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ABSTRACT: Multidomain protein kinases, central control-
lers of signal transduction, use regulatory domains to modulate
catalytic activity in a complex cellular environment. Addition-
ally, these domains regulate noncatalytic functions, including
cellular localization and protein—protein interactions. Src-
family kinases (SFKs) are promising therapeutic targets for a
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number of diseases and are an excellent model for studying the regulation of multidomain kinases. Here, we demonstrate that the
regulatory domains of the SFKs Src and Hck are divergently affected by ligands that stabilize two distinct inactive ATP-binding
site conformations. Conformation-selective, ATP-competitive inhibitors differentially modulate the ability of the SH3 and SH2
domains of Src and Hck to engage in intermolecular interactions and the ability of the kinase—inhibitor complex to undergo
post-translational modification by effector enzymes. This surprising divergence in regulatory domain behavior by two classes of
inhibitors that each stabilize inactive ATP-binding site conformations is found to occur through perturbation or stabilization of
the aC helix. These studies provide insight into how conformation-selective, ATP-competitive inhibitors can be designed to
modulate domain interactions and post-translational modifications distal to the ATP-binding site of kinases.

Protein kinases are critical mediators of cellular signaling
through the propagation of phosphorylation cascades. For
all kinases, a highly conserved bilobal domain containing an
ATP-binding cleft is responsible for phosphotransfer activity."”
In order to transmit signals with fidelity in the complex milieu
of the cell, tight regulation of catalysis is required. This
regulation is often achieved via fusmn of the catalytic domain to
regulatory or targeting domains.> These domains can allosteri-
cally regulate the activity of the kinase domain through
1ntramolecular engagement and suppression of the catalytic
domain.** Regulatory domains are not only important for
modulating catalytic activity but also serve roles in other
functions, including locahzat1on, DNA binding, and protein—
protein interactions.® Often, these domains facilitate functions
that are independent of kinase catalytic activity in the cell.
Src-family kinases (SFKs) are prototypical nonreceptor
multidomain protein kinases consisting of regulatory SH2 and
SH3 domains, a tyrosine kinase catalytic domain, and an N-
terminal unique region. SFKs are involved in the regulation of
important cellular processes including cell metabolism,
proliferation, and differentiation.””® Additionally, SFKs have
prominent roles in invasion and tumor progression, angio-
genesis, and metastasis, making them a promising target for
cancer therapy.'®™"> More fundamentally, SFKs are a well-
studied model for understanding how regulatory domains affect
kinase catalysis.'>'* SFK activity is allosterically suppressed by
two intramolecular binding events: the SH2 domain’s
interaction with phospho-Tyr527 in the C-terminal tail and
the SH3 domain’s interaction with a proline-containing linker
(SH2-kinase linker) that connects the SH2 domain with the
catalytic domain."*”'® Release of these interactions through
dephosphorylation of pTyr527 or direct disruption of the
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intramolecular SH2 and SH3 regulatory domain interactions
leads to activation of the catalytic domain (Figure 1A). Full
activation is achieved by phosphorylation of Tyr416 in the
activation loop."

Just as SFK regulatory domains undergo large conforma-
tional changes, their ATP-binding sites are also highly dynamic.
The ATP-binding site of Src has been structurally characterized
in three distinct conformations: one active and two inactive
(DFG-out and aC helix-out) forms (Figure 1). In the active
conformation, all key catalytic residues are optimally positioned
for catalysis, and two conserved networks of hydrophobic
“spines” are aligned."”'”™" Both inactive ATP-binding site
conformations are characterized by displacement of at least one
conserved catalytic residue from the active site and disruption
of the regulatory hydrophobic spine. The DFG-out inactive
conformation involves flipping of the conserved Asp-Phe-Gly
(DFG) motif at the base of the activation loop, which results in
the displacement of the catalytic aspartic acid residue and
removal of the phenylalanine side chain from the regulatory
hydrophobic spine. Kinases in the aC helix-out inactive
conformation possess a disrupted salt bridge between the
catalytic lysine (Lys295) and a conserved glutamic acid
(Glu310) that is located on helix aC (Figure 1B). Importantly,
conformation-selective inhibitors that stabilize each of the three
conformations described above have been identified for the
SFKs.
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Figure 1. Regulation of SFK catalytic activity and ATP-binding site conformational accessibility. (A) SFK activity is allosterically modulated by
engagement of the SH2 and SH3 regulatory domains (PDB: 2SRC). Release of these interactions through dephosphorylation of pTyrS27 or
intermolecular displacement of the regulatory domains leads to increased catalytic activity (PDB: 1YS7). Phosphorylation of Tyr416 on the
activation loop fully activates the catalytic domain. (B) ATP-binding site conformations in which SFKs have been observed. Left: The active ATP-
binding site conformation of SFKs, where all conserved catalytic residues are aligned for facilitating phosphate transfer. Center: An inactive SFK
ATP-binding site conformation, where the aC helix is rotated out of the active site, displacing a catalytically important glutamic acid. This inactive
conformation is often referred to as the aC helix-out or Src/CDK-like inactive conformation. Right: The DFG-out inactive conformation, where
flipping of a conserved tripeptide motif (DFG motif) at the base of the activation loop results in the displacement of an aspartate residue that is

important for catalysis.

