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ABSTRACT: Small molecule inhibitors of protein kinases are
key tools for signal transduction research and represent a
major class of targeted drugs. Recent developments in
quantitative proteomics enable an unbiased view on kinase
inhibitor selectivity and modes of action in the biological
context. While chemical proteomics techniques utilizing
quantitative mass spectrometry interrogate both target
speciﬁcity and aﬃnity in cellular extracts, proteome-wide
phosphorylation analyses upon kinase inhibitor treatment
identify signal transduction pathway and network regulation in
an unbiased manner. Thus, critical information is provided to
promote new insights into mechanisms of kinase signaling and
their relevance for kinase inhibitor drug discovery.

T

the level of cellular targets, substrates, and signaling pathways.
This review focuses on such applications in kinase inhibitor
research. For a more general discussion of the ﬁelds of chemical
proteomics and phosphoproteomics, readers are referred to
previous reviews.6−12

he protein kinase complement, also designated the
kinome, comprises more than 500 distinct members and
constitutes one of the largest enzyme superfamilies encoded by
the human genome.1 Protein kinases are the key regulators of
phosphorylation-based signal transmission, which is critically
involved in the regulation of nearly all biological processes in
eukaryotic cells.2 Moreover, as many members of the protein
kinase superfamily have been implicated in the onset and
progression of diseases such as human cancer, protein kinases
have emerged as a major class of drug targets for
pharmacological intervention.3,4 Enormous eﬀorts have been
devoted to the development of small molecule drugs which
directly interfere with the catalytic activities of disease-relevant
protein kinases. However, although typically developed against
individual or few targets, small molecule inhibitors of protein
kinases can exhibit considerable cross-reactivities due to
targeting of conserved structural elements such as the purine
nucleotide-binding pockets of protein kinases.5 This creates a
strong rationale for the thorough assessment of kinase inhibitor
selectivity, with the goal to identify additional targets pointing
either to alternative therapeutic opportunities or to potential
target-related toxicity. Also, small molecule kinase inhibitors
have become highly popular tools in signal transduction and
cell biology research over the past two decades, as they are
easy-to-use reagents allowing for rapid, dose-dependent,
conditional, and, in many cases, reversible modulation of
cellular kinase activities. Again, target selectivity is a key issue,
and how this translates into modes of action through
catalytically active protein kinases in the biological system
studied. Spurred by spectacular advances in mass spectrometrybased proteomics, various new technologies have been
developed to assess protein kinase targets and signaling in an
unbiased, sensitive, and quantitative manner.6,7 These involve
advanced implementations of chemical proteomics and largescale phosphoproteomics, to quantify inhibitor interference on
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■

CHEMICAL PROTEOMICS WITH IMMOBILIZED
KINASE INHIBITORS
The classical concept of protein aﬃnity chromatography is
essential to chemical proteomics procedures based on
immobilized, low-molecular-weight compounds such as kinase
inhibitors. Chemical proteomics combines the aﬃnity capture
of small molecule targets from cell or tissue extracts with
protein identiﬁcation by mass spectrometry (MS).8 In contrast
to drug selectivity testing on panels of recombinant
enzymes,5,13−15 chemical proteomics analysis is closely linked
to the physiological environment as compounds are proﬁled
against endogenously expressed, post-translationally modiﬁed
full-length proteins in the presence of cellular cofactors and
complex partners. To permit eﬃcient aﬃnity puriﬁcation, small
molecule kinase inhibitors have to retain their protein-binding
properties upon immobilization. Therefore, derivatives with a
suitable functional moiety, such as a primary amine function,
are generated that can be covalently linked to chromatography
beads exposing hydrophilic linker structures of about 10
atoms6,8,9 (Figure 1). To select suitable points for attachment,
knowledge of the likely spatial orientation of an inhibitor in the
binding cavities of its potential target proteins is required.
Often, positions for functional immobilization can be deduced
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the Ser/Thr kinases RIPK2/RICK, GAK, and CK1δ. These
protein kinases exhibited nanomolar SB203580 sensitivity in in
vitro activity assays similar to p38, thus qualifying them as
potential cellular oﬀ-targets of a tool compound used in more
than 5000 publications. Further chemical proteomics studies
led to new insights into cellular kinase inhibitor selectivity. In
particular, we identiﬁed high-aﬃnity serine/threonine kinase
targets for small molecules developed as tyrosine kinase
antagonists.22 For example, Aurora kinases and TANK-binding
kinase 1 were identiﬁed as cellular targets of the angiogenesis
inhibitor SU6668 and could be closely correlated with
biological eﬀects elicited by the drug.23 Moreover, the
aforementioned Ser/Thr kinase RIPK2/RICK was discovered
as a cellular high-aﬃnity target of the clinically approved
epidermal growth factor receptor (EGFR) inhibitor geﬁtinib
(Figure 1).24 Notably, geﬁtinib potently suppressed RIPK2
kinase activity in cells and, as shown several years later, also
RIPK2-mediated inﬂammatory responses in NOD2 hyperactivation states and an animal model of Crohn’s Disease-like
ileitis.24−26 Thus, these data provide an example of how an oﬀtarget liability of a clinical drug, initially discovered by chemical
proteomics, can point to alternative therapeutic applications
and deﬁne starting points for target-based drug discovery.
Tyrosine kinase inhibitors have also been extensively
analyzed in various chemical proteomics studies from the
Superti-Furga group, in particular drugs targeting the oncogenic
Bcr-Abl tyrosine kinase fusion protein in chronic myeloid
leukemia (CML). These included imatinib and various secondline clinical inhibitors of imatinib-resistant Abl kinase mutants,
such as dasatinib, bosutinib and nilotinib.8 Similarities but also
striking diﬀerences were observed for cellular selectivity
proﬁles.27,28 Notably, Bcr-Abl inhibitor aﬃnity pull-downs
revealed diﬀerent target patterns and abundances in the K562
cell line and primary CML cells.27 In a recent study, Rix and
colleagues identiﬁed GSK3α and GSK3β as functionally
relevant targets of the described c-Met inhibitor tivatinib.29
Moreover, due to tremendous advances in MS technology
sensitivity and systematic workﬂow optimization, chemical
proteomics analysis has become feasible for sample amounts as
little as 100 μg proteins, making it compatible with clinical
applications such as target proﬁling in needle biopsies from
tumor tissue.28
These results highlight the power of chemical proteomics to
directly link drug selectivity studies to physiological target
expression and binding competence, which can complement
and signiﬁcantly enhance kinase panel data toward a
comprehensive understanding of biochemical and biological
drug selectivity. Moreover, in contrast to kinase panels,5,13−15
kinase inhibitor proﬁling by chemical proteomics can reveal oﬀtarget liabilities beyond the protein kinase superfamily.
Nonprotein kinase targets might cause unintended side eﬀects
and have been identiﬁed in many studies.18,23,27,28,30 For
example, chemical proteomics of the CDK inhibitor roscovitine
revealed pyridoxal kinase as a nonprotein kinase retained by
inhibitor aﬃnity beads.18 Roscovitine treatment lowered
pyridoxal-5′ phosphate levels in erythrocytes, demonstrating
cellular suppression of this enzyme.18 Moreover, oﬀ-targets do
not necessarily exhibit kinase-similar binding modes and can
require diﬀerent spatial orientations of immobilized inhibitor
ligands for aﬃnity capture.31

