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Abstract

Recent developments in instrumentation and bicinformatics have led to new quantitative mass
spectrometry platforms including LC-MS/MS with data-independent acquisition (DIA) and
targeted analysis using parallel reaction monitoring mass spectrometry (LC-PRM), which provide
alternatives to well-established methods, such as LC-MS/MS with data dependent acquisition
(DDA) and targeted analysis using multiple reaction monitoring mass spectrometry (LC-MRM).
These tools have been used to identify signaling perturbations in lung cancers and other
malignancies, supporting the development of effective kinase inhibitors and, more recently,
providing insights on therapeutic resistance mechanisms and drug repurposing opportunities.
However, detection of kinases in biological matrices can be challenging; therefore, activity-based
protein profiling enrichment of ATP-utilizing proteins was selected as a test case for exploring the
limits of detection of low abundance analytes in complex biological samples. To examine the
impact of different MS acquisition platforms, quantification of kinase ATP-uptake following
kinase inhibitor treatment was analyzed by four different methods: LC-MS/MS with DDA and
DIA, LC-MRM, and LC-PRM. For discovery datasets, DIA increased the number of identified
kinases by 21% and reduced missingness when compared to DDA. In this context, MRM and
PRM were most effective at identifying global kinome responses to inhibitor treatment,
highlighting the value of a prioritarget identification and manual evaluation of quantitative
proteomics datasets. We compare results for a selected set of desthiobiotinylated peptides from
PRM, MRM, and DIA and identify considerations for selecting a quantification method and post-
processing steps that should be used for each data acquisition strategy.
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INTRODUCTION

Many cancers, é.g. lung adenocarcinomas, are driven by genetic and epigenetic
abnormalities and a dysfunctional microenvironment, resulting in altered signal transduction
pathways; these complex networks require phosphorylation profiling and other proteomics
approaches to enable comprehensive examination.1~2 Protein phosphorylation, through
regulation of protein-protein interactions and enzyme activity levels, leads to changes to
cellular phenotype in response to external cues.3~* Because kinases modulate signaling
events vital to cancer progression, including proliferation, motility, and cell survival, their
activity is frequently altered in cancer cells.:: 4 Improvements in detection of these
alterations have led to a renaissance in targeted therapy development, primarily kinase
inhibitors (KIs), over the last decade. While dozens of newly approved inhibitors hold great
promise in improving patient outcomes, the effectiveness of treatments relies largely on
predictive biomarkers.>=6 Clinically significant responses have been observed for targeted
therapy in non-small cell lung cancer (NSCLC) patients harboring Kl sensitizing mutations,
such as Erlotinib treatment of EGFR mutant tumors.” However, drug resistance is eventually
acquired through numerous mechanisms.8-2 Therefore, quantification of kinase activity and
changes in phosphorylation are necessary to identify effective biomarkers, elucidate drug
resistance mechanisms, repurpose existing FDA approved drugs, and define new avenues for
patient treatment.

However, kinases present a challenge for global profiling methods, like proteomics.
Therefore, enrichment methods including activity-based protein profiling (ABPP) have
emerged as useful approaches to identify active signaling pathways in model systems and
patient tumors.19-14 Activity-based protein profiling uses an ATP mimetic probe to
desthiobiotinylate lysines near the active site in order to use avidin-biotin capture chemistry
for enrichment.12 The chemical probe enriches all ATP-binding proteins, pulling down a
large number of other enzyme classes, including those involved with metabolism and stress-
response. While 100-200 kinases can be typically be observed in ABPP experiments of
NSCLC cell line samples using data dependent acquisition LC-MS/MS, kinase peptides
represent less than 10% of the total observed peptides and datasets may have large numbers
of missing values for desthiobiotinylated kinase peptides. Therefore, this ABPP kinase
model system serves as a microcosm of the general proteomics problems related to
quantification of low abundance components of a complex mixture. Here, we quantify
desthiobiotinylated kinase peptides amongst the complex background of higher abundance
labeled peptides from all ATP-binding proteins using multiple approaches to compare
sensitivity, reproducibility of detection, and quantification.

Multiplexed liquid chromatography-multiple reaction monitoring mass spectrometry (LC-
MRM or selected reaction monitoring, SRM) is a useful tool in translational cancer research,
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providing novel biological insights including drug resistance mechanisms, which can be
used to examine tumor biology /n situ or measure correlates in clinical trials.1>-18 Using
discovery datasets from LC-MS/MS with data-dependent acquisition (DDA), relevant targets
are selected for LC-MRM analysis on a triple-quadrupole mass spectrometer. LC-MRM
panels, consisting of specific precursor and fragment ion pairs, can be designed to quantify
peptides from proteins involved in the same biological process or signaling network,
resulting in pathway analysis.1® In order to interrogate perturbations resulting from
promiscuous kinase inhibitors that cause diverse changes in signaling, scheduled,
multiplexed LC-MRM panels have been developed to interrogate about half the kinome.
11,13 |_LC-MRM is the established method for quantitative proteomics, but the advent of
novel hybrid mass spectrometers with high resolution and accurate mass measurement
capabilities has led to the development of new quantitative approaches. Parallel reaction
monitoring mass spectrometry (PRM) uses precursor selection to generate full-scan high
resolution MS/MS spectra with mass measurement error for the fragment ions expected to
be less than 10 ppm. LC-MRM using a triple-quadrupole instrument, on the other hand, uses
comparatively low resolution mass filtering for both precursors and fragments (often widths
of 0.7 Th), which can result in interference. LC-PRM has emerged as a powerful tool to
profile cellular phenotypes using protein assay panels with similar capabilities to LC-MRM

that relies on high resolution accurate mass measurements to reduce or remove interference.
20-23

