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ABSTRACT 

ADAPTOR-ASSOCIATED PROTEIN KINASE1 (AAK1) is a known regulator of clathrin-

mediated endocytosis in mammals. Human AAK1 phosphorylates the μ2 subunit of the 

ADAPTOR PROTEIN-2 (AP-2) complex and plays an important role in cell differentiation and 

development. Previous interactome studies had discovered the association of AAK1 with AP-

2 in Arabidopsis, but its function remained unknown. Here, genetic analysis revealed that the 

Arabidopsis aak1 and ap2m mutants both displayed an altered root tropic growth, including 

impaired touch- and gravity-sensing responses. In Arabidopsis, AAK1 phosphorylated AP2M 

on Thr-163, and expression of AP2M phospho-null version into the ap2m mutant led to an 

aak1-like phenotype, whereas the phospho-mimic forms of AP2M rescued the aak1 mutant. In 

addition, we found that AAK1-dependent phosphorylation state of AP2M modulates the 

frequency distribution of endocytosis. Our data indicate that the AP2M phosphorylation on Thr-

163 by AAK1 fine-tunes endocytosis in the Arabidopsis root to control its tropic growth. 

 

INTRODUCTION 

The dynamic turnover of plasma membrane (PM) proteins is tightly regulated by the rates of 

endocytosis, degradation, and protein delivery to the PM via secretion or recycling. The best-

characterized route for PM protein internalization is the clathrin-mediated endocytosis (CME) 

through clathrin-coated vesicles (CCVs) (Traub, 2009; McMahon and Boucrot, 2011). In 

mammalian cells, CCVs develop from clathrin-coated pits (CCPs) that are formed by the 

assembly of the major coat proteins, clathrin and the ADAPTOR PROTEIN-2 (AP-2) (Roth 

and Porter 1964; Kirchhausen et al., 2014). Low amounts of other clathrin adaptors and CME 

accessory proteins are also found in CCVs that function as scaffolds, cargo recruiters, 

membrane curvature generators, and CME regulators (Borner et al., 2012; Mettlen et al., 2018). 

 The mammalian heterotetrameric AP-2 complex consists of two large subunits (α2 and 

β2), one medium subunit (μ2), and one small subunit (σ2). By binding to phosphatidylinositol 

4,5-bisphosphate (PIP2), the inactive, closed form of cytosolic AP-2 is initially recruited to the 

PM, where AP-2 is conformationally changed to an active, open form that is favored by 

phosphorylation on Thr-156 in the μ2 subunit (Collins et al., 2002; Höning et al., 2005). 

Previous data suggest that phosphorylation of the human µ2 enhances binding to phospholipids 

and cargoes (Ricotta et al., 2002; Höning et al., 2005) and that mutation in the phosphorylation 

site inhibits transferrin uptake (Olusanya et al., 2001). However, later studies have shown that, 

although μ2 Thr-156 phosphorylation stabilizes the open AP-2 form, unphosphorylated AP-2 

can readily bind to cargo-containing membranes and the cargo affinity is not enhanced by the 
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Thr-156 phosphorylation of the μ2 (Jackson et al., 2010; Kelly et al., 2014; Kadlecova et al., 

2016; Wrobel et al., 2019). 

 A NUMB-ASSOCIATED KINASE (NAK) family member, ADAPTOR-ASSOCIATED 

KINASE1 (AAK1), phosphorylated μ2 in vitro and co-purified with AP-2 in CCVs in human 

cells (Conner and Schmid, 2002; Ricotta  et al., 2002; Borner et al., 2012; Sorrell et al., 2016). 

However, gene silencing of AAK1 did not alter the AP-2 phosphorylation status in cells and the 

AAK1-phosphorylated Thr-156 in μ2 negatively regulated the AP2-dependent transferrin 

endocytosis (Conner and Schmid, 2002; Conner and Schmid, 2003; Henderson and Conner, 

2007; Partlow et al., 2019). Through regulating CME, the human AAK1 was found to regulate 

negatively and positively the β-catenin-dependent WNT (Agajanian et al., 2019) and the Notch 

(Gupta-Rossi et al., 2011) signaling pathways, respectively. Silencing of AAK1 also interfered 

with some AP2-independent events, such as accumulation of transferrin receptors in perinuclear 

endosomes, reduced viral entry of vesicular stomatitis virus, and inhibition of LOW DENSITY 

LIPOPROTEIN (LDL) uptake (Pelkmans et al., 2005; Henderson and Conner, 2007). Hence, 

human AAK1 plays multiple roles in different pathways. 

 Recently, a crystal structure study identified an open and active conformation of AP-2, 

designated open+, of which the ‘‘bowl’’ (α trunk, β2 trunk, µ2 N-terminus, and σ2) 

superimposed well with that of the open form (Wrobel et al., 2019). The main difference 

between the open and the open+ conformers is the different orientation of the µ2 C-terminus 

(Wrobel et al., 2019). In the current mammalian model, unphosphorylated AP-2 is already in 

equilibrium between the open and open+ forms on the PM, with the open+ form only 

compatible with the Thr-156 phosphorylation in μ2 (Kelly et al., 2014; Wrobel et al., 2019). 

Therefore, the Thr-156 phosphorylation in μ2 affects the CCP maturation and the CME rate, 

because of the stabilizing ability of the open+ cargo-binding conformation of AP-2, but not of 

alterations in the efficiency of cargo sequestration (Wrobel et al., 2019). 

 In Arabidopsis the AP-2, which consists of two large subunits (AP2A and AP2B), one 

medium subunit (AP2M) and one small subunit (AP2S), similarly facilitates CME of various 

PM proteins (Di Rubbo et al., 2013; Kim et al., 2013; Yoshinari et al., 2019; Liu et al., 2020). 

In contrast to the embryo lethal phenotype of a single ap2 subunit knockout in mice (Mitsunari 

et al., 2005), in Arabidopsis mutants in single subunits of AP-2 display relatively mild growth 

phenotypes, such as slender rosette leaves, short petioles, defects in staminal filament and 

pollen tube elongation, and reduced fertility (Di Rubbo et al., 2013; Fan et al., 2013; Kim et al., 

2013; Yamaoka et al., 2013). A recent interactome study has identified the Arabidopsis AAK1 
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as a binding partner of AP-2 in Arabidopsis (Wang et al., 2023), but the function of AAK1 

remained unelucidated as well as the phospho-regulation of AP2M. 

Here, we show that the Arabidopsis AAK1 is an active serine/threonine kinase that can 

phosphorylate AP2M on Thr-163 in vitro. A knockout of the AAK1 altered the root tropic 

growth due to decreased waving, reduced gravitropic bending, and enhanced obstacle 

avoidance, whereas knockout of AP2M resulted in previously unreported and contrasting root 

behavior, namely increased waving, skewing, agravitropism, and root curling when 

impenetrable surfaces were encountered. By means of genetic studies we reveal that the 

phosphorylation of AP2M on Thr-163 in planta determines the root behavior. We also 

demonstrate that AAK1 maintains the balance of endocytosis in root cells and fine-tunes the 

AP2M function through phosphorylation. 

 

RESULTS 

Arabidopsis AAK1 is an active kinase and phosphorylates AP2M on Thr-163 in vitro 

Previously, by means of an interactome study we had identified a protein kinase superfamily 

protein (AT2G32850) that copurified specifically with AP-2 and was orthologous to the 

mammalian AAK1 (Wang et al., 2023). Phylogenetic analysis across eukaryotic species 

indicated that contrary to the mammalian AAK1 gene, which belongs to the highly diverse NAK 

family (Sorrell et al., 2016) and other plant species, such as maize (Zea mays) and rice (Oryza 

sativa), with duplicate genes, the Arabidopsis AAK1 is a single-copy gene (Supplemental Figure 

S1A). Similar to the human AAK1 (Conner and Schmid, 2002), the Arabidopsis AAK1 contains 

an N-terminal kinase domain and two adaptin-binding motifs (WXXFXD and WXXF) in the 

C-terminus (Figure 1A), but in contrast, the QP-rich middle domain is replaced by a coiled-coil 

domain (Figure 1A; Supplemental Figure S1B). The kinase domain of Arabidopsis AAK1 is 

43% identical and 62% similar that of the human AAK1 and the catalytic sites are well 

conserved (Supplemental Figure S1C). The protein domain structure and the association with 

AP-2 (Wang et al., 2023) altogether suggest that the Arabidopsis AAK1 might also function as 

an AP-2 kinase. 

 To test whether the Arabidopsis AAK1 is an active kinase, we generated maltose-binding 

protein (MBP)-tagged recombinant proteins of the wild type AAK1 (MBP-AAK1) and two 

putative AAK1 kinase-dead versions (MBP-AAK1K57A and MBP-AAK1D157A) by mutating the 

conserved residues within the kinase domain (Conner and Schmid, 2003) (Figure 1A; 

Supplemental Figure S1C). An in vitro kinase assay revealed that the wild type AAK1 exhibited 
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autophosphorylation activity, whereas the two kinase-dead versions of AAK1 did not (Figure 

1B), implying that AAK1 is an active kinase. 