While the allosteric coupling between the regulatory and
catalytic domains of SFKs has been extensively investigated,
there are many aspects of their inter-relationship that are still
not well understood. For example, the ATP-binding sites of Src
and Hck constructs with fully engaged regulatory domains are
in the aC helix-out inactive conformation in crystal
structures,'*?° but it is unclear whether alternative inactive
forms, such as DFG-out, are also accessible to autoinhibited
SFKs. Furthermore, the full complement of regulatory
interactions that are controlled by the conformation of SFK
ATP-binding sites and the effects on SFK post-translational
modification are still not known. Here, we biochemically profile
how stabilizing the ATP-binding sites of the SFKs Src and Hck
in two distinct inactive ATP-binding site conformations (aC
helix-out and DFG-out) affect their regulatory interactions and
their ability to undergo post-translational modification.
Surprisingly, these studies show that different inactive ATP-
binding site conformations lead to divergent SH2 and SH3
regulatory domain behaviors. Furthermore, we find that
different classes of conformation-selective, ATP-competitive
inhibitors also divergently modulate the ability of kinases and
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phosphatases to act upon inhibitor-bound SFKs as substrates.
These new results give mechanistic insights into the regulation
of SFKs and suggest strategies for the design of ATP-
competitive inhibitors that are able to modulate protein—
protein interactions and the post-translational modification of
multidomain tyrosine kinases.

B RESULTS AND DISCUSSION

The SH3 Domains of Src and Hck Are Divergently
Affected by Ligands That Stabilize Different Inactive
ATP-Binding Site Conformations. To fully characterize how
distinct inactive ATP-binding site conformations affect the
regulatory domains of SFKs, we assembled a panel of
conformation-selective inhibitors that stabilize both the aC
helix-out and DFG-out forms (Figure 2A). Inhibitors 2 and 3
contain extended hydrophobic substituents at the C-3 positions
of their pyrazolopyrimidine scaffolds that are incompatible with
the active conformation of helix @C. Both inhibitors have been
shown to stabilize the aC helix-out inactive conformation of
tyrosine kinases in crystal structures.”** 4 and § are ligands
that stabilize the DFG-out inactive conformation of protein
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Figure 2. Conformation-selective inhibitors divergently modulate the SH3 domain accessibility of Src and Hck. (A) Panel of inhibitors that were
used in this study. 2 and 3 stabilize the aC helix-out inactive conformation. 4 and § stabilize the DFG-out inactive conformation. (B) SH3 domain
accessibility pull-down assay. Src or Hck was incubated with an immobilized SH3 domain ligand in the presence of a saturating amount of an
inhibitor (1, 2, 4, or S). After incubation, beads were washed, and retained SFKs were eluted with SDS. Retained SFKs were quantified by
immunoblotting. (C) Quantification of the pull-down experiments performed with Src™*”* and Hck*>* in the presence of 1, 2, 4, or 5 (mean +
SEM, n = 3). T = Previously reported and shown for comparison.”' (D) FRET assay to measure intermolecular SH3 domain accessibility. Hck was
incubated with conformation-selective inhibitors in the presence of variable concentrations of a fluorophore-labeled SH3 peptide ligand (Peptide-
FL). SH3 domain accessibility was determined by measuring FRET between the donor His-Tb, which is bound to the N-terminal His6 tag of Hck,
and Peptide-FL. (E) Binding of fluorophore-labeled SH3 peptide ligand (Peptide-FL) in the presence of conformation-selective inhibitors (mean +
SEM, n = 3).

kinases.”® Both ligands contain a 3-trifluoromethylbenzamide have shown that the ATP-binding site of Src can adopt either
group that can be accommodated only in the ATP-binding sites the DFG-out (PDB: 3EL8) or aC helix-out (PDB: 3QLF)
of kinases with “flipped” DFG motifs. Furthermore, both conformation when bound to these ligands, most likely due to

inhibitors contain an amide linker between the substituent that
occupies the adenine pocket and the 3-trifluoromethylbenza-
mide group, which provides a hydrogen bond donor/acceptor
interaction that is observed in almost all ligands that stabilize
the DFG-out form. Alternative pyrazolopyrimidine-based
inhibitors that stabilize the DFG-out conformation, but contain particular ATP-binding site conformation, was used as a

a urea linker, have been reported. However, crystal structures control for all studies.

the conformational flexibility of the urea linkage. The more
conformationally rigid amide linkages of 4 and § are most likely
compatible only with the DFG-out conformation. PP2 (1),
which does not contain any functionalities that favor a
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Figure 3. Conformation-selective inhibitors modulate SH2 domain accessibility. (A) SH2-binding peptide conjugated to resin. (B) Quantification of
the SH2 pull-down assays performed with Src and Hck in the presence of various inhibitors (mean = SEM, n = 3). The amount of kinase eluted

from the beads is normalized to that of SFK—1.

The effect of stabilizing different inactive ATP-binding site
conformations on SFK regulatory domain interactions was first
probed using SH3 domain pull-down experiments (Figure 2B).
In this assay, unphosphorylated SFK constructs in the presence
of a saturating amount of an ATP-competitive inhibitor are
incubated with resin containing an immobilized SH3 peptide
ligand. The beads are then washed before eluting bound kinase
with detergent, and the amount of retained SFK is determined
using western blot analysis (Figure 2B). In the presence of
control compound 1, 11% of total Src and 2% of total Hck were
retained on beads (Figure 2C). Because we have previously
demonstrated that stabilizing the ATP-binding sites of Src and
Hck in the aC helix-out inactive conformation with ligands 2
and 3 blocks the ability of their SH3 domains to engage in
intermolecular interactions (Figure 2C), we were curious as to
whether ligands 4 and S, which stabilize the DFG-out
conformation, would lead to the same effect. Surprisingly and
in stark contrast to aC helix-out stabilizing inhibitors, 4 and $§
lead to a dramatic increase in SH3 domain accessibility for both
Src and Hck (Figure 2C), with 74% of Src—4 and 38% of Hck—
4 retained by the immobilized SH3 domain ligand. A similar
increase in intermolecular SH3 domain engagement is observed
when Src and Hck are bound to $. Because ligands that stabilize
the aC helix-out conformation lead to reduced SH3 domain
accessibility by strengthening the intramolecular interaction
between the SH3 domain and the SH2 linker, it is likely that
the increased accessibility observed in the presence of DFG-out
stabilizing inhibitors is due to destabilization of this same
interaction. Thus, ligands 4 and $ stabilize an inactive ATP-
binding site conformation while stabilizing an active, extended
global kinase conformation. Although this unexpected obser-
vation is novel for the SFKs, it has recently been observed that
the DFG-out inhibitor, imatinib, stabilizes an open conforma-
tion of the kinase Abl, indicating that this phenomenon is not
unique to SFKs and that it, in fact, may be general to many
multidomain kinases.**

