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Abstract

Chemical Proteomic Tools for Studying Protein Kinase Active Sites

Bulathsinhalage Gayani Kanchana Perera

Chair of the Supervisory Committee:
Assistant Professor Dustin James Maly
Department of Chemistry

Protein kinases constitute one of the largest protein families in humans. These
enzymes catalyze phosphorylation of serine, threonine or tyrosine residues in their
protein substrates. As protein kinases regulate most signal transduction pathways in cells
and play important roles in many cellular functions, deregulation of their activity can lead
to a number of diseases including cancer, diabetes and inflammation. Targeted inhibition
of protein kinases has therefore become an attractive therapeutic strategy for the
treatment of a number of diseases.

Small molecule inhibitors that target the active site of protein kinases can be used
to study their catalytic function and regulation. We have designed and generated a set of
small molecule ligands that bind to protein kinase active sites in a conformation-specific

manner. These ligands have been used as proteomic tools to study the active sites of a



wide range of protein kinases. These efforts have been particularly focused on a class of
ligands, type Il inhibitors, which stabilize an inactive conformation of the ATP-binding site,
called the DFG-out. We have shown that type Il inhibitors can be extensively modified and
that these reagents can be used in a range of proteomic applications. These proteomic
efforts have provided insight into the roles of specific kinases during signaling events.
Furthermore, these chemical tools have significantly contributed towards our

understanding of the structure and regulation of protein kinases.
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Chapter 1

Introduction

1.1 Protein Kinases

Protein phosphorylation is the most widespread post-translational modification
used in signal transduction. This process is carried out by enzymes called protein kinases.!
The human genome encodes for 518 kinases, making it the largest enzyme family in
humans. The protein kinases are divided into nine groups (TKL, TK, STE, CK1, AGC, CAMK,
RGC, CMGC and atypical), which are further subdivided into 134 families and 230
subfamilies based on catalytic domain sequence similarity and biochemical function.?
Protein kinases catalyze the transfer of the y-phosphate of ATP to a serine, threonine or a
tyrosine residue on a protein substrate.” ® Since protein kinases play an important role in
many cellular processes including cell growth, metabolism, cytoskeletal rearrangement,
cell movement, differentiation and apoptosis, mis-regulation of kinases leads to a number
of diseases such as cancer, diabetes and inflammation. Therefore, targeted inhibition of

specific protein kinases has become an important therapeutic strategy towards treating

5 6

such diseases.*” The first protein kinase inhibitors were developed in the early 1980s.
Breakthrough advances over the past decade have so far resulted in several small
molecule kinase inhibitors approved for clinical use by US Food and Drug Administration.

(Table 1.1) Currently, it is estimated that approximately one third of drug discovery

programs target protein kinases.*’



Table 1.1 — Small molecule kinase inhibitors approved for clinical use by US FDA

Kinase . .
inhibitor Disease treated Targeted Kinase(s)
Receptor tyrosine kinases including
Axitinib Advanced renal cell carcinoma vascular  endothelial growth factor
(Inlyta) receptors (VEGFR)-1, VEGFR-2, and VEGFR-
3
Locally advanced or metastatic Receptor tyrosine kinases including ALK,
non-small cell lung cancer (NSCLC)
o . ) Hepatocyte Growth Factor Receptor
Crizotinib | that is anaplastic lymphoma .
. . s (HGFR, c-Met), and Recepteur d’Origine
(Xalkori) kinase (ALK)-positive as detected Nantais (RON)
by an FDA-approved test
Dasatinib F;}:E)declﬁr;amihr:wmeolici’;“ﬁ'ezcl’fe'::ﬁ BCR-ABL, SRC family (SRC, LCK, YES, FYN),
(Sprycel) y c-KIT, EPHA2, and PDGFRB
(CML)

. Locally advanced or metastatic | Inhibits the intracellular phosphorylation
Erlotinib . . . .
(Tarceva) non-small cell lung cancer (NSCLC) | of tyrosine kinase associated with the

with gemcitabine epidermal growth factor receptor (EGFR)
Inhibits the intracellular phosphorylation
of numerous tyrosine kinases associated
Gefitinib . . . with  transmembrane cell  surface
Clinical antitumor action . . . .
(Iressa) receptors, including the tyrosine kinases
associated with the epidermal growth
factor receptor (EGFR-TK)
. . . Bcr-abl tyrosine kinase, the constitutive
- Philadelphia chromosome positive , .
Imatinib . . . . | abnormal tyrosine kinase created by the
chronic myeloid leukemia (Ph . . i
(Gleevec) Philadelphia chromosome abnormality in
CML)
CML

- Advanced or metastatic breast | Epidermal Growth Factor Receptor (EGFR
Lapatinib .

(Tykerb) cancer [ErbB1]) and Human Epidermal Receptor
¥ Type 2 (HER2 [ErbB2])
Nilotinib Philadelphia chromosome positive

. chronic myeloid leukemia (Ph* | BCR-ABL kinase

(Tasigna)

CML)

Vascular  endothelial growth factor
receptor (VEGFR)-1, VEGFR-2, VEGFR-3,

Pazopanib | Advanced renal cell carcinoma platelet-derived grpwth factor receptor

(Votrient) (PDGFR)-a and -B, fibroblast growth factor
receptor (FGFR) -1 and -3, cytokine
receptor (Kit), interleukin-2 receptor

inducible T-cell kinase (ltk), leukocyte-




specific protein tyrosine kinase (Lck), and
transmembrane glycoprotein receptor
tyrosine kinase (c-Fms)
Intermediate or high-risk
myelofibrosis, including primary
Ruxolitinib | myelofibrosis, post-polycythemia | Janus Associated Kinases (JAKs) JAK1 and
(Jafaki) vera myelofibrosis and post- | JAK2
essential thrombocythemia
myelofibrosis
Sorafenib Unrgsectable hepatocellular VEGER and PDGER and Raf kinases
(Nexavar) | carcinoma (HCC)
Platelet-derived growth factor receptors
(PDGFRa and PDGFRB), vascular
Gastrointestinal stromal tumor | endothelial growth factor receptors
Sunitinib (GIST), advanced rer\al cell | (VEGFR1, VEGFR2 and VEGFR?,), stem <.:eII
(Sutent) carcinoma and progressive, well- | factor receptor (KIT), Fms-like tyrosine
differentiated pancreatic | kinase-3 (FLT3), colony stimulating factor
neuroendocrine tumors (pNET) receptor Type 1 (CSF-1R), and the glial
cell-line  derived neurotrophic factor
receptor (RET)
Tyrosine kinases including members of the
epidermal growth factor receptor (EGFR)
Symptomatic  or  progressive | family, vascular endothelial cell growth
Vandetanib | medullary thyroid cancer with | factor (VEGF) receptors, rearranged during
(Caprelsa) | unresectable locally advanced or | transfection (RET), protein tyrosine kinase
metastatic disease 6 (BRK), TIE2, members of the EPH
receptors kinase family, and members of
the Src family of tyrosine kinases
Vemurafen Unrlesectable OL mI:I:ZSFEZELCE Some mutated forms of BRAF serine
ib (Zeboraf) miti‘:i(::a wit threonine kinase, including BRAF'®%%

Protein kinases consist of a highly conserved catalytic domain and widely varying
regulatory subunits. The catalytic domain is bi-lobal with a smaller N-lobe, mainly
composed of B-strands, and a larger a-helical C-lobe. (Figure 1.1) The two lobes are
connected by a hinge linker forming a catalytic cleft. Adenosine triphosphate (ATP), the
phosphate source in the catalytic reaction, binds in this catalytic cleft where the adenine

ring of ATP makes key hydrogen bonding interactions with the hinge region of the kinase.


http://en.wikipedia.org/wiki/VEGFR
http://en.wikipedia.org/wiki/PDGFR
http://en.wikipedia.org/wiki/Raf_kinase

A set of conserved catalytic residues and a Mg?* ion help align the phosphate groups of

ATP for catalysis.® (Figure 1.2)
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Figure 1.1 - Catalytic domain of Abl kinase ’

The lysine (Lys 271 in figure 1.1) in B3 strand which is conserved in all kinase
enzymes is functionally important for kinase catalysis. It forms ion pairs with the o and
B phosphates of ATP in the active state and the lysine-ATP contact is further stabilized by
an ion pair formed between this lysine and the catalytic glutamate residue (Glu 286 in
figure 1.1) located at the center of the aC helix.* A Mg** ion identified as the activator
Mg?* binds to the B and y phosphates of ATP and to the aspartate of the highly conserved
DFG-motif (Asp 381 in figure 1.1) which is located in the activation loop. These

,7,10,11

interactions help to orient the y phosphate for its transfer. 4 Another aspartate

residue which is invariant in all kinases is located in the catalytic loop in the C-lobe and it

is presumed to act as a base to remove a proton from the substrate hydroxyl group which

attacks the y phosphate of ATP. This aspartate residue is called the catalytic base. '

4
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Figure 1.2 — ATP bound to the catalytic site of a kinase. The diagram also indicates the
catalytically important residues in the kinase active site.’

1.2 Conformations of protein kinases and conformation specific ligands
Most protein kinases possess at least two distinct catalytic states; an active state
where all the catalytic residues are in an optimal position for phosphate transfer and an

2,12 . . .
"~“ The active conformations of most kinases

inactive state with reduced catalytic activity.
appear to be very similar and conserved but the inactive conformations are more
heterogeneous in nature.®> ATP-competitive small molecule inhibitors that bind to specific
active or inactive conformations of kinases have been developed and characterized.
These ligands are categorized as Type | or Type Il inhibitors. Type | inhibitors bind to the
active conformation of kinases (Figure 1.3), while Type Il inhibitors bind to a specific
inactive conformation of kinases known as the ‘DFG-out’ conformation®® (Figure 1.4).

These conformation-specific ‘DFG-in” and ‘DFG-out’ inhibitors can be used to probe the

active site of kinases.
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Figure 1.3 — Clinically-approved small molecule inhibitors that bind to the active ‘DFG-in’
conformation of kinases.

Large and distinct conformational shifts in several catalytically important residues
are observed between active and inactive kinases. A number of phosphorylation events
along with protein-protein interactions regulate the conformation of the kinase active site

and determines the activation state of the enzyme.13

N__o 0N CF 7N H =
- RO e e
Qo MR

X 0

Sorafenib Nilotinib

CF,

Figure 1.4 — Clinically-approved small molecule inhibitors that bind to the ‘DFG-out’
inactive conformation of kinases.

For example, SRC family kinases contain regulatory SH2 and SH3 domains which
make intramolecular interactions, locking the enzyme in an inactive conformation. The
SH3 domain recognizes proline rich sequences and binds to the kinase-SH2 linker region,
while the SH2 domain docks onto the back of the kinase C-lobe. Additionally, SRC kinases
have a short C-terminal tail, which bears an autoinhibitory phosphorylation site that binds
to the SH2 domain upon phosphorylation. These interactions stabilize the inactive

conformations of SRC kinases.'* (Figure 1.5) It has been shown that these intramolecular

6



interactions of the regulatory subunits can be disrupted by externally added peptide

ligands. 15,16, 17

/> Trp260

A -. - ’ y C Helix
? /j{j i, ' Kinase N-lobe
SH3 # I 3 Acthvation
" ' loep

Tyrd16

Kinase C-lobe

Figure 1.5 — SRC kinase containing its catalytic domain and regulatory SH2 and SH3
domains.* Phosphorylated Tyr527 residue is bound to the SH2 domain facilitating the
inactive conformation of the enzyme. Proline rich linker region shown in yellow interacts
with the SH3 domain in the inactive conformation.

Adjacent to the ATP-binding site all kinases contain an activation loop, which
contains one or more residues that increase kinase catalytic activity upon
phosphorylation. The activation loop also contains a highly conserved Asp-Phe-Gly (DFG)
motif, the conformation of which is directly coupled to the activation state of the kinase.>
In active kinases, the DFG-motif is said to be in a ‘DFG-in’ conformation where the Phe
residue of the DFG-motif is buried in an adjacent hydrophobic pocket while the Asp
residue faces towards the ATP-binding site. Type | inhibitors bind to this active
conformation and are also known as ‘DFG-in’ inhibitors. Type | inhibitors typically bind in
the region occupied by the adenine of ATP and form 1-3 hydrogen bonds with the

backbone amides of the kinase hinge region. (Figure 1.6 a) In a distinct inactive state of



kinases known as the ‘DFG-out’ conformation, the Phe residue of the DFG-motif rotates
away from its position in the active kinase and is directed into the ATP-binding site. This
rotation of the Phe residue creates an allosteric binding site which is occupied by the type
Il or ‘DFG-out’ inhibitors. In addition to the extra hydrophobic contacts with the DFG-out
pocket, type Il inhibitors also form a pair of characteristic hydrogen bonds; one with a
conserved glutamate in the aC helix and another with the backbone amide of the
aspartate in the DFG-motif. Similar to type | inhibitors, type Il inhibitors also maintain
hydrophobic contacts with the adenine site and 1 - 2 hydrogen bonding interactions with

the amide backbone of the hinge region.> (Figure 1.6 b)
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Figure 1.6 - a) A schematic representation of a type | inhibitor Dasatinib bound to its
target in the active, DFG-in conformation. b) A schematic representation of a type I
quinazoline inhibitor bound to its target in the inactive, DFG-out conformation

1.3 Tools for studying protein kinases
The conformation specific ligands can be extensively modified to obtain molecular

tools that can be used to probe kinase active sites in order to understand their structure,
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function and regulation. Therefore, our efforts were focused towards obtaining a set of
ligands that could be used in a wide range of applications and aid us towards
understanding the structure activity relationships of target protein kinases.

We have generated a panel of linkable protein kinase inhibitors (chapter 2) which
can be successfully immobilized on chemically derivatized resins in order to generate
affinity matrices useful towards enriching target kinases from complex lysate mixtures.®
Additionally, proper modifications of these linkable inhibitors also permitted us to
immobilize them on small proteins via SNAP-tag technology or Halo-tag technology and
the resulting small molecule-protein conjugates have been used for the generation of
bivalent inhibitors which are highly selective and could be localized to a desired cellular

192021 This |atter feature permits one to

compartment during cellular studies (chapter 3).
study the site specific function of a desired kinase target and thus can be beneficial
towards understanding the function of the targeted kinase at different sub-cellular
locations.

It is clear that the conformations of kinase active site are directly correlated to
their activation states. Therefore, understanding the conformational dynamics of protein
kinases and the factors that control them will aid in our understanding of the regulation
of protein kinases. Activation loop phosphorylation, along with other phosphorylation
events and protein-protein interactions, plays a significant role in controlling the
conformation of protein kinase active sites. These events maintain the proper activation

state of these important signaling enzymes. However, the exact mechanisms in which

these phosphorylation events and regulatory domain interactions control the



conformation and activity of kinases still remain unclear. For example, the ‘DFG-out’
conformation appears to be energetically accessible to a number of kinases but the
sequence and structural determinants that allow this transition are still poorly
understood. Thus, it is still not possible to predict which kinases can be effectively
targeted by Type |l inhibitors, which are selective for the DFG-out inactive
conformation.” Further knowledge of kinase conformational dynamics could be highly
beneficial towards efficient inhibitor design. Therefore, there is a compelling need to
explore the active site conformations of protein kinases and the factors that cause a
kinase to adopt a specific conformation. This will also aid in our understanding of the
catalytic regulation of protein kinases. To this end, | have generated conformation-
specific, small molecule inhibitors that can be used to study the active site conformations
of the SRC-family of protein kinases. In addition, these probes have been used to study
the non-receptor tyrosine kinase ABL (Abelson tyrosine kinase), a kinase that is closely
related to SRC. These inhibitors were used to study how different factors, including
phosphorylation state, ligand binding, and ATP concentration, affect the active site
conformations of the SRC- and ABL-family of kinases.

We have also generated small molecule inhibitors for protein kinases whose
structural and functional relationships are still not properly understood. A panel of
inhibitors was generated targeting IRE1a (Serine/threonine-protein
kinase/endoribonuclease), which displays phosphorylation capacity via a kinase domain
and endonuclease activity via an RNase domain. IRE1o plays a major role in the cellular

unfolded protein response (UPR) pathway during ER stress conditions, but the structural

10



and functional relationship between the two enzymatic domains towards controlling the

UPR pathway is not well understood.?***

Previously reported inhibitors of the IREla
kinase domain have been shown to increase the RNase activity of the enzyme while
inhibiting its kinase activity.24 We have synthesized and tested a panel of type Il inhibitors
which bind to the kinase active site of IRE1a inhibiting both the kinase and RNase activity
of this bi-enzymatic protein in a dose dependent manner. Due to this ability to decouple
these enzymatic activities of IREla, these molecular tools aid us in controlling and

understanding the fine relationship between the kinase and RNase domains and their

roles in determining cellular fate under ER stress conditions.

11
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Chapter 2*
Design, Synthesis and Characterization of “Clickable” 4-Anilinoquinazoline

Kinase Inhibitors

2.1 Summary

Immobilized kinase inhibitors have emerged as powerful reagents for the
determination of kinase inhibitor selectivity and for the enrichment of protein targets
from cellular lysates. Here, we report the design and synthesis of a set of “clickable” 4-
anilinoquinazoline kinase inhibitors. We demonstrate that the attachment of a flexible
tether that contains a bio-orthogonal azide functionality does not adversely affect the
potency or selectivity of these inhibitors. Furthermore, we demonstrate the utility of
these inhibitors through the generation of an affinity matrix for the enrichment of

interacting proteins from cellular lysates.

