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Abstract

Kinases govern many cellular responses through the reversible transfer of a phosphate moiety

to their substrates. However, pairing a substrate with a kinase is challenging. In proximity
labeling experiments, proteins proximal to a target protein are marked by biotinylation, and mass
spectrometry can be used for their identification. Here, we combine ascorbate peroxidase (APEX)
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proximity labeling and a phosphorylation enrichment-based workflow, Phospho-APEX (pAPEX),
to rapidly identify phosphorylated and biotinylated neighbor proteins which can be considered

for candidate substrates. The pAPEX strategy enriches and quantifies differences in proximity for
proteins and phosphorylation sites proximal to an APEX2-tagged kinase under the kinase “ON”
and kinase “OFF” conditions. As a proof of concept, we identified candidate substrates of MAPK1
in HEK293T and HCT116 cells and candidate substrates of PKA in HEK293T cells. In addition to
many known substrates, C150rf39 was identified and confirmed as a novel MAPK1 substrate. In
all, we adapted the proximity labeling-based platform to accommodate phosphorylation analysis
for kinase substrate identification.
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INTRODUCTION

The human kinome consists of 518 kinases, including 40 atypical kinases and 478 protein
kinases.! Protein kinases transfer the y-phosphate of ATP to a protein,? and they regulate
important cellular processes including transcription, translation, DNA repair, and signaling
transduction.! In addition, dysregulated or improper phosphorylation signaling is associated
with various diseases.3~’ The comprehensive identification of kinase substrates represents
a grand challenge in proteomics and has the potential to provide clues to both the
underlying mechanisms of disease formation as well as accelerating the identification of
new therapeutic interventions.

Substrate identification is a major challenge in kinase research. Various methods have
been developed for substrate identification.® Historically, genetic screening,®,10 /n vitro
kinase assays,! protein and peptide microassays,12 and phage display!3 were commonly
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used. In addition, KAYAK (Kinase ActivitY Assay for Kinome profiling) was developed to
measure the phosphorylation state of dozens of peptides simultaneously and directly using
cell lysate.14 However, phosphorylation Jin vitro may not faithfully represent what occurs

in cells. Kinases interact with substrates transiently, making them difficult to be captured

by immunoprecipitation.1> Analogue-sensitive kinases combined with a gamma-thiol ATP
analogue have been used to selectively thiophosphorylate targeted substrates.18 Subsequent
LC-MS/MS can identify each labeled substrate. However, the generation of analogue
sensitive kinases and the acquisition of enough material are nontrivial, and the generally

low abundance of starting material may lead to inconsistent results.}” Recent developments
in mass spectrometry have enabled high throughput screening using phosphoproteome
profiling, but it is often not possible to determine if the phosphorylation change is directly or
indirectly due to an upstream kinase cascade.18 In all, a sensitive and robust kinase-substrate
identification method with easily interpretable phosphorylation activities is needed.

Ascorbate peroxidase (APEX) proximity labeling maps subcellular proteomes?®,20 including
the spatial organization of proteins,2! RNA,22 DNA,23 and metabolites.?4 In a proximity
labeling experiment, ascorbate peroxidase catalyzes the transfer of biotin-phenol to its
nearby molecules within a small (1-10 nm) radius. It provides a way to enrich for

direct phosphorylation events and potentially remove confounding phosphorylation from
other kinases by spatial constraint. TMT sample multiplexing enables simultaneous
comparison of 1025 or 1626:60 samples which can include replicates and all treatments in

a single experiment. Enrichment of phosphorylated peptides and mass spectrometry analysis
provides localization information for phosphorylation sites. Here, we combined proximity
labeling and phosphorylation enrichment to develop a TMT and mass spectrometry-based
strategy, Phospho-APEX (pAPEX), for kinase substrate identification.

EXPERIMENTAL PROCEDURES

Plasmid Construction

We created plasmids to express APEX2 tagged MAPK1 in HCT116 and HEK293T

cells. Gateway entry clones pDONR223-MAPK1-WT (#82145), pPDONAR223-PRKACA
(#23495) were purchased from Addgene. pLEX-305 (#41390) lentiviral backbone vector
was used and engineered to substitute the hPKG (phosphoglycerate kinase) promoter
with the CMV (human cytomegalovirus) promoter plus APEX2 tag fusion with HA tags
in the C-terminus of the expression gene. pPDONR223_MAPK1 WT were transferred

to pLEX305_C-term_APEX2 destination vector using Gateway LR Clonase Il enzyme
mix (Thermo Fisher) based on the provided protocol. The Gateway cloning product was
transformed into One Shot BL21(DE3) chemically competent £. col/i (Thermo Fisher).
Ampicillin was used as the selection marker on the LB plates.

Creation of Stable Cell Lines

HEK?293 and HCT116 cells (ATCC) were maintained with DMEM (Gibco) supplemented
with 10% FBS (v/v) and 50 U/mL penicillin and 50 U/mL streptomycin (Gibco). One day
before transfection, we seeded HEK293T cells at 70% to 90% confluency. Five /g validated
clones were combined with viral helper constructs (VSVG, TAT1B, MGPM2, CMV-Rev1B)
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at a ratio 4:1 ratio and diluted in 500 L Opti-MEM with 30 £ P3000 Reagent. Diluted
DNA was added to 500 zi Opti-MEM with 22 g Lipofectamine 3000 reagent. The mixture
was incubated at room temperature for 15 min and then added to cells. We then incubated
the cells for 3 days for virus production. Virus was collected and filtered using Millex-GP
Syringe Filter Unit, 0.45 ym (EMD Millipore). Various amounts of collected virus were
added to HEK293T or HCT116 cells. After a 48-h incubation, 2 tg/mL and 0.5 pg/mL
puromycin were used for selection of HEK293T and HCT116 cells, respectively. Two days
after selection, plates with single clones were continually passaged for further experiments.