 The human AAK1 phosphorylates the μ2 subunit of AP-2 at a single Thr-156 residue 

(Ricotta et al., 2002) that is conserved with the Thr-163 in the Arabidopsis AP2M (Figure 1C). 

Searches in the Plant PTM Viewer (https://www.psb.ugent.be/webtools/ptm-viewer) (Vu et al., 

2016; Willems et al., 2019) and PhosPhAt (https://phosphat.uni-hohenheim.de/db.html) 

(Zulawski et al., 2013) databases indicated the occurrence of three AP2M phosphorylated 

residues in planta (Thr-163, Thr-159, and Ser-144) (Mergner et al., 2020) (Supplemental Figure 

S2A). To determine whether the Arabidopsis AAK1 can phosphorylate AP2M, we carried out 

an in vitro kinase assay with bacterially produced glutathione S-transferase (GST)-tagged 

AP2M and the MBP-tagged AAK1, but did not detect phosphorylation on GST-AP2M 

(Supplemental Figure S2B), probably because the recombinant AP2M protein either did not 

fold properly or the phosphorylation residue was inaccessible to AAK1. 

 By means of a short synthetic peptide fused with a GST tag containing Thr-159 and Thr-

163 residues (GST-AP2M-T163) we tested whether AAK1 phosphorylates the Thr-163 residue 

in AP2M. The in vitro kinase assay demonstrated that the short peptide was phosphorylated, 

whereas the GST fusion protein bearing a mutated peptide in which only the Thr-163 had been 

substituted with alanine (GST-AP2M-T163A) was not (Figure 1D). However, phosphorylation 

on Thr-163 in the GST-AP2M-T163 peptide was not identified by mass spectrometry (MS) 

(Supplemental Dataset 1), likely because of technical limitations. Altogether, our data 

demonstrate that AAK1 phosphorylates AP2M on Thr-163 but not Thr-159 in vitro.  

 

AAK1 regulates root waving and gravitropism in Arabidopsis 

We next assessed the function of AAK1 in Arabidopsis. pAAK1:nlsGFP reporter revealed that 

AAK1 is ubiquitously expressed (Supplemental Figure S3, A-C). Subsequently, we identified 

one T-DNA insertion mutant (SALK_001684) (Figure 2A) and generated transgenic plants 

overproducing the kinase by transforming the wild type Arabidopsis with the AAK1 genomic 

DNA driven by the cauliflower mosaic virus (CaMV) 35S promoter. Immunoblot analysis with 

a specific α-AAK1 antibody revealed that the SALK_001684 allele, hereafter designated aak1-

1, was a knockout mutant and the overexpression (OE) line, hereafter designated AAK1OE, 

had accumulated more AAK1 protein than did the wild type accession, Columbia-0 (Col-0) 

(Figure 2B). Neither the aak1-1 mutant nor the AAK1OE plants displayed any obvious growth 

defects throughout the vegetative and reproductive stages (Supplemental Figure S4, A and B). 

Interestingly, 5-day-old aak1-1 and AAK1OE seedlings had slightly less and more wavy 

https://www.psb.ugent.be/webtools/ptm-viewer
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primary roots than the wild type, respectively whereas the primary root length of the two 

genotypes was similar to that of the wild type (Figure 2, C-E). To confirm that the differences 

in root behavior resulted from the AAK1 dysfunction, we deleted the AAK1 gene by 

CRISPR/Cas9 technology from the 45th to the 2359th bp, hereafter referred to as the aak1-2 

mutant (Figure 2A). In addition to aak1-2, we also identified aak1-3 that had one nucleotide 

inserted 44 bp after the start codon, with a premature termination codon after the 29th amino 

acid as a consequence (Figure 2A). No AAK1 protein was detected in akk1-2 and aak1-3 by 

immunoblotting with an α-AAK1 (Figure 2B), indicating that the two mutants were also 

knockout mutants. Identical to aak1-1, both the primary roots of 5-day-old aak1-2 and aak1-3 

seedlings were less wavy than those of the wild type (Figure 2, C and E), whereas leaves and 

siliques developed normally (Supplemental Figure S4, A and B). In addition to root waving, 

the early gravitropic responses were compromised in the aak1 mutants (Figure 2F; 

Supplemental Figure S4C) thus, hinting at impaired auxin transport. In agreement, the polarity 

of PIN2-GFP was moderately altered in aak1-1 root meristem (Supplemental Figure S4, D and 

E). 

 To corroborate that the observed root phenotypes were caused by a mutation in the AAK1 

gene, we complemented the aak1-1 mutant with a construct containing the genomic AAK1 DNA 

fused at the 3’ end to the green fluorescent protein (GFP) gene under the control of the native 

AAK1 promoter. Two independent homozygous transgenic lines, pAAK1:AAK1-GFP/aak1-1 

(lines #1 and #4) were characterized (Figure 2B). Expression of AAK1-GFP in aak1-1 restored 

the root waving and gravitropic bending back to the wild type (Figure 2, C-F), suggesting that 

the pAAK1:AAK1-GFP construct is functional. 

 Subsequently, we examined the subcellular localization of AAK1-GFP in pAAK1:AAK1-

GFP/aak1-1 line #1 and detected that AAK1-GFP was mainly located in the cytoplasm. 

Although some punctate-like structures were observed (Supplemental Figure S3, D-F), the 

structures are either transvacuolar strands or uneven distribution in the cytoplasm 

(Supplemental Movie 1). Whether trace amounts of AAK1-GFP localized on the endosome was 

examined by the simultaneous staining of the root cells with FM4-64 and treatment with 

brefeldin A (BFA). After 30 min of treatment, AAK1-GFP remained cytoplasmic without 

aggregation (Supplemental Figure S3G), indicating that AAK1-GFP did not localize to the 

trans-Golgi network/early endosome. Time-lapse imaging of the PM (Supplemental Figure 

S3H) revealed lack of punctate signals, indicating that AAK1 functions in the cytoplasm. In 

summary, AAK1 is ubiquitously expressed cytoplasmic kinase that controls primary root 

waving and gravity sensing during seedling stage. 
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AP2M functions downstream of AAK1 

Given that the Arabidopsis AAK1 phosphorylated AP2M in vitro, we hypothesized that AAK1 

regulates the AP-2 function and, hence, that the root behavior of the ap2m mutant might also 

be affected. Although the ap2m mutant displayed a number of growth-related phenotypes (Kim 

et al., 2013; Yamaoka et al., 2013), no root phenotypes have been previously described. 

Interestingly, in contrast to the aak1 mutants, the primary root of the 5-day-old ap2m-2 mutant 

exhibited enhanced waving and skewing and was longer than that of the wild type (Figure 2, 

C-E). To verify that these root phenotypes were due to the AP2M mutation, we generated an 

additional ap2m mutant by CRISPR/Cas9 technology. The obtained CRISPR mutant of AP2M, 

hereafter designated ap2m-3, had a single nucleotide deleted 76 bp after the start codon, 

resulting in a premature stop codon after the 28th amino acid (Supplemental Figure S4F). In 

addition to the previously reported growth phenotypes (Kim et al., 2013; Yamaoka et al., 2013), 

ap2m-3 showed the same primary root phenotypes as ap2m-2 (Figure 2, C-E; Supplemental 

Figure S4, A and B). The root gravitropic assay also revealed that the root bending angles of 

ap2m-2 and ap2m-3 were deviated from the gravity vector (Figure 2F; Supplemental Figure 

S4C). Thus, AP2M regulates not only growth and development of leaves and reproductive 

organs, but also the root behavior. 

 As the root phenotypes pertaining to root waving differed in the aak1 and ap2m mutants, 

we generated the aak1-1 ap2m-2 double mutant and found that it exhibited root phenotypes 

similar to the ap2m-2 including a longer primary root, an enhanced root waving and skewing 

behavior, a disrupted root gravitropic bending, slender rosette leaves, shortened petioles, and 

reduced silique size (Figure 2, C-E; Supplemental Figure S4, A and B). Hence, AP2M was 

epistatic to AAK1 and might be a downstream target. In addition, we also examined the root 

phenotype of the pAP2M:AP2M-GFP/ap2m-2 complemented line, which could rescue the leaf, 

flower and silique phenotypes of ap2m-2 (Yamaoka et al., 2013). Intriguingly, although the 

expression of AP2M-GFP in ap2m-2 could rescue the leaf and silique phenotypes 

(Supplemental Figure S4, A and B) (Yamaoka et al., 2013), the roots of the pAP2M:AP2M-

GFP/ap2m-2 plants were similar to those of the aak1 mutant and were less wavy (Figure 2, C-

E), indicating that the C-terminally positioned GFP somehow modifies the function of AP2M 

in the root. In agreement, co-immunoprecipitation (Co-IP) analysis with pAP2M:AP2M-

GFP/ap2m-2 and pAP2S:AP2S-GFP/ap2s transgenic Arabidopsis revealed that the endogenous 

AAK1 co-purified with AP2S-GFP, but not with AP2M-GFP (Figure 4C). Hence, the GFP tag 
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disabled AAK1 to interact with AP2M-GFP and is possibly the reason for the roots of 

pAP2M:AP2M-GFP/ap2m-2 to behave like those of the aak1 mutants. 

