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ABSTRACT 1"

Clathrin-mediated endocytosis (CME) and its core endocytic machinery are evolutionarily 2"

conserved across all eukaryotes. In mammals, the heterotetrameric adaptor protein complex-2 3"

(AP-2) sorts plasma membrane (PM) cargoes into vesicles via the recognition of motifs based 4"

on tyrosine or di-leucine in their cytoplasmic tails. However, in plants, very little is known 5"

about how PM proteins are sorted for CME and whether similar motifs are required. In 6"

Arabidopsis thaliana, the brassinosteroid (BR) receptor BR INSENSITIVE1 (BRI1) 7"

undergoes endocytosis, which depends on clathrin and AP-2. Here we demonstrate that BRI1 8"

binds directly to the medium AP-2 subunit, AP2M. The cytoplasmic domain of BRI1 contains 9"

five putative canonical surface-exposed tyrosine-based endocytic motifs. The tyrosine-to-10"
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phenylalanine substitution in Y898KAI reduced BRI1 internalization without affecting its 11"

kinase activity. Consistently, plants carrying the BRI1Y898F mutation were hypersensitive to 12"

BRs. Our study demonstrates that AP-2-dependent internalization of PM proteins via the 13"

recognition of functional tyrosine motifs also operates in plants.  14"

 15"

INTRODUCTION 16"

 17"

In plants, plasma membrane (PM)-resident receptors are selectively internalized through 18"

endocytosis, which is crucial for signal termination (by targeting the receptors for 19"

degradation) (Irani et al., 2012; Di Rubbo et al., 2013; Martins et al., 2015; Zhou et al., 2018) 20"

or signal activation (Ortiz-Morea et al., 2016; Ma et al., 2020). Clathrin-mediated endocytosis 21"

(CME) is the most studied route for the internalization of PM proteins in plants (Reynolds et 22"

al., 2018). Clathrin-coated vesicles (CCVs) are the main carriers for endocytic cargoes. CCVs 23"

assemble at the PM and trans-Golgi network/early endosomes (TGN/EEs) in plant cells 24"

(Dhonukshe et al., 2007; Narasimhan et al., 2020). Although CME in plants displays some 25"

differences from that in yeast and mammals (Gadeyne et al., 2014; Narasimhan et al., 2020), 26"

plants contain homologs of many core endocytic proteins, including clathrin coats 27"

(Dhonukshe et al., 2007; Kitakura et al., 2011; Wang et al., 2013), adaptor proteins (Bashline 28"

et al., 2013; Di Rubbo et al., 2013; Fan et al., 2013; Kim et al., 2013; Yamaoka et al., 2013), 29"

dynamins (Konopka et al., 2008), and uncoating factors (Adamowski et al., 2018). 30"

The heterotetrameric adaptor protein complex-2 (AP-2) of the CME pathway is 31"

conserved in plants (Bashline et al., 2013; Di Rubbo et al., 2013; Fan et al., 2013; Kim et al., 32"

2013; Yamaoka et al., 2013), but its function is not well established. In mammals, AP-2 is 33"

involved in the formation of CCVs from the PM, and AP-2 deficiency leads to embryonic 34"

lethality in mice (Zizioli et al., 1999; Mitsunari et al., 2005). By contrast, AP-2 is partially 35"

required, but not essential, for CME in yeast and the nematode Caenorhabditis elegans (Gu et 36"

al., 2008; Weinberg and Drubin, 2012). Similarly, Arabidopsis thaliana with loss-of-function 37"

of single AP-2 subunits are viable but display defects in vegetative and floral organ 38"

development (Fan et al., 2013; Kim et al., 2013; Yamaoka et al., 2013), effector-triggered 39"

immunity (Hatsugai et al., 2016), growth under nutrient-deficient conditions (Yoshinari et al., 40"

2019), and hormonal responses (Di Rubbo et al., 2013; Kim et al., 2013). In Arabidopsis, AP-41"

2 is implicated in CME of several PM proteins, including the PIN-FORMED (PIN) auxin 42"

transporter (Fan et al., 2013; Kim et al., 2013), the brassinosteroid (BR) receptor BR 43"
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INSENSITIVE1 (BRI1) (Di Rubbo et al., 2013), the boron (B) transporter BOR1 (Yoshinari 44"

et al., 2019), and the boric acid channel NODULIN26-LIKE INTRINSIC PROTEIN5;1 45"

(NIP5;1) (Wang et al., 2017). However, the mechanisms that govern the recruitment of these 46"

proteins into CCVs are unclear. 47"

In mammalian cells, AP-2 recognizes cargoes destined for internalization by binding to 48"

specific motifs in these proteins (Bonifacino and Traub, 2003). Two major types of canonical 49"

motifs have been reported. The first type is the tyrosine motif, YXXΦ, where Y is tyrosine 50"

(Tyr), X is any amino acid, and Φ is a bulky hydrophobic residue [leucine (L), isoleucine (I), 51"

methionine (M), valine (V) or phenylalanine (F)], which is recognized and directly bound by 52"

the medium AP-2 subunit, AP2M (Ohno et al., 1995). The second type is the acidic di-leucine 53"

motif [DE]XXXL[LI], [aspartic (Asp, D) and glutamic (Glu, E) acids], which is recognized 54"

by the small AP-2 subunit, AP2S (Kelly et al., 2008). AP2M exhibits a preference for YXXΦ 55"

recognition compared with the medium subunits of AP-1, AP-3, and AP-4, which mediate 56"

different trafficking routes (Ohno et al., 1995). YXXΦ motifs are found in the cytoplasmic 57"

parts of several plant PM proteins (Geldner and Robatzek, 2008), but only a few have been 58"

studied functionally (Ron and Avni 2004; Li and Pan, 2017; Yamamoto et al., 2018). Several 59"

observations point towards the functionality of tyrosine motifs in plants. For example, the 60"

polarized targeting of the membrane-anchored endo-1,4-β-D-glucanase KORRIGAN is 61"

affected when a YXXΦ motif is mutated (Zuo et al., 2000). A tyrosine-to-alanine substitution 62"

in the Y933XXΦ motif in the tomato (Solanum lycopersicum) receptor-like protein ethylene-63"

inducing xylanase2 (LeEix2) abolishes its ability to induce hypersensitive responses (Ron and 64"

Avni 2004; Li and Pan, 2017). Furthermore, a conserved Y505XXΦ motif in the cytoplasmic 65"

loop of PIN2 is required for its constitutive endocytosis (Kleine-Vehn et al., 2011). YXXΦ 66"

motifs were identified in the largest cytoplasmic loop of the BOR1 transporter; mutations in 67"

these motifs affected the polar localization and degradation of BOR1 (Takano et al., 2010; 68"

Yoshinari et al., 2012; Yoshinari et al., 2019).  69"

Regardless of these observations, the binding of a cargo to AP2M in an YXXΦ motif-70"

dependent manner, which is important for CME, has only been demonstrated for the 71"

Agrobacterium-derived virulence protein VirE2. The internalization of VirE2 and 72"

Agrobacterium infection are facilitated by this interaction (Li and Pan, 2017). Although the 73"

cytoplasmic loop of PIN1 bound to AP2M in vitro, and three YXXΦ motifs (Tyr-260, Tyr-74"

328 and Tyr-394) were required for this binding, surprisingly, none of them were essential for 75"

PIN1 endocytosis and recycling in planta (Sancho-Andrés et al., 2016). In contrast to PIN1, 76"

neither the interaction between AP2M and BOR1 in vivo (Yoshinari et al., 2019) nor the 77"
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interaction between the C-terminal µ homology domain (MHD) of AP2M and the 78"

CELLULOSE SYNTHASE6 (CESA6) subunit of the cellulose synthase complex in vitro 79"

(Bashline et al., 2013) relied on specific endocytic motifs. Interestingly, canonical YXXΦ 80"

motifs were needed for the interaction of BOR1 with AP-3 and AP-4 (Yoshinari et al., 2019). 81"

Even though these examples hint at the possibility that cargoes are recognized by adaptor 82"

complexes, including AP-2, through their YXXΦ motifs, the underlying mechanisms of cargo 83"

recognition by AP-2 in plants remain largely elusive. 84"

BRs are polyhydroxylated steroidal hormones that are essential for plant growth, 85"

development, and immunity (Nolan et al., 2020). BRs are perceived at the cell surface by the 86"

ectodomain of the PM-localized receptor BRI1 and its co-receptor BRI1-ASSOCIATED 87"

KINASE1 (BAK1). BR signals are conveyed from the cell surface to the nucleus through a 88"

sequential intracellular signaling cascade that activates the master transcription factors 89"

