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Abstract:

Kinase-catalyzed protein phosphorylation is fundamental to eukaryotic signal transduction,
regulating most cellular processes. Kinases are frequently dysregulated in cancer, inflammation
and degenerative diseases, and because they can be inhibited with small molecules, they
became important drug targets. Accordingly, analytical approaches that determine kinase
activation states are critically important to understand kinase-dependent signal transduction,
and to identify novel drug targets and predictive biomarkers. Multiplexed inhibitor beads (MIBs
or kinobeads) efficiently enrich kinases from cell lysates for LC-MS analysis. When combined
with phosphopeptide enrichment, kinobead/LC-MS can also quantify the phosphorylation state
of kinases, which determines their activation state. However, an efficient kinobead/LC-MS
kinase phospho-profiling protocol that allows routine analyses of cell lines and tissues has not
yet been developed. Here, we present a facile workflow that quantifies the global
phosphorylation state of kinases with unprecedented sensitivity. We also found that our
kinobead/LC-MS protocol can measure changes in kinase complex composition and show how
these changes can indicate kinase activity. We demonstrate the utility of our approach in
specifying kinase signaling pathways that control the acute steroidogenic response in Leydig
cells; this analysis establishes the first comprehensive framework for the post-translational

control of steroid biosynthesis.
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Introduction:

Protein kinases are central regulators of eukaryotic cell signaling pathways that control
most cellular processes." Kinase-dependent signaling pathways are frequently dysregulated in
disease, for instance cancer, inflammatory, infectious and degenerative diseases, and because
of that kinases have become major drug targets.?® Approaches that measure the activity of
kinases are critically important to study the physiological function of kinase-dependent signaling
pathways, and their dysregulation in disease. Signaling crosstalk between different kinase-
dependent pathways is fundamental to cellular information processing and causes the formation
of highly dynamic, complex and interconnected signaling networks.*® Because of this network
structure, kinases are best studied at the systems-level and methods that allow highly

multiplexed analyses of kinase regulation are highly desirable.®

Protein kinases activity depends on post-translational modifications (PTMs), most
importantly phosphorylation.”® Global mass spectrometry (MS)-based proteomics allows
system-wide and unbiased measurements of PTMs, and should be well suited to analyze the
activity of protein kinases. However, unlike many of their substrates, kinases are of low
abundance in cells and typically underrepresented in global phosphoproteomics datasets.® To
increase the analytical coverage of kinases, multiplexed inhibitor beads (MIBs or kinobeads)
were introduced; these affinity matrices enrich most cellular kinases for downstream LC-MS
analyses of protein expression and phosphorylation.®'® Although kinobead/LC-MS has been
shown to be a powerful tool to analyze kinase phosphorylation, the approach has not been
adopted for routine profiling of cell lines and tissues. We believe that this is due to the large
sample requirements for single experiments, which precludes its use in high-throughput
analyses or in limited amounts of tissue.® '"-* We present here a facile workflow for
comprehensive kinobead/LC-MS kinome profiling of cell or tissue lysates. We optimized sample
preparation steps prior to LC-MS analysis, which greatly improved the sensitivity of the
approach. These improvements now allow the analysis of the kinome’s phosphorylation state,
i.e. the phosphokinome, to a depth of ~800-1200 phosphosites from ~1 mg of protein sample in
single LC-MS runs. Importantly, we also show that our kinobead/LC-MS platform can quantify
changes in the composition of kinase complexes, and we demonstrate how these changes can

be exploited to infer the activation state of kinases.

We utilized our kinobead/LC-MS kinome profiling protocol to quantify dynamic changes
in the phosphokinome triggered by lutropin-choriogonadotropic hormone receptor (LHCGR)

activation'®. The LHCGR is a Gas-coupled GPCR that controls the biosynthesis of steroid



hormones essential for the development and maintenance of gender-specific phenotypes.'®
Steroidogenesis is a highly complex process: to rapidly synthesize steroids following hormone
stimulation, steroidogenic cells need to coordinate cholesterol uptake, it's mobilization from
internal stores, transport and metabolism as well as the transcription of key steroidogenic
proteins.® To understand how these processes are controlled by PTMs, our group previously
conducted a global phosphoproteomics study in steroidogenic Leydig cells.”” This study
suggested that in addition to PKA and ERK1/2 a host of other kinases exert post-translational
control of the acute steroidogenic response.'”'® However, the identity of these kinases
remained elusive. Furthermore, our previous study used cAMP phosphodiesterase (PDE)
inhibitors to trigger the acute steroidogenic response, leaving the question how this process is
controlled by native LHCGR signaling. We show here that LHCGR signaling in Leydig cells
affects the phosphorylation and activation state of 106 protein kinases within minutes of
luteinizing hormone (LH) stimulation. Many of these kinases regulate endocytosis, vesicle
transport and cytoskeleton dynamics, all processes that are associated with cellular cholesterol
uptake and transport.’®-2° Therefore, we greatly expand our knowledge of the post-translational
control of steroid biosynthesis, and our dataset will serve as a rich resource for functional

studies of steroidogenic cell signaling.

Experimental Procedures:

Cell culture, treatment and harvest

MA10 mouse Leydig tumor cells (Cat #CRL-3050, ATCC, Manassas, VA) and adherent
Hela cells (Cat #CCL-2, ATCC) were cultured in the ATCC-recommended medium
supplemented with 10% FBS (for HelLa cells, Seradigm, VWR Life Science, Radnor, PA) or 15%
horse serum (HS, for MA10 cells, Gibco, Thermo Fisher Scientific, Waltham, MA) and 100x
penicillin-streptomycin-glutamine (Thermo Fisher Scientific). Before treatment with human
recombinant LH (50 ng/mL, R&D Systems, Minneapolis, MN) or human recombinant EGF (50
ng/mL, R&D Systems) cells were serum starved in the corresponding FBS/HS-free medium for
18 hrs. Control treatment was vehicle (H20). For SILAC-labeling, MA10 cells were cultured in
custom RPMI medium supplemented with 15% dialyzed fetal bovine serum (dFBS), 100x
penicillin-streptomycin-glutamine, 20 ug/ml proline and the corresponding isotope labelled
Lysine (Lys, 0.11 mM) and Arginine (Arg, 0.57 mM, light label = Lys0/Arg0, medium label =
Lys4/Arg6, heavy label = Lys8/Arg10, all SILAC amino acids were from Cambridge Isotope
Labs, Andover, MA). Cells were split every 2-3 days and grown for 7 cell doublings to achieve

