs such as the endogenous AtPEP peptide 27 

RECEPTOR1 and 2 (PEPR1/PEPR2) (Postel et al., 2010; Tang et al., 2015), 28 

ELONGATION FACTOR TU RECEPTOR (EFR) (Roux et al., 2011), the 29 

PHYTOSULFOKINE RECEPTOR (PSKR1) (Ladwig et al., 2015; Wang et al., 2015a) 30 

and ERECTA (Meng et al., 2015). In addition, interaction of BAK1/SERK3 with the 31 

LRR-RK SUPPRESSOR OF BAK1-INTERACTING RECEPTOR1 (SOBIR1) as part 32 

of a bimolecular receptor-like protein (RLP) complex was reported (Gust and Felix, 33 

2014; Albert et al., 2015; Meng et al., 2015; Postma et al., 2016), expanding the 34 

spectrum of BAK1- to RLP-mediated processes.     35 

Reduced levels or overexpression of BAK1 leads to deregulated cell death, 36 

indicating that a balanced receptor/co-receptor ratio needs to be maintained to 37 

prevent autoimmune cell death (He et al., 2007; Kemmerling et al., 2007; 38 

Dominguez-Ferreras et al., 2015). Double mutants of bak1 with mutants of its closest 39 

homolog BAK1-LIKE1 (BKK1)/SERK4 strongly enhance the cell death phenotype of 40 

the bak1 mutants, leading to seedling lethality in double mutant nulls (He et al., 41 

2007). Mutant combinations with the weaker bak1-3 allele show strong dwarfism and 42 

spontaneous cell death but no seedling lethality (Albrecht et al., 2008). BAK1 also 43 

interacts with a small LRR-RK called BAK1-INTERACTING RECEPTOR-LIKE 44 

KINASE1 (BIR1), which also has a strong effect on cell death control (Gao et al., 45 

2009) and with its close relative BIR2 (Halter et al., 2014b). Both proteins belong to 46 

the BIR family of LRR-RKs subgroup Xa, with four members (BIR1 to BIR4). Loss-of-47 

function mutants of BIR2 have a similar effect on cell death control to that described 48 

for BAK1. Furthermore, BIR2 is a negative regulator of BAK1-mediated immunity. 49 

BIR2 acts by constitutively interacting with BAK1 in the absence of ligands and 50 

preventing unwanted interactions with ligand-binding receptors. After ligand 51 

activation, BIR2 is released from the complex and BAK1 can associate with the 52 

ligand-bound receptor complex partners. BIR2 affects flg22- and elf18 (bacterial 53 

elongation factor Tu peptide epitope)-induced signaling, as well as cell death control, 54 

but not BR signaling (Halter et al., 2014b). Other negative regulators of RKs have 55 

been identified, highlighting the importance of tight regulation of these cell surface 56 

perception complexes (for review see:(Couto and Zipfel, 2016)). 57 

Here, we describe an Arabidopsis BIR family protein, BIR3, which has a strong 58 

impact on both BR- and microbe associated molecular pattern (MAMP)-induced 59 
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responses, but only weakly affects cell death control, showing that partially redundant 60 

but also distinct functions have evolved within the BIR family. Unlike the more 61 

specialized function of BIR2, BIR3 exhibits a general molecular mechanism through 62 

its additional interaction with and competitive inhibition of ligand-binding receptors. 63 

 64 

RESULTS 65 

BIR3 is a negative regulator of BR responses, MAMP and cell death signaling  66 

BIR3 was first identified by liquid chromatography/tandem mass spectrometry 67 

(LC/MS/MS) analyses of in vivo BAK1 complexes (Halter et al., 2014b; van Dongen 68 

et al., 2017). BIR3 is expressed in leaves and all other tissues of Arabidopsis 69 

(Supplemental Figure 1A, B) and is plasma membrane-localized (Supplemental 70 

Figure 1C), and it therefore resides in the correct cell compartment for potential 71 

interactions with other RKs such as BAK1. The interaction with BAK1 was confirmed 72 

by directed co-immunoprecipitation (Co-IP) (Supplemental Figure 1D, E), Förster 73 

resonance energy transfer-fluorescence lifetime imaging (FRET-FLIM), yeast-two-74 

hybrid (Y2H) and bimolecular fluorescence complementation (BiFC) (Halter et al., 75 

2014b). BIR3 is predicted to encode an LRR-RK with five LRRs and a cytoplasmic 76 

kinase domain that lacks several conserved residues that are thought to be 77 

necessary for kinase activity (Supplemental Figure 2) (Halter et al., 2014b). We 78 

tested the kinase activity of BIR3 using in vitro kinase assays and could not detect 79 

any autophosphorylation activity of the BIR3 kinase domain (KD) or 80 

transphosphorylation of BAK1 (Supplemental Figure 3A). Weak transphosphorylation 81 

of BIR3 by BAK1 and BRI1 was detectable and was more pronounced with GST-82 

tagged than with the His6-tagged recombinant fusion proteins (Supplemental Figure 83 

3B). Thus, in contrast to BIR1 (Gao et al., 2009), but similar to BIR2 (Halter et al., 84 

2014b), BIR3 most likely functions without the need for an enzymatically active 85 

kinase domain. To further analyze this BAK1-interacting protein, we generated 86 

overexpression lines (Supplemental Figure 4, 5). Overexpression of BIR3 led to a 87 

dwarf phenotype (Figure 1 A) that was gene dosage-dependent but independent of 88 

the tag used for fusion proteins (Supplemental Figure 5). In strong homozygous 89 

overexpression lines, the morphology of these plants resembled that of bri1 null 90 

mutants (Clouse et al., 1996), with dark curly leaves and a rosette diameter of about 91 

0.9 cm (Figure 1 A, B, Supplemental Figure 5). Indeed, roots and hypocotyls of BIR3-92 
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FLAG overexpressing plants were insensitive to exogenously applied brassinolide 93 

(BL) over a wide range of concentrations (Figure 1 C, Supplemental Figure 6A-D).  94 

The positive regulatory transcription factor BRI1-EMS-SUPPRESSOR1 95 

(BES1) is dephosphorylated in response to BL and relocates to the nucleus to 96 

activate BL responsive genes (Yin et al., 2002). This effect remained undetectable in 97 

BIR3-FLAG overexpressing plants, as BES1 primarily exists in the phosphorylated 98 

state (Figure 1 D). In wild-type Arabidopsis, multiple genes are down-regulated in 99 

response to BR treatment via a negative feedback mechanism (Mathur et al., 1998). 100 

We therefore analyzed the transcript levels of the BR-responsive genes 101 

CONSTITUTIVE PHOTOMORPHOGENIC DWARF (CPD) and DWARF4 (DWF4) 102 

using qRT-PCR. The expression levels of both genes were significantly increased in 103 

BIR3-FLAG overexpressing seedlings compared to wild type Col-0 seedlings, 104 

indicating that BL signaling is reduced in these lines. After treatment with 1 μM 24-105 

epiBL for 1 h, the relative expression levels of DWF4 and CPD in BIR3-FLAG 106 

overexpressing plants were less reduced than those in wild-type (wt) Col-0 seedlings 107 

(Figure 1 E, F). Together, these data show that the dwarf phenotype of BIR3 108 

overexpressing plants is caused by (almost) complete insensitivity to BL (Figure 1 C-109 

F, Supplemental Figure 6).  110 

To determine if BIR3 also plays a role in other BAK1-dependent signaling 111 

pathways, we tested immune responses such as flg22- or elf18-induced reactive 112 

oxygen species (ROS) production and FLAGELLIN-INDUCED RECEPTOR-LIKE 113 

KINASE1 (FRK1) gene expression, bacterial growth, as well as cell death induced by 114 

the necrotrophic fungus Alternaria (A.) brassicicola. The MAMP-induced ROS burst 115 

was strongly reduced in hemizygous BIR3 overexpressing plants compared to wild 116 

type, as was seedling growth inhibition by flg22 (Figure 2 A, Supplemental Figure 7). 117 

Flg22-induced FRK1 marker gene expression was also reduced in these lines (Figure 118 

2 B), confirming that BIR3 is also a negative regulator of flg22 responses. After 119 

infection of BIR3 overexpressing plants with the bacterial pathogen Pseudomonas 120 

syringae pv. tomato DC3000 (Pto DC3000), no differences in bacterial growth were 121 

detectable (Figure 2 C). After infection with the necrotrophic fungus A. brassicicola, 122 

cell death responses were stronger than those in wt plants, indicating that BIR3 either 123 

negatively regulates defense responses against this non-pathogenic fungus or is 124 

involved in cell death control (Figure 2 D, E). This phenotype resembles that of bak1 125 

mutants, which are impaired in MAMP responses and show stronger cell death 126 
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reactions than wild type (Kemmerling et al., 2007). These antagonistic effects result 127 

in no alterations in bacterial growth (Roux et al., 2011). Taken together, these results 128 

indicate that BIR3 negatively affects BR and MAMP responses as well as cell death 129 

control.  130 

 131 

BIR3 interacts with different ligand-binding receptors and competitively 132 

inhibits BRI1 signaling independently of BAK1 133 

Because of the strong BR phenotype of BIR3 overexpressing plants, we tested for a 134 

protein–protein interaction between BIR3 and the BR receptor BRI1. Co-IP after 135 

transient expression of BRI1-HA and BIR3-YFP in Nicotiana benthamiana showed 136 

that BIR3 indeed associates with BRI1 (Figure 3 A). Endogenous BRI1 also bound to 137 

BIR3-GFP in stably transformed Arabidopsis plants (Figure 3 B). Further evidence for 138 

a BIR3-BRI1 interaction came from LC/MS/MS analyses of BRI1-FLAG 139 

immunoprecipitates, which identified at least five unique high-scoring BIR3 peptides 140 

