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ABSTRACT
New drugs are needed for human African trypanosomiasis (HAT) caused by subspecies
of Trypanosoma brucei as drug resistance and toxic side effects plague current therapies. The
phosphotyrosine signaling in trypanosome could be a drug target because it is unique and
divergent from the mammalian system. The 4-anilinoquinazoline class of tyrosine kinase
inhibitors have been successfully developed as anticancer drugs. From a focused screen of 4-
anilinoquinazolines, we discovered GW572016 that kills 7. brucei at low micromolar
concentrations. We developed a chemical biology approach with GW572016 to gain insight into
the phosphotyrosine signaling pathways in the African trypanosome. We also performed a
structure-activity relationship study to optimize 4-aninlinoquinazoline scaffold for
antitrypanosmal lead drug discovery. Finally, efficacy of select tyrosine kinase inhibitors was

tested in a mouse model of acute HAT.

GW572016 as a tool inhibits tyrosine phosphorylation of trypanosome proteins.
Subsequently, thirty-nine proteins were identified as a part of the GW572016-susceptible
phosphotyrosine-signaling pathway. Predicted functions of these proteins include (i) endocytosis

(e.g. actin A), (ii) cytoskeleton and cell morphogenesis (e.g. beta-tubulin), and (iii) flagellum



biogenesis (e.g. PFR-1/PFR-C). We studied the effects of GW572016 on these three pathways.
GW572016 inhibited transferrin endocytosis. Further, the drug causes loss of trypanosome
polarity evident from (i) changes in the intracellular localization of beta-tubulin, (ii)
redistribution of tyrosylated alpha-tubulin, and (iii) retraction of the flagellum into the cell body.
From the 4-anilinoquinazoline scaffold optimization study, we discovered many compounds
better (Glsp) than GW572016. The in vivo study with tyrosine kinase inhibitors revealed that
these compounds could control parasitemia, and they improved mean survival of the treated
group. Also, GW572016 could cure the infection in 25% of mice. We propose that 4-

anilinoquinazoline is a lead chemical scaffold for antitrypanosome drug discovery.

INDEX WORDS: Trypanosoma brucei (T. brucei), Human African trypanosomiasis (HAT),
Phosphotyrosine signaling, 4-anilinoquinazolines, GW572016 (lapatinib).
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Human African Trypanosomiasis-A Deadly But Neglected Parasitic Disease

1.1.1 Overview

Trypanosoma brucei causes human African trypanosomiasis (sleeping sickness), a
“neglected tropical disease” [1, 2]. Transmission of HAT occurs primarily through biting of
trypanosome-infected tsetse fly (Glossina spp.). Depending on the sub-species of 7. brucei
involved HAT could be acute, Trypanosoma brucei rhodesiense, or chronic, Trypanosoma
brucei gambiense |3, 4]. The disease in general manifests with an early (hemolymphatic)
stage, which in untreated cases proceeds to the late (encephalitic) stage when the parasites
cross the blood-brain barrier and affect the central nervous system [5]. Death could be the

ultimate outcome without proper medication.

Approximately 60 million people in 36 sub-Saharan African countries are potentially
at risk of acquiring the 7. brucei infection, and nearly 10,000 people die from HAT every year
[6]. Global burden of parasitic disease ranks HAT as the third most significant parasitic
disease next to malaria and schistosomiasis [7]. As reported, the incidence of new cases of
sleeping sickness between 1980-2000 in the African subcontinent follows a strong re-
emerging trend that can be attributed to the lack of control and surveillance measures in
endemic countries [5, 8]. The acute form of HAT is immuno-suppressive and predisposes the

patients to a higher risk to HIV type 2 infections [9].



1.1.2 Life cycle of Trypanosoma brucei

T. brucei completes its life cycle between human hosts and the insect vector (Fig 1.1).
The insect form parasites are called procyclic and that found in the human host are called
bloodstream form. Further, 7. brucei goes through three developmental stages in the insect: (1)
the procyclic trypomastigote form, (2) the epimastigote form and (3) the metacyclic
trypomastigote form. The metacyclic trypomastigote are the only infective form in human that in
the bloodstream can develop into the actively dividing long slender (LS) forms and the non-
replicating short stumpy forms (SS). The population density triggers the formation of SS from
LS, a phenomenon described as quorum sensing [10, 11]. The LS form of 7. brucei is
responsible for pathogenesis in the vertebrate host. The bloodstream form parasites are covered
by a variant surface glycoprotein (VSG) coat that helps them to evade the host immune system

by a mechanism called “antigenic variation” [12, 13].
1.1.3 Clinical Manifestation

HAT can be manifested in two forms depending on the sub-species of 7. brucei involved
[14-16]. The main difference between these two forms is how quickly the disease progresses

from early to late stage.

(i) Acute form of HAT: The acute form of the disease, endemic to eastern and southern
Africa, is caused by 7. b. rhodesiense. It takes only a few weeks or months post infection for the
symptoms to develop in this form of HAT, and the infection quickly progresses to late stage.

Although, acute form is more virulent, it accounts for only 5% of the detected cases.

(ii) Chronic form of HAT: Trypanosoma brucei gambiense is responsible for the

chronic form that is prevalent in west and central Africa. In this form of infection the patient



might remain asymptomatic for several months or years. By the time, the symptoms are detected
in chronic form the disease is already in an advanced stage, and the central nervous system is

also affected. The chronic form of infection constitutes as many as 95% of reported cases.

Parasites are inoculated with salivary secretion into bloodstream of the host while the
infected Tsetse fly takes a blood meal [125, 126]. At first the parasites proliferate in the
circulation (blood and lymph) of the host; this stage of infection is called the early or
hemolymphatic stage. Later, the parasites cross the blood-brain-barrier and invade the central
nervous system leading to the second or late or encephalitic stage infection [4, 7, 127-129]. The
clinical manifestation of trypanosomiasis occurs as early as during the early stage which, in most
cases, is not very severe. The patient might have episodic fever, headaches, joint pains, malaise,
vomiting and pruritis [130, 131]. The characteristic features of first stage are lymphadenopathy
and sometimes hepato-splenomegaly. But, the symptoms are more apparent during the late stage
disease and along with severe headache and prolonged fever neurological symptoms like
dementia, uncoordinated gait, sleep disorder and abnormal behavior might be observed [132,

133]. When not treated, the conditions of the patient worsen followed by coma and death [134].

1.2 Chemotherapy Of Human African Trypanosomiasis

1.2.1 Overview

Treatment of human African trypanosomiasis relies only on chemotherapy. Current
therapy for HAT employs four main drugs (suramin, pentamidine, melarsoprol, and
eflornithine), all of which are toxic and cannot be taken orally [17-21]. Administration of
these drugs is cumbersome and requires hospitalization. All drugs produce adverse side

effects and are not well tolerated (except pentamidine) by many patients. To summarize, the



current therapy fails to meet the safety standard to deal with the severity of sleeping sickness.

There is a critical need for novel orally active drugs for treatment of HAT.