Building on improvements in instrumentation, a new acquisition strategy has been developed
for LC-MS/MS: data-independent acquisition (DIA).24-26 Instead of attempting to isolate
and fragment individual precursors (7.e. DDA), DIA samples all peptides across specified
m/z windows sequentially selected to cover the desired mass range.?> The fundamental
nature of DDA, which samples the most abundant ions in each scan, results in
undersampling as well as a decrease in repeated identification of lower abundance peptides;
ultimately, the challenges of missing data will result in the reduction of sample number,
negatively impacting precision. With DIA, undersampling can be reduced, yielding more
consistent and comprehensive peptide datasets leading to more effective quantification. The
improvement in peptide quantification using DIA compared to DDA has been demonstrated.
21-29 However, the resulting chimeric spectra are more challenging to interpret; therefore,
specific software and a high-quality spectral library are necessary to determine peptide
identifications.3? The goal is to achieve the precision of quantification expected for LC-
MRM/PRM (shortened to MRM or PRM throughout the paper) approaches, while retaining
the ability to detect and quantify other peptide by library matching or make novel
discoveries using additional database search strategies. To compare the four methods
described above, quantification of low abundance desthiobiotinylated peptides from kinases
in a complex mixture is evaluated in this study using cell line models of lung cancer
treatment. The strengths and weaknesses of each platform are explored using a lung cancer
cell line, H1993, treated with different multi-target kinase inhibitors to examine the ability to
detect known drug targets (as positive controls) and changes in downstream signaling.
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Cell Culture and Lysis

NCI-H1993 cells were obtained from the Moffitt Cancer Center Lung Cancer Center of
Excellence Cell Line Core, where they have been authenticated with short tandem repeat
analysis and routinely tested to certify that they are free of mycoplasma contamination. Cells
were grown in RPMI-1640 media containing L-glutamine and HEPES (Gibco),
supplemented with 10% fetal bovine serum (HyClone), 10 U/mL Penicillin/Streptomycin
(Gibco), and 2.5 g/L glucose (Sigma). Cells were grown to 70% confluence for about 24
hours, and then treated with DMSO, 200 nM BEZ-235, or 500 nM Crizotinib (Selleck
Chemicals) for 24 hours before harvesting. Plates were washed twice with ice cold PBS
containing 1 mM Sodium orthovanadate (Sigma) prior to scraping the cells off the culture
dish in 600 pL of Pierce IP Lysis Buffer containing protease inhibitors (Thermo). Cell
extracts were sonicated on ice and cleared by centrifugation at 18,000 x g for 20 minutes at
4° C prior to desalting using Zeba Spin Columns (Thermo). The protein concentration in
each lysate was determined using Bradford Assays (Coomassie Plus Protein Assay,
Thermo).

Activity-based Protein Profiling and MS Sample Prep

Cell lysates were labeled for activity-based protein profiling (ABPP) following the
manufacturer’s recommendations for the Pierce Kinase Enrichment Kit with ActivX Probes
(Thermo).12 Briefly, 1 mg of total protein from each desalted lysate was used in
quadruplicate for each treatment condition. Following incubation with 20 mM MnCl, for 5
minutes, lysates from cells (from the vehicle controls described above) were treated with
DMSO, Dasatinib, or Erlotinib (Selleck Chemicals) at a final concentration of 10 uM for 10
minutes. Lysates were then incubated with 10 uM desthiobiotin-ATP probe for an additional
10 minutes. All incubation steps were performed at room temperature. Labeled lysates were
denatured in 5 M urea and 5 mM DTT for 30 minutes at 65° C, and then alkylated with 40
mM iodoacetamide (Sigma). Samples were desalted again into a HEPES digestion buffer
and digested overnight with 20 pg Trypsin (Worthington) at 37° C. Digested lysates were
incubated for 2 hours at room temperature with high-capacity streptavidin beads to enrich
for desthiobiotinylated peptides. Beads were sequentially washed multiple times with lysis
buffer, 1x PBS, and water; labeled peptides were eluted using aqueous 50% acetonitrile
(ACN) with 0.1% TFA. Eluted peptides were vacuum concentrated (SpeedVac, Thermo) and
reconstituted in 20 pL of A solvent (2% ACN with 0.1% formic acid) containing 1 fmol/uL
Pierce Retention Time Calibrator (PRTC) standard peptides (Thermo). Samples were pooled
to form two biological replicates to allow for multiple injections using different LC-MS
acquisition methods (see Supplemental Figure 1 for a simplified workflow diagram).

To examine the reliability of ion signal observed in each method when using lower amounts
of input as a functional estimate of LOQ, an untreated H1993 cell line bulk ABPP sample
was serially diluted with solvent A to create the following series: Sample A is undiluted,
Sample B = 1:3, Sample C = 1:12, Sample D = 1:36, Sample E = 1:108. PRTC standard
peptides were spiked into each sample for quality control.
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Mass Spectrometry Analysis

Kinase peptide selection for targeted analysis and LC-MRM was performed as previously
described.13 All samples were separated by reversed phase nano-liquid chromatography
(Dionex RSLC, Thermo) and analyzed by DDA, DIA with quantification using extracted ion
chromatograms of peptide precursors (previously described as pPSMART),2” PRM, and
MRM. Each condition was analyzed with the four LC-MS methods a total of three times
from two biological replicates. For DDA and PRM analysis, peptides were separated using a
two step gradient, ramping from 5 — 15% B solvent (90% ACN containing 0.1% formic
acid) in 5 minutes, followed by a 90 minute linear gradient from 15 — 35% B Solvent in A
solvent prepared as described above, on a C18 column 75 pM ID x 50 cm (Acclaim
PepMap, Thermo). To be consistent with the gradient used to create the spectral library,
peptides were separated using a gradient from 5 — 15% B over 5 minutes, then15 — 50% B
solvent for the DIA experiment. Prior to MRM acquisition, peptides were separated on a 90
minute gradient from 5 — 35% B solvent on a C18 column, 75 uM ID x 25 cm (Acclaim
PepMap, Thermo).

A different gradient was used for DDA and PRM compared to DIA, because the gradient
was optimized specifically for desthiobiotinylated peptides after original datasets were
acquired for the spectral library. A longer column (50 cm) is used for discovery data
acquisition on the Q Exactive, compared to the 25 cm column used for LC-MRM. Because
of this difference in column length, the starting amount of B solvent was decreased to
improve hydrophilic peptide separation on the shorter column.