BRASSINAZOLE-RESISTANT1 (BZR1) and BRI1-EMS-SUPPRESSOR1 (BES1)/BZR2 90"

(Nolan et al., 2020). The PM pool of BRI1 mainly controls BR signaling, and impaired 91"

endocytosis results in constitutive BR responses (Irani et al., 2012; Di Rubbo et al., 2013; 92"

Martins et al., 2015; Zhou et al., 2018). BRI1 undergoes AP-2-dependent CME (Di Rubbo et 93"

al., 2013), but it is unclear how AP-2 recognizes BRI1. Here, we demonstrate that AP2M 94"

directly binds to the Y898KAI motif present in BRI1. Mutations of this motif resulted in plants 95"

that accumulated BRI1 in the PM and were hypersensitive to BRs. Our study demonstrates 96"

that canonical tyrosine motifs are functional in plants and that they control the internalization 97"

of PM proteins by AP-2. 98"

 99"

RESULTS 100"

 101"

BRI1 Binds Directly to the AP2M Subunit 102"

We previously showed that BRI1 co-localizes and co-immunoprecipitates with clathrin heavy 103"

chain (CHC) and AP-2 in vivo and that the endocytosis of BRI1 is compromised when the 104"

function of AP-2 is impaired (Di Rubbo et al., 2013). To further corroborate these findings, 105"

we evaluated the dynamic localization of BRI1 and AP-2 in the PM of Arabidopsis epidermal 106"

root cells of bri1-116 seedlings expressing BRI1-GFP and AP2A1-mTagRFP. We examined 107"

the temporal behavior of the two proteins by dual-color Total Internal Reflection 108"

Fluorescence Microscopy (TIRFM) imaging (Dhonukshe et al., 2007; Johnson and Vert, 2017) 109"

(Figure 1A). Discrete foci of BRI1-GFP and AP2A1-mTagRFP were tracked and analyzed. 110"

We found that a proportion of BRI1-GFP colocalized with AP2A1-mTagRFP foci (32.4% ± 111"
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10.3 of BRI1 colocalized with AP2A1) and that they appeared to display similar dynamics 112"

and disappeared from the PM together (Figure 1B). To examine this further, we conducted a 113"

‘departure assay’ (Johnson and Vert, 2017), where the BRI1-GFP tracks were aligned to the 114"

moments of their co-localizing AP2A1 track departure. This assay showed that BRI1 has a 115"

similar profile to AP2A1 in the PM and that a fraction of BRI1 co-internalizes with AP2A1 116"

(Figure 1C). The association of BRI1 with AP-2 was confirmed by fractionation analyses of 117"

CCVs isolated from 7-day-old bri1 seedlings expressing BRI1-mCitrine, in which BRI1 co-118"

fractionated with CHC and AP2A (Figure 1D). 119"

To visualize the association between BRI1 and AP-2 in living cells, we performed a 120"

ratiometric bimolecular fluorescence complementation (rBiFC) assay (Grefen and Blatt, 2012) 121"

in Nicotiana benthamiana leaf epidermal cells (Figure 1E). A combination between the C-122"

terminally tagged BRI1 (fused with the C-terminal fragment of YFP, designated cYFP) and 123"

the C-terminally tagged PM-associated BRI1-interacting protein BR-SIGNALING KINASE1 124"

(BSK1) (fused with the N-terminal fragment of YFP, designated nYFP) (Tang et al., 2008) 125"

was used as a positive control. The interaction between BRI1-cYFP and the PM-localized 126"

pattern recognition receptor PEP RECEPTOR1 (PEPR1)-nYFP (Ortiz-Morea et al., 2016) 127"

was used as a negative control. BRI1 interacted predominantly with AP2M, AP2S, and 128"

AP2A1, whereas its interaction with the AP1/2B1 subunit was always weaker (Figure 1E). 129"

To establish whether BRI1 interacts directly with the AP2M subunit, we carried out in 130"

vitro glutathione S-transferase (GST) pull-down assays using the bacterially expressed MBP-131"

tagged BRI1-cytoplasmic domain (CD) and the GST-tagged AP2M subunit. MBP-tagged 132"

BRI1-CD was pulled down by GST-AP2M (Figure 1F). Although GST or GST-fused proteins 133"

interacted non-specifically with free MBP or with MBP-fused proteins, the interaction 134"

between GST-AP2M and the free MBP was reduced by competition with BRI1-CD (Figure 135"

1F), thus demonstrating a preference for, as well as a direct interaction between AP2M and 136"

BRI1-CD in vitro. Altogether, our data indicate that BRI1 associates directly with AP-2 137"

through the AP2M subunit. 138"

 139"

BRI1 Contains Canonical Tyrosine-based YXXΦ Endocytic Motifs 140"

In mammals, the selection of PM proteins for internalization depends on the recognition of 141"

endocytic signals in their CDs by AP-2 (Ohno et al., 1995; Bonifacino and Traub, 2003; Kelly et 142"

al., 2008). As BRI1 interacted with AP2M, we explored whether putative YXXΦ motifs might 143"

reside in the intracellular part of BRI1. Six canonical YXXΦ motifs in the kinase domain of 144"

BRI1 were identified, including Y898KAI, Y945CKV, Y956EFM, Y961GSL, Y1058QSF, and 145"
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Y1072GVV (Figure 2A). All YXXΦ motifs except Y1072GVV are surface-exposed (Bojar et al., 146"

2014) (Supplemental Figure 1), making them plausible candidates for being recognized by 147"

AP-2.  148"

BRI1 is a dual-specificity kinase that autophosphorylates on tyrosine: both Tyr-956 and 149"

Tyr-1072 are autophosphorylated residues (Oh et al., 2009a, 2009b). Phosphorylated tyrosine 150"

will likely not bind AP2M, as the hydrogen bond formed between the hydroxyl group of the 151"

tyrosine in the YXXΦ motif and the negatively charged Asp-176 in human AP2M, 152"

corresponding to the conserved Asp-183 in the Arabidopsis AP2M (Supplemental Figure 2), 153"

is vital for cargo recognition, owing to electrostatic repulsion (De Franceschi et al., 2016). 154"

Therefore, Y956EFM and Y1072GVV were not considered to be endocytic motifs, but Y956EFM 155"

was used in this study as a negative control. 156"

We wanted to determine whether any of the four remaining putative YXXΦ motifs 157"

(Y898KAI, Y945CKV, Y961GSL, and Y1058QSF) are also required for receptor activation. We 158"

therefore examined whether the substitution of each tyrosine residue with phenylalanine, 159"

alanine, serine, or the phosphomimetic glutamic acid would affect the kinase activity of BRI1 160"

in vitro (Figure 2B-C, Supplemental Figure 3). The mutated BRI1-CD recombinant proteins 161"

were compared with the wild type (MBP-BRI1-CD) for their ability to autophosphorylate and 162"

to transphosphorylate the inactive kinase domain of the co-receptor BAK1D416N (GST-163"

mBAK1-CD) (Wang et al., 2008). The catalytically inactive kinase BRI1K911E (MBP-mBRI1-164"

CD) (Wang et al., 2005) was included as a negative control in both experiments. Commercial 165"

anti-phosphotyrosine (anti-pY), anti-phosphothreonine (anti-pT), and phosphospecific 166"

antibodies against BRI1-pS858, BRI1-pS981, BRI1-pT872, BRI1-pY831 and BRI1-pY956 (Oh et 167"

al., 2009a) were used. Tyrosine to phenylalanine substitutions at positions Tyr-898, Tyr-961, 168"

and Tyr-1058 in BRI1 neither reduced its autophosphorylation (Figure 2B) nor affected the 169"

transphosphorylation on mBAK1 (Figure 2C). By contrast, the BRI1Y945F mutant displayed 170"

reduced autophosphorylation and transphosphorylation activities, while, as previously stated 171"

(Bojar et al., 2014), the BRI1Y956F mutant remained kinase inactive (Figure 2B-C). 172"

Interestingly, except for the BRI1Y945S mutant, substitution of the tyrosine with either alanine, 173"

serine, or glutamic acid abolished the kinase activity of BRI1 (Supplemental Figure 3), likely 174"

because of conformational changes in the kinase. These data suggest that Tyr-945 is required 175"

for BRI1 activation and it is not an endocytic motif, whereas Y898KAI, Y961GSL, and 176"

Y1058QSF remained putative YXXΦ motifs. 177"

 178"

The BRI1Y898F Mutant Is Hypersensitive to BRs 179"
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To examine the functionality of the putative BRI1 YXXΦ endocytic motifs in vivo, we 180"

generated full-length BRI1 carrying the individual Y898F, Y945F, Y956F, Y961F, or 181"