2.2 Introduction

Reversible protein phosphorylation cascades are one of the major pathways by
which eukaryotic cells sense and respond to their environment. Intracellular protein
phosphorylation is controlled by two families of enzymes; protein kinases which transfer
the y-phosphate of ATP to serine, threonine and tyrosine residues and protein
phosphatases which remove these phosphate groups.” As protein kinases control many
* Portions of this chapter are reproduced by permission of The Royal Society of Chemistry, from Perera, B. G. K.; Maly,
D. J., Design, synthesis and characterization of "clickable" 4-anilinoquinazoline kinase inhibitors. Molecular bioSystems
2008, 4 (6), 542-50.

http://pubs.rsc.org/en/content/articlelanding/2008/mb/b720014e
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important cellular processes, mis-regulation of their activity coincides with a number of
diseases such as cancer, diabetes and chronic inflammation. For this reason, there has
been a great deal of interest in the development of small molecule kinase inhibitors as
potential new drug therapies. Indeed, protein kinases represent one of the most highly
pursued target families by pharmaceutical companies.®

The first inhibitors of protein kinases were discovered over 20 years ago.® Over the
last fifteen years there has been steady progress towards the development of molecules
with increased potency and greater selectivity for their desired targets.”” The clinical
success of the inhibitor Imatinib (Gleevec®) for the treatment of chronic myelogenic
leukemia (CML) has demonstrated the potential of small molecules that specifically target

101 cyrrently, at least seven small molecule inhibitors that target protein kinases

kinases.
(Gleevec®, Sprycel®, Tykerb®, Sutent®, Nexavar®, Tarceva®, Iressa®) are clinically
approved with many more in various stages of clinical trials. Despite major advances in
our understanding of how to develop potent and selective inhibitors, the overall
characteristics of most kinase inhibitors remain the same. The majority of small molecule
kinase inhibitors bind in the highly conserved adenosine triphosphate (ATP)-binding site
located between the N- and C-terminal lobes of the catalytic domain.” In addition, these
molecules tend to make many of the same contacts as the purine ring of ATP, with
selectivity being achieved through interactions with adjacent sub-pockets. The highly

conserved nature of the ATP-binding pocket and the vast size of this enzyme family (518

kinases) make the development of selective inhibitors very challenging.
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In order to determine the potential of an identified protein kinase inhibitor as a
biological reagent or as a therapeutic agent it is useful to determine how selective it is for
its desired target over other cellular targets. The ability to determine all of the cellular
targets of a protein kinase inhibitor can provide valuable information into any phenotypic
effects that are observed. In a clinical setting, the identification of potential off-targets of
a protein kinase inhibitor may help explain any adverse effects that are observed. In
addition, this information can also be used to identify new clinical uses of an already
clinically approved inhibitor. For example, Imatinib has been used as therapy for
gastrointestinal stromal tumors (GIST) after it was demonstrated to be a potent inhibitor

12-14

of the tyrosine kinase c-KIT. In many diseases it may be necessary to inhibit multiple

kinases (multiplex inhibition) in order to observe a desired effect, therefore, multi-kinase

(multiplex) inhibition is preferable.>*

Thus, detailing the absolute selectivity of a kinase
inhibitor can give valuable insight into which combination of kinases are optimal for
therapeutic intervention.

While the most commonly used method for determining kinase inhibitor

17,18 the

selectivity is to perform activity assays with a diverse panel of purified kinases,
large size of the human kinome makes an exhaustive screen impractical. To overcome
these limitations a number of new methodologies have been developed for the

1921 9ne such tool is the use of affinity linked

determination of kinase inhibitor selectivity.
to an insoluble support through a flexible linker. This affinity matrix is used to enrich

cellular lysates for proteins that bind to the immobilized inhibitor. The use of affinity

purification methods is attractive because it is an unbiased sampling of all of the proteins
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in a cell. To date, this methodology has been used to identify the targets of a number of
inhibitors that are used as biological reagents for studying kinase function and of the

b. 2328 Recently, a related

clinically approved kinase inhibitors Imatinib, Iressa and Dastani
methodology for the determination of kinase inhibitor selectivity that relies upon the use
of immobilized kinase inhibitors has been described.”® This technique utilizes non-specific
immobilized kinase inhibitors as bait ligands for performing competition assays with an
inhibitor of interest. An exhaustive study of the cellular targets of the ABL inhibitors
imatinib, dasatinib and bosutinibo was performed with this methodology. Finally,
immobilized inhibitors have been used to identify the targets of protein kinase inhibitors
in a modification of the yeast 2-hybrid assay called the yeast 3-hybrid assay.*° In this
methodology, a protein kinase inhibitor is linked through a flexible tether to a ligand that
allows it to be displayed from a DNA-binding domain (DBD) of a transcription factor.>*
With this construct, cDNA libraries encoding proteins that are fused to an activation-
domain (AD) can be screened in yeast. If a protein has an affinity for the inhibitor that is
displayed from the DBD, the transcription factor will be reconstituted and this interaction
will be detected through the expression of a reporter gene.

In order to utilize an immobilized inhibitor as an affinity reagent, it is necessary to
identify a site that can be modified with a flexible linker that does not disrupt binding to
its desired target. In addition, the linker must contain an orthogonal functionality that
allows the inhibitor to be coupled to a solid support or to another molecule in a site-

specific manner. Here, we describe the design, synthesis and biochemical characterization

of a set of “clickable” 4-anilinoquinazoline kinase inhibitors. These inhibitors contain an
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azide that allows selective conjugation to molecules containing alkynes via the Huisgen
1,3-dipolar cycloaddition. Furthermore, we demonstrate that the instillation of a flexible
tether that contains an orthogonal chemical handle does not alter the overall biochemical
properties of these inhibitors. Finally, we demonstrate the utility of these “clickable”

kinase inhibitors through the generation of an affinity matrix.

2.3 Results and discussion

To develop a general method for creating a series of linkable kinase inhibitors we
chose the 4-anilinoquinazoline scaffold. This scaffold has proven to be a versatile platform
for the development of highly potent and selective kinase inhibitors.>**  4-
anilinoquinazolines have been best characterized as inhibitors of the ErbB family of
receptor tyrosine kinases (epidermal growth factor receptor (EGFR), ErbB2 and ErbB4).
Despite binding in the ATP-binding cleft, these inhibitors have been demonstrated to be
highly selective inhibitors for the ErbB family over other kinases.*® Furthermore, three
ErbB family directed inhibitors based on the 4-anilinoquinazoline scaffold, Tarceva,
Gefitinib and Lapatinib, have been clinically approved for the treatment of certain types
of cancer. In addition to the ErbB family, potent and selective 4-anilinoquinazoline
inhibitors have been developed for a number of other kinases (e. g., the tyrosine kinases
SRC, ABL and vascular endothelial growth factor-2 VEGFR2 and the serine/threonine
kinases p38 mitogen-activated protein kinase (MAPK) and Aurora A). To date, there are

eleven structures of 4-anilinoquinazoline derivatives non-covalently bound to kinases

(two of p38 MAPK (PDBIDs: 2bak and 1di9), five of EGFR (wild type and mutants) (PDBIDs:
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2ito, 2ity, 2itz, 1xkk and 1m17), one of CDK2 (PDBID: 1di8), SRC (PDBID, 2h8h), Aurora A
(PDBID: 2c6e) and Ret (PDBID: 2ivu)) in the Protein Data Bank (http://www.pdb.org).
These structures demonstrate that, despite the diversity of the kinase targets, the

43444752 1n 3ll of these

orientation of inhibitor binding is highly conserved (Figure 2.1).
structures, the quinazoline ring directly overlaps with the purine ring of ATP, making
many of the same hydrophobic contacts. In addition, there is a conserved hydrogen
bonding interaction between the N-1 of the quinazoline and the hinge region of the
kinase. Furthermore, in all of these structures the aniline substituent makes hydrophobic
contacts with residues adjacent to the gatekeeper residue or in an allosteric selectivity
pocket. It has been demonstrated that these interactions are responsible for a large
amount of the selectivity and potency of these inhibitors. Finally, these structures show

that substituents at C-6 and C-7 position of the quinazoline are directed out of the active

site and into solvent.
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Figure 2.1 - General binding mode of 4-anilinoquinazoline kinase inhibitors.
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The general structure of the “clickable” quinazoline derivatives is shown in Figure
2.2. Introduction of different anilines at the C-4 position modifies the potency and
selectivity of these inhibitors. The C-7 position was chosen as the site of linker attachment
because this position directly points out into solvent. Indeed, this position is often
derivatized with polar functionalities to increase inhibitor solubility. For the linker, a
propylpiperazine was selected because previous SAR studies for a number of kinases have
shown that straight chain alkyls groups attached to a basic functionality do not disrupt
inhibitor binding. Finally, a flexible polyethylene glycol (PEG) linker that contains a
terminal azide was selected to link to the piperazine. The PEG linker increases inhibitor
solubility and the terminal azide allows for selective derivatization with alkyne-containing

molecules via the copper catalyzed Huisgen 1,3-dipolar cycloaddition.>
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Figure 2.2 - General structure of “clickable” 4-anilinoquinazoline inhibitors.

To test the generality of this strategy, “clickable” analogs of the previously
characterized 4-anilinoquinazolines shown in Figure 2.3 were generated. Inhibitor 1 and 2
are potent, ATP-competitive inhibitors of the non-receptor tyrosine kinases SRC and
ABL.*? Inhibitor 3 is a potent inhibitor of p38 MAPK.**® Structural and biophysical studies
have demonstrated that compound 3 preferentially binds to the inactive form of p38

MAPK. The quinazoline ring occupies the purine site, maintaining a hydrogen bond to the
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hinge region, while the aminopyridine moiety occupies an adjacent sub-pocket that is
formed by the displacement of a Phe from the DFG motif (DFG-out). This binding event
has been shown to not only block the catalytic activity of p38, but also to block its
activation by upstream MAPK kinases.*® Inhibitor 4 is a potent inhibitor of Aurora A
Structural studies have demonstrated that inhibitor 4 can also bind the DFG-out

conformation of Aurora but further biochemical analysis has not been performed.

Figure 2.3 - Previously described 4-anilnoquinazoline kinase inhibitors.

In order to determine the effect of linker attachment on inhibitor potency and
selectivity, quinazolines with and without a linker were generated. As shown in Scheme
2.1, the 6,7-dimethoxyquinazoline derivatives 6-9 were generated by performing an SyAr
displacement of the chloride group from the C-4 position of 4-Chloro-6,7-

dimethoxyquinazoline 5 with anilines A-D. 2-chloro-5-methoxyaniline A is commercially
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available and anilines B-D were generated from commercially available starting materials

in 2-3 steps.s“'56

Subjecting quinazoline 5 to a 3-4-fold excess of anilines A, C and D in
refluxing isopropyl alcohol yielded the desired products in high yield. When aniline B was
subjected to the same conditions an unacceptable yield of quinazoline 7 was obtained.

Deprotonation of aniline B with NaHMDS prior to nucleophilic displacement was found to

increase the reaction rate and provided 7 in a more acceptable yield.
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Scheme 2.1 - Synthesis of 6,7-dimethoxyquinazoline derivatives 6-9.

Reagents and conditions: a) R-NH2, i-PrOH, reflux, 76-95%; b) R-NH2, NaHMDS, 26%.

The synthesis of the “clickable” quinazoline derivatives is shown in Scheme 2.2. In
order to increase the diversity of analogs that can be generated, a strategy was pursued
that introduces the linker prior to instillation of the aniline substituent. The synthesis of

qguinazolines 17-20 began with removal of the O-benzyl group from 7-benzyloxy-6-
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methoxy-3,4-dihydroquinazolin-4-one 10 with ammonium formate in the presence of a
3% palladium-on-carbon catalyst.57 The subsequent phenol intermediate was acetylated
with acetic anhydride in pyridine and then subjected to refluxing thionyl chloride to
generate chloroquinazoline 11. The acetyl protecting group was then removed with
ammonia in methanol and the phenol was alkylated with 4-(3-bromopropyl) piperazine-1-
carboxylic acid tert-butyl ester 22 to give quinazoline 12. Despite numerous attempts to
directly alkylate the phenol with 4-(3-propanol) piperazine-1-carboxylic acid tert-butyl
ester 21 under standard Mitsunobu conditions, we were unable to obtain the desired
product by this route. Chloroquinazoline 12 was subjected to the SyAr conditions used
for anilines A-D in Scheme 2.1 to generate 4-anilinoquinazolines 13-16. The Boc group
was removed from these intermediates with 28% TFA in DCM. The final “clickable”
derivatives 17-20 were generated by coupling the deprotected 4-anilinoquinazolines to
azido acid 23.

To characterize the potency and selectivity of the compounds generated in
Schemes 2.1 and 2.2, activity assays with purified kinases were performed (Table 2.1).
The kinase targets that these inhibitors were optimized for, the tyrosine kinase SRC and
the serine/threonine kinases p38 and Aurora A, were tested in these assays. In addition,
the tyrosine kinase Csk and the serine/threonine kinase Slk were also tested as selectivity
counter-screens. As expected, 6,7-dimethoxyquinazolines 6 and 7 inhibit SRC more
strongly than the other kinases tested, with 7 demonstrating a five-fold greater potency

than 6.* Gratifyingly, the “clickable” analogs 17 and 18 do not show a decrease in
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potency for SRC. Indeed, the presence of the piperazinyl-PEG linker was found to increase

potency by 2-8 fold without a loss in selectivity.
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Scheme 2.2 - Synthetic route for “clickable” 4-anilinoquinazolines 17-20.
Reagents and conditions: a) ammonium formate, 3% Pd/C, DMF, 80%,; b) Ac,0, pyridine,
120 °C, 82%; c) SOCI2, DMF, reflux; d) NH3/MeOH, reflux, 47% 2 for steps; e) 22, K,COs3,
DMF, 80 °C, 6%; f) R-NH2, i-PrOH, reflux, 54-77%; g) R-NH2, NaHMDS, 40%; h) 28%
TFA/MeOH; i) 23, HOBt, EDCI, DMF, 28-57% for 2 steps; j) CBr4, PPhs, THF, 46%.

6,7-dimethoxyquinazoline 8 was confirmed to be a potent and selective inhibitor
of p38 MAP kinase with an ICsq of 24 nM.* Once again, the presence of the azide linker
does not decrease the inhibitor’s potency (ICsp = 10 nM) or significantly alter its
selectivity. 6,7-dimethoxyquinazoline 9 was found to be a more potent inhibitor of Aurora
A (ICso = 0.13 uM) than the other kinases tested. The presence of the piperazinyl-PEG

linker was found to increase potency for Aurora A by 2-3 fold. Notably, 9 and 20 were

found to inhibit Aurora A less potently than expected (Inhibitor 4 was reported to have an
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ICsp of <0.1 nM for Aurora A)44 As noted earlier, these compounds have been
demonstrated to bind to the DFG-out conformation of Aurora A and this decrease in
observed potency may reflect a difference in activation state for the enzyme used in this
assay. Regardless, the presence of the linker does not significantly alter the biochemical

properties of these inhibitors as demonstrated by the similar potencies of 9 and 20.

Table 2.1 - The in vitro activities of 6,7-dimethoxyquinazolines 6-9 and “clickable”
guinazolines 17-20.

1Csn (nM)

Sre p38 AurA Csk Slk
6 0.64 1.9 =10 =10 =10
17 0.078 7.1 = 10) 4.5 =10
7 0.126 5.5 =10 4.0 =10
[k 0.048 7.7 = 10) 1.3 =10
8 =10 0.024 =10 =10 =10
19 =10 0.010 =10 = 1) =10
9 5.0 =10 0.13 =10 =10
20 0.34 =10 0.062 =10 =10

To demonstrate the utility of our “clickable” kinase inhibitors we generated an
affinity matrix containing immobilized inhibitor 17. To prepare an alkyne-derivatized solid
support, a modification of a procedure that was described by Finn and coworkers was
used (Scheme 2.3).>® CarboxyLink agarose resin was incubated with 5-hexynoic acid 4-
nitrophenyl ester to generate alkyne-derivatized solid support 24. The loading of the solid
support was determined by quantification of the amount of nitrophenol that was
generated during the reaction. After extensive washing, agarose-alkyne beads 24 were

treated with 17 in the presence DIPEA and Cul in MeOH. The reaction appeared to go to
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50% completion after 48 h, as determined by the loss of soluble ligand 17 (determined by
analysis of the reaction mixture with analytical HPLC). Affinity enrichment experiments
with immobilized inhibitor 25, and immobilized versions of inhibitors 18 - 20, will be

reported in due course.
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Scheme 2.3 - Preparation of immobilized inhibitor 25.

Reagents and conditions: a) 5-hexynoic acid, NHS, EDCI, DMF; b) 19. 2,6-lutidine, 2,2’-
bipyridine, CuBr, sodium ascorbate, DMF/H20.
2.4 Conclusion

In summary, we have developed a general synthetic method for the preparation
of “clickable” 4-anilinoquinazoline kinase inhibitors. The conserved binding orientation of
this class of inhibitors allows for the attachment of a flexible tether at the C-7 position
without altering their biochemical properties. Furthermore, the introduction of different
anilines at the C-4 position allows for the generation of inhibitors that target a diverse set
of kinases. In this study, we demonstrate that quinazolines that selectively target p38
MAPK, SRC and Aurora A can be modified without loss of potency or selectivity. This not
only represents a diversity in kinase targets but also a diversity of kinase conformations
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(active versus inactive). We demonstrate the utility of these inhibitors through the
generation of an affinity matrix that can be used for the enrichment of interacting
proteins from cellular lysates. In addition, we envision that these inhibitors can be used in

a number of other applications that utilize linked kinase inhibitors.

2.5 Experimental

2.5.1 Synthetic Methods

General. Unless otherwise noted, all chemicals were purchased from commercial
suppliers and used without further purification. *H-NMR was recorded on a Bruker AV300
NMR at an operation frequency of 300 MHz. Chemical shifts (8) are given in ppm. Mass
spectra were determined with a Bruker Esquire 3000 ion Trap. All HPLC analyses were
performed utilizing a Varian Microsorb-MV C18 reverse-phase analytical column (4.6 mm

x 150 mm).

