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ABSTRACT: Protein kinases are important mediators of
cellular communication and attractive drug targets for many
diseases. Although success has been achieved with developing
ATP-competitive kinase inhibitors, the disadvantages of ATP-
competitive inhibitors have led to increased interest in
targeting sites outside of the ATP binding pocket. Kinase
inhibitors with substrate-competitive, ATP-noncompetitive
binding modes are promising due to the possibility of
increased selectivity and better agreement between biochem-
ical and in vitro potency. However, the difficulty of identifying
these types of inhibitors has resulted in significantly fewer
small molecule substrate phosphorylation site inhibitors being
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reported compared to ATP-competitive inhibitors. This review surveys reported substrate phosphorylation site inhibitors and
methods that can be applied to the discovery of such inhibitors, including a discussion of the challenges inherent to these

screening methods.

P rotein kinases catalyze the transfer of the gamma-
phosphate of ATP to a serine, threonine, or tyrosine
residue of a substrate protein or peptide. The human kinome
includes 518 kinases and accounts for nearly 2% of the human
genome. It is estimated that collectively the 518 human kinases
can phosphorylate up to one-third of intracellular proteins to
generate up to 20000 distinct phosphoproteins.” Phosphor-
ylation of a substrate protein by a protein kinase is an important
signal transduction mechanism within the cell and can yield
diverse responses, including activation or deactivation of an
enzyme, recruitment of adaptor proteins, and changes in
cellular localization.* ® Through their involvement in many
critical signaling pathways, kinases control processes such as
cell growth, a;)olptosis, motility, angiogenesis, metabolism, and
inflammation.”

Iustrated in Figure 1 is the conserved structure of the kinase
catalytic domain which consists of N-terminal and C-terminal
lobes connected by a short loop termed the hinge region.'*'®
The smaller N-terminal lobe is composed of five antiparallel
strands and one o helix, and the larger C-terminal lobe is
composed of eight o helices and four f strands. The region
between the N-terminal and C-terminal lobes and the hinge
region forms a deep hydrophobic cleft that contains the ATP-
binding site. ATP makes several key hydrogen bonds to the
backbone of the hinge region which facilitate binding within the
pocket. Additionally, the phosphate binding loop forms the
ceiling of the ATP binding site and clamps down over the
phosphate groups to orient them for catalysis. The protein
substrate binding site is located within the C-terminal lobe.
Also located in the C-terminal lobe is the activation loop. Many
kinases are phosphorylated within this loop, which then
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undergoes a conformational change to activate the kinase and
allow access to the substrate binding site. In addition to the
catalytic domain, kinases may contain other regulatory domains
which vary across the kinome and have diverse roles including
modulating catalytic activity, recruiting substrates, controlling
localization, and serving as scaffolding sites for other
proteins.lé_18

Due to the key roles of kinases in critical signaling pathways,
the disregulation of kinase activity has been linked to over 400
diseases including many cancers, autoimmune disorders,
inflammation, and diabetes.'”~' As a result, kinases are highly
studied drug targets and constitute the largest drug target class
after GPCRs.>> The first kinase inhibitor received FDA
approval in 2001, and currently over 20 kinase inhibitors
have been approved, mostly for use in oncology. Greater than
99% of reported kinase inhibitors, including all of the currently
approved kinase-targeting drugs for oncology, inhibit kinase
activity via competition for the ATP binding site.”® The heavy
focus on ATP-competitive inhibitors can be largely attributed
to the generality of this approach since all kinases contain an
ATP binding site. Additionally, ATP-competitive inhibitors
have been discovered with relative ease, initially through the
design of adenosine analogs and later using techniques such as
high throughput screening (HTS) and structure based drug
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Figure 1. Crystal structure of the catalytic domain of Lck (PDB
1QpPC).B Highlighted are the N-terminal lobe (green), the C-terminal
lobe (light blue), the hinge region (orange), the phosphate binding
loop (purple), the activation loop (dark blue), and the gatekeeper
residue (red). ATP is shown in stick depiction within the ATP binding
site.

design, due to the ATP binding site being a well formed pocket
designed to bind small molecules.

Although many ATP-competitive kinase inhibitors have been
described and several have proved successful in the clinic, there
are drawbacks to these inhibitors that should be considered.
First, the kinase ATP pocket is highly conserved across the
kinome, leading to poor selectivity of most ATP-competitive
kinase inhibitors.>*™*° Off-target binding can result in addi-
tional toxicity of these compounds in the clinic and also
prevents the use of most ATP-competitive inhibitors as
biological probes. In addition to selectivity concerns, ATP-
competitive inhibitors must contend with intracellular ATP
levels that are typically in the millimolar range, while the ATP
K values for most kinases are in the low micromolar range. As
a result of this, there is usually poor agreement between
biochemical and cellular potency for ATP-competitive inhib-
itors, and a high affinity compound (typically nanomolar to
picomolar) is required in order to see potent kinase inhibition
in vivo.***” Finally, the rapid and common development of
ATP pocket mutations, such as mutations of the “gatekeeper”
residue that regulates access to a back hydrophobic pocket
within the ATP site, both increases catalytic activity and confers
resistance to many ATP-competitive inhibitors.”**’

As a result of these disadvantages, increased attention has
been placed on developing small molecule inhibitors that
instead target the protein substrate binding site. Like the ATP
binding site, all protein kinases contain a protein substrate
binding site; however, unlike the ATP binding site, the protein

Figure 2. Comparison of the ATP and substrate binding sites for (A) the tyrosine kinase IRK (PDB 1IR3)*” and (B) the serine/threonine kinase Akt
(PBD 106K).*® ATP-competitive ligands are shown in green, and substrate-competitive ligands are shown in orange. The substrate binding site is

less defined and more solvent exposed than the ATP binding site.
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Chart 1. Chemical Structures of Erbstatin and Tyrphostins
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substrate binding site is less conserved between different
kinases. Thus, similar to targeting the ATP binding site,
targeting the protein substrate binding site is a strategy that can
be applied to any protein kinase but offers the chance for
improved selectivity compared to targeting the ATP binding
site. Additionally, because kinase substrates are typically present
at or below their Ky, value in vitro, a high biochemical affinity is
not always required to yield in vitro activity.’® These features
make the discovery of small molecule substrate phosphor-
ylation site inhibitors highly desirable.

