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Abstract
Elucidating enzyme–substrate relationships in posttranslational modification (PTM) networks is crucial for understanding sig-
nal transduction pathways but is technically difficult because enzyme–substrate interactions tend to be transient. Here, we 
demonstrate that TurboID-based proximity labeling (TbPL) effectively and specifically captures the substrates of kinases 
and phosphatases. TbPL-mass spectrometry (TbPL-MS) identified over 400 proximal proteins of Arabidopsis thaliana 
BRASSINOSTEROID-INSENSITIVE2 (BIN2), a member of the GLYCOGEN SYNTHASE KINASE 3 (GSK3) family that integrates 
signaling pathways controlling diverse developmental and acclimation processes. A large portion of the BIN2-proximal proteins 
showed BIN2-dependent phosphorylation in vivo or in vitro, suggesting that these are BIN2 substrates. Protein–protein inter-
action network analysis showed that the BIN2-proximal proteins include interactors of BIN2 substrates, revealing a high level of 
interactions among the BIN2-proximal proteins. Our proteomic analysis establishes the BIN2 signaling network and uncovers 
BIN2 functions in regulating key cellular processes such as transcription, RNA processing, translation initiation, vesicle traffick-
ing, and cytoskeleton organization. We further discovered significant overlap between the GSK3 phosphorylome and the O- 

Received May 31, 2022. Accepted January 13, 2022. Advance access publication January 20, 2023
© The Author(s) 2023. Published by Oxford University Press on behalf of American Society of Plant Biologists. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and 
reproduction in any medium, provided the original work is properly cited. 

Open Access

La
rg

e-
Sc

al
e 

Bi
ol

og
y 

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/35/3/975/6993989 by guest on 24 Septem

ber 2023

https://orcid.org/0000-0003-3941-1897
https://orcid.org/0000-0001-8104-2621
https://orcid.org/0000-0002-7100-1401
https://orcid.org/0000-0002-4902-9416
https://orcid.org/0000-0002-8264-746X
https://orcid.org/0000-0003-1617-8543
https://orcid.org/0000-0002-3773-584X
https://orcid.org/0000-0002-6571-3584
https://orcid.org/0000-0002-6520-6419
https://orcid.org/0000-0002-2295-1478
https://orcid.org/0000-0002-4383-3550
https://orcid.org/0000-0003-2038-7217
https://orcid.org/0000-0002-9315-0520
https://orcid.org/0000-0001-5551-7232
https://orcid.org/0000-0002-8403-7307
https://orcid.org/0000-0002-6741-9506
https://orcid.org/0000-0002-8277-5226
https://orcid.org/0000-0003-4602-3390
mailto:zywang24@stanford.edu
https://academic.oup.com/plcell
mailto:zywang24@stanford.edu
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/plcell/koad013


976 | THE PLANT CELL 2023: 35; 975–993                                                                                                                        Kim et al.

IN A NUTSHELL
Background: Intracellular signal transduction relies on specific and dynamic interactions between kinases and their 
substrates. Identifying substrate proteins of each kinase is crucial for understanding cellular signaling transduction 
pathways but is technically challenging because of the transient nature of the enzyme–substrate interactions and 
the large number of kinases acting in a cell. Arabidopsis thaliana BRASSINOSTEROID-INSENSITIVE2 (BIN2) is one 
of the best-studied plant kinases, with key roles in multiple signaling pathways including the brassinosteroid and auxin 
pathways. However, BIN2’s in vivo interactors and substrate proteins have not been fully characterized. Recent studies 
have developed the TurboID biotin ligase as a highly efficient proximity labeling tool; its efficiency in mapping tran-
sient protein–protein interactions has not been fully explored.

Question: Can a fusion protein containing a kinase and the TurboID biotin ligase biotinylate the substrate proteins 
phosphorylated by the BIN2 kinase? Is this approach effective, when combined with phosphoproteomics, in identify-
ing kinase substrates that interact transiently? What are the substrates and cellular targets of BIN2? How does the BIN2 
signaling network overlap with other signaling pathways?

Findings: We show that TurboID is an effective and specific tool for mapping kinase signaling networks. We identified 
482 BIN2-proximal proteins, including about two-thirds that showed BIN2-dependent phosphorylation and many 
known BIN2 interactors and substrates. The dataset of in vivo BIN2 interactors and substrates uncovers an expansive 
signaling network and reveals a convergence between the BIN2/GSK3 and O-GlcNAc modification pathways in both 
plants and animals.

Next steps: How BIN2 acts specifically in various signaling pathways and how it regulates various substrate proteins 
and cellular functions are key questions to be answered in future studies. How BIN2-mediated phosphorylation cross-
talks with O-GlcNAcylation is another important question with broad implications. Our dataset of candidate proteins 
with modification sites will enable future investigations that advance our understanding of these important questions.

GlcNAcylome, suggesting an evolutionarily ancient relationship between GSK3 and the nutrient-sensing O-glycosylation path-
way. Our work presents a powerful method for mapping PTM networks, a large dataset of GSK3 kinase substrates, and import-
ant insights into the signaling network that controls key cellular functions underlying plant growth and acclimation.

Introduction
GLYCOGEN SYNTHASE KINASE 3 (GSK3) is a major signaling 
hub in animals and plants (Youn and Kim, 2015; Patel and 
Woodgett, 2017; Li et al., 2021). In animals, GSK3 was initially 
identified as a regulator of sugar metabolism but has since 
been found to act in numerous signaling pathways and phos-
phorylate over a hundred cellular proteins. As a hub of cellu-
lar signal transduction, GSK3 has been implicated in major 
human diseases such as diabetes, cancer, and neurological 
disorders (Beurel et al., 2015; Patel and Woodgett, 2017). 
In plants, the best-characterized GSK3-like kinase, 
BRASSINOSTEROID-INSENSITIVE2 (BIN2), was first identi-
fied as a key component of the brassinosteroid (BR) signaling 
pathway in Arabidopsis thaliana, where BIN2 phosphorylates 
and inhibits the BRASSINAZOLE-RESISTANT1 (BZR1) family 
of BR-responsive transcription factors (Li and Nam, 2002). BR 
signaling through the receptor kinase BRASSINOSTEROID 
INSENSITIVE1 (BRI1) leads to BIN2 dephosphorylation, ubi-
quitination, and degradation, resulting in protein phosphat-
ase 2A (PP2A)-mediated dephosphorylation and nuclear 
accumulation of BZR1, which mediate BR-responsive gene 
expression and plant growth (He et al., 2002; Kim and 
Wang, 2010; Tang et al., 2011; Zhu et al., 2017).

Recent molecular genetic studies have elucidated BIN2’s 
broad functions in a wide range of developmental and 
physiological processes (Youn and Kim, 2015; Li et al., 
2021). For example, BIN2 acts in additional receptor kinase 
pathways that regulate asymmetric cell division, differenti-
ation of stomata and xylem cells, and development of lateral 
roots (Kim et al., 2012; Cho et al., 2014; Kondo et al., 2014; 
Youn and Kim, 2015; Houbaert et al., 2018; Li et al., 2021). 
BIN2 also interacts with components of other hormonal 
and light signaling pathways and plays a role in salt stress re-
sponses (Li et al., 2020, 2021). Identification of all BIN2 kinase 
substrates is crucial for understanding the cellular functions 
regulated by this signaling hub that integrates diverse regula-
tory pathways in plants.

Identification of in vivo kinase substrates is technically 
challenging because the interactions between a kinase, or 
any posttranslational modifying enzyme, and its substrate 
proteins need to be transient and dynamic in order to rapidly 
modify many substrate molecules. Traditional methods for 
identifying protein–protein interactions (PPI), such as 
co-immunoprecipitation (co-IP), tend to capture only stable 
interactors that remain associated throughout the incuba-
tion and washing procedures. The recent development of a 
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highly active biotin ligase named TurboID has made it pos-
sible to effectively biotinylate and thus identify in vivo tran-
sient interactors (Branon et al., 2018; Samavarchi-Tehrani 
et al., 2020). TurboID has been used for proximity labeling 
(PL) of subcellular proteomes and interactomes of transcrip-
tion factors and immune receptors in plants (Mair et al., 
2019; Zhang et al., 2019). TurboID has also been shown to de-
tect various PPI in several plant model systems (Arora et al., 
2020). Here, we test the idea that TurboID fused to a kinase 
or phosphatase can biotinylate their substrate proteins while 
they are phosphorylated or dephosphorylated. We demon-
strate that TurboID fused with BIN2 and PP2A specifically 
and effectively biotinylates their substrates. Mass spectrom-
etry identified 482 proteins that are biotinylated by a 
BIN2-TurboID fusion protein; over one-third of these 
BIN2-proximal proteins showed dephosphorylation upon in-
hibition of BIN2 and thus are considered BIN2 substrates. 
Protein–protein interaction and protein function analyses 
assembled the BIN2-proximal proteins into signaling net-
works and illustrated BIN2 regulation of key cellular func-
tions. Our study provides a powerful method for dissecting 
PTM networks and a large dataset of the BIN2 signaling net-
work that reveals broad functions of this highly conserved 
signaling hub.

