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ABSTRACT

Protein Kinases are key regulators of important cellular processes and have been a
validated therapeutic target for cancer over the past two decades. Kinase signaling is a
combination of its catalytic function, through post-translational phosphorylation, and
non-catalytic functions, often through protein-protein interactions. The design of kinase
inhibitors to inhibit kinase signaling has solely focused on inhibition of the catalytic
process. However, evidence of inhibitors modulating non-catalytic functions, through
stabilizing distinct kinase conformations, has uncovered a novel strategy for modulating
of both arms of kinase signaling. Unfortunately, the lack of tools to elucidate kinase
conformational changes has stalled the targeting of these non-catalytic processes.

The work herein highlights methods, both ligand and mutation induced, to
modulate the global conformation of c-Src kinase. Characterization of these
conformational changes was made possible by the development of our novel ‘Selective
Proteolysis’ methodology that takes advantage of c-Src’s sensitivity to the protease
thermolysin. Using this methodology we have characterized a panel of clinical c-Src
mutations and have uncovered W121R to be a potential activating c-Src mutation. To
improve the targeting strategies of c-Src, we developed series of ATP competitive,
conformation-tunable inhibitors, to inhibit the catalytic function of c-Src, while
simultaneously modulating its non-catalytic functions. Furthermore, we utilized MixMD
methodology to identify two novel allosteric hotspots of c-Src that can be utilized to
identify allosteric modulators of c-Src.

This work demonstrates that inhibitors of c-Src can be used to modulate both
catalytic and non-catalytic functions simultaneous. Additionally, that clinical mutations
may be activating through stabilization of district protein conformations. We hope that
others utilize this work as a stepping-stone towards developing the next generation of

kinase targeted therapies with improved signaling modulation.
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Chapter I
Protein Kinases Signal Via Catalytic & Non-Catalytic Mechanisms

Abstract

Protein Kinases are key regulators of important cellular processes and have been a
validated therapeutic target for cancer over the past two decades. Kinase signaling is a
combination of catalytic function, through post-translational phosphorylation, and non-
catalytic functions, often through protein-protein interactions. Both catalytic and non-
catalytic functions are regulated through conformational changes in the kinase domain or
regulatory domains respectfully. The focus on modulating kinase signaling, using kinase
inhibitors, has been solely on the catalytic process. However, more evidence of inhibitors
modulating non-catalytic functions, through stabilizing distinct kinase conformations, has
revealed a novel strategy for modulating of both arms of kinase signaling. Unfortunately,
the lack of tools to elucidate kinase conformational changes has stalled the progress for
targeting these non-catalytic processes. Thus, the development of tools, that can be easily
implemented and used on many diverse kinases, will enable researchers to begin

modulating kinase signaling to its fullest extent.

Kinase Domain Conformation Regulates Catalytic Function

Protein Kinases (PKs) function as key regulators of important cellular processes
such as cell growth and survival through post-translational phosphorylation.'” The PK
superfamily is one of the largest protein families, encoding a total of 518 protein kinases.”
All PKs consist of a highly conserved catalytic domain responsible for phosphorylation
of their protein substrates. Mapping of these downstream phosphorylation pathways have
provided researchers a clearer understanding how messages from the extracellular
environment can propagate and eventually lead to global changes gene expression.””’

Structurally, all protein kinases possess a catalytic domain responsible for

catalyzing the phosphorylation reaction of their downstream targets. While sequence



identity will differ vastly between kinases, they structurally all contain key regulatory
motifs used to modulate their catalytic activity.® The active kinase conformation involves
3 catalytic residues to sit in the correct orientation for catalysis to occur (Figure 1.1). The
first includes a catalytic aspartate that points into the ATP binding site and coordinates a
Mg”" cation.” The magnesium cation is responsible for de-shielding the localized

negative charge associated with the beta and gamma phosphates of ATP. This aspartate

resides on a key kinase motif, known as the ‘DFG’-motif, and is speculated to be a
10,11

common regulatory loop among the kinome.

Figure 1.1. (Left) All protein kinases contain a catalytic kinase domain responsible for
phosphorylation of down stream protein targets. (Right) Three catalytic residues are
essential for catalysis to occur, and conformational changes of these residues are common

regulatory mechanisms of protein kinases.

The second residue includes a catalytic lysine (on the roof of the ATP pocket),
which is responsible for forming a key electrostatic interaction with the a-phosphate of
ATP."” The third residue is a catalytic glutamate that is located on the aC-helix of the

kinase domain. This glutamate interacts and stabilizes the catalytic lysine through



formation of a salt-bridge."> Additionally, Modulating the conformation of the aC-helix is
a common regulatory mechanism seen in a number of diverse kinases including c-Src and
CDKs.'"* ' The outwards shift of this helix (though a physiological or inhibitor induced
event) breaks the salt bridge to the catalytic lysine and renders the kinase inactive. While
the kinome is often depicted with a highly organized phylogenetic tree, we should be
aware that these groupings of related kinases leave out an important feature: kinases’

regulatory domains.'®

Kinases also Signal Through Non-Catalytic Functions

In addition to the catalytic kinase domain, protein kinases often possess key
regulatory domains that remain underappreciated when discussing kinase signaling.'” '®
These regulatory domains often help coordinate kinase signaling within the cell and can

function independently of a kinase’s catalytic ability.

EGFR FAK AUTO-INHIBITORY
o~
- S~

-

Figure 1.2. c-Src’s regulatory SH2 and SH3 domains participate in a number of non-
catalytic functions including pathway activation through binding of EGFR or Fak, and

additionally participate in auto-inhibitory mechanisms.

For example, these regulatory domains can be seen as protein binding domains
such as the SH2 or SH3 domains in the kinases c-Abl, Btk, and the Src family kinases.'*"

*! These regulatory domains have many diverse functions, and when used in tandem with



the kinase’s catalytic function, encompass the entirety of kinase signaling (Figure 1.2).
The SH2 and SH3 domains have been shown to enable kinases to form protein complexes
as these domains can bind phospho-tyrosine residues and specific poly-proline sequences
respectfully.” * They are used to coordinate cellular localization and can also aid in cell
membrane recruitment or internalization processes.”* *° Finally, they have also been
observed in auto-inhibitory mechanisms as a method to inhibit their intrinsic catalytic
activity.'®

Other kinases possess regulatory domains with their own intrinsic catalytic
activity, including the kinase IREla, which possesses ribonuclease activity that is
activated in the unfolded protein response.”® Receptor tyrosine kinases, including EGFR
and VEGFR, contain extracellular ligand binding domains, which are responsible for
sensing and binding the extracellular ligands EGF and VEGF.?”** Finally, many kinases,
including the MAP family kinases, possess no regulatory domains. They however, can
still signal through non-catalytic mechanisms, including Erk2, which can activate the
phosphatase DUSP6 via a key protein-protein interaction.” >

Kinases’ ability to participate in these non-catalytic mechanisms enable their
signaling to be both highly intricate and tightly regulated.’’ Unfortunately, their catalytic
ability still remains the focus when investigating kinase signaling. The combination of
both the catalytic and non-catalytic signaling mechanisms encompasses the entirety of
kinase signaling. In diseases, especially cancer, where kinase signaling is often
dysregulated or perturbed, targeting strategies that focus on modulating both signaling
arms should be considered when developing targeted therapies. Luckily, progress towards
the inhibition of these non-catalytic functions have just began to surface in the literature

and has been proven to be a successful targeting strategy for many diseases.

Using Kinase Inhibitors to Perturb Non-Catalytic Functions

Over the past decade, the success of kinase target therapies in the clinic has been
seen with the over 32 FDA approved inhibitors in 2016.** The dysregulation of kinase
signaling has been a major hallmark for nearly every cancer type.”> Thus, the use of
kinase inhibitors has been a powerful tool for elucidating these complex signaling

pathways and treating diseases in the clinic. Still today, the focus on developing kinase



inhibitors still remains on modulating catalytic function through the development of
ATP-competitive inhibitors. Only recently has it been showcased that ATP competitive
inhibitors additionally have the ability to modulate non-catalytic functions
simultaneously.’’

Previously mentioned was the ribonuclease activity of IREla involved in the
unfolded protein response. The Maly group has since reported a series of IREla
inhibitors that can additionally inhibit ribonuclease activity in addition to the catalytic
kinase activity.** Crystal structures showcased these inhibitors stabilizing an inactive
kinase conformation, or aC-helix-out conformation, where the ligand bound kinase is
stabilizing a conformation where the aC-helix was rotated outward (breaking the Glu-Lys
salt bridge needed for catalysis). This data demonstrated one of the first examples of ATP
competitive inhibitors modulating non-catalytic functions, however IREla was not

simply an isolated case.

HO
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Figure 1.3. Conformation-selective inhibitors of c-Src that bind the oC-helix-in

conformation can modulate the activation of EGFR in a non-catalytic manner.

The serine/threonine kinase Erk2 possesses no regulatory domains and it can be
hypothesized to be difficult to disrupt any non-catalytic processes due to the lack of

regulatory domains. However, it has been shown that ATP-competitive inhibitors of



Erk2 additionally have the ability to inhibit non-catalytic roles. The Maly lab
additionally reported Erk2 inhibitors that stabilize an inactive conformation in which the
inhibitor causes a conformational change in the kinase’s activation loop (commonly
referred to DFG-out).”” This conformational change was observed to cause a decrease in
activation of Erk2 by disrupting the orientation of two residues that become
phosphorylated during activation of the kinase. Additionally, Erk2 bound in this in-active
DFG-out conformation, inhibited the activation of the phosphatase DUSP6 without
modulating the biding affinity to Erk2. This data demonstrate that even kinases without
having modular regulatory domains can still be targeted using conformation-selective
inhibitors.

Finally, c-Src was the first proto-oncogene identified and still remains a popular
drug target for a number of cancer types.’ Stabilization of the aC-helix-in or aC-helix-
out has been shown to regulate the accessibility of its regulatory SH2 and SH3 domains,
and is of large focus in the upcoming chapters.””*® Clinically, our lab has identified c-Src
to be an important target for treating triple-negative breast cancer. Recently reported is a
clinical candidate based off the Dasatinib scaffold that additionally binds the aC-helix-in
conformation.” Modulation of c-Src’s aC-helix is shown to stabilize an open kinase
conformation, and empirically we have shown it to inhibit EGFR signaling in a non-
catalytic fashion, with decrease in phosphorylation at Y1068 (not seen when using
Dasatinib, the aC-helix ‘neutral’ analog) (Figure 1.3).

These examples showcase that designing inhibitors to modulate kinase signaling
can be expanded to perturb more than catalytic activity, thus impacting kinase signaling
to a greater extent. These data also showcase that influencing a kinases’ non-catalytic
functions can be easily accomplished through probing of the ATP binding pocket, an area
that researchers have become very effective at targeting. Unfortunately, these non-
catalytic functions are often regulated though conformational changes in quaternary
structure. Thus, the lack of tools to easily and rapidly assess protein conformational

changes has stalled the exploration of this targeting strategy.

Methods for Elucidating Changes in Quaternary Kinase Conformation



The challenge of assessing a kinase’s global conformation has stalled the efforts
of researchers looking to modulate kinase non-catalytic functions. Existing methods to
determine the global conformations of multi-domain kinases rely upon complex
biophysical techniques (Figure 1.4). X-ray crystallography can often capture unique
kinase conformational changes as seen with c-Src (e.g., PDB: 2SRC, 1Y57).%% ¥
However, these structures can be influenced through crystal packing, experimental
conditions (e.g., pH, detergent) and stabilization of energy minimum conformations,
which may not accurately depict solution phase conformations. More recently, SAXS and
NMR spectroscopy have been utilized to observe conformation in solution. For example,
SAXS analysis of c-Src confirmed the conformations observed by X-ray
crystallography.” NMR spectroscopy has been utilized to see changes in tertiary
structure of c-Src (changes in the aC-helix).*' These techniques are far superior to X-ray
crystallography as it provides insight to structure in the solutions phase. However, these
techniques both require large quantities of purified protein, a highly skilled technician,

expensive equipment, and often take weeks for experiment optimization.

Figure 1.4. Methods for determining the global conformations of kinases typically used
biophysical approaches (X-Ray Crystallography & SAXS) and often required expensive
equipment and highly trained technicians. Biochemical approaches lack in their

applicability to diverse kinases and for investigating mutations.

Only recently, biochemical approaches for c-Src are being utilized involving

enrichment through its SH3 domain with an SH3 ligand.** While much simpler than



alternative techniques, it lacks application to other kinases to those without an SH3 or
similar binding domain. Additionally, it requires a domain with a significant
conformational change, and one that has an available ligand, with modest potency, to
implement the enrichment experiment with. Finally, any mutations introduced to these
kinases can affect the enrichment experiment if these mutations are on or near the binding
site of the pull-down. Therefore, a more robust method, applicable to many diverse
kinases and not sensitive to mutagenesis, would be highly valuable for elucidating

conformational changes in c-Src and thus begin exploring the non-catalytic functions.

Conclusions

Kinase’s catalytic functions and downstream phosphorylation pathways have been
used for decades to map and understand their complex signaling pathways.” Catalytic
residues that reside in the ATP binding site can modulate a kinase’s catalytic function.”™"’
Conformational changes of these residues, to inactive the kinase, has been seen as a
regulatory mechanism both physiologically as well as ligand induced. More recently
however, these ligand-induced conformations are now beginning to be appreciated for
modulating non-catalytic signaling as well. These non-catalytic functions have
additionally been determined to play a crucial role in signaling mechanisms.’' Thus,
modulating both catalytic and non-catalytic mechanism simultaneously is a unique
strategy for targeting kinase signaling, and has even been demonstrated in the literature
with IREla, Erk2, and c-Src.** *> ** However, as non-catalytic functions are regulated
through large conformational changes in protein structure, they still remain a challenge
for researchers to investigate.

The work herein reveals novel methodology that can be utilized to observe changes
in the global conformation of c-Src. With this method, we have begun revealing how
best to modulate c-Src’s global conformation toward targeting c-Src’s non-catalytic
functions. Furthermore, we have showcased, using both mutagenesis and inhibitor based
methods, how c-Src’s global conformation can be used to alter cellular signaling, escape
down regulation mechanisms, and present a unique strategy for targeting using
conformation-selective inhibitors. These data presented in this dissertation will enable

researchers to begin developing methodologies and conformation-selective kinase



inhibitors of their own, to begin modulating both catalytic and non-catalytic functions of

their respected targets.
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CHAPTERII
Development of Selective Proteolysis Methodology to Elucidate Global Kinase

Conformations

Abstract

Methods to evaluate changes in the global conformations of kinases involve
complex biophysical or biochemical techniques that prevent both its adoption among
scientists and its use in a high-throughput fashion. Identifying changes in the accessibility
of the SH2-Kinase domain linker, in the open and closed conformation of c-Src, provided
a promising site to interrogate changes in c-Src’s global conformation. The bacterial
protease thermolysin was previously reported to selectively cleave this linker and
provided a novel tool to better elucidate global conformational changes in a handful of
diverse kinases. We utilized model kinases, c-Src & c-Abl, and have displayed that
kinase conformation using our developed, ‘selective proteolysis methodology’, align well
with highly validated kinase constructs (using both phosphorylated and ligand bound
states). The development of this method has paved the way for ongoing studies to further
reveal the effects that global conformation have in both cell signaling pathways and

targeting strategies of protein kinases.

Introduction

While a variety of methods exist that can evaluate the catalytic activity of kinases,
the development of methods to evaluate kinase conformation is still in its infancy and
rely on techniques used to study the structure of any protein of interest. Existing methods
to determine the global conformations of multi-domain kinases rely upon complex
biophysical techniques. X-ray crystallography is often the most utilized of techniques and
can often capture unique kinase conformational changes as seen with c-Src (e.g., PDB:
2SRC, 1Y57)."% Figure 2.1 displays c-Src adopting two very distinct global
conformations with its SH2 and SH3 domains bound (left) or unbound (right) to the
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kinase domain. While c-Src’s global conformations can be elucidated from these
structures, the conformations of other multi-domain kinases can be influenced through
crystal packing, experimental conditions (e.g., pH, detergent) and stabilization of energy
minimum conformations, which may not accurately depict relevant, solution phase
conformations. Thus, investigating global kinase conformation using protein in the
solution phase would provide a more physiological accurate and dynamic model of how

these protein conformations are behaving.
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Figure 2.1. The global conformations of c-Src are regulated via phosphorylation states.

Phosphorylation at Y419 by a Src Family Kinase (SFK) stabilizes an open conformation
(PDB: 1YS5F). Phosphorylation at Y530 by Csk stabilizes a closed conformation (PDB:
2SRC).

More recently, SAXS and NMR spectroscopy have been utilized to observe
conformation in solution. The Pons lab have preformed the SAXS analysis of c-Src and
successfully confirmed the conformations observed using X-ray crystallography
methods.” SAXS analysis of the kinase c-Abl also identified unique global conformations
of c-Abl when bound to the FDA approved inhibitors, Dasatinib and Imatinib.*
Additionally, NMR spectroscopy has been a useful biophysical application and can be

utilized to see changes in tertiary structure of c-Src that are known to change when
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adopting distinct global conformations (e.g. changes in aC-helix).” Unfortunately, these
techniques both require large quantities of purified protein (which are easy to obtain
when analyzing only the kinase domain), which remain a difficult challenge when
obtaining multi-domain kinase constructs. Additionally, a highly skilled technician and
expensive equipment are needed to preform the analysis of SAXS, X-Ray
crystallography, and NMR studies. Finally, these experiments often take weeks for
experiment optimization and thus does not make them amenable for use in a high-

throughput fashion.

Resin
N——
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(Y

Figure 2.2. The only biochemical method used to determine the global conformation of
c-Src. Enrichment via the SH3 domain using an SH3 ligand can be used to determine c-
Src’s global conformation. Unfortunately, its utility for analyzing mutations or

investigating other kinases are major setbacks.

More recently, biochemical approaches for c-Src are being utilized involving
enrichment through its SH3 domain (with an SH3 ligand) recently reported by the Maly
Lab (Figure 2.2).° This methodology relies upon c-Src’s SH3 domain becoming more
accessible in the ‘open’ conformation (solvent exposed) and shielded in the ‘closed’
conformation (bound to SH2-KD linker). While this technique is much simpler than
alternative methods mentioned above, it lacks the broad application to other kinases. This

methodology requires a target kinase to possess a domain with a significant
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conformational change, in which the said domain has an existing high-affinity ligand that
can be immobilized onto resin, to implement the enrichment experiment with. Toward a
goal of making a high-throughput & robust assay to decipher kinase conformation of any
full-length, multi-domain kinase of interest, we set out to develop a technique that has

none of the limitations inherent in other techniques mentioned above.

Figure 2.3. c-Src in the closed conformation and the open conformation. The SH2-Kd
linker (red) is highly shielded in the closed and highly accessible in the open

conformation, increasing the sensitive of Gly257 (blue) by the protease thermolysin.

In 1989, the Cooper laboratory reported that c-Src was selectively cleaved by the
bacterial protease thermolysin.” After analysis by SDS-PAGE, it was hypothesized that
the cleavage site was found somewhere within the linker region that connects the kinase
and SH2 domains. Observing the existing crystal structures of c-Src, we have identified
two distinct global conformations that showcase open/extended (PDB: 1Y57) and
closed/compact (PDB: 2SRC) conformations. A feature of the mechanism by which c-Src
goes from open to closed is the SH3 domain binding to the SH2-KD linker. Thus, the
SH2-KD linker of c-Src is protected by the SH3 domain in the closed conformation, and
solvent-accessible in the open conformation. We hypothesized that the SH2-KD linker
cleavage rate by thermolysin could provide an indication of the c-Src’s global
conformation, and be an amenable method to use for determining changes in global

conformations across the kinome.
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Conformational Changes of c-Src Impact its Sensitivity to Thermolysin

As descried above, c-Src’s global conformations in-vivo are regulated via the
phosphorylation state of c-Src.*” Activation of c-Src occurs though phosphorylation of
the activation loop at Y419 by either autophosphorylation, or transphosphorylation by
another SFK.'" This event stabilizes c-Src in a catalytically active state and renders the
SH2 and SH3 domains to adopt a more extended or ‘open’ conformation. Inactivating c-
Src occurs through phosphorylation at tyrosine 530, by CSK, which resides on the C-
Terminal tail.'' This event causes a global conformational change in which the SH2
domain binds the phosphor-tyrosine of pY530 and the SH3 domain docks to the SH2-KD

linker."?
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Figure 2.4. Treatment of the open (pY419) and closed (pY530) phosphorylated
constructs show differences in the cleavage rate by the protease thermolysin, validating

this as a novel method for identifying conformational changes in c-Src.
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We first treated wt c-Src with the protease thermolysin in a 30:1 ratio and only a
single cut site was observed after analysis by SDS-PAGE electrophoresis. Mass
spectrometry analysis identified the primary cleavage site to reside on the linker as
originally hypothesized, specifically between Gly257 and Leu258. We rationalized that
c-Src in the open conformation would undergo selective proteolysis more rapidly than the
closed conformation, due to an increase in accessibility of this site by disengagement of
the SH3 domain. As phosphorylation of c-Src at Y419 (Src*®') and Y530 (Src™"®)

A
¢ and

stabilize the open and closed conformations respectfully, proteolysis of Src
Src'™"® by thermolysin was monitored over time. As hypothesized, Src”® was degraded
faster than wt-Src, with half-lives of 12 min versus 33 min, respectively. Src"™*"™¢, with
its known ‘closed’ conformation, was degraded slower, with a half-life of 241 min. With
excellent correlation between the known ‘open’ and ‘closed’ forms of c-Src, we next
assessed an additional construct of c-Src known to be ‘closed’, Src>2E"¢. SrcSHaEne
mimics Y530 phosphorylation by replacing the c-terminal tail with a high affinity poly-
anion SH2 sequence."® Gratifyingly, we confirmed that Src*"?*"¢ also adopts a closed
kinase conformation, with a half-life of 356 mins.