Cell Culture and Starvation of the Cells

All cell lines were maintained in DMEM media with 10% FBS and 1% Penicillin-
Streptomycin. For the starvation condition, we replaced the cell culture medium 24 h
after plating with 10 mL of DMEM supplemented with 1% FBS, and 1% Penicillin—
Streptomycin.

Proximity-Based Labeling

After a 24-h starvation, biotinyl tyramide (Toronto Research Chemicals) stock was added
directly into starvation media to a final concentration of 500 £M. Cells were incubated in
labeling medium for 1 h. EGF or forskolin was added 55 min after media change for a 5 min
treatment. An equal amount of PBS buffer was added to the controls. A final concentration
of 1 mM hydrogen peroxide was freshly diluted from a 2 M H,0, stock and was added into
the medium 59 min after media change to initialize the labeling reaction.

After 1 min of H,O, treatment, cells were washed with ice-cold quenching solution (PBS
supplemented with 10 mM sodium ascorbate, 5 mM trolox, and 10 mM sodium azide) three
times and quenching solution with 5 mM EDTA once. One mL ice-cold lysis buffer (2 M
sodium hydroxide with 7.5% 2-mercaptoethanol in Milli-Q water) was added directly to the
plate to harvest the cells. Cell lysates were stored at —80 °C until the next step.

Streptavidin Pull-Down of Biotinylated Proteins

Cell lysates were syringe lysed to fragment DNA (20x with 21-gauge needle), 0.7 mL
ice-cold trichloroacetic acid (TCA) was added and the samples were incubated on ice for
15 min. Proteins were precipitated by centrifugation at 21 130g at 4 °C for 10 min. Pellets
were washed with =20 °C cold acetone, vortexed, and centrifuged at 21 130gat 4 °C for

10 min. This step was repeated with ice-cold methanol. Methanol was aspirated and 0.8 mL
resuspension buffer (8 M urea, 100 mM sodium phosphate pH 8, 100 mM NH4HCO3, 1%
SDS (v/v)), was added to the pellets. The pellets were vortexed and suspended in the lysis
buffer. A BCA assay determined the protein concentration and an equal amount (2.5-3 mg)
of protein was used for each sample for the following steps. Samples were reduced with 5
mM TCEP, alkylated with 10 mM iodoacetamide, and quenched with 15 mM DTT. 50 mM
ammonium bicarbonate was added to each sample to reach final concentrations of 4 M urea
and 0.5% (v/v) of SDS. A 75 4L suspension equivalent per sample of streptavidin magnetic
beads (Thermo Fisher Scientific, stock is at 10 mg/mL, 100 gL can bind 55 1g) were washed
twice with 4 M urea, 0.5% SDS (v/v), 100 mM sodium phosphate pH 8, 75 s of beads
were added to each sample, and tubes were rotated for 3 h at room temperature. Following
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the streptavidin pull-down, magnetic beads were washed thrice with 4 M urea, 0.5% SDS
(v/v), 100 mM sodium phosphate pH 8, once with the 4 M urea, 100 mM sodium phosphate
pH 8, and once with 200 mM EPPS pH 8.5 sequentially to remove the SDS in the samples.

On-Beads Digestion and TMT Labeling

Washed beads were resuspended in 100 gL EPPS pH 8.5. 1 zL of LysC stock solution (2
mg/mL, Wako) was added into each sample. Samples were vortexed briefly and incubated
at 37 °C for 3 h with shaking. Trypsin (Promega #Vv51113) was then added at 1:200

(v/v) for further digestion overnight at 37 °C with shaking. Magnetic beads were removed
from the samples. Thirty wL acetonitrile were added into each sample. One hundred (g

of each TMT 11plex (or TMT 10plex) reagent were used for labeling. After 1 h labeling,
2 (L of each sample were combined, desalted, and analyzed using mass spectrometry.
Total intensities were calculated in each channel to determine normalization factors. After
quenching using 0.3% hydroxylamine, samples were combined at a 1:1 ratio of peptides
based on normalization factors.

Phosphorylated Peptides Enrichment and Off-Line Basic pH Fractionation for pAPEX

High-Select Fe-NTA Phospho-peptide Enrichment Kit (Thermo Fisher) was used to enrich
the phospho-peptides according to the manufacturer’s protocol. Flow through and washes
from phospho-peptide enrichment were combined, dried and fractionated using the High pH
Reversed-Phase Peptide Fractionation kit (Pierce). Six fractions were dried, desalted, and
analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS).