Next, a fluorescence resonance energy transfer (FRET)-
based assay was employed to further characterize how
conformation-selective inhibitors affect SH3 domain accessi-
bility. To determine the ability of Hck’s SH3 domain to
intermolecularly engage a ligand, FRET between a terbium-
conjugated a-His6 antibody (Tb-His), which binds to the N-
terminal His6 tag of Hck, and an Oregon Green-derivatized
SH3 peptide ligand (Peptide-FL) was measured (Figure 2D).
Relative differences in SH3 domain accessibility were
determined by measuring FRET between Tb-His and variable
concentrations of Peptide-FL in the presence of a saturating
amount of conformation-selective inhibitors. Consistent with
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the lack of ATP-binding site conformational preference of
ligand 1, similar FRET was observed for the Hck—1 complex
and apo Hck at all Peptide-FL concentrations tested (Figure
2E). Similar to the pull-down assays, the SH3 domain of Hck is
almost completely inaccessible when this kinase is bound to aC
helix-out stabilizing inhibitor 2. However, ligand 4, which
stabilizes the DFG-out inactive conformation, markedly
increased the ability of Hck to bind Peptide-FL. Thus, the
specific inactive ATP-binding site conformation that is
stabilized, DFG-out or aC helix-out, leads to a dramatic
difference in the SH3 domain accessibility of Hck.

Conformation-Selective Ligands Divergently Modu-
late SFK SH2 Domain Accessibility. The SH3 and SH2
regulatory domains of SFKs are believed to act in a “snap-lock”
fashion, where intramolecular binding of one domain causes
concerted engagement of the second domain.*>"%" Therefore,
increased intramolecular interactions between the SH3 domain
and SH2 linker of SFKs should likely result in increased
engagement of their SH2 domain with the C-terminal
regulatory tail, reducing the capacity of the SH2 domain to
partake in intermolecular binding events. To determine
whether ATP-competitive ligands that decrease SH3 domain
accessibility also reduce the ability of SFK SH2 domains to
engage in intermolecular interactions, a series of SH2 pull down
experiments was performed with an immobilized SH2 domain
phospho-peptide ligand in the presence of saturating amounts
of inhibitors (Figure 3A). Src—1 and Hck—1 complexes were
used as references in the pull-down assay. A notable decrease in
Hck SH2 domain accessibility was observed in the presence of
inhibitors 2 or 3. Although the observed effect for inhibitor-
bound Src was relatively small, 2% and 17% of Hck—2 and
Hck—3 were retained by the immobilized SH2 ligand relative to
that of Hck—1, respectively (Figure 3B). No change in
retention was observed when Src was bound to DFG-out
stabilizing ligands 4 or 5. However, a small increase in SH2
domain accessibility was observed for Hck—4 and Hck—$
relative to that of Hck—1. Therefore, stabilization of an aC
helix-out ATP-binding site conformation also modulates the
SH2 regulatory domain of SFKs. However, the magnitude of
this effect is different for Src and Hck. The binding affinities of
the SH2 domains of Src and Hck for the pYEEI
phosphopeptide have been shown to be very similar.”®
Therefore, a combination of differences in the SH2-linker
sequence, residues linking the SH2 and SH3 domains, and
residues comprising the C-terminal tail may account for these
variations in coupled regulatory domain engagement.” >
Further study is needed to dissect the exact sequence
determinants of these regulatory differences.

dx.doi.org/10.1021/cb500371g | ACS Chem. Biol. 2014, 9, 1894—1905
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Figure 4. SFK inhibitors can modulate C-terminal tail phosphorylation. (A) Experimental schematic of SFK Tyr527 phosphorylation. Src or
Hck™F was incubated with Csk®® in the presence of inhibitor. The concentration of each inhibitor is such that >85% of Src or Hck¥*'*F is bound to
inhibitor and Csk® is inhibited by <139%. ATP was added to the mixture to initiate Csk”*-mediated phosphorylation of the SFK—inhibitor complex.
After 1 h of incubation, pTyr527 levels were determined by performing SDS-PAGE, followed by immunoblotting with an a-phospho-527 Src
antibody for Src or a-pTyr antibody for Hck™*'F. All values are normalized to that of the SFK—1 complex. (B) Quantification of Src and Hck"*'¢F
pTyrS27 levels in the presence of inhibitors 1, 2, or S. All values are normalized to that of the SFK—1 complex (mean + SEM, n = 3). (C) Chemical
genetic method for generating covalent SFK—inhibitor complexes to measure SFK Tyr527 phosphorylation. Covalent SFK—ligand complexes were
generated by incubating SFK™**C with ligand 6 or 7. The resulting SFK—ligand substrate was purified and then incubated with Csk and y**P-ATP.
Phosphorylation levels were measured at 0.5, 1, and 1.5 h. (D) Structures of electrophile-containing analogues. (E) Quantification of Src5*#¢
pTyr527 levels in the presence of inhibitors 6 or 7 (mean + SEM, n = 3). (F) Quantification of Hck***® pTyr527 levels in the presence of inhibitors
6 or 7 (mean + SEM, n = 3).

