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Abstract 

Macroautophagy/autophagy is a conserved recycling process that maintains cellular homeostasis during 

environmental stress. Autophagy is negatively regulated by TARGET OF RAPAMYCIN (TOR), a 

nutrient-regulated protein kinase that in plants is activated by several phytohormones, leading to 

increased growth. However, the detailed molecular mechanisms by which TOR integrates autophagy and 

hormone-signaling are poorly understood. Here, we show that TOR modulates brassinosteroid (BR)-

regulated plant growth and stress-response pathways. Active TOR was required for full BR-induced 

growth in Arabidopsis thaliana. Autophagy was constitutively up-regulated upon blocking BR 

biosynthesis or signaling, and down-regulated by increasing the activity of the BR pathway. 

BRASSINOSTEROID-INSENSITIVE 2 (BIN2) kinase, a GSK3-like kinase functioning as a negative 

regulator in BR signaling, directly phosphorylated Regulatory-Associated Protein of TOR 1B 

(RAPTOR1B), a substrate-recruiting subunit in the TOR complex, at a conserved serine residue within a 

typical BIN2 phosphorylation motif. Mutation of RAPTOR1B serine 916 to alanine, to block 

phosphorylation by BIN2, repressed autophagy and increased phosphorylation of the TOR substrate 

autophagy-related protein 13a (ATG13a). By contrast, this mutation had only a limited effect on growth. 

We present a model in which RAPTOR1B is phosphorylated and inhibited by BIN2 when BRs are 

absent, activating the autophagy pathway. When BRs signal and inhibit BIN2, RAPTOR1B is thus less 

inhibited by BIN2 phosphorylation. This leads to increased TOR activity and ATG13a phosphorylation, 

and decreased autophagy activity. Our studies define a new mechanism by which coordination between 

BR and TOR signaling pathways helps to maintain the balance between plant growth and stress 

responses. 
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GLYCOGEN SYNTHASE KINASE3; RAPTOR: Regulatory-Associated Protein; S6K1: S6 protein 

kinase 1; TOR: TARGET OF RAPAMYCIN; YFP: yellow fluorescent protein. 

Introduction 

Organisms adapt to environmental changes by optimizing nutrient and energy usage. 

Macroautophagy/autophagy plays a role in this acclimation process by degradation and recycling of 

cellular components that are damaged or no longer needed, and in plants functions in stress responses, 

senescence, control of phytohormone signaling, and pathogen defense 1, 2. Autophagy is maintained at a 

low basal level in non-stressed conditions and is induced during senescence and environmental stress. 

Upon induction of autophagy, a cup-shaped vesicle called a phagophore expands to engulf the cargo that 

will be degraded and is sealed to generate a double-membrane autophagosome, which delivers the cargo 

into the vacuole for degradation and recycling 2, 3. Many conserved AUTOPHAGY-RELATED (ATG) 

genes encode proteins that function in autophagosome initiation and formation 4. Although initially 

thought to be a bulk degradation system, autophagy can be selective 5, in which specific receptors 
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interact with ATG8 to recruit cargo to autophagosomes 6, 7. In plants, increasing evidence indicates that 

the interplay between autophagy (non-selective or selective) and hormone signaling pathways can assist 

in plant environmental adaptation 1, 8-12.  

Studies in yeast and mammals have identified genes that function in the control of autophagy, although 

many of these do not exist in plants 2. A key negative regulator of autophagy is the TARGET OF 

RAPAMYCIN complex (TORC), a highly conserved Ser/Thr protein kinase complex that is present in 

yeast, animals, and plants 13-16. The TORC signaling pathway is critical for the coordination of cell 

division and growth, protein synthesis and metabolism, and repression of TORC is required for 

autophagy induction for nutrient remobilization and stress tolerance 17, 18. TORC in Arabidopsis thaliana 

contains the TOR catalytic subunit and two accessory subunits, LST8 (Lethal with Sec Thirteen 8), 

which stabilizes the TOR complex 19, and RAPTOR (Regulatory-Associated Protein), which recruits 

substrates and presents them to TOR for phosphorylation 20, 21. In Arabidopsis, two RAPTOR isoforms 

(RAPTOR1A and RAPTOR1B) have been identified and RAPTOR1B is the predominantly expressed 

one 21, 22. Disruption of TOR signaling leads to plant growth defects. Complete knockout of TOR in 

Arabidopsis is embryo-lethal, while downregulation of TOR arrests plant growth and induces autophagy 

14, 23, 24. Knockout mutants in the TOR binding partners RAPTOR1B or LST8 also have growth defects 

and constitutive autophagy, which may be due to reduced efficiency of recruitment of TOR substrates 

and decreased protein complex stability, respectively 22, 25-27. Several TOR substrates have been 

identified in Arabidopsis, including the ribosomal p70 S6 kinase (S6K), which modulates growth 

through translational regulation 28, 29, and ATG13a, a component of the autophagy-initiating ATG1-

ATG13 complex 30, 31. 
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TOR signaling modulates the activity of signaling pathways for phytohormones such as brassinosteroids 

(BRs) 32, 33. BRs are steroid hormones, which are essential for plant growth and development 34. 

Deficiency in BR biosynthesis or signaling leads to growth and developmental defects, including 

dwarfism due to disruption of cell elongation and cell division, de-etiolation in the dark (constitutive 

photomorphogenesis), and causes male sterility 35-37. The BR signaling pathway interacts with multiple 

other signaling pathways to regulate growth and stress responses (Nolan et al., 2020). BRs are perceived 

by the receptor BRASSINOSTEROID-INSENSITIVE 1 (BRI1) and the co-receptor BAK1 36, 38, 39. The 

BR signal is transduced to downstream transcription factors through many signaling components 40-42; 

BRASSINOSTEROID-INSENSITIVE 2 (BIN2), a glycogen synthase kinase (GSK)-3-like kinase, acts 

as a critical negative component in the pathway 43. In the absence of BR, BIN2 phosphorylates the 

homologous transcription factors BRI1-EMS-Suppressor 1 (BES1) and BRASSINAZOLE-RESISTANT 

1 (BZR1) 44-47. Phosphorylation by BIN2 inhibits BES1 and BZR1 functions through cytoplasmic 

retention, reduced DNA binding, and degradation via the proteasome and selective autophagy 8, 33, 48-50. 

In the presence of BR, BES1 and BZR1 accumulate in the nucleus in an unphosphorylated form due to 

inhibition of BIN2 and likely the action of protein phosphatase 2A (PP2A) 45, 48, 51. Active BES1 and 

BZR1 then regulate the transcription of thousands of genes 52-56, leading to downstream BR responses.  