Figure 1. Immobilization of kinase inhibitors for chemical proteomics.
The general strategy is exempliﬁed by the clinical EGFR inhibitor
geﬁtinib.24 A kinase inhibitor derivative is synthesized with a functional
moiety such as a primary amino function (encircled) at a position not
engaged in target binding. In this example, the derivative is covalently
coupled to epoxy-activated linker structures on the surface of
chromatography beads.

from cocrystal structures. In the absence of such information,
structure−activity relationship data from in vitro testing of small
molecule derivatives against known kinase targets can be used
to design linkable compound derivatives.
Chemical proteomics as an unbiased, postgenomic application in kinase research started about 15 years ago. Back then,
Swanson et al. used aﬃnity chromatography with immobilized
bisindolylmaleimide, a prototypical protein kinase C inhibitor,
followed by MS to identify ribosomal protein S6 kinase alpha-3
as Fos kinase from cell lysate fractions.16 Meijer and colleagues
developed immobilization strategies for purvalanol and other
cyclin-dependent kinase (CDK) inhibitors to isolate and
identify additional kinase and nonkinase targets from various
biological sources.17,18 Phenotypic screening of small molecules
inducing neurogenesis in embryonic stem cells entailed the
discovery of TWS119, and subsequent aﬃnity enrichment with
an immobilized compound variant led to the MS-based
identiﬁcation of glycogen synthase kinase 3 beta (GSK3β) as
a relevant cellular target.19 However, there was an initial bias
toward the identiﬁcation of highly abundant cellular kinase
targets, such as CDKs, GSK3β, mitogen-activated protein
kinases (MAPKs), or ribosomal S6 kinases.20
To address these limitations, we went through biochemical
optimization to ensure speciﬁc target protein capture and
elution, as well as compatibility with large amounts of starting
material to boost sensitivity of chemical proteomics workﬂows.21 Applied to the p38 inhibitor SB203580, this enabled
the identiﬁcation of new and unexpected kinase targets, such as
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QUANTITATIVE CHEMICAL PROTEOMICS OF
KINASE INHIBITORS
Initially, chemical proteomics studies utilized MS analysis for
protein identiﬁcation, which does not permit distinguishing
between actual targets and nonspeciﬁc background binders per
se. Although strategies were conceived to ﬁlter for likely targets,
e.g. by removing highly abundant cellular proteins and
frequently detected drug resin binders,28 such candidates still
required conﬁrmation by orthogonal assays to determine their
speciﬁcity and aﬃnity.
This key issue could be addressed by quantitative MS, which
allows for direct comparison of protein abundance in inhibitor
aﬃnity resin experiments. The most popular MS quantiﬁcation
techniques include stable isotope labeling with amino acids in
cell culture (SILAC), the isobaric labeling reagents TMT and
iTRAQ, and label-free quantiﬁcation.32 In SILAC, up to three
cell populations are metabolically labeled with diﬀerent isotopic
variants of arginine and lysine until full incorporation into
proteomes is achieved.32 Upon digestion with trypsin, all
proteolytically derived peptides (except the very C-terminal
ones) contain at least one arginine or lysine residue. Labeled
peptide variants coelute in liquid chromatography (LC)-MS
experiments and are distinguishable by their metabolically
introduced mass diﬀerences, and the ion intensities in MS
spectra provide a quantitative measure for relative abundance in
the compared samples. Amine-reactive TMT and iTRAQ
reagents are attached after proteolytic digestion. While
diﬀerentially labeled peptide variants are of identical mass,
fragmentation generates distinguishable reporter ions which can
be measured in MS/MS spectra. Finally, label-free quantiﬁcation aligns and matches LC-MS data to directly compare
peptide intensities across diﬀerent experiments. Data analysis in
quantitative proteomics has been streamlined and automatized
through developments such as the widely used MaxQuant
software.33
Two major concepts have emerged for quantitative chemical
proteomics with immobilized protein kinase inhibitorsone
focusing on target capture by a close analog of the compound
of interest and the other using a mixture of immobilized
nonselective kinase inhibitors for a broad enrichment of the
expressed kinome.8
Identiﬁcation of Speciﬁc Cellular Kinase Inhibitor
Targets. The ﬁrst concept builds on the “classical” drug aﬃnity
approach and was ﬁrst introduced by Oda et al., who used
quantitative MS to identify proteins bound to an immobilized
bioactive compound compared to a control resin with an
inactive analogue.34 When later applied to kinase inhibitors,
quantitative MS proved to be highly useful to control for
binding speciﬁcity, for example by measuring the ratio of target
bound to a kinase inhibitor resin compared to control beads
devoid of an aﬃnity ligand (Figure 2). This straightforward
approach was used in a variety of SILAC-based studies, for
kinase inhibitors such as the approved drug bosutinib, the p38
kinase antagonist SB202190, or the broad-spectrum kinase
inhibitors K562a and CTx-0294885.35−37 Kinase inhibitor
molecules presented at the resin surface, in particular when
immobilized a higher density, can confer hydrophobic properties to aﬃnity beads. This can result in apparently selective
binding, even without speciﬁc drug−target interactions.36 This
potential caveat is not critical in quantitative MS experiments
measuring target protein displacement from drug resin by
soluble, parental kinase inhibitors (Figure 2).36,38,39 However, it

