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Abstract

ATP-competitive protein kinase inhibitors are important research tools and therapeutic agents.
Because there are >500 human kinases that contain highly conserved active sites, the development
of selective inhibitors is extremely challenging. Methods to rapidly and efficiently profile kinase
inhibitor targets in cell lysates are urgently needed to discover selective compounds and to
elucidate the mechanisms of action for polypharmacological inhibitors. Here, we describe a
protocol for microgram-scale chemoproteomic profiling of ATP-competitive kinase inhibitors
using kinobeads. We employed a gel-free /n situ digestion protocol coupled to nanoflow liquid
chromatography-mass spectrometry to profile ~200 kinases in single analytical runs using as little
as 5 ul of kinobeads and 300 ug of protein. With our kinobead reagents, we obtained broad
coverage of the kinome, monitoring the relative expression levels of 312 kinases in a diverse panel
of 11 cancer cell lines. Further, we profiled a set of pyrrolopyrimidine- and pyrazolopyrimidine-
based kinase inhibitors in competition-binding experiments with label-free quantification, leading
to the discovery of a novel selective and potent inhibitor of protein kinase D (PKD) 1, 2 and 3. Our
protocol is useful for rapid and sensitive profiling of kinase expression levels and ATP-competitive
kinase inhibitor selectivity in native proteomes.
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Introduction

Protein kinases regulate cellular signaling by modulating the activity, localization and
interactions of their substrates.! Kinase-dependent signaling pathways are commonly
dysregulated in cancer and a number of targeted small molecule kinase inhibitor therapeutics
have been developed over the last two decades. 3 Numerous kinase inhibitors are in clinical
and preclinical trials as anti-cancer drugs and are widely used as chemical genetic probes to
study cell signaling. Kinase inhibitors that are used in the clinic can vary significantly in
their target selectivity. For example, lapatinib only potently inhibits EGFR and ERBB2
while dasatinib inhibits over 30 tyrosine and serine/threonine kinases.*~’ Because the
selectivities of many kinase inhibitors are not known and can be expected to impact diverse
aspects of cellular signaling, their mechanisms of action as therapeutic agents are often
unclear which can lead to undesirable off-target effects and toxicity.8 Identifying
mechanisms of action and targets of kinase inhibitors greatly facilitates the discovery of
novel small molecule therapeutics and basic research tool compounds.®: 10

Several approaches have been developed to profile kinase inhibitors against large panels of
recombinant or native cellular kinases.5: 11-15 Affinity chromatography-based methods that
use immobilized kinase inhibitors and quantitative mass spectrometry (MS) to probe full
length kinases from whole cellular proteomes —commonly referred to as kinobead-based
methods— are of particular value because they can simultaneously assay multiple proteins in
a cell or tissue sample instead of recombinant kinases.11-13. 16-19 sych approaches can
profile over 200 kinases in single experiments and the use of stable isotope labeling
methods, like SILAC, isobaric chemical labeling, or reductive dimethylation, can increase
analytical throughput.20-23

Kinobead-based proteomic assays have greatly enhanced our ability to study the kinome and
the method has been progressively improved to achieve higher throughput and

sensitivity.11: 24-29 Here, we prepared a set of kinobead reagents using seven non-selective
kinase inhibitors that provide broad kinome coverage and applied an improved

J Proteome Res. Author manuscript; available in PMC 2018 March 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Golkowski et al. Page 3

chemoproteomics protocol requiring reduced amounts of starting protein material and single
nanoLC-MS/MS analytical runs. With in-situ digestion of enriched kinases from as little as 5
ul of kinase affinity resin and 300 pg of cellular protein per pulldown experiment, we were
able to quantify ~200 protein and lipid kinases from a human cell line in single analytical
runs. We demonstrate the strength of the approach by i) profiling relative kinase expression
levels in a diverse panel of 11 cancer cell lines and ii) identifying a highly selective inhibitor
of the mammalian protein kinase D (PKD) family of serine/threonine kinases among
compounds that were originally designed to target 7oxoplasma gondii (7. gondii) calcium-
dependent protein kinase 1 (7gCDPKZ1). This novel PKD inhibitor should be a useful
chemical genetic tool compound to examine the role of mammalian PKDs in cell signaling
and disease.

Experimental Section

The kinobead affinity reagents (Fig. 1a) as well as the inhibitors 1553, 1561, 1649 and 1369
(Fig. 4a) were synthesized in-house. The kinobead affinity reagents were immobilized on
ECH Sepharose 4B (GE Healthcare Bio-Sciences, Pittsburgh, PA) according to the
previously published protocol.24

Cell culture and harvest

U-2 OS, HCT 116, K-562, BJ-5ta, DU4475, HL-60, HS 604.T, Jurkat, NCI-H211, P3HR-1,
SH-SY5Y, and HelLa cells were from the American Type Culture Collection (ATCC,
Manassas, VA) and cultured in ATCC recommended media supplemented with FBS
(Seradigm, Radnor, PA) and Penicillin-Streptomycin-Glutamine (100x, Thermo Scientific,
Rockford, IL) in an incubator at 37°C and 5% CO». For SILAC labeling, HeLa, U-2 OS and
HCT-116 cells were grown in custom -Lys/-Arg DMEM (Caisson Labs, North Logan, UT)
supplemented with 10% dialyzed FBS (Sigma, St Louis, MO), Penicillin-Streptomycin-
Glutamine (100x), 200 pg/ml proline and SILAC amino acids (0.2 mM natural isotope
abundance Lys/Arg for light label, 0.2 mM Lys-D4/Arg-13Cg for medium label, 0.2 mM
Lys-13Cg,15N,/Arg-13Cg,15N, for heavy label, Cambridge Isotope Labs, Andover, MA).
Cells were grown for at least 5 cell doublings in SILAC medium and harvested when
reaching 90% confluency or a density of 1x108 cells/ml. For harvesting, cells were rinsed
twice with ice cold PBS and lysed in 750 pul/20 million cells of mod. RIPA buffer (50 mM
Tris, 150 mM NaCl, 10 mM NaF, 0.25% Na-deoxycholate, 1% NP-40 and 5% glycerol)
containing Halt™ Protease Inhibitor Cocktail (100x, Thermo Scientific, Rockford, IL). The
ice-cold cell lysate was then vortexed five times intermittently for 3 seconds and clarified by
centrifugation at 21,000 rcf and 4°C for 20 min. The protein content of the samples was
determined using the Pierce 660 nm Assay Reagent (Thermo Scientific, Rockford, IL). U-2
OS and HCT 116 cell lysates encoded with the same SILAC amino acids and label-free cell
lysates were mixed in a protein ratio of 1:1 and snap frozen in liquid nitrogen and stored at
—80°C until used.

