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Abstract: The proteomic mapping of enzyme–substrate interactions is challenged by their transient nature.
A method to capture interacting protein kinases in complexes with a single substrate of interest would
provide a new tool for mapping kinase signaling networks. Here, we describe a nucleotide-based
substrate analog capable of reprogramming the wild-type phosphoryl-transfer reaction to produce a
kinase-acrylamide-based thioether crosslink to mutant substrates with a cysteine nucleophile substituted
at the native phosphorylation site. A previously reported ATP-based methacrylate crosslinker (ATP-MA)
was capable of mediating kinase crosslinking to short peptides but not protein substrates. Exploration of
structural variants of ATP-MA to enable crosslinking of protein substrates to kinases led to the discovery
that an ADP-based methacrylate (ADP-MA) crosslinker was superior to the ATP scaffold at crosslinking
in vitro. The improved efficiency of ADP-MA over ATP-MA is due to reduced inhibition of the second step
of the kinase–substrate crosslinking reaction by the product of the first step of the reaction. The new
probe, ADP-MA, demonstrated enhanced in vitro crosslinking between the Src tyrosine kinase and its
substrate Cortactin in a phosphorylation site-specific manner. The kinase–substrate crosslinking reaction
can be carried out in a complex mammalian cell lysate setting, although the low abundance of endogenous
kinases remains a significant challenge for efficient capture.
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substrate interactions; phosphorylation

Introduction
Posttranslational modifications (PTMs) of proteins are
critical modulators of cellular function. Advances in pro-
teomics have accelerated the rate of discovery of PTMs;
however, proteomic profiling generally cannot capture
the transient enzyme–substrate interactions that place
and remove PTMs. Consequently, much effort has been
made to deorphan PTMs by developing tools to identify
the enzymes that regulate them. Activity-based protein
profiling (ABPP) describes a class of chemical tools
which profile the functional status of enzymes in a given
family.1 ABPP probes covalently target the active site of
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enzymes for their detection or purification. Substrate ID
describes a set of tools for the capture of the downstream
substrates of a given enzyme.2–4 While ABPP and sub-
strate ID are powerful tools for assessing the functional
status and output of enzymes, we sought a way to not
only identify active kinases but also to capture the
kinases as they bind to a specific substrate, a method we
term substrate-based protein profiling (SBPP).

To capture the transient kinase–substrate complex,
we have designed SBPP probes which form two covalent
bonds: an amide bond with a lysine residue in the
kinase active site and a thioether bond with a cysteine
residue at the phosphorylation site in the protein sub-
strate (Fig. 1). We previously reported a dialdehyde
crosslinker that could crosslink peptide substrates with
low efficiency for their detection by western blot, but
could neither crosslink protein substrates nor mediate
crosslinking in complex cell lysates.5,6 We next adapted
an existing kinase-based ABPP method to convert a con-
served lysine in all kinases into an affinity-dependent
and substrate-specific electrophile in the active site. This
next-generation kinase–substrate crosslinking probe
was based on an ATP scaffold and converted the con-
served kinase catalytic lysine into an electrophilic
methylacrylamide for the reaction with the introduced
cysteine mutation in the substrate phosphorylation site.7

This approach significantly improved the reaction such
that crosslinking to a model peptide could be observed
in cell lysate. However, the in vitro yield of kinase–
peptide crosslinking with this probe in a model system
was limited to about 30% and we were unable to achieve
crosslinking of protein kinases with protein substrates.

Here, we explore the structure–activity relation-
ship of the ATP-MA crosslinker and identify an ADP-
based probe that yields quantitative crosslinking
between kinase and peptide in vitro. We further dem-
onstrate crosslinking between the model kinase Src
and its protein substrate Cortactin in vitro. We explore
the biochemical basis for improved crosslinking based
on the use of an ADP- versus ATP-methacrylate probe.
We further immunoprecipitate the crosslinked kinase–
protein substrate complex from cellular lysate to spe-
cifically detect the product of this reaction by western
blot and LC–MS/MS.

Results and Discussion
We first sought to improve the yield of Src crosslink-
ing to a cysteine containing peptide (Src-tide) from
that observed (ca. 30%) with ATP-MA.7 We explored
the initial step of lysine acylation with methacrylate
[Fig. 1(B)] by attaching the acyl group on the β-
rather than the γ-phosphate position of the nucleotide
(i.e., using ADP rather than ATP). We envisioned that
this modification might enhance the rate of the first
step of the reaction or possibly result in acylation of a
different lysine residue in the Src active site which
might then be better positioned for the cysteine attack
on the methylacrylamide [Fig. 1(C)].