Figure 2. Quantitative proteomics concepts to identify speciﬁc kinase
inhibitor targets. In this example, cultured cells are subjected to SILAC
with light (Arg0/Lys0), intermediate (Arg6/Lys4), and heavy (Arg10/
Lys8) isotopic variants of arginine and lysine to enable quantitative
comparisons between three diﬀerent binding experiments. Diﬀerentially labeled cell lysates are incubated with control beads (C)
devoid of immobilized ligand, kinase inhibitor beads (KI), or kinase
inhibitor beads in the presence of soluble compound. Resin-bound
protein fractions are combined, digested, and measured by quantitative
LC-MS analysis. Speciﬁc cellular targets are identiﬁed by characteristic
SILAC patterns that reﬂect minimal protein binding to control beads
and target competition by the soluble compound in kinase inhibitor
aﬃnity puriﬁcations. Alternative to SILAC, chemical isotope labeling
or label-free quantiﬁcation can be used in such comparative binding
studies.

is noteworthy that even an excess of soluble compound might
not always eﬀectively compete with speciﬁc targets, for instance
due to avidity eﬀects in the case of targets or target complexes
retained by multiple interactions. Moreover, quantitative MS
methods such as SILAC allow for direct comparison of target
spectra for diﬀerent kinase inhibitor ligands, as shown for
immobilized bosutinib and a close derivative, or for structurally
related, nonspeciﬁc pyridopyrimidine inhibitors for kinome
enrichment35,40 Kuai et al. undertook quantitative aﬃnity pulldowns using two aﬃnity resins with K562a analogs that either
potentiated or did not aﬀect neuregulin-1-induced signaling and
neuritogenesis in PC12 cells.41 While most identiﬁed proteins
showed binding ratios close to 1, the strategy identiﬁed a small
set of protein kinases preferentially retained by a biologically
active compound but not by an inactive, methylated K562a
analog. Among those, adaptor-associated kinase 1 could be
conﬁrmed as the biologically relevant target.41 These and other
studies highlight how the speciﬁcity of protein kinase−small
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Figure 3. Schematic illustration of target aﬃnity proﬁling in quantitative chemical proteomics. The distribution of a hypothetical kinase inhibitor
target (depicted as blue dots) is shown for a consecutive binding experiment with kinase inhibitor (KI) beads and a parallel competition experiment
with increasing concentrations of free kinase inhibitor. Quantitative comparisons are made for the aﬃnity-puriﬁed target fractions enclosed by the
two rectangles. Note that the ratio r = 0.2 indicates that 20% of the target remained in the supernatant after the ﬁrst round of incubation with
inhibitor beads. The ratio r corrects for target aﬃnity to immobilized kinase inhibitor when multiplied with the IC50 from competition experiments.
The resulting product represents the target-speciﬁc Kd value.

