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Abstract 27 

Mildew resistance locus o (MLO) proteins are heptahelical integral membrane 28 

proteins of which some isoforms act as susceptibility factors for the fungal powdery 29 

mildew pathogen. In many angiosperm plant species, loss-of-function mlo mutants 30 

confer durable broad-spectrum resistance against the powdery mildew disease. 31 

Barley Mlo is known to interact via a cytosolic carboxyl-terminal domain with the 32 

intracellular calcium sensor calmodulin (CAM) in a calcium-dependent manner. Site-33 

directed mutagenesis has revealed key amino acid residues in the barley Mlo 34 

calcium-binding domain (CAMBD) that, when mutated, affect the MLO-CAM 35 

association. We here tested the respective interaction between Arabidopsis thaliana 36 

MLO2 and CAM2 using seven different types of in vitro and in vivo protein-protein 37 

interaction assays. In each assay, we deployed a wild-type version of either the 38 

MLO2 carboxyl terminus (MLO2CT), harboring the CAMBD, or the MLO2 full-length 39 

protein and corresponding mutant variants in which two key residues within the 40 

CAMBD were substituted by non-functional amino acids. We focused in particular on 41 

the substitution of two hydrophobic amino acids (LW/RR mutant) and found in most 42 

protein-protein interaction experiments reduced binding of CAM2 to the 43 

corresponding MLO2/MLO2CT LW/RR mutant variants in comparison to the 44 

respective wild-type versions. However, the Ura3-based yeast split-ubiquitin system 45 

and in planta bimolecular fluorescence complementation (BiFC) assays failed to 46 

indicate reduced CAM2 binding to the mutated CAMBD. Our data shed further light 47 

on the interaction of MLO and CAM proteins and provide a comprehensive 48 

comparative assessment of different types of protein-protein interaction assays with 49 

wild-type and mutant versions of an integral membrane protein. 50 
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Abbreviations 52 

BiFC   Bimolecular fluorescence complementation 53 

CAM   Calmodulin 54 

CAMBD  Calmodulin binding domain 55 

CML   Calmodulin-like 56 

CT   Cytoplasmic C-terminus 57 

EDTA   ethylenediamine- N,N,N′,N′-tetraacetic acid 58 

EGTA   Ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid 59 

GST   Glutathione S-transferase 60 

HRP   Horseradish peroxidase 61 

LCI   Luciferase complementation imaging 62 

LUC   Luciferase 63 

MLO   Mildew resistance locus o 64 

Ni-NTA  Nickel nitrilotriacetic acid 65 

OD   Optical density 66 

PBS   Phosphate-buffered saline 67 

rpm   Revolutions per minute 68 

SC   Synthetic complete 69 

SDS   Sodium dodecyl sulfate 70 

SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis 71 

SUS   Split-ubiquitin system 72 

TbID   TurboID biotin ligase 73 

TBST   Tris-buffered saline with Tween20 74 

Y2H   Yeast two-hybrid 75 

WT   Wild-type 76 

77 
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Introduction 78 

Interactions between biomolecules are key for all processes of life. Of particular 79 

interest are intermolecular contacts between proteins as these macromolecules are 80 

multifunctional cellular workhorses. Proteins get in contact with each other via 81 

surfaces formed by their respective amino acid residue side chains. Mutual 82 

attachment between them relies on combinations of reversible ionic interactions and 83 

hydrogen bonds, as well as van der Waals forces and other types of hydrophobic 84 

bondings that form between the amino acids of the interacting proteins (Erijman et al. 85 

2014). Depending on the identity and number of amino acid residues involved, 86 

protein-protein interactions can be stable or transient, strong or weak (Erijman et al. 87 

2014). They can be modulated by additional factors such as the composition of the 88 

solvent medium (Ebel 2007), the occurrence of post-translational protein 89 

modifications (Duan and Walther 2015) and/or the participation of additional 90 

(competing or supporting) binding partners. Due to their importance in biological 91 

processes, a plethora of methods has been developed to study protein-protein 92 

interactions in vitro and in vivo. Not surprisingly, each method has its specific 93 

advantages and disadvantages (Xing et al. 2016). Accordingly, no consensus has 94 

been reached so far regarding a commonly accepted “gold standard” for probing 95 

protein-protein interactions. 96 

Mildew resistance locus o (MLO) proteins are integral membrane proteins that in 97 

most cases have seven predicted membrane-spanning domains, an 98 

extracellular/luminal N-terminus, and a cytosolic C-terminus. Although distantly 99 

related members have been identified in algae and some oomycetes, the protein 100 

family expanded predominantly within the embryophytes (land plants; Kusch et al. 101 

2016). In seed plants, for example, approximately 10-20 paralogs exist per species. 102 

The founding and eponymous member of the family is barley Mlo. The barley Mlo 103 

gene was initially discovered as a locus that in its wild-type allelic form confers 104 

susceptibility to the fungal powdery mildew disease. Conversely, recessively inherited 105 

loss-of-function mlo mutants provide exceptionally durable broad-spectrum 106 

resistance to the pathogen (Jørgensen 1992). This mutant phenotype is largely 107 

conserved between angiosperm plants that can be hosts for powdery mildew fungi 108 

(Kusch and Panstruga 2017). Accordingly, mlo mutants, especially in barley, are of 109 

great agricultural and economical importance (Lyngkjær et al. 2000). In some plant 110 
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species, however, multiple Mlo co-orthologs exist. In the dicotyledonous reference 111 

plant Arabidopsis thaliana, for example, genes MLO2, MLO6 and MLO12 are the co-112 

orthologs of barley Mlo and modulate powdery mildew susceptibility in a genetically 113 

unequal manner. Of these three genes, MLO2 is the main player in the context of 114 

powdery mildew disease (Consonni et al. 2006). 115 

Extensive genetic studies, mostly conducted in A. thaliana, revealed that other 116 

members of the MLO family contribute to different biological processes. For example, 117 

MLO4 and MLO11 are implicated in root thigmomorphogenesis (Bidzinski et al. 2014; 118 

Chen et al. 2009), MLO7 governs pollen tube reception at the female gametophyte 119 

(Kessler et al. 2010; Jones et al. 2017), MLO5, MLO9 and MLO15 modulate pollen 120 

tube guidance in response to ovular signals (Meng et al. 2020), and MLO3, similar to 121 

MLO2 (Consonni et al. 2010; Consonni et al. 2006), controls the timely onset of leaf 122 

senescence (Kusch et al. 2019). Moreover, MLO2 acts also negative regulator of 123 

sensitivity to extracellular reactive oxygen species (Cui et al. 2018). 124 

Apart from its predicted, and in the case of barley Mlo experimentally validated, 125 

heptahelical membrane topology (Devoto et al. 1999), MLO proteins share a 126 

framework of conserved amino acid residues. These include four 127 

luminally/extracellularly positioned cysteine residues that are predicted to form two 128 

disulfide bridges (Elliott et al. 2005), and some short peptide motifs (Devoto et al. 129 

1999; Kusch et al. 2016; Panstruga 2005) dispersed throughout the protein. A further 130 

common feature is the existence of a predicted and in part experimentally validated 131 

binding domain for the small (~18 kDa molecular mass) cytosolic calcium sensor 132 

protein, calmodulin (CAM). This stretch is comprised of approximately 15-20 amino 133 

acids and is located at the proximal end of the C-terminal cytoplasmic tail region of 134 

Mlo proteins (Kim et al. 2002a; Kim et al. 2002b). It is supposed to form an 135 

amphiphilic a-helix, with (positively charged) hydrophilic residues primarily located on 136 

one side of the helix and (uncharged) hydrophobic residues on the other, thereby 137 

forming a CAM-binding domain (CAMBD). Calcium-induced conformational changes 138 

in the four EF hands of CAM allow for the binding of the calcium sensor protein to the 139 

MLO CAMBD. This was experimentally evidenced by yeast-based interaction assays 140 

(Kim et al. 2002b; Zhu et al. 2021; Yu et al. 2019), in vitro binding studies (Kim et al. 141 

2002a; Kim et al. 2002b), co-immunoprecipitation experiments (Kim et al. 2014), as 142 

well as in planta Luciferase Complementation Imaging (LCI) (Zhu et al. 2021; Yu et 143 
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al. 2019), Bimolecular fluorescence complementation (BiFC) (Zhu et al. 2021; Kim et 144 

al. 2014; Yu et al. 2019) and Fluorescence Resonance Energy Transfer (FRET) 145 

assays (Bhat et al. 2005), using combinations of different Mlo and CAM/CAM-like 146 

proteins (CMLs) from various plant species. 147 

Site-directed mutagenesis has revealed the importance of key hydrophobic amino 148 

acid residues within the CAMBD for the establishment of the MLO-CAM interaction. 149 

Amino acid substitutions of these essential residues with positively charged arginines 150 

largely prevented the calcium-dependent binding of CAM to the CAMBDs of barley 151 

and rice MLO proteins (Kim et al. 2002a; Kim et al. 2002b). The reduction in CAM 152 

binding has consequences for the physiological role of barley Mlo: Respective 153 

mutations in the CAMBD lower the susceptibility-conferring capacity of the protein, as 154 

revealed by single cell expression experiments (Kim et al. 2002b). Whether similar 155 

site-directed mutations would also affect the CAMBD of A. thaliana MLO2, which like 156 

barley Mlo is implicated in the modulation of powdery mildew susceptibility (Consonni 157 

et al. 2006), remained elusive. 158 

We here explored the interaction between A. thaliana MLO2 and the CAM isoform 159 

CAM2 using seven different assays to visualize protein-protein interactions. These 160 

comprise both in vitro and in vivo approaches, are based on either the isolated MLO2 161 

carboxyl terminus (MLO2CT) or the full-length MLO2 protein, and rely on entirely 162 

different types of signal output. We found that except for the classical yeast two-163 

hybrid (Y2H) approach, each method indicated interaction between MLO2/MLO2CT 164 

and CAM2. We further created several single amino acid substitution mutant variants 165 

within the MLO2 CAMBD and tested these for interaction with CAM2. We focused in 166 

particular on the substitution of two key hydrophobic amino acids by arginines 167 

(LW/RR mutant). We found that most of the protein assays that indicate interaction 168 

between MLO2/MLO2CT and CAM2 also faithfully specified reduced binding of CAM2 169 

to the respective LW/RR mutant variants. Our data offer a detailed characterization of 170 

the MLO2 CAMBD and provide a showcase for the comparative assessment of 171 

different in vitro and in vivo protein-protein interaction assays with wild-type (WT) and 172 

mutant versions of an integral membrane protein. 173 

174 
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Results 175 

In silico analysis of the predicted MLO2CT and its associated CAMBD 176 

Similar to other MLO proteins (Kusch et al. 2016; Devoto et al. 1999), the in silico 177 

determined membrane topology of MLO2 (Arabidopsis Genome Initiative identifier 178 

At1g11310) comprises seven transmembrane domains, an extracellular/luminal N-179 

terminus, and a cytoplasmic C-terminus (MLO2CT; Figure 1A). We performed a 180 

prediction of the three-dimensional structure of the cytoplasmic MLO2CT by AlphaFold 181 

(https://alphafold.ebi.ac.uk/; Jumper et al. 2021). This revealed the presence of an α-182 

helical region between amino acids R451 and K468, spanning the presumed CAMBD, 183 

and otherwise the absence of extended structural folds, suggesting that the MLO2CT 184 

is largely intrinsically disordered (Figure 1B). This outcome agrees well with the 185 

calculation by PONDR-FIT (http://original.disprot.org/pondr-fit.php; Xue et al. 2010), a 186 

meta-predictor of intrinsically disordered protein regions, which indicates a high 187 

disorder tendency for the MLO2CT (approximately after residue 475; Figure 1C). The 188 

combined in silico analysis using AlphaFold and PONDR-FIT suggests that the 189 

proposed CAMBD is the main structured segment of the MLO2CT. We subjected the 190 

proposed α-helical region, covering the presumed CAMBD of MLO2, to helical wheel 191 

projection by pepwheel (https://www.bioinformatics.nl/cgi-bin/emboss/pepwheel). We 192 

found that, as expected for a genuine CAMBD, this stretch of the MLO2CT is 193 

estimated to form an amphiphilic α-helix, with hydrophilic amino acids primarily 194 

located on one side of the helix and hydrophobic residues mainly occupying the 195 

opposite side (Figure 1D). A comparison of the helical wheel projections of the 196 

predicted MLO2 CAMBD with the CAMBD of barley Mlo revealed several conserved 197 

amino acid positions among the two proteins (Supplemental File 1 and 198 

Supplemental Figure 1). These included, amongst others, invariant leucine and 199 

tryptophan residues (L18 and W21 in MLO2CT; corresponding to L456 and W459 in full-200 

length MLO2) that were previously shown to be essential for CAM binding to the 201 

CAMBD in barley and rice MLO proteins (Kim et al. 2002a; Kim et al. 2002b). 202 

 203 

Initial characterization of the MLO2CT-CAM2 interaction by a CAM overlay assay 204 