LC-MS/MS Method

The data acquisition method was as described previously.25 Briefly, for the APEX-Protein
fractions, mass spectrometric data were collected on an Orbitrap Fusion Lumos mass
spectrometer coupled to a Proxeon NanoLC-1200 UHPLC. The 100 zm capillary column
was packed in-house with 35 cm of Accucore 150 resin (2.6 zm, 150 A; ThermoFisher
Scientific). The mobile phase was 5% acetonitrile, 0.125% formic acid (A) and 95%
acetonitrile, 0.125% formic acid (B). The data were collected using a DDA-SPS-MS3
method. Each fraction was eluted across a 90 min method with a gradient from 6% to

30% B. Peptides were ionized with a spray voltage of 2600 kV. The instrument method
included Orbitrap MS1 scans (resolution of 1.2 x 10°; mass range 350-1400 /7/z, automatic
gain control (AGC) target 1 x 106, max injection time of 50 ms) and ion trap MS2 scans
(isolation window: 0.5, CID collision energy of 35%; AGC target 1 x 10%; rapid scan mode;
max injection time of 60 ms). MS3 precursors were fragmented by HCD and analyzed using
the Orbitrap (NCE 65%, AGC 3 x 10°, maximum injection time 150 ms, resolution was 50
000 at 400 Th).

Mass spectrometric data for phosphopeptide fractions were collected on an Orbitrap Fusion
Lumos mass spectrometer. Mass spectrometric data were collected for each sample using
two different synchronous-precursor-selection (SPS)-MS3 methods, one with CID and the
second with HCD fragmentation energy at the MS2 stage. The sample was eluted across a
120 min method with a gradient from 6% to 30% B. Peptides were ionized with a spray
voltage of 2600 kV. Both instrument methods included Orbitrap MS1 scans (resolution of
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1.2 x 10°; mass range 350-1400 /7/z; AGC target 5 x 105, max injection time of 50 ms). The
10 most intense MS1 ions were selected for MS2 analysis. Following acquisition of each
MS2 spectrum, a SPS-MS3 scan was collected on the Top 10 most intense ions in the MS2
spectrum. The isolation width was set at 0.4 Da and isolated precursors were fragmented
using two methods. In the first method, we used collision induced dissociation (CID) at a
normalized collision energy (NCE) of 35% with MultiStage Activation (MSA), and in the
second method using higher energy collision-induced dissociation (HCD) at a normalized
collision energy (NCE) of 32%. Following acquisition of each MS2 spectrum, a SPS-MS3
scan was collected on the Top 10 most intense fragment ions in the MS2 spectrum. SPS-
MS3 precursors were fragmented by higher energy collision-induced dissociation (HCD)

at a NCE of 65% and analyzed using the Orbitrap (isolation window: 1.2; mass range 100-
2000 iz, AGC target 1.5 x 10%; max injection time of 250 ms; resolution was 50 000 at 400
Th). The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDEZ7 partner repository with the data set identifier PXD028150.

Data Analysis

Mass spectra were processed using a SEQUEST-based software pipeline and searched
against the human UniProt database (downloaded on February 14, 2014). Searches were
performed using a 50-ppm precursor ion tolerance and 0.9 Da ion tolerance. TMT tags

on lysine residues and peptide N termini (+229.163 Da) and carbamidomethylation of
cysteine residues (+57.021 Da) were set as static modifications. Oxidation of methionine
residues (+15.995 Da) was set as a variable modification. In the phosphopeptide analysis,
phosphorylation (+79.966 Da) on serine, threonine, and tyrosine was set as a variable
modification. Peptide-spectrum matches (PSMs) were identified, quantified and filtered to
a 1% peptide false discovery rate (FDR). In pAPEX protein level analysis, peptides were
collapsed to a final protein-level FDR of 1%.

Proteins were quantified by summing reporter ion counts across all matching PSMs. Briefly,
a 0.003 Da (3 millidalton) window around the theoretical /m/z of each reporter ion was
scanned and the maximum intensity nearest the theoretical /7/zwas used. For each protein,
signal-to-noise (S:N) measurements of the peptides were summed, and these values were
normalized to the APEX2 tagged kinase level in each channel. Only proteins with a summed
signal-to-noise greater than 100 were used for further analysis. In phosphopeptide analyses,
sites with a summed S:N greater than 200 and AScore localization probabilities greater

than 13 (p < 0.05) were used. The intensities of these sites were normalized using the
APEX2 tagged kinase level in each channel derived from pAPEX-Protein analysis. Levels of
phosphopeptides pulled down from the same amount of kinase in each channel was used for
further analysis.

Immunoprecipitation

HEK?293T cells were transduced with lentiviral vectors expressing C-Flag-HA-tagged
C150rf39 or C-Flag-HA-tagged GFP. After 48 h of infection, cells were expanded and
collected for immuno-precipitation. Three replicates were conducted for each bait. Cells
were lysed in 50 mM Tris, pH7.5, 300 mM NaCl and 0.5% NP40 with complete Protease
inhibitor cocktail (Sigma) and 1 mM DTT (MCLB buffer). Cell pellets were thawed,
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triturated to resuspend and tubes tumbled for 20 min in the cold room (4 °C) to lyse

cells. The lysate was spun down at 16.1 x 103 rcf for 20 min at 4 °C to clear lysate. 30

L 50% anti-HA beads (mouse monoclonal, Sigma) were incubated with cleared lysate for
2-4 h with tumbling at 4 °C. Beads were pelleted by centrifugation for 1 min at 3000

rpm at 4 °C. One mL MCLB buffer was used as wash buffer for a total of 4 washes.

One mL PBS was used for washing twice. 100 £ elution buffer (PBS + 250 pg/mL HA
peptide (H2N-YPYDVPDYA-COOH (Bio-Synthesis Inc.)) was added into each sample and
incubated on a shaker at 37 °C for 30 min. The elution was conducted twice. The two eluates
were combined for TCA precipitation. Protein from the TCA precipitation was resuspended
in 100 £ 200 mM EPPS for trypsin digestion. Peptides were stage-tipped and analyzed by
mass spectrometry.