determination of target-speciﬁc aﬃnities (Kd values) for
immobilized compounds solely based on quantitative MS
data. Moreover, as target aﬃnities might be aﬀected by
compound modiﬁcation and covalent attachment to beads,
we quantitatively monitored the concentration-dependent
eﬀect of free drug on target protein binding to the kinase
inhibitor beads, similar to earlier quantitative MS experiments
by Bantscheﬀ et al. (Figure 3).39 Using the target-speciﬁc IC50
values for free compoundthe concentrations reducing target
binding by 50%target-speciﬁc Kd values can be calculated
according to the Cheng−Prusoﬀ equation,38 which can even be
simpliﬁed to Kd = IC50 × r for all quantiﬁed targets (Figure 3).
Notably, additional control incubations veriﬁed equilibrium
binding conditions as well as molar excess of immobilized
ligand over its cellular targets, which are requirements for such
Kd value determinations.38 This quantitative strategy determined target Kd values for geﬁtinib and SB203580 that were in
good agreement with data from recombinant kinase assays,
indicating that quantitative chemical proteomics can combine
the unbiased, proteome-wide identiﬁcation of speciﬁc drug
targets with reliable aﬃnity measurements.38 The same
approach was used for comparative target analyses of the
clinical EGFR inhibitors geﬁtinib and erlotinib,45,46 revealing
protein kinases such as ARG, MAP3K1, and integrin-linked
kinase as erlotinib-speciﬁc targets in pancreatic cancer cells in
concordance with chemical proteomics data from lung cancer
cell lines.47 Recently, Colzani et al. applied SILAC-based
competition and Kd value determination to proﬁle known and
new targets of the anticancer kinase inhibitor E-3810.48 Of
note, such quantitative chemical proteomics assays are not
restricted to protein kinases and have found widespread

molecule interactions can be directly inferred from quantitative
MS data in chemical proteomics studies.42,43 Such experiments
should always be done in replicates, to eliminate “false positive”
targets due to occasional quantiﬁcation errors.36,40 When
interpreting the data, it needs to be considered that both
direct inhibitor targets, such as primarily protein kinases, and
proteins associating with them exhibit similar, “speciﬁc” binding
patterns. Thus, some downstream assessment is required to
discern between likely direct and indirect targets, e.g. by
mapping speciﬁc targets on known protein−protein interaction
data retrieved from STRING or other resources.44
Quantitative Aﬃnity Proﬁling of Cellular Kinase
Targets. Even when speciﬁcally bound by a kinase inhibitor
resin, targets may have very diﬀerent aﬃnities that determine
whether they are likely to be relevant or not in cellular
treatment conditions. We have previously developed a
quantitative proteomics concept to determine target-speciﬁc
aﬃnities for immobilized ligands such as kinase inhibitors.38 To
account for this, we used SILAC-based MS to quantify target
protein binding in two consecutive aﬃnity puriﬁcations. The
principle is depicted in Figure 3, assuming a hypothetical target
of which 80% is retained in a ﬁrst round of aﬃnity puriﬁcation.
The supernatant fraction is then subjected to a second round of
incubation with the same beads. There, 80% of the remaining
20%corresponding to 16% of total cellular target in the
original lysateis bound. Relative amounts of target protein
bound in the second versus the ﬁrst aﬃnity puriﬁcation can
then be quantitatively compared, resulting in a ratio r of 0.2.
Notably, this ratio indicates the fraction of target that remained
in the supernatant, whereas (1 − r) indicates the fraction that
was retained in the ﬁrst puriﬁcation step. This principle
implemented in SILAC-based chemical proteomics allowed
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the cell cycle regulation of more than 1500 distinct kinasederived phosphopeptides using SILAC.58,59 The same kinaseselective proteomics workﬂow was also applied to analyze
cellular imatinib targets and their downstream eﬀectors, and to
analyze kinases and their interaction partners in lipopolysaccharide-induced innate immune signaling.60,61 Multiplexed
kinase inhibitor beads were also used for large-scale quantitative
kinome proﬁling across 34 head and neck squamous cell
carcinoma cell lines62 and the entire NCI-60 cell line panel.63
Finally, the amount of kinase retained by an immobilized
inhibitor is determined by both protein abundance and aﬃnity.
As the latter can change upon activation or inactivation,
diﬀerential binding of a kinase to inhibitor resins may be
observed.30 Multiplexed kinase inhibitor beads were used to
detect dynamic changes in the kinome that mediate resistance
upon pharmacological MEK or BRAF inhibition.64,65 While this
represents an interesting approach, it remains to be evaluated
how such results compare to large-scale proteomics and
phosphoproteomics data of protein abundance and kinase/
signaling pathway activities on a global scale.
Alternative Chemical Proteomics Approaches to
Kinase Inhibitor Proﬁling. Most chemical proteomics
applications in kinase inhibitor research utilized resinimmobilized compounds for target binding and assessment.
On the basis of many successful studies this has emerged as a
robust, reliable, and comprehensive approach feasible for a wide
range of structurally diverse kinase inhibitors. An alternative
kinome proﬁling technology makes use of desthiobiotin-tagged
acyl-phosphates of ATP and ADP, which can covalently attach
to conserved lysine residues in protein kinases.66 These
reactions are typically performed in cell lysates in the presence
of diﬀerent kinase inhibitor concentrations, followed by
enrichment of desthiobiotinylated peptides or proteins and
quantitative MS analysis.66,67 Competition curves can be
generated for kinase inhibitors that displace the reactive ATP
probes from the ATP-binding site. When purifying desthiobiotinylated peptides, quantiﬁcation may be less accurate, as often
only a single peptide is analyzed per protein kinase, and such
labeled peptides might be shared among related members of
the protein kinase superfamily. Moreover, careful optimization
of experimental conditions is needed as well as the development of targeted MS detection assays to maximize kinome
coverage.66−68 Potential advantages of covalent ATP probes
compared to multiplexed kinase inhibitor beads are that targets
do not need to be solubilizedthey can be assayed in
membrane preparationsand that diﬀerent kinase domains on
the same protein can be discerned.66 Overall, the two
approaches identify similar numbers of unique protein
kinases52,56,66,67 and can provide complementary results, such
that multiplexed kinase inhibitor beads eﬃciently enrich for
tyrosine kinases, whereas covalent ATP probes provide high
coverage for STE family kinases.68
In addition to covalent ATP probes, several kinase inhibitor
analogs have been developed that harbor photo-cross-linkable
groups for covalent attachment as well as a clickable alkyne
handle or a biotin moiety to enrich inhibitor-bound
targets.69−72 Several of these reagents are cell-permeable and
can label targets inside live cells, which provides an interesting
means to interrogate protein kinases in their native environment. Despite this conceptual advantage, known key targets
captured by inhibitor resins are often not found, which
indicates current limitations in target spectrum coverage by
covalent inhibitor probes.69,72 In contrast to reversible kinase

