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ABSTRACT: Small molecule kinase inhibitors that stabilize distinct ATP [~ "src-like regulatory module ~ !

binding site conformations can differentially modulate the global con- o1 SH3  SH2 catalyticdomain
formation of Src-family kinases (SFKs). However, it is unclear which specific EOT-_(:D_TC o iEIKf
ATP binding site contacts are responsible for modulating the global |, ! o BTK
conformation of SFKs and whether these inhibitor-mediated allosteric effects T

generalize to other tyrosine kinases. Here, we describe the development of .J ®

chemical probes that allow us to deconvolute which features in the ATP ouT”

binding site are responsible for the allosteric modulation of the global ] 3

conformation of Src. We find that the ability of an inhibitor to modulate the helix aC A

global conformation of Src’s regulatory domain-catalytic domain module relies o N

mainly on the influence it has on the conformation of a structural element “Closed” conformation “Open” conformation

called helix @C. Furthermore, by developing a set of orthogonal probes that

target a drug-sensitized Src variant, we show that stabilizing Src’s helix aC in

an active conformation is sufficient to promote a Src-mediated, phosphotransferase-independent alteration in cell morphology.
Finally, we report that ATP-competitive, conformation-selective inhibitors can influence the global conformation of tyrosine kinases
beyond the SFKs, suggesting that the allosteric networks we observe in Src are conserved in kinases that have a similar regulatory
architecture. Our study highlights that an ATP-competitive inhibitor’s interactions with helix C can have a major influence on the
global conformation of some tyrosine kinases.

he human genome encodes ~540 eukaryotic protein domain’s interaction with the phosphorylated C-terminal tail,

kinases, an indication of the vast number of kinase- and the SH4 domain’s interaction with the C-lobe of the CD.
mediated cellular functions.! All kinases contain at least one Upon activation, these autoinhibitory, intramolecular inter-
highly homologous catalytic domain (CD) that is of similar actions are released, and SFKs adopt a more open global
overall architecture. Almost half of all protein kinases contain conformation with enhanced phosphotransferase activity.' "
at least one auxiliary domain outside of the CD.” Precise Interdomain regulatory interactions suppress the phospho-
regulation of these multidomain kinases often relies on transferase activity of SFKs by allosteric stabilization of an
intramolecular interactions between the CD and auxiliary inactive conformation of the ATP binding site, which misaligns
domains, resulting in the allosteric modulation of kinase catalytic residues required for catalysis.7’16 We and others have
phosphotransferase activity.”* In many cases, the global shown that ATP-competitive inhibitors that stabilize different
conformational changes within these regulatory modules also ATP binding site conformations can exploit these allosteric
facilitate important phosphotransferase-independent functions, networks to modulate the regulatory interactions of the SH3-
including regulating protein scaffolding, localization, and gene SH2-CD module of SFKs.'*"”~** Inhibitors that stabilize the

trelnscription.5
Src-family kinases (SFKs) are one of the best-characterized
multidomain kinase families.*”"' SFKs contain a membrane-

helix @C-out inactive conformation of the ATP binding site,
which involves outward movement of the catalytically

important helix aC (Figure 1B), promote an autoinhibited,

interacting SH4 domain, a unique domain, and regulatory SH2 closed global conformation of the SH3-SH2-CD module of
and SH3 domains that modulate the phosphotransferase

activities of their CDs. Domains outside of the CD also
provide additional binding surfaces for facilitating protein—
protein interactions (Figure 1A)."”"* In the inactive form,
SFKs adopt a closed global conformation, where the
phosphotransferase activity of the CD is allosterically sup-
pressed by multiple intramolecular interactions: the SH3
domain’s interaction with the SH2-CD linker, the SH2
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Figure 1. Allosteric modulation of tyrosine kinases that contain an SH3-SH2-CD module. (A) Domain arrangement of SFKs, Abl-1, and BTK. (B,
C) ATP-competitive, conformation-selective inhibitors can modulate the global conformation of SFKs. (B) Helix aC-out-stabilizing inhibitors
promote a closed global conformation of Src’s SH3-SH2-CD module by stabilizing the ATP binding site in the helix @C-out form (PDB: 4YBK).**
Shown are the catalytic spine (cyan), helix C (magenta), and the activation loop (blue). (C) DFG-out-stabilizing inhibitors promote an open
global conformation of Src’s SH3-SH2-CD module by stabilizing the ATP binding site in the DFG-out conformation (PDB: 201Q).