Results
TurboID fused to a kinase and phosphatase 
specifically biotinylates their substrates in vivo
We created a DNA construct to express full-length BIN2 
fused with YFP (yellow fluorescent protein) and TurboID 
(BIN2-YFP-TbID) from the constitutive 35S promoter 
(Supplemental Figure 1; Figure 1A). To test whether 
BIN2-YFP-TbID can biotinylate BZR1, the canonical BIN2 
substrate in the BR signaling pathway, we co-expressed 
BIN2-YFP-TbID with 35S:BZR1-MH (BZR1 fused with 
4×Myc-6×His tag) in Nicotiana benthamiana leaves. As a 
control, we also co-expressed BZR1-MH with a 
YFP-YFP-TbID fusion protein. After pulldown by streptavi-
din-agarose from the protein extracts, immunoblotting 
with anti-Myc antibody detected BZR1-MH in the sample 
co-expressing BIN2-YFP-TbID but not in the control expres-
sing BZR1-MH alone or co-expressing YFP-YFP-TbID 
(Figure 1B), indicating that BIN2-YFP-TbID specifically 
caused biotinylation of BZR1. From the same extract, the 
streptavidin beads pulled down about 10 times more 
BZR1-MH than did the anti-GFP antibody beads, indicating 
a higher sensitivity of TbPL than co-IP for detecting in vivo 
PPI (Figure 1B).

We further examined the specificity of TurboID for bioti-
nylation of interacting proteins. Previous molecular and gen-
etic studies demonstrated that BZR1 interacts with six GSK3 
kinases including BIN2 but not with three other GSK3s in-
cluding SHAGGY-LIKE PROTEIN KINASE 41 (AtSK41) (Kim 
et al., 2009). We found that BZR1-MH was pulled down 

much more effectively by streptavidin when it was 
co-expressed with BIN2-YFP-TbID than when it was co- 
expressed with AtSK41-YFP-TbID (Figure 1C). Previous stud-
ies also showed that BZR1 binds to specific PP2A regulatory 
subunits such as PP2AB′α but not to PP2AB′ϵ (Tang et al., 
2011). Biotinylation of BZR1-MH was detected when co- 
expressed with PP2AB′α-YFP-TbID but not when co- 
expressed with PP2AB′ϵ-YFP-TbID (Figure 1D). These results 
indicate that TurboID is a sensitive and specific method for 
identifying substrates of kinases and phosphatases.

BIN2-TurboID biotinylates BR signaling components 
and hundreds of cellular proteins
To identify BIN2-proximal proteins, we generated transgenic 
Arabidopsis (Arabidopsis thaliana) plants expressing 
BIN2-YFP-TbID, or YFP-YFP-TbID as a control, from the 
35S promoter. Some of the plants expressing 
BIN2-YFP-TbID displayed similar dwarf phenotypes to those 
observed in the BIN2-overexpressing or bin2-1 mutant 
plants (Li and Nam, 2002), whereas plants expressing 
YFP-YFP-TbID were indistinguishable from the wild-type 
(Figure 2A; Supplemental Figure 2A), suggesting that 
BIN2-YFP-TbID is functional in Arabidopsis and that 
TurboID has no obvious effect on BIN2 or other plant func-
tions. BIN2-YFP-TbID and YFP-YFP-TbID showed similar 
subcellular localization (Supplemental Figure 2B; Kim et al., 
2009). We chose BIN2-YFP-TbID transgenic lines that 
showed visible but subtle phenotypes, which indicate mod-
erate expression levels, for PL experiments (Supplemental 
Figure 2, A and C). Reverse transcription quantitative PCR 
(RT-qPCR) showed that the BIN2-YFP-TbID plants expressed 
about 4-fold more BIN2 RNA than wild-type plants 
(Supplemental Figure 2D). However, a smaller increase is 
expected for BIN2 protein, which is posttranslationally 
regulated by ubiquitination and degradation (Zhu et al., 
2017). Treating BIN2-YFP-TbID tissues with biotin caused 
protein biotinylation in a dose-dependent manner 
(Figure 2B). However, a high concentration of biotin de-
creased the efficiency of streptavidin pulldown of biotiny-
lated proteins, potentially due to competition by free 
biotin (Figure 2C). Indeed, removing free biotin using a de-
salting column recovered streptavidin pulldown efficiency 
(Figure 2D).

To quantitatively distinguish the BIN2-proximal proteins 
from those tagged non-specifically by the YFP-YFP-TbID con-
trol, we used stable isotope labeling in Arabidopsis-mass 
spectrometry (SILIA-MS) (Figure 3A). We grew 
BIN2-YFP-TbID and YFP-YFP-TbID seedlings on medium con-
taining either a 14N or 15N nitrogen source for 16 days, mixed 
equal amounts of the two tissues together and then treated 
them with 50 µM biotin for 3 h. The protein extract was pro-
cessed through a desalting column to remove free biotin, and 
the biotinylated proteins were affinity-purified using strepta-
vidin beads and then digested with trypsin on the beads. The 
digested peptides were fractionated and analyzed by liquid 
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chromatography-tandem mass spectrometry (LC-MS/MS) 
(Figure 3A). The experiment was repeated four times with 
the isotopes switched (the BIN2-YFP-TbID sample was la-
beled with 15N in two biological replicates and the 
YFP-YFP-TbID control was 15N-labeled in the other two repli-
cates). Quantitation based on isotope ratios showed that 
BIN2 and 482 proteins were enriched over 3-fold in 
BIN2-YFP-TbID compared with in the YFP-YFP-TbID control 
in at least three of the four replicates, and these were consid-
ered BIN2-proximal proteins (Figure 3, B–C; Supplemental 
Dataset 1).

The BIN2-proximal proteins include many components of 
the BR signaling pathway including BRI1 SUPPRESSOR 1 
(BSU1)-LIKE 1 (BSL1), BSL2, BSL3, BRASSINOSTEROID- 
SIGNALING KINASE3 (BSK3), PP2A, TOPLESS (TPL), and its 
homologs (TPL-related: TPR1, TPR2, TPR4) (Oh et al., 
2014), as well as known BIN2 substrates including BZR1, 
BZR2/BRI1-EMS-SUPPRESSOR 1 (BES1), cellulose synthase 
(Sanchez-Rodriguez et al., 2017), and the MAPK kinase kinase 
YODA (YDA) (Kim et al., 2012). Additional BIN2-proximal 
proteins that are involved in known BR functions include 
the auxin transporters PIN-FORMED 3, 4, 7 (PIN3), PIN4, 
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Figure 1 Biotinylation of BZR1 by BIN2-TurboID and PP2AB′α-TurboID. A, Schematic diagram of proximity-dependent biotin labeling. B, 
Biotinylation of BZR1 by proximity labeling. The indicated TurboID (TbID) fusion proteins were co-expressed with BZR1-Myc in N. benthamiana 
leaves. Streptavidin pulldown and anti-GFP IP were performed using aliquots of the same protein extracts, and proteins were immunoblotted using 
antibodies shown on the right side. Ponceau S staining shows the loading of the input. Streptavidin pulled down 10.4-fold more BZR1-Myc than 
anti-GFP IP. Asterisks indicate phosphorylated BZR1. C, Comparison of BZR1 biotinylation by BIN2-TbID and AtSK41-TbID. D, Comparison of 
BZR1 biotinylation by PP2AB′α-TbID and PP2AB′ɛ-TbID.
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PIN7), the HERCULES (HERK1), and FERONIA (FER) receptor 
kinases involved in cell wall integrity pathways, the blue-light 
photoreceptor PHOTOTROPIN1 (PHOT1), and PHOT1 in-
teracting protein NONPHOTOTROPIC HYPOCOTYL3 
(NPH3) involved in phototropism (Figure 3, B–C).

Quantitative phosphoproteomics identifies 
BIN2-dependent phosphoproteins among 
BIN2-proximal proteins
To identify the substrates of BIN2 kinase among the 
BIN2-proximal proteins, we performed quantitative phos-
phoproteomic analysis after treatment of Arabidopsis with 
bikinin, a specific inhibitor of BIN2 and its homologous 
GSK3 kinases (De Rybel et al., 2009; Figure 4A). After growth 
on 14N or 15N media (isotopes reversed in a repeat experi-
ment) for 14 days, the tissues were treated with 30 µM biki-
nin or mock solution for 1 h. The effect of bikinin was 
confirmed by immunoblotting showing BZR1 dephosphory-
lation and RT-qPCR showing the expected changes of 

expression of the BR-repressed BZR1-target gene DWARF4 
(DWF4) and BR-induced SMALL AUXIN UP RNA 19 
(SAUR19) (Supplemental Figure 3, A–C). The pair of bikinin- 
and mock-treated isotope-labeled samples were mixed and 
the phosphopeptides were enriched by immobilized metal 
affinity chromatography (IMAC). LC-MS/MS analysis identi-
fied a total of 28,250 phosphopeptides from 5,088 phospho-
proteins in two repeat experiments in which the isotopes 
were reversed between the bikinin and mock treatments 
(Figure 4A). Among these, 741 phosphoproteins (14.6%) 
showed a decrease of at least one phosphopeptide upon bi-
kinin treatment in the two reverse-labeling replicates 
(Supplemental Dataset 2). These included the known BIN2 
substrates BZR1 and BZR2/BES1 (Figure 4B). Of the 482 
BIN2-proximal proteins, 410 were detected as phosphopro-
teins, and 169 (41.2%) of these showed dephosphorylation 
after bikinin treatment (Supplemental Datasets 1 and 2).