It was recently reported by the Maly Lab, that in addition to phosphorylation,
conformation selective ATP-competitive inhibitors can also stabilize open or closed
conformations of c-Src.'*'> As described in more detail in chapter III, ligands that
interact with a regulatory structural motif, the aC-helix, is known to influence the global
conformation of a number of diverse kinases. For c-Src specifically, type II inhibitors (or
DFG-out inhibitors) have been reported to stabilize the open conformation upon binding
through stabilizing the ‘aC-helix in’ conformation. Inhibitors stabilizing the aC-helix in
an extended, or ‘aC-helix-out’ conformation, have been reported to stabilize the closed
conformation. To increase the validity of this method, we performed selective proteolysis
of c¢-Src in the presence of conformation-selective Dasatinib analogues, 2.1 and 2.2, that
bind the aC-helix in or aC-helix out conformations respectfully.'® As expected the 2.1
treated c-Src was degraded by thermolysin very rapidly with a half-life of only 2 mins,

corresponding to stabilization of an open conformation. Alternatively, the 2.2 treated c-

Src stabilized a more closed conformation with an observed half-life of 83 minutes.
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This selective proteolysis methodology has afforded results matching those using
previously reported and orthogonal methods. However, the robustness of the method will

be increasingly more attractive if it can be applied to other diverse kinases.
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Figure 2.5. Conformation selective inhibitors 2.1 and 2.2 are shown to stabilize the open
or closed c-Src conformations respectfully and further validate using thermolysin as a

method for identifying conformational changes in c-Src.

Expanding Selective Proteolysis to Diverse Kinases Including c-Abl

In addition to c-Src, many PKs contain regulatory domains (e.g., SH2 and SH3
domains) that serve in scaffolding and regulatory roles.'”" The applicability of this
method outside of just c-Src would be a great advantage to other existing methods. Given
that we know the exact cleavage site within the linker, we wanted to use this knowledge
to apply our method to diverse protein kinases. Sequence alignment of the linker region
resulted in number of other kinases that could be amenable to this method (Figure 2.5).
Each of these diverse kinases has high sequence identity with the linker region. In
support of this analysis, we identified the kinase, c-Abl, to be a suitable proof-of-concept

kinase. The kinase c-Abl has been an important drug target for the treatment of CML for
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20-22
over a decade.”

Additionally, c-Abl is known to regulate kinase signaling though
changes in the global conformation, and includes a regulatory SH2 and SH3 domain
similar to that of c-Src.” Thus, we determined applying our methodology to c-Abl would
provide a useful tool to eventually begin understanding how these conformations may aid

in the progression of diseases including CML.

ABL NKPTVYGVSPN-YDKW
ABL2 NKPTVYGVSPI-HDKW
SRC -PTSKPQTQGLAKDAW
YES -PTVKPQTQGLAKDAW
FGR -TIMKPQTLGLAKDAW
ITK -ROKAPVTAGLRYGKW
BTK -NKNAPSTAGLGYGSW
TEC -GKNAPTTAGFSYEKW
TXK -GSCLPATAGFSYEKW

Figure 2.6. Sequence alignment of kinases possessing a SH2-Kd linker afforded 9

diverse kinases that could also be investigated using this methodology.

Previous studies have identified c-Abl to also adopt unique global conformations
as a means of regulation. X-Ray crystallography has revealed an inhibitory mechanism
that c-Abl undergoes after posttranslational modification through myristolyation on the c-
Terminal tail.** This modification results in the myristoyl group binding within a pocket
located on the bottom of the kinase domain (myristate pocket) and causes c-Abl to adopt
a closed conformation similarly to that of pY530-Src (with additionally masking of the
SH2-linker by c-Abl’s SH3 domain).” Alternatively, SAXS analysis has reported that
binding of the FDA approved inhibitor Imatinib showcases c-Abl adopting an ‘open’ or
extended conformations, similarly to that of the active pY419-Src.* We believed these to
be well-validated controls in order to determine the validity of selective proteolysis upon
c-Abl

Selective proteolysis was preformed with c-Abl in the presence of a myrisotylated
peptide (mimicking a myristoylated c-terminal tail) and the inhibitor Imatinib. These

results were as predicted with c-Abl in the presence of the myristoylated peptide® having
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a very long half-life of 192 mins indicating stabilization of the closed conformations.
Alternatively, c-Abl in the presence of Imatinib had a very short half-life of only 3.3
mins. These data display the robustness of this method to expand beyond that of only c-
Src. However, we also wanted to showcase it’s utility with c-Abl in the presence of small

molecules.
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Figure 2.7. The global conformations of c-Abl can also be determined with this
methodology. These results confirm reported observations with the Myristate binding
peptide stabilizing the closed conformation (red) and Imatinib the open conformation
(blue). The conformation selective Dasatinib analogs 2.1 and 2.2 were also assessed

along with the allosteric inhibitor, GNF-2.

To assess the conformational changes c-Abl would adopt in the presence of
conformation selective inhibitors, selective proteolysis was preformed in the presence of
2.1 and 2.2 as preformed previously with c-Src. Abl in the presence of 2.1 displayed a
half-life of 2.2 mins, which is no surprise as Imatinib and 2.1 both bind the same aC-
Helix-In. To our surprise, c-Abl in the presence of 2.2 displayed a half-life of 47 mins,
which is indicative of stabilizing a more closed conformation. This is the first evidence

of a kinase inhibitor that stabilizes c-Abl in the aC-helix out conformation to additionally
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stabilize the closed global conformation. We also assessed the allosteric inhibitor GNF-II
as it speculated to also stabilize the closed conformation due to similarities in the binding
of mode to myristolyation.”® The half-life of c-Abl in the presence of GNF-II was 173
mins, additionally confirming inhibitors that bind far outside the ATP binding site can
also stabilize unique protein conformations. These data provide interesting leads toward

developing the next-generation of c-Abl inhibitors for the treatment of CML.

Conclusions

The current techniques to evaluate large conformational changes of kinases inhibit
conformational analysis in a high-throughput fashion, and in some cases are not
amenable to other diverse kinase. After evaluation of the unique structural differences of
the SH2-linker between c-Src’s open and closed conformations, and previous
observations of this site’s sensitivity to the protease thermolysin, we were able to develop
a robust method that is superior to those currently reported. This method has replaced the
need for highly trained technicians, copious amounts of proteins, and can be easily
amenable to other protein targets. We hypothesize that those kinases not sensitive to
thermolysin can also be evaluated using one of many identified proteases and will enable
the study of global conformational changes to be accessible by any lab. The data herein
has additionally confirmed the conformational changes in c-Src that occur in the
differential phosphorylation and ligand bound states that have been observed through
orthogonal approaches. This method has also identified new strategies for stabilization of
c-Abl’s closed conformation through inhibitors that stabilize the oC-helix out
conformation or those that bind allosterically (GNF-2) in the miristoyl-binding pocket.
Using selective proteolysis, we can now begin understand the role that global
conformations, of c-Src specifically, can play in both affecting signaling pathways
(Chapter III) and developing novel targeting strategies for c-Src (Chapter IV & Chapter
V).

Materials and Methods

Cut-Site Determination
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5 uM WT 3D Src and 5 uM WT 3D Src treated with thermolysin (60nM final
concentration) for 2 hours were submitted to the University of Michigan Mass
Spectrometry Facility for analysis. Samples were run using a Waters MicromassZQ mass

spectrometer.

Generation of Src* (pY419) and Src™ ™ (p¥Y530) Constructs
c-Sre” % (for Src™®) or ¢-Src¥*F (for Src™*®) was diluted in reaction buffer
(50mM Tris-HCI pH 8.0, 100mM NaCl, 0.1 mM MgCl,, 0.1% TritonX) to yield a final

A the reaction was initiation with ATP for a final

protein concentration of 2 uM. For Src
ATP concentration of 1 mM and reacted at 90 C for 1.5 hours. The resulting mixture was
suspended in reaction buffer (5 mL), concentrated using [Concentrators], and washed 3
additional times to afford Src®*. For Src™™¢ GST labeled Csk was added to a final
concentration of 200 nM and reaction was initiated with ATP to a final volume of 1 mM
and reacted at 90 C for 1.5 hours. GST-Resin was added to the reaction and the mixture
was cooled to 0 and shaken for 1 hour. The supernatant was decanted, concentrated using

Inactive

[Concentrators], and washed 3 additional with reaction buffer times to afford Src

Selective Proteolysis of c-Src General Method

c-Src and c-Src constructs were diluted in proteolysis buffer (50 mM Tris-HCI pH
8.0, 100 mM NaCl, 0.5 mM CacCl,) to yield a final protein concentration of 2 uM. If
inhibitor was being used, 1 pL. of a 10 mM DMSO stock was added and incubated with c-
Src for 15 mins at room temperature. Thermolysin (purchased from Promega, catalog
number: V4001) from a 3.8 uM stock solution was added to the reaction mixture to a
final concentration of 60 nM. 15 pL of the proteolysis reaction was added to 5 pL of 50
mM EDTA to quench proteolysis at various time points (0, 2, 5, 10, 30, 60, 90, 120, 180,
and 240 mins) and stored at -20 °C. The quenched samples were analyzed by SDS-PAGE
(12 % Bis-Tris gel in MES running buffer, staining with comassie blue). Band intensities
were analyzed by Imagel imaging software. Percent protein remaining was plotted
against time and fit to an exponential decay equation using GraphPad Prism 6 software to

obtain half-lifes of each protein. The Exponential Decay curve for each protein was fit
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using the equation Y=(YO - Plateau)*exp(-K*X) + Plateau X = time(mins) and Y =

normalized band intensity.

Selective Proteolysis of c-Abl General Method

c-Abl was diluted in proteolysis buffer (50 mM Tris-HCI pH 8.0, 100 mM NaCl,
0.5 mM CaCl,) to yield a final protein concentration of 2 uM. If inhibitor was being used,
1 pL of a 10 mM DMSO stock was added and incubated with c-Abl for 15 mins at room
temperature. Thermolysin (purchased from Promega, catalog number: V4001) from a 3.8
uM stock solution was added to the reaction mixture to a final concentration of 20 nM. 15
uL of the proteolysis reaction was added to 5 uLL of 50 mM EDTA to quench proteolysis
at various time points (0, 2, 5, 10, 30, 60, 90, 120, 180, and 240 mins) and stored at -20
°C. The quenched samples were analyzed by SDS-PAGE (12 % Bis-Tris gel in MES
running buffer, staining with comassie blue). Band intensities were analyzed by Imagel
imaging software. Percent protein remaining was plotted against time and fit to an
exponential decay equation using GraphPad Prism 6 software to obtain half-lifes of each
protein. The Exponential Decay curve for each protein was fit using the equation Y=(Y0

- Plateau)*exp(-K*X) + Plateau X = time(mins) and Y = normalized band intensity.

General Syntheitc Methods
All reagents were obtained via commercial sources without further purification.
2.1 and 2.2 have been previously synthesized and characterized using the following

protocol.'®

Individual Contributions

Dr. Taylor K. Johnson prepared the c-Abl that was used in the selective
proteolysis assay. Additionally she prepared the Myristate peptided used alongside c-
Abl.
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CHAPTER II1
Characterization of Clinical c-Src Mutations Reveals Changes in Global Kinase

Conformation

Abstract

Kinase signaling is traditionally mapped by monitoring downstream
phosphorylation pathways, however their ‘non-catalytic’ functions remain less
appreciated as critical mechanisms of kinase signaling. The proto-oncogene, c-Src,
regulates its non-catalytic functions through large conformational changes of its
regulatory domains. We have previously demonstrated that changes in c-Src’s global
conformations can be elucidated through monitoring cleavage by the protease
thermolysin at glycine 257. We further utilized this methodology to investigate changes
in global conformation of a number of clinical and non-clinical mutations of c-Src, and
revealed a potential activating mutation, W121R, that has the ability to escape classical
down-regulation mechanisms. We finally showcase that matched conformation-selective
inhibitors to be a promising strategies for targeting mutations that stabilize distinct c-Src
conformations. This methodology additionally can be expanded to a number of potential
TKs, and emphasizes the importance of considering kinase conformation in targeting

strategies.

Introduction

Protein Kinases (PKs) function as key regulators of important cellular processes
such as cell growth and survival through post-translational phosphorylation.'” The PK
superfamily is one of the largest protein families, encoding a total of 518 protein kinases.”
All PKs consist of a highly conserved catalytic domain responsible for phosphorylation
of their protein substrates. More recently, PK’s ‘non-catalytic’ functions have been
identified to play critical roles in cellular processes, independent of their catalytic

functions.” These ‘non-catalytic’ functions are commonly observed as protein-protein
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interactions (PPIs), and are often controlled through large conformational changes.’®
Unfortunately, the difficulty in measuring protein conformations using biochemical

approaches has stalled the investigation of kinase’s non-catalytic functions.
Inactive

Autophosphorylatlon
( <: FAK
Src Family Kinases 5 ;: ,
= Q

Figure 3.1. c-Src’s non-catalytic functions are regulated though its phosphorylation state.

Phosphorylation at Y530 on the c-terminal tail by Csk renders a closed kinase
conformation, unable to participate in vital protein-protein interactions. Phosphorylation
at Y419 renders an open kinase conformation that can form complexes with many protein

partners including Fak and EGFR.

The tyrosine kinase, c-Src, has been validated as a prominent target for many
solid tumors via genomic knockdown (e.g. siRNA).” However, pharmacological
inhibition (both in the clinic and in pre-clinical models) leads to a divergent signaling
phenotype and has not recapitulated c-Src as an important target. In addition to the
catalytic function of c-Src, the full signaling profile of c-Src relies on protein—protein
interactions to other signaling proteins, including: EGFR, FAK, and STAT3.*'" The
regulatory SH2 and SH3 domains of c-Src are responsible for scaffolding to signaling
proteins, and changes in the accessibility of these regulatory domains are influenced by
the global conformation of c-Src.'' Moreover, the biological modulation of c-Src’s

conformation is dependent upon the phosphorylation state of c-Src (Figure 3.1).'?
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Specifically, phosphorylation at Y419 (Tyr 419 is on c-Src’s activation loop), stabilizes
an ‘open’ or ‘extended’ conformation where the SH2 and SH3 domains are amenable to
scaffolding signaling proteins."” Downregulation of c-Src, via phosphorylation at Y530
(c-terminal tail), stabilizes a ‘closed’ or ‘compact’ conformation, rendering the SH2 and
SH3 domains inaccessible and fully engaged to the kinase.'* These large changes in
quaternary structure enable modulation of the non-catalytic functions of c-Src, and are
now a common mechanism of regulation found in many diverse kinases.

Mutations within the catalytic domain of PKs have long been understood to
impact kinase signaling by altering catalytic activity."> However, many patient-derived
mutations reside outside the catalytic domain, without any explanation for their ability to
impact cell signaling. We hypothesize that non-catalytic domain mutations alter cell
signaling via changes in kinase conformation (and subsequently noncatalytic kinase
function). Data collected from genome wide sequencing databases, has uncovered c-Src
to harbor a number of uncharacterized mutations that exist outside the ATP binding site.
c-Src has been previously observed by the Cooper lab in 1989 to be sensitive to
degradation by the bacterial protease thermolysin.'® In Chapter II this simple observation
enabled us to develop novel methodology to elucidate changes in the quaternary structure
of c-Src.

Herein we utilize selective proteolysis methodology to identify conformational
changes of c-Src caused by both somatic and non-clinical mutations. These mutations
will be explored in terms of their catalytic efficiencies and ability to participate in
regulatory mechanisms. The data herein has enabled us to investigate characteristics of
‘open’ and ‘closed’ c-Src conformations, and has uncovered a potential gain-of-function
mutation, WI121R. Due to the robust nature of this assay, in chapter 2 we have
additionally showcased its use for the kinase c-Abl, and hypothesize its utility with other
PTKs including Btk and Fgr. Our results have provided tools to enable deeper
understanding of the signaling mechanisms of c-Src that are independent of its traditional

catalytic functions.
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Figure 3.2. Clinical Mutations (Red Spheres) documented from the CCLE and COSMIC
databases reveal many that exist distal from the ATP binding pocket and are

hypothesized to be modulating the global kinase conformation.

Clinical c-Src Mutations Show Changes in Global Conformation

Single amino acid mutations in kinases have been transformative in a number of
solid tumors including lung, breast, and colon.'”" Data collected from genome wide
sequencing databases of various tumor samples, including: COSMIC, NIH Center of
Genomics, and the Cancer Cell Line Encyclopedia (CCLE), have uncovered c-Src to
harbor a number of uncharacterized mutations that are distal to the ATP binding pocket
(Figure 3.2).°** Due to the great attention to the kinase domain, and the lack of bench
top methods to decipher protein conformation, most of these mutations still remain
uncharacterized. Utilizing our selective proteolysis method to identify changes in c-Src’s
global conformation, a small panel of clinical mutations was expressed, purified, treated
with thermolysin, and cleavage was monitored over time. Surprisingly, many of these
single amino acid mutations influence the conformation of c-Src, highlighting the
intricacy of the hydrogen bond network that stabilizes kinase conformation (Figure 3.3).
Mutations stabilizing the active conformation included: W121R, R163W and D407H.
With the exception of D407H, these mutations are located on the interface between
regulatory domain and the kinase domain. It is hypothesized that these mutations act

through destabilization of the inactive conformation through a steric (W121R),
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electrostatic (R163W) mechanism, or interaction with the aC-helix (D407H). Mutations
stabilizing the closed conformation include: K298E, T341R, Q529H, E527K, & P307R,
and are positioned to interact with the aC-helix or the SH2 domain, both known to
influence the closed conformation. With these mutations characterized, they can now be
utilized as genetic tools to begin elucidating how c-Src global conformation may be

influencing complex signaling pathways and driving tumor progression.

C——J1Q529H
:=K29T83E41 R Mutation Half-life Mutation Half-life
C3pP307R 1113F 31 P307R 62
E527K
%1 ?1 Q WI121R 2 T341R 106
0D521N V140M 29 D407H 13
WTJ Src
113F) R163W 4 D521N 37
vi14omMO
D407HE—] P171Q 41 E527K 50
AYICKY'|')) — K298E 67 Q529H 141
W121R :
N Q N

Log (Relative Half-life)

Figure 3.3 A small panel of clinical c-Src mutants was characterized using selective
proteolysis and reveal clinical mutations that can stabilize the open or closed

conformations of c-Src.