SFKs. The presence of an extended substituent that occupies
the hydrophobic pocket formed by the displacement of helix
aC is necessary for inhibitors to stabilize this inactive
conformation. In contrast, inhibitors that stabilize the DFG-
out inactive ATP binding site conformation, which involves the
displacement of the DFG-motif in the activation loop, promote
an open, regulatory domain disengaged conformation of the
SH3-SH2-CD module (Figure 1C). Despite extensive
biochemical and structural characterization, the ATP binding
site contacts that are directly responsible for the divergent
effects that helix aC-out- and DFG-out-stabilizing inhibitors
have on the global conformations of SFKs are not completely
known. It is also unclear how general the effects of
conformation-selective inhibitors are on kinase conformation
beyond the SFKs.

Structural analysis of the Abelson tyrosine kinase 1 (Abl-1),
which contains a Src-like SH3-SH2-CD module, has
demonstrated that ATP-competitive inhibitors can also
modulate the global conformation of Abl-1.>>"** Specifically,
the ability of inhibitors to flip the DFG-motif in the activation
loop correlates with their abilities to promote an open global
conformation of Abl-1’s SH3-SH2-CD module.”” Beyond the
SFKs and Abl-1/Arg, there are at least 10 additional tyrosine
kinases that contain an SH3-SH2-CD module (Figure S1).3%1t
is currently unknown whether inhibitors that stabilize the
DFG-out and helix aC-out inactive ATP binding site
conformations can also allosterically modulate the global
conformation of SH3-SH2-CD modules of tyrosine kinases
beyond the SFKs.

2006

In this study, we describe the development of chemical
probes that allow us to deconvolute which features in the ATP
binding site are responsible for the allosteric modulation of the
SH3-SH2-CD module of Src. With these probes, we found that
the ability of an inhibitor to allosterically modulate the global
conformation of Src’s SH3-SH2-CD module depends mainly
on its influence on the conformation of helix aC. Thus, the
observed ability of DFG-out-stabilizing inhibitors to promote
an open global conformation of Src is not due to their
influence on the DFG-motif in the activation loop but rather
their ability to stabilize an active conformation of helix aC.
Using these design principles, we developed new probes that
allow us to selectively target a drug-sensitized Src variant and
specifically stabilize Src’s helix aC in the active conformation
without perturbing its activation loop. Using this chemical
genetic approach, we found that stabilizing Src’s helix @C in an
active conformation was sufficient to promote a Src-dependent
phosphotransferase-independent alteration in cell morphology.
Finally, we report that ATP-competitive, conformation-
selective inhibitors can divergently modulate the global
conformation of the SH3-SH2-CD module of tyrosine kinases
beyond the SFKs. Taken together, our biochemical and cellular
data strongly suggest that the ability of inhibitors to influence
the conformation of helix @C is the main molecular
determinant for allosterically modulating the global conforma-
tion of tyrosine kinases that contain an SH3-SH2-CD module.

https://dx.doi.org/10.1021/acschembio.0c00429
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Figure 2. Conformation-selective inhibitors divergently modulate the global conformation of multidomain tyrosine kinases that contain an SH3-
SH2-CD module. (A) Helix aC-out-stabilizing inhibitor 1 (left) and DFG-out-stabilizing inhibitor 2 (right). (B) An illustration of the SH3 domain
pull-down assay. (C—E) Determination of the global conformation of inhibitor-bound tyrosine kinases that contain the SH3-SH2-CD modules.
(C) Allosteric modulation of Src’s SH3-SH2-CD module by conformation-selective inhibitors. Inhibitor 1 promotes a closed SH3-SH2-CD module
of Src. Inhibitor 2 promotes an open SH3-SH2-CD module of Src. (D) Allosteric modulation of Abl-1’s SH3-SH2-CD module by conformation-
selective inhibitors. Inhibitor 2 promotes a more open conformation of Abl-1’s SH3-SH2-CD module than inhibitor 1. (E) Allosteric modulation of
BTK’s SH3-SH2-CD module by conformation-selective inhibitors. Inhibitor 1 promotes a more closed conformation of BTK’s SH3-SH2-CD
module than inhibitor 2. All values shown are mean + SEM (n = 3). p-Values are calculated using a two-tailed ¢ test (* < 0.0, ** < 0.01, *** <

0.001).

B RESULTS AND DISCUSSION

Inhibitors Divergently Modulate the Global Con-
formation of Tyrosine Kinases That Contain an SH3-
SH2-CD Module. Prior to exploring the molecular details of
how inhibitors influence the global conformation of the SH3-