We synthesized the ADP-based methacrylate
crosslinker ADP-MA and developed an improved
purification protocol for its isolation. Using a two-step
protocol in which an anion exchange column was first
used to remove unreacted starting material, followed
by purification on a styrene-divinylbenzene solid sup-
port column8 to separate positional isomers resulted
in a robust isolation protocol for both ADP-MA and
ATP-MA.

Using the model kinase Src, we characterized the
kinetics of the first step of the reaction, the formation
of methylacrylamide in the kinase active site [Fig. 1(A,
B)]. We monitored the formation of Src-MA by LC–MS
and found the kinact/KI of ADP-MA to be
45 � 2 M−1 s−1 at 4�C and that of ATP-MA to be
129 � 8 M−1 s−1 (Fig. 2). The correlation between kobs
and [ADP-MA] remained linear at all probe concentra-
tions tested (up to 50 μM), from which we inferred that
KI is greater than 50 μM. This lower bound for KI is
consistent with the previously reported Km of ATP
for Src (51–169 μM).9–15 The kinact/KI of ADP-MA and
ATP-MA are approximately an order of magnitude
higher than that of general covalent lysine-targeted
kinase inhibitors such as 50-fluorosulfonylbenzoyl
adenosine,16 but three to five orders of magnitude
lower than covalent kinase inhibitors such as those
targeting the epidermal growth factor receptor (105–
107 M−1 s−1),17 which modify cysteine, a more nucleo-
philic amino acid.

We next set out to determine if a protein rather
than a peptide substrate could be crosslinked to Src,
which had not been possible using previously
reported SBPP probes.5–7 We selected the actin regu-
lator Cortactin as a model Src protein substrate.
When phosphorylated by Src, Cortactin promotes
actin polymerization by recruiting Arp2/3 complex
proteins to the actin filament, playing a role in cellular
migration and invasion.18–20 We expressed FLAG-
tagged Cortactin (apparent molecular weight: 90 kDa)
mutants in which the native cysteine residues were
mutated to serine (Cyslite) and the phosphorylation
sites Y421, Y466, Y486, and Y489 were each mutated
to cysteine (unless otherwise noted, all Cortactin con-
structs tested are Cyslite). We found that ADP-MA
mediated Src (apparent molecular weight: 40 kDa)
crosslinking to each of these mutants in vitro, with
a distinctive molecular weight shift in the gel con-
sistent with the sum of the masses of the two pro-
teins [Fig. 3(A)]. We observed that crosslinking to
the cysteine mutants at the position of Src phos-
phorylation was more robust than crosslinking to
the native cysteines present in wild-type Cortactin
[Fig. 3(A)], similar to observed crosslinking prefer-
ence for substrate peptide over non-substrate pep-
tides [Fig. S1(A,B)].

We next compared ADP-MA and ATP-MA in the
Src/Y421C FLAG-Cortactin crosslinking reaction.
ADP-MA demonstrated more robust crosslinking than
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ATP-MA [Fig. 3(B)], which was unexpected consider-
ing the slightly faster labeling of Src kinase by ATP-
MA. Given that both probes share a common mecha-
nism in the second step of crosslinking, we were
intrigued by this difference in efficiency and tested a
series of hypotheses to explain these results.

The distinct orientation of the reactive acylpho-
sphate by ATP-MA and ADP-MA in the kinase active
site led us to consider the possibility that the two
probes labeled different lysines in the Src active site.21

Both probes singly labeled Src by whole protein LC–
MS (Fig. S2). Using trypsin and Glu-C double protease
digestion followed by LC–MS/MS analysis, we found
that both probes primarily modified the catalytic Lys
295 [Fig. 4(A,B)]. This selectivity is similar to previous
observations using the ABPP kinase probes ATP-
desthiobiotin and ADP-desthiobiotin.22,23

Given that both probes predominantly produce
the same Src-K295-MA product [Fig. 4(B)], we tested
additional components of the reaction to see if they
were mediating the differences in crosslinking effi-
ciency. In particular, we examined the nucleotide
products ADP and ATP, which may occupy the kinase
active site and influence the second step of the reaction
[Fig. 1(C)]. Using ADP-MA (150 μM) and ATP-MA
(150 μM), we found that at this lower probe concentra-
tion (150 μM) [Fig. 5(A), Lanes 2 and 9] compared with
500 μM used in Figure 3(B), both probes were capable
of mediating crosslinking of Src to Y421C FLAG-Cortac-
tin. We found that ATP and ADP inhibited the pro-
tein crosslinking reaction [Fig. 5(A)]. AMP and
adenosine did not inhibit the crosslinking reaction,
consistent with their weaker affinity for the nucleo-
tide binding site [Fig. 5(A)].

