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driven contribution to FA turnover distinct from protease- and phosphatase-based mechanisms and 

suggest that functional divergence between AAK1 and BMP2K may provide a strategy to 

modulate cell migration with reduced impact on CME. 

Introduction 

Serine and threonine phosphorylation, the backbone of cellular signalling, is tightly regulated by 

protein kinases that must accurately recognize specific substrates among many similar protein 

sequences to ensure proper signal transduction and scaffolding. This precision maintains cellular 

homeostasis, whereas its dysregulation can lead to disease. Consequently, elucidating the 

regulatory mechanisms governing kinase activity and substrate specificity is critical for the 

development of targeted therapies (1, 2). 

This is especially important for paralogous kinases, where one paralog may be effectively 

exploited as a therapeutic target, while its closely related counterpart remains poorly understood 

(3). A prime example is the Numb-associated kinase (NAK) family. Among its members, the 

paralogs AAK1 and BMP2K (also known as BIKE), share 74% sequence identity across their 

kinase domains (Fig. 1A) (4). This high similarity yields nearly indistinguishable active sites, 

making it extremely challenging to design inhibitors that selectively target AAK1 over BMP2K 

and vice versa (5). The broad-spectrum NAK inhibitors simultaneously targeting both AAK1 and 

BMP2K obscure their unique contributions and exaggerate perceived functional redundancy. 

AAK1, however, has garnered considerable attention due to its potential in antiviral therapies (6, 

7),  neuropathic pain interventions (8, 9), and in enhancing the efficacy of T-cell
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clathrin coated pit (CCP) formation (20). This has long supported a view of AAK1 and BMP2K 

as largely redundant mediators of endocytic trafficking in vertebrates. In addition to their presumed 

shared substrate preferences, both AAK1 and BMP2K possess an atypical activation segment - a 
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CME, prompting us to initiate a comprehensive screen to identify novel direct substrates of these 

kinases.  

In silico screening and in vitro assessment of candidate substrates  

We used a combined workflow involving discovery and validation phases (Fig. 1G) to identify 

candidate substrates for AAK1 and BMP2K. First, in silico and in vitro screens were used to 

identify phosphorylation sites containing the [L/I]XXQXTG motif, proposed as the consensus 

motif based on studies of the yeast NAKs - Ark1 and Prk1 (19). We then validated the candidate 

substrates in RPE cell lysates using parallel reaction monitoring (PRM) coupled with liquid 

chromatography
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To translate our in vitro data into cellular context, we next tested the presence of these candidate 

phosphopeptides in RPE lysates and quantified how their phosphorylation responds to combined 

AAK1 and BMP2K deletion (RPEAAK1,BMP2K-/-, Supplementary Fig. 1C). The use of double knock-

out cells allowed us to capture phosphorylation driven by either kinase while mitigating potential 

paralogue redundancy. Targeted MS using PRM detected eight of the eleven pre-selected 

phosphopeptides in RPE cells (Supplementary Table 3). Phosphorylation of PDLIM5 T290 and 

Talin1 T2270 decreased reproducibly by more than 50% in RPEAAK1,BMP2K-/- (Fig. 1J, K). In 

contrast, we did not detect statistically significant changes in phosphorylation for the other 

identified phosphopeptides INTS3 pT287, KDM5C pT1385, KDM5D pT1369, and MRPL44 

pT287 (Supplementary Fig. 3).  Together with the established 
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than at the proteome level. We identify ~364 phosphoproteins significantly dysregulated in both 
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Building on our localization and proteomic findings, we dissected the distinct roles of AAK1 and 

BMP2K by systematically comparing their contributions to CME versus FA dynamics. BMP2K 

deletion (RPEBMP2K-/-), or deletion of both kinases, reduced internalization of transferrin receptor 

(TfR) 
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(FRAP) (Fig 3H, Supplementary Fig. 1F) (35, 36). Paxillin is known to exhibit relatively slow 

FRAP recovery with a substantial stably bound fraction at FAs, making it a sensitive readout of 

changes in adhesion stability (35-37). mNeonGreen-Paxillin expressed in RPEAAK1-/- cells showed 
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adhesome binding, shifting it PDLIM5 from a more persistently bound state toward a more 

dynamic, which may contribute to FA turnover and cytoskeletal remodelling. Phosphorylation at 

T290 could plausibly alter PDLIM5 conformation or weaken key intra- or intermolecular contacts, 

which in turn may reduce its association with F-
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conditions. RPE cells were replated for 2 h on collagen (integrin-
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AAK1 peak recruitment marks the onset of FA disassembly 

Having established the functional hierarchy in which AAK1 phosphorylates PDLIM5 to regulate 

its localization and interactions at FAs (Fig. 4), we next aimed to define the temporal hierarchy of 

these events and relate them to the role of AAK1 in promoting FA turnover. Live-cell TIRFM 

revealed that immediately after cell attachment to collagen, AAK1 redistributes from diffuse 

presence across the PM to FAs at both the leading and trailing edges of migrating cells (Fig. 6A, 

B and Supplementary Movie 2). Quantitative analysis of the fluorescence intensity profiles for 

hundreds of FAs shows that PDLIM5 intensity peaks at the point of maximum FA expansion. (Fig. 