It should be noted that small molecule inhibitors have also
been developed that target binding sites outside the ATP and
substrate phosphorylation site, such as sites of autoinhibitory
interactions, regulatory partner binding sites, or substrate
docking interaction sites.>' ~>*> While this will certainly increase
the selectivity of these inhibitors and likely result in useful
biological probes, this does not constitute a general targeting
strategy that can be applied to any kinase like targeting the ATP
or protein substrate binding site because these binding sites are
not present in all kinases. It should also be noted that although
some inhibitors targeting substrate docking sites show
competition with peptide or protein substrates, they are
considered outside the scope of this review because they do
not bind at the protein substrate phosphorylation site. For
clarity, we use the term “substrate phosphorylation site
inhibitor” to refer to a substrate-competitive inhibitor that
binds at the protein substrate binding site in a location
analogous to that of the residue being phosphorylated.

Despite the potential benefits and the considerable effort put
toward identifying small molecule substrate phosphorylation
site inhibitors, their development has seen only limited success.
This is directly related to the structure of the two binding sites.
The relative ease of identifying small molecule ATP-
competitive inhibitors is a result of targeting a well-defined
pocket designed to bind a small molecule.'* Conversely, the
substrate binding site is a shallow, open surface in order to
facilitate the kinase—substrate protein—protein interaction.*®
The differences between these two binding sites are
demonstrated in Figure 2, which shows the structures of the
insulin receptor tyrosine kinase (IRK) and the serine/threonine
kinase Akt crystallized with ATP mimics bound to the ATP
binding pocket and peptidic ligands bound to the substrate site.
In both structures, the ATP mimic nestles deeply into the ATP
cleft; in contrast, the peptide substrate mimic sits in a much
shallower, solvent exposed cleft.
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As a result of the protein substrate site being designed for
protein—protein interactions, the majority of reported sub-
strate-competitive inhibitors are peptides which were either
rationally designed from peptidic substrates or discovered from
screens of combinatorial libraries generated using one-bead—
one-compound techniques or phage display.” ~*' These
inhibitors often have modest affinity for their target
(midmicromolar to millimolar) in addition to poor cellular
permeability and stability due to their peptidic nature, and these
features make them undesirable for use as biological probes or
therapeutics. While the development of small molecule
substrate phosphorylation site inhibitors could address the
permeability and stability problems associated with the peptidic
inhibitors, the discovery of such inhibitors has proved
incredibly challenging. As discussed, traditional HTS ap-
proaches have rarely yielded substrate-competitive inhibitors
due to the lack of a well-defined pocket in the protein substrate
binding site. Additionally, HT'S libraries are often highly biased
toward small, flat, heterocyclic molecules that are more likely to
function as ATP-mimics than as peptidomimetics.*

In spite of the challenging nature of targeting the substrate
phosphorylation site with small molecules, a small number of
these inhibitors have been reported. This review will survey
some reported small molecule substrate-phosphorylation site
inhibitors, focusing on the difficulty of ascertaining their
binding modes and the limitations preventing their implemen-
tation as biological tools. Additionally, screening approaches
that are likely to identify substrate phosphorylation site
inhibitors will be discussed, including the benefits and
challenges inherent to each of these methods.

Substrate Phosphorylation Site Inhibitors. Substrate
phosphorylation site inhibitors remain under-reported, with the
majority being peptidic inhibitors. Additionally, many small
molecules initially reported as phosphorylation site inhibitors
have later been shown to be ATP-competitive inhibitors or
mixed competitive with respect to both peptide substrate and
ATP. In this section of our review, we survey several small
molecules reported as substrate phosphorylation site inhibitors.
As seen below, many of the inhibitors reported remain
ambiguous in their binding mode (and even whether they are
actually inhibitors of the target kinase). These vagaries are likely
due to the weak affinity that small molecule substrate
phosphorylation site inhibitors possess.

Erbstatin Analogs. Many of the first reported kinase
inhibitors were inspired by natural products. Erbstatin (Chart
1), a phenolic natural product isolated from the culture filtrate
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Figure 3. Crystal structure of the inactive form of IRK (PDB 11RK)** with Tyr1162 shown in green and Tyr1158 shown in cyan. Tyr1162 occupies
the same binding site as the tyrosine residue in a substrate peptide, shown in orange (overlaid from PDB 1IR3).’

of Streptomyces, was originally reported to be a substrate
phosphorylation site inhibitor of the tyrosine kinase EGFR (K;
= 5.6 uM). On the basis of its structural resemblance to
tyrosine and Lineweaver—Burk analysis showing competition
with peptide substrate but not ATP, erbstatin was initially
reported as a substrate phosphorylation site inhibitor.*> The
structure of erbstatin also resembled the styryl pharmacophore
found in peptide inhibitors incorporating dehydrophenylalanine
in place of tyrosine, further supporting the hypothesis that it
bound at the substrate phosphorylation site.

The Levitzki group has extensively studied benzene
malonitriles based on erbstatin. We have highlighted here a
tew of these compounds, termed “tyrphostins,” but for a more
comprehensive analysis of tyrphostins we direct the reader to
several reviews on the subject.*** In their initial reports, the
group disclosed several tyrphostins, exemplified by AG18 and
AG99 (Chart 1), which inhibited EGFR with low micromolar
potency and good selectivity over the highly similar IRK (AG18
EGFR K, = 11 yM and IRK K, = 1.2 mM; AG99 K, = 3.5
uM).*** The most potent inhibitors blocked EGFR
autophosphorylation (AG18 ICs, = 40 uM; AG99 IC, = 4
uM) and the EGF-dependent growth of A431/clone 15 cells
but had minimal effects on EGF-independent growth. The
hypothesis that tyrphostins would bind at the substrate
phosphorylation site was supported by Dixon plots demon-
strating competition with a peptide substrate for several
compounds including AG18 and AG99; however, no evidence
was provided to demonstrate that the compounds were
noncompetitive with respect to ATP.