Modulation of SFK Phosphorylation by ATP-Binding activators.>”*® Interestingly, this inhibitory effect is observed

Site Occupancy. To the best of our knowledge, the effects only when MAPKSs are in the DFG-out inactive conformation.
that ATP-binding site occupation has on SFK regulatory post- To determine whether conformation-selective inhibitors can
translational processing have not been determined. Given that likewise differentially influence the autoinhibitory phosphor-
ATP-competitive inhibitors can differentially modulate the ylation site (Tyr527) of SFKs in a similar manner, a series of
accessibility of SFK regulatory domains, we were interested to phosphorylation assays was performed with Src and Hck.

determine whether ATP-binding site occupancy can also Although SFK C-terminal tail phosphorylation (Tyr527) can
influence the activating and deactivating regulatory phosphor- occur through trans-autophosphorylation, the major pathway
ylation of these enzymes. It has recently been reported that the for this post-translational modification is through the action of
binding of ATP-competitive inhibitors can increase the level of C-terminal Src kinase (Csk).>>*® Csk is a highly specific
activation loop phosphorylation of some kinases, such as Akt, tyrosine kinase known to selectively phosphorylate a single tail
RAF, and Jak2.**7*° It has also been reported that when tyrosine in SFKs.*"** This phosphorylation event leads to
mitogen-activated protein kinases (MAPKs) are bound to increased intramolecular engagement between the C-terminal
inhibitors that stabilize the DFG-out inactive conformation tail and the SH2 domain, resulting in SFK autoinhibition. In
their activation loops cannot be phosphorylated by upstream order to investigate the effects of ATP-binding site occupancy

1898 dx.doi.org/10.1021/cb500371g | ACS Chem. Biol. 2014, 9, 1894—1905
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Figure 5. ATP-competitive inhibitors regulate the dephosphorylation of pTyr527. (A) Experimental schematic of SFK dephosphorylation. Hck was
radiolabeled by Csk phosphorylation ((**P)pTyr527) with y**P-ATP. Phosphorylation was then blocked by the addition of inhibitor. PTP1b was
then added to the **P-labeled SFK-inhibitor complex. Loss of radioactive signal was measured over time. (B) 3*P-labeled pTyr527 Hck™ ' was
incubated with PTP1b in the presence of 1, 2, or §, and the decrease in phosphorylated Hck was measured at 15 and 30 min (mean + SEM, n = 3).
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on this inhibitory modification, an assay that allows uninhibited
Csk to act upon an inhibitor-bound SFK as a substrate was
needed. Because of the similarities of their ATP-binding sites,
many SFK inhibitors also potently inhibit Csk as well.'
Therefore, we developed a chemical genetic method that uses
a drug-resistant Csk construct (Csk®}). Csk®® contains a T266
M gatekeeper mutation that provides resistance to many ATP-
competitive inhibitors (Supporting Information Table S1). Src
and Hck™F, which lacks the activation loop phosphorylation
site, were used as inhibitor-bound substrates of Csk™® (Figure
4A).

Src or Hck*™F was incubated with CskP® and ATP in the
presence of a concentration of inhibitor that leads to minimal
inhibition of CskP} (<13%) and >85% inhibitor-bound Src or
Hck"™F (see Supporting Information Table S2). Control
activity assays were performed with a peptide substrate to verify
that CskP® activity was the same at all inhibitor concentrations
used in the phospho-Tyr527 assays (data not shown).***
Compound 1 was again used as a reference compound for the
level of phosphorylation that is observed when an SFK
construct is bound to an inhibitor that has minimal ATP-
binding site conformational preference. The C-terminal tails of
Src—1 and Hck™'¢F—1 were phosphorylated by CskP® 3- and
5.5-fold more than that of Src—2 and Hck—2, respectively.
Therefore, the C-terminal tails of SFKs are less accessible to
Csk phosphorylation when their ATP-binding sites are
occupied by inhibitors stabilizing the aC helix-out inactive
conformation (Figure 4B). This correlates very well with our
earlier observation that ATP-binding site occupation by this
class of inhibitors results in decreased intermolecular
accessibility of the SH2 domain, presumably through engage-
ment of the C-terminal tail. Conversely, when Src or HckYHoF
was bound to ligands that stabilize the DFG-out conformation,
an increase in C-terminal tail phosphorylation occurred. Src—3$
and Hck—S were phosphorylated 1.9- and 1.4-fold more than
that of the SFK—1 substrate. Again, these results are consistent
with the SH2 pull-down assay results shown in Figure 3, where
ligands that stabilize the DFG-out conformation lead to an
enhancement in the accessibility of SH2 domains to
intermolecular binding events.

To provide a more quantitative comparison of how ATP-
binding site occupancy affects C-terminal tail phosphorylation,
we developed another chemical genetic method that allows
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formation of a covalent inhibitor—SFK complex to be used as a
substrate for Csk. In this system, >99% of each SFK is bound to
inhibitor without any resultant partial inhibition of Csk. To
facilitate the formation of covalent inhibitor—SFK complexes, a
cysteine was engineered into the active site of Src and Hck
(S245C) at a position that is rare among nonreceptor kinases
(Figure 4C; found only in the TEC family kinases BTK and
ITK).** Introduction of this mutation sensitizes the SFK
constructs to pyrazolopyrimidine inhibitors containing an
acryloyl functional group projecting from the N-1 position of
the pyrazolopyrimidine ring (Figure 4D). Indeed, aC helix-in
ligand 6 and aC helix-out ligand 7 inhibit SEK***¢ constructs
more potently than could be measured by activity assays,
whereas K; values measured for wild-type SFKs were at least 50-
fold higher (Supporting Information Table S3).