6B, C, Supplementary Movie 3), reminiscent of force-
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coupling of the AAK1 recruitment peak to the onset of disassembly, together with prolonged 

retention of phospho-null PDLIM5 and Talin1, supports a model in which locally recruited and 

constitutively active AAK1 promotes efficient release of key adhesome components during FA 

disassembly.  

The conserved LIDL motif of AAK1 mediates its direct interaction with PDLIM5 

Guided by our live-cell TIRFM observations of PDLIM5-dependent AAK1 recruitment, we next 

mapped their molecular interaction by focusing on the predominant 961-amino-acid AAK1 splice 

variant expressed in RPE cells and annotated as canonical in Uniprot (Q2M2I8-1) and Ensembl 

database (ENST00000409085.9; Supplementary Fig. 9A). A defining feature of this isoform is the 

conserved LIDL motif at its extreme C-terminus, which is absent in BMP2K and suggests a 

distinct, AAK1 specific, physiological function (Fig. 7A). To elucidate the role of the LIDL motif, 

we performed an MS-based pull-down assay using a biotinylated peptide (Biotin-
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dissociate and target new sites, facilitating repeated, localized phosphorylation events. To test this, 

we generated a GGGG-substitution mutant replacing the LIDL motif (RPEAAK1-GGGG), then 

assessed how disrupting LIDL-PDZ interaction affects AAK1-dependent cell migration. RPEAAK1-

GGGG had reduced cell migration speed by 15% compared to RPEWT and RPEAAK1-rescue (Fig. 7E, 

Supplementary Fig. 1G), highlighting the functional importance of the LIDL-PDZ PDLIM5 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

further connect these phosphorylation events to FA turnover: the phosphomimetic PDLIM5T290D 

exhibits faster exchange by FRAP, whereas non-phosphorylatable PDLIM5T290A and Talin1T2270A 

show prolonged late-phase retention at FAs in lifetime-aligned TIRFM analyses. Collectively, 

these data support a model in which AAK1 recruitment to mature FA promotes phosphorylation-

dependent substrate disengagement, facilitating timely FA disassembly and efficient migration. 
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proximity to phosphorylated T2270, thereby biasing the equilibrium toward the autoinhibited state. 

Interestingly, T2270 is located next to other reported R12 phosphosites (PhosphoSitePlus also lists 

S2273 and T2281), raising the possibility that other phosphorylation events could further modulate 

the charge of this helix. Consistent with this hypothesis, our live-cell analysis shows that 

preventing phosphorylation at T2270 increases Talin1 retention at FAs. This suggests that 

phosphorylation at this site promotes Talin1 turnover/dissociation and its functional engagement 

with the PM, integrins, and the actin cytoskeleton, ultimately influencing FA dynamics. More 

broadly, these findings fit a growing view that Talin1 integrates multiple kinase inputs acting on 

distinct rod domains to tune adhesion mechanics and dynamics across different cellular contexts 

(60). For example, CDK1 binds Talin1 via an LD-motif interaction with the R8 domain and 

phosphorylates Talin1 at S1589, which reduces KANK adaptor binding and alters the 

mechanosensitivity of the R7R8 module, providing a route for cell-cycle control of adhesion 

remodeling (61). 

Our findings also suggest evolutionary divergence between AAK1 and BMP2K. While AAK1 has 

specialized to regulate FA dynamics and cell migration in RPE cells, BMP2K remains critical in 

CME. The emergence of the AAK1 C-terminal LIDL motif in jawed vertebrates likely reflects 

evolutionary pressures linked to cell migration processes, such as neural crest development and/or 

mesodermal cell migration (62). In C. elegans, SEL-5, a distant ortholog of AAK1 and BMP2K, 

functions independently of its kinase activity to regulate EGL-20/Wnt signalling during the 

migration of QL neuroblast daughter cells (63). Yeast NAK orthologs (Prk1, Ark1, and Akl1) 

localize to actin patches, where they phosphorylate actin-related substrates to disassemble these 

structures after CCP scission. This resetting allows new rounds of endocytosis and actin assembly, 

which are critical for efficient vesicle trafficking in yeast. While vertebrate AAK1 and yeast 

Ark1/Prk1 both regulate actin dynamics through kinase activity, their varying biological contexts 

demonstrates the evolutionary adaptability of these regulatory mechanisms.  

This work opens two promising avenues for future exploration. First, the identified feedback loop, 

in which PDLIM5 accumulates at FAs, recruits AAK1, and subsequently becomes phosphorylated, 

suggests a coupling between actomyosin-generated tension and AAK1-mediated signaling. Given 

that our data indicate PDLIM5 is not the sole interactor responsible for AAK1 recruitment to FAs 

(Fig. 5), it will be important to elucidate the broader set of mechanosensitive pathways involved 

in regulating AAK1 localization. Furthermore, recent phosphoproteomic analyses reveal that 
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several phosphosites in the C-terminus of AAK1 robustly respond to mechanical stimuli in 

fibroblasts (64), reinforcing a model in which AAK1 spatio-temporal positioning and substrate 

targeting at FAs are directly modulated by mechanical cues such as cytoskeletal tension or ECM 

stiffness.  