 

AAK1 and AP2M regulate root touch responses 

Since root waving is a combined response to gravity and mechanical stimuli (Oliva and Dunand, 

2007), we investigated the root touch response and medium penetration ability of aak1 and 

ap2m mutants by growing the seedlings horizontally on medium containing different 

concentrations of agar (0.4%, 0.6%, 1%, and 1.2%). When grown horizontally on medium 

supplemented with 0.4% agar, approximately half of the wild type roots penetrated the medium, 

whereas the root penetration of aak1-1, aak1-2, aak1-3, AAK1OE, and ap2m-2 was reduced 

and that of the pAAK1:AAK1-GFP/aak1-1 plants slightly increased (Supplemental Figure S5A). 

The root penetration of all genotypes was dramatically reduced when grown in 0.6% agar 

(Supplemental Figure S5B) and almost none of the genotypes could penetrate 1% or 1.2% agar 

medium (Figure 3, A and B; Supplemental Figure S5C). When the roots were unable to 

penetrate the 1% and 1.2% agar medium, three different root growth behaviors were observed: 

(i) root, growing continuously toward the gravity vector and causing detachment from the 

medium and formation of an arch shape, defined as “arch root” and occurring mostly in the 

wild type Col-0 (Figure 3A; Supplemental Figure S5D); (ii) root, growing wavily along the 

surface of the agar medium, typical of the aak1 mutants, defined as “wavy root” (Figure 3A 

and Supplemental Figure S5E); and (iii) root, growing along the surface of the agar with spiral 

curls, distinctive of the ap2m-2 mutant, defined as “curly root” (Figure 3A; Supplemental 

Figure S5F). As roots had less chance to penetrate 1.2% agar than 1% agar, we performed the 

root horizontal growing assay on 1.2% agar medium with reproducible results (Figure 3, A and 

B). 

 When grown on 1.2% agar medium, about 88% of the Col-0 roots were of the arch type 

and approximately 10% of the wavy root type (Figure 3B). The roots of the aak1-1, aak1-2, 

and aak1-3 mutants exhibited approximately 72% wavy, 24% arch, and 4% curly root types. 

The roots of ap2m-2 and aak1-1 ap2m-2 both displayed approximately 77% curly, 12% wavy, 

and 11% arch root types. Introduction of pAAK1:AAK1-GFP into aak1-1 rescued the root 

behavior back to the wild type, whereas the roots of AAK1OE displayed a root behavior mixed 

between Col-0 and aak1, with 64% arch and 34% wavy root types (Figure 3B). The above data 

indicate that AAK1 and AP2M play roles in the behavior of roots growing on an impenetrable 

surface, probably by modulating the gravitropic and touch responses. 
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Arabidopsis AAK1 regulates the root behavior by phosphorylating AP2M on Thr-163 

To assess the physiological function of AP2M phosphorylation, we introduced the phospho-

null version of AP2M (AP2MT163A) into the ap2m mutant. As pAP2M:AP2M-GFP/ap2m-2 

exhibited an aak1-like root phenotype in both the vertical (Figure 2, C-E) and horizontal assays 

(Figure 4, A and B), we inserted a tag-free version of AP2M into the ap2m-3 mutant. The root 

horizontal assay revealed that ap2m-3 displayed the same curly root type behavior as ap2m-2 

(Figure 4, A and B). Introduction of the wild type genomic DNA of AP2M, including the 

promoter region (pAP2M:AP2M), into the ap2m-3 mutant not only rescued the leaf and silique 

phenotype (Supplemental Figure S4, G and H), but also reversed the curly root type back to 

arch root type as in the wild type (Figure 4, A and B), indicating that the tag-free version of 

AP2M fully rescued the ap2m phenotype. By contrast, even though the introduced phospho-

null version of AP2M (pAP2M:AP2MT163A) rescued the leaf and silique phenotype 

(Supplemental Figure S4, G and H), the root behavior of pAP2M:AP2MT163A/ap2m-3 resembled 

that of the aak1 mutants, of which the roots bent and grew along the agar surface (Figure 4, A 

and B), implying that the phosphorylation state of AP2M plays a critical role in controlling the 

root behavior, which can be a combined result of the crosstalk between root gravitropic and 

touch responses. 

 We next tested whether the kinase activity of AAK1 is required for the root behavior on 

hard agar surfaces, we introduced the kinase-dead versions of AAK1 under the control of the 

endogenous promoter (pAAK1:AAK1K57A and pAAK1:AAK1D157A) into aak1-1 and analyzed the 

root phenotypes of three homozygous lines for each kinase-dead construct. As expected, none 

of the AAK1 kinase-dead versions rescued the root behavior of aak1-1 (Supplemental Figure 

S6, A and B) concluding that the kinase activity of AAK1 is essential for its physiological 

function in planta. 

 To demonstrate the importance of Thr-163 phosphorylation in AP2M, we introduced two 

phospho-mimic forms of AP2M (pAP2M:AP2MT163D and pAP2M:AP2MT163E) and a phospho-

null form of AP2M (pAP2M:AP2MT163A) into the aak1-1 mutant. By screening 12 independent 

T2 heterozygous lines for each construct by the root horizontal assay, we found that 10 out of 

12 lines of pAP2M:AP2MT163E/aak1-1 and 7 out of 12 lines of pAP2M:AP2MT163D/aak1-1 

complemented the aak1 (Supplemental Figure S7A). In contrast, the 12 

pAP2M:AP2MT163A/aak1-1 lines still had a wavy root behavior (Supplemental Figure S7A). 

Two independent transgenic lines for each construct, pAP2M:AP2MT163A/aak1-1 (lines #1 and 

#2), pAP2M:AP2MT163D/aak1-1 (lines #1 and #2) and pAP2M:AP2MT163E/aak1-1 (lines #1 and 

#2) were further analyzed (Figure 4, D and E). The results showed that the roots of 
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pAP2M:AP2MT163D/aak1-1 and pAP2M:AP2MT163E/aak1-1 behaved like the wild type, but 

those of the pAP2M:AP2MT163A/aak1-1 lines still like the aak1 mutants (Figure 4, D and E), 

indicating that the phospho-mimic forms of AP2M rescued the aak1-1 phenotype, whereas the 

phospho-null form of AP2M did not. Quantitative reverse transcription PCR (RT-qPCR) 

analysis of AP2M transcripts in the transgenic lines (AP2M, AP2MT163A, AP2MT163D and 

AP2MT163D) in different background (ap2m-3 and aak1-1) confirmed that the root behavior was 

associated with the mutated AP2M versions not the AP2M expression levels (Supplemental 

Figure S7B). 

 In summary, the Arabidopsis AAK1 regulates the root behavior in response to 

impenetrable surfaces through AP2M phosphorylation on Thr-163.  

 

Phosphorylation of AP2M on Thr-163 by AAK1 regulates the endocytosis rates 

Mutation of the phosphorylated threonine (T156A) in the human μ2 subunit has been shown to 

inhibit transferrin uptake in tissue cultures (Olusanya et al., 2001). Therefore, we examined 

whether endocytosis is affected in the aak1 mutants and the transgenic Arabidopsis expressing 

phospho-null mutation of AP2M in ap2m-3 background by means of FM4-64 uptake. 

Unexpectedly, unlike the ap2m-2 and ap2m-3 mutants that exhibited an obviously reduced 

FM4-64 uptake in the root epidermal cells, the FM4-64 uptake was not reduced in aak1-1, aak1-

2, and pAP2M:AP2MT163A/ap2m-3 (Figure 5, A and B), but rather was slightly higher than that 

of the wild type. The FM4-64 uptake did not significantly differ between the wild type and 

AAK1OE and the introduction of pAP2M:AP2M into ap2m-3 rescued the FM4-64 uptake to 

the wild type level (Figure 5, A and B), indicating that the unphosphorylated AP2M is still 

functional in Arabidopsis and AAK1 is likely required to tune down endocytosis. 

 In addition, we noticed that, although most of the FM4-64 internalization events were 

similar between the wild type and the aak1 mutants, a small population of cells showed an 

elevated FM4-64 uptake (Figure 5B). Therefore, a more detailed analysis on the population 

distributions was carried out. First, by a normality test, we found that the FM4-64 uptake of 

most genotypes, except ap2m-2, were not normally distributed (Supplemental Figure S8), 

suggesting that judging the FM4-64 uptake rates by means of the average (arithmetic mean) 

values might not be fully representative. Therefore, we plotted the relative frequency 

distribution histograms and found that the FM4-64 uptake distribution of aak1-1, aak1-2, and 

pAP2M:AP2MT163A/ap2m-3 were flatter and wider than those of the others (Figure 5C). 