Non-Clinical Mutations also Influence c-Src¢’s Global Conformations

A number of c-Src mutations have been reported in the literature that has been
utilized to interrogate both the structure and function of protein kinases. Genetic
manipulation of kinases, including the mutations K298M, T341G, and F408G, has been a
powerful approach for elucidating their complex signaling pathways.”** Drug resistant
mutations, including the gatekeeper mutations T341M, T341I, and T341R, are useful
models to begin understanding how mutations play a role in avoiding therapeutic
intervention.”**’ v-Src mutations, including D117N and R95W (D120N & R98W human

numbering), were identified as mutations that could avoid down-regulation by CSK.”®
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Finally, residues that are important for maintaining the intricate hydrogen-bond network,
W263A, D407N, F408A, were also investigating using our selective proteolysis
methodology (Figure 3.4).%%

Of this panel, 5 mutations were found to stabilize the open conformation: D120N,
RI8W, K298M, W263A, and D407N. The two v-Src mutations, D120N and R98W, are
also both highly active and may begin to uncover the mechanism of avoiding
downregulation by CSK. The kinase dead mutation, K298M, was also found to stabilize
the open conformation, and we believe to not be the ideal choice when considering using
a ‘kinase dead’ construct (F408G could be better suited as no change in conformation
was observed). Finally, W263A stabilizing the open conformation confirms its
importance in acting as a master regulator between c-Src’s open and closed global
conformations as originally reported. These mutations highlight the importance of taking
global conformation into consideration when using genetic approaches to study kinase

structure function relationships.
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Figure 3.4. A panel of non-clinical c-Src mutants was characterized using selective
proteolysis and reveal additional mutations that can stabilize the open or closed

conformations of c-Src.

c-Src Conformation can Influence Kinase Catalytic Function
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Having identified a number of mutations that stabilize c-Src’s open and closed
conformation, we next investigated the relationship between the kinase’s conformation
and its catalytic activity. The catalytic activity of these mutations was assessed via a self-
reporting activity assay utilizing a synthetic peptide substrate (Figure 3.5).>' Kinetic
parameters including ATP K, and substrate K,, were also measured (Appendix B). The
open c-Src mutants displayed a V. equal to or greater than that of wt-Src, while the
closed c-Src mutants always displayed a decrease in Vyax. It has been reported that SH3
engagement to the SH2-linker is an auto-inhibitory mechanism of Src family kinases. We
speculate that the open c-Src mutations destabilize this auto-inhibitory conformation, and
can result in an increase in the V.. Alternatively, closed c-Src mutations would
increase the SH3-linker interaction, via a proximity-based mechanism, thus decreasing
the observed Viax. It is now even more apparent that mutations distal to the ATP binding
site can additionally affect intrinsic catalytic activity in addition to their effect on global

kinase conformation.
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Figure 3.5. All mutants were characterized kinetically and show that closed kinase

conformations always displayed a decrease in catalytic function. Open kinase
conformation showed more variation, but generally displayed an increase in catalytic

activity.

Open Mutations can Avoid Down Regulation by Csk
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It has been reported that v-Src mutants, RO5SW and D117N, have the ability to
escape down-regulation when co-expressed with Csk in S. Pombe.?® These mutations
on c-Src, R98W and DI120N, stabilize open conformations when assessed using our
selective proteolysis methodology. We hypothesized that clinical mutations stabilizing
the open conformation may also be able to escape down-regulation by Csk. We added a
small panel of mutations onto the down-regulated construct of c-Src, SrcSHzE"g, as
phosphorylation at Y530 biochemically would also promote autophosphorylation at
Y419.>* The ‘SH2-Engaged’ construct involves the c-terminal tail replaced with a high
affinity sequence, and mimics phosphorylation at Y530 (Table 3.1). Analysis via the
selective proteolysis and kinetic parameters verifies this construct as an acceptable
pY530 mimetic.

The mutation T341M was added to this construct, T341M5"E"¢ and served as
T341M had very little conformational changed observed by this mutation. As expected
T341M5H2E%¢ til] appears to stabilize a closed conformation along with a decrease in
catalytic activity. As R95W in v-Src was observed to escape down-regulation, we
analyzed the affect this mutation on c-Src, RO8W ™" would have on the
downregulated construct. This mutation was now observed to stabilize an open kinase
conformation as hypothesized, and additionally displays increased its catalytic activity.
We next introduced the clinical mutation WI121R onto this construct (W121RSH2Em),
Surprisingly, W121R®"25" had the largest change in conformation and catalytic activity,
mimicking properties of the original W121R mutation. This data has revealed global
conformation to be novel mechanism of escaping down-regulation by CSK, and has
identified a potential ‘gain-of-function’ mutation of c-Src. While it is unsure whether all
opening mutations has this ability, or if it is unique to WI12IR, it should stress the
importance of the impact of c-Src (and all kinases) global conformations may have on
regulating mechanisms. This resistance mechanism may also be a phenomenon with

other protein kinases, including c-Abl & Btk, and are currently under investigation by our

group.
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Srclnactive SrcSHZEng T341MSHZEng RgstHZEng w121 RRSHZEng

Half-Life 241 356 283 42 4
Vmax
25+6 6.5%+0.5 11+4 70+ 21 118 +7
(RFU/Min)

Table 3.1. Src mutations added onto the down regulated, Src>?E"8 construct shows
mutations stabilizing the open conformation (eg. W121R) are a novel mechanism for

escaping down regulating processes.

The Closed Conformation Resists Phosphorylation at Y530
c-Src activation or in-activation can also be accomplished by other intracellular

kinases including Hck and Csk.***

We next investigated if the global conformation of c-
Src could influence activation or inactivation by monitoring phosphorylation at Y419 and
Y530. As c-Src will undergo autophosphorylation in the presence of ATP, we utilized
irreversible conformation-selective inhibitors to lock c-Src in the open (3.1) or closed
(3.2) conformations, while 3additionally inhibiting its ability to undergo
autophosphorylation.

Wt c-Src & YS530F c-Src (to inhibit tail phosphorylation biochemically) was
incubated with the irreversible analogs 3.1 and 3.2, purified, and were utilized as
substrates for the phosphorylation reaction with Hck and Csk (Figure 3.6). The Sre*>"F —
3.1 and Src¢"™" — 3.2 complexes were incubated with Hck, the reaction was initiated
with ATP, and phosphorylation was monitored over time. As depicted, no change in the
initial phosphorylation rates were observed between the open or closed c-Src
conformation using both kinase domain and 3-domain Hck Constructs (Figure). This data

suggests that the accessibility of Y419 remains unchanged between the open and closed

conformations of c-Src.
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Figure 3.6. Stabilization of the open and closed conformations, using irreversible
conformation-selective  Dasatinib  inhibitors 3.1 and 3.2, show differential
phosphorylation rates at Y530 by Csk. However, no change in phosphorylation rate was
observed at Y419 when using Hck.

This method was repeated with the kinase Csk in order to monitor
phosphorylation at Y530. Src — 3.1 and Sre¢ — 3.2 complexes were incubated with Csk,
the reaction was initiated with ATP, and phosphorylation was monitored over time.
Gratifying, the open complex Src — 3.1, had a faster initial phosphorylation rate than the
closed complex, Sre — 3.2. We hypothesize that the decrease in accessibility at Y530 in
the closed conformation is reflected in the decrease in phosphorylation rate by Csk. This
data encouragingly supports previously reported observation that shows decreased

phosphatase activity at this site.

Matching Inhibitor Conformation to Kinase Conformation as a Targeting Strategy
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ATP-comptitive kinase inhibitors have recently been recognized to stabilize
distinct kinase conformations.*’ Thus, ‘conformation-selective’ kinase inhibitors have
exciting implications for modulating signaling beyond catalytic function. In an effort to
improve targeting clinical mutations that also alter global conformation, we hypothesized
mutations that stabilized the open or closed conformations could be targeted with
matching conformation-selective inhibitors. Using previously reported conformation
selective BODIPY probes, we calculated the K., rates of both DAS-DFGO-BODIPY,
3.3, and DAS-CHO-BODIPY, 3.4, with an open (Src*®) and closed (Src*"?*"¢) kinase
construct (Table 3.2).>> We hypothesized that the inhibitor would no longer need to pay
an entropy cost due to the protein conformation already being pre-set. Thus, it would be
reflected with faster K, rates versus its ‘un-matching’ counterpart. The K,, values were
calculated from experimentally determined K4 and K values and as hypothesized, the
3.3 probe binds the Src*® most quickly. Alternatively, the 3.4 prefers the Src>F"

construct with a faster K,,. This data showcases a new approach to targeting clinical

kinase mutations using matched conformation selective inhibitors.

SH2Eng

wt-Src pY419-Src Src
3.3 34 3.3 34 3.3 34
Kofs (x10'z) 1.04 1.07 0.58 1.01 24 2.2
Half-Life (mins) 66.65 65.04 118.7 68.88 29.03 31.37
K4 (nM) 10.5 5.8 31 24 2.5 5.3
K,, (x107) 0.1 0.18 0.19 0.42 0.96 0.42

Table 3.2. K,, determinations using BODIPY labeled conformation-selective probes 3.3
and 3.4 show that matching inhibitor conformation to kinase to be a promising

therapeutic strategy for targeting mutations that affect kinase conformation.
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Conclusions

Due to the many disadvantages using current available methods, the protease
thermolysin was utilized as a method to quickly and confidently detect changes in the
global conformation of c-Src. This method relies upon the differences in accessibility of
G257 & L258 located on the SH2-linker in the ‘open’ and ‘closed’ conformations. The
analysis of a number of clinical and non-clinical mutations showcases the tightly
controlled network that regulates protein shape and conformation. Additionally,
mutations that stabilize an open kinase conformation may have the potential to escape
down-regulation by the kinase Csk. Thus, designing conformation selective ligands that
complement the open/closed conformation can improve the therapeutic targeting of c-Src
and other protein kinases. This method has been additionally showcased with c-Abl
kinase, and has the potential to be expanded to other TK’s including Fgr and Btk.
Methods such as these enable the rapid identification of changes in protein conformation,
thus a better appreciation of c-Src’s signaling mechanism to eventually elucidate kinase’s

non-catalytic functions.

Materials and Methods

Production of c-Src Mutants

Human c-Src 3-domain in pET28a, modified with a TEV protease cleavable N-
terminal 6x-His tag was prepared as previously reported.”® The desired mutations were
added to this plasmid using iterative rounds of mutagenesis using the Agilent
QuikChange II kit. The plasmid was transformed by electroporation into BI21DE3
electrocompetent cells containing YopH in pCDFDuet-1. Cell growth, expression, and
protein purification were performed using modified literature protocols for expression of

wild-type c-Src 3-domain.

General Kinetic Data Procedures
Black, opaque-bottom 96 well plates were purchased from Nunc. All proteins

were expressed in E.coli using previously published procedures.’® Data were obtained
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using Biotek Synergy Mx and Biotek Synergy 4 plate readers. Curve fitting was done

using Graphpad Prism 6 software.

Selective Proteolysis of c-Src Mutants/Constructs General Method

c-Src mutants or c-Src constructs were diluted in proteolysis buffer (50 mM Tris-
HCI pH 8.0, 100 mM NacCl, 0.5 mM CacCl,) to yield a final protein concentration of 2
uM. If inhibitor was being used, 1 pL of a 10 mM DMSO stock was added and incubated
with ¢-Src for 15 mins at room temperature. Thermolysin (purchased from Promega,
catalog number: V4001) from a 3.8 uM stock solution was added to the reaction mixture
to a final concentration of 60 nM. 15 pL of the proteolysis reaction was added to 5 uL of
50 mM EDTA to quench proteolysis at various time points (0, 2, 5, 10, 30, 60, 90, 120,
180, and 240 mins) and stored at -20 °C. The quenched samples were analyzed by SDS-
PAGE (12 % Bis-Tris gel in MES running buffer, staining with comassie blue). Band
intensities were analyzed by Image] imaging software. Percent protein remaining was
plotted against time and fit to an exponential decay equation using GraphPad Prism 6
software to obtain half-lifes of each protein. The Exponential Decay curve for each
protein was fit using the equation Y=(YO0 - Plateau)*exp(-K*X) + Plateau X = time(mins)

and Y = normalized band intensity.

General procedure for ATP Km determination

A continuous fluorescence assay was used to determine Km values.®? ™ Reaction
volumes of 100 uLL were used in 96-well plates. 85 puL of enzyme in buffer was added to
each well. 2.5 pL. of DMSO was then added followed by 2.5 uL of a substrate peptide
(“compound 3” as described in Wang et al)® solution (1.8 mM in DMSO). The reaction
was initiated with 10 pL of the appropriate ATP dilution (typically 1000, 500, 250, 125,
62.5, 31.3, 15.6, 7.8, 3.9, 2.0 uM in H,O) and reaction progress was immediately
monitored at 405 nm (ex. 340 nm) for 10 minutes. Reactions had final concentrations of
30 nM enzyme, 45 uM peptide substrate, 100 uM Na3zVO,, 100 mM Tris buffer (pH 8),
10 mM MgCl,, 0.01% Triton X-100. The initial rate data collected was used for
determination of Km values. For Km determination, the Kinetic values were obtained

directly from nonlinear regression of substrate-velocity curves in the presence of varying
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concentrations of ATP. The equation Y = (Vmax * X)/(Km + X), X = substrate
concentration (uUM) and Y = enzyme velocity (RFU/s); was used in the nonlinear
regression. Each ATP Km value was determined using at least three independent

experiments.

General procedure for Peptide Substrate Km determination

The previously described fluorescence assay was used to determine Km values.*
Reaction volumes of 100 uLL were used in 96-well plates. 85 uL of enzyme in buffer was
added to each well. 2.5 uL of DMSO was then added followed by 2.5 uL of a substrate
peptide dilution (450, 225, 112.5, 56.3, 28.0, 14.1, 7.0, 3.5, 0, uM in DMSO)
(“compound 3” as described in Wang et al)*® solution. The reaction was initiated with 10
puL of 50mM ATP and reaction progress was immediately monitored at 405 nm (ex. 340
nm) for 10 minutes. Reactions had final concentrations of 30 nM enzyme, SmM ATP,
100 uM Na3VO0O4, 100 mM Tris buffer (pH 8), 10 mM MgCl,, 0.01% Triton X-100. The
initial rate data collected was used for determination of K, values. For Km
determination, the kinetic values were obtained directly from nonlinear regression of
substrate-velocity curves in the presence of varying concentrations of ATP. The equation
Y = (Vmax * X)/(Km + X), X = substrate concentration (uM) and Y = enzyme velocity
(RFU/s); was used in the nonlinear regression. Each ATP Km value was determined

using at least three independent experiments.

General Procedure for Determining Melting Temperature of c-Src Mutants

WT 3D-Src, mutants, and irreversibly charged constructs were mixed with a ImM
stock of ANS (in DMSO). A total assay volume of SulL were plated in quadruplicate into
a 384 well plate to yield a final concentration of 2uM Src, 50uM ANS, 5% DMSO. 1.5uL
of Silicon Oil (Sigma Aldrich) was added to each well to prevent evaporation and the
plate was centrifuged at 1000 x g for 1 minute. The experiment was performed in a
ThermoFluor instrument (Johnson & Johnson Pharmaceutical Research and Development
L.L.C) using continuous ramping mode from 30 °C to 80 °C in increments of 1 °C
holding 1 minute at each temperature. Data were analyzed using ThermoFluor™ version

1.3.7 software.
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General Procedure for Generating Covalently Modified c-Src

WT Src or Y530F Src was incubated with inhibitor 3.3 or 3.4 for 1 hour at room
temperature at final concentrations of 10 uM enzyme and 100 uM inhibitor in 25 pL of
total volume (5% DMSO). Excess inhibitor was washed with Buffer D (100 mM Tris
buffer pH 8, 10 mM MgCl,, 5% Glycerol) through [Spin filter concentrators].
Concentrations were determined via absorbance at 280 nm, and then assayed as

previously described.

Activation/Inactivation with Hck or Csk General Procedure

Covalently modified WT 3-D Src or Y530F 3D-Src with Inhibitor 3.3 or 3.4 was
diluted in reaction buffer (100 uM Na3VO4, 100 mM Tris buffer (pH 8), 10 mM MgCl2,
0.01% Triton X-100), followed by addition of Hck Kd or GST-Csk to a final
concentration of 100nM. Reaction was initated with S0mM ATP at room temperature to
give a final concentration of 100 uM (for Kd Hck) or 500 uM (for 3D Hck). 15 puL of the
proteolysis reaction was added to 7 uL of SDS-PAGE loading dye to quench proteolysis
at various time points (0, 15, 30, 45, 60sec, 2, 5, 10, 30, and 60 mins) and stored at -20
°C. The quenched samples were analyzed by SDS-PAGE (12 % Bis-Tris gel in MES
running buffer) and stained according to the Phospho-ProQ Diamond Stain. Gels were
imaged with a Typhoon 9410 using an excitation of 532 nm (green laser) and emission
filter of 560 nm. Afterwards, the gel was post stained with Invitrogen Sypro Ruby protein
gel stain as per instructions, and imaged on Typhoon 9410 using an excitation of 532 nm
(green laser) and emission filter of 610 nm. Band intensities were analyzed by Imagel
imaging software and normalized to band intensities measured from the Sypro Ruby
Stain. Initial velocities were plotted fit to a [X] equation using GraphPad Prism 6

software to obtain velocities.

General Procedure for BODIPY Probe K,; Determination
A multiple time point read fluorescence assay was used to determine dasatinib
analogue BODIPY (3.3 and 3.4) off rates. Briefly, 60 puL of total volume with 700 nM

enzyme and 500 nM probe in buffer A 1x (master mix) was incubated at rt for 4 h along
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with 60 pL. of 500 nM probe alone in buffer A 1x (blank mix). Following this incubation
period, 4 pL of the master mix was added into five wells and 4 pL of the blank mix was
added into two wells via multichannel pipet into 116 pL of buffer A 1x containing 5 uM
(final concentration) unlabeled dasatinib (120 uL total, 30-fold dilution). Additionally, 4
uL of master mix was added into a single well of 116 uL of buffer A 1x containing 100
nM (final concentration) probe to maintain consistent plate reader gain values over the
course of the fluorescent reads. Master mix dilutions with competitor had final
concentrations of 23 nM enzyme, 17 nM BODIPY-probe, 5 uM unlabeled dasatinib, 100
mM Tris buffer, pH 8, and 10 mM MgCI2. Reads (ex/em 485/535 nm) were taken every
10 min for the first 2 h, every 20 min for the next 2 h, and finally every 30 min for the
remainder of the assay (12 h total). The values for koff determination were obtained
directly from the nonlinear regression fits for one-phase decay curves (using blanked
data). The equation Y = (YO — Plateau) exp(—KX) + Plateau was used in the nonlinear
regression. An average of five wells at each time point was utilized for the final fit values

produced

General Procedure for BODIPY Probe K, Determination

A fluorescence polarization was used to determine Ky values. Reaction volumes
of 50 uL were used in 96-well plates. 34 pL of buffer (50 mM Tris buffer (pH 8), 10 mM
NaCl, 5% Glycerol, ] mM DTT) was added to a single row, followed by 15 pL of
enzyme (3.3X concentration) in buffer with 2-fold dilutions (typically 150, 75, 37.5,
18.75, 9.375, 4.69, 2.34, 1.17, 0.586, 0.293, and 0 nM final well concentration). Then, 1
puL of a 500 nM stock of the appropriate dasatinib analog BODIPY probe in DMSO was
added (2% DMSO final). Wells were incubated on ice for 30 minutes prior to
fluorescence polarization read (ex/em 485/535 nm). Reactions had final concentrations of
10 nM BODIPY-probe, 50 mM Tris buffer (pH 8), 10 mM NaCl, 5% Glycerol, 1 mM
DTT. For Ky determination, the Polarization values (normalized to the 0 nM protein
control) were plotted vs. varying protein concentrations. The equation Y = (Bmax *
X)/(Kd + X), X = Protein concentration and Y = FP response; was used in the nonlinear

regression.
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General Synthetic Methods

All reagents were obtained via commercial sources without further purification.
3.3 and 3.4 has been synthesis from previous published protocol.® ™ Additionally, the

synthesis of 3.5, 3.6, and 3.8, have been syntehsis from previously published protocols.*”
39

Synthesis of Compounds: 3.1 & 3.2
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Scheme 3.1. Synthetic Route for Compound 3.1
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Scheme 3.2. Synthetic Route for Compound 3.2
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Scheme 3.3. Synthesis of Compound 3.7.

