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ABSTRACT: Protein kinases comprise a large family of
structurally related enzymes. A major goal in kinase-inhibitor
development is to selectively engage the desired kinase while
avoiding myriad off-target kinases. However, quantifying
inhibitor interactions with multiple endogenous kinases in
live cells remains an unmet challenge. Here, we report the
design of sulfonyl fluoride probes that covalently label a broad
swath of the intracellular kinome with high efficiency. Protein
crystallography and mass spectrometry confirmed a chemo-
selective reaction between the sulfonyl fluoride and a
conserved lysine in the ATP binding site. Optimized probe 2
(XO44) covalently modified up to 133 endogenous kinases,
efficiently competing with high intracellular concentrations of
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ATP. We employed probe 2 and label-free mass spectrometry to quantify intracellular kinase engagement by the approved drug,
dasatinib. The data revealed saturable dasatinib binding to a small subset of kinase targets at clinically relevant concentrations,
highlighting the utility of lysine-targeted sulfonyl fluoride probes in demanding chemoproteomic applications.

B INTRODUCTION

Phosphorylation of serine, threonine, and tyrosine by protein
kinases plays a central role in signal transduction and cellular
physiology. Because aberrant kinase signaling has been
implicated in many human diseases, selective kinase inhibitors
have broad therapeutic potential." With few exceptions, kinase
inhibitors compete with ATP for binding to the active site,
which is highly conserved among 518 human protein kinases.
Because off-target kinase inhibition can lead to spurious
mechanistic conclusions,” as well as toxic side effects, it is
imperative to gain a quantitative understanding of kinase-
inhibitor engagement, ideally in the context of living cells.
High-throughput methods for profiling kinase inhibitors
typically rely on enzymatic activity or competition binding
measurements with isolated kinases or kinase domains.”* A
potential limitation of these assays is that they are removed
from the cellular environment, where dynamic interactions with
regulatory proteins and lipids can modulate the conformation,
catalytic activity, and subcellular localization of native protein
kinases. Recently, chemoproteomic methods have been
developed to quantify inhibitor binding to endogenous kinases
in complex cellular proteomes. In these competition-based
assays, reversible bead-immobilized kinase inhibitors®™” (“ki-
nobeads”) or irreversible ATP-biotin probes'”'" are employed
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to capture kinases for mass spectrometry analysis. While both
platforms are major technological advances and can interrogate
150—200 endogenous kinases from a single cell line, neither
kinobeads nor ATP-biotin probes are cell permeable. This lack
of cell permeability is an intrinsic physicochemical property that
cannot realistically be improved. As a consequence, dilute ATP-
depleted lysates are prepared before the kinase-binding probes
are added. This results in membrane dissolution and dilution of
protein complexes, potentially altering the activation state and
conformation of protein kinases. The most effective cell-
permeable pan-kinase probes reported to date employ a
photoreactive diazirine and can detect up to 22 intracellular
kinases.''® In this study, we report the first chemoproteomic
probes that can capture up to 133 kinases from a single cell line,
enabling broad-spectrum assessment of kinase-inhibitor occu-
pancy in live cells.

B RESULTS AND DISCUSSION

Sulfonyl fluorides are hydrolysis-resistant electrophiles that can
react with diverse protein nucleophiles in a context-dependent
manner.'”"> Despite their attractive properties, sulfonyl
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Figure 1. (A) Sulfonyl fluoride probes derived from a pyrimidine 2-aminopyrazole kinase-recognition scaffold. (B, C) Cocrystal structures showing
probe 2-modified kinase domains of SRC (B) and EGFR (C). Electron density maps (2F, — F.) are shown at a contour level of 16. (D) Overlay of
probe 2-modified SRC and EGFR structures. SRC: 2 in yellow, Lys295 in blue. EGFR: 2 in magenta, Lys74S in pink.