complete incorporation of isotope-labeled Lys/Arg. Before treatment with LH, cells were serum



starved with dFBS-free SILAC medium and treated as described above. For harvest, cells were
washed twice with ice cold PBS and modified RIPA buffer (50 mM Tris, 150 mM NacCl, 0.25%
Na-deoxycholate, 1% NP-40, 1 mM EDTA and 10 mM NaF, pH 7.8) supplemented with HALT
protease inhibitor cocktail (100x, Thermo Fisher Scientific) and phosphatase inhibitor cocktail Il
and Il (100x, Sigma-Aldrich, St Louis, MO) was added (100 L for 6-well plates, 350 pL for 10
cm dishes). Cells were collected with a cell scraper, lysates vortexed intermittently at max.
speed 5-times and clarified by centrifugation (20 min at 21,000 xg and 4°C). Protein content of

lysates was determined using the Pierce 660 nm assay reagent (Thermo Fisher Scientific).
Western Blotting

Cell lysates in modified RIPA buffer were mixed with 4x NUPAGE LDS Sample Buffer
(Thermo Fisher Scientific) and DTT was added to a final concentration of 50 mM. Samples were
heated to 95°C for 5 min, proteins separated on Bolt 4-12% Bis-Tris Plus Gels (Thermo Fisher
Scientific) and electro-transferred onto nitrocellulose membranes using standard procedures.
Membranes were blocked with 5% non-fat dry milk powder in TBS containing 1% Tween 20
(TBST), incubated with primary antibodies overnight (1:2000 dilution in milk-TBST), and
visualized with an anti-rabbit IgG, HRP-linked antibody (Cat #7074, Cell signaling Technology,
Danvers, MA). Primary antibodies (all from Cell Signaling Technology) used were anti-phospho-
p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (Cat #4370), Phospho-PKA Substrate (RRXS*/T*)
(100G7E) Rabbit mAb (Cat #9624) and p44/42 MAPK (Erk1/2) (137F5) Rabbit mAb (Cat
#4695).

Preparation of optimized kinobead mixture

The seven kinobead affinity reagents used were synthesized in-house as described
previously.?'?2 For optimal coverage of the human kinome an optimized mixture of the seven
kinobead reagents was prepared as follows: 1 ml of reagent #1, 0.5 ml of reagents #2, #3 and
#7, respectively, and 0.25 ml of reagents #4, #5 and #6, respectively, to give 3.25 ml of the

complete kinobead mixture. All reagents were a 50% slurry in 20% aq. ethanol.
Kinase affinity enrichment and on-bead digestion

For each experiment, three micro tubes containing 35 pL of a 50% slurry of the in-house-
made, optimized kinobead mixture in 20% aq. ethanol were prepared for each pulldown
experiment. The beads were washed twice with 300 pL modified RIPA buffer. 1 mg of protein

extract in modified RIPA buffer (see ‘Cell culture, treatment and harvest’ above) were added to



the first tube. The mixture was incubated on a tube rotator for 1h at 4°C and then the beads
were spun down rapidly at 2000 rpm on a benchtop centrifuge (5s). The supernatant was
pipetted into the next tube with kinobeads for the second round of affinity enrichment. The
procedure was repeated once more for a total of three rounds of affinity enrichment. After
removal of the supernatant, the beads were rapidly washed twice with 300 L of ice-cold
modified RIPA buffer and three times with 300 pL ice-cold tris-buffered saline (TBS, 50 mM tris,
150 mM NaCl, pH 7.8) to remove detergents. 100 pL of the denaturing buffer (20%
trifluoroethanol (TFE),?® 25 mM Tris containing 5 mM tris(2-carboxyethyl)phosphine
hydrochloride (TCEP*HCI) and 10 mM chloroacetamide (CAM), pH 7.8), were added and the
slurry vortexed at low speed briefly. At this stage, kinobeads from the three tubes were
combined and heated at 95°C for 5 min. The mixture was diluted 2-fold with 25 mM
triethylamine bicarbonate (TEAB), the pH adjusted to 8-9 by addition of 1 N aq. NaOH; 5 ug MS-
grade lysyl endopeptidase Lys-C (Wako, Richmond, VA) were added and the mixture agitated
on a thermomixer at 1400 rpm at 37°C for 2 h. Then 5 yg MS-grade trypsin (Thermo Fisher
Scientific) were added, and the mixture agitated on a thermomixer at 1400 rpm at 37°C
overnight. 600 uL of 1% formic acid were added and the mixture acidified by addition of an
additional 6 pl of formic acid to yield 1.2 ml peptide solution in total. An aliquot of 120 pl (10%)
of the peptide solution was desalted using StageTips?* and analyzed by LC-MS/MS for protein
quantification. The remaining peptide solution (90%) was dried under vacuum at RT on a
SpeedVac. 300 uL of 70% aq. ACN + 0.1 % TFA was added to each tube, the mixture vortexed,
and sonicated in a bath sonicator until dried peptide residue was dissolved. In case the dried
residue could not be fully resuspended, additional 0.1% aq. TFA can be added in 10 pl
increments until dissolved. The solution was subjected to IMAC phosphopeptide enrichment

protocol (see ‘IMAC phosphopeptide enrichment’ below).
Preparation of peptides for global phosphoproteomics analyses

Cells were rinsed twice with ice cold PBS and harvested in 350 pyL (10 cm dish) of 6 M
ag. guanidine hydrochloride (Gdn*HCI) containing 100 mM Tris, 5 mM TCEP*HCI and 10 mM
CAM, pH 8.5, using a cell scraper. Cell lysates were vortexed briefly and then heated to 95°C
for 5 min.?> Samples were sonicated in a Qsonica cup sonicator (Newton, CT) at 100 W for 10
min (30 seconds on, 30 seconds off) on ice. Protein content was measured using the Pierce 660
nm assay reagent (Thermo Fisher Scientific). Aliquots of 300 ug of protein were diluted 2-fold
with 100 mM triethylammonium bicarbonate (TEAB) pH = 8.5 and adjusted to pH 8-9 with 1 N
aq. NaOH. 3 pg of MS-grade lysyl endopeptidase Lys-C (Wako) were added (1:100 ratio) and



the mixture agitated on a thermomixer at 1400 rpm at 37°C for 2 h. The mixture was diluted
another 2-fold with 100 mM TEAB pH 8.5 and 3 yg of MS-grade trypsin (Thermo Fisher
Scientific) was added. The mixture was agitated on a thermomixer at 1400 rpm at 37°C for
overnight, acidified with formic acid (1% final), and cleared by centrifugation for 10 min at RT
and 14,000 xg. Peptides were extracted from the supernatant using Oasis HLB 1cc (10 mg)
extraction cartridges (Waters, Milford, MA). Cartridges were activated by passing through 200 pl
of methanol followed by 200 pl 80% ag. ACN containing 0.1% TFA, equilibrated with 400 ul 1%
aq. formic acid. Peptides were loaded and then washed with 400 ul 1% aq. formic acid.
Peptides were eluted with 300 pl 80% ag. ACN containing 0.1% TFA and directly subjected to
IMAC phosphopeptide enrichment (see ‘IMAC phosphopeptide enrichment’ below).