Synthesis of 3.7. Compound 3.6 (1000 mg, 3.9 mmol) was dissolved in THF (30mL),
cooled to 0°C, and stirred under N, atmosphere. Oxalyl Chloride (0.46 mL, 5.3 mmol)
was added drop wise followed by a drop of DMF. The contents were stirred for 3 hours
at 0°C. The THF was removed under reduced pressure and compound 3.5 (992 mg, 3.54
mmol) was added and suspended in THF (30 mL). TEA (0.74 mL, 5.3 mmol) was added
and the suspension was stirred at RT under N, atmosphere for 16 hours. THF was
removed under reduced pressure and re-suspended in EtOAc. The organic mixture was
washed with aqueous saturated NaHCOs (1 x 75 mL), brine (1 x 75 mL), dried over

anhydrous MgSO; (s) and filtered. Solvent was removed under reduced pressure to yield
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crude 3.7. The product was purified by automated silica gel chromatography (linear
gradient of 25 — 80% ethyl acetate in hexanes) to yield S3 (1.3 g, 64.3% yield) as tan
solid. Spectral data. 'H NMR (500 MHz, DMSO-ds): $12.49 (s, 1H), 10.53 (s, 1H),
10.31 (s, 1H), 8.48 — 8.36 (m, 2H), 8.34 — 8.24 (m, 3H), 7.98 (d, /= 7.7 Hz, 1H), 7.80 (t,
1H), 7.56 — 7.43 (m, 2H), 7.35 (t, J = 8.1 Hz), 7.08 (d, J = 5.5 Hz, 1H).
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Scheme 3.4. Synthesis of Compound 3.9

Synthesis of 3.9. Compound 3.7 (290 mg, 0.56 mmol) was added to a flame-dried flask
that was flushed with N, followed by addition of dioxane (10mL), compound 3.8 (169
mg, 0.61 mmol) and 2 drops of HCI. The contents of the flask were refluxed for 13 h and
cooled to R.T. Saturated NaHCO; (10mL) was added to the reaction flask, and the
dioxane was removed under reduced pressure. Aqueous layer was extracted with EtOAC
(3 x 30 mL), washed with brine (1 x 50 mL), dried under ), dried over anhydrous MgSO4
(s) and filtered. Solvent was removed under reduced pressure to yield crude 3.9. The
product was purified by automated silica gel chromatography (linear gradient of 25 —
80% ethyl acetate in hexanes) to yield 3.9 as a tan solid (318 mg, 75% yield). Spectral
data. "H NMR (500 MHz, DMSO-ds): & 11.80 (s, 1H), 10.53 (s, 1H), 10.20 (s, 1H), 9.93
(s, 1H), 9.53 (t, 1H), 9.43 (S, 1H), 8.33 (s, 1H), 8.31 — 8.27 (m, 2H), 8.24 (s, 1H), 8.20 (d,
J =5.6 Hz, 1H), 8.00 — 7.92 (m, 2H), 7.80 (t, J = 7.8 Hz, 1H), 7.51 (d, 1H), 7.45 (t,J =
9.4 Hz, 2H), 7.34 (t, J = 8.1 Hz, 1H) 7.28 (d, J = 8.3 Hz, 1H), 7.21 (t, J = 8.1 Hz, 1H),
6.54 — 6.47 (m, 1H), 3.46 (q, J = 6.7 Hz, 2H), 2.59 (t, ] = 6.9 Hz, 2H).
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Scheme 3.5. Synthesis of Compound 3.10

Synthesis of 3.10. Compound 3.9 (250 mg, 0.33 mmol) was added to a flask and
suspended in MeOH. K,CO; (223 mg, 1.65 mmol) was added to the flask and suspension
was allowed to reflux for 8 h. MeOH was removed under reduced pressure. Solid was
filted and washed with H,O (20 mL) and dried via lyophilization overnight to yeild 3.10
(160 mg, 73% yeild) as a white solid, which was taken forward without further

purification.
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Scheme 3.6. Synthesis of Compound 3.1

Synthesis of 3.1. Compound 3.10 (20 mg, 0.32 mmol) was added to a flame-dried flask
that was flushed with N, followed by THF (3 mL) and TEA (5.05 pL, 0.36 mmol)
addition. Reaction was cooled to 0°C prior to addition of acrolyl chloride (2.93 pL, 0.36
mmol). The reaction was allowed to stir for 1.5 h. Solvent was removed under reduced
pressure to provide the crude product, which was purified via reverse-phase
chromatography (linear gradient of 5 — 100% CH3;CH in H»O) to yield compound 3.1 as a
white solid (4.2 mg, 19.2% yield). Spectral data. 'H NMR (500 MHz, DMSO-dq): &
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10.53 (s, 1H), 10.18 (s, 1H), 10.01 (s, 1H), 8.46 (d, J = 5.8 Hz, 1H), 8.31 (s, 2H), 8.28 (d,
J=7.7 Hz, 1H), 8.22 (s, 1H), 8.18 (t, ] = 5.7 Hz, 1H), 7.98 (d, ] = 7.5 Hz, 1H), 7.82 —
7.78 (m, 1H), 7.58 (s, 1H), 7.48 (d, ] = 15.5 Hz, 3H), 7.38 — 7.32 (m, 1H), 6.95 (d, J = 7.6
Hz, 1H), 6.58 — 6.48 (m, 1H), 6.30 (dd, J = 16.9, 1.7 Hz, 1H), 6.23 — 6.14 (m, 1H), 6.05
(dd, T = 17.1, 2.1 Hz, 1H), 5.76 (d, 1H), 5.53 (dd, J = 10.2, 2.2 Hz, 1H), 3.38 — 3.35 (q,
2H), 2.51 (t, 2H). *C NMR (125 MHz, DMSO-d6): § 170.01, 166.43, 165.08, 164.49,
160.01, 159.91, 157.95, 141.55, 140.48, 139.47, 136.21, 132.33, 132.14, 131.35, 130.15,
129.81, 129.46, 129.19, 128.56, 125.37, 124.72, 123.29, 118.74, 118.22, 116.48, 113.03,
109.99, 79.67, 79.40, 79.14, 36.68, 35.36.
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Scheme 3.7. Synthesis of Compound 3.11

Synthesis of 3.11. Compound 3.6 (1000 mg, 3.9 mmol) was dissolved in THF (30mL),
cooled to 0°C, and stirred under N, atmosphere. Oxalyl Chloride (0.46 mL, 5.3 mmol)
was added drop wise followed by a drop of DMF. The contents were stirred for 3 hours
at 0°C. The THF was removed under reduced pressure and 4-phenoxyaniline (656 mg,
3.54 mmol) was added and suspended in THF (30mL). TEA (0.74 mL, 5.3 mmol) was
added and the suspension was stirred at RT under N, atmosphere for 16 hours. THF was
removed under reduced pressure and re-suspended in EtOAc. The organic mixture was
washed with aqueous saturated NaHCOs (1 x 75 mL), brine (1 x 75 mL), dried over
anhydrous MgSO; (s) and filtered. Solvent was removed under reduced pressure to yield
crude S7. The product was purified by automated silica gel chromatography (linear
gradient of 25 — 80% ethyl acetate in hexanes) to yield S7 (602 mg, 36.4 % yield) as a tan

solid, and was taken forward without further purification.
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Scheme 3.8. Synthesis of Compound 3.12

Synthesis of 3.12. Compound 3.11 (424 mg, 1.0 mmol) was added to a flame-dried flask
that was flushed with N, followed by addition of dioxane (10mL), compound 3.8 (287
mg, 1.1 mmol) and 2 drops of HCI. The contents of the flask were refluxed for 13 h and
cooled to R.T. Saturated NaHCO; (10mL) was added to the reaction flask, and the
dioxane was removed under reduced pressure. Aqueous layer was extracted with EtOAC
(3 x 30 mL), washed with brine (1 x 50 mL), dried over anhydrous MgSO, (s) and
filtered. Solvent was removed under reduced pressure to yield crude 3.12. The product
was purified by automated silica gel chromatorgraphy (linear gradient of 25 — 80% ethyl
acetate in hexanes) to yield 3.12 (371.5 mg, 57.3 % yeild) as a brown solid. Spectral
data. "H NMR (500 MHz, DMSO-ds) & 11.86 (s, 1H), 10.15 (s, 1H), 9.94 (s, 1H), 9.59 —
9.46 (m, 2H), 8.29 (s, 1H), 8.19 (d, J = 5.6 Hz, 1H), 7.95 (s, 1H), 7.71 (d, J = 8.9 Hz, 2H),
7.39 (q, J =7.5 Hz, 3H), 7.29 (d, J = 8.2 Hz, 1H), 7.22 (t,J = 8.0 Hz, 1H) 7.12 (t,J = 7.4
Hz, 1H), 7.04 (d, J = 8.9 Hz, 2H), 6.99 (d, J = 7.9 Hz, 2H), 6.51 (d, 1H), 3.46 (t, ] = 6.1
Hz, 3H), 2.59 (t, ] = 7.0 Hz, 2H).
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Scheme 3.19. Synthesis of Compound 3.13

Synthesis of 3.13. Compound 3.12 (320 mg, 0.5 mmol) was added to a flask and
suspended in MeOH. K,COs (345 mg, 2.5 mmol) was added to the flask and suspension
was allowed to stir at reflux for 8 h. MeOH was removed under reduced pressure. Solid
was filtered and washed with H,O (20 mL) and dried via lyophilization overnight to yield
3.13 (237 mg, 87 % yield) which was taken forward without further purification.
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Scheme 3.10. Synthesis of Compound 3.2

Synthesis of 3.2. Compound 3.13 (11.2 mg, 0.020 mmol) was added to a flame-dried
flask that was flushed with N, followed by THF (3 mL) and TEA (3.3 uL, 0.024 mmol)
addition. Reaction was cooled to 0°C prior to addition of acrolyl chloride (1.9 puL, 0.024
mmol). The reaction was allowed to stir for 1.5 h. Solvent was removed under reduced
pressure to provide the crude product, which was purified via reverse-phase
chromatography (linear gradient of 5 — 100% CH3;CH in H»O) to yield compound 3.2 as a
white solid (11.8 mg, 96% yield). Spectral data. 'H NMR (500 MHz, DMSO-dq): &
10.14 (s, 1H), 9.88 (s, 1H), 9.40 (s, 1H), 8.28 (s, 1H), 8.25 — 8.17 (m, 2H), 7.96 (s, 1H),
7.72 (d, J = 8.8 Hz, 3H), 7.49 — 7.34 (m, 4H), 7.30 (d, J = 8.2 Hz, 1H), 7.20 (t, J = 8.0 Hz,
1H), 7.12 (t, J = 7.3 Hz, 1H), 7.04 (d, J = 8.8 Hz, 2H), 6.99 (d, J = 8.2 Hz, 2H), 6.49 (d,
1H), 6.28 — 6.17 (m, 1H), 6.07 (d, J = 18.8 Hz, 1H), 5.56 (d, J = 10.2 Hz, 1H), 3.40 (q, J
= 6.3 Hz, 3H), 2.53 (t, 3H). °C NMR (125 MHz, DMSO-d6): & 169.70, 165.09, 162.44,
160.10, 159.46, 157.72, 157.53, 157.46, 152.45, 141.09, 140.69, 139.61, 135.19, 132.20,
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130.42, 128.76, 125.41, 123.48, 122.22, 119.79, 118.41, 116.15, 113.74, 111.93, 99.68,
36.66, 35.55, 25.15.

Individual Contributions

Dr. Kristin Ko aided greatly in the mutagenesis and production of the c-Src
mutations. Dr. Frank Kwarcinski synthesized and characterized both the irreversible-
Conformation selective Dasatinib inhibitors as well as the Conformation Selective
BODIPY probes. Dr. Taylor K. Johnson provided support in the initial K
determinations as well as experiments not included in this thesis.
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CHAPTER IV

Design of ‘Tunable’ Conformation-Selective ATP-Competitive Inhibitors

Abstract

Kinase targeted drugs have shown immense clinical utility for diverse indications.
While 32 kinase inhibitors have been approved (and many more in clinical trials), it
remains unclear whether clinical efficacy is observed solely through target inhibition, or
whether modulation of non-catalytic functions has a role in their efficacy. A series of
pyrazolopyrimidine kinase inhibitors designed to impact global kinase conformation of c-
Src was synthesized and characterized using our selective proteolysis methodology. We
further displayed these design elements could be adopted by many diverse chemical
scaffolds. Finally, a panel of FDA approved kinase inhibitors that bind c-Src was also

assessed to provide insight into their binding modes.

Introduction

The development of potent and selective ATP competitive kinase inhibitors has
been a breakthrough in cancer-targeted therapies and improving patient outcomes.'™
Modulating kinase signaling, through inhibition of downstream phosphorylation, has
been a successful therapeutic strategy for a number of cancer types. However, more
evidence suggests that kinase signaling through ‘non-catalytic’ mechanisms is as
important as their catalytic role.* This non-catalytic signaling is often observed as
protein-protein interactions, localization changes, and is typically modulated through
large protein conformational changes.”® While it has been reported (and showcased in
Chapter’s 11 & III) that ATP competitive kinase inhibitors can modulate these non-
catalytic kinase functions, only recently is their therapeutic benefit being identified.

For example, the nuclear kinase IREla in an important signaling molecule during
the unfolded protein response.” Its implication in diabetes, neurodegeneration, and

cancer, makes IREla a promising therapeutic kinase target.*'° In addition to its canonical
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catalytic activity, IREla also possesses ribonuclease activity. Upon dimerization in the
nuclease, IREla’s ribonuclease is activated, and the cleavage of RNA leads to the
activation of a number of gene targets involved in the unfolded protein response.'’
Recently, ATP-competitive conformation selective inhibitors have been used to
interrogate the signaling of IREla through inhibition of the kinase activity.'?
Surprisingly, some these inhibitors were also shown to have the ability to inhibit
ribonuclease activity (Figure 4.1). X-Ray structures of these inhibitors showcased that
they were stabilizing a Src-like/Cdk inactive conformation with the aC-helix of IREla in
the extended conformation. This is speculated to inhibit the dimerization event required
for ribonuclease activity to occur. Other examples in the literature point that modulating
aC-helix movement to be a promising method of modulating ‘non-catalytic’ functions of

kinases.

qg.ﬁ; ;

C-Helix Out -Helix |
Inhibitor cl:nh?bli)t(o;1

Inactive . Active
Ribonuclease Activity Ribonuclease Activity

Figure 4.1. IREla has both catalytic kinase function and ribonucleic activity. The
ribonuclease activity can additionally be inhibited using a aC-Helix-out inhibitor (through
inhibition of oligermization of riboneuclease domain). However, stabilization of the
active kinase conformation still inhibits kinase function, but activate ribonuclease

activity, showcasing the power of utilizing conformation-selective inhibitors.

Cyclin-dependent-kinases, or CDKs, have been a promising therapeutic target for
metastatic breast cancer.'” However, It catalytic activity is dependent upon the binding of

a small protein, cyclin.'* The binding site of cyclin occurs on top of the aC-helix of
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CDKs and stabilizes a aC-Helix-In conformation which activates catalytic activity. Thus,
it is no surprise that when inhibited with a conformation-selective inhibitor, stabilizing
the ‘aC-Helix-out’ conformation, that cyclins can no longer bind."

Additionally, conformation-selective inhibitors have been used to overcome
inhibitor resistance mechanisms in cancer. The Shokat Lab recently reported that
modulating the aC-helix of Her2 to be advantageous in not only inhibiting the catalytic
function of Her2, but specifically the Her2-Her3 heterodimers that were resistant to
Lapatinib treatment.'® Crystal structure analysis showcases stabilization of this aC-helix-
In conformation in the Her2-Her3 heterodimer. It is speculated that heterodimer
formation, through increase levels of Her3, is what eventually leads to inhibitor resistance
as oC-helix out inhibitors (eg. Lapatinib) cannot bind these complexes. Thus,
conformation-selective aC-Helix-in inhibitors were validated as a novel strategy for
targeting these complexes and avoiding inhibitor resistance mechanisms. These examples
of IREla, Cdk, and Her2, showcase the power of modulating kinase signaling beyond the
catalytic event, and furthermore can aid in developing the next generation of kinase

targeted therapies.

Conformation Selective Inhibitors Can Stabilize Global c-Src¢ Conformations
Recently, ATP-competitive inhibitors have been shown to modulate the global
conformations of protein kinases, including c-Src.'”” We noted that stabilization of ¢-Src’s
aC-Helix (a key regulatory helix within the kinase domain) in the ‘in’ or ‘out’
conformation can promote a global ‘open’ or ‘closed’ conformation, respectfully.
Furthermore, aC-Helix modulation has been observed to influence the non-catalytic
function of many diverse protein kinase, including: IRE1a, CDK, and Her2. To validate
that aC-Helix conformation can influence the global conformation of c-Src, we designed
and synthesized a matched set of conformation-selective kinase inhibitors based on the

Dasatinib scaffold (Figure 4.2).
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Figure 4.2. Conformation-Selective Dasatinib analogs were designed to stabilize the aC-
Helix-in (4.1) and oaC-Helix-out (4.2) conformations to additionally modulate the
quaternary structure of c-Src kinase. The binding modes were validated by X- Ray

Crystallography PDB: 4YBJ & 4YBK.

As we reported in 2016, x-ray crystallography verified that the DAS-IN analog
(4.1) stabilizes the c-helix in the ‘in’ conformation (PDB: 4YBJ), and DAS-OUT (4.2) in
the ‘out’ conformation (PDB: 4YBK)." We utilized our selective-proteolysis method
with our matched set of conformation selective Dasatinib analogs. The observed half-life
for 4.1 is 3 min, confirming stabilization of the ‘open’ conformation. Meanwhile, the
half-life of 4.2 is 82 min, confirming stabilization of the ‘closed’ conformation. These
data verify our hypothesis that the small changes in the aC-Helix, stabilized by our
matched set, can control the quaternary structure of c-Src. We have characterized this set
of conformation-selective kinase inhibitors across the kinome and found that each analog
is a potent inhibitor of ~40 diverse protein kinases.

We hypothesize that design elements from our matched set of conformation-
selective Dasatinib analogs can be mapped onto other diverse inhibitor scaffolds. The
quinazoline scaffold has been used in number of FDA approved drugs including
Lapatinib and Gefetinib.'” *° Additionally, the pyrazolopyrimidine kinase scaffold has

been found as the core of many kinase inhibitors, including Ibrutinib, an FDA-approved
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Btk inhibitor.”’ Thus we designed and synthesized both quinazoline and
pyrazolopyrimidine analogs that can stabilize the aC-helix ‘in” and ‘out’ conformation
(Figure 4.3). Quinazoline containing compounds, 4.3 and 4.4, were observed to stabilize
the open and closed conformations with half-lifes of 4 mins and 100 mins respectfully.
Pyrazolopyrimidine containing compounds, 4.5 and 4.6, were found to have half-lives of
2 mins and 71 mins, respectfully. These data showcase that conformation-selective
elements, designed to interact with the aC-helix, can be transposed onto many inhibitor
scaffolds of choice. Providing researchers with the ability to beginning targeting non-

catalytic function of any number of kinases.
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Figure 4.3. Design elements from the Conformational-selective Dasatinib can be adopted
by many diverse inhibitor scaffold to modulate the non-catalytic functions of any kinase

of interest

Consistent with our hypothesis, specific interactions with the aC-helix result in
the stabilization of specific kinase conformations. PP2, a widely-used c-Src inhibitor does

not interact with the aC-helix and was found to have a thermolysin half-life of 13 mins,
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corresponding to a ‘neutral’ conformation (not ‘open’ or ‘closed’).” On the basis of these
data, we hypothesize that chemically ‘tuning’ the interaction between the inhibitor and
the aC-helix could afford ‘conformation-tunable’ inhibitors (that is, inhibitors that

stabilize conformations across the ‘open’ vs ‘closed’ global conformations observed).

Structure-Conformation Relationship of a Panel of Pyrazolopyrimidine Inhibitors

To enable better conformational control using small molecule inhibitors, we
hypothesized that modulating the interaction between the inhibitor and the aC-helix could
afford ‘conformation-tunable’ inhibitors. 23 inhibitors were rationally designed,
synthesized, and the conformation of c-Src when inhibitor bound was determined using
selective proteolysis (Figure 4.6). Most of the design elements were adopted from
existing small molecules used to interrogate kinase signaling. This enabled us to aid in
the characterization of these ligands with the aC-helix, while maintaining a high degree
of chemical diversity to explore.

When designing inhibitors that bind the open/active c-Src conformation, it was
speculated that molecules that had the ability to hydrogen bond to the Glu313 (located on
the aC-Helix) of c-Src could stabilize the open conformation. We synthesized a number
of molecules with hydrogen bond-donor groups (-OH, -NH2, ect.) that we predicted
would hydrogen bond to Glu313 with various strengths. Those that stabilized the most
open conformation were 4.5 and 4.7 with half-life values of 2 and 3 mins respectfully
(Figure 4.4). Masking of the hydrogen donor group, through methylation of the 3-
hydroxy, afforded 4.11 that bound to a less open construct, comparable to inhibitor 4.10,
which contains no hydrogen-bond donor groups. Surprisingly inhibitor 4.17 had an
observed half-life of 36 mins (indicative of binding the apo construct), which depicts the
importance of correctly positioning the hydrogen-bond donor groups to correctly stabilize

an open c-Src conformation.
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Figure 4.4. Select inhibitors that were utilized to stabilize the open c-Src conformation.
Inhibitors 4.5 and 4.7 stabilize the open conformation the most as these inhibitors can

stabilize the aC-helix-in conformation using h-bond donors on the inhibitor.

