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An Improved Mechanism-Based Cross-Linker for Multiplexed Kinase
Detection and Inhibition in a Complex Proteome

Kai Liu,”™ Karunakaran A. Kalesh,”™ Li Bing Ong,"” and Shao Q. Yao*® ¢

Protein phosphorylation is the most prevalent event in cell sig-
naling.™ Despite decades of intensive research, there exist sev-
eral major challenges in the field of phosphoproteomics:
1) how does one identify new kinase-substrate pairs in the
ever-expanding phosphosignaling cascades, 2) how can one
detect multiple kinases in their native environment, and subse-
quently 3) look for potent and selective small-molecule inhibi-
tors 712 Existing biological and chemical methods have offered
invaluable tools for the identification of phosphorylated pro-
teins, as well as sites of phosphorylation.” Shokat et al. recent-
ly developed a mechanism-based cross-linker, OPA-AD (1,
Figure 1), that potentially allows researchers to use known
phosphoproteins/phosphopeptides to identify their upstream
kinases.” To detect kinases in their native environments, pro-
tein-based biosensors have routinely been used but offer limit-
ed success.”! Imperiali et al. recently developed a homogene-
ous fluorescence-based assay that enables multiplexed kinase
detection in cell lysates.” Activity-based probes (ABPs), based
on either reversible small-molecule kinase inhibitors or irrever-
sible ATP analogues, have also demonstrated good utilities in
large-scale kinase detection and identification.”” None of these
kinase-detecting methods, however, has thus far been expand-
ed to the screening and identification of inhibitors against spe-
cific kinase-substrate pairs in their native states. Herein, we
report an improved mechanism-based cross-linker, NDA-AD (2,
Figure 1), based on the originally reported 1, for multiplexed
detection and inhibition of kinase-substrate pairs in a complex
proteome.

When 1 was initially used in a complex proteome, we un-
expectedly discovered that it produces a large number of non-
specific cross-linking bands (Figure 1C and in the Supporting
Information) in addition to the one corresponding to the de-
sired kinase—-pseudosubstrate pair (i.e., a kinase peptide sub-
strate in which the S/T/Y phosphorylation site was replaced by
cysteine). This severely limits its potential applications.”! Thus
we aimed to modify the highly reactive o-phthaldialdehyde
(OPA) moiety in 1 and make it compatible with proteomic ex-
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periments. Consequently, 2 was designed to covalently trap
the transient kinase-substrate-ATP ternary complex formed
during the phosphorylation.”! With an adenosine moiety guid-
ing 2 to the ATP-binding pocket of a kinase, the naphthalene-
2,3-dicarboxaldehyde (NDA) group serves as a bifunctional
chemical that cross-links the proximal catalytic lysine residue
(from the kinase) and the cysteine residues (from the pseudo-
substrate); this generates a stable isoindole linkage between
the kinase—substrate pair (Figure 1B).”) We reasoned that NDA
would cross-link kinase-substrate pairs more specifically than
OPA, because of its more desirable chemical properties and
better structural fit in the kinase active site. In the current
study with 2 we demonstrate, for the first time, that 1) the
cross-linking strategy is compatible with both tyrosine and
serine/threonine kinases, 2)it can be used to cross-link the
desired kinase-substrate pairs in a crude proteome with high
specificity and sensitivity, 3) multiplexed detection of kinases in
their native environment is possible, and 4)screening of
potent and selective inhibitors of a given kinase-substrate pair
can be done in a complex proteome.