Having determined that nucleotide (ATP or ADP)
binding to the kinase could limit the crosslinking step,
we wondered if the addition of EDTA would reduce
the inhibitory activity of ATP by chelating Mg2+. The
addition of EDTA resulted in a modest improvement
in crosslinking by ATP-MA in the presence of ATP
[Fig. 5(A)]; however, we found that EDTA also reduces
the efficiency of the first step of the reaction (Fig. S3),
complicating the use of EDTA to enhance crosslinking.

To isolate the effect of reaction components on
the second step of the crosslinking reaction [Fig. 1
(C)], we pre-labeled Src with 50 μM ADP-MA or ATP-
MA and verified that Src-MA was formed to comple-
tion by LC–MS before initiating crosslinking by the

addition of Y421C FLAG-Cortactin. Robust crosslink-
ing was observed whether ADP-MA or ATP-MA was
used to form the electrophilic Src-MA intermediate
[Fig. 5(B), Lane 5 vs. 9]. When nucleotide or SBPP
competitors (ATP 5 mM, ADP 5 mM, ATP-MA
250 μM, or ADP-MA 250 μM) were included in the
reaction with Y421C FLAG-Cortactin, potent inhibition
was observed with ATP and ATP-MA [Fig. 5(B), Lanes
7/10 and 8]. In contrast, ADP and ADP-MA exhibited
less potent inhibition of crosslinking [Fig. 5(B), Lanes
6/11 and 12]. The addition of EDTA did not diminish
crosslinking efficiency when the first step had pro-
ceeded to completion [Fig. 5(B), Lanes 13 and 14].
These results demonstrate that high concentrations of
ATP (the product of kinase modification by ATP-MA) or
high concentrations of ATP-MA inhibit the final step of
the kinase–substrate crosslinking reaction. The inhibi-
tion by ATP-MA at high concentration (250 μM) was
consistent with the poor crosslinking observed in
Figure 3(B) at 500 μM concentration.

Having identified ADP-MA as an improved SBPP
probe for substrate–kinase crosslinking, we next
explored whether the reaction could be observed in a
complete cell lysate in the presence of competing pro-
teins. We tested a range of concentrations (1.67 mM,
167 μM, and 16.7 μM) of both ATP-MA and ADP-MA
to examine concentration-dependent effects in the
presence of other nucleotide binding proteins in the
lysate. We found that both ATP-MA and ADP-MA
mediated crosslinking of Y421C FLAG-Cortactin to
Src, but the highest concentration of ATP-MA showed
poor crosslinking (Fig. 6), consistent with the inhibi-
tory effect of ATP-MA observed in Figures 3(B) and 5
(B). We concluded that at high-concentration crosslink-
ing by ADP-MA is more efficient than ATP-MA, but
both ADP-MA and ATP-MA may have utility for cap-
turing kinase–substrate complexes in cellular lysate.

The non-peptidic crosslink between Src and Y421C
FLAG-Cortactin contains a thioether bond [Fig. 1(D)]
which is potentially reversible via a retro-Michael reac-
tion. To test if “uncrosslinking” might be contributing to
lower yields, we tested several protein denaturation
conditions prior to SDS-PAGE. We found that the stan-
dard protocol of boiling protein samples with SDS and a
reducing agent before running protein gels interfered
with detection of the crosslinked product (Fig. S4). Our
findings are consistent with the literature precedent for
the retro-Michael addition of nucleophiles to β-alkylthiol
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Figure 1. Schematic representation of the kinase–substrate crosslinking reaction mediated by ADP-MA.
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amides when heated.24 In the subsequent studies, we
omitted the heating step following the addition of SDS
and reducing agent to samples prior to sample loading.

LC–MS/MS identification of the kinases interact-
ing with a known substrate requires enrichment from
lysate. We established a mass spectrometry-based
method to identify kinases crosslinked to Y421C
FLAG-Cortactin following ADP-MA-mediated SBPP.
We first transiently transfected HEK 293T cells with
FLAG-tagged WT or Y421C Cortactin and prepared
desalted cellular lysates. All lysates were supplemen-
ted with 2 μM purified Src kinase domain before incu-
bating in the presence or absence of ADP-MA. We
then immunoprecipitated FLAG-tagged substrate
and substrate–kinase complexes, washed, and eluted
with 3×-FLAG peptide before visualizing by western
blot and silver stain (Fig. 7). We observed the formation
of a Src/Y421C FLAG-Cortactin band at 130 kDa that
was enriched by immunoprecipitation and labeled by
both anti-FLAG antibody and anti-Src antibody (Fig. 7)
in the Y421C FLAG-Cortactin + ADP-MA sample only,
but not in controls (WT FLAG-Cortactin + ADP-MA
and Y421C FLAG-Cortactin + no crosslinker). We

performed silver stain, in-gel digest, and MS/MS on
the excised 130 kDa region from two replicate samples
of 0.65 μM Src and Y421C FLAG-Cortactin with no
crosslinker or with 5 μM ADP-MA. By LC–MS/MS, we
identified Src and Cortactin in the ADP-MA samples
(Supplementary Material).