1.2.2 Current Chemotherapy

The choice of drug for treatment of HAT depends on the stage of the disease. It is easier
to control the infection in early stage when the toxicity issue of chemotherapy is lower.
However, for the late stage the drug should be able to cross the blood-brain barrier. Therefore, an
optimum level of drug should be maintained in the circulation that makes the patient amenable to

higher level of toxicity.

(i) Suramin: Suramin (Fig-1.2.A) is a colorless and water-soluble polysuphonated
naphthalene derivative of urea [22, 23]. The clinical use of suramin started in early 1920s and
found to be effective against early stage of 7. b. rhodesiense infection. Because of its anionic
charge suramin cannot enter into the CNS. Although suramin is in use for a long time no issue of
drug resistance has been reported. The patient receives the drug by intravenous injection which
might produce immediate or delayed side effects that can be fatal [18]. The long half life of
suramin in circulation is because of tight binding to serum albumin and low-density lipoprotein
(LDL). The mechanism of suramin action on trypanosomes is not known. It is expected that

suramin might have multiple target in the cell.

(ii) Pentamidine: Pentamidine (Fig. 1.2.B), an aromatic diamidine analog, was first
introduced in 1941 [21, 23]. It is the choice of drug for early stage of 7. b. gambiense infection.
Pentamidine is preferably given by intramuscular injection to avoid hypertensive reaction by
intravenous administration; it is less active by oral route as it gets protonated at physiological
pH. It also has toxic effect that might damage vital organs like the pancreas, liver, and the

kidney. Pentamidine binds to serum proteins and cannot diffuse into the CNS [24]. The half life

4



is short because the drug is metabolized by the mammalian P450 cytochrome system and
excreted in urine [25-27]. Three transporters have been suggested for uptake of pentamidine by
trypanosomes [28, 29]. The exact mode of action is not well understood. Pentamidine inhibits the
mitochondrial topoisomerase 11 and disrupt the kDNA (mitochondrial DNA) structure leading to
loss of kDNA in trypanosome (dyskinetoplastic) [30-32]. However, the loss of kDNA is not
enough to explain the trypanocidal effect of the drug [33]. Therefore, other possible mechanism
like inhibition of S-adenosylmethionine decarboxylase (AdoMetDC) [34] or plasma membrane
Ca"*-ATPase activity [35], or disruption of mitochondrial membrane potential [36] have been

proposed.

(iii) Eflornithine: Eflornithine (Fig-1.2.C) was developed in early 1990, and it is in front
line use for the late-stage HAT caused by 7. b. gambiense |37, 38]. The drug has a complex
intravenous dosing regimen such as 400 mg/kg/day, four times (2h each) daily for 7 days [18].
The reason for such a high dose to cure the infection could be that the drug is poorly transported
across the blood-brain-barrier [39]. Eflornithine inhibits ornithine decarboxylase (ODC), which
catalyzes the first committed step of the polyamine biosynthesis pathway [40, 41]. Recently,
eflornithine has been used in combination therapy with nifurtimox, which is only effective for

the acute stage infection [42].

(iv) Melarsoprol: Melarsoprol (Fig-1.2.D), a melaminophenyl arsenical, was introduced
in 1949. It still remains the only drug for the treatment of late-stage HAT in both acute and
chronic forms of infection. Melarsoprol is delivered intravenously with propylene glycol solvent
that causes tissue irritation. The drug is toxic and induces a fatal reactive encephalopathy in 5-
10% the patients [43, 44]. Other drug related side effects like convulsion, fever, rashes, nausea,

and unconsciousness. P2-purine transporter in trypanosomes is responsible for uptake of



melarsoprol into the cell [45]. Once inside the cell, the drug caused rapid lysis of bloodstream
trypanosomes, which has been attributed to depletion of trypanothione and inhibition of

trypanothione reductase [46-48].
1.2.3 Drug Discovery Challenges

Treatment and prevention of 7. brucei infection has been very challenging for two
reasons. First, it’s hard to find out safe drug targets because both human and the parasite share
many common metabolic pathways. Second, the parasite changes its glycoprotein surface coat
(antigenic variation) frequently, which preclude the development of an effective vaccine. The
discovery of a novel chemical entity for chemotherapy is a tedious process. It involves huge
expenditure and takes a long time (more than 15 years) from the point of target validation to the
ultimate clinical approval [49-51]. Studies indicate that the overall costs ranges from $500
million to $ 2 billion to make a new drug available in the market. The pharmaceutical companies
lack interest in developing drugs for a less profitable disease like HAT [52]. Therefore, no new

drugs have been developed for treatment of HAT in recent decades.
1.2.4 Recent Advances

Several research projects are now in progress for drug discovery against neglected
parasitic diseases [S3]. In an effort to optimize diamidine scaffold against HAT, the orally active
DB289 was discovered for the early stage infection with support from Bill and Melinda Gates
Foundation [4, 54]. However, subsequent clinical trials revealed hepatic and renal toxicity
effects, and the project was discontinued [54]. Two other diamidine analogs, DB75 and DBS§20,
have demonstrated good trypanocidal activity with ability to cross the blood-brain barrier and
kill trypanosomes in brain [55]. Nitroheterocycles targeting reductase enzymes have been tested

on trypanosomes with high trypanocidal activity in vitro and in animal models; fexinidazole a
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member of the group is now in clinical trial [56-59]. SCYX-7158 has been identified as an orally

active preclinical drug for the late stage [59, 60].

Several groups have screened potential inhibitors by purifying recombinant target
proteins expressed in heterologous systems. Some of these protein targets include glycogen
synthase kinase 3 [61], hexokinase [62], trypanothione synthetase and reductase [63-65], 6-
phosphogluconate dehydrogenase [66]. DDD85646 targets N-myristoyl transferase in 7. brucei
[67, 68]. In parallel, computer-assisted drug design (CADD) approach is being used to study the
structure-activity-relationship, physiochemical parameters, and anti-trypanosomal properties of

different classes of inhibitors [69, 70].
1.3. Protein Kinase Signaling
1.3.1 Overview

Protein kinases (PKs) catalyze phosphorylation of proteins. PKs can be classified into
three major groups based on the amino acids they can phosphorylate, and include protein
tyrosine kinases (PTKs), serine/threonine protein kinases and dual specificity kinases. PTKs
phosphorylate tyrosine residues (e.g. EGFR and SRC) and the serine/threonine kinases
phosphorylate the serine/threonine residues (e.g. MAP Kinase and Protein Kinase A). However,
dual specificity kinases are capable of phosphorylating both tyrosine as well as serine/threonine
residues (e.g. DYRK, CLK). All three types of protein kinases share significant structural
similarities that are characterized by the presence of a N-terminal ATP-binding pocket and a

catalytic core having a conserved aspartic acid residue [71, 72].
1.3.2 Protein Tyrosine Kinases in eukaryotes

Protein tyrosine kinases participate in a wide variety of cellular processes such as cell



growth, differentiation, proliferation, signal transduction, morphogenesis in eukaryotes [73, 74].
There are approximately 2000 different types of kinases encoded by the human genome of which
90 are tyrosine kinases [75]. Based on the cellular localization these tyrosine kinases can be
either (i) receptor tyrosine kinases (58 RTKs in human) or (ii) cytoplasmic or non-receptor
tyrosine kinases (32 NRTKs in human) [76]. It is important to mention that RTKs are found only
in vertebrates and choanoflagellates where as NRTKs are found in all eukaryotes [77, 78]. Based
on the kinase regulatory domains and phosphorylation pattern these are many subgroups of PTKs

under these two groups.