We first assessed whether 2 could serve as a general mecha-
nism-based cross-linker for both tyrosine and serine/threonine
kinases.®”! The cross-linking reactions were tested with a set of
six purified kinases, of which three are Tyr kinases (Csk, Src,
and Abl) and the other three Ser/Thr kinases (Erk1, Erk2, and
Pka). All kinases were recombinantly expressed and tested to
ensure their purity as well as enzymatic activities. Fluorescein-
labeled, cysteine-containing kinase pseudosubstrates were
chemically synthesized based on their known peptide sub-
strate sequences (Table 1)."” As shown in Figure 2A, incuba-
tion of each of the six kinases, regardless of whether they are
Tyr or Ser/Thr kinases, with their cognate pseudosubstrates in
the presence of 2 led to the successful cross-linking of the
kinase-substrate complex, as indicated by a fluorescent band
on the SDS-PAGE. All three components (i.e., kinase, pseudo-
substrate, and 2) were necessary as labeling was not observed
in the absence of any of them. No cross-linking was seen with
heat-denatured kinases; this indicates that cross-linking was
dependent on the active conformation of kinases. To test the
tolerance of the cross-linking towards exogenous thiols or
amines, the Pka-PKAtide pair was incubated with 2 with in-
creasing concentrations of [3-mercaptoethanol (BME) or lysine.
Similar to previous reports with OPA-AD, NDA-AD guided
cross-linking reactions were not affected by 200-fold excess of
exogenous thiols or 1000-fold excess of exogenous amines
(Supporting Information). Competition experiments were per-
formed with ATP and LRRASLG-OH (a Pka peptide substrate); a
1000-fold excess of either ATP or LRRASLG-OH was necessary
to completely block the cross-linking. To assess whether the
degree of cross-linking depends proportionally on the availa-
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Figure 1. A) Structures of ATP, OPA-AD, and NDA-AD. B) Scheme showing the cross-linking reaction of the kinase-pseudosubstrate-2 ternary complex. C) Im-
proved cross-linking specificity of a kinase-substrate pair in a crude proteome by 2 versus 1. Reactions were performed with Pka-PKAtide under identical con-

ditions (Supporting Information); left: Coomassie stained gel.

Table 1. Sequences of kinase pseudosubstrates used in our studies.

Name Sequence

CSKtide fluorescein-GG-KKKKEEICFFF
SRCtide fluorescein-GG-KVEKIGEGTCGVVYK
ABLtide fluorescein-GG-EAICAAPFAKKK
PKAtide fluorescein-GG-LRRACLG

ERKtide fluorescein-GG-ELVEPLCPSGEAPNQ

[a] The fluorescein-labeled, cysteine-containing pseudosubstrate for each
kinase was denoted “XXXtide” after the name of each kinase. [b] The
sequences of the pseudosubstrates were based on reported optimal pep-
tide substrates for the kinases, with a cysteine mutation in the phosphor-
ylation site (bold).
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bility of the kinase active site, different amounts of the kinase
were cross-linked. In addition, the same amount of a kinase
was cross-linked in the presence of different amounts of staur-
osporine (ST)—a general kinase inhibitor.""! Both results con-
firmed the dose-dependent nature of the cross-linking against
the active kinase. Also shown in Figure 2B, the gel-based in-
hibition results could be conveniently plotted to generate the
corresponding ICs, curves so as to obtain quantitative data of
the tested kinases against ST; results gave an ICg, value of
1016 and 19.9 nm for Csk and Pka, respectively, which is in
close agreement with previous literature values." All these
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Figure 2. Cross-linking of 2 with purified kinases. A) Fluorescence-scanned gels showing
cross-linking profiles of 2 against three different Tyr kinases (left) and three different Ser/
Thr kinases (right). B) Cross-linking profiles of Csk and Pka with their pseudosubstrates in
the presence of various amounts of staurosporine and the corresponding ICs, curves
(right). ST: staurosporine; % labeling: the relative fluorescence of cross-linked kinase in
the presence of inhibitor (100%: no inhibitor). All experiments were performed in dupli-

cate.