A second library of tyrphostins with substitution of a ketone
or amide derivative at the a position was also developed by the
Levitzki group as inhibitors of EGFR.° Relative to AG99,
many of these compounds showed improved affinity for EGFR,
exemplified by AG538 (IC, = 0.37 uM, Chart 1). However,
most did not significantly improve the inhibition of EGFR
autophosphorylation or EGF dependent proliferation, and
importantly, competition with peptide substrate or ATP was
not examined. AG538 was later shown to also inhibit other
tyrosine kinases including IGF-1, IRK, and Src with low
nanomolar to low micromolar potency.”' To explore the
binding mode of AG538, modeling utilizing a crystal structure
of IRK was used. In the autoinhibited structure of IRK,
Tyr1162 within the activation loop binds in the active site in a
position similar to the tyrosine of a peptide substrate (Figure
3).7%* Modeling showed that the catechol moieties in AG538
could be superimposed over Tyr1162 and another tyrosine in
the activation loop (Tyr1158), suggesting that AGS38 could
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bind at the substrate phosphorylation site. This was supported
by assay data showing that the IC;, value is sensitive to the
concentration of substrate peptide but not the concentration of
ATP, and Lineweaver—Burk analysis demonstrating competi-
tion with peptide substrate was also shown.

At the same time the Levitzki group was developing
tyrphostins, the Watanabe group was also exploring benzene
malononitrile erbstatin analogs, including analogs such as
ST638 (Chart 1) which were substituted with thioethers.>>**
ST638 was shown to inhibit EGFR (ICg, = 1 #M) and several
other tyrosine kinases including Src family kinases but did not
inhibit serine/threonine kinases. Using Lineweaver—Burk
analysis, it was demonstrated that ST638 is competitive with
respect to the EGFR substrate a-casein and noncompetitive
with respect to ATP. The Levitzki group also examined
substituted aryl thioether analogs such as AG824 (Chart 1).5
AGS824 has a high degree of similarity to $T638 and similar
potency against EGFR (ICs, = 0.94 M), but competition
versus peptide substrate and ATP was not initially examined.

Although tyrphostins were designed to act as substrate
phosphorylation site inhibitors and several were demonstrated
to compete with a peptide substrate, it was disclosed in some
initial reports that several compounds were found to have
mixed-competitive binding modes. In hindsight, this is not
surprising because although erbstatin was initially reported as a
substrate phosphorylation site inhibitor, it has since been
shown to be competitive with both ATP and peptide substrate
for EGFR and to be ATP-competitive, peptide substrate-
noncompetitive with other kinases.**™>® Upon additional
analysis, it was demonstrated that AG18, AG99, AG824, and
several other benzene malononitrile tyrphostins were com-
petitive with both peptide substrate and ATP, but the
substituted benzene malononitrile AGS538 was demonstrated
to be a substrate-competitive, ATP-noncompetitive inhibitor of
EGFR.*® Although this analysis supports earlier biochemical
data and the model suggesting AGS538 binds at the substrate
phosphorylation site, other tyrphostins with similar structures
were shown to be competitive with both peptide substrate and
ATP. More recently, a crystal structure was solved of the
serir;g/threonine kinase CK2 with AG99 bound in the ATP
site.

As a whole, while there is evidence to support that a few
tyrphostins such as AG538 may be substrate phosphorylation
site inhibitors, this appears to be serendipity rather than rational
design. Like erbstatin, most tyrphostins likely bind at the ATP
site. ATP-competitive inhibitors that bind an inactive kinase
conformation called the aC-helix out conformation have
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Chart 2. Chemical Structures of Piceatannol and Piceatannol Analogs
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previously been demonstrated to be competitive with peptide
substrate while not binding within the substrate phosphor-
ylation site.®” In addition, it is worth noting that many
tyrphostins have functionality (e.g., catechol) consistent with
these compounds acting as PAINS (pan assay interference
compounds), which complicates their evaluation in biochemical
assays.’!

Piceatannol Analogs. Piceatannol (Chart 2) is a plant
secondary metabolite originally isolated from the seeds of
Euphorbia lagascae and reported to have antileukemic proper-
ties.> It was later shown by Geahlen and McLaughlin that
piceatannol inhibits the activity of the tyrosine kinase Lck in a
manner that is competitive with a peptide substrate and
noncompetitive with ATP.®* Piceatannol also was structurally
similar to tyrosine and contained the styryl pharmacophore
known from peptide inhibitors. On the basis of this evidence,
piceatannol was believed to be a substrate phosphorylation site
inhibitor.

Cushman and co-workers have examined two series of
piceatannol derivatives.”**® From a series of phenylhyrazones,
the best inhibitor (Chart 2) was found to have similar potency
against Lck (ICg, = 70 uM) as piceatannol (ICs, = 66 uM).
The phenylhydrazone was also shown to be competitive with
respect to a peptide substrate of Lck and noncompetitive with
ATP, suggesting that like piceatannol it may be a substrate
phosphorylation site inhibitor. A series of pyridine containing
stilbene analogs of piceatannol was also examined. This series
showed less potent inhibition of Lck compared to piceatannol,
with the best compound having ICs, = 178 uM (Chart 2).
Interestingly, the stilbene is competitive with ATP and
uncompetitive with peptide substrate, suggesting that, similar
to tyrphostins, small changes in structure can result in
piceatannol analogs having variable binding modes.

Piceatannol has also been shown to have other activities in
addition to Lck inhibition. These include inhibition of other
kinases, tyrosine kinases such as Syk and JAKI, the serine/
threonine kinase IkB, and the lipid kinase PI3K, as well as
nonkinase activity such as binding to and activating estrogen
receptors.”® Its effects on diverse families of kinases suggest that
piceatannol is likely functioning as an ATP-competitive
inhibitor and not a substrate phosphorylation site inhibitor,
and, in fact, the inhibition of PI3K by piceatannol has been
shown to be ATP-competitive.”” As a result of its effects on
multiple signaling pathways, including nonkinase targets, and its
probable ATP-competitive binding mode, the use of
piceatannol (and likely analogs) as a biological probe likely
offers no advantages over other more potent and moderately
selective ATP-competitive probes. As with the tyrphostins, the
presence of PAINS functionalities likely explains their
complicated biochemical assay results.®!

ON012380. In 2005, Gumireddy and co-workers reported
the discovery of ON012380 (Chart 3).°® A library of styryl
benzylsulfones previously shown by the authors to have potent
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Chart 3. Chemical Structure of ON012380
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antitumor activity was screened against purified BCR-Abl and
identified ON012380 as a potent BCR-AbI inhibitor (ICs, = 9
nM).*~7' ON012380 also inhibited BCR-Ab] with the T315I
gatekeeper mutation (ICs, = 1.5 nM), a mutation which
renders the kinase resistant to most ATP-competitive
inhibitors. Lineweaver—Burk analysis indicated that
ONO012380 was competitive with a protein substrate of Abl
and was noncompetitive with ATP. Together these data
suggested that ON012380 was a substrate phosphorylation
site inhibitor. ON012380 was also shown to induce apoptosis
in 32Dcl3 and KS62 leukemia cells (LDs, = 10—15 nM),
including cells expressing BCR-Abl mutants resistant to the
ATP-competitive inhibitor imatinib. Additionally, treatment of
K562 cells with ON012380 decreased BCR-Abl autophosphor-
ylation and phosphorylation of two substrates, Crk and STATS.