Src— and Hck—ligand substrate complexes were generated
by incubation of SFK***¢ with 6 or 7. Excess small molecule
was removed through Ni-affinity resin binding followed by
desalting. Finally, unlabeled SFK was removed via incubation
with resin displaying a potent kinase inhibitor, dasatinib,
providing a single population of covalently labeled SFK.
Activity assays were conducted to verify that all kinase activity
was blocked (Supporting Information Table S4). We then
verified that covalent modification of SFKs with 6 or 7
stabilized an aC helix-in or -out ATP-binding site conforma-
tion, respectively, by conducting an SH3 pull-down experiment.
Indeed, similar to our studies with noncovalent analogues, the
SH3 domain of the Src*****—6 complex was 3-fold more
accessible than when Src®*¢ was covalently modified by 7
(Supporting Information Figure S1). Next, we measured the
ability of covalent SFK—ligand complexes to be phosphorylated
by Csk. The covalent inhibitor—SFK complex substrate
incubated with Csk and y*P-ATP, and pTyr527 levels were
determined at 0.5, 1, and 1.5 h (Figure 4C). No
phosphorylation was observed when Csk or SFK substrate
was absent from the reaction. Indeed, similar to the previous
experiment, at 1.5 h the Src—6 complex was phosphorylated 3-
fold more than the Src—7 substrate (Figure 4E). Likewise,
Hck—6 was phosphorylated by Csk 5-fold more than Hck—7
(Figure 4E). Unfortunately a covalent ligand to stabilize a
DFG-out conformation has not yet been developed, but these
results corroborate our findings that stabilizing the ATP-

dx.doi.org/10.1021/cb500371g | ACS Chem. Biol. 2014, 9, 1894—1905
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binding site in an aC helix-out inactive conformation shields
the C-terminal tail of SFKs from Csk phosphorylation.

Modulation of SFK Dephosphorylation by ATP-Bind-
ing Site Occupancy. SFK activity is regulated through both
phosphorylation and dephosphorylation. Given that ATP-
competitive inhibitors can differentially modulate the phos-
phorylation of SFKs on Tyr527, we were interested to
determine whether ATP-binding site occupancy can also
influence dephosphorylation of this site. Intracellular SFK
dephosphorylation is mediated by several protein tyrosine
phosphatases.** In order to probe the effects of stabilizing the
ATP-binding sites of Src and Hck in the DFG-out or aC helix-
out conformations on the modification of pTyr527, an assay
that looks at the dephosphorylation of inhibitor-bound SFK
complexes by tyrosine phosphatase PTP1b was developed. This
phosphatase has been shown to regulate SFK phosphorylation
in cells.* In order to monitor dephosphorylation, SFKs were
first radiolabeled at TyrS527 using y*°P-ATP. Following labeling,
kinase activity was halted by the addition of inhibitors at a
concentration that results in >98% SFK—inhibitor complex. No
increase in phosphorylation was observed after inhibitor
addition. PTP1b was added to the preformed SFK—inhibitor
complex, and dephosphorylation was monitored by loss of >*P-
labeled SFK over time (Figure SA).

To investigate the dephosphorylation of pTyrS27, *P-
labeled Hck™¢F was generated by incubating Hck**F with
Csk and y**P-ATP. Using a construct that lacks Tyr416 ensured
that all radioactive signal was due to Csk phosphorylation of
Tyr527 on Hck. Phosphorylation was stopped, and SFK—
inhibitor complexes were formed by the addition of 1, 2, or S.
PTP1b was then added, and loss of radioactive signal was
monitored over time (Figure SB). Compound 1 was used as a
reference compound for the level of dephosphorylation that is
observed when an Hck™F construct is bound to an inhibitor
that has minimal ATP-binding site conformational preference.
Binding of inhibitor 2 shielded the C-terminal tail of the
Hck™F—2 complex from dephosphorylation relative to that of
1. Shielding of pTyr527 from dephosphorylation in the Hck—2
complex agrees with the decreased rate of Tyr527 phosphor-
ylation by Csk in this same complex (Figure 4B,E). 2’s
occupation of the ATP-binding site of Hck strengthens the
intramolecular interaction between the SH2 domain and the C-
terminal tail, blocking not only phosphorylation but also
dephosphorylation. In contrast, Hck™'%*—5 is dephosphory-
lated much more rapidly than the Hck"*'*" 1 complex. Thus,
an inhibitor that stabilizes the DFG-out inactive conformation
greatly increases the accessibility of pTyr527 to phosphatases.
These results further highlight how different inactive ATP-
binding site conformations can lead to divergent regulatory
domain behaviors.

Molecular Determinants of ATP-Binding Site Con-
formation Selectivity. Stabilizing the ATP-binding sites of
SFKs in an aC helix-out inactive conformation induces a closed
global conformation, which results in decreased accessibility to
intermolecular binding events and reduced susceptibility to
post-translational modifications. However, inhibitors that
stabilize an alternative inactive ATP-binding site alignment,
the DFG-out conformation, result in an extended and open
global kinase conformation that is reminiscent of fully activated
SFKs. In this conformation, SFKs are free to engage
intermolecular binding partners and are highly susceptible to
phosphorylating and dephosphorylating enzymes. Molecular
dynamics studies have suggested that the DFG-out inactive
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conformation plays a role in the catalytic cycle of tyrosine
kinases.*” Therefore, it is not surprising that DFG-out
stabilizing ligands do not act entirely like inhibitors that are
selective for the aC helix-out form. However, we were quite
surprised that these two inactive forms have opposite effects on
the regulatory interactions of SFKs. Inhibitors that stabilize the
DFG-out and aC helix-out conformations make a number of
different interactions with the ATP-binding sites of protein
kinases that may account for their differing behaviors (Figure
6A). Therefore, we undertook a systematic analysis of each
inhibitor class in order to understand the source of this
divergence.