lines of evidence indicate the robustness of the cross-linking
reaction by 2 and its potential applications to study kinase—
substrate interactions and inhibition in a complex proteome.
To determine the specificity of the cross-linking, Csk and Pka
were taken as model kinases and tested against the full set of
five fluorescein-labeled pseudosubstrates. As shown in
Figure 3, the strongest labeling was observed for a kinase with
its cognate pseudosubstrate. Some noticeable “cross-talk”,
however, was observed between the kinase and other pseudo-
substrates. For example, as much as 30-40% cross-linking was
observed between Csk and SRCtide (assume 100% cross-link-
ing for Csk/CSKtide). Similarly, up to 20% cross-linking was ob-
served between Pka and SRCtide (assume 100% cross-linking
for Pka/PKAtide). We wondered if this was due to the well-
documented promiscuous nature of the kinases in their sub-
strate recognition.”? We therefore performed an in situ phos-
phorylation assay using the commercially available Kinase-
Glo™ Plus kit.'"? Both results from the cross-linking experi-
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Figure 3. Specificity of 2-guided cross-linking. Top panels: fluorescence gel images of Csk
(left) and Pka (right) cross-linked with five pseudosubstrates. Lower panels: comparison
of kinase substrate preferences as determined by cross-linking and phosphorylation
assays. % Activity: the relative extent of cross-linking or phosphorylation of a kinase

versus different substrates (100%: kinase with its cognate substrate).
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fluorescein-labeled pseudosubstrate together with 2
was added. For comparison, identical experiments
were performed with 1, OPA-AD. As shown in Fig-
ure 4A, highly specific cross-linking between Csk-
CSKtide and Pka-PKAtide pairs was observed with 2,
but not with 1 (Supporting Information) in the pres-
ence of the bacterial proteome. It should be noted
that no known kinases are present in the E coli DE3
proteome. The detection limit of the cross-linking in
the crude proteome was further determined by incubating 2,
the pseudosubstrate, and serial dilutions of the kinase; as little
as 20 ng (0.3% of total proteome) for Pka and 200 ng (3% of
total proteome) for Csk were detectable. The tenfold higher
detection limit of Csk might be due to its intrinsically lower
enzymatic activity."® Our results thus provide the first docu-
mented example of cross-linking kinase-substrate pairs in a
proteomic experiment.

Many kinases are proven therapeutic targets. Yet highly
potent and specific inhibitors against select kinases are rela-
tively scarce because of their propensity to inhibit multiple
kinases." Therefore, much effort in kinase research has been
spent on developing strategies capable of rapidly screening
potential kinase inhibitors that address issues related to effica-
cy, selectivity, and safety.™” Most kinase inhibitors developed
thus far have been identified from in situ assays that involve
the use of recombinant enzymes. As a result, off-targets of the
inhibitors often escape unnoticed. Recent advances in activity-

based protein profiling (ABPP) have shown that with
suitably designed activity-based probes that target
specific enzymes, one can screen inhibitors against
multiple enzymes in their native environment; this
ensures that both the potency and selectivity of
these inhibitors are concurrently evaluated."® In our

study, the highly efficient and specific cross-linking
CSKt_'de ability of 2 has presented a good opportunity for the
PKAt!de strategy to be used for inhibition studies of kinases
ERKtide . ; ;
SRCtide M the crude proteome. To confirm this, we per-
ABLtige formed dose-dependent inhibition of Csk-CSKtide

and Pka-PKAtide pairs in the bacterial proteome. As
shown in Figure 4B, a concomitant decrease in the
fluorescent band was observed with increasing
amounts of staurophorine. The cross-linking results
were further quantified and plotted to generate the
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corresponding inhibition curves. The obtained ICs, values (6.49
and 40.24 nm for Csk and Pka, respectively) were only 2-5-
times higher than that obtained with pure enzymes (e.g., Fig-

to Pka.'™ Work is underway to further characterize the identity
of these unknown bands and results will be reported in due
course.

ure 2B); again this indicates the feasibility and relia-
bility of our strategy for inhibitor screening of kinases
in crude lysates.