GSK3 kinases are known to phosphorylate substrates at 
consensus recognition motifs of S/TxxxS/T, where S and T 
are serine and threonine, and x is any amino acid (Beurel 
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Figure 2 The effect of biotin concentration on the efficiency of biotin labeling and affinity purification in Arabidopsis. A, Phenotypes of the wild-type 
(Col-0) and transgenic Arabidopsis overexpressing BIN2-YFP-TbID. Plants were grown for 4 weeks in soil. The scale bar is 1 cm. B, The effect of biotin 
concentration on TbID-mediated biotinylation. 14-d-old BIN2-YFP-TbID seedlings were treated with the indicated concentrations of biotin for 1 h. 
Total proteins were immunoblotted using streptavidin-HRP (SA-HRP). C, The effect of biotin concentration on biotinylation and streptavidin pull-
down of BZR1. D, The effect of desalting on affinity purification of biotinylated proteins. BIN2-YFP-TbID seedlings were treated with 50 mM biotin for 
3 h. Equal aliquots of protein extracts were desalted (+) or not desalted (−) before streptavidin pulldown. Input (1:300), flow through (FT, 1:300) and 
eluate after affinity pulldown (AP, 1:10) were separated by SDS-PAGE. Biotinylated proteins were probed with SA-HRP.
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et al., 2015). Motif analysis of the identified phosphorylation 
sites showed that the consensus GSK3 phosphorylation motif 
is significantly over-represented among the bikinin- 
decreased phosphopeptides of the 169 BIN2 substrates, but 
not in the phosphopeptides increased by bikinin treatment 
(Figure 4, C and D), consistent with evolutionary conserva-
tion of GSK3 phosphorylation sites.

To test how likely these bikinin-sensitive BIN2-proximal 
phosphoproteins are substrates of BIN2 kinase, we expressed 
12 of these proteins as fusions to the maltose-binding protein 
(MBP) in E. coli, affinity-purified the proteins, and performed 
in vitro kinase assays. The results show that all 12 proteins 
can be phosphorylated by BIN2 in vitro, whereas MBP fused 
to YFP or a non-BIN2-proximal protein (At3g09840) was not 
phosphorylated by BIN2 (Figure 5A; Supplemental Figure 4). 
As expected, bikinin inhibited the phosphorylation in vitro 
(Figure 5B), as it did in vivo. These results indicate that the 
BIN2-proximal proteins that showed dephosphorylation 
upon bikinin treatment are mostly substrates of BIN2 kinase.

BIN2 is inactivated and degraded upon BR signaling (Zhu 
et al., 2017) and thus its substrates and interactors in the 

BR pathway are expected to respond to BR. A recent prote-
omic study identified 2432 BR-responsive phosphoproteins 
(Clark et al., 2021). These included 309 (64%) of the 482 
BIN2-proximal proteins and 151 (89%) of the 169 bikinin- 
sensitive BIN2-proximal proteins. Together, 327 (68%) of 
the 482 BIN2-proximal phosphoproteins changed phosphor-
ylation level in response to BR and/or bikinin treatments 
(Figure 5C).

The BIN2 signaling network
We constructed a BIN2 signaling network by combining our 
proximity-tagging and phosphoproteomic datasets with pro-
tein interaction databases (Figure 6A). Based on the PPI es-
tablished by experimental evidence (Dong et al., 2019; 
Szklarczyk et al., 2019), 98 BIN2-proximal proteins that 
showed no phosphorylation change upon bikinin treatment 
are interactors of some of the bikinin-sensitive BIN2-poximal 
proteins, which we consider BIN2 substrates. Together, the 
BIN2 substrates and their interactors account for 267 
(55%) of the 482 BIN2-proximal proteins identified by 
BIN2-TurboID (Figure 6A).

A

C

B

Figure 3 TurboID-based identification of BIN2-proximal proteins in Arabidopsis. A, Schematic diagram of the workflow of isotope labeling, prox-
imity biotinylation (B) while BIN2 phosphorylates (P) its substrates, purification, fractionation by reverse phase chromatography (RP), and analysis 
on mass spectrometer (QE-HF) of BIN2-proximal proteins. B, Signal ratios between BIN2-YFP-TbID and YFP-YFP-TbID for proteins detected in two 
replicate experiments where isotopes were switched. Blue colored letter indicates previously reported BIN2 interactors. The dashed lines show a 
3-fold cutoff ratio. C, Representative MS1 spectra show the enrichment of NPH3, PIN3, HERK1, PHOT1, and no enrichment of MCCA, by 
BIN2-YFP-TbID relative to the YFP-YFP-TbID control. Top panel: 14N: BIN2-YFP-TbID, 15N: YFP-YFP-TbID; Bottom panel: 14N: YFP-YFP-TbID, 
15N: BIN2-YFP-TbID. Red and blue arrows point to the monoisotopic peaks of BIN2-YFP-TbID samples and YFP-YFP-TbID control, respectively.
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The proximity-based BIN2 signaling network includes a 
large number of known upstream regulators (BSK3, BSL1, 
BSL2, BSL3, OCTOPUS LIKE 2), BIN2 homologs (AtSK12 
and AtSK31), BIN2 substrates (BZR1, BES1, and YDA), and in-
teractors of BZR1 (five PP2A components, all five members of 
the TPL/Groucho/TLE co-repressor family, and a 14-3-3 pro-
tein) (Kim and Wang, 2010; Kim et al., 2012; Oh et al., 2014; 
Anne et al., 2015; Figure 6A). The BIN2 substrates over-
represent several key cellular functions, including transcrip-
tion repression, RNA processing, translation initiation, 
vesicle trafficking, cytoskeleton organization, cell wall integ-
rity, and phototropic responses. The large number of BIN2 
substrates indicates that GSK3 orchestrates broad cellular 
and developmental processes in plants.

GSK3 and O-GlcNAc target overlapping proteomes in 
both Arabidopsis and animals
Our identification of the GSK3 phosphorylome in 
Arabidopsis provides an opportunity to understand the rela-
tionship of GSK3 with other signaling pathways in the cellular 
regulatory system. We found a striking level of overlap be-
tween the BIN2 phosphorylome and the O-GlcNAcylome, 
proteins modified by O-linked β-N-acetylglucosamine 
(O-GlcNAc). O-GlcNAc modification of nucleocytoplasmic 
proteins is an essential nutrient-sensing mechanism known 
to regulate cellular homeostasis in animals as well as growth 
and development in plants (Hart, 2019; Sun, 2021). The 262 
O-GlcNAc modified proteins identified in Arabidopsis (Xu 
et al., 2017) include 42 (25%) of the 169 BIN2 substrates, 
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22 (14%) of the 158 BR-responsive BIN2-proximal proteins, 
and only 11 (7%) of the remaining 156 BIN2-proximal proteins 
that did not show responses to bikinin or BR (Figure 6B; 
Supplemental Dataset 1). Additionally, 46 O-GlcNAcylated 
proteins showed a bikinin-induced decrease in phosphoryl-
ation but were not detected as BIN2-proximal proteins. As 
such, about 46% of the O-GlcNAcylated proteins showed 

either GSK3-dependent phosphorylation or were in proximity 
to BIN2, or both. These over represent a small number of path-
ways including RNA processing, translation, and transcription. 
For example, O-GlcNAc modifies 13 of the 15 BIN2 substrates 
involved in RNA processing. Four of these 13 proteins contain 
peptides that were detected as modified by O-GlcNAc and 
BIN2 phosphorylation (Supplemental Figure 6), suggesting 
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controls. CBB, Coomassie Brilliant Blue. B, Inhibition of BIN2 phosphorylation by bikinin. Four MBP-fused proteins were incubated with GST-BIN2 in 
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that the two types of PTMs on the same or nearby sites may 
influence each other. These observations suggest a functional 