IMAC phosphopeptide enrichment

IMAC phosphopeptide enrichment was performed according to the published protocol
with the following modifications.?® 20 uL of a 50% IMAC bead slurry composed of 1/3
commercial PHOS-select iron affinity gel (Sigma-Aldrich), 1/3 in-house made Fe**-NTA
Superflow agarose and 1/3 in-house made Ga*'-NTA Superflow agarose were used for
phosphopeptide enrichment.?” The IMAC slurry was washed three times with 10 bed volumes of
80% ag. ACN containing 0.1% TFA. Phosphopeptides were desalted using C18 StageTips
according to the published protocol with the following minor modifications for
phosphopeptides.?* After activation with 50 uL methanol and 50 uL 80% ag. ACN containing
0.1% TFA the StageTips were equilibrated with 50 uL 1% ag. formic acid. Then the peptides
that were reconstituted in 50 pl 1% aq. formic acid were loaded and washed with 50 ul 1% aq.

formic acid.
LC-MS/MS analyses

Peptide samples were separated on a Thermo-Dionex RSLCNano UHPLC instrument
(Sunnyvale, CA) using 20 cm fused silica capillary columns (100 um ID) packed with 3 um 120
A reversed phase C18 beads (Dr. Maisch, Ammerbuch, DE). For whole peptide samples the LC
gradient was 120 min long with 10-35% B at 300 nL/min. For phosphopeptide samples the LC
gradient was 120 min long with 3-30% B at 300 nL/min. LC solvent A was 0.1% aq. acetic acid
and LC solvent B was 0.1% acetic acid, 99.9% acetonitrile. MS data was collected with a
Thermo Orbitrap Elite spectrometer. Data-dependent analysis was applied using Top15
selection with CID fragmentation. Raw files were analyzed by MaxQuant/Andromeda version

1.5.2.8 (http://www.maxquant.org) using protein, peptide and site FDRs of 0.01 and a score



minimum of 40 for modified peptides, 0 for unmodified peptides; delta score minimum of 17 for
modified peptides, 0 for unmodified peptides. MS/MS spectra were searched against the
UniProt human or mouse database (updated July 22nd, 2015). MaxQuant search parameters:
Variable modifications included Oxidation (M). Carbamidomethyl (C) was a fixed modification.
Max. labeled amino acids was 3, max. missed cleavages was 2, enzyme was Trypsin/P, max
charge was 7, multiplicity was either 1, 2 or 3, SILAC labels were Arg0/Lys0 (light), Arg6/Lys4
(medium), Arg10/Lys8 (heavy). The MaxQuant Re-Quantification feature was enabled. The
initial search tolerance for FTMS scans was 20 ppm and 0.5 Da for ITMS MS/MS scans. The
MS raw files were uploaded to the MassIVE proteomics repository (https://massive.ucsd.edu)
under the accession number MSV000084499.

MaxQuant data processing

MaxQuant output files were processed using the Perseus software package v1.5.6.0.28
Human and mouse gene ontology (GO) terms (GOBP, GOCC and GOMF) were loaded from
the ‘Perseus Annotations’ file downloaded on 01.08.2017. For LFQ experiments, expression
columns (protein and phosphopeptide intensities) were log2 transformed and normalized by
subtracting the median log2 expression value from each expression value of the corresponding
data column. Data imputation was performed using a modeled distribution of MS intensity
values downshifted by 1.8 and having a width of 0.2. For statistical testing of significant
differences in protein and phosphopeptide abundance, a two-sample Student’s T-test with
Benjamini-Hochberg (BH) correction for multiple hypothesis testing was applied (FDR = 0.05).
Where no data imputation was used, proteins that were quantified reliably only in one
experimental condition but not in the other condition were highlighted and considered as

regulated too (see ‘Table S1°).
Secondary data analysis

SILAC phosphokinome time course data was clustered using the Mfuzz package in R
allowing 6 clusters and using a fuzzification factor of 2.2 GOBP-term enrichment analysis was
performed with STRING 11.0%° using MaxQuant gene names of all proteins that significantly
change in phosphorylation or expression in response to 15 min LH treatment (global
phosphoproteomics and kinobead/LC-MS data) to determine LH-regulated pathways. The same
analysis was repeated using all unchanged proteins to identify enrichment biases caused by
quantification of specific subsets of the entire proteome. To determine the biological function

and the kinase-substrate relationship of a given phosphorylation site the PhosphoSite Plus



datasets ‘Regulatory_Sites’ and ‘Kinase_Substrate_Dataset’ were searched against a short
identifier containing the gene name and the 5 amino acid sequence centered on the
phosphorylated residue. Human, mouse and rat phosphorylation sites were all considered to
assess the biological and biochemical consequences of phosphorylation. The datasets were
downloaded from the PhosphoSite Plus webpage on the 13th of March, 2017
(https://www.phosphosite.org)®'. Protein kinase interactors were determined using the BioGRID
database only considering protein-protein interactions for which two independent lines of
evidence exist®?. To that end, the ‘BIOGRID-MV-Physical-3.5.165.tab2’ file was downloaded on
October 6th, 2018 and mined for protein kinase interactions through matching against the gene

name in the MaxQuant output files.
Statistical analyses

All significant differences in protein and phosphopeptide abundance were determined
using a two sample T-Test with BH correction (see ‘MaxQuant data processing’ above). All LFQ
cell line experiments, i.e. hormone treatments of MA10 and HelLa cells were conducted in 4-6
biological replicates as indicated in Table S1. The SILAC time course experiment in MA10 cells

was performed in 3 biological replicates.
Results:
A sensitive and streamlined protocol for deep phosphokinome profiling

Previous protocols for kinobead/LC-MS profiling of kinase phosphorylation required
relatively large amounts of cellular protein (~100-400 mg) and kinobeads (~1.5-2.5 mL).% 1214
These requirements discouraged the application of phosphokinome profiling in in vitro and in
vivo model systems and made it impractical in clinical tissue samples. To reduce the sample
requirements of kinobead/LC-MS profiling, we sought to increase analytical sensitivity of the
approach by reducing sample losses arising from processing steps such as SDS-PAGE protein

separation and peptide desalting before LC-MS analyses.