Second, selective targeting of AAK1 presents intriguing therapeutic potential (5). Given the 

distinct localization and functional specialization of AAK1 compared to BMP2K, selective 

inhibitors of AAK1 could modulate FA dynamics and cell migration without perturbing BMP2K-

mediated CME. Investigating how vertebrate cells balance endocytic and cytoskeletal regulation 

through distinct kinase networks promises important insights for developing targeted therapies, 

particularly for diseases involving aberrant cell migration, such as metastatic cancers and 

inflammatory conditions. 

Methods 

Computational screening and refinement of [L/I]xxQxTG motif in human proteins  

We conducted a computational screen to identify human proteins containing [L/I]xxQxTG-based 

motifs. This query resulted in 187 sequences, from which duplicates were removed, yielding a 

total of 82 unique proteins (Supplementary Data 1). Secreted proteins and those with motifs located 

in extracellular regions were excluded based on UNIPROT Subcellular location annotation and 

not used for experimental validation. Based on the results of an in-vitro kinase assay, we refined 

the search to identify the consensus motif [LI]xxQ[LIMFV]TG, where X represents any residue 

except D or E. This refinement yielded a total of 48 proteins for in-cell validation by PRM-MS 

(Supplementary Data 1). All computational analyses were performed using custom Python and R 

scripts, which are accessible at https://github.com/sjspielman/endocytosis-slims-screen. 

In vitro NADH-coupled kinase assay 

Continuous spectrophotometric in vitro NADH-coupled kinase assays were performed in 

transparent 96-well plates (Greiner UV Star). A master mix containing kinase buffer (30 mM 
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the reaction at final concentrations of 0 mM (to assess ATPase activity), 0.03 mM, 0.07 mM, 0.14 

mM, 0.21 mM, 0.29 mM, 0.43 mM, 0.71 mM, 1.14 mM, and 1.34 mM. The reaction, with a total 

volume of 210 µl, was initiated by adding ATP to a final concentration of 0.43 mM. The microplate 

was then placed into a Clariostar spectrophotometer (BMG Labtech), shaken for 30 seconds at 100 

RPM, and the decrease in absorbance was recorded at RT. Data were processed using MARS Data 

Analysis Software (BMG Labtech), analyzing the linear portion of the reaction to obtain the initial 

substrate conversion rate. This was achieved by fitting the absorbance decrease over time to a 

linear regression and calculating the reaction velocity. These data were subsequently analyzed in 

GraphPad Prism by fitting the initial velocities at all measured substrate concentrations to a 

nonlinear regression curve using the Michaelis-Menten equation. This analysis identified peptides 

phosphorylated by either AAK1 or BMP2K, where the decrease of NADH absorbance grew with 

higher peptide concentrations. In contrast, for non-phosphorylated peptides, the NADH 

absorbance decrease remained low and constant across all concentrations, reflecting the ATPase 

activity of the kinases. 

Experimental design - MS experiments 

The workflow began with testing the presence of phosphorylated peptides with the consensus 

sequence L/IXXQXTG via PRM-MS after in vitro kinase assays with AAK1 and BMP2K kinase 

domains (experiments 6045 and 6138, Fig. 1H, I). Building on this, PRM-LC-MS experiment 5488 

was conducted to test the presence of phosphorylated forms of the potential AAK1/BMP2K 

substrates in RPEWT cells. The abundance of these phosphopeptides was subsequently quantified 

in RPEWT and RPEAAK1/BMP2K-/- which revealed that phosphosites on PDLIM5 

(ILAQIpTGTEHLK) and Talin1 (QQLpTGHSK) were responsive to AAK1 and BMP2K deletion 

(Fig. 1 J, K). To orthogonally validate these findings and to enhance signal detection, co-IP of 

PDLIM5 and Talin1 was followed by PRM-LC-MS quantification of ILAQIpTGTEHLK and 

QQLpTGHSK (experiment 5759). Label-free LC-MS/MS and data-independent acquisition (DIA) 

analyses complemented this workflow, providing a complete overview of AAK1/BMP2K-related 

proteome and phosphorylation changes (experiment 5488, Fig. 2 C,D). Quantitative proteome and 

phosphoproteome profiling following acute AAK1/BMP2K inhibition was performed in 

experiment 5235 (Fig. 2 A, B). Unless stated otherwise, cells were grown on plates coated with rat 

tail collagen I (Gibco A10483-01; 100 µg/mL in 20 mM acetic acid; 30 min at 37 °C), which were 

then washed with PBS. All experiments included at least four independent biological replicates. 
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Other experimental MS procedures, describing co-IP and pulldown experiments, are provided in 

the Supplementary Information. 