(Supplemental Table 1, Supplemental Figure 8), thus providing additional support for 141 

the association of BIR3 and BRI1 in vivo. Furthermore, expression of BRI1-GFP in 142 

the BIR3-FLAG overexpressing background led to the complete complementation of 143 

the dwarf phenotype normally observed upon BIR3 overexpression (Figure 3 C, 144 

Supplemental Figure 9). These results show that BIR3 competitively inhibits BR 145 

signaling. That the BIR3 overexpression phenotype can be compensated by 146 

enhancing BRI1 levels points to a direct effect of BIR3 on the BRI1 receptor complex. 147 

BIR3 can also interact with FLS2, EFR and PEPR1, as shown by Co-IP after 148 

transient expression in N. benthamiana (Figure 3 D, E). In addition to its interaction 149 

with BAK1, BIR3 interacts with all ligand-binding LRR-RKs tested. To test whether 150 

these interactions are direct or BAK1-mediated, we performed yeast split ubiquitin 151 

system (SUS) assays, which revealed a likely direct interaction of full-length BAK1 152 

and BIR3 (Figure 4 A). Although weaker than the BAK1-BIR3 interactions, BAK1-153 

BRI1 and BRI1-BIR3 interactions, as well as BIR3-FLS2 interactions, were observed 154 

in yeast (Figure 4 A, Supplemental Figure 10). The direct interaction of BIR3 with 155 

BRI1 was also confirmed by BiFC assays showing reconstitution of YFP when the N- 156 

and C-terminal part of YFP were fused to BIR3 and BRI1, respectively, and 157 

transiently expressed in N. benthamiana (Figure 4 B), suggesting that both proteins 158 

exist in very close proximity in planta. 159 
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We also investigated if BIR3, BAK1 and BRI1 form a tripartite complex. We 160 

performed split-ubiquitin bridge (SUB) assays (Grefen, 2014) to test whether BIR3 or 161 

BAK1 influences the interaction of the respective two other proteins. BIR3 did not 162 

enhance the interaction of BAK1 and BRI1, nor did BAK1 enhance the interaction of 163 

BIR3 and BRI1 (Figure 4 C, D; Supplemental Figure 10), pointing to an independent 164 

and direct interaction of BIR3 and BRI1 that is not affected or mediated by BAK1. 165 

Interaction of BIR3 and BRI1 was also detected in the absence of BAK1 in plants 166 

overexpressing BIR3-FLAG in the bak1-4 mutant background (Figure 4 E). Together, 167 

these data explain the strong phenotype of the BIR3 overexpression lines and the 168 

competitive inhibition of BRI1 by BIR3 via an additional direct and BAK1-independent 169 

interaction and inhibition of the ligand-binding receptor.  170 

 171 

BIR3 is released from BAK1 complexes after ligand binding to their receptors 172 

BIR2 is released from BAK1 after ligand binding to the respective receptors (Halter et 173 

al., 2014b). We therefore tested if this was also the case for BIR3. BIR3 was also 174 

partially released from BAK1 after flg22 and BL treatment in planta (Figure 5 A, B). 175 

The same phenomenon was observed after AtPep1 treatment (Figure 5 A). Only a 176 

fraction of BAK1 was set free after a single ligand treatment, but treatment with a 177 

mixture of flg22, elf18, BL and AtPep1 led to a significantly higher amount of BAK1 178 

being released from the complexes with BIR3 (Figure 5 A), supporting the finding that 179 

BAK1 exists in receptor-specific subpools that can only be addressed by the 180 

respective ligand (Halter et al., 2014a).   181 

 182 

BIR3 negatively regulates complex formation of BAK1 with ligand-binding 183 

receptors 184 

BIR3 is a negative regulator of BR and MAMP responses and constitutively interacts 185 

with BAK1 in the absence of ligands. To determine how BIR3 regulates different 186 

pathways, potentially by directly affecting receptor complex formation at the plasma 187 

membrane, we tested complex formation of BAK1 and FLS2 in bir3 mutants and 188 

BIR3 overexpressing plants. The amount of FLS2 that associated with BAK1 after 189 

flg22 treatment was significantly higher in the bir3 mutants than in wild type. In BIR3 190 

overexpressing lines, an FLS2-BAK1 interaction was not detectable (Figure 5 C), 191 

showing the very strong and direct impact of BIR3 on FLS2-BAK1 complex formation. 192 

Testing for association of BRI1 and BAK1 in the absence and presence of BIR3 193 
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revealed the same effect, with less BAK1 being associated with BRI1 when BIR3-194 

GFP was stably expressed in Arabidopsis (Figure 5 D). Treatment with BL was not 195 

necessary for this interaction, as BAK1 and BRI1 already interacted in the absence of 196 

exogenous ligand application, likely due to the presence of endogenous BR. 197 

Therefore, BIR3 executes its negative regulatory function with the same molecular 198 

mechanism as described for BIR2: by a direct inhibitory effect on FLS2-BAK1 and 199 

BRI1-BAK1 complex formation. 200 

 201 

bir3 mutant lines show unexpectedly weak phenotypes 202 

The above described effects of BIR3 overexpression on MAMP and BR responses, 203 

and on the corresponding receptor complexes, would suggest that opposite 204 

phenotypes should be detectable in bir3 mutants. This is indeed the case for MAMP 205 

responses, as shown with two independent bir3 alleles. Neither allele expressed full-206 

length BIR3 transcripts nor detectable amounts of protein, so both are considered 207 

null mutants (Supplemental Figure 11). These mutants showed opposite phenotypes 208 

compared to the BIR3 overexpressing lines, with stronger seedling growth inhibition 209 

and enhanced ROS bursts after flg22 or elf18 treatment (Figure 6 A, B, Supplemental 210 

Figure 12). However, BL responses such as hypocotyl growth inhibition, root growth 211 

inhibition, BES1 dephosphorylation and CPD or DFW4 expression were not 212 

significantly altered in the bir3 mutants compared to wild type (Figure 6 C, D; 213 

Supplemental Figure 6, 13), although we detected weak, positive effects of up to 100 214 

nM BL treatment on hypocotyl growth in the mutants, and BES dephosphorylation 215 

was slightly more complete in the mutants than in Col-0 plants. In double mutants 216 

with the weak bri1-301 allele (Xu et al., 2008), even a negative influence of the loss 217 

of BIR3 became apparent during this long-term experiment (Figure 6 E-G). This 218 

result indicates that BL and MAMP responses are differentially sensitive to the loss of 219 

BIR3. Also, susceptibility to Pto DC3000 and A. brassicicola was not altered in the 220 

mutants (Supplemental Figure 14). The weakness of the MAMP and BL phenotypes 221 

cannot be explained by the previously described function of BIR3. However, another 222 

phenotype of the bir3 mutants became evident that explains the weak phenotypes of 223 

the bir3 mutants in contrast to the strong effects of BIR3 overexpression.  224 

 225 

BIR3 stabilizes BAK1 and other SERK proteins 226 
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Single bir3 mutants are not impaired in cell death control (Supplemental Figure 14). 227 

In combination with bak1-4 and the weaker bak1-3 allele (Albrecht et al., 2008), bak1 228 

bir3 double mutant plants are small, have curly leaves and show spontaneous cell 229 

death (Figure 7 A,B). Salicylate (SA) and jasmonate (JA) levels were significantly 230 

enhanced and, as a consequence, SA and JA-responsive marker gene expression 231 

(PR1 and PDF1.2, respectively) was elevated in these plants compared to wild type 232 

(Figure 7 C-F). These results indicate that the dwarf phenotype of the bak1 bir3 233 

double mutants is likely caused by constitutive activation of defense responses and 234 

cell death. We also used these double mutants for complementation analyses, as the 235 

single mutants showed only weak phenotypes. Both BAK1 and BIR3 expressed in 236 

the double mutant background restored the dwarf phenotype (Supplemental Figure 237 

15), showing that these morphological changes are indeed caused by the lack of 238 

BAK1 and BIR3. Protein gel blot analysis of endogenous BAK1 in the bir3 mutant 239 

background showed that BAK1 levels were significantly reduced in the bir3 mutants 240 

compared to wild type (Figure 5C, 8 A). In addition, BKK1 levels were enhanced 241 

when this protein was transiently expressed together with BIR3 in N. benthamiana 242 

(Figure 8 B), indicating that BIR3 stabilizes SERK family proteins. The cytoplasmic 243 

domains of BIR3 and SERKs also interacted in yeast two-hybrid assays and in vitro 244 

pulldown assays (Supplemental Figure 16), and BIR3 associated with BKK1 when 245 

transiently expressed in N. benthamiana (Figure 8 C). The bak1 bir3 double mutants 246 

resembled the phenotype of bak1 bkk1 double mutants when the weak bak1-3 allele 247 

was used (Albrecht et al., 2008) (Figure 8 D). The very similar phenotypes of bak1 248 

bir3 and bak1 bkk1 double mutants, along with the stabilizing activity of BIR3 and the 249 

potential to interact with BAK1 and BKK1, provides a potential explanation for the 250 

spontaneous cell death phenotype as a consequence of SERK protein destabilization 251 

in the absence of BIR3.  252 

This explanation could account for the observation that the single mutant 253 

phenotypes were so weak. The destabilization of BAK1 antagonizes the negative 254 

regulatory action of BIR3 that would result in stronger responses in the mutants. 255 

However, as the positive regulator BAK1 is destabilized in the mutants, this negative 256 

effect is leveled out and results in weak if any phenotypes. To test this hypothesis, 257 

we expressed BAK1 under its native promoter in the bak1-4 bir3-2 double mutant 258 

background and compared this line to the bir3-2 mutants, finding that the BAK1-259 

expressing lines showed stronger BL responses (Figure 9 A-D). In addition, the 260 
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typically elongated petioles and leaves of these lines are indicative of enhanced BL 261 

responsiveness (Supplemental Figure 15). One could argue that this effect is due to 262 

increased expression of the positive regulator BAK1. To test this, we created isogenic 263 

lines expressing BAK1 in the bak1-4 single mutant background as a control. We 264 

measured BAK1 expression in both lines and found that BAK1-GFP levels were 265 

slightly lower in the double mutant background compared to the control (Figure 9 E). 266 