2007

SH2-CD module, we first explored whether the divergent
allosteric modulation we observed with the SFKs extended
beyond this kinase family. To explore the pervasiveness of this
effect, we characterized how stabilizing the DFG-out and helix
aC-out ATP binding site conformations affect the regulatory

https://dx.doi.org/10.1021/acschembio.0c00429
ACS Chem. Biol. 2020, 15, 2005—-2016
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Figure 3. Binding features of inhibitors that promote an open global conformation of Src. (A) A panel of 13 ATP-competitive Src inhibitors. (B)
Allosteric modulation of Src’s global conformation with ATP-competitive inhibitors. (C) Thermolysin assay. The rate for proteolytic cleavage of
the SH2-CD linker is sensitive to the global conformation of inhibitor-bound Src complexes. Thermolysin more rapidly cleaves the SH2-CD linker
(magenta) of inhibitor-bound Src in the open global conformation than the closed global conformation. The catalytic domain (CD) is colored in
yellow and regulatory domains in blue. (D) (Left) Ranking of the log2-based relative half-life values of proteolytic cleavage rates of Src’s SH2-CD
linker. Relative ratio = log,[half-life(inhibitor-bound Src) /half-life (apo Src)]. The means of the relative ratios are shown. (Right) The mean + SEM

of half-life values are shown (n = 3).

domains of Abl-1, the best-characterized member of Abl family
kinases, and BTK, a Tec family kinase.

To modulate the ATP binding sites of tyrosine kinases, we
generated two inhibitors that stabilize the helix aC-out and
DFG-out inactive conformations, respectively. Inhibitor 1
contains an extended 4-phenoxyphenyl substituent at the C-3
position on the pyrazolopyrimidine scaffold that occupies a
hydrophobic pocket created by the outward movement of helix
aC (Figure 24, left)."*"®'?! Inhibitor 2 stabilizes the DFG-
out inactive conformation of tyrosine kinases (Figure 2A,
right). Inhibitor 2 contains a 3-trifluoromethylbenzamide
substituent that occupies the hydrophobic pocket formed by

2008

the displacement of the DFG-motif.'*** The conformationally
rigid alkynylphenyl linker of 2 is most likely only compatible
with the DFG-out inactive conformation. Because 1 and 2 only
differ at their C-3 substituents, the effects on the regulatory
domains of tyrosine kinases should be due to each inhibitor
stabilizing the desired inactive ATP binding site conformation.

We first validated that each inhibitor biochemically
modulates Src’s SH3-SH2-CD module as expected by
performing SH3 domain pull-down assays with an immobilized
SH3 domain ligand and inhibitor-bound Src complexes
(Figure 2B). As expected, we found that the SH3 domain of
the Src/1 complex was inaccessible to intermolecular engage-

https://dx.doi.org/10.1021/acschembio.0c00429
ACS Chem. Biol. 2020, 15, 2005—-2016
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Figure 4. Analysis of how helix aC interactions influence global conformation. (A) ATP binding site contacts of substituents that promote an open
global conformation of Src. H-bonding interactions are colored in red. The hydrophobic DFG-out pocket is annotated. (B) Structures and the
predicted binding features of inhibitors 14 and 15. K; values are shown as mean + SEM (n = 3). (C) An overlay of the X-ray crystal structures of
the Src/14 (PDB ID: 6WIW) and Src V284C/2a (PDB ID: SSYS) complexes. Inhibitor 14 is colored in green. The protein structure of Src/14 is
colored in gray, and its activation loop is colored in blue. The protein structure of Src V284C/2a is colored in orange. (D) The observed rate
constants for Src binding to 14, 15, or 16 at pH 7.0. Mean + SEM values are shown (n > 3). (E) SH3 domain intermolecular accessibility of Src
bound to inhibitors 10, 1, 2, 14, or 15. Mean + SEM are shown (n = 3). (F) Thermolysin assays with Src/14 and Src/1S complexes. The half-lives
for cleavage of Src’s SH2-CD linker are shown as the mean + SEM (n = 3).

ment with the SH3 domain ligand, consistent with helix aC- domain ligand, which is consistent with 2 promoting a
out-stabilizing inhibitors promoting a closed, autoinhibited L . ,
SH3-SH2-CD module (Figure 2C). Conversely, the Src/2 regulatory domain disengaged conformation of Src’s SH3-SH2-
complex was significantly enriched by the immobilized SH3 CD module. Thus, inhibitors 1 and 2 can divergently modulate
2009 https://dx.doi.org/10.1021/acschembio.0c00429
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the Src SH3-SH2-CD module by stabilizing two distinct
inactive ATP binding site conformations.