We have previously demonstrated that BES1 is targeted for selective autophagy through interaction of 

its receptor DSK2 with ATG8, suggesting that selective autophagy functions in the regulation of growth 

and stress responses by BRs 8. It has also been shown that TOR inhibits degradation of phosphorylated 

BZR1 through suppression of autophagy 33, and BIN2 has been suggested to be a downstream effector 

of TOR in the regulation of growth 32. These findings suggest interaction between the BR, TOR 

signaling, and autophagy pathways. However, regulatory mechanisms involved in these complex 
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interactions remain to be defined. Here we show that TOR can act downstream of BR signaling to 

modulate BR-induced plant growth and autophagy. Our results reveal that autophagy is inhibited when 

BR signaling is increased; and autophagy is activated when BR signaling is decreased. Moreover, we 

demonstrate that BIN2 phosphorylates RAPTOR1B at serine 916. A phosphorylation-null mutant of 

RAPTOR1B at this conserved serine residue increases ATG13a phosphorylation, leading to reduced 

autophagy activity without substantial effects on growth or S6K phosphorylation. BR signaling therefore 

regulates RAPTOR1B, potentially altering TOR substrate selection, to coordinate growth and stress 

responses in plants.  

Results 

TOR is required for BL-induced plant growth 

Previous studies suggested that TOR regulates the BR signaling components BIN2 32 and BZR1 33. BRs 

regulate the expression of thousands of genes through transcription factors including BES1 and BZR1 57, 

and TOR also functions in the regulation of gene expression in plants 58. To assess the extent to which 

the TOR and BR signaling pathways intersect via regulating the same set of genes, we compared the 

differentially expressed genes in the transcriptome of Arabidopsis WT (Col-0) plants after treatment 

with either brassinolide (BL), the most active BR, or AZD8055 (AZD), a TOR inhibitor, using 

previously published data generated by RNA-seq 58, 59. Clustering analysis and gene list comparisons 

demonstrated that 36% of genes downregulated after AZD treatment (conceptually TOR-upregulated) 

are upregulated by BL, while 29% of genes that were upregulated after AZD treatment (conceptually 

TOR-downregulated) showed downregulation upon BL treatment (Figure 1A and B). In contrast, only 

7% of genes downregulated after AZD treatment were downregulated by BL and 14.6% genes 
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upregulated after AZD treatment were induced by BL. The genes regulated by the TOR and BR 

signaling pathways have substantial overlap, and are regulated mostly in the same direction, which 

suggests that TOR and BR signaling interact in a cooperative manner.  

To determine if induction of plant growth by BR requires TOR, we analyzed the effect of the TOR 

inhibitor AZD on hypocotyl elongation in response to BL. Exogenous application of BL significantly 

increased hypocotyl length in WT seedlings, whereas AZD treatment alone had no obvious effect 

(Figure 1C). However, the addition of AZD reduced the elongation of hypocotyls in response to BL, 

indicating that inhibition of TOR signaling compromises BR-induced growth. To further test whether 

plants are less sensitive to BL upon disruption of TOR signaling, we assessed hypocotyl growth in 

response to BL of seedlings with genetic alterations of TOR activity. A TOR overexpression line 

(TOROE) 13, which has increased TOR activity, and a raptor1b knockout mutant 21, with decreased TOR 

activity, were exposed to BL and the effect on hypocotyl length measured and compared to WT 

seedlings. While the hypocotyl length of WT and TOROE seedlings increased with increasing 

concentration of BL, the BR response in raptor1b was significantly reduced at all tested concentrations 

of BL (Figure 1C and D).  

In the absence of BR, BIN2 phosphorylates and inhibits BES1 functions, leading to inhibition of plant 

growth 45. We tested whether changes in BES1 phosphorylation cause the impaired BR response 

observed upon AZD treatment or in raptor1b. Immunoblotting showed that dephosphorylated BES1 

accumulated upon BL treatment as expected, and co-treatment with AZD had little effect on BES1 

phosphorylation (Figure 1E). Dephosphorylated BES1 also accumulated in both WT and raptor1b upon 

BL treatment (Figure 1F), indicating that blocking TOR signaling does not affect the BES1 
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phosphorylation pattern. We noticed that there is less total BES1 upon AZD treatment, possibly due to 

degradation by autophagy 8. Taken together, these results suggest that the BR and TOR signaling 

pathways may interact and have common outputs, that TOR can act downstream of BRs and is required 

for full BR-induced plant growth, and that TOR function in BR-regulated plant growth is largely 

independent of effects on BES1 phosphorylation. 

Autophagy is activated by BR inhibition and is suppressed when BR signaling is enhanced 

Sugar starvation suppresses TOR activity and leads to autophagy induction in plants 9, 60, and combined 

with our observation that TOR is required for BR-induced growth, we hypothesized that BR might 

regulate autophagy. To test this hypothesis, we exposed 7-day-old seedlings expressing the autophagy 

marker GFP-ATG8e to BL or brassinazole (BRZ, a BR biosynthesis inhibitor) 61, and evaluated 

autophagosome numbers by counting GFP-labeled autophagosomes. Exogenous BL treatment 

significantly reduced the number of autophagosomes in plants upon sugar starvation compared to the 

control (Figure 2A), whereas inhibition of BR biosynthesis by BRZ increased the number of 

autophagosomes in control (+sucrose) conditions (Figure 2A). Vacuolar degradation of GFP-ATG8e 

after delivery by autophagy releases free GFP, and comparing the ratio of GFP-ATG8e to free GFP can 

therefore be used to measure flux through the entire autophagy pathway leading to degradation 62. 

Immunoblotting of BL- or BRZ-treated GFP-ATG8e-expressing plants using anti-GFP antibodies 

showed significant accumulation of free GFP in BRZ treated plants compared to the BL or control 

treatments, indicating higher autophagic flux upon BRZ treatment compared to the other conditions 

(Figure 2B). Upon sucrose starvation, the majority of GFP-ATG8e was processed to free GFP as 

expected. 
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To further confirm that suppression of BR signaling leads to increased autophagy, we measured 

autophagosome numbers and GFP-ATG8e cleavage in bin2-D 37, a BIN2 gain-of-function mutant with 

reduced BR signaling, expressing GFP-ATG8e. Highly active autophagy was observed in control 

conditions when compared to WT plants (Figure 2C and D). We also assessed autophagy in additional 

BR mutants by transiently expressing GFP-ATG8e in protoplasts to label autophagosomes (Figure S1) 

63. Under normal growth conditions, the percentage of protoplasts with active autophagy was increased 

in bri1-301, a partial loss-of-function BR receptor mutant, compared to WT. In contrast, upon sugar 

starvation the percentage of protoplasts with active autophagy was decreased in a BES1 gain-of-function 

mutant, bes1-D, which has enhanced BR signaling 45, 54. Our results indicate that suppression of BR 

signaling induces autophagy, and that conversely, activation of BR signaling reduces starvation-induced 

autophagy.  

It is well established that TOR activation suppresses autophagy induction 14-16. Based on our observation 

that BR suppresses autophagy, we hypothesized that BR signaling activates the TOR signaling pathway, 

leading to inhibition of autophagy. Indeed, BL inhibited starvation-induced autophagy in GFP-ATG8e 

expressing seedlings (Figure 2E), whereas inhibition of TOR by AZD increased autophagy compared to 

the untreated conditions (Figure 2E). BL was unable to inhibit autophagy in the presence of AZD 

(Figure 2E), suggesting that BR signaling is upstream of TOR in the regulation of autophagy.  