MRM analysis was performed on a TSQ Quantiva (Thermo) with a capillary temperature of
275° C and a spray voltage of 2100 V. The Q1 and Q3 resolution values were set to 0.4 and
0.7, respectively, with a dwell time of 10 ms per transition. A method containing 1,627
transitions (Table S1, Supporting Information) corresponding to 409 desthiobiotin-labeled
peptides was scheduled using iRT in Skyline.31-32 Variable retention time windows were
used, with the center of the gradient utilizing 10 minute acquisition windows. Collision
energy (CE) values were calculated using CE optimization equations empirically derived
with previous datasets in Skyline.33

DDA, pSMART/DIA, and PRM samples were analyzed using a Q-Exactive Plus MS with a
capillary temperature of 250° C and spray voltage of 2400 V. A DDA “top 16” method with
an isolation window of 2 Th around the precursor (0.5 Th offset) and 30 normalized
collision energy value (NCE) were used. MS? resolution was 70,000 and MS/MS resolution
was 17,500, with ion accumulation times of 100 and 80 ms, respectively.

DIA was performed using the isolation list in Table S2 (Supporting Information), using
variable steps of 5, 8, and 10 m/z with a 1 m/z offset, covering the mass range from m/z 450
to m/z 1332 in 7 cycles. The instrument performed MS? scans with a resolution of 70,000
and ion accumulation time of 200 ms, followed by eighteen MS/MS scans at a resolution of
17,500 with an ion accumulation time of 80 ms, in each ~2.5 s cycle. PRM analysis used the
same kinase desthiobiotin-labeled peptide panel previously described for MRM; the
scheduled PRM precursor list is shown in Table S3 (Supporting Information). To reduce
crowding, PRM retention time windows were set to 8 minutes around the expected precursor
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detection time. PRM analysis did not include MS? data acquisition, and MS/MS resolution
was 17,500 with a maximum accumulation time of 100 ms. DDA and DIA data are available
through PRIDE34 and ProteomeXchange3®; MRM and PRM data are available through
Panorama3® (see Notes).

Data Processing and Statistical Analysis

The spectral library used for DIA analysis was generated using DDA files acquired on the
same LC-MS/MS platform described, from many lung cancer cell lines. The spectral library
was built using Proteome Discoverer 2.1 (Thermo) with the Percolator algorithm (g-value
cut off = 0.01) following UniProt database searching using SEQUEST. DIA data files were
analyzed using Pinnacle software (v. 1.0.42.0, OPTYS) to perform spectral matching and
quantification.

DDA LC-MS/MS analysis was carried out using Andromeda3” and MaxQuant38 for peptide
identification and quantification searching data against human entries in UniProt
(downloaded December 2015) with the following dynamic modifications: methionine
oxidation, cysteine carbamidomethylation, and lysine desthiobiotinylation (+196.121178
Da). DDA and DIA datasets were searched again with Mascot using similar parameters to be
compatible with PRIDE requirements.

Skyline was used for peak integration of all PRM and MRM data as well as the DIA data
from the analysis of the dilution series.3! Spiked PRTC peptides and peptides from two
metabolic proteins, ENOA _HUMAN and G3P_HUMAN, were assessed for retention time
stability (see Tables S4-S7 in Supporting Information for average retention times) and ion
signal consistency, respectively (see Supplemental Figure 2A,B). ENOA and G3P peptides
were also used as a quality control for the sample processing and peptide enrichment.
Peptides lacking peaks in the control samples (DMSO) were removed from the dataset.
Following manual evaluation of peak picking to eliminate incorrect assignments or
transitions with interference, MRM data were exported from Skyline, with quantification by
the sum of all transitions. The PRM Skyline document initially scanned for all b and y
fragment ions from ion 3 (/.e. b3 and y3) to the second to last ion in both series (/.e. b2
and y(n_2), where n is the number of amino acids in the peptide). The document was then
automatically refined to include only the top 5 ions for each peptide, favoring higher m/z
fragment ions. Each peak was manually assessed and all transitions with an error greater
than 10 ppm were removed.

Raw peak area values for DDA and DIA datasets were processed to remove minor variability
using iterative rank order normalization (IRON)39 implemented in Galaxy.4? Statistical
analysis and data visual generation was performed using R programming in R Studio.4142
The following R packages were used for data processing and visualization: ggplot2,43 dplyr,
44 reshape2,® LSD,*6 VennDiagram,*” and stringr.48

In DIA and DDA datasets, all peptides with less than 3 values across the dataset (n = 18) or
that were not seen in the control (DMSO) sample were removed. Peptides with a Pinnacle
score less than 3, meaning inadequate MS/MS data (less than 4 fragment ions matched and <
0.65 MS/MS dot product score) for identification or poor MS? ion signal insufficient for
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quantification (< 0.94 MS1 dot product score), were removed from DIA datasets. Retention
time correlations were also used to remove outliers from the datasets. Concordance across
quantitative analysis methods was assessed between peak areas for each data point (protein,
peptide, treatment) computing Pearson’s correlation coefficient (7).

Relative quantification (without stable-isotope labeled standards) was performed by log,
transforming the peak areas and the calculating fold changes of inhibitor treatment
compared to DMSO vehicle controls. If a peak area was missing in controls or deviated by
more than 4x the average peak area across the control replicates, the DMSO peak area for a
different technical replicate was used to calculate the fold change (5-15% of peptides,
depending on the dataset). Standard error (SE), 95% confidence intervals, and boxplot
statistics were calculated for each drug treatment MRM, PRM, and DIA datasets.
Significance between SE boxplots was determined using the Wilcoxon Rank-Sum Test for
data that did not fit to a normal distribution.

Significance of log2-fold change values was determined using the student’s one-tailed t-test
when identifying proteins or peptides that are down-regulated in response to treatment (p <
0.05). To identify peptides that were differentially regulated (up or down), a two-tailed t-test
was used. Forest plots show 95% confidence intervals for all peptides observed across
MRM, PRM, and DIA that had a log, fold change less than —1 and a p-value < 0.05 in at
least one MS quantification platform.