commercial applications such as target deconvolution in drug
discovery programs.
Broad Kinase Enrichment with Multiplexed Kinase
Inhibitor Beads. A popular variant of chemical proteomics
combines immobilized kinase inhibitors to capture a large
fraction of the expressed kinome. To achieve this, inhibitor
beads are selected which are as unselective and as
complementary as possible with regard to their kinase binding
properties. In an early implementation, immobilized bisindolylmaleimide X, a geﬁtinib derivative, the pyridopyrimidine
compound PP58, and purvalanol B were combined for
chromatographic enrichment of more than 140 distinct protein
kinases from cell extracts.49 Bantscheﬀ et al. used structurally
related as well as additional broad-spectrum compounds in a
multiplexed kinase inhibitor resin (“kinobeads”) to proﬁle
clinical Bcr-Abl inhibitors in leukemia cell lysates.39 Imatinib,
dasatinib, or bosutinib were added to cell lysate at diﬀerent
concentrations together with kinase inhibitor beads, and dosedependent drug eﬀects on resin binding were recorded by MS
using iTRAQ quantiﬁcation.39 Alternatively, cells were treated
with the drugs prior to lysis and kinase aﬃnity puriﬁcation.
These experiments revealed various cellular dasatinib and
bosutinib targets in addition to Bcr-Abl, but maybe the most
important ﬁndings were the identiﬁcation of discoidin domain
receptor DDR1 and the oxidoreductase NQO2 as new highaﬃnity targets of imatinib.39 The same chemical proteomics
assay was also used in CDK inhibitor proﬁling studies in
chronic lymphocytic leukemia cells, where it signiﬁcantly
contributed to the identiﬁcation of CDK9 as the main target
involved in pro-apoptotic drug eﬀects, and in a study that
revealed Trypanosoma brucei protein kinases as nanomolar
targets of typical kinase inhibitors.50,51 The initial “kinobeads”
assay tended to underestimate target aﬃnities, as evident from
signiﬁcantly higher IC50 values than measured in vitro for
several high aﬃnity kinase targets. Meanwhile, aﬃnity
correction for the inﬂuence of immobilized ligands38 is also
routinely applied in proﬁling assays using multiplexed kinase
inhibitor resins (Figure 3). Examples are Cellzome’s
“kinobeads” or the KinAﬃnity beads developed by Evotec,
which provide reliable apparent Kd values for target-speciﬁc
aﬃnities.52−55 Drewes and colleagues used the approach to
determine cellular kinase aﬃnities for the nucleotide cofactors
ATP, ADP, and GTP.56 These data are of high relevance for
pharmacological kinase inhibition, because cellular inhibitor
potency depends on kinase-speciﬁc Kd values for both
compound as well as ATP.57 A key advantage of multiplexed
kinase inhibitor resins is that they can be used oﬀ-the-shelf,
without the need for linker derivative synthesis, testing, and
immobilization. However, despite broad enrichment of an
estimated 50 to 70% of the expressed kinome, a fraction
including potentially relevant kinase targets is not covered.
Various new aﬃnity probes have been developed for underrepresented kinases to increase kinome coverage when included
in multiplexed kinase inhibitor resins.40,53−55 For example,
Küster and colleagues devised an aﬃnity probe targeting Akt
kinases, which have been notoriously absent in previous
chemical proteomics studies despite their high biological
relevance.53
Beyond kinase inhibitor proﬁling, mixtures of nonselective
kinase inhibitor resins are valuable tools for cellular kinase
biochemistry. Using a mixture of ﬁve immobilized kinase
inhibitors, we puriﬁed and identiﬁed more than 200 protein
kinases from S and M phase-arrested HeLa cells and quantiﬁed
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inhibitors functionalized with photoreactive groups, a number
of clinical kinase inhibitors can act irreversibly on their targets
by covalent attachment to a noncatalytic cysteine at the active
site. Cravatt and colleagues have presented a systematic cellular
proﬁling approach for such covalent kinase inhibitors.73 Of
note, they also identiﬁed nonkinase oﬀ-targets with conserved
active site cysteines and correlated proteomics results with
selectivity windows for kinase-dependent mechanisms of
action.73
Very recently, a proteomic version of the thermal shift assay
was reported, which measures ligand-induced thermal stabilization of target proteins.74,75 Savitski et al. performed thermal
proﬁling in combination with quantitative MS for aﬃnity
proﬁling of diﬀerent kinase inhibitors. While more than 50
targets could be delineated for the pan-speciﬁc kinase inhibitor
staurosporine, the majority of high-aﬃnity dasatinib targets
were not identiﬁed. Thus, it remains to be seen whether further
optimization can generally improve coverage for kinase
inhibitor proﬁling. However, as thermal proﬁling can also be
done on soluble proteins in living cells, it has the potential to
complement established methods by analyzing drug engagement of on- and oﬀ-targets in vivo.