In Vitro Kinase Assay

C150rf39 was immunoprecipitated using Anti-FLAG M2Magnetic Beads (Sigma-Aldrich)
from HEK293T cells overexpressing C-Flag—HA-tagged C150rf39. Beads were
resuspended into 40 L 1x kinase buffer (25 mM MOPS pH 7.2, 1.25 mM glycerol-2-
phosphate, 25 mM MgCl,, 5 mM EGTA, 5 mM EDTA, 0.25 mM DTT) and incubated

with and without 5 £ human activated ERK2 (MAPK1) (Sigma-Aldrich) and 5 gL 250

UM ATP at 30 °C for 15 min. Beads were then boiled in 1x NUPAGE LDS Sample Buffer
(Thermo Fisher) and separated on a NUPAGE 4-12% Bis-Tris Protein Gel (Thermo Fisher).
After Coomassie blue staining, gel bands were excised, and protein was extracted for tryptic
digestion. Tryptic peptides were analyzed by mass spectrometry.

Confocal Microscopy

HEK?293T cells overexpressing C-Flag—-HA-tagged C150rf39 (American Type Culture
Collection) were plated on glass coverslips. 48 h after infection, cells were fixed with

4% paraformaldehyde for 15 min at room temperature. Cells were washed with PBS, then
blocked for 1h with 5% normal goat serum (Cell Signaling Technology) in PBS containing
0.3% Triton X-100 (Sigma). Coverslips were incubated with anti-HA antibodies (mouse
monoclonal, clone HA.11, Bio Legend) for 2 h. Cells were washed three times with PBS,
then incubated for 1 h with Alexa Fluor-594 conjugated secondary antibodies (Thermo
Fisher). Nuclei were stained with Hoechst, and cells were washed three times with PBS
and mounted on slides using Prolong Gold mounting media (Thermo Fisher). All images
were collected with a Yokogawa CSU-X1 spinning disk confocal scanner with Spectral
Applied Research Aurora Borealis modification on a Nikon Ti-E inverted microscope using
a 100 x Plan Apo numerical aperture 1.4 objective lens (Nikon Imaging Center, Harvard
Medical School). Confocal images were acquired with a Hamamatsu ORCA-AG cooled
CCD (charge-coupled device) camera controlled with MetaMorph 7 software (Molecular
Devices). Fluorophores were excited using a Spectral Applied Research LMM-5 laser merge
module with acousto-optic tunable filter (AOTF)-controlled solid-state lasers (561 nm). A
Lumencor SOLA fluorescence light source was used for imaging Hoechst staining. Z series
optical sections were collected with a step size of 0.2 um, using the internal Nikon Ti-E
focus motor, and stacked using FIJI (ImageJ) to construct maximum intensity projections.
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Immunoblot Analysis and Antibodies

Cells were grown as described above. Cells were collected and syringe lysed in 8 M urea,
200 mM EPPS pH8.5 with cOmplete Protease Inhibitor Cocktail Tablets (Sigma-Aldrich)
and Phosphatase Inhibitor Cocktail (Sigma-Aldrich). A BCA assay was performed and

30 wg protein were mixed with NUPAGE LDS Sample buffer (4x) (Thermo Fisher) and
denatured. Denatured lysates were separated by NUPAGE 4%-12% Bis-Tris gradient gels
(Thermo Fisher) along with Novex Sharp Prestained Protein standard (Thermo Fisher) using
MOPS SDS NuPAGE Running Buffer (Thermo Fisher) at 180 V for 55 min. Proteins were
transferred to a nitrocellulose membrane using iBlot 2 Transfer Stacks (Thermo Fisher) and
an iBlot 2 Gel Transfer Device (Thermo Fisher). The membrane was blocked in 5% milk

in TBST at RT for 1 h and incubated in primary antibody in 5% milk in TBST overnight

at 4 °C with agitation. Blots were washed thrice for 5 min at RT and then incubated

in HRP-conjugated secondary antibody in 5% milk at room temperature (RT) for 1 h.

Blots were washed three times as described previously and visualized using SuperSignal
West Pico Chemiluminescent HRP Substrate Kit (Thermo Fisher) and Blue Devil Sharp
Autoradiography Film (Genesee Scientific).

For the Streptavidin—Biotin IP, beads were eluted using 50 s 1,1,1,3,3,3-Hexafluoro-2-
propanol (Sigma-Aldrich) twice. The eluate was combined, dried, and denatured in loading
buffer for Western blotting analysis. After the protein was transferred to the nitrocellulose
membrane and blocked in 5% milk in TBST, the membrane was incubated in Streptavidin-
HRP conjugate secondary antibody (Invitrogen) in milk for 1 h and then visualized.