When designing inhibitors that bind the closed/inactive c-Src conformation, it has
been observed that large, hydrophobic groups, are known to break the Glu313 - Lys298
salt bridge and stabilize a aC-helix-out conformation (Figure 4.5)."” Thus, we synthesized
a number of molecules that masked any hydrogen-bond donor groups by installing aryl
ethers that could stabilize various aC-helix out conformations. Compounds 4.27 and 4.28
stabilized the most closed conformation with half-lives of 94 mins and 160 mins
respectfully. Surprisingly, compound 4.19 appeared to be our ‘bulkiest’” compound,
however only displayed a half-life of 44 mins, indicating both the available room in the
back hydrophobic pocket, and the importance of ligand positioning to stabilize the aC-

helix out conformation.

NH; NH, NH,
N‘k\ N a2 l \/ N 46 \ \/ "N 425
N” N NZ N N7 N
,,,,,,,,,,,,,,,,,,,,,,,,,, e e T T T
Half-Life 84 71 85 1 60 44

(mins)
Figure 4.5. Select inhibitors were designed to stabilize the aC-helix-out conformation

through disruption of the catalytic Glu313 and Lys298 salt-bridge.
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Conformation Analysis of FDA Approved Inhibitors

Over the past decade, the success of kinase inhibitors in the clinic has now
produced 32 FDA kinase inhibitors to date.”> However, the focus on targeting this protein
class remains predominantly on targeting the catalytic functions using ATP competitive
inhibitors. The modulation of kinase’s non-catalytic functions, through small molecule
inhibitors, has only recently been appreciated as a targeting strategy.”* As we showcased
how a number ATP-competitive inhibitors to be conformation selective for c-Src, we
speculated whether the success of current FDA approved inhibitors could also be from
modulating non-catalytic functions as well. Thus we screened a small panel of FDA
approved inhibitors that can bind c-Src, to characterize their effect on modulating global

kinase conformation (Table 4.1).

DMSO Dasatinib Ponatinib Bosutinib Saracatinib 4.6

Half-Life 33 3.1 2.5 4.5 6.9 71

Table 4.1. Select FDA approved inhibitors screened using selective proteolysis reveals

changes in the global conformations of c-Src

Our panel included FDA approved inhibitors Dasatinib, Saracatinib, Bosutinib,
Ponatinb.”>** We also included 4.6 as it structurally binds identically to FDA approved
Ibrutinib.  Surprisingly, all FDA approved inhibitors bind the open conformation
indicative of stabilizing the aC-helix in conformation. While none of these are approved
for solely targeting c-Src, it is unclear weather stabilization of the aC-helix in
conformation may have an effect on their targets ‘non-catalytic functions.” 4.6,
previously investigated above, stabilizes the aC-helix out or closed c-Src conformation.
This raises new hypotheses, such as: is inhibition of Btk, in the aC-helix out
conformation, required for clinical efficacy? Fortunately, with the characterization and
development of tunable conformation-selective inhibitors, such questions can be

answered.
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Conclusions

Kinase inhibitors have only recently been shown to additionally modulate non-
catalytic functions via stabilization of kinase global conformations. Nearly all examples
in the literature achieve this through modulation of the kinase’s aC-helix, displaying how
the aC-helix is used as a common regulatory domain of all kinases. Here we displayed
how modulating aC-helix movement, with conformation-selective Dasatinib analogs can
stabilize c-Src’s open and closed conformations. We further showcased that tuning the
interaction with the aC-helix, through the addition of hydrogen bond donors or
hydrophobic groups, can modulate the global conformation of c-Src with varying
degrees. We further displayed the modularity of this approach by showcasing that design
elements from these inhibitors can be easily designed onto other diverse chemical
scaffolds to target the kinome.

FDA approved kinase inhibitors have been designed to modulate kinases catalytic
functions. Characterization of a small panel of FDA approved inhibitors showcase how
these inhibitors have aC-helix modulation character. It remains a mystery whether the
clinical efficacy of kinase inhibitors is from solely inhibition of catalytic activity, or if
they additionally modulate non-catalytic functions as well. These chemical tools
described herein can give researchers insight to better design kinase inhibitors that can

additionally affect non-catalytic functions of kinases.

Materials and Methods

Selective Proteolysis of c-Src General Method

c-Src was diluted in proteolysis buffer (50 mM Tris-HCI pH 8.0, 100 mM NaCl,
0.5 mM CacCl,) to yield a final protein concentration of 2 uM. 1 uL of a 10 mM DMSO
stock of the inhibitor was added and incubated with c-Src for 15 mins at room
temperature. Thermolysin (purchased from Promega, catalog number: V4001) from a 3.8
uM stock solution was added to the reaction mixture to a final concentration of 60 nM. 15
uL of the proteolysis reaction was added to 5 uLL of 50 mM EDTA to quench proteolysis
at various time points (0, 2, 5, 10, 30, 60, 90, 120, 180, and 240 mins) and stored at -20

63



°C. The quenched samples were analyzed by SDS-PAGE (12 % Bis-Tris gel in MES
running buffer, staining with comassie blue). Band intensities were analyzed by Imagel
imaging software. Percent protein remaining was plotted against time and fit to an
exponential decay equation using GraphPad Prism 6 software to obtain half-lifes of each
protein. The Exponential Decay curve for each protein was fit using the equation Y=(Y0

- Plateau)*exp(-K*X) + Plateau X = time(mins) and Y = normalized band intensity.

General Synthetic Methods

Unless otherwise noted, all reagents were obtained via commercial sources and
used without further purification. 'H NMR and ?C NMR spectra were measured with a
Varian MR400 or Inova 500 spectometer. Compounds 4.1, 4.2, 4.4, 4.7, 4.8, 4.9, 4.10,

4.15, 4.19, 4.29, 4.30 were synthesized using previously reported methods.'™ **
Synthetic Schemes
NC NH,
H2N NH, R Formamide N/ﬁ\/\\N NIS
l “Ethanol | HN N 180 C lN/ N DMSO
Reflux H H 80C
|
NH
2 | HO\$
N7 X OH 7
|\ m _ N .1
K2003 N N KOAc .25

Pd(Phg)4
DFM, 60 C )\ DMF, 60 C )\

4.29
Scheme 4.1. Synthetic Route for Intermediate 4.29
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Scheme 4.2. Synthetic Route for Intermediate 4.30

NaH (60%)
R Malanonitrile

D ———————

CN " NC
MeZ(SO4) H2N_NH2
Cl NC ! \
THE DIEA H.N .N
0 RT - Reflux SN Ethanol 2 N
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N N
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Scheme 4.3. General Synthetic Route for Select Pyrazolopyrimidine Compounds

Synthetic Protocols
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A\
N 4.30 4.31 CFy 80 C
)\ N )\

Scheme 4.4. Synthesis of Compound 4.5

NH 0 NH,
+ HNQ—\ DIEA
N~ —_— NTX
I N N DMSO Q N 45
N7 C ) Z>N

1-(4-(4-amino-1-isopropyl-1H-pyrazolo[3,4-d]pyrimidin-3-yl)phenyl)-3-(4-((4-
methylpiperazin-1-yl)methyl)-3-(trifluoromethyl)phenyl)urea (4.5). In a 5 mL round
bottom flask, 4.30 (25 mg, 0.09 mmol) and 4.31 (35 mg, 0.09 mmol) was dissolved in 2
mL of DMSO. Compound 4.31 was synthesized as previously described.’® DIEA (31 pL,
0.18) mmol) was added and the reaction was stirred at 80 C for 2 hours. The reaction
was cooled to room temperature and immediately purified by reverse phase HPLC using
a linear 30% - 90% CAN in H,O gradient to afford 4.5 as a white solid (10 mg, 0.02
mmol). Yield = 20%. '"H NMR (500 MHz, DMSO-d6) & 9.33 (s, 1H), 9.26 (s, 1H), 8.22
(s, 1H), 8.03 — 7.97 (m, 1H), 7.65 (d, J = 8.6 Hz, 2H), 7.63 — 7.56 (m, 4H), 5.05 (p, J =
6.7 Hz, 1H), 3.53 (s, 2H), 2.36 (s, 8H), 2.15 (s, 3H), 1.49 (d, J = 6.7 Hz, 6H).’C NMR
(126 MHz, DMSO) 6 159.81, 159.53, 159.26, 158.99, 154.45, 153.02, 151.71, 149.77,
145.88, 141.13, 139.97, 132.25, 129.34, 125.59, 123.63, 121.97, 119.13, 115.58, 97.11,
56.88, 53.03, 49.71, 49.41, 42.53, 22.16.

O\
NH,
/©\ KOAc NN
K Pd(Phs), L N
DMF, 60 C N~ N 411

4, 29
Scheme 4.5. Synthesis of Compound 4.11

1-isopropyl-3-(3-methoxyphenyl)-1H-pyrazolo[3,4-d]|pyrimidin-4-amine (4.11). In a 5
mL round bottom flack, 4.29 (10 mg, 0.03 mmol), (3-methoxyphenyl)boronic acid (4.5
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mg, 0.03 mmol), potassium acetate (9 mg, 0.09 mmol), and tetrakis (4 mg, 0.003 mmol)
was dissolved in 5 mL of dry DMF. The reaction was heated to 60 C, stirred for 16,
cooled to room temperature, and immediately purified by reverse phase HPLC using a
linear 30% - 90% ACN in H,O gradient to afford 4.11 as a white solid (4 mg, 0.01
mmol), yield = 46%. 'H NMR (500 MHz, dmso) & 8.22 (s, 1H), 7.44 (t, J=7.7, 7.7 Hz,
1H), 7.22 (d, J = 7.3 Hz, 1H), 7.16 (s, 1H), 7.03 (d, J = 8.1 Hz, 1H), 5.04 (p, J = 14.1,
7.1,7.1 Hz, 1H), 3.81 (s, 3H), 1.48 (d, J= 6.5 Hz, 6H).

0 F.
Cl

CF3
NH,

NH, F Cl  Diphosgene
N + j@[ '\i TN
| N DIEA A\ 4.12

4.30
Scheme 4.6. Synthesis of Compound 4.12

1-(4-(4-amino-1-isopropyl-1H-pyrazolo[3,4-d|pyrimidin-3-yl)phenyl)-3-(4-chloro-2-
fluoro-5-(trifluoromethyl)phenyl)urea (4.12). To a 10 mL round bottom flask, 4-chloro-2-
fluoro-5-(trifluoromethyl)aniline (19 mg, 0.09 mmol) was dissolved in 5 mL dry THF.
Diphosgene (22 pL, 0.18 mmol) was added and the reaction was refluxed for 2 h, cooled
to room temperature, and concentrated in-vacuo. The residue was resuspended in SmL of
dry THF in which 4.30 (25 mg, 0.09 mmol) and DIEA (31 pL, 0.18 mmol) was added
and the reaction was allowed to stir at room temperature for 4 hours. The reaction was
concentrated in vacuo and the residue was purified using reverse phase HPLC using a
linear 30% - 90% ACN in H,O to afford 4.12 as a white solid (10.5 mg, 0.02 mmol).
Yield = 23%. 'H NMR (500 MHz, DMSO-d6): *C NMR (126 MHz, dmso) & 158.55,
155.81, 154.47, 153.71, 152.46, 152.32, 143.44, 139.66, 129.39, 127.96, 127.86, 127.69,
119.42, 119.23, 119.08, 97.84, 48.50, 22.24.
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Scheme 4.7. Synthesis of Compound 4.13

1-(3-(4-amino-1-isopropyl-1H-pyrazolo[3,4-d]pyrimidin-3-yl)phenyl)-3-(3-
(trifluoromethyl)phenyl)urea (4.13). To a 10 mL round bottom flask, 4.32 (25 mg, 0.09
mmol) was dissolved in 5 mL dry THF. Compound 4.32 was synthesized previously as
described.”’ 1-isocyanato-3-(trifluoromethyl)benzene (13 pL, 0.09 mmol) and DIEA (31
puL, 0.18 mmol) was added and the reaction was stirred at room temperature for 4 h and
concentrated in vacuo. The residue was purified using reverse phase HPLC using a linear
30% - 90% ACN in H,O to afford 4.13 as a white solid (27 mg, 0.06 mmol). Yield =
67%. "H NMR (500 MHz, DMSO-d6) & 9.13 (s, 1H), 9.06 (s, 1H), 8.23 (s, 1H), 7.98 (s,
1H), 7.78 (s, 1H), 7.61 (d, J = 7.9 Hz, 1H), 7.51 (d, J = 7.6 Hz, 2H), 7.45 (t, J= 7.7 Hz,
1H), 7.30 (s, 2H), 5.06 (p, J= 13.1, 6.4 Hz, 1H), 1.48 (d, J= 6.6 Hz, 6H). °C NMR (126
MHz, dmso) & 158.46, 155.88, 153.77, 153.15, 143.57, 140.94, 140.32, 134.11, 130.36,
130.13, 122.55,122.43, 119.22, 118.87, 118.61, 114.65, 97.86, 48.57, 40.88, 22.24.

)

N-O
-4 )
NH, NHW

NH,

NH, 5\“0 Diphosgene
N T HNTARZ NN a4
I N DIEA L :
NZ N N

N\
N THF, RT B\

Scheme 4.8. Synthesis of Compound 4.14
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1-(4-(4-amino-1-isopropyl-1H-pyrazolo[3,4-d]pyrimidin-3-yl)phenyl)-3-(5-(fert-
butyl)isoxazol-3-yl)urea (4.14). To a 10 mL round bottom flask, 5-(zert-butyl)isoxazol-3-
amine (13 mg, 0.09 mmol) was dissolved in 5 mL dry THF. Diphosgene (22 pL, 0.18
mmol) was added and the reaction was refluxed for 2 h, cooled to room temperature, and
concentrated in vacuo. The residue was resuspended in SmL of dry THF in which 4.30
(25 mg, 0.09 mmol) and DIEA (31 pL, 0.18 mmol) was added and the reaction was
allowed to stir at room temperature for 4 hours. The reaction was concentrated in vacuo
and the residue was purified using reverse phase HPLC using a linear 30% - 90% ACN in
H,O to afford 4.14 as a white solid (5 mg, 0.04 mmol). Yield = 34%.

CF3

Scheme 4.9. Synthesis of Compound 4.16

1-(3-(4-amino-1-isopropyl-1H-pyrazolo[3,4-d]pyrimidin-3-yl)propyl)-3-(3-
(trifluoromethyl)phenyl)urea (4.16). To a 10 mL round bottom flask, 4.34 (21 mg, 0.09
mmol) was dissolved in 5 mL dry THF. Compound 4.34 was synthesized previously as
described. 1-isocyanato-3-(trifluoromethyl)benzene (13 pL, 0.09 mmol) and DIEA (31
puL, 0.18 mmol) was added and the reaction was stirred at room temperature for 4 h and
concentrated in vacuo. The residue was purified using reverse phase HPLC using a linear
30% - 90% ACN in H,O to afford 4.16 as a white solid (15 mg, 0.04 mmol). Yield =
67%. "H NMR (500 MHz, dmso) & 8.82 (s, 1H), 8.13 (d, J = 2.0 Hz, 1H), 7.94 (s, 1H),
7.48 (d, J=8.3 Hz, 1H), 7.42 (t, J=17.9, 7.9 Hz, 1H), 7.19 (d, J = 7.7 Hz, 1H), 6.35 (t,
1H), 4.91 (p, J=12.5,7.1,7.1 Hz, 1H), 3.15 (q, /= 6.8, 6.8, 6.8 Hz, 2H), 3.00 — 2.94 (m,
2H), 1.78 (t,J=7.6, 7.6 Hz, 2H), 1.39 (d, /= 6.7 Hz, 6H).
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Scheme 4.10. Synthesis of Compound 4.17

4-(4-amino-1-isopropyl-1H-pyrazolo[3,4-d]pyrimidin-3-yl)benzamide (4.17). To a 10 mL
round bottom flask, 4.35 (25 mg, 0.08 mmol), ammonium chloride (4.5 mg, 0.09 mmol),
and water (10 mL) was dissolved in 5 mL EtOH and cooled to 0 C. Compound 4.35 was
synthesized previously as described.”” A chilled (0 C) 10 M aqueous solution of NaOH
(10 mL) was added drop-wise causing precipitation of a white solid. The resulting slurry
was stirred for 5 mins. The solid was filtered washed with diethyl ether and water and

dried in-vacuo to afford 4.17 as a white solid (18 mg, 0.06 mmol). Yield = 75%.
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Scheme 4.11. Synthesis of Compound 4.18

1-(4-(4-amino-1-isopropyl-1H-pyrazolo[3,4-d]pyrimidin-3-yl)phenyl)-3-(3-(fert-butyl)-1-
(p-tolyl)-1H-pyrazol-5-yl)urea (4.18). To a 10 mL round bottom flask, 3-(zert-butyl)-1-
(p-tolyl)-1H-pyrazol-5-amine (21 mg, 0.09 mmol) was dissolved in 5 mL dry THF.
Diphosgene (22 pL, 0.18 mmol) was added and the reaction was refluxed for 2 h, cooled

to room temperature, and concentrated in vacuo. The residue was resuspended in SmL of
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dry THF in which 4.30 (25 mg, 0.09 mmol) and DIEA (31 uL, 0.18 mmol) was added
and the reaction was allowed to stir at room temperature for 4 hours. The reaction was
concentrated in vacuo and the residue was purified using reverse phase HPLC using a
linear 30% - 90% ACN in H,O to afford 4.18 as a white solid (15 mg, 0.03 mmol). Yield
=32%. "H NMR (400 MHz, Chloroform-d) & 8.32 (s, 1H), 7.61 (d, J = 8.4 Hz, 2H), 7.48
(d, J= 8.5 Hz, 2H), 7.30 (d, J = 7.4 Hz, 2H), 7.19 — 7.07 (m, 2H), 6.57 (s, 1H), 6.38 (s,
1H), 5.44 (s, 2H), 5.15 (p, J = 13.4, 6.7 Hz, 1H), 2.37 (s, 3H), 1.57 (d, J = 6.8 Hz, 6H),
1.36 (s, 9H).
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Scheme 4.12. Synthesis of Compound 4.20