Kinase affinity enrichment/soluble competition experiments and sample digestion

For kinase enrichment, 10 pl of a 50% kinobead slurry in 20% ag. ethanol (complete
kinobeads, equal amounts of affinity reagents 1-7) was pipetted into a 1.5 ml microtube and
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washed twice with 100 pl of mod. RIPA buffer. 300 pg of cell extract (2 mg/ml protein
concentration, 150 pl) were pipetted into the tubes and the slurry was agitated on an end-
over-end rotator for 3h at 4°C. For soluble competition experiments, SILAC and LFQ lysates
were pre-incubated for 20 min at 4°C with either DMSO (Ctrl, 1% final concentration) or
the compound at the desired concentration (DMSO solution, 1% final). After the 3 h
pulldown, the supernatant was aspirated and the beads were washed twice with 100 pl mod.
RIPA buffer and three times with 100 pul of 50 mM Tris, 150 mM NaCl (pH = 7.8, TBS) and
the beads were re-suspended in 25 ul freshly prepared tris-buffered urea (8 M urea, 50 mM
tris, pH = 7.8) containing 5 mM fris(2-carboxyethyl)phosphine (TCEP) and 10 mM 2-
chloroacetamide (CAM) and agitated on a Thermomixer (Eppendorf, Hauppauge, NY) for
30 min at 1400 rpm and 37°C. For duplex and triplex SILAC labeled samples, the beads
from the heavy, medium and light channels were mixed after the mod. RIPA wash step and
further treated as described but with 2 to 3-times the amount of buffers/reagents. For
digestion, the slurry was diluted two-fold with 100 mM ag. triethylammonium bicarbonate
solution (TEAB, urea concentration <4 M), the pH was adjusted to 8.5 with 1 N NaOH and
0.4 pg of LysC (Wako Chemicals, Richmond, VA) for every 5 ul of settled affinity resin was
added. The slurry was shaken for 2 h at 1400 rpm and 37°C. Then the slurry was further
diluted 2-fold with 100 mM TEAB (urea concentration <2 M) and 0.4 pg of MS grade
trypsin (Thermo Scientific, Rockford, IL) for every 5 ul of settled affinity resin was added.
Samples were digested overnight on a Thermomixer at 37°C, diluted two-fold with 5% aq.
acetonitrile (ACN) containing 0.1% trifluoroacetic acid (TFA) and acidified with formic acid
(FA, 1% final). Peptides were extracted using StageTips3C and then analyzed in single
nanoLC-MS/MS runs. For kinase abundance profiling using kinobead fractionation, lysates
were incubated for 1 h at 4°C with 10 pl of a 50% slurry of affinity matrix 1. The
supernatant was transferred into a tube containing 10 pl of a 50% slurry of the affinity
matrices 2, 4, 5and 6 (1:1:1:1 mixture) and incubated for another 1h at 4°C. Then the
supernatant was transferred into a tube containing 10 ul of a 50% slurry of the affinity
matrices 3 and 7 (1:1 mixture) and incubated for another 1h at 4°C. The kinobead fractions
were then processed separately as described above and analyzed in single nanoLC-MS/MS
runs.

LC-MS/MS and data analysis

Peptides were separated on a Thermo-Dionex RSLCNano UHPLC instrument (Sunnyvale,
CA) with 10 cm long fused silica capillary columns made in-house with a laser puller
(Sutter, Novato, CA) and packed with 3 um 120 A reversed phase C18 beads (Dr. Maisch,
Ammerbuch, DE). The LC gradient was 90 min long with 10-35% B at 200 nL/min. LC
solvent A was 0.1% 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 Topl15 selection with CID fragmentation. Raw files were analyzed by
MaxQuant/Andromeda3! version 1.5.2.8 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 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
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was Trypsin/P, max. charge was 7, 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.
Data was further processed using the Perseus software package (version 1.5.2.6), the R
environment, Origin Pro 8.0 and Microsoft Excel. Because our goal is to quantify kinases
for secondary analyses (for e.g. inhibitor profiling), we only consider proteins “identified” if
MaxQuant is able to compute a protein intensity value; this is a more stringent criterion of
protein identification as identifying peptides need to have good MS/MS spectrums and
quantifiable ion chromatograms. Further, missing protein intensity values in LFQ analyses
were imputed using Perseus by sampling from a distribution downshifted by 1.3 and having
a width of 0.2.32 Imputed values are reported in the SI-Excel file 3. Significantly competed
kinases in the 50 UM competitor experiment were determined by applying a moderated two-
tailed, two-sample t-test in Perseus with an FDR of 0.05 and a small constant sO = 0.3.
Further, a fold-change cut off for the log2 LFQ ration of 1 was applied. The MS raw files
were uploaded to the MassIVE proteomics repository (https://massive.ucsd.edu) under the
accession number MSV000080122.