Again, the responses were stronger in the BAK1-GFP-expressing double mutants, 267 

even compared to the isogenic BAK1-GFP bak1-4 control line, which expressed 268 

slightly more BAK1 (Figure 9 E-I). This experiment clearly showed that the negative 269 

regulatory function of BIR3 becomes evident when the destabilizing effect of BIR3 is 270 

partially overcome by ectopic expression of BAK1.  271 

 272 

DISCUSSION 273 

BAK1 is well-known as a general regulator of ligand-binding RKs (Chinchilla et al., 274 

2009; Liebrand et al., 2014). Several of these interactions have been studied; 275 

however, few generalizable rules have emerged about BAK1-RK interactions thus 276 

far. BAK1 can interact with BRI1 in the absence of (exogenous) ligands. The release 277 

of the BRI1 KINASE INHIBITOR1 (BKI1) upon BL activation of BRI1 allows for the 278 

efficient association of BAK1 and BRI1, and sequential transphosphorylation events 279 

lead to the activation of BR responses (Li et al., 2002; Nam and Li, 2002; Russinova 280 

et al., 2004; Wang et al., 2008; Jaillais et al., 2011). While BRI1 and BAK1 are highly 281 

active RD-kinases, FLS2 and EFR are non-RD kinases (Dardick and Ronald, 2006). 282 

They do not interact with BAK1 in the absence of ligands (Chinchilla et al., 2007; 283 

Heese et al., 2007; Roux et al., 2011), and kinase activity is only activated after 284 

ligand binding. Moreover, the activation of BAK1 leads to phosphorylation of 285 

BOTRYTIS-INDUCED KINASE1 (BIK1), which in turn phosphorylates BAK1 and 286 

FLS2 and activates downstream responses such as ROS production (Lu et al., 2010; 287 

Zhang et al., 2010). BIR1 interacts constitutively with BAK1 but not with other RKs 288 

such as FLS2, PEPR1 and CLAVATA and plays a role in cell death control but not in 289 

BR or MAMP signaling (Gao et al., 2009; Liu et al., 2016). BIR2 also constitutively 290 

interacts with BAK1 and is released after ligand binding to BAK1-interacting RKs, 291 

allowing for the interaction of BAK1 with the ligand-bound RKs. BIR2 negatively 292 

influences BAK1-RK complex formation via a direct interaction with BAK1, but not 293 

with ligand-binding receptors, and it plays a role in cell death control and MAMP 294 
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signaling but not in BR responses (Halter et al., 2014b). Together with BIR2, BIR3 295 

was found to comprise part of in vivo BAK1 complexes. Arabidopsis plants 296 

overexpressing BIR3 showed a very strong dwarf phenotype characterized by almost 297 

complete BL insensitivity. Impairment in BR signaling is a phenotype that was not 298 

observed for bir1 or bir2, while impairment in cell death control, which is a major trait 299 

of bir1 and, to a lesser extent, of bir2 mutants, was absent in bir3 single mutants. 300 

These results indicate that BIR proteins have overlapping and distinct functions that 301 

evolved after the duplication of these RK genes. 302 

In Co-IP experiments, BIR3 was found in BRI1 complexes, suggesting that 303 

BIR3 might use an alternative mechanism to exert a strong impact on BR signaling. 304 

From these experiments, it was not clear whether this is a direct interaction of BRI1 305 

and BIR3 or an indirect interaction mediated by BAK1. Split-ubiquitin assays revealed 306 

a direct interaction of BIR3 with BRI1, which was confirmed in BiFC assays in planta. 307 

It is unlikely that a tripartite complex forms, as in split-ubiquitin bridge assays, none of 308 

the tested combinations with BAK1 or BIR3 with the two other proteins showed 309 

enhanced interactions. The observation that BIR3 directly interacts with BRI1 in a 310 

BAK1-independent manner suggests that BIR3 interacts with and negatively 311 

regulates both BAK1 and BRI1 independently. Therefore, BIR3 uses a mechanism 312 

distinct from that of BIR1 and BIR2 to exert a strong negative effect on BR signaling. 313 

BIR3 can interact with other ligand-binding receptors such as FLS2, EFR, and 314 

PEPR1, providing additional evidence that BIR3 not only interacts with BAK1, as 315 

shown for BIR1 and BIR2, but it also interacts with ligand-binding receptors to 316 

negatively regulate complex formation and downstream signaling. 317 

This notion is supported by the finding that BRI1 overexpression rescued the 318 

BIR3 overexpression phenotype, pointing to a competitive inhibition of BRI1 by BIR3 319 

that can be overcome by enhancing BRI1 levels. The quantitative effects of 320 

hemizygous BIR3 overexpression also support the model of competitive inhibition, 321 

since higher BIR3 expression levels led to stronger blocking of the BR responses. 322 

Homozygous BIR3 overexpressing lines were largely insensitive to BL and 323 

resembled bri1 null mutants. BIR3 can interact with all functional SERK proteins 324 

(Supplemental Figure 16). If BIR3 solely blocks BAK1 and other SERKs, BRI1 325 

overexpression would not be able to rescue the BR phenotype, as SERKs are 326 

indispensable for BR signaling (Gou et al., 2012). Complementation of BIR3 327 

overexpressing lines by BRI1 overexpression was complete, even when BIR3 was 328 
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expressed at high levels. Complementation with BAK1 overexpression was only 329 

partial, showing that BRI1 complementation is more effective (Supplemental Figure 330 

17). In the absence of BAK1, BIR3 overexpression still led to a dwarf phenotype, 331 

showing that proteins other than BAK1 must be targets of BIR3 (Supplemental Figure 332 

18). This demonstrates that BIR3 uses two independent mechanisms to block BR 333 

responses: it interacts with BAK1 and other SERKs, but also with BRI1, leading to a 334 

very efficient inhibition of BR responses that is not observed for BIR2.  335 

BIR3 not only negatively regulates BR responses, but it also has a strong 336 

negative influence on MAMP signaling that coincides with the almost complete 337 

inhibition of FLS2-BAK1 complex formation. This blocks flg22-induced responses 338 

through a direct inhibitory effect on receptor complexes at the plasma membrane. As 339 

with BIR2, BIR3 was released from BAK1 after ligand-induced activation of the 340 

receptor complexes and, as shown for BIR2, this effect was dependent on the 341 

individual ligands used. Each ligand caused partial release of BIR3 from BAK1, but a 342 

mixture of different known ligands enhanced the release, supporting the existence of 343 

preformed complexes of BAK1 with individual ligand-binding receptors that can only 344 

be affected by their respective ligands (Bücherl et al., 2013). BIR3 could be 345 

considered to act as a ’bodyguard’ for BAK1 to keep its function under control in the 346 

absence of ligands. Like BIR2, BIR3 is kinase-inactive and likely functions as an 347 

inhibitor of BAK1 complex formation by interacting with BAK1 independently of any 348 

kinase activity. In contrast to BIR2, transphosphorylation of BIR3 is very weak and 349 

was only detectable in in vitro transphosphorylation assays when using a highly 350 

active GST-fusion construct, suggesting that the BAK1-BIR3 interaction may not be 351 

dependent on phosphorylation events and that BIR3 exerts its function only through 352 

its affinity to RKs (Supplemental Figure 3).  353 

Cell death regulation is a common role of BIR1 and BIR2. In bir3 single 354 

mutants, we were unable to detect elevated cell death, indicating that this trait has 355 

been gradually lost within the paralogous protein family. In combination with bak1, 356 

double mutants showed a severe dwarf phenotype with spontaneous cell death. The 357 

finding that BIR3 can interact with all SERKs and stabilizes them led us to the 358 

conclusion that the absence of BIR3 might destabilize BAK1 and BKK1, leading to a 359 

de facto bak1 bkk1 mutant phenotype. The very similar phenotype of both double 360 

mutants confirms this observation, explaining the bak1 bir3 double mutant phenotype 361 

as a cell death response caused by the absence of BAK1 and BKK1 (He et al., 362 
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2007). This negative regulation is likely posttranscriptional, as BAK1 and BKK1 363 

transcript levels were not altered in the bir3 mutant compared to wild type 364 

(Supplemental Figure 19 A, B). Yamada et al. (2016) reported that depletion of BAK1 365 

primes PEPR-mediated cell death responses, and de Oliveira et al. (2016) suggested 366 

that cysteine-rich receptor kinases (CRK) might be client proteins of protein 367 

glycosylation involved in BAK1-regulated cell death. Therefore, sensitizing pro-death 368 

RKs by depleting BAK1 via the loss of BIR3 might be involved in bir3 bak1-mediated 369 

cell death.  370 

The bir3 single mutants have only very weak phenotypes. MAMP responses 371 

are enhanced in these mutants, indicating that BIR3 negatively regulates MAMP 372 

responses, but the effects are rather weak and are absent for BR responses. The 373 

stabilization and sequestration of BAK1 might be two distinct functions of BIR3. The 374 

destabilizing activity of bir3 antagonizes its effects on MAMP and BR responses. By 375 

destabilizing BAK1, the hyper-responsiveness of the bir3 mutants might be masked 376 

by the negative effect of reduced BAK1 levels. Expression of BAK1-GFP in the bak1 377 

bir3 background led to a BL hyper-responsive growth phenotype (Supplemental 378 

Figure 15), with elongated leaves. This morphology resembles elongated mutants 379 

that are hyper-responsive to BL (Chung et al., 2012), confirming that the hyper-380 

responsiveness phenotype of the bir3 mutants becomes more evident when BAK1 381 

levels are enhanced by ectopic expression. Moreover, these lines showed enhanced 382 

root growth inhibition after BL treatment and were less responsive to brassinazole 383 