The A. thaliana genome harbors seven CAM genes that encode for highly similar 205 

isoforms with a minimum of 96% identity between each other at the amino acid level. 206 

Three of the seven CAM isoforms (CAM2, CAM3, and CAM5) are even identical and 207 
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a fourth isoform (CAM7) differs from these by only one amino acid (McCormack et al. 208 

2005). We focused in the context of this work on CAM2 (At2g41110), which is a 209 

representative of the three identical isoforms. 210 

To assess the putative binding of CAM2 to the CAMBD of MLO2, we first performed 211 

an in vitro CAM overlay assay using recombinant proteins. To this end, MLO2CT 212 

(amino acids 439-573) of MLO2 was recombinantly expressed in E. coli as a fusion 213 

protein N-terminally tagged with glutathione S-transferase (GST). Both a WT version 214 

(MLO2CT) and a mutant variant harboring the L18R W21R (numbering according to the 215 

MLO2CT) double amino acid substitution (MLO2CT-LW/RR) within the MLO2 CAMBD 216 

were generated. This mutation is analogous to the one previously found to abolish 217 

CAM binding to barley and rice MLO proteins (Kim et al. 2002a; Kim et al. 2002b). 218 

Furthermore, C-terminally hexahistidine-tagged CAM2 (CAM2-His6) was 219 

recombinantly expressed in E. coli, purified on nickel nitrilotriacetic acid (Ni-NTA) 220 

columns, and chemically linked to maleimide-activated horseradish peroxidase (HRP) 221 

via a stable thioether linkage to the reduced cysteine-39 residue of CAM2 222 

(Supplemental Figure 2). For the actual overlay assay, lysates of E. coli strains 223 

expressing the GST-tagged MLOCT variants were separated by sodium dodecyl 224 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a 225 

nitrocellulose membrane that was subsequently probed with the CAM2-His6-HRP 226 

conjugate. An empty vector control expressing GST only served as a negative 227 

control. 228 

Immunoblot analysis with the α-GST antibody indicated expression of the full-length 229 

(~41.5 kDa) GST-MLO2CT and GST-MLO2CT-LW/RR fusion proteins in E. coli and in 230 

both instances the presence of a cleavage product of lower molecular mass (~35 231 

kDa; Figure 2). The expression levels of the GST fusion proteins were similar to that 232 

of the GST only (empty vector; ~29 kDa) control. The CAM overlay assay was 233 

performed on a separate membrane with CAM2-His6-HRP in the presence of 1 mM 234 

CaCl2, which revealed a strong signal for the full-length GST-MLO2CT fusion protein, 235 

indicative of in vitro interaction between the two proteins. The low molecular mass 236 

cleavage product was also detectable with the α-GST antibody, suggesting that this 237 

protein fragment harbors the CAMBD of MLO2. No signal was detected for the GST-238 

MLO2CT-LW/RR fusion protein or the GST control in our conditions. Overlay of yet 239 

another membrane with CAM2-HRP in the presence of 5 mM of the calcium chelator 240 
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ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA) in addition 241 

to 1 mM CaCl2 completely prevented binding of CAM2-His6-HRP to either of the 242 

GST-MLO2CT fusion proteins (Figure 2). In summary, results of the CAM overlay 243 

assay indicated Ca2+-dependent binding of CAM2-His6-HRP to the CAMBD of MLO2 244 

(Table 1). This binding is prohibited by mutation of two amino acid residues (L18R 245 

and W21R, corresponding to L456R and W459R in full-length MLO2) that are in 246 

analogous positions within the CAMBD to those that were previously identified as 247 

being essential for the binding of CAM to barley and rice MLO proteins (Kim et al. 248 

2002b; Kim et al. 2002a). 249 

 250 

Analysis of site-directed MLO2CT mutants via the CAM overlay assay 251 

To find out whether the L18R and W21R amino acid substitutions within the CAMBD of 252 

MLO2 are the most effective mutations to abrogate CAM2 binding to the MLO2CT, we 253 

created a set of additional amino acid substitutions within the CAMBD and tested 254 

these via the above-described CAM overlay assay. We focused on six of the eight 255 

amino acid residues that are invariant between the barley Mlo and A. thaliana MLO2 256 

CAMBDs (A17, L18, W21, A25, K26 and K30; Supplemental File 1) for site-directed 257 

mutagenesis. These residues represent amino acids for both the hydrophobic (A17, 258 

L18, W21 and A25) and basic (K26 and K30) side of the amphipathic α-helical CAMBD 259 

and, according to the helical wheel projection, reside in a conserved relative position 260 

within the Mlo and MLO2 CAMBDs (Supplemental Figure 1). In addition, we 261 

included H31, which is a further invariant amino acid among the highly conserved A. 262 

thaliana paralogs MLO2, MLO6 and MLO12. Hydrophobic amino acid residues were 263 

mutated to arginine (A17R, L18R, W21R and A25R), while hydrophilic ones were 264 

mutated to alanine (K26A, K30A and H31A). All variants were generated as N-265 

terminally tagged GST fusion proteins by heterologous expression in E. coli. 266 

Immunoblot analysis with the α-GST antibody indicated similar expression levels for 267 

all recombinant protein variants in E. coli and, as described above (Figure 2), the 268 

presence of a cleavage product of lower molecular mass that occurred in case of all 269 

variants (Figure 3). The CAM overlay assay in the presence of 1 mM CaCl2 revealed 270 

WT-like or possibly even stronger binding of CAM2-His6-HRP to the A25R, K26A, K30A 271 

and H31A MLO2CT variants. Reduced binding of CAM2-His6-HRP was seen in case of 272 

the A17R variant, while no signal could be detected for the L18R and W21R single 273 
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mutant variants, the L18R W21R double mutant variant, as well as the GST negative 274 

control. Signals were also absent for all the constructs in the presence of 5 mM 275 

EGTA, indicating the Ca2+-dependence of CAM binding (Figure 3). Taken together, 276 

this analysis revealed that the L18R and W21R amino acid substitutions as well as the 277 

L18R W21R double exchange are the most effective mutations to prevent the CAM 278 

binding to the CAMBD of MLO2 in the context of the CAM overlay assay. 279 

 280 

Analysis of site-directed MLO2CT mutants via a GST pull-down assay 281 

We next aimed to validate the results of the CAM overlay assay with an independent 282 

in vitro experimental approach. To this end, we established a GST pull-down assay in 283 

which the GST-MLO2CT was incubated with glutathione agarose beads to immobilize 284 

the fusion protein on a solid matrix. Purified hexahistidine-tagged CAM2 (CAM2-His6) 285 

was then added as a prey protein in the presence of 1 mM CaCl2, with or without 10 286 

mM EGTA, and the mixtures were washed rigorously to remove unbound protein 287 

from the beads prior to the elution of the bound proteins from the glutathione agarose 288 

beads in SDS gel loading buffer and separation by SDS-PAGE. An initial experiment 289 

revealed strong Ca2+-dependent binding of CAM2-His6 to GST-MLO2CT but strongly 290 

reduced binding of CAM2-His6 to the respective GST-MLO2CT-LW/RR double mutant 291 

variant under these conditions (Supplemental Figure 3). 292 

We extended the experiment by using E. coli cell homogenates of strains expressing 293 

the above-described set of GST-MLO2CT variants as well as a L18R W21R A25R triple 294 

mutant variant and a version lacking the entire CAMBD (MLO2CT-ΔBD). Immunoblot 295 

analysis with α-GST and α-His antibodies indicated similar expression levels for all 296 

input samples. The GST-MLO2CT samples showed, as described above for the CAM 297 

overlay assay (Figure 2), the presence of a cleavage product of lower molecular 298 

mass that occurred for all variants. In case of the pull-down samples in the presence 299 

of 1 mM CaCl2, the MLO2CT wild type version resulted in a signal that was 300 

considerably stronger than that of the GST and GST-MLO2CT-ΔBD negative controls. 301 

Wild-type-like or even stronger signals were seen for the A17R, A25R, K26A, K30A and 302 

H31A MLO2CT variants. By contrast, we observed weak signals (comparable to the 303 

negative controls) for the L18R, W21R, L18R W21R and L18R W21R A25R MLO2CT 304 

variants. Apart from faint background signals, the presence of 5 mM EGTA prevented 305 

the occurrence of signals for all tested constructs (Figure 4). Taken together, the 306 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 25, 2023. ; https://doi.org/10.1101/2023.01.25.525488doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.25.525488
http://creativecommons.org/licenses/by-nc-nd/4.0/


11 
 

results of the CAM overlay assay and the GST pull-down assay largely agree, except 307 

for the A17R variant, which yielded an inconsistent outcome in the two types of in vitro 308 

experiments. In both assays, the L18R W21R double mutant version lacked interaction 309 

with CAM2 (CAM overlay assay; Figure 2 and Figure 3; Table 1) or showed a 310 

strong reduction in association (GST pull-down assay; Figure 4; Table 1). For the 311 

subsequent in vivo assays we, therefore, focused on the L18R W21R double mutant 312 

variants next to the respective MLO2 and MLOCT WT versions. 313 

 314 

Interaction between MLO2CT or MLO2CT-LW/RR and CAM2 in different yeast-based 315 

systems 316 

In the following, we assessed the interaction between MLO2 and CAM2 in vivo using 317 

various yeast-based interaction assays. For the classical Y2H system, we employed 318 

two different commercially available and broadly used vector pairs that both enable 319 

N-terminal fusions of bait and prey proteins with the Gal4 transcription factor 320 

activation- and DNA-binding domains, respectively. While one pair comprises the 321 

low-copy vectors pDEST32 and pDEST22, the other consists of the high-copy 322 

vectors pGBKT7-GW and pGADT7-GW. Since the full-length MLO2 protein is 323 

membrane-localized and not able to enter the yeast nucleus, which is a prerequisite 324 

for interaction in the classical Y2H system, we focused on the MLO2CT for the 325 

interaction studies with the Y2H method. We first tested the MLO2CT-CAM interaction 326 

with the low-copy vectors pDEST32 and pDEST22 in combination with the PJ69-4A 327 

yeast strain. Despite production of the proteins (Supplemental Figure 4), we did not 328 

observe evidence for the interaction between MLO2CT or MLO2CT-LW/RR and CAM2 in 329 

this setup, as indicated by the absence of any yeast growth on interaction-selective 330 

synthetic complete (SC) medium, which did not differ from the empty vector controls 331 

(Figure 5A). As we failed to detect any interaction with the pDEST32/pDEST22 332 

vector system, we next moved to the pGBKT7-GW/pGADT7-GW high-copy vectors in 333 

combination with yeast strain AH109. In this setup, we analyzed both possible vector 334 

constellations for MLO2CT/MLO2CT-LW/RR and CAM2. However, similar to the low-copy 335 

vector system, for none of the combinations tested we observed growth of the yeast 336 

colonies on interaction-selective SC medium (Figure 5B). 337 

As we failed to detect any MLO2-CAM2 interaction in the classical Y2H, we next 338 

moved to the Ura3-based yeast SUS, which is suitable for analyzing the interaction of 339 
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membrane proteins and, therefore, allows for the expression of full-length MLO2 and 340 

MLO2LW/RR (Wittke et al. 1999). In this system, the bait protein (here: MLO2) is C-341 

terminally fused to the C-terminal half of ubiquitin (UbC) and the Ura3 (5-phosphate 342 

decarboxylase) reporter protein harboring an N-terminal destabilizing arginine (R) 343 

residue, while the prey protein (here: CAM2) is N-terminally tagged with the N-344 

terminal half of ubiquitin (UbN). Upon interaction between bait and prey proteins and 345 

reconstitution of ubiquitin, the pre-destabilized Ura3 reporter protein is proteolytically 346 

cleaved by ubiquitin-specific proteases, allowing for the growth of yeast cells on 347 

interaction-selective SC medium containing 5-fluoroorotic acid (5-FOA) (Wittke et al. 348 

1999; Boeke et al. 1987). Using this yeast SUS setup, we noticed growth of yeast 349 

(strain JD53) transformants expressing full-length MLO2 and CAM2 on interaction-350 

selective plates harboring 5-FOA. However, a similar level of yeast growth was seen 351 

in the case of the yeast transformants expressing the MLO2LW/RR construct (Figure 352 

5B). The heterotrimeric G-protein α-subunit GPA1 served as a prey negative control 353 

in this experiment. 354 

Since interaction assays by means of the Ura3-based yeast SUS provide solely 355 

qualitative and no quantitative data and rest on a single reporter readout, we also 356 

opted for an alternative yeast SUS. The PLV-based yeast SUS depends on the 357 

interaction-dependent proteolytic release of an artificial multi-domain transcriptional 358 

activator comprised of a stabilizing protein A domain, a LexA DNA-binding domain 359 

and a VPS16 transactivation domain. Three different reporter genes (His, Ade and 360 