To apply SBPP for the identification of kinase-
substrate interactions, we turned to the challenge of
capturing endogenous levels of kinase(s) from ADP-MA-
treated lysates prepared from Y421C FLAG-Cortactin
expressing cells followed by immunoprecipitation,
on-bead digestion, and LC–MS/MS analysis. When
no exogenous kinase was added, we did not observe sta-
tistically significant enrichment of protein kinases after
averaging MS/MS data across three biological replicates
compared with control conditions (WT + ADP-MA and
Y421C FLAG-Cortactin + no crosslinker) (Fig. S5). The
most likely reason for this finding is a low yield of cross-
linking that is below the sensitivity of detection by
MS/MS when only low levels of endogenous protein
tyrosine kinases are present.25

To determine whether the first or the second step
of the SBPP reaction was limiting the ability to cap-
ture endogenous kinases, we turned to a competition
reaction with an ABPP probe. We found that pre-
treatment with ADP-MA (15 μM) could compete with
a high-affinity kinase focused ABPP probe, XO44, for
the kinase active site lysine in lysate, indicating
that the first step of the reaction takes place [Fig. S6
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Figure 2. Characterization of covalent kinetics of reaction of
Src with ADP-MA by LC–MS at 4�C. (A) Time course of
formation of Src-MA with ADP-MA. (B) Time course of
formation of Src-MA with ATP-MA. (C) kobs versus [ADP-MA]
and [ATP-MA]. All conditions were tested in duplicate or
triplicate.
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in vitro crosslinking with 3.5 μM Src and 2 μM protein
substrate Y421C FLAG-Cortactin.
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(A,B)].26 This suggested that the nucleophilic cysteine
attack of the methylacrylamide may benefit from a
more reactive electrophilic moiety. We tested addi-
tional thiol-reactive groups including the more reac-
tive unsubstituted acrylate (ADP-AA) to see if
increased reactivity could improve crosslinking effi-
ciency. However, we observed an unexpected intact
ADP-AA modification of Src via a cysteine in the Src
active site. We found that Michael addition by the
Src cysteine competed with the formation of the Src-
acrylamide in the presence or absence of cysteine con-
taining substrate (data not shown). It appears that
further enhancement of electrophile reactivity com-
promised the ability to form the desired thiol-reactive
acrylamide in the kinase active site.

We tested additional protein kinase–substrate
pairs to explore the ability of SBPP probes to mediate
additional crosslinking reactions. ADP-MA and ATP-
MA mediated the crosslinking of non-Src family kinases
to their protein substrates in vitro, including the unre-
lated Ser/Thr kinases SRPK2 to S637C Rbm20 and
CDK4 to S780C Rb, respectively [Fig. S7(A,B)]. ATP-
MA produced higher yield of SRPK2-Rbm20 crosslink-
ing than ADP-MA, suggesting that both SBPP probes
are useful when attempting crosslinking with new
kinase substrates. We additionally confirmed that
both probes modify a divergent protein kinase, Aurora A,
and confirmed labeling of the catalytic Lys in Aurora
A by trypsinization followed by LC–MS/MS analysis
[Fig. S8(A,B)].

Figure 4. (A) Lys modification by ADP-MA and ATP-MA was modeled onto Src kinase in complex with AMP-PNP (PDB file 2SRC).
Catalytic Lys (blue). (B) LC–MS/MS fragmentation of ADP-MA and ATP-MA labeled Src Glu-C/tryptic peptide containing
catalytic Lys.
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In conclusion, in the present study, we report ADP-
MA, a new SBPP probe capable of crosslinking exoge-
nously added protein kinases in cell lysates from cells
expressing mutated protein substrates. This crosslinking
reaction displays preference for introduced phosphoryla-
tion site cysteine over native cysteines in the Src sub-
strate Cortactin, as well as preference for substrate
Cys-peptide over non-substrate Cys-peptides. We found
that ADP-MA was more efficient at Src-Cortactin cross-
linking in vitro than ATP-MA. This effect is due to a
decreased interference with the second step of crosslink-
ing by the product ADP relative to ATP. In the case of
SRPK2 crosslinking to its substrate Rbm20, ATP-MA
was preferred to ADP-MA, highlighting the importance
of testing multiple probes for new substrate and kinase
pairs. We additionally found that these differences in
efficiency were attenuated when crosslinking was car-
ried out in cellular lysate, likely due to the presence of
many competing nucleotide binding proteins, suggesting
that both probes may have utility in future experiments.
Finally, we established an SBPP method to purify and
profile kinase–substrate protein complexes from lysate,
which may have future applications in functional studies
for unbiased identification of the kinases interacting
with a substrate phosphorylation site.