We then investigated how our conformation-selective
inhibitors affect Abl-1’s SH3-SH2-CD module. We first
compared the SH3 domain accessibility of the Abl-1/1 and
Abl-1/2 complexes. Like Src, the Abl-1/2 complex adopts a
more open global conformation within the SH3-SH2-CD
module, with a more intermolecularly accessible SH3 domain,
relative to the Abl-1/1 complex (Figure 2D). To further
validate how stabilization of Abl-1 in both the helix aC-out and
DFG-out conformations affects the global conformation of its
SH3-SH2-CD module, we utilized electrophile-containing
analogues of 1 and 2 (1la and 2a, respectively) that potently
inhibit a drug-sensitized cysteine mutant of Abl-1 (Abl-1
V256C) (Figure S2A). As expected, we found that the SH3
domain of the Abl-1 V256C/la complex was largely
inaccessible to intermolecular SH3 ligand engagement, which
is consistent with helix aC-out-stabilizing la promoting a
closed conformation of Abl-1 V256C’s SH3-SH2-CD module
(Figure S2B and S2C). Conversely, the SH3 domain of Abl-1
V256C/2a complex was efficiently enriched by the immobi-
lized SH3 ligand, consistent with DFG-out-stabilizing inhibitor
2a promoting an open, intramolecularly disengaged AbI-1
SH3-SH2-CD module. Thus, consistent with previous
observations,””*° an inhibitor that stabilizes the DFG-out
inactive ATP binding site conformation significantly promotes
a regulatory domain-disengaged conformation of Abl-1’s SH3-
SH2-CD module. Inhibitors that stabilize the helix aC-out
inactive ATP binding site conformation promote a closed Abl-
I’'s SH3-SH2-CD module, which further highlights the Src-like
allosteric communication between Abl-1’s regulatory domains
and its ATP binding site.

Next, we explored whether conformation-selective, ATP-
competitive inhibitors can also divergently modulate BTK’s
SH3-SH2-CD module. We first evaluated how the SH3
domain accessibility of the BTK/1 complex compared to the
BTK/2 complex. Like Src and Abl-1, helix aC-out-stabilizing
inhibitor 1 resulted in a closed global conformation of BTK’s
SH3-SH2-CD module, with a largely intermolecularly
inaccessible SH3 domain relative to the BTK/2 complex
(Figure 2E). To further validate how stabilization of BTK in
both inactive ATP binding site conformations affects the global
conformation of its SH3-SH2-CD module, we used a drug-
sensitized variant of BTK (BTK V416C) with inhibitors 1a
and 2a."'* Like wild-type BTK, we found that the SH3-SH2-
CD module of the BTK V416C/1a complex adopted a more
closed global conformation compared to the BTK/2a complex
(Figure S3). Thus, conformation-selective inhibitors are
capable of divergently modulating BTK’s SH3-SH2-CD
module based on the ATP binding site conformation they
stabilize.

Binding Features of Inhibitors That Promote an
Open Global Conformation of Src. While inhibitors that
stabilize the DFG-out inactive conformation promote an open
global conformation of tyrosine kinases that contain an SH3-
SH2-CD architecture,””** we have found that other classes of
ATP-competitive inhibitors are also capable of promoting
allosteric disengagement of regulatory SH2 and SH3
domains.'® To better understand the common features of
inhibitors that promote an open global conformation of the
SH3-SH2-CD regulatory module, we assembled a panel of 13
inhibitors that contain structurally diversified substituents that
make varied ATP binding site contacts and tested them in
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biochemical assays for the global conformational state of Src
(Figure 3A). Inhibitors 1, 3, and 4 contain pharmacophores
that should stabilize the helix aC-out inactive conformation of
Src,'"™"” while 2 and § contain substituents that stabilize the
DFG-out form."”*> The other eight inhibitors in our panel
(6—13) contain various substituents that project into the ATP-
binding pocket but are predicted to not stabilize either inactive
conformation of the ATP binding site.

To probe how our panel of inhibitors modulate the global
conformation of Src’s SH3-SH2-CD module, we performed
limited proteolysis experiments with inhibitor-bound Src
complexes (Figure 3B and C).”* It has previously been
demonstrated that the metalloprotease thermolysin can
selectively cleave the flexible linker that connects Src’s SH2
domain to its CD (SH2-CD linker) and that the cleavage rate
is sensitive to Src’s global regulatory conformation (Figure 3B,
colored in magenta).22’33 Therefore, we used half-life values for
proteolytic cleavage as readouts for the global conformation of
Src’s SH3-SH2-CD module. We benchmarked the half-life for
cleavage of apo Src as 33 + 3 min. To assign a global
conformation to inhibitor-bound Src complexes, we measured
the half-life for their cleavage and used 5o as the cutoff for
significant deviation from apo Src (Figure 3D). Consistent with
the ability of DFG-out-stabilizing inhibitors to disengage the
regulatory SH2 and SH3 domains from Src’s CD, the SH2-CD
linkers of the Src/2 and Src/5 complexes were cleaved more
rapidly than apo Src. Conversely, consistent with helix aC-out-
stabilizing inhibitors enhancing the regulatory SH2 and SH3
domain engagement with Src’s CD, the SH2-CD linkers of the
Src/1, Src/3, and Src/4 complexes were cleaved more slowly
than apo Src.