Kinobead competitor titration assay

The inhibitors 1369 and 1649 were prepared in DMSO at 12 different concentrations
ranging from 50 uM to 0.01 uM (i.e 50, 25, 10, 5, 2, 1, 0.4, 0.2, 0.08, 0.04, 0.02, 0.01 uM).
Kinobead soluble competition experiments were performed as described with the complete
kinobead mixture in label-free lysate (1:1 mixture of HCT116 and U-2 OS cell lysates) in
triplicates and peptide samples were analyzed in single analytical runs. Kinase LFQ ratios
were calculated as the difference of the log2 intensity of a soluble competition experiment
and the average intensity of the DMSO control experiment (five replicates) to yield three
LFQ ratio values for each protein at each concentration. For plotting of the titration curve
and for calculation of the 1Cgps the mean and the standard deviation (SD) was calculated
from these three values. Graphs were plotted and analyzed using GraphPad Prism software
package (V5.0a) using a least squares nonlinear regression model for curve fitting (One site -
Fit loglC50 function).

In-vitro kinase activity assay

The kinase activities of PKD1 (CarnaBio USA, Natick, MA), PKD2 (EMD Millipore,
Billerica, MA) and PKD3 (Enzo Life Sciences, Farmingdale, NY) were profiled in presence
of myelin basic protein (MBP) as the substrate and the inhibitors in 3-fold dilutions at 10
different concentration starting at 10 uM as the highest concentration. The total reaction
volume was 30.2 pl. For each reaction, 15 ul 2X KRB2-buffer (50 mM HEPES pH 7.5, 20
mM MgCly, 1.2 mM EGTA), 0.8 ul H,0, 0.15 ul 10 mg/ml BSA, 0.04 pl 1.43 M B-
mercaptoethanol (BME), 0.06 ul 1 M NagVO, and 6 pl of a 1 mg/ml MBP solution were
mixed. 2 pl of 15X kinase stock solutions (75 nM for PKD1, 75 nM for PKD2 and 112.5 for
PKD3) along with 1.2 pl of the 25X inhibitor solution in DMSO were added and the reaction
was incubated for 30 min at RT. Then 5 pl of ATP-[y32P] (0.04 uCi/ul in H,0) were added,
the reactions mixed by pipetting and incubated for 8 h at RT. 4.6 pl aliquots of the reaction
mixture were spotted onto nitrocellulose, the membranes washed 3 times with 0.5%
phosphoric acid and dried with acetone. Membranes were wrapped in plastic wrap and
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placed in a phosphor screen for autoradiography and exposed overnight. Phospho imaging
was performed using a Typhoon FL 9000 instrument (GE Healthcare, Pittsburgh, PA) and
the raw data was processed with the GraphPad Prism software package (\V5.0a) using the

One site - Fit loglC50 function for curve fitting.

Correlation analysis of mMRNA and protein expression data

For the correlation of kinase MRNA and protein expression, we only included kinases
quantified with MaxQuant protein intensity values in at least 3 out of 11 cell lines in the
kinobead kinase enrichment experiments (true for 269 out of 312 kinases, see SI-Excel file 1
and 2); extracting log10 mRNA intensity values from the CCLE mRNA dataset and the
log10 MaxQuant protein intensity values, we then computed the Pearson’s product-moment
correlation coefficient r for each of these 269 genes (see Fig. 2c and SI-Excel file 2).

Results and discussion

Synthesis and evaluation of individual kinobead affinity reagents

In developing our kinobead reagents, we wanted to identify a set of immobilized kinase
inhibitors that could efficiently and broadly enrich the human kinome. Based on previous
profiling studies, we selected seven affinity reagents derived from non-selective type | and
type 11 kinase inhibitor scaffolds as synthetic targets (Compounds 1-7 Fig. 1a).> 24 28, 33-35
The inhibitor analogs 1 and 3-5 were described previously and the affinity reagents 2, 6 and
7 were newly developed in our laboratory. Compounds 1-7 were immobilized on carboxy-
derivatized sepharose using amide coupling chemistry to yield the corresponding affinity
matrices. To assess each affinity reagent’s ability to specifically enrich kinases from cell
lysates, we performed a single series of affinity pulldown-soluble competition experiments
using duplex SILAC-labeled HeLa cell lysate as previously described (Fig. 1b).5: 18
Experiments were done in quadruplicate, with two SILAC label swap experiments in which
SILAC labels were switched between control and inhibitor competition experiments. The
label swap experiment helps to distinguish true hits from non-selective hits as the former
show an inversion of the sign of the log2 SILAC ratios, while contaminants and false
positives do not.18 Soluble competitors were tested at 50 uM of each non-immobilized probe
1-3 and 6 and 50 uM of foretinib (EXEL-2880) for probe 7 (Fig. 1a. From the resulting
dataset we can simultaneously determine both the relative enrichment and specificity of
kinase interactions with each probe. The affinity reagents 4 and 5 have been characterized
in ® and the corresponding data were extracted from the published dataset.