PRM-LC-MS workflow for detecting phosphorylated peptides with [L/I]XXQXTG 

consensus sequence following in vitro kinase assay (6045) 

The PRM method was set up using the retention time and m/z of both phosphorylated and non-

phosphorylated version of each assayed peptide, and measured using the UltiMate 3000 

RSLCnano system (Thermo Fisher Scientific) online connected to Impact II system (Bruker). 

Peptide samples taken directly from the in vitro kinase assay were loaded onto the pre-equilibrated 
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insoluble fractions were separated by centrifugation (20 000×g for 10 min at 8 °C). Protein 

concentrations in this and all subsequent experiments were quantified via tryptophan fluorescence 

(excitation: 295 nm, emission: 350 nm). The samples were reduced using 10 mM DTT (Merck), 

alkylated with 40 mM IAA (ThermoFisher), and quenched with 20 mM DTT. Digestion was 

performed using a Trypsin-Lys C (Promega) mixture at a 50:1 protein:protease ratio for 3 h at 

37°C, followed by dilution to 1M urea using 50 mM Tris, pH 8 and an ON digestion with 

SoluTrypsin (Merck) at the same protein:protease ratio. The reaction was stopped with 0.2% TFA 

(Merck), and the insoluble fraction was separated by centrifugation (4 700×g for 5 min). Peptides 

were desalted using SepPak C18 columns 360 mg sorbent/cartridge (Waters). The cartridges were 

first washed with 1 ml of 100% methanol (Merck) and then equilibrated with 1 ml of 0.1% TFA 

(Merck) and 80% acetonitrile (ThermoFisher) and washed twice with 1 ml of 0.1% TFA. After 

loading the peptides, cartridges were washed three times with 1 ml of 0.1% TFA. Finally, the 

peptides were eluted into 2×1 ml of 0.1% TFA and 45% acetonitrile.  Each of the samples were 

split into three vials (2×995 µl for phosphopeptide enrichment and 1×10 µl for direct analysis) and 

the solvent was evaporated in a SpeedVac concentrator (ThermoFisher).  One vial of each sample 

was used for phospho enrichment which was carried out using the Fe-NTA Phosphopeptide 

Enrichment Kit (ThermoFisher), the second vial of each sample was enriched using TiO2 

Phosphopeptide Enrichment Kit (ThermoFisher) and the last vial of each dried sample was 

immediately extracted into a LC-MS vial. Exctraction into LC-MS vials was performed by 2.5% 

formic acid in 50% acetonitrile (ACN) and 100% ACN with the addition of polyethylene glycol 

(final concentration 0.001%; (65) and concentrated in a SpeedVac concentrator (Thermo Fisher 

Scientific). 
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MS data were acquired in a product ion scan mode with additional survey scan measurement. The 

product ion scan mode was set for the expected and peptide forms of interest (Supplementary Data 

4) monitored during the whole LC-MS run. Product ion spectra were set at follows: custom AGC 

target of 3000 %, automatic maximal injection time mode, isolation width 1.2Th, relative 

fragmentation energy 30 %, orbitrap analyser resolution 60,000, first mass m/z 120.  

The data for all the peptides were processed and manually evaluated using the Skyline-daily 

software (version Skyline-daily-64_23_1_1_459) to identify the peaks corresponding to all tested 

peptides. The peaks corresponding to PDLIM5 ILAQIpTGTEHLK and Talin1 QQLpTGHSK 

were then quantified. Details of the downstream data analysis for this and all subsequent MS-based 

experiments are provided in the Supplementary Information. 

Quantification of the phosphopeptide ILAQI(pT)GTEHLK from immunoprecipitated 

PDLIM5 and QQL(pT)GHSK from immunoprecipitated Talin1 (5759) 

Sample preparation: For the PDLIM5 and Talin1 immunoprecipitation, total protein was extracted 

from RPEWT, and RPEAAK1/BMP2K-/- cells as described above. For each experiment and each cell 

line, 3 biological replicates from separate cultures were processed. Post-homogenization, insoluble 

fractions were separated by centrifugation (10 000 g for 20 min at 8 °C). Talin1 and PDLIM5 were 

isolated from 6 mg of protein per sample each using 30 µg of anti-Talin1 antibody 97H6 (BioRad) 

or 30 µg of anti-PDLIM5 antibody A14933 (Antibodies.com) and 70 µl A/G Agarose beads 

(
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carried out using the Fe-NTA Phosphopeptide Enrichment Kit (ThermoFisher, A32992) according 

to the manufacturer instructions. The enriched phosphopeptide mixture was then subjected to the 

concentration estimation procedure as mentioned above. 