crosstalk between the BIN2-catalyzed phosphorylation and 
O-GlcNAcylation of common target proteins.
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Figure 6 The BIN2 signaling network. A, The diagram of the BIN2 signaling network shows BIN2 substrates and their interactors. The filled nodes 
(circles and squares) represent BIN2 substrates identified as BIN2-proximal proteins that showed dephosphorylation upon bikinin treatment. The 
rectangle nodes indicate O-GlcNAcylated proteins. Clusters with specific biological functions are highlighted by different colors of edges. ER, 
Endoplasmic Reticulum, BR, Brassinosteroid, TGN, Trans-Golgi Network. B, Venn diagram shows the overlaps among the bikinin-sensitive phospho-
proteins, BIN2-proximal phosphoproteins (BIN2-TbID), and O-GlcNAcylated proteins (Xu et al., 2017) in Arabidopsis. C, Venn diagram shows the 
overlaps among the phosphoproteins and O-GlcNAcylated proteins in synapse and GSK3 substrates in the hippocampus of mouse (Trinidad et al., 
2012; Kaasik et al., 2013).
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Crosstalk between GSK3 and O-GlcNAc has been observed 
on several shared substrates in metazoans (Hart et al., 2011). 
These include c-Myc, c-Jun, β-catenin, tau, and α-synuclein, 
which play important roles in prevalent human diseases 
such as cancer and neuronal disorders (Yu et al., 2012; Ha 
et al., 2014). Phosphorylation and O-GlcNAcylation are 
known to crosstalk antagonistically on these proteins (Hart 
et al., 2011; Leney et al., 2017). To determine whether in ani-
mals, like in Arabidopsis, there is a significant overlap be-
tween substrates of GSK3 and O-GlcNAcylation at the 
proteomic level, we compared the 675 O-GlcNAcylated pro-
teins identified in synapses with the 132 putative GSK3 sub-
strates identified in the hippocampus in mouse (Trinidad 
et al., 2012; Kaasik et al., 2013). We found that 29 (22%) of 
the putative GSK3 substrates were identified also as 
O-GlcNAcylated proteins. Furthermore, among the 132 
GSK3 substrates identified in the hippocampus, 80 were de-
tected as phosphoproteins in the synapse, and 26 (33%) of 
these are O-GlcNAc modified proteins (Figure 6C; 
Supplemental Dataset 3). Such a significant overlap between 
substrates of O-GlcNAcylation and GSK3-mediated phos-
phorylation in the synapse suggests a broad role for the cross-
talk between these two pathways in neuronal functions.

Discussion
GSK3 is a conserved signaling hub that regulates diverse cel-
lular, developmental, and adaptive processes in all eukar-
yotes. GSK3s have been studied extensively for their 
important roles in human health and plant growth. 
However, the complete GSK3 signaling network has not 
been illustrated in any organism. Taking advantage of the 
highly sensitive TbPL-MS approach, we here provide the lar-
gest GSK3 signaling network based on in vivo data and dem-
onstrate that combining TbPL-MS with phosphoproteomics 
is a powerful approach to mapping PTM signaling networks. 
Our study uncovers broad GSK3 functions in cellular regula-
tion and reveals the convergence of the GSK3 and O-GlcNAc 
pathways as a conserved feature of eukaryotic cellular 
regulation.

PL-MS combined with quantitative PTM profiling is a 
powerful approach for mapping cellular regulatory 
pathways
PTM is the fundamental mechanism of cellular regulation. 
The relationships between the posttranslational modifying 
enzymes and their substrate proteins shape the cellular regu-
lation network. Unlike many stable protein complexes, the 
interactions between modifying enzymes and their sub-
strates in PTM networks tend to be dynamic and transient 
in order to allow rapid modification of multiple substrate 
molecules within a short time. The dynamic/transient nature 
of the interactions between a PTM enzyme and its substrates 
makes it difficult to identify these interactions using trad-
itional methods such as affinity purification and co-IP, which 

capture only stable interactors that remain associated after 
the long procedure of extraction, incubation, and washing. 
In contrast, in PL-MS, the interacting proteins are tagged by 
biotin during the time of association in vivo, and then purified 
by streptavidin beads. In fact, the dynamic nature of the inter-
actions that facilitate PTM would increase the efficiency of 
TurboID labeling compared with stable interactions, due to 
the amplification of signal from cycling interactions (Gingras 
et al., 2019). We believe that each kinase-TurboID fusion pro-
tein molecule can biotinylate, as well as phosphorylate, mul-
tiple copies of substrate proteins during the time of biotin 
treatment, allowing sensitive identification of the substrate 
proteins. Indeed, our direct comparison indicates that PL is 
about 10 times more sensitive than IP for detecting BZR1 as 
a BIN2 interactor, whereas similar IP-MS analyses identified 
only five putative BIN2-interactors (Supplemental Figure 5
and Supplemental Dataset 4), of which only one responded 
to bikinin or BR treatment.

The high sensitivity of detection raises the question of spe-
cificity. We provide several lines of evidence supporting the 
high specificity of the TbPL-MS approach for mapping kinase 
signaling pathways. First, we show that BZR1 is biotinylated 
much more strongly, if not exclusively, by the members of 
GSK3 and PP2A that are known to interact with BZR1 com-
pared with their homologs that are known to not interact 
with BZR1. Second, TbPL-MS identified many known BIN2 
substrates (e.g. BZR1, BES1, YDA, and CELLULOSE 
SYNTHASE 3 [CESA3]) and regulators (BSK3, BSL1, BSL2, 
BSL3, PP2A, and OCTOPUS LIKE 2 [OPL2]). Third, and most 
importantly, a large portion of the BIN2-proximal proteins 
identified by TbPL-MS showed dephosphorylation upon inhib-
ition of BIN2. Of the 482 BIN2-proximal proteins, 169 (35%) 
showed bikinin-induced dephosphorylation in our phospho-
proteomic analysis and 108 (43 additional) did so in a recent 
study (Lu et al., 2022), and 309 (64%) responded to BR treat-
ment (Clark et al., 2021). Our in vitro kinase assays confirmed 
BIN2 phosphorylation of all twelve tested proteins. Montes 
et al. (2022) recently carried out in vitro BIN2 phosphorylation 
of total Arabidopsis protein extracts followed by phosphopro-
teomic analysis and showed BIN2 phosphorylation of 1,343 
peptides from 767 proteins (Montes et al., 2022); these in vitro 
substrates include 104 BIN2-proximal proteins (Supplemental 
Dataset 1). Together, these studies provide evidence for 
BIN2-dependent phosphorylation of 344 (71%) of the 
BIN2-proximal proteins; 216 (45%) of these are supported by 
at least two of these studies and can be considered high- 
confidence BIN2 substrates (Supplemental Dataset 1).

The enrichment of the GSK3 consensus phosphorylation 
site (S/TxxxS/T) in these BIN2 substrates identified by PL in-
dicates that the substrate specificity of plant GSK3s involves 
both physical proximity and the local sequence of the sub-
strate proteins, raising questions about substrate identifica-
tion based on in vitro phosphorylation conditions that 
disrupt the in vivo protein spatial organization. Among the 
767 in vitro BIN2 substrates identified by Montes (Montes 
et al., 2022), 27.5% (211) showed dephosphorylation upon 
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bikinin treatment (Supplemental Dataset 2; Lu et al., 2022), in 
contrast to 46% (221) of the 482 BIN2-proximal proteins 
(Supplemental Figure 7). The evidence overall indicates 
that TbPL-MS has superior sensitivity and specificity for map-
ping kinase signaling networks. The overlaps among these da-
tasets identify subsets of putative BIN2 substrates with 
different confidence levels and suggest different efficiency 
and specificity of these complementary methods 
(Supplemental Figure 7).

The GSK3 signaling network in Arabidopsis
Our PL-MS analysis establishes the largest experimental dataset 
of in vivo substrates of a GSK3 kinase in any organism and pro-
vides an expanded view of the GSK3 functions in plants. The 
BIN2 substrates reveal broad functions of GSK3 in regulating ma-
jor cellular processes including transcription, RNA processing, 
translation, vesicle trafficking, cytoskeleton, cell wall synthesis/in-
tegrity, and auxin transport. Proximity to many signaling pro-
teins such as receptors and kinases provides evidence for 
GSK3 functions in additional signaling pathways. Many proximal 
or substrate proteins are consistent with known functions of BR 
or GSK3. For example, 18 BIN2-proximal proteins, including se-
ven BIN2 substrates, are components of clathrin-mediated endo-
cytosis, and nine BIN2-proximal proteins, including two 
substrates (SYNTAXIN OF PLANTS 122 [SYP122] and 
MILDEW RESISTANCE LOCUS O 2 [MLO2]), are involved in se-
cretion. In addition, several proteins involved in autophagy (e.g. 
AUTOPHAGY-RELATED PROTEIN 1B [ATG1B], AUTOPHAGY 
18 [ATG18] G [ATG18G)], and FYVE DOMAIN PROTEIN 
REQUIRED FOR ENDOSOMAL SORTING 1 [FREE1]) are targets 
of BIN2 signaling, consistent with the recent reports of BR effects 
on autophagy (Chi et al., 2020). The microtubule-associated pro-
tein CLASP was recently reported to act in a BR signaling nega-
tive feedback loop (Ruan et al., 2018) and mediate microtubule 
reorientation (Lindeboom et al., 2019); our results suggest that 
BIN2 phosphorylation may mediate BR regulation of CLASP 
and microtubule orientation. BR and BIN2 have been shown 
to regulate auxin transport (Retzer et al., 2019); our results 
show that BIN2 directly phosphorylates the auxin transporters 
(PIN3, 4, 7). BR has also been reported to modulate phototropic 
responsiveness (Whippo and Hangarter, 2005); our data indicate 
that BIN2 phosphorylates and/or interacts with the photorecep-
tors phototropin 1 and 2 (PHOT1, PHOT2) and their down-
stream components that mediate phototropic growth (NPH3, 
PIN3, PIN4, and PIN7) and chloroplast movement (J-DOMAIN 
PROTEIN REQUIRED FOR CHLOROPLAST ACCUMULATION 
RESPONSE 1 [JAC1], KINESIN LIKE PROTEIN FOR ACTIN 
BASED CHLOROPLAST MOVEMENT 1 [KAC1], 
CHLOROPLAST UNUSUAL POSITIONING 1 [CHUP1]) 
(Fankhauser and Christie, 2015; Figure 6A). Genetic studies 
have placed the BR signaling module in a homeostatic feedback 
loop controlling cell wall extensibility and integrity that involve 
also the mechano- and integrity-sensing receptor kinases FER, 
HERK, ANXUR1 (ANX1), and ANX2 (Hofte, 2015); the identifica-
tion of these receptor kinases as BIN2-proximal proteins suggests 