We showed previously that SDS-gel separation and in-gel digestion of proteins can be
replaced with an on-bead purification and digestion step to increase the analytical sensitivity of
kinobead/LC-MS by up to 10-fold (Figure 1a).2'?2 However, peptide mixtures that result from on-
bead digestion still contain high concentrations of buffer components such as urea or guanidine
that are incompatible with immobilized metal affinity chromatography (IMAC) phosphopeptide

enrichment.?® To eliminate these buffer components, we incorporated the volatile denaturing



agent trifluoroethanol (TFE) into our workflow;? this allows IMAC enrichment of phosphorylated
peptides from crude digestion mixtures without prior peptide desalting on C18 reversed-phase
cartridges (Figure 1a). To test the analytical sensitivity of our TFE/on-bead preparation protocol,
we employed our in-house developed kinobeads®* to enrich kinases from untreated HelLa cell
lysate using varying amounts of affinity beads (37.5-150 pL) and protein (0.5-5 mg, Figure 1b).
After on-bead digestion, 10% of each peptide sample was analyzed in single LC-MS runs on an
Orbitrap Elite MS instrument to quantify the protein expression of kinases and co-enriched non-
kinase proteins. The remaining 90% of each peptide sample was subjected to IMAC
phosphopeptide enrichment and then analyzed by LC-MS (Figure 1a). Our results show that the
number of quantified protein kinases remained unchanged with varying amounts of affinity
beads and lysate; this demonstrates the high sensitivity of kinase protein quantification achieved
by our kinobead/LC-MS protocol. More importantly, when we reduced the amount of protein
sample from 5 mg to 1 mg the number of quantified kinase and non-kinase phosphopeptides
remained stable at ~750 and ~1400 peptides per LC-MS run (Figure 1b). Further reducing the
protein sample from 1 mg to 0.5 mg lowered the number of quantified phosphopeptides by only
20%. The same trend was observed when we lowered the amount of kinobead affinity matrix
from 150 pL to 37.5 pL using 1 mg of protein sample (Figure 1C). These results demonstrate
that 1 mg of protein and 100 L of kinobeads are enough to achieve deep coverage of the

phosphokinome.
Kinobead/LC-MS analysis of EGF-dependent phosphokinome changes

We have established a highly sensitive kinobead/LC-MS workflow and wished to
demonstrate next that our approach can accurately quantify system-wide changes in the
phosphorylation and activation state of kinases.'® As our model signaling system, we chose
activation of the epidermal growth factor receptor (EGFR) in HelLa cells. This is a well-defined
system and activation of the EGFR itself and known downstream kinases such as ERK1/2 and
RSK-family kinases serve as positive controls for the accuracy of our kinobead/LC-MS

analysis.3>3%

We used label free quantification (LFQ) and kinobead/LC-MS to analyze untreated
control and EGF-stimulated HeLa cells (50 ng/mL EGF for 15 min, 6 biological
replicates/condition). This analysis quantified 1252 phosphosites on 196 protein kinases and
3771 phosphosites on 1217 co-enriched non-kinase proteins (Table S1), confirming that our
workflow achieves deep coverage of the phosphokinome and the phosphorylation of kinase-

interacting proteins. Because determining the activation state of kinases was an important goal



of our kinobead/LC-MS analyses we searched the Phosphosite Plus database®' for
phosphorylation sites with known functional roles in kinase signaling. This revealed that we
quantified 160 sites on 84 kinases that directly indicate their activation state (Table S1). In
addition, we quantified 485 sites on kinases and non-kinase proteins for which the kinase-
substrate relationship is known; we used these sites as indirect activity reporters for 112 of the
226 kinases that we detected in HelLa cells. Combining these direct and indirect phospho-
evidence allowed us to determine the activation state of 131 kinases, or 58% of the kinome
detected in HelLa cells, demonstrating the utility of kinobead/LC-MS for highly multiplexed

analyses of kinase activation.

To identify EGF-dependent changes in protein phosphorylation, we calculated mean
LFQ-MS phosphopeptide intensities ratios (hereafter referred to as ‘LFQ-MS ratio’) and applied
T-test statistics (Benjamini-Hochberg (BH) correction, FDR = 0.05). This revealed that 261
phosphosites on 120 kinases change in abundance within 15 min of EGF stimulation, meaning
that half of the detected HelLa cell kinome is affected by early EGFR signaling (Table S1).
Gratifyingly, among EGF-sensitive kinase phosphosites we identified numerous functionally
characterized sites that are well known to be affected by EGFR signaling.®! These included, for
example, five activating tyrosine sites on the EGFR itself, the activation loop phosphosites of
ERK1 and ERK2 (MAPK1 and MAPK3), activating sites on the RSK-family kinases RSK1/2
(PRKS6KA1 and 3) as well as ERK and RSK substrate sites on other kinases (Figure 2a).
Furthermore, analysis of all ERK1/2 and RSK-family kinase substrate sites quantified in our
dataset (55 and 11 sites, respectively) a mean increase of LFQ-MS ratios of ~2-fold, therefore
confirming the EGF-dependent activation of these kinases (Figure 2b, Table S1). Because
EGFR signaling does not increase the activity of PKA, we used the 34 quantified known PKA
sites as a negative control, and indeed, these sites did not change in abundance (Figure 2b). All
these results establish our ability to determine changes in kinase phosphorylation and activation

triggered by acute signaling cues.
Kinobead/LC-MS quantifies changes in kinase complex composition

Kinobeads bind and enrich kinases through interactions with the ATP-binding pocket.
However, we and others found that kinobeads enrich, along with most of the expressed kinome,
hundreds of non-kinase proteins that do not bind ATP." 22 Accordingly, these co-enriched
proteins must be bound to kinases, suggesting that kinobead/LC-MS can analyze the
composition of assembled kinase signaling complexes. Because kinase signaling complexes

change in composition following kinase activation or inactivation’® we reasoned that
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kinobead/LC-MS can quantify these changes and that such information can be used to infer the

activation state of kinases.