5. Compound 5 was prepared according to a previously reported protocol. A mixture of
6,7-dimethoxyquinazolin-4(3H)-one™ (1.5 g, 7.3 mmol, 1.0 equiv.) and POCl; (1.8 mL, 19.7
mmol, 2.7 equiv.) was stirred at reflux for 1 h. CHCl3; (6 mL) and cold H,0 (3 mL) were
added to the reaction mixture and the solution was basified with 20% NaOH. The

separated organic layer was washed with saturated NaHCO3 (3.6 mL), H,0 (3.6 mL) and
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brine (3.6 mL), then dried with Na,SO,4 and concentrated in vacuo to afford 1.14 g (70%)
of 4-chloro-6,7-dimethoxyquinazoline 5. R = 0.5 (10% MeOH in CH,Cl,). 'H-NMR (300
MHz, DMSO-dg) 6 4.00 (s, 3H), 4.02 (s,3H), 7.41 (s, 1H), 7.47 (s, 1H), 8.89 (s, 1H). MS (ESI)

Caled for C1gHoCIN,O5 (M+H)* 225.0, found 225.2.

6. A mixture of 4-chloro-6,7-dimethoxyquinazoline 5 (0.05 g, 0.22 mmol, 1.0 equiv.) and
2-chloro-5-methoxyaniline A (0.14 g, 0.91 mmol, 4.0 equiv.) in i-PrOH was stirred at reflux
for 2 days. The reaction mixture was allowed to stand and the solid that formed was
filtered, washed with i-PrOH and dried under reduced pressure to afford 0.06 g (76%) of
6. Ri=0.5 (10% MeOH in CH2Cl,). *H-NMR (300 MHz, DMSO-dg) & 3.78 (s, 3H), 3.99 (s,
3H), 4.01 (s, 3H), 7.04 (m, 1H), 7.18 (s, 1H), 7.28 (s, 1H), 7.57 (d, 1H, J = 9.0 Hz), 8.10 (s,

1H), 8.75 (s, 1H). MS (ESI) Calcd for C17H16CIN3O; (M+H)* 346.1, found 346.3.

7. A solution of 1.5 M NaHMDS (0.32 mL, 0.48 mmol, 2.1 equiv.) was added to aniline B>®

(0.03 g, 0.47 mmol, 2.1 equiv.) in DMF (2.5 mL). After stirring the reaction mixture at rt
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for 30 min, 4-chloro-6,7-dimethoxyquinazoline 5 (0.05 g, 0.22 mmol, 1.0 equiv.) was
added and the mixture was stirred for 3 h. H,0 and EtOAc were added to the mixture and
the organic phase was washed with H,0 and brine. The organic phase was concentrated
and purified by reverse-phase HPLC to afford 0.034 g (26%) of 7. Rf= 0.5 (10% MeOH in
CH.Cl,). "H-NMR (300 MHz, MeOD) & 4.28 (s, 3H), 4.30 (s, 1H), 6.29 (s, 2H), 7.14 (d, 1H, J =
8.4 Hz), 7.29 (d, 1H, J = 8.4 Hz), 7.46 (s, 1H), 8.15 (s, 1H), 8.85 (s, 1H). MS (ESI) Calcd for

C17H14C|N304 (M + H)+ 3601, found 360.3.

8. A mixture of 4-chloro-6,7-dimethoxyquinazoline (0.05 g, 0.22 mmol, 1.0 equiv.)
and aniline € (0.21 g, 0.66 mmol, 3.0 equiv.) in i-PrOH (5.0 mL) was stirred at reflux for
18 h. After cooling, the precipitate that formed was filtered, washed with i-PrOH and
dried under reduced pressure to afford 0.104 g (95%) of 8. Rf = 0.2 (10% MeOH in CH,Cl,).
1H-NMR (300 MHz, MeOD) 6 2.28 (s, 3H), 3.63 (t, 4H,J= 5.0 Hz), 3.85 (t, 4H, J = 5.0 Hz),
4.09 (s, 3H), 4.10 (s, 3H), 7.18 (d, 1H, J= 5.4 Hz), 7.23 (s, 1H), 7.39 (m, 1H), 7.44 (s, 1H),
7.57 (dd, 1H, J = 8.4 Hz, 2.1 Hz), 7.97 (m, 2H), 8.24 (d, 1H, J = 5.6 Hz), 8.60 (s, 1H). MS (ESI)

Calcd for Cy7H25NgO4 (M+H)* 501.2, found 501.5
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9. A mixture of 4-chloro-6,7-dimethoxyquinazoline (0.015 g, 0.07 mmol, 1.0 equiv.) and
aniline D>* (0.05 g, 0.2 mmol, 3.0 equiv.) in i-PrOH (1.51 mL) was stirred at reflux for 18 h.
After cooling, the reaction mixture was filtered, washed with j-PrOH and dried under
reduced pressure to afford 0.03 g (93%) of 9. Rs = 0.4 (10% MeOH in CH,Cl,). 'H-NMR
(300 MHz, DMSO-dg) & 3.90 (s, 3H), 4.01 (s, 3H), 7.28 (s, 1H), 7.59 (m, 1H), 7.69 (m, 1H),
7.94 (m, 1H), 7.98 (m, 1H), 8.04 (s, 1H), 8.72 (s, 1H), 9.11 (s, 1H). MS (ESI) Calcd for

C21H17C|N603 (M+H)+ 4371, found 437.2.

Cl
|
0 \N)
o)\
11

11. Compound 11 was prepared according to a previously reported protocol.60 3% Pd-
on-carbon (0.32 g) was added to a suspension of 10°” (0.95 g, 3.36 mmol, 1.0 equiv.) in
DMF (15.2 mL) under N,. Ammonium formate (2.12 g, 33.6 mmol, 10.0 equiv.) was added
portion-wise over 5 min and the reaction mixture was stirred at rt for 1 h, then heated to
80 oC for 1 h. The hot reaction mixture was filtered and the solid was washed with DMF
(10 mL). The filtrate was concentrated and the residue was suspended in water (15 mL).

The pH of this solution was adjusted to 7 with 2M NaOH, followed by stirring at rt for 1 h.
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The resulting solid was removed by filtration, washed with H20 and dried under reduced
pressure to give 0.52 g (80%) of 7-hydroxy-6-methoxyquinazolin-4 (3H)-one. R¢=0.3 (10%
MeOH in CH,Cl). "H-NMR (300 MHz, DMSO-ds) 6 3.87 (s, 3H), 6.98 (s, 1H), 7.43 (s, 1H),
7.91 (s, 1H). MS (ESI) Calcd for CsHgN,05 (M+H)* 193.1, found 193.1.

Pyridine (0.83 mL, 10.0 mmol, 2.5 equiv.) was added to a suspension of 7-hydroxy-6-
methoxyquinazolin-4(3H)-one (0.8g, 4.0 mmol, 1.0 equiv.) in Ac;0 (5.9 mL). The mixture
was heated to 120 2C for 3 h and then allowed to cool to rt, poured into ice H,0 (20 mL)
and stirred for 1 hour. The solid that formed was isolated by vacuum filtration and dried
under reduced pressure to afford 0.8g (82%) of 3,4-dihydro-6-methoxy-4-oxoquinazolin-
7-yl acetate. R;= 0.4 (10% MeOH in CH,Cl,). *H-NMR (300 MHz, DMSO-dg) & 2.32 (s, 3H),
3.90 (s, 3H), 7.45 (s, 1H), 7.64 (s, 1H), 8.03 (s, 1H). MS (ESI) Calcd for C31H1oN;04 (M+H)*
235.1, found 235.1.

3,4-dihydro-6-methoxy-4-oxoquinazolin-7-yl acetate (1.17 g, 5.0 mmol) was suspended in
thionyl chloride (12.2 mL) and two drops of DMF was added. The mixture was stirred at
reflux for 2 h. The reaction mixture was then allowed to cool to rt and the solvent was
removed in vacuo. After concentrating the solution, the residue was azeotroped with
toluene to afford 11. The product was used in the next reaction without further

purification. MS (ESI) Caled for C11H11CIN,O3 (M+H)* 253.0, found 253.1.

Ci
209
N0 SN
g

_N

Boc

12
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12. 7N NHs in MeOH (47.0 mL) was added to 11 (5.0 mmol) and the mixture was heated
at 80 °C for 15 min. The mixture was cooled to rt and the solvent was removed in vacuo.
The residue was dissolved in H,O (12 mL) and the pH was adjusted to 7. The resulting
solid was filtered, washed with water (5 mL) and dried under reduced pressure to afford
0.49 g (47%) of 4-chloro-6-methoxyquinazolin-7-ol. R¢ = 0.5 (10% MeOH in CH,Cl,). ‘H-
NMR (300 MHz, DMSO-dg) 6 4.00 (s, 3H), 7.29 (s, 1H), 7.40 (s, 1H), 8.80 (s, 1H). MS (ESI)
Calcd for CoH,CIN,0, (M+H)* 211.0, found 211.1.

A mixture of 4-chloro-6-methoxyquinazolin-7-ol (0.4 g, 1.3 mmol, 1.2 equiv.), 22 (0.23 g,
1.1 mmol, 1.0 equiv.) and K,CO3 in DMF (1.8 mL) was heated to 80 eC for 24 h. The crude
reaction mixture was diluted with MeCN/H,0 and purified by reverse-phase HPLC to
afford 0.22 g (46%) of 12. R¢ = 0.6 (10% MeOH in CH,Cl,). *H-NMR (300 MHz, MeOD) &
1.51 (s, 9H), 1.65 (br m, 2H), 2.44 (t, 4H, J = 6.6 Hz), 3.49 (t, 4H, J = 7.2 Hz), 4.08 (s, 3H),
4.41 (t, 2H, ) = 5.1 Hz), 7.44 (s, 1H), 7.55 (s, 1H), 8.85 (s, 1H). MS (ESI) Calcd for

C21H29C|N404 (M+H)+ 4372, found 437.3.

YL

HN o
< )

N

13

Boc

13. A mixture of 12 (0.04 g, 0.097 mmol, 1.0 equiv.) and aniline A (0.06 g, 0.39 mmol, 4.0
equiv.) in i-PrOH was refluxed for 17 h. The reaction mixture was concentrated in vacuo

and the crude product was purified by reverse-phase HPLC to afford 0.03 g (54%) of 13.
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R¢ = 0.4 (10% MeOH in CH,Cl,). MS (ESI) Calcd for CygH3CINsOs (M+H)* 558.1, found

Cl
HN ; 0
SoeN

|

ShA Ry

558.4.

N
Boc”

14

14. A solution of 1.5 M NaHMDS (0.07 mL, 0.11 mmol, 2.1 equiv.) was added to aniline
B>° (0.018 g, 0.11 mmol, 2.1 equiv.) in DMF (2.5 mL). After stirring the reaction mixture at
rt for 30 min, 12 (0.029 g, 0.052 mmol, 1.0 equiv.) was added and the mixture was stirred
for 3 h. H,O and EtOAc were added to the mixture and the organic phase was washed
with H,0 and brine. The organic phase was concentrated and purified by reverse-phase
HPLC to afford 0.012 g (40%) of 14. R; = 0.4 (10% MeOH in CH,Cl,). MS (ESI) Calcd for

CysH34CIN5Og (M+H)* 572.2, found 572.4.

0 o

HNI)\N |
_0 N : _N
< )
N

15

Boc

15. A mixture of 12 (0.05 g, 0.1 mmol, 1.0 equiv.) and aniline C (0.13 g, 0.37 mmol, 3.7
equiv.) in i-PrOH was refluxed for 12 h. The reaction mixture was concentrated in vacuo

and the crude product was purified by reverse-phase HPLC to afford 0.06 g (77%) of
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product 15. R¢= 0.4 (10% MeOH in CH,Cl,). MS (ESI) Calcd for CsgHagNgOg (M+H)* 713.4,

H
N SN
/O =~ N
]CC J
//\N/\/\O N
N

16

found 713.5

Boc

16. A mixture of 12 (0.054 g, 0.12 mmol, 1.0 equiv.) and aniline D (0.12 g, 0.5 mmol, 4.0
equiv.) in i-PrOH was refluxed for 12 h. The reaction mixture was concentrated in vacuo
and the crude product was purified by reverse-phase HPLC to afford 0.06 g (69%) of 16.
R = 0.2 (10% MeOH in CH,Cl,). MS (ESI) Calcd for Cs,H37CINgOs (M+H)* 649.3, found

649.4.

cl
HNjij\o/
N0 \NJ
N3\<ﬂ OmNJ

17. 13 (0.023 g, 0.041 mmol) was dissolved in a solution of 28% TFA in MeOH (1 mL) and

17

the mixture was stirred for 3 h at rt. The reaction mixture was then concentrated and
used in the next step without further purification. MS (ESI) Calcd for Cy3H,sCINsO3 (M+H)*

458.2, found 458.2.
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EDCI (0.009 g, 0.045 mmol, 1.1 equiv.) was added to a mixture of the deprotected amine
(0.019 g, 0.041 mmol, 1.0 equiv.), 23 (0.015 g, 0.054 mmol, 1.3 equiv.), HOBt (0.008 g,
0.054 mmol, 1.3 equiv.) and DIPEA (0.02 mL, 0.124 mmol, 3.0 equiv.) in DMF (0.1 mL).
The reaction mixture was stirred for 12 h at rt, then diluted with MeCN/H,0 and purified
by reverse-phase HPLC to afford 0.011 g (36%) of 17 after 2 steps. Rs=0.4 (10% MeOH in
CH,Cl,). 'H-NMR (300 MHz, DMSO-dg) & 1.66 (m, 2H), 2.07 (t, 4H), 4.12-4.79 (m, 32H),
7.84 (dd, 1H, J = 8.7 Hz, 3.0 Hz), 7.98 (d, 1H, J = 2.7 Hz), 8.18 (s, 1H), 8.35 (d, 1H, J = 9.0
Hz), 8.84 (s,1H), 9.48 (s, 1H). MS (ESI) Calcd for C33HasCINgOg (M+H)* 717.3, found 717.5.

Analytical reverse-phase HPLC analysis according to General Conditions (tg = 13.0 min),

Cl
HN ; \/‘o
/O:©\2\N (0]
|
/AN/\/\O \N/’
N34ﬂ }\WNJ
© 4
(0]

18. 18 was made by the same procedure as 17. 28% vyield after 2 steps. Deprotected

purity >99%, 220 nM.

18

amine. H-NMR (300 MHz, MeOD) & 1.40 (m, 2H), 2.21-2.46 (m, 4H), 3.46-4.44 (m, 11H),
6.09 (s, 2H), 6.94 (d, 1H, J = 8.7 Hz), 7.09 (d, 1H, J = 8.4 Hz), 7.30 (s, 1H), 8.00 (s, 1H), 8.70
(s, 1H). MS (ESI) Calcd for Cy3H,6CINsO4 (M+H)" 472.2, found 472.3. 18. R¢ = 0.4 (10%
MeOH in CH,Cl,). MS (ESI) Calcd for Cs33HasCINgOg (M+H)" 731.3, found 731.3. Analytical
reverse-phase HPLC analysis according to General Conditions (tg = 13.4 min), purity >99%,

220 nM.
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19. 19 was made by the same procedure as 17. 44% yield after 2 steps. Deprotected
amine. 'H-NMR (300 MHz, MeOD) & 1.36 (br m, 2H), 2.28 (s, 3H), 2.43 (m, 2H), 3.47-
3.87 (m, 18H), 4.09 (s, 3H), 7.29 (m, 2H), 7.32 (s,1H), 7.62 (m, 1H), 7.72 (m, 1H), 7.94-7.99
(m, 2H), 8.15 (s, 1H), 8.62 (s, 1H). MS (ESI) Calcd for C33HaoCINgO4 (M+H)" 613.3, found
613.3. 19. Rf = 0.3 (10% MeOH in CH2CI2). MS (ESI) Calcd for Cs3Hs;CIN1;09 (M+H)"
872.4, found 872.6. Analytical reverse-phase HPLC analysis according to General

Conditions (tg = 11.5 min), purity >99%, 220 nM.

N0 SN
N3<AO>;\[O(NJ N

20. 20 was made by the same procedure as 17. 57% yield after 2 steps. Rf= 0.3 (10%

MeOH in CH2CI2). *H-NMR (300 MHz, DMSO-dg) & 1.25-4.29 (m, 35H), 7.33 (s, 1H), 7.59

(m, 1H), 7.68 (m,1H), 7.96-8.03 (m, 3H), 8.66 (s, 1H), 9.12 (s, 1H). MS (ESI) Calcd for
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C37H46CIN1:0g  (M+H)* 808.3, found 808.5. Analytical reverse-phase HPLC analysis

according to General Conditions (tg = 13.3 min), purity >99%, 220 nM.

ﬁN/\/\Br

N

22

Boc

22. CBr4(4.21 g,12.7 mmol, 1.1 equiv.) was added to a solution of 21 (2.82 g, 11.5 mmol,
1.0 equiv.) in dry THF (46.1 mL). A solution of PPh3 (3.75 g, 13.3 mmol, 1.15 equiv.) in dry
THF (12.2 mL) was added dropwise and the reaction mixture was stirred at rt for 2 days.
The reaction mixture was concentrated in vacuo, extracted with diethyl ether (5 x 6 mL)
and purified by flash chromatography (40% EtOAc in hexanes) to afford 1.49 g (42%) of
22. R¢=0.35 (40% EtOAc in hexanes). 'H-NMR (300 MHz, CDCl3) & 1.48 (s, 9H), 1.20-2.09
(m, 2H), 2.40 (t, 4H, ) = 4.98 Hz), 2.50 (t, 2H, J = 6.7 Hz), 3.44 (t, 4H, ) = 5.1 Hz), 3.49 (t, 2H,

6.7 HZ) MS (ES') Calcd for C12H23BFN202 (M+H)+ 3071, found 307.2.
N%AOWOH
4 O
23

23. A mixture of ethyl 2—(2—(2—(2—(2—azidoethoxy)ethoxy)ethoxy)ethoxy)acetate61 (0.9 g,

3.0 mmol, 1.0 equiv.) and K,COs3 (1.26 g, 9.1 mmol, 3.0 equiv.) in 80% EtOH (6.0 mL) was
refluxed for 12 h. The mixture was concentrated and H,O was added. The pH of this
solution was adjusted to 2 with 5M HCl and the product was extracted into EtOAc. The
organic layer was dried (Na,SO,4) and concentrated in vacuo to afford 0.54 g (64%) of 23

as an oil. R¢= 0.1 (60% EtOAc in hexanes). *H-NMR (300 MHz, CDCl5) 6 3.42 (t, 2H, J = 4.8
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Hz), 3.69 - 3.80 (m, 14 H), 4.18 (s, 2H). MS (ESI) Calcd for CioH19N30g (M+Na)* 300.1,

found 300.2.