(BRZ), an inhibitor of BL biosynthesis, treatment than BAK1 expressing plants in the 384 

bak1-4 single mutant background (Figure 9), confirming the negative regulatory 385 

function of BIR3 on the BR pathway when BAK1 levels are stabilized by ectopic 386 

expression. This also confirms that expressing each of the two proteins in the bak1 387 

bir3 double mutant can rescue its dwarf phenotype, showing that indeed the loss of 388 

both BAK1 and BIR3 is the cause of this phenotype. This experiment also proves the 389 

functionality of BIR3-GFP fusion proteins. 390 

Excessive activation of immune receptors can lead to deleterious 391 

consequences in mammals and plants, such as septic shock or autoimmune cell 392 

death (Singer et al., 2016; van Wersch et al., 2016). Therefore, the tight regulation 393 

and fine-tuning of receptor activation is essential. There are many examples showing 394 

that receptors need to be well controlled. In mammals, for example, soluble versions 395 

of TOLL-like receptors regulate receptor activation, likely by competing for ligand 396 



 

14 

 

binding with the full receptors and blocking signal transduction (Henrick et al., 2016). 397 

Other mechanisms include dissociation of adapter proteins, ubiquitination or de-398 

ubiquitination, deactivation of the receptor complexes or interaction with inactive 399 

downstream partners such as the pseudokinase INTERLEUKIN RECEPTOR 400 

ASSOCIATED KINASE M (IRAK-M) (Kobayashi et al., 2002; Kawai and Akira, 2010). 401 

BAK1 is a central co-receptor of several LRR-RKs and RLPs and is therefore an ideal 402 

target for the regulation of multiple signaling pathways. Protein phosphatases (PP) 403 

such as PP2A (Segonzac et al., 2014) and KINASE ASSOCIATED PROTEIN 404 

PHOSPHATASE (KAPP) (Ding et al., 2007) negatively regulate BAK1 downstream 405 

signaling, likely by dephosphorylating BAK1 or the interacting RKs, respectively.  406 

The pseudokinase BIR2 constitutively interacts with BAK1 and prevents BAK1 407 

complex formation with ligand-binding receptors such as FLS2 (Halter et al., 2014b). 408 

BRI1, another LRR-RK with strong auto- and transphosphorylation activity, is also 409 

negatively regulated by a combination of multiple mechanisms: phosphorylation 410 

events, intramolecular inhibition by its own C-terminus and inhibition by interacting 411 

proteins such as BKI1, PP2A and BIK1 (Wang et al., 2005a; Wang and Chory, 2006; 412 

Wang et al., 2008; Jaillais et al., 2011; Oh et al., 2011; Wu et al., 2011; Oh et al., 413 

2012; Lin et al., 2013; Wang et al., 2015b). These examples show that negative 414 

regulation at multiple levels and through multiple mechanisms is very important to 415 

assure balanced and fine-tuned activation and deactivation of RK signaling. BIR3 is a 416 

potent inhibitor of RK signaling by directly interacting with BAK1 and with ligand-417 

binding receptors to negatively regulate receptor complex association, adding 418 

another component of negative receptor regulation to the network. 419 

 Although the BIR family proteins are very similar in terms of sequence (41-420 

74% identical at amino acid residue level) and domain structure, our data suggest 421 

that plants have evolved new molecular functions and mechanisms after duplication 422 

events within the BIR subfamily of LRR-RKs. Here, we describe a mechanism for the 423 

negative regulation of RK-mediated processes. In contrast to the other BIRs, BIR3 424 

associates not only with BAK1 but also with ligand-binding receptors such as FLS2 425 

and BRI1. Direct interaction with the corresponding ligand-binding receptors results in 426 

a stronger inhibitory effect of BIR3 compared to BIR2 (Halter et al., 2014b). The 427 

affinity of BIR3 for BAK1 is used to stabilize BAK1, which does not accumulate to 428 

normal levels in the absence of BIR3. The stabilization of a positive regulator 429 

antagonizes the negative regulatory function of BIR3 and results in unexpectedly 430 
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weak or even negative effects in the mutants (Figure 10). It will be interesting to see 431 

whether these two functions can be dissected or if stabilization and negative 432 

regulation are both consequences of the affinity of BAK1 for BIR3. During evolution, 433 

new molecular functions and mechanisms have evolved after the duplication of RK 434 

genes (Lehti-Shiu et al., 2009b). The evolution of the different functions of the BIR 435 

family proteins, namely their influence on cell death control versus their inhibitory 436 

effects on LRR-RK-mediated signaling, will be an interesting topic for future analyses. 437 

 438 

 439 

METHODS 440 

Plant material and growth conditions 441 

The Arabidopsis thaliana T-DNA insertion mutants used in this study are bir3-1 442 

(Salk_132078) and bir3-2 (Salk_116632). Stable transgenic Pro35S:BIR3 plants 443 

were obtained by floral dipping of pB2GW7-BIR3 into Col-0 wildtype plants (Clough 444 

and Bent, 1998). Stable transgenic lines containing ProBAK1:BAK1-GFP and 445 

ProBIR3:BIR3-GFP in the bak1-4 bir3-2 background were constructed by 446 

Agrobacterium-mediated transformation of heterozygous bak1-4-/- bir3-2+/- and 447 

bak1-4+/- bir3-2-/- lines, respectively. Kanamycin-resistant seedlings were grown for 448 

three generations to obtain stable BAK1-GFP and BIR3-GFP transformants in a 449 

double-null bak1-4 bir3-2 background, as well as isogenic BAK1-GFP transformants 450 

in a bak1-4 background and BIR3-GFP transformants in a bir3-2 background. 451 

Transformants were selected by genotyping for wt, T-DNA inserted and GFP-tagged 452 

BAK1 and BIR3 genes.  453 

Plants were grown for 5 to 6 weeks on soil in growth chambers under short 454 

day conditions (8 hr light, 16 hr dark; 22°C; 110 µEm-2 s-1, Osram lumilux cool white 455 

fluorescence tube lamps), for four weeks under long day conditions (16hr light, 8 hr 456 

dark, Osram lumilux cool white fluorescence tube lamps), or on ½  MS medium. 457 

Constructs used in this work 458 

Full-length and kinase domain constructs of BAK1 and BIR3 were obtained as 459 

described by (Kemmerling et al., 2007; Halter et al., 2014b). Full-length clones for the 460 

RLKs PEPR1, FLS2 and EFR were obtained from ABRC (provided by Steve Clouse) 461 

as N1g73080_ZEF and N5g646330_ZEF and N5G20480_ZEF. The BRI1 coding 462 

sequence was amplified from cDNA with primers listed in Supplemental Table 2 and 463 
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cloned into pCR8 TOPO vector (Life Technologies). The BKK1 coding sequence was 464 

amplified from cDNA with primers listed in Supplemental Table 2 and cloned into 465 

pCR8 TOPO vector (Life Technologies).   466 

To create stable BIR3-overexpressing Arabidopsis plants, the BIR3 coding 467 

sequence was cloned into pB2GW7 (35S promotor, no tag) (Karimi et al., 2002), and 468 

in pBIB-HYG (Gou et al., 2010) for C-terminal FLAG fusion, transformed into 469 

Agrobacterium strain GV3101, and used for floral dipping of Arabidopsis plants 470 

(Clough and Bent, 1998). The full-length genomic construct of BAK1 fused to GFP 471 

was obtained as described by (Albrecht et al., 2012). The endogenous promotor 472 

pBIR3-BIR3-GFP construct was generated by recombination of the following three 473 

entry clones and pK7m34GW: 1156 bp upstream promoter region of BIR3 cloned 474 

with XhoI-SacII in pDONRP4-P1r; the BIR3 gene amplified from genomic DNA and 475 

cloned into pENTRD-TOPO (Invitrogen) and pDONRP2r-P3-GFP (Karimi et al., 476 

2007).  477 

For transient protein expression in N. benthamiana under the control of the 478 

35S-promotor, BIR3 full-length constructs were recombined into pB7YWG2 vector 479 

(Karimi et al., 2002) to obtain C-terminal YFP fusion and in pBIB-HYG for C-terminal 480 

FLAG fusion. FLS2, PEPR1, EFR1 and BKK1 were cloned into pGWB17 (Nakagawa 481 

et al., 2007) to obtain C-terminal 4xMYC fusions, BRI1 and BKK1 were cloned into 482 

pGWB14 (Nakagawa et al., 2007) to obtain C-terminal 3xHA fusions, and the BRI1 483 

coding sequence was cloned into pBIB-BASTA (Gou et al., 2010) for C-terminal GFP 484 

fusions. 485 

For the yeast split-ubiquitin assays, the vectors pMetYC-Dest (Met repressible 486 

expression of protein with C-terminal Cub-ProteinA- LexA-VP16) and pXNubA22-487 

Dest (constitutive expression of protein with C-terminal NubA-3xHA), pMetYC-BAK1 488 

and pXNubA22-BRI1 were obtained from (Grefen et al., 2009). The full-length BIR3 489 

coding sequence was recombined into the Gateway vectors pXNubA22-Dest and 490 

pMetYC-Dest. For the split ubiquitin bridge assays, full-length BIR3 and BAK1 were 491 

recombined into pZMU-Dest. 492 

For the yeast two hybrid assays, the cytoplasmic domains of SERK1-4 were 493 

cloned into pGADT7 for activation domain fusions and the BIR3 cytoplasmic domain 494 

was cloned into pGBKT7 for binding domain fusions. GST-BAK1 was described 495 

elsewhere (Wang et al., 2008). 496 
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For the BIFC assays, BIR3 and BRI1 were recombined into the Gateway 497 

vectors pUBC-cYFP and pUBC-nYFP (Grefen et al., 2010) to obtain C-terminal 498 

fusions to the N- or C-terminal half of YFP under the control of the ubiquitin10 499 

promotor.  500 

For recombinant protein expression in E. coli and the kinase assays, the 501 

kinase domains of BAK1, BAK1 K317E, and BIR3 were recombined into pDest15 to 502 

create GST-fusions and into pDest17 to create HIS6-fusions. The GST-BAK1 and 503 

FLAG-BRI1 constructs used in the BIR3 transphosphorylation assays are described 504 

elsewhere (Wang et al., 2008). 505 

For the in vitro interaction assays, the cytoplasmic domains of SERK1-4 were 506 

cloned into pFLAG-MAC for the FLAG fusions, and the cytoplasmic domains of BIR1-507 