fluorides have rarely been exploited in the structure-based
design of lysine-targeted covalent inhibitors.'® Inspired by
classical sulfonyl fluoride-based affinity probes,'” we previously
designed a S5'-fluorosulfonylbenzoyl nucleoside probe that
covalently modifies SRC-family kinases and, possibly, other
kinases with a small residue (e.g, threonine) in the “gate-
keeper” position of the ATP-binding site."® Unlike FSBA (5'-
fluorosulfonylbenzoyl adenosine), our sulfonyl fluoride probe
potently and irreversibly inhibits endogenous SRC-family
kinases in intact cells. To expand beyond this limited subset
of kinases, we designed a new series of probes based on the
pyrimidine 3-aminopyrazole scaffold shown in Figure 1A. This
scaffold can form 3 hydrogen bonds with the conserved hinge
region and has been shown to inhibit many kinases,'””’
including kinases with bulky gatekeeper residues (phenyl-
alanine, methionine, and leucine). By analyzing cocrystal
structures of pyrimidine 3-aminopyrazoles bound to various
kinases (PDB codes: 4b8m, 2f4j, 3f6x, 3ggf, 3soc, 2vn9, and
2uv2), we surmised that a short linker (3—5 A) attached to the
pyrimidine at C2 would optimally position a phenylsulfonyl
fluoride proximal to the catalytic lysine. These considerations
led to the design of the clickable piperazine-linked probes 1—-3
(Figure 1A), in which the conformational flexibility and
orientation of the phenylsulfonyl fluoride substituent were
varied.

SRC was selected as a model kinase to assess covalent Lys
modification. After incubating purified SRC kinase domain (S
uM) with probes 1-3 (15 uM) for 1 h, LC—MS analysis
revealed formation of a 1:1 SRC adduct corresponding to the
molecular mass of the probe with loss of fluoride (Figure S1).
Whereas probes 1 and 2 reacted with SRC in quantitative yield,
probe 3 achieved only ~30% labeling, suggesting suboptimal
orientation of the meta-substituted sulfonyl fluoride. Previous
studies have shown that sulfonyl fluorides can react with
tyrosine as well as lysine residues."”*"** Despite having 16
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lysines and 13 tyrosines, most of which are solvent accessible,
superstoichiometric labeling of SRC by the sulfonyl fluoride
probes (3 equiv) was not observed. Specific modification of
SRC at Lys29S, corresponding to the catalytic lysine, was
confirmed for probe 2 by trypsinization of the adduct, followed
by LC—MS/MS analysis (Figure S2). Additionally, we obtained
a 2.5 A resolution cocrystal structure of SRC modified by probe
2 (Figure 1B). Consistent with previous kinase structures
bound to related scaffolds, the 3-aminopyrazole of 2 interacts
with SRC via 3 hydrogen bonds along with extensive van der
Waals contacts. Unique to our structure is the presence of
contiguous electron density between the phenylsulfonyl moiety
and the side chain amine of Lys295, consistent with the LC—
MS analysis. To test whether probe 2 can react specifically with
the catalytic Lys of other kinases, we solved a second cocrystal
structure (1.6 A resolution) with the EGFR kinase domain
(Figure 1C). Notably, the position of the ligand and the
modified Lys side chain are precisely aligned in the two
structures (Figure 1D). To our knowledge, these are the first
kinase structures in which the catalytic lysine is covalently
modified by a sulfonyl fluoride-based inhibitor.