LacZ) can be activated by the liberated PLV transactivator upon interaction between 361 

the UbC- and UbN-tagged bait and prey proteins (Stagljar et al. 1998). We initially 362 

aimed at the expression of full-length MLO2 and MLO2LW/RR in this yeast SUS. 363 

However, expression of these baits resulted in the constitutive activation of the 364 

reporter systems due to instability of the respective fusion proteins in our conditions. 365 

As an alternative, we deployed a modified version of the PLV-based yeast SUS in 366 

which cytosolic bait proteins are membrane-anchored via translational fusion with the 367 

yeast Ost4 membrane protein (Möckli et al. 2007). This yeast SUS variant enabled us 368 

to express MLO2CT and MLO2CT-LW/RR as C-terminal fusions with the UbC domain and 369 

the PLV transactivator in yeast strain THY.AP4 (Supplemental Figure 4). The CAM2 370 

prey protein, on the other hand, was N-terminally fused with a UbN variant carrying an 371 

isoleucine to glycine substitution (I13G, UbN-I13G) that reduces the affinity of UbN to 372 

UbC considerably, lowering the probability of false-positive interactions (Johnsson 373 
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and Varshavsky 1994; Stagljar et al. 1998). Similar to the Ura3-based yeast SUS 374 

assay with MLO2 full-length proteins (see above; Figure 5C), this setup revealed 375 

interaction between MLO2CT and CAM2 as well as MLO2CT-LW/RR and CAM2 with no 376 

recognizable difference between the two bait proteins when considering yeast colony 377 

growth on selective media (Figure 5D). However, when measuring β-galactosidase 378 

activity as a quantitative readout of the LacZ reporter gene, we noticed that in each of 379 

three independent replicates enzymatic activity was lower for the yeast transformants 380 

expressing the MLO2CT-LW/RR bait as compared to the corresponding yeast 381 

transformants expressing the MLO2CT bait. Although this resulted in different median 382 

values for MLO2CT (~0.18 U/mg) and MLO2CT-LW/RR (median ~0.12 U/mg), the 383 

difference between the figures for the two bait variants was statistically not 384 

significant, likely due to the high experiment-to-experiment variation regarding 385 

absolute values in this assay (Figure 5E). In summary, while the Y2H assay failed to 386 

detect any MLO2CT-CAM2 interaction (Figure 5A and B; Table 1), the 387 

MLO2/MLO2CT-CAM2 interaction could be demonstrated by two different yeast SUS 388 

platforms. However, the presumed difference between the MLO2 WT version and the 389 

LW/RR mutant variant was, depending on the yeast system used, either not 390 

recognizable (Figure 5C and D; Table 1) or statistically not significant (Figure 5E; 391 

Table 1). 392 

 393 

Interaction between MLO2CT or MLO2CT-LW/RR and CAM2 visualized by a 394 

bimolecular fluorescence complementation (BiFC) assay 395 

Next, we aimed to study the MLOCT-CAM2 interaction in planta. We first chose the 396 

BiFC system, which relies on bait and prey proteins tagged with the N- and C-397 

terminal segments of the yellow fluorescent protein (YFP). Upon interaction of the 398 

bait and the prey protein, functional YFP may be reconstituted, yielding fluorescence 399 

upon appropriate excitation (Schütze et al. 2009; Walter et al. 2004). 400 

We generated translational fusions of MLO2CT and MLO2CT-LW/RR with the C-terminal 401 

YFP segment (YFPC-MLO2CT- and YFPC-MLO2CT-LW/RR-, respectively) and CAM2, N-402 

terminally tagged with the N-terminal YFP segment (YFPN-CAM2), and transiently co-403 

expressed the YFPC-MLO2CT / YFPN-CAM2 and YFPC-MLO2CT-LW/RR / YFPN-CAM2 404 

pairs in leaves of N. benthamiana. The MDL2-YFPC / YFPN-CAM2 combination 405 

served as a negative control in this assay. MDL2 is a cytoplasmic protein (Gruner et 406 
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al. 2021) assumed not to interact with CAM. At two days after infiltration of the 407 

agrobacteria, typically no or little fluorescence was detectable for any of the tested 408 

protein pairs. By contrast, at three days after infiltration of the agrobacteria, we 409 

observed clear fluorescence signals for the YFPC-MLO2CT / YFPN-CAM2 and YFPC-410 

MLO2CT-LW/RR / YFPN-CAM2 pairs, while either no or weak fluorescence was seen for 411 

the negative control (MDL2-YFPC / YFPN-CAM2) (Figure 6). However, we found no 412 

reproducible difference in fluorescence intensity between the combinations involving 413 

MLO2CT and MLO2CT-LW/RR (Figure 6). Thus, similar to the classical Y2H and the 414 

Ura3-based yeast SUS system (Figure 5A-C), the LW/RR double amino acid 415 

substitution in the MLO2CT does not translate into a detectable difference in the BiFC 416 

interaction assay (Table 1). 417 

 418 

Interaction between MLO2/MLO2CT or MLO2 LW/RR/MLO2CT-LW/RR and CAM2 419 

visualized by a Luciferase Complementation Imaging (LCI) assay 420 

Similar to the BiFC assay, the LCI assay relies on the complementation of N- and C-421 

terminal protein fragments (here from firefly luciferase, LUC). Reconstitution of the 422 

enzyme upon protein-protein interaction results in luciferase activity that can be 423 

measured in the presence of the substrate, luciferin (Chen et al. 2008). We first 424 

generated translational fusions of MLO2CT and MLO2CT-LW/RR with the N-terminal 425 

luciferase segment (LUCN-MLO2CT- and LUCN-MLO2CT-LW/RR-, respectively) and 426 

CAM2, N-terminally tagged with the C-terminal LUC segment (LUCC-CAM2), and 427 

transiently co-expressed the LUCN-MLO2CT / LUCC-CAM2 and LUCN-MLO2CT-LW/RR / 428 

LUCC-CAM2 pairs in leaves of N. benthamiana. As an additional control, an empty 429 

vector (LUCN) was used. We measured strong luciferase activity (median ~46,000 430 

units/mm2) in the case of the LUCN-MLO2CT / LUCC-CAM2 combination and 431 

significantly reduced luciferase activity for the LUCN-MLO2CT-LW/RR / LUCC-CAM2 pair 432 

(median ~4,900 units/mm2). Comparatively low background luciferase activity 433 

(median ~2,300 units/mm2) was seen when the LUCN empty vector was co-infiltrated 434 

with LUCC-CAM2 (Figure 7A and Supplemental Figure 5A). In planta protein 435 

production was validated by immunoblot analysis (Supplemental Figure 5B). Taken 436 

together, this data set indicates reduced binding of CAM2 to MLO2CT-LW/RR mutant 437 

variant in the context of the in planta LCI assay. 438 
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We next wondered whether this result could be recapitulated in the context of the full-439 

length MLO2 protein. To this end, we generated LCI constructs in which full-length 440 

MLO2 WT and a respective LW/RR (L456R W459R) mutant variant were C-terminally 441 

tagged with the N-terminal luciferase fragment (MLO2-LUCN) and co-expressed 442 

these transiently in N. benthamiana with CAM2, N-terminally tagged with the C-443 

terminal luciferase fragment (LUCC-CAM2). In this set of experiments, the A. thaliana 444 

heterotrimeric G-protein α-subunit, GPA1, N-terminally tagged with the C-terminal 445 

luciferase fragment (LUCC-GPA1), served as a negative control. In comparison to the 446 

negative control combinations (MLO2-LUCN / LUCC-GPA1 and MLO2LW/RR-LUCN / 447 

LUCC-GPA1; median luciferase activity ~35 units/mm2 each), we measured marked 448 

luciferase activity for the MLO2-LUCN / LUCC-CAM2 pair (~375 units/mm2; Figure 449 

7B). This measured value is substantially lower than the figure obtained in the 450 

context of the LUCN-MLO2CT / LUCC-CAM2 combination (median ~46,000 units/mm2; 451 

Figure 7A), which is likely due to different expression levels of MLO2CT and full-452 

length MLO2 and/or due to methodological differences in the assays (see Materials 453 

and Methods for details). Notably, similar to the experiment with the MLOCT, the 454 

MLO2LW/RR-LUCN / LUCC-CAM2 pair yielded significantly lower luciferase activity 455 

(median ~110 unit/mm2; Figure 7B), indicative of reduced CAM2 binding to MLO2. 456 

When normalized against the respective negative controls (empty vector in the case 457 

of MLO2CT and LUCC-GPA1 in the case of full-length MLO2), the relative light units 458 

were similar for the WT and LW/RR variants in the two assays (Supplemental 459 

Figure 6). In summary, both N-terminally tagged MLO2CT and C-terminally tagged 460 

MLO2 full-length protein interact with CAM2 in the LCI assay, and the respective 461 

LW/RR mutant variants exhibit in each case reduced interaction (Table 1). 462 

 463 

Interaction between MLO2 or MLO2LW/RR and CAM2 visualized by a proximity-464 

dependent biotin labeling assay 465 

We finally tested the MLO2-CAM2 interaction by proximity-dependent biotin labeling. 466 

To this end, MLO2 and MLO2LW/RR fusion proteins with TurboID (TbID) were 467 

transiently co-expressed with epitope-labeled CAM2 in N. benthamiana. TbID is an 468 

improved biotin ligase that uses ATP to convert biotin into biotinol-5´–AMP, a reactive 469 

intermediate that covalently labels lysine residues of nearby proteins. Subsequent 470 
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streptavidin immunoprecipitation enriches for biotin-labeled target proteins, which can 471 

be further analyzed, e.g. by immunoblot analysis (Yang et al. 2021). 472 

Dexamethasone-inducible expression of MLO2-TbID or MLO2LW/RR-TbID in 473 

combination with CAM2, N-terminally labeled with a hemagglutinin (HA) tag (HA-474 

CAM2), in the presence of 250 µM biotin resulted in a wide spectrum of biotinylated 475 

proteins, covering a broad molecular mass range. Although the overall pattern was 476 

similar, the intensity of biotin labeling appeared to be stronger at 24 h as compared to 477 

6 h after biotin application. We did not observe any obvious difference in the labeling 478 

pattern between the expression of MLO2-TbID and MLO2LW/RR-TbID (Figure 8A). 479 

After immunoprecipitation of the biotinylated proteins with streptavidin beads, we 480 

recovered a similar spectrum of biotin-labeled proteins, although proteins of lower 481 

molecular mass appeared to be somewhat underrepresented. Immunoblot analysis of 482 

the immunoprecipitated sample with an α-HA antibody for the detection of HA-CAM2 483 

revealed marked levels of this protein upon expression of MLO2-TbID at 6 h after 484 

biotin application, indicating the intracellular presence of HA-CAM2 in the vicinity of 485 

MLO2-TbID. We detected an even stronger accumulation of HA-CAM2 at 24 h after 486 

biotin application, consistent with an assumed increased biotinylation of this target 487 

protein over time. In comparison to MLO2-TbID, we noticed reduced band intensities 488 

for HA-CAM in the immunoprecipitated samples upon expression of MLO2LW/RR-TbID, 489 

both at 6 h and 24 h after biotin application, suggesting a reduced association of 490 

MLO2LW/RR-TbID and HA-CAM under these conditions (Figure 8A). To validate this 491 

outcome, we repeated the experiment using a different epitope tag (LUCC) N-492 

terminally fused to CAM2, focusing on 6 h biotin application, which yielded the more 493 

pronounced difference between MLO2-TbID and MLO2LW/RR-TbID in the first trial. 494 

Similar to the experiment with HA-CAM2 (Figure 8A), co-expression of LUCC-CAM2 495 

with MLO2LW/RR-TbID yielded substantially lower levels of biotinylation than co-496 

expression of LUC-CAM2 with MLO2-TbID (Figure 8B). Thus, TbID-mediated biotin 497 

proximity labeling is suitable to visualize the MLO2-CAM2 interaction and sensitive 498 

enough to discriminate WT and the LW/RR mutant variant (Table 1). 499 

500 
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Discussion 501 

We here studied the interaction between A. thaliana MLO2 (or its C-terminus 502 

harboring the CAMBD) and CAM2 with seven different experimental approaches. In 503 

each type of assay, we deployed both the wild-type version of the CAMBD (either in 504 

the context of the MLO2CT or the full-length MLO2 protein) and at least the respective 505 

LW/RR double mutant. Except for the classical Y2H approach, each of the methods 506 

indicated association of CAM2 with either the MLO2 full-length protein or the MLO2CT 507 

(Table 1). Previously, interaction between MLO proteins and either CAM or CML 508 

proteins was seen in several cases with a variety of methods (Zhu et al. 2021; Kim et 509 

al. 2002a; Kim et al. 2002b; Kim et al. 2014; Yu et al. 2019; Bhat et al. 2005). A 510 

comprehensive Y2H study revealed that the C-termini of all 15 A. thaliana MLO 511 

proteins can interact with at least one CML (Zhu et al. 2021). Our results using MLO2 512 

further strengthen the notion that the interaction of MLO proteins with CAM/CMLs is a 513 

common feature of MLO proteins that likely contributes to their in vivo functionality. 514 