RESULTS

pAPEX Enriches Proteins and Phosphorylated Sites in Close Proximity to the APEX2
Tagged MAPK1

To establish the pAPEX method, we used an engineered ascorbate peroxidase with higher
catalytic activity (APEX2)28 and generated an HEK293T cell line stably expressing a well-
studied protein kinase, mitogen-activated protein kinase 1 (MAPK1) with an APEX2 and
HA tags fusion at the protein’s C terminus under expression control by a CMV promoter
(Figure 1A). Western blotting analysis confirmed the expression of MAPK1-APEX2 (Figure
1B). A short EGF treatment after serum starvation activates MAPK1 as manifested by higher
phosphorylation level.29 Therefore, we starved the cells in DMEM with 1% FBS for 24 h to
create a kinase “OFF” condition and treated serum starved cells for 5 min with 100 ng/mL
EGF to create a kinase “ON” condition. A schematic of the proximity procedure under the
kinase “ON” condition is shown in Figure 1C. Freshly diluted H,O, was added to the media
to a final concentration of 1 mM. During the 1 min of H,O, treatment, APEX2 biotinylated
nearby proteins. Immediately afterward, we harvested the cells for Streptavidin-Biotin IP.
The kinase “OFF” condition cells were treated in the same way and harvested without EGF
treatment (Figure 1C). We next performed a BCA assay, using equal amount of lysate (~3
mg protein) for each Streptavidin—Biotin IP. After the IP, 5% of the beads were analyzed

by SDS-PAGE. Ponceau staining and streptavidin-HRP blot showed that Streptavidin-Biotin
IP pulled down the same amount of biotinylated protein across the samples (Figure 1D).
Then we performed Western blotting to probe phosphorylated canonical MAPK/CDK
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substrates motifs, PXS#P or S#PXR/K, in the IP input. The results showed that the level
of MAPK/CDK phosphorylated substrate was higher under the “ON” condition in the IP
input (Figure 1E), indicating that MAPK was activated and the Streptavidin—-Biotin IP
enriched phosphorylated proteins in close proximity to the APEX2 tagged MAPK1. These
data suggested that MAPKZ1 fusion with APEX2 can still be activated, and that the kinase
“OFF” condition provided an adequate control for the kinase “ON” condition to eliminate
nonspecific background of the immunoprecipitation.

pAPEX Experiment Identified Candidate Substrates of MAPK1 in HEK293T Cells

In the pAPEX experiment, we multiplexed five replicates of samples under kinase “ON”

and “OFF” conditions, respectively. (Figure 2A). We quantified 3092 proteins in the
APEX-Protein analysis (Table S1, Figure 2B). MAPK1 translocates into the nucleus after
activation,3 where it phosphorylates transcription factors31-33 and structural proteins.34:35
A previous study showed that the change in localization of an APEX-tagged protein is
indicated by changes in its proximal proteins in the proximity labeling experiment.21 In the
pAPEX experiment, we found that many proteins had increased proximity to APEX2-tagged
MAPK1 (MAPK1-APEX?2) (Figure 2C). Gene ontology (GO) analysis showed that proteins
with increased proximity to MAPK1-APEX2 after EGF treatment were enriched in “Nuclear
part” (GO:0044428) and other nucleus-related GO categories, while proteins with decreased
proximity to MAPK1-APEX2 were mostly enriched in “Cytoplasmic part” (GO:0044444)
and “Membrane” (GO:0016020) (Figure 2D). This demonstrates that activated APEX2-
tagged MAPK1 translocated to the nucleus and biotinylated nearby proteins. The enrichment
of proteins with proximity to MAPK1-APEX2 eliminates indirect substrates by spatial
limitation.

We also analyzed phosphorylated peptides from biotinylated proteins using mass
spectrometry and quantified 767 sites with AScore localization values >13 (P < 0.05)

and summed S:N values from 10 channels greater than 200 (Table S2). 591 (90%) of

these sites were proline-directed sites (phosphoserine/phosphothreonine-proline). Principle
components analysis (PCA) showed EGF treatment separated kinase “ON” and “OFF”
conditions and explained 91.0% of the variance (Figure S1A). A heatmap of 767 sites
showed the distinct difference of phosphorylation sites between the kinase “ON” and “OFF”
states (Figure 2E). Previous studies demonstrated that MAPK1 preferentially phosphorylates
serines and threonines that are followed by a proline residue (proline-directed—S/TP).36
Phosphopeptides with S/TP sites and increased levels under kinase “ON” condition and

a Benjamini—-Hochberg corrected p-value <0.01 were highlighted in red (Figure 2F).

We grouped all the site motifs of 767 phosphorylation sites. 72% (552) of all the
phosphorylation sites were found to be within the proline-directed motif, indicating the
enrichment of S/TP sites that were in close proximity to the tagged MAPK1 (Figure

S1D). Then, we grouped the site motifs of 475 phosphorylation sites with increased levels
under the kinase “ON” state (adjusted p-value <0.01). The percentage of phosphorylation
sites with proline-directed motif increased to 84% (400) (Figure 2G). We considered all

400 phosphorylation sites as candidate MAPKZ1 substrates (Table S3) worthy of further
validation, while a higher fold increase under kinase “ON” condition served to narrow
down the candidate list. In all, pAPEX enriched peptides with a canonical MAPK1
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phosphorylation motif and identified candidate kinase substrates of MAPK1 in HEK293T
cells.

pPAPEX Is Not Specific to HEK293T Cells

We next generated a stable HCT116 cell line expressing APEX2 tagged MAPK?1 to further
evaluate the pAPEX method in another cell line. Western blotting analysis showed that
MAPKZ1-APEX2 expression levels in HCT116 cells were comparable to that in HEK293T
cells (Figure S1B). We then performed a TMT experiment in which we multiplexed

five replicates of the kinase “ON” and “OFF” condition. Here, we quantified 3012

proteins (Table S4) and 1499 localized phosphorylation sites (Table S5). PCA using