We next compared the ability of probes 1—3 to covalently
modify endogenously expressed proteins in intact human cells.
After treatment of Jurkat T cells with the probes (2 uM) for 30
min, lysates were prepared and subjected to click conjugation
with rhodamine-azide. In-gel fluorescence analysis revealed that
all three probes labeled many protein targets in common, with
probe 2 displaying the strongest overall labeling intensity
(Figure 2A). As a control for labeling specificity, cells were
pretreated with probe variant 4 (20 4uM), which lacks an alkyne,
before adding the alkyne-tagged probes (Figure 2A). In samples
pretreated with 4, subsequent labeling of most proteins was
abolished or strongly reduced. Hence, while probes 1—3 appear
to promiscuously react with a large set of cellular proteins, most
of these labeling events are specific and saturable. The level of

DOI: 10.1021/jacs.6b08536
J. Am. Chem. Soc. 2017, 139, 680—685


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08536/suppl_file/ja6b08536_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08536/suppl_file/ja6b08536_si_002.pdf
http://dx.doi.org/10.1021/jacs.6b08536

Journal of the American Chemical Society

A

w

(2 uM) 1 2
4 (20 uM) - + - + - +

150
100

75

TR0
4R (1

'
{

N

25

TAMRA

W

Figure 2. Probes 1—3 label multiple endogenous protein kinases in
live cells. (A) Jurkat cells were treated with either DMSO or
nonclickable competitor 4 (20 M) for 1 h, followed by probes 1-3
(2 uM) for 30 min. Cell lysates were subjected to click chemistry with
rhodamine-azide, resolved by SDS-PAGE, and scanned for fluo-
rescence (TAMRA). (B) Venn diagram showing the number of shared
and unique kinases identified by LC—MS/MS after treatment of Jurkat
cells with probes 1-3 (2 uM, 30 min).

“specific promiscuity” evidenced by Figure 2A is remarkable,
and we are not aware of any pan-kinase probes that specifically
modify so many proteins in cells and with such high signal-to-
background.

To identify the probe-labeled proteins, we turned to affinity
enrichment and mass spectrometry. As in the rhodamine-
labeling experiment described above, live Jurkat cells were
treated with probes 1—-3 (2 uM) for 30 min (duplicate
samples). After preparation of cell lysates at 4 °C, probe-labeled
proteins were conjugated to biotin-azide and purified with
magnetic streptavidin beads (see Supporting Information for
detailed methods). Enriched proteins were then subjected to
on-bead trypsinization and the released peptides analyzed by
LC—MS/MS. Consistent with the higher labeling intensity
observed by in-gel fluorescence (Figure 2A), probe 2 captured
133 protein kinases (identified with >1 unique peptide,
Supporting Information Table 1), substantially more than
probes 1 and 3 (98 and 76 kinases, respectively). Most of the
identified kinases were captured by at least two probes, with
~50% identified by all three probes, as expected given their
shared recognition scaffold (Figure 2B and Supporting
Information Table 1). Two of the kinases we identified,
WNKI1 and the pseudokinase STRADA, do not have a lysine in
the same position as the catalytic lysine found in conventional
protein kinases. However, structural analysis suggests that the
sulfonyl fluoride probes could potentially react with proximal
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lysines found in WNK1 (Lys233, see PDB: 5tf9) and STRADA
(Lys197 or Lys239, see PDB: 2wtk).

Despite comprising only 10—15% of the total number of
proteins identified by mass spectrometry, kinases contributed
two-thirds of the total ion intensity. Moreover, the median MS
signal intensity across all identified kinases was ~10-fold higher
than that of nonkinase proteins (Figure S3 and Supporting
Information Table 2). Kinases are therefore the most abundant
class of captured proteins based on MS signal intensity. Control
experiments indicated that most of the nonkinase signal is
probe-independent, likely due to nonspecific binding of
abundant proteins to the streptavidin beads.