3 were cloned into pMal-C2 for the MBP fusions. 508 

All primers used are listed in Supplemental Table 2. 509 

LC/MS/MS analysis  510 

The BRI1-FLAG transgenic lines, plant growth conditions and IP protocols were as 511 

previously described (Wang et al., 2005b). LC/MS/MS analysis was performed on an 512 

Agilent 1100 series capillary LC system (Agilent Technologies, Palo Alto, CA) 513 

coupled directly online with an LCQ Deca ion trap mass spectrometer (Thermo 514 

Finnigan, San Jose, CA) using previously described conditions (Wang et al., 2005), 515 

except that MS/MS spectra were searched against the TAIR10 database with Mascot 516 

version 2.5.1. 517 

 518 

Infection procedures 519 

Pseudomonas syringae pv. tomato DC3000 infections were performed as described 520 

by Mosher et al. (2012). Alternaria brassicicola infection assays were carried out as 521 

described by Kemmerling et al. (2007). 522 

 523 

Histochemical assays 524 

Cell death and fungal mycelium was detected with trypan blue staining as described 525 

in Kemmerling et al. (2007). 526 

 527 

Oxidative burst measurements 528 

Oxidative bursts were measured using a luminol-based assay as described in Halter 529 

et al. (2014b). 530 
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 531 

Hormone measurements 532 

Salicylate and jasmonate contents were measured as described by Lenz et al. 533 

(2011). 534 

 535 

Kinase activity assays 536 

Recombinant protein expression was performed as described in Halter et al. (2014b). 537 

Kinase activity assays were performed primarily as described by Schwessinger et al. 538 

(2011) but incubated for 1 hour at 37°C with shaking. Kinase assays using GST-539 

BAK1 were performed as described by Wang et al. (2008).   540 

 541 

RT-PCR analysis 542 

Transcript levels were analyzed by standard or quantitative RT-PCR (qRT-PCR) 543 

using SYBR-green as a dye as described by Mosher et al. (2012) with primers listed 544 

in Supplemental Table 2.  545 

 546 

In vitro interaction assays 547 

All constructs were transformed into E. coil BL21(DE3) pLysS. SERK1, SERK2, 548 

BAK1 and BKK1 were purified with Anti-FLAG M2 Affinity Gel beads (Sigma-Aldrich) 549 

according to the manufacturer’s protocols. MBP, MBP-BIR1, MBP-BIR2, MBP-BIR3 550 

were immobilized with amylose resin (New England Biolabs) following standard 551 

protocols. Three micrograms of FLAG fusion proteins were preincubated with 10 μL 552 

prewashed amylose resin in 120 μL incubation buffer (1 mM NaCl, 20 mM MgCl2, 553 

0.2% Triton X-100, and 0.1 M HEPES at pH7.2) for 1 h at 4oC. After centrifugation, 554 

the supernatant was collected and incubated with prewashed amylose resin with 555 

immobilized MBP or MBP fusion proteins at 4oC for an additional 1 h. The resin was 556 

collected and washed 5 times with washing buffer. The pulled-down proteins were 557 

detected by protein blot with an anti-FLAG antibody.  558 

 559 

Transient expression in Nicotiana benthamiana 560 

Transient Expression in Nicotiana benthamiana was performed as described in Halter 561 

et al. (2014b). 562 

 563 

Co-immunoprecipitations 564 
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Leaves were ground in liquid nitrogen, and 250 µl extraction buffer (50 mM Tris-HCl 565 

pH 8.0, 150 mM NaCl, 1% Nonidet P40, proteinase inhibitor cocktail (Roche)) was 566 

added to each 200 mg powdered tissue sample. The samples were homogenized 567 

and incubated for 1 h at 4°C under gentle shaking. The samples were centrifuged 568 

twice at 4°C and 14,000 rpm for 10 min to obtain a clear protein extract. After 569 

washing with extraction buffer, either 15 µl protein A agarose beads (Roche) were 570 

incubated for 1 h with 5 µl anti-BAK1 or anti-BIR3 antibody, or GFP-trap beads 571 

(Chromotec) were used. Supernatants containing equal amounts of protein were 572 

incubated for 1 h at 4°C with the beads. The beads were washed twice with 50 mM 573 

Tris-HCl pH 8.0, 150 mM NaCl and once with 50 mM Tris-HCl pH 8.0, 50 mM NaCl 574 

before adding SDS sample buffer and heating at 95°C for 5 min.  575 

 576 

SDS-PAGE and immunoblotting 577 

Proteins were separated, blotted, and incubated with antibodies as described by 578 

Schulze et al. (2010) but using 8% SDS gels and the following antibody dilutions: 579 

anti-GFP (Acris), 1:5,000; anti-c-myc (Sigma), 1:5,000; anti-HA (Sigma), 1:2,000; 580 

anti-BAK1 (Agrisera), 1:3,000; anti-FLS2, 1:2,500; anti-BRI1 (Agrisera) 1:5,000; anti-581 

BIR3 antibodies were obtained from rabbits immunized with the peptide 582 

CVGSRDSNDSSFNN fused to KLH (Agrisera) 1:500; anti-BES1 1:2000 and anti-583 

FLAG 1:2000 and anti-rabbit (Sigma), 1:50,000; anti-goat (Sigma), 1:10,000; anti-584 

mouse (Sigma), 1:10,000. Chemiluminescence was detected with the ECL Western 585 

blotting detection system (GE Healthcare) and Kodak XJ300 film or a CCD camera 586 

(Amersham Imager 600). Quantification was done with ImageJ and ImageQuant 587 

software. Intensities of unsaturated bands were quantified and presented as relative 588 

values compared to the respective control after background subtraction. If figures 589 

were reconstituted from images of blots, lanes from the same blot are shown in one 590 

panel of a figure, even if they were in a different order on the original blot (separated 591 

by dotted lines). Data from different blots are shown in separate figure parts.  592 

 593 

Yeast split ubiquitin assay 594 

For direct interaction assays of membrane proteins in yeast, the split-ubiquitin system 595 

(SUS) was used (Grefen et al., 2009). For bridge assays for the detection of tripartite 596 

complexes, the split-ubiquitin bridge assays (SUB) was used as described by Grefen 597 

(2014).  598 
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 599 

BiFC assays 600 

Fusion proteins for BRI1 and BIR3 with the N- or C-terminal part of YFP were 601 

transiently expressed in N. benthamiana (Grefen et al., 2010). Fluorescence of 602 

reconstituted YFP protein was visualized by confocal laser scanning microscopy with 603 

a TCS SP2 confocal laser-scanning microscope three days after infiltration. 604 

 605 

BL assays 606 

Root and hypocotyl growth assays after treatment with BL and BRZ were performed 607 

as described in Halter et al. (2014b) and Albrecht et al. (2008). BL was applied in 608 

protein release studies for 90 min before addition of MAMPs because of the different 609 

timing of BL- and MAMP-induced responses (Wang et al., 2008; Schulze et al., 610 

2010). 611 

 612 

Statistical Methods 613 

Statistical significance between two samples was tested with Student´s t-test, while 614 

statistical significance between groups was analyzed using one-way ANOVA 615 

combined with Tukey’s honest significant difference (HSD) test. Significant 616 

differences are indicated with different letters (p < 0.05); detailed ANOVA results are 617 

given in Supplemental Table 3.  618 

 619 

Accession numbers 620 

Sequence data from this article can be found in TAIR under the following accession 621 

numbers: BIR3: At1g27190; BIR2: At3g28450; BIR1: At3g48380; BAK1/SERK3: 622 

At4g33430; BKK1/SERK4: At2g13790; BRI1: At4g39400; FLS2: At5g46330; EFR: 623 

At5g20480; PEPR1: At1g73080  624 

 625 

Supplemental data 626 

Supplemental Figure 1. Expression and subcellular localization of BIR3 protein 627 

Supplemental Figure 2. Domain structure of BIR3 628 

Supplemental Figure 3. BIR3 is kinase inactive and is weakly phosphorylated by 629 

BAK1 and BRI1 in vitro 630 

Supplemental Figure 4. Expression of BIR3 in overexpression lines 631 
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Supplemental Figure 5. Quantitative effects of BIR3 expression and functional 632 

impact of tagged versions 633 

Supplemental Figure 6. BL and BRZ responses in BIR3 overexpressing plants and 634 

mutants 635 

Supplemental Figure 7. BIR3 overexpressing plants are less sensitive to flg22 than 636 

wild type and all tagged versions of BIR3 are functional 637 

Supplemental Figure 8. BIR3 co-immunoprecipitates with BRI1-FLAG in vivo 638 

Supplemental Figure 9. Expression of BIR3 in BRI1-GFP-expressing plants 639 

Supplemental Figure 10. Split ubiquitin (bridge) assays and expression controls 640 

Supplemental Figure 11. Characterization of BIR3 T-DNA insertion lines 641 

Supplemental Figure 12. ROS production in bir3 mutants and in the complemented 642 

lines after PAMP treatment 643 

Supplemental Figure 13. BL responsive gene expression in bir3 mutants 644 

Supplemental Figure 14. bir3 mutants are not affected in their resistance to Pto 645 

DC3000 or Alternaria brassicicola 646 

Supplemental Figure 15. bak1 bir3 double mutants can be complemented by 647 

expression of BAK1 or BIR3 648 

Supplemental Figure 16. BIR3 interacts with all SERKs in vitro 649 

Supplemental Figure 17. Complementation of BIR3 overexpression phenotypes by 650 

BAK1 or BRI1 overexpression 651 

Supplemental Figure 18. BIR3 inhibits BL signaling in the absence of BAK1 652 

Supplemental Figure 19. Transcript levels of BAK1 and BKK1 in Col-0 and bir3 653 

mutant lines 654 

Supplemental Table 1. Peptides of BIR3 (At1g27190) identified in BRI1-FLAG IP  655 
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929 