There are nearly 20 different families of RTKs identified like the epidermal growth factor
receptor (EGFR) family, vascular endothelial growth factor receptor (VEGFR) family and
insulin receptor family. Structurally, all RTKs have an extracellular N-terminal ligand-binding
domain, a transmembrane domain and an intracellular C-terminal catalytic domain (Fig 1.3) [71,
72]. A representative ribbon diagram of the tyrosine kinase domain of the insulin receptor is
presented (Fig-1.4) [79]. RTKs are generally monomeric receptors, but can form a multimeric
complex as in the case of insulin receptor. Activation of tyrosine kinase activity in RTKs follows
an event of extracellular ligand binding that leads to the receptor dimerization and subsequent
autophosphorylation of the cytoplasmic domain. The phosphorylation of tyrosine residues in
RTKs facilitates binding of adapter proteins containing Src homology 2 (SH2) or
phosphotyrosine binding (PTB) domains [80-82]. These adapter proteins links the RTKs to
downstream signaling pathways in the cell associated with cellular processes like growth,

differentiation, and apoptosis [83].

Non-receptor tyrosine kinase class includes several families of kinase such as the ABL

family, SRC family, and JAK family. NRTKs are found in the cytoplasm, but sometimes they



are attached to plasma membrane through N-terminal modification (myristoylation and
palmitoylation) [72, 84]. The extracellular domain and the transmembrane domains are absent in
NRTKSs. However, NRTKs have a catalytic tyrosine kinase domain and another domain for
interaction with other proteins, lipids, or DNA [72]. The SH2 and SH3 domains are the common

protein-protein interaction domains in NRTKSs.

The tyrosine kinases have a typical two lobed kinase domain (Fig 1.4), which catalyzes
the transfer of the terminal y-phosphate from ATP to the hydroxyl group of a specific tyrosine
residue in the target protein. There is a cleft in between the two lobes (N-terminal lobe and C-
terminal lobe) of the kinase domain, which is the site for ATP-biding [72, 85]. The ATP-binding
sites are significantly different in different tyrosine kinases. This feature allows specific binding
of small molecule inhibitors to a particular type of PTK. The small molecule ATP-mimics
compete with the cellular ATP for the binding site and can inhibit the kinase activity upon

binding.
1.3.3 Tyrosine Kinase Signaling in Trypanosomes

The conventional protein tyrosine kinases are absent in the genome of 7. brucei [78].
However, bioinformatics analysis suggests that many genome-encoded proteins in 7. brucei have
kinase domains similar to those of EGFR [86]. There are several lines of evidences, which
support tyrosine kinase activity in 7. brucei. Diacylglycerol-stimulated endocytosis of transferrin
in T. brucei depends on tyrosine kinase activity, which is inhibited by Tyrphostin A47, a tyrosine
kinase inhibitor [87]. Whole cell extracts of 7. brucei can phosphorylate tyrosine residues
utilizing a synthetic polypeptide substrate and inhibitor like genistein can reduce the
phosphorylation level [88, 89]. Western blotting and mass-spectrometry analysis in the

bloodstream form 7. brucei have detected tyrosine phosphorylated proteins [90-92]. Tyrosine-



phosphorylated proteins have also been localized in the nucleolus in procyclic trypanosomes
[93]. Interferon-y, an activator of mammalian tyrosine kinases [94, 95], enhances tyrosine

phosphorylation of proteins in 7. brucei [96].
1.4 Tyrosine Kinase Inhibitors
1.4.1 Overview

Tyrosine kinases regulate essential cellular pathways that require tight regulation of their
activation. Constitutive activation of tyrosine kinase activity has been implicated in
development of different types of cancers [97, 98]. Therefore, an important aspect of drug
discovery for cancer chemotherapy is through identification of small molecule tyrosine kinase
inhibitors. These small molecules target the ATP binding site of specific tyrosine kinase and
competitively inhibit the kinase activity [99-102]. Several classes of small molecule ATP
mimics have been developed for oncology studies such as anilinoquinazolines,

anilinoquinolines and pyrrolopyrimidine.
1.4.2 4-Anilinoquinazolines

The epidermal growth factor receptor (EGFR), a member of the RTK subfamily, is
overexpressed in wide varieties of mammalian cancers [103, 104]. 4-anilinoquinazolines are an
important group of tyrosine kinase inhibitors optimized against EGFR and developed into drugs
(e.g. lapatinib, gefitinib, and erlotininb) [105, 106]. Structure-activity relationship study indicates
that this class of inhibitors displays a high level of selectivity for the ATP binding site [107,
108]. Given that the intracellular ATP concentration is high and the ATP-binding site is
conserved among kinases[109], a strong selectively is crucial. Homology modeling suggests that

the quinazoline ring binds into the adenine binding pocket is required for activity; the 4-anilino
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head group fits into a deep hydrophobic pocket that provides selectivity [110]. Subsequently, the
binding chemistry of 4-anilinoquinazoline with EGFR [111] as well as serine/threonine kinases

(CKD2 and p38) [112] was resolved by X-ray crystallography.

GW572016 (lapatinib) is a 4-anilinoquinazoline derivative first approved by FDA for
treatment of breast cancer along with capecitabine. It is a dual inhibitor of both epidermal growth
factor receptor (EGFR) and human epidermal growth factor receptor 2 (HER2) [113, 114]. It
inhibits the kinase by reversibly binding to the ATP biding site. Crystal structure of EGFR has

been resolved with lapatinib and erlotinib at the inhibition sites (Fig 1.5) [111]).

GW572016 is an orally bioavailable drug given at a dose of 1250 mg daily [115]. In the
body, the drug is metabolized mainly by cytochrome P450 3A4 isozyme with a half life of 24
hours [116]. Minor clinical toxicities like diarrhea, nausea, and rash have been reported. AG1478
is also a potent EGFR inhibitor, but because of poor solubility at physiological pH it could not
succeed as a drug [117, 118]. Gefitinib (Iressa) and erlotinib (OSI-774) are analogs of AG1478
developed into drugs subsequently [119, 120]. Chemical structures of some 4-

anilinoquinazolines have been shown (Fig 1.6).
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Figure 1.1: The life cycle of 7. brucei. Adapted from [121]. In the salivary glands of the tsetse
fly vector, the trypanosomes are blocked in the GO/G1 phase of their cell cycle. These forms,
termed metacyclics, are competent for cellular differentiation into proliferative slender
bloodstream forms soon after being injected in mammalian blood following insect bite. Both
metacyclic and slender forms are completely covered by a coat of VSG, whose continuous
antigenic variation allows the parasite to sustain long-lasting chronic infection. The LS forms
progressively transform into cell-cycle-arrested SS forms, which are competent for
differentiation into procyclic forms soon after being taken up back in the fly. Procyclic forms
actively proliferate in the insect midgut. Their surface coat is characterized by the replacement of
VSG by another major surface protein termed procyclin. After a complex journey in the fly, the