1499 phosphorylation sites demonstrated that EGF treatment separated the kinase “ON”
and kinase “OFF” conditions, explaining 82.7% variance (Figure S1C). A heatmap of
normalized phosphorylation sites showed a clear difference between the kinase “ON”

and “OFF” conditions (Figure 3A). S/TP sites with the same criteria as Figure 2F were
highlighted in red (Figure 3B). All of these 709 phosphorylation sites that had an increased
phosphorylation level under the kinase “ON” condition with an adjusted p-value less than
0.01 and within proline-directed motif were considered to be potential MAPKZ1 substrates
in HCT116 cells (Table S6). Among all the potential MAPK1 substrates identified in
HEK?293T and HCT116 cells, there were many well-studied MAPK1 downstream substrates
including NUP153,20 NUP50,20 and RBM17.37 Next, we compared the pAPEX experiments
in HEK293T cells and HCT116 cells. APEX-Protein comparison showed that protein
changes (ON/OFF) were highly correlated in the two cell lines (Figure 3D) (r= 0.918).
Then, we compared the phosphorylation changes in APEX-Phos analysis between the two
cell lines, which also showed a good correlation (= 0.63) (Figure 3E). Generally, the
increases measured under the “ON” condition were higher in HEK293T cells, indicating a
stronger response to EGF treatment in HEK293T cells. Examples of overlapping candidate
substrates in HCT116 and HEK293T cells are shown in Table 1.

pAPEX Can Identify Candidate Substrates for PKA

We next generated a stable HEK293T cell line expressing APEX2 tagged protein kinase

A (PKA) to assess the effect on a different kinase. Forskolin activates the adenylate

cyclase enzyme, which generates CAMP from ATP, raising intracellular cCAMP levels. CAMP
binds and activates PKA.38 Here, we serum-starved cells overnight to create the kinase
“OFF” condition and treated starved cells with 100 zM forskolin for 5 min to create the
kinase “ON” condition. We performed a TMT experiment in which we multiplexed five
replicates of the kinase “ON” and “OFF” conditions (Figure 4A). 3332 proteins (Table S7)
and 823 localized phosphorylated sites (Table S8) were quantified in APEX-Protein and
APEX-Phos analyses, respectively (Figure 4B). After forskolin treatment, the intensities of
AKAP1,39 AKAP940 and AKAP114! decreased dramatically in APEX-Protein, indicating
APEX?2 tagged PKA dissociated with these anchor proteins after activation#? (Figure 4C).
Activated PKA moved freely and biotinylation increased for nearly all proteins under kinase
“ON” condition (Figure 4C). Gene ontology enrichment using all quantified proteins in
APEX-Protein identified proteins enriched in many localizations (Figure 4D). A heatmap of
the 823 normalized phosphorylation sites showed many sites had elevated phosphorylation
level under kinase “ON condition (Fig. 4E). PCA demonstrated that the forskolin treatment
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separated the kinase “ON” and kinase “OFF” conditions, explaining 83.4% of the variance
(Fig. S1E). It is known that PKA preferentially phosphorylates serine or threonine residues
at basic motifs (RXXS/T).43 We highlighted 184 sites within RXXS/T motif and with an
increased phosphorylation level under the kinase “ON” condition and an adjusted p-value
less than 0.01 (Figure 4F, middle), which were candidate substrates of PKA (Table S9).
Many of these sites (51) also contained the full motif (RRXS/T) (Figure 4F, bottom), which
is the more stringent PKA substrate motif.*4 Here, pAPEX-PKA identified candidate PKA
substrates. Examples of 10 sites with large increases under kinase “ON” condition are listed
in Table 2. In all, pAPEX was applied after activating two different kinases.

Examples of Potential Substrates Identified by pAPEX

In pAPEX experiments, we confirmed substrates from previous studies. For example,
CTNNB1 S552 is a PKA dependent event, which regulates stem cell differentiation? and
transcription.46 PPP2R5D S573 has been indicated to be involved in potential S-adrenergic
regulation of PP2A in cardiomyocytes*” (Table 2). We identified these sites as potential
substrates of PKA in pAPEX. Among all the potential substrates identified for MAPK1,
TPX2 has also been identified as a substrate using the analogue sensitive (AS) MAPK1.48
pT369 on TPX2 was elevated under kinase “ON” condition in pAPEX of MAPK1 in both
cell lines. A previous study has shown that MAPK phosphorylates the N terminus of the
JunD and activates JunD in response to EGF.4 Phosphorylation of S62 on N-Myc stabilizes
N-Myc and regulates cell proliferation via ERK.50 In addition, S58 on N-Myc can be
phosphorylated via GSK-33.51 Here, in HCT116 cells, we captured the peptides with pT58
on MYCN and pS90 on JUND through pAPEX (Figure 5A).

Other than these studied substrates, we also identified novel substrates of the tagged kinases
in pAPEX. For example, DDX17, probable ATP-dependent RNA helicase, is involved

in multiple cellular processes regulating the alternative spicing of exons with specific
features.>2:53 To our knowledge, there have been no previous studies focusing on the
phosphorylation of DDX17 by MAPK1. Here, we identified DDX17 as a candidate substrate
in both HCT116 and HEK293T cells (Figure 5A, Table 1). As such, further study of

how MAPK1 regulating RNA splicing by phosphorylating DDX17 may provide a novel
regulating mechanism of MAPK1.