As expected, we found that the SH2-CD linker of Src bound
to inhibitors 6, 7, 8, 9, or 10, which all contain substituents
that should make minimal interactions with helix aC or the
activation loop, was cleaved at rates similar to Src’s apo form
(Figure 3D). However, although 11, 12 (PDB ID: 3EN4),**
and 13 do not contain substituents that stabilize either inactive
conformation of Src’s ATP binding site, the SH2-CD linker of
Src bound to these inhibitors was cleaved at rates similar to the
Src/2 and Src/S complexes. Thus, 11-13 appear to promote a
regulatory domain disengaged conformation of the SH3-SH2-
CD module like DFG-out-stabilizing inhibitors. Despite
lacking a substituent that promotes a flipped DFG-motif, like
DFG-out stabilizing inhibitors 2 and 5, 11—13 contain H-bond
donors that we predicted are capable of forming a H-bonding
interaction with the side-chain of Glu310 in Src’s helix aC. As
most inhibitors that stabilize the DFG-out conformation also
contain H-bond donors that form a H-bonding interaction
with the side-chain of Glu310 in Src’s helix aC (Figure 4A), we
further investigated whether this interaction is responsible for
promoting an open global conformation of the SH3-SH2-CD
module.

Analysis of How Helix aC Interactions Influence
Global Conformation. Recent studies have shown that the
ability of inhibitors to flip the DFG-motif of Abl-1’s activation
loop highly correlates with their promotion of an open global
conformation of Abl-1’'s SH3-SH2-CD module.”” Our
observations in Src made us interested in revisiting the
molecular binding features of 14 ligands that have previously
been reported to promote an open global conformation of Abl-
1, which was determined by characteristic NMR 'H—"N
backbone chemical shifts within the SH3 and SH2 domains
(Figure $4).” We found that all inhibitors, including imatinib,
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Figure S. Chemical genetic strategy for investigating the effects of stabilizing the helix @C-in conformation of Src in cells. (A) CystIMATIK probes
provide potent inhibition of drug-sensitized kinase variants, while wild-type kinases are largely resistant to CystIMATIK probes. (B) Sensitization of
Src to CystIMATIK probes through the introduction of a cysteine at V284. The sequence alignment shows a conserved valine at the position
equivalent to V284 of Src. (C) Electrophile-containing analogues of 14 and 15. The K; values of 14a (top) and 15a (bottom) for wild-type Src and
Src V284C are shown as mean = SEM (n = 3). (D) SH3 domain pull-down assays for characterizing the global conformation of the 14a/Src
V284C and 15a/ Src V284C complexes Values shown are the mean + SEM (n = 3). (E) Kinobead-based profiling method for determining the
kinome-wide selectivity of 14a and 15a. Src V284C HeLa cell lysates were incubated with DMSO, 14a, or 15a and an immobilized matrix of
nonselective kinase inhibitors (kinobeads). Captured kinases were subjected to the proteomics workflow described in the Supporting Information.
(F) Phylogenetic trees showing the selectivity of 14a. All profiled kinases are represented by circles. Drug-sensitive kinases are shown as red circles
with the size corresponding to the level of competition (larger circle, more competed). Drug-resistant kinases are shown as gray circles. Kinases
reported as being drug-sensitive (Log,R > 1.5) were also required to show significance (—Log;oP value > 1.5) from a two-sample ¢ test with an FDR
of 0.05 (n = 3).

nilotinib, ponatinib, rebastinib, and bafetinib, that promote an Taken together, an inhibitor’s ability to hydrogen bond with
open global conformation of Abl-1’'s SH3-SH2-CD module the conserved Glu in helix aC highly correlates with the global
also form a H-bonding interaction with the side-chain of Abl- conformation of Src’s and Abl-1’s SH3-SH2-CD modules.
I’'s Glu286 that stabilizes its helix @C in the active Therefore, we speculate that the influence of an inhibitor on
conformation (Figure SS). In contrast, inhibitors that lack the conformation of helix @C, and not on the DFG-motif, is
the ability to form a H-bonding interaction with Glu286 do not responsible for its ability to promote an open global
promote an open global conformation of Abl-1 (Figure S4B). conformation of the SH3-SH2-CD module.
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To test this notion, we designed inhibitors that possess the
same H-bonding pattern as DFG-out-stabilizing inhibitors but
lack bulky substituents that flip the DFG motif of the activation
loop. We generated two analogues, 14 and 15 (Figure 4B), of
DFG-out stabilizing inhibitor 2 that retain the same H-bonding
pattern as 2 but contain less bulky alkyl substituents. While,
unsurprisingly, 14 and 15 are less potent Src inhibitors than 2
(K, < 1 nM),'* they both inhibit the phosphotransferase
activity of Src and Abl-1 at reasonable concentrations.