O\O

H“‘j@ﬁ |
[
N /AN/\/\O \NJ
\
N‘<AO>/\[(NJ
4 O 25

Preparation of immobilized inhibitor 25.

N=
Q<

A solution of inhibitor 17 (0.5 umol), DIPEA (7.5 umol) and Cul (0.5 umole) in 0.3 mL of
MeOH was added to 50 mg of alkyne -agarose beads 24 in a disposable frit. The reaction
mixture was agitated with a gentle flow of N, for 2 min, capped and rotated for 48 h at rt.
To monitor the reaction an aliquot of the reaction mixture was removed, co-injected with
a UV standard, and analyzed by analytical HPLC for the disappearance of inhibitor 17.
After 48 h, the reaction appeared to go to 50% completion. The reaction mixture was
then drained and the beads were washed with 10 column volumes of DMF, H,0, MeOH,
0.1 M EDTA, H,0 and DMF. The beads were stored at 4 °C until further use.

2.5.2 Kinase activity assays.

SRC. Inhibitors (Initial concentration: 10 uM, 3-fold dilutions: 9 dilutions) were assayed in
duplicate against recombinant full-length SRC (final concentration = 13.2 nM) in an assay
containing 25 mM HEPES, pH 7.4, 130 uM SRC-family peptide substrate EIYGEFKKK, 10
mM MgCl2, 0.5 uCi of y-32P-ATP ([ATP] << Km (ATP)] and 0.1 mg/mL BSA in a final volume

of 32 uL. The reactions were incubated for 1 h at rt and terminated by transferring 5 uL of
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the reaction mixture to a phosphocellulose membrane. The membranes were washed
with 0.5% phosphoric acid (4x) and acetone (1x) and quantitated by phosphor imaging.
p38. Inhibitors (Initial concentration: 10 uM, 3-fold dilutions: 9 dilutions) were assayed in
duplicate against p38 in an assay containing 25 mM HEPES, pH 7.4, 30 uM MAPK
substrate peptide, 10 mM MgCl2, 0.5 uCi of y-32P-ATP ([ATP] << Km (ATP)] and 0.1
mg/mL BSA in a final volume of 32 uL. The reactions were incubated for 3 h at rt and
terminated by transferring 5 plL of the reaction mixture to a phosphocellulose membrane.
The membranes were washed with 0.5% phosphoric acid (4x) and acetone (1x) and
guantitated by phosphor imaging.

Csk. Inhibitors (Initial concentration: 10 uM, 3-fold dilutions: 9 dilutions) were assayed in
duplicate against recombinant Gst-Csk (final concentration = 14 nM) in an assay
containing 25 mM HEPES, pH 7.4, 50 uM Csk peptide substrate KKKKEEIYFFF, 10 mM
MgCl2, 0.5 puCi of y-32P-ATP ([ATP] << Km (ATP)] and 0.1 mg/mL BSA in a final volume of
32 ul. The reactions were incubated for 3 h at rt and terminated by transferring 5 pL of
the reaction mixture to a phosphocellulose membrane. The membranes were washed
with 0.5% phosphoric acid (4x) and acetone (1x) and quantitated by phosphor imaging.
SIk. Inhibitors (Initial concentration: 10 uM, 3-fold dilutions: 9 dilutions) were assayed in
duplicate against Slk in an assay containing 25 mM HEPES, pH 7.4, Myelin Basic Protein
(0.2 mg/mL), 10 mM MgCl2, 0.5 uCi of y-32P-ATP ([ATP] << Km (ATP)] and 0.1 mg/mL BSA
in a final volume of 32 uL. The reactions were incubated for 3 h at rt and terminated by

transferring 5 pL of the reaction mixture to a phosphocellulose membrane. The
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membranes were washed with 0.5% phosphoric acid (4x) and acetone (1x) and

guantitated by phosphor imaging.
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Chapter 3*

Bivalent Inhibitors for Protein Kinases

3.1 Bivalent Inhibitors

Despite widespread interest in protein kinases, the functions of most kinases are
still not well understood and, therefore, the contribution of specific kinases towards
human diseases remain unclear.™ Additionally, kinases tend to perform different
functions depending on their localization within the cell. Furthermore, co-localization of a
kinase and its substrate maintains kinases substrate fidelity.1 Previous studies indicate
that the differential subcellular localization of kinases may be important for the

regulation of specific subcellular processes.zs’26

Identification of kinase targets in specific
subcellular compartments is an essential starting point for our understanding of the
special regulation of cell signaling.”” However, there are not sufficient tools to study the
function of a desired kinase in a specific cellular compartment. Thus, a method that
allows inhibitors to selectively block the catalytic activity of a single protein kinase in a
desired subcellular compartment is a promising strategy for obtaining a greater

19,27,28,29,30

understanding of signaling complexities. Since most protein kinase inhibitors

bind to the highly conserved ATP-binding site of the enzyme, obtaining a selective and

potent inhibitor for a kinase of interest remain chaIIenging.31'32'33

To achieve this task, we
have pursued a bivalent inhibitor strategy of this interesting enzyme family. These

inhibitors interact with the highly conserved ATP-binding site as well as another less

conserved secondary binding site located outside of the ATP-binding cleft. These novel,
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bivalent inhibitors show increased affinity and selectivity towards their desired targets
and can be used to study the function of a single kinase of interest.***

Bivalent inhibitors of protein kinases were generated by displaying an ATP-
competitive small molecule inhibitor and a ligand that binds to a secondary binding
domain of the desired kinase from a modified version of the DNA repair enzyme O°-

34,35

alkylguanine DNA alkyltransferase (AGT), also known as the SNAP-tag AGT recognizes
small molecules that are linked to 0°-benzylguanine (BG) and covalently transfers them to

its active site cysteine in vitro and in vivo.3**>*° (Figure 3.1)

Secondary Binding
Ligand

ATP-Competitive
Small Molecule

Secondary Binding
Domain

Catalytic domaln

Active site

Figure 3.1 — Generation of bivalent AGT-small molecule conjugate inhibitors for SRC and
ABL kinases. The bottom diagram is a schematic representation of the assembled bivalent
inhibitor binding to the kinase active site via the small molecule inhibitor, and to a
secondary (SH3) binding domain via the secondary binding domain ligand displayed from
AGT ¥
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To generate bivalent inhibitors of SRC and ABL, we have generated a panel of ATP-
competitive small molecule inhibitors based on a 4-anilinoquinazoline scaffold that can be
displayed from the active site of SNAP-tag. When the quinazoline scaffold binds to the
ATP-binding site of a kinase, its C-6 and C-7 positions point out of the active site and into
solvent. For this reason, these sites were selected for linker attachment.*®

4-Anilinoquinazoline inhibitor A, a potent inhibitor of SRC and ABL, was modified
to obtain BG derivatives 1 and 2, which contain different linker lengths. Compound B was
generated as a negative control that lacks the ATP-competitive kinase inhibitor. (Figure
3.2)¥
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Figure 3.2 — Structure of compound A, the parental SRC and ABL inhibitor which was
modified to obtain BG-derivatized versions compounds 1 and 2. Compound B, which
contains an alkyne tag, is a control compound that lacks an ATP-competitive inhibitor.



SNAP-tag fusion protein displaying polyproline motifs that target the SH3 domains
of SRC and ABL kinases were generated (Figure 3.3 left) and labeled with compounds 1 or
2 to generate bivalent inhibitors. These protein-small molecule conjugates were then
tested against two structurally similar tyrosine kinases and were found to have high

selectivity for their intended kinase target. (Figure 3.3 right)®

IC, (nM) Src-3D

B 2 1
No Protein N/T 130+ 4 300 + 20
AGT(wt) > 5,000 2000 £ 300 > 5,000
AGT(PP1) > 5,000 121 1343
J— AGT(PP2) > 5,000 151 25 6
AGT(PP1) = APPLPPRNRPRL-(SG),-AGT
AGT(PP2) = APPLPPRNRPRL-(SG)5-AGT | src-Family AGT(PPS) > 5000 o= 10 210
AGT(PP3) = AGT-(GS),-APPLPPRNRPRL | Selective AGT(PP4) > 5,000 161 3413
AGT(PP4) = AGT-(GS)5s-APPLPPRNRPRL
f— IC,, (nM) AbI-3D
AGT(PP5) = APTYSPPPPP-(SG),-AGT 8 ) .
AGT(PP6) = APTYSPPPPP-(SG)5-AGT L AbISelective 4
AGT(PP7) = AGT-(GS),-APTYSPPPPP No Protein NIT 510450 | 410450
AGT(PP8) = AGT-(GS)s-APTYSPPPPP - _| AGT(WY >5000 | 1300£200 | 3200 100
AGT(PP5) > 5,000 <86 18+86
AGT(PPG) > 5,000 <6 15 +4
AGT(PP7) > 5,000 <6 187
AGT(PPS) > 5,000 <6 1543

Figure 3.3 — Left: Polyproline motif-AGT fusions that target SRC and ABL kinases. Right
(top): In vitro activities of BG derivatives and assembled AGT-small molecule conjugates
against a SRC kinase construct that contains SH1, SH2 and SH3 domains (Src-3D). Right
(bottom): In vitro activities of BG derivatives and assembled AGT-small molecule
conjugates against an ABL kinase construct that contains SH1, SH2 and SH3 domains. *°
The selectivity of the bivalent inhibitors that target SRC and ABL is achieved
through the secondary binding domain ligand. Therefore, the same ATP-competitive small

molecule inhibitor can be used to generate several bivalent inhibitors, because kinase

selectivity is achieved through the incorporation of secondary binding domain ligands.
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Since most protein kinases contain secondary binding sites outside the ATP-binding cleft,
bivalent inhibitors can be generated for a wide range of protein kinases. This should
allow us to study the function of a diverse number of protein kinases in a controlled and

selective manner.*®

3.2 Effect of the small molecule inhibitor tether length

To further understand the importance of the linker length between the SNAP-tag
protein (AGT) and the ATP-competitive ligand towards bivalent kinase inhibitors potency
and selectivity, a series of constructs containing the same ATP-competitive small
molecule but variable linker lengths were synthesized and tested against SRC and ABL

1920 The parent inhibitor A has been shown to be a moderate inhibitor of SRC and

kinases.
ABL kinases.'® All BG-linked unconjugated inhibitors with variable linker lengths inhibited
SRC with similar I1Csgs. Furthermore, these inhibitors exhibited a similar potency against
ABL. All of the inhibitors tested suffered a drop in potency upon conjugation to AGT (WT).
(Figure 3.4)

AGT(WT)-3, which contains the longest linker length, showed the lowest ICsp,
possibly due to the increased accessibility of the inhibitor when displayed from AGT. ABL
showed the same trend, but in a less striking manner. Upon conjugating BG-linked
compounds 1-3 to AGT constructs containing a polyproline motif (PP1), all assembled
bivalent inhibitors gained significant potency towards SRC. It was also observed that SRC

activity does not have a strong linker length dependence. All three bivalent inhibitors

containing a polyproline motif (PP5) targeting ABL (AGT(PP5)-1, AGT(PP5)-2 and
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AGT(PP5)-3) showed a significant increase in potency against this kinase. In contrast to
SRC, ABL inhibition was greatly affected by the tether length of the assembled bivalent
conjugate. AGT(PP5)-2, which contains a medium length linker was found to be optimal
for inhibition of ABL. The difference in potencies for the same three inhibitors against SRC
and ABL may suggest a difference in the orientation of the SH3 and catalytic domains of

the two enzymes, but this needs further structural confirmation.?

Bet
HN 'Ohte
N S W

b ~
MeO HN:Q\LM. 2
=N [ 0 (] '\/\')m.
””W‘K/@Uw:f\»\/\“’\nf’k)
(\w"'/:umj 3
e \“ _‘,}_-,\/\,0\/\,./\,”\/\,;/\1:“
B. SRC ICs (nM)
1 2 3
Unconjugated 300 £20 130 £20 | 180 £10
AGT(WT) > 5000 |2000 +300 240 +30
AGT(PP1) 13 +1 1241 <10
ABL ICso (HM)
1 2 3
Unconjugated 410 £50 510 £ 50 610 +£40
AGT(WT) 3200 + 1001300 + 2001200 +100
AGT(PP5) 18 £ 6 <6 85+9

Figure 3.4 — Chemical structures of BG-linked quinazoline inhibitors with variable linker
lengths. Each inhibitor contains a benzyl guanine (BG) moiety linked to a
chloromethoxyaniline quinazoline inhibitor through a flexible tether. In vitro activities of
unconjugated inhibitors 1, 2, and 3 and bivalent conjugates AGT(WT)-1, AGT(WT)-2,
AGT(WT)-3, AGT(PP1)-1, AGT(PP1)-2, and AGT(PP1)-3 against SRC 3D. ICsy values of
unconjugated 1, 2, and 3 and bivalent conjugates AGT(WT)-1, AGT(WT)-2, AGT(WT)-3,
AGT(PP5)-1, AGT(PP5)-2, and AGT(PP5)—-3 against ABL 3D.%°
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3.3 Contribution of the ATP-competitive small molecule inhibitor

In order to understand the contribution of the ATP-competitive small molecule
inhibitor towards the potency of the final bivalent inhibitor, a small panel of BG-linked
bivalent inhibitors containing ATP-competitive molecules with variable affinities towards
SRC and ABL were generated. These final bivalent inhibitors had an approximately similar
tether length from AGT to the small molecule inhibitor which allows the contribution of
the ATP-competitive inhibitor towards the potency of the conjugated bivalent inhibitor to

be directly compared. (Figure 3.5)
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SRC IC. (nM)
4 5 6
Unconjugated Inh 190 £20 | > 30000 | 440 +30
AGT(PP1) <10 > 2500 130 £10
ABL IC. (nM)
4 5 6
Unconjugated Inh 11000 +100| > 30000 | 400 + 30
AGT(WT) > 5000 nd 1200 £ 200
AGT(PP5) 59 £13 > 2500 190 £ 30

Figure 3.5 - ICso values of various ATP-competitive inhibitors conjugated to AGT(PP1).
(Top) Chemical structures of BG-versions of ATP-competitive kinase inhibitors 4-6.
(Bottom) In vitro activities of unconjugated inhibitors 4, 5, and 6 and bivalent conjugates
AGT(PP1)-4, AGT(PP1)-5, and AGT(PP1)-6 against SRC-3D. In vitro activities of
unconjugated 4, 5, 6 and bivalent conjugates AGT(WT)-4, AGT(WT)—-6, AGT(PP5)-4,
AGT(PP5)-5, and AGT(PP5)-6 against ABL-3D.%
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Compound 4 contains a 5-chlorobenzo[1,3]dioxol-4-ylamine attached to the 4-
anilino position of the quinazoline scaffold instead of the 2-chloro-5-methoxyaniline™® in
parent compound 1. This change in the aniline group of the ATP-competitive inhibitor
resulted in the unconjugated form being 1.5-fold more potent towards SRC (ICso = 190 +
20 nM) than the parent compound 1 (ICso = 300 + 20 nM). In contrast, the above change
resulted in the unconjugated compound 4 to be 2.4-fold less potent towards ABL (ICs =
1000 + 100 nM) than the parent compound 1 (ICsg = 410 + 50 nM). Compound 5 is based
on gefitinib, a highly selective inhibitor of the epidermal growth factor receptor kinase
(EGFR).>® Despite the structural similarity to compound 1, compound 5 shows no
significant inhibition of SRC or ABL kinases at the highest concentration tested (30 uM).
This indicates that the BG-derivatized version of this EGFR inhibitor retains a selectivity
profile similar to its parent compound gefitinib.*’,*> Another equipotent inhibitor of SRC
and ABL was modified to obtain BG-linked compound 6. This compound has a similar
potency against SRC and ABL as the parent compound it is derived from. This
pyrimidinepyridine based ATP-competitive inhibitor binds to an inactive conformation of
the target kinases known as the DFG-out conformation, whereas all the previously
mentioned compounds 1, 4 and 5 bind to the active conformation of their kinase targets.
Compound 6 was found to be an equipotent inhibitor of SRC (ICso = 440 + 30 nM) and ABL
(ICso = 400 + 30 nM), showing a similar selectivity profile to its parent compound.13

Compounds 4-6 were all conjugated to AGT(PP1) and the assembled bivalent
inhibitors (AGT(PP1)-4, AGT(PP1)-5 and AGT(PP1)-6) were tested for the ability to inhibit

SRC kinase. AGT(PP1)-4 was found to be a more potent inhibitor of SRC than AGT(PP1)-1.
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This is consistent with the increased affinity of compound 4 for the active site of SRC.
Additionally, both bivalent inhibitors AGT(PP1)-1 and AGT(PP1)-4 were found to be 20 to
25-fold more potent inhibitors of SRC than their unconjugated analogs 1 and 4. This also
indicates the contribution of the SH3 domain ligand towards bivalent inhibitor potency.
Compounds 4-6 conjugated to AGT(PP5), (AGT(PP5)-4, AGT(PP5)-5 and AGT(PP5)-6) were
tested for their ability to inhibit ABL kinase. Similar to the trend observed in the
unconjugated molecules 1 and 4, the conjugated bivalent inhibitor AGT(PP5)-4 (ICsq =59 +
13 nM) was 3-fold less potent than inhibitor AGT(PP5)-1 (ICsq = 18 + 6 nM). A similar trend
was seen with the AGT(WT)-1 (ICso = 3200 + 100 nM) and AGT(WT)-4 (ICso = > 5000 nM)
against ABL kinase. Overall, all of the final AGT(PP5)-small molecule conjugates were at
least 15-fold more potent inhibitors of ABL than their free BG-derivatized analogs.