trypanosomes eventually differentiate into infective metacyclic forms.
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Figure 1.2: Drugs registered for human African trypanosomiasis. Adapted from [122]
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Figure 1.3: Epidermal grow factor (EGF) receptor signaling overview. Adapted from [123].
The EGFR family members share a common architecture: an extracellular ligand-binding region,
a single transmembrane helix, an intracellular tyrosine kinase domain and a C-terminal tail. The
well accepted mechanism for EGFR activation is that ligand-engagement induces dimerization of
the receptor and activation of the intracellular kinase domain, which then phosphorylates several
tyrosine residues in the C-terminal tail. These phospho-tyrosines in the C-terminal tail recruit
downstream PTB- or SH2-containing signaling molecules, which relay the signal to downstream

pathways.
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Figure 1.4: Ribbon diagram of the tyrosine kinase domain of the insulin receptor. Adapted
from [79]. The alpha helices are shown in red, the beta-strands in blue, the nucleotide-binding
loop in yellow, the catalytic loop in orange, the activation loop in green, and the tyrosine-
containing peptide substrate in pink. The ATP analog (AMP-PNP) is shown in black ball-and-

stick representation. The amino and carboxy termini are denoted by N and C.
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Figure 1.5: Crystal structures of epidermal growth factor receptor (EGFR) tyrosine kinase.
Adapted and modified from [111]. (A) Illustration of the active-state locations of the major
structural regions of EGFR-TK. The position of an adenosine triphosphate (ATP) analog AMP-
PNP in the catalytic cleft is shown and the locations of the catalytic glutamic acid (Glu) and
lysine (Lys) residues are shown (PDB accession code of structure used: 1ITW). (B and C)
Ribbon representation of the two crystallized conformations of EGFR-TK. (B) Crystal structure
of EGFR-TK in complex with erlotinib (Protein Data Bank [PDB] accession code 1M17). (C)
Crystal structure of EGFR-TK in complex with lapatinib (PDB accession code 1XKK). The
kinase N- and C-lobes and C-helix are indicated, the activation loop is colored in gold and the
glycine rich P-loop, blue. EGFR-TK inhibitors erlotinib and lapatinib are shown as space-filling
spheres. Locations of activating leucine-747 to glutamic acid-749 LRE deletion and leucine-858
to arginine (L858R) point mutation are shown in stick format in red and are labeled. The
conformation of the two crystal structures differs with the activation loop of the erlotinib-bound
structure seen in an active-like conformation and the activation loop of the lapatinib-bound

crystal structure trapped in an inactive conformation.
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Figure 1.6: Structures of some tyrosine kinase inhibitors. Adapted from [124]
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Abstract

Trypanosoma brucei has a divergent phospho-tyrosine signaling that is not well
understood. The classical receptor tyrosine kinases are absent in the parasite. However, the
EGFR-like kinase domains and tyrosine-phosphorylated peptides in the parasite are reported. In
this study, we have used a small molecule GW572016 (lapatinib) as a tool chemical to explore
cellular pathways regulated by tyrosine phosphorylation in the trypanosome. GW572016
inhibited tyrosine phosphorylation of select proteins. We identified 39 potential effector proteins
in the GW572016-inhibitable phospho-tyrosine (pTyr) signaling pathway by proteomic analysis.
These proteins provide a molecular explanation of the biological pathways regulated by the pTyr
signaling in 7. brucei. We focused on three pathways predicted from this data: (i) cell
morphology (e.g., BILBO-1), (ii) flagellum biogenesis (e.g., PFR-1), and (iii) endocytosis (e.g.,
actin A). The drug alters cell morphology and causes loss of trypanosome polarity evident from
(1) changes in the intracellular localization of B-tubulin, (ii) redistribution of tyrosylated a-
tubulin, and (iii) retraction of the flagellum into the cell body. Also, the receptor mediated
transferrin endocytosis was blocked upon pretreatment of the cells with the drug. These effects
of the GW572016 on the trypanosome could be explained as loss-of-function of effector
proteins. We hereby present GW572016 as a novel chemical tool that established the link
between phosphotyrosine signaling and the three important cellular pathways in the African

trypanosome.

2.1 Introduction

Trypanosoma brucei, an extracellular blood protozoan, causes Human African
Trypanosomiasis (HAT) for which the choice of treatment is unsatisfactory. In an attempt to

develop novel therapeutics for HAT it is important to understand cellular pathways that can be
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targeted in the parasite; the target pathway should be biologically essential but systematically
different from the host. Phosphotyrosine signaling is a molecular pathway that is not well
understood in trypanosomes unlike the much-studied mammalian systems [1, 2]. 7. brucei has a
divergent pTyr signaling system characterized by the absence of conventional receptor Tyr
kinases (RTKs) [3, 4] and pTyr-binding domains (e.g., SH2) [2]. However, phosphorylated Tyr
residues are detected in the parasite [S-7]. This suggests that dual-specificity kinases might be

involved in the phosphorylation of tyrosine residues [3].

Iron is essential for survival of 7. brucei. Transferrin receptors are present on the cell
surface, which facilitates iron uptake by a receptor-mediated endocytic process [8]. Inhibition of
transferrin endocytosis by a tyrosine kinase inhibitor Tyrphostin A-47 indicates that protein
tyrosine kinase activity in the parasite is present [9, 10]. Also, a tyrosine kinase dependent
pathway in 7. brucei induces interferon-gamma (IFN-y) production [11]. Because trypanosomes
have a unique Tyr-phosphorylation system, further studies will provide a detailed insight into the
enzymes, substrates and associated cellular pathways. Further, small molecule inhibitors of the

pTyr signaling may be developed for discovery of new lead drugs against HAT.

Small molecules based chemical biology has been a powerful tool in cell biology, and the
strategy has been employed to trace the relevant signaling pathways [12, 13]. In trypanosomes,
however, such an approach has not been reported. In order to investigate the phospho-tyrosine
signaling in 7. brucei, we searched for small chemical entities that can affect Tyr-
phosphorylation of proteins. We identified GW572016 from a “focused screen” of ten
compounds that we used as a chemical tool. In a target profiling study, four GW572016 -binding

protein kinases were identified [14].