Nonlinear curve fitting showed that the FM4-64 uptake distribution of the wild type had two 

peaks, a major and a minor one centered at 0.36 and at 0.58, respectively, and that the results 
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of the pAP2M:AP2M/ap2m-3 complementation line were similar, namely with a major and 

minor peak at 0.39 and at 0.61, respectively (Figure 5C), but the fitted curves of ap2m-2 and 

ap2m-3 were more symmetric and had single peaks at 0.29 and 0.28, respectively (Figure 5C). 

Interestingly, the distributions of aak1-1, aak1-2, and pAP2M:AP2MT163A/ap2m-3 were 

multimodal with three peaks: aak1-1 had two major and one minor peaks centered at 0.37 and 

0.52 and at 0.71, respectively; aak1-2 had two major and one peaks at 0.37 and 0.54 and at 0.76, 

respectively; and pAP2M:AP2MT163A/ap2m-3 had two major and one minor peaks at 0.38 and 

0.53 and at 0.71, respectively (Figure 5C). The extra minor peaks with higher ratios of FM4-64 

internalization were the reason for the significantly higher average values than those of the wild 

type, only when the sample size was large enough. By contrast, the distribution of AAK1OE 

was lognormal with one geometric mean at 0.38, indicating that, albeit no significant 

differences on the averages by the Kruskal-Wallis test (Figure 5B), the endocytosis was weakly 

affected in the AAK1OE cells. 

To examine whether CME of different PM cargos is affected by the absence of AAK1 

first, we investigated the internalization of the fluorescent brassinosteroid (BR) analog, Alexa 

Fluor 647-castasterone (AFCS), which is a ligand of the BR-INSENSITIVE1 (BRI1) receptor 

(Irani et al., 2012; Di Rubbo et al., 2013), in root cells of aak1-1 mutant. Comparable to the 

FM4-64 uptake, AFCS internalization was slightly higher in aak1-1 than that of Col-0 (Figure 

6, A and B). The frequency distribution of the AFCS endocytosis in Col-0 was more centered 

than that in aak1-1, which had a higher deviation (Figure 6C). Similarly, the cytoplasmic versus 

PM fluorescence intensity ratio of another CME cargo, PIN2-GFP (Kitakura et al., 2011; 

Adamowski et al., 2018) was slightly higher in root cells of aak1-1 that than of the wild type 

(Figure 6, D-F). In addition, the accumulation of PIN2-GFP in Brefeldin A (BFA)-induced 

compartments (so-called BFA bodies) in aak1-1 was increased compared to the wild type 

(Figure 6, G and H). However, no significant differences in BFA body dissipation after the BFA 

washout were observed between the wild type and the aak1-1 mutant (Figure 6, G and I), 

implying that AAK1 regulates PIN2 endocytosis, but not recycling to possibly control its polar 

localization in the Arabidopsis root meristem (Supplemental Figure S4, D and E).  

Taken together, we conclude that Arabidopsis AAK1 controls the CME homeostasis of 

different PM cargoes in the root and thus it affects its gravitropic and touch responses 

 

DISCUSSION 
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In mammalian cells, the AP-2 complex is essential for CCV formation, and the null ap2m 

mutant in mice is embryonic lethal (Collins et al., 2002; Mitsunari et al., 2005). In Arabidopsis, 

although the AP-2 is required for efficient CME, the ap2m and ap2s mutants are viable, albeit 

defects in leaf morphology, staminal filament elongation, pollen tube growth, and the silique 

development (Fan et al., 2013; Kim et al., 2013; Yamaoka et al., 2013). Nonetheless, the 

function of AP-2 in root growth and development has not been assessed yet. Here, we report 

that the primary root of the ap2m null mutant grew faster than the wild type, but displayed 

agravitropic, wavy, and skewing phenotypes during the seedling stage. When grown on 

impenetrable horizontal plates, the primary root of the ap2m mutant had a curly root behavior, 

distinctive from that of the wild type. These root phenotypes are probably due to defective 

endocytosis in the root cells, disturbing the auxin polar transport (Dhonukshe et al., 2007; Men 

et al., 2008; Kitakura et al., 2011).  

 Our previous AP interactome studies had discovered an association between AP-2 and an 

unknown kinase that is similar to the mammalian AAK1 (Wang et al., 2023). The roles of the 

mammalian AAK1 in phosphorylating the μ2 subunit of AP-2 on a threonine residue (Thr-156) 

and in regulating the AP-2 activity have been widely reported, but also debated (Olusanya et 

al., 2001; Conner and Schmid, 2002; Ricotta et al., 2002; Höning et al., 2005; Partlow et al., 

2019; Wrobel et al., 2019). Although several lines of evidence suggest that the Thr-156 

phosphorylation in μ2 is required for cargo recognition via a phosphorylation-activated 

conformational change promoting cargo and membrane binding (Olusanya et al., 2001; Collins 

et al., 2002; Ricotta et al., 2002; Höning et al., 2005), this hypothesis somehow conflicts with 

the temporal ordering of CCV formation, because AP-2 should have bound to the PM and the 

cargo before its phosphorylation by AAK1 (Wrobel et al., 2019). Besides, AP-2 has been shown 

to bind to PtdIns(4,5)P2- and cargo-containing membranes without being phosphorylated and 

the Thr-156 phosphorylation of μ2 not to have a major effect on the cargo affinity of AP-2 

(Jackson et al., 2010; Kelly et al., 2014; Kadlecova et al., 2016; Wrobel et al., 2019). Instead, 

µ2 phosphorylation increases its affinity to ADAPTIN EAR-BINDING COAT-ASSOCIATED 

PROTEINS (NECAPs) and is the key determinant in timing and recruitment of NECAP-1 in 

the AP-2 regulatory cycle and, thus, modulate CCV formation and CME (Partlow et al., 2019; 

Wrobel et al., 2019). The AP interactome in Arabidopsis also identified a putative NECAP-1 

homolog that interacts with AP-1 and AP-2 subunits (Wang et al., 2023). In mammalian 

systems, the newly identified active open+ conformation of AP-2 and the co-regulation with 

NECAPs might explain some of the discrepancies (Kelly et al., 2014; Wrobel et al., 2019), 

although whether NECAPs play a positive or inhibitory role in the AP-2 activation remains a 
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matter of debate (Beacham et al., 2018; Partlow et al., 2019; Wrobel et al., 2019). Additionally, 

AAK1 could function redundantly with the NAK family kinases, such as the cyclin G-

associated kinase (GAK) (Umeda et al., 2000) and the bone morphogenic protein (BMP)-

inducible kinase (BIKE) (Sorrell et al., 2016), or has other functions (Conner and Schmid, 2003; 

Henderson and Conner, 2007). Interestingly, mammalian AAK1 is activated by clathrin 

(Conner et al., 2003), however, clathrin binds the already opened AP-2 form in the PM (Kelly 

et al., 2014). Currently, the mechanism of AAK1 activation is unclear. It has been suggested 

that the substrate binding site of AAK1 may be blocked by its C-terminal region that can be 

removed through clathrin binding (Jackson et al., 2003), but later evidence showed that clathrin 

can also activate the C-terminally truncated AAK1 (Conner et al., 2003). It has also been 

speculated that phosphorylation may regulate AAK1 activity, since there are several 

phosphorylation sites in the kinase domain of human AAK1 (Sorrell et al., 2016) and one site 

in that of Arabidopsis AAK1 (Supplemental Figure S1C) (Mergner et al., 2020). However, the 

activity of human AAK1 is not dependent on phosphorylation (Sorrell et al., 2016). 

 In human cells AAK1 seemingly inhibits AP-2-dependent transferrin internalization, both 

in vitro and in vivo (Conner and Schmid, 2002; Conner and Schmid, 2003) and μ2 

phosphorylation might function in an inactivation process (Partlow et al., 2019). Silencing of 

AAK1 did not induce changes in AP2M phosphorylation, transferrin uptake, or AP-2 

distribution (Conner and Schmid, 2003; Henderson and Conner, 2007). By means of 

amphiphilic styryl dyes, such as FM4-64, that particularly imbed in the outer membranes with 

a specific phospholipid composition in both mammalian and plant cells (Richards et al., 2000; 

Van Gisbergen et al., 2008; Dason et al., 2010), distinct vesicle pools of endocytic routes can 

be labeled. In neurons, FM4-64 is sequestered into synaptic vesicles (Newton and Murthy, 

2006; Chen et al., 2008), whereas in plant cells, FM4-64 is taken up by CME, flotillin-mediated 

endocytosis, and bulk-flow endocytosis (Bolte et al., 2004; Baral et al., 2015). Our data showed 

that the FM4-64 uptake in aak1 mutants is increased and the frequency distribution flatter than 

those of the wild type. A similar trend was observed for two other plant CME cargoes, AFCS 

and PIN2-GFP. AFCS is a fluorescent BR analog that is internalized together with the BRI1 

receptor (Irani et al., 2012), whereas PIN2 is an auxin efflux carrier that mediates auxin 

gradients in the Arabidopsis root by its polar PM localization in cortex and epidermal cells and 

thus, directs root gravitropism. The establishment and maintenance of PIN2 polarity is 

controlled by CME (Kitakura et al., 2011; Adamowski et al., 2018). Conversely, although the 

average value of FM4-64 uptake in plants overproducing AAK1 was the same as that of wild 

type, the FM4-64 uptake distribution in these plants was slightly skewed to the left. Hence, 
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Arabidopsis AAK1 might regulate the endocytic homeostasis and play an inhibitory role in 

endocytosis, consistent with finding in mammals (Conner and Schmid, 2002; Conner and 

Schmid 2003; Partlow et al., 2019). 