Y1058F mutations, C-terminally tagged the mutant proteins with mCitrine, and expressed 182"

them in the bri1 null allele (Jaillais et al., 2011) driven by the native promoter. We assessed 183"

the expression of each transgene (Supplemental Figure 4) and selected at least two 184"

independent transgenic lines with expression levels comparable to those of the wild type 185"

BRI1-mCitrine (Martins et al., 2015; Zhou et al., 2018) for further analysis. The BRI1Y898F, 186"

BRI1Y961F, and BRI1Y1058F mutants complemented bri1 (Figure 3A). Interestingly, although 187"

the BRI1Y956F mutant is kinase-impaired (Figure 2B-C), it partially complemented the bri1 188"

phenotype, whereas the kinase-dead BRI1K911E did not (Figure 3A, Supplemental Figure 5A). 189"

Similarly, transgenic lines expressing the BRI1Y898S and BRI1Y956S mutants (with abolished 190"

BRI1 kinase activity in vitro; Supplemental Figure 3) complemented bri1 only to some extent 191"

(Supplemental Figure 5A-B).  192"

 To estimate the effects of the Y898F, Y945F, Y956F, Y961F, and Y1058F mutations on 193"

BRI1 phosphorylation in vivo, we immunoprecipitated BRI1 from a microsomal fraction 194"

isolated from 6-day-old transgenic plants, followed by immunoblot analysis with anti-pT 195"

antibodies (Supplemental Figure 6). Whereas the phosphorylation of BRI1Y956F was notably 196"

lower than that of the wild type BRI1, the phosphorylation of BRI1Y945F was only slightly 197"

reduced, and that of BRI1Y961F, BRI1Y1058F, and BRI1Y898F was comparable (Supplemental 198"

Figure 6). As phosphorylation of BRI1 is a prerequisite for its ubiquitination and subsequent 199"

degradation (Martins et al., 2015; Zhou et al., 2018), we assessed the ubiquitination of BRI1 200"

using anti-Ub antibodies. The ubiquitination of BRI1 was reduced in the BRI1Y945F and 201"

BRI1Y956F mutant lines, but that of BRI1Y898F, BRI1Y961F and BRI1Y1058F was either unchanged 202"

or slightly increased (Supplemental Figure 6). 203"

Next, we evaluated the BR responses of all transgenic lines by measuring the length of 204"

dark-grown hypocotyls in the presence of increasing concentrations of the most biologically 205"

active BR, brassinolide (BL) (Figure 3B). The BRI1Y956F transgenic plants exhibited BR 206"

insensitivity at 5 to 50 nM BL, likely due to impaired BRI1 kinase activity. Similarly, the 207"

Y898S and Y956S mutations in BRI1 provoked resistance to BL (Supplemental Figure 5C). Of 208"

the two BRI1Y945F lines, only one showed BR insensitivity at 5 to 50 nM. The BRI1Y898F 209"

plants displayed hypersensitivity to BL, which was more pronounced at 50 nM BL, whereas 210"

surprisingly, the BRI1Y1058F seedlings were resistant to BL. The Y961F mutation in BRI1 did 211"

not affect BR responses, except that one transgenic line was hypersensitive to 50 nM BL 212"

(Figure 3B).  213"
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The application of BRs induces dephosphorylation of the BES1 transcription factor, 214"

which is commonly used as a BR signaling activation readout (Yin et al., 2002). Consistent 215"

with the results of our hypocotyl growth assay, upon exogenous BL treatment, the 216"

accumulation of dephosphorylated BES1 was higher in BRI1Y898F plants than the wild type, a 217"

difference observed even prior to treatment (Figure 3C). In agreement with the results of the 218"

BR growth assay, the BRI1Y956F plants displayed BR insensitivity and reduced BES1 219"

dephosphorylation, whereas in the BRI1Y945F plants, the BES1 dephosphorylation levels 220"

significantly decreased only at 100 nM BL (Figure 3C). Similarly, after treatment with BL, 221"

the Y898S and Y956S mutations in BRI1 led to a decrease in dephosphorylated BES1 222"

(Supplemental Figure 5D-E). The dephosphorylation level of BES1 in BRI1Y961F plants 223"

remained like that of the wild type, but BRI1Y1058F plants, which were insensitive to BR in the 224"

hypocotyl growth assay (Figure 3B), now displayed only a slight decrease in BES1 225"

dephosphorylation at 10 nM BL (Figure 3C). In agreement with the finding that BR signaling 226"

occurs from the PM (Irani et al., 2012; Di Rubbo et al., 2013; Martins et al., 2015; Zhou et al., 227"

2018), the weak constitutive BR responses observed in the BRI1Y898F mutant support our 228"

hypothesis that Y898KAI might be an endocytic motif. 229"

230"

The Y898F, Y945F, and Y956F Mutations in BRI1 Impair Its Endocytosis 231"

Next, we examined whether the Y898F mutation in the putative endocytic Y898KAI motif of 232"

BRI1 affects the amount of this receptor in the PM. The Y945F, Y956F, Y961F, and Y1058F 233"

BRI1 mutants were used as controls. Given that the PM pool of BRI1 is regulated by 234"

endocytosis, secretion, and recycling, we evaluated the root meristem cells of 5-day-old bri1 235"

seedlings that expressed the mCitrine-tagged mutant forms of BRI1 following treatment with 236"

50 µM cycloheximide (CHX) for 1.5 h to inhibit de novo protein synthesis. By measuring the 237"

fluorescence intensity of BRI1 in the PM compared to that in the cytoplasm, we observed that 238"

the amount of BRI1-mCitrine significantly increased in plants carrying the Y898F, Y945F, and 239"

Y956F mutations in BRI1 but did not significantly differ in the BRI1Y961F and BRI1Y1058F 240"

mutants compared to the control (Figure 4A-B). 241"

In Arabidopsis, Brefeldin A (BFA) is used to visualize the internalization of different 242"

PM cargoes, as it inhibits exocytosis, leading to the accumulation of PM proteins in BFA 243"

bodies (Geldner et al., 2001). The accumulation of BRI1-mCitrine in BFA bodies decreased 244"

in the BRI1Y898F, BRI1Y945F, BRI1Y956F, and BRI1Y961F transgenic lines and did not change in 245"

the BRI1Y1058F lines compared to the wild type (Figure 4C-D). Similarly, the BRI1Y898S and 246"

BRI1Y956S lines exhibited compromised internalization, as the relative BRI1-mCitrine signal 247"
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was increased in the PM and respectively decreased in the BFA bodies (Supplemental Figure 248"

5F-G). Using kymographs obtained from spinning-disk movies (Gadeyne et al., 2014; Martins 249"

et al., 2015; Zhou et al., 2018), we measured the dwell time of BRI1-mCitrine-labelled foci in 250"

the PM in different mutants (Figure 4E). The average residence time of BRI1 in the PM of the 251"

control wild-type BRI1-mCitrine was 22.26 s. We observed small but significant increases in 252"

the lifetimes of the BRI1Y898F, BRI1Y945F, and BRI1Y956F mutants (26.01-30.78 s for different 253"

transgenic lines), indicating that the endocytosis of BRI1 is significantly impaired by Y898F, 254"

Y945F and Y956F mutations.  255"

 To rule out the possibility that the increase in BRI1-mCitrine fluorescence intensity at 256"

the PM in the BRI1Y898F, BRI1Y945F, and BRI1Y956F lines is due to recycling because targeting 257"

of BRI1 to the vacuole from the TGN/EE or other post-Golgi compartments is compromised 258"

by the Tyr mutations, we carried out BFA washout experiments after the combined 259"

application of BFA (50 µM) and CHX (50 µM) for 30 min. Epidermal cells of the root 260"

meristem were imaged after a washout with medium containing CHX for 30, 60, 90, and 120 261"

min (Supplemental Figure 7A). Quantification of the percentage of epidermal cells with BFA 262"

bodies and the BFA body size (Supplemental Figure 7B-C) revealed no obvious differences 263"

between the transgenic lines, suggesting that the relocalization of BRI1-mCitrine from the 264"

BFA bodies to the PM was not affected in these lines. This was further corroborated by 265"

assessing the vacuolar accumulation of BRI1-mCit in Y898F, Y945F, Y956F, Y961F, and 266"