To test that, we applied T-test statistics to our kinobead/LC-MS protein-level dataset (15
min EGF vs. unstimulated, Table S1). Strikingly, this identified 76 proteins that significantly
changed in abundance in response to EGF treatment. These included key EGFR complex
components such as the adaptor proteins SHC1 and GRB2, and the ubiquitin E3 ligases CBL,
CBLB and UBASH3B, which increased in abundance after EGF treatment (~10- to 45-fold
increase, Figure 2c),%” while the abundance of the EGFR itself remained nearly unchanged (1.6-
fold decrease, Table S1). Because our phosphokinome profiling experiment showed that the
EGFR became tyrosine phosphorylated after EGF treatment (Figure 2a), these observations
indicate that kinobead/LC-MS can indeed detect activation state-dependent changes in EGFR

complex composition.

To obtain additional proof for the specific co-precipitation of SHC1, GRB2, CBL and
UBASH3B with the activated EGFR, we used the selective EGFR inhibitor lapatinib as a soluble
competitor in kinobead pulldowns from EGF-stimulated HelLa cells (Figure 2d).3* 38 As expected,
the only kinase that was prevented to bind the kinobeads was the EGFR. In addition to EGFR,
the enrichment of SHC1, GRB2, CBL, CBLB, UBASH3B and EGF was diminished by the
presence of a lapatinib competitor, confirming that these proteins specifically interact with the

EGFR and that kinobead/LC-MS can quantify changes in kinase complex composition.

Intrigued by these results, we mined the BioGRID protein-protein interaction database®
for additional kinase complex components among the 76 proteins whose abundance is EGF-
responsive. This revealed, for instance, decreased interactions of the Hippo kinases STK3 and
LATS1 with the scaffolding proteins SAV1 and MOB1B, decreased interaction of the cell cycle
kinase CDK9 with its cognate cyclin CCNT1, and increased interaction of CDK4/6 with CDKN2A
(Table S1). These changes in kinase complex composition indicate inactivation of these
kinases. All these observations suggest that kinobead/LC-MS has the potential to monitor the
composition of a broad range of kinase complexes simultaneously, which may facilitate the

highly multiplexed measurement of kinase activation states.

Kinobead/LC-MS quantifies dynamic phosphokinome changes triggered by LHCGR

activation

We showed here that our kinobead/LC-MS profiling can accurately quantify

phosphokinome changes in response to signaling cues. Next, we used our platform to study
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steroidogenic LHCGR signaling in testicular Leydig cells.'”*° Knowledge of how the acute
steroidogenic response is regulated by PTMs is incomplete and a system-wide study of

LHCGR-triggered kinase signaling may reveal novel regulators of steroidogenesis.

To obtain a first estimate of the time course of LHCGR-mediated phosphorylation
changes we quantified the activation of PKA and ERK1/2, along with the expression of the key
cholesterol transporter steroidogenic acute regulatory protein StAR.*° Accordingly, we
stimulated MA10 mouse Leydig cells with 50 ng/mL luteinizing hormone (LH) for varying
durations stimulated and analyzed cell lysates by western blotting. This showed that the
phosphorylation of PKA substrate sites was maximal between 15-35 min and persisted until 60
min post stimulation (Figure 3a). Similarly, ERK1/2 activation loop phosphorylation was highest
between 5-15 min of LH treatment and returned to basal levels 60 min after LH stimulation. In
contrast, increased Star expression was detected at the 120 and 180 min timepoints, marking
the apex of the acute steroidogenic response (Figure 3a). These results suggest two-stages of
LHCGR signaling, i.e. a first one of continuous phosphorylation changes between early and
intermediate time points (5-60 min) that is followed by a late stage of increased expression of

steroidogenic proteins.

We next explored if the LHCGR activates kinases other than PKA and ERK1/2 and if
activation of such kinases follows the same time course as PKA and ERK1/2 signaling. Thus,
we conducted a time course experiment using our unbiased kinobead/LC-MS phosphokinome
profiling platform. Using a triple-label SILAC strategy,*' we measured phosphopeptide
abundance at 0 (control), 5 and 15 min of LH treatment and at 15, 60 and 180 min of treatment
(Figure 3b); this analysis quantified 1100 phosphosites on 172 kinases and 1966 sites on 803
non-kinase proteins (Table S1). To assign changes in the phosphokinome to different stages of
LHCGR signaling we applied fuzzy Z-means clustering of phosphopeptide SILAC ratios,?°
identifying four clusters with distinct time profiles (Figure 3c). The first cluster described
phosphosites that increase early, go through a maximum between 15 and 60 min and then drop
to basal levels at 180 min. Therefore, this cluster closely followed the time course of PKA and
ERK1/2 activation that we quantified by western blot analysis (Figure 3a). Reassuringly, our
analysis assigned the ERK1/2 activation loop phosphorylation sites as well as 45 out of 65
highly increased PKA substrate consensus sites to this cluster (15/0 min SILAC ratio >2-fold,
sites that contain the K/R-K/R-X-S/T motif, Table S1), which confirmed the accuracy of our
kinobead/LC-MS time course experiment. The second cluster contained phosphorylation sites

that decrease within 15 min of LH treatment and then return to basal levels at 180 min post-
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stimulation, therefore indicating that the LHCGR triggers significant protein phosphatase activity
at early time points. Clusters 3 and 4 described sites that continuously increase or decrease
over the course of the experiment reaching their maximum/minimum at 180 min after LH
stimulation. Together, these results support a two-stage model for LHCGR signaling and the
acute steroidogenic response. Remarkably, analysis of kinase phosphosite SILAC ratios across
the four time course clusters revealed that the phosphorylation of 69 kinases changed
drastically in response to LH stimulation (164 sites with SILAC ratio >2-fold, Figure 3d). This
suggests that the LHCGR ultilizes a large fraction of the expressed kinome to coordinate the
acute steroidogenic response. Further, our analysis revealed distinct populations of kinases that
become phosphorylated or dephosphorylated at different stages of the acute steroidogenic

response.
The LHCGR coordinates steroidogenesis through kinome-wide phosphorylation changes