The dilution series dataset was filtered using a mean bias cutoff (observed versus expected
peak area ratio compared to highest average peak area per peptide) of 100% and peak areas
of < 1,500 were removed.

Raw data and log transformed fold change calculations are included in the Supporting
Information for DDA (Tables S8-S12), DIA (Tables S13-S17), MRM (Tables S18-S22), and
PRM (Tables S23-S27).

Pathway Enrichment Analysis

To determine which biological processes were altered following 24 hour BEZ-235 treatment,
enrichment analysis using MetaCore GeneGO (Thomson Reuters) gene ontology*° was
performed using all protein/peptide pairs with a mean positive or negative fold change larger
than 1.8 and a p-value < 0.05 in each platform, analyzed separately or together. This
information identified the top ten cellular processes impacted by BEZ-235 treatment, which
could indicate potential biomarkers or drug resistance mechanisms. Proteins with changing
ATP-uptake computed by both PRM and MRM datasets were used to generate a schematic
representation of the altered signaling pathway, using MetaCore GeneGO pathway map
creator to identify protein-protein interaction mechanisms.

RESULTS & DISCUSSION

To elucidate the strengths and weaknesses of different quantitative proteomics approaches in
the context of low abundance peptides in a complex mixture, the MET amplified lung
adenocarcinoma cell line, H1993, was used as a model system due to identification of many
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kinases and pY sites in a preliminary lung cancer cell line LC-MS/MS (DDA) screening.
This study (Supp. Fig. 1) examined the impact of each MS acquisition method from the raw
data level to the biological insights drawn from downstream interpretation. Specifically, the
global data metrics (correlations, coverage, missingness, and precision), identification of
potential drug targets, and elucidation of signaling changes in response to therapy are
explored.

Global Comparison of ATP-Uptake in Lung Cancer Cells in Response to Drug Treatment

To ensure datasets were similar to one another, concordance was examined between DDA,
DIA, PRM, and MRM (Fig. 1, Supp. Fig. 3). Following normalization (IRON), log,
transformation and filtering for kinase peptides, a Pearson’s product-moment correlation (R)
was calculated to confirm the consistency across datasets. Each data point in the correlation
plots (Fig. 1A,B, Supp. Fig. 3A,B) are specific to a peptide and treatment, resulting in up to
18 measurements for each peptide. The 903 measurements for kinase peptides observed by
both DDA and DIA (Fig. 1a) had a strong correlation (R = 0.92, p-value < 0.001). PRM and
MRM peak areas (Fig. 1b) also strongly correlate (R = 0.8, p-value < 0.001). Correlations
between MS1 and MS/MS quantification methods are lower due to the evaluations of the
overall dataset, rather than peptide-by-peptide comparisons. Differences in the number of
transitions selected per peptide and their percentage of the total fragment ion signal
contribute to the lower correlation values. Therefore, we will primarily (but not exclusively)
focus on the two individual comparisons: DDA vs. DIA and MRM vs. PRM.

Distance from the regression line correlating LC retention times in the different experiments
was used to eliminate outliers for data analysis moving forward. Outliers generally presented
themselves as a cluster of points, which would correspond to the same peptide, resulting in
removal of data for 6 peptides from the MRM and PRM datasets due to poor data quality
(based on poor LC elution profiles and peak shapes, or fluctuating retention time). Reduced
correlation in quantification using PRM and MRM datasets may be attributed to the use of
different instrumentation (quadrupole-orbital ion trap vs. triple-quadrupole) and
quantification was performed using potentially different sets and numbers of MS? fragment
ions.

Across all four platforms, peptides from a total of 260 kinases were observed. The MRM
and PRM panels consist of 264 kinases, with a large portion of those identifiable in the
H1993 cell line. DDA, DIA, PRM, and MRM were able to quantify 109, 132, 206, and 208
kinases, respectively, across the whole dataset (Fig. 1C). A total of 73 kinases (28% of the
total) were quantified across all four platforms. The DDA dataset had the fewest quantifiable
kinases; although more were identified, not all were observed consistently enough for
quantification. The 21 kinases quantified by only DDA and DIA represent unique
information gained from including the “discovery” aspect of an LC-MS/MS experiment.
MRM and PRM acquisition methods, however, were able to quantify 97 unique kinases,
which is an improvement on the discovery acquisition methods (DDA/DIA). Next, the
coverage and consistency of measurement at the peptide level was assessed (Fig. 1D, Supp.
Fig. 3C). Out of the 409 peptides included in the MRM/PRM panels, 356 peptides were
observed between MRM and PRM datasets. About 78% were observed in both (276 with
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MRM and 277 with PRM), each with their own set of unique peptides. Of the peptides in the
targeted panels, 130 and 112 were quantifiable by DDA and DIA, respectively (Supp. Fig.
3C). 286 peptides total were quantified by DIA, however, indicating that the DIA dataset
included a higher number of peptides per protein. To assess reproducibility of peptide
detection, missingness across samples for the set of observed peptides specific to each
method was assessed. MRM and PRM both had less than 100 missing values for the whole
set of kinase peptides (43 missing from MRM and 58 missing from PRM), representing less
than 2% of the observed values. DIA dataset resulted in 884 missing values (17%), while
DDA contained the most missing values: 987 (31%).

The distribution of standard errors (SE) following log, transformation and fold-change
calculation (the final datasets for biological interpretation) were compared (Fig. 1E). The SE
was used to evaluate the precision of measurement in each dataset. PRM had the lowest
average standard error, 0.122, which was significantly lower than the other three methods (p-
values < 0.01). MRM acquisition resulted in an average SE of 0.132 and DIA’s was 0.143,
although the difference was not significant. DDA was the poorest performer in this analysis,
which was expected due to the larger number of missing data points for statistical
calculations. Both DIA and DDA had increased variability of standard error values and more
outliers, (removed from Fig. 1E). MRM acquisition resulted in the lowest variability and
fewest outliers. Larger SEs often resulted for peptides that were either increasing or
decreasing in the dataset due to variability from biology and experimental preparation.