Next, we determined whether BR increases TOR kinase activity, thereby leading to suppression of 

autophagy. We investigated the phosphorylation status of the TOR substrate S6 protein kinase 1 (S6K1) 

in BRZ-treated seedlings and in bin2-D mutants. Blocking BR biosynthesis either with BRZ or in bin2-

D reduced the amount of the S6K1 phosphorylated form (seen by a molecular weight shift on SDS-
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PAGE), and of Thr449-specific phosphorylation, a demonstrated in vivo target site of TOR kinase 29, 

seen using phospho-Thr449- specific S6K antibodies (Figure 2F). S6K1 phosphorylation was increased 

in WT seedlings by exogenous BL treatment (Figure 2G). Recently, Rodriguez et al. demonstrated that 

autophagy is rapidly induced within 30 minutes of various treatments, including addition of BL 64. 

Consistent with their findings, we observed that TOR activity rapidly decreased (Figure S2A) and 

autophagosome number increased (Figure S2B) for up to 1 hour of BL treatment. At later time points of 

3 or 6 hours of treatment with BL, TOR activity increased and autophagy was repressed (Figure S2A 

and B). This indicates that the effect of BL on autophagy is dependent upon the time of exposure, and 

that after short-term activation of autophagy by BL to allow cell remodeling, BL reactivates TOR, 

leading to autophagy inhibition. These findings suggest that long-term treatment with BR represses 

autophagy through activation of TOR. 

Autophagy regulation by BR can be mediated by BIN2 through either TOR or BES1 

Previous studies have shown that BIN2 phosphorylates a large number of substrates in addition to BES1 

and BZR1 8, 65. As the bin2-D mutant has an effect on both autophagy and TOR activity (Figure 2), we 

hypothesized that BIN2 acts upstream of TOR to control plant growth and autophagy. Since BIN2 also 

phosphorylates BES1 to regulate BL-related growth, we investigated whether BES1 is involved in 

affecting autophagy via BIN2. To test our hypothesis, we first transiently co-expressed mCherry-ATG8e 

as an autophagy marker with a YFP-BES1-D construct (BES1-dominant with P233L mutation) 45 in WT, 

bin2-D, or raptor1b protoplasts (Figure S3A and B), followed by sucrose starvation. As expected, in the 

non-starved control condition, protoplasts expressing mCherry-ATG8e only in a wild-type background 

had a basal level of autophagy, whereas in a bin2-D or raptor1b background, autophagy was increased. 
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Expression of YFP-BES1-D had no effect on autophagy in any of the genotypes in control conditions. 

Upon starvation, expression of YFP-BES1-D in WT protoplasts suppressed the sugar starvation-induced 

autophagy, indicating that BES1 negatively regulates autophagy. However, expression of YFP-BES1-D 

in bin2-D or in raptor1b was unable to suppress their enhanced basal autophagy upon sugar starvation 

(Figure S3A and B). Similarly, we expressed YFP-BIN2-D in protoplasts from WT, bes1-D, or TOROE 

plants. Expression of YFP-BIN2-D in protoplasts from all three genotypes caused increased autophagy 

(Figure S3A and B). These findings suggest that BIN2-D constitutively activates autophagy even in the 

presence of enhanced BR signaling or in the TOR overexpression background, indicating that BIN2 is 

an autophagy activator and may regulate autophagy through multiple downstream pathways. 

Based on the results from transient expression, we propose that BIN2 activates autophagy via two 

separate branches: one branch involves BIN2-TORC and the other branch involves BIN2-BES1. To 

reveal genetic relationships between BIN2, BES1, TOR, and RAPTOR1B, we generated bes1-D bin2-D, 

bes1-D raptor1b, and TOROE bin2-D double mutants from the corresponding single mutants with either 

increased or decreased BR or TOR signaling, and examined their autophagy and growth phenotypes 

(Figure 3A and B). We transiently expressed GFP-ATG8e as an autophagy marker in protoplasts from 

each genotype. Consistent with the transient expression results shown in Figure S3, the bes1-D mutant 

and TOROE protoplasts had reduced autophagy under sucrose starvation conditions, to a level 

comparable to WT under the non-starvation condition (Figure 3A). In contrast, bin2-D and raptor1b 

protoplasts had constitutive autophagy even in non-starvation conditions (Figure 3A). The bes1-D bin2-

D double mutant had constitutive autophagy (Figure 3A), suggesting that, in the double mutant, BIN2-D 

still inhibits TORC, leading to up-regulation of autophagy even in the presence of constitutively active 

BES1. The constitutive autophagy observed in the bes1-D raptor1B double mutant supports the 
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possibility that BIN2 regulates TORC independently of BES1. These double mutant phenotypes suggest 

that BIN2 regulates autophagy through TORC and BES1 independently. Notably, the TOROE bin2D 

double mutant displayed a constitutive autophagy phenotype (Figure 3A). The most likely explanation is 

that the substantially up-regulated BIN2 kinase activity in bin2-D can inhibit the slightly overexpressed 

TOR in the double mutant. It is also conceivable that in the TOROE bin2-D double mutant, BIN2 

inhibits BES1, leading to constitutive autophagy through the BIN2-BES1 branch, independent of the 

TORC branch and overcoming any TOR overexpression effect on autophagy. These findings together 

support the conclusion that BIN2 modulates autophagy through multiple pathways.  

Interestingly, the growth phenotypes of double mutants TOROE bin2-D, bes1-D bin2-D, and bes1-D 

raptor1b were either in between their parent genotypes or similar to one parent. bes1-D was dominant in 

showing curly leaves and early senescence in both bes1-D bin2-D and bes1-D raptor1b (Figure 3B), but 

the later flowering time observed in both double mutants was more like their bin2-D or raptor1b parent 

(Figure 3B). Meanwhile, bin2-D was dominant in showing most of the bin2-D growth phenotype in 

TOROE bin2-D (Figure 3B). These results suggest that BIN2 regulates autophagy and growth partially 

through different pathways, which is consistent with the overlap between BR and TOR-regulated genes 

(Figure 1A and B). Taken together, our findings suggest that BIN2 regulates autophagy by inhibiting 

either TOR or BES1. 

BIN2 phosphorylates and directly interacts with RAPTOR1B 

Our results suggest that BIN2 kinase affects TOR activity, which in turn controls the activity of the 

autophagy pathway. BIN2 is a critical regulator of many aspects of plant growth, development, and 

stress responses via protein phosphorylation. We therefore hypothesized that BIN2 phosphorylates 
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proteins in the TOR pathway, thus regulating TOR activity. To determine whether BIN2 phosphorylates 

TOR complex components, we analyzed a previously reported proteome-wide dataset of BIN2 direct 

targets generated using the in vitro multiplexed assay for kinase specificity (MAKS) 66-68. We also 

examined in vivo phosphoproteome data for sites differentially phosphorylation in bin2-D plants 66. In 

the MAKS assay, we identified the phosphopeptides TPPVpSPPR and TPPVpSPPRTNYLSGLR from 

RAPTOR1B, which contain the phosphosite Ser916, as significantly increased compared to the control 

samples with no BIN2 added (Figure 4A). In the in vivo phosphoproteome comparisons, Ser916 

phosphorylation was significantly decreased in BIN2 loss-of-function bin2-3 bil1 bil2 triple mutants 

(bin2-T) compared to bin2-D. We therefore propose that BIN2 phosphorylates RAPTOR1B at Ser916, 

leading to the autophagy activation we observed in bin2-D. Ser916 is located between the RAPTOR1B 

HEAT repeats and WD40 domain and is predicted to be exposed on the surface of the TOR complex 

(based on the crystal structure of the mammalian TOR complex) 69 (Figure 4B).  