Wu and colleagues later studied the effects of ON012380 in
more depth both in intact cells and in samples from chronic
myeloid leukemia (CML) patients.”” Similar to the results of
Gumireddy and co-workers, it was found that ON012380
reduced the survival of K562 and BV-173 leukemia cells
expressing both wild-type and T3151 BCR-Ab], as well as three
samples derived from leukemia patients who had developed the
T31SI BCR-Abl mutation after treatment with imatinib.
However, the authors found that these effects were not due
to inhibition of BCR-Abl. BaF3 is an interleukin (IL)-3
dependent murine hematopoietic cell line that when transfected
with a constitutively active kinase becomes kinase-dependent,
IL-3 independent.”> When the authors evaluated the ATP-
competitive Abl inhibitors imatinib and dasatinib in IL-3-
dependent BaF3 cells and both BCR-Abl and T315I BCR-AbI
transformed BaF3 cells, only the proliferation of the BCR-Abl
transformed cells was inhibited. In contrast, ON012380
reduced the viability of both wild-type and T315I BCR-ADI
transformed cells; however, it also inhibited the growth of the
IL-3-dependent cells, indicating that the growth inhibition was
independent of Abl.

Wu and co-workers also examined changes in tyrosine
phosphorylation in BaF3, BV-173, and K562 cells in the
presence of imatinib, dasatinib, and ON012380.”” They
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observed that while imatinib and dasatinib treatment reduced
total phosphorylation levels, including the levels of BCR-Abl
substrates, ON012380 had no effect on phosphorylation levels,
which indicates that ON012380 does not inhibit Abl kinase
activity and supports the results from the BaF3 cell study.
Furthermore, when the activation of caspase cascades was
examined, it was found that as expected apoptosis induced by
treatment with imatinib was dependent on BCR-ADI trans-
formation and inhibition of Abl. In contrast, treatment with
ON012380 induced apoptosis independent of BCR-AbI
transformation and occurred in the absence of kinase inhibition.
The authors note that the discrepancies between their data and
Gumireddy’s may be due to differences in assays and cell
models used; however, these data support that ON012380 is
not a direct inhibitor of Abl kinase, and it induces cellular
apoptosis through a kinase-independent mechanism.

KX-01. The Hangauer lab has developed ATP-noncompe-
titive inhibitors of c-Src by employing qualitative molecular
modeling.”*”® As a crystal structure of c-Src with a ligand
bound to the protein substrate binding site is not currently
available, the authors used a crystal structure of autoinhibited
IRK to guide compound design. In the autoinhibited
conformation, a tyrosine residue in the activation loop
(Tyr1162) binds in the IRK active site in a position similar
to the tyrosine of a substrate peptide (Figure 3).>”** Inhibitor
core scaffolds were superimposed on Tyr1162, and from this a
series of hydroxynaphthalene and hydroxyindole methyl esters
and amides predicted to bind at the substrate phosphorylation
site were designed. Several inhibitors with low micromolar ICg,
values against c-Src were identified, such as compounds 2f and
2k (Chart 4; ICy = 16 uM and 38 uM, respectively), and the

Chart 4. Chemical Structures of KX-01, Hydroxynaphthalene
Amide 2f, and Hydroxyindole Amide 2k

HO OH o HN
o) \

NH OH
HO NH
r Ho
2f 2k
c-Src ICg = 16 uM ¢-Src IC5 = 38 uM
o S o
L
N N/\©
H
KX-01

c-Src IC59 = 46 uM

ICs, values of 2f and 2k were not susceptible to changes in
ATP concentration, supporting an ATP-noncompetitive bind-
ing mode. However, no direct evidence was presented for
competition with peptide substrate or binding at the substrate
phosphorylation site.

Using a similar modeling approach, Hangauer and colleagues
developed KX-01 (also called KX2—391; Chart 4) as a c-Src
substrate phosphorylation site inhibitor.”®”” Initially, no
experimental data were presented to support this claim, and
while a recent a NMR study using a paramagnetic ATP-
competitive probe has provided experimental evidence to
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support that KX-01 binds outside of the ATP binding site, its
exact binding location is still unconfirmed.”® Although KX-01
has micromolar potency when evaluated with isolated enzyme
(c-Src ICyy = 46 uM), it was a low nanomolar inhibitor of cell
proliferation in HT-29 colon cancer (G, = 13 nM) and c-Src
transformed 3T3 cells (Gl = 23 nM). The authors originally
proposed that this discrepancy may be due to the binding site
of KX-01 not being formed outside of the cellular environment,
and thus, when in the cellular environment where the binding
site is formed the inhibitor shows greater potency. However, it
is more likely that this is due to a secondary mechanism of
action, and indeed it was later shown through photoaffinity
labeling that KX-01 interacts with a novel binding site on
heterodimeric tubulin and prevents tubulin polymerization.””*°

The dual mechanism of action of KX-01 was confirmed by
Tu and co-workers using a proteomics strategy and Western
blotting.® When PC3-LN4 prostate cancer cells were treated
with either KX-01 or vinblastine, a microtubule inhibitor,
downregulation of expression of tubulin isotypes was observed,
which is hypothesized to be due to microtubule polymerization
inhibitors increasing the pool of tubulin, thereby leading to a
decrease in tubulin synthesis. However, the total level of Src
and Src autophosphorylation was decreased only after exposure
to KX-01 and not after exposure to vinblastine. The authors
also performed photoaffinity labeling studies which confirmed
that KX-01 binds to tubulin.