The transient nature of kinase–substrate com-
plexes not only poses a challenge to their de novo

identification but also to their high-resolution struc-
tural characterization. Relatively few structures of
kinase–substrate phosphorylation complexes exist in
the literature, and even fewer depict protein rather
than peptide substrates.27–31 A recent structure
of the kinase PINK1 in complex with its substrate
P-Ubiquitin required mutation of the kinase to stabi-
lize binding to Ubiquitin as well as a llama antibody
raised against the chemically crosslinked PINK1/Ub
complex to aid in stabilization for X-ray structure
determination. The SBPP probes described here pro-
duce a specific intramolecular crosslink at the phos-
phorylation site which could aid in isolation of 1:1
kinase:substrate complexes, improving homogeneity
in samples used for cryo-EM or crystallography.

In the present study, we found that ADP-MA and
ATP-MA did not yield detectable levels of crosslinked
kinase–substrate product at endogenous concentra-
tions of kinase. We conclude that the rate of the sec-
ond step of the reaction, cysteine attack, is limited to
a relatively narrow range, hindering further optimi-
zation.32 However, bio-orthogonal reaction pairs are
highly selective and their rate constants of reaction
span over six orders of magnitude, representing a
highly tunable set of tools.33 Thus, one promising ave-
nue for future exploration is the introduction of bio-
orthogonal functional groups into the kinase active
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site with a modified SBPP probe and by the introduc-
tion of a complementary group into the substrate using
unnatural amino acid mutagenesis. This approach would
circumvent the problem that increasing the reactivity of
the thiol-reactive electrophile resulted in off-target reac-
tivity with a native cysteine in the kinase active site. We
hope to leverage expansions in the genetic code and bio-
orthogonal chemistry in future efforts to address this
important problem of identifying the kinases interacting
with a substrate phosphorylation site.

Materials and Methods

Src-Cortactin crosslinking in vitro and in lysate
Src kinase domain (Gallus gallus, Residues 251–533)
was expressed in BL21 cells as previously described.34

FLAG-tagged WT, WT Cyslite, and Cys phosphoryla-
tion site mutant Cortactin were overexpressed and
purified from HEK293T cells (Supplemental Methods).
Purified Cortactin was incubated with Src and ADP-
MA or ATP-MA overnight at 4�C in HEPES 50 mM
pH 7.4, NaCl 150 mM in 15–20 μL. Specific conditions
are listed under each figure. In lysate, 2 μM Src and
ADP-MA gradient (1.67 mM, 167 μM, and 16.7 μM)
was added to lysate and incubated for 16 h at 4�C and
immunoprecipitated as above.

Preparation of ADP-MA and ATP-MA-labeled
kinase for LC–MS/MS analysis
To 7 μg of kinase (Src and Aurora A) in 20 μL of
HEPES 25 mM pH 7.4, NaCl 150 mM, 15 equiva-
lents ADP-MA or ATP-MA was added. Samples were
incubated for 4 h at 4�C, labeling was verified by
LC–MS, and loading buffer was added and samples
were run on a 4–12% gradient gel for 1 h at 180 V
using MOPS buffer. Gel was washed with distilled
water three times and stained with SafeStain Coo-
massie dye (Thermo Scientific, Waltham, MA).
Bands corresponding to kinase were cut out for in-
gel tryptic digest. Src samples were additionally
dried in a GeneVac (SP Scientific, Ipswich, UK) for
1 h and rehydrated with 0.75 μL 1 mg/mL Glu-C and
incubated at 37�C for 4 h before purification with
C18 zip tip (Millipore Sigma, St. Louis, MO) before
LC–MS/MS analysis.