2-acetamido-N-(3-(5-(3-(4-(4-amino- 1-isopropyl-1 H-pyrazolo[ 3,4-d]pyrimidin-3-

yl)phenyl)ureido)-3-(tert-butyl)-1H-pyrazol-1-yl)benzyl)acetamide (4.20). To a 10 mL
round bottom flask, 2-acetamido-N-(3-(5-amino-3-(tert-butyl)-1 H-pyrazol-1-
yl)benzyl)acetamide (31 mg, 0.09 mmol) was dissolved in 5 mL dry THF. Diphosgene
(22 pL, 0.18 mmol) was added and the reaction was refluxed for 2 h, cooled to room
temperature, and concentrated in vacuo. The residue was resuspended in SmL of dry THF
in which 4.30 (25 mg, 0.09 mmol) and DIEA (31 puL, 0.18 mmol) was added and the
reaction was allowed to stir at room temperature for 4 hours. The reaction was
concentrated in vacuo and the residue was purified using reverse phase HPLC using a
linear 30% - 90% ACN in H,O to afford 4.20 as a white solid (6 mg, 0.01 mmol). Yield =
11%. "H NMR (400 MHz, Chloroform-d) & 8.68 (s, 1H), 8.31 (s, 1H), 7.69 (s, 1H), 7.55
(d, J = 8.3 Hz, 2H), 7.49 (d, J = 8.5 Hz, 2H), 7.43 — 7.30 (m, 3H), 7.26 (d, J = 6.8 Hz,
1H), 7.14 (d, J= 7.4 Hz, 1H), 6.74 (t, J = 5.6 Hz, 1H), 6.51 (s, 1H), 5.55 (s, 2H), 5.14 (p,
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J=6.8 Hz, 1H), 4.36 (d, J = 6.0 Hz, 2H), 3.74 (d, J = 5.8 Hz, 2H), 1.96 (s, 3H), 1.56 (d, J
= 6.7 Hz, 6H), 1.33 (s, 9H). *C NMR (126 MHz, dmso) & 170.08, 169.50, 161.16,
158.46, 155.54, 153.43, 149.67, 147.41, 140.82, 129.50, 129.28, 124.99, 122.01, 121.47,
120.61, 114.51, 87.18, 48.27, 42.59, 42.38, 40.87, 30.65, 22.97, 22.25.
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Scheme 4.13. Synthesis of Compound 4.21
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1-(4-(4-amino-1-isopropyl-1H-pyrazolo[3,4-d]pyrimidin-3-yl)phenyl)-3-(3-(fert-butyl)-1-
(m-tolyl)-1H-pyrazol-5-yl)urea (4.21). To a 10 mL round bottom flask, 3-(zert-butyl)-1-
(m-tolyl)-1H-pyrazol-5-amine (21 mg, 0.09 mmol) was dissolved in 5 mL dry THF.
Diphosgene (22 pL, 0.18 mmol) was added and the reaction was refluxed for 2 h, cooled
to room temperature, and concentrated in vacuo. The residue was resuspended in SmL of
dry THF in which 4.30 (25 mg, 0.09 mmol) and DIEA (31 pL, 0.18 mmol) was added
and the reaction was allowed to stir at room temperature for 4 hours. The reaction was
concentrated in vacuo and the residue was purified using reverse phase HPLC using a
linear 30% - 90% ACN in H,O to afford 4.21 as a white solid (18 mg, 0.04 mmol). Yield
= 40%. "H NMR (400 MHz, Chloroform-d) & 8.27 (s, 1H), 7.58 (d, J = 8.4 Hz, 2H), 7.51
(s, 1H), 7.45 (d, J = 8.4 Hz, 2H), 7.28 (d, J = 8.1 Hz, 2H), 7.15 (d, J = 8.1 Hz, 2H), 6.91
(s, 1H), 6.38 (s, 1H), 5.56 (s, 2H), 5.13 (p, J = 13.4, 6.7 Hz, 1H), 2.29 (s, 3H), 1.56 (d, J
=6.7 Hz, 6H), 1.32 (s, 9H).
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Scheme 4.14. Synthesis of Compound 4.22

N-(4-(4-amino-1-isopropyl-1 H-pyrazolo[ 3,4-d]pyrimidin-3-yl)phenyl)-1-methyl-1H-
indole-2-carboxamide (4.22). To a 10 mL round bottom flask, 1-methyl-1H-indole-2-
carboxylic acid (16 mg, 0.09 mmol) was dissolved in 5 mL dry THF. Oxalyl chloride (23
pL, 0.27 mmol) was added and the reaction was refluxed for 2 h, cooled to room
temperature, and concentrated in vacuo. The residue was resuspended in SmL of dry THF
in which 4.30 (25 mg, 0.09 mmol) and DIEA (31 uL, 0.18 mmol) was added and the
reaction was allowed to stir at room temperature for 4 hours. The reaction was
concentrated in vacuo and the residue was purified using reverse phase HPLC using a
linear 30% - 90% ACN in H,O to afford 4.22 as a white solid (27 mg, 0.06 mmol). Yield
=70%. "H NMR (500 MHz, DMSO-d6) & 10.52 (s, 1H), 8.24 (s, 1H), 7.99 (d, J= 8.7 Hz,
2H), 7.72 (d, J=17.9 Hz, 1H), 7.66 (d, J = 8.7 Hz, 2H), 7.59 (d, J = 8.5 Hz, 1H), 7.37 (s,
1H), 7.33 (t, /= 8.2 Hz, 1H), 7.19 — 7.11 (m, 1H), 5.07 (p, J = 6.7 Hz, 1H), 4.04 (s, 3H),
1.50 (d, J = 6.7 Hz, 6H).”>C NMR (126 MHz, DMSO) & 160.99, 158.49, 155.75, 153.68,
143.51, 139.85, 139.20, 132.34, 129.10, 128.63, 125.88, 124.49, 122.22, 120.79, 111.07,
106.27, 97.86, 48.53, 42.53, 31.92, 22.26.
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Scheme 4.15. Synthesis of Compound 4.23
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1-(4-(4-amino-1-isopropyl-1H-pyrazolo[3,4-d]pyrimidin-3-yl)phenyl)-3-(2-
phenoxyphenyl)urea (4.23). To a 10 mL round bottom flask, 2-phenoxyaniline (17 mg,
0.09 mmol) was dissolved in 5 mL dry THF. Diphosgene (22 pL, 0.18 mmol) was added
and the reaction was refluxed for 2 h, cooled to room temperature, and concentrated in
vacuo. The residue was resuspended in SmL of dry THF in which 4.30 (25 mg, 0.09
mmol) and DIEA (31 pL, 0.18 mmol) was added a3nd the reaction was allowed to stir at
room temperature for 4 hours. The reaction was concentrated in vacuo and the residue
was purified using reverse phase HPLC using a linear 30% - 90% ACN in H,O to afford
4.23 as a white solid (13 mg, 0.03 mmol). Yield = 30%. '"H NMR (500 MHz, DMSO-d6):
(500 MHz, DMSO-d6) & 10.19 (s, 1H), 8.37 (s, 2H), 7.76 (d, /= 7.9 Hz, 2H), 7.57 (d, J =
7.7 Hz, 2H), 5.07 (p, J = 13.3, 6.5 Hz, 1H), 2.98 (s, 3H), 1.48 (d, J = 6.4 Hz, 6H).

,N K2003
DFM, 60 C
4. 36

Scheme 4.16. Synthesis of Compound 4.6

1-1sopropyl-3-(4-phenoxyphenyl)-1 H-pyrazolo[ 3,4-d]pyrimidin-4-amine (4.6). To a 10

mL round bottom flask, compound 4.36 (10 mg, 0.03 mmol) and potassium carbonate (12
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mg, 0.09 mmol) was dissolved in 5 mL of dry DMF. Compound 4.36 was synthesized as
previously described.® 2-bromopropane (3 pL, 0.04 mmol) was added and the reaction
was stirred at 60 C for 6 h. The reaction was cooled to room temperature and
immediately purified using reverse phase HPLC using a linear 30% - 90% ACN in H,O
to afford 4.6 as a white solid (7 mg, 0.02 mmol). Yield = 65%. '"H NMR (500 MHz,
DMSO-db6): 6 8.35 (s, 1H), 7.64 (d, J = 8.0 Hz, 2H), 7.36 (t, J = 7.7, 7.7 Hz, 2H), 7.14 (4,
J=8.5 Hz, 3H), 7.06 (d, J = 8.6 Hz, 2H), 5.58 (s, 3H), 5.16 (p, J = 6.7 Hz, 1H), 1.58 (d, J
= 6.7 Hz, 6H). °C NMR (500 MHz, DMSO-d6): & 162.35, 160.73, 159.59, 158.97,
158.04, 147.34, 145.34, 132.74, 132.66, 130.86, 126.37, 121.62, 121.54, 50.69, 24.41.
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Scheme 4.17. Synthesis of Compound 4.24

(4.24). To a 10 mL round bottom flask, 4.30 (25 mg, 0.09 mmol) was dissolved in 5 mL
dry THF. Acetyl Chloride (7 pL, 0.09 mmol) and DIEA (31 pL, 0.18 mmol) was added,
the reaction was stirred at 0 C for 4 h, and concentrated in vacuo. The residue was
purified using reverse phase HPLC using a linear 30% - 90% ACN in H,O to afford 4.24
as a white solid (22 mg, 0.07 mmol). Yield = 80%. '"H NMR (500 MHz, DMSO-d6) &
10.19 (s, 1H), 8.37 (s, 2H), 7.76 (d, J = 7.9 Hz, 2H), 7.57 (d, /= 7.7 Hz, 2H), 5.07 (p, J =
13.3, 6.5 Hz, 1H), 2.98 (s, 3H), 1.48 (d, J = 6.4 Hz, 6H) °C NMR (126 MHz, dmso) &
169.03, 152.22, 145.18, 140.54, 129.67, 129.21, 126.99, 119.78, 97.31, 49.20, 42.55,
22.19.
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3-(4-(benzyloxy)phenyl)-1-isopropyl-1H-pyrazolo[3,4-d]pyrimidin-4-amine (4.25). To a
10 mL round bottom flask, compound 3-(4-(benzyloxy)phenyl)-1H-pyrazolo|3,4-
d]pyrimidin-4-amine (9.5 mg, 0.03 mmol) and potassium carbonate (12 mg, 0.09 mmol)
was dissolved in 5 mL of dry DMF. 2-bromopropane (3 pL, 0.04 mmol) was added and
the reaction was stirred at 60 C for 6 h. The reaction was cooled to room temperature and
immediately purified using reverse phase HPLC using a linear 30% - 90% ACN in H,O
to afford 4.25 as a white solid (7.6 mg, 0.02 mmol). Yield = 71%. '"H NMR (500 MHz,
DMSO-d6): § 8.22 (s, 1H), 7.59 (d, J = 8.7 Hz, 2H), 7.49 (d, ] = 7.2 Hz, 2H), 7.41 (t, ] =
7.6 Hz, 2H), 7.35 (t, ] = 7.3 Hz, 1H), 7.28 (d, J = 8.7 Hz, 2H), 5.18 (s, 2H), 5.04 (p, J =
6.7 Hz, 1H), 1.47 (d, J = 6.7 Hz, 6H). °C NMR (500 MHz, DMSO-d6): 5 159.06, 158.56,
155.81, 153.64, 143.44, 137.34, 130.03, 128.92, 128.35, 128.20, 126.17, 115.82, 97.84,
69.78, 48.44, 22.24.
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Scheme 4.19. Synthesis of Compound 4.26
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1-isopropyl-3-(4-phenoxynaphthalen-1-yl)-1H-pyrazolo[3,4-d]pyrimidin-4-amine (4.26).
In a 5 mL round bottom flack, 4.29 (10 mg, 0.03 mmol), 4,4,5,5-tetramethyl-2-(4-
phenoxynaphthalen-1-yl)-1,3,2-dioxaborolane (10 mg, 0.03 mmol), potassium acetate (9
mg, 0.09 mmol), and tetrikis (4 mg, 0.003 mmol) was dissolved in 5 mL of dry DMF.
The reaction was heated to 60 C, stirred for 16, cooled to room temperature, and
immediately purified by reverse phase HPLC using a linear 30% - 90% ACN in H,O
gradient to afford 4.26 as a white solid (2 mg, 0.005 mmol), yield = 18%. "H NMR (500
MHz, DMSO-d6): *C NMR (500 MHz, DMSO-d6): & 158.30, 156.04, 153.38, 153.33,
141.70, 133.45, 130.57, 129.12, 127.92, 126.97, 126.83, 126.22, 126.16, 124.06, 122.27,
118.98, 113.57, 48.62, 42.55, 40.88, 22.33.
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Scheme 4.20. Synthesis of Compound 4.27
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1-isopropyl-3-(3-phenoxyphenyl)-1 H-pyrazolo[ 3,4-d|pyrimidin-4-amine (4.27). To a 10
mL round bottom flask, compound 3-(3-phenoxyphenyl)-1H-pyrazolo[3,4-d]pyrimidin-4-
amine (10 mg, 0.03 mmol) and potassium carbonate (12 mg, 0.09 mmol) was dissolved in
5 mL of dry DMF. 2-bromopropane (3 pL, 0.04 mmol) was added and the reaction was
stirred at 60 C for 6 h. The reaction was cooled to room temperature and immediately
purified using reverse phase HPLC using a linear 30% - 90% ACN in H,O to afford 4.27
as a white solid (4.7 mg, 0.013 mmol). Yield = 45%. '"H NMR (500 MHz, Chloroform-d)
0 8.37 (s, 1H), 7.49 (t, J= 7.8 Hz, 1H), 7.44 (d, /= 7.6 Hz, 1H), 7.38 (t, J = 7.9 Hz, 2H),
7.34 (s, 1H), 7.16 (t, J= 7.4 Hz, 1H), 7.10 (t, J = 8.4 Hz, 3H), 5.58 (s, 2H), 5.19 (p, J =
6.7 Hz, 1H), 1.60 (d, /= 6.7 Hz, 6H).
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Scheme 4.21. Synthesis of Compound 4.28

3-(3-(benzyloxy)phenyl)-1-isopropyl-1H-pyrazolo[3,4-d]pyrimidin-4-amine (4.28). To a
10 mL round bottom flask, compound 3-(3-(benzyloxy)phenyl)-1H-pyrazolo|3,4-
d]pyrimidin-4-amine (9.5 mg, 0.03 mmol) and potassium carbonate (12 mg, 0.09 mmol)
was dissolved in 5 mL of dry DMF. 2-bromopropane (3 pL, 0.04 mmol) was added and
the reaction was stirred at 60 C for 6 h. The reaction was cooled to room temperature and
immediately purified using reverse phase HPLC using a linear 30% - 90% ACN in H,O
to afford 4.28 as a white solid (5.3 mg, 0.015 mmol). Yield = 50%. '"H NMR (500 MHz,
Chloroform-d) 6 8.37 (s, 1H), 7.46 (t, J = 6.4 Hz, 3H), 7.42 (t, J = 7.6 Hz, 2H), 7.36 (t, J
= 6.9 Hz, 1H), 7.32 — 7.28 (m, 2H), 7.11 (dd, J = 8.3, 2.5 Hz, 1H), 5.42 (s, 2H), 5.24 —
5.15 (m, 3H), 1.62 (d, J = 6.7 Hz, 6H).

Individual Contributions

Dr. Kristin Ko aided greatly in the design and sythesis of a number of
pyrazolopyrimidine c-Src Inhibitors.
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CHAPTER V
Identification of Allosteric Hotspots that can Modulate the Global Conformation

of c-Src Kinase

Abstract

Conformation selective ATP competitive c-Src inhibitors can uniquely inhibit
both catalytic and non-catalytic functions simultaneously. Unfortunately, these ATP-
competitive inhibitors face a number of challenges including: achieving suitable potency,
selectivity, and displaying efficacy for inhibitor resistance mutations. Development of a
c-Src allosteric modulator that will stabilize the closed conformation and inhibitor
catalytic function is a unique strategy that can overcome these developmental challenges.
However, we first must identify allosteric sites that can be probes via small molecule
modulator. Herin, we utilize MixMD simulation, developed by the Carlson Lab, to
identify potential ‘hotspot’ on c-Src. Using mutagenesis, we incorporated tryptophan
residues in these sites to elucidate the ‘druggability’ of each site. Using selective
proteolysis methodology, we found two mutations that stabilize the closed conformation,
Q365W and T293W. These sites can now be used in future docking studies to begin

designing or screening for novel allosteric c-Src modulators.

Introduction

All FDA approved kinase inhibitors to date bind in the ATP binding site and
inhibit catalytic activity.! Designing ATP competitive inhibitors have become
increasingly simple as the ATP pocket is well defined, highly conserved, and a number of
diverse chemical scaffolds are available as promising starting points.” * Unfortunately,
there still remain a number of pitfalls with inhibitors that bind the ATP binding site.
Firstly, since all kinases are defined by having a kinase domain responsible for
downstream phosphorylation, gaining inhibitor selectively among the kinome has been

no simple task.* Methods for achieving inhibitor selective include: entropic strategies via
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steric clashes with off target amino acids, enthalpy strategies via interactions with target
specific side chins, and irreversible strategies via electrophilic targeting of non-conserved
cysteine residues.”” However, to date only a small percentage of the kinome can be
targeted with exquisite selectivity. Furthermore, ATP competitive inhibitors must
compete with high intracellular levels of ATP, making potent (K4 <100 nM) essential for
displaying efficacy at non-toxic dosages. While these strategies remain effective, a
number of cancers have been successful in using mutations to evade inhibitor treatments,
including the common ‘gatekeeper mutation,” which is a common resistance mechanism

. -1
across the kinome .*!°

Figure 5.1. (Left) c-Abl bound to the allosteric inhibitor GNF-2 (blue), which can inhibit
catalytic function and stabilize c-Abl in the closed conformation. (Right) c-Src has no

known allosteric modulators, however is structurally similar to c-Abl.

In order to combat these pitfalls of using ATP competitive inhibitors, we
hypothesized that identification of allosteric modulators of c-Src that stabilized the closed
kinase conformation, would be highly advantageous. Data in chapter III has uncovered
that all closed mutations of c-Src also display large decreases in catalytic activity. Thus,
an allosteric modulator of c-Src that can stabilize a closed c-Src conformation would be
highly advantageous. Such a molecule would have a high degree of selectivity to c-Src
or Src family kinases, as areas outside the ATP binding site will be less conserved.

Furthermore, there is no competition for binding ATP, thus allosteric modulators may be
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efficacious with only modest binding affinity to the site. Finally, used alone or in
combination with an ATP competitive inhibitor, an allosteric modulator can avoid
common resistance mechanism as seen with c-Abl.'' However, more importantly an
allosteric modulator that stabilizes the closed kinase conformation would additionally
inhibit c-Src’s non-catalytic functions, in addition to the catalytic functions.

Allosteric inhibitors of kinases have shown great promise in the literature and in
the clinic. For example, the allosteric c-Abl inhibitor, GNF-2, is currently being
investigated for the treatment of CML.'> > GNF-2 binds in the myristate pocket of c-Abl
and inhibits catalytic activity through a large global conformational change.'* Selective
proteolysis data in Chapter II show that GNF-2 stabilizes c-Abl in the closed
conformation, similarly to that of c-Src. While c-Src also has a myristate binding pocket,
probing this site has yet to show that stabilization of a closed kinase conformation is
obtainable. However, due to the conformational similarities in the auto-regulated states
(closed conformation), such a molecule for c-Src may have similar successes of that as
GNF-2 (Figure 5.1). Thus, the first step towards identifying an allosteric modulator of c-
Src requires the identification of potential ligand binding sites that can stabilize the
closed global conformation. Towards this goal we collaborated with the Carlson Lab
who have developed a computational method, known as MixMD, that can successfully

identify ligand-binding sites (‘hotspots’) distal to the ATP binding site.

MixMD to Identify Allosteric Hotspots

MixMD, a molecular dynamics technique, developed by the Carlson Lab,
identifies critical binding sub-sites on protein surfaces (‘hotspots’). Proteins are simulated
in explicit water and 5% miscible, organic cosolvents. Molecular dynamics (MD)
incorporates full flexibility and allows the protein to adapt to the presence of the organic
probes (Figure 5.2). Moreover, the probes must compete with water to occupy sites on
the protein surface, clearly identifying regions that prefer drug-like functional groups
over water molecules. MixMD has superior performance over similar methods like
MacKerrel’s SILCS and Barril’s MDmix, as detailed in literature publications. Other
methods are plagued by many spurious, misleading, “extra” sites that score as strongly as

real hotspots in real binding sites, which greatly hinders prospective applications.
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MixMD eliminates these noisy “bad” sites by enabling complete protein flexibility, using
lower concentrations of probe solvent, and averaging over more simulations.

We have established a rigorous protocol to identify and rank the binding hotspots
on a protein surface.'® Our approach requires binding sites to be mapped by more than
one type of probe at a high signal-to-noise ratio. Using MixMD, simulations of 5%
acetonitrile, isopropanol, and pyrimidine, the Carlson Lab recently reported the
successful detection of both ortho- and allo-steric binding sites within several protein
kinases (including c-Abl, PDK 1, and CHK1).'® " Each of these kinases had a previously
known (and druggable) allosteric binding site, however, simple pocket finding algorithms
would not yield the allosteric pocket. MixMD’s results were compared to FTMap another
approach to hotspot mapping. FTMap did not identify the allosteric sites in PDK1 and c-
AbL'™® " FTMap also produced many spurious hotspots identified outside the known
sites, which would greatly hamper a prospective study. Especially challenging is the
allosteric pocket in c-Abl, which requires the al’-helix of c-Abl to spontaneously

reorganize in the presence of the probe molecules.

Figure 5.2. MixMD simulations rely on clustering of small organic solvents (triangles),
including acetonitrile, isopropanol, and pyrimidine, to identify potential ligand binding

‘hotspots.’
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The protein simulations are setup using MOE and the tleap suite of AmberTools.
20-21 A layer of probe molecules is added around the protein using tleap followed by the
addition of a sufficient number of TIP3P water molecules as necessary to create a 5% v/v
ratio of probe to water.”> Probe solvents include acetonitrile (ACN), isopropanol (IPA),
acetone, N-methylacetamide (NMA), imidazole (IMI), pyrimidine (PYR), and
methylammonium plus acetate (MAI/ACE). The parameters for the probes and
simulation protocol have been established in previous work. For c-Src, we will use the
FF14SB forcefield and AMBER for the MD simulations.” ** For each probe cosolvent,
10 independent simulations of 20 ns will be carried out, resulting in 200 ns of cumulative
production simulation time for each probe. A total time of 1.2 ps is had across all probes.