Y1058F BRI1 mutants when grown in darkness for 4h (Supplemental Figure 8A-B). As 267"

expected, the vacuolar accumulation of BRI1Y898F, BRI1Y945F, BRI1Y956F, and BRI1Y961F was 268"

reduced, likely due to decreased internalization. Altogether, our data show that the 269"

endocytosis of BRI1 is compromised by either the Y898F mutation or by mutations that impair 270"

the kinase activity of BRI1. 271"

 272"

The Y898KAI Motif in BRI1 Binds to AP2M 273"

Because BRI1Y898F conferred BR hypersensitivity without affecting the kinase activity of 274"

BRI1, and the BRI1Y898F mutant showed reduced internalization, we tested whether the 275"

Y898KAI motif is recognized by AP2M. Since the AP2M MHD is involved in specific 276"

interactions with endocytic cargo proteins (Traub and Bonifacino, 2013), we carried out an in 277"

vitro peptide pull-down assay (Figure 5) with purified MHD of AP2M fused to GST 278"

(Supplemental Figure 9). A mutated AP2M-MHDD183A;W424A version that is presumably 279"

deficient in cargo binding (Yamaoka et al., 2013) was also included. The residues Asp-183 280"

and Trp-424 in Arabidopsis AP2M are conserved with the Asp-176 and Trp-421 residues in 281"
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human AP2M (Supplemental Figure 2) and were previously shown to be important for the 282"

AP-2-cargo interaction mediated by the YxxΦ motif (Owen and Evans, 1998; Nesterov et al., 283"

1999). The N-terminally biotinylated three tandem repeats of the DVYKAI peptide, 284"

designated peptide 1, and its two variants, DVAKAI (peptide 2) and DVAKAA (peptide 3), 285"

served as baits (Figure 5A). The interaction between AP2M-MHD and the DVYKAI was 286"

significantly decreased by the introduced mutations (Figure 5B-C). As expected, the AP2M-287"

MHDD183A;W424A mutant displayed reduced binding to both the wild-type DVYKAI peptide 288"

and the DVAKAI and DVAKAA mutant variants (Figure 5B-C). Altogether, our data indicate 289"

that AP2M recognizes the Y898KAI motif in BRI1 to facilitate CME. 290"

 291"

DISCUSSION 292"

 293"

AP-2 and Endocytosis of BRI1 294"

Here we identified the canonical tyrosine-containing motif Y898KAI in the CD of BRI1 and 295"

demonstrated its functional importance in BRI1 endocytosis. In mammalian systems, the link 296"

between AP-2 and PM proteins relies on the presence of short linear sorting motifs in their 297"

intracellular parts; the most common motif, YXXΦ, binds directly to AP2M (Bonifacino and 298"

Traub, 2003). Such YXXΦ motifs are also present in plant PM proteins (Geldner and 299"

Robatzek, 2008), but only a few have been directly linked to CME (Ron and Avni 2004; Li and 300"

Pan, 2017; Yamamoto et al., 2018). Five surface-exposed (Bojar et al., 2014) canonical YXXΦ 301"

endocytic motifs (Y898KAI, Y945CKV, Y956EFM, Y961GSL, and Y1058QSF) are present in the 302"

CD of BRI1 (Oh et al., 2009a). The Tyr-898, Tyr-961, and Tyr-1058 of these motifs are not 303"

tyrosine phosphorylation sites (Oh et al., 2009a), as tyrosine-to-phenylalanine substitutions 304"

did not abolish the auto- and transphosphorylation activities of BRI1 and fully complemented 305"

the null bri1 mutant. Notably, only the Y898F mutation caused BR hypersensitivity, which 306"

resulted from an increase in the PM pool of functional BRI1 due to compromised endocytosis. 307"

Similar phenotypes had previously been observed when BRI1 endocytosis is impaired by 308"

interference with either the CME machinery (Irani et al., 2012; Di Rubbo et al., 2013) or 309"

BRI1 ubiquitination (Martins et al., 2015; Zhou et al., 2018); in both cases, CME and the 310"

subsequent degradation of the BR receptor are prevented. In mammalian systems, the YXXΦ 311"

signals interact with the medium subunits of other AP complexes (Bonifacino and Traub, 312"

2003). Also in plants, AP-3 and AP-4 function in the vacuolar sorting of different proteins via 313"

the recognition of YXXΦ motifs (Fuji et al., 2016; Yoshinari et al., 2019). Although BRI1 314"
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accumulates in the vacuole in mutants impaired in AP-3 function (Zwiewka et al., 2011), 315"

whether AP-3 and AP-4 play a role in BRI1 degradation through YXXΦ motifs is unclear. 316"

 Nonetheless, we noticed that the BR hypersensitivity phenotype caused by the Y898F 317"

mutation was relatively weak and that the internalization of BRI1, although reduced, was not 318"

completely abolished. Interestingly, the Y961F substitution did not affect the function of 319"

BRI1 or its endocytosis. However, some transgenic bri1 lines expressing BRI1Y961F tended to 320"

show slight BR hypersensitivity. Thus, the Y961GSL motif might also contribute to CME of 321"

BRI1. Indeed, a few studies in mammalian systems showed that two canonical tyrosine-based 322"

sorting signals function cooperatively as AP-2-binding sites and that only mutations in both 323"

completely abolish CME of the PM cargoes (Böhm et al., 1997; Fong et al., 2013). Although 324"

the Y1058F mutation did not affect the kinase activity of BRI1, we observed some BR 325"

insensitivity in the complemented bri1 transgenic lines, suggesting defective BR signaling. 326"

After careful inspection, we realized that these plants displayed phenotypes resembling those 327"

of the weak bak1 mutants (Gou et al., 2012). Therefore, we speculate that this mutation might 328"

specifically affect the BRI1-BAK1 interaction, but further investigation is needed to support 329"

this assumption. Nevertheless, endocytosis of BRI1 was not impaired by the Y1058F 330"

mutation. 331"

 Whereas BRI1 endocytosis was completely abolished by impairing the clathrin function 332"

(Irani et al., 2012), disruption of either the YXXΦ motif in BRI1 or AP-2 function (Di Rubbo 333"

et al., 2013) failed to fully block BRI1 internalization, raising the question of whether the 334"

endocytic sorting of BRI1 depends entirely on AP-2. Similar to BRI1, the mammalian 335"

epidermal growth factor receptor (EGFR) interacted with the AP2M subunit (Sorkin and 336"

Carpenter, 1993), but its ligand-induced endocytosis was inhibited in clathrin-depleted, but 337"

not AP-2-depleted cells (Motley et al., 2003), suggesting that other adaptors might facilitate 338"

the uptake of EGFRs. In plants, in addition to AP-2, the heterooctameric TPLATE complex 339"

(TPC) functions as an important CME adaptor (Gadeyne et al., 2014). TPC subunits interact 340"

with clathrin and AP-2 and are necessary for their recruitment to the PM (Gadeyne et al., 341"

2014; Bashline et al., 2015). Indeed, the endocytosis of BRI1 was fully blocked in TPC-342"

depleted cells (Gadeyne et al., 2014), but it is still unclear whether TPC is required for the 343"

recruitment of specific cargoes by recognizing motifs that are distinct from that of AP-2 or 344"

whether it is an essential component of early CME initiation in plant cells. Taken together, 345"

our research suggests that AP-2 is not absolutely required for CME of BRI1. 346"

 347"

BRI1 Kinase Activity and Endocytosis 348"
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The kinase activity of mammalian receptor tyrosine kinases (RTKs) is required for their 349"

ligand-induced CME (Lamaze and Schmid, 1995). Ligand-activated receptors undergo 350"

conformational changes that coincide with phosphorylation of their CDs and, simultaneously, 351"

the activated receptors can influence CME by altering the activity of other CME proteins 352"

(Ogiso et al., 2002). For example, the recruitment of the adaptor protein growth factor 353"

receptor-bound protein2 (Grb2) and the ubiquitin ligase Casitas B-lineage lymphoma (Cbl) 354"

was necessary and sufficient to induce CME of EGFR and the ligand-induced 355"

autophosphorylation of EGFR was requirement for their binding (Huang and Sorkin, 2005). 356"

Moreover, the ligand-activated EGFR phosphorylates the β2 subunit of AP-2 on tyrosine, 357"

which depends on the di-leucine motif in the EGFR carboxyl terminus (Huang et al., 2003). 358"

Although mutating this motif did not affect the endocytosis of EGFR, its targeting for 359"

degradation was disrupted (Huang et al., 2003). Ligand binding activates BRI1, leading to 360"

phosphorylation of its intracellular kinase (Wang et al., 2008). As expected, plants expressing 361"

the kinase-defective BRI1 mutants were insensitive to BRs, perhaps due to compromised BR 362"

signaling. Notably, all kinase-impaired tyrosine mutants of BRI1 showed significantly 363"

reduced endocytosis. However, it remains unexplored whether ligand-activated BRI1 364"

phosphorylates any of the AP-2 subunits and as such plays a role in recruiting CME 365"

machinery to facilitate its endocytosis. Although BRI1 has no canonical di-leucine motifs in 366"

its CD, our experiments revealed that BRI1 can associate with the AP2A1 and AP2S subunits 367"