LC–MS/MS analysis of ADP-MA and ATP-MA-
labeled Src
On the Orbitrap Velos (Thermo Scientific), data-
dependent acquisition mode was used to switch between
MS and MS/MS and the top six precursor ions with a
charge state of 2+ or higher were fragmented by HCD.
Peak lists were searched on Protein Prospector using a
mass tolerance of 20 ppm for precursor masses and
� 0.6 Da for fragment masses with cysteine carbamido-
methylation as a fixed modification and missed cleavage
and C4H4O modification of Lys as a variable modifica-
tion. The digestion was specified as Trypsin + Glu-C
with three maximum missed cleavages allowed. The
UniProt protein identifiers for Src and Cortactin were
specified (P00523 and Q14247, respectively).

XO44 chase experiment
Approximately, 20×106 293T cells were harvested
and lysate was made as above. Hundred microgram
of lysate in 15 μL final volume was used per sample.
Samples were incubated overnight at 4�C with water,
ADP-MA, or ADP at 15 μM. After overnight incubation,
2 μM XO44 was added and samples were warmed to
room temperature and incubated for 10 min. A master
mix of click reagents was made: 20% SDS, 5 mM
TAMRA-N3, 50 mM TCEP, 1.7 mM TBTA, 50 mM
CuSO4, and 10% DMSO. To 10 μL of each sample,
2.125 μL click reaction master mix was added and incu-
bated for 1 h at room temperature in the dark. Loading
dye was added and samples were run on a 4–12% gradi-
ent gel with MOPS buffer for 1 h at 200 V. The gel was
removed and washed for 1 min with 10 mL 25 mM Tris
pH 8, 10% methanol buffer and rinsed three times with
10 mL water before imaging on a Typhoon FLA 9500
(GE Healthcare, Chicago, IL) instrument.

LC–MS analysis and kinetics assays
Samples were analyzed on a quadrupole time-of-flight
LC/MS instrument (Waters Xevo G2-XS QTof, Milford,
MA). For kinetics samples, to 200 μL of 100 nM Src in
HEPES 25 mM pH 7.4, NaCl 150 mM, MgCl2 1 mM
buffer at 4�C, ADP-MA or ATP-MA was added to
1–50 μM. Sequential 7 μL LC–MS samples were taken
of the unquenched reaction mixture. Time of analysis
was measured by the instrument. Data were processed
automatically using MaxEnt software with a range of
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30–40 kDa. For Mg2+/EDTA samples, buffer contained
10 mM Mg2+ or EDTA and ADP-MA or ATP-MA was
added to 25 μM concentration.

Peptide crosslinking and kinase assay
Src 2 μM and ADP-MA 7.5 μM and FLAG-peptide
gradient were incubated at 4�C for 2 h in MHBS.
Peptides were tested at 0, 5, 25, and 125 μM concen-
tration. Loading dye was added and samples were
run on a 12% gel with MOPS buffer for 1 h at 180 V
and transferred to nitrocellulose and visualized with
Dylight 680 conjugated FLAG monoclonal antibody
on a LiCor instrument (LiCor, Lincoln, NE). Kinase
assay was as previously described.35

Acknowledgments
The authors thank Kevin Lou, D. Matthew Peacock, and
Adolfo Cuesta, and all members of the Shokat and Bur-
lingame labs for helpful discussions and critical review,
and Kathy Li for on-bead digestion. Research reported
in this publication was supported by the National Can-
cer Institute of the National Institutes of Health under
Award no. F30CA213979, the Dr Miriam and Sheldon
G. Adelson Medical Research Foundation, Quantitative
Biosciences Institute, Bold and Basic Grant, and the
Howard Hughes Medical Institute. The content is solely
the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of
Health. Contributions: A.W.W and A.U. performed
experiments. A.W.W. performed chemical synthesis,
biochemistry, and sample preparation. A.W.W and
A.U. ran and analyzed mass spectrometry experi-
ments. A.W.W and K.M.S. wrote the manuscript. All
authors edited the manuscript.

Conflict of Interest
The authors declare no conflict of interest.

References
1. Cravatt BF, Wright AT, Kozarich JW (2008) Activity-

based protein profiling: from enzyme chemistry to prote-
omic chemistry. Annu Rev Biochem 77:383–414.

2. Allen JJ, Li M, Brinkworth CS, Paulson JL, Wang D,
Hübner A, Chou W-H, Davis RJ, Burlingame AL,
Messing RO, Katayama CD, Hedrick SM, Shokat KM
(2007) A semisynthetic epitope for kinase substrates.
Nat Methods 4:511–516.

3. Garre S, Senevirathne C, Pflum MKH (2014) A compara-
tive study of ATP analogs for phosphorylation-dependent
kinase–substrate crosslinking. Bioorg Med Chem 22:
1620–1625.

4. Fouda AE, Pflum MKH (2015) A cell-permeable ATP
analogue for kinase-catalyzed biotinylation. Angew Chem
Int Ed 54:9618–9621.