g E=H Hck
i
O O O o
<
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3 8 9 =)
o t
- 3

S 9 ©°

Figure 6. Binding preferences of conformation-selective, ATP-
competitive inhibitors. (A) Ligands that stabilize the DFG-out and
aC helix-out conformations make a number of different interactions
with the ATP-binding sites of kinases. Left: Src bound to 3 with the
ATP-binding site in an inactive, aC helix-out conformation (PDB:
4DGG). The aC helix is rotated out of the active site, disrupting the
interaction between Lys295 and Glu310. Right: Abl bound to § with
the active site in an inactive, DFG-out conformation (PDB: 30XZ).
The DFG motif is flipped out of the active site, but Glu310 in the aC
helix maintains a salt bridge with the catalytic lysine (the distance
between the NH of 5 and the Glu310 side chain is 3.0 A). The
gatekeeper (Thr338), catalytic lysine (Lys295), and catalytic glutamic
acid (Glu310) residues are shown in light blue (Src numbering). (B)
Analogues of 3 that were tested in activity assays against Src®, Hck™,
SrcSH28 and HckSH2*"8 constructs. Quantitative comparison of the
fold differences in K; values between activated SFKs (SFK**) and their
respective autoinhibited constructs (SFK®H2%%8) allow systematic
analysis of ATP-binding site conformational preference. Raw data for
all assays are shown in Supporting Information Table SS.

As a preliminary screen of these interactions, the bidirec-
tional nature of the interplay between the ATP-binding sites
and regulatory domains of SFKs was exploited.”" Just as ATP-
binding site conformation can affect regulatory domain
engagement, conversely, the engagement of regulatory domains
can influence ATP-binding site conformation. Therefore, the
relative affinities of inhibitors for SFKs with different regulatory
domain interactions is a reflection of the importance of active
site features and inhibitor substituents toward specific ATP-
binding site interactions. Autoinhibited SFK constructs
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Figure 7. Biochemical profiling of ligands predicted to stabilize an active, aC helix-in ATP-binding site conformation. (A) Src bound to 8, with the
ATP-binding site in an active conformation (PDB: 3EN4). The hydrogen bond between 8 and Glu310 is shown (the distance between NH and the
Glu310 side chain is 2.7 A). The gatekeeper threonine (Thr338), catalytic lysine (Lys295), and catalytic glutamic acid (Glu310) residues are shown
in light blue (Src numbering). (B) Chemical structures of the ATP-competitive SFK inhibitors that can potentially hydrogen bond with the aC helix.

Quantitative comparison of the fold differences in K; values between an activated SFK (Src

act

and Hck*™) and their respective SH2 domain-engaged

construct (Src’™*¢ and HckSM2*8), § = The absolute fold difference in K; value could not be determined because inhibitor affinity is less than the
enzyme concentration used in the assay. (C) Quantification of the SH3 pull-down assays performed with Src and Hck in the presence of various

inhibitors (mean + SEM, n = 3).

(SFKSH2e8) that stabilize an aC helix-out ATP-binding site
were generated by introducing mutations that strengthen
intramolecular regulatory interactions between the C-terminal
tail and the SH2 domain.**™%' Fully activated constructs
(SFK**) that stabilize an aC helix-in ATP-binding site were
generated via autophosphorylation of SEK***F on Tyr416.'>>*
As predicted, Src** and Hck™ are substantially more catalyti-
cally active than their autoinhibited counterparts, Src*">** and
Hck*H2"¢ (Supporting Information Figure S2). The K; values
for various ligands against the SFK®2"8 and SFK** constructs
were determined, and the K; ratios were analyzed.

To determine the importance of specific interactions toward
stabilizing the aC helix-out conformation and inducing a closed
SEK regulatory state, analogues of inhibitor 3 were tested
(Figure 6B). Consistent with its effects on global kinase
conformation, 3 is highly selective for autoinhibited SFKs over
their fully activated forms. Ligand 8, which also contains a 6-
benzyloxy-2-naphthyl substituent but is missing the 3-chloro
group of 3, is also selective for autoinhibited Src and Hck,
although to a lesser degree. However, an analogue of 3 that
lacks a hydrophobic substituent at the 6-position of the
naphthyl ring, ligand 9, is selective for activated SFKs. Thus, the
presence of a hydrophobic substituent to fill the pocket created
by movement of the aC helix is necessary to stabilize this
inactive conformation.

Ligands 4 and S are only sterically compatible with the ATP-
binding sites of protein kinases that possess a flipped DFG
motif (the DFG-out conformation). Unlike the aC helix-out
conformation, the alignment of the aC helix in the DFG-out
conformation is minimally perturbed from an active alignment.
In fact, almost all ligands that stabilize the DFG-out ATP-
binding site alignment in SFKs form a hydrogen bond with
Glu310 in the a@C helix that is possible only when this structural
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motif is in an active conformation (Figure 64, right). Therefore,
we predicted that the unexpected abilities of inhibitors that
stabilize the DFG-out inactive conformation to induce an active
global SFK conformation may be due to the interactions that
these ligands make with the aC helix. Unfortunately, because of
their highly potent inhibition of Src and Hck, we were unable
to determine the selectivity of inhibitor 4 or § toward activated
or autoinhibited SFK constructs. However, on the basis of their
propensity to induce an open and active SFK global
conformation, these inhibitors are most likely selective for
activated SFKs over their autoinhibited forms.