 Our phylogenetic analysis revealed that the Arabidopsis AAK1 is a single-copy gene and 

that no other kinase homolog is present in the Arabidopsis genome. The Arabidopsis AAK1 

knockout mutant displays less root waving and a reduced gravitropic response on vertical plates, 

but an increased obstacle avoidance response on horizontal plates. In addition, introduction of 

the kinase-dead versions of AAK1 in aak1-1 fails to rescue the aak1 phenotype, which 

successfully rescued by the phospho-mimic, but not the phospho-null, forms of AP2M, 

suggesting that AAK1 may be the only kinase that phosphorylates AP2M at Thr-163 in 

Arabidopsis. Furthermore, expression of the phospho-null form of AP2M in the ap2m-3 mutant 

resulted in an aak1-like behavior. The aak1 and ap2m mutants also exhibit opposite root 

phenotypes when grown on vertical plates. Altogether these data imply that AAK1 may 

negatively regulate the AP-2 activity by phosphorylating AP2M on Thr-163. Next, by an in 

vitro kinase assay using isotope labeling, we demonstrated that Arabidopsis AAK1 can 

phosphorylate the Thr-163 residue in AP2M. However, this phosphorylation event was not 

identified by our MS analysis despite that it was previously detected in planta.  

 The plant root behavior is complex, because it is the sum of the output of the root tropic 

responses (e.g., gravitropism, thigmotropism, hydrotropism, and halotropism) and of 

autonomous movement (such as, circumnutation) (Eapen et al., 2005; Brooks et al., 2010; 

Galvan-Ampudia et al., 2013; Jacobsen et al., 2021; Loshchilov et al., 2021). PIN-FORMED 

(PIN)-mediated polar auxin transport and ethylene signaling have been shown to regulate root 

gravitropism and mechanical responses (Růzicka et al., 2007; Yamamoto et al., 2008; Zhang 

and Friml, 2020; Jacobsen et al., 2021), whereas abscisic acid and BRs play major roles in root 

hydrotropism (Eapen et al., 2005; Dietrich et al., 2017; Miao et al., 2018). The root behaviors 

of the aak1 and ap2m mutants in the vertical and horizontal assays are probably due to the 

altered gravitropism and touch responses, because the root gravitropic bending is affected in 

the mutants and the main factors in the assays are the agar concentration and the plate 

orientations. A similar root horizontal assay and root behaviors have been reported, but not used 

to identify mutants (Tojo et al., 2021). Nonetheless, we cannot exclude that hydrotropism and 

drought avoidance might also contribute to the root behaviors, because the water potential of 

the medium decreases linearly with increasing agar concentrations (Ghashghaie et al., 1991). 

 As endocytosis is essential for many cellular functions and signaling cascades, changes 

in the balance between endocytosis and other vesicle trafficking may disturb the dynamics of 



AAK1 regulates root tropic growth in Arabidopsis 

receptors and transporters on the PM, in turn, affecting the hormone signaling pathways 

(Dhonukshe et al., 2007; Kitakura et al., 2011; Di Rubbo et al., 2013; Xia et al., 2019; Liu et 

al., 2020) with modified root tropic responses and behaviors as a consequence. In the wild type, 

when the Thr-163 of AP2M is phosphorylated by AAK1, endocytosis is regulated, and the roots 

exhibit normal gravitropic responses when grown vertically on the agar surface and pointed 

toward the gravitropic vector even when encountering the impenetrable medium. In the absence 

of AP2M the endocytosis rates in the root cells are reduced, resulting in agravitropic and curly 

roots on vertical and horizontal plates, respectively. When only unphosphorylated AP2M is 

present in the cells, e.g., in the aak1 null mutants, AP2M-GFP/ap2m-2, and AP2MT163A/ap2m-

3, the balance and endocytosis coordination in the root cells are affected, leading to a reduced 

root gravitropic bending and an enhanced obstacle avoidance response on vertical and 

horizontal plates, respectively. 

 In summary, we revealed the regulatory mechanisms of the AP-2 accessory protein, 

AAK1, on AP2M phosphorylation in Arabidopsis, i.e., the Arabidopsis AAK1 phosphorylates 

AP2M on Thr-163 and the phosphorylation maintains the endocytosis balance in root cells and 

controls the root behaviors. Our findings suggest that AAK1 fine-tunes the functions of AP2M 

in root cells. How the AP2M phosphorylation regulates endocytosis in plant cells and modulates 

root tropisms remains to be determined. 

 

MATERIALS AND METHODS 

Plant materials and growth conditions 

Arabidopsis thaliana (L.) Heynh., accession Columbia-0, plants were used for all experiments. 

Arabidopsis seeds were surface sterilized by chlorine gas and sown on half-strength Murashige 

and Skoog (½MS) solid plates (2.15 g/L MS salt [Duchefa], 10 g/L sucrose [Chem-Lab], 

0.1 g/L myo-inositol [Sigma-Aldrich], 0.5 g/L MES [Duchefa], pH 5.7) with different 

concentration of agar as indicated. The plates were vernalized at 4ºC under dark conditions for 

3 days. Seeds were germinated and grown at 22ºC and a 16 h light/8 h dark photoperiod for 5, 

7, or 10 days, either vertically or horizontally, according to the experiments. For all vertical 

experiments, the plates contained 1% (w/v) agar and were tilted at about 15º from the vertical 

axis according the plate rack design in the growth room. For horizontal experiments, the plates 

contained 1.2% (w/v) agar (except in Supplemental Figure S5, 0.4%, 0.8%, and 1%) and were 

placed horizontally. The aak1-1 (SALK_00168) mutant was obtained from the Arabidopsis 

Biological Resource Center. The transgenic Arabidopsis lines pPIN2:PIN2-GFP/Col-0 

(Adamowski et al., 2018), pAP2M:AP2M-GFP/ap2m-2 (Yamaoka et al., 2013), pAP2S:AP2S-
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GFP/ap2s (Fan et al., 2013), p35S:GFP/Col-0 (Zhang et al., 2022), ap2m-2 (Yamaoka et al., 

2013), and aux1-7 (Pickett et al., 1990) have been described previously. 

 

Generation of constructs and transformation 

For pAAK1:AAK-GFP, the promoter region (1873 bp) and the genomic DNA of AAK1 

(AT2G32850) were first cloned into the Gateway entry vectors pDNORp4p1r and pDONR221, 

respectively, with BP reactions, and then subcloned with pDONR P2r-P3-GFP into the binary 

vector pK7m34GW (Karimi et al., 2005) by a LR reaction. For AAK1OE, the gAAK1-

pDONR221 entry clone was subcloned into pK7FWG2 (Karimi et al., 2002) by a LR reaction 

to generate the p35S:gAAK1-GFP construct. For pAAK1:nlsGFP, pAAK1-pDNORp4p1r was 

subcloned into the expression vector pMK7S*NFm14GW (Karimi et al., 2007). For 

pAAK1:AAK1K57A and pAAK1:AAK1D157A, the pAAK1-pDNORp4p1r and gAAK1-pDONR221 

entry clones were first subcloned into the pH7m24GW (Karimi et al., 2007) binary vector and 

then mutated by site-directed mutagenesis with the primers listed in Supplemental Table 1. For 

pAP2M:AP2M, the genomic DNA of AP2M, including its promoter region (2083 bp), was 

cloned into pGGC000 and then further mutated by site-directed mutagenesis to generate the 

pAP2M:AP2MT163A-pGGC000, pAP2M:AP2MT163D-pGGC000, and pAP2M:AP2MT163E-

pGGC000. The entry clones were subcloned into the binary vector pFASTRK-AG with pGG-A-

LinkerIII-C and pGG-D-NOST-G (Houbaert et al., 2018; Decaestecker et al., 2019) by the 

GoldenGate system (Karimi and Jacobs, 2021). The constructs were first transferred to the 

Agrobacterium tumefaciens C58C1 strain pMP90 and then transformed into Arabidopsis Col-

0, aak1-1, or ap2m-3 by floral dip. 