The BG-version of gefitinib, which showed no inhibition of SRC and ABL kinases,
was converted into bivalent inhibitors AGT(PP1)-5 or AGT(PP5)-5 and tested against SRC
and ABL, respectively. Despite the presence of specific SH3 binding ligands that target SRC
or ABL, neither of the bivalent inhibitor was found to have any detectable inhibition at
the highest concentration tested (2.5 uM). The lack of demonstrated inhibition by the
bivalent inhibitors towards their kinase targets agree with the low potency seen for the
unconjugated analog 5. This clearly demonstrates that despite the structural similarity of
compounds 1, 4 and 5, mere presentation of the inhibitor from the AGT scaffold is not
sufficient for the inhibition of a target kinase. Additionally, these data indicate that
differences in the affinity of the ATP-competitive ligand are directly correlated to the

relative potencies of their corresponding bivalent inhibitors. Thus, the affinity and
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selectivity of a bivalent inhibitor can be fine-tuned by careful selection of the ATP-
competitive small molecule.

Bivalent inhibitor versions of compound 6 were also generated by conjugating to
AGT(PP1) or AGT(PP5). These bivalent inhibitors, which bind to the inactive, DFG-out
conformation of these kinases, were tested against SRC and ABL, respectively. Even
though unconjugated compound 6 has a similar potency against SRC and ABL as BG-
derivatized compound 1, bivalent inhibitors containing this compound do not show a
significant increase in potency against these kinases. This could be due to conformational
changes that are necessary for kinases to be able to bind this ATP-competitive inhibitor.
These conformational changes might increase the intra-molecular interactions of the
kinase between the SH3 domain and its own polyproline motif, thus reducing the ability
of SRC and ABL to bind to the SH3 binding ligand displayed on the AGT construct. Further
biochemical and biophysical analysis is needed in order to validate the true cause of the
difference in gain of potency for the bivalent inhibitors based on compound 6.

Compound 1 has been used in further studies to explore the contribution of the
SH3 domain ligands toward bivalent inhibitor selectivity and it has been shown that
proper selection of a SH3 binding ligand allows the generation of highly selective bivalent

inhibitors.92°

3.4 Conclusion
Developing selective inhibitors towards a specific kinase of interest is extremely

challenging. We have demonstrated one way to overcome this obstacle by generating
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bivalent inhibitors for the desired targets. The self-labeling O°-alkylguanine DNA
alkyltransferase (AGT/SNAP-tag) is used to display an ATP-competitive small molecule and
a peptidyl ligand which binds to a secondary binding domain of the target kinase. A panel
of small molecule inhibitors was successfully modified to generate bivalent inhibitors that
were tested against SRC and ABL kinases. Upon success in generating selective bivalent
inhibitors for these kinases, the small molecules were further modified to explore the
molecular binding determinants of the bivalent inhibitors against their targets. This led to
the discovery that SRC and ABL have differential sensitivities towards the distance and
orientation of the ATP-competitive molecule displayed from AGT. Additionally, the
importance and contribution of the small molecule inhibitor towards determining the
overall potency of the bivalent inhibitor was also shown with a small panel of bivalent
inhibitors generated using different ATP-competitive inhibitors. Due to the modular
nature of these bivalent inhibitors, this method is an attractive way to rapidly generate

inhibitors with high selectivity using a relatively small panel of monovalent ligands.

3.5 Experimental
General.

Unless otherwise noted, all reagents were obtained from commercial suppliers
and used without purification. "H-NMR spectra were obtained on a Bruker AV-300 or
AV301 instrument at room temperature. Chemical shifts are reported in ppm, and
coupling constants are reported in Hz. Mass spectrometry was performed on a Bruker

Esquire lon Trap MS instrument.
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General HPLC Purification Conditions Preparatory reverse-phase Cig column (250 x 21
mm), CH3CN/H,0-0.1% CF3CO,H gradient: 1:99 to 100:0 over 60 min; 8 mL/min; 220 and
254 nm detection for 65 min. All HPLC analyses were performed utilizing a Varian
Microsorb-MV C18 reverse-phase analytical column (2.1 mm x 150 mm). The purity of
each final compound was determined to be > 95% by analytical HPLC. Analytical
conditions A: [Cyg column (2.1 mm x 150 mm), CH3CN/H,0—-0.1% CF3CO,H = 1:99 to 100:0
for 30 min; 1 mL/min; 220 and 254 nm detection for 30 min. Analytical conditions B: [Cig
(2.1 mm x 150 mm), CH30H/H,0-0.1% CF3CO,H = 1:99 to 100:0 over 30 min; 1 mL/min;

220 and 254 nm detection for 30 min].

NH3
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C 0 A\ J'N
:—/_C}—NH NQ‘/NH
B

B. Compound B was prepared using a previously published procedure
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~0 NH
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1A. Compound 1A was prepared using a previously published procedure.18
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1B. Compound 1A was prepared using a previously published procedure.®
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1. 1A (9 mg, 16.6 umol) was dissolved in a 30% TFA in CH,Cl; solution and stirred for 3 h
at rt. The solvent was evaporated and the crude product was used in the next step
without further purification. To a mixture of de-protected 1A (16.6 umol, 1.0 equiv), 1B
(12 mg, 31 umol, 1.9 equiv), HOBt-H,0 (3 mg, 20 umol, 1.3 equiv) and DIPEA (3.4 uL, 20
pmol, 1.3 equiv) in DMF (50 pL), was added EDCI-HCI (4 mg, 20 umol, 1.3 equiv). The
reaction mixture was stirred for 24 h at rt, then diluted using CH3CN/H,0 (10 mL) and
purified using General HPLC Purification conditions to obtain 3 mg of 1 (22% vyield) 'H-
NMR (MeOD-d,4) 1.34 (m, 2H), 1.92 (m, 6H), 3.17 (m, 2H), 3.1 (m, 6H), 3.45 (m, 2H), 3.85

(s, 3H), 4.04 (s, 3H), 4.32 (t, J = 5.4 Hz, 2H), 4.36 (m, 2H), 5.56 (s, 2H), 7.03 (m, 1H), 7.10 (s,
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1H), 7.2 (m, 1H), 7.39 (d, J = 8 Hz, 2H), 7.49 (m, 3H), 7.86 (s, 1H), 7.99 (s, 1H), 8.56 (s, 1H).
Calcd for C41H45C|N1105 ((M+2H+)/2) . 4127, Found 413.0.

Analytical HPLC trace of compound 1 (Acetonitrile/Water-0.1% CF;CO,H gradient):
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Analytical HPLC trace of compound 1 (Methanol/Water-0.1% CF3CO,H gradient):
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2A. 2A was prepared using a previously published procedure.18
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2B. 2B was prepared using a previously published procedure.?® *H-NMR (CDCls) 1.47 (s,

9H), 3.35 (m, 2H), 3.56-3.61 (m, 2H), 3.65-3.70 (m, 2H), 3.77-3.80 (m, 2H), 4.19 (s, 2H).

\
}N/—\N _OOQCI
>( o) — \—\ NH
o:<o o/_/ 7
HN—/_ 2C N

N

L

2C. To a mixture of 2A (36.7 umol, 1.0 equiv), 2B (12.6 mg, 47.8 umol, 1.3 equiv),
HOBt-H,0 (7.3 mg, 47.8 umol, 1.3 equiv) and DIPEA (20 pL, 110.1 umol, 3.0 equiv) in DMF
(90 pL) was added EDCI-HCI (9.2 mg, 47.8 umol, 1.3 equiv). The reaction was stirred at
room temperature for 24 h at which time the reactions was dissolved in CH3CN/H,0 (10
mL) and purified using General HPLC conditions to obtain 11.7 mg of 2C (39% vyield) *H-
NMR (MeOH-d,) 1.40-1.56 (m, 11H), 2.47 (m, 2H), 3.24 (t, J = 5.7 Hz, 4H), 3.52 (m, 6H),
3.67 (m, 6H), 3.85 (s, 3H), 4.08 (s, 3H), 4.32 (s, 2H), 4.30 (m, 2H), 7.05 (dd, J = 9.0, 3.0 Hz,
1H), 7.16 (d, J = 3.0 Hz, 1H), 7.34 (s, 1H), 7.51 (d, J = 9.0 Hz, 1H), 7.98 (s, 1H), 8.64 (s, 1H).

Calcd for C34Ha7CINgOg (M+H)": 703.3; Found 703.5.
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2.2C (11.7 mg, 16.6 umol) was dissolved in a 30% TFA in CH,Cl, solution and stirred for 3
h at rt. The solvent was evaporated and the crude product was used in the next step
without further purification. To a mixture of de-protected 2C (16.6 umol, 1.0 equiv), 1B
(8.3 mg, 21.6 umol, 1.3 equiv), HOBt-H,0 (3.3 mg, 21.6 umol, 1.3 equiv) and DIPEA (10
pL, 50.0 umol, 3.0 equiv) in DMF (40 pL), was added EDCI-HCI (4.1 mg, 21.6 umol, 1.3
equiv). The reaction mixture was stirred for 24 h at rt, then diluted with CH3CN/H,0 (10
mL) and purified using General HPLC Purification conditions to obtain 9.1 mg of 2 (56%
yield) 'H-NMR (MeOD-d,) 1.52 (m, 2H), 1.94 (m, 2H), 2.47-2.68 (m, 6H), 3.22-3.71 (m,
16H), 3.86 (s, 3H), 4.08 (m, 3H), 4.30-4.39 (m, 6H), 5.51 (s, 2H), 7.04 (m, 1H), 7.18 (m, 1H),
7.27 (m, 1H), 7.31 (m, 2H), 7.49 (m, 3H), 7.91 (s, 1H), 8.05 (m, 1H), 8.59 (m, 1H). Calcd for

C47H57C|N1209 ((M+2H)+/2) 4852, Found 485.6
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Analytical HPLC trace of compound 2 (Acetonitrile/Water-0.1% CF;CO,H gradient):
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Analytical HPLC trace of compound 2 (Methanol/Water-0.1% CF3CO,H gradient):
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3. To a mixture of 0°(4-Amino-methyl-benzyl)guanine (14.3 mg, 52.9 umol, 1.0 equiv), 5-

hexynoic acid (8.1 pL, 68.8 umol, 1.3 equiv), HOBt-H,0 (10.7 mg, 68.8 umol, 1.3 equiv),

65



and DIPEA ((30 pL, 158.7 umol, 3.0 equiv)) in DMF (130 pL) was added EDCI-HCI (11.2 mg,
58.2 umol, 1.1 equiv). The reaction mixture was stirred at rt for 24 h and then diluted
with CH3CN/H,0 (10 mL). The product was purified using General HPLC purification
conditions to obtain 10.6 mg of pure N-((4-((2-amino-9H-purin-6-
yloxy)methyl)phenyl)methyl)hex-5-ynamide (55% vyield) ‘H-NMR (MeOD) 1.77-1.88 (m,
2H), 2.20-2.28 (m, 3H), 2.38 (t, J = 7.2 Hz, 2H), 4.39 (s, 2H), 5.65 (s, 2H), 7.35 (d, J = 8.1 Hz,
2H), 7.53 (d, J = 8.1 Hz, 2H), 8.30 (s, 1H). Calcd for C19H20N0, (M+H*): 365.2 Found 365.2.
A mixture of N-((4-((2-amino-9H-purin-6-yloxy)methyl)phenyl)methyl)hex-5-ynamide (7.9
mg, 9.5 umol, 3.3 equiv), 2-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethoxy)-1-(4-(3-(4-(2-
chloro-5-methoxyphenylamino)-6-methoxyquinazolin-7-yloxy)propyl)piperazin-1-
yl)ethanone™® (3.5 mg, 9.5 umol, 3.3 equiv), DIPEA (25 pL, 143.8 pmol, 49.6 equiv) and Cul
(0.6 mg, 2.9 umol, 1.0 equiv) in MeOH (0.37 mL) was stirred at rt for 2 days. The product
was purified using General HPLC purification conditions to obtain 4.2 mg of 3 (37% yield).
'H-NMR (MeOD) 1.15-1.34 (m, 2H), 1.79 (m, 2H), 2.13-2.74 (m, 10H), 3.00-4.26 (m, 30H),
4.46 (t, J = 5.1 Hz, 2H), 5.46 (s, 2H), 6.40 (m, 1H), 6.97(dd, J = 8.7, 3.0 Hz, 1H), 7.13-7.27
(m, 4H), 7.45 (m, 2H), 7.51 (s, 1H), 7.82 (s, 1H), 7.99 (m, 1H), 8.36 (m, 1H). Calcd for

C52H65C|N14010 ((M+2H+)/2) : 541.2 Found 541.5.
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Analytical HPLC trace of compound 3 (Acetonitrile/Water-0.1% CF;CO,H gradient):
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4. To a mixture of 5-((4-((2-amino-9H-purin-6-yloxy)methyl)benzyl)amino)-5-
oxopentanoic acid™ (2.5 mg, 6.7 umol, 1.3 equiv), N-(6-chlorobenzo[d][1,3]dioxol-5-yl)-6-
methoxy-7-(3-(piperazin-1-yl)propoxy)quinazolin-4-amine™® (5.2 umol, 1 equiv), HOBt-H,0
(1 mg, 6.7 umol, 1.3 equiv), and DIPEA ((1.1 pL, 6.7 umol, 1.3 equiv)) in DMF (50 uL), was
added EDCI-HCI (1.3 mg, 6.7 umol, 1.3 equiv). The reaction was stirred at rt for 24 h at
which time the reaction was dissolved in CH3CN/H,0 (mL) and purified using General
HPLC conditions to obtain 0.6 mg of pure 4 (14% vyield). Calcd for C41H44CIN1107

((M+2H%)/2): 419.7 Found 420.2
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Analytical HPLC trace of compound 4 (Acetonitrile/Water-0.1% CF;CO,H gradient):
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Analytical HPLC trace of compound 4 (Methanol/Water-0.1% CF3;CO,H gradient):
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5. A mixture of N-Boc-1-(2-bromoethyl)-piperazine (40.5 mg, 138umol, 1.2 equiv), 4-(3-

chloro-4-fluoroanilino)-6-hydroxy-7-methoxyquinazoline®® (37 mg, 115 pumol, 1 equiv),

68



and K,CO3 (127 mg, 922 pumol, 8 equiv) was stirred in DMF (280 L) at 80 °C overnight.
The reaction was concentrated in vacuo and purified using flash chromatography
(MeQOH/CH,Cl,) to yield 41 mg of 4-(3-chloro-4-fluoroanilino)-6-(2-(N-Boc-piperazin-1-
yl)ethoxy)-7-methoxyquinazoline. (67 % yield) 'H-NMR (CDCl3) 1.43 (s, 9H), 2.52 (t, J = 4.8
Hz, 4H), 2.88 (t, J = 6 Hz, 2H), 3.42 (t, / = 4.8 Hz, 4H), 3.92 (s, 3H), 4.24 (t, J = 6 Hz, 2H), 7.09
(t, J=8.7 Hz, 1H), 7.19 (s,1H), 7.55 (s, 1H), 7.60 (m, 1H), 7.87 (dd, J = 6.6, 2.7 Hz, 1H), 8.59
(s, 1H)
4-(3-chloro-4-fluoroanilino)-6-(2-(N-Boc-piperazin-1-yl)ethoxy)-7-methoxyquinazoline (10
mg, 19.1 umol, 1 equiv) was stirred in 30% TFA/CH,Cl, (191 uL) for 1.5 h at rt. Toluene
was then added (I mL) and the reaction was concentrated in vacuo to afford crude 4-(3-
chloro-4-fluoroanilino)-6-(2-(piperazin-1-yl)ethoxy)-7-methoxyquinazoline. The crude
reaction product was carried on to the next step without further purification.

To a mixture of 5-((4-((2-amino-9H-purin-6-yloxy)methyl)benzyl)amino)-5-oxopentanoic
acid (6 mg, 15 umol, 1.3 equiv), 4-(3-chloro-4-fluoroanilino)-6-(2-(piperazin-1-yl)ethoxy)-
7-methoxyquinazoline. (11 umol, 1 equiv), HOBt-H,O (3 mg, 20 umol, 1.7 equiv), and
DIPEA ((2.5 uL, 15 umol, 1.3 equiv)) in DMF (60 pL), was added EDCI-HCI (3 mg, 16 umol,
1.4 equiv). The reaction was stirred at rt for 24 h at which time the reactions was
dissolved in CH3CN/H,0 (10 mL) and purified using General HPLC conditions to obtain

0.54 mg of pure 5 (6% yield). Calcd for CagHa1CIFN1105 ((M+2H")/2): 399.7 Found 399.9.
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Analytical HPLC trace of compound 5 (Acetonitrile/Water-0.1% CF;CO,H gradient):
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Analytical HPLC trace of compound 5 (Methanol/Water-0.1% CF3;CO,H gradient):
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6. To a mixture of 5-((4-((2-amino-9H-purin-6-yloxy)methyl)benzyl)amino)-5-

oxopentanoic acid (3.5 mg, 9.1 umol, 1.3 equiv), N-(3-(3-(6-(4-(2-aminoethoxy)
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phenylamino)pyrimidin-4-yl)pyridin-2-ylamino)-4-methylphenyl)-3-
(trifluoromethyl)benzamide®? (7 pmol, 1 equiv), HOBt-H,0 (1.4 mg, 9.1 umol, 1.3 equiv),
and DIPEA ((3.8 uL, 21 umol, 3 equiv)) in DMF (35 pL), was added EDCI-HCI (1.7 mg, 9.1
umol, 1.3 equiv). The reaction was stirred at rt for 24 h at which time the reaction was
dissolved in CH3CN/H,0 (10 mL) and purified using General HPLC conditions to obtain 1.2
mg of pure 6 (18% yield). Calcd for CsgHagF3N130s ((M+2H")/2): 483.7 Found 483.9.