We hereby report 39 trypanosome proteins that are present in a “GW572016-inhibitable
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pTyr signaling pathway”. These proteins are involved in a number of cellular pathways; some of,
the pathways that we studied are (i) cell morphology, (ii) flagellum biogenesis, and (iii)
endocytosis. We found that GW572016 blocked Tyr-phosphorylation of select trypanosome
proteins. Within the trypanosome, the overall morphology was altered from long slender to
round with retraction of flagellum in to the cell body. The intracellular distribution of tyrosinated
a-tubulin was changed. The drug inhibited endocytosis of transferrin. We conclude from this
study that pTyr signaling is involved in the cellular pathways of flagellum biogenesis,
intracellular localization of tyrosinated a-tubulin, trypanosome morphology, and transferrin

endocytosis.
2.2 Materials And Methods
2.2.1 Parasites and cell culture

The blood stream form 7rypanosoma brucei (Lister 427 strain) was obtained from Dr. C.
C. Wang (University of California, San Francisco) and routinely cultured in HMI-9 medium [15]
containing 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA), 10% Serum Plus
(SAFC Biosciences, Lenexa, KS), and 1% antibiotics-antimycotic solution (Cellgro, Manassas,

VA) at 37 °C, 5% CO,.
2.2.2 Materials

GW572016 was a gift from GlaxoSmithKline (Durham, NC) and Tyrphostin A47 was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Dimethyl Sulfoxide (DMSO) was
from Fisher Scientific (Fair Lawn, NJ). AcrylaGel and Bis-AcrylaGel were purchased from

National Diagnostics (Atlanta, GA). Immobilon P membrane was from Millipore (Bedford,

MA). Sodium dodecyl sulfate (SDS), 5-bromo-4-chloro-indoyl phosphate (BCIP), p-nitroblue
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tetrazolium chloride (NBT), and N,N,N',N'- tetramethylenediamine (TEMED) were from BioRad
(Melville, NY). GelCode blue dye and Pierce Silver stain kit were from Thermo Scientific
(Rockford, IL). Aprotinin, leupeptin, phenylmethanesulfonylfluoride (PMSF), N®-Tosyl-Lys-
chloromethylketone (TLCK), and sodium orthovanadate were purchased from Sigma (Saint
Louis, MO). 4, 6-Diamidino-2-phenylindole (DAPI) and propidium iodide were from Invitrogen
(Eugene, OR) and Sigma (Saint Louis, MO) respectively. VectaShield mounting medium was
from Vector Laboratories (Burlingame, CA). Tween 20, Triton X-100, and glutaraldehyde were
from Fisher Scientific (Fair Lawn, NJ). Sepharose CL4B, digitonin, paraformaldehyde, poly-L-
lysine, and bovine serum albumin (BSA) were from Sigma (Saint Louis, MO). All other reagents

were analytical grade or better.
2.2.3 Antibodies

P-Tyr-100 (anti-phosphotyrosine mouse monoclonal antibody) and immobilized P-Tyr-
100 were from Cell Signaling Technology, Inc. (Danvers, MA). IgG-alkaline phosphatase
conjugated goat anti-mouse was from Sigma (Saint Louis, MO). 12G10 (anti-alpha-tubulin
mouse monoclonal antibody) was from Developmental Studies Hybridoma Bank (University of
Iowa); KMX-1 (anti-beta-tubulin mouse monoclonal antibody) was from Millipore (Temecula,
CA), and YL1/2 (anti-tyrosylated-alpha-tubulin rat monoclonal antibody) was from Chemicon
International (Temecula, CA). L8C4 (anti-PFR2 mouse monoclonal antibody) was a gift from
Dr. K. Gull (University of Oxford) [16]. Transferrin-AlexaFluor 488 (Tf-AF488) was purchased

from Invitrogen (Eugene, OR).
2.2.4 GW572016 treatment of 7. brucei

For western blotting, immunofluorescence, and scanning electron microscopy (SEM)

approximately 10’ 7. brucei were harvested in late log phase (8 x 10°/ml) and resuspended in
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HMI-9 at either 10"/ ml (western blotting) or 5 x 10°/ml (immunofluorescence and SEM) for

treatment with DMSO (control) or GW572016 (10 pM) for 2 h at 37 °C and 5% CO..
2.2.5 Western blotting

Phosphotyrosine (pTyr) in 7. brucei was detected by western blot using P-Tyr-100
antibody following a modified version of the manufacture’s protocol. In brief, GW572016-
treated and control cells were washed twice in bicine-buffered saline supplemented with 1%
glucose (BBS/G) and lysed in 2X SDS-PAGE sample buffer. Total proteins (7.5 x 10° cells
equivalent per lane) were resolved by 10% SDS-PAGE and transferred to Immobilon P
membrane using a semi-dry electrophoretic transfer cell [17]. The membrane was blocked for an
hour at room temperature with 1x Tris buffered saline (TBS) containing 0.1% Tween-20 (TBST)
and 5% w/v nonfat dry milk, and then incubated overnight at 4 'C with P-Tyr-100 antibody
(1:500 dilution). After withdrawing the solution containing P-Tyr-100 a one-hour incubation
with alkaline phosphatase conjugated secondary antibody (1:1000 dilution) was carried out at
room temperature prior to color development with BCIP/ NBT. All antibodies were diluted in the
blocking buffer. After every incubation step, the membrane was washed four times (5 min each)
with 1x TBST. In a parallel experiment, alpha-tubulin in 7. brucei was detected with 12G10

antibody (1: 10,000 dilution) as a loading control (2.5 x 10° cells equivalent per lane).
2.2.6 Immunofluorescence microscopy

For immunofluorescence assay, parasites were treated with GW572016 or DMSO as
mentioned above, and washed twice in 1 ml of PBS/G (pH-7.4). Cells were fixed with 4%
paraformaldehyde and adhered to poly-L-lysine-coated coverslips for 30 min, permeabilized in
0.1 % Triton X-100 for 25 min at room temperature, washed once in PBS, and blocked with 1%

bovine serum albumin (BSA) in PBS. Cells on the cover slips were incubated for 1 h at room
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temperature with one primary antibody at a time (at different dilutions), such as P-Tyr-100 (1:
400); 12G10 (1: 1000); KMX-1 (1:250); YL1/2 (1:400); and L8C4 (undiluted). The cells were
thoroughly rinsed three times with 500 pl PBS for 5 min each time and incubated with Alexa
Fluor-594 (red) or Alexa Fluor-488 (green)-coupled goat anti-mouse or goat anti-rat secondary
antibody (1:1000 dilution) for 1 h at room temperature. All antibodies were diluted in the 1%
bovine serum albumin (BSA) in PBS blocking buffer. In one set of controls, fixed cells were
incubated with the secondary antibodies only. Following antibody incubation, cells were washed
in PBS five times and mounted on glass slides with anti-fade Vectashield containing 4, 6-
Diamidino-2-phenylindole (DAPI). DIC (differential interference contrast) and fluorescence
images were captured and analyzed using an Axio Observer Z1 (inverted fluorescence

microscope) fitted with an AxioCam MRm operated by AxioVision 4.6 software.
2.2.7 Scanning electron microscopy (SEM)

After treatment of 7. brucei in DMSO or drug, cells were fixed in 2% glutaraldehyde at
room temperature for 1 h, washed twice in 1 ml PBS, and transferred to poly-L-lysine-coated
coverslips as described earlier. The cells on the coverslips were fixed with 1% osmium
tetraoxide for 30 min and dehydrated in increasing concentrations of ethanol (25% -100%; 5 min
each). All of these steps were performed at room temperature. The samples were dried at critical
point with a Tousimis Critical Point Dryer (Samdri-780 A), and sputter coated (gold) with SPI
Module Sputter Coater following standard protocols. Using a Zeiss 1450EP variable pressure

scanning electron microscope, samples were viewed and images captured.
2.2.8 Anti-phosphotyrosine antibody affinity column chromatography and LC MS-MS