To determine whether our new analogues interact with the
ATP binding site of Src as designed, we obtained a crystal
structure of 14 bound to the CD of Src (Figure 4C and Figure
S$7). Two molecules of 14-bound Src’s CD were observed per
crystallographic asymmetric unit. Inhibitor 14 occupies the
ATP binding site of Src and makes the same H-bonding
interactions with the hinge region as similar pyrrolopyrimidine-
based inhibitors.'*****7*° Notably, the Src/14 complex is in
the active conformation, which is characterized by an inward
position of the helix C (helix aC-in) in the N-lobe and an
unperturbed activation loop. Like a DFG-out stabilizing
inhibitor, the amide linker that projects from the alkynylphenyl
group of 14 forms a H-bond with Glu310 in the helix aC,
presumably stabilizing the active conformation of this
structural element (Figure 4C). Although the acetamide
group of 14 projects toward the activation loop, Src’s DFG-
motif is not flipped. An overlay of the Src/14 complex with a
crystal structure of Src in the DFG-out conformation shows
that 14’s acetamide group is not large enough to perturb the
Phe40S residue of the DFG-motif in the activation loop from
an active conformation.

To confirm that inhibitors 14 and 15 have a similar effect on
Src’s ATP binding site in solution, we monitored their binding
kinetics with Src using a previously reported stopped-flow
tryptophan fluorescence assay (Figure 4D).*” For inhibitors
that stabilize the DFG-out conformation, the rate-determining
event for binding at high inhibitor concentrations is the
flipping of the DFG-motif. This leads to an observed rate
constant for binding (k) that deviates from linearity of
otherwise pseudo first-order kinetics.””*® Consistent with the
flipping of the DFG-motif not being required for 14 and 15 to
interact with the ATP binding site of Src, we found that the
observed rate constants for both inhibitors increased linearly
with concentration (Figure 4D, colored in yellow; Figure S8).
In contrast, inhibitor 16, which is a direct DFG-out-stabilizing
analogue of 14 and 1S, demonstrated a nonlinear kg, with
increasing inhibitor concentration, consistent with 16 requiring
a flipped DFG-motif to be accommodated in Src’s ATP
binding site (Figure 4D, colored in green). We also tested 14
and 15 for their binding kinetics with Abl-1 and found that
both inhibitors demonstrate a kinetic profile that is similar to
their interaction with Src (Figure S9). Taken together, we
validated that 14 and 15 retain the same H-bonding pattern as
DFEG-out-stabilizing inhibitors but do not require flipping of
the DFG-motif in the activation loop of tyrosine kinases for
binding.

Inhibitors 14 and 15 Promote an Open Global
Conformation of Src. To determine whether our new helix
aC-in-stabilizing inhibitors 14 and 15 promote an open global
conformation of Src’s SH3-SH2-CD module, we performed
SH3 domain pull-down assays and limited proteolysis
experiments with inhibitor-bound Src complexes. We found
that both the Src/14 and Src/15 complexes were efficiently
enriched by an immobilized SH3 ligand, consistent with 14
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and 15 promoting an open, regulatory domain-disengaged
conformation of Src (Figure 4E). Notably, the SH3 regulatory
domains of both the Src/14 and Src/1S5 complexes had similar
intermolecular accessibilities as the SH3 domain of Src bound
to DFG-out stabilizing inhibitor 2. We also found that the half-
lives for cleavage of the SH2-CD linkers of the Src/14 (¢, =
1S + 3 min) and Src/15 (¢, = 16 + 1 min) complexes by
thermolysin was within the range of Src bound to DFG-out-
stabilizing inhibitors 2 and § (Figure 4F). Thus, the observed
capability of DFG-out-stabilizing inhibitors to promote an
open global conformation of Src appears to rely on their ability
to stabilize an active conformation of helix @C, rather than
their ability to perturb the activation loop.

A Chemical Genetic Strategy for Investigating the
Effects of Stabilizing the Helix aC-in Conformation in
Cells. We recently demonstrated that modulating Src’s global
conformation in cells with conformation-selective inhibitors
can influence the phosphotransferase-independent functions of
its regulatory domains."”'* To determine how stabilizing the
helix #C-in conformation (characterized by an inward position
of the helix @C in the N-lobe and an unperturbed activation
loop) of Src affects its phosphotransferase-independent
functions in cells compared to alternative ATP binding site
conformations, we pursued a chemical genetic strategy for
sensitizing kinases to specific inhibitors.*>****** Our strategy,
which we call Cysteine Installation for Modulating Allostery
and Targeted Inhibition of Kinases (CystIMATIK) (Figure
5A),"" involves the introduction of a cysteine residue at the 2
strand of the N-terminal lobe of the catalytic domains of
kinases that provides sensitivity to pyrrolopyrimidine-based
inhibitors that contain a Michael acceptor at the C-6 position
(Figure SB). To implement the CystIMATIK strategy for Src,
we generated electrophile-containing analogues of 14 and 15
(14a and 15a, Figure SC) and tested them for inhibition of
drug-sensitized Src (Src V284C). We found that both 14a and
15a provided potent inhibition of Src V284C but not the wild-
type kinase (Figure SC).