The data further validate the C-terminal CAMBD as the primary contact site between 515 

MLO and CAM/CML proteins, although the residual association of CAM2 with MLO2 516 

LW/RR mutant variants could point at a contribution by additional domains of the 517 

protein (see below). Although all results of this study were obtained with CAM2, we 518 

believe that due to the high sequence conservation among the seven A. thaliana 519 

CAM isoforms with a minimum of 96% sequence identity, the outcomes of our 520 

interaction assays are likely to be representative for all CAMs encoded by the 521 

Arabidopsis genome. 522 

We tested site-directed mutants of seven amino acids that are conserved between 523 

the CAMBD of MLO2 and barley Mlo, or between the CAMBDs of MLO2, MLO6 and 524 

MLO12 (A17, L18, W21, A25, K26, K30 and H31; Supplemental Figure 1) in a CAM 525 

overlay assay. This revealed, similar to a previous study with barley Mlo (Kim et al. 526 

2002b), protein variants with unaltered (A25R, K26A), reduced (A17R, L18R, W21R) and 527 

enhanced (K30A, H31A) in vitro CAM binding capacity. Especially the latter feature is 528 

remarkable since it suggests that at least barley Mlo and A. thaliana MLO2 proteins 529 

did not evolve their maximal CAM binding affinity, at least as judged from the in vitro 530 

assays. This may indicate that CAM binding to MLO proteins is a fine-tuned and 531 

balanced process, highlighting its putative physiological relevance in the context of 532 

MLO function. Results of a recent study indicate that calcium-dependent CAM 533 
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association with the MLO CAMBD might be required for autoinhibition of MLO´s 534 

calcium channel activity (Gao et al. 2022). It is conceivable that the extent of this 535 

negative feedback activity may differ dependent on the particular MLO paralog and 536 

its respective cellular and physiological context. 537 

We focused in our study in particular on the LW/RR double amino acid substitution 538 

within MLO2 CAMBD and its ability to interact with CAM– either in the context of the 539 

MLO2 full-length protein or its cytoplasmic C-terminus (MLO2CT). We subjected this 540 

constellation to seven different protein-protein interaction assays: (1) CAM overlay 541 

assay (Figure 2 and 3), (2) GST pull-down assay (Figure 4), (3) two versions of the 542 

classical Y2H assay (Figure 5A and B), (4) two variants (Ura3- and PLV-based) of 543 

the yeast SUS assay (Figure 5C-E), (5) BiFC assay (Figure 6), (6) LCI assay 544 

(Figure 7) and (7) proximity-dependent biotin labeling assay (Figure 8). In the case 545 

of five of the mentioned experimental approaches (CAM overlay, GST pull-down, 546 

classical Y2H, PLV-based yeast SUS, and LCI), MLO2CT and its corresponding 547 

MLO2CT-LW/RR mutant variant were offered as potential interaction partners for CAM2. 548 

Similarly, for another four techniques (Ura3-based yeast SUS, BiFC, LCI and biotin 549 

labeling), the MLO2 full-length protein was deployed (note that in the case of the 550 

yeast SUS and in planta LCI assay both MLO2CT and full-length MLO2 were tested). 551 

Two of the mentioned methods (CAM overlay and GST pull-down) are in vitro test 552 

systems, three (Y2H as well as Ura3- and PLV-based yeast SUS) rely on yeast, and 553 

another three (BiFC, LCI, and biotin labeling) are in planta assays. The majority of 554 

the procedures tested (CAM overlay, GST pull-down, PLV-based yeast SUS, LCI, 555 

and biotin labeling) revealed either a qualitative or quantitative difference in the 556 

interaction between the MLO2/MLO2CT LW/RR double mutant and CAM in 557 

comparison to the respective WT versions (Figure 2, Figure 3, Figure 4, Figure 5C 558 

and D, Figure 7 and Figure 8). These differences in the strength of CAM binding are 559 

unlikely to be the result of lower expression levels of the MLO2LW/RR and MLO2CT-560 

LW/RR mutant variants in relation to the respective WT versions as we controlled in 561 

most assays (apart from BiFC) for equal protein expression levels by immunoblot 562 

analysis. Our data, thus, corroborate a critical role of the highly conserved amino acid 563 

residues in the CAMBD of MLO proteins. 564 

Exceptions from the differential outcome between MLO2/MLO2CT WT and mutant 565 

versions were the classical Y2H approach, which failed to detect any interaction 566 
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between MLO2CT and CAM (Figure 5A and B), as well as the Ura3-based yeast 567 

SUS and the BiFC assay, which did not discriminate between the MLO2 WT and 568 

LW/RR variants (Figure 5B and Figure 6). The BiFC system is known to be prone to 569 

false-positive results due to the high tendency of self-association of the two halves of 570 

the fluorescent proteins, which, once formed, constitute an irreversible complex, 571 

thereby stabilizing interactions between any fused interaction partners (Xing et al. 572 

2016; Miller et al. 2015). While this feature can be an advantage for the detection of 573 

transient protein-protein interactions, it is usually considered a disadvantage since it 574 

may result in the formation of artificial protein complexes due to random protein-575 

protein contacts. Accordingly, mutant variants were highly recommended to be 576 

included as essential controls in BiFC experiments (Kudla and Bock 2016). In 577 

comparison to the BiFC assay, the outcome of the Ura3-based yeast SUS 578 

experiment was unexpected, as a similar assay with another A. thaliana MLO family 579 

member, MLO1, previously revealed reduced interaction with its respective LW/RR 580 

mutant variant (Kim et al. 2002b). Likewise unexpected was the failure to detect any 581 

interaction between MLO2CT and CAM2 in the Y2H since a previous study found 582 

interactions between A. thaliana MLO family members (including MLO2CT) and CAM-583 

like proteins (CMLs) using the pGBKT7/pGADT7-based Y2H also deployed in our 584 

study (Figure 5B). While canonical CAMs harbor four calcium-binding EF hands, 585 

CML proteins have a variable number of one to six EF hands and, accordingly, 586 

typically differ in the total number of amino acids from classical CAMs. The 587 

interaction partners of the MLO2 carboxyl-terminus identified in the study of Zhu and 588 

co-workers (Zhu et al. 2021), CML9 and CML18, harbor four EF hands each and 589 

have a similar number of amino acids as CAM2 tested in our work (151 and 161 as 590 

compared to 149 amino acids). However, these proteins share only 50% (CML9) and 591 

45% (CML19) sequence identity and 69% (both proteins) sequence similarity with 592 

CAM2, which may explain the differential outcome in the Y2H assays performed 593 

before (Zhu et al. 2021) and in the present study (Figure 5A and B). 594 

It is noteworthy that the CAM overlay assay, similar to previous findings with barley 595 

and rice MLO (Kim et al. 2002a; Kim et al. 2002b), revealed a seemingly complete 596 

absence of the interaction between the MLO2CT-LW/RR mutant and CAM2, even at 597 

possibly unphysiologically high calcium concentrations (Figure 2 and Figure 3). By 598 

contrast, most of the tested in vivo approaches (PLV-based yeast SUS, LCI and 599 

biotin labeling) rather point to a reduced level of association between the MLO2 600 
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LW/RR mutant variant and CAM2 (Figure 5D and E, Figure 7 and Figure 8). While 601 

experimental details may account for this discrepancy between the different methods, 602 

there might also be biological explanations. One possibility is that the mutated 603 

CAMBD indeed exhibits residual binding affinity for CAM/CML proteins under in vivo 604 

conditions. Another option is that further cytoplasmic domains of MLO2, such as its 605 

large second cytoplasmic loop (Devoto et al. 1999; Kusch et al. 2016; Devoto et al. 606 

2003), affect the MLO2-CAM2 interaction in planta, e.g. by stabilizing an initial 607 

association of the two binding partners. In addition or alternatively, further proteins 608 

present in the yeast and plant cells of the respective in vivo assays could modulate 609 

the interaction. It needs, however, to be considered that all protein-protein interaction 610 

assays performed in the context of this study were based on unphysiologically high 611 

protein concentrations due to overexpression. Therefore, the residual binding of 612 

CAM2 to the mutated MLO2 CAMBD in the in vivo assays could simply represent an 613 

overexpression artefact. 614 

Our transient gene expression experiments in N. benthamiana revealed in vivo 615 

biotinylation of CAM2 by the TbID biotin ligase C-terminally fused to MLO2 (Figure 616 

8). While this approach was used in the context of the present work to probe the 617 

MLO2-CAM2 interaction, it could be deployed in future studies to identify novel 618 

interaction partners of MLO proteins. Apart from CAM (Kim et al. 2002a; Kim et al. 619 

2002b; Kim et al. 2014; Zhu et al. 2021) cyclic nucleotide gated channels (CGNCs; 620 

Meng et al. 2020) and exocyst EXO70 subunits (Huebbers et al. 2022), no other 621 

plant proteins have been reported to date to associate in planta with MLO proteins. 622 

Being integral membrane proteins, the identification of protein interaction partners is 623 

notoriously difficult for MLO proteins. The TbID approach promises to capture 624 

physiologically relevant in vivo protein-protein interactions, possibly also in different 625 

cell types and in different physiological contexts (Zhang et al. 2020; Mair et al. 2019; 626 

Arora et al. 2020; Yang et al. 2021). To this end, future experiments should involve 627 

the expression of functionally validated MLO-TbID fusion proteins in stable transgenic 628 

lines, ideally driven by the corresponding native MLO promoter. 629 

630 
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Materials and Methods 631 

 632 

In silico predictions 633 

The membrane topology of A. thaliana MLO2 (At2g11310; 634 

https://www.uniprot.org/uniprot/Q9SXB6) was determined and drawn using 635 

PROTTER (https://wlab.ethz.ch/protter/start/). We used the predicted cytoplasmic C-636 

terminal region of MLO2 (MLO2CT) for further in silico analyses. Analogous to other 637 

MLO proteins (Piffanelli et al. 1999; Panstruga 2005; Kusch et al. 2016; Devoto et al. 638 

2003), the MLO2CT region starts after the last predicted transmembrane domain with 639 

a methionine residue (M439) and comprises amino acids 439-573, i.e., 135 residues in 640 

total. The numbering of the amino acids within this study refers to M439 in the full-641 

length protein as M1 in the MLO2CT. The PONDR-FIT tool 642 

(http://original.disprot.org/pondr-fit.php; Xue et al. 2010), a meta-predictor of 643 

intrinsically disordered proteins, was employed to predict disordered regions within 644 

the MLO2 protein. The AlphaFold (Jumper et al. 2021) prediction of three-645 

dimensional structure of the MLO2CT was run at 646 

https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.647 

ipynb?pli=1#scrollTo=kOblAo-xetgx. The rank 1 model was chosen for visualization 648 

with ChimeraX (Pettersen et al. 2021). Helical wheel projections were calculated by 649 

pepwheel (https://www.bioinformatics.nl/cgi-bin/emboss/pepwheel) and wheel graphs 650 

drawn manually. All tools were used using default parameters. 651 

 652 

Cloning of expression constructs 653 

The MLO2CT coding sequence was originally inserted as an NcoI/EcoRI DNA 654 

fragment into E. coli vector pGEX-2TK (GE Healthcare Life Sciences, Chalfont St. 655 

Giles, U.K.) for the inducible high-level expression of GST-MLO2CT fusion protein. 656 

Site directed mutagenesis of MLO2CT was performed by Gibson assembly (Gibson et 657 

al. 2009) based on suitable PCR fragments generated with Phusion® high-fidelity 658 

DNA polymerase (NEB GmbH, Frankfurt, Germany). The CAM2 coding sequence 659 

was inserted as an NcoI/XhoI DNA fragment into modified pET28a vector that lacks 660 

the N-terminal His6 tag (previously designated pETλHIS; Campe et al. 2016) for the 661 

inducible high-level expression of CAM2-His6 fusion protein. 662 
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Constructs for the Y2H and yeast SUS assays were generated by Gateway® cloning. 663 

MLOCT and MLO2CT-LW/RR were shuttled into pDEST32 (Invitrogen - Thermo Fisher 664 