We next assessed whether the cross-linking strat-
egy could be used for multiplexed detection of
kinase activities, as well as their inhibition, in their
native environment. Specifically, we asked whether
this approach can selectively identify the activity of
one kinase in the presence of another, and whether
the quantification of the activity of this kinase can be
affected by another more abundant kinase. As shown
in Figure 5A, by spiking increasing amounts of Pka (0
to 200 ng) and a fixed amount of Csk (400 ng) into
the same bacterial proteome, followed by cross-link-
ing with 2 and either PKAtide or CSKtide individually,
or together, we were able to detect highly specific
cross-linking of Pka-PKAtide and Csk-CSKtide pairs
separately and/or together. Furthermore, the pres-
ence of the more abundant Csk (400 ng in this case)
did not appear to have any noticeable effect on the
detection of the less abundant Pka (40 ng in lanes 2,
or 10% of Csk). This is a crucial feature of multiplexed
experiments in a crude proteome in which multiple
endogenous kinases are inevitably present at differ-
ent expression levels.™ Next, to assess how the multi-
plexed kinase detection strategy could be extended
for inhibitor discovery, the above experiments were
repeated with increasing amounts of staurosporine
(Figure 5B). Between 10 to 500 nm of ST was suffi-
cient to completely abolish the Pka-PKAtide cross-
linking; this is consistent with its earlier determined
IC5, value of ~40 nm against Pka. Partial cross-linking
of Csk-CSKtide pair was still observed even with
25 um of ST, which further confirms the poor potency
of ST against Csk. Taken together, results herein indi-
cate multiplexed kinase detection and inhibition in a
complex proteome is possible with 2 and our strat-
egy described herein.

Finally, we tested whether 2-guided cross-linking
experiments could be extended to the detection of
kinases expressed endogenously in cells. Pka was
again used as our model kinase as it is ubiquitously
expressed in most mammalian cells. To do this, CHO-
K1 lysate was treated with 2 and PKAtide, followed
by SDS-PAGE analysis, fluorescence scanning, and
Western blotting with an anti-Pka antibody. As
shown in Figure 6 (left) a number of cross-linked
bands were detected, one of which was attributed to
the endogenous Pka and was unambiguously con-
firmed by both Western blot (right) and Pka-spiked
experiments. Other fluorescent bands were likely
cross-linked products between other endogenous
kinases and PKAtide. This is possible because PKAtide
might be the substrate of multiple kinases in addition
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Figure 4. The 2-guided cross-linking in crude lysates. A) Fluorescent gels showing cross-
linking in a bacterial proteome spiked with different amounts of a kinase. B) Kinase inhib-
ition by ST in a complex proteome and the corresponding ICs, curves (right). % Labeling:
the relative fluorescence of cross-linked kinase in the presence of the inhibitor (100%: no
inhibitor).
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Figure 5. A) Multiplexed kinase detection in a complex proteome. An increasing amount
of Pka (0 to 200 ng) and a fixed amount of Csk (400 ng) were used. Gels (left to right)
represent cross-linking with CSKtide, PKAtide, or a CSKtide/PKAtide mixture, respectively.
Graphs: quantification of fluorescent bands from the corresponding lanes (above).

B) Multiplexed kinase inhibition in a complex proteome with increasing amounts of
staurosporine (ST); see the Supporting Information for details.
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Figure 6. Detection of endogenous Pka expression in CHO-K1 cell lysate by
2-guided cross-linking. CHO-K1 cell lysates (6 pg), with or without spiked
Pka (400 ng), pseudosubstrate (2 um), NDA-adenosine (20 pm) in the reac-
tion buffer were incubated for 40 min at room temperature before SDS-
PAGE analysis. After fluorescence scanning, proteins were transferred to
PVDF membrane and probed with anti-Pka antibody.

To conclude, using an improved mechanism-based cross-
linker, 2, we demonstrated for the first time a general chemical
approach for the identification of multiple kinase activities di-
rectly from the whole proteome. With both purified enzymes
as well as kinases present in a crude lysate, we showed un-
equivocally that the strategy is compatible with not only
serine/threonine kinases, but also tyrosine kinases. Preliminary
results indicated that the method is robust enough to cross-
link endogenous kinases in mammalian cells."” Our results also
indicated that the approach was useful for multiplexed detec-
tion and kinase activities present in a proteome, and is amena-
ble for potential screenings of potent and selective inhibitors
of kinases in their native environments. The establishment of
the highly specific and sensitive NDA-adenosine guided cross-
linking reactions with desired kinase-substrate pairs in their
native states represents a step forward towards the creation of
novel chemical tools in cell signaling and drug discovery. Stud-
ies are in progress to extend the use of this method for the
cross-linking of other kinases and their protein substrates.