that BIN2 may play a direct role in the crosstalk between these 
wall- and BR-sensing RKs. A recent study shows that sugar in-
creases BIN2 phosphorylation of BZR1 (Zhang et al., 2021), 
and this may involve BIN2 proximity with the mitogen-activated 
protein kinase kinase kinase named SUGAR INSENSITIVE 8 
(SIS8) (Supplemental Dataset 1), which is required for sugar re-
sponses and interacts with a UDP-glucosyltransferase (Huang 
et al., 2014). Future studies of these BIN2-proximal and substrate 
proteins will advance our understanding of the functions of the 
GSK3 signaling network in cellular and developmental regulation 
in plants.

The ten members of the Arabidopsis GSK3 family appear 
to play overlapping and redundant roles. Considering that 
the BIN2-TurboID protein was expressed from the constitu-
tive 35S promoter, some of the BIN2-proximal proteins iden-
tified in this study may associate with BIN2 homologs in 
wild-type plants. Our choice of BIN2-TurboID plants with a 
mild dwarf phenotype, compared with the dominant 
bin2-1 mutant (Li and Nam, 2002), should have minimized ar-
tifacts. On the other hand, our BIN2 PL-MS experiments did 
not detect some of the previously reported BIN2 substrates 
(Li et al., 2021). Apparently, the full BIN2 signaling network 
is yet to be uncovered, likely by combining PL-MS and phos-
phoproteomics with a cell-type specific analysis under vari-
ous physiological conditions. Furthermore, future PL-MS 
analysis of all GSK3 family members, using the native pro-
moter of each gene for expression in its loss-of-function mu-
tant background, will be required to provide a more accurate 
picture of the overlapping sub-networks of all ten GSK3 ki-
nases in Arabidopsis.

GSK3 and O-GlcNAc target overlapping proteomes in 
plants and animals
Our observations of overlaps between the targets of GSK3 
and O-GlcNAc in both Arabidopsis and mouse synapses sug-
gest that the convergence of these two PTM pathways is an 
ancient mechanism of cellular regulation. Modification at 
serine and threonine residues of nucleocytoplasmic proteins 
by O-GlcNAc, catalyzed by O-GlcNAc transferase (OGT) 
using UDP-GlcNAc as a donor substrate, is considered a 
nutrient-sensing mechanism that regulates cellular homeo-
stasis by responding to the metabolic status of sugars, amino 
acids, lipids, and nucleotides. O-GlcNAc modification has 
been studied extensively in mammals for its important roles 
in numerous diseases including cancer, diabetes, neuron de-
generation, and immune disorders (Banerjee et al., 2016). In 
addition to altering protein conformation and interactions, 
O-GlcNAc modification can crosstalk with phosphorylation 
on the common target proteins by steric competition for oc-
cupancy at the same or proximal sites (Hart et al., 2011; Leney 
et al., 2017). However, the relationships between O-GlcNAc 
and specific kinase pathways are not fully understood 
(Leney et al., 2017). Several studies suggest a close interaction 
between O-GlcNAcylation and GSK3. For example, a few 
proteins with important roles in human diseases such as 

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/35/3/975/6993989 by guest on 24 Septem

ber 2023

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad013#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad013#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad013#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad013#supplementary-data


986 | THE PLANT CELL 2023: 35; 975–993                                                                                                                        Kim et al.

beta-catenin (cancer), tau (Alzheimer’s disease), and 
α-synuclein (Parkinson’s) are targets of both GSK3 and 
O-GlcNAc (Yu et al., 2012; Ha et al., 2014). Inhibition of 
GSK3 increased and decreased O-GlcNAcylation of differ-
ent proteins (Wang et al., 2007), whereas O-GlcNAc affects 
GSK3 phosphorylation of heat shock factor 1. These obser-
vations of functional crosstalk were explained by 
the mutual modifications between OGT and GSK3: OGT 
is a substrate of GSK3beta (Kaasik et al., 2013) and 
O-GlcNAcylation inhibits GSK3beta activity (Kazemi 
et al., 2010). The extent to which GSK3 and OGT target 
common substrates has remained unclear at the proteomic 
scale. Our findings of significant substrate overlap between 
GSK3 and OGT in both Arabidopsis and the mouse synapse 
suggest that co-regulation by GSK3-mediated phosphoryl-
ation and OGT-mediated O-GlcNAcylation might be an an-
cient and fundamental aspect of cellular homeostasis in 
eukaryotes. It’s conceivable that GSK3 and O-GlcNAc re-
spond to different upstream signals, e.g. growth factors 
and nutrients, to co-regulate cellular nutrient homeostasis 
and growth.

GSK3 and O-GlcNAc are known to impact neurological dis-
orders such as Alzheimer’s and Parkinson’s diseases through 
co-regulation of β-catenin, tau, and α-synuclein (Hur and 
Zhou, 2010; Yuzwa and Vocadlo, 2014; Wheatley et al., 
2019; Lauretti et al., 2020; Muha et al., 2020). The additional 
shared substrates identified in this study may also contribute 
to the crosstalk between GSK3 and O-GlcNAc in neuronal 
functions and thus should be of interest for future research. 
For example, delta-catenin is a GSK3 substrate associated 
with intellectual disabilities (Lu et al., 2016; Ryu et al., 
2019), and the function of its O-GlcNAcylation remains to 
be studied.

Compared with the extensive investigation in mammals, 
research on O-GlcNAc in plants is at a stage of infancy. 
Recent studies clarified the molecular functions of the two 
OGT homologs SECRET AGENT (SEC) and SPINDLY (SPY) 
as O-GlcNAc transferase and O-fucose transferase, respect-
ively (Zentella et al., 2017). Genetic evidence indicates that 
SEC/O-GlcNAcylation and SPY/O-fucosylation have overlap-
ping functions that are essential for viability as well as unique 
or opposite functions in specific pathways (Sun, 2021). The 
O-GlcNAcylome data from Arabidopsis shows large numbers 
of key regulatory proteins as targets of O-GlcNAc modifica-
tion (Xu et al., 2017); how O-GlcNAc regulates the functions 
of these proteins remains largely to be investigated. The pro-
teins targeted by both O-GlcNAc and BIN2 are nodes of junc-
tions between these pathways and are thus of particular 
interest. These over represent a small number of pathways in-
cluding RNA processing, translation, and transcription. 
Among these proteins targeted by both BIN2/GSK3 and 
O-GlcNAc is ACINUS, which was shown recently to be 
also modified by O-fucose and to play major roles in develop-
mental transition and stress responses by modulating tran-
scription and RNA alternative splicing (Bi et al., 2021). 
Additional shared substrates include translation initiation 

factor eIF4B2 and eIF4E-binding protein (CBE1). Notably, 
O-GlcNAcylation of eIF4GI in mammalian cells modulates 
stress granule dynamics and the translational switch in stress 
responses (Zhang et al., 2018). In addition, BIN2 and 
O-GlcNAc target three of the five members of the 
TOPLESS (TPL) and all three components of the LEUNIG 
(LUG) family transcriptional repressors. TPL and LUG re-
present two subgroups of Gro/TLE-like co-repressors 
(Causier et al., 2012). The mammalian orthologs of TLEs are 
known to require O-GlcNAcylation for their transcriptional 
repression function (Yang et al., 2002; Wu et al., 2014). Thus, 
the function of O-GlcNAcylation in transcriptional repres-
sion seems to be conserved in plants and mammals. 
While not known to phosphorylate Gro/TLE co-repressors 
in animals, GSK3 has been shown to phosphorylate 
X-linked inhibitor of apoptosis protein (XIAP), which 
monoubiquitinates TLE in the Wnt pathway (Ng et al., 
2018). As such, the similarity between the BR and Wnt path-
ways seems to extend from GSK3 phosphorylation of tran-
scription factors (BZR1 and β-catenin) to O-GlcNAc 
modification of co-repressors (TPL and TLE). Future studies 
of the common targets of GSK3 and O-GlcNAc will shed 
light on the mechanism and logic of crosstalk between 
these two key regulatory systems, which are apparently 
important for both human health and agricultural 
productivity.