 For the CRISPR/Cas9 constructs, four and two gRNAs that target the first and the last 

exons of AAK1 and the first exon of AP2M (AT5G46630), respectively, were designed with the 

‘CCtop’ software (https://cctop.cos.uni-heidelberg.de:8043/). The four AAK1 gRNA 

(Supplemental Table 1) were cloned into the entry vectors pGG-C-AtU6-26-BbsI-ccdB-BbsI-

D, pGG-D-AtU6-26-BbsI-ccdB-BbsI-E, pGG-E-AtU6-26-BbsI-ccdB-BbsI-F, and pGG-F-

AtU6-26-BbsI-ccdB-BbsI-G, and the two AP2M gRNAs (Supplemental Table 1) into pGG-E-

AtU6-26-BbsI-ccdB-BbsI-F and pGG-F-AtU6-26-BbsI-ccdB-BbsI-G, according to the 

previously described protocol (Decaestecker et al., 2019). The CRISPR/Cas9 expression 

constructs were generated by assembling the AAK1 gRNA and the AP2M gRNA entry clones 

with pGG-A-linkerIII-E-C and pGG-A-linkerIII-E-G, respectively, into the backbone vector 

pFASTRK-Atcas9-AG (Blomme et al., 2022) by the Golden Gate reaction. The expression 

constructs were transferred to the Agrobacterium tumefaciens C58C1 and then transformed into 
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Arabidopsis Col-0 by floral dip. For genotyping, the gnomic DNA sequence of AAK1 and 

AP2M of the transgenic plants were amplified by PCR with the primers listed in the 

Supplemental Table 1. 

 For protein purification, the constructs for GST-AP2M, GST-AP2A1, and GST-AP2S 

have been described previously (Liu et al., 2020). The MBP-AAK1 and and GST-AP2M-T163 

and GST-AP2M-T163A constructs were cloned into pOPINM and into pOPINJ by in-fusion 

cloning (Berrow et al., 2007), respectively, with the primers listed in Supplemental Table 1. 

 

Root phenotype assays 

For the root waving assay (Figure 1C), seedlings were grown vertically on ½MS plates with 

1% (w/v) agar with a 15º tilted angle for 5 days. A wave was defined as a root turning angle of 

less than 120º. The waving numbers of individual roots were divided by their root length to 

obtain the waving number/cm ratio (Lanza et al., 2012). 

 

Root horizontal assay 

For the root horizontal assay, seedlings were grown on horizontal plates with 1.2% (w/v) agar 

for 7 days. The root penetration assay (Supplemental Figure S5) was carried out in plates 

containing 0.4%, 0.6% and 1% (w/v) agar and plants were grown horizontally. An arch root 

was defined as a root with more than half of it detached from the surface, whereas a wavy root 

as a root with more than half of it growing wavily along the surface and a curly root as a root 

with least one 360º turn on it. 

 

Gravistimulation of plants 

Five-day-old seedlings, light-grown vertically on ½MS medium, were gravistimulated by a 90° 

rotation in the vertical plane. The angle of the root tips deviating from the old gravity vector 

was measured 0 h, 3 h, 6 h, 9 h and 24 h after gravistimulation with the ImageJ software 

(http://rsb.info.nih.gov/ij/). 

 

Protein purification 

The MBP-AAK1, GST-AP2M, GST-AP2A1, GST-AP2S, GST-AP2M-T163, and GST-

AP2M-T163A constructs were transformed into competent Escherichia coli BL21 (DE3) and 

the transformed cells were cultured in Luria-Bertani medium supplemented with 100 mg/mL 

carbenicillin at 37°C to an optical density of 0.6. Expression was induced by the addition of 

0.2 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at 16°C overnight or 1 mM IPTG at 
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37°C for 3 h (fr GST-AP2M-T163 and GST-AP2M-T163A. Cells were harvested by 

centrifugation at 6,000g. For MBP-AAK1, cells were resuspended in lysis buffer (20 mM Tris-

HCl, 200 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 200 μM phenylmethylsulfonyl 

fluoride, protease inhibitors (Roche), pH 7.4) and lysed by sonication. MBP-AAK1 and GST-

tagged proteins were purified with amylose resin (New England Biolabs) and with glutathione 

sepharose 4B GST-tagged protein purification resin (GE Healthcare), respectively, according 

to the standard manufacturers’ protocols. 

 

Liquid Chromatography with tandem mass spectrometry (LC-MS/MS) analysis of 

phospho-peptide detection 

Peptides were redissolved in 20 µL loading solvent A (0.1% [v/v] trifluoroacetic acid in 

water/acetonitrile (98:2 [v/v]), of which 5 µL was injected for LC-MS/MS analysis on an 

Ultimate 3000 RSLC nano LC (Thermo Fisher Scientific) connected in-line to a Q Exactive 

mass spectrometer (Thermo Fisher Scientific). The peptides were first loaded on an in-house 

made trapping column [100 μm internal diameter (I.D.) × 20 mm, 5 μm beads C18 Reprosil-

HD (Dr. Maisch, Ammerbuch-Entringen, Germany)]. After the peptides had been flushed from 

the trapping column, they were separated on a 50 cm µPAC™ column with C18-endcapped 

functionality (Pharmafluidics, Ghent, Belgium) kept at a constant temperature of 35°C. 

Peptides were eluted by a linear gradient from 98% (v/v) solvent A’ (0.1% [v/v] formic acid in 

water) to 55% (v/v) solvent B′ (0.1% [v/v] formic acid in water/acetonitrile, 20/80 [v/v]) in 

30 min at a flow rate of 300 nL/min, followed by a 5 min wash reaching 99% (v/v) solvent B’. 

 The mass spectrometer was operated in data-dependent, positive ionization mode, 

automatically switching between MS and MS/MS acquisition for the five most abundant peaks 

in a given MS spectrum. The source voltage was 3.2 kV and the capillary temperature 275°C. 

One MS1 scan (m/z 400−2,000, AGC target 3×106 ions, maximum ion injection time 80 ms), 

acquired at a resolution of 70,000 (at 200 m/z), was followed by up to five tandem MS scans 

(resolution 17,500 at 200 m/z) of the most intense ions fulfilling predefined selection criteria 

(AGC target 5×104 ions, maximum ion injection time 80 ms, isolation window 2 Da, fixed first 

mass 140 m/z, centroid as spectrum data type, intensity threshold 1.3×E4, one exclusion of 

unassigned, >8 positively charged precursors, peptide match preferred, ‘exclude isotopes’ on, 

dynamic exclusion time 12 s). The higher-energy collision dissociation was set to 25% of the 

normalized collision energy and the polydimethylcyclosiloxane background ion at 445.120025 

Da was used for internal calibration (lock mass). The raw files were processed with the 

MaxQuant software (version 1.6.10.43) (Cox and Mann, 2008), and searched with the built-in 
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Andromeda search engine against the Araport11plus database that contains crap sequences, 

e.g., tags, keratins, and trypsin. Search parameters can be found in the Supplemental Dataset 1. 

 

In vitro kinase assay 

Recombinant proteins were incubated in the kinase reaction buffer (50 mM Tris-HCl, pH 7.5, 

100 mM NaCl, 10 mM MgCl2, and 10 µM ATP) in the presence of 5 μCi [γ-32P]-ATP 

(NEG502A001MC; Perkin-Elmer) at 25°C for 60 min. The reactions were terminated by 

adding NuPAGE LDS sample buffer (Invitrogen) and NuPAGE sample-reducing agent 

(Invitrogen), separated on 4-20% sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE), and stained with Coomassie Brilliant Blue. Gels were dried and radioactivity 

was detected by autoradiography on a photographic film with an FLA 5100 phosphor imager 

(Fujifilm). 

 

Co-immunoprecipitation assay 

For Co-IP in Arabidopsis, seeds were germinated and grown on ½MS. Ten-day-old seedlings 

were harvested and ground into powder with liquid nitrogen. The fine powder was resuspended 

in extraction buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% [v/v] NP-40, and complete 

EDTA-free protease inhibitor cocktail [Roche]). The extracts were centrifuged at 18,000 × g at 

4°C for 10 min. The supernatants were transferred to new 2-ml tubes and centrifuged for an 

additional 10 min. After centrifugation, the supernatants were incubated with GFP-trap 

magnetic agarose (Chromotek) at 4°C for 1 h. Beads were washed three times with 1 mL wash 

buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.25% [v/v] NP-40] and then eluted with 

80 µL elution buffer containing 1× NuPAGE™ LDS Sample Buffer (Thermo Fisher Scientific) 

and 1× NuPAGE® Reducing Agent (Thermo Fisher Scientific) and heated at 60°C for 10 min. 