The effects of KX-01 in multiple cell lines have also been
studied, further supporting that KX-01 inhibits both c-Src and
tubulin polymerization in cellulo. Anbalagan and co-workers
confirmed that exposure to KX-01 decreased c¢-Src autophos-
phorylation and phosphorylation of c-Src substrates in MDA-
MB-231, MDA-MB-157, and MDA-MB-468 breast cancer cells
treated with KX-01 or combinations of KX-01 and paclitaxel.**
Additionally, the authors demonstrated that KX-01 and
combinations of KX-01 and paclitaxel disrupted microtubules
in MDA-MB-231 cells and tumor xenografts. Similar effects on
Src activity were observed in MCF-7 breast cancer cell and
tumor xenographs, and it was also shown that treatment of
tamoxifen resistant MCF-7 cells with KX-01 restored tamoxifen
sensitivity and resulted in synergistic growth inhibition.*®
Finally, Liu and colleagues demonstrated inhibition of Src
activity and microtubule polymerization in RMUG-S ovarian
cancer cells and that combinations of KX-01 and the cytotoxic
drug oxaliplatin resulted in synergistic inhibition of tumor
growth.**

KX-01 has been evaluated in phase I/II clinical trials for
multiple cancers including solid tumors, acute myeloid
leukemia, and lymphoma, and a trial for a combination of
KX-01 with paclitaxel for the treatment of solids tumors is also
currently recruiting subjects.’> However, while current data
suggest that the dual mechanism of action of KX-01 may prove
beneficial in the clinical setting, this will hinder its use as a
biological probe to study c-Src signaling. Furthermore, the large
increase in potency observed going from evaluation with
purified enzyme to evaluation in vitro suggests that the in vitro
effects are due to the inhibition of tubulin polymerization and
not inhibition of ¢-Src.

MEB-SCI. We recently reported the discovery of substrate-
competitive c-Src inhibitors using a substrate activity screening
(SAS)-based approach (vide infra).*® The lead inhibitor, MEB-
SCI (see Scheme 2), had low micromolar affinity for c-Src (K
= 16 uM), and Lineweaver—Burk analysis demonstrated that
MEB-SCI was competitive with a peptide substrate and
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Scheme 1°

ATP-Noncompetitive
Ligand

ATP-Competitive
Ligand

“Biased activity assays use high concentrations of ATP to encourage formation of the ATP-bound state. This discourages the binding of weak to
moderate ATP-competitive inhibitors while enabling the binding of ATP-noncompetitive inhibitors.

noncompetitive with ATP. Induced fit docking also suggests
that MEB-SCI binds at the protein substrate binding site. Our
computational model was supported by biochemical data
showing a decrease in affinity for a Src mutant with changes
in the protein substrate binding site and synergistic inhibition
when combined with ATP-competitive inhibitors. MEB-SCI
inhibited the growth of SK-BR-3 breast cancer cells (Glg, = 14
uM) with potency equivalent to some of the most potent ATP-
competitive Src inhibitors. Additionally, analysis of Src-
dependent and independent signaling pathways in SK-BR-3
cells showed that only Src-dependent pathways were inhibited,
suggesting that MEB-SCI has good selectivity for Src in cellulo.
Currently, MEB-SCI has only been evaluated for inhibition of
isolated kinases with Src family kinases and c-Abl, and while
selectivity against Src family kinases was modest (3—20 fold), it
does show good selectivity against the highly similar c-Abl (K; >
1 mM).

Screening Methods to Identify Substrate-Phosphor-
ylation Site Inhibitors. As demonstrated above, many
reported small molecule substrate phosphorylation site
inhibitors were designed using the structure of natural products
thought to be substrate phosphorylation site inhibitors or
through the use of molecular modeling approaches. However,
as evidenced by both the small number of reported inhibitors
and the number of inhibitors later shown to have alternate
binding modes or targets, this approach has not been
particularly successful. As such, the development of new
methods for the identification of substrate phosphorylation site
inhibitors remains an important goal. Here we highlight
screening methods that can be used for the discovery of
substrate phosphorylation site inhibitors, with a focus on
benefits and potential pitfalls of each method.

Biased Activity-Based Biochemical Screens. Activity based
assays have long been the first choice for kinase inhibitor
HTS.* These approaches have traditionally been more likely to
discover ATP competitive inhibitors, but several groups have
recently reported activity-based screens in which the assay
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conditions were modified to promote the identification of ATP-
noncompetitive inhibitors. This was generally accomplished by
encouraging formation of the enzyme—ATP complex, which
was predicted to favor the binding of ATP-noncompetitive
ligands and discourage the binding of weak and modest ATP-
competitive inhibitors (Scheme 1). However, while this
approach aims to reduce the number of ATP-competitive
hits, it can also bias toward the identification of highly potent
ATP-competitive inhibitors.

Liu and colleagues reported a biased activity assay for the
identification of ATP-noncompetitive inhibitors of LRRK2.**
Knowledge of the kinetic mechanism and the kinetic
parameters for LRRK2, coupled with mechanistic simulations,
enabled determination of initial concentrations of ATP and
PLK-peptide substrate which would bias toward formation of
the enzyme—ATP complex. A time-resolved Forster resonance
energy transfer (TR-FRET) assay performed under these
conditions was used to quantify phosphorylation of the PLK-
peptide substrate in the presence of potential inhibitors. From a
screen of 63400 compounds, 21 hits with IC;, <10 uM were
identified. The lead compound from the screen is an allosteric
inhibitor, as analysis of its effects on the ATP and substrate
kinetic parameters demonstrated that it is noncompetitive with
both ATP and peptide substrate. This suggests that the lead
compound is not a substrate phosphorylation site inhibitor.

A similar approach was taken by Lo and co-workers to screen
for ATP-noncompetitive inhibitors of CDK4.*” It was predicted
that increasing the concentration of ATP in the assay to 12-fold
above its apparent Ky, value would bias toward the enzyme—
ATP complex. As mentioned earlier, because the assay format
also would allow for highly potent ATP-competitive inhibitors
to be identified, the ICy, values for initial hits were determined
at ATP concentrations equal to Ky and 12-fold greater than
Ky From a screen of 250 000 compounds, three compounds
were identified with potencies that were relatively insensitive to
ATP concentration, suggesting that they are ATP-non-
competitive inhibitors. Additional analysis of the most potent
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“MEB-SCI was discovered using a SAS approach. The SAS methodology for tyrosine kinases identifies kinase substrates from a library of diverse
phenols and then modifies the phosphorylatable phenol to convert the small molecule substrate into a substrate phosphorylation site inhibitor.