To estimate the kinase enrichment efficiency of each probe matrix, the protein MS signal
intensity from the DMSO control experiments was extracted from the dataset. These
intensity values were used as an approximate measure of kinase abundance in the pulldown
samples. We analyzed how many protein and lipid kinases could be identified with each
probe, i.e. that can be assigned a protein intensity value in at least one out of four replicates.
We found that the majority of kinases were captured by the type I probes 1 (n = 115) and 2
(n=107), representing 148 (73%) out of the 203 total kinases identified in HeLa cell lysate.
Probes 3 (n =80), 4 (n=82),5 (n=57), 6 (n=238) and 7 (n = 66) contributed to the capture
of an additional 55 kinases from all major kinase families (SI-Fig. 1). Probes 4-7 were very
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efficient in the enrichment of members of the tyrosine kinase (TK) and tyrosine kinase-like
(TKL) families of protein kinases and are highly complementary to the type | probes 1-3 in
terms of kinome coverage (for a heat map of kinase intensities for each probe see SI-Fig. 1).
This evaluation directly assessed the value of each probe in the kinobead mixtures for
capturing complementary components of the kinome.

Quantifying changes in kinase abundance due to the presence of soluble competitor
identified kinases that interact strongly and specifically with probes 1-7 (SI-Fig. 2). For each
probe, ca. 75% of those kinases that were identified with a protein intensity value in the
DMSO control experiments could also be assigned a quantitative SILAC ratio between
control and competition. In turn, of these quantified kinases 45% to 67% were competed off
the individual kinobead reagents in presence of 50 uM of the corresponding free probe. This
was interpreted as an evidence for a specific-probe kinase interaction. These findings are
important because only kinases that bind to the immobilized kinobead reagent through
specific interactions (e.g. interaction with the ATP-binding pocket of kinases) are accessible
to kinome-scale profiling of kinase inhibitors.

The soluble competition experiments between the novel affinity reagent 7 and its parent
compound, the clinical, multi-tyrosine kinase inhibitor foretinib (EXEL-2880), demonstrate
the utility of our kinase inhibitor profiling workflow (SI-Fig. 3).36 Our profiling of foretinib
targets from cellular lysates identified its specific interaction with 29 protein and lipid
kinases. Most of these kinases have been previously found to interact with recombinant
kinase domains in a phage display binding assay (SI-Fig. 3),37 supporting the accuracy of
our approach. Further, a number of non-kinase proteins were found to be specifically
competed off the affinity matrices with the competitor probes 1-7. These could be either
proteins interacting with enriched kinases or non-kinase targets of the tested affinity reagents
(SI-Table 1).

Kinome expression analysis of 11 diverse cancer cell lines with kinobeads

Close to 20 % of all protein and lipid kinases are classified as oncogenic drivers, and
measurement of the expression levels of these kinases are thought to be informative for the
state of the disease.38 Proteomics methods are increasingly recognized as important,
orthogonal tools that can measure aberrant protein expression other than quantification of
mRNA transcripts.39 Current proteomics technologies cannot sample a whole proteome;
selective biochemical enrichment of subsets of proteins is a powerful approach to improve
analytical coverage. Because kinase affinity reagents facilitate broad and efficient
enrichment of the kinome, they can be used to quantify kinase expression in cells and tissue
samples.11:40. 41 For this reason, we wished to examine our affinity reagents’ potential to
broadly enrich and quantify kinases from extracts of a diverse set of human cancer cell lines.

To select a small but representative panel of cancer cell lines with high and diverse
expression of kinases, we took advantage of available mMRNA expression data from the
Cancer Cell Line Encyclopedia (CCLE).*2 Using unsupervised clustering of kinase mRNA
intensities from 1037 CCLE cell lines, we first chose cell lines from different clusters
(primarily classified by distinct tissue of origin) that also contained the most kinases ranked
in the top 10t percentile of expression. Because this selection filter generated many possible
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combinations with high kinase diversity and mRNA abundance from different cancer
etiologies, we then chose cell lines based on practical considerations such as availability
(ATCC); high proliferation rates; amenability to cell culture (see Fig. 2a for a hierarchical
order of selection criteria). This procedure led to the selection of a panel of 11 cell lines;
these were BJ-5ta (human foreskin fibroblast), DU4475 (skin carcinoma), HL-60 (acute
promyelocytic leukemia), Hs 604.T (Hodgkin’s lymphoma), Jurkat (acute T-cell leukemia),
K-562 (chronic myelogenous leukemia), NCI-H211 (small cell lung cancer), P3HR-1
(Burkitt’s lymphoma), SH-SY5Y (neuroblastoma), HCT 116 (colorectal carcinoma) and U-2
OS (osteosarcoma).

To increase our ability to sample the kinome, we combined affinity reagents 1-7 (Fig. 1a)
into three different kinobead affinity matrices with overlapping but distinct kinase target
profiles. These were matrix 1 (compound 1), matrix 2 (compounds 2, 4, 5 and 6) and matrix
3 (compounds 3, 7). We applied our previously published pulldown and on-bead digestion
protocol to obtain kinase-enriched samples for single-shot nanoLC-MS/MS analysis in
unlabeled cell lysates.® Each lysate was incubated with kinobead matrices 1, 2 and 3 for 1 h
at 4°C, consecutively, and MS data combined for protein identification. We identified an
average of 220 protein and lipid kinases for each cell line in three analytical runs (SI-Fig. 4).
From three replicate analyses per cell line, we identified a total of 312 kinases across the 11
cancer cell line panel (SI-Fig. 5). The enriched kinases derive from all major branches of the
kinome,! have high average sequence coverage (~32 %), with protein MS intensities
spanning five orders of magnitude (Fig. 2b and heat map in SI-Fig. 5). Both the protein
intensity and sequence coverage of kinases were found to be substantially higher compared
to non-kinases (SI-Fig. 6). Two-thirds of the total protein MS intensity in MS analyses were
derived from protein and lipid kinases, further demonstrating that our kinobead reagents
provide specific and efficient kinome enrichment (SI-Excel file 1).