During the preparation of this manuscript, a report of candidate substrates using PKA fused
with BiolD appeared with a 24-h labeling.>* Four out of 35 candidate substrates from that
paper were identified in our study.

We also identified C150rf39 (pS364) as a novel candidate substrate of MAPK1 in both
HEK?293T and HCT116 cells. In the pAPEX experiment, the phosphopeptide levels
associated with pS364 on C150rf39 increased after EGF treatment (Figure 4A, Table 1).
C150rf39 is an uncharacterized protein. To explore the localization of C150rf39, we created
an HEK293T cell line stably expressing C-Flag-HA-tagged C150rf39 and performed HA
immunostaining. HA and Hoechst staining overlapped in the nucleus of HEK293T cells,
indicating that C150rf39 is localized to the nucleus (Figure 5B). Bioplex interactome data
showed that MAD2L1 is a shared interactor in HEK293T and HCT116 cells.>® We repeated
the immunoprecipitation of C-Flag—HA-tagged C150rf39 in HEK293T cells and analyzed
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the captured proteins by mass spectrometry. The results confirmed that MAD2L1 is an
interactor of C150rf39 in HEK293T cells (Figure 5C). MAD2L1 is a component of the
spindle assembly checkpoint and is required for mitotic check.>6-58 On the basis of these
data, we hypothesized that C150rf39 has a cellular role that might be manifest in mitosis
and cell proliferation through its interaction with MAD2L1. To confirm that C150rf39 is

a substrate of MAPK1, we performed a mass spectrometry-based /n vitro kinase assay
using purified active MAPK1 and C150rf39. The Skyline application was used to visualize
the base peak of the peptides harboring pT364 from C150rf39 and their corresponding
nonphosphorylated versions (Figure 5D). The levels of the nonphosphorylated peptide
(LEPPLTPR) appeared to decrease and the levels of the phosphorylated version of that
peptide (LEPPLPTPR) increased after incubation with MAPKZ1. These /n vitro kinase assay
results confirm that pS364 in C150rf39 can be phosphorylated by MAPK1.

DISCUSSION

Reversible protein phosphorylation is a foundational principle that is integral to numerous
cellular processes and diseases. Understanding kinase—substrate relationships is a long-
standing challenge in proteomics and new technologies are needed to help assign substrates
to kinases. Proximity labeling of kinases facilitates the biotinylation of nearby proteins
which would include substrates. The goal of this study was to identify phosphorylated
substrates of kinases by proximity labeling. We termed this technique pAPEX for phospho-
APEX. In this strategy, the kinase is interrogated for phosphorylated neighbors under

two conditions-kinase “ON” and kinase “OFF.” In this way, changes in the levels of
phosphorylated peptides between these two states can be used to create lists of potential
substrates. We demonstrated the technique first with MAPK1 (Erk2 kinase) and then using
PKA. In both cases, phosphorylated peptides with differential abundance were used to
identify potential substrates matching the known kinases phosphorylation motif.

pAPEX relies on isobaric tagging with TMT for sample multiplexing and phosphopeptide
quantification.59-60 TMT-based experiments allow for complex experimental designs where
multiple conditions and multiple replicates are included in the same experiment. In this case,
we used 10-plex reagents that allowed for two conditions (“ON” and “OFF”) each with five
biological replicates to be simultaneously quantified in the same experiment.

Proximity labeling as described here can reveal localization or conformational changes after
kinase activation. For MAPK1, a 5 min activation using EGF resulted in a clear shift of
the protein to the nucleus (Figure 2C). PKA, however, after 5 min activation with forskolin
resulted in increased biotinylation for several thousand proteins (Figure 4C). PKA in the
unstimulated state has the catalytic subunit bound in a tetrameric complex with 2 copies
of each of the regulatory and catalytic subunits.*2 Under these conditions, we postulate
that the biotinylation events are not as efficient. Upon stimulation, the catalytic subunit is
released and is free to interact with its environment where the APEX tag would encounter
a much larger number of proteins. Despite the dynamic changes in the biotinylation of
nearby proteins, candidate substrates for these kinases were still be identified based on (i)
the increase in abundance of the phosphopeptide and (ii) the filtering of sites for known
kinase motifs.
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The results of both the MAPK1 and PKApAPEX experiments confirmed many known
substrates and provided additional unknown candidates that contained each kinase’s
consensus phosphorylation sequence and demonstrated increased phosphorylation under the
“ON” conditions. For example, for MAPK1, we confirmed that pS364 of an uncharacterized
protein termed C150rf39 can, indeed, be phosphorylated by MAPKZ1 through an /n vitro
kinase assay. Further explorations of the role of this site and the function of this protein are
underway.

Notably, hydrogen peroxide, which was used in pAPEX experiments, enhances protein
tyrosine phosphorylation by activating protein tyrosine kinases while inactivating protein
tyrosine phosphatases,81 which may limit the use of pAPEX on tyrosine kinases for
substrate identification. Though pAPEX provides spatial constraint to limit the indirect
phosphorylation events being pulled down and analyzed, further confirmation assays, such
as an /n vitro kinase assay, should be performed to confirm candidate substrates for further
investigation.