Results indicate strong agreement across datasets, showing the quality of all data acquisition
and processing methods is sufficient for quantification and downstream analyses for a
selected subset of labeled kinase peptides. Global results demonstrate that both MRM and
PRM acquisition allow quantification of the largest numbers of peptides. DIA and DDA are
still able to provide additional value through the identification of new kinases or
desthiobiotinylation sites, with DIA showing improved coverage and fewer missing values
than DDA. The kinases quantified by the discovery acquisition methods could be added to
the MRM/PRM kinase panel. However, this leads to the main limitation to PRM and MRM:
targeted MS/MS panels can only include a few hundred peptides due to MS acquisition
speed limitations and the resolution of the chromatography. While data quality is improved
by PRM and MRM, clear upper limits on the number of peptides and kinases should be
considered when deciding which quantitative method to use. DIA can be used to maximize
the number of proteins and peptides quantified, while reducing missingness and improving
coverage compared to DDA. Even in the context of low abundance peptides amongst great
complexity, its superiority to label-free DDA quantification is demonstrated. For targeted
quantification, average and median SEs calculated from the MRM dataset were higher
compared to PRM. This difference could result from noise and interfering ions due to the
wider mass filtering compared to PRM high resolution data analysis. Additionally, PRM
data from the orbital ion trap does not include the baseline, which could also impact
measurement precision.
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Comparison of MS Quantification Methods for Determining Kinase Inhibitor Targets

Kinome profiling using chemical proteomics has identified numerous kinases as off-targets
for selective Kls.59-51 |dentification of all inhibitor-kinase interactions can identify drug
repurposing opportunities in different cancer types and explain unintended side effects in
patients.52 Therefore, we have selected a few Kls as a test case to compare the different data
acquisition strategies. H1993 cell lysates were treated with 10 uM Erlotinib, an EGFR
inhibitor, or Dasatinib, a SRC family-kinase inhibitor, prior to labeling with the
desthiobiotinylating ATP-probe (see workflow diagram, Supp. Fig. 1). Erlotinib and
Dasatinib molecular targets should have reduced ATP-probe uptake in treatment samples
compared to lysates treated with vehicle (DMSO). Erlotinib and Dasatinib were selected as
the model for method comparison because they are well characterized Kls.53 Because many
kinase targets have been identified,>4-56 the two Kls provide a known system to tease apart
the differences between quantitative platforms. Only down-regulated peptides were included
in the analysis because lysates, not live cells, were treated, resulting in inhibitors competing
with the ATP-probe for the kinase domains. Any peptides that were increased upon lysate
treatment may be artifacts, rather than biological feedback or therapeutic escape
mechanisms. Artifacts may include ion suppression or a false increase in ATP-uptake by
non-targeted kinases as a result of inhibitor treatment with a high concentration (10 uM) of
promiscuous inhibitors, thus increasing the amount of unbound ATP probe.

MRM, PRM, and DIA identified a number of peptides corresponding to known kinase
targets®’ upon Erlotinib treatment, including EGFR (Fig. 2A-C). PRM and MRM exhibited
similar distribution of fold-changes and p-values, while down-regulated peptides quantified
by DIA resulted in increased p-values because of higher variability in the measurements
(Fig. 2A, Supp. Fig. 4A-B). MRM analysis (Supp. Fig. 4A) resulted in 15 peptides
corresponding to 12 kinases (logo-Fold-change < -1, p-value < 0.05) while PRM (Supp. Fig.
4B) yielded 23 peptides with decreasing signal corresponding to 18 kinases; the majority
(11) of the kinases were shared between the two platforms (Fig. 2B, Supp. Fig. 4). While
quantification using DIA (Supp. Fig. 4C) resulted in fewer peptides (17) and kinases (11)
with decreased ATP-uptake, the number of peptides per kinase was higher than either PRM
or MRM, increasing confidence in these identifications and perhaps improving the
confidence in the quantitative differences despite lower p-values at the peptide level. All
kinases with significantly reduced ATP-uptake upon Erlotinib treatment (EGFR, EPHB4,
ILK, MET, SLK, STK10, ULK3) have been previously identified as Erlotinib targets.>0: 56

Dasatinib treatment resulted in a greater number of kinases (32 compared to 25 after
Erlotinib treatment) with reduced ATP-uptake, which is consistent with expectation due to
the larger number of known Dasatinib targets, shown in Figure 2d-f.53: 55, 58 Sjgnificantly
decreased peptides from PRM analysis had lower p-values and higher negative fold-change
values compared to MRM and DIA (Fig. 2D, Supp. Fig. 5). Both MRM and PRM identified
CSK as the kinase with the largest reduction in ATP-uptake (Fig. 2E-F, Supp. Fig. 5).
Quantification in response to Dasatinib by MRM, PRM, and DIA showed a greater degree of
correlation, although the DIA dataset had more missing values in peptides observed across
all platforms. Nine kinases that are known Dasatinib targets (CSK, EGFR, EPHA2, FYN,
ILK, LYN, M3K2, M3K4, and MLKL) were reduced in all analyses. Seventeen out of 32

J Proteome Res. Author manuscript; available in PMC 2019 January 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hoffman et al.

Page 11

kinases were common between PRM and MRM results. Kinases only reduced with
statistical significance in PRM (BRAF and FER) had either poor peak quality in MRM or
the p-value was not significant. Of note, 5 peptides that were observed to be significantly
reduced in MRM quantification (Supp. Fig. 5a) were completely missing from the Dasatinib
post-treatment dataset in PRM analysis, even though they displayed strong signals in control
samples. These included peptides from known Dasatinib targets: ABL1, CSK, ILK, and
LYN. For the purpose of this analysis, imputation was not performed. When using PRM
quantification, imputation could be necessary or peptides that are strongly differentially
expressed in datasets (or not detected in one sample group) in order to fully evaluate the
relevant biology.