 

SDS-PAGE and Western Blotting 

Total protein extracts were obtained by grinding the plant materials into a fine powder with 

liquid nitrogen. The powder was resuspended in extraction buffer (50 mM Tris-HCl, pH 7.5, 

150 mM NaCl, 0.5% [v/v] NP-40, and complete EDTA-free protease inhibitor cocktail 

[Roche]). The extracts were centrifuged at 18,000 × g at 4°C for 10 min. The supernatants were 

transferred to new 2-ml tubes and centrifuged for an additional 10 min. The protein extracts 

were boiled in sample buffer (1× NuPAGE™ LDS sample buffer, 1× NuPAGE® Reducing 

Agent [Thermo Fisher Scientific]) for 10 min at 60°C and loaded on a 4-20% (w/v) Mini-

PROTEAN® TGX™ Precast Protein Gels (Bio-Rad). The proteins were separated by 
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electrophoresis and blotted onto a membrane with trans-Blot Turbo Mini 0.2 µm Nitrocellulose 

Transfer Packs (Bio-Rad). Membranes were blocked overnight at 4°C in 5% (w/v) skimmed 

milk dissolved in 25 mM Tris-HCl (pH 8), 150 mM NaCl, and 0.05% (v/v) Tween20. The blots 

were then incubated at room temperature with the monoclonal α-GFP antibody (1:5000) 

(Miltenyi Biotec, 130-091-833), α-tubulin antibody (1:5000) (Sigma-Aldrich, T5168), and α-

AAK1 antibody (1:5000). α-AAK1 antibody was a custom antibody generated by Eurogentec 

using the antigen: QRYGNSKMRENQKTA. 

 

Quantitative RT-PCR 

RNA was extracted from 7-day-old seedlings with the ReliaPrep™ RNA Miniprep Systems 

(Promega). Of purified RNA, 1 μg was amplified in a reverse transcriptase reaction with the 

qScript XLT 1-Step RT-PCR Kit (Quantabio). Subsequently, qPCR was run with the SYBR 

Green master mix (Roche) using gene-specific primers designed to amplify AP2M. ACTIN2 

was used as the normalization reference. Primers are listed in the Supplementary Table S1. 

 

Chemical treatments 

For subcellular localization of AAK1-GFP, 4-day-old pAAK1:AAK1-GFP/aak1-1 seedlings 

were treated with 50 µM BFA (50 mM stock in dimethyl sulfoxide; Sigma-Aldrich) and 2 µM 

(N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino) phenyl) hexatrienyl) pyridinium 

dibromide) (FM4-64; 2 mM stock in purified water; Invitrogen) in ½MS liquid medium without 

sucrose for 30 min prior to confocal imaging. For FM4-64 uptake experiments, 4-day-old 

seedlings were incubated in ½MS liquid medium without sucrose containing 2 M FM4-64 for 

10 min prior to confocal imaging. For PIN2-GFP recycling experiments, 5-day-old seedlings 

were pretreated with cycloheximide (CHX) (50 μM, 1 h) followed by a co-treatment with CHX 

(50 μM) and BFA (50 μM) in ½MS liquid medium for 30 min. Seedlings were subsequently 

washed with medium containing CHX (50 μM) for 100 min. 

 

Confocal microscopy and image analysis 

All confocal images were acquired with a Leica SP8X confocal microscope with the gating 

system (0.3-6 ns) application for autofluorescence removal. GFP, FM4-64, and AFCS were 

excited by white laser. The excitation and detection window settings were: GFP, 488/500-

530 nm; FM4-64, 515/570–670 nm; and AFCS, 635/655-755 nm. For FM4-64 uptake and 

PIN2-GFP internalization and recycling experiments, images were captured on the cell cortex 

layer of the epidermal cells at the root transition zone with a laser configuration without 
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saturated signals. The fluorescent PM intensity and intracellular space were measured with 

ImageJ for the quantification of the FM4-64 uptake and the PIN2-GFP signal. PM and 

intracellular space of individual cells were selected with a brush tool size of 5 pixels and the 

polygon selection tool and histograms of pixel intensities were generated. The average intensity 

of the top 100 highest pixels based on the histogram for both the PM and the intracellular space 

was used to calculate the cytoplasm/PM ratios (Ortiz-Morea et al., 2016; Liu et al., 2020). BFA 

body size and BFA body number analyses were measured as described previously (Luo et al., 

2015). The polarity of PIN2-GFP signals was calculated by determination of mean values of 

defined PM-areas at the apical and lateral side of root epidermis or at the basal and lateral side 

of root cortex cells as described previously (Kakar et at., 2013). For the AFCS experiments, the 

fluorescence intensities from the region of interest (ROI) of a maximum projected stack of eight 

slices, 1.5 μm apart, were quantified and normalized to the area as previously described (Irani 

et al., 2014). For kymographs of AAK1-GFP and AP2S-GFP, endocytic foci in vivo were 

measured with an Ultra View Vox Spinning disc confocal imaging system (PerkinElmer), 

running on the Volocity software package mounted on an Eclipse Ti inverted microscope 

(Nikon) with a Plan Apo Lambda 100× oil; numerical aperture, 1.45) corrected lens and third-

generation perfect focus system (PFSIII) for Z-drift compensation. Time series were acquired 

at two time points per second intervals for 2 min. Excitation was done with a solid-state 488 nm 

diode-pumped solid-state laser (50 mW) (Perkin Elmer). Kymographs were generated with a 

line thickness of 3. 

 

Statistical analysis 

All statistical analyses and graph generations were done with the GraphPad Prism v.8 software. 

Kruskal-Wallis one-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons 

was applied for the statistical tests. The relative frequency distribution histograms were created 

by means of the frequency distribution function in column analyses with bin width of 0.04 for 

aak1-1, aak1-2, AAK1OE, and pAP2M:AP2MT163A/ap2m-3 and 0.05 for ap2m-2, ap2m-3, and 

pAP2M:AP2M/ap2m-3, automatically chosen by GraphPad Prism based on best-fit. The curve 

fitting was analyzed by nonlinear regression in XY analyses with a distribution function fitting 

better with the frequency distribution according to the least Sy.x value for goodness-of-fit. 

 

Accession Numbers 

Sequence data from this article can be found in the GenBank/EMBL/TAIR data libraries under 

the following accession numbers. Arabidopsis genes: AAK1 (AT2G32850), AP2M 
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(AT5G46630), AP2S (AT1G47830), NECAP-1 (AT3G58600), PIN2 (AT5G57090). For 

phylogenetic analysis and amino acid alignment of human genes: AAK1 (Q2M2I8), BIKE 

(Q9NSY1), GAK (O14976), AP2M1 (Q96CW1). For yeast genes: ALK1 (P43633), ENV7 

(Q12003). For mouse genes: AAK1 (Q3UHJ0), BIKE (Q91Z96), GAK (Q99KY4), MPSK 

(O88697). For fly genes: PSK (Q9VI84), NAK (Q9VJ30), Auxilin (Q9VMY8). For nematode 

genes: gakh-1 (Q20483), sel-5 (G5ECQ3). For Chlamydomonas gene: CR07G02400 

(A0A2K3DJ59). For Brassica genes BR03G16570 (M4E2C4), BR05G11370 (M4CMW4). For 

maize genes: ZM02G25990 (A0A1D6Q3X3), ZM05G32400 (A0A1D6HBX6); ZM04G17600 

(K7U1D6), ZM08G11310 (A0A3L6DLW1). For rice genes: OS09G10720 (XP_015612326.1), 

OS02G37880 (XP_015627128). For soybean genes: GM08G15921 (K7L6T7), GM15G42460 

(I1MJK2). For tomato gene: SL01G074010 (XP_004229357).  
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 Supplemental Figure S1 Sequence conservation and domain organization of AAK1. 

 Supplemental Figure S2 Phosphorylation of AP2-M. 
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 Supplemental Figure S4 Phenotypes of aak1 and ap2m mutants. 
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Figure 1 Arabidopsis AAK1 is an active kinase and phosphorylates AP2M on Thr-163 in vitro. 

A, Sequence and domain structures of Arabidopsis AAK1. The conserved lysine (K57) and 

aspartate (D157) that are important for nucleotide binding and catalysis are indicated. 

WXXFXD and WXXF are adaptin binding motifs. B, In vitro kinase assay with isotope 

labeling. The MBP-AAK1 fusion protein can autophosphorylate in vitro when incubated with 

[32P]-γ-ATP, whereas the kinase-dead versions of AAK1, MBP-AAK1K57A, and MBP-

AAK1D157 had no autophosphorylation activity. C, Amino acid alignment of Arabidopsis 

AP2M and human AP2µ1. The threonine (T) phosphorylation site at position 156 in human 

AP2µ1 is conserved in the Arabidopsis AP2M at position 163 (T163). D, In vitro kinase assay 

of the AP2M GST-tagged peptide containing Thr-163 (AP2M-T163) and the GST-tagged 

mutant peptide, in which the Thr-163 was substituted with alanine (AP2M-T163A). MBP-

AAK1 was used as kinase. The sequences of the short peptides (19 amino acids) are presented 

on the top. The GST protein was used as negative control. Arrowheads and asterisks in (B) and 

(D) indicate the autophosphorylation signal of MBP-AAK1 and nonspecific signals, 

respectively. Arrows in (D) indicate the size of the GST-AP2M-T163, GST-AP2M-T163A and 

GST.  