Analytical HPLC trace of compound 5 (Acetonitrile/Water-0.1% CF3;CO,H gradient):
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Analytical HPLC trace of compound 5 (Methanol/Water-0.1% CF3CO,H gradient):
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Detailed protocols of the biological experiments can be found in Zach et. al

publications.'®*
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Chapter 4

Determinants of type Il inhibitor selectivity

4.1 Introduction

Protein phosphorylation, carried out by enzymes called protein kinases is the most
widespread post-translational modification used in signal transduction. The human
genome encodes 518 kinases, making it the largest enzyme family in humans.™” Due to
the important roles that kinases play in many signal transduction pathways in cells, mis-
regulation of these enzymes can cause a wide range of disease conditions including
cancer, inflammation and diabetes. Currently, protein kinases have become one of the
major drug targets in the pharmaceutical industry and there are 14 clinically approved
small molecule inhibitors to treat protein kinase based diseases.®***

SRC and ABL kinases are closely related members of the tyrosine kinase branch of
the human kinome, each is involved in many important signaling cascades in the cell.*>**
They share an extremely similar three dimensional structure (Figure 1), containing a
catalytic domain proceeded by regulatory SH2 and SH3 domains.**** The SH2 and SH3
domains of these kinases are involved in the regulation of catalytic activity. Intra-
molecular engagement of these domains causes SRC and ABL to form a closed
conformation, which leads to down-regulation of enzymatic activity.M'14 The ATP-binding
sites of SRC and ABL adopt several inactive conformations. One inactive conformation
that has been observed in both kinases is the DFG-out conformation. This conformation is
characterized by rotation and movement of the DFG-motif, which is located at the

beginning of the activation loop. The Phe residue of the DFG-motif is flipped 180° relative
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to the active conformation, which creates a hydrophobic pocket known as the DFG-out

pocket.

Linear diagram of full length SRC kinase

HN-[MTUT sH3 [ SH2 IL_XOOH

527
L 416 J

Y
SRC 3D construct used in this study

Linear diagram of full length ABL kinase

HN—[mM[ [ sH3 ['sH2 Ti ['CatalyticDomain| [ NTs[ [DB[ [AB] }~_cOOH

L 412 ]
Y
ABL 3D construct used in this study

Figure 4.1 - Schematic representation of SRC and ABL 3D structures ([M] = Membrane
binding region, [U] = unique region, [SH3] = SRC homology 3 domain, [SH2] = SRC
homology 2 domain, [L] = linker region connecting the SH2 and catalytic domains,
[Catalytic domain], [NTS] = nuclear transport signal, [DB] = DNA binding domain, [AB] =
actin binding domain

4.2 Binding of type Il inhibitors to SRC and ABL kinases

A class of inhibitors, called type Il inhibitors, have been developed that specifically
target the DFG-out conformation of protein kinases. These inhibitors contain several key
structural features that interact with the DFG-out conformation of their protein kinase
targets: (1) an aromatic heterocycle that makes many of the same hydrophobic and H-
bond contacts as the adenine ring of ATP, (2) a hydrophobic moiety that occupies the
pocket created by the movement of the Phe side chain of the DFG-motif, and (3) an
amide or urea linker that forms hydrogen bonds with a glutamic acid side chain in helix-

a.C and the backbone of the DFG-motif. Despite the structural similarities of ABL and SRC,
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the first type Il inhibitor that was characterized, Imatinib (Gleevec), is capable of
differentiating between the inactive conformations of these enzymes. In fact, Imatinib
binds to the inactive DFG-out conformation of ABL with >2400-fold higher affinity than

% This was a surprising observation, given that ABL

the closely related SRC kinase.
shares about 46% sequence identity with SRC. Furthermore, SRC is more structurally
related to ABL than other kinases, PDGFR and c-Kit, that are sensitive to Imatinib
inhibition. The selectivity of Imatinib for ABL over SRC was originally thought to be due to
the inability of SRC kinase to adopt the DFG-out inactive conformation required for
Imatinib binding.‘”,48 However, It has recently been shown that many type Il inhibitors
can inhibit both SRC and ABL."**° These type Il inhibitors of SRC and ABL are based on a
number of different pharmacophores but contain many of the same functional groups as
Imatinib.”**®* For example, DSA 8 (Figure 2), which shares a significant portion of its
structure with Imatinib, has been shown to bind both SRC and ABL kinases with equal

affinity.13 Therefore, it has become clear that there are not large differences in the

thermodynamic propensity of these two kinases to adopt the DFG-out conformation.

0
NN HNjO\N'LQ\/(\N/
| H
o

DSA 8

O

Figure 4.2 — Chemical structure of DSA 8, an equipotent inhibitor of both SRC and ABL
kinases.
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4.3 Significance of the P-loop and activation loop for inhibitor selectivity towards ABL

If SRC and ABL are equally stable in the DFG-out conformation, then what explains
the very high selectivity of Imatinib? One theory that our group has suggested is that the
differential potency that Imatinib displays for SRC and ABL is due to another structural
feature in the ATP-binding site, called the phosphate-binding loop (P-loop) (glycine-rich

loop). 32

Additionally, previous studies have also identified that the conformation of the
P-loop as a potential source of selectivity for inhibitors.”® Numerous crystal structures
have shown that ABL and SRC have different P-loop conformations. Imatinib, which
contains a more hydrophobic face than other type Il inhibitors, requires a more
hydrophobic environment when binding to its target kinase. This requirement is satisfied

by the kinked P-loop conformation adopted by ABL kinase. (Figure 4.3 left, Abl-Imatinib

structure)

Figure 4.3 - left: Imatinib bound to ABL kinase (PDB: 10PJ), right: DSA 8 bound to SRC
kinase (PDB: 3G6G). Both type Il inhibitors are bound to the inactive, DFG-out
conformation of the target kinases.
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The extended conformation of SRC's P-loop (observed in the SRC-Imatinib
complex) fails to provide the hydrophobic pocket required for Imatinib to form a high
affinity complex. The prevalence of clinically-observed P-loop mutations in BCR-ABL (BCR-
ABL is the target of Imatinib in patients undergoing treatment for CML) hints at the
importance of the P-loop for Imatinib binding. Furthermore, DSA 8 shows a close
structural relationship to Imatinib in the amide linkage region and the portion binding in
the DFG-out pocket. However, the methoxy aniline ring and the triazine ring of DSA 8,
which occupy the adenine pocket, are not compatible with the kinked P-loop
conformation of ABL. Furthermore, this class of inhibitors does not need to form
additional interactions to potently bind to SRC or ABL (Figure 4.3 right, DSA 8-SRC
structure)

Another important structural motif which affects type Il inhibitor binding is the
activation loop. The activation loop plays a critical role in kinase function and consists of
several catalytically important residues, such as the DFG-motif and residues that increase
kinase catalytic activity upon phosphorylation. For example, phosphorylation of activation
loop tyrosines, Tyr416 or Tyr412, in SRC and ABL, respectively, stabilizes the active
conformation of these kinases and increases their catalytic activity. Previous studies have
shown that Imatinib is quite sensitive to the phosphorylation state of the activation loop
of ABL.>**?* |matinib preferentially binds to the catalytically inactive DFG-out
conformation of ABL and upon activation loop phosphorylation, the drug shows a
significant loss in its potency.>®> Moreover other type Il inhibitors including AST-487 and

nilotinib have been reported to bind to activation loop un-phosphorylated ABL with
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higher affinity than to the activation loop phosphorylated enzyme.’? However, certain
type Il inhibitors seem to bind to their target with equal potency, irrespective of the
activation loop phosphorylation state. For example, the p38a inhibitor BIRB-796 binds to
activation loop phosphorylated and non-phosphorylated forms of p38a with equal
affinity.”*>°

Overall, the influence of the P-loop and activation loop towards ABL selective type
Il inhibitor binding is not well understood. To further explore the importance of the P-
loop and the activation loop for type Il inhibitor binding to SRC and ABL, we have
assembled a general panel of ATP-competitive small molecule inhibitors that stabilize the
DFG-out inactive conformation of protein kinases. (Figure 4.4) In addition to the core
scaffold, which sits in the adenine-binding site of the ATP cleft, these inhibitors contain
characteristic structural elements of a typical type Il inhibitor. These include a
hydrophobic moiety that occupies the DFG-out pocket in the inactive kinase
conformation and an amide or urea linker that connects the DFG-pocket binding group to
the core inhibitor scaffold.

The type Il inhibitors used in this study are shown in Figure 4.4. GP 5, GP 17, GP 20
and GP 29 are quinazoline based inhibitors. Their quinazoline rings bind in the ATP-
binding pockets of protein kinase. These inhibitors also contain a conserved methylphenyl
group linked to a 3-trifluoromethylphenyl ring through an amide bond linkage. This amide
is predicted to make a pair of characteristic hydrogen bonds with the catalytic Glu residue

in the helix-aC and the backbone amide of the Asp residue of the DFG-motif.*® The

hydrophobic pocket exposed due to the DFG-flip in the inactive kinase conformation is
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occupied by the 3-trifluoromethylphenyl group of the quinazoline inhibitors. GP 21
(AP24534) is a dual ABL/SRC kinase inhibitor in clinical trials for the treatment of Imatinib-
resistant chronic myeloid leukemia (CML). This inhibitor effectively targets the Imatinib-

resistant gatekeeper mutant ABL™™

, Which is one of the most frequently observed
mutations observed in patients undergoing Imatinib treatment. The core
imidazo[1,2b]pyridazine scaffold occupies the adenine-binding site in the ATP-cleft, while
the inhibitor extends towards the DFG-out pocket of the inactive kinase. The 3-

trifluoromethylphenyl group of GP 21 occupies the hydrophobic pocket created by the

movement of the DFG-motif.””**>*
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Figure 4.4 — A panel of type Il inhibitors based on different core scaffolds. Hinge hydrogen
bonding positions are shown with dashed lines.
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Pyrazolopyrimidine-based inhibitor GP 118 has also been shown to bind to the
DFG-out conformation of its target kinase.”® The pyrazolopyrimidine ring of GP 118
mimics the adenine ring of ATP and the urea linkage extends into the DFG-out pocket,
allowing the 3-trifluoromethylphenyl group to occupy this hydrophobic region. The
exocyclic nitrogen of the methoxyaniline ring and one of the nitrogens from the triazine
ring form hydrogen bonds with the hinge region in DSA 7. This inhibitor also contains a 3-
trifluoromethylphenyl group, which occupies the DFG-out pocket of the inactive
conformation of SRC and ABL kinases."® DCC-2036 is another well-characterized inhibitor
that binds to the DFG-out conformation of ABL kinase. AST-487 is a type Il inhibitor
developed for the treatment of AML, caused by aberrantly activated receptor tyrosine
kinase FLT3.>>%° This inhibitor makes hydrogen bonds to the kinases hinge region via its
aminopyrimidine group, while the DFG-out pocket of the kinase inactive conformation is
occupied by its 3-trifluoromethylphenyl group. In addition to its primary target FLT3, AST-
487 also inhibits many other kinases with a similar potency to its primary target.

Overall, all these inhibitors consist of similar functional groups that bind to the
DFG-out pocket. However, these inhibitors significantly differ in the core group that sits in
the adenine-binding site of the ATP-cleft. Therefore, these inhibitors make an ideal set of
analogs to test the importance of regions outside the DFG-out pocket for obtaining
inhibitor selectivity. This should provide valuable information into how the type Il
inhibitor Imatinib is able to achieve such high selectivity for ABL over SRC and highlight

differences between these kinases.
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4.4 Results and Discussion

All of the compounds shown in Figure 4.4 were tested for their ability to inhibit
the catalytic activities of SRC and ABL. The activities of these kinases were tested at low
ATP concentrations to allow direct comparison of the inhibitory constants. The results of
these assays are summarized in Table 4.1.

Table 4.1 — Inhibitory constants of type Il inhibitors against SRC, SRC™*"'

domains were obtained by kinase activity assays.

and ABL catalytic

- Ki (nM)
Inhibitor
SRC KD SRC Lue317lle KD ABLKD
GP5 10+£0.3 N/T 29+ 0.1
GP 17 070 N/T 0.1+0
GP 20 9.3+0.3 202 1.1+ 0
GP 21 1.0+£0.1 060 010
GP 29 0.1+0 N/T 0.2+0
GP 118 7.9+0.8 6.0 0.5 2.1+ 0.1
Imatinib > 10000 > 10000 11+29
DSA 7 1.5+0.1 N/T 1.5+0.2
AST-487 84+1.2 1355 0.4+0
DCC-2036 4.8+0.2 N/T 04+0
PR1 8.5+0.5 72+18 030
PR4 503+24 13751123 2.7%0.1
PR5 18+0.4 N/T 040
PR7 22+1.1 N/T 0.5%+0.1

Inhibitors GP 5, GP 17, GP 21, GP 29, GP 118, DSA 7 and DCC-2036 effectively
inhibit both SRC and ABL kinases with < 10 nM inhibitory constants. On the other hand,
AST-487 inhibits ABL kinase 200-fold more potently over the closely related SRC kinase,
possibly due to having a similar binding mode to that of Imatinib when inhibiting ABL.
(Table 4.1) Both Imatinib and AST-487 contain pyrimidine rings which occupy the

adenine-binding site and it is possible that AST-487 also requires a similar arrangement of
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the P-loop when binding to its target, as seen in ABL-Imatinib complex. The inability of
SRC to adopt this kinked P-loop conformation could be the same reason for the selectivity

of AST-487 towards ABL over SRC.

“ N? HN N CF3 I'N = HN N
k:j\C H)k©/ "",, )I\’J\@ HL@
N N HN N | N
|~ ! P CF,
PR4
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‘N “,
b, NN HN N N N CFs
THNT NN N N 0
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3 &
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Figure 4.5 — Structures of the ABL selective type Il inhibitors. Hinge hydrogen bonding
interactions are shown with dashed lines.

By comparing the structural differences between the equipotent SRC and ABL
inhibitors and the inhibitors selective for ABL, we investigated a series of inhibitors; PR 1,
PR 4, PR 5 and PR 7°%?, that has been previously described as potent inhibitors of the
receptor tyrosine kinase Tie2. (Figure 4.5) Similar to Imatinib, these inhibitors contain
differentially connected pyrimidine and pyridine groups that occupy the adenine-binding
site. Furthermore, these compounds more potently inhibit the catalytic activity of ABL
over SRC (Table 4.1). PR 1 and PR 7, which only differ in the direction of the amide linker
that connects the 3-trifluoromethylphenyl group, are 28-fold and 44-fold more potent
against ABL than SRC, respectively. Compounds PR 4 and PR 5, which only differ in the

regio-selective substitution of the pyrimidine ring, are 186-fold and 45-fold more potent
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against ABL than SRC, respectively. Since these new type Il inhibitors share the same
structural motifs occupying the region extending from the adenine site towards DFG-out
pocket, and only differ in the portion occupying the adenine site, these results highlight
the importance of the moiety that occupies the ATP-binding site next to the hinge region.

We also screened some of the type Il inhibitors in our panel against a SRC mutant
(SRC Leu317lle) that was predicted using molecular dynamics to more stably adopt the
DFG-out conformation.®® Despite the prediction that converting Leu317 into an lle would
thermodynamically stabilize the DFG-out conformation of SRC, all of the inhibitors only
showed a modest increase in potency against SRC Leu317lle (Table 4.1). In fact, this
mutation increases the K; values of GP 20, PR 1, PR 4 and AST-487 (1.6 - 8.5 fold increase
in K;) for SRC Leu317lle over wild type SRC. GP 21 and GP 118 show modestly lower K;
values (1.3 - 1.7 fold decrease in K;). These observations further support the suggestion

that SRC is equally able to adopt the DFG-out inactive conformation as ABL."

Figure 4.6 — The kinked orientation of the ABL P-loop in an Imatinib bound conformation
is shown. Tyr253, a residue which causes resistance to Imatinib binding upon mutation, is
highlighted in pink.

Since we hypothesized that a major part of Imatinib’s selectivity for ABL is due to

the conformation of the P-loop, we tested whether this structural feature is important for

86



the binding of PR 1-7. Previous work has shown that the orientation of the P-loop in ABL
is important for Imatinib binding and that mutations that occur in ABL’s P-loop lead to
drug resistance in CML patients. The P-loop mutations Tyr253His and Glu255Val account
for approximately 30% of the clinically-observed resistance mutations observed in

1384 1n order to study the importance of the P-

patients undergoing Imatinib treatment.
loop in binding type Il inhibitors, we screened our panel of inhibitors against an ABL
construct with the Tyr253His P-loop mutation. (Figure 4.6) The ABL selective inhibitors
(Imatinib, AST-487 and PR 1-7) demonstrated a significant loss (15- to 93-fold) in inhibitor
potency against ABL Tyr253His. However, the equipotent inhibitors of SRC and ABL, GP
17, GP 118, and DSA 7, show only a modest loss (1- to 7-fold) against this P-loop mutant.
(Table 4.2) In summary, our data suggest that the P-loop plays an important role in

obtaining ABL selective inhibitors.

Table 4.2 — Inhibitory constants of type Il inhibitors against ABL Tyr253His, P-loop mutant
was calculated.