The peptides that were observed across all platforms and significantly decreased in at least
one dataset demonstrate the consistency in quantification (Fig. 2C, F). There was a greater
degree of agreement in MRM and PRM results, with occasional conflicting data from DIA.
The DIA dataset had the largest number of kinases that had not been previously identified as
drug targets, perhaps indicating novel information, but also raising potential concerns related
to false discovery rate. One advantage of DIA is that method scheduling is not required,
which can be challenging with PRM and MRM quantification of large panels. For example,
a DBT-peptide from STRAA_HUMAN indicated reduced ATP-probe uptake (~50 fold
decrease) in the DIA dataset, but not in MRM and PRM results (Supp. Fig. 5). The peak
quality and low mass measurement error of the DIA identification indicate that this is the
correct peptide, revealing an incorrect retention time window in PRM and MRM methods
that led to data loss for this peptide (Supp. Fig. 6). DIA requires less upfront work for
acquisition method programming and testing compared to PRM and MRM, but more effort
on subsequent data analysis.

PRM and MRM each exhibited advantages and disadvantages in a peptide-specific manner.
PRM provides improved sensitivity in quantification of peptides that have interfering ion
signals in MRM due to comparatively low resolution of quadrupole mass selection (0.4 or
0.7 m/z resolution for the mass selection windows in Q1 and Q3). Larger peptides with more
opportunity for fragment ion signal dispersion (/.e. signal splitting) do not perform as well in
MRM when compared to PRM. With proper peptide and fragment ion selection for peptides
7 to 15 a.a. in length, results indicate that MRM has a superior lower limit of detection.
Following lysate incubation with Erlotinib and Dasatinib, known targets were sometimes
missing all together in post-treatment PRM datasets, while detectable in MRM. Figure 3
shows representative peaks for WQGNDIVVKVLK from ILK, a known target of both
Erlotinib and Dasatinib. Patricelli ef a/12 reported ILK 1C50 values of 1.1 uM and 0.24 pM
for Erlotinib and Dasatinib, respectively. ABPP-LC-MRM quantification recapitulates that
Dasatinib has increased potency against ILK compared to Erlotinib. MRM quantification
showed a 6-fold decrease in ILK ATP-uptake upon Erlotinib treatment and an 11-fold
decrease when treated with Dasatinib. PRM analysis of this ILK peptide had a quantifiable
peak in the untreated sample, but no peak present following treatment with either inhibitor,
indicating that ILK is a target for both, though the extent of inhibition cannot be determined.

To further investigate the relative values for lower limits of detection across quantitative
platforms, reproducibility was assessed for a dilution series spanning 2 orders of magnitude
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(Supp. Fig. 7A-B). When examining the relationship between the coefficient of variation
(CV) versus peptide response (peak area), MRM quantification maintained the majority (=
75%) of measurements below 20% CV across the largest range of analyte input and
corresponding ion signal intensities, indicating superior linear range for quantification
compared to PRM and DIA (Supp. Fig. 7B). A similar trend of increasing CVs as response
decreases can be seen qualitatively for both MRM and PRM (Supp. Fig. 8A), although less
obvious for DIA guantification. MRM was able to detect 40 peptides, 24 of which were
reproducibly quantified (CV < 20%) in a sample with a dilution factor of 108 (Supporting
Information, Table S28. Supporting previous results, PRM acquisition outperformed DIA,
resulting in reproducible measurements for >50% down to a 1/36 dilution, compared to
<25% of DIA measurements.). While additional analytical experiments are necessary to
confirm performance for each peptide panel, these results indicate that MRM has superior
sensitivity compared to PRM and DIA.

Multiplexed MRM assays can be developed /n sifico using LC-MS/MS discovery datasets,
but without standard peptides for assay development and collision energy optimization, the
MRM ion signal may not be optimized, negatively impacting sensitivity. Stable isotope-
labeled standard (SIS) peptides can be used to characterize the targets for assay development
(e.g. determine lower limits of detection and quantification) and spiked into each sample for
absolute quantification.>® However, the financial burden, reagent availability/stability (e.g.
FMOC protected desthiobiotinyl-lysine for peptide synthesis is not available), and time
requirements are not always feasible, especially when targeting a panel of 400+ labeled
peptides. PRM target panels, on the other hand, require minimal a priori knowledge other
than LC-MS/MS. There should be no difference in fragmentation or retention time, because
analysis is performed on the same instrument; PRM fragment ion selection and collision
energy optimization are unnecessary, stream-lining implementation. The high-resolution
accurate mass measurements (<10 ppm) afford improved confidence in peptide identification
without spiked SIS peptides. However, cycle time due to ion accumulation and Fourier
Transform mass spectrometry is a significant limitation for PRM, decreasing the number of
peptides that can be monitored simultaneously. In order to achieve a minimum of 7 points
across a 25 second peak with 100 ms for each mass analysis, only 35 precursors can be
monitored during the same period in the experiment. If SIS peptides are used for absolute
quantification, then only 17 peptides can be analyzed by PRM in any given scheduled
elution time window. Triple quadrupole transition monitoring is quicker with dwell times as
low as 5 ms per transition, which leads to higher multiplexing capability. If four transitions,
on average, are monitored per precursor with 10 ms dwell times, then about 90 peptides can
be concurrently quantified. To compensate for this limitation, PRM scheduled time windows
were reduced by ~50%. The ABPP PRM platform described here is at the limit of what can
be monitored with this acquisition method during the most congested parts of the gradient
(e.g. the elution periods with the highest peptide density); some peptide peaks found in the
middle of the gradient contain fewer than 7 points. The MRM ABPP assay, on the other
hand, can accommodate more than double the amount of peptides analyzed here. Additional
assay content can then be included to increase kinome coverage as more kinases are
observed in discovery datasets and determined to be relevant for cancer treatment.
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PRM is a useful tool for MRM assay refinement, especially when developing targeted assay
panels from discovery datasets acquired using linear ion-trap fragmentation typical of linear
ion trap-orbital ion trap hybrid instruments (e.g. LTQ-Orbitrap). The LC-MRM ABPP
peptide panel was initially created by selecting the top fragments from linear ion-trap data.
Once incorporating high resolution and accurate mass (HRAM) data (acquired on the Q
Exactive Plus) into the spectral libraries, the top fragment ions changed and were more
consistent with QqQ fragmentation. For some peptides, the top ions selected from the PRM
experiment were not the same as the MRM transitions chosen from linear ion trap
fragmentation data. In addition, a PRM error cut-off can be used to eliminate interfering
transitions that were indistinguishable by ion trap MS/MS and MRM, which relies on
deviations in transition ratios to observe interferences. PRM data was used to refine MRM
transition selection and improve the ABPP-LC-MRM panel; an example is shown in Supp.
Fig. 8.