(Figure 1E, Supplemental Figure 10). Further studies combining phosphoproteomics might 368"

resolve these questions. 369"

Ubiquitination of mammalian RTKs triggers CME (Hurley et al., 2006), which often 370"

depends on their activation through phosphorylation (Hunter, 2007; Lemmon and 371"

Schlessinger, 2010). BRI1 is K63 polyubiquitinated in vivo, and ubiquitination promotes its 372"

endocytosis and sorting for vacuolar degradation (Martins et al., 2015). A ubiquitination-373"

compromised but kinase-active BRI125KR mutant accumulates in the PM, and transgenic 374"

plants expressing the mutant protein display BR-hypersensitive phenotypes (Martins et al., 375"

2015). Interestingly, endocytosis of BRI125KR was not completely abolished, but significantly 376"

reduced, as observed in the kinase-impaired Y945F and Y956F BRI1 mutants. Notably, the 377"

ubiquitination of BRI1 in vivo was significantly reduced in the kinase-impaired Y945F and 378"

Y956F mutants. The ubiquitination of BRI1 depends on the U-box (PUB) E3 ubiquitin ligases 379"

PUB12 and PUB13, and the ligand-dependent activation of BRI1 promote its association with 380"

these enzymes through their phosphorylation, which is further required for BRI1 381"

ubiquitination (Zhou et al., 2018). Therefore, the reduced kinase activity of BRI1 likely 382"
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impairs its internalization by affecting the efficiency of its ubiquitination. Whether ubiquitin 383"

can act as an endocytic signal for BRI1 is not yet known. However, an increasing amount data 384"

indicate that ubiquitin associates with a subset of clathrin adaptors in plants (Nagel et al., 385"

2017; Moulinier-Anzola et al., 2020). 386"

387"

Mechanisms Controlling the Degradation versus Recycling of BRI1 388"

BRI1 is the best-characterized receptor kinase in plants (Nolan et al., 2020). BRI1 endocytosis 389"

and trafficking have been extensively studied, but our understanding remains incomplete, 390"

albeit some progress has been made. BR-stimulated signaling was found to occur primarily at 391"

the PM, and the prevailing consensus is that the endocytosis of activated BRI1 functions as a 392"

means of signal attenuation (Kleine-Vehn et al., 2011; Irani et al., 2012; Di Rubbo et al., 393"

2013; Martins et al., 2015). This view is supported by the finding that BR signaling is 394"

enhanced in mutants in which CME is prevented (Irani et al., 2012; Di Rubbo et al., 2013) or 395"

in cells expressing ubiquitination-compromised BRI1 mutant proteins (Martins et al., 2015; 396"

Zhou et al., 2018). BRI1 endocytosis is thought to be independent of ligands, because 397"

exogenous BRs did not affect BRI1 internalization, recycling, or degradation (Geldner et al., 398"

2007; Russinova et al., 2007; Martin et al., 2015; Luo et al., 2015). Nevertheless, because on 399"

the one hand, BRI1 activation and phosphorylation are required for its internalization (Zhou et 400"

al., 2018) and on the other hand, AP-2 binding does not depend on BRI1 activation (Di Rubbo 401"

et al., 2013), we speculate that BRI1 undergoes a basal endocytosis, which is dependent on 402"

AP-2, and a ligand-induced endocytosis, which relies on BRI1 ubiquitination. It is likely that 403"

ubiquitinated BRI1 is sorted for degradation, whereas ligand-free BRI1 is recycled back to the 404"

PM, a model very similar to that recently proposed for the boron transporter BOR1 (Yoshinari 405"

et al., 2019). This assumption is supported by the prediction that, in contrast to mammalian 406"

systems, recycling of ligand-bound BRI1 probably does not occur, because the lack of the pH 407"

gradient in the TGN/EEs (Luo et al., 2015) does not allow for ligand dissociation. Without 408"

excluding the possibility that the activated and ubiquitinated BRI1 is endocytosed 409"

independently of clathrin under certain conditions, this model is in agreement with the 410"

observation that neither defects in AP-2 nor in BRI1 ubiquitination could fully abolish its 411"

internalization. Albeit plausible, this mechanism awaits further research and validation. 412"

413"

METHODS 414"

415"
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Plant Material and Growth conditions 416"

Arabidopsis thaliana accession Columbia 0 (Col-0) was used as the wild type. pBRI1-BRI1-417"

mCitrine expressed in bri1 (BRI1-mCittine;bri1) and the bri1 null mutant (GABI_134E10) 418"

were described previously (Jaillais et al., 2011; Martins et al., 2015; Zhou et al., 2018). BRI1-419"

GFP;bri1-116;AP2A1-mTagRFP was generated by crossing pRPS5A:AP2A1-mTagRFP/Col-420"

0 (Di Rubbo et al., 2013) into pBRI1:BRI1-GFP;bri1-116 and selected based on antibiotic 421"

resistance and fluorescent signals. For each construct, two to four independent mono-422"

insertional lines that were homozygous for both bri1 mutations and the transgene were 423"

selected in the T3 generation. The lines with BRI1 expression comparable to that in BRI1-424"

mCitrine;bri1 were used for further analysis. The bri1 null mutant was genotyped with 425"

specific primers (Supplemental Data Set 1). For phenotypic analysis, plants were grown for 6 426"

weeks in soil at 22°C, 58% relative humidity, and a 16-h light/8-h dark regime, under a 427"

standard light intensity (110 µmol m−2 sec−1) for the day period using full-spectrum 428"

fluorescent light bulbs. The Arabidopsis seeds were surface-sterilized with chlorine gas and 429"

sown on plates with half-strength Murashige and Skoog medium (½MS) containing 0.5% 430"

(w/v) sucrose, 0.8% (w/v) agar, and 2.5 mM 2-(N-morpholino)ethanesulfonic acid (MES) (pH 431"

5.7). After vernalization for 2 days at 4°C, the plates were transferred to the growth room and 432"

the seeds grown at 22°C under a 16-h/8-h light/dark cycle or in the dark after 4 h of light for 433"

different lengths of time, depending on the experiments. Plants were grown on plates for 6 434"

days for the microsomal protein preparation, for 7 days for CCV isolation, and for 5 days for 435"

the BRI1 internalization, recycling, and transcript analyses. For the BFA washout 436"

experiments, seedlings were treated as previously described (Luo et al., 2015). For 437"

quantification of vacuole targeting of BRI1, plants were grown under constant light for 5 days 438"

and transferred to the dark for 4 h as previously described (Martins et al., 2015). 439"

440"

Generation of Constructs 441"

Arabidopsis transgenic lines expressing the mutated BRI1 were generated using 442"

pDONRP1P2-BRI1 as a template to obtain BRI1 carrying Y-to-F substitutions at Y898, Y945, 443"

Y956, Y961, or Y1058F, Y-to-S substitutions at Y898 or Y956, or K-to-E substitution at K911 by 444"

site-directed mutagenesis with the primers listed in Supplemental Data Set 1. For the final 445"

destination vectors, three-fragment recombination systems were used with the destination 446"

vectors pB7m34GW or pK7m34GW (Karimi et al., 2007) and the entry vectors 447"

pDONRP4P1r-pBRI1, pDONR221-BRI1, or mutated BRI1 versions and pDONRP2rP3-448"

mCitrine (Jaillais et al., 2011; Martins et al., 2015). The resulting constructs expressing BRI1 449"
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variants under the control of their own promoters were transformed into the heterozygous bri1 450"

null mutant by the floral dip method (Clough and Bent, 1998). 451"

 For the rBiFC experiments, the cDNAs of BRI1, BSK1, AP2A1, AP1/2B1, AP2S, AP2M 452"

and PEPR1 were cloned into pDONR221-P3P2 and the cDNA of BRI1 was cloned into 453"

pDONR221-P1P4. pDONR221-P1P4-BRI1 was recombined with pDONR221-P3P2-PEPR1, 454"

pDONR221-P3P2-BSK1, pDONR221-P3P2-AP2A1 (without the stop codon), pDONR221-455"

P3P2-AP1/2B1 (without the stop codon), pDONR221-P3P2-AP2M (without the stop codon), 456"

pDONR221-P3P2-AP2S (without the stop codon) into pBiFC-2in1-CC to generate pBiFC-457"