5. Maly DJ, Allen JJ, Shokat KM (2004) A mechanism-based
cross-linker for the identification of kinase−substrate pairs.
J Am Chem Soc 126:9160–9161.

6. Statsuk AV, Maly DJ, Seeliger MA, Fabian MA,
Biggs WH, Lockhart DJ, Zarrinkar PP, Kuriyan J,
Shokat KM (2008) Tuning a three-component reaction

for trapping kinase substrate complexes. J Am Chem
Soc 130:17568–17574.

7. Riel-Mehan MM, Shokat KM (2014) A crosslinker based
on a tethered electrophile for mapping kinase–substrate
networks. Chem Biol 21:585–590.

8. Wang C-M, Cane DE (2008) Biochemistry and molecular
genetics of the biosynthesis of the earthy odorant methy-
lisoborneol in Streptomyces coelicolor. J Am Chem Soc
130:8908–8909.

9. Boerner RJ, Kassel DB, Barker SC, Ellis B, DeLacy P,
Knight WB (1996) Correlation of the phosphorylation
states of pp60c-src with tyrosine kinase activity: the intra-
molecular pY530–SH2 complex retains significant activity
if Y419 is phosphorylated. Biochemistry 35:9519–9525.

10. Boerner RJ, Kassel DB, Edison AM, Knight WB (1995)
Examination of the dephosphorylation reactions cata-
lyzed by pp60c-src tyrosine kinase explores the roles of
autophosphorylation and SH2 ligand binding. Biochem-
istry 34:14852–14860.

11. Boerner RJ, Barker SC, Knight WB (1995) Kinetic
mechanisms of the forward and reverse pp60c-src tyro-
sine kinase reactions. Biochemistry 34:16419–16423.

12. Sun G, Ramdas L, Wang W, Vinci J, McMurray J,
Budde RJA (2002) Effect of autophosphorylation on the
catalytic and regulatory properties of protein tyrosine
kinase Src. Arch Biochem Biophys 397:11–17.

13. Edison AM, Barker SC, Kassel DB, Luther MA, Knight WB
(1995) Exploration of the sequence specificity of pp60c-src
tyrosine kinase. Minimal peptide sequence required for
maximal activity. J Biol Chem 270:27112–27115.

14. Barker SC, Kassel DB, Weigl D, Huang X, Luther MA,
Knight WB (1995) Characterization of pp60c-src tyrosine
kinase activities using a continuous assay: autoactivation
of the enzyme is an intermolecular autophosphorylation
process. Biochemistry 34:14843–14851.

15. Susa M, Luong-Nguyen NH, Crespo J, Maier R,
Missbach M, McMaster G (2000) Active recombinant
human tyrosine kinase c-Yes: expression in baculovirus
system, purification, comparison to c-Src, and inhibition
by a c-Src inhibitor. Protein Expr Purif 19:99–106.

16. Hixson CS, Krebs EG (1979) Affinity labeling of catalytic
subunit of bovine heart muscle cyclic AMP-dependent
protein kinase by 50-p-fluorosulfonylbenzoyladenosine.
J Biol Chem 254:7509–7514.

17. Schwartz PA, Kuzmic P, Solowiej J, Bergqvist S,
Bolanos B, Almaden C, Nagata A, Ryan K, Feng J,
Dalvie D, Kath JC, Xu M, Wani R, Murray BW (2014)
Covalent EGFR inhibitor analysis reveals importance of
reversible interactions to potency and mechanisms of
drug resistance. Proc Natl Acad Sci USA 111:173–178.

18. Thomas SM, Soriano P, Imamoto A (1995) Specific and
redundant roles of Src and Fyn in organizing the cyto-
skeleton. Nature 376:267–271.

19. Uruno T, Liu J, Zhang P, Yx F, Egile C, Li R,
Mueller SC, Zhan X (2001) Activation of Arp2/3 complex-
mediated actin polymerization by cortactin. Nat Cell Biol
3:259–266.

20. Weed SA, Karginov AV, Schafer DA, Weaver AM,
Kinley AW, Cooper JA, Parsons JT (2000) Cortactin
localization to sites of actin assembly in lamellipodia
requires interactions with F-actin and the Arp2/3 com-
plex. J Cell Biol 151:29–40.

21. Xu W, Doshi A, Lei M, Eck MJ, Harrison SC (1999)
Crystal structures of c-Src reveal features of its autoin-
hibitory mechanism. Mol Cell 3:629–638.