BIN2 is a member of the highly conserved GSK3-like kinase family, which recognizes the consensus 

sequence S/T-X-X-X-S/T. RAPTOR1B Ser916 is part of a GSK consensus motif (along with either 

Thr912 or Thr920). We analyzed RAPTOR protein sequences from several representative eukaryotes 

(Figure 4C) and also compared 250 of the most closely-related plant RAPTOR1B paralogues to assess 

whether these GSK motifs are conserved among species. We found that Ser916 is conserved in most 

plant species including Arabidopsis thaliana, Oryza sativa, and Zea mays (Figure 4C and D). Although 

Ser916 is also conserved in mammals such as Homo sapiens and Mus musculus, there are no GSK 

motifs surround the conserved serine found in these organisms, suggesting that BIN2/GSK3 

phosphorylation of RAPTOR could be plant-specific (Figure 4C).  

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

The copyright holder for this preprintthis version posted February 22, 2022. ; https://doi.org/10.1101/2022.02.21.481334doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481334
http://creativecommons.org/licenses/by-nc-nd/4.0/


14 

 

To further validate the direct phosphorylation of RAPTOR1B by BIN2, we generated recombinant 

proteins containing 3 different RAPTOR1B fragments (Figure 4B) and tested whether they can be 

phosphorylated by recombinant BIN2 in vitro. Phosphorylation by BIN2 was detected for RAPTOR1B-

HEAT (F2) but not for RAPTOR1B-RNC (F1) or RAPTOR1B-WD40 (F3), indicating that BIN2 

phosphorylates RAPTOR1B on the RAPTOR1B fragment containing the HEAT domain in vitro (Figure 

4B and E). Because the majority of the RAPTOR1B-WD40 protein (F3) was degraded (Figure S4), we 

were unable to conclusively determine whether BIN2 phosphorylates F3. Given that BIN2 

phosphorylates RAPTOR1B in vitro, we asked whether BIN2 and RAPTOR1B interact directly. We 

tested for a potential direct interaction between GST-BIN2 and the three RAPTOR1B recombinant 

protein fragments by glutathione S-transferase (GST) pull-down assays (Figure 4F). RAPTOR1B 

fragments containing HEAT (F2) or WD40 (F3) domains both interacted with GST-BIN2 (Figure 4F). 

Because the GST alone bound strongly to the RAPTOR1B RNC domain (F1), we were unable to 

determine whether GST-BIN2 also interacts with F1 (Figure 4F). Nevertheless, these results showed a 

direct interaction between BIN2 and RAPTOR1B, supporting the idea that BIN2 interacts with 

RAPTOR1B and regulates it through phosphorylation. 

Phosphorylation of RAPTOR1B serine 916 by BIN2 modulates autophagy 

Our findings suggest that BIN2 directly interacts with and phosphorylates the RAPTOR1B subunit of 

the TOR complex. We hypothesized that the phosphorylation of Ser916 of RAPTOR1B by BIN2 

activates autophagy due to the inhibition of TOR signaling, whereas loss of phosphorylation at this site 

should promote plant growth and repress autophagy. To test this hypothesis, we generated transgenic 

plants carrying either 35S promoter-driven wild-type RAPTOR1B or a non-phosphorylatable 
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RAPTOR1BS916A mutant, both in a raptor1b mutant background. Transgenic plants that have similar 

expression levels were identified and grouped for comparison; no major difference in phenotype was 

seen between groups (Figure S5A). Disruption of RAPTOR1B broadly delays plant development in 

Arabidopsis, including slow germination and root growth, and delayed bolting 27, 70. In all 3 independent 

lines of WT RAPTOR1B or RAPTOR1BS916A with different expression levels, transgenic expression of 

wild-type or mutated RAPTOR1B complemented the raptor1b phenotypes in germination, root 

elongation, and plant growth under normal growth conditions, indicating that both WT RAPTOR1B and 

RAPTOR1BS916A is functional in plant growth. No significant differences were observed between 

growth of raptor1b expressing the WT RAPTOR1B or RAPTOR1BS916A, or between their responses to BL 

(Figure S5B and C), indicating that BIN2 phosphorylation of RAPTOR1B on S916 does not affect 

growth under normal conditions. By contrast, the hypocotyls of dark-grown RAPTOR1BS916A in all 

groups were slightly longer than those of the wild-type control seedlings or raptor1b plants expressing 

wild-type RAPTOR1B (Figure S5D). Although raptor1b was less sensitive to BL and BRZ in the dark 

compared to wild-type seedlings (Figure S5C and D), we did not find a significant difference in 

hypocotyl length in response to BL or BRZ between wild-type or raptor1b plants expressing wild-type 

RAPTOR1B or RAPTOR1BS916A (Figure S5C and D). These findings suggest that the Ser916 may not 

contribute substantially to BR-regulated plant growth under normal conditions. 

Since the RAPTOR1B subunit of TORC acts in recruiting substrates for TOR kinase, we investigated 

whether BIN2 phosphorylation of RAPTOR1B Ser916 modulates TOR activity. When activated, TOR 

phosphorylates S6K1/2 to promote plant growth. Immunoblotting showed that S6K phosphorylation was 

undetectable in raptor1b, and S6K protein level was also significantly reduced in raptor1b compared to 

WT (Figure S5E). We did not detect a significant difference in S6K-PT449 phosphorylation or S6K 
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phosphorylation in raptor1b expressing RAPTOR1BS916A compared with either WT or raptor1b carrying 

wild-type RAPTOR1B (Figure S5E), consistent with the lack of a major effect on growth. 

To assess whether phosphorylation of RAPTOR1B at Ser916 by BIN2 regulates autophagy, we 

evaluated how mutation of the phosphorylation site affects autophagy in planta. First, we transiently co-

expressed WT RAPTOR1B or RAPTOR1BS916A, or a vector control with GFP-ATG8e as an autophagy 

marker in raptor1b protoplasts. Expression of RAPTOR1BS916A in protoplasts from raptor1b repressed 

autophagy (Figure S6A), indicating that RAPTOR1BS916A is functional in repressing the constitutive 

autophagy seen in raptor1b. We hypothesized that BIN2 phosphorylates RAPTOR1B at S916 to repress 

autophagy. To evaluate whether RAPTOR1BS916A is able to repress constitutive autophagy in bin2-D 

plants, we transiently co-expressed GFP-ATG8e with vector control, WT RAPTOR1B, or 

RAPTOR1BS916A in bin2-D protoplasts. Expression of the WT RAPTOR1B in protoplasts from bin2-D 

decreased the constitutive autophagy in bin2-D, while expression of RAPTOR1BS916A in protoplasts from 

bin2-D showed a much stronger repression than the effect of the WT RAPTOR1B (Figure S6A). Upon 

overexpression of RAPTOR1BS916A, most of the RAPTOR1B in bin2-D protoplasts would be the non-

phosphorylatable form at Ser916, leading to a stronger repression of autophagy.  