The samples were measured using the using RSLCnano system online connected to Orbitrap 
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MzML files were processed in DIA-NN (67) version 1.8 in library free mode against a modified 

protein contaminant (cRAP) database (based on http://www.thegpm.org/crap/; 111 sequences in 

total) and UniProtKB protein database for Homo Sapiens 

(https://ftp.uniprot.org/pub/databases/uniprot/current_release/knowledgebase/reference_proteom

es/Eukaryota/UP000005640/UP000005640_9606.fasta.gz; version 12/2022, number of protein 

sequences: 20,594). Fractions before and after phosphopeptide enrichment were processed in DIA-

NN separately, with distinct settings applied to each. For non-enriched samples, the following 

parameters were used: no optional modifications, carbamidomethylation as a fixed modification 

and trypsin/P as the digestion enzyme with 1 allowed missed cleavage and peptide length of 7-30 

amino acids. False discovery rate (FDR) control was set to 1%. For phosphopeptide enriched 

samples, search parameters included phosphorylation (STY) as a variable modification, 

carbamidomethylation as a fixed modification, and trypsin/P as the digestion enzyme with a 

maximum of one missed cleavage and a peptide length of 7
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for TiO2 and IMAC enriched solution results after filtering out precursors not quantified in at least 

60% of replicates; f) differential expression analysis using LIMMA statistical test with Benjamini-

Hochberg correction. 

We were able to identify 7042 proteins. Out of these, 132 were upregulated upon perturbation and 

173 were downregulated upon perturbation.  

Phosphoproteome analysis consisted of 17495 total phosphopeptides, out of which 13829 were 

identified confidently enough for statistical analysis, belonging to 4463 total phosphoproteins out 

of which 414 were dysregulated. 

Whole cell proteome profiling with SILAC labelling, using DDA and RPEWT and RPEWTLP 

cell lysates (5235) 

Sample preparation: RPEWT cells were grown in DMEM for SILAC (ThermoFisher) supplemented 

with 10% dialyzed fetal calf serum (Invitrogen). L-arginine (Merck), L-lysine (Merck) and L-



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

mobile phase B; mobile phase A: 0.1% formic acid in water; mobile phase B: 0.1% formic acid in 

80% ACN). Columns were heated to 40°C. 

MS data were acquired using DDA (cycle time 2.5s). Survey scan was set to m/z 320-2000 with 

the resolution of 120,000 (at m/z 200), normalized target value of 250 % and maximum injection 

time of 500 ms. HCD MS/MS spectra (isolation window m/z 1.2, 30% relative fragmentation 

energy) were acquired from 120 m/z with a relative target value of 100 % (intensity threshold 

1×103), resolution of 30 000 (at m/z 200) and automatic maximum injection time. Targeted Mass 

Difference method node was used to define presence of the SILAC pairs (delta masses 8.0142 and 

6.0201, 5ppm tolerance). 

Raw data from both phosphopeptide enriched as well as non-enriched solutions were evaluated 

together using MaxQuant software v2.0.3.0 (68) with inbuilt Andromeda search engine (69) using 

default parameters unless otherwise noted. Fractions design was set to enable MBR among all 

replicates of individual solutions type. Phosphopeptide enriched solutions analyses were set to a 

different parameter group and PTM tag was set to True. Search was done against the previously 

mentioned protein databases of Homo Sapiens and cRAP. Multiplicity of 2 was set, using Lys8 

and Arg6 as heavy labels. Modifications were set as follows for database search: oxidation (M), 

deamidation (N, Q), acetylation (Protein N-term) and phosphorylation (S, T, Y; only for the Ti and 

IM analyses) as variable modifications, with carbamidomethylation (C) as a fixed modification. 

Enzyme specificity was set to tryptic with 2 allowed miscleavages. Only peptides and proteins 

with FDR threshold under 0.01 were considered. 

The txt report files were further processed using the software container environment. Processing 

workflow is available upon request. Protein level information processing steps were as follows: a) 

reverse hits and cRAP removal; b) individual channels protein intensities calculation using total 

protein intensity per raw file (Intensity columns) and corresponding normalized H/L ratios (Ratio 

H/L columns); c)  protein group intensities log2 transformation, normalization (loessF) and back 

log2 transformation; d) inhibitor/DMSO ratios calculation; e) statistical evaluation of 

inhibitor/DMSO log2 ratios difference from 0 using limma R package, with Benjamini-Hochberg 

correction. 

Phosphopeptides were processed from evidence.txt, Phospho(STY)Sites.txt and proteinGroups.txt 

tables: a) evidences filtering for those with at least 1 phosphorylation; b) removal of peptides from 
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cRAP proteins; c) remaining evidences grouping on the sequence and modifications concatenated 

information (sum of all rows in Intensity columns and median from ratio columns were returned) 

with pivoting using the Experiment column; d) calculation of grouped evidence intensities using 

total evidence intensity per raw file (Intensity columns) and corresponding normalized H/L ratios; 

e) log2 transformation and loessF normalization of channel intensities (separately for TiO2 and 

IMAC enriched solution results) and back log2 transformation of normalized values; f) 

inhibitor/DMSO ratios calculation using values calculated in the previous step and their log2 

transformation; g) median log2 ratio calculation from TiO2 and IMAC enriched solution results; 

h) statistical evaluation of inhibitor/DMSO log2 ratios difference from 0 using limma R package, 

with Benjamini-Hochberg correction.  