Scheme 3¢

Ligand

Substrate
Phosphorylation
Site Ligand

Probe Bound at Substrate
Phosphorylation Site

“Competitive binding assays can be used to identify substrate phosphorylation site inhibitors via net displacement of a probe bound to the substrate
binding site. Substrate-noncompetitive ligands will not displace the probe.

hit (IC5 = 2.4 uM) in the presence of increasing
concentrations of substrate demonstrated that potency was
also insensitive to peptide substrate concentration. Surprisingly,
although the lead compound appears to be an allosteric
inhibitor of CDK4, it was found to be an ATP competitor of
the tyrosine kinase Lck.

Our lab has also modified the conditions of an activity-based
assay to favor the discovery of ATP-noncompetitive inhibitors
of c-Src by increasing the concentration of ATP.”° In one
screen, the ATP concentration was increased to 10-fold above
its Ky value, and fragment libraries were screened. Although
several hits were identified, no substrate-competitive, ATP-
noncompetitive inhibitors were found. We then tried to further
bias the assay conditions by increasing the ATP concentration
to 50-fold higher than Kj; and screening against the c-Src T338
M gatekeeper mutant. Because gatekeeper mutations are known
to cause resistance to ATP-competitive inhibitors, we
hypothesized that this would also favor the discovery of ATP-
noncompetitive inhibitors. Several hits were identified from this
screen, and Lineweaver—Burk analysis suggests that the lead
inhibitor is noncompetitive with both ATP and peptide
substrate.

These examples highlight that although activity based assays
can be biased toward identifying ATP-noncompetitive inhib-
itors, the discovery of substrate phosphorylation site inhibitors
from such assays remains elusive. Assay conditions that favor
the identification of substrate-competitive inhibitors will also
favor the identification of allosteric inhibitors that bind at
neither the ATP nor the substrate sites. Additionally, while
these modifications discourage ligands with weak to moderate
affinity for the ATP site, they can also promote the
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identification of potent ATP-competitive inhibitors. As a result
of this, further analysis of each hit will be required in order to
determine the binding mode. Overall, it appears that assays
monitoring enzyme inhibition will continue to be a poor choice
for the identification of substrate phosphorylation site
inhibitors.

In contrast to assays that monitor inhibition of enzymatic
activity, the Ellman lab has developed a screening approach
termed substrate activity screening (SAS) that instead identifies
molecules that serve as substrates of an enzyme.”’™® The
identified substrates can then be optimized and later converted
into inhibitors by replacement of the reactive functionality.
Because SAS identifies substrates of an enzyme, hits that are
converted into inhibitors should inherently be substrate-
competitive inhibitors. This approach is similar to that used
for the development of peptidic substrate phosphorylation site
inhibitors from peptidic kinase substrates.””~'%"

The Ellman lab has previously described SAS methodology
for the discovery of small molecule inhibitors of several
proteases and phosphatases, and our group recently reported
the development of a SAS method for the identification of small
molecule substrate phosphorylation site inhibitors of tyrosine
kinases.*® In the SAS method for tyrosine kinases, diverse
phenolic fragments are screened using an assay that monitors
ADP generation to identify substrates of the kinase. The
phosphorylatable phenol is then modified to prevent the
phosphotransfer reaction, thereby converting the substrate into
an inhibitor (Scheme 2). Using this method, we reported the
first small molecule substrates of any protein kinase. Building
on previous work by Graves and co-workers which demon-
strated that fluorination of a substrate tyrosine yielded peptide
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Scheme 4°
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“Competitive binding assays using bisubstrate probes can also be used to identify substrate phosphorylation site inhibitors via net displacement of
the bisubstrate probe. ATP-competitive inhibitors will also displace the bisubstrate probe, and therefore additional counter screening will be required

to eliminate these hits.

Chart 5. Chemical Structures of Bisubstrate Probes for Competitive Binding Assays
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inhibitors of IRK, we fluorinated the phenol of a small molecule
substrate to yield a substrate phosphorylation site inhibitor that
was not phosphorylated by c-Src.”®'® Further optimization
yielded the lead inhibitor MEB-SCI, a substrate phosphor-
ylation site inhibitor of c-Src (K; = 16 uM) with activity similar
to ATP-competitive inhibitors in cellulo and promising
selectivity (vide supra).

Competitive Binding Screens. Although activity-based
screens generally have not identified substrate phosphorylation
site inhibitors, binding assays appear better poised for success.
Binding assays can be used to either directly detect binding of a
ligand to the target or indirectly detect binding through
competitive displacement of a probe. Direct binding assays
using surface plasmon resonanace (SPR) and affinity selection
mass spectrometry (ASMS) have been used to discover ATP-
noncompetitive ligands for kinase targets; however, these
methods are nonbiased, and ligands can bind to all exposed
sites on the protein.ms_105 As such, these screens are similar to
activity based screens in that they will be far more likely to
identify ATP-competitive ligands, and extensive additional
analysis is required to determine the binding mode of each hit.
In contrast, using a competitive-binding assay will allow for
identifying ligands that bind to a specific site on the target. A
general scheme demonstrating how competitive binding assays
can be used to identify substrate phosphorylation site inhibitors
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is shown in Scheme 3. These assays rely on the net
displacement of a probe to measure ligand binding, and
therefore using a probe that binds at the substrate
phosphorylation site should enable the exclusive identification
of substrate phosphorylation site inhibitors. The net displace-
ment of the probe from the target can be evaluated by multiple
methods, including fluorescence-based techniques such as
fluorescence polarization (FP) and Forster resonance energy
transfer (FRET) and biophysical techniques such as SPR.
Despite the promise of competitive binding assays for the
discovery of substrate phosphorylation site inhibitors, these
screens have not yet been used for the identification of
substrate phosphorylation site inhibitors. Interestingly, fluo-
rescently labeled substrate phosphorylation site inhibitor
peptides that could be used in competitive binding assays to
identify small molecule substrate phosphorylation site inhib-
itors have been developed but were not used for this purpose.
For example, Saldanha and co-workers used a peptidic substrate
phosphorylation site probe (K = 4.4 nM) in the development
of a ligand-regulated competition (LiReC) screen to identify
compounds that modulate the interactions between the
catalytic and regulatory domains of PKA, and Tsuganezawa
and colleagues used a peptidic substrate phosphorylation site
probe (K; = S uM) in a fluorescent correlation spectroscopy
(FCS) assay to identify ATP-competitive inhibitors of Pim-1
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that also make interactions with residues known to be
important for substrate binding.'°®'®” While these probes
could be used in competitive binding screens for substrate
phosphorylation site inhibitors of PKA or Pim-1, this
application has not been reported. Stebbins and colleagues
have also reported using a competitive binding assay for the
identification of inhibitors targeting a scaffolding site in JNK,
but although these inhibitors were shown to compete with a
substrate protein, they do not bind at the substrate
phosphorylation site.'*®