We generated transgenic plants co-expressing GFP-ATG8e and the WT RAPTOR1B or RAPTOR1BS916A 

in the raptor1b mutant background, in lines expressing “Moderate” levels of RAPTOR1B, similar to that 

in wild-type plants. Autophagosome number was measured in each genotype. These results showed that 

loss of Ser916 phosphorylation in RAPTOR1B partially suppressed the induction of autophagy upon 

blocking BR synthesis or sugar starvation compared to the control condition (Figure 5A). The raptor1b 

mutant had increased numbers of autophagosomes compared with WT seedlings, and WT RAPTOR1B 
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complemented this phenotype of raptor1b and gave similar autophagy levels as those in WT plants in 

response to BL, BRZ or sugar starvation (Figure 5A). Transgenic expression of RAPTOR1BS916A 

complemented the enhanced autophagy of the raptor1b mutant (Figure 5A). Interestingly, 

RAPTOR1BS916A expression led to reduced autophagy compared with WT in response to BRZ or sucrose 

starvation (Figure 5A), suggesting that while blocking BR synthesis or starving for sucrose induces 

autophagy in seedling roots, these treatments have less effect in the non-phosphorylatable 

RAPTOR1BS916A transgenic plants. 

We also counted the number of fluorescent puncta in 3 independent lines of WT RAPTOR1B or 

RAPTOR1BS916A after staining with monodansylcadaverine (MDC), which labels acidic vesicles 

including autophagosomes. These results were consistent with the GFP-ATG8e quantification and no 

major differences between lines with different RAPTOR1B or RAPTOR1BS916A expression levels were 

seen (Figure S6B).  

Immunoblotting of GFP-ATG8e-expressing plants treated as in Figure 5A using anti-GFP antibodies 

showed significant accumulation of free GFP in BRZ treated plants and raptor1b compared to the BL or 

control treatments, indicating higher autophagic flux upon BRZ treatment and in raptor1b compared to 

the other conditions (Figure 5B). Accumulation of free GFP was significantly reduced in BL treated 

raptor1b and BRZ treated RAPTOR1BS916A (Figure 5B), which was consistent with our microscopic 

observations. These data demonstrate that enhanced BL signaling inactivates BIN2, which causes loss of 

phosphorylation at RAPTOR1B Ser916 and suppresses autophagy. 

While TOR phosphorylates S6K1/2 to promote plant growth, a major substrate in inhibition of 

autophagy is the autophagy initiation complex component ATG13. To determine whether 
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phosphorylation of RAPTOR1B by BIN2 affected TOR activity towards ATG13, we transiently 

expressed ATG13a-FLAG in protoplasts from each genotype. Strikingly, the higher molecular mass (> 

80-kD) ATG13a-FLAG phosphorylated forms were significantly increased in raptor1b expressing 

RAPTOR1BS916A compared with either WT or raptor1b carrying WT RAPTOR1B (Figure 5C). ATG13a 

can be degraded by autophagy under nutrient-rich conditions 31. Addition of the V-ATPase inhibitor 

concanamycin A (ConA), which blocks autophagy-mediate degradation, increased the amount of 

detectable ATG13a-FLAG protein and ATG13a-FLAG phosphorylated forms in raptor1b carrying 

RAPTOR1BS916A compared with other controls (Figure 5C). Overall, these findings suggest that loss of 

phosphorylation at RAPTOR1B Ser916 leads to an increase in ATG13a phosphorylation level, but not in 

that of S6K, thereby inactivating autophagy but having a minimal effect on growth. 

Discussion 

Plants have evolved complex signaling networks to coordinate anabolism and catabolism for survival 

under constantly changing environmental conditions. TOR plays a central role in this coordination by 

activating growth and repressing stress responses 71. BRs are a family of plant hormones that also 

stimulate plant development and interact with multiple signaling pathways including those involved in 

stress tolerance 34, 72. We previously showed that under stress conditions, the BR signaling component 

BES1 is targeted for selective autophagy through the ubiquitin receptor DSK2 8. Here we show that the 

protein kinase BIN2 acts upstream of the TOR complex and inhibits its activity, thereby promoting 

autophagy. Our findings further reveal that BR signaling regulates autophagy via BIN2 phosphorylation 

of RAPTOR1B, the substrate recruiting subunit in the TOR complex, affecting the downstream 

signaling that controls nutrient recycling in plants. 
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The GLYCOGEN SYNTHASE KINASE3 (GSK3) family is a highly conserved serine/threonine kinase 

family which is involved in a broad range of biological processes in eukaryotes 73. BIN2 is one of the 

best-studied GSK3-like kinases in Arabidopsis 74. In mammals, phosphorylation of RAPTOR by GSK3 

at Ser859 increases mTOR activity and triggers mTOR-mediated amino acid-dependent signaling 75. 

However, direct regulation of the TOR complex via GSK3 in plants has not previously been shown 74. 

Typically, phosphorylation events mediated by GSK3 occur in the consensus sequence S/T-X-X-X-S/T. 

This sequence is present around Ser916 of RAPTOR1B in Arabidopsis and is conserved across 

RAPTOR1B orthologs in plants (Figure 4C). Furthermore, the location of Ser916 on the surface of the 

TOR complex makes its phosphorylation by BIN2 feasible (Figure 4B). BIN2 may regulate TOR 

substrate recruitment efficiency or substrate selectivity through direct phosphorylation at the 

RAPTOR1B Ser916 site. Analysis of a recently published BL time-series dataset 47 indicated that Ser916 

phosphorylation status varies in response to different BL treatment times. Consistent with our 

observations in Figure S2, Ser916 phosphorylation rapidly increased in the beginning of BL treatment 

and decreased at the later time points. Interestingly, unlike Ser916, a change in phosphorylation of the 

plant-conserved Thr912 residue was only detected in some of the tested BL treatment time points. 

Ser916 phosphorylation level therefore is correlated with regulation of autophagy by TOR in response to 

BR. 

BR signaling may play an important role in coordinating TOR signaling and autophagy in response to 

environmental cues. We note that both phosphorylation and protein abundance of S6K, a well-known 

TOR substrate that controls translation and growth 60, are not substantially changed in a RAPTOR1B 

Ser916-to-Ala non-phosphorylatable mutant, which is consistent with the minor effect on growth. 

Meanwhile, the phosphorylation status of another TOR target, ATG13a, a component of the autophagy 
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initiation complex, is substantially increased in a RAPTOR1B Ser916 phosphorylation null mutant, in 

which autophagy is repressed. These observations suggest that Ser916 phosphorylation by BIN2 may 

primarily affect autophagy but not growth. We propose a model (Figure 6) in which, in the presence of 

BR, BIN2 is inhibited, which leads to a decrease in RAPTOR1B Ser916 phosphorylation. Decreased 

Ser916 phosphorylation on RAPTOR1B promotes phosphorylation of ATG13a by TOR, thus repressing 

autophagy (Figure 6). When BR is absent, BIN2 can suppress the TOR complex through 

phosphorylation of RAPTOR1B and therefore induce autophagy. 