AAK1 regulates root tropic growth in Arabidopsis 

 
Figure 2 AAK1 and AP2M regulate root waving and gravitropism in Arabidopsis. A, 

Schematic representation of different aak1 mutant alleles generated in this study. The locations 

of guide RNAs (gRNAs, black arrows) targeting the AAK1 locus is indicated. BP and Targets 

mark the T-DNA left border primer and the gDNA targeting sites, respectively. B, Immunoblot 

analysis of AAK1 protein levels in the wide type (Col-0), aak1-1, aak1-2, aak1-3 mutants, 

pAAK1:AAP1-GFP/aak1-1 (lines #1 and #4), and the AAK1 overexpression line (p35S:AAK1-

GFP/Col-0, AAK1OE) with α-AAK1 antibody. Tubulin detected with α-tubulin antibody was 

used as a loading control. The arrow indicates the endogenous AAK1. C, Root phenotypes of 

5-day-old seedings of Col-0, aak1-1, aak1-2, aak1-3 mutants, pAAK1:AAP1-GFP/aak1-1 (lines 

#1 and #4), AAK1OE, and ap2m-2 and ap2m-3 mutants. Scale bar, 5 mm. D, Primary root 

length of each genotype as shown in (C). E, Root waving assay of each genotype as shown in 

(C). The root waviness was determined as the number of waves per root length. Three 

independent experiments were combined (D and E). F, Kinetics of the gravitropic bending of 

root tips of wild type, aak1-1, aak1-2 and ap2m-2 plotted against time after gravistimulation. 

Five-day-old seedlings grown vertically on medium were gravistimulated by 90° rotation. 

Three independent experiments were combined, each with 20-30 roots per genotype in each 

experiment. Error bars indicate the standard errors. n, number of roots (D-F). *P ≤ 0.05, **P ≤ 

0.01, ***P ≤ 0.001 ****P ≤ 0.0001 [one-way ANOVA tests in (D and E) and two-way ANOVA 

test in (F)], ns, not significant.  
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Figure 3 The primary roots of aak1 and ap2m mutants exhibited distinct behaviors when grown 

on a surface of impenetrable agar. A, Representative images showing the root behavior (arch, 

wavy, and curly roots, as shown in the insets) of 7-day-old seedlings of wide type (Col-0), aak1-

1, aak1-2, aak1-3 mutants, pAAK1:AAP1-GFP/aak1-1 (lines #1 and #4), the AAK1 

overexpression line (p35S:AAK1-GFP/Col-0, AAK1OE), ap2m-2 and aak1-1 ap2m-2 mutants 

grown horizontally on 1.2% agar-containing medium. The genotypes exhibiting the same root 

behavior were grouped in dashed rectangles. Scale bars, 1 cm. B, Quantification of the root 

behavior of each genotype as in (A). Three independent experiments were combined. n, number 

of roots analyzed. Error bars represent the standard error (SE) of the three replicates.  
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Figure 4 AP2M phosphorylation on Thr-163 by AAK1 regulates root behavior. A, Representative 

images of the root horizontal assay examining the root behavior of 7-day-old seedlings of ap2m-2, ap2m-

3, and the complemented lines with different AP2M versions, pAP2M:AP2M-GFP/ap2m-2, 

pAP2M:AP2M/ap2m-3 (line #4), and pAP2M:AP2MT163A/ap2m-3 (lines #1 and #11). T3 generation 

seedlings homozygous for the transgenes were analyzed. B, Quantification of the root behavior of each 

genotype as in (A). Col-0 and aak1-1 were used as control. Three independent experiments were 

combined. C, Co-immunoprecipitation (Co-IP) assay in pAP2M:AP2M-GFP/ap2m-2 (AP2M-GFP) and 

pAP2S:AP2S-GFP/ap2s (AP2S-GFP) Arabidopsis plants. AP2M-GFP and AP2S-GFP were pulled 

down with GFP-trap beads. Endogenous AAK1 was detected with α-AAK1 antibody. The p35S:GFP 

(GFP) transgenic Arabidopsis plants were used as a negative control. Experiments were repeated twice 

with similar results. One representative experiment is presented. D, Representative images of the root 

horizontal assay on 7-day-old seedlings of aak1-1 expressing the phospho-mimic AP2M 

(pAP2M:AP2MT163D/aak1-1 and pAP2M:AP2MT163E/aak1-1) and the phospho-null AP2M 

(pAP2M:AP2MT163A/aak1-1). Two independent T2 lines for each construct were analyzed. Seedlings 

(homozygous or heterozygous for the transgenes) were chosen based on fluorescent seed selection. E, 

Quantification of the root behavior of each genotype as in (D). Three independent experiments were 

combined. The Col-0 and aak1-1 were used as controls and were the same as in (B) because the 

experiments were done together. Error bars in (B) and (D) represent the standard error (SE) of the three 

replicates. n, number of roots. Scale bar, 1 cm (A and D).  
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Figure 5 Phosphorylation of AP2M by AAK1 affects FM4-64 endocytosis. A, FM4-64 uptake 

in wild type (Col-0), aak1-1, aak1-2, the AAK1 overexpression line (p35S:AAK1-GFP/Col-0, 

AAK1OE), ap2m-2, ap2m-3, pAP2M:AP2M/ap2m-3 (line #4), and pAP2M:AP2MT163A/ap2m-

3 (line #1). Five-day-old root epidermal cells were imaged after staining with FM4-64 (2 μM) 

for 10 min. Scale bars, 10 µm. B, Relative cytoplasmic (Cyto) to plasma membrane (PM) 

fluorescence intensity ratio of FM4-64 of images in (A). **P ≤ 0.01, ***P ≤ 0.001 (Kruskal-

Wallis non-parametric one-way ANOVA test); ns, not significant. C, Frequency distribution 

graphs showing the ranges of the FM4-64 uptake in the root epidermal cells of the different 

genotypes in (B). The bin widths for best-fit were set at 0.04 for Col-0, aak1-1, aak1-2, 

AAK1OE, and pAP2M:AP2MT163A/ap2m-3 (line #1) and at 0.05 for ap2m-2, ap2m-3, and 

pAP2M:AP2M/ap2m-3 (line #4) by GraphPad Prism. The curves were fitted by nonlinear 

regression with either Gaussian, Lorentzian, or Lognormal functions, according to the least 

standard deviation of the residuals (Sy.x) values for goodness-of-fit. n, number of cells analyzed 

(B and C).  
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Figure 6 AAK1 regulates endocytosis of BRI1 and PIN2. A, Alexa Fluor 647-castasterone 

(AFCS) uptake in the root epidermal cells of 4-day-old Col-0 and aak1-1. Roots were pulsed 

with AFCS (30 μM) for 40 min, washed, and then chased for 20 min before imaging. B, 

Quantification of AFCS fluorescence intensity in the vacuoles of the root cells of Col-0 and 

aak1-1. RFU, relative fluorescence units. ****P ≤ 0.0001 (Welch’s t test). n, number of unit 

area. C, Frequency distributions showing the ranges of the AFCS uptake in the root epidermal 

cells of Col-0 and aak1-1. The bin widths were set to 0.1. The curves were fitted by nonlinear 

regression with the Gaussian function for the least standard deviation of the residuals (Sy.x) 

value. n, number of unit area. D, Confocal images of pPIN2:PIN-GFP in the root epidermal 

cells of 5-day-old Col-0 and aak1-1 seedlings. E, Relative cytoplasmic (Cyto) versus plasma 

membrane (PM) fluorescence intensity of PIN2-GFP of images in (D). n, number of cells. F, 

Frequency distributions showing the ranges of the Cyto/PM ratio of PIN2-GFP in the root 

epidermal cells of Col-0 and aak1-1. The bin widths were set to 0.03. G, Accumulation of PIN2-

GFP in the root cells of 5-day-old wild type and aak1-1 after Brefeldin A (BFA) treatment and 

after BFA washout. Seedlings were pretreated with cycloheximide (CHX) (50 μM, 1 h) 

followed by a co-treatment with CHX (50 μM) and BFA (50 μM) for 30 min. Seedlings were 

washed with media containing CHX (50 μM) and imaged 100 min after the wash. H, BFA body 

sizes before the washout shown in (G). n, number of BFA bodies. I, Percentage of BFA body-

containing cells in PIN2-GFP seedlings before and after BFA washout shown in (G). n, number 

of roots. **P ≤ 0.01, ****P ≤ 0.0001 [Welch’s t test (E and H) and two-way ANOVA test (I)], 

ns, not significant. Scale bars, 10 µm (A, D and G). 