The limited development of competitive-binding screens
using substrate phosphorylation site probes is likely a direct
result of the assay design requirements.'” Ideally, the probe
should have high affinity for the target in order to ensure that a
high fraction of the probe is bound without requiring large
quantities of enzyme. Most reported substrate phosphorylation
site ligands are peptides with modest affinities (low to high
micromolar) and do not fulfill this requirement. One way to
address the modest potency of many substrate phosphorylation
site ligands is to develop bisubstrate ligands.''® These
compounds contain a substrate phosphorylation site ligand
(usually a peptide) covalently linked to a ligand for the ATP
binding site. The bisubstrate compound usually has greatly
increased potency relative to the peptide alone, which makes
them more amenable for use as probes. As illustrated in Scheme
4, these bisubstrate probes will be displaced by both ligands for
the substrate phosphorylation site and ligand for the ATP site.
There have been several reports of the use of bisubstrate probes
in the development of competitive-binding assays for kinase
targets that can identify and characterize both ATP-competitive
inhibitors and substrate phosphorylation site inhibitors.

The Uri group has developed several bisubstrate inhibitors,
termed ARCs, by linking adenosine to arginine rich peptides,
and they have begun using these ARCs as probes to develop
competitive binding assays. A SPR competitive-binding assay
for the determination of the affinities of both ATP-competitive
ligands and substrate phosphorylation site ligands of PKA was
developed by immobilizing an ARC via a streptavidin—biotin
complex.'"" The immobilized probe ARC-704 (Chart 5) had
excellent affinity for PKA (K; = 16 nM), and the SPR assay was
able to detect displacement of the bisubstrate probe by the
binding of known ATP-competitive inhibitors, other ARCs, and
protein substrates of PKA. The Ky values for the known
inhibitors characterized with this assay were in good agreement
with reported values.

The same group has also developed an FP method utilizing a
bisubstrate probe based on an ARC for the characterization of
ligands of PKA and ROCK.'"* The FP probe ARC-538 (Chart
S) was generated by labeling the N-terminus of the peptidic
portion of the ARC with the fluorescent tag TAMRA. The
probe had excellent affinity for PKA (K; = 480 pM), and
displacement of the probe from PKA was observed with ATP-
competitive inhibitors, other ARCs, and protein substrates of
PKA. The probe is also reported to be a ligand for ROCK (K =
3.6 nM), but displacement of the probe by a substrate
phosphorylation site ligand for ROCK was not evaluated. In
both cases, the Ky values for known inhibitors obtained using
the FP assay were in good agreement with literature reports.

Our lab has also developed a bisubstrate TR-FRET tracer
that can identify substrate-competitive inhibitors.'"> A bisub-
strate inhibitor of c-Src was fluorescently labeled with CyS to
generate a TR-FRET tracer. Similar to what was seen with the
ARC probes, this probe has excellent affinity for c-Src (K4 = 6
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nM). In a TR-FRET assay with c-Src, displacement of the tracer
by known ATP-competitive and substrate-competitive ligands
could be detected, and the Ky values obtained for the ligands
using this assay were in good agreement with literature values.

These examples demonstrate that a variety of competitive
binding assay formats can be used with bisubstrate probes to
recognize substrate phosphorylation site ligands, but thus far
screens for substrate phosphorylation site inhibitors using these
methods have not been reported. Although bisubstrate probes
hold promise for the identification of substrate phosphorylation
site inhibitors, a complication of using bisubstrate probes
instead of probes that only target the substrate phosphorylation
site is that ATP-competitive inhibitors will be identified as well.
Therefore, a counter screen against an ATP-competitive probe
should be performed to rule out compounds which displace the
bisubstrate probe by competing for binding to the ATP site. A
further complication that could arise during counter screening
is that recent work by Lebakken and co-workers has shown that
some ligands binding outside the ATP site, including substrate
phosphorylation site inhibitors, can displace ATP-competitive
TR-FRET tracers by causing perturbations within the ATP
binding pocket.''* This raises the possibility that substrate
phosphorylation site inhibitors identified from a competitive
binding assay using a bisubstrate probe may be ruled out as
ATP-competitive inhibitors during counter screening. Due to
these issues, the use of a probe for the substrate
phosphorylation site instead of a bisubstrate probe would be
preferable when available.

A remaining issue with both substrate phosphorylation site
and bisubstrate probes is that they are not likely to bind to a
large number of kinases due to the less conserved nature of the
substrate binding site. This means that while in general
competitive binding assays could be developed with any kinase
of interest, a single probe cannot be used for all (or even most)
kinases, and new probes will need to be developed in order to
access different subsets of targets. This will be most challenging
for new kinase targets; however, while the development of
substrate phosphorylation site probes may not be initially
feasible for new targets since high potency substrate
phosphorylation site ligands will likely not yet be known, a
bisubstrate approach may be possible. Many services offering
broad kinase inhibitor profiling screens include kinases whose
functions are currently unknown in their panels, and published
data sets of kinase inhibitor selectivity show that a potent ATP-
competitive inhibitor can be identified for most kinases. These
data could aid in the development of bisubstrate probes for
competitive-binding assays with new targets.

NMR Screening. NMR screening has become a popular
screening method due to its ability to detect even weakly
binding fragments, but while NMR screens against kinase
targets have been successful in identifying ATP-competitive
fragments, the propensity of the ligands to bind within the
better defined ATP-pocket has stalled the discovery of substrate
phosphorylation site inhibitors.''> Recently, however, some
success in identifying ATP-noncompetitive ligands has been
achieved by utilizing paramagnetic spin-labeled ATP-compet-
itive probes. In these experiments, NMR spectra of a
compound with the kinase of interest are obtained both in
the presence and in the absence of the spin-labeled probe. The
spin-label will increase the relaxation time of nearby protons,
and thus compounds which bind simultaneously near the probe
can be identified by observing a paramagnetic relaxation
enhancement (PRE) in the NMR spectrum.116 When using an
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ATP-competitive spin-labeled probe, other ATP-competitive
ligands will not be identified since these compounds cannot
bind at the same time as the probe. The probes are sensitive to
ligands binding up to 25 A away from the spin label, a distance
which includes the protein substrate binding site (Figure 4).