Materials and methods
Plant materials and growth condition
Nicotiana benthamiana seeds were planted in soil (Pro-Mix, 
Premier Tech, Quakertown, PA) and grown for 4–5 weeks in 
a greenhouse under natural sunlight at 25°C. YFP-YFP-TbID 
and BIN2-YFP-TbID were overexpressed in Arabidopsis 
(Arabidopsis thaliana) Col-0 ecotype. Arabidopsis seedlings 
were grown on ½-strength Murashige and Skoog (½ MS) me-
dium (PhytoTechnology Laboratories, Shawnee Mission, KS) 
containing 1% (w/v) sucrose and 0.8% phytoagar (Caisson 
Laboratories, East Smithfield, UT).

Plasmids
To generate a Gateway-compatible 35S-YFP-TbID vector, PCR 
fragments obtained from TurboID-containing plasmid 
(V5-TbID-NES_pCDNA3, Addgene) and pEarleyGate101 vector 
were assembled by overlapping ends using Gibson assembly 
master mix (NEB, Ipswich, MA). TurboID was amplified with 
primers FP1 (5′-ATCCACCGGATCTAGAGGCAAGCCCATC 
CCCAAC-3′) and RP1 (5′-AACATCGTATGGGTAAGGCA 
GCTGCAGCTTTTCGG-3′), while the pEarleyGate101 vector 
(1) was amplified with primers FP2 (5′-TACCCATACGATG 
TTCCAGATTACGCTTAATTAA-3′) and RP2 (5′-CTTGCCTC 
TAGATCCGGTGGATCCC-3′). The coding sequences of YFP 
and BIN2 cloned in pENTR/SD/D-TOPO were subcloned into 
a Gateway-compatible 35S-YFP-TurboID by an LR reaction 
(Invitrogen, Carlsbad, CA).
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Nicotiana benthamiana infiltration
Agrobacterium was inoculated into 5 ml of LB medium and 
grown for 16 h at 28°C. Cultured cells harvested from 1 ml 
aliquot were resuspended with 2 ml of the induction media 
(10 mM MES pH 5.6, 10 mM MgCl2, and 150 μM 
Acetosyringone), mixed according to the combination of 
plasmids, and incubated for 1 h at room temperature. Cells 
were infiltrated into abaxial leaves of N. benthamiana using 
a 1-ml syringe. After 36∼40 h, leaves were harvested and 
kept at −80°C until use.

Confocal microscopy
BIN2-YFP-TbID and YFP-YFP-TbID seedlings were grown on 
MS agar medium for 8 days. YFP fluorescence of root seg-
ments was visualized with an SP8 confocal microscope 
(Leica Microsystems, Heerbrugg, Germany).

Reverse transcription quantitative PCR
Total RNA was extracted using a Spectrum Plant Total RNA 
kit (Sigma) and complementary DNA (cDNA) was synthe-
sized using M-MLV reverse transcriptase (Fermentas). 
Quantitative PCR (qPCR) was carried out using a 
LightCycler 480 (Roche) and SYBR Green Master Mix 
(Bioline). PP2A (For: 5′-TATCGGATGACGATTCTTCG 
TGCAG-3′, Rev: 5′-GCTTGGTCGACTATCGGAATGAGAG-3′) 
was used as an internal control. DWF4 (For: 5′-GGTGAT 
CTCAGCCGTACATTTGGA-3′, Rev: 5′-CCCCACGTCGAAAA 
ACTACCACTTC-3′) and SAUR19 (For: 5′-ACGTCGTCTCAA 
GCAGCATCTATCA-3′, Rev: 5′-CCCACGTAAACCGGAAAAT 
GACCTT-3′) expression levels were normalized by PP2A.

Protein extraction and immunoblot analysis
Plant tissues were ground with liquid nitrogen and then 
resuspended with two volumes (2 ml per gram tissue) of 
extraction buffer (20 mM HEPES, pH 7.5, 40 mM KCl, 
1 mM EDTA, 1% Triton X-100, 0.2 mM PMSF, and 1× 
protease inhibitor cocktail). The protein mixtures were 
centrifuged at 4,000 rpm for 5 min. Then, the resulting 
supernatant was centrifuged at 20,000×g for 15 min. The 
supernatants were incubated with Streptavidin-agarose 
(S1638, Sigma, Saint Louis, MO) or an anti-Myc nanobody 
coupled to agarose (Myc-Trap, Chromotek, Hauppauge, 
NY) for 1 h at 4°C. Then, beads were washed with an ex-
traction buffer containing 0.1% Triton X-100 and eluted 
with 2× SDS sample buffer (24 mM Tris-HCl, pH 6.8, 
10% glycerol, 0.8% SDS, 2% 2-mercaptoethanol) contain-
ing 0.4 M urea. YFP-TbID and BZR1-MH were detected 
by monoclonal anti-GFP (1:2000, HT801, Transgen 
Biotech, Beijing, China) and monoclonal anti-Myc anti-
bodies (1:2000, 9B11, Cell Signaling Technology, Danvers, 
MA), respectively. Biotinylated proteins were detected 
with streptavidin-HRP (1:2000, 21124, Thermo Scientific, 
Rockford, IL).

Plasmids and expression of TurboID fusion proteins in 
plants
To generate a Gateway-compatible 35S-YFP-TbID vector, 
PCR fragments obtained from TurboID-containing plasmid 
(V5-TurboID-NES_pCDNA3) (Branon et al., 2018) and 
pEarleyGate101 vector were assembled by overlapping 
ends using Gibson assembly (NEB, Ipswich, MA). The coding 
sequences of YFP, BIN2, AtSK41, PP2AB′α, and PP2AB′ɛ 
in pENTR/SD/D-TOPO were subcloned into a 
Gateway-compatible 35S-YFP-TurboID by an LR reaction. 
The plasmids were transformed into N. benthamiana leaves 
transiently or into transgenic Arabidopsis plants stably. The 
N. benthamiana leaves or Arabidopsis seedlings were treated 
with 50 µM biotin for 3 h (unless indicated otherwise), rinsed 
with water, and then ground with liquid nitrogen. One gram 
of the tissue powder was resuspended with 1.5 ml IP buffer. 
After centrifugation at 12,000 rpm for 10 min, the super-
natant was transferred to PD-10 desalting columns to re-
move free biotin. The extracts were then incubated with 
30 µl Dynabead C1 Streptavidin beads at 4°C for 3 h. The 
beads were subsequently washed three times with a washing 
buffer. Biotinylated proteins were eluted by boiling the beads 
in 50 µl 2× SDS sample buffer and separated by SDS-PAGE. 
The gel blots were incubated with streptavidin-HRP to detect 
biotinylated proteins.

For metabolic stable isotope labeling mass spectrometry 
(mSIL-MS), T3 homozygous Arabidopsis seedlings of a trans-
genic 35S:BIN2-YFP-TbID line and 35S:YFP-TbID line were 
grown on medium containing 14N or 15N nitrogen for 16 
days under continuous light before treatment with biotin 
for PL-MS analysis or treatment with bikinin (30 μM for 
1 h) for phosphoproteomic analysis. Equal amounts (4 g) of 
tissues of 14N- and 15N-labeled controls and samples were 
mixed together and then ground in liquid nitrogen for pro-
tein extraction. For PL-MS, after extraction, desalting, and 
streptavidin purification, the proteins on beads were di-
gested by Lys-C and trypsin. The peptides were fractionated 
into three fractions using high-pH reverse phase fraction-
ation StageTip packed with C18 beads. For phosphoproteo-
mics, proteins were extracted and digested into peptides. 
Phosphorylated peptides were enriched using IMAC. 
LC-MS/MS analysis was performed using a Q-Exactive HF 
Orbitrap mass spectrometer coupled online with an 
Easy-nLC 1200 (Thermo Fisher Scientific). Protein network 
analysis was performed in the STRING database (version 
11.0) (Szklarczyk et al., 2019) using textmining, experiments, 
and databases, with an interaction score ≥0.7 as the cutoff. 
Additional interactions were added from the Arabidopsis 
Interactions Viewer database (Dong et al., 2019).