Scientific, Waltham, MA, USA), pGBKT7 and pGADT7 (Clontech, now Takara Bio, 665 

San Jose, CA, USA), as well as in pMETOYC-Dest (Xing et al. 2016), but in the latter 666 

without a stop codon. Full-length MLO2 and MLO2LW/RR genes (lacking a stop codon) 667 

were transferred by Gateway® LR reactions from pDONR entry clones into pMET-668 

GWY-Cub-R-Ura3-Cyc1 (Deslandes et al. 2003; Wittke et al. 1999). Arabidopsis 669 

CAM2 was shuttled by Gateway® LR reactions into pDEST22 (Thermo Fisher 670 

Scientific), pGBKT7 and pGADT7 (Clontech), pCup-NuIGWY-Cyc1 (Wittke et al. 671 

1999; Deslandes et al. 2003) and pNX32-Dest (Obrdlik et al. 2004). 672 

Plasmid constructs used for the BiFC assay (pUBQ-cYFP-MLO2CT, pUBQ-cYFP-673 

MLO2CT-LW/RR) were also generated by Gateway® cloning. Inserts were moved by 674 

Gateway® LR reactions from pDONR entry clones into destination vectors pUBN-675 

YFPC (Grefen et al. 2010), pE-SPYNE and pE-SPYCE (Walter et al. 2004) for BiFC 676 

assays. 677 

For LCI assays, inserts were shuttled by Gateway® LR recombination into either 678 

pAMPAT-LUCN (used for MLO2CT and MLO2CT-LW/RR) and pAMPAT-LUCC (used for 679 

CAM2) -both for N-terminal tagging with LUC fragments (Gruner et al. 2021), or into 680 

pCAMBIA1300-N-LUC-GWY (for C-terminal tagging with LUCN; used for MLO2CT and 681 

MLO2CT-LW/RR) and pCAMBIA1300-GWY-C-LUC (for N-terminal tagging with LUCC; 682 

used for CAM2) (Chen et al. 2008). 683 

The dexamethasone-inducible MLO2-TbID construct is based on expression vector 684 

pB7m34GW (Karimi et al. 2005) and was generated by MultiSite Gateway™ 685 

technology to insert the dexamethasone-inducible pOp6/LhGR promoter system 686 

(Samalova et al. 2005) in front of the MLO2 coding sequence, C-terminally fused to 687 

TbID (Branon et al. 2018) followed by a His6 epitope tag (MLO2-TbID-His6). To 688 

create the pOp6/LhGR-containing entry clone, the pOp6/LhGR module from vector 689 

pOp/LhGR was combined with the backbone of vector p1R4_G1090:XVE by Gibson 690 

assembly to replace the XVE module. The resulting donor plasmid, 691 

pG1090::LHGR/pOP6, has P4-P1r Gateway® recombination sites. The TbID-His6 692 

coding sequence present in vector TurboID-His6_pET21a 693 

(https://www.addgene.org/107177/; Branon et al. 2018) was recloned into pDONR 694 

P2r-P3 (Invitrogen - Thermo Fisher Scientific) and a stop codon introduced after the 695 
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His6 tag. Finally, entry clones harboring the pOp6/LhGR promoter system, the MLO2 696 

coding sequence (in pDONR221 (Invitrogen – Thermo Fisher Scientific), lacking a 697 

stop codon) and the TbID-His6 fragment were jointly recombined into vector 698 

pB7m34GW by MultiSite Gateway™ recombination. The corresponding MLO2LW/RR 699 

construct was created by site-directed mutagenesis on the basis of Gibson assembly 700 

(Gibson et al. 2009) as described above. The plasmid for the in planta expression of 701 

HA-CAM2 was made by Gateway®-based transfer of the CAM2 coding sequence into 702 

pEarleyGate201 (Earley et al. 2006). 703 

 704 

Generation of E. coli lysates 705 

For the generation of bacterial lysates, 2 mL of an overnight culture of E. coli 706 

ROSETTATM (DE3) pLysS or BL21 (DE3) cells containing the appropriate expression 707 

constructs was transferred into 200 mL LB medium with appropriate antibiotics. The 708 

culture was incubated at 37 °C while shaking at 220 revolutions per minute (rpm) 709 

until OD600 reached 0.6-0.8. Protein expression was induced by addition of 1 mM 710 

isopropyl β-D-1-thiogalactopyranoside (IPTG) and incubation was continued at 28 °C 711 

for 3 h at 220 rpm. The cells were harvested by centrifugation at 3,130 x g for 15 min. 712 

The pellet was then dissolved in 8 mL lysis buffer (25 mM HEPES (pH 7.5), 300 mM 713 

NaCl, 10% (v/v) glycerol, 5 mM imidazole) and incubated at 4 °C while gently shaking 714 

for 30 min. The suspension was sonicated on ice for 2 min and centrifuged at 3,130 x 715 

g and 4 °C for 50 min. The bacterial lysate was either stored in 2 mL aliquots at -20 716 

°C or immediately used for further analysis. 717 

 718 

Affinity purification of recombinant hexahistidine-labeled CAM2 719 

The Protino® Ni-NTA column (Macherey-Nagel, Düren, Germany) was used for 720 

affinity chromatography of recombinant CAM2-His6 from E. coli lysate. First, the 721 

column was equilibrated with 10 mL lysis buffer (see above) according to the 722 

manufacturer’s instructions. The bacterial lysate (see above) was loaded onto the 723 

column and then washed with 30 mL of wash buffer (25 mM HEPES (pH 7.5), 300 724 

mM NaCl, 10% (v/v) glycerol, 20 mM imidazole). Finally, the hexahistidine-tagged 725 

protein was eluded with 5 mL elution buffer 25 mM HEPES (pH 7.5), 300 mM NaCl, 726 

10% (v/v) glycerol, 300 mM imidazole) in five fractions of 500 μL each. A small 727 
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sample (approx. 50 μL) of flow through was collected after each step for further 728 

analysis by SDS-PAGE (see below). Following elution of His6-CAM2, the buffer was 729 

exchanged with 1x phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 730 

mM Na2HPO4, 1.8 mM KH2PO4 (pH ~7.3-7.4)) using a PD-10 desalting column (GE 731 

Healthcare) according to the manufacturer’s instructions. The protein concentration 732 

was calculated by using a NanodropTM 2000c spectrophotometer (Thermo Fisher 733 

Scientific) to measure absorbance at 280 nm. 734 

 735 

SDS-PAGE and immunoblot analysis 736 

For SDS-PAGE, the Mini-PROTEAN® Tetra cell (Bio-Rad, Hercules, CA, USA) was 737 

used. Bis-Tris-polyacrylamide gels were prepared consisting of 12% resolving gels 738 

and 4% stacking gels. Gels were run at room temperature in either 1x MES (50 mM 739 

2-(N-morpholino)ethanesulfonic acid (MES), 50 mM Tris, 1 mM EDTA, 0.1% SDS; pH 740 

7.3) or Laemmli running buffer (25 mM Tris, 250 mM glycine, 0.1% SDS) at 175 V for 741 

45 min. As a molecular mass marker, 2.5 μL of PiNK/BlueStar Prestained Protein 742 

Marker (NIPPON Genetics EUROPE GmbH, Düren, Germany) was used per gel 743 

lane. After electrophoresis, gels were either directly stained with Instant Blue™ 744 

(Biozol, Eching, Germany), or the proteins were transferred onto a nitrocellulose 745 

membrane using Mini Trans-Blot® cell (Bio-Rad, Hercules, CA, USA). The transfer 746 

was performed in 1x transfer buffer at 250 mA for 1 h at 4 °C under constant stirring. 747 

The membrane was blocked in 5% skim milk (w/v) in Tris-buffered saline with Tween-748 

20 (20 mM Tris-HCl pH7.5, 150 mM NaCl, 0.1% Tween-20; TBST) for 1 h while 749 

gently shaking. Afterwards, the membrane was washed in 1x TBST three times for 5 750 

min each and then incubated with the appropriate primary antibody at 4 °C overnight. 751 

The membrane was washed in 1x TBST three times for 5 min, before incubating with 752 

the secondary antibody for 1 h at room temperature. After washing again three times 753 

with TBST for 15 min, the presence of horseradish peroxidase (HRP) coupled to the 754 

secondary antibody was detected by addition of either SuperSignal West Pico 755 

substrate for strong bands or SuperSignal West Femto solution (Thermo Fisher 756 

Scientific, Waltham, MA, USA) for faint bands by using ChemiDoc™ XRS+ (Bio-Rad, 757 

Hercules, CA, USA) and ImageLab™ software. Finally, the membrane was washed 758 

with ddH2O and stained in Ponceau solution. After drying for several minutes, 759 

pictures were taken of the stained membrane to verify equal loading of proteins. 760 
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 761 

Antibodies 762 

For immunoblot analyses, the following commercially available primary antibodies 763 

were used: rabbit α-GST (Cell Signaling Technology, Danvers, MA, USA; used in 764 

1:1,000 dilution), mouse α-His (Cell Signaling Technology; used in 1:1,000 dilution), 765 

rat α-HA (Hoffmann-La Roche AG, Basel, Switzerland; used in 1:1,000 dilution), goat 766 

α-luciferase (Sigma Aldrich, St. Louis, MO, USA; used in 1:1,000 dilution), rabbit α-767 

Gal4 BD (Santa Cruz Biotechnology, Dallas, TX, USA; used in 1:1,000 dilution), 768 

rabbit α-Gal4 AD (Santa Cruz Biotechnology; used in 1:1,000 dilution), and goat α-769 

biotin-HRP (Cell Signaling Technology; used in 1:2,000 dilution). In addition, we 770 

deployed a polyclonal rabbit α-MLO2 antiserum raised against the recombinantly 771 

expressed MLO2 carboxyl-terminus (used in 1:500 dilution) as well as a custom-772 

made polyclonal rabbit α-LexA antiserum (used in 1:5,000 dilution) raised against the 773 

C-terminal 15 amino acids of PLV (Harty and Römisch 2013; kindly provided by Prof. 774 

Dr. Karin Römisch). As secondary antibodies, α-goat-HRP (Santa Cruz 775 

Biotechnology), α-mouse HRP (Thermo Fisher Scientific) α-rabbit-HRP (Cell 776 

Signaling Technology) and α-rat-HRP (Sigma Aldrich) were used as appropriate (all 777 

used in 1:2,000 dilution). Antibody dilutions were made in 5% (w/v) bovine serum 778 

albumin (α-GST, α-His, α-HA, α-biotin-HRP, α-MLO2) in TBST or 5% (w/v) milk (α-779 

Gal4 BD, α-Gal4 AD, α-LUC and all secondary antibodies) in TBST. 780 

 781 

Labeling of CAM2 with HRP 782 

For conjugation of HRP to CAM2-His6, 50 μL of 10 mM Tris(2-783 

carboxyethyl)phosphine (TCEP) was added to 1 mL (corresponding to ~1 mg) of 784 

purified CAM2-His6 and incubated at room temperature for 2 h to reduce all cysteine 785 

residues present in the protein. Thereafter, the TCEP was removed using a PD-10 786 

desalting column (GE Healthcare) according to the manufacturer’s instructions. The 787 

reduced CAM2-His6 protein was then mixed with 1 mg EZ-Link™ Maleimide 788 

Activated HRP (Thermo Fisher Scientific) in a molar ratio of 1:1 and incubated 789 

overnight at room temperature. The next day, glycerol was added to the CAM2-HRP 790 

complex to reach a final concentration of 20 % (v/v). Successful linkage was 791 

validated by SDS-PAGE and subsequent Coomassie staining of the gel using Instant 792 

Blue™ (Biozol, Eching, Germany) (Supplemental Figure 1). 793 
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 794 

CAM overlay assay 795 

E. coli lysates of strains expressing the various constructs were mixed with 6x SDS 796 

loading buffer and samples boiled at 95 °C for 5 min before loading onto three 797 

separate Bis-Tris-polyacrylamide gels. After gel separation, proteins were transferred 798 

to nitrocellulose membranes. The membranes intended for the overlay assay were 799 

rinsed with 1x TBST and then blocked in 7% (w/v) milk in TBST overnight at 4 °C. 800 

After washing three times with 1x TBST, the membranes were subsequently 801 

equilibrated for 1 h in 20 mL overlay buffer (50 mM imidazole-HCl (pH 7.5), 150 mM 802 

NaCl) which additionally contained either 1 mM CaCl2 or 5 mM EGTA (also present in 803 

all subsequently used buffers). Next, the membranes were incubated at room 804 

temperature for 1 h in 20 mL overlay buffer with 0.1 % gelatin (w/v) and 1:1,000 805 

diluted CAM2-HRP (~20 µg – see above). Afterwards, the membranes were washed 806 

five times for 5 minutes in wash buffer 1 (1x TBST, 0.1 % Tween (v/v), 50 mM 807 

imidazole-HCl, (pH 7.5), 2 (20 mM Tris-HCl (pH 7.5), 0.5 % Tween (v/v), 50 mM 808 

imidazole-HCl (pH 7.5), 0.5 M KCl) and 3 (20 mM Tris-HCl (pH 7.5), 0.1 % Tween 809 

(v/v), 0.5 M KCl). Chemiluminescence was detected by addition of either SuperSignal 810 

West Pico substrate for strong bands or SuperSignal West Femto solution (Thermo 811 

Fisher Scientific) for faint bands by using ChemiDoc™ XRS+ (Bio-Rad, Hercules, 812 

CA, USA) and ImageLab™ software. Presence of equal protein amounts was 813 

validated by immunoblot analysis with an α-GST antibody. 814 

 815 

GST pull-down assay 816 

For the pull-down assay with GST-tagged proteins, Protino® Glutathione Agarose 4B 817 

(Macherey-Nagel) was used. For each reaction, 100 μL of thoroughly mixed slurry 818 

was washed with 1x PBS according to the manufacturer’s instructions and then 819 

resuspended in 100 μL of 1x PBS. The input of E. coli lysate was adjusted to 1.9 mL 820 

of the lowest concentrated lysate using the previously calculated relative protein 821 

amount. All following steps were performed on ice to prevent protein degradation. 822 