Figure Legends 930 

931 

Figure 1: Overexpression of BIR3 leads to BL insensitivity 932 

(A) Photograph of representative morphological phenotypes of 6-week-old Col-0, bak1-4 and933 

two independent lines of hemizygous (+/-) and homozygous (+/+) Pro35S:BIR3 plants. The 934 

scale bar on the left represents 1 cm. (B) Rosette diameter of lines shown in A. Results are 935 

means ± SD. (C) Col-0 and Pro35S:BIR3-FLAG lines were grown vertically for 5 days in the 936 

dark on ½ MS agar plates supplemented or not with the indicated concentrations of 24-Epi-937 

Brassinolide (BL). Hypocotyl length was measured and presented as mean ± SE (n=16). (D) 938 

Seedlings of the indicated genotypes were treated with 1 µM 24-Epi-BL. Phosphorylation of 939 

BES1 was detected as a size shift on protein gel blots probed with -BES1 antibodies. 940 

Amounts of detected proteins were quantified relative to the unphosphorylated BES1 in Col-941 

0. The relative expression level of CPD (E) and DWF4 (F) in Col-0 and BIR3-overexpression942 

seedlings. Relative expression level of CPD and DWF4 was measured by quantitative RT-943 

PCR with ACTIN2 used as the reference gene. The mRNA used for reverse transcription 944 

was extracted from 14-day-old seedlings grown on ½ MS medium with or without 1 μM 24-945 

epiBL treated for 1 h. Data are means ± SD. Different letters indicate significant differences 946 

according to one-way ANOVA and Tukey’s HSD test (p<0.05). The experiments were 947 

repeated at least three times with similar results. 948 

949 

Figure 2: BIR3 overexpressing plants are insensitive to flg22 treatment and show 950 

higher symptom development after Alternaria brassicicola infection than wild type 951 

(A) ROS production was measured as relative light units (RLU) in a luminol based assay.952 

Leaf pieces of Col-0, bak1-4 and hemizygous Pro35S:BIR3 plants were elicited with 100 nM 953 
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flg22 and ROS production was measured over a period of 30 min. Values are mean ± SE 954 

(n=9). (B) FRK1 marker gene expression in Col-0, bak1-4 and homozygous Pro35S:BIR3 955 

plants was measured by qRT-PCR analysis 3 hours after flg22 treatment. FRK1 expression 956 

was normalized to EF1α and plotted relative to the untreated Col-0 control. Results are mean 957 

± SE (n=8). (C) The indicated Arabidopsis lines were infiltrated with 10
4

 cfu/ml of the virulent 958 

bacterial pathogen Pto DC3000. Growth of bacteria was monitored after 0, 2 and 4 days. 959 

Results are mean ± SE (n=8). No significant differences according to ANOVA analysis.  960 

(D) Photograph of representative leaves of five-week old plants of the indicated genotypes961 

12 days after infection with the necrotrophic fungus Alternaria brassicicola. (E) Bonitation of 962 

disease symptoms 7 and 10 days after infection of the lines shown in (D). Shown is the 963 

disease index as mean ± SE (n=12).  964 

Different letters indicate significant differences according to one-way ANOVA and Tukey’s 965 

HSD test (p<0.05). All experiments were repeated at least three times with similar results. 966 

967 

Figure 3: BIR3 interacts with ligand-binding receptors from different pathways 968 

(A,D,E) Pro35S:BIR3-YFP and other indicated constructs were transiently expressed in N. 969 

benthamiana leaves and immunoprecipitation (IP) was performed with GFP-trap beads. 970 

Precipitated BIR3 and co-immunoprecipitated proteins were detected with α-GFP and 971 

antibodies against the tag of the respective protein. Protein input is shown by protein gel blot 972 

analysis (abbreviated WB) of protein extracts before IP and antibodies against the respective 973 

tags. Coomassie brilliant blue (CBB) staining shows protein loading. 974 

(A) Co-IP experiments were performed with BIR3-YFP and BRI1-HA.975 

(B) Pro35S:BIR3-GFP was stably expressed in Arabidopsis and immunoprecipitated with a976 

GFP antibody. Co-immunoprecipitated endogenous BRI1 was detected with BRI1-specific 977 

antibodies.  Protein input is shown by protein gel blot analysis of protein extracts before IP 978 

and antibodies against BRI1 or GFP. Coomassie brilliant blue (CBB) staining shows protein 979 

loading. 980 

(C) Morphological phenotypes of plants stably expressing Pro35S:BIR3-FLAG in the Col-0 or981 

Pro35S:BRI1-GFP background. Numbers indicate line numbers. 982 

(D) Co-IP experiment with BIR3-YFP and FLS2-Myc.983 

(E) Co-IP experiments with BIR3-YFP and EFR-Myc or PEPR1-Myc.984 

All experiments were repeated at least three times with similar results 985 

986 

Figure 4: BIR3 directly interacts with BRI1 independently of BAK1 987 

(A) Split ubiquitin system (SUS) yeast growth assays containing the two indicated proteins988 

fused to the N- and C-terminal parts of ubiquitin were performed (ev = empty vector). Yeast 989 

was grown at three different 1 to 10 dilutions on medium selecting for vector transformation 990 
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(CSM-Leu
−

, Trp
−

) and selecting for interaction (CSM-Leu
−

, Trp
−

, Ade
−

, His
−

, with two different 991 

methionine concentrations). Growth was monitored after 1 day for the vector-selective control 992 

plates and after 3 days for the interaction plates. (B) Bimolecular fluorescence 993 

complementation analyses were performed with BIR3 fused to the C-terminal part of YFP 994 

(BIR3-cYFP) and BRI1 fused to the N-terminal part of YFP (BRI1-nYFP). As controls, both 995 

proteins were combined with the respective YFP part alone. The proteins were transiently 996 

expressed in N. benthamiana and fluorescence was visualized by confocal laser scanning 997 

microscopy. Bar size 100 µm. (C, D) Split ubiquitin bridge (SUB) assays containing the 998 

indicated two proteins of interest fused to the N- and C-terminal parts of ubiquitin and an 999 

additional “bridge” protein (ev = empty vector). Yeast was grown as described in (A). (E) Co-1000 

IP was performed with Arabidopsis seedlings expressing BIR3-FLAG in the bak1-4 1001 

background and with the bir3-2 mutant as controls. Immunoprecipitation (IP) was performed 1002 

with BRI1 antibodies. Precipitated BRI1 and co-immunoprecipitated BIR3 protein were 1003 

detected with specific α-BRI1 and α-BIR3 antibodies, respectively. Protein input is shown 1004 

protein gel blot analysis of protein extracts before IP detected with α-BRI1and α-BIR3 1005 

antibodies. Coomassie brilliant blue (CBB) staining shows protein loading. All experiments 1006 

were repeated at least twice with identical results. Expression of the yeast-expressed 1007 

proteins was verified by protein gel blot analysis (Supplemental Figure 10).  1008 

 1009 

Figure 5: BIR3 regulates receptor complex formation 1010 

Arabidopsis seedlings of the indicated genotypes were treated for 5 min with (A) 1 μM flg22 1011 

or 1 µM AtPep1 or a mix of 1 µM flg22, 1 µM elf18, 1 µM AtPep1 and 90 min before exposure 1012 

to the other ligands with 100 nM 24-Epi-BL and water as control (-), or in (B) with 100 nM 24-1013 

Epi-BL. IP was performed with GFP-trap beads. Precipitated BIR3-GFP and co-1014 

immunoprecipitated BAK1 or BRI1 were detected with specific α-GFP, α-BRI1 and α-BAK1 1015 

antibodies, respectively. Protein input is shown by protein gel blot analysis of protein extracts 1016 

before IP and α-BAK1, α-BRI1 and α-GFP antibodies. Coomassie brilliant blue (CBB) 1017 

staining shows protein loading. (C) Arabidopsis seedlings of the indicated genotypes were 1018 

treated for 5 min with 1 μM flg22 (+) or H
2
O (-). IP was performed with specific α-BAK1 1019 

antibodies. Precipitated BAK1 and co-immunoprecipitated FLS2 were detected with specific 1020 

α-BAK1 and α-FLS2 antibodies, respectively. Protein input is shown by protein gel blot 1021 

analysis of protein extracts before IP and specific α-BAK1 and α-FLS2 antibodies. 1022 

Coomassie brilliant blue (CBB) staining shows protein loading. (D) BIR3-FLAG and BRI1-1023 

GFP were stably expressed in Arabidopsis leaves and IP was performed with GFP 1024 

antibodies and protein A. Precipitated BRI1 and co-immunoprecipitated proteins were 1025 

detected with α-GFP, α-FLAG and BAK1-specific antibodies. Protein input is shown by 1026 

protein gel blot analysis of protein extracts before IP and antibodies against the respective 1027 
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tags or BAK1. All experiments were repeated at least three times with similar results. 1028 

Quantification results relative to the Col-0 controls are given as number inserts in the figures 1029 

 1030 

Figure 6: bir3 mutants show a weak MAMP and BL phenotype (A) Fresh-weight of 12-1031 

day-old Col-0, bir3-1 and bir3-2 seedlings grown for 7 days with or without 100 nM of the 1032 

indicated peptide. The line graph represents the average fresh weight ± SE (n=48), Student´s 1033 

t-test *** p<0.01; ** p<0.05; * p<0.1.  (B) ROS production was measured as relative light units 1034 

(RLU) in a luminol-based assay. Leaf pieces of the indicated Arabidopsis lines were elicited 1035 

with 100 nM flg22 and ROS production was measured over a period of 30 min; cBIR3-GFP is 1036 

a bir3-2 mutant complemented with the genomic coding region under its native promotor. 1037 