In conclusion, we adapted the APEX2 proximity labeling strategy toward the identification
of potential substrates of kinases. pAPEX tracks the kinase phosphorylation process, helps
to reduce indirect kinase substrates, and increases the sensitivity for high-throughput studies
of kinase substrates. In the future, pAPEX could be combined with analogue-sensitive
kinases®2 and other advanced mass spectrometry methods, such as TMT-18plex%® and
FAIMS,3 and make use of real-time analytics® to improve substrate detection and uncover
the mechanisms governing the cellular roles of many kinases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Phospho-APEX (pAPEX) enriches proteins in close proximity to APEX2 tagged kinase.
(A) Workflow of a pAPEX experiment. Cells are engineered to stably express the targeted
kinase with an APEX2 tag and 3x HA epitope tags. Proximity labeling is performed under
the kinase “OFF” and kinase “ON” conditions with replicates. During 1 min of H,O»
treatment, APEX2 catalyzes the transfer of biotin phenol (BP) to proteins surroundings the
APEX2 fused protein radius (1-10 nm). In a typical TMT-10plex experiment, five replicates
of cells under the kinase “ON” and “OFF” conditions are used to improve the statistical
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power. Biotinylated proteins are pulled down by streptavidin immunoprecipitation, digested,
TMT-labeled, and combined prior to phosphopeptide enrichment. The flow-through of the
phosphopeptide enrichment is fractionated into six fractions, which we refer to as APEX-
Protein. The phosphopeptide fraction and six fractions of APEX-Protein are analyzed using
mass spectrometry with reporter ion quantification. Comparing phosphopeptide abundance
changes for the kinase “ON” and “OFF” conditions can reveal candidate kinase substrates.
(B) Western blotting analysis showing the stable expression of the MAPK1-APEX2 fusion
protein in HEK293T cells. (C) Time course of the proximity labeling experiment under

the kinase “ON” condition in MAPK1-pAPEX experiment. (D) Biotinylated proteins from
the proximity labeling experiment in HEK293T cells were analyzed by Ponceau staining
(left) and streptavidin-HRP Western blotting (right). (E) Western blotting analysis using
antibodies recognizing the consensus motif for MAPK phosphorylation.
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Figure 2.

identified. (C) Biotinylated proteins are highly enriched in nuclear proteins after 5 min EGF

treatment, suggesting relocalization of MAPKZ1. (D) Gene ontology enrichment categories
for proteins quantified in APEX-Protein analysis using proteins highlighted in red or blue
in Panel C. Heatmap (E) and volcano plot (F) of phosphorylation sites quantified. In the
heatmap, logo(ON/OFF) ratios were calculated and plotted; the five control and five EGF-
treated samples clustered. In the volcano plot, sites are colored based on significance and
whether or not they contained a proline-directed motif. (G) Pie chart of the significant
(colored) sites in Panel F. The majority (84%) of sites were classified as proline-directed.
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APEX quantified proteins and phosphorylated peptides in close proximity to APEX2 tagged
MAPK1 in HCT116 cells. The experiment shown in Figure 2A was repeated in HCT116
cells. Heatmap (A) and volcano plot (B) of phosphorylation sites quantified in pAPEX-
MAPKZ1 in HCT116 cells. (C) Comparison of proteins and phosphorylation sites quantified
in the two cell lines. (D) Scatterplot of the APEX-Protein change in the two cell lines (r=
0.918). The unity line is drawn. (E) Scatterplot of APEX-Phos changes in the two cell lines
(r=0.63). HEK293T cells are more responsive on average to EGF treatment than HCT116
cells which harbor the KRASCG12D allele already activating the MAPK pathway. The unity
line is drawn. Dashed vertical and horizontal lines represent 0 (no change) and 1 (2-fold
change). pS614 of NUP153 and pS64 of DDX17 are indicated.
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Figure 4.
pAPEX quantified proteins and phosphorylated peptides in close proximity to APEX2

tagged PKA in HEK293T cells. (A) Experimental overview. (B) Quantified proteins and
sites. (C) Distribution of log2(fold change ON/OFF) for proteins quantified in the APEX-
Protein. (D) Gene ontology enrichment categories for all proteins quantified in the APEX-
Protein analysis. (E) Heatmap of phosphorylation sites quantified. Log2(fold change (ON/
OFF)) were calculated and plotted. The five control and five forskolin treated samples

log2(APEX-Phos Fold change)
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clustered. (F) Volcano plots of quantified phosphorylation events. Sites with significant
changes are colored based on site’s underlying motif (RXXS/T or RRXS/T).
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Figure5.

C150rf39 can be phosphorylated by MAPKL in vitro. (A) Phosphorylation levels for

several sites in two different cell lines. T364 from C150rf39 increased in both HCT116

and HEK293T cells after EGF treatment. (B) Epitope-tagged C150rf39 localizes to the
nucleus. HEK293T cells stably expressing C-terminal FLAG-HA tagged (CTAP) C150rf39
were fixed and stained with anti-HA antibodies to visualize ectopic protein localization

via confocal microscopy. Max intensity projections of 2 um z-stacks are shown; scale bar
represents 20 pm. (C) HA immunoprecipitation of C150rf39 specifically enriched MAD2L1
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as a candidate binding partner. HSPAS is shown as a background control. (D) /n vitro kinase
assay using MAPKZ1 and purified C150rf39 protein. After incubation with ATP and MAPK1,
C150rf39 showed increased abundance of the phosphorylated form of LEPPLpTPR and
decreased signal for the nonphosphorylated form (LEPPLTPR). Base peak chromatograms
using isotopic envelope peaks were visualized in Skyline.
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