Approximately 2 x 10°® blood stream 7. brucei cells were harvested and each 1 x 10° cells,

resuspended at a density of 5 x 10°/ ml, was treated with either DMSO (solvent) or GW572016
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(10 uM) for 3 h in HMI-9. Cells were pelleted post treatment separately, washed twice in ice-
cold phosphate buffer saline with 1% glucose (PBS/G), and lysed in 1 ml lysis buffer (20mM
Tris-HCI1 pH 7.4, 60 mM MgCl,, 60 mM KCI, 1 mM DTT, 1% Triton-X, 1mM sodium vanadate)
containing the protease inhibitors [ImM phenylmethanesulfonylfluoride (PMSF), 2 ug/ mL
aprotinin, 5 pg/ mM leupeptin, 37 pg/ ml N*-Tosyl-Lys- chloromethylketone (TLCK), 2 uM
FMKO24]. From each treatment, 500 pl of the cell lysate was incubated with 24 ul of either
Sepharose CL4B (control) or immobilized anti-phosphotyrosine antibody (Sepharose P-Tyr-100)
columns for 4 h at 4 °C. The beads were recovered by centrifugation at 13,000 xg for 10 min at 4
°C and washed thrice (5 min each) in 500 pl lysis buffer containing 1M KCI. Proteins were
eluted sequentially from the columns three times with (i) 50 ul of 200 uM Tyrphostin A47 in
PBS, (i) 200 mM phenyl phosphate in PBS, and pooled separately (150 pl total volume). After
eluting with one solvent the columns were washed with 500 pl lysis buffer to avoid carryover of
the eluted proteins to subsequent elution. Samples were kept on ice-water during the entire

procedure.

The pooled eluates were precipitated with 6% trichloroacetic acid (TCA), and heated in
1X SDS-PAGE loading buffer after neutralization of acidic pH with ammonia vapor. Proteins
were separated on 10% SDS-PAGE mini gel, and silver stained per manufacturer’s instructions.
Each SDS-polyacrylamide gel lane containing proteins of interest were cut into five pieces, each
of which was further cut into 4 mm?® pieces, destained with the silver stain destaining solution,
and dehydrated with acetonitrile for trypsin digestion. Proteins digestion and LC MS-MS were

performed as described [14].
2.2.9 Transferrin endocytosis assay

Trypanosomes were harvested from culture medium, washed in serum-free HMI-9
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medium and resuspended at a density of 10*/ ml in 1 ml serum-free medium containing either
DMSO or 1 uyM GW572016. Next, 25 pg of transferrin-AlexaFluor 488 (Tf-AF488) was added
and samples were incubated for 15 min at 37 °C, 5% CO,. Separately, 10* cells in 1m] of HMI-9
media were incubated with 1.5 pM digitonin (final concentration) for 10 min at room
temperature. All samples were centrifuged at 2000 xg for 5 min at 4 °C, washed once with 1 ml
cold 1X PBS containing 1% glucose (PBS/G) and resuspended in 400 pl of cold buffer B (10
mM HEPES, 140 mM NaCl, 2.5 mM CaCl,, 10 mM glucose, pH 7.4). Next, propidium iodide
was added to a final concentration of 3 pM, and samples were incubated for 15 min on ice
protected from light. Data was collected on a CyAn ADP Analyzer (Beckman Coulter; Hialeah);
and analyzed by FlowJo software (Tree Star; Ashland, OR). Experiments were performed at least

twice and a representative experiment is shown.
2.3 Results
2.3.1 GW572016 (Lapatinib) inhibits tyrosine phosphorylation of proteins in 7. brucei

GW572016 (Fig. 2.1A) is one of the most selective mammalian EGFR-tyrosine kinase
inhibitors developed so far [18]. GW572016 inhibits Tyr-phosphorylation by epidermal growth
factor receptor EGFR/Her2 in human cells [19, 20]. Therefore, we first investigated whether
GW572016 was able to inhibit tyrosine phosphorylation of proteins in 7. brucei. We used P-Tyr-
100, an anti pTyr monoclonal antibody, [21, 22] to detect tyrosine-phosphorylated proteins in the

total cell lysate by (i) western blotting and (ii) in single cell by fluorescence microscopy.

In western blot assays, the intensity of the phospho-Tyr signal decreased in cells treated
with GW572016 (lane-2, Fig. 2.1B) when compared to the control (DMSO treated; lane-1, Fig.
2.1B). Certain protein bands that remain unaltered (two of them marked by diamond symbols)

serve as internal loading controls affirming that GW572016 inhibits tyrosine-phosphorylation
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only of select proteins. In another control experiment, anti-tubulin was used in a western blot of
cells to show that equal amount of proteins were loaded in each lane of the gel. An
immunofluorescence assay (Fig. 2.1C) revealed the effect of GW572016 at a single cell level,
and confirmed that a decrease in the intensity of phospho-Tyr signal is associated with addition
of GW572016 to the parasite. These finding suggests that GW572016 has a specific effect on

tyrosine phosphorylation in 7. brucei.
2.3.2 Discovery of proteins in the GW572016-susceptible phosphotyrosine pathways

Recently, four possible protein kinase targets for GW572016 have been reported [14].
However, the cellular pathways, regulated by tyrosine kinase signaling, that are affected by
GW572016 in T. brucei are not known. A possible way of identifying these functional pathways
is by looking for the proteins downstream of the GW572016-binding protein kinases. We used
an affinity chromatography-shotgun proteomic approach (Fig. 2.2A; see material and methods
for details and) to investigate the tyrosine-phosphorylated proteins inhibited by GW572016, and
subsequently identify the pathways they regulate. The purpose of using Tyrphostin A47 and
phenyl phosphate to elute proteins from the P-Tyr-100 column is that they have similar chemical
structures as Tyr and pTyr respectively. The representative protein profiles eluted with
Tyrphostin A47, phenyl phosphate, SDS sample buffer are shown in Fig. 2.2B. Lanes 1, 4, 7
represent proteins eluted from the Sepharose CL4B. Proteins in the anti-pTyr antibody affinity
column are in lanes 2, 5, 8 (from cells not treated with GW572016) and lanes 3, 6, 9 (cells
treated with GW572016). It is found that pre-treatment of cells with GW572016 significantly
reduced binding of proteins to the anti-pTyr columns. This could be due to dephosphorylation of

proteins upon treatment with the drug. The proteins from the MS analysis were classified into
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three groups as described below. Representative proteins from the three classes are shown in Fig.

2.2C.

Class 1 (14 proteins, Table 2.1): This class includes the proteins that bound

nonspecifically to both Sepharose CL4B and the anti-pTyr antibody columns.

Class II (6 proteins, Table 2.2): These polypeptides preferentially bound to the anti-pTyr
antibody column as compared to the Sepharose CL4B, but were not affected by pretreatment of
T. brucei with GW572016. Therefore, these proteins are not present in a GW572016-inhibitable

pTyr pathway.

Class III (39 proteins, Table 2.3 and Table 2.4): These proteins bound to the anti-pTyr
antibody column with greater affinity as compared to the Sepharose CL4B. Also, the binding
was decreased when the cells were treated with GW572016 which suggests that these group are

involved in the GW572016-susceptible pTyr-signaling pathway in 7. brucei.