■

QUANTITATIVE PHOSPHOPROTEOMICS WITH
KINASE INHIBITORS
While chemical proteomics allows interrogating target
selectivity in the biological system, the mechanisms of action
of kinase inhibitors in vivo are determined by a number of
additional factors. Evidently, cellular activity of a target kinase is
a prerequisite to modulate signaling. Next, only kinases aﬀected
by the applied compound concentrations in intact cells
contribute to the drug mode of action. And, importantly,
protein kinases act through their cell type-speciﬁc substrates
and downstream signaling pathways. In addition to chemical
proteomics of kinase inhibitors, the unbiased and comprehensive analysis of cellular phosphorylation changes upon drug
interference provides highly complementary information. Such
studies have become possible through spectacular advances in
MS-based quantitative phosphoproteomics in recent
years.7,10,11 Often, cultured cells are treated with kinase
inhibitors prior to lysis in buﬀer that preserves protein
phosphorylation states. Upon proteolytic digestion, usually by
trypsin, peptides are fractionated by strong cation exchange or
high pH reversed phase chromatography to reduce sample
complexity, followed by aﬃnity puriﬁcation of phosphorylated
peptides with immobilized metal aﬃnity chromatography
(IMAC) or titanium dioxide beads (Figure 4).7,10,11 Alternatively, antibodies recognizing phosphotyrosine or sequencespeciﬁc phosphoepitopes generated by certain Ser/Thr kinases
are used to enrich phosphopeptide subsets directly from total
lysate digests.76 Phosphopetide-enriched fractions are then
analyzed by high-resolution/high-accuracy tandem MS on
sensitive instruments, such as orbitrap mass spectrometers,
followed by MS data processing to identify and quantify
phosphopeptides and the corresponding phosphorylation sites
on proteins (Figuer 4).7 While SILAC is most common in
contemporary phosphoproteomics, chemical isotope labeling
by various reagents, such as TMT, iTRAQ, or mTRAQ, and
more recently label-free quantiﬁcation have become useful
options.32,77−80 Modern phosphoproteomics workﬂow can
identify in the range of 10 000 to 20 000 distinct phosphorylation sites within 1 or 2 days, or even close to 40 000 upon
extensive sampling combined with the analysis of diﬀerent

Figure 4. Typical quantitative phosphoproteomics workﬂow to study
the cellular modes of action of a small molecule kinase inhibitor.
Shown here is comparative SILAC quantiﬁcation of phosphoproteomes in control- and kinase inhibitor-treated cultured cells.
Alternatively, chemical isotope labeling or label-free quantiﬁcation
can be applied to identify kinase inhibitor-induced phosphorylation
changes. After proteolytic digestion, peptides can be fractionated by
chromatography prior to IMAC or TiO2 phosphopeptide enrichment
for global analysis of serine, threonine and tyrosine phosphorylation,
or subjected to peptide immunoprecipitation to study phosphorylation
on tyrosines or serine/threonine sites within certain sequence motifs.

treatment conditions.79,81 Thus, discovery-type MS approaches
enable far higher phosphoproteome coverage compared to
immunodetection methods such as reverse phase protein
arrays. In contrast, reverse phase protein arrays oﬀer higher
sensitivity and sample throughput for the targeted analysis of
up to a few hundred phosphorylation sites, provided that
speciﬁc and potent antibodies are available.82
To obtain reliable quantitative data for downstream
bioinformatics and in-depth assessment of results, stringent
statistical analysis is imperative in MS-based phosphoproteo206
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lysates.92,93 Merging of data from such orthogonal approaches
can narrow down candidate lists to the most likely direct
substrates in vivo.
Several phosphoproteomics studies used small molecule
inhibitors to perturb and dissect mTor signaling, either by
inhibiting mTORC1 with rapamycin and/or mTORC1/2 by
ATP-competitive mTOR kinase inhibitors,80,94,95 or by
interfering with upstream signal transducers such as Akt or
phosphatidylinositol-3 kinases.76,81 Based on such phosphoproteomics data Grb10 was identiﬁed as the mTORC1 substrate
that negatively regulates insulin signaling, and Akt was shown
to directly regulate mTORC2 through modiﬁcation of its core
component SIN1.80,81,94 These studies nicely demonstrated
how unbiased phosphoproteome assessment upon kinase
inhibitor treatment can trigger follow-up experiments to
promote new mechanistic insights into kinase signaling.
Kinase inhibitors have been indispensible tools in the
phosphoproteomic dissection of mitotic kinase signaling, as
exempliﬁed by studies on Aurora kinases and Polo-like kinase 1
(PLK1).96,97 For example, the addition of PLK1 inhibitors such
as BI2536 to human cells arrested in mitosis led to the
identiﬁcation of hundreds of candidate downstream targets.
Many of them localized to key mitotic compartments such as
the centrosome, kinetochore, or spindle apparatus and were
regulated on phosphorylation sites matching the Plk1
consensus motif.97−99 Of note, recent chemical proteomics
on the PLK1 inhibitor BI2536 revealed death-associated
protein kinase 2 as a novel high-aﬃnity and functionally
relevant target in mitosis.100 This ﬁnding illustrates a general
caveat of supposedly “speciﬁc” kinase inhibitors, which may
have oﬀ-target liabilities that confound the assignment of
cellular downstream targets. Chemical genetic approaches
involving analog-sensitive kinase mutants oﬀer a powerful
alternative to dissect kinase signaling with high speciﬁcity.101,102
In this approach, kinase mutants are generated which encode
for a small amino acid residue (glycine or alanine) in the
conserved “gatekeeper” position located at the ATP-binding
site.103,104 This modiﬁcation opens up an adjacent hydrophobic
pocket such that “bulky” kinase inhibitor analogs can be
accommodated, while ATP binding and kinase activity is often
preserved in the engineered kinases. Importantly, these “bulky”
kinase inhibitors are speciﬁc for analog-sensitive mutants and
have a minimal eﬀect on naturally occurring kinases, due to
steric interference with the side chain of a large amino acid at
the “gatekeeper” position (in most cases threonine, methionine,
phenylalanine, or leucine).103,104
We have applied this strategy for large-scale quantitative
phosphoproteomics of cells expressing either inhibitor-sensitive
PLK1 analog or, as a control, wild-type PLK1. Replicate
quantiﬁcations in analog-treated mutant and wild-type PLK1
cells combined with stringent statistical analysis revealed almost
400 site-speciﬁc phosphorylations mediated by PLK1 with very
high conﬁdence.105 Thus, chemical genetics approaches to
kinase signaling have the unique strength of combining the
speciﬁcity of genetics with the rapid, tunable, and conditional
perturbation by small molecules, and ongoing developments in
genome editing with engineered nuclease might facilitate future
applications.106
Beyond signal transduction research, quantitative phosphoproteomics also supports the development of kinase-selective
drugs for therapeutic use. In addition to unbiased mode of
action analysis, typical applications include the (i) identiﬁcation
of speciﬁc pharmacodynamic read-outs for therapeutic kinase