BRI1-nYFP+PEPR1-cYFP, pBiFC-BSK1-nYFP+BRI1-cYFP, pBiFC-AP2A1-nYFP+BRI1-458"

cYFP, pBiFC-AP1/2B1-nYFP+BRI1-cYFP, pBiFC-AP2S-nYFP+BRI1-cYFP, pBiFC-459"

AP2M-nYFP+BRI1-cYFP, respectively, whereas PDONR221-P3P2-AP2A1 (with the stop 460"

codon), pDONR221-P3P2-AP1/2B1 (with the stop codon), pDONR221-P3P2-AP2M (with 461"

the stop codon) and pDONR221-P3P2-AP2S (with the stop codon) were recombined with 462"

pDONR221-P1P4-BRI1 into pBiFC-2in1-NC to generate pBiFC-nYFP-AP2A1+BRI1-cYFP, 463"

pBIFC-nYFP-AP1/2B1+BRI1-cYFP, pBiFC-nYFP-AP2M+BRI1-cYFP and pBiFC-nYFP-464"

AP2S+BRI1-cYFP, respectively. 465"

 The clones used for protein expression were made as follows: the cDNA encoding the 466"

CD of BRI1 was cloned into pDEST17 and into pGEX5x-3 to express MBP-BRI1-CD and 467"

GST-BRI1-CD, respectively. The cDNAs encoding the full-length AP2M (in pDONR221) 468"

(Di Rubbo et al., 2013), the full-length AP2S (in pDONR221) (Di Rubbo et al., 2013), the 469"

BAK1 CD, MHD of AP2M (amino acids 177 to 438), and the AP2A1 appendage domain 470"

(amino acids 733 to 971) were cloned into pGEX KG Gateway, pGEX6p-1, pGEX-5-1, 471"

pOPINJ (GST fusion) (Berrow et al., 2007), and pOPINM (MBP fusion) (Berrow et al., 2007) 472"

by Gateway or in-fusion cloning to express GST-AP2M, GST-AP2S, GST-mBAK1-CD, 473"

GST-AP2M-MHD, and MBP-AP2A1 appendage domain, respectively. pDEST17-BRI1-CD 474"

was used as a template to generate BRI1-CD carrying the Y-to-F, Y-to-S, Y-to-A, or Y-to-E 475"

substitutions at Y898, Y945, Y956, Y961, or Y1058F and the K-to-E substitution at K911 by site-476"

directed mutagenesis with the primers listed in Supplemental Data Set 1. GST-AP2M-MHD 477"

and MBP-AP2A1 appendage domain were cloned into pOPINJ and pOPINM, respectively, 478"

by in-fusion cloning (Takara Bio Inc.). pOPINJ is an Addgene plasmid # 26045; 479"

http://n2t.net/addgene:26045; RRID: Addgene_26045 and pOPINM is an Addgene plasmid # 480"

26044; http://n2t.net/addgene:26044; RRID:Addgene_26044. 481"

 482"

Chemical Treatments  483"
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MG-132 (Merck, 10 mM stock in dimethylsulfoxide [DMSO]), brassinazole (BRZ) (TCI 484"

Europe N.V., 20 mM stock in DMSO), BL (Wako Pure Chemical Industries, 10 mM stock in 485"

DMSO), BFA (Sigma-Aldrich, 50 mM stock in DMSO), and CHX (Merck, 50 mM stock in 486"

DMSO) were used at the concentrations indicated. 487"

488"

In vitro GST Pull-down Assay 489"

Fusion proteins were generated from bacterial protein expression vectors in the Escherichia 490"

coli BL21 strain grown in Luria-Bertani (LB) medium supplemented with 0.1 mM isopropyl 491"

β-D-1-thiogalactopyranoside (IPTG) and induced for 16 h at 16°C. The GST and MBP fusion 492"

proteins were purified with glutathione Sepharose 4B GST-tagged protein purification resin 493"

(GE Healthcare) and amylose resin (New England Biolabs), respectively, according to the 494"

manufacturers’ standard protocols. BRI1-CD was obtained by digesting GST-BRI1-CD with 495"

Factor Xa protease (New England Biolabs), followed by collection of the flow-through after 496"

the digest product had been loaded with glutathione Sepharose beads. All the purified proteins 497"

were dialyzed with a dialysis bag (Sigma-Aldrich) according to the manufacturer’s protocol 498"

and concentrated with 10-kD (for GST and MBP) or 50-kD (for the other proteins) cut-off 499"

filters (Millipore). Approximately 10 µg of GST or GST-fused proteins as baits and MBP or 500"

MBP-fused proteins as preys were loaded to carry out pull-down assays using a PierceTM GST 501"

Protein Interaction Pull-Down Kit (Thermo Scientific). Bound proteins were analyzed by 502"

immunoblotting using α-GST (GE Healthcare, 1:5,000), α-MBP (New England Biolabs, 503"

1:3,000), or α-BRI1 (gift from Michael Hothorn, University of Geneva, 1;3,000) antibodies. 504"

Representative images are shown in Figure 1F, and full-scan blots are shown in Supplemental 505"

Figure 11. 506"

507"

CCV Purification 508"

Seven-day-old BRI1-mCitrine;bri1 seedlings were grown in ½MS. A 30 g sample was ground 509"

at 4°C and fractionated to purify CCVs as described previously (Mosesso et al., 2018). 510"

Samples collected during the purification and the final CCV fraction were analyzed by 511"

immunoblot analysis with antibodies against organelles and/or cellular compartments. The 512"

antibodies used were: horseradish peroxidase-coupled monoclonal α-GFP (Miltenyi Biotech, 513"

1:2,500), α-CHC (Santa Cruz Biotechnologies, 1:5,000), α-AP2A (Kim et al., 2013) (1:2,000), 514"

α-H+ATPase (Agrisera, 1:5,000), α-Cyt c (Agrisera, 1:5,000), α-V-ATPase (Agrisera, 515"
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1:5,000), α-Toc75 (Agrisera, 1:5,000), α-BiP (Agrisera, 1:2,000), and α-Sec21p (Agrisera, 516"

1:5,000). The full-scan blots are shown in Supplemental Figure 11. 517"

518"

In vitro Peptide Pull-down Assay 519"

GST-AP2M-MHD and GST-AP2M-MHDD183A;W424A were expressed in BL21 with LB 520"

medium supplemented with 0.1 mM IPTG and induced at 16°C for 16 h. For GST-AP2M-521"

MHD, the collected E. coli pellet was sonicated in extraction buffer (20 mM 4-(2-522"

hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES], pH 7.4, 300 mM NaCl, 3 mM 523"

dithiothreitol [DTT]) and 10 mM imidazole, further purified on an IMAC 16/10 column (GE 524"

Healthcare), and eluted with the same buffer supplemented with 500 mM imidazole. The 525"

eluate was concentrated with a 10-kD cut-off filter to 0.5 ml and injected on a Superdex 526"

10/300 200pg (GE Healthcare) with the same buffer used for the lysis, but without imidazole. 527"

Fractions eluting between 12 and 15 ml were collected and used. 528"

For GST-AP2M-MHDD183A;W424A, the collected pellet was sonicated in extraction buffer 529"

(50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 1 mM ethylenediaminetetra-acetic acid (EDTA), 530"

1 mM DTT) and further purified with glutathione Sepharose 4B GST-tagged protein 531"

purification resin (GE Healthcare) according to the manufacturer’s instructions. 532"

N-terminally biotinylated peptides (100 µg, custom-made by GenScript) were incubated533"

with 20 µL streptavidin beads (Pierce) prewashed with phosphate buffered saline (PBS) for 534"

1 h. Afterwards, the beads were washed three times with 1 mL PBS. The peptide-bound beads 535"

were further incubated with 1 µg purified protein for 2 h at 4°C. Flow-throughs were 536"

collected for further analysis and the beads were washed three times with 1 mL PBS. The 537"

bound proteins were eluted by boiling the beads in loading buffer at 95°C for 10 min and 538"

were analyzed by immunoblotting using α-GST (GE Healthcare, 1:5,000). Representative 539"

images are shown in Figure 5B, and full-scan blots are shown in Supplemental Figure 11. 540"

541"

TIRFM and Image Analysis 542"

Seven-day-old seedlings were prepared as described (Johnson and Vert, 2017), additionally 543"

fixing the coverslips on the microscopy slides with nail polish. Images were acquired with an 544"

Olympus IX83 inverted microscope equipped with a Cell^TIRF module and an Olympus 1.49 545"