2.3.3 T. brucei shape is altered after GW572016 treatment

While studying the effects of GW572016 on 7. brucei growth [14], we observed
progressive swelling of the parasite at the posterior end, apparently cumulating with a round
morphology possessing limited motility. In order to quantitate the relative distribution of
unaffected (like normal), swollen and rounded cells in the population, we treated 7. brucei with
GW572016 (10 uM) for variable time periods and analyzed them by differential interface
contrast (DIC) microscopy (Fig. 2.3A). Sixty five percent of the cells were showing posterior
swelling in first 30 min of treatment with GW572016. By 2 h, similar population of both
hypertrophied and rounded cells (40% each) was observed. In 3 h more than 55% of cells were

rounded (Fig. 2.3B). This data suggests that GW572016 alters the appearance of bloodstream
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trypanosomes. DAPI staining further reveals that the DNA material diffuses out and fills the

interior of the rounded cell.

2.3.4 Intracellular distribution of pB-tubulin and tyrosylated a-tubulin is affected by

GW572016

Trypanosomes are highly polarized cells whose shape is maintained, at least partly, by a
complex of subpellicular microtubules beneath the plasma membrane [23-25]. A change in the
shape of the trypanosomes (Fig. 2.3A) is likely to be accompanied by turnover of microtubule
components. We therefore performed immunofluorescence assay to study the effect of
GW572016 on tubulin distribution. GW572016 did not affect the distribution pattern of alpha-
tubulin content (Fig. 2.4A) [26]. However, the intracellular localization of tyrosylated alpha-
tubulin, a subset of alpha-tubulin, is altered (Fig. 2.4C). Generally tyrosinated alpha-tubulins are
present in the newly made microtubule [27]. In case of trypanosomes they are located in the
basal body, emergent flagellum, and posterior end of the cell in 7. brucei depending upon the
stage of the cell cycle [16, 28]. We observed that after treatment with GW572016, the
tyrosylated alpha-tubulins no longer remain localized to these structures; instead it filled up the
cell interior (Fig. 2.4C). Beta-tubulin, present between the nucleus and the kinetoplast in normal

cells, was relocalized to the cell periphery in rounded cells (Fig. 2.4B) [16].

2.3.5 Effect of GW572016 on the flagellum of 7. brucei

T. brucei has a single flagellum. From light microscopy experiments (Fig. 2.4A),
GW572016-treated trypanosomes appear to lack flagella. To investigate the effect of GW572016
on the flagellum, further we performed immunofluorescence assay with antibody (L8C4) against
the paraflagellar rod protein PFR 2 [9, 29, 30]. The paraflagellar rod (PFR) is a para-crystalline

structure that runs along the axonemal microtubule of the flagellum, and the PFR proteins are
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essential for flagellum biogenesis [31, 32]. We observed that the flagellum is localized to the cell
periphery in rounded cells (Fig. 2.5A). To confirm this data further we used scanning electron

microscopy and observed that the flagellum is being withdrawn into the cell body (Fig. 2.5B).

2.3.6 GW572016 inhibits transferrin endocytosis

Iron is essential for viability of bloodstream form 7. brucei [33, 34]. Transferrin
receptors, present on the surface of the parasite, facilitate internalization of iron from host blood
by endocytosis. Diacylglycerol (DAG), a second messenger in the glycosyl-phosphatidylinositol
(GPI) signaling pathway, stimulates transferrin endocytosis in 7. brucei [9]. Further, studies with
tyrphostin A47, a tyrosine kinase inhibitor, indicates that tyrosine kinases are the effectors for
DAG-mediated endocytosis in trypanosomatids [10]. Based on these data we hypothesized that

GW572016, a tyrosine kinase inhibitor, would inhibit transferrin endocytosis in 7. brucei.

Cells treated with GW572016 (1 uM) had decreased Alexa Fluor 488 fluorescent-
transferrin (from uptake of transferrin-Alexa 488) compared to a DMSO control (Fig. 2.6A).
Propidium iodide (PI) signal of cells treated with GW572016 was not different from cells treated
with DMSO. The digitonin control produced a strong PI signal compared to either DMSO or
GW572016 treated cells (Fig. 2.6B). This was expected because digitonin permeabilizes the
plasma membrane and allows efficient intracellular accumulation of PI. Therefore, the decreased
AF488 fluorescence observed was not a result of cell death, but from inhibition of transferrin

endocytosis with GW572016 treatment.

2.4 Discussion

Phosphotyrosine signaling is known to regulate important cellular pathways in

vertebrates [1, 2]. Although Tyr-phosphorylated proteins and tyrosine kinase activity have been
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reported in trypanosomes, the signal transduction pathways are poorly understood [5]. The
classic mammalian-type receptor Tyr kinases (RTKs) are not expressed in 7. brucei [3].
Therefore, it is implicated that dual-specificity kinases are responsible for tyrosine
phosphorylation in trypanosome [3]. Also, mammalian-type pTyr-binding domains such as SH2
are not present. Because the pTyr signaling in trypanosome has deeply diverged from the
vertebrate system, a similar approach such as looking for homologous genes that are studied in
the other systems cannot be carried out. As an alternative strategy, chemical biology that
employs small molecule inhibitors of pTyr-signaling pathway like GW572016 (Fig. 2.1B) can be
used to investigate into the divergent pathway in the parasite. At first, GW572016 was used in a
discovery proteomics approach and four protein kinases that bind the drug (TbLBPKs) were
identified [14]. These four TbLBPKs share significant similarity and identity with kinase

homologs from different species [14].

We showed that GW572016 inhibits Tyr-phosphorylation of select trypanosome proteins
(Fig. 1B). In the next step we were able to identify candidate proteins, which are present in the
GW572016-susceptible pTyr pathway and grouped as Class III proteins. These are the proteins
whose binding to the anti-pTyr affinity column decreased when the cells were treated with
GW572016 (Table 2.3, 2.4 and Fig. 2.2). However, there are proteins, which showed
nonselective biding to the anti-pTyr affinity column (Table-2.1) and the proteins whose binding
to the anti-pTyr affinity column was not affected by GW572016 treatment. An explanation for
the class III proteins is that GW572016 treatment inhibited phosphorylation of these proteins that
resulted in decreased binding to the affinity column. As mentioned in the table-2.3 and 2.4 these
proteins fall into several cellular pathways. To understand the anti-pTyr pathways in

trypanosome, we focused on studying three important pathways that are indicated.
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Effect of GW572016 on T. brucei can be explained by the “loss-of-function” of the Class
III proteins. For example, RNAi of BILBO-1 (Table 2.3), a class III protein, produced a round
phenotype similar to what we observed after GW572016 treatment of cells (Fig. 2.3) [35]. It is
worth discussing here that we noticed alteration in the localization pattern of (i) B-tubulin, (ii)
tyrosinated a-tubulin and (iii) flagellum topology upon treatment with GW572016 (Fig. 2.4 and
Fig. 2.5). However, the effects of BILBO-1 knock down on these pathways are not known yet.
The cell shape in trypanosomes is maintained by the tubulin cytoskeleton. We consider that
possible inhibition of tyrosine phosphorylation of tubulin and another cytoskeleton component
actin, a class III protein, might be leading to the rounding up of cells. The paraflagellar rod
(PFR) is essential for motility and polarized cell shape in trypanosome. Although there are more
than twenty PFR proteins known, the understanding on their posttranslational regulation has

been inadequate [36].