Glutathione sepharose beads (100 μL) and the cell lysate were mixed in a 2 mL 823 

reaction tube. The samples were filled up to 2 mL with 1x PBS and incubated for at 824 

least 1 h at 4 °C while rotating end-over-end at 25 rpm. Afterwards, the beads were 825 

collected by centrifugation at 500 x g for 5 min at 4 °C and then washed four times 826 
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with 1 mL 1x PBS. After resuspension of the samples in 500 μL binding buffer (140 827 

mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4), two different reactions 828 

were prepared for each construct: 250 μL of bead suspension were mixed with 0.5 μL 829 

1 M CaCl2 and 20 μg purified CAM2-His6. In addition, 20 μL of 250 mM EGTA (pH 830 

8.0) was added to one half of the samples. The volume was filled up to 500 μL with 831 

binding buffer and then incubated at 4 °C for 1 h while rotating end-over-end at 25 832 

rpm. Finally, the beads were washed five times with 1 mL wash buffer (400 mM NaCl, 833 

2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, supplemented with either 1 mM 834 

CaCl2 or 5 mM EGTA) and resolved in 6x SDS loading buffer (12 % SDS (w/v), 9 mM 835 

bromophenol blue, 47% glycerol, 60 mM Tris-HCl (pH 6.8), 0,58 M DTT). After boiling 836 

for 10 min at 95 °C and shortly spinning the beads down, immunoblot analysis with α-837 

GST and α-His antibodies was performed. 838 

 839 

Yeast-based interaction assays 840 

Yeast cells were transformed with a modified LiAc protocol (Gietz and Woods 2002). 841 

A liquid overnight culture was grown at 30 °C and 250 rpm in YPD, SC-Leu or SC-842 

His, depending on the yeast strain used. The main culture was set to OD 0.2 and was 843 

incubated until it reached an OD of 0.8-1. Cells were harvested by centrifugation at 844 

1,500 x g for 5 min and washed with 30 mL sterile water. Afterwards, the cells were 845 

resuspended in 1 mL 1x TE (10 mM Tris-HCl pH 7.5, 1 mM EDTA)/1x LiAc (100 mM). 846 

Then, 1 µg of DNA and 50 µg of high-quality sheared salmon sperm DNA (Invitrogen 847 

- Thermo Fisher Scientific) as carrier DNA were added to a 50 µl aliquot of competent 848 

cells. Next, 300 µL of sterile 40% PEG-4000/1x LiAc/1x TE were combined with the 849 

mixture of cells and gently mixed. The cell suspension was incubated at 30 °C for 30 850 

min and then shifted to 42 °C for a heat shock. The heat treatment lasted for 10 min 851 

for S. cerevisiae strains PJ69-4A (James et al. 1996) and AH109 (Clontech), used for 852 

the classical Y2H assays, and for 1 h for strains THY.AP4 (Grefen et al. 2009) and 853 

JD53 (Dohmen et al. 1995) used for the yeast SUS experiments. Transformed cells 854 

were plated on SC medium lacking appropriate amino acids (Formedium, Norfolk, 855 

UK) as selection markers (Supplemental Table 1) and grown for at least two days at 856 

30 °C. 857 

Expression of bait and prey constructs in yeast was verified via immunoblot with α-858 

Gal4 BD, α-Gal4 AD (Santa Cruz Biotechnology) or α-LexA (Harty and Römisch 859 
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2013) antibodies. Protein extraction was performed with a modified protocol of the 860 

Dohlman lab for trichloroacetic acid (TCA) yeast whole cell extracts (adapted from 861 

(Cox et al. 1997); https://www.med.unc.edu/pharm/dohlmanlab/resources/lab-862 

methods/tca/). In short, a 10 mL culture (OD 1) was harvested and resuspended in 863 

300 µl of TCA buffer (10 mM Tris-HCl, pH 8.0; 10% trichloroacetic acid; 25 mM 864 

NH4OAc; 1 mM Na2 EDTA). Glass beads were added for cell disruption in 5 x 1 min 865 

bursts on a vortex. The cell lysate was transferred to a new tube, and the beads were 866 

washed with 100 µL TCA buffer and added to the new tube. The supernatant was 867 

removed after centrifugation for 10 min at 16,000 x g at 4 °C and resuspended in 150 868 

µL resuspension solution (0.1 M Tris-HCl, pH 11; 3% SDS). The samples were boiled 869 

for 5 min and cell debris was separated by centrifugation for 30 sec at 16,000 x g. 870 

From the supernatant, 120 µL were transferred to a new tube and an aliquot thereof 871 

used for protein concentration measurements. Expression of the bait construct in the 872 

Ura3-based yeast SUS was validated by a growth assay on SC-His-Ura plates (not 873 

shown). 874 

Drop tests to examine for protein-protein interactions were performed by harvesting 875 

and washing cells from overnight cultures of the respective strains, carrying bait and 876 

prey constructs, and diluting these to OD 1. A 10-fold dilution series was performed, 877 

and 4 µL of each dilution was dropped on suitable SC plates lacking specific amino 878 

acids or containing 3-AT (Y2H) or 5-FOA (Ura3-based yeast SUS; Supplemental 879 

Table 1). Plates were incubated for 2 to 4 days, and representative pictures were 880 

taken for documentation. The LacZ reporter assay was performed with a modified 881 

protocol of Clonetech. A freshly grown 10 ml (start OD 0.2) was grown to OD 1 and 882 

harvested by centrifugation (3,400 x g for 1 min). Cells were washed once with 1 mL 883 

sterile 4 °C-cold Z buffer (60 mM Na2HPO4 2 H2O, 40 mM NaH2PO4 H2O, 10 mM 884 

KCl, 1 mM MgSO4 7 H2O; pH 7.0) and then resuspended in 650 µL of Z buffer. To 885 

disrupt the yeast cells, three freeze and thaw cycles were accomplished in liquid 886 

nitrogen. After the addition of 50 µL 0.1% SDS and 50 µL chloroform, the solution 887 

was mixed for 1 min. The cell debris and lysate were separated by centrifugation at 888 

10.000 x g for 10 min (4 °C). Of the supernatant, 600 µL were transferred to a new 889 

tube and a Bradford assay (Bradford 1976) was performed to determine protein 890 

concentration. To start the enzymatic reaction, 800 µL prewarmed (37 °C) oNPG-891 

solution (1 mg/mL ortho-nitrophenyl-β-galactoside in Z buffer) was mixed with 200 µL 892 

yeast protein extract, which was diluted to the lowest protein concentration. The 893 
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yellowing of the solution was monitored over time during the incubation time (at 37 894 

°C) and was stopped by adding 0.5 mL 1 M Na2CO3 before saturation. The extinction 895 

at 420 nm (E420) was measured and put into the following equation to calculate the 896 

specific enzymatic activity: [U/mg] = (E420 x V) / (ε x d x v x t x P), with V = volume of 897 

the reaction (1,500 μL), ε = extinction coefficient of o-nitrophenol (4,500 M-1 cm-1), d = 898 

thickness of the cuvette (1 cm), v = volume of yeast extract (200 μL) and t = reaction 899 

time. 900 

 901 

Bimolecular fluorescence complementation (BiFC) assay 902 

For BiFC assays, constructs on the basis of vectors pUBN-YFPC (Grefen et al. 2010) 903 

and pE-SPYNE and pE-SPYCE (Walter et al. 2004) were used. Leaves of 4-6 week-904 

old N. benthamiana plants grown in short-day conditions (10 h light, 23 ºC, 80-90% 905 

relative humidity, 80-100 µmol s-1 m-2 light intensity) were infiltrated with A. 906 

tumefaciens strains carrying the genes of interest that were tagged with either the N- 907 

or C-terminal part of yellow fluorescence protein (YFP) as follows: pUBQ::cYFP-908 

MLO2CT (pUBN-YFPC), pUBQ::cYFP-MLO2CT-LW/RR (pUBN-YFPC), p35S::nYFP-909 

CAM2 (pE-SPYNE), p35S::MDL2.1-cYFP (pE-SPYCE). In addition, an A. 910 

tumefaciens strain (GV2260) carrying the viral gene silencing suppressor p19 was 911 

co-infiltrated. After recovery for either two or three days in long-day conditions (16 h 912 

light, 20 ºC, 60-65% relative humidity, 105-120 µmol s-1 m-2 light intensity), three leaf 913 

discs representing every tested interaction were stamped out, analyzed by confocal 914 

laser scanning microscopy (see below) and then frozen in liquid nitrogen for protein 915 

extraction and subsequent immunoblot analysis. 916 

 917 

Confocal laser scanning microscopy 918 

Leaf discs punched from Agrobacterium-infiltrated N. benthamiana leaves (see 919 

section 2.2.12) were placed on a glass slide in ddH2O and then analyzed with a Leica 920 

TCS SP8 LIGHTNING Confocal Microscope (Leica Camera AG, Wetzlar, Germany) 921 

using the HC PL APO CS2 20x0.75 IMM objective. The fluorescence signal of YFP 922 

was analyzed by exciting at 514 nm with an argon ion laser and measuring emission 923 

at 520-550 nm. 924 

 925 
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LCI assay 926 

Leaves of 4-6-week-old N. benthamiana plants grown short-day conditions (10 h 927 

light, 23 ºC, 80-90% relative humidity, 80-100 µmol s-1 m-2 light intensity) conditions 928 

were infiltrated with either A. tumefaciens strain GV3101 (pMP90RK) (for MLO2CT 929 

constructs) or A. tumefaciens strain AGL1 (for MLO2 full-length constructs) carrying 930 

the genes of interest that were tagged with either the N- or C-terminal part of firefly 931 

luciferase. In addition, an A. tumefaciens strain (GV2260) carrying the viral gene 932 

silencing suppressor p19 was co-infiltrated. For testing MLO2CT constructs, 933 

expression vectors pAMPAT-LUCN and pAMPAT-LUCC (Gruner et al. 2021) were 934 

used and the following constructs generated by Gateway® LR recombination: 935 

p35S::LUCN-MLO2CT (pAMPAT-LUCN), p35S::LUCN-MLO2CT-LW/RR (pAMPAT-LUCN), 936 

p35S::LUCC-CAM2 (pAMPAT-LUCC) and p35S::LUCN (pAMPAT-LUCN). For testing 937 

full-length MLO2 constructs, pCAMBIA1300-C-LUC-GWY and pCAMBIA1300-GWY-938 

N-LUC (Chen et al. 2008) were used and the following constructs generated by 939 

Gateway® LR recombination: p35S::MLO2-LUCN (pCAMBIA1300-GWY-N-LUC), 940 

p35S::MLO2LW/RR-LUCN (pCAMBIA1300-GWY-N-LUC), p35S::LUCC-CAM2 941 

(pCAMBIA1300-C-LUC-GWY) and p35S::LUCC-GPA1 (pCAMBIA1300-C-LUC-942 

GWY). 943 

After recovery for three days in long-day conditions (16 h light, 20 ºC, 60-65% relative 944 

humidity, 105-120 µmol s-1 m-2 light intensity), the leaves were sprayed with 1 mM D-945 

luciferin (PerkinElmer, Rodgau, Germany) solution containing 0.01 % Tween-20 (v/v) 946 

and incubated in the dark for 20 min. Chemiluminescence was detected by using 947 

ChemiDoc™ XRS+ (Bio-Rad, Hercules, CA, USA) and ImageLab™ software. Three 948 

leaf discs were taken close from each agroinfiltration site for protein extraction and 949 

immunoblot analysis to validate protein expression. Alternatively, for full-length 950 

MLO2/MLO2LW/RR, twelve leaf discs per combination of constructs were taken close 951 

from agroinfiltration sites of a minimum of three different leaves (max. four discs/leaf). 952 

The leaf discs were placed in individual wells of a white 96-well plate containing 100 953 

µL 10 mM MgCl2 per well. Prior measurement, the liquid was replaced by 100 µL of 954 

freshly prepared 10 mM MgCl2 containing 1 mM D-Luciferin. Following a dark 955 

incubation of 5 min, luminescence was recorded for 1 sec/well in a CENTRO 956 

luminometer (Berthold Technologies, Bad Wildbad, Germany). All twelve leaf discs 957 

per construct were pooled for protein extraction and immunoblot analysis to validate 958 
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protein expression. Chemiluminescence values are given as relative light units per 959 

measured leaf area (RLU/mm2).  960 

 961 

Proximity-dependent biotin labeling assay 962 

Agrobacterium tumefaciens GV3101 (pMP90RK) strains carrying the constructs 963 

pB7m34GW-MLO2, pB7m34GW-MLO2LW/RR, pEarleyGate-HA-CAM2 or pAMPAT-964 

LUCC-CAM2 were mixed in respective combinations with A. tumefaciens strain 965 

GV2260, carrying the viral gene silencing suppressor p19, and infiltrated into leaves 966 

of 4-6-week-old N. benthamiana plants grown in short-day conditions (10 h light, 23 967 