Using this approach, 2973 proteins were detected. Out of these, 103 were upregulated upon 

perturbation and 73 were downregulated upon perturbation.  

The phosphoproteome analysis consisting of 18622 total phosphopeptides, out of which 9804 were 

identified confidently enough for statistical analysis, belonging to 4246 total phosphoproteins out 

of which 490 were dysregulated. 

Cell lines and cell culture 

All cell lines were obtained from ATCC: hTERT-RPE1 (ATCC CRL-4000)(70), MDA-MB-231 

(ATCC HTB-26), SH-SY5Y (ATCC CRL-2266), A-431 (ATCC CRL-1555), Saos-2 (ATCC 

HTB-85) and cultured in DMEM, high glucose, Glutamax medium (31966-021, Thermo Fisher 

Scientific-Gibco) supplemented with 10% FBS (Sigma-Aldrich, F7524). All cells were cultured 

at 37°C under 5% CO2. Cell lines were routinely tested for absence of mycoplasma contamination 

with MycoAlert Mycoplasma Detection Kit (Lonza, LT07-318). 

Generation of single knockout cell lines RPEAAK1-/- and RPEBMP2K-/- cells using CRISPR-Cas9 

RPEAAK1-/- and RPEBMP2K-/- cells were generated using CRISPR-Cas9. Guide RNAs (gRNAs) 

targeting exon 3 of BMP2K (GenBank ID: 55589) and exon 2 of AAK1 (GenBank ID: 22848) 
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eGFP-positive cells were sorted using fluorescence activated cell sorting (FACS) to enrich for 

successfully transfected cells. Single-cell clones were isolated and screened via Sanger 

sequencing. For BMP2K, clones T1-2 (-1/+2 bp), T1-21 (-1/+1 bp), and T1-22 (+1/+1 bp) 

exhibited biallelic knockouts, while for AAK1, clones T1-16 (-10/-10 bp), T1-43 (-2/+2 bp), and 

T1-45 (-4/+2 bp) showed biallelic knockouts. Real time quantitative polymerase chain reaction 

(RT-qPCR; Supplementary Fig. 11) and Western blot analyses (Supplementary Fig. 1C) confirmed 

the absence of mRNA and protein expression for both genes. Western blotting was performed by 

lysing cells grown to 80% confluence in a 6-
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Generation of double-knockout AAK1/BMP2K RPEAAK1/BMP2K-/- cell line   

Lentiviral particles carrying the sgRNA targeting exon 2 of BMP2K, along with Cas9 and eGFP 

(Edit-



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

Luzio lab. The mEmerald
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ensuring uniform expression across the selected cell lines. Consistent and equal expression levels 

of PDLIM5 and its mutants were confirmed by Western blot analysis (Fig. S1E); n=2. 

AAK1, PDLIM5, or AP2µ mRNAs were depleted using two rounds of siRNA-mediated 

knockdown (Lipofectamine RNAiMax) at 16 and 36 hours post-plating; assays were performed 

on day four. AAK1 was targeted with an ON-TARGETplus siRNA pool (Dharmacon; sequences: 

CCUCGGACCUCUCAACAAA, ACAAAAGGCCGAUAUUUA, 

GGAAGGUGGAUUUGCUAUU, GCGUAUUCUCAGUGACGUA). PDLIM5 was targeted 

with the siRNA sequence CAACAUGCCUCUGACAAUC. Ectopic PDLIM5 constructs 

(including phosphomimetic/phosphoablated variants) were rendered siRNA-resistant by mutation 

to CAACATGCCCCTGACTATT. AP2µ was targeted in its 3' untranslated region with siRNA 

5'CCUACUCUGCUUUGGGAUAUU3' (Dharmacon). Knockdown efficiencies (typically ~90% 

for AAK1, 95% for PDLIM5, ~80% for AP2µ) were confirmed via western blotting in parallel 

with each experiment (Supplementary Fig. 1D, E, H); n=2. Antibodies used are listed in 

Supplementary Table 7, all were used in 1:1000 dilution. 

Cell migration assay 

Imagelock 96-well plates (Sartorius, BA-04856) were coated with Collagen I, Rat tail (Gibco, 

A10483-01; 100 µg/mL in 20 mM acetic acid; 30 min at 37 °C) and washed once with PBS. Wild-

type or siRNA-treated cells were seeded to form uniform monolayers ON at the following 

densities: 35,000 cells/well (RPE), 25,000 cells/well (SAOS2 and A-431), 90,000 cells/well (SH-

SY5Y), and 30,000 cells/well (MDA-MB-231). Consistent scratches were created using the Essen 

Bioscience WoundMaker®, and wells were washed twice with PBS to remove debris. Complete 

DMEM (100 µl) was added to each well, and the plate was equilibrated in the Incucyte® (for 5 

min to stabilize CO2 and temperature. IncuCyte S3 Live Cell Analysis System (Sartorius) was 

equipped with a Basler Ace 1920-155um compact camera and 10X objective. Images were 

captured every 30 minutes, and wound width was analyzed using the Incucyte® Scratch Wound 

Module. Percentage wound closure after 6 h was calculated relative to the initial scratch width.  