On the basis of its ability to capture the greatest number of
kinases, we selected probe 2 (also referred to as XO44) to
address the critical issue of kinase quantitation. Supporting the
overall robustness and reproducibility of our label-free MS
quantitation method, MS signal intensities for individual
kinases were strongly correlated (r* = 0.96, m = 1.18) between
two biological replicates (Figure 3A and Supporting Informa-
tion Table 2). To confirm specific and saturable labeling of
individual kinases, we used compound 4 as a competitor.
Pretreatment of cells with 4 at 1 or S uM resulted in a
concentration-dependent decrease in MS signal intensity for all
kinases (Figure 3B,C and Supporting Information Table 2),
consistent with in-gel fluorescence analysis performed in
parallel (Figure S4). By contrast, most nonkinase proteins
were unaffected. For 90% of identified kinases, pretreatment
with § uM competitor 4 reduced MS signal intensity by more
than 10-fold. Thus, when added to cells at 1-5 M, compound
4 (and by extension, probe 2) is able to effectively compete
with 1000-fold higher concentrations of ATP and covalently
modify most of its kinase targets to >90% saturation within 30
min.

Having a cell-permeable occupancy probe enabled us to
monitor intracellular kinase engagement by dasatinib, an
approved drug for chronic myeloid leukemia that potently
inhibits the BCR-ABL oncoprotein. Although dasatinib has
been shown to inhibit many kinases in addition to BCR-
ABL,>”*® the extent of kinase occupancy achieved by
therapeutically relevant concentrations in live cells is unknown.
For assessment of dasatinib—kinase interactions in vivo, Jurkat
cells were treated for 1 h with 100 or 300 nM dasatinib (or
DMSO control), bracketing the maximum plasma concen-
trations measured in clinical trials.”*** After incubation with
dasatinib, the cells were treated with probe 2 (2 uM, 30 min);
cell lysates were then prepared and processed for streptavidin-
bead enrichment and LC—MS/MS analysis.

Kinase intensity changes in response to dasatinib treatment
(expressed as a percentage of DMSO control samples) were
calculated from three independent experiments (Supporting
Information Table 3). Using a stringent cutoff for statistical
significance (P < 0.0001), we identified only 6 kinases that were
occupied by >50% at 100 or 300 nM dasatinib (Figure 4A,B).
Among these kinases, ABL1, BLK, and SRC were the most
sensitive, as they were completely blocked by 100 nM dasatinib
(100% inhibition of probe 2 labeling). By contrast, LCK
occupancy was only 70% and 90% at 100 and 300 nM dasatinib,
respectively; these differences were highly reproducible across 3
independent replicates. Probe 2-mediated capture of several
other kinases known to be essential for T-cell proliferation and
differentiation (e.g., ZAP70, ITK, JAK1, MAPK1, and AURKB)
was not significantly affected by dasatinib. The partial
occupancy of LCK under conditions in which dasatinib
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Figure 3. Scatter plots showing MS signal intensities for individual
kinases (red dots) and nonkinases (gray dots) identified in
chemoproteomic experiments with probe 2 (Supporting Information
Table 2). The MS signal intensity for each protein was calculated as
the sum of intensities from each unique peptide. (A) Jurkat T cells
were treated with probe 2 (2 #M, 30 min). MS signal intensities from
two biological replicates (intensity-1 and intensity-2) are plotted to
demonstrate reproducibility. (B) Y-axis: cells were pretreated with
competitor 4 (1 uM, 1 h), followed by treatment with probe 2. X-axis:
control cells treated with probe 2. (C) As in part B, except cells were
pretreated with 4 at S M. Pretreatment with 4 reduces signal intensity
in a concentration-dependent manner for most kinases, but only a few
nonkinases. LOD = limit of detection.
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Figure 4. (A) Volcano plot showing MS signal intensities for probe 2-
captured kinases from cells pretreated with 100 nM dasatinib as a
percentage of the signal from control cells pretreated with DMSO
(mean from 3 experimental replicates, Supporting Information Table
3). The Y-axis depicts the —log P value for each quantified kinase
(threshold of significance, P < 0.0001). (B) As in part A, except cells
were pretreated with 300 nM dasatinib.

completely saturates BLK and SRC is surprising given the high
sequence similarity shared by all 3 kinases (~70% identity).
Indeed, previous biochemical studies,** including one that
utilized kinobeads in Jurkat cell lysates,”® concluded that
dasatinib binds LCK and SRC with equal potency. Thus, by
monitoring kinase engagement in live cells, we have uncovered
a previously unappreciated ability of dasatinib to partially
discriminate among related SRC-family kinases. One possibility
is that dasatinib dissociates more rapidly from LCK than SRC
in Jurkat cells. Because probe 2 saturates many kinases (Figure
3B,C and Supporting Information Table 2), a potential caveat is
that dasatinib/kinase complexes with fast dissociation and slow
rebinding kinetics may be difficult to detect and quantify with
our method.