To validate that both 14a and 15a modulate the global
conformation of Src like their nonelectrophilic counterparts
(Figure SD), we performed SH3 domain pull-down assays with
Src V284C bound to 14a, 15a, and electrophile-containing
analogues of 1 and 2, 1a and 2a. As expected, we found that
the SH3 domain of the Src V284C/1a complex was largely
inaccessible to an immobilized SH3 ligand, while the Src
V284C/2a complex’s SH3 domain readily participated in
intermolecular interactions. Like the Src V284C/2a complex,
we observed that both the Src V284C/14a and Src V284C/
15a complexes were efficiently enriched by the immobilized
SH3 ligand, which is consistent with their ability to promote an
open global conformation of Src V284C’s SH3-SH2-CD
module.

Prior to studying how 14a and 1S5a affect Src’s
phosphotransferase-independent functions in cells, we deter-
mined their selectivity for Src V284C with a lysate profiling
method (Figure SE).*'~* To do this, we measured the ability
of 14a and 15a to compete for binding to a mixture of resin-
immobilized nonselective ATP-competitive inhibitors (kino-
beads) with lysate kinases. The binding of an inhibitor being
profiled prevents enrichment of lysate kinases by kinobeads,
which allows us to profile inhibitors against a large number of
human kinases using quantitative mass spectrometry. Specif-
ically, inhibitor selectivity can be determined by measuring the
loss of relative enrichment of kinases in inhibitor-treated
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Figure 6. Stabilization of Src’s helix aC in an active conformation (helix @C-in) is sufficient to promote a Src-mediated, phosphotransferase-
independent alteration in cell morphology. (A) CystIMATIK probes that enforce an open global conformation of Src V284C promote
nonapoptotic membrane blebs in HeLas expressing drug-sensitized Src V284C. (B) Levels of membrane blebs in Src V284C-expressing HeLas that
are treated with CystIMATIK probes. Percentages of blebbing cells are shown as mean + SEM (n = 3). Nuclei were stained with DAPI (blue) and
membranes were stained with Wheat Germ Agglutinin (WGA)-Alexa488 (green). For each replicate, 17 to 32 images were obtained and the
percentage of blebbing cells from all imaged cells was quantified. Each image contained 1—3 stained cells. The number of blebbing cells was scored

based on the criteria described in the Supporting Information.

lysates versus lysate treated with a vehicle control (DMSO).
14a and 15a were both profiled at a single high concentration
(20 M) in Src V284C-expressing HeLa lysates, and the
relative enrichment of ~150 kinases was quantified. We found
that Src V284C was the most competed target of 14a, with
Receptor Interacting Serine/Threonine Kinase 2 (RIPK2)
being the only significant off-target kinase (Figure SF). 15a
demonstrated a similar selectivity profile, except Src V284C
and RIPK2 were competed at similar levels (Figure S10).
Thus, Src V284C appears to be the primary target for 14a and
15a with RIPK2 being the only off-target for both inhibitors in
HelLa lysates.

Stabilization of Src in the Helix aC-in Conformation
Is Sufficient to Promote a Phosphotransferase-Inde-
pendent Alteration in Cell Morphology. We recently
showed that Src can promote nonapoptotic membrane blebs,
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which are characterized by localized disruption of the actin-
myosin cortex, through a phosphotransferase-independent
mechanism and that conformation-selective inhibitors can
differentially modulate this phenotype (Figure 6A).'*** We
found that the expression of drug-sensitive Src V284C and
wild-type Src (WT) in HeLa cells yielded a basal number of
cells with membrane blebs (~10%), which was negligibly
influenced by treatment with helix aC-out-stabilizing 1la
(Figure 6B). In contrast, treatment with DFG-out-stabilizing
inhibitor 2a significantly induced membrane blebs in HeLas
expressing Src V284C (~55%) but not in Src WT-expressing
HeLa cells (Figure 6B)."