Although mRNA quantification is widely used to measure gene expression, it is well known
that the correlation between protein and mRNA expression levels can vary greatly.43-45 We
used our kinome analyses to examine the correlation between protein and mMRNA expression
of 312 kinases in our panel of 11 CCLE lines. As a measure of linear correlation between
MRNA and protein expression (as determined by kinobead-LC-MS/MS analysis), we
computed the Pearson moment-correlation coefficient, r, for the log10 intensities of mMRNA
and protein MS signal across all cell lines for each individual kinase (Fig. 2c, see also
Experimental Section). This analysis showed the trend that the correlation of relative mRNA
and protein expression levels in our dataset varied considerably between individual kinases
ranging from very strong positive correlation (>0.9) to very strong negative correlation
(<-0.9). Our correlation analysis contained 58 of the 91 recently proposed “cancer driver
kinases” 38. These genes were evenly distributed across the range of calculated r values,
highlighting the relevance of the kinobead approach in the interpretation of kinome
expression data from human cancer cell lines/tumor samples (“Cancer driver kinases”
highlighted in gray Fig. 2c); we observe, for example, no correlation between mRNA
expression and protein abundance for important oncogenic kinases like AKT1, BRAF and
MTOR. We noticed a subtle but significant correlation between the average MaxQuant
protein intensity and the Pearson’s r for mRNA-protein intensity correlation (lower kinase
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intensity with lower r). The average correlation of MRNA and protein intensity improved
when missing values in the proteomics dataset were replaced by imputed values representing
low MS signal; this led to a poorer correlation between average protein intensity and
Pearson’s r (for a detailed discussion of these observations, see SI-Fig. 7). Because kinases
are important functional nodes in cellular signaling pathways, our analyses underscore the
importance of measuring both kinase mRNA and protein levels in cancer profiling. Our
kinobead-based enrichment workflow, which can measure the abundance of >300 kinases
from <1 mg of input protein, would enable rapid and targeted analyses of cancer kinomes.

Impact of Label-free vs. SILAC quantification on coverage in kinobead analyses

Stable isotope labeling of proteins/peptides can facilitate accurate quantification of proteins
and multiplexing of experiments in single analytical MS runs. Precursor-MS stable isotope
labeling approaches like SILAC or reductive dimethylation are robust, convenient, and
provide high quantitative precision.2% Conversely, each labeled state increases sample
complexity and may lead to decreased analytical depth, particularly in unfractionated LC-
MS analyses of highly complex peptide mixtures where sample complexity exceeds the
sampling speeds of the mass spectrometer.46 Although kinome affinity enrichment should
mitigate the problem of sample complexity, we wanted to examine the effect of sample
multiplexing on the depth of kinome coverage.

To directly assess the impact of SILAC labeling on the performance of our kinobead
analysis, we compared triplicate kinobead pulldowns using non-labeled (label-free, LF),
duplex SILAC-, or triplex SILAC-labeled cell extracts derived from HCT 116 and U-2 OS
cells (1:1 mixture). Together, the two cell lines yielded 276 of the 312 kinases identified
from the 11 cancer cell line panel and provide sufficient breadth of kinome expression for
our purposes (SI-Fig. 4b).

To increase analytical throughput in these experiments, we used a single kinobead reagent
mixture obtained by combining the individual affinity reagents 1-7 in equal amounts. Our
previous kinase affinity pulldowns with 12.5 ul of affinity resin (settled volume) and 1 mg of
protein yielded enough peptide sample for ca. 3 analytical LC-MS/MS runs (10-15 pg).
Based on these observations, we scaled down our protocol to use 5 pl of affinity resin
(settled volume) and 300 pg of protein for each LF sample and for every SILAC channel
(light, medium and heavy, 1:1 mixtures). Peptides were then analyzed in single analytical
LC-MS/MS runs. SILAC labeling resulted in a two- or three-fold increase in the numbers of
peptide precursors, for duplex- and triplex-SILAC, respectively. We evaluated each
experiment by standard metrics, including total number of proteins and the number of lipid
and protein kinases identified and quantified per LC-MS run as well as the distribution of
protein intensities and sequence coverage for kinases and non-kinases (Fig. 3). The bar plot
(Fig. 3a) compares the number of peptides, proteins and kinases identified in single-shot LC-
MS runs and the Venn diagram (Fig. 3b) compares the identity of kinases identified for LF
and SILAC-labeled HCT116/U-2 OS samples; SILAC labeling led to a ~30% decrease in
the number of identified peptides and proteins as well as the number of quantified proteins
and kinases compared to LF samples. Accordingly, the total number of identified protein and
lipid kinases dropped from 211 for LF samples to 157 and 160 for duplex and triplex SILAC
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labeled samples, respectively. Unsurprisingly, 37 of the 39 kinases not detected in duplex or
triplex labeled samples that could be detected in the LF samples were found in the lowest
MS intensity quartile (Venn diagram Fig. 3b). In this set of experiments, no further drop in
identified/quantified proteins was observed upon increase of the multiplexing from duplex to
triplex SILAC.

We found that use of just 5 pl of a combined kinobead reagent (1-7) in 300 pug of cellular
protein was sufficient to identify >200 kinases in single analytical LC-MS/MS runs; this is a
significant reduction in reagents, protein input and LC-MS analysis time. Comparable with
the experiments done in the 11 cancer cell lines with three kinobead reagents, the use of a
single kinobead reagent yielded peptide samples in which 64% of the protein intensity signal
was derived from protein and lipid kinases. This was independent of LF or SILAC
quantification. Further, the distribution of protein intensities and sequence coverage between
protein kinases and background proteins was found to be highly similar to the previous
experiments (for reference see Sl-Fig. 6). For these reasons we decided to use this protocol
in subsequent kinase inhibitor profiling experiments.