Values are mean ± SE (n=9). (C) The indicated Arabidopsis lines were grown vertically for 5 1038 

days in the dark on ½ MS agar plates supplemented with the indicated concentrations of 24-1039 

Epi-BL. Hypocotyl length was measured and presented relative to untreated controls. Values 1040 

are means ± SD, (n=15). (D) Seedlings of the indicated genotypes were treated with1 µM 24-1041 

Epi-BL. Phosphorylation of BES1 was detected as a size shift on protein gel blots probed 1042 

with -BES1 antibodies. Amounts of detected proteins were quantified relative to the 1043 

unphosphorylated BES1 in Col-0. (E) Photograph of representative 24-day-old plants of the 1044 

indicated genotypes from the top (upper panel) and the side (lower panel). (F) Mean plant 1045 

height ± SD (n=5) of the same lines shown in (E). (G) Mean rosette width ± SD (n=5) of the 1046 

lines shown in (E). Different letters indicate statistical differences according to one-way 1047 

ANOVA and Tukey’s HSD test (p<0.05). All experiments were repeated at least three times 1048 

with similar results. 1049 

 1050 

Figure 7: Loss of BIR3 enhances bak1 cell death 1051 

(A) Morphological phenotypes of different allele combinations of bak1 bir3 double mutants 1052 

and the respective single mutants. (B) Trypan blue staining to stain dead cells in leaves of 1053 

the indicated genotypes 4 days after inoculation with Alternaria brassicicola (+) or untreated 1054 

(-). Scale bar represents 0.5 cm. (C, D) qRT-PCRs to analyze PR1 and PDF1.2 marker gene 1055 

expression in leaves of untreated Arabidopsis plants of the indicated genotypes. Gene 1056 

expression was normalized to the housekeeping gene EF1α and is plotted relative to Col-0. 1057 

Results are mean ± SE (n=6). Letters indicate significant differences according to one-way 1058 

ANOVA Tukey’s HSD test (p<0.05). (E, F) Gas-chromatography-MS quantification of SA and 1059 

JA content in 5 week-old leaves of untreated Arabidopsis plants of the indicated genotypes. 1060 

Results are presented as mean ± SE (n=6). Letters indicate significant differences according 1061 

to one-way ANOVA Tukey’s HSD test (p<0.05). All experiments were repeated at least three 1062 

times with similar results. 1063 

 1064 
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Figure 8: BIR3 stabilizes BAK1 and BKK1 1065 

(A) Protein gel blot analysis of BAK1 and FLS2 protein amounts in Col-0, bir3-2 and 1066 

Pro35S:BIR3. Seedlings were treated with 1µM flg22 (+) or H
2
O (-) and protein amounts 1067 

were detected with specific α-BAK1 and α-FLS2 antibodies, respectively. Coomassie brilliant 1068 

blue (CBB) staining shows protein loading. (B) BKK1-Myc and BIR3-YFP constructs were 1069 

transiently expressed in N. benthamiana. Protein gel blot analysis on total protein extracts 1070 

with α-GFP and α-Myc antibodies shows BKK1-Myc and BIR3-YFP protein amounts. 1071 

Coomassie brilliant blue (CBB) staining shows protein loading. (C) The indicated constructs 1072 

were transiently expressed in N. benthamiana leaves and IP was performed with GFP-trap 1073 

beads. Precipitated BIR3-YFP and co-immunoprecipitated BKK1-HA were detected with α-1074 

GFP and α-HA antibodies, respectively. Protein input is shown by protein gel blot (WB) 1075 

analysis of protein extracts before IP and α-GFP and α-HA antibodies. Coomassie brilliant 1076 

blue (CBB) staining shows protein loading. (D) Morphological phenotypes of different allele 1077 

combinations of bak1 bir3 double mutants and bak1-3 bkk1 (Albrecht et al., 2008). All 1078 

experiments were repeated at least three times with similar results. Quantification results 1079 

relative to the Col-0 controls are given as number inserts in the figures.  1080 

 1081 

Figure 9: BL and BRZ responses are enhanced in bir3 mutants expressing BAK1  1082 

Representative photographs of seedlings of the indicated genotypes grown on ½ MS 1083 

medium with BL treatment of the indicated concentrations in the light for 7 days (A) and in 1084 

the dark for 5 days (B) are shown. (C) Root lengths and (D) hypocothyl length relative to 1085 

untreated controls of the seedlings corresponding to (A) or (B), respectively. (E) Protein gel 1086 

blot detection of BAK1-GFP levels in the indicated plant lines with -GFP antibodies. CBB 1087 

staining of the membrane shows protein loading. Number inserts are quantifications of the 1088 

signals relative to the signal of BAK1-GFP in bak1-4. Representative photographs of 5-day-1089 

old seedlings of the indicated genotypes grown on ½ MS medium with BRZ (F) or BL (G) 1090 

treatment of the indicated concentrations in the dark are shown. (H) (I) Hypocotyl lengths 1091 

relative to the untreated controls of the seedlings shown in (F) or (G), respectively. Data are 1092 

means ± SD, n>=15. Bar size 10 mm. All experiments were repeated at least three times with 1093 

similar results. 1094 

 1095 

Figure 10: Model of BIR3 activity 1096 

BIR3 interacts with BAK1 and ligand binding receptors such as BRI1 or FLS2. BIR3 prevents 1097 

the formation of the BAK1 receptor complex and thereby prevents downstream signaling 1098 

activation. Once a ligand is perceived by its receptor, BIR3 is released from BAK1 and the 1099 

ligand binding receptor, and the BAK1 receptor complex can form to initiate downstream 1100 
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signaling. BIR3 also stabilizes the positive regulator BAK1. This effect antagonizes its 1101 

negative regulatory function on complex formation. 1102 

 1103 

 1104 

  1105 

 1106 



Figure 1: Overexpression of BIR3 leads to BL insensitivity
(A) Representative pictures of the morphological phenotype of 6-week-old Col-0, bak1-4 and two independent lines of
hemizygous (+/-) and homozygous (+/+) Pro35S:BIR3 plants. The scale bar on the left represents 1 cm. (B) Rosette
diameter of lines shown in A. Results are means ± SD. (C) Col-0 and Pro35S:BIR3-FLAG lines were grown vertically
for 5 days in the dark on ½ MS agar plates supplemented or not with the indicated concentrations of 24-Epi-
Brassinolide (BL). Hypocotyl length was measured and presented as mean ± SE (n=16). (D) Seedlings of the indicated
genotypes were treated with 1 µM 24-Epi-BL. Phosphorylation of BES1 was detected as a size shift on Western blots
probed with -BES1 antibodies. Amounts of detected proteins were quantified relative to the unphosphorylated BES1 in
Col-0. The relative expression level of CPD (E) or DWF4 (F) in Col-0 and BIR3-overexpression seedlings. Relative
expression level of CPD and DWF4 was measured by quantitative RT-PCR with ACTIN2 used as the reference gene.
The mRNA used for reverse transcript were extract from 14-day-old seedlings grown on ½ MS medium with or without
1 μM 24-epiBL treated for 1 h. Data are means ± SD. Different letters indicate significant differences according to one-
way ANOVA and Tukey’s HSD test (p<0.05). The experiments were repeated at least three times with similar results.
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Figure 2: BIR3 overexpressing plants are insensitive to flg22 treatment and show higher symptom
development after Alternaria brassicicola infection
(A) ROS production was measured as relative light units (RLU) in a luminol based assay. Leaf pieces of Col-0, bak1-4
and hemizygous Pro35S:BIR3 plants were elicited with 100 nM flg22 and ROS production was measured over a period
of 30 min. Values are mean ± SE (n=9). (B) FRK1 marker gene expression in Col-0, bak1-4 and homozygous
Pro35S:BIR3 plants was measured by qRT-PCR analysis 3 hours after flg22 treatment. FRK1 expression was
normalized to EF1α and plotted relative to Col-0 untreated. Results are mean ± SE (n=8). (C) Indicated Arabidopsis
lines were infiltrated with 104 cfu/ml of the virulent bacterial pathogen Pto DC3000. Growth of bacteria was monitored
after 0, 2 and 4 days. Results are mean ± SE (n=8). No significant differences according to ANOVA analysis.
(D) Representative pictures of leaves of five-week old plants of the indicated genotypes 12 days after infection with the
necrotrophic fungus Alternaria brassicicola. (E) Bonitation of disease symptoms 7 and 10 days after infection of the
lines shown in (D). Shown is the disease index as mean ± SE (n=12).
Different letters indicate significant differences according to one-way ANOVA and Tukey’s HSD test (p<0.05). All
experiments were repeated at least three times with similar results.
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Figure 3: BIR3 interacts with ligand-binding receptors from different pathways
(A,D,E) Pro35S:BIR3-YFP and other indicated constructs were transiently expressed in N.
benthamiana leaves and IP was performed with GFP-trap beads. Precipitated BIR3 and co-
immunoprecipitated proteins were detected with α-GFP and antibodies against the tag of the
respective protein. Protein input is shown by Western blot analysis of protein extracts before IP and
antibodies against the respective tags. Coomassie brilliant blue (CBB) staining shows protein loading.
(A) Co-IP experiments were performed with BIR3-YFP and BRI1-HA.
(B) 35S-BIR3-GFP was stably expressed in Arabidopsis and immunoprecipitated with a GFP
antibody. Co-immunoprecipitated endogenous BRI1 was detected with BRI1 specific antibodies.
Protein input is shown by Western blot analysis of protein extracts before IP and antibodies against
BRI1 or GFP. Coomassie brilliant blue (CBB) staining shows protein loading.
(C) Morphological phenotype of plants stably expressing Pro35S:BIR3-FLAG in Col-0 or
Pro35S:BRI1-GFP background.
(D) Co-IP experiment with BIR3-YFP and FLS2-Myc.
(E) Co-IP experiments with BIR3-YFP and EFR-Myc or PEPR1-Myc.
All experiments were repeated at least three times with similar results.