ºC, 80-90% relative humidity, 80-100 µmol s-1 m-2 light intensity). After two days of 968 

recovery in long-day conditions (16 h light, 20 ºC, 60-65% relative humidity, 105-120 969 

µmol s-1 m-2 light intensity), the leaves were sprayed with 30 µM dexamethasone 970 

(Dex) solution and incubated for another 24 h. Then, biotin solution (250 µM) was 971 

infiltrated into the leaves and samples were taken after 6 h and 24 h. A simple protein 972 

extraction from N. benthamiana tissue was performed with subsequent buffer 973 

exchange via P10 desalting columns, and all biotinylated proteins were bound by 974 

PierceTM streptavidin agarose beads (Thermo Fisher Scientific). To this end, 40 µL of 975 

the beads were washed three times (2,500 x g, 1 min) with 500 µL 8 M urea binding 976 

buffer (8 M urea, 200 mM NaCl, 100 mM Tris-HCl pH 8.0). After the last washing 977 

step, the beads were resuspended in 100 µL urea binding buffer and 40 µg of protein 978 

extract was added. The volume was adjusted to 40 µL with urea binding buffer and 979 

the samples were incubated over night at 25 rpm at room temperature. The samples 980 

were washed 5 times with 1 mL urea binding buffer and used for SDS PAGE and 981 

immunoblot analysis with α-biotin, α-MLO2, α-HA and α-LUC antibodies. The 982 

appropriate volume of SDS loading buffer was added to the immunoprecipitated 983 

protein samples and then boiled for 10 min at 95 °C. A share of the total protein 984 

extract was used for analysis of the input sample. 985 

 986 

Phenolic total protein extraction 987 

Plant tissue was homogenized with metal beads by freezing the tubes in liquid 988 

nitrogen. For the whole extraction, every step was performed on ice, with pre-chilled 989 

solutions and with centrifuges set at 4 °C. The leaf powder was washed twice with 990 
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900 µL 100% acetone and centrifuged at 20.800 x g for 5 min. Afterwards, the pellet 991 

was dissolved in 900 µL 10% (w/v) TCA in acetone and the samples were exposed to 992 

ultrasound in an ice bath for 10 min. The samples were centrifuged again and 993 

washed 900 µL 10% (w/v) TCA in acetone, 900 µL 10% (w/v) TCA in H2O and 900 994 

µL 80% (v/v) acetone. The pellet was resuspended in 300 µL freshly prepared dense 995 

SDS buffer (100 mM Tris-HCl pH 8.0, 30% (w/v) sucrose; 2% (w/v) SDS, 5% (v/v) β-996 

mercaptoethanol) at room temperature and 300 µL phenol was added. The solution 997 

was mixed rigorously, and the phases were separated by centrifugation at room 998 

temperature for 20 min. Of the upper phase, 180 µL was mixed with 900 µL of 100 999 

mM ammonium acetate in methanol. After an incubation for 1 h at -20 °C, the 1000 

precipitate was collected by centrifugation, and the pellet was washed once with 900 1001 

µL 100 mM ammonium acetate in methanol and twice with 900 µL 80% (v/v) acetone. 1002 

The dry pellet was resuspended in 50 µL 8 M urea binding buffer (see above) and 1003 

incubated at room temperature for 1 h to dissolve the protein pellet. 1004 

 1005 

Data presentation and statistical analysis 1006 

Boxplots were generated using GraphPad Prism 8.4.2 software (GraphPad software, 1007 

Boston, MA, USA). Statistical analysis of quantitative data is based on ordinary one-1008 

way ANOVA followed by Tukey`s multiple comparison test (conducted in GraphPad 1009 

Prism). 1010 

1011 
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Figures and Figure legends 1246 

 1247 

Figure 1. In silico analysis of the predicted MLO2CT and its associated CAMBD. 1248 

A Predicted membrane topology of MLO2. The amino acid sequence of the 1249 

heptahelical MLO2 transmembrane protein was plotted with PROTTER 1250 

(https://wlab.ethz.ch/protter/start/). The individual amino acids of MLO2 are presented 1251 

as circles filled with the single-letter code for amino acids; the membrane is shown as 1252 

an orange box. The amino terminus faces the extracellular/luminal side of the 1253 

membrane; the cytoplasmic carboxyl terminus (starting from M439) is boxed in red. 1254 

B Structure prediction of the MLO2CT by AlphaFold. The carboxyl terminus (amino 1255 

acids 439-573; corresponding to the boxed region in A) was subjected to structure 1256 

prediction by AlphaFold. A predicted α-helical region between R13 (R451 according to 1257 

the numbering of the full-length protein) and K30 (K468) is boxed in red. 1258 
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C Prediction of disordered protein regions in MLO2 by PONDR-FIT 1259 

(http://original.disprot.org/pondr-fit.php). The plot shows the disorder disposition (y-1260 

axis) per amino acid position (x-axis). Regions with a score above 0.5 (indicated by 1261 

the horizontal black line) are considered to be intrinsically disordered. 1262 

D Helical wheel projection of the α-helical MLO2CT region between A15 (A453 1263 

according to the numbering of the full-length protein) and G32 (G470). Individual 1264 

residues are indicated corresponding to the single-letter code for amino acids. The 1265 

dashed line separates one side of the helix with preferentially hydrophobic residues 1266 

(red; bottom left) from another side of the helix with preferentially basic residues 1267 

(blue; top right). 1268 

1269 
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 1270 

Figure 2. Initial characterization of the MLO2CT-CAM2 interaction by a CAM 1271 

overlay assay. 1272 

CAM2 overlay assay with recombinantly expressed HRP-labeled CAM2-His6 and 1273 

GST-tagged MLO2CT in the presence of either 1 mM CaCl2 (middle panel) or 1 mM 1274 

CaCl2 plus 5 mM EGTA (lower panel). Protein loading was assessed by immunoblot 1275 

analysis with an α-GST antibody (upper panel). Expected molecular masses of GST-1276 

MLO2CT (~41.5 kDa) and GST (~29 kDa) are marked by a black triangle, a GST-1277 

MLO2CT cleavage product (~35 kDa) by a white triangle. 1278 

1279 
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 1280 

Figure 3. Analysis of site-directed MLO2CT mutants via the CAM overlay assay. 1281 

CAM2 overlay assay with recombinantly expressed HRP-labeled CAM2 and GST-1282 

tagged site-directed MLO2CT mutant variants in the presence of either 1 mM CaCl2 1283 

(middle panel) or 1 mM CaCl2 plus 5 mM EGTA (lower panel). Protein loading was 1284 

assessed by immunoblot analysis with an α-GST antibody (upper panel). Expected 1285 

molecular masses of GST-MLO2CT and GST are marked by a black triangle, a GST-1286 

MLO2CT cleavage product by a white triangle. The assay was repeated twice with 1287 

similar results. WT, wild-type version of the MLO2CT; ev, empty vector. 1288 

1289 
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 1290 

Figure 4. Analysis of site-directed MLO2CT mutants via a GST pulldown assay. 1291 

GST pulldown assay with recombinantly expressed CAM-His6 and GST-tagged site-1292 

directed MLO2CT mutant variants in the presence of either 1 mM CaCl2 (A) or 1 mM 1293 

CaCl2 plus 5 mM EGTA (B). Protein input was assessed by immunoblot analysis with 1294 

α-GST (upper panel each) and α-His (middle panel each) antibodies. Presence of 1295 

CAM-His6 was analyzed by immunoblot analysis with an α-His antibody (lower panel 1296 

each). In the upper panel, expected molecular masses of GST-MLO2CT and GST are 1297 

marked by a black triangle, a GST-MLO2CT cleavage product by a white triangle. The 1298 

assay was repeated twice (in part with less mutant variants tested) with similar 1299 

results. WT, wild-type version of the MLO2CT; ΔBD, version of the MLO2CT lacking 1300 
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the entire CAMBD; i.e. amino acids A17 to H31 deleted; GST, GST tag alone (not 1301 

fused to MLO2CT). 1302 

1303 
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 1304 

Figure 5. Interaction between MLO2CT or MLO2CT-LW/RR and CAM2 in different 1305 

yeast-based systems. 1306 

A Classical Y2H assay with the pGBKT7 (bait vector; Gal4 DNA-binding domain 1307 

(BD); MLO2CT, MLO2CT-LW/RR and empty vector) and pGADT7 (prey vector; Gal4 1308 

activation domain (AD); CAM2 and empty vector) vector system in S. cerevisiae 1309 

strain AH109. Growth control was performed on SC medium lacking leucine (-L, 1310 

selection for bait vector) and tryptophan (-T, selection for prey vector). Selection for 1311 

interaction was performed on SC medium lacking leucine (-L), tryptophan (-T), and 1312 

histidine (-H, selection for interaction). The assay was repeated twice with similar 1313 

results. ev, empty vector. 1314 

B Classical Y2H assay with the pDEST32 (bait vector; Gal4 DNA-binding domain 1315 

(BD); MLO2CT and MLO2CT-LW/RR and empty vector) and pDEST22 (prey vector; Gal4 1316 

activation domain (AD); CAM2 and empty vector) vector system in S. cerevisiae 1317 

strain PJ69-4A. Growth control was performed on SC medium lacking leucine (-L, 1318 

selection for bait vector) and tryptophan (-T, selection for prey vector). Selection for 1319 

interaction was performed on SC medium lacking leucine (-L), tryptophan (-T), and 1320 
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histidine (-H, selection for interaction). The assay was repeated twice with similar 1321 

results. ev, empty vector. 1322 

C Ura3-based yeast SUS with the pMet-GWY-Cub-R-Ura3 (bait vector; MLO2CT and 1323 

MLO2CT-LW/RR) and pCup-NuI-GWY-Cyc1 (prey vector; CAM2 and GPA1) vector 1324 

system in S. cerevisiae strain JD53. Growth control was performed on SC medium 1325 

lacking histidine (-H, selection for bait vector) and tryptophan (-T, selection for prey 1326 

vector). Selection for interaction was performed on SC medium containing 0.7 g/L 5-1327 

FOA (+5-FOA, selection for interaction) and lacking methionine (-M, to allow for full 1328 

promoter activity of the bait vector). All plates contained 500 µM methionine to 1329 

reduce background growth due to a strong promoter activity of the bait vector. The 1330 

assay was repeated twice with similar results. 1331 

D PLV-based yeast SUS with the pMetOYC (bait vector; MLO2CT and MLO2CT-LW/RR) 1332 

and pNX32 (prey vector; CAM2) vector system in the S. cerevisiae strain THY.AP4. 1333 

Growth control was performed on SC medium lacking leucine (-L, selection for bait 1334 

vector) and tryptophan (-T, selection for prey vector). Selection for interaction was 1335 

performed either on SC medium lacking leucine (-L), tryptophan (-T) and histidine (-1336 

H, selection for interaction) and in the presence of 10 mM 3-aminotriazole (+3-AT) or 1337 

on SC medium lacking leucine (-L), tryptophan (-T) and adenine (-A, selection for 1338 

interaction). All plates contained 500 µM methionine to reduce background growth 1339 

due to a strong promoter activity of the bait vector. The assay was repeated twice 1340 

with similar results. ev, empty vector.  1341 

E Quantification of interaction strength in the PLV-based yeast SUS via a β-1342 

galactosidase reporter assay. Yeast cells were harvested from freshly grown cultures 1343 

(OD = 1) and washed with sterile Z-buffer. Cells were disrupted by three freeze-and-1344 

thaw cycles, and the debris was separated by centrifugation. The protein 1345 

concentration of the supernatant was determined. Aliquots of the supernatant, Z 1346 

buffer, and the substrate o-nitrophenyl-β-D-galactopyranoside were mixed and 1347 

incubated at 37 °C. The yellowing of the solution was monitored over time and 1348 

stopped by the addition of Na2CO3 (final concentration 0.33 M). The extinction was 1349 

measured at 420 nm, and the specific enzyme activity (U/mg) was calculated. Three 1350 

independent biological replicates were performed and all data points are indicated. 1351 

An ordinary one-way ANOVA followed by Tukey´s multiple comparison testing 1352 

revealed no statistically significant differences between samples. 1353 

1354 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 25, 2023. ; https://doi.org/10.1101/2023.01.25.525488doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.25.525488
http://creativecommons.org/licenses/by-nc-nd/4.0/


47 
 

 1355 

Figure 6. Interaction between MLO2CT or MLO2CT-LW/RR and CAM2 in a BiFC 1356 

system. 1357 

YFPC-MLO2CT / YFPN-CAM2, YFPC-MLO2CT-LW/RR / YFPN-CAM2, and MDL2.1-YFPC / 1358 

YFPN-CAM2 pairs were co-expressed in leaves of N. benthamiana by co-infiltration of 1359 