An important goal of our study was to determine the extent and mechanism by which the
LHCGR utilizes protein kinases to coordinate the acute steroidogenic response. Our SILAC time
course experiments in LH-treated MA10 cells revealed that LHCGR activation affect the
phosphorylation state of least 69 kinases, and that the majority of phosphokinome changes
undergo a maximum within 15-60 min after stimulation (clusters 1 and 2, Figure 3c and 3d,
Table S1), indicating that early phosphorylation events play a key role in the acute steroidogenic
response. Accordingly, we moved on to obtain a more comprehensive picture of early (15 min)
LHCGR-dependent phosphoproteome changes and the pathways they affect. To this end, we
conducted both an LFQ-MS kinobead/LC-MS phosphokinome analysis and a global
phosphoproteomics analysis in MA10 cells comparing 15 min LH treatment with basal control
cells (50 ng/mL LH, 5 biological replicates/condition). Combined, these analyses quantified 1485
phosphosites on 252 kinases and 10625 sites on 2619 non-kinase substrate proteins (Table
S1). Compared to our SILAC analysis, these experiments quantified ~1.5-times more

phosphosites on kinases and ~5-times more sites on non-kinase substrates.

To explore which cellular pathways are affected by LHCGR signaling, we first analyzed
our LFQ global phosphoproteome and kinobead/LC-MS phosphokinome datasets for LH-
dependent changes in phosphosites and proteins abundance. T-test analysis revealed that 217
sites on 106 kinases and 1218 sites on 700 non-kinase proteins significantly changed after 15
min of LH treatment. An additional 48 proteins changed in abundance in our kinobead/LC-MS
protein-level data (Figure 4a and Table S1). Among these proteins, we identified the PKA

catalytic subunits a and 8 (Prkaca and Prkacb) and regulatory subunits 1a and 1B (Prkar1a and
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Prkar1b), the calcium/calmodulin-dependent kinase Camk2d, and the salt-inducible kinase 3
(Sik3). Because abundance changes of these kinases and other kinase interactors indicate
altered kinase activity, we integrated the protein abundance data in our pathway analysis. We
then used STRING*2 to perform a gene ontology — biological process (GOBP) term enrichment
analysis (Figure 4b and Table S1). Analyzing both enrichment of GOBP terms by proteins that
significantly change in phosphorylation/abundance and those that do not we eliminated biases
introduced by quantification of a limited subset of the entire MA10 cell proteome. Strikingly,
GOBP term analysis revealed strong enrichment of terms associated endocytosis, vesicle
transport, mitochondrion and ER function, and cytoskeleton dynamics (Figure 4b). Vesicle
transport and mitochondrion/ER function are tightly linked to cholesterol availability through its
uptake, mobilization and cellular transport to the organelles where steroid precursors are
metabolized.'®?° Cytoskeleton components act as scaffolds for vesicular transport,
ER/mitochondria function and positioning and disruption of these components can inhibit steroid
biosynthesis.' These results strongly suggest that many early LH-triggered phosphorylation
changes regulate cholesterol availability. In addition, we identify GOBP terms related to other,
basic cellular processes enriched among phospho-regulated proteins, including regulation of the
mitotic cell cycle, cell death, differentiation and, most prominently, signaling by stress-activated
MAPKSs (Figure 4b). We hypothesize that the LHCGR regulates these pathways to ensure
cellular homeostasis while facing cellular stress caused by a rapid and massive increase in

steroid biosynthesis.
Kinases that regulate early events in the acute steroidogenic response

Our collated phosphokinome, global phosphoproteome and kinobead protein abundance
data revealed that 40% of the MA10 cell kinome undergoes regulation in the early stages of the
acute steroidogenic response (Table S1). Next, we classified and prioritized kinases to identify
those that are likely to have functional roles in specific aspects of LHCGR signaling, i.e.
cholesterol availability and metabolism as well as crosstalk with the cell cycle, stress-activated
MAPK and apoptosis signaling, and cell differentiation pathways (Figure 4b). To this end, we
first determined kinase association with LH-sensitive signaling pathways. Mining of our STRING
GOBP-term enrichment dataset revealed that 37 of 106 LH-sensitive kinases regulate
cytoskeleton dynamics (Group A, Figure 4b and Table S1) , vesicle transport and endocytosis,
and ER/mitochondrial functions (Figure 4c). Furthermore, 36 of 106 kinases were associated
with regulation of the cell cycle, cell death, differentiation and stress activated MAPK signaling

(Group B, Figure 4c), and residual kinases could not be assigned to any of the GOBP gene sets
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(Group C, Figure 4c). As the main criteria for prioritization we used the magnitude of LFQ-MS
ratios, assuming that higher ratios indicate greater biological significance, and the presence of

LH-responsive sites that have a known role in kinase regulation.®'

Accordingly, we found that Group A included 14 kinases that are linked to vesicular
trafficking, indicating the importance of this process for steroidogenesis. Among these kinases,
cyclin G-associated kinase (Gak), cyclin-dependent kinase 16 (Cdk16), and SCY1-like protein 2
(Scyl2) showed the most dramatic changes in phosphorylation (mean absolute LFQ-MS ratios
of ~5-fold to ~60-fold, Figure 4c). Notably, none of these kinases has known roles in
steroidogenesis. Increased phosphorylation of Cdk16 (S153) indicated deactivation of the
kinase, whereas LH-responsive sites on Gak and Scyl2 have not been characterized yet.?' Gak
and Scyl2 localize to the trans-Golgi network (TNG; both kinases) and lysosomes (Scyl2),
where they regulate clathrin-mediated vesicle trafficking. Because the TNG is a hub for
relocating cholesterol from lysosomes to target organelles,?’ 43-*4 these two kinases may have
important and unexplored roles in cholesterol trafficking and steroidogenesis. The other 28
kinases in Group A are linked to cytoskeleton dynamics (Figure 4c). Hence, several highly LH-
sensitive kinases (LFQ-MS ratio of ~4 to ~6) regulate microtubule polymerization, for instance
the STE20-like kinase Slk and the MAP/microtubule affinity-regulating kinases 2 and 4 (Mark2
and 4), or actin and stress fiber assembly, for example the Rho-associated kinase Rock2, the
cytoplasmic tyrosine kinases Abl2 and Fer, and the LIM domain kinase 1 (Limk1). Of these
kinases only Rock2 has been associated with steroidogenesis previously.*> Remarkably, our
analyses identified that four cytoskeleton-associated kinases likely become activated following
LH treatment, i.e. SIk (decreased S347), Mark2 (decreased T593), Fer (increased Y715) and
AbI2 (increased Y439)3' — these kinases are prime candidates for regulating cytoskeleton-

dependent steroidogenic processes.®

LH-induced phosphorylation changes in Group B kinases indicated activation of Map3k2
(increased S153) and Tao kinase 3 (Taok3, increased S324), which can lead to p38a activation;
the latter is required for efficient steroidogenesis.*® In addition, activation of RSK1 and 2
(Rpsbka1 and 3) and downstream phosphorylation of the ephrin receptor Epha2 (S898)
indicated increased survival signaling. Interestingly, Group B included 24 kinases that regulate
cell death and cellular stress signaling, suggesting that these processes are important for
LHCGR signaling and steroidogenesis (Figure 4c). Most LH-responsive phosphosites on these

kinases have no known function. however, our finding that survival kinases become activated
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suggests that proapoptotic kinases such as the Hippo kinase Stk3, and the death receptor-

associated kinases Ripk1 and Ripk2 may become inactivated.