Drug pre-treatments were applied as follows: LP-935509 inhibitor (10 µM, MedChemExpress 

LLC) and LX-9211 (10 µM, MedChemExpress LLC) for 6 h, and CK666 (100 µM, 

MedChemExpress LLC) for 2 h prior to scratch formation, with all inhibitors maintained in the 

media throughout the experiment. Statistical analysis was performed from three independent 
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biological replicates (24 wells per conditions), using one-way ANOVA followed 
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(LP, LP-935509, MedChemExpress, dissolved in DMSO) for 3 h at 37°C in a humidified incubator 

with 5% CO2. DMSO-treated cells were used as controls. Following treatment, cells were fixed 

with 4% PFA for 15 min at RT and washed thoroughly with PBS. Cells were permeabilized with 

0.1% Triton X-100 for 15 min at RT. Blocking was performed with 5% bovine serum albumin 

(BSA) in TBST (TBS + 0.1% Tween 20) for 1 h at RT. Cells were then incubated ON at 4°C with 

anti-pAP2
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power/exposure times were kept as low as possible to maintain signal-to-noise while limiting 

phototoxicity. Single-color controls were imaged under identical settings to confirm negligible 

bleedthrough between channels.  

AAK1 recruitment to FAs (Fig. 5B). RPE cells expressing mScarlet
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agglutinin (CF®405M WGA, Biotium) plasma membrane labeling (5 µg/mL for 10 min at room 

temperature, followed by two washes in medium) in cells seeded on collagen and imaged 2 h after 

seeding (Fig. S8C); (ii) cytosolic BFP co-expression and imaging under identical TIRFM settings 

(Fig. 5F); and (iii) Cells were transiently transfected with mCherry
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with the highest intersection over union of their masks. FA lifetimes were computed only for those 

that both appeared and disappeared within the duration of the acquisition (i.e. they were not 

detected in the first or last frame). FAs with lifetimes of less than 15 min were excluded from the 

analysis as they mostly belonged to noisy spurious detections (34). The FA density in these cell 

lines fixed with 4% PFA was calculated by simply dividing the total number of segmented 

instances by the area of the corresponding cell mask. 

Lifetime-aligned intensity profiling of AAK1 and PDLIM5 in FAs 

Lifetime-aligned fluorescence intensity profiling of AAK1 and PDLIM5 during FA turnover was 

performed using live-cell time-lapse TIRFM movies acquired every 3 min over 5 h as cells spread 

on coverslips coated with rat tail collagen I (Gibco A10483-01; 100 µg/mL in 20 mM acetic acid; 

coverlisps coated for 30 min at 37 °C then washed 1x with PBS).  RPE cells co-expressing 

mScarlet
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marker together with either PDLIM5-HaloTag (WT or T290A; labeled with JFX650 HaloTag 

ligand) or mEmerald
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performed using a 4s pulse of a 488 nm laser, reducing fluorescence intensity by approximately 

50
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at the BESSY synchrotron (78). The crystals belonged to the orthorhombic P212121 spacegroup 

and diffracted to 1Å resolution. The structure was solved by molecular replacement using another 

structure of the PDZ-PDLIM5 domain (PDB code: 2uzc; (79). The structure was refined using 

Coot (80) and Phenix (81) to good geometry and R-factors (Supplementary Table 5). 

PDLIM5 expression and purification 

The cDNA encoding His6-tagged PDLIM5 within the pSUMO3 vector, a gift from Dr. Fiona Karet 

(82), was expressed in E. coli BL21(DE3) cells. After harvesting, the cell pellet was resuspended 

in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM BME, 10 mM Imidazole, cOmplete 

mini EDTA-free protease inhibitor and Benzonase). Cell disruption was performed by sonication, 

followed by centrifugation at 40,000 g for 30 min at 4°C. The supernatant was applied to a HisCube 

Ni-INDIGO agarose resin (Cube Biotech) column for affinity purification. The protein was washed 

(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM BME, and 50 mM Imidazole) eluted (50 mM 

Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM BME, and 250 mM Imidazole) and dialyzed ON at 10°C 

against 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 2 mM DTT. SUMO protease was added to 

cleave the His6-SUMO3 tag during dialysis. The cleavage reaction was completed at 30°C for 1 

h, followed by RT incubation for an additional hour. The cleaved protein was further purified using 

a Superdex 200 Increase 10/300 column (Cytiva) with a mobile phase of 50 mM Tris, pH 7.5, 150 

mM NaCl, 10% glycerol, and 2 mM DTT. Fractions were collected and analyzed by SDS-PAGE 

with Coomassie staining, followed by western blotting (with antibodies specified in 

Supplementary Table 7, dilution 1:1000) and MS. Pooled fractions were supplemented with 20% 

glycerol, snap-frozen in liquid nitrogen, and stored at -80°C. 