S6K phosphorylation at Thr449 has been considered a reliable downstream readout for assessing TOR 

activity in Arabidopsis 29. Considering that several feedback loops between mTOR, GSKs, and S6K 

proteins have been described in mammalian cells, detecting a single target may not capture the true 

picture of TOR pathway activity due to these complex signaling interactions. As a key metabolic hub, 

TORC controls multiple downstream substrates in response to environmental cues. In mammals, 

mTORC1 phosphorylates transcription factor EB (TFEB), a major regulator of lysosomal biogenesis and 

autophagy, via a substrate-specific mechanism that is mediated by Rag GTPases 76. However, whether 

plant TORC responds to diverse stimuli by selectively phosphorylating specific substrates remains 

unknown. Our findings suggest that BIN2-mediated phosphorylation of RAPTOR1B may selectively 

fine-tune TOR activity toward substrates that regulate autophagy but have less effect on growth, which 

provides evidence that selective activity of TOR towards different substrates exists in plants. Further 

analysis of BR-mediated regulation of autophagy is needed to understand the roles of BIN2 in TOR-

dependent/-independent autophagy regulation induced by different stresses, as well as to identify other 

BIN2 or TOR direct substrates as autophagy effectors.  
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Our results reveal evidence of phosphorylation of RAPTOR1B by a GSK3 family member, which 

contributes to autophagy regulation in plants. Considering that both TOR and GSK3 are critical targets 

of many human disease therapies, the autophagy regulatory mechanism we revealed here in Arabidopsis 

may be conserved in other plants and mammals that include this conserved serine. These discoveries 

may contribute to advancing knowledge of how plants regulate growth and stress responses 

independently, which is important for developing strategies to optimize plant adaptation to 

environmental changes.  

Materials and methods 

Plant materials and growth conditions 

Mutants and transgenic lines used in this study include: raptor1b (salk_078159) 21, GFP-ATG8e 77, 

TOROE (G548) 13, bri1-301 43, 78, bin2-1D 37, and bes1-D 79. The bes1-D bin2-D, bes1-D raptor1b, and 

TOROE bin2-D double mutants were generated by crossing the corresponding single mutants. 

Homozygous lines were selected by PCR genotyping.  

Arabidopsis seeds of WT (Col-0) or the above genotypes were sterilized with 33% (v/v) bleach and 

0.1% (v/v) Triton X-100 for 20 min, followed by 5 washes of 5 minutes each with sterile water. 

Sterilized seeds were stored at 4°C in darkness for at least 2 days to allow stratification before plating on 

solid ½ MS medium (2.22 g/L Murashige-Skoog vitamin and salt mixture (MS; Caisson Laboratory, 

MSP01), 1% (w/v) sucrose, 0.6% (w/v) Phytoblend agar (Caisson Laboratory, PTP01), 2.4 mM 2-

morphinolino-ethanesulfonic acid (MES; Sigma-Aldrich, M3671), pH 5.7). Seedlings were grown in 

long-day conditions (16 h light) at 22°C for 7 days. Plants for transient expression in leaf protoplasts 
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were grown in soil in a humidity-controlled growth chamber with 50% humidity at 20-23°C under long-

day conditions for 4 to 6 weeks. For sucrose starvation, 7-day-old seedlings grown on solid ½ MS 

medium were transferred to solid ½ MS medium lacking sucrose and kept in darkness for an additional 3 

days.  

BR and BRZ response assays 

Sterilized Arabidopsis seeds were germinated and grown on solid ½ MS medium with DMSO, BL or 

AZD8055 at the indicated concentrations in the light for 7 days. For BRZ response assays, sterilized 

seeds were plated on solid ½ MS medium with DMSO or the indicated concentrations of BRZ. Plates 

were exposed to light for 6-8 h and then kept in darkness for 7 days 8. Plates were imaged using the 

Epson Perfection V600 Flatbed Photo scanner and hypocotyl lengths were measured using ImageJ 80.  

Gene expression analysis 

Previously reported RNA-seq data for 4-week-old WT plants treated with or without BL or AZD8055 

were used to analyze the effect of BL on TOR-regulated genes 58, 81. TOR- and BL-regulated gene lists 

were compared using Venny (http://bioinfogp.cnb.csic.es/tools/venny/index.html). Significance of 

observed gene overlaps was assessed via a hypergeometric test. Clustering analysis and heatmap 

construction was performed using the ‘aheatmap’ function of the NMF package in R (https://cran.r-

project.org/web/packages/NMF/index.html) using log2 reads per million mapped reads (RPM) values. 

Western blot 

Protein extracts from Arabidopsis seedlings treated with BL or AZD8055 were prepared in 2x Laemmli 
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sample buffer with β-mercaptoethanol, separated by SDS-PAGE, and transferred to nitrocellulose 

membrane. Immunoblotting was performed using polyclonal rabbit antibody against BES1 55, HERK1 

82, S6K1/2 (Agrisera, AS12 1855), P-T449-S6K (Agrisera, AS13 2664), monoclonal anti-FLAG (Sigma-

Aldrich, F1804) or monoclonal anti-GFP (Sigma-Aldrich, MAB3836) and then with horseradish 

peroxidase–conjugated Goat Anti-Rabbit IgG antibodies (1:15000 dilution, Bio-Rad, 1706515) or Goat 

Anti-Mouse antibody (1:15000 dilution; Invitrogen, A10677). Signals were detected using 

chemiluminescence. 

Autophagy detection by fluorescence microscopy 

GFP-ATG8e transgenic seedlings were observed and photographed using a Zeiss Axio Imager.A2 

upright microscope (Zeiss, Oberkochen, Germany) equipped with Zeiss Axiocam BW/color digital 

cameras and a GFP-specific filter at the Iowa State University Microscopy and Nanoimaging Facility. 

Cells within the root elongation zone were photographed and the number of autophagosomes in each 

image was counted and averaged from at least 10 images per sample 83. For monodansylcadaverine 

(MDC) staining, Arabidopsis seedling roots were stained with MDC (Sigma-Aldrich, 30432) as 

described previously 63. MDC-stained seedlings were observed and imaged with the same fluorescence 

microscopy system using a DAPI-specific filter.  

Transient expression in protoplasts 

GFP-ATG8e or mCherry-ATG8e 84 was transiently expressed alone in Arabidopsis leaf protoplasts as 

previously described 85, 86, or with YFP-BIN2-D 8 or YFP-BES1-D constructs 8. 25-30 μg of each 

plasmid DNA was introduced into protoplasts using 40% (w/v) polyethylene glycol. Protoplasts were 
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washed and incubated in W5 solution (154 mM NaCl, 125 mM CaCl2, 5 mM KCl, 2 mM MES, pH 5.7) 

without sucrose for starvation stress, or with 0.5% (w/v) sucrose as control at room temperature in 

darkness for 2 days. Protoplasts were observed by Nikon Eclipse E200 fluorescence microscopy (Nikon 

Instruments Inc., New York, U.S.A.) using a GFP-specific filter for YFP and GFP, and an RFP-specific 

filter for mCherry. Protoplasts with 3 or more visible autophagosomes were counted as active for 

autophagy 87. A total of 100 protoplasts were observed per genotype for each condition, and the 

percentage of protoplasts with induced autophagy was calculated and averaged from 3 independent 

experimental replicates. 