mics. Therefore, at least three replicate experiments should be
performed to identify signiﬁcant phosphorylation changes upon
drug treatment, together with appropriate statistical approaches
that correct for extensive multiple hypothesis testing in largescale quantitative phosphoproteomics.77,83
Applied to kinase inhibitors, phosphoproteome regulation is
often investigated upon preincubation with an inhibitor
followed by an activating stimulus, such as growth factor
treatment, or upon compound addition to cells harboring active
kinases due to oncogenic mutations or cell cycle blockage. In
the latter case, kinase inhibitor treatment should be long
enough (e.g., 30 min) to allow for dephosphorylation of
downstream signaling elements by cellular phosphatases.
Moreover, kinase inhibitor treatment can aﬀect cellular protein
abundance, for instance by inﬂuencing phosphoprotein stability
or mRNA synthesis. Protein expression changes are more
pronounced upon longer treatment periods of several hours
and may warrant concomitant proteome quantiﬁcation to
distinguish between changes of protein abundance, site-speciﬁc
phosphorylation or a composite eﬀect of both.7
Once signiﬁcantly regulated phosphorylation sites and
phosphoproteins are identiﬁed, various bioinformatics techniques for global data analysis can contribute to generate mode of
action hypotheses. These typically test for enrichment in gene
ontology terms or KEGG pathways that can point to biological
or signaling processes associated with phosphoproteome
regulation or include network analyses to reveal coordinated
phosphoprotein regulation upon kinase inhibitor treatment.
Further insights can be retrieved from sequence motif or
clustering analyses of regulated phosphorylation sites, together
with an in-depth literature review of prior knowledge.7,10,11
Reported kinase autophosphorylation or substrate phosphorylation sites are of particular interest as read-outs for cellular
kinase activity, as well as phosphorylation events functionally
linked to the modulation of biological processes.
Case Studies for Kinase Inhibitor Phosphoproteomics. Quantitative analysis of antibody-puriﬁed phosphotyrosine peptides combined with small molecule inhibition has
been used to study oncogenic tyrosine kinase signaling in the
context of drug sensitivity and resistance mechanisms, as
described for RTKs such as the EGFR and others.84−87
Moreover, quantitative phosphotyrosine proﬁling has been
performed to reveal direct tyrosine kinase substrates by
comparison of in vitro and in vivo phosphorylation data.88
While the analysis of tyrosine phosphorylated peptides
enables the rapid and sensitive analysis of the immediate
consequences of tyrosine kinase inhibition, large-scale
phosphoproteomics that also covers serine and threonine
phosphorylation provides a global view, including downstream
signaling pathways as shown for the clinical drugs dasatinib,
lapatinib, and crizotinib.77,89,90 Small molecule kinase inhibitors
have been instrumental in large-scale phosphoproteomics
studies of key signal transducers like MAPKs and mTOR.
For example, MEK inhibitors such as U0126 or PD184352
were used to identify site-speciﬁc phosphorylations mediated by
ERK MAP kinases in cells.90,91 Data analysis comprised ﬁltering
for potential direct substrate sites matching the consensus motif
of proline-directed ERK1/2 kinases, to provide starting points
for validation of new cellular substrates such as the transcription
factor JunB.90,91 Moreover, phosphoproteomics experiments
involving speciﬁc thiophosphorylation through analog-sensitive
ERK2 mutant or employing 18O-ATP in ERK1 kinase reactions
were performed to screen for direct ERK substrates in cell
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high accuracy.112 This concept was recently applied to human
bone marrow-derived AML cells from patients treated with the
FLT3 receptor tyrosine kinase inhibitor AC220 (quizartinib). A
combination of ﬁve predictive phosphorylation sites was
identiﬁed in a discovery phase involving 12 patients, and this
phosphosignature correctly predicted treatment outcome in
seven out of nine patients in an independent validation
study.113 Arguably, patient numbers were relatively low, and
further work will be needed to validate such strategies in larger
studies. Nevertheless, predictive phosphorylation markers
might have signiﬁcant potential in hematological cancers, to
complement and enhance current patient stratiﬁcation concepts
based on genomic markers. Such concepts may also become
applicable for solid tumors despite additional challenges,
primarily due to more pronounced heterogeneity and
ischemia-related eﬀects on phosphoproteome measurements.114 Additional ﬁltering will be mandatory to identify
stable phosphoepitopes, as demonstrated for PRAS phosphorylation on Thr-246 as readout for phosphatidylinositol-3 kinase
pathway activity in tumor tissue.115
Conclusions and Perspective. Spectacular advances at the
interface of quantitative proteomics and chemical biology have
made it possible to link kinase inhibitors to their biological
targets and signaling interference mechanisms by hypothesisfree approaches. These eﬀorts provided numerous results that
led to mechanistic insights and foster a systems-level view on
the molecular pharmacology of protein kinase targets. Future
developments will certainly address both the sensitivity and
throughput of such studies, propelled by further increases in
mass spectrometry performance,116 new technologies for
multiplexed quantiﬁcation,74,117 and streamlined workﬂows
based on single-shot LC-MS analysis.43,78 While most previous
work in kinase inhibitor proteomics was carried out with
cultured cells, the number of chemical proteomics and
phosphoproteomics studies in animal or human tissue will
likely increase, as well as translational applications in areas such
as personalized medicine.118,119 Thus, there are exiting research
opportunities lying ahead to advance and apply knowledge
about kinase inhibitor targets and mechanisms.