Figure 4. Crystal structure of IRK bound to an ATP analog (green)
and a peptidic substrate mimic (orange), with residues within 20 A of
the ATP binding site highlighted in cyan (PDB 1IR3).%” The substrate
binding site is located within this 20 A radius.

In 2005, McCoy and co-workers reported the use of
manganese-chelated ATP as a paramagnetic probe for
identifying ATP-noncompetitive ligands."'” The authors
demonstrated that the probe could detect the binding of a
known ATP-noncompetitive inhibitor of MEK1, but no new
ligands were reported. Although this probe should bind to any
kinase of interest, ATP (and therefore the probe) has
micromolar affinity for many kinases. Due to the modest
affinity, a large excess of the probe may be required in order
saturate the kinase and obtain the maximum signal, but this
could also result in nonspecific binding of the probe.
Furthermore, Mn*" can also bind nonspecifically to proteins.
To ensure that only ligands binding within 25 A of the ATP
binding site are identified, the authors noted that the probe
should be used with kinases for which it has good affinity (low
micromolar to nanomolar), and if the buffer used contains
manganese, the concentration of Mn>* should be less than 100
UM.

At the same time, Jahnke and co-workers re%)orted the
TEMPO-labeled adenine analog probe 1 (Chart 6)."'® While an

Chart 6. Chemical Structures of Paramagnetic Probes for
NMR Screening

OH

probe 1

probe 2
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example NMR spectrum for the identification of an ATP-
noncompetitive ligand (ligand and kinase not disclosed) and
recommendations for confirming hits are outlined, no new
ligands were reported. The close structural resemblance of
probe 1 to ATP should allow it to bind to most kinases.
However, similar to the ATP-manganese chelate probe, probe 1
will likely have micromolar affinity for many kinases, and a large
quantity of the probe may be required. As mentioned
previously, this can lead to nonspecific binding, and in fact,
the authors report that the probe does bind nonspecifically to
some kinases.

To remedy the low affinity and nonspecific binding of
previous probes, research groups have begun modifying potent
ATP-competitive inhibitors with spin labels. Moy and co-
workers have developed the spin-labeled probe 2 (Chart 6)
based on an ATP-competitive inhibitor that was reported to
bind potently to several kinases.”® Profiling of probe 2 against a
panel of 19 kinases showed that it bound eight kinases with an
ICs, value less than 40 nM. However, of the other 11 kinases
examined, nine had ICs, > S0 uM, suggesting that probe 2
cannot be widely applied to any kinase of interest. The ability of
probe 2 to identify compounds binding outside the ATP pocket
was confirmed by detecting the binding of KX-01 (Chart 4) to
c-Src. While a full scale screen was not reported using this
probe, the authors were able to identify the binding of the
fragment N-phenylanthranilic acid to Lck. The binding site for
this fragment has not been conclusively determined, but the
weak PRE signal and modeling of the probe in complex with
Lck predicted that it binds in a pocket adjacent to the ATP
binding site and the substrate binding site.

Large screens utilizing spin-labeled ATP-competitive probes
have not yet been reported, and it is important to remember
that these probes will identify any ligand that binds within 25 A
of the spin-label. As such, these probes will not exclusively
identify substrate phosphorylation site inhibitors, and after a
screen using one of these probes additional experiments may be
required to determine if the ligand binds to the substrate
phosphorylation site or an allosteric site. This potentially could
be minimized by carefully designing the probe so that the spin
label is placed close to the substrate phosphorylation site.
Vasquez and co-workers have used a similar approach to bias
toward the identification of inhibitors binding to a scaffold
docking site in JNK.M? Ligands not binding at the desired site
experience weak PRE due to binding far from the spin-label and
thus can be easily discarded. However, this strategy has not
been applied to screening for substrate phosphorylation site
inhibitors.

Similar to competitive binding assays, the affinity and
selectivity of the spin-labeled probes will also complicate their
use. Probes based on ATP or adenine will bind to most if not
all kinases, but micromolar affinity for most kinases and
nonspecific binding will limit their use. Conversely, designing
probes based on potent ATP-competitive inhibitors such as
probe 2 will minimize nonspecific binding, but these probes will
not bind to the full kinome. As a result, the development of
new probes will be required for some targets of interest;
however, as discussed previously, selectivity data sets show that
potent ATP-competitive inhibitors can be found for most
kinases.

Conclusions and Future Directions. Despite the interest
in using small molecule substrate phosphorylation site kinase
inhibitors as biological probes and therapeutics, a tiny fraction
of reported kinase inhibitors falls into this category. The vast
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majority of small molecule kinase inhibitors are ATP-
competitive inhibitors. This can largely be attributed to the
surface of the ATP and protein substrate binding sites. While
the ATP pocket is well formed and designed to bind a small
molecule, the protein substrate site is a shallow, solvent exposed
surface designed to facilitate protein—protein interactions
instead of binding small molecules.

Many compounds initially reported as substrate phosphor-
ylation site inhibitors have later been demonstrated to be ATP-
competitive inhibitors or to have other nonkinase targets that
are responsible for the observed effects in vitro. As such, the
development of new methods for the discovery of a substrate
phosphorylation site inhibitor remains a priority. Although
“traditional” HTS using activity based assays generally do not
identify substrate phosphorylation site inhibitors, more screen-
ing methods are being developed that increase the likelihood of
discovering this class of inhibitors. These approaches include
biased activity assays, competitive binding assays, and NMR
screening using ATP-competitive probes. However, many of
these methods still have considerable disadvantages, such as the
likelihood of identifying compounds targeting other sites than
the substrate phosphorylation site, the need to develop new
probes for different kinases, or not being applicable to all
classes of protein kinases.

Overall, while these methods will aid in the identification of
new substrate phosphorylation site inhibitors, their short-
comings demonstrate that there is still a continuing need to
improve current screening methods as well as develop new
methods. Ideally, a screening method would exclusively identify
substrate phosphorylation site inhibitors, would be applicable to
any kinase of interest, and would not require structural
knowledge of the target or the development of multiple probes
for different targets. Such a screening method would be of great
value for advancing the discovery of new substrate phosphor-
ylation site inhibitors to serve as biological probes and potential
therapeutics.
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