Removing free biotin and affinity purification of 
biotinylated proteins
BIN2-YFP-TbID seedlings treated with 50 μM biotin for 3 h 
were ground with liquid nitrogen. One gram of the tissue 
powder was resuspended with 1.5 ml IP buffer (50 mM 
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Tris-HCl, pH 7.5, 50 mM NaF, 300 mM sucrose, 1% Triton 
X-100) with 1× protease inhibitor cocktail (Pierce, 
Rockford, IL) and centrifuged at 1,500 rpm for 5 min. 
Resulting supernatant was centrifuged at 12,000 rpm for 
10 min and each 1-ml aliquot of the supernatant was trans-
ferred to two tubes. For desalting, one of the 1-ml super-
natant samples was desalted using PD-10 desalting 
columns (GE Healthcare, Pittsburgh, PA) according to man-
ufacturer’s instructions and eluted with a 3-ml IP buffer. To 
the other supernatant sample, a 2-ml IP buffer was added 
to make the same volume at the desalted sample. The pro-
tein samples were incubated with 30 μl Dynabead C1 
Streptavidin beads (Thermo Fisher Scientific, Waltham, 
MA) at 4°C for 3 h. The beads were subsequently washed 
three times with washing buffer (50 mM Tris-HCl, pH 7.5, 
100 mM NaCl, 50 mM NaF, 0.1% Triton X-100). 
Biotinylated proteins were eluted by boiling the bead in 
50 μl 2× SDS sample buffer (100 mM Tris-HCl, pH 6.8, 4% so-
dium dodecyl sulfate, 20% glycerol, and 100 mM dithiothrei-
tol) and separated by SDS-PAGE gels (Biorad, Hercules, CA). 
Biotinylated protein was detected with streptavidin-HRP 
(21124, Thermo Scientific, Rockford, IL).

Metabolic stable isotope labeling and affinity 
purification of biotinylated proteins
Metabolic stable isotope labeling (mSIL) of Arabidopsis seed-
lings was performed as follows. Transgenic BIN2-YFP-TbID 
and YFP-TbID seedlings were grown on 14N MS medium 
(1/2 MS without a nitrogen source [PhytoTechnology 
Laboratories], NH4NO3 [0.5 g/l, Sigma], KNO3 [0.5 g/l, 
Sigma], pH 5.7) or 15N MS medium (1/2 MS without a nitro-
gen source [PhytoTechnology Laboratories], 15NH4

15NO3 

[0.5 g/l, NLM-390-1, Cambridge Isotope Laboratory], K15NO3 

[0.5 g/l, NLM-765-1, Cambridge Isotope Laboratory], pH 5.7) 
for 16 days under continuous light in a growth chamber at 
22°C. 14N- and 15N-labeled seedlings were harvested and syr-
inge infiltrated with 50 μM biotin solution. After infiltration, 
seedlings were transferred to 50-ml conical tubes and further 
incubated with 50 μM biotin for 3 h in a growth chamber. 
For bikinin treatment, seedlings infiltrated with 50 μM biotin 
solution were incubated in bikinin (30 μM bikinin and 
20 μM MG132) or mock (0.1% dimethyl sulfoxide and 
20 μM MG132) solution for 1 h. Four-gram tissue samples 
were ground in liquid nitrogen and total protein was extracted 
with 4 ml RIPA buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 
0.1% SDS, 1% Triton X-100, 0.5% sodium deoxycholate [SDC], 
1 mM ethylenediaminetetraacetic acid [EDTA], 10 mM 
sodium fluoride, 1 mM phenylmethanesulfonyl fluoride 
[PMSF]) containing 1× protease inhibitor cocktail (Pierce, 
Rockford, IL) and a phosphatase inhibitor (PhosSTOP, Roche 
Applied Science, Penzberg, Germany). Protein extracts were 
centrifuged at 1,500 rpm for 5 min and the supernatant was re-
centrifuged at 12,000 rpm for 10 min. To remove free biotin, 
the resulting supernatant was desalted using PD-10 desalting 
columns (GE Healthcare, Pittsburgh, PA) according to 

manufacturer’s instructions. The elute was incubated with 
150 μl Dynabead M-280 Streptavidin beads (Thermo Fisher 
Scientific, Waltham, MA) at 4°C overnight. The beads were 
washed with 1 ml TurboID Wash Buffer (2% SDS, 50 mM 
Tris pH 7.5) and 1 ml TurboID Lysis Buffer (50 mM Tris pH 
7.5, 150 mM NaCl, 0.4% SDS, 1% Triton X-100, 1.5 mM 
MgCl2, 1 mM EGTA). The beads were transferred to new low 
protein binding tubes (Thermo Fisher Scientific) and subse-
quently washed with 1 ml TurboID Lysis Buffer, 1 ml of 1 M 
KCl, and 1 ml of 0.1 M Na2CO3. The beads were transferred 
to new low protein binding tubes (Thermo Fisher Scientific) 
and washed with 50 mM ammonium bicarbonate before tryp-
tic digestion.

Immunoprecipitation for mass spectrometry analysis
Proteins from 2 g tissue powder ground in liquid nitrogen 
were extracted with 2 ml IP buffer (50 mM Tris, pH 7.5, 
50 mM NaF, 300 mM sucrose, 0.2% Triton X-100) containing 
1× protease inhibitor cocktail (Pierce, Rockford, IL) and a 
phosphatase inhibitor (PhosSTOP, Roche Applied Science, 
Penzberg, Germany). Protein extracts were centrifuged at 
1,500 rpm for 5 min and the supernatant was recentrifuged 
at 12,000 rpm for 10 min. The resulting supernatant was in-
cubated with 50 μl GFPnanobody beads (Smart, China) at 4° 
C for 1 h. The beads were subsequently washed three times 
with IP washing buffer (50 mM Tris, pH 7.5, 100 mM NaCl, 
50 mM NaF, 0.05% Triton X-100). The beads from 
BIN2-TbID were transferred to new low protein binding 
tubes (Thermo Fisher Scientific) and mixed with beads 
from reciprocal isotope-labeled YFP-TbID. The mixed beads 
were washed once with Tris washing buffer (50 mM Tris, 
pH 7.5) and subjected to on-bead digestion.

On-bead digestion
Dynabeads M-280 Streptavidin or GFP nanobody beads were 
suspended in 100 μl of digestion buffer (12 mM sodium 
deoxycholate [SDC] and 12 mM sodium lauroyl sarcosinate 
[SLS] in 100 mM Tris-HCl [pH 8.5]) and then were 4-fold di-
luted using 50 mM triethylammonium bicarbonate [TEAB] 
buffer. The proteins bound to the beads were digested using 
1 μl of Lys-C (Wako, Japan) for 3 h and then 1 μg of trypsin 
(Sigma, MO) for 3 h at 37°C. The supernatant solution was 
loaded into a StageTip packed in C18 beads (Rappsilber 
et al., 2007; Dimayacyac-Esleta et al., 2015) and fractionated 
into three fractions (200 mM ammonium formate [pH = 
10.0] with 10%, 16%, and 80% of ACN) using high-pH reverse 
phase fractionation.

Protein extraction and digestion for 
phosphoproteomics
Protein extraction and digestion were performed as previ-
ously described (Hsu et al., 2018). BIN2-YFP-TbID plants 
were lysed in lysis buffer (6 M guanidine hydrochloride in 
100 mM Tris-HCl [pH 8.5]) with EDTA-free protease and 
phosphatase inhibitor cocktails. Disulfide bonds on proteins 
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was reduced and alkylated with 10 mM Tris[2-carboxyethyl] 
phosphine hydrochloride (TCEP) and 40 mM 2-chloroaceta-
mide (CAA) at 95°C for 5 min. Protein lysate was precipitated 
using the methanol-chloroform precipitation method. 
Briefly, 100 μl of lysate was added to four volumes of metha-
nol, followed by an equal volume of chloroform with mixing. 
Three volumes of ddH2O were added to the tube with mix-
ing. The solution was centrifuged at 16,000×g for 3 min. The 
upper aqueous layer was removed, the protein pellet was 
washed with four volumes of methanol, and the tube was 
centrifuged again. The supernatant was discarded, and the 
precipitated protein pellet was air-dried. Precipitated protein 
pellets were suspended in digestion buffer (12 mM SDC and 
12 mM SLS in 100 mM Tris-HCl [pH 8.5]) and then 
were 5-fold diluted with 50 mM TEAB buffer. The protein 
amount was quantified using a BCA assay (Thermo Fisher 
Scientific, MA). Two milligrams of proteins from forward 
(14N-bikinin/15N-mock) and reverse (14N-mock/15N-bikinin) 
labeling were pooled and then digested with Lys-C in a 
1:100 (v/w) enzyme-to-protein ratio for 3 h at 37°C, and tryp-
sin was added to a final 1:100 (w/w) enzyme-to-protein ratio 
overnight. The detergents were separated from digested pep-
tides by acidifying the solution using 10% TFA and then cen-
trifuged at 16,000×g for 20 min. The digests were then 
desalted using a 100-mg SEP-PAK C18 cartridge (Waters, 
MA).