BEZ-235 Treatment Induces Signaling Changes Impacting Cell Cycle and Autophagy

Regulation

Kinome profiling with ABPP is a useful tool to identify perturbed signaling pathways in
response to drug treatment. In this study, H1993 cells, not lysates (see workflow diagram,
Supp. Fig. 1), were treated with either Crizotinib, a Met inhibitor, or BEZ-235, which was
originally marketed as a dual PI3K/MTOR inhibitor9 to improve MTOR inhibition by
blocking AKT1 reactivation through a PI3K feedback mechanism61-62 and later shown to be
a potent inhibitor of ATM and DNA-PKcs.83 Because BEZ-235 targets multiple known
pathways, it is expected to show quantifiable changes for comparison of MS acquisition
methods (see Supp. Fig. 8, and Supp. Tables for Crizotinib analysis).

To assess fold-changes quantified across MRM, PRM, and DIA, 95% confidence intervals
were plotted for peptides shared across the three datasets (ERN1 and AKT1 peptides were
included, although not observed in DIA analysis) that had an average fold change in either
direction of at least 1.8 (Fig. 4A, Supp. Fig. 9A-C). Results indicate agreement between
MRM and PRM identification of differentially regulated peptides, although the degree of
change differed. DIA, on the other hand, showed little to no change or fold-change values in
the opposite direction, compared to MRM and PRM for 7 peptides (46%). In addition, the
top list of differentially regulated proteins identified by DIA differed from MRM and PRM
(Supp. Fig. 10). Metacore GeneGO analysis was conducted to determine the biological
significance of the disparate list of differentially regulated kinases following DIA
quantification (Supporting Information, Tables S29-S32). Pathways regulated by BEZ-235
in H1993 cells are consistent between MRM and PRM results, but not DIA (Fig. 4B). MRM
and PRM shared 3 out of 10 of the most statistically significant GeneGO process networks,
although at least half of the top ten process networks for each method involved cell cycle or
autophagy. DIA, on the other hand, only had 2 process networks in common with MRM and
PRM, and no common pathway themes when examined alone.

The networks identified were driven by proteins unique to the DIA dataset, including MET
and EGFR. Initial analysis was carried out at the peptide level, without review at the protein
level. EGFR and MET had many peptides quantified in the DIA dataset, and the majority
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were not statistically different following treatment. EGFR, for example, had only one of
eleven detected peptides significantly decreasing and that peptide contained a missed
cleavage (~50% of total ion signal) and at least two modification sites (K716 and K737). If
all peptides were considered for a protein level comparison, these two proteins would not be
included. This observation underscores the importance of extensively reviewing the peptide
level data and rolling them up to the protein level to fully understand the biological
relevance of the data.

After removing proteins that had peptides with conflicting fold changes and lowering the cut
off (fold-change of at least + 1.6), the resulting enriched process networks from the DIA
dataset had improved agreement between MRM and PRM (5/10 processes). However,
reduction in protein number pushed the FDR past the cutoff threshold of 0.05 (< 5% false
positives), reducing confidence in the results. Overall, the lack of consistency compared to
other methods and increased FDR indicate that gaining meaningful biological insights from
kinome profiling using ABPP and DIA to elucidate signaling changes may be challenging,
when compared to reaction monitoring strategies.

To examine the ability for each method to detect changes in probe uptake across a biological
network, Figure 5 presents a schematic representation of kinases that had BEZ-235 induced
differential kinase ATP-uptake by both PRM and MRM analysis and above the fold change
cut-off in at least one of the two datasets (gray proteins were not observed). Relationships
were curated using GeneGO Pathway Maps and interactions found in the literature 60 63-65
Known targets, like MTOR and ATM, had decreased ATP-uptake when quantified by MRM;
PLK1 and AKT1 also emerged as signaling hubs perturbed by BEZ-235 treatment. The
signaling pathways perturbed by BEZ-235 inhibition block DNA damage response,
proliferation, and cell cycle progression by disrupting regulation at multiple points, while
increasing autophagy signaling through ULK1 and IRE1/ERNL1. Detection of kinases was
assessed in this diagram for all four MS acquisition methods. Only CSK, PLK1, and
AURKA were significantly changing across all four datasets out of the 18 kinases in the
diagram, representing the subset that was quantifiable by DDA. DIA analysis improved
quantification with significant changes seen in ~48%, or 8, of the kinases. The majority of
these were quantifiable by both MRM and PRM, with only 3 kinases calculated to have a
significant change by only one quantitative method.