Experimental Section

Chemical synthesis of NDA-adenosine and general peptide synthe-
sis procedures are reported in the Supporting Information. OPA-
adenosine, 1, was synthesized as previously reported.”

Unless otherwise indicated, standard cross-linking reactions were
performed as follows: fluorescein-labeled, cysteine-containing, pep-
tide pseudosubstrate (1.0 pm), NDA-adenosine 2 (20 um), and a
desired amount of the kinase (100 to 140 nm) were incubated in
20 pL of the reaction buffer (25 mm HEPES at pH 7.5, 150 mm Nadl,
2mm MgCl,) for 20 min at room temperature before SDS-PAGE
analysis and fluorescence scanning. For inhibition experiments,
cross-linking experiments were carried out with various amounts
of the general kinase inhibitor, staurosporine.

In situ kinase assay was carried out by using a Kinase-Glo™ Plus Kit
(Promega). Briefly, the kinase (12.5 nm for Pka and 14 nm for Csk),
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an original peptide substrate (100 pum), and ATP (100 pm) in the
kinase reaction buffer (20 uL; 25 mm HEPES at pH 7.5, 10 mm
MgCl,, 0.1% [-mercaptoethanol, 100 um Na;VO,) were incubated
for 20 min at room temperature. Subsequently, Kinase-Glo™ Plus
reagent (20 pL) was added. The resulting luminescence was detect-
ed by using a Tecan microplate reader, and the amount of phos-
phorylation was calculated for each kinase-substrate pair by fol-
lowing the manufacturer’s instructions.

For the cross-linking of kinase-pseudosubstrate pairs in crude ly-
sates, the bacterial proteome was prepared as described in the
Supporting Information and spiked with the desired amount of
kinase, with or without staurosporine. Subsequently, pseudosub-
strate (1 um) and 2 (20 um) were added and the reaction (20 plL; in
25 mm HEPES at pH 7.5, 150 mm NaCl, 2 mm MgCl,) was incubated
for 20 min at room temperature before SDS-PAGE analysis and
fluorescence scanning.

For the mammalian proteome, CHO-K1 cells (American Type Cul-
ture Collection) were grown in DMEM (90%), fetal bovine serum
(10%), glutamine (2mm), and penicillin and streptomycin
(100 mgmL™" each) to confluence. Cells were trypsinized and cen-
trifuged. Cell pellets were resuspended in homogenization buffer
(10 mm HEPES at pH 7.4, 1 mm EDTA, 150 mm NaCl, 10% glycerol,
and complete protease inhibitor mixture). The cells were sonicated
(complete lysis: 10 rounds of 1 s on, and 4 s off, at 25% amplitude).
The protein concentration of whole lysates were quantified by
using the Bradford assay (Biorad) and adjusted to 10.0 mgmL™".
Samples were divided into aliquots, stored at —80°C, and used for
subsequent cross-linking experiments. For the detection of endog-
enous Pka expressed in CHO-K1 cells, cell lysates (6 pg) with or
without spiked Pka (400 ng), PKAtide (2 um), and 2 (20 pm) in reac-
tion buffer (25 mm HEPES at pH 7.5, 150 mm NaCl, 2 mm MgCl,)
were incubated for 40 min at room temperature before SDS-PAGE
analysis. After fluorescence scanning, proteins in SDS-PAGE gels
were then transferred to a PVDF membrane and subsequently
blocked with BSA (5%) in PBST. Membranes were incubated, over-
night, at 4°C with anti-Pka antibody (1:500, Santa Cruz Sc-28892)
in 5% (w/v) BSA/PBST, together with the SuperSignal West Pico kit
(Pierce).
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