Ki (nM) Fold difference in K;
Inhibitor
ABL Tyr253His KD (ABL Tyr253His KD/ABL KD)
GP 17 03+0 3
GP 21 0.2+0 2
GP 29 0.2+0 1
GP 118 15+1.0 7
Imatinib 299 + 29 27
DSA 7 2.2+0.2 1.5
AST-487 6.0+0.4 15
PR1 15+0.2 50
PR4 250+ 28 93
PR5 8.5+0.8 21
PR7 16+1.5 32

In order to further investigate the effect of activation loop phosphorylation

towards inhibitor binding, we screened our type Il inhibitors against ABL, SRC and HCK
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kinase constructs that contain phosphorylated activation loops. Activation of ABL kinase
was achieved by incubating it for 5 hours with HCK kinase and 1 mM ATP. This resulted in
the phosphorylation of Tyr412 in the activation loop of ABL.

Table 4.3 — Effect of activation loop phosphorylation on the inhibitory constants of the
type Il inhibitors was investigated. K; values for selected inhibitors are summarized

against activated ABL, non-activated and activated SRC and HCK kinases are summarized
in the above table.

Fold Fold Fold
Ki (nM) difference | K;(nM) Ki (nM) difference | K;(nM) K; (nM) | difference
in K; in K; in K;
Inhibitor (pY412 (pY416 (pY416
pY412 ABL ABLKD / SRC 3D pY416 SRC SRC3D/ HCK 3D pY416 HCK 3D/
KD npY412 3D npY416 HCK 3D npY416
ABL KD) SRC 3D) HCK 3D)
GP 17 46+0.4 46 26+0.1 6.4+0.2 2.5 99+1 20+0.3 2
GP 21 05+0 5 5.0+0.1 8.8+0.7 1.8 15+0 4.7+0.3 3.1
GP 29 0.1+0 0.5 04+0 0.2+0 0.5 1.8+0.2 N/T N/T
GP 118 10+0.8 4.8 12+0.7 39+2 3.2 62+3 N/T N/T
Imatinib 1210+ 50 110 N/T N/T N/T N/T N/T N/T
DSA 7 0.7+0.1 0.5 2.7+0.1 26+0 1 41+03 | 7.5+£0.2 1.8
AST-487 94 +5 235 261 +46 753 +32 2.9 483+32 | 375+29 0.8
DCC-2036 7.2+0.3 18 55+0.1 62+4 11.3 N/T N/T N/T
PR1 886 293 49+ 2 214 +£17 4.4 130+ 15 50+4 0.5
PR4 2736 £ 245 1013 264 +37 | 2772 £ 465 10.5 863 +34 | >10000 >11.6
PRS 732 182 13+1 183 +18 14 99+7 116+6 1.2
PR7 78+4 156 16+2 469 + 28 29.3 105+5 327 +28 3.1

This construct, ABL pY412, was then used in activity assays to determine how this
phosphorylation event affects type Il inhibitor binding. The equipotent type Il inhibitors
GP 21, GP 29, GP 118 and DSA 7 were found to only be minimally affected by activation
loop phosphorylation, with only a modest increase in their K; values (< 5-fold) against ABL
pY412 (Table 4.3). DCC-2036 and GP 17 showed a more pronounced increase in their K;

values (18- and 46- fold, respectively). (Table 4.3) However, all of the ABL-selective type Il
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inhibitors indicated a much greater increase in their inhibitor binding constants for ABL
pY412. The observed increase in K; values for ABL selective inhibitors varied from 151-fold
for Imatinib to 1013-fold for PR 4. When our panel of inhibitors was screened against an
activated SRC kinase construct (py416 SRC), the fold increase in the K; values for the
equipotent type Il inhibitors only increased up to 3.2-fold. DCC-2036, which is 20-fold
selective for ABL over SRC, demonstrated an 11-fold increase in K; for pY416. ABL
selective inhibitors also exhibited an increase in their K; values for SRC pY416 2.9- to 29-
fold), but were not affected to the same degree as ABL. (Table 4.3) The type Il inhibitors
were also screened against non-activated and activated HCK kinase. A similar trend was
observed for HCK as for SRC. (Table 4.3) Overall, this indicates that the equipotent
inhibitors of SRC and ABL are not as sensitive to activation loop phosphorylation
compared to ABL selective inhibitors, which are highly sensitive to activation loop

phosphorylation.

4.5 Conclusion

Based on our experimental results, the P-loop and the activation loop of ABL
kinase appear to act together to provide the necessary binding environment required by
Imatinib, AST-487 and the ABL selective inhibitors (PR 1-7). The inability of SRC kinase to
adopt a similar P-loop and activation loop conformation is a major reason that ABL-

selective type Il inhibitors have a higher affinity for ABL.
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4.6 Experimental

4.6.1 Synthetic Methods

Unless otherwise noted, all reagents were obtained from commercial suppliers and used
without purification. 'H-NMR spectra were obtained on a Bruker AV-300 or AV301
instrument at room temperature. Chemical shifts are reported in ppm, and coupling
constants are reported in Hz. 'H resonances are referenced to residual solvent. Mass
spectrometry was performed on a Bruker Esquire lon Trap MS instrument. The purity of
each final compound was confirmed by analytical HPLC with two different solvent
systems. Analytical conditions A: [Cig (150 x 2.1 mm), CH3CN/H,0-0.1% CF3CO,H = 1:99
to 100:0 over 33 min; 1 mL/min; 220 and 254 nm detection for 33 min]. Analytical
conditions B: [C;g (150 x 2.1 mm), CH30H/H,0-0.1% CF3CO,H = 1:99 to 100:0 over 33

min; 1 mL/min; 220 and 254 nm detection for 33 min].

[1] 6-Bromo-2-iodoquinazoline

N Br
9
I)\N/

1

Compound 1 was synthesized according to a previously published protocol.*®
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[2] tert-butyl 2-(4-aminophenoxy)ethylcarbamate

NH,
(0]
O\/\NJJ\O><
H
2

Compound 2 was synthesized according to a previously published protocol. **

[3] tert-butyl 2-(4-(6-bromoquinazolin-2-ylamino)phenoxy)ethylcarbamate

In a resealable Pyrex tube, compound 1 (588.5 mg, 1.76 mmol) and compound 2 (532 mg,
2.11 mmol) were taken up in of i-PrOH (13.5 mL). Trifluoroacetic acid (262 uL, 3.52 mmol)
was added and the tube was sealed. The suspension was stirred overnight at 70 °C.
Triethylamine (1.5mL) was added to neutralize the mixture and the mixture was
concentrated. The residue was purified by column chromatography (50% ethyl acetate in
hexanes) to afford 378 mg of compound 3 (47% yield). *H NMR (300 MHz, CDCls-d;) &

9.17 (s, 1H), 8.01 — 7.94 (m, 2H), 7.75 (d, J = 9.0 Hz, 1H), 7.57 (d, J = 9.0 Hz, 2H), 6.98 —
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6.92 (m, 2H), 5.00 (br s, 1H), 4.06 (t, J = 5.1 Hz, 2H), 3.59 — 3.53 (m, 2H), 1.48 (s, 9H). MS

m/z (C,1H,3BrN4O3) calc’d =458.1, observed: M+1 = 459.2

[4] 3-(trifluoromethyl)-N-(4-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

LS
O\l? H CF3
(@)
4

5-amino-2-methylphenylboronic acid pinacol ester (0.21 g 0.86 mmol), 3-

yl)phenyl)benzamide

(trifluoromethyl)benzoic acid (0.21 g, 1.11 mmol), HOBt (0.17 g, 1.11 mmol), EDCI (0.21 g,
1.11 mmol) and DIPEA (450 uL, 2.58 mmol) were dissolved in DMF (2.5 mL) and stirred
overnight at room temperature. The crude mixture was diluted in ethyl acetate and
washed with NH4Cl and Na,COs. The organic layer was dried over Na,SO; and
concentrated in vacuo to afford 0.33 g of compound 4 (96% yield). 'H NMR (300 MHz,
Chloroform-d) 6 8.14 (s, 1H), 8.07 (d, J = 6.0 Hz, 1H), 7.98 (d, J = 9.0 Hz, 1H), 7.84-7.81 (m,
2H), 7.68 — 7.62 (m, 2H), 7.23 (d, J = 9.0 Hz, 1H), 2.55 (s, 3H), 1.37 (s, 12H). MS m/z

(C51H23BF3NO3) calc’d = 405.2, observed: M+1 = 406.4

[5]
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A mixture of compound 3 (120 mg, 0.26 mmol), compound 4 (127 mg, 0.31 mmol),
Tetrakis(triphenylphosphine)palladium (9.3 mg, 7.8 umol) and sodium carbonate (61 mg,
0.57 mmol) was dissolved in a 3:1 mixture of DME/water (1 mL). The mixture was heated
overnight at 85 °C. The crude mixture was cooled to room temperature, diluted with ethyl
acetate and washed with water and brine. The organic layer was dried over Na,SOg,
concentrated in vacuo and the resultant crude product was purified by column
chromatography (5% methanol in dichloromethane) to afford 132 mg of compound 5 (77
% yield). *H NMR (300 MHz, Methanol-d4) § 9.03 (s, 1H), 8.23 — 8.14 (m, 2H), 7.83 (d, J =
9.0 Hz, 1H), 7.71 - 7.62 (m, 7H), 7.23 (d, J = 9.0 Hz, 1H), 6.88 (d, J = 9.0 Hz, 2H), 6.69 (d, J =
3.0 Hz, 1H), 3.98 - 3.85 (m, 2H), 3.42 — 3.37 (m, 2H), 2.23 — 2.15 (m, 3H), 1.42 (s, 9H). MS

m/z (C3gH34F3N504) calc’d = 657.3, observed: M+1 = 658.4

[6] N-(3-(2-(4-(2-aminoethoxy)phenylamino)quinazolin-6-yl)-4-methylphenyl)-3-

(trifluoromethyl)benzamide
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Compound 5 (40 mg, 0.062 mmol) was dissolved in CH,Cl, (1 mL) and TFA (440 puL) and
stirred for 3 h at room temperature. The reaction was concentrated and purified by
reverse phase chromatography (HPLC) to obtain 20 mg (58 % yield) of the desired product
6. 'H NMR (300 MHz, Methanol-d4) 6 9.27 (s, 1H), 8.28 — 8.21 (m, 2H), 7.93 — 7.85 (m,
2H), 7.80 — 7.73 (m, 4H), 7.67 — 7.48 (m, 2H), 7.43 — 7.28 (m, 2H), 7.21 (d, J = 8.9 Hz, 1H),
7.08 (d, J = 9.1 Hz, 1H), 5.50 (s, 1H), 4.33 — 4.26 (m, 2H), 3.44 —3.37 (m, 2H), 2.32 - 2.28

(m, 3H). MS m/z (C31H26F3N50;) calc’d = 557.2, observed: M+1 = 558.4

[GP 29]

(0]
N ON CF3
)l\ H
/
HN N

GP 29

Compound 6 (11.6 mg, 0.02 mmol) was stirred in a mixture of Ac,O (416 ul) and
triethylamine (11.6 plL) for 2.5 h at room temperature. The reaction mixture was
concentrated in vacuo, diluted with a mixture of acetonitrile/water and purified by
reverse phase chromatography (HPLC) to obtain 10.2 mg of the desired product GP 29
(82% yield). *H NMR (300 MHz, Chloroform-d) & 9.43 (s, 1H), 8.27 (s, 1H), 8.21 (d, J = 9.0

Hz, 1H), 8.03 — 7.90 (m, 2H), 7.81 — 7.71 (m, 2H), 7.64 — 7.48 (m, 4H), 7.37 = 7.29 (m, 3H),
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7.16 — 7.08 (m,

2H), 5.80 (s, 1H), 4.13 (t, J = 6.0 Hz, 2H), 3.60 (t, J = 3.0 Hz, 2H), 2.34 — 2.28

(m, 3H), 2.00 - 1.99 (m, 3H). MS m/z (C33H»3F3N503) calc’d = 599.2, observed: M+1 = 600.5

Analytical Condition A - CH3CN/H,0-0.1% CF3CO,H
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[7] tert-butyl 4-(6-bromoquinazolin-2-ylamino)piperidine-1-carboxylate

N Br

O)\O><

In a resealable Pyrex tube, 6-Bromo-2-iodoquinazoline (50.0 mg, 0.15 mmol) and tert-
butyl 4-aminopiperidine-1-carboxylate (153 mg, 0.75 mmol) were taken up in of i-PrOH
(1.1 mL). DIPEA (40 pL, 0.22 mmol) was added and the tube was sealed. The suspension
was stirred for 2 h at 80 °C. The mixture was concentrated in vacuo and purified by
column chromatography (50% ethyl acetate in hexanes) to afford 37.1 mg of compound 7
(61% yield). *H NMR (300 MHz, Chloroform-d) & 8.90 (s, 1H), 7.81 (d, J = 2.2 Hz, 1H), 7.73
(dd, J=9.0, 2.3 Hz, 1H), 7.46 (d, J = 8.9 Hz, 1H), 5.29 (d, /= 7.7 Hz, 1H), 4.17 - 4.07 (m, 3H),
3.01 (t, J = 12.5 Hz, 2H), 2.10 (t, J = 12.0 Hz, 2H), 1.50- 1.43 (m, 11H). MS m/z

(C18H23BrN40O,) calc’d = 406.1, observed: M+1 = 407.3

[8] tert-butyl 4-(6-(5-amino-2-methylphenyl)quinazolin-2-ylamino)piperidine-1-

O NH,

carboxylate

O
|
HN)\N/

O)\O><
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A mixture of compound 7 (37.1 mg, 0.09 mmol), 5-Amino-2-methylphenylboronic acid
pinacol ester (24.1 mg, 0.10 mmol), Tetrakis(triphenylphosphine)palladium (3.2 mg, 2.7
pmol) and sodium carbonate (21.2 mg, 0.20 mmol) was dissolved in a 3:1 mixture of
DME/water (0.36 mL). The mixture was heated overnight at 85 °C. The crude mixture was
cooled to room temperature, diluted with ethyl acetate and washed with water and
brine. The organic layer was dried over Na,SO4, concentrated in vacuo to obtain product 8
(79% vyield). *H NMR (300 MHz, Chloroform-d) & 9.06 (s, 1H), 7.70 — 7.63 (m, 3H), 7.05 (d, J
= 8.8 Hz, 1H), 6.72 — 6.69 (m, 2H), 4.16 — 4.08 (m, 3H), 3.07 — 2.98 (m, 2H), 2.16 (s, 3H),
2.07 — 2.04 (m, 2H), 1.51 — 1.45 (m, 11H). MS m/z (C;sH31Ns0O;) calc’d = 433.3, observed:

M+1=434.4

[9] tert-butyl-4-(6-(5-(3-(trifluoromethyl)benzamido)-2-methylphenyl)quinazolin-2-

ylamino)piperidine-1-carboxylate

O O
NI N CF3
)l\ H
P
HN™ N

O%\ O><

Compound 8 (53.1 mg, 0.12 mmol), 3-(trifluoromethyl)benzoic acid (30.9 mg, 0.16 mmol),
HOBt (25.2 mg, 0.16 mmol), EDCI (31.1 mg, 0.16 mmol) and DIPEA (60 pL, 0.37 mmol)
were dissolved in DMF (360 ul) and stirred overnight at room temperature. The crude
mixture was diluted in ethyl acetate and washed with NH4Cl and Na,COs. The organic
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layer was dried over Na,SO4 and concentrated in vacuo to yield compound 9, which was
used in the next step without further purification. MS m/z (C33Hs4F3NsO3) calc’d = 605.3,

observed: M+1 = 606.3

[GP20] 3-(trifluoromethyl)-N-(4-methyl-3-(2-(piperidin-4-ylamino)quinazolin-6-

O
P H
HN™ N

GP 20

yl)phenyl)benzamide

Compound 9 (0.12 mmol) was dissolved in CH,Cl, (2.1 mL) and TFA (0.9 mL) and stirred for
3 h at room temperature. The reaction mixture was concentrated in vacuo, diluted in
acetonitrile/water mixture and purified by reverse phase chromatography (HPLC) to
obtain 25.0 mg of the desired product GP 20 (40% yield after 2 steps). *H NMR (300 MHz,
Methanol-d4) § 9.32 (s, 1H), 8.28 (s, 1H), 8.22 (d, J = 9.0 Hz, 1H), 7.90 — 7.93 (m, 2H), 7.77
—7.75 (m, 2H), 7.73 — 7.70 (m, 1H), 7.61 (dt, J = 9.0, 3.0 Hz, 1H), 7.54 — 7.48 (m, 1H), 7.37
(d, J = 8.5 Hz, 1H), 4.45 - 4.36 (m, 1H), 3.59 — 3.52 (m, 2H), 3.29 —3.17 (m, 2H), 2.41 - 2.34
(m, 2H), 2.31 — 2.28 (m, 3H), 2.00 — 1.86 (m, 2H). MS m/z (C,sH26F3NsO) calc’d = 505.2,

observed: M+1 = 506.3
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[10] 6-Bromo-N-cyclopropylquinazolin-2-amine

10

In a resealable Pyrex tube, 6-Bromo-2-iodoquinazoline (50.0 mg, 0.15 mmol) and

cyclopropylamine (55 uL, 0.75 mmol) were taken up in of i-PrOH (1.1 mL). DIPEA (40 pL,

0.22 mmol) was added and the tube was sealed. The suspension was stirred for 2 h at 80
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°C. The mixture was cooled to room temperature and concentrated in vacuo to afford
33.0 mg of compound 10 (85% vyield). The crude compound was used in the next step
without further purification. 'H NMR (300 MHz, Chloroform-d) & 8.89 (s, 1H), 7.78 (d, J =
2.2 Hz, 1H), 7.69 (dd, J = 9.0, 2.3 Hz, 1H), 7.49 (d, J = 9.0 Hz, 1H), 5.77 (s, 1H), 2.92 - 2.84
(m, 1H), 0.89 - 0.82 (m, 2H), 0.60 — 0.55 (m, 2H). MS m/z (C11H10BrNs) calc’d =263.0,

observed: M+1 = 264.1

[GP 17] N-(3-(2-(cyclopropylamino)quinazolin-6-yl)-4-methylphenyl)-3-

(trifluoromethyl)benzamide

LA

N7 N CF3
A :