NA 100× Uapo objective. Time lapses were collected at 1 Hz for 5 min. Co-localization rates 546"

were determined using ComDet (https://github.com/ekatrukha/ComDet/wiki) in Fiji, in which 547"

a medium Z projection of the particle detection of the first 10 frames of a time lapse was used. 548"

An average co-localization rate was obtained by combining data from six cells from 549"
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independent roots. The ‘departure assay’ was conducted as described (Narasimhan et al., 550"

2020), and the AP2A1 channel was set as the reference. 551"

552"

Confocal Microscopy and Image Analysis 553"

For the rBiFC imaging, Agrobacterium strain C58 carrying the constructs of interest and a 554"

p19-harbouring strain were co-infiltrated into N. benthamiana leaf epidermal cells as 555"

described previously (Boruc et al., 2010). Multiple infiltrated leaves were observed with a 556"

Leica SP8 confocal microscope and a HC PL APO CS2 40× water corrected immersion 557"

objective (numerical aperture of 1.10) 2 days after infiltration. Images were captured at 558"

488 nm and 561 nm laser excitation and 520-548 nm and 598-633 nm emission for YFP and 559"

RFP, respectively. Autofluorescence was removed by the gating technology. Images were 560"

converted to 8-bit in ImageJ for the YFP and RFP signal intensity measurements. The whole 561"

PM regions were selected and the averages of the 100 most intense pixels were used to 562"

calculate the YFP/RFP signal ratio. 563"

To analyze BRI1 internalization, vacuole targeting, or recycling, Arabidopsis seedlings 564"

were imaged with a 60× water corrected immersion objective for BRI1 internalization and 565"

vacuole targeting or a 40× water corrected immersion objective for BRI1 recycling, 566"

(numerical aperture of 1.2, and 1.3, respectively) on an inverted confocal laser scanning 567"

microscope (FluoView1000; Olympus). The excitation/emission wavelengths used were 568"

514 nm/530-600 nm for BRI1-mCitrine. Images were converted to 8-bit in ImageJ for BRI1-569"

mCitrine fluorescence signal intensity measurements. Regions of interest (ROIs) were 570"

selected based on the PM or cytosol localization, and the relative PM BRI1-mCitrine 571"

fluorescent levels were evaluated as described previously for the analysis of BRI1 572"

internalization and vacuole targeting (Luo et al., 2015; Martins et al., 2015; Luo and 573"

Russinova, 2017). BFA body size and the percentage of epidermal cells with BFA bodies 574"

were measured and calculated as described for BRI1 recycling analysis (Luo et al., 2015). 575"

To analyze BRI1 residency time, hypocotyls from 5-day-old etiolated seedlings were 576"

imaged with a spinning disc ultraview microscope (Perkin Elmer) equipped with a 100× oil 577"

immersion objective. The excitation wavelength used was 515 nm provided by diode laser 578"

excitation controlled by Volocity software (Quorum Technologies), and emission light was 579"

collected with an ET525/50m emission filter (Chroma Technology Corp.). Time lapses were 580"

acquired for 3 min at 500-ms intervals, and images were captured with an EMCCD camera 581"

(Hamamatsu Photonics). Videos of three independent experiments were processed with 582"
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ImageJ software. Kymographs were generated with a line thickness of 3, and a walking 583"

average of 4 was applied for their analysis. 584"

585"

qRT-PCR 586"

Total RNA was extracted from 5-day-old seedlings with an RNeasy kit (Qiagen). cDNA from 587"

RNA was synthesized with the ImProm-IITM Reverse Transcription System (Promega). qRT-588"

PCRs were performed with SYBR green I Master kit (Roche) on a LightCycler 480 (Roche). 589"

The BRI1 expression was normalized to that of ACTIN4. The cycling conditions were: 95°C, 590"

10 min (pre-incubation); 95°C, 10 seconds, 60°C, 15 seconds, and 72°C, 15 seconds (45 591"

cycles of amplification); 95°C, 1 second, and 65°C, 1 second (melting curve); 40°C, 10 592"

seconds (cooling). 593"

594"

Immunoblot Analysis and Immunoprecipitation 595"

For the BRI1 expression assay, 5-day-old seedlings were homogenized in liquid nitrogen. 596"

Total proteins were extracted with a buffer containing 20 mM Tris-HCl, pH 7.5, 150 mM 597"

NaCl, 1% (w/v) sodium dodecyl sulfate (SDS), 100 mM DTT and EDTA-free protease 598"

inhibitor cocktail cOmplete (Roche). For blocking and antibody dilutions, 3% (w/v) bovine 599"

serum albumin (BSA) powder in 0.2% (v/v) Tween-20 containing Tris-buffered saline was 600"

used. For microsomal fraction isolation, 5-day-old seedlings were first treated with 3 µM of 601"

the BR biosynthesis inhibitor BRZ (Asami et al., 2000) for 24 h to deplete the endogenous 602"

BRs completely, then with 50 µM MG-132 for 5 h and the last hour together with 100 nM BL 603"

to boost the BR signaling. The samples were ground in liquid nitrogen and resuspended in 604"

ice-cold sucrose buffer (100 mM Tris [pH 7.5], 810 mM sucrose, 5% [v/v] glycerol, 10 mM 605"

EDTA [pH 8.0], 10 mM ethyleneglycoltetraacetic acid [EGTA, pH 8.0], 5 mM KCl, protease 606"

inhibitor [Sigma-Aldrich] and phosphatase inhibitor [Sigma-Aldrich]). Microsomes were 607"

pelleted from the homogenate as described (Abas et al., 2006). The pellet was resuspended in 608"

immunoprecipitation buffer (25 mM Tris, pH 7.5, 150 mM NaCl, 0.1% [w/v] SDS, protease 609"

inhibitor and phosphatase inhibitor). Immunoprecipitations were carried out on solubilized 610"

microsomal proteins with GFP-Trap-MA (Chromotek) according to the manufacturer’s 611"

protocol. For protein detection, the following antibodies were used: monoclonal α-GFP 612"

horseradish peroxidase-coupled (Miltenyi Biotech, 1:5,000), monoclonal α-tubulin (Sigma-613"

Aldrich, 1:10,000), α-ubiquitin (Ub) P4D1 (Millipore, 1:2,500), α-pT (Cell Signaling, 614"

1:2,000) and α-BES1 (Yin et al., 2002) (1:4,000). Representative images are shown in the 615"

figures, and full-scan blots are shown in Supplemental Figure 11. 616"
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617"

Graphical Illustrations 618"

The structure of the BRI1 kinase domain (Bojar et al., 2014) was visualized, and the 619"

molecular graphics were generated and analyzed using UCSF Chimera (Pettersen et al., 620"

2004), developed by the Resource for Biocomputing, Visualization, and Informatics at the 621"

University of California, San Francisco. 622"

623"

Quantification and statistical analysis 624"

Statistical analyses were all done in Excel with build-in formulas. The P values were 625"

calculated with two-tailed Student’s unpaired t-test analysis for binary comparison, or with 626"

one-way ANOVA and Tukey’s post hoc honest significance test for comparisons of more 627"

than two genotypes. The measurements shown in box plots are displaying the first and third 628"

quartiles and are split by medians (center lines), with whiskers extending to 1.5-fold the 629"

interquartile range from the 25th and 75th percentiles. Outliers are represented by dots. 630"

Asterisks illustrate the P values: **, P < 0.01 and *, P < 0.05. All the results of ANOVAs and 631"

t-tests for the data presented in each figure are shown in Supplemental Data Set 2.632"

633"

Accession Numbers 634"

BRI1 (At4G39400), BSK1 (AT4G35230), PEPR1 (AT1G73080), AP2A1 (AT5G22770), 635"

AP1/2B1 (AT4G11380), AP2M (AT5G46630), and APP2S (AT1G47830). 636"

637"

Supplemental Data 638"

Supplemental Figure 1. Cartoon and Surface Representation of The Putative Endocytic 639"

YXXΦ motifs in the BRI1 Kinase Domain. 640"

Supplemental Figure 2. Multiple Sequence Alignment of the µ-homology Domain (MHD) 641"

of AP2M. 642"

Supplemental Figure 3. The in vitro Kinase Activity of BRI1 Is Impaired by Substitution of 643"

the Tyrosine (Y) by Serine (S), Alanine (A) or Glutamic acid (E) in the Putative YXXΦ 644"

Motifs. 645"

Supplemental Figure 4. Molecular Characterization of the Arabidopsis Transgenic Lines 646"

Harboring Y-to-F Mutations in the Putative YXXΦ Motifs in BRI1. 647"