The location of all probe atoms from the last 5 ns of the ten runs are binned onto a
grid of 0.5-A spacing, using the ptraj module from AmberTools.”' A higher value for a
particular location on the grid signifies a higher residence time for a probe molecule at

that particular location across all ten MixMD simulation runs. These maps are visualized

in PyMOL.*

Identification of Novel Druggable Hotspots of c-Src

Our previous MixMD studies of kinases successfully identified known active and
allosteric sites, including the ATP-binding site, the myristate binding pocket, and the SH2
domain binding interface of ABL kinase.'® '” When applied to c-Src kinase, MixMD
readily identified the ATP-binding site (Site 2). Interestingly, the interface between the
kinase domain and SH-3 and SH-2 domains were identified as hotspots (Sites 5 and 6,

respectively) (Figure 5.3).
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Figure 5.3. MixMD simulations on c-Src afforded 6 potential ‘hotspot.” Hotspots 4,5,
and 6 will be specifically probed using tryptophan mutations due to their optimal location

between the kinase domain and its regulatory SH2/SH3 domains.

We next used experimental mutagenesis to probe the ‘ligandability’ of each
pocket. For each pocket, we identified an amino acid residue that, when mutated to Trp
would occupy the allosteric site. For example, Asp-365 is pointing toward putative
allosteric site 6 and replacement with a Trp fills the predicted allosteric pocket. Similarly,
replacement of Thr-293 is predicted to occupy the allosteric site 5. This panel of
tryptophan mutants was achieved through site-directed mutagenesis. Unfortunately, many
of these mutants could not be obtained through typical expression and purification
protocols. We hypothesize this to be from the destabilization of changing a small amino
acid residues being mutated into the large and hydrophobic tryptophan residue. We
centered our screen to probe pockets 4,5, and 6. These ‘hotspots’ lie at the interface of
the kinase domain and SH2/SH3 domains, and it could be speculated that these would
likely showcase the largest perturbations. Pockets 1,2, and 3 all lie near or in the ATP-
binding site and while these pockets may perturb the global conformation of c-Src, they

87



may be doing so through perturbation of the ATP site itself. Thus, we set our initial

screen to targeted allosteric hotspots 4,5, and 6.

Figure 5.4. Selective proteolysis of 6 tryptophan c-Src mutants. Q365W and T293W
(blue) both stabilized the closed conformation and validated pockets 5 & 6 as potential
allosteric sites. Q254W (green) displayed no change in conformation. Mutations is red

could not be expressed.

Although production of the entire panel could not be obtained, we were successful
in identifying two mutations that stabilized the closed c-Src conformation (Figure 5.4).
Q365W and T293W with half-lives of 250 and 80 mins respectfully. This data suggests
that these ‘hotspot’ are not only novel sites where ligands can bind, but could have a
biological affected when probed with a small molecule. The c-Src mutation Q254W was
not observed to see a change in half-life however these pockets, showcasing that the
tryptophan residue may not be able to accommodate or stabilize the closed kinase
conformation. 3 tryptophan mutations: V367W, M286W, and L258W were not able to
be purified. We speculate that the locations of these residues are highly crowded and the
addition of a tryptophan may be highly disfavorable for optimal protein folding. As
Q365W had the longest half-life, it is speculated that this site may be superior in terms of
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stabilizing the closed conformation. Toward the possibility of identifying allosteric small
molecule modulators, these ‘hotspot’ can now be used in in-silico experiments toward the

identification of novel allosteric c-Src Modulators.

Conclusions

Towards identifying allosteric modulators of c-Src, we successfully identified two
novel sites on c-Src that may be able to be probed with a small molecule. These site’s
were identified utilizing MixMD simulations which can identify ‘hotspots’ on target
proteins through molecular dynamic simulations with added organic solvent molecules."
The clustering of these molecules afford 6 unique ‘hotspots’ on c-Src. However, pockets
4,5, and 6 were targeted as they encompassed the space between the kinase domain and
its regulatory domains. Tryptophan screening of these hotspot identified pockets 5 and 6
having the potential to be druggable sites. Q365W (pocket 5) and T293W (pocket 6)
showed the longest half-life in the selective proteolysis method, indicative of stabilizing
the closed kinase conformation.

These data provide valuable insight into novel sites that can be drugged that exist
outside the kinase domain. Without having developed selective proteolysis methodology
we would have to rely on catalytic based assays and would have missed the opportunity
to identify site’s that stabilized the closed kinase conformation. These sites will provide
us the opportunity to use classical docking models, PH4 model construction, and in-silio
screening to identify small molecule allosteric modulators. We can next determine if
these modulators will affect either, or both, conformation and catalytic activity. Such
probes may be useful as potential therapeutics for c-Src dependent cancer, and will be
exciting probes to better elucidate the impact non-catalytic functions have on cell

signaling pathways.

Materials and Methods

Protocol for MixMD Simulation
The crystal structures used as the starting conformations for the MixMD

simulations for the closed c-Src conformation was PDB: 2SRC. The protein structures
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were stripped of water molecules and any cofactors or active-site ligands. This was
followed by the addition of hydrogen atoms using Protonate 3D in MOE. The asparagine
and glutamine residues were flipped as necessary to achieve optimal hydrogen bonding.
Histidine tautomers were corrected when required. A sufficient number of sodium or
chloride ions were added to neutralize each system using the tleap suite of AmberTools.A
layer of probe molecules was added around the protein using tleap followed by the
addition of a sufficient number of TIP3P water molecules as necessary to create a 5% v/v
ratio of probe to water. The force field parameters for the probes acetonitrile,
isopropanol, and pyrimidine were from our previous work. Methylammonium + acetate is
a new probe set for MixMD. MD simulations were carried out in AMBER 1118 using the
FF99SB force field. The SHAKE algorithm was used to restrain bonds to hydrogen
atoms, and a time step of 2 fs was used. Particle Mesh Ewald as implemented for the
GPUs (PMEMDCUDA) was used. The non-bonded cutoff was 10 A, and the Andersen
Thermostat was used to maintain temperature at 300 K. Using this approach, three
separate simulations with the probes acetonitrile, isopropanol, and pyrimidine were set up
for each protein target. The systems were then subjected to an equilibration protocol to
gradually increase the temperature and allow proper relaxation of all the atoms in the
system as described previously. This was followed by a simulation of 20 ns. For each
protein and probe pair, 10 independent simulations were carried out resulting in 200 ns of

cumulative production simulation time.

Processing MixMD Results

The locations of all probe atoms from the last 5 ns of the 10 runs were binned
onto a grid of 0.5 A spacing, using the ptraj module from AmberTools. The raw bin
counts (x) in each of the grid points were converted to ¢ values using the equation (x —
pw)/c where p is the mean of all the binned grid data and o is the standard deviation of all
the binned grid data. This allows us to represent the location of the probes in a manner
commonly implemented for electron density from X-ray crystallography. The resulting
maps were contoured at various ¢ values and examined in the presence of the average
protein structure to identify locations of maximal occupancy. A higher o value for a

particular location on the grid signifies a higher residence time for a probe molecule at
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that particular location across all 10 MixMD simulation runs. The maps in this study have
been color coded as orange for acetonitrile, blue for isopropanol, and magenta for
pyrimidine to represent the respective MixMD simulations from which they have been

derived. These maps were visualized in PyMOL

Production of c-Src Mutants

Human c-Src 3-domain in pET28a, modified with a TEV protease cleavable N-
terminal 6x-His tag was prepared as previously reported.”® The desired mutations were
added to this plasmid using iterative rounds of mutagenesis using the Agilent
QuikChange II kit. The plasmid was transformed by electroporation into BI21DE3
electrocompetent cells containing YopH in pCDFDuet-1. Cell growth, expression, and
protein purification were performed using modified literature protocols for expression of

wild-type c-Src 3-domain.

Selective Proteolysis of c-Src Tryptophan Mutations

c-Src tryptophan mutants were diluted in proteolysis buffer (50 mM Tris-HCI] pH
8.0, 100 mM NacCl, 0.5 mM CacCl,) to yield a final protein concentration of 2 uM. If
inhibitor was being used, 1 pL. of a 10 mM DMSO stock was added and incubated with c-
Src for 15 mins at room temperature. Thermolysin (purchased from Promega, catalog
number: V4001) from a 3.8 uM stock solution was added to the reaction mixture to a
final concentration of 60 nM. 15 pL of the proteolysis reaction was added to 5 pL. of 50
mM EDTA to quench proteolysis at various time points (0, 2, 5, 10, 30, 60, 90, 120, 180,
and 240 mins) and stored at -20 °C. The quenched samples were analyzed by SDS-PAGE
(12 % Bis-Tris gel in MES running buffer, staining with comassie blue). Band intensities
were analyzed by Imagel imaging software. Percent protein remaining was plotted
against time and fit to an exponential decay equation using GraphPad Prism 6 software to
obtain half-lifes of each protein. The Exponential Decay curve for each protein was fit
using the equation Y=(YO - Plateau)*exp(-K*X) + Plateau X = time(mins) and Y =

normalized band intensity.

91



References

1. Wu P, Nielsen TE, Clausen MH. Small-molecule Kinase Inhibitors: an Analysis
of FDA-approved Drugs. Drug Discovery Today. 2016, 21(1), 5-10.

2. Zhang J, Yang PL, Gray NS. Targeting Cancer with Small Molecule Kinase
Inhibitors. Nature Reviews. Cancer. 2009, 9(1):28.

3. Noble ME, Endicott JA, Johnson LN. Protein Kinase Inhibitors: Insights into
Drug Design from Structure. Science. 2004, 303(5665), 1800-5.

4. Norman RA, Toader D, Ferguson AD. Structural Approaches to Obtain Kinase
Selectivity. Trends in Pharmacological Sciences. 2012, 33(5), 273-8.

5. Uitdehaag JC, Zaman GJ. A Theoretical Entropy Score as a Single Value to
Express Inhibitor Selectivity. BMC Bioinformatics. 2011, 12(1), 94.

6. Kawasaki Y, Freire E. Finding a Better Path to Drug Selectivity. Drug Discovery
Today. 2011, 16(21), 985-90.

7. Liu Q, Sabnis Y, Zhao Z, Zhang T, Buhrlage SJ, Jones LH, Gray NS. Developing
Irreversible Inhibitors of the Protein Kinase Cysteinome. Chemistry & Biology. 2013,
20(2), 146-59.

8. Lee F, Fandi A, Voi M. Overcoming Kinase Resistance in Chronic Myeloid
Leukemia. The International Journal of Biochemistry & Bell Biology. 2008, 40(3), 334-
43.

9. Azam M, Seeliger MA, Gray NS, Kuriyan J, Daley GQ. Activation of Tyrosine
Kinases by Mutation of the Gatekeeper Threonine. Nature Structural & Molecular
Biology. 2008, 15(10), 1109-18.

10. Gazdar A. Activating and Resistance Mutations of EGFR in Non-small-cell Lung
Cancer: Role in Clinical Response to EGFR Tyrosine Kinase Inhibitors. Oncogene. 2009,
28(Suppl 1), S24.

11. Zhang J, Adrian FJ, Jahnke W, Cowan-Jacob SW, Li AG, lacob RE, Sim T,
Powers J, Dierks C, Sun F, Guo GR. Targeting Wild-type and T3151 Bcr-Abl by
Combining Allosteric with ATP-site Inhibitors. Nature. 2010, 463(7280), 501.

12. Adrian FJ, Ding Q, Sim T, Velentza A, Sloan C, Liu Y, Zhang G, Hur W, Ding S,
Manley P, Mestan J. Allosteric Inhibitors of Ber-abl-dependent Cell Proliferation. Nature
Chemical Biology. 2006, 2(2), 95.

13. O'Hare T, Eide CA, Deininger MW. New Bcr-Abl Inhibitors in Chronic Myeloid
Leukemia: Keeping Resistance in Check. Expert Opinion on Investigational Drugs. 2008,
17(6), 865-78.

14. Skora L, Mestan J, Fabbro D, Jahnke W, Grzesiek S. NMR Reveals the Allosteric
Opening and Closing of Abelson Tyrosine Kinase by ATP-site and Myristoyl Pocket
Inhibitors. Proceedings of the National Academy of Sciences. 2013, 110(47), E4437-45.
15.  Patwardhan P, Resh MD. Myristoylation and Membrane Binding Regulate c-Src
Stability and Kinase Activity. Molecular and Cellular Biology. 2010, 30(17), 4094-107.
16.  Ghanakota P, Carlson HA. Moving Beyond Active-Site Detection: MixMD
Applied to Allosteric Systems. The Journal of Physical Chemistry B, 2016, 120, 8685-95.
17.  Ung PM, Ghanakota P, Graham SE, Lexa KW, Carlson HA. Identifying Binding
Hot Spots on Protein Surfaces by Mixed-solvent Molecular Dynamics: HIV-1 Protease as
a test case. Biopolymers, 2016, 105, 21-34.

92



18. Buhrman G, Casey O, Zerbe B, Kearney BM, Napoleon R, Kovrigina EA, Vajda
S, Kozakov D, Kovrigin EL, Mattos C. Analysis of Binding Site Hot Spots on the
Surface of Ras GTPase. Journal of Molecular Biology, 2011, 413, 773-89.

19. Hall DH, Grove LE, Yueh C, Ngan CH, Kozakov D, Vajda S. Robust
Identification of Binding Hot Spots using Continuum Electrostatics: Application to Hen
egg-white Lysozyme. Journal of the American Chemical Society, 2011, 133, 20668-71.
20.  Molecular Operating Environment, Chemical Computing Group Inc.:
Montreal, Canada, 2010.

21. Case DA, Darden TA, Cheatham TE, Simmerling CL, Wang J, Duke RE, Luo R,
Crowley M, Walker R, Zhang W, Merz K. AMBER 11; 2011, University of California:
San Francisco, CA.

22. Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML. Comparison
of Simple Potential Functions for Simulating Liquid Water. The Journal of Chemical
Physics, 1983, 79, 926-35.

23. Maier JA, Martinez C, Kasavajhala K, Wickstrom L, Hauser KE, Simmerling C.
ff14SB: Improving the Accuracy of Orotein Side Chain and Backbone Parameters from
f99SB. Journal of Chemical Theory and Computation, 2015, 11, 3696-713.

24, Case DA, Betz RM, Cerutti DS, Cheatham TE, Darden TA, Duke RE, Giese TJ,
Gohlke H, Goetz AW, Homeyer N, Amber 16; 2016, University of California

25. The PyMOL Molecular Graphics System; Schrodinger, LLC.

26. Seeliger MA, Young M, Henderson MN, Pellicena P, King DS, Falick AM,
Kuriyan J. High Yield Bacterial Expression of Active c-Abl and c-Src Tyrosine Kinases.
Protein Science. 2005, 14(12), 3135-9.

93



CHAPTER VI
The Future of Inhibiting Kinase Signaling: Modulating both the Catalytic and

Non-Catalytic Functions

Abstract

The work herein highlights methods, both ligand and mutation induced, to
modulate the global conformation of c-Src kinase. Characterization of these
conformational changes was possible due to the development of our novel ‘Selective
Proteolysis’ methodology that we have expanded to other diverse kinases. This work
demonstrates that inhibitors, if designed strategically, can be used to modulate both
signaling arms simultaneous. Additionally, clinical mutations may be activating
mutations through stabilization of district protein conformations. We hope that others
use this work as a stepping-stone towards developing the next generation of kinase

targeted therapies with improved signaling modulation.

Introduction

Throughout this dissertation, examples of modulating the non-catalytic function
of kinases has been portrayed with the kinases IREla, Erk2, Her2, Cdk, and c-Sre.!
Such a small panel of kinases showcases the approach of targeting non-catalytic functions
still remain in its infancy. The difficulty in targeting non-catalytic functions lies in the
basis that these functions are often governed through protein-protein interactions. The
ease of measuring chemical reactions, i.e. that of a kinase phosphorylating a downstream
target, has paved the way for the primary focus to be on their catalytic function. In order
for more researchers to begin considering non-catalytic functions, the development of
simple and robust tools to observe conformational changes must first be accomplished.

We previously identified the kinase c-Src to be a highly validated kinase target in
triple-negative breast cancer.”® Thus we recognized that in order to inhibit the entirety c-

Src signaling, we must consider modulating both the catalytic and non-catalytic
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functions. The tools available for observing changes in protein conformation required
advanced biophysical techniques that were not suited to be used in a high-throughput
fashion.”"" Additionally, the only biochemical technique reported could not be used with
our c-Src mutation panel in chapter III. This led us to seek our own solution toward
identifying the conformational changes of c-Src. The success of developing such a
method has enabled our group to begin probing how to best modulate the global
conformations of c-Src, and how these changes may impact cellular signaling.
Additionally, its ability to be expanded to other diverse kinases make this method a
unique drop-in platform technology that we hope researchers take advantage of when

targeting kinases, including the highly targeted c-Abl and Btk.

Selective Proteolysis of c-Src as a Potential Drop-in Platform Technology

In Chapter II we revealed the development of a novel method to monitor changes
in the global conformation of c-Src kinase. This method takes advantage of an
observation made in 1989 when the inactive, pY 530 Src, showed loss of sensitivity to the
bacterial protease, thermolysin.'> We were not only fortunate that thermolysin displayed
‘selective’ cleavage of c-Src (with only one dominate cut site), but that this single cut site
was located on a linker that changed in accessibility between the open and closed
conformation. We validated our method with using c-Src constructs previously reported
in literature (via advanced biophysical techniques) with both phosphorylated constructs

and ligand bound c-Src.” !

Performing an alignment of the SH2-linker with other diverse
kinases afforded 9 possible targets, in which one was confirmed using c-Abl.

The expansion of this assay does not end with only these 9 potential kinases. With
the many commercially available proteases, kinases that may not be cleaved by
thermolysin could be tested by any number of proteases. Although the kinase in question
will need to be expressed and purified as recombinant protein, it expands the utility of
this method to cover a greater percentage of the kinome. A similar method, limited
proteolysis, can be used in tandem with mass spectrometry to identify regions of the
protein that had changes in accessibility."> When expanding the scope of this method

using alternative proteases, ‘selective proteolysis’ does not necessarily need to be

observed, and limited proteolysis can be used as a substitution. Finally, the same report
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in 1989 also reported activation loop sensitivity of c-Src by the protease trypsin. As the
activation loop conformation has been shown to change accessibility when bound to
conformation-selective inhibitors, this method could also be utilized to access
conformational changes in the activation loop conformation (or any important kinase
loops).

The kinases c-Abl and Btk have been highly validated targets for CML and
lymphomas respectfully, and are still significant targets today.'*'> As this method is
applicable to these proteins, it will provide researchers the tools to begin designing
improved targeted therapies, as the FDA approved inhibitors for c-Abl and Btk are

already conformation selective, it may be important for clinical efficacy.

Kinase Mutations as Genetic Tools for Elucidating Signaling Pathways

In Chapter III we first utilized the power of our selective proteolysis methodology
to characterize clinical mutations of c-Src. These mutations could easily be characterized
catalytically, but their affects on the global conformation could not be accomplished in a
high-throughput fashion. With our method, many of these mutations had altered the
global conformation of c-Src, revealing the intricacy of the hydrogen bond network that
governs protein conformation. Activating kinase mutations are typically thought to
impact catalytic function. For example, L858R in EGFR is an activating mutation in lung
cancer as this mutation renders a constitutively active kinase.'® The same can be said for
Braf mutation V60OE."” Characterization of the clinical mutations reveal that ‘activation’
may also occur through stabilization of the ‘active’ protein conformation, versus affecting
solely catalytic function. Herin we identified the mutation W121R to stabilize the open
conformation, be highly catalytically active, and have the ability to escape down
regulation by Csk. While it is unsure if this mutation is transforming, active pY419 c-Src
is a common feature of malignant tumors and we may have revealed a constituently
active kinase mutant.'®

With the emerging utility of CRISPR-Cas9 gene editing technology, we can start
to begin to understand the impacts these mutations have on signaling functions. It is
studies such as these that can showcase the effect the clinical mutations have on

promoting tumor growth and metastasis. Furthermore, we now have genetic tools to
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being understanding how global c-Src conformation affects signaling pathways. As
overexpression techniques in mammalian cells often lead to non-physiological levels of
kinases, CRISPR-Cas9 would fit as the preferred method."” The mutation F408G in c-Src
showed no affect on conformation but would render a ‘kinase-dead’ construct.
Additionally, adding a mutation that affected the global conformation in tandem, we
could finally begin to understand which signaling pathways of c-Src are dependent on
conformation alone, and which require catalytic function to progress (Figure 6.1).
Additionally, there has been reported a number of Imatinib restraint mutations of c-Abl
and we speculate that this resistance is due from stabilization of contradicting global c-
Abl conformations.”’ This methodology can be utilized to reveal how protein
conformation can perturb not only signaling pathways, but additionally be utilized as a

method for escaping inhibitor treatment.