For ATG13a phosphorylation assays, ATG13a-FLAG was transiently expressed in Arabidopsis leaf 

protoplasts from each genotype using the same method described above for 18 hours, and 1 μM 

concanamycin A (ConA) (Sigma-Aldrich, C9705) or DMSO as control was added for 12 hours before 

collecting samples for immunoblotting analysis.  

Generation of constructs and transgenic plants 

Constructs were generated via restriction enzyme digestion or Gateway technology and confirmed by 

DNA sequencing. The RAPTOR1B coding region was divided into 3 fragments for production in E. coli, 

and each fragment was amplified from Col-0 cDNA with primers including restriction sites (Table S1). 

Fragments were digested with EcoRI and SalI. Digested fragments were ligated into the pET-MBP-H 

vector 8, introducing a MBP tag at the N-terminus of each. YFP-BES1-D was generated via Gateway 

recombination with the pDH51-YFP destination vector. RAPTOR1B full-length cDNA was cloned into 

pENTR4 and used for generating site-mutated constructs with the Q5 site-directed mutagenesis kit (New 

England Biolabs, E0554S). RAPTOR1B full-length and site-mutated cDNA were subcloned into binary 
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vector pGWB611 by Gateway LR recombination reaction (Invitrogen, 11791020). Primers used in this 

study are listed in Table S1. Plasmids were transferred into Agrobacterium tumefaciens GV3101 and 

used to transform plants by the floral-dip method 88. Transgenic plants were screened for antibiotic 

resistance and confirmed by RT-PCR. For ATG13a-FLAG, ATG13a cDNA was amplified by the same 

method described above, then digested with BamHI and SalI. The digested fragment was ligated into the 

pPZP211 vector 45, introducing a FLAG tag at the C-terminus.  

RNA extraction and quantitative real-time PCR 

Total RNA was extracted from transgenic seedlings carrying 35S promoter-driven wild-type 

RAPTOR1B/ raptor1b or RAPTOR1BS916A/raptor1b and control seedlings using a Qiagen RNeasy kit 

(Qiagen, 74104) according to the manufacturer’s instructions. The first strand cDNA was synthesized by 

Superscript II reverse transcriptase (Invitrogen, 18080044). For quantitative real-time PCR assays, iQ 

SYBR Green Supermix (Bio-Rad, 1708880) was used for reaction set up. Applied Biosystems 

StepOnePlus™ was used to detect amplification levels (initial step at 95°C for 5 min, followed by 40 

cycles of 15 s at 95°C, 1 min at 60°C and 1 min at 72°C). Results were normalized to the reference gene 

Actin2 using the ΔΔCt method. Each experiment was repeated using three independent biological 

replicates. Primers used in this study are listed in Table S1.  

in vitro protein-protein interaction and phosphorylation assay 

Recombinant proteins were produced in E. coli strain BL21, and GST-pull down experiments were 

carried out as described previously 45. MBP or each MBP-tagged RAPTOR1B fragment was incubated 

with GST-BIN2 beads in 200 µl GST-pulldown buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM 
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EDTA, 1 mM DTT, and 0.5% (v/v) NP-40) including 1 mg/mL BSA at 4 °C for 2 hours on a tube 

rotator. GST beads were washed in GST-pulldown buffer 4 times and then eluted in 2X SDS sample 

buffer. Each MBP-tagged RAPTOR1B fragment was detected with anti-MBP antibodies (NEB, 

E8032S). For the in vitro kinase assay, each MBP-tagged RAPTOR1B fragment, or MBP alone as 

control, was incubated with MBP-BIN2 kinase in 20 μL of kinase buffer (20 mM Tris, pH 7.5, 100 mM 

NaCl, 12 mM MgCl2 and 10 µCi 32P-ATP) and in vitro kinase assays carried out as described previously 

45.  

Statistical analysis 

The significance of differences between means was analyzed by Fisher’s exact test or by Student’s t-test 

with p < 0.05 denoted *, and p < 0.01 denoted **, and p < 0.001 denoted ***, or with different letters to 

indicate statistically significant differences (p < 0.05). 
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Figure legends 

Figure 1. TOR is required for full BL-induced hypocotyl elongation. (A) Clustering analysis of TOR-

regulated genes in response to BL treatment from whole transcriptome RNA-seq data. Previously 

reported RNA-seq data for 4-week-old WT plants treated with or without BL or AZD were used to 

construct heatmaps. BL, brassinolide; AZD, AZD8055. Color depicts log2 fold change upon BL 

treatment compared to the control. (B) Comparison of TOR- and BL-regulated genes in whole 

transcriptome RNA-seq data. Gene lists from (A) were compared using Venny. The AZD-downregulated 

transcriptome (AZD down) shows significant coregulation with the BL-upregulated transcriptome (BL 

up) (431/1197 genes, p -value: 9.49 × 10-142, Fisher’s exact test), while the AZD-upregulated 

transcriptome (AZD up) shows significant coregulation with the BL-downregulated transcriptome (BL 

down) (464/1583 genes, p-value: 3.00 × 10-140, Fisher’s exact test). (C) Hypocotyl elongation of WT and 

raptor1b seedlings in response to BL or AZD. Seedlings were grown on ½ MS medium with 100 nM 

BL, 1 μM AZD, or both chemicals for 7 days. (D) Hypocotyl elongation of WT, raptor1b, and TOROE 

seedlings in response to BL. Seedlings of each genotype were grown on ½ MS medium with the 

indicated BL concentration for 7 days. For panel (C) and (D), hypocotyl lengths of seedlings were 

measured and averaged from 15 independent seedlings and 3 independent replicates. Data represent 

means ± standard deviation (SD). In (C), different letters indicate statistically significant differences (p 

< 0.05) using Student’s t-test. In (D), asterisks indicate statistically significant differences (**p < 0.01, * 

p < 0.05) using Student’s t-test compared with WT under the same conditions. (E) Immunoblot of BES1 

after BL or AZD treatment. WT seedlings were grown on solid ½ MS medium for 7 days and then 

transferred to solid ½ MS medium with DMSO or 1 μM AZD for 1 day, and transferred to liquid ½ MS 

medium with DMSO, 1 μM BL, 1 μM AZD, or both chemicals for 3 hours. (F) Immunoblot of BES1 
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upon BL treatment in WT and raptor1b mutant. WT and raptor1b seedlings were grown on solid ½ MS 

medium for 7 days and transferred to liquid ½ MS medium with DMSO or 1 μM BL for 2 hours. For 

panel (E) and (F), BES1 was detected via western blotting, with HERK1 as loading control. The 

experiments were repeated three times with similar results. 