HN N

GP 17

A mixture of compound 10 (39.0 mg, 0.15 mmol), compound 4 (71.8 mg, 0.18 mmol),
Tetrakis(triphenylphosphine)palladium (5.2 mg, 4.4 umol) and sodium carbonate (34.2
mg, 0.32 mmol) was dissolved in a 3:1 mixture of DME/water (0.59 mL). The mixture was
heated overnight at 85 °C. The crude mixture was cooled to room temperature, diluted in
acetonitrile/water mixture and purified using reverse phase chromatography (HPLC) to
obtain 20.0 mg of GP 17 (29% vyield). *H NMR (300 MHz, Methanol-d4) 6 9.47 (s, 1H), 8.28
(s, 1H), 8.22 (d, , J = 9.0 Hz, 1H), 8.13 — 7.99 (m, 1H), 7.91 (d, , J = 9.0 Hz, 1H), 7.82 — 7.70

(m, 2H), 7.63 — 7.48 (m, 3H), 7.40 — 7.32 (m, 2H), 5.88 (s, 1H), 2.82 — 2.74 (m, 1H), 2.32 —
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2.28 (m, 3H), 1.17 — 1.05 (m, 2H), 0.93 — 0.80 (m, 2H) MS m/z (C,¢H,1F3N40) calc’d = 462.2,

observed: M+1 = 463.4
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Analytical Condition B - CH30H/H,0-0.1% CF5CO,H
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[GP 21] N-(3-(trifluoromethyl)-4-((4-methylpiperazin-1-yl)methyl)phenyl)-3-(2-

(imidazo[1,2-b]pyridazin-3-yl)ethynyl)-4-methylbenzamide

GP 21

GP 21 was synthesized according to a previously published protocol.>”*°

[GP 118] 1-(4-(4-amino-1-isopropyl-1H-pyrazolo[3,4-d]pyrimidin-3-yl)phenyl)-3-(3-

(trifluoromethyl)phenyl)urea

GP 118

GP 118 was synthesized according to a previously published protocol.®

[11] 4-(2-chloropyridin-3-yl)pyrimidine

Nl&N cl
= | N
=
11

Compound 11 was synthesized according to a previously published protocol.®?
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[12] N-(3-amino-4-methylphenyl)-3-(trifluoromethyl)benzamide

I: ] 0]
HN NJ\©/CF3
H

12

Compound 12 was synthesized according to a previously published protocol.”
[PR 1] N-(3-(3-(pyrimidin-4-yl)pyridin-2-ylamino)-4-methylphenyl)-3-

(trifluoromethyl)benzamide

PR 1

Compound 11 (14 mg, 0.073 mmols ) and compound 12 (50 mg, 0.17 mmols) were
dissolved in DMSO (30 pL) and a drop of EtsN-TFA salt was added to the reaction mixture.
The reaction was stirred for 4 days at 95°C. The crude material was purified using reverse
phase liquid chromatography to obtain 6.3 mg of the desired product PR 1 (20% vyield). H
NMR (300 MHz, CDCls-d;) 6 9.37 (s, 1H), 9.06 (s, 1H), 9.02 (d, J = 3 Hz, 1H), 8.51 (d, J =6
Hz, 1H), 8.28 (s, 1H), 8.20-8.16 (m, 2H), 7.95 (d, J = 6 Hz, 1H), 7.80-7.75 (m, 3H), 7.64-7.59
(m, 1H), 7.37 (d, J = 6 Hz, 1H), 7.09-7.04 (m, 1H), 2.37 (s, 3H). MS m/z (C,4H1gF3Ns0O) calc’d

= 449.2, observed: (M+H") = 450.5
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Analytical Condition A - CH3CN/H,0-0.1% CF3CO,H

mAU
~
o

01234567 8 91011121314151617 18192021 22 23 24 2526 27 28 29 30 31 32 33
Min

Analytical Condition B - CH30H/H,0-0.1% CF3;CO,H

01 23 4567 8 21011121374 151617 181920 21 22 23 24 25 26 27 28 29 30 31 32 33
Min

[13] (E)-1-(2-chloropyridin-3-yl)-3-(dimethylamino)prop-2-en-1-one

O
N = N/
| |
N Cl
13

Compound 13 was synthesized according to a previously published protocol.62
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[14] 4-(2-chloropyridin-3-yl)-N-methylpyrimidin-2-amine

N Xy ¢l
\NKN/ SN
H |
=
14

N-methylguanidine (126 mg, 1.15 mmols) and sodium methoxide (50 mg, 0.93 mmols)
were suspended in methanol (0.2 mL) at room temperature for 30 minutes. Then
compound 13 dissolved in methanol (1 mL) was added to the reaction drop wise. The
reaction was refluxed at 50°C for 23 hours. The crude material was purified by column
chromatography (50% ethyl acetate in hexanes) to obtain 51 mg of the desired product
14 (64% yield). "H NMR (300 MHz, DMSO-d) 6 8.32 (dd, J = 3 Hz, J = 6 Hz, 1H), 8.23 (d, J =
6 Hz, 1H), 7.84 (broad s, 1H), 7.39-7.35 (m, 1H), 7.10-7.09 (m, 1H), 6.68 (d, J = 6 Hz, 1H),

2.63 (d, J = 6 Hz, 3H).

[PR 4]

4-(2-chloropyridin-3-yl)-N-methylpyrimidin-2-amine (20 mg, 0.09 mmols and compound
12 (63 mg, 0.21 mmols) were dissolved in DMSO (75 uL) and a drop of Et;N-TFA salt was
added to the reaction mixture. The reaction was stirred for 4 days at 95°C. The crude

material was purified using reverse phase liquid chromatography to obtain 16 mg of the
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desired product PR 4 (37% yield). *H NMR (300 MHz, CD;0D-d,) & 8.82 (d, J = 6 Hz, 1H),
8.50 (d, J = 6 Hz, 1H), 8.27 (s, 1H), 8.23 (d, J = 6 Hz, 1H), 7.98-7.91 (m, 3H), 7.78-7.73 (m,
1H), 7.65 (d, J = 9 Hz, 1H), 7.53 (d, J = 6 Hz, 1H), 7.39 (d, J = 6 Hz, 1H), 7.15 (t, J = 9 Hz, 1H),

2.98 (s, 3H), 2.34 (s, 3H). MS m/z (Ca5H21F3NgO) calc’d = 478.2, observed: (M+H") = 479.4

Analytical Condition A - CH3CN/H,0—-0.1% CF3CO,H
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Analytical Condition B - CH30H/H,0-0.1% CF3CO,H
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[15] 6-chloro-N-methylpyrimidin-4-amine

4,6-dichloropyrimide (600 mg, 4 mmols), methyl amine.HCl salt (570 mg, 8.4 mmols) and
triethylamine (480 mg, 4.8 mmols) were suspended in 2-propanol (4 mL) and refluxed at
80°C for 5 hours. The reaction was taken up in ethyl acetate and the organic layer was
washed with saturated K,COs. The organic layer was collected, dried over Na,SO4 and
concentrated in vacuo. The crude material was purified by column chromatography (30-
50% ethyl acetate in hexanes) to obtain 390 mg of the desired product 15 (68% yield). *H
NMR (300 MHz, CDCls-d;) 6 8.37 (s, 1H), 6.37 (S, 1H), 2.98 (d, J = 6 Hz, 3H). MS m/z

(CsHeCIN3) calc’d = 143.0, observed: (M+H") = 144.0

[16] 6-(2-fluoropyridin-3-yl)-N-methylpyrimidin-4-amine

Nl“N F
HNT N | SN
| =
16

Compound 15 (170 mg, 1.2 mmols), 2-fluorophenylboronic acid (84 mg, 0.62 mmols),
tetrakis(triphenylphosphine)palladium (36 mg, 0.031 mmols) and K,COs; (170 mg, 1.2
mmols) were dissolved in 1:1 acetonitrile: H,O (1.2 mL) in a round bottom flask. The flask

was saturated with N, for 10 minutes and the reaction was refluxed for 2 hours at 80°C.
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The reaction was then diluted with ethyl acetate and the organic layer washed with H,O
(3X). The ethyl acetate layer was collected, dried over Na,SO4 and concentrated in vacuo.
The crude material was purified by column chromatography (60-80% ethyl acetate in
hexanes) to obtain 52 mg of the desired product 16 (41% yield). 'H NMR (300 MHz,
CD50D-d,) 6 8.53 -8.46 (m, 2H), 8.30 (s, 1H), 7.51-7.46 (m, 1H), 6.97 (s, 1H), 2.98 (s, 3H).

MS m/z (C10HoFN4) calc’d = 204.1, observed: (M+H") = 205.1

[PR 5]

N
H

X%
F
NN HN N CFs
P H
=

PR 5

Compound 16 (20 mg, 0.099 mmols) and compound 12 (70 mg, 0.24mmols) were
dissolved in DMSO (80 piL) and a drop of EtsN-TFA salt was added to the reaction mixture.
The reaction was stirred for 3 days at 95°C. The crude material was purified using reverse
phase liquid chromatography to obtain 7 mg of the desired product PR 5 (14% yield). *H
NMR (300 MHz, CD30OD-d,) 6 8.84 (broad s, 1H), 8.40 (broad s, 1H), 8.27 (s, 1H), 8.22 (d, J
= 6 Hz, 1H), 8.03 (m, 1H), 7.94-7.91 (m, 2H), 7.78 -7.73 (m, 1H), 7.65-7.51 (m, 3H), 7.46-
7.43 (m, 1H), 7.12-7.06 (m, 2H), 3.05 (s, 3H), 2.34 (s, 3H). MS m/z (C;5H,1F3NgO) calc’d =

478.2, observed: (M+H") = 479.3
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Analytical Condition A - CH3CN/H,0-0.1% CF3CO,H

240
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Min

Analytical Condition B - CH30H/H,0-0.1% CF3;CO,H
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Min

[AST-487] 1-(4-(6-(methylamino)pyrimidin-4-yloxy)phenyl)-3-(4-((4-ethylpiperazin-1-

yl)methyl)-3-(trifluoromethyl)phenyl)urea

HN™ H H
N N._N A~
oWepaels,

CF;

AST-487

AST-487 was synthesized according to a previously published protocol.

109



[PR 7] 3-(3-(pyrimidin-4-yl)pyridin-2-ylamino)-N-(3-(trifluoromethyl)phenyl)-4-

methylbenzamide

H
N CF
Nl/QN Hn( \Ej 3
O
= | XN
=

PR7

PR 7 was synthesized according to a previously published protocol.®**

4.6.2 Protein Kinase activity assays

ABL KD: Inhibitors (initial concentration = 10 uM, 3-fold serial dilutions down to 0.2 nM or
20 pM) were assayed in triplicate against the catalytic domain of His6-ABL wild type, (final
concentration = 40 pM) in assay buffer containing 33.5 mM HEPES, pH = 7.5, 6.7 mM
MgCl,, 1.7 mM EGTA, 67 mM NaCl, 1.7 mM Na3VO,, 3 uM ATP, y->°P ATP (0.2 uCi/well)
and an optimized ABL peptide substrate (Ac-EAIYAAPFAKKK, final concentration = 100
uM). Inhibitor dilutions were incubated with the enzyme for 1 hour prior to the addition
of y—32P ATP. The final volume of each assay well was 30 pL. The enzymatic reaction was
run at room temperature for 4 hours and then terminated by spotting 4.5 uL of the
reaction mixture onto a phosphocellulose membrane. Membranes were washed with
0.5% phosphoric acid (4x, 10 minutes each wash), dried and the radioactivity was
determined by phosphorimaging with a GE Typhoon FLA9000 scanner. The scanned

membranes were quantified with ImageQuant and converted to percent inhibition. Data
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was analyzed using Prism Graphpad software and ICsq values were determined using non-
linear regression analysis.

Activated ABL KD (pY412): Same protocol as for ABL KD was used with activated ABL KD
with a reaction time of 2 hours.

ABL Y253H KD: Same protocol as for ABL KD was used.

SRC KD: Inhibitors (initial concentration = 10 uM, 3-fold serial dilutions down to 0.2 nM or
20 pM) were assayed in triplicate against the catalytic domain of SRC wild type, (final
concentration = 80 pM) in assay buffer containing 33.5 mM HEPES, pH = 7.5, 6.7 mM
MgCly, 1.7 mM EGTA, 67 mM NaCl, 1.7 mM NazVO,, 3 uM ATP, y->°P ATP (0.2 uCi/well)
and an optimized SRC family peptide substrate (Ac-EIYGEFKKK-OH, final concentration =
100 uM). Inhibitor dilutions were incubated with the enzyme for 1 hour prior to the
addition of y-32P ATP. The final volume of each assay well was 30 pL. The enzymatic
reaction was run at room temperature for 4 hours and then terminated by spotting 4.5 uL
of the reaction mixture onto a phosphocellulose membrane. Membranes were washed
with 0.5% phosphoric acid (4x, 10 minutes each wash), dried and the radioactivity was
determined by phosphorimaging with a GE Typhoon FLA9000 scanner. The scanned
membranes were quantified with ImageQuant and converted to percent inhibition. Data
was analyzed using Prism Graphpad software and ICsg values were determined using non-
linear regression analysis.

Activated SRC 3D (pY416): Same protocol as for SRC KD was used with the following
converted exceptions; Activated SRC 3D concentration in the assay was 0.1 nM and the

reaction was run for 3 hours.

111



SRC L3171 KD: Same protocol as for SRC KD was used with the following exception;
concentration of SRC L3171 KD was 0.12 nM in the assay.

HCK 3D: Inhibitors (initial concentration = 10 uM, 3-fold serial dilutions down to 0.2 nM or
20 pM) were assayed in triplicate against the HCK 3D construct, (final concentration = 0.5
nM) in assay buffer containing 33.5 mM HEPES, pH = 7.5, 6.7 mM MgCl,, 1.7 mM EGTA,
67 mM NaCl, 1.7 mM Na3VO,, 3 uM ATP, y-32P ATP (0.2 uCi/well) and an optimized SRC
family peptide substrate (Ac-EIYGEFKKK-OH, final concentration = 100 uM). Inhibitor
dilutions were incubated with the enzyme for 1 hour prior to the addition of y->*P ATP.
The final volume of each assay well was 30 puL. The enzymatic reaction was run at room
temperature for 2 hours and then terminated by spotting 4.5 plL of the reaction mixture
onto a phosphocellulose membrane. Membranes were washed with 0.5% phosphoric acid
(4x, 10 minutes each wash), dried and the radioactivity was determined by
phosphorimaging with a GE Typhoon FLA9000 scanner. The scanned membranes were
guantified with ImageQuant and converted to percent inhibition. Data was analyzed using
Prism Graphpad software and ICsg values were determined using non-linear regression
analysis.

Activated HCK 3D (pY416): Same protocol as for HCK KD was used with the following
converted exceptions; Activated HCK 3D concentration in the assay was 0.5 nM and the

reaction was run for 1 hour.
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4.6.3 Activation loop phosphorylation of kinases

Activation of SRC 3D: SRC 3D (250 nM) was incubated with 1 mM ATP in a kinase assay
buffer (50 mM HEPES, 10 mM MgCl,, 2.5 mM EGTA, 100 mM NaCl, 1 mg/mL BSA) for 90
minutes at 37°C. Non-phospho-SRC Y416 (mouse) and phospho-SRC Y416 (rabbit)
antibodies were used to confirm the complete phosphorylation of the activation loop

Tyrd16. (Figure 4.7)

Figure 4.7 - Activation loop phosphorylation of SRC 3D. Reaction progression was
detected with an immuno blot using np-SRC Y416 (anti-mouse) antibody and p-SRC Y416
(anti-rabbit) antibody

Activation of HCK 3D: Same protocol as for SRC 3D activation was used.

Activation of ABL KD: ABL KD (15 uM) was incubated with HCK 3D (750 nm) and 0.5 mM

ATP in a kinase assay buffer (50 mM HEPES, 10 mM MgCl,, 2.5 mM EGTA, 100 mM NaCl, 1

mM Na3VO,) for 5 hours at 37 °C.

4.6.4 K,,, values of the kinase constructs

Kinase of interest (2 nM) was incubated with varying concentrations of cold ATP (starting
at 2.5 mM; 8 x 2.5-fold dilutions down to 4 uM) in a kinase assay buffer containing 33.5
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mM HEPES, pH = 7.5, 6.7 mM MgCl,, 1.7 mM EGTA, 67 mM NaCl, 1.7 mM Na3VO, and
0.08 mg/mL BSA. y-32P ATP was mixed into each reaction maintaining a constant
concentration ratio of 1 mM of cold ATP: 1.2 uCi of y->*P ATP. At the end of 1 hour, the
reaction was terminated by spotting 4.5 uL of the reaction mixture onto a
phosphocellulose membrane. Membranes were washed with 0.5% phosphoric acid (4x,
10 minutes each wash), dried and the radioactivity was determined by phosphorimaging
with a GE Typhoon FLA9000 scanner. The scanned membranes were quantified and data
was analyzed using Prism Graphpad software. K,, values for all the enzyme constructs
used in this study were determined using non-linear regression analysis and Michaelis-
Menten kinetics.

Table 4.4 - K,,, values for the kinase constructs used in this study. These Km values were
used to calculate the K; values of the inhibitors according to the Cheng-Prusoff equation.

Kinase Km (uM)
SRC KD 65.9
SRC L3171 88.8
SRC 3D 74.9
Activated SRC 3D 90.7
ABL KD 109.1
Activated ABL KD 58.8
ABL Y253H 79.4
HCK 3D 117.7
Activated HCK 3D 108.7
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