inhibition, to deﬁne target-speciﬁc, sensitive, and robust
phosphorylation markers to monitor target engagement in
preclinical and clinical development, (ii) phosphoproteomic
comparisons under relevant cellular conditions, to inform the
selection of lead compounds or preclinical candidates with
maximal on- and minimal oﬀ-target activity, or (iii) monitoring
phosphoproteome regulation in diﬀerent biological models to
shed light on factors underlying biological sensitivity or
resistance to a kinase-selective drug.
Integrated Proteomics Approaches to Kinase Inhibitor Analysis. The combination of chemical and phosphoproteomics has considerable potential to promote a more systemslevel view of kinase inhibitor targets and their cellular signaling
functions. Superti-Furga and colleagues performed chemical
proteomics proﬁling of the multitargeted kinase inhibitor
dasatinib in lung cancer cells. In parallel, tyrosine phosphorylation changes upon exposure to the drug where quantiﬁed,
with a focus on tyrosine kinase autophosphorylation sites as
read-out for cellular activity.84 Subsequent data integration
revealed which dasatinib targets were expressed, present as
active kinases, and inhibited in cells in a dose-dependent
manner. Dasatinib-resistant mutants of these candidate tyrosine
kinases were then tested in rescue experiments measuring
viability and signaling in the presence of the drug, revealing Src
family kinases and the EGFR as relevant targets for dasatinib
action.84 Integration of chemical proteomics, phosphoproteomics, and transcriptomics linked drug synergy between
danusertib and bosutinib to MAPK pathway-dependent cMyc regulation in CML cells harboring the drug-resistant BCRABLT351I “gatekeeper” mutant.107 We have pursued global
phosphoproteomics in acute myeloid leukemia (AML) cells to
investigate why geﬁtinib and erlotinib aﬀect cell viability in the
absence of their primary drug target, the EGFR.46 These
experiments revealed a drug-regulated phosphoprotein network
comprising several cytoplasmic tyrosine kinases, of which Src
family kinases and the tyrosine kinase BTK were identiﬁed as
direct targets in an accompanying chemical proteomics analysis.
In a recent report, Heck and colleagues combined kinome
expression, drug target, and phosphotyrosine proﬁling in a
comparative analysis of four tyrosine kinase inhibitors, which
revealed striking diﬀerences in cellular target promiscuity and
associated network regulation.108
Emerging Phosphoproteomics Concepts to Predict
Kinase Inhibitor Sensitivity. In comparison to global protein
or mRNA proﬁles, the phosphoproteome provides the most
proximate read-out for cellular kinase activities. As functional
linkage may be better reﬂected by direct post-translational
modiﬁcations than by their aggregated downstream eﬀects, the
phosphoproteome could serve as a rich source for predictive
markers correlated with therapeutic kinase inhibition. In
principle, predictive phosphorylation sites may improve
stratiﬁcation based on genomic alterations,109 such as activating
mutations in oncogenic kinase targets, or even deﬁne
alternative strategies to predict kinase inhibitor sensitivity
when no genomic markers are available.
Cutillas and colleagues used phosphoproteomics data to
classify hematological cancer cell lines and identify phosphorylation events associated with kinase inhibitor sensitivity.110,111
Klammer et al. quantiﬁed the basal phosphoproteomes of 19
SILAC-encoded lung cancer cell lines. Subsequent feature
selection and support vector machine training identiﬁed a
signature of 12 phosphorylations sites, which predicted
sensitivity or resistance to the kinase inhibitor dasatinib with
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