Kinome chemoproteomics profiling of T. gondii CDPK1 inhibitors

Compounds based on pyrazolopyrimidine and pyrrolopyrimidine scaffolds, like 1553, 1561,
1649 and 1369 (Fig. 4a), have been developed as selective 7. gondiiand Cryptosporidium
parvum (C. parvum) CDPK1 (7g/CpCDPKJY) inhibitors. These compounds contain
substituents that exploit the rare and small glycine gatekeeper residues of 7g/CoCDPK1,
which allows selectivity for these parasitic kinases over mammalian kinases like Src and
Abl.47-54 However, it has been shown previously that the related compounds NA-PP1 and
NM-PP1, which have been designed to target mutant kinases that contain a glycine
gatekeeper residue, can also inhibit several other kinases, including the protein kinase D
(PKD) isoenzymes (Fig. 4a).5% 56 Off-target inhibition of human kinases by compounds
targeting parasite kinases may lead to unwanted side effects when applied in animal models
or humans. For this reason, we used our kinobead-based inhibitor profiling method to
determine if any of our 7g/ CoCDPKZ1 inhibitors would also inhibit mammalian kinases.

The four compounds, 1553, 1561, 1649 and 1369 were selected from a larger pool of CDPK
inhibitors for kinome-wide profiling based on structural diversity (Fig. 4a). For the profiling
of the inhibitors, we carried out kinobead soluble competition experiments in the LF lysate
mixture of the human U-2 OS and HCT 116 cancer cell lines (hereafter referred to as LFQ
master mix); we adapted the single kinobead reagent workflow (equal amounts of 1-7, Fig.
1a) used to compare SILAC and LF quantification of kinase enriched samples in the LF
master mix to increase kinome coverage.

In a first round of experiments all four inhibitors were profiled at a single (high)
concentration of 50 uM (five replicates) to determine all kinases that potentially interact with
the competitors. To determine specific kinase interactors from the LFQ competition
experiments, putative hits had to pass two criteria: (1) achieve an FDR of <0.05in a
moderated two sample t-test; and (2) show a log2 LFQ intensity difference value <1.0
(hereafter LFQ ratio). Testing the panel of compounds, including DMSO control
experiments, resulted in 25 analytical LC-MS/MS runs. In this dataset, 31000 values for the
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MaxQuant LFQ protein intensity were determined and 214 protein and lipid kinases were
identified (see SI-Excel file 3). Figure 4b shows a representative volcano plot obtained by
comparing the five replicate 1649 soluble competition experiments (50 uM) with five DMSO
ctrl experiments by means of the moderated t-test in the Perseus software package (see
Experimental section for details).32 Hit kinases appear on the left side of the plot with
negative log2 LFQ ratios. To illustrate the data distribution, we plotted LFQ ratios from the
50 UM soluble competition experiments with 1553, 1561, 1649 and 1369 (box and whisker
plots Fig. 4c).

MS-based label-free quantification can fail if a protein species is detected in one sample, e.g.
the DMSO control of a pulldown experiment but not in the corresponding soluble
competition experiment. This problem was observed when profiling the 7g/ CoCDPK1
inhibitors due to exhaustive depletion of high affinity kinase targets from the kinobeads. In
order to assign LFQ ratios to these high affinity kinase targets, we replaced missing values in
the dataset by data imputation using the Perseus software (see Experimental section, Sl-
Excel file 3 and Fig. 5).

The heat map in Figure 5 shows the mean log2 LFQ ratios (quintuplicate experiments) for
the significant kinase hits identified (for exact log?2 ratio values and —log10 P-values see SI-
Table 2). We found that in these experiments at 50 UM competitor concentration, the
compounds 1561, 1553 and 1649 interact with 28, 27, and 41 protein kinases, respectively,
whereas inhibitor 1369 only interacts with 19 kinases. The majority (36 out of 46) of
potential targets identified were serine/threonine kinases and almost exclusively members of
the CAMK, TKL and STE families of protein kinases (Fig. 5, also see kinome dendrograms
in SI-Fig. 8). Strikingly, all inhibitors competed PKD1, PKD2 and PKD3 very efficiently.
The data also suggest that, besides the PKD isoforms, 13 other kinases are common targets
of all four compounds (Fig. 5). Among these, kinases that were competed with high LFQ
ratios (log2 ratio >5) were the activin receptor typ-1B (ACVR1B), aurora kinase A
(AURKA), LIM domain kinase 1 (LIMKZ1), STE20-like serine/threonine-protein kinase
(SLK), serine/threonine-protein kinase 10 (STK10, also known as LOK), receptor-
interacting serine/threonine-protein kinase 2 (RIPK2) and the TGF-beta receptor type 1
(TGFBR1). RIPK2 was also identified as target of the parent compounds NA-PP1 and NM-
PP1 in a previous study.>® Except for the 2-ethyloxynaphtyl-substituted 1369, the
compounds also interacted with a number of tyrosine kinases, most notably the Src-family
kinase YES1, the ephrin receptor A1l (EPHAL), proto-oncogene protein-tyrosine kinase
receptor Ret (RET) and protein-tyrosine kinase 6 (PTK®6).