Phosphorylated peptide enrichment and 
fractionation
Phosphopeptide enrichment was performed according to 
the reported IMAC StageTip protocol with some modifica-
tion (Hsu et al., 2018). The in-house-constructed IMAC tip 
was made by capping the end with a 20-μm polypropylene 
frits disk (Agilent, CA). The tip was packed with 5 mg of 
Ni-NTA silica resin (Qiagen, Germany) by centrifugation at 
200×g for 1 min. Ni2+ ions were removed with 100 μl of 
100 mM EDTA solution. The tip was then activated with 
100 μl of 100 mM FeCl3 and equilibrated with 100 μl of load-
ing buffer (6% (v/v) acetic acid [AA] at pH 3.0) prior to sam-
ple loading. The digested peptides (2 mg) were reconstituted 
in 400 μl of loading buffer and loaded onto the IMAC tip. 
After successive washes with 200 μl of washing buffer (4% 
(v/v) AA, 25% ACN) and 100 μl of loading buffer, respective-
ly, the bound phosphopeptides were eluted with 150 μl of 
200 mM NH4H2PO4. The eluted phosphopeptides were 
loaded into a C18 beads StageTip and separated into five 
fractions (200 mM ammonium formate [pH = 10.0] with 
6%, 10%, 14%, 18%, and 80% of ACN) using high-pH reverse 
phase fractionation. The fractionated phosphopeptides were 
dried using a SpeedVac.

LC-MS/MS analysis
The peptides were dissolved in 5 μl of 0.3% FA with 3% ACN 
and injected into an Easy-nLC 1200 (Thermo Fisher 
Scientific). Peptides were separated on a 25-cm Easy-Spray 

column (75 μm ID) containing C18 resin (1.9 μm) with a col-
umn heater set at 40°C. The mobile phase buffer consisted of 
0.1% FA in ultra-pure water (buffer A) with an eluting buffer 
of 0.1% FA in 80% CAN (buffer B) run over a linear 90 min 
(phosphoproteomics), 120 min (nonmodified fraction and 
GFPtrap pulldown), or 65 min (biotinylated and phosphory-
lated peptides fraction) gradient of 5%–28% buffer B at a 
flow rate of 300 nl/min. The Easy-nLC 1200 was coupled on-
line with a Q-Exactive HF Orbitrap mass spectrometer 
(Thermo Fisher Scientific). For the identification of biotiny-
lated proteins, the mass spectrometer was operated in the 
data-dependent acquisition (DDA) mode in which a full 
MS scan from m/z 375-1500 with the resolution of 60,000 
at m/z 200. The full MS AGC value was 3 × 106 with a max-
imum injection time (IT) of 50 ms. The 15 most intense ions 
being subjected to higher-energy collision dissociation 
(HCD) fragmentation with normalized collision energy 
(NCE) was set at 27%. The AGC of the fragment spectra 
was 5 × 104 with an IT of 60 ms. The isolation width was 
set at 1.0 m/z and dynamic exclusion of 24 s. For bikinin 
phosphoproteomics analysis, the mass spectrometer was 
operated in the DDA with a full MS scan from m/z 375– 
1600. The full MS resolution was set to 60,000 at m/z 200 
with an IT of 20 ms. HCD fragmentation was performed in 
Top10 and acquired in the Orbitrap (normalized collision 
energy [NCE] 27, AGC 5 × 104, IT 120 ms, isolation window 
1.5 m/z, and dynamic exclusion 30 s). MS2 spectra were con-
verted to peaklist files using an in-house script PAVA, and 
the files were searched using Protein Prospector (version 
5.20.0) (Chalkley et al., 2005) or pFind (version 3.1.5) (Chi 
et al., 2018) against a TAIR10 database (35,386 entries) 
from TAIR (https://www.arabidopsis.org/) concatenated 
with sequence randomized versions of each protein with a 
1% FDR cutoff at the peptide level. The first peptide precur-
sor mass tolerance was set at 10 ppm, and the MS/MS match 
tolerance was set at 20 ppm. For the identification of bioti-
nylated proteins, search criteria included amino acid resi-
dues with heavy nitrogen and variable modifications of (1) 
oxidation on methionine residues and (2) acetylation at 
the N-terminus of proteins. For the identification of phos-
phopeptides, search criteria included a static carbamido-
methylation of cysteine and amino acid residues with 
heavy nitrogen and variable modifications of (1) oxidation 
on methionine residues, (2) acetylation at the N-terminus 
of proteins, and (3) phosphorylation on serine, threonine, 
or tyrosine residues. The monoisotopic peak of the isotopic 
envelope was used for calculation of the peptide intensity. 
Relative protein expression values for each TAIR protein en-
try were the median value of the extracted intensity of all 
peptides matching to that entry. The heavy isotope incorp-
oration efficiency was estimated using comparison of the 
spectra of the identified peptide with the theoretical isotope 
envelopes obtained from the MS-isotope module in the 
Protein Prospector website. The heavy nitrogen (15N) in-
corporation efficiency was set as 96% for the correction of 
quantification result.
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Data analysis
All data were analyzed using the Perseus software (version 
1.6.2.1) (10) and Microsoft Excel. The number of unique 
phosphorylated peptides and phosphoproteins identified 
from each sample was calculated using Microsoft Excel. 
The median intensity ratio between light and heavy peaks 
(Med L/H I) was used for protein and peptide level quantita-
tion. The average Med L/H I value of identified peptides from 
14N and 15N searches was calculated. For IP-MS and PL-MS 
data, proteins with (1) at least two unique identified peptides 
and (2) the ratio of BIN2-TbID/YFP-TbID ≥3 in at least three 
of the four reciprocal experiments are considered 
BIN2-proximal proteins. The lists of BIN2-proximal proteins 
are shown in Supplemental Dataset 1, A–D. The IP-MS 
data is in Supplemental Dataset 4. For bikinin phosphopro-
teomics analysis, the bikinin-perturbed phosphopeptides 
were selected using significance A to select the outliners 
from the whole mock/bikinin-treated ratio controlled by 
P-value ≤0.05 in both reciprocal experiments. The lists of 
bikinin-perturbed phosphopeptides identified using pFind 
and Protein Prospecotor for data analyses are shown in 
Supplemental Dataset 2, A–G. Scatter plots and histograms 
of Log2 fold change values of identified proteins were gener-
ated by SigmaPlot (version 12.5). Gene Ontology (GO) anno-
tation enrichment analysis was performed using PANTHER 
classification system (Mi et al., 2019) with Fisher’s exact 
test FDR ≤ 0.05 as the cutoff. The phosphorylation motif 
was analyzed using pLOGO (O’Shea et al., 2013). Protein net-
work analysis was performed in the String database (version 
11.0) (Shannon et al., 2003) with a high confident interaction 
score (a score ≥0.7) as the cutoff. Protein clusters were en-
riched using MCODE (version 1.5.1) (Bader and Hogue, 
2003) and protein–protein interaction networks were visua-
lized using Cytoscape (version 2.7.2) (Shannon et al., 2003).

Data availability
The mass spectrometry proteomics data have been deposited 
to the ProteomeXchange Consortium (Vizcaino et al., 2014) 
with the dataset identification number PXD017085. 
(Username: reviewer43202@ebi.ac.uk, Password: EjTCR9MR). 
The 482 interactions have been made available at the 
Bio-Analytic Resource for Plant Biology’s Arabidopsis 
Interactions Viewer 2 (http://bar.utoronto.ca/interactions2/) 
(Dong et al., 2019), under the DOI of this publication.

In vitro kinase assays
To validate whether BIN2-proximal phosphoproteins are sub-
strates of BIN2 kinase, 12 genes were cloned into the pMALc2 
vector. For At5g18610 and At3g45780, a key residue in the ki-
nase core was mutagenized to generate kinase-inactive pro-
teins. Information about the oligomers used for cloning is 
presented in Supplemental Table 1. MBP-fused proteins 
were expressed in E. coli and purified using amylose beads. 
The in vitro kinase assays were performed as described previ-
ously (Kim et al., 2011).

Accession numbers
Sequence data in this article can be found in the Arabidopsis 
Information Resource or GenBank/EMBL databases under 
the following accession numbers: BZR1 (At1g75080), BES1 
(At1g19350), BIN2 (At4g18710), AtSK42 (At1g57870), 
PP2AB′α (At5g03470), and PP2AB′ϵ (At3g54930).

Supplemental data
The following materials are available in the online version of 
this article.

Supplemental Figure S1. A Gateway-compatible binary 
vector used in this study to express YFP-tagged TurboID fu-
sion protein.

Supplemental Figure S2. BIN2-YFP-TurboID transgenic 
plants.

Supplemental Figure S3. Bikinin causes dephosphoryla-
tion of BIN2 substrates.

Supplemental Figure S4. Phosphorylation site sequences 
of putative substrate proteins tested in vitro.

Supplemental Figure S5. IP-MS analysis of BIN2.
Supplemental Figure S6. Some peptides are targets of 

both O-GlcNAcylation and BIN2 phosphorylation.
Supplemental Figure S7. Venn diagram showing overlap 

with data published recently.
Supplemental Table S1. List of sequences of oligomers 

used for cloning.
Supplemental Dataset S1. List of BIN2-proximal proteins 

identified by TbPL-MS.
Supplemental Dataset S2. List of bikinin-down-regulated 

phosphoproteins.
Supplemental Dataset S3. List of O-GlcNAcylated GSK3 

substrates in mouse.
Supplemental Dataset S4. Data of the anti-GFP IP-MS 

experiments.
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