CSM Leu- Trp -
CSM Leu- Trp - Ade- His-

0.5 µM Met 5 µM Met

1 day at 30°C 3 days at 30°C

Bait

BIR3

BAK1

ev    

ev    

BIR3 

BAK1

BAK1

-

-

-

-

-

-

-

-

Prey

ev

ev

BRI1

BIR3

BRI1

BRI1

BIR3

A B

C

D

1/1     1/10    1/100 1/1     1/10    1/100 1/1     1/10    1/100

BRI1-nYFP                              BIR3-cYFP

BRI1-nYFP                            cYFP

nYFP                             BIR3-cYFP

CSM Leu- Trp - Ura-

CSM Leu- Trp - Ura- Ade - His-

0.5µM Met 5µM Met

BAK1-ev-BRI1 

BAK1-BIR3-BRI1

Bait-Bridge-Prey

BIR3-ev-BRI1 

BIR3-BAK1-BRI1

1/1         1/10      1/100 1/1          1/10      1/100 1/1           1/10     1/100

Figure 4: BIR3 directly interacts with BRI1 independent of BAK1
(A) Split ubiquitin system (SUS) yeast growth assays containing the indicated two proteins fused to the N- and C-
terminal parts of ubiquitin were performed (ev = empty vector). Yeast was grown at three different 1 to 10 dilutions on
medium selecting for vector transformation (CSM-Leu−, Trp−) and selecting for interaction (CSM-Leu−, Trp−, Ade−, His−,
with two different methionine concentrations). Growth was monitored after 1 day for the vector-selective control plates
and after 3 days for the interaction plates, respectively. (B) Bimolecular fluorescence complementation analyses were
performed with BIR3 fused to the C-terminal part of YFP (BIR3-cYFP) and BRI1 fused to the N-terminal part of YFP
(BRI1-nYFP). As controls both proteins were combined with the respective YFP part alone. The proteins were
transiently expressed in N. benthamiana and fluorescence was visualized by confocal laser scanning microscopy. Bar
size 100 µm. (C, D) Split ubiquitin bridge (SUB) assays containing the indicated two proteins of interest fused to the N-
and C-terminal parts of ubiquitin and an additional “bridge” protein (ev = empty vector). Yeast was grown as described
in (A). (E) Co-IP was performed with Arabidopsis seedlings expressing BIR3-FLAG in bak1-4 background and bir3-2
mutants as controls. IP was performed with BRI1 antibodies. Precipitated BRI1 and co-immunoprecipitated BIR3
protein were detected with specific α-BRI1 and α-BIR3 antibodies, respectively. Protein input is shown by Western blot
analysis of protein extracts before IP detected with α-BRI1and α-BIR3 antibodies. Coomassie brilliant blue (CBB)
staining shows protein loading. All experiments were repeated at least two times with identical results. Expression of
the yeast expressed proteins was verified by Western blot analysis (Supplemental Figure S10).
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Figure 5: BIR3 regulates receptor complex formation
Arabidopsis seedlings of the indicated genotypes were treated for 5 min with (A) 1 μM flg22 or 1 µM AtPep1 or a mix of
1 µM flg22, 1 µM elf18, 1 µM AtPep1 and 90 min before exposure to the other ligands with 100 nM 24-Epi-BL and water
as control (-), or in (B) with 100 nM 24-Epi-BL. IP was performed with GFP-trap beads. Precipitated BIR3-GFP and co-
immunoprecipitated BAK1 or BRI1 were detected with specific α-GFP, α-BRI1 and α-BAK1 antibodies, respectively.
Protein input is shown by Western blot analysis of protein extracts before IP and α-BAK1, α-BRI1 and α-GFP
antibodies. Coomassie brilliant blue (CBB) staining shows protein loading. (C) Arabidopsis seedlings of the indicated
genotypes were treated for 5 min with 1 μM flg22 (+) or H2O (-). IP was performed with specific α-BAK1 antibodies.
Precipitated BAK1 and co-immunoprecipitated FLS2 were detected with specific α-BAK1 and α-FLS2 antibodies,
respectively. Protein input is shown by Western blot analysis of protein extracts before IP and specific α-BAK1 and α-
FLS2 antibodies. Coomassie brilliant blue (CBB) staining shows protein loading. (D) BIR3-FLAG and BRI1-GFP were
stably expressed in Arabidopsis leaves and IP was performed with GFP antibodies and protein A. Precipitated BRI1
and co-immunoprecipitated proteins were detected with α-GFP, α-FLAG and BAK1 specific antibodies. Protein input is
shown by Western blot analysis of protein extracts before IP and antibodies against the respective tags or BAK1. All
experiments were repeated at least three times with similar results. Quantification relative to the Col-0 controls are
given as number inserts in the figures.
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Figure 6: bir3 mutants show a weak MAMP and BL phenotype (A) Fresh-weight of 12-day-old Col-0, bir3-1 and
bir3-2 seedlings grown for 7 days with or without 100 nM of the indicated peptide. The line graph represents the
average fresh-weight ± SE (n=48), Student´s t-test *** p<0.01; ** p<0.05; * p<0.1. (B) ROS production was measured
as relative light units (RLU) in a luminol based assay. Leaf pieces of the indicated Arabidopsis lines were elicited with
100 nM flg22 and ROS production was measured over a period of 30 min; cBIR3-GFP is a bir3-2 mutant
complemented with the genomic coding region under its native promotor. Values are mean ± SE (n=9). (C) Indicated
Arabidopsis lines were grown vertically for 5 days in the dark on ½ MS agar plates supplemented with the indicated
concentrations of 24-Epi-BL. Hypocotyl length was measured and presented relative to untreated controls. Values are
means ± SD, (n=15). (D) Seedlings of the indicated genotypes were treated with 1 µM 24-Epi-BL. Phosphorylation of
BES1 was detected as a size shift on Western blots probed with -BES1 antibodies. Amounts of detected proteins
were quantified relative to the unphosphorylated BES1 in Col-0. (E) Representative pictures of the 24 day-old plants of
the indicated genotypes from the top (upper panel) and the side (lower panel). (F) Mean plant height ± SD (n=5) of the
same lines shown in (E). (G) Mean rosette width ± SD (n=5) of the lines shown in (E). Different letters indicate
statistical differences according to one-way ANOVA and Tukey’s HSD test (p<0.05). All experiments were repeated at
least three times with similar results.
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Figure 7: Loss of BIR3 enhances bak1 cell death
(A) Morphological phenotype of different allele combinations of bak1 bir3 double mutants and the respective single
mutants. (B) Trypan blue staining to stain dead cells in leaves of the indicated genotypes 4 days after inoculation with
Alternaria brassicicola (+) or untreated (-). Scale bar represents 0.5 cm. (C, D) qRT-PCRs to analyze PR1 and PDF1.2
marker gene expression in leaves of untreated Arabidopsis plants of the indicated genotypes. Gene expression was
normalized to the housekeeping gene EF1α and is plotted relative to Col-0. Results are mean ± SE (n=6). Letters
indicate significant differences according to one-way ANOVA Tukey’s HSD test (p<0.05). (E, F) Gas-chromatography-
MS quantification of SA and JA content in 5 week-old leaves of untreated Arabidopsis plants of the indicated
genotypes. Results are presented as mean ± SE (n=6). Letters indicate significant differences according to one-way
ANOVA Tukey’s HSD test (p<0.05). All experiments were repeated at least three times with similar results.
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Figure 8: BIR3 stabilizes BAK1 and BKK1
(A) Western blot analysis of BAK1 and FLS2 protein amounts in Col-0, bir3-2 and Pro35S:BIR3. Seedlings were treated
with 1µM flg22 (+) or H2O (-) and protein amounts were detected with specific α-BAK1 and α-FLS2 antibodies,
respectively. Coomassie brilliant blue (CBB) staining shows protein loading. (B) BKK1-Myc and BIR3-YFP constructs
were transiently expressed in N. benthamiana. Western-blot analysis on total protein extracts with α-GFP and α-Myc
antibodies shows BKK1-Myc and BIR3-YFP protein amounts. Coomassie brilliant blue (CBB) staining shows protein
loading. (C) Indicated constructs were transiently expressed in N. benthamiana leaves and IP was performed with
GFP-trap beads. Precipitated BIR3-YFP and co-immunoprecipitated BKK1-HA were detected with α-GFP and α-HA
antibodies, respectively. Protein input is shown by Western blot (WB) analysis of protein extracts before IP and α-GFP
and α-HA antibodies. Coomassie brilliant blue (CBB) staining shows protein loading. (D) Morphological phenotypes of
different allele combinations of bak1 bir3 double mutants and bak1-3 bkk1 (Albrecht et al., 2008). All experiments were
repeated at least three times with similar results. Quantification relative to the Col-0 controls are given as number
inserts in the figures.
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Figure 9: BL and BRZ responses in BAK1 expressing bir3 mutants are enhanced
Representative pictures of seedlings of the indicated genotypes grown on ½ MS medium with BL treatment of the
indicated concentrations in the light for 7 days (A) and in the dark for 5 days (B) are shown. (C) Root lengths and (D)
hypocothyl length relative to untreated controls of the seedlings corresponding to (A) or (B), respectively. (E) Western
blot detection of BAK1-GFP levels in the indicated plant lines with -GFP antibodies. CBB staining of the membrane
shows protein loading. Number inserts are quantifications of the signals relative to the signal of BAK1-GFP in bak1-4.
Representative pictures of 5-day-old seedlings of the indicated genotypes grown on ½ MS medium with BRZ (F) or BL
(G) treatment of the indicated concentrations in the dark are shown. (H) (I) Hypocotyl lengths relative to the untreated
controls of the seedlings shown in (F) or (G), respectively. Data are means ± SD, n>=15. Bar size 10 mm. All
experiments were repeated at least three times with similar results.
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