AAK1 and BMP2K kinase domain expression and purification 

His6 tagged AAK1 (27
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Protein was dialyzed ON at 10°C against 50 mM HEPES, pH 7.5, 500 mM NaCl, 5% glycerol, 0.5 

mM TCEP. His6 tag was cleaved during dialysis using TEV protease and removed from protein 

sample by reverse Ni-NTA (HisCube Ni-INDIGO agarose resin, Cube Biotech). Final purification 

was performed using SEC with Superdex 200 Increase 10/300 (Cytiva) in buffer containing 50 

mM HEPES, pH 7.5, 500 mM NaCl, 5% glycerol, 0.5 mM TCEP and purified fractions were 

supplemented with 20% glycerol, snap-frozen in liquid nitrogen, and stored at -80°C.  

Biolayer interferometry 

BLI measurements were performed using a ForteBio Octet RED96e instrument. The biotinylated 

SSESSLPNLARSLLLVDQLIDL peptide and a scrambled sequence negative control peptide were 

loaded onto High Precision Streptavidin 2.0 sensors (SAX2, Sartorius) by immersion for 600 
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The MS DDA and DIA data have been deposited to the ProteomeXchange Consortium via the 

PRIDE (83) partner repository with the dataset identifiers:  

5488: PXD055851 [https://www.ebi.ac.uk/pride/archive/projects/PXD055851] 

5235: PXD055831 [https://www.ebi.ac.uk/pride/archive/projects/PXD055831] 

5295: PXD055980 [https://www.ebi.ac.uk/pride/archive/projects/PXD055980] 

5816: PXD055873 [https://www.ebi.ac.uk/pride/archive/projects/PXD055873] 

5489: PXD056027 [https://www.ebi.ac.uk/pride/archive/projects/PXD056027] 

5563: PXD056013 [https://www.ebi.ac.uk/pride/archive/projects/PXD056013] 

5880: PXD055912 [https://www.ebi.ac.uk/pride/archive/projects/PXD055912] 

The MS PRM data have been deposited to Panorama Public and are available at: 

https://panoramaweb.org/AAK1-BMP2K-substrates.url 

Source data are provided with this manuscript. The raw live-cell imaging and immunofluorescence 

datasets generated in this study are available from the corresponding author upon request. 

Code availability 

Python code created by Adam Harmanec for fixed cell or live-cell quantitative TIRFM analysis is 

available on Github: https://github.com/harmanea/AAK1_in_cell_migration  

Code for in-silico screen for [L/I]XXQXTG created by Stephanie J Spielman is available on 

Github: https://github.com/sjspielman/endocytosis-slims-screen and the resulting CSV file which 

is in the repository as Supplementary Data 1: https://github.com/sjspielman/endocytosis-slims-

screen/blob/main/results/motif-results.csv 
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Figure legends 

Fig. 1. Discovery and validation of direct substrates of AAK1 and BMP2K in RPE Cells.  

(A) Schematic overview of domains from the canonical splice variants of AAK1 and BMP2K 
based on Uniprot and Ensembl database (accession numbers Q2M2I8-1/ NM_014911.5 and 
Q9NSY1-1, NM_198892.2). Cartoon adapted from (4). Short linear motifs (SLiMs) and known 
interactors have been taken from the ELM database (84). (B) TIRFM images showing distribution 
of mScarlet-BMP2K or (C) mScarlet-AAK1 in respect to eGFP-CLCa as a marker of CCPs in 
RPE cells, scale bar 5
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Fig. 5. AAK1 localization and interaction network is dependent on ECM.  

(A) Dot plot visualizing the top enriched GO-CC terms for proteins co-immunoprecipitating with 
endogenous AAK1 under steady-state conditions. Dot size indicates the fraction of AAK1 
interactors out of the total proteins annotated to each GO term, colour indicates the adjusted p-
value. Analysis was restricted to proteins with a log2 fold change > 1 and an adjusted p-value < 
0.05. Statistical analysis was performed using LIMMA with Benjamini-Hochberg correction. (B) 
Live-cell imaging of mScarlet



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

clathrin and PDZ domain-containing proteins in an MS-based pull-down assay using AAK1 C-
terminal peptide SSESSLPNLARSLLLVDQLIDL as a bait. (C) Quantification of PDLIM5 
enrichment ratios from endogenous AAK1 co-IP in RPEWT versus negative control RPEAAK1-/-, p 
= 0.0005, n = three biological replicates, error bar represents mean ± SD. (D) Front view of the 
crystal structure 9F6S solved here (1.0 Å resolution) depicting PDZ-PDLIM5 (gold) and a stick 
representation of the bound AAK1 derived VDQLIDL peptide (grey sticks). Bottom panel shows 
a detailed view of the interaction. (E) Violin plots representing wound closure percentages in 
RPEWT, RPEAAK1-/-, AAK1 RPEAAK1-rescue, and AAK1 C-terminal GGGG mutant (RPEAAK1-GGGG). 
Statistical analysis was performed from n = three independent biological replicates (24 wells per 
condition), using one-way A
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