Figure 2. BL activates TOR and inhibits autophagy. (A) Number of GFP-tagged autophagosomes per 

frame in each condition. 7-day-old GFP-ATG8e seedlings were transferred to solid ½ MS medium under 

control (+suc) or starvation (-suc) conditions, plus 100 nM BL, 1 μM BRZ, or DMSO as control for an 

additional 3 days. (B) Immunoblot showing GFP-ATG8e cleavage using GFP antibody for plants as in 

(A). The ratio (the mean from all replicates) of GFP-ATG8e to free GFP is indicated with control 

condition set as 1 (-suc condition is not included because only free GFP was detected). Ponceau staining 

was used as a loading control (LC). (C) Number of GFP-tagged autophagosomes per frame in WT or 

bin2-D background. 7-day-old seedlings were transferred to solid ½ MS medium under control (+suc) or 

starvation (-suc) conditions for an additional 3 days. (D) Immunoblot showing GFP-ATG8e cleavage 

using GFP antibody for plants as in (C). The ratio (the mean from all replicates) of GFP-ATG8e to free 

GFP is indicated with control condition set as 1 (-suc condition is not included because only free GFP 

was detected). Ponceau staining was used as a loading control. (E) Number of GFP-tagged 

autophagosomes per frame in each condition. 7-day-old GFP-ATG8e expressing seedlings were 

transferred to solid ½ MS medium with control (+suc) or starvation (-suc), plus 100 nM BL, 1 μM AZD, 

both BL and AZD, or DMSO as control for an additional 3 days. (F) Immunoblot using S6K1/2 and P-

T449-S6K antibodies of protein extracts from WT seedlings after treatment with 1 μM BRZ treatment 

for 7 days, and of 7-day-old bin2-D seedlings. (G) WT seedlings were grown on 1 μM BRZ for 7 days 

to suppress BL signaling, then transferred for 0 or 6 hours to 100 nM BL. Immunoblot was performed 
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using S6K1/2 and P-T449-S6K antibodies after BL treatments. For (A), (C) and (E), GFP-labeled 

autophagosomes were observed by fluorescence microscopy and photographed. The average number of 

autophagosomes was calculated from at least 20 images per genotype for each condition. Data represent 

means ± SD. Boxes show the corresponding mean of each replicate with round dots representing 

individual measurements from each replicate. Different letters indicate statistically significant 

differences (p < 0.05) using Student’s t-test. Immunoblots were repeated a minimum of 3 times with 

similar results. 

Figure 3. BIN2 activates autophagy and inhibits plant growth. (A) Quantification of autophagy in 

protoplasts by calculating the percentage of protoplasts with 3 or more GFP-ATG8e-labeled 

autophagosomes in the indicated genotype for each condition. Data represent means ± SD from 3 

biological replicates. Different letters indicate statistically significant differences (p < 0.05) using 

Student’s t-test. (B) Phenotype of 40-day-old representative adult plants of each genotype. Scale bar = 

10 mm.  

Figure 4. BIN2 phosphorylates and interacts with RAPTOR1B in vitro. (A) Detection of BIN2-

mediated phosphorylation of RAPTOR1B from a whole proteome in vitro kinase assay and in vivo 

phosphoproteome (bin2-T compared to WT and bin2-T compared to bin2-D). Phosphopeptides which 

include serine 916 (S916) were significantly upregulated in phosphoproteome datasets. Fold change, 

log2 fold change. (B) Schematic representation of Arabidopsis RAPTOR1B. The position of the RNC 

domain is highlighted in orange, HEAT domain in yellow, and WD40 domain in blue. Fragments used to 

make recombinant MBP-RAPTOR1B proteins are shown, with the RNC domain-containing fragment 

named F1, HEAT domain F2, and WD40 domain F3. A partial Arabidopsis TOR complex 3D structure 
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predicted based on mTOR was generated by PyMOL, color coded the same as the schematic. (C) 

Alignment of RAPTOR1B protein sequences surrounding the S916 phosphosite. Sequences from 

representative eukaryotic species are shown: Arabidopsis thaliana (At), Drosophila melanogaster (Dm), 

Homo sapiens (Hs), Mus musculus (Mm), Oryza sativa (Os), and Zea mays (Zm). (D) Weblogo created 

from multiple alignment of 250 closest-related plant RAPTOR1B paralogues shows the consensus 

sequence among species. (E) Phosphorylation of RAPTOR1B by BIN2 in vitro. Recombinant MBP-

RAPTOR1B-RNC (F1), MBP-RAPTOR1B-HEAT (F2), and MBP-RAPTOR1B-WD40 (F3) proteins 

were purified from E. coli and incubated with MBP-BIN2 in kinase buffer containing γ-32P-ATP, then 

separated by SDS-PAGE. RAPTOR1B phosphorylation (32P-RAPTOR1B) was detected by 

autoradiography. (F) GST pull-down showing interactions of GST-BIN2 or GST as control with F2 and 

F3. MBP-RAPTOR1B fragments were detected with anti-MBP antibody. LC, loading control indicates 

amounts of MBP proteins used in pull-down reactions. Experiments were repeated a minimum of 3 

times with similar results. 

Figure 5. Phosphorylation of RAPTOR1B serine 916 by BIN2 modulates autophagy. (A) Number of 

GFP-tagged autophagosomes per frame for the indicated genotypes for each condition. 7-day-old GFP-

ATG8e-expressing seedlings of each genotype were transferred to solid ½ MS medium under control or 

starvation (-suc) conditions, plus 100 nM BL, 1 μM BRZ, or DMSO as control for an additional 3 days. 

GFP-labeled autophagosomes were observed by fluorescence microscopy and photographed. The 

average number of autophagosomes was calculated from at least 20 images per genotype for each 

condition. Data represent means ± SD. Boxes show the corresponding mean of each replicate with round 

dots representing individual measurements from each replicate. Different letters indicate statistically 

significant differences (p < 0.05) using Student’s t-test. (B) Immunoblot showing GFP-ATG8e cleavage 
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using GFP antibody for plants as in (A). The ratio (the mean from all replicates) of GFP-ATG8e to free 

GFP is indicated with control condition set as 1 (-suc condition is not included because only free GFP 

was detected). Ponceau staining was used as a loading control. (C) Immunoblot of ATG13a-FLAG 

phosphorylation in WT, raptor1b, and transgenic plants expressing WT RAPTOR1B (R1B #9) or 

RAPTOR1BS916A (916A #2) in a raptor1b background. Leaf protoplasts prepared from the indicated 

genotypes, transiently expressing ATG13a-FLAG, were treated with DMSO or 1 μM concanamycin A 

(ConA) for 12 hours. Ponceau staining was used as a loading control. Experiments were repeated a 

minimum of 3 times with similar results.  

Figure 6. Proposed model for autophagy regulation by BIN2-mediated phosphorylation of RAPTOR1B. 

In the presence of BRs, enhanced BR signaling prevents phosphorylation of RAPTOR1B and BES1 by 

BIN2, enhancing TOR activity, in turn reducing the autophagy level. In the absence of BRs, BIN2 

phosphorylates both RAPTOR1B and BES1. The repression of BR signaling leads to activated 

autophagy. 
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