Our observations with 14 and 15 in vitro made us interested
in investigating whether stabilizing Src in the helix aC-in
conformation in cells is sufficient to mimic the phenotype
promoted by DFG-out-stabilizing inhibitor 2a. Therefore, we
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Figure 7. ATP binding site contacts of inhibitors that allosterically modulate the SH3-SH2-CD module. An inhibitor’s capability of stabilizing helix
aC in an active conformation (helix @C-in) is the main determinant of its ability to promote an open global conformation of the SH3-SH2-CD

module.

tested the influence of 14a and 15a on the cell morphology of
Src V284C-expressing HeLas. We found that treatment of Src
V284C-expressing HeLas with 14a and 1S5a yielded a
significant increase in the percentage of cells with membrane
blebs (~60%) (Figure 6B), while Src WT-expressing HeLas
remained at the basal level when treated with these inhibitors
(Figure S11). Notably, Src V284C-expressing HeLas that are
treated with 14a and 15a showed levels of blebbing
comparable to cells treated with 2a. Thus, stabilization of Src
in the helix aC-in conformation is sufficient to induce
membrane blebs. Therefore, the observed ability of a DFG-
out-stabilizing inhibitor to promote membrane blebs is not due
to its ability to perturb Src’s activation loop but rather its
ability to stabilize Src’s helix aC in an active conformation.

B CONCLUSIONS

Interdomain regulation is a defining characteristic of many
multidomain kinases. Almost half of the human kinases contain
at least one auxiliary domain which, in many cases, are
implicated in phosphotransferase-independent functions within
cells.” Although a growing body of evidence strongly suggests
that conformation-selective, ATP-competitive inhibitors can
modulate regions distal to a kinase’s CD, the overall generality
and molecular determinants of this phenomenon are not
completely known. In this study, we have demonstrated that
inhibitors which stabilize two different inactive ATP binding
site conformations can divergently modulate the global
conformation of Src, Abl-1, and the Tec family kinase BTK.
Despite structural differences in the N- and C-termini of SFKs,
Abl-1, and BTK, the allosteric communication between their
ATP binding sites and regulatory SH3 and SH2 domains
remain conserved. This observation suggests that the effects of
conformation-selective inhibitors on global conformation are
likely conserved in other tyrosine kinases that contain a
homologous SH3-SH2-CD module.

By systematically analyzing the common features of
inhibitors that promote an open global conformation of Src,
we were able to develop chemical probes that allowed us to
isolate the effects of specific ATP binding site interactions.
With these probes, we found that an inhibitor’s ability to
promote an open global conformation of Src’s SH3-SH2-CD
module mainly relies on its ability to stabilize an active
conformation of the helix @C. Thus, the noted ability of DFG-
out-stabilizing inhibitors to promote an open global con-
formation in Src and Abl-1 is most likely due to their
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interactions with the helix aC, rather than perturbation of the
DFG-motif in the activation loop (Figure 7). Furthermore, we
have determined that stabilization of Src’s helix aC in the
active conformation (helix aC-in) is sufficient to promote a
Src-mediated, phosphotransferase-independent alteration in
cell morphology, a phenotypic effect consistent with releasing
the otherwise intramolecularly sequestered N-terminal SH4
domain of Src. Like Src’s SH4 domain, Abl-1’s N-terminal
myristate and BTK’s N-terminal PH-TH domain not only
suppress phosphotransferase activity by interacting with their
CDs***"** but also interact with the plasma membrane and
additional organelles when intermolecularly accessi-
ble.””*>*7=* Based on our observation with Src, inhibitors
that stabilize or perturb the helix aCs of Abl-1 and BTK likely
influence the localization and other phosphotransferase-
independent functions of these kinases by allosterically
modulating global conformation.”””'

Would we expect a DFG-out stabilizing inhibitor and an
inhibitor that stabilizes the helix @C-in conformation without
flipping the DFG-motif to differentially modulate the cellular
function of kinases that contain a Src-like regulatory module?
At this point in time, we do not know the answer to this
question. In addition to their ability to completely suppress the
phosphotransferase activity of Src, we have observed that both
classes of inhibitors have similar effects on Src’s regulatory
domain apparatus. While both classes of inhibitors similarly
influence one Src-mediated phenotypic effect, we cannot
exclude the possibility that there are specific cellular
interactions that are influenced by the conformation of the
DFG-motif. Differential modulation of these cellular inter-
actions could result in divergences in Src’s phosphotransferase-
independent functions. Comparative analyses of how 14a and
15a differ from DFG-out-stabilizing inhibitor 2a in their ability
to modulate the interactome and cellular functions of drug-
sensitized Src (or other drug-sensitized tyrosine kinases) will
provide insight into this question.

Taken together, our results have direct implications for
targeting the helix «C in the ATP binding site of multidomain
tyrosine kinases with inhibitors to modulate kinase functional
surfaces distal to their CDs. Although our results highlight the
effects of conformation-selective inhibitors on the subset of
tyrosine kinases that contain an SH3-SH2-CD module, it is
likely that multidomain kinases with alternative regulatory
architectures can also be allosterically modulated using similar
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principles. The conceptual framework and probes that we
describe in this report may help facilitate these studies.
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