A. tumefaciens strains harboring the respective plasmids. Leaves were analyzed by 1360 

confocal laser scanning microscopy at two and three days after the infiltration of 1361 

agrobacteria. Size bar, 75 µm. The experiment was repeated five times with similar 1362 

results. 1363 

1364 
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1365 

Figure 7. Interaction between MLO2CT or MLO2CT-LW/RR and CAM2 as well as 1366 

MLO2 or MLO2LW/RR and CAM2 in a LCI system. 1367 

The indicated pairs including MLO2CT (A) or full-length MLO2 (B) were co-expressed 1368 

in leaves of N. benthamiana by co-infiltration of A. tumefaciens strains harboring the 1369 

respective plasmids. A Leaves (one per biological replicate) were sprayed with 1370 

luciferin at 3 days post infiltration of agrobacteria and luminescence quantified 1371 

following dark incubation for 20 min. B For the experiment with full-length 1372 

MLO2/MLO2LW/RR, leaf discs (12 per combination and biological replicate) were 1373 

prepared at 3 days post infiltration, placed in 96-well plates, and luminescence was 1374 

recorded after addition of luciferin and following dark incubation of 5 min. Five (A) or 1375 

four (B) independent biological replicates were performed. Asterisks indicate a 1376 

statistically significant difference between MLO2CT or MLO2 in comparison to the 1377 

respective LW/RR double mutant variant according to one-way ANOVA followed by 1378 

Tukey`s multiple comparison test (* p<0.05, ** p<0.01). See Supplemental Figure 4 1379 

for a representation based on relative light units for this assay.1380 
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 1381 

Figure 8. Interaction between MLO2CT or MLO2CT-LW/RR and CAM2 by a proximity-dependent biotin labeling assay. 1382 

MLO2-TbID / HA-CAM2 or MLO2LW/RR-TbID / HA-CAM2 (A) or MLO2-TbID / LUC-CAM2 or MLO2LW/RR-TbID / LUCC-CAM2 (B) were 1383 

co-expressed in leaves of N. benthamiana in the presence of 250 µM biotin by co-infiltration of A. tumefaciens strains harboring the 1384 
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respective plasmids. Expression of MLO2-TbID or MLO2LW/RR-TbID was induced by the addition of 30 µM dexamethasone (Dex); 1385 

biotin solution (250 µM) was infiltrated 24 h later and proteins extracted either 6 h or 24 h thereafter, as indicated above the 1386 

immunoblots. Biotinylated proteins were immunoprecipitated with streptavidin beads. Proximity-dependent biotin labeling of total 1387 

protein extracts prior (Input; left panels) and after (Streptavidin-IP; right panels) immunoprecipitation was analyzed by immunoblot with 1388 

an α-biotin antibody (upper panel). Input expression of MLO2-TbID was validated by immunoblot with an α-MLO2 antiserum (left; 1389 

middle panel). CAM2 input expression (left; lower panel) and biotin labeling (right; lower panel) were analyzed by immunoblots with an 1390 

α-HA (A) or α-LUC (B) antibody, respectively. 1391 

1392 
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Tables 1393 

Table 1. Summary of data from the various MLO2-CAM2 interaction assays a. 1394 

 MLO2 MLO2LW/RR MLO2CT MLO2CT-LW/RR 

CAM overlay assay n.t. n.t. +++ - 

GST pull-down assay n.t. n.t. +++ + 

Y2H assays n.t. n.t. - - 

Ura3-based yeast SUS +++ +++ n.t. n.t. 

PLV-based yeast SUS +++ ++ n.t. n.t. 

BiFC assay n.t. n.t. +++ +++ 

LCI assay +++ + +++ + 

TbID assay +++ + n.t. n.t. 

a compiled based on data shown in Figure 1-8. +++ strong interaction, ++ medium interaction, + weak interaction, - no interaction, n.t., 1395 

not tested1396 
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Supplemental files 1397 

 1398 

Supplemental File 1. Relevant amino acid sequences. 1399 

 1400 

>sp|Q9SXB6|MLO2_ARATH MLO-like protein 2 OS=Arabidopsis thaliana 1401 
OX=3702 GN=MLO2 PE=1 SV=1 (C-terminus highlighted in yellow) 1402 

MADQVKERTLEETSTWAVAVVCFVLLFISIVLEHSIHKIGTWFKKKHKQALFEALEKVKA 1403 

ELMLLGFISLLLTIGQTPISNICISQKVASTMHPCSAAEEAKKYGKKDAGKKDDGDGDKP 1404 

GRRLLLELAESYIHRRSLATKGYDKCAEKGKVAFVSAYGIHQLHIFIFVLAVVHVVYCIV 1405 

TYAFGKIKMRTWKSWEEETKTIEYQYSNDPERFRFARDTSFGRRHLNFWSKTRVTLWIVC 1406 

FFRQFFGSVTKVDYLALRHGFIMAHFAPGNESRFDFRKYIQRSLEKDFKTVVEISPVIWF 1407 

VAVLFLLTNSYGLRSYLWLPFIPLVVILIVGTKLEVIITKLGLRIQEKGDVVRGAPVVQP 1408 

GDDLFWFGKPRFILFLIHLVLFTNAFQLAFFAWSTYEFNLNNCFHESTADVVIRLVVGAV 1409 

VQILCSYVTLPLYALVTQMGSKMKPTVFNDRVATALKKWHHTAKNETKHGRHSGSNTPFS 1410 

SRPTTPTHGSSPIHLLHNFNNRSVENYPSSPSPRYSGHGHHEHQFWDPESQHQEAETSTH 1411 

HSLAHESSEPVLASVELPPIRTSKSLRDFSFKK 1412 

 1413 

A. thaliana MLO2 C-terminus (CAMBD highlighted in green) 1414 

MGSKMKPTVFNDRVATALKKWHHTAKNETKHGRHSGSNTPFSSRPTTPTHGSSPIHLLHNF 1415 

NNRSVENYPSSPSPRYSGHGHHEHQFWDPESQHQEAETSTHHSLAHESSEPVLASVELPPI 1416 

RTSKSLRDFSFKK 1417 

 1418 

>sp|P93766|MLO_HORVU Protein MLO OS=Hordeum vulgare OX=4513 GN=MLO 1419 
PE=1 SV=1 (C-terminus highlighted in light blue) 1420 

MSDKKGVPARELPETPSWAVAVVFAAMVLVSVLMEHGLHKLGHWFQHRHKKALWEALEKM 1421 

KAELMLVGFISLLLIVTQDPIIAKICISEDAADVMWPCKRGTEGRKPSKYVDYCPEGKVA 1422 

LMSTGSLHQLHVFIFVLAVFHVTYSVITIALSRLKMRTWKKWETETTSLEYQFANDPARF 1423 

RFTHQTSFVKRHLGLSSTPGIRWVVAFFRQFFRSVTKVDYLTLRAGFINAHLSQNSKFDF 1424 

HKYIKRSMEDDFKVVVGISLPLWGVAILTLFLDINGVGTLIWISFIPLVILLCVGTKLEM 1425 

IIMEMALEIQDRASVIKGAPVVEPSNKFFWFHRPDWVLFFIHLTLFQNAFQMAHFVWTVA 1426 

TPGLKKCYHTQIGLSIMKVVVGLALQFLCSYMTFPLYALVTQMGSNMKRSIFDEQTSKAL 1427 

TNWRNTAKEKKKVRDTDMLMAQMIGDATPSRGSSPMPSRGSSPVHLLHKGMGRSDDPQSA 1428 

PTSPRTQQEARDMYPVVVAHPVHRLNPNDRRRSASSSALEADIPSADFSFSQG 1429 

 1430 
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Barley Mlo C-terminus (CAMBD highlighted in magenta) 1431 

MGSNMKRSIFDEQTSKALTNWRNTAKEKKKVRDTDMLMAQMIGDATPSRGSSPMPSRGSSP 1432 

VHLLHKGMGRSDDPQSAPTSPRTQQEARDMYPVVVAHPVHRLNPNDRRRSASSSALEADIP 1433 

SADFSFSQG 1434 

 1435 

Amino acid sequence alignment of the CAMBDs of A. thaliana MLO2 and 1436 
barley Mlo. Conserved amino acids are shown in green. 1437 

MLO2  3   ALKKWHHTAKNETK  16 1438 
          AL  W  TAK E K 1439 
Mlo   3   ALTNWRNTAK-EKK  15 1440 
 1441 

1442 
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 1443 

Supplemental Figure 1. Conservation of amino acids in the barley Mlo and A. 1444 

thaliana MLO2 CAMBDs. 1445 

Helical wheel projections of the barley Mlo CAMBD (left; numbering according to the 1446 

Mlo C-terminus; see Supplemental File 1) and A. thaliana MLO2 CAMBD (right; 1447 

numbering according to the MLO2 C-terminus; see Supplemental File 1). Individual 1448 

residues are indicated corresponding to the single-letter code for amino acids. The 1449 

dashed line separates one side of the helix with preferentially hydrophobic residues 1450 

(red; bottom left) from another side of the helix with preferentially basic residues 1451 

(blue; top right). Relevant hydrophobic (red) and basic (blue) amino acid residues 1452 

that reside in a conserved relative position between the barley Mlo CAMBD (left) and 1453 

the A. thaliana MLO2 CAMBD (right) are marked with a circle. 1454 

1455 
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 1456 

Supplemental Figure 2. Chemical linkage of CAM2 to HRP. 1457 

SDS-PAGE illustrating the efficiency of the chemical linkage reaction between 1458 

affinity-purified CAM2 (reduced in 0.5 mM TCEP prior to gel loading) and maleimide-1459 

coupled HRP. Expected molecular masses of CAM2-His6, HRP and the CAM2-His6-1460 

HRP conjugation product are marked by a black triangle. The gel was stained with 1461 

Coomassie Brilliant Blue solution. 1462 

1463 
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 1464 

 1465 

Supplemental Figure 3. Initial GST pull-down assay. 1466 

GST pulldown assay with recombinantly expressed GST-tagged MLO2CT and 1467 

MLO2CT-LW/RR plus CAM-His6 in the presence of either 1 mM CaCl2 or 1 mM CaCl2 1468 

plus 10 mM EGTA. Protein input was assessed by immunoblot analysis with an α-1469 

GST antibody (upper panel). Presence of CAM-His6 was analyzed by immunoblot 1470 

analysis with an α-His antibody (lower panel). 1471 

1472 
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 1473 

Supplemental Figure 4. Immunoblot analysis for the pDEST32/pDEST22-based 1474 

Y2H and PLV-based yeast SUS assays. 1475 

Yeast protein extracts were prepared, separated by SDS-PAGE, blotted on 1476 

nitrocellulose membrane and subjected to immunodetection using specific antibodies. 1477 

For the pDEST32/pDEST22-based Y2H assay, blots were probed with α-BD and α-1478 

AD-specific antibodies for the detection of MLO2CT, MLO2CT-LW/RR and CAM2 (upper 1479 

panels). For the PLV-based yeast SUS based on the yeast Ost4 membrane protein, 1480 

the blot was probed with an α-LexA-specific antibody for the detection of Ost4-fused 1481 

MLO2CT and MLO2CT-LW/RR (lower panel). Empty vector (ev) controls were included 1482 

for both types of assays. Ponceau staining served in all cases to judge equal gel 1483 

loading. 1484 

1485 
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 1486 

Supplemental Figure 5. Representative leaf and immunoblot analysis related to 1487 

the LCI assay. 1488 

A Representative N. benthamiana leaf showing luciferase-based luminescence upon 1489 

transient expression of the indicated construct combinations. Circled lines indicate 1490 

the sites of agrobacteria infiltration. An empty vector (ev) control was included for 1491 

nLUC. 1492 

B Immunoblot analysis of N. benthamiana leaf extracts upon transient expression of 1493 

the indicated construct combinations. The blot was probed with an α-LUC antibody. 1494 

1495 
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 1496 

Supplemental Figure 6. Representation of LCI assay data by relative light units. 1497 

Data shown for the LCI assay in Figure 7 were normalized to the respective negative 1498 

controls, i.e. empty vector (eV) in the case of MLO2CT variants (A) and LUCC-GPA1 1499 

in case of the MLO full-length variants (B). Normalized values are given as relative 1500 

light units (RLU). Asterisks indicate a statistically significant difference between 1501 

MLO2CT or MLO2 in comparison to the respective LW/RR double mutant variant 1502 

according to one-way ANOVA followed by Tukey`s multiple comparison test (** 1503 

p<0.01, **** p<0.0001). 1504 
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Supplemental Table 1. Media composition for yeast-based interaction assays. 1506 

Yeast system Growth control 

medium 

Interaction-selective 

medium 

classical Y2H (Invitrogen) SC-Leu-Trp SC-Leu-Trp-His 

classical Y2H (Clontech) SC-Leu-Trp SC-Leu-Trp-His 

Ura3-based yeast SUS SC-His-Trp SC-His-Trp + 0.7 g/L 5-FOA 

PLV-based yeast SUS SC-Leu-Trp SC-Leu-Trp-Ade 

SC-Leu-Trp + 10 mM 3-AT 

 1507 
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