Group C kinases could not be assigned to any of the LH-responsive GOBP gene sets
(Figure 4b and 4c). However, this group contained several kinases known to play key roles in
steroidogenesis, for instance calcium/calmodulin-dependent kinases (Camk2a-d),*” the PKA
catalytic subunits, the salt inducible kinases 2 and 3 (Sik2 and 3),*® and kinases associated with
proliferation (BRAF, FGFR4, and others). In addition, other highly phospho-regulated kinases in
Group C have been reported to play a role in cytoskeleton-associated processes, but have not
been linked to the corresponding GOBP term yet; examples are the never in mitosis A-related
kinase Nek3, the myosin light chain kinase (Mylk), and the microtubule-associated kinases
Mast2-4 (Figure 4c). This shows that not all LHCGR signaling pathways can be determined by
GOBP term enrichment analysis and, more importantly, that our dataset can be mined to

identify additional, unchartered LH-responsive pathways (Figure 4a and Table S1)

Finally, we asked if PKA, the steroidogenic master regulator,'® is involved in crosstalk
with the 106 other LH-responsive kinases. Accordingly, we searched amino acid sequences
flanking phosphosites on regulated kinases for the presence of the PKA substrate consensus
sequence (K/R-K/R-X-S/T). Strikingly, 29 of the 106 LH-sensitive kinases had phosphosites
matching this consensus sequence (Figure 4c), yet only 10 of these sites were previously
reported to be PKA substrates.3' Hence, our data significantly expands the number of PKA-
regulated kinases and demonstrates that the LHCGR controls a substantial fraction of the

regulated kinome through its main effector kinase PKA.
Discussion:

In the first part of our study, we introduced a facile kinobead/LC-MS workflow for rapid
and deep profiling of the kinome and phosphokinome. Our previous studies demonstrated that
the sensitivity of kinobead/LC-MS can be drastically improved by replacing in-gel cleanup and
digestion of kinase-enriched samples with one simple on-bead preparation step.2'?? 34 This
improved sensitivity allowed us to profile the kinome-wide selectivity and affinity of entire kinase
inhibitor libraries, and the expression levels of ~200-250 native kinases in single LC-MS runs.*®
We showed here that our next generation protocol for on-bead sample preparation causes
another leap in sensitivity. Most importantly, we introduced a phosphopeptide enrichment step
into our kinobead/LC-MS workflow, which now enables phosphokinome analyses with

unprecedented sensitivity. Thus, our kinome profiling platform can quantify the kinome to a
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depth of ~200-250 kinases and ~800-1000 kinase phosphorylation sites in a single
kinobead/LC-MS experiment using just 1 mg of protein sample. The reduced protein
requirement allows simple and rapid sample preparation and, therefore, facilitates the
comparison of multiple conditions and model systems with greatly increased throughput. We
believe that the increased sensitivity and throughput of our approach will enable routine use of
kinobead/LC-MS kinome profiling in cell lines and animal models. The large sample
requirements for kinobead/LC-MS phosphokinome profiling prevented the analysis of tissue
samples such as tumor biopsies. We expect that our approach will facilitate the analysis of

clinical tissue specimens to determine kinome activity with unprecedented sensitivity.

Protein kinases drive adverse cancers phenotypes such as uncontrolled proliferation,
increased survival and metastasis and thus became important drug targets.® -5 Accordingly,
knowledge of aberrant kinase activities may be used as predictive biomarker for targeted
chemotherapy®?. We believe that our approach can be applied for biomarker discovery in
clinical proteomics and personalized oncology. System-wide unbiased measurements of kinase
activity in tumor samples can not only quantify the activity of well-studied oncogenic driver
kinases but also identify novel oncogenic kinases that may serve as drug targets. Importantly,
we showed here for the first time that kinobead/LC-MS can detect dynamic changes in kinase
complex composition and that these changes can specify the activation state of kinases. This
unique property of kinobead/LC-MS will greatly enhance its utility for kinome activity profiling in
cell signal transduction research and clinical proteomics. We envision that improved protocols
that favor the co-purification of kinase-regulatory proteins will facilitate comprehensive, system-

wide measurements of kinase complex dynamics.'

In the second part of our study, we used our kinobead/LC-MS profiling approach to
quantify dynamic changes in kinome activity downstream of the LHCGR, a GPCR that controls
steroid biosynthesis in testicular Leydig cells.” Our analyses revealed that LHCGR activation
affected the phosphorylation state of at least 106 protein kinases, i.e. 40% of the detected MA10
cell kinome. Previous reports have shown that multiple kinase-dependent pathways act in
concert to facilitate steroid biosynthesis through the transcriptional and post-translational control
of steroidogenic factors such as the steroid acute-regulatory protein STAR (STARD1) and the
hormone-sensitive lipase (LIPE)." Our study suggests that the LHCGR and PKA utilize many
other kinase-dependent pathways that control cytoskeleton dynamics, vesicle trafficking and
endocytosis to coordinate cholesterol availability, and that these regulatory events occur very

early during the acute steroidogenic response. We show that LHCGR signaling also affects
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other, basic cellular processes such as apoptotic signaling, cell differentiation, the cell cycle and
proliferation. Evidence from our phosphoproteome dataset indicates that transport processes
and survival signaling are activated in response to LH, while apoptosis, cell cycle and
proliferation signaling are suppressed. We speculate that this crosstalk of LHCGR-PKA
signaling with other diverse pathways is necessary to synchronize cholesterol availability with
the transcription of steroidogenic proteins, the activation of metabolic enzymes and other vital
cellular processes. This may allow steroid biosynthesis to occur in a timely manner after
hormone stimulation while halting the cell cycle and suppressing cellular stress responses. In
conclusion, our results uncover the regulation of the kinome in multiple signaling pathways
downstream of the LHCGR and greatly expand the current knowledge of post-translational
control of steroid biosynthesis and Gas-coupled GPCR signaling; our dataset is an important

resource enabling focused studies of the molecular mechanisms in these signaling systems.
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Figures 1-4.