CONCLUSIONS

HRAM MS and MS/MS as well as improvements in bioinformatics have resulted in
numerous possibilities for data acquisition. These platforms should be compared to evaluate
their strengths and weaknesses for investigating biological questions. This study assessed the
differences in relative quantification using four different MS/MS acquisition platforms:
DDA, DIA, PRM, and MRM. Specifically, we examine the ability to reproducibly quantify
low abundance peptides in a complex mixture. Activity-based protein profiling enrichment
of kinases was used to examine drug target profiles and quantify downstream signaling
events of clinically relevant Kls in human lung cancer cells. DIA, PRM, and MRM
effectively identified inhibitor-protein interactions that were consistent with the literature.
Pathway enrichment for kinases significantly changing after BEZ-235 treatment
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demonstrated that both PRM and MRM quantification led to similar profiles of differentially
regulated biological processes. PRM quantification yielded a slight improvement on
reproducibility, which could be explained in part by the reduction in noise and interference
compared to MRM. MRM quantification demonstrated superior sensitivity with shorter,
doubly-charged peptides. DIA reduced missingness across the dataset and increased
quantifiable kinase identifications compared to DDA, but quantification was inferior, in
these datasets, to both MRM and PRM. Both DDA and DIA identified many kinases that
were eliminated throughout data analysis because there were not enough observations for
quantification or statistical analysis. In the future, we would like to examine the capability of
different types of DIA methods, including massively parallel PRM and SWATH, which use
MS?2 quantification instead of the MS! quantification used in this study, and continue to
improve data analysis workflows to quantify low abundance peptides, thus increasing our
ability to gain biological insights into the mechanisms of cancer treatment.

In summary, DIA improves quantification compared to traditional DDA, while not limiting
observations to an a priori target list. These discovery acquisition methods are ideal when
asking the question, “What proteins can be observed in these biological samples?’ rather
than “How much do these proteins change in different conditions?” For quantification,
MRM should be selected when quantifying larger panels or low abundance peptides that
require the most sensitivity, while PRM is an excellent choice for targeted quantification of
peptide panels with limited size and where the sample complexity leads to interference that
can only be eliminated with high resolution data acquisition. In addition, MRM
reproducibility and sensitivity can be improved with the use of stable isotope labeled
peptides and PRM can be used to direct and refine transition selection, supporting MRM
assay development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Global Comparison of Detection of Desthiobiotinylated Peptides from Kinases Across
Data Acquisition Approaches

Correlation between log, transformed peak area or intensity values following IRON
normalization for desthiobiotinylated kinase peptides detected in DDA and DIA LC-MS/MS
experiments (A). Comparison of peak areas for detected kinase peptides in LC-MRM and
LC-PRM datasets (B). In both panels, each point represents a specific peptide measurement
in a single replicate and the marginal distribution of measurements across the log,
transformed peak areas or intensities is shown as histograms on the opposite axis. R values
are calculated for Pearson correlation and p-values < 0.001. Venn diagram (C) comparing
the numbers of kinases detected and quantified by each method. Assessment of kinase
peptide detection and data missingness across platforms (D). Coverage is defined as the
percentage of peptides quantified in each method compared to the total identified across all
MS methods. Missingness is the percentage of missing values for peptides detected with
each method. Boxplots showing the distribution of standard errors for means of log, fold-
change ratios following drug treatment (E). Outliers were removed from the boxplots to
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retain scale. (**: p-value < 0.01, calculated using a paired t-test, compared to each other
method).
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Figure 2. Kinases downregulated by Erlotinib and Dasatinib across three quantitative platforms
Volcano plot (A) of average desthiobiotin-labeled peptide fold changes (n = 2-3) with

statistical significance in H1993 cell lysate treatment with 10 uM Erlotinib. P-values were
calculated using a two-tailed T-test. The cut off lines are at a p-value of 0.05 and a log2(Fold
Change) of = 1. Overlap between the platforms is demonstrated (B), with the list of proteins
down-regulated by all platforms (in the center of each Venn diagram) listed on the lower
right. Proteins in bold have been previously identified as Erlotinib molecular targets. The
asterisk indicates that the peptide(s) identified are not unique to that protein. Proteins that
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had a log2(Fold Change) < -1 and a p-value < 0.05 were included. Beneath each quantitative
method name is the number of down-regulated proteins (bold) followed by the number of
peptides. Desthiobiotin-labeled peptides down-regulated by Erlotinib treatment in at least
two MS platforms (C) are shown grouped by kinase family. Points represent the average a
log2(Fold Change) with bars indicating 95% confidence intervals. Panels D-F show similar
analyses for H1993 cell lysates treated with 10 uM Dasatinib.
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Figure 3. Comparison of LC-MRM and LC-PRM Quantification of Differencesin a
Desthiobiotinylated Peptide lon Signal dueto Target Inhibition by Dasatinib and Erlotinib

Example peaks for a peptide from ILK are shown, which is a stronger target for Dasatinib
compared to Erlotinib. Quantifiable peaks are present in LC-MRM data (A), but not LC-
PRM (B). N.D. indicates not detected.
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Figure 4. ABPP Comparing BEZ-235 Treatment to Controls Shows Signaling Changes
Impacting Cell Cycle Regulation in H1993 Lung Cancer Cells

Differentially regulated desthiobiotinylated peptides (A) have been selected by |log,(fold
change)| > 1 in at least two MS and grouped by kinase family. Data points represent the
average log,(Fold Change) with bars indicating 95% confidence intervals. For pathway
mapping, proteins in each dataset were selected based on peptide fold changes > 1.6 or <
-1.6 between control and BEZ-235 treatment. The top ten statistically significant GeneGO
process networks enriched across the three methods are shown for each MS dataset (B).
Proteins used were filtered from each analysis, separately (fold changes greater than 1.6 or
less than —1.6), then combined for MetaCore GeneGO network analysis.
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Figure 5. Pathway Map Annotated with Detection and Quantification of Changesin
Desthiobiotinylated Kinase Peptidesin Response to BEZ-235 Treatment

Schematic diagram of protein-protein interactions and downstream processes of a subset of
kinases with differentially regulated probe labeling at 24 hours after BEZ-235 treatment.
Proteins included had at least one peptide significantly increasing or decreasing (with an
average fold-change > 1.6 or < —1.6 and p-values < 0.05 using student’s two tailed t-tests.
Known BEZ-235 targets (ATM, MTOR, PI3K) are indicated with the red inhibition arrow.
Proteins with red fill colors are increasing while those with blue fill colors are decreasing,
and grey proteins are not detected in the dataset, but are included as known mediators of
downstream signaling. The colored dots on the right of each protein indicate quantification
results specific to each method, as indicated in the legend.
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