Based on our proteomic data and localization of phosphotyrosine foci along the flagellum
of procyclic form T. brucei, we believe that Par4, PFC 19 might be tyrosine phosphorylated

(Table 2.3). However, further experiments are required to validate this hypothesis.

Endocytosis of transferrin is important for viability of trypanosome that is regulated by
Tyr kinase activity [10, 37]. We demonstrated that GW572016 inhibits transferrin endocytosis
(Fig. 2.6) and kills the parasite [14]. Actin is required for endocytosis of transferrin in
bloodstream form 7. brucei [38]. Because actin is tyrosine phosphorylated in other eukaryotes
[39], we think that effect of GW572016 on endocytosis could be due to inhibition of tyrosine

phosphorylation on actin.

To summarize, we adopted a chemical biology approach to understand the pathways

regulated by phosphotyrosine signaling in the African trypanosome. At first, we showed that the
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small molecule GW572016 inhibited tyrosine phosphorylation of specific proteins (Fig. 2.1B and
Fig. 1C). In the next step, we identified 39 proteins that are affected by GW572016 (Fig. 2.2A,
Table 2.3 and Table 2.4). We hypothesize that the phosphotyrosine signal transduction pathway
in trypanosome is linked to cell morphology, flagellum biogenesis, and endocytosis. This
strategy can be successfully used in other organisms like plants and yeasts that have divergent

phosphotyrosine pathway.

47



Figure 2.1: GW572016 inhibits tyrosine phosphorylation of proteins in 7. brucei. (A)
Chemical structure of GW572016. (B) Western blot detection of tyrosine-phosphorylated
proteins using P-Tyr-100 antibody. Bloodstream 7. brucei (10’ cells/ml) were treated with either
DMSO (0 uM control) or GW572016 (10 uM) in HMI-9 medium for 2 h at 37 °C. Cells were
pelleted, lysed in 1X SDS-PAGE sample buffer, and proteins resolved on 10% polyacrylamide
gel. Proteins were transferred to PVDF membrane for western blotting. Lane 1 and 2 represent
the DMSO and GW572016 treated samples respectively. Anti a-tubulin blot is a control for the
total protein loading. An asterisk (*) indicates a decrease in the protein level after treatment with
GW572016; (#) indicates protein that remains unaffected. (C) Single cell immunofluorescence
assay: effect of GW572016 on tyrosine-phosphorylated proteins. 7. brucei cells were treated as
described in panel B, fixed in 4% paraformaldehyde, and pTyr on proteins detected with anti-
pTyr antibody P-Tyr-100. DAPI staining of the nucleus (n) and the kinetoplast (k)
(mitochondrial DNA disk) are shown. Scale bar in the differential interference contrast (DIC)

panel is 10 pm.
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Figure 2.1
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Figure 2.2: GW572016 treatment of trypanosomes diminishes binding of select proteins to
P-Tyr-100 column. (A) A scheme for anti-phosphotyrosine antibody affinity chromatography
of GW572016-susceptible tyrosine-phosphorylated proteins. (B) Representative silver stain gels
of proteins eluted sequentially from the column with Tyrphostin A47 (lanes 2, 3), phenyl
phosphate (lanes 5, 6) and 1X SDS buffer (lanes 8, 9). Lanes 1, 4, 7 present proteins eluted from
sepharose CL-4B. Positions of the molecular weight markers are indicated. (C) Examples of
Class II and Class IIl proteins. An asterisk (*) indicates zero spectral counts. PFK,
Phosphofructokinase; BILBO1, Flagellar pocket complex protein BILBO1; PFR-1, Paraflagellar

Rod protein 1.
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Figure 2.2
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Figure 2.3: GWS572016 changes morphology of the trypanosomes. (A) Differential
interference contrast (DIC) microscopy and DAPI staining. Cells, at a density of 5 x 10°/ml, were
treated with GW572016 (10 uM), fixed in 4% paraformaldehyde, and stained with DAPI. DIC,
DAPI, and merged images are shown. Nucleus (n) and kinetoplast (k) are labeled. Scale bar is 10
um. (B) Time course showing the distribution of different cell morphologies in a population of
GW572016-treated 7. brucei. T. brucei (more than 400 cells) cell shapes were quantified after
DIC microscopy, and the data expressed as percentage of the total population. Data presented are

mean =+ standard deviation from two separate experiments.
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Figure 2.4: GW572016 induces redistribution of B-tubulin and tyrosinated a-tubulin.
Bloodstream form 7. brucei (5 x 10°/ml) were treated with either DMSO or GW572016 (10 uM)
for 3 h. Cells were fixed in paraformaldehyde, permeabilized in buffered Triton-X 100 (0.1%),
and stained with (A) KMX-1 (anti f-tubulin mouse mAb), (B) 12G10 (anti a-tubulin mouse
mADb), or (C) YL1/2 (anti tyrosinated a-tubulin rat mAb). Nucleus (n) and kinetoplast (k) were
stained with DAPI (blue). Appropriate secondary antibodies were used as described in Materials
and Methods. The DIC and the merged images are also shown. Scale bar equals 10 pm in all

DIC panels.
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Figure 2.5: Flagellum topology is altered by GW572016 treatment of 7. brucei. (A) Indirect
immunofluorescence on DMSO (control) or 10 uM GW572016-treated T. brucei (5 x 10°/ml)
using L8C4 (anti-PFR 2 mouse mAb). Cells were treated for 3 h prior to fixation in
paraformaldehyde and permeabilization (1% Triton X-100). A secondary anti-mouse antibody
conjugated to Alexa Fluor-594 (red) was used. DAPI staining (blue) indicates the positions of
nucleus (n) and kinetoplast (k). Scale bar is 10 um. (B) Scanning electron micrographs (SEM)

of the control and GW572016-treated 7. brucei. Scale bar is 2 um.
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Figure 2.5
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Figure 2.6: GW572016 inhibits transferrin endocytosis. Trypanosomes (5 x 10°) were
incubated with transferrin-AlexaFluor488 (Tf-Alexa488) conjugate and various concentrations of
GW572016 (There was no preincubation of trypanosomes with the drug.) Propidium iodide (PI)
was added as described in Materials and Methods. The Tf-Alexa488 and PI fluorescence of
cellular events were determined by flow cytometry. (A) Representative plot of trypanosome Tf-
Alexa488 fluorescence in the presence of GW572016 (dashed line) or DMSO control (solid
line). (B) Quantification of endocytosed Tf. Median Tf-Alexa488 fluorescence of trypanosomes
in the presence of 0 (DMSO only), 1 uM, 2 uM, or 3 uM GWS572016. Error bars represent one

standard deviation in data from three independent experiments.
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Figure 2.6
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TABLES

Table 2.1: Class I proteins nonselectively bind Sepharose CL4B and an anti-pTyr affinity
column. Bloodstream trypanosomes (2 x 10° total) were treated with either DMSO or
GW572016, lysed, and adsorbed to anti-phosphotyrosine antibody column (immobilized P-Tyr-