a) Workflow of our Streamlined and Highly Sensitive Kinobead/LC-MS Kinome Profiling Platform

.A Protein Quant
- Gel-Free i &
iy

i:ﬁ E.% TFE/On-Bead Digest 10%
. ,‘T Cell Culture 2. Kinobead Affinity Q Peptide
nimal Tissue 1. Nondenaturing Enrichment g — A Vg f —=

Intensity

o 3 Mild Wash 4. Trypsin Digest
Lysws yP 9 \ﬁ
%O P Phosphopeptide Quant.
5 90% ®
Purified Kinases + Pure Peplide [
Human Tissue Interactors Peptide g mac ®
Sample ﬁ

Intensity

~1 mg Cell Culture

or Tissue Lysate
miz

o \ Two Runs of

. Protein Kinase Multiplexed Inhibitor Beads LC-MS/MS Analysis

(F ) (MIBs or Kinobeads) (Orbitrap Elite)
é Protein Kinase Interactor

=1
< _ Other Proteins
o=

@® Phospha SIT/Y Sites

b) Quantified Proteins with Varying C) Quantified Phosphopeptides with
Amounts of Lysate or Kinobeads Varying Amounts of Lysate or Kinobeads
Lysate Titration (mg) Lysate Titration (mg)
& 1200 @ 20007
Eg0003 oy T S35 1500]
Sl opfg g
58S 200 o oc T
; 52 500
2 R NEEn - 5
= 0 g 0-
S O O D OO OO © O OO OSSO
&@@&@@@@ S PP PP EE S
N R R N
m Kinobeads Titration (uL) Kinobeads Titration (uL)
@ 1800 $ 2000
4
e 3w
3 e BN—— i}
=1 B
ummmmi- @
= LY M oy >y > = o
¥ o ¥ Q¥ ¥ ¥ R SPEOGIOIN F R
N TN “5\?3 PO 53\6:) PN év.‘ PO
] Protein Kinases [ Kinase Phosphopeptides
] non-Kinase Proteins ] non-Kinase Phosphopeptides

Figure 1. Comprehensive kinome profiling with kinobead/LC-MS.
(a) Workflow of our kinobead/LC-MS analytical platform.

(b) Kinobead/LC-MS quantification of proteins (kinases and non-kinases) in HeLa cell lysate
using varying amounts of protein sample and 100 pL kinobeads or varying amounts of
kinobeads and 1 mg protein sample. Bars represent the mean of three biological replicates,
error bars are the S.D. Data were obtained in single analytical LC-MS runs on a Thermo
Scientific Orbitrap Elite mass spectrometer.

(c) Same as in (b) but phosphopeptides derived from protein kinases and co-enriched non-
kinase proteins.



b) Quantification of Kinase Substrates
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Figure 2. Kinobead/LC-MS analysis of the EGFR signaling pathway model.

(a) Flow diagram of known EGFR effector kinases in HeLa cells quantified by kinobead/LC-MS
phosphokinome analysis. Activating/inactivating phosphorylation sites that change in response
to 15 min EGF treatment are shown.

(b) Log2 LFQ-MS ratios of known ERK1/2, RSK-family kinase (RPS6KA1-3), and PKA substrate
sites (PhosphoSite Plus database)®! in response to 15 min EGF stimulation. A shift in ratios of
ERK1/2 and RSK kinase substrate sites indicates activation of these kinases, whereas PKA
substrates did not change (negative control).

(c) Treatment of HelLa cells with EGF (50 ng/mL, 15 min) leads to protein abundance changes
as was measured by LFQ kinobead/LC-MS profiling. Result of a two-sample T-Test with BH
correction (FDR = 0.05, 5 replicates/condition)

(d) Selective competition of EGFR signaling complexes. Comparison of HelLa cells treated with
50 ng/mL EGF for 15 min with HeLa cells treated in the same manner but 10 uM of the selective
EGFR inhibitor lapatinib spiked into the cell lysate prior to kinobead affinity enrichment (see also

(c)).
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a) Time-dependent PKA and ERK1/2 Activation by LH b) Experimental Setup of our SILAC Timecourse Experiment
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Figure 3. Dynamic phosphokinome changes triggered by LHCGR activation.
(a) Western blot analysis of MA10 cells treated with 50 ng/mL LH over a time course of 3 h.

(b) Experimental design of our triplex SILAC kinobead/LC-MS time course experiment in LH-
stimulated MA10 cells.



(¢) Fuzzy C-means clustering of phosphopeptide intensities measured following LH-stimulation
in MA10 cells for 0, 5, 15, 60 and 180 min (see also (b)).

(d) Overlay of kinases that change in phosphorylation state in response to LH-treatment with the
human kinome dendrogram. Kinases are color coded according to the time course cluster
membership of their phosphosites (see (c)).
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a) Kinobead/LC-MS Quantifies Protein
Abundance Changes in Response to LH
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C) Regulated Kinases and their Membership in LHCGR-Enriched GOBP Gene Sets
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Figure 4. Protein kinases that change in phosphorylation during the early stage of
steroidogenesis.

(a) Acute treatment of MA10 cells with LH (50 ng/mL, 15 min) leads to protein abundance
changes as was measured by LFQ kinobead/LC-MS profiling. Result of a two-sample T-Test
with BH correction (FDR = 0.05, 5 replicates/condition)



(b) STRING analysis of GOBP terms enriched among proteins that change in phosphorylation in
response to 15 min LH treatment and among proteins that do not change in phosphorylation
(control, see Table S1).42

(c¢) LHCGR-regulated kinases associated with GOBP terms relevant for steroid biosynthesis and
cholesterol transport (Group A, left panel), relevant for cell cycle, cell death and differentiation
(Group B, middle panel) and kinases that are not included in the enriched GOBP terms enriched
(see (b), Group C, right panel). Changes in activation state after 15 min LH treatment and the
presence of PKA consensus sequence sites (K/R-K/R-XS/T motif) are also shown.
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