22. Patricelli MP, Nomanbhoy TK, Wu J, Brown H,
Zhou D, Zhang J, Jagannathan S, Aban A, Okerberg E,
Herring C, Nordin B, Weissig H, Yang Q, Lee J-D,
Gray NS, Kozarich JW (2011) In situ kinase profiling

Wong et al. PROTEIN SCIENCE | VOL 28:654–662 661661



reveals functionally relevant properties of native kinases.
Chem Biol 18:699–710.

23. Patricelli MP, Szardenings AK, Liyanage M,
Nomanbhoy TK, Wu M, Weissig H, Aban A, Chun D,
Tanner S, Kozarich JW (2007) Functional interrogation
of the kinome using nucleotide acyl phosphates. Bio-
chemistry 46:350–358.

24. Allen CFH, Humphlett WJ (1966) The thermal revers-
ibility of the Michael reaction: V. The effect of the struc-
ture of certain thiol adducts on cleavage. Can J Chem
44:2315–2321.

25. Geiger T, Wehner A, Schaab C, Cox J, Mann M (2012)
Comparative proteomic analysis of eleven common cell
lines reveals ubiquitous but varying expression of most
proteins. Mol Cell Proteomics 11:M111.014050.

26. Zhao Q, Ouyang X, Wan X, Gajiwala KS, Kath JC,
Jones LH, Burlingame AL, Taunton J (2017) Broad-
spectrum kinase profiling in live cells with lysine-
targeted sulfonyl fluoride probes. J Am Chem Soc 139:
680–685.

27. Lowe ED, Noble ME, Skamnaki VT, Oikonomakos NG,
Owen DJ, Johnson LN (1997) The crystal structure of a
phosphorylase kinase peptide substrate complex: kinase
substrate recognition. EMBO J 16:6646–6658.

28. Vénien-Bryan C, Jonic S, Skamnaki V, Brown N,
Bischler N, Oikonomakos NG, Boisset N, Johnson LN
(2009) The structure of phosphorylase kinase holoen-
zyme at 9.9 Angstroms resolution and location of the
catalytic subunit and the substrate glycogen phosphory-
lase. Structure 17:117–127.

29. Xu Q, Malecka KL, Fink L, Jordan EJ, Duffy E, Kolander S,
Peterson JR, Dunbrack RL (2015) Identifying three-
dimensional structures of autophosphorylation complexes
in crystals of protein kinases. Sci Signal 8:rs13.

30. Dar AC, Dever TE, Sicheri F (2005) Higher-order sub-
strate recognition of eIF2alpha by the RNA-dependent
protein kinase PKR. Cell 122:887–900.

31. Schubert AF, Gladkova C, Pardon E, Wagstaff JL,
Freund SMV, Steyaert J, Maslen SL, Komander D (2017)
Structure of PINK1 in complex with its substrate ubiqui-
tin. Nature 552:51–56.

32. Flanagan ME, Abramite JA, Anderson DP, Aulabaugh A,
Dahal UP, Gilbert AM, Li C, Montgomery J,
Oppenheimer SR, Ryder T, Schuff BP, Uccello DP,
Walker GS, Wu Y, Brown MF, Chen JM, Hayward MM,
Noe MC, Obach RS, Philippe L, Shanmugasundaram V,
Shapiro MJ, Starr J, Stroh J, Chie Y (2014) Chemical
and computational methods for the characterization of
covalent reactive groups for the prospective design of irre-
versible inhibitors. J Med Chem 57:10072–10079.

33. Patterson DM, Nazarova LA, Prescher JA (2014) Find-
ing the right (bioorthogonal) chemistry. ACS Chem Biol
9:592–605.

34. Seeliger MA, Young M, Henderson MN, Pellicena P,
King DS, Falick AM, Kuriyan J (2005) High yield bacte-
rial expression of active c-Abl and c-Src tyrosine kinases.
Protein Sci 14:3135–3139.

35. Knight ZA, Feldman ME, Balla A, Balla T, Shokat KM
(2007) A membrane capture assay for lipid kinase activ-
ity. Nat Protoc 2:2459–2466.

662662 PROTEINSCIENCE.ORG Chemically reprogramming the phospho-transfer reaction


	 Chemically reprogramming the phospho-transfer reaction to crosslink protein kinases to their substrates
	Introduction
	Results and Discussion
	Materials and Methods
	Src-Cortactin crosslinking in vitro and in lysate
	Preparation of ADP-MA and ATP-MA-labeled kinase for LC-MS/MS analysis
	LC-MS/MS analysis of ADP-MA and ATP-MA-labeled Src
	XO44 chase experiment
	LC-MS analysis and kinetics assays
	Peptide crosslinking and kinase assay

	Acknowledgments
	Conflict of Interest
	References