To gain further insights into the relative affinities of the compounds to their putative human
target kinases, we performed an inhibitor titration experiment in the LFQ master mix cell
lysate with the most unselective compound, i.e. 1649, and the most selective compound, that
is 1369. Soluble competitors were applied at 12 different concentrations ranging from 50 uM
to 10 nM and pulldowns were performed in triplicate. This resulted in 72 soluble
competition experiments and five DMSO control pulldowns that were analyzed in 77 LC-
MS/MS runs. For plotting of titration curves, LFQ ratios were calculated from the log2
protein intensity values of the DMSO control and competition for all kinases that were found
to be putative interactors of 1649 and 1369 in the 50 UM single-dose experiments (see
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Experimental section, SI-Excel file 3, Fig. 6 and SI-Fig. 9). The 1369 and 1649 titration
curves for PKD1, PKD2 and PKD3 (the compounds’ putative main off-targets, Fig. 6a and
b) suggest that 1369 has a higher relative affinity for all three isoforms, as at the lowest
tested competitor concentration all PKDs were still competed off the kinobeads. This is
reflected by the consistently ~2 to 4-fold lower ICggs of 1369 for the PKDs compared to
1649, i.e. <10 nM, 11 nM and 9.3 nM for 1369 vs. 26 nM, 23 nM and 39 nM for 1649
against PKD1, PKD2 and PKD3, respectively (Table 1a). In case of 1369 the major common
off-target RIPK2 was calculated to have an ICsq of 3.6 uM which is ~100-fold higher than
for the PKD isoforms (Fig. 6¢ and Table 1a). Conversely, 1649 shows an 1C5q(RIPK?2) of
301 nM which is only about 10-fold higher than for the PKD isoforms (Fig. 6d and Table
1a). Strikingly, 1649 also shows 5-10-fold lower 1Cgq values for all other common off-
targets as compared to 1369 (ranging from 4.4 UM to 500 nM). Further, dose response
curves could be drawn for a number of kinases that were found to interact with 1649 but
weakly or not at all with 1369 (SI-Fig. 9 and Table 1a). Two of these targets that showed an
ICsq lower than 20 uM were LIMK1 (600 nM) and RIPK1 (13 pM).

Conclusively, chemoproteomics profiling of our CDPK inhibitors revealed that the three
PKD isoforms are the major kinase off-targets in the human kinome. In an in vitro kinase
activity assay using recombinant PKD1, 2 and 3, both 1649 and 1369 were found to inhibit
kinase activity at nanomolar concentrations (30-140 nM 1Csgs, see Table 1b). Our results
indicate that compound 1369 is a highly selective (~100-fold over the most relevant off-
target RIPK2) and potent inhibitor against the PKD isoforms and is a useful tool compound
for dissecting the roles of these kinases in cells and /in vivo.

Conclusion

The wide dynamic range of protein abundance and the current limits of analytical
instrumentation in proteomics analyses can be mitigated by approaches that enrich specific
sub-proteomes, like the kinome, for study. This is especially important when studying
disease in animal models or clinical samples where protein amounts may be a limiting
factor.

In this study, we describe a novel, streamlined MS-based kinobead chemoproteomics
protocol that can broadly enrich the kinome for downstream analyses. Our workflow
employs microgram-scale kinase affinity enrichment (as little as 5 pl of kinobead resin, and
300 ug of input cell lysate), in-situ proteolytic digestion, and single-shot nanoLC-MS/MS
analysis to achieve increased analytical throughput and sensitivity. We can apply this
protocol to measure the relative abundance of the kinome across different samples,
quantifying proteins with either SILAC multiplexing or label-free quantification. Likewise,
this protocol is well suited for profiling of small to medium scale libraries of ATP-
competitive kinase inhibitors in a competition binding assay. We anticipate that the
workflow can be adapted to automated sample handling to facilitate the screening of large
compound libraries.

To test the analytical depth of the method, we profiled a diverse panel of 11 cancer cell lines
which resulted in the quantification of 312 protein and lipid kinases. When analyzing the
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linear relationship between these protein expression data and mRNA expression data
obtained by the CCLE project using Pearson’s product-moment correlation analysis, we
observed a poor average correlation for individual kinases across the cell lines panel (mean r
= 0.34, Fig. 2¢). Imputation of missing protein intensity values improved the correlation
substantially (mean r = 0.47, no strong negative correlations observed) which suggests that
the imputed (low) intensity values correctly estimated low protein expression (for a detailed
discussion see Sl-Fig. 7). This supports the assumption that the majority of detected kinases
are quantified accurately. We anticipate that with our protocol similar results can be obtained
from tissue samples.

We also used our optimized kinobead workflow in soluble competition experiments to
profile four 7. gondii CDPK1 inhibitors to identify possible targets in the human kinome.
We observed that all four inhibitors interacted strongly with nine serine/threonine kinases,
most prominently PKD1, 2, and 3; subsequent competitor titration experiments using 1649
and 1369 showed that the latter is highly selective for PKDs amongst the 214 human kinases
profiled (Fig. 6 and Table 1). Gratifyingly, an /n vitro kinase inhibition assay faithfully
reproduced the results from the chemoproteomics inhibitor titration experiments, confirming
that 1649 and 1369 have nanomolar ICsqs (i.e. 30-140 nM) for the PKD isoforms. While
our data suggest that 1369 and related compounds inhibit the human PKD isoforms, they
still have >100-fold lower ICsqs for T9gCDPK1.53 Accordingly, off-target effects related to
the inhibition of mammalian kinases may not present a significant issue in a physiological
setting. More importantly, our findings indicate that 1369 is an ideal chemical genetic tool
for probing PKD function in cell signaling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Non-selective kinase affinity reagents and experimental protocol for enrichment/soluble
competition and LC-MS/MS analysis of cellular kinases