One of the challenges in quantifying inhibitor—kinase
interactions in dilute lysates is the need to extrapolate potencies
to the crowded, dynamic, and ATP-replete environment of the
cell, usually without any direct knowledge of the inhibitor’s
intracellular concentration. In the aforementioned kinobeads
study, for example, dasatinib ICy, measurements in ATP-
depleted lysates were extrapolated to intracellular conditions (2
mM ATP) based on experimentally determined ATP binding
affinities for each kinase. However, the extrapolated ICyy’s for
LCK and SRC (0.5 and 1.0 uM, respectively)”® drastically
underestimate dasatinib’s cellular potency based on previous
measurements of downstream signaling, as well as our target
engagement experiment (ICgy << 100 nM, Figure 4).27—29
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As an alternative approach to evaluating the kinome coverage
of probe 2, we tested it at 1 gM in enzymatic assays using
purified kinases (Invitrogen kinase panel, Supporting Informa-
tion Table 4). Of the 375 protein kinases tested, 219 were
inhibited by >50%, including 134 kinases that were not
captured by probe 2 in Jurkat cells. Included in this latter set are
several known dasatinib targets that are apparently not
expressed in Jurkat cells (according to kinobead analysis, e.g.,
LYN, HCK, BTK, EPHAI, and SIKI).26 Although not proven
by the enzyme inhibition data (percent inhibition at 1 4uM and
a single time point of 1 h), we speculate that most of these
kinases are susceptible to covalent modification. In principle,
this expanded set of kinases (Figure SS) can be captured by
probe 2 in cellular occupancy experiments, provided they are
expressed at sufficient levels in the cells under investigation.

Bl CONCLUSIONS AND PERSPECTIVE

The lysine-targeted sulfonyl fluorides reported in this study are,
to our knowledge, the first probes that enable broad-spectrum
assessment of kinase engagement in intact cells. Probe 2
(X044, to be commercially available from Sigma-Aldrich)
covalently labels up to 133 phylogenetically diverse kinases
(Figure S) when applied to a single cell line. Remarkably, SO

Figure S. Kinome coverage of probe 2 based on chemoproteomic
experiments in Jurkat cells. All major branches of the kinome tree are
covered. Red dots indicate kinases showing significant occupancy after
treating cells with 100 or 300 nM dasatinib (see Figure 4).

kinases that were captured by XO44 in live Jurkat cells were not
captured by kinobeads in Jurkat cell lysates.”® XO44 can
therefore be used to complement chemoproteomic experiments
carried out with kinobeads and ATP-biotin probes, with the
added advantage of being cell permeable. Nevertheless, many
predicted human kinases were not detected in Jurkat cells
treated with XO44, leaving room for improvement in future
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work. We envision at least three strategies to address this
challenge. The simplest, which is also the main strategy used in
the kinobead and ATP-biotin platforms, is to use additional cell
lines (i.e., non-T-cell lines) expressing distinct kinase subsets.
On the basis of enzymatic assays with purified kinases, it is
likely that XO44 has the potential to capture up to ~60% of the
human kinome. A second strategy is to design orthogonal
sulfonyl-fluoride-based probes based on distinct kinase-
recognition scaffolds. Finally, future efforts will seek to improve
the sensitivity of kinase quantitation through advanced
instrumentation and proteomic methods,” including the use
of parallel reaction monitoring.
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