Supplemental Figure 5. Transgenic Lines Harboring Y-to-S Mutations at Y898 or Y956 in 648"

BRI1 Are Resistant to BRs and Exhibit Impaired BRI1 Internalization. 649"

Supplemental Figure 6. Phosphorylation and Ubiquitination Profile of BRI1 Y-to-F Mutants 650"
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in vivo. 651"

Supplemental Figure 7. Y-to-F Mutations in the Putative YXXΦ Motifs in BRI1 Do Not 652"

Affect BRI1 Recycling. 653"

Supplemental Figure 8. The Vacuolar Targeting of BRI1 in the Transgenic Lines Harboring 654"

Y-to-F Mutations in Y898, Y945, Y956 and Y961 Residues is Impaired.655"

Supplemental Figure 9. Purification of GST-tagged AP2M-µ Homology Domain (MHD). 656"

Supplemental Figure 10. BRI1 interacts directly with AP2A1 and AP2S in vitro in GST 657"

pull-down assays. 658"

Supplemental Figure 11. Original Blots. 659"

Supplemental Data Set 1. Primers Used in this Study. 660"

Supplemental Data Set 2. Results of ANOVAs and t-tests for the Data Presented in Each 661"

Figure. 662"
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Figure 1. BRI1 Binds Directly to AP-2.
(A) TIRFM imaging of root epidermal cells of Arabidopsis BRI1-GFP;AP2A1-tagRFP;bri1-116 plants. Scale bar, 5 μm.
(B) Kymographs of co-localizing foci.
(C) Departure assay plot of the normalized fluorescence of foci positive for both AP2A1 and BRI1 with the mean cell surface
lifetime. Error bars indicate s.d. (n = 6, cells; n = 657, mean tracks; n = 6882, colocalized tracks).
(D) BRI1 fractionated with AP2A and clathrin in the CCV fraction. CCVs were prepared from total plant extracts of 7-day-old BRI1-
mCitrine (mCit);bri1 seedlings. Samples were collected during CCV purification and subjected to immunoblot (IB) analyses with
antibodies against CHC, GFP, AP2A and various subcellular organelle marker proteins. S1, supernatant after centrifugation at
1,000×g; S30, supernatant after centrifugation at 30,000×g; SGL, sucrose step gradient load; CCV, CCV-containing fraction; DFGL,
linear deuterium oxide/Ficoll gradient load. The following antibodies were used as organelle- or compartment-specific markers: α-
H+ATPase (PM), α-Cyt c (mitochondria), α-V-ATPase (vacuole), α-TOC75 (chloroplast), α-BiP (endoplasmic reticulum), and α-
SEC21p (COP-I vesicle).
(E) rBiFC analysis of BRI1 with different AP-2 subunits in N. benthamiana leaf epidermal cells. The combinations BSK1-nYFP/BRI1-
cYFP and PEPR1-nYFP/BRI1-cYFP were used as positive and negative controls, respectively. Quantification of the ratio of the YFP
fluorescence signal against RFP for different combinations is shown at the bottom. Box plots show the first and third quartiles, split
by the medians (lines), with whiskers extending 1.5-fold interquartile range beyond the box. n = 10, cells. P values (one- way
ANOVA and Tukey’s post hoc), * <0.05; ** <0.01 relative to the PEPR1-nYFP/BRI1- cYFP control. Scale bar, 10 μm.
(F) BRI1 interaction with AP2M in vitro. Free MBP, MBP-fused BRI1-cytoplasmic domain (CD) (MBP-BRI1-CD), or MBP-BRI1-CD
together with BRI1-CD was incubated with glutathione beads coupled with GST or GST-AP2M. The beads were collected and
washed, followed by immunoblotting with α-MBP and α-BRI1. The protein inputs were determined by α-GST, α-MBP immunoblotting
and Coomassie Brilliant Blue (CBB) staining. The positions of the corresponding proteins are labeled with red asterisks in the CBB
panel.



Figure 2. Identification of Putative Endocytic YXXΦ Motifs in BRI1.
(A) Schematic representation of the transmembrane and intercellular domains of BRI1 with the positions of the six canonical
endocytic YXXΦ motifs. TM, transmembrane domain; JM, juxtamembrane domain; KD, kinase domain; CTD, C-terminal domain;
CD, cytoplasmic domain.
(B) Effect of site-directed mutagenesis of tyrosine (Y) residues into phenylalanine (F) in BRI1- CD on autophosphorylation. Equal
amounts of recombinant MBP-tagged wild type, Y- to-F mutated and inactive (BRI1K911E, mBRI1) recombinant BRI1-CD proteins
were loaded and detected by immunoblotting (IB) with α-pS858, α-pS981, α-pT982, α-pY831, α-pY956, α-pT, and α-pY antibodies.
(C) Effect of site-directed mutagenesis of Y into F in BRI1-CD on the transphosphorylation of BAK1. Equal amounts of MBP-tagged
wild type, Y-to-F mutated, and inactive (BRI1K911E, mBRI1) recombinant BRI1-CDs were combined with inactive GST-tagged
BAK1 (BAK1D416N, mBAK1) CD in a kinase assay, followed by immunoblot detection with the α-pT antibody. Coomassie Brilliant
Blue (CBB) staining was used as a loading control.



Figure 3. The BRI1Y898F Mutant Complements bri1 and Causes BR Hypersensitivity.
(A) Growth phenotypes of 6-week-old soil-grown Arabidopsis plants. Two independent transgenic lines for each mutation are
shown. Scale bar, 2 cm.
(B) Hypocotyl length (normalized to the DMSO control) of 5-day-old seedlings grown in the dark and in the presence of
increasing concentrations of brassinolide (BL). For each transgenic line, at least 15 seedlings were measured. Box plots show
the first and third quartiles, split by the medians (lines), with whiskers extending 1.5-fold interquartile range beyond the box. P
values (one-way ANOVA and Tukey’s post hoc) * <0.05; ** <0.01 relative to BRI1-mCitine (mCit);bri1.
(C) Total protein isolated from 5-day-old seedlings treated with increasing concentrations of BL for 1 h subjected to
immunoblotting (IB) with α-BES1 to detect BES1 dephosphorylation. The percentage of dephosphorylated BES1 relative to
the total BES1 from three independent experiments is shown on the right. Error bars indicate s.d. (n = 2, biological replicates
[independent experiments]). P values (Student’s t-test), * <0.05; ** <0.01 relative to BRI1mCit;bri1.



Figure 4. Y898F, Y945F, and Y956F Mutations Impair BRI1 Endocytosis.
(A) and (C) Images of epidermal cells from root meristems of 5-day-old transgenic Arabidopsis seedlings expressing different
BRI1 mutants tagged with mCitrine (mCit) pre-treated with cycloheximide (CHX) (50 μM) for 1.5 h (A) or pre-treated with CHX
(50 μM) for 1 h, followed by a combined treatment with CHX (50 μM) and Brefeldin A (BFA) (50 μM) for 30 min (C). Green fire
blue LUT in ImageJ was applied to the images to enhance contrast and highlight the differences between different transgenic
lines. Scale bars, 5 μm.
(B) and (D) Measurements of the relative plasma membrane (PM) BRI1-mCit fluorescence and BFA body size. For each
transgenic line, at least 50 cells from five seedlings were measured.
(E) Time of residency in the PM of BRI1-mCit. The box-plot was based on kymograph analysis of at least 100 tracks from 5
cells of at least three seedlings.
In (B), (D), and (E), box plots show the first and third quartiles, split by the medians (lines), with whiskers extending 1.5-fold
interquartile range beyond the box. P values (one-way ANOVA and Tukey’s post hoc) * <0.05; ** <0.01 relative to BRI1-
mCit;bri1.



Figure 5. AP2M Binds to the Y898KAI Motif.
(A) Schematic representations of the N-terminally biotinylated peptides used for the in vitro peptide pull-down assay and the
protein domain structure of Arabidopsis AP2M. MHD, the C-terminal μ homology domain of AP2M. The mutated residues
are shown in bold italics, and the two residues (D183 and W424) in AP2M that are important for cargo recognition through
the YXXΦ motif binding are indicated.
(B) Coupling of 200 ng of peptides to magnetic streptavidin beads, followed by incubation with purified GST-AP2M-MHD
(top) or GST-AP2M-MHDD183A;W424A (bottom). The beads were collected and washed, followed by immunoblotting with
α-GST. FT, Flow-through.
(C) Quantification of the interactions shown in (B). Error bars indicate s.d. (n = 2, biological replicates [independent
experiments]). P values (Student’s t-test), * <0.05 relative to the peptide 1 pull-down control.
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