a) Non-selective type | (1-3) and type Il (4-7) kinase inhibitor analogs used to generate the
kinobead affinity matrices in these studies. b) Our kinase inhibitor profiling workflow
features microgram-scale affinity enrichment of cellular kinases with kinobeads in SILAC
cell lysates, soluble competition, on-bead digest of protein samples, and single-shot
nanoLC-MS/MS analysis.
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Figure 2. Analysis of kinases enriched from a diverse panel of cell lines using kinobeads
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a) Hierarchical selection criteria for 11 diverse human cancer cell lines for kinome profiling.
b) Human kinome dendrogram showing the 312 protein and lipid kinases enriched from the
panel of 11 cancer cell lines. Red circles represent the means of the 1og10 MaxQuant protein
intensities of kinases calculated from triplicate pulldowns of each cell line. ¢) Ranked plot of
the Pearson’s r for the correlation between kinase mMRNA expression data derived from the
CCLE database and the protein expression levels based on MaxQuant protein intensity. For
correlation analysis, only kinases quantified in at least 3 out of 11 cell lines were considered.
Kinases previously identified as cancer drivers are highlighted in gray and marked with their
gene names. Correlation between mRNA and protein expression data ranged widely. A table
containing all 269 correlated kinases with the corresponding Pearson’s r values can be found

in SI-Excel file 2.
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Figure 3. Comparison of label free (LF), duplex SILAC, and triplex SILAC performance
a) Bar plots comparing the number of identified and quantified peptides, proteins and

kinases between label-free and multiplexed (duplex and triplex) SILAC experiments
performed in a 1:1 mixture of HCT 116 and U-2 OS cell lysate (see Experimental Section).
We consider a peptide or protein “identified” only if an intensity value was computed by
MaxQuant. A protein was considered “quantified” if a SILAC ratio was computed by
MaxQuant. The values are the mean numbers from three LC-MS experiments and the error
bars are the standard deviation (S.D.). Identified kinases are the total from all three runs
(intensity value for a kinase could be computed for at least one out of three experiments). *:
A protein was considered quantified in LF experiments if a LFQ intensity was computed by
MaxQuant. b) Venn diagram comparing the number of identified kinases between LF and
SILAC samples.
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Figure 4. Kinobead chemoproteomics profiling of kinase inhibitors
a) Structures of the four pyrrolopyrimidine and pyrazolopyrimidine compounds developed in

our laboratory as well as the parent compounds NA-PP1, NA-PP2 and NM-PP1. b) Volcano
plot from a moderated two-tailed, two sample t-test applied to the log2 transformed
MaxQuant LFQ intensities of the label-free 1649 competition (50 uM) and DMSO control
experiments (five replicates each). Significantly competed kinases are shown in red and non-
competed kinases in black. Other proteins are in gray. Added soluble competitor leads to a
depletion of the target kinases from the kinobead affinity matrix. Hit kinases appear to the
left of the cut-off line indicating an FDR<0.05. ¢) Box and whisker plots of all log2 LFQ
ratios calculated by a moderated two sample t-test for soluble competition experiments with
50 uM of 1553, 1561, 1649 or 1369 over DMSO control. The plot was overlaid with the
protein and lipid kinase LFQ ratios (in red).
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Figure 5. Initial kinome target profiling of T. gondii CDPK1 inhibitors
The heat map shows all putative drug-kinase interactions detected in the kinobead-

competition assay at 50 UM 1553, 1561, 1649, or 1369 in the LFQ master mix. The panel’s
color scale indicates the mean log2 LFQ ratios from 5 replicate LFQ pulldown experiments.
For 1553, one replicate LC-MS run failed, so only four replicates were used for the analyses.
Hits had to fulfill two criteria: (1) a log2 LFQ ratio =1 (i.e. 2-fold) and (2) a FDR <0.05 in a
moderated two-tailed, two sample t-test of log2 LFQ protein intensity values from DMSO
ctrl against competition experiments. & one or more LFQ ratio values were obtained by data
imputation.
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Figure 6. Competitor titration curves for 1649 and 1369
Panels a) and b) show the decrease of log2 LFQ intensity ratios for the PKD isoforms (main

targets) with decreasing competitor concentration. Panels ¢) and d) show the decrease of
log2 LFQ ratios for the six other shared major off-targets (competed by all inhibitors tested
at 50 pM) with decreasing competitor concentration. Log2 LFQ intensity ratios are the mean
of three ratios calculated from the protein intensity of a single replicate and the mean of the
DMSO control intensity and the error bars are the standard deviation (S.D.). The competitors
were applied at 12 different concentrations ranging from 50 uM to 10 nM. 1Csgq values for
competition binding of the target kinase between the kinobeads resin and the soluble
competitor were calculated from the curves using a least-squares non-linear regression
model in GraphPad Prism (see Table 1a for computed 1Cgq values).
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Table 1

ICsq values (nM) of 1369 and 1649 for their kinase targets as determined by chemoproteomics profiling and a
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recombinant kinase activity assay.?

Chemoproteomics titration experiments

Target 1369 1649
ACVR1B 7000 = 5700 1700 £ 570
AURKA | 16000 + 12000 1900 + 580
AURKB n.a. >20000

LIMK1 n.a. 600 + 200

PRKD1 <10 26+ 14

PRKD2 11+95 23+12

PRKD3 93+11 39+24

PTK6 n.a. >20000
RIPK1 n.a. 13000 + 3700
RIPK2 3600 + 1100 300 £ 72
SIK2 n.a. >20000
SLK >20000 4400 + 1400

STK10 >20000 1100 £ 350

TGFBR1 7100 + 3600 500 + 220

Recombinant kinase activity assay

Target 1369 1649

PRKD1 140 + 23 67+28
PRKD2 43+9.0 31+5.0
PRKD3 54 £9.0 31+47

aIC50 values are given in nM + S.D. IC50s that were calculated to be higher than 20 uM are indicated by the placeholder “>20000", IC50s
estimated to be lower than 10 nM are indicated by the placeholder “<10” and for these values no S.D. is given.
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