X ) CRISPR-CAS9 el . Cell Signalling Studies:
| ‘ : > R - Signalling Blots
) - Co-IP
NI : F408G - K_'l_nase Dead e 0 . - Morphology and Growth

Clinical Mutation
Figure 6.1. Studies to study the effect of global conformational changes independent of
catalytic function be carried out utilizing CRISPR-CAS9 technology.

Modulating Global Conformation with Kinase Inhibitors

Only a few examples in literature show how conformation-selective inhibitors can
influence the non-catalytic function of kinases.'” Unfortunately, due to the infancy of this
approach, previously developed kinase inhibitors that display promising efficacy may
already have this characteristic. Nearly all reported cases of influencing non-catalytic
kinase functions involved modulation of the aC-helix. Thus the aC-helix remains one of
the most underappreciated regulatory motifs of protein kinases. Stabilization of the aC-

helix-in or aC-Helix-out conformations has been the basis for targeting these non-
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catalytic functions. The insight with our tunable conformation-selective inhibitors
provides researchers the ability to module the aC-helix movement of any kinase of
interest.

In Chapter IV we revealed a series of pyrazolopyrimidine inhibitors that can
stabilize various open and closed conformations of c-Src. Thus we have a series of
inhibitors with ‘tunable’ degrees of interaction to the aC-helix of c-Src. Additionally, we
show that these design elements can be transposed onto FDA approved inhibitor scaffolds
including conformation-selective Dasatinib analogs and conformation-selective Lapatinib
analogs. These data showcase that any kinase may be targeted in a conformation-
selective fashion and require a selective starting scaffold and a conformation-selective
element that can be utilized from any one of the 23 characterized inhibitors (Figure 6.2).
This panel can now provide starting points for developing conformation-selective

inhibitors for any kinase toward targeting their non-catalytic functions.

; F
~N z
o) '\5 o cl. 0O
Selectivity @
O O
NH, C 4N @ & PK 4N
> N N NH > N NH
NI Scaffold Optimization
A N Hopping

N N Lapatinib

)\ 3% (EGFR)

Figure 6.2. ‘Tunable’ ATP competitive inhibitors can be utilized and adapted to target

any kinase of interest.

Identifying Allosteric Inhibitors of c-Src Kinase
The challenges with the ATP competitive inhibitors in chapter [V are due to the

difficulty in obtaining kinase selective.”’ The conserved nature of the ATP binding site
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among the kinome makes designing a perfectly selective inhibitor a nearly impossible
task. Additionally, our published data showcase that the conformation-selective portion
of the kinase inhibitor does not alter inhibitor selectivity to a significant degree.”* Thus,
the development of allosteric c-Src inhibitors would be of great use. In chapter V we
collaborated with the Carlson Lab and utilized a novel ‘hotspot’ ID technique, MixMD
that involved molecular dynamic simulations of organic solvent molecules in solution.”
The results of the MixMD simulation afforded 6 unique ‘hotspots’ that may be able to be
probed with a small molecule. Through mutagenesis, we introduced tryptophan mutations
in these pockets in order to mimic that of a small fragment binding. Surprisingly, two of
the hotspots were verified as allosteric sites as the tryptophan mutants Q365W and
T298W were found to stabilized the closed conformations. These are the first identified
computationally, and validated biochemically, allosteric sites on c-Src that can stabilize

the closed conformation.

(X,,2)
RMSD —_—>
Cluster Occupancy  PH4 Feature PH4 Model

Figure 6.3. Identified hotspots can be used to generate PH4 models in which in-silico

docking experiments can be performed to find allosteric modulators of c-Src.

Towards identifying allosteric inhibitors of c-Src, we now have two novel
allosteric sites that small molecule docking can be implemented. PH4 models can be
generated using these sites and in-silico screens can now begin toward identifying
allosteric inhibitors of c-Src (Figure 6.3). It can be speculated that these inhibitors can
also inhibit catalytic function, as all closing mutations in chapter II all had a decrease in
catalytic activity. However, finding allosteric inhibitors that only modulated global
conformation would also be incredibly valuable. As these inhibitors can be used to

elucidate how changing kinase conformation impacts signaling independent of catalytic
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function, and in a dose dependent manner. Additionally, these sites are much less
conserved than the ATP binding pocket and it can be speculated that these allosteric

inhibitors will have exquisite selectivity for c-Src or other Src family kinases.

Conclusions

The work herein highlights the discovery of orthogonal methods, both mutation
and ligand induced, to modulate the global conformation of c-Src kinase. This work
could not be possible without the development of novel, selective-proteolysis
methodology that could be so easy implemented by our group. We have showcased that
the global conformation of c-Src is perturbed in a number of clinical mutations.
Furthermore, that these conformational changes are used as an activating mechanism, and
have discovered W121R to be a possible activating c-Src mutant. We have developed a
series of small molecule inhibitors that can ‘tune’ the global conformation of c¢-Src and
can be transferred onto any inhibitor scaffold to target any kinase of interest. We
identified allosteric ‘hotspots’ of c-Src distal the ATP binding pocket that can be used to
probe the global conformation and increase inhibitor selectivity. Finally, we have shown
a unique targeting strategy of matching inhibitor conformation to protein conformation to
better drug c-Src mutations that affect global conformation.

These data highlight number of themes that should be considered when studying
or targeting any of the 513 kinases. Firstly, kinases’ signaling pathways involve both its
catalytic function (via post-translational phosphorylation), and its ability to participate in
key protein-protein interactions. Secondly, small molecule inhibitors can target both
catalytic and non-catalytic functions simultaneously, right within the ATP binding pocket
(often by modulation of the aC-Helix). Finally, clinical mutations of kinases can be
activating, not through changes in catalytic function, but rater through stabilizing distinct
protein conformations. These themes are applicable across many protein families, and

remind us about the intricacies of cellular signaling pathways.
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Mass Spectrometry Data for Selective Proteolysis

Figure A.1. Mass Spectrometry Data for Selective Proteolysis

A. Deconvuluted Mass Spectrum of WT Src + O0nM Thermolysin
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B. Deconvuluted Mass Spectra of WT Src + 60nM Thermolysin
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Analytical Data for Half-Life Determination of c-Src Constructs

Figure A.2. Half-Life Determination of c-Src Constructs

A. 2 uM WT Src treated with 60 nM Thermolysin T;,, = 33 mins
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D. 2 uM Src®"?E" with 60 nM Thermolysin. Ty, = 356 mins
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Analytical Data for 2.1 & 2.2 bound c-Sre¢

Figure A.3. Half-Life Curves for Compounds 2.1 and 2.2 bound c-Src

A. wt-Src + 25 uM 2.1 with 60 nM Thermolysin T;, = 2.7 mins
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Analytical Data for Small Molecules bound c-Abl
Figure A.4. Half-Life Curves for small molecules bound to c-Abl

A. 2 uM c-Abl with 20 nM Thermolysin T, = 30 mins
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D. c-Abl + 25 uM 2.1 with 20 nM Thermolysin T, =2.2
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Selective Proteolysis for Clinical Mutations

Figure B.1. Selective Proteolysis for Clinical Mutations

A) I113F with 60 nM Thermolysin. T, = 31 mins

B) W121R with 60 nM Thermolysin. T, =2 mins
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D) R163W with 60 nM Thermolysin. T;, =4 mins
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G) P307R with 60 nM Thermolysin. T, = 62 mins
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J) D521N with 60 nM Thermolysin. T, = 37 mins
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Selective Proteolysis for Non-Clinical Mutations & Complexes
Figure B.2. Selective Proteolysis for Non-Clinical Mutations and Complexes

A) R98W with 60 nM Thermolysin. Ty, = 12 mins
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D) K298M with 60 nM Thermolysin. T, = 11 mins
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G) T341M with 60 nM Thermolysin. T}, =43 mins
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J) F408G with 60 nM Thermolysin. Ty, = 31 mins
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M) SH2Eng with 60 nM Thermolysin. Ty, = 356 mins
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P) WI121R*"2E"¢ with 60 nM Thermolysin. Ty, = 4 mins
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S) Src¥>3F 3.1 Complex with 60 nM Thermolysin. T, = 18 mins
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Table B.1. Comprehensive Half-Life Table for All Mutations

c-Src Mutant

Half-Life (min)

c-Src Mutant

Half-Life (min)

WT-Src 33 113F 31
pY419 12 W121R 23
pY530 241 T341R 106
W263A 3.3 D407H 13
D407N 13 E527K 50
F408A 192 P171Q 41
K298M 11 Y419F 19
K298R 92 Y530F 35
T341G 71 T3411 35
F408G 31 T341M 43
V140M 29 R98W 9
R163W 3.8 D120N 11
K298E 67 SH2 Eng 356
P307R 62 T341M SH2 Eng 283
D521N 37 R98W SH2 Eng 42
Q529H 141 W121R SH2 Eng 4

3D Src * 3.1 13 Y530F Src » 3.1 18
3D Src* 3.2 272 Y530F Src « 3.2 315




Vmax & Substrate K,, Determinations for c-Src Mutations/Constructs

Figure B.3. Vax & Substrate K;,, Determinations for c-Src Mutations/Constructs
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Table B.2. Comprehensive Table for V. of c-Src Mutants

c-Src Mutant Vmax (Rfu/Sec) c-Src Mutant Vmax (Rfu/Sec)
WT-Src 56 + 6 1113F 305
pY419 239+ 8 W121R 128 + 21
pY530 25+6 T341R 17+14
W263A 16+ 2 D407H Dead
D407N Dead E527K 28 + 10
F408A Dead P171Q 115 + 28
K298M Dead Y419F 126 + 14
K298R Dead Y530F 106 + 8
T341G 25+6 T3411 58 +7
F408G Dead T341M 54 +5
V140M 152 + 1 RI8W 74+7
R163W 50 +5 D120N 126 + 4
K298E Dead Src>H2ENG 6.5+0.5
P307R 23+2 T341M°H2ENG 11 +4
D521N 29 + 1 R98W>HZENG 70 + 21
Q529H 49 + 11 W121RSHZENG 118 + 7
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Table B.3. Comprehensive Table for Substrate K,, of ¢-Src Mutants

Substrate K, Substrate K,
c-Src Mutant c-Src Mutant

(M) (M)
WT-Src 43 +2 1113F 24 + 4
pY419 215 + 47 W121R 101 + 26
pY530 108 + 28 T341R 48 + 6
W263A 65 + 14 D407H Dead
D407N Dead E527K 78 + 24
F408A Dead P171Q 142 + 29
K298M Dead Y419F 99 + 12
K298R Dead Y530F 155 + 14
T341G 72 + 24 T3411 106 + 17
F408G Dead T341M 53+7
V140M 104 + 8 RI8W 42 +4
R163W 102+7 D120N 110+ 9
K298E Dead Src>H2ENG 58 + 10
P307R 222 + 23 T341M°H2ENG 14 + 1
D521N 83+8 R9O8WSHZENG 130 + 60
Q529H 89+9 W121RSHZENG 130 + 27
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ATP K,, Determination for c-Src Mutants

Figure B.4. ATP K,, Determination for c-Src Mutants
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Table B.4. Comprehensive Table for ATP K, of c-Src Mutants

c-Src Mutant ATP K, (M) c-Src Mutant ATP K, (M)
WT-Src 51+ 14 1113F 111 + 12
pY419 170 + 50 W121R 20 + 4
pY530 340 + 99 T341R 60 + 10
W263A 7+35 D407H Dead
D407N Dead E527K 95+5
F408A Dead P171Q 22+6
K298M Dead Y419F 46 + 1
K298R Dead Y530F 54 + 4
T341G 350 + 30 T3411 33+4
F408G Dead T341M 17+3
V140M 38+3 R98W 34+5
R163W 31+4 D120N 210 +5
K298E Dead Src>H2ENG 140 + 4
P307R 17 +5 T341M°H2ENG 50 + 10
D521N 81+9 R98W>HZENG 120 + 50
Q529H 14 + 4 W121RSHZENG 20+ 4
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Table B.S. Comprehensive Table for K4 of SH2-FITC Peptide with c-Src Mutants

Peptide (3) Peptide (3)
¢c-Src Mutant ¢c-Src Mutant

Kd (nM) Kd (nM)

WT-Src 729 + 87 W121R 700 + 150

pY419 > 10000 T341R 2100 + 500
pY530 > 10000 D407H 146 + 12
W263A 200 + 90 P171Q 590 + 40
F408A 500 + 3 Y419F 682 + 47
K298M 2126 + 345 T341M 218 + 44
K298R > 5000 R98W > 5000
T341G 140 + 90 D120N 790 + 90
F408G 1160 + 130 SrcSHZENG > 10000
R163W 397 + 89 T341M°H2ENG > 10000
Q529H 380 + 20 R98WSHZENG 470 + 80
W121R5H#ENG 290 + 40
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Table B.6. Comprehensive Table for c-Src Mutant Melting Temperatures

c-Src Mutant Tm (°C) c-Src Mutant Tm (°C)
WT-Src 50.84 + 0.34 1113F 48.60 + 0.34
pY419 52.23 +0.30 W121R 46.95 + 0.37
pY530 54.33+0.14 T341R N.T.
W263A N.T. D407H N.T.
D407N N.T. E527K 50.66 + 0.18
F408A 52.80 + 0.12 P171Q 48.56 + 0.61
K298M N.T. Y419F 51.13+0.10
K298R 47.90 + 0.20 Y530F 52.15 + 0.06
T341G 54.22 +0.33 T3411 N.T.
F408G 48.00 + 0.08 T341M 47.41 +0.07
V140M N.T. RI8W 4533 +0.33
R163W 50.59 + 0.07 D120N N.T.
K298E 4452 + 0.54 SrcSHZENG 54.43+0.10
P307R N.T. T341M°H2ENG 51.22 +0.74
D521N 50.66 + 0.40 R98W>HZENG 50.15+ 0.14
Q529H 48.77 +0.26 W121RSHZENG 52.13 £ 0.55

Y530F Src * 1 53.08 + 0.36 Y530F Src * 2 53.20 + 0.42

Wt 3D-Srce 1 53.12 + 0.35 Wt 3D-Src « 2 55.37 + 0.88

N.T. = Not Tested
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Phosphorylation Rate Determination of 3.1 & 3.2 Src Complexes
Figure B.5. Phosphorylation Rate Determination with 3.1 and 3.2 c-Src
ProQDiamond Stain (Left), SyproRuby Stain (Right)
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Table B.7. Initial Phosphorylation Rates of Irreversible Bound Constructs

Srce 3.1 Srce 3.2 Srce 3.1 Srce 3.2 Srce 3.1 Srce 3.2
Kd Hck Kd Hck 3D Hck 3D Hck Csk Csk
1/Slope 1883 1841 1113 1123 90.99 325.2
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Spectral Data of Compounds 3.1, 3.2, 3.7, 3.9 — 3.12
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Kor Rates for BODIPY Compounds 3.3 & 3.4
Figure B.6. K Rates for BODIPY Compounds 3.3 & 3.4
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Kg4 Determination for BODIPY Compounds 3.3 & 3.4

Figure B.7. K4 Determination for BODIPY Compounds 3.3 & 3.4
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D) 3.4 +pY419 Src K4 Curve. Average Kq =2.4 nM

Fluorescence

3.4 + pY419 Src
150

0 50 100 150 200
[3.4] (nM)

Kd =24

E) 3.3 + Src®"F" K4 Curve. Average Kq = 2.5 nM

Fluorescence

3.3 + SrcSH2Eng

100+
| | T
50- 1 1
[}
)
c ] 1 ) 1
50 100 150 200
[3.3] (nM)
-50-
Kd =25

F) 3.4 + Src®?¥" Ky Curve. Average Kq =5.3 nM

Fluorescence

3.4 + SrcSH2Eng

80
60
40
20
c I T L] 1
] 50 100 150 200
20 [3.4] (nM)
Kd =53

158



Appendix C
Analytical Data and Supplemental Information for Chapter IV
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Selective Proteolysis Results for c-Src Inhibitors
Figure C.1. Selective Proteolysis Results for c-Src Inhibitors
A) Compound 4.1 (60 uM) with 2 uM c-Src & 60 nM Thermolysin Ty = 2.7 mins
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E) Compound 4.5 (60 uM) with 2 uM c-Src & 60 nM Thermolysin Ty/; = 2.2 mins
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I) Compound 4.9 (60 uM) with 2 uM c-Src & 60 nM Thermolysin Ty, = 11 mins
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J) Compound 4.10 (60 uM) with 2 uM c-Src & 60 nM Thermolysin Ty, = 13 mins
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K) Compound 4.11 (60 uM) with 2 uM c-Src & 60 nM Thermolysin Ty, = 13 mins
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L) Compound 4.12 (60 uM) with 2 pM c-Src & 60 nM Thermolysin Ty, = 14 mins
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M) Compound 4.13 (60 uM) with 2 pM c-Src & 60 nM Thermolysin Ty, = 16 mins
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0O) Compound 4.15 (60 uM) with 2 uM c-Src & 60 nM Thermolysin Tj/;; = 23 mins
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Q) Compound 4.17 (60 uM) with 2 pM c-Src & 60 nM Thermolysin Ty, = 36 mins
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R) Compound 4.18 (60 pM) with 2 uM c-Src & 60 nM Thermolysin Ty; = 42 mins
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T) Compound 4.20 (60 uM) with 2 uM c-Src & 60 nM Thermolysin Ty, = 44 mins
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U) Compound 4.21 (60 uM) with 2 uM c-Src & 60 nM Thermolysin T12 = 49 mins
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V) Compound 4.22 (60 uM) with 2 uM c-Src & 60 nM Thermolysin Ty, = 51 mins
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W) Compound 4.23 (60 uM) with 2 uM c-Src & 60 nM Thermolysin Ty; =70 mins
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X) Compound 4.24 (60 uM) with 2 uM c-Src & 60 nM Thermolysin Ty, = 84 mins
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Y) Compound 4.25 (60 uM) with 2 uM c-Src & 60 nM Thermolysin Ty, = 85 mins
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X) Compound 4.26 (60 uM) with 2 uM c-Src & 60 nM Thermolysin T12 = 91 mins
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Y) Compound 4.27 (60 uM) with 2 uM c-Src & 60 nM Thermolysin T12 = 94 mins
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AA) Dasatinib (60 pM) with 2 uM c-Src & 60 nM Thermolysin Ty, = 3.1 mins
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BB) Ponatinib (60 uM) with 2 uM c-Src & 60 nM Thermolysin Ty, = 2.5 mins
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CC) Saracatinib (60 uM) with 2 uM c-Src & 60 nM Thermolvsin T1» = 6.9 mins
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DD) Bousutinib (60 pM) with 2 uM c-Src & 60 nM Thermolysin Ty, = 4.5 mins
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Table C.1. Comprehensive Table of All Inhibitor Half-Lives

Compound Half-Life (min) Compound Half-Life (min)

DMSO 33 4.16 24
4.1 2.7 4.18 42
4.2 82 4.19 44
4.3 4.5 4.20 44
4.4 100 4.21 49
4.5 2.2 4.22 51
4.6 71 4.23 70
4.7 3.7 4.24 80
4.8 9.1 4.25 85
4.9 11 4.26 91
4.10 13 4.27 94
4.11 13 4.28 159
412 14 Dasatinib 3.1
413 16 Ponatinib 4.5
414 16 Bosutinib 25
415 23 Saracatinib 6.9
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Spectral Data for Compounds 4.5, 4.11 — 4.14, 4.16 — 4.18, 4.20 - 4.28
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Appendix D
Supplemental Data for Chapter V
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Analytical Data for Half-Life Determination of c-Src Mutants
Figure D.1. Analytical Data for Half-Life Determination of c-Src Mutants

A. 2 uM Q365W with 60 nM Thermolysin T;,; = 314 mins
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B. 2 uM T293W with 60 nM Thermolysin T;/,; = 80 mins
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C. 2 uM Q254W with 60 nM Thermolysin T, = 30 mins
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