Although not a DFG-out stabilizing ligand, as noted above, 9
is selective for activated SFKs. We hypothesized that this
selectivity is likely due to hydrogen bonding with the aC helix.
The 6-hydroxyl group of the naphthyl substituent should be
able to hydrogen bond with Glu310 in an aC helix-in
conformation, which is reflected by its pronounced selectivity
toward activated SFKs. In fact, a pyrazolopyrimidine-based
ligand, 10, whose azaindole C-3 substituent contains a
hydrogen-bond donor, has been crystallized bound to Src,
revealing an active ATP-binding site conformation with
hydrogen bonding to Glu310 of the aC helix (Figure 7A).

To further probe the importance of hydrogen bonding with
Glu310 in the aC helix, we assembled a small panel of
pyrazolopyrimidine-based ligands that contain substituents at
the C-3 position that should be capable of hydrogen bonding
(Figure 7A,B). Because of the small size of their C-3
substituents, these ligands cannot stabilize the aC helix-out
or DFG-out conformation but should interact with an aC helix-
in ATP-binding site conformation. Consistent with this notion,
each of these ligands was also selective for activated SFKs over
the autoinhibited constructs. Furthermore, ligand 1, which is
structurally very similar to 11 and 12 but lacks a hydrogen-
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bond donor, shows little selectivity for either SFK construct,
highlighting the importance of hydrogen bonding for activated
SEK preference.

On the basis of the bidirectional relationship observed
between the ATP-binding sites and regulatory domains of
SFKs, inhibitors that are selective for activated SFK constructs
should promote a more open global SFK conformation.
Furthermore, if aC helix alignment is the molecular switch
regulating the divergent outcomes observed between the two
inactive conformation-stabilizing ligand classes, then active
conformation-selective, aC helix-in ligands should behave
similarly to that of DFG-out ligands. To test this, biochemical
profiling of Src and Hck in complex with an active
conformation-selective ligand was performed. Ligand 11 was
chosen as a representative member of this class of inhibitors
because of its structural similarity to 1. In SH3 pull-down
experiments, DFG-out inhibitors dramatically increased SH3
accessibility. For active-conformation selective inhibitors, SH3
domain accessibility was increased 2- and 3.2-fold for Src and
Hck, respectively, relative to that of 1 (Figure 7C). SFKs bound
to active-conformation selective inhibitors do, in fact, behave
similarly to DFG-out inhibitors and not like aC helix-out
inhibitors. These data indicate that a ligand’s ability to control
the conformation of the aC helix either through hydrogen
bonding or steric perturbation is the major determinant of its
influence on noncatalytic SFK regulation. This helix acts as a
switch regulating both global kinase conformation and ability to
undergo post-translational modification.

B CONCLUSIONS

In this study, we have determined that two distinct inactive
ATP-binding site conformations can differentially modulate the
engagement or disengagement of the SH2 and SH3 regulatory
domains of SFKs through perturbation or stabilization of the
aC helix. Additionally, these conformations can regulate the
accessibility of the C-terminal tail towards post-translational
modification. Concisely, SFKs can be divergently modulated
through the use of inhibitors that stabilize an @C helix-in or
-out conformation.

These results have direct implications on the pharmaco-
logical inhibition of multidomain kinases. Differential modu-
lation of noncatalytic roles, post-translational modification, and
catalytic activity through stabilization of discrete ATP-binding
sites with particular inhibitor classes allows for greater control
of aberrant signaling enzymes. Recent studies have shown that
kinase inhibition in different ATP-binding site conformations
can greatly alter downstream signaling.>>~>%**** Better under-
standing of how ATP-binding site stabilization affects
intermolecular interactions is critical to predicting off-target
effects of kinase inhibition. The potential to develop kinase
inhibitors that selectively or cooperatively inactivate catalytic
and noncatalytic functions should be of great use in both
dissecting signaling pathways and in designing future
therapeutic inhibitors of aberrant signaling networks.

B METHODS

Protein Expression. The Src-family kinases, Src (residues 84—
533) and Hck (residues 84—531), were expressed with YopH and
GroEL and purified as previously described.*** Csk and CskP}
plasmids were transformed into BL21 (DE3) competent cells and
purified by GST resin following the manufacturer’s protocol.

Synthetic Methods. All compounds were synthesized as
previously described.**~%
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Pull-Down Assay To Determine SH3 Domain Accessibility.
Formation of the Kinase—Inhibitor Complex. The kinase of interest
(100 nM) and mammalian lysate (0.2 mg mL™"') were diluted in
immobilization buffer (50 mM Tris, 100 mM NaCl, and 1 mM DTT,
pH 7). The inhibitor of interest (S #M) was added to this kinase
dilution. The mixture was allowed to incubate for 30 min before
loading on the resin.

Pull-Down. Forty microliters of a 50% slurry of SNAP-Capture pull-
down resin (NEB) was placed in a microcentrifuge tube. The resin was
washed (2%, 10 bed volumes) with immobilization buffer. A SNAP
tag—polyproline peptide fusion (VSLARRPLPPLP) (10 uM) was
loaded onto the resin at a final volume of 100 uL in buffer. The resin
was shaken at rt for 90 min with agitation by a pipet every 15 min.
After polyproline peptide immobilization, the resin was washed (2X,
10 bed volumes), and 100 uL of the kinase—inhibitor complex was
loaded. The resin was allowed to shake at rt for 1 h. After incubation
with the kinase—inhibitor complex, the flow through was collected,
and the resin was washed (4X, 10 bed volumes). To elute the retained
kinase, 100 uL of 1X SDS loading buffer was added, and the beads
were boiled at 90 °C for 10 min. All samples were separated by SDS-
PAGE and visualized by western blotting using a His6-specific
antibody (at a 1:5000 dilution (abm, HIS.H8)). The scanned blots
were quantified with LI-COR Odyssey software to determine the
percentage of kinase retained on the resin on the basis of the loaded
and eluted fractions (mean + SEM, n = 2).

Pull-Down Assay To Determine SH2 Domain Accessibility.
Formation of the Kinase—Inhibitor Complex. Kinase inhibitor
complexes were prepared as described above.

Pull-Down. Pull-down experiments were performed as described
above using a resin conjugated to an SH2 affinity peptide (sequence:
EPQpYEEIPIYL).

FRET Assay. SFK (25 nM) was incubated with inhibitor (10 £M)
and titrated with Peptide-FL in buffer (final volume = 30 L, S0 mM
HEPES, pH 7.5,10 mM MgCl,, 2.5 mM EGTA, and 100 mM NaCl).
After 1 h, His-Tb was added, and FRET signal was monitored on a
plate reader.

Phosphorylation of pTyr527 Assay with CskPR. Src or HckY*¢F
(25 nM) was incubated with inhibitor in the presence of CskP} (25
nM) with BSA (0.1 mg mL™") in activation buffer. Following 0.5 h
incubation, ATP (1 uM) was added. After 1 h, the reaction was
quenched by the addition of 3X loading dye. All samples were
separated by SDS-PAGE and visualized by western blotting using
pTyr527 antibody for Src (1:2000 P-Src (Tyr527) Cell Signaling) or a
P-tyrosine antibody for Hck (1:2000 (P Tyr-100) Cell Signaling) and
a His6-specific antibody (at a 1:5000 dilution (abm, HIS.H8). The
scanned blots were quantified with LI-COR Odyssey software to
determine the phosphorylation levels of the SFK pTyr527 treated with
inhibitors relative to that of 1 (mean + SEM, n = 3). For inhibitor
concentrations, see Supporting Information Table S2.

Preparation of Covalent SFK—Inhibitor Substrate Complex.
SFK (2 M) was incubated with inhibitor (100 4M) in buffer (50 mM
Tris, 100 mM NaCl, and 0.5 mM DTT, pH 7) overnight at 4 °C.
SFK—inhibitor complexes were bound to Ni-NTA resin to wash away
excess inhibitor (ThermoScientific). The kinase was then eluted and
desalted using a Zeba spin column following the manufacturer’s
protocol. The kinase was then incubated with 10 uL of dasatinib-
conjugated resin for 1 h at rt to remove any unmodified kinase. The
supernatant was then used in the Csk Tyr527 phosphorylation assay.

Phosphorylation of pTyr527 Assay with Covalent SFK—
Inhibitor Substrates. Covalent SFK-inhibitor substrate (25 nM) was
incubated with Csk (50 nM) and BSA (0.1 mg mL™") in activation
buffer. Following the addition of y**P-ATP (0.2 uCi/well), reactions
were incubated at rt for 0.5 h and then spotted on a nitrocellulose
membrane. Membranes were washed with 0.5% phosphoric acid (3%,
10 min each wash) and dried, and the radioactivity was determined by
phosphorimaging with a GE Typhoon FLA 9000 phosphor scanner.
The scanned membranes were quantified with ImageQuant. Data was
plotted using GraphPad Prism software.

Dephosphorylation of pTyr527 Assay. Hck"*!6F (250 nM) was
phosphorylated at TyrS27 by Csk (100 nM) in activation buffer
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containing BSA (0.25 mg mL™"') and radiolabeled ATP. After 1 h,
inhibitor (5 M) was added, and the mixture was incubated for 30
min. Following incubation, 10 uL of PTP1b (500 nM) and DTT (15
mM) was added to 20 uL of the hot reaction mixture. Reactions were
spotted at 0, 15, and 30 min onto a nitrocellulose membrane.
Membranes were washed with 0.5% phosphoric acid (3%, 10 min each
wash) and dried, and the radioactivity was determined by
phosphorimaging with a GE Typhoon FLA 9000 phosphor scanner.
The scanned membranes were quantified with ImageQuant. Data was
plotted using GraphPad Prism software.

Activity Assay. Inhibitors (initial concentration = 10 yM, 3-fold
serial dilutions, 10 data points) were assayed in triplicate against Src
([SrcSH2en8] = 20 nM and [Src™!] = 0.5 nM) or Hek ([HckSH*m8] = 10
nM and [Hck*'] = 0.5 nM) in assay buffer containing 7S mM HEPES,
pH 7.5, 15 mM MgCl,, 3.75 mM EGTA, 150 mM NaCl, 0.2 mg mL™"
BSA, y**P-ATP (0.2 uCi/well), and an optimized Src peptide substrate
of the sequence Ac-EIYGEFKKK-OH (final concentration = 100 yM).
The final volume of each assay well was 30 uL. The enzymatic reaction
was run at rt for 2 h and then terminated by spotting 4.6 uL of the
reaction mixture onto a phosphocellulose membrane. Membranes
were washed with 0.5% phosphoric acid (3%, 10 min each wash) and
dried, and the radioactivity was determined by phosphorimaging with a
GE Typhoon FLA 9000 phosphor scanner. The scanned membranes
were quantified with ImageQuant and converted to percent inhibition.
Data was analyzed using GraphPad Prism software, and IC;, values
were determined using nonlinear regression analysis.

B ASSOCIATED CONTENT

© Supporting Information

Quantification of the pull-down experiments performed with
Src®8C in the presence of 6 or 7; catalytic activity of SFK
constructs; K; values for drug resistant constructs, covalent
inhibitors, and SFKs; pY527 chemical genetic assay parameters;
and activity of SFK treated with covalent inhibitors for the
pYS527 assay. This material is available free of charge via the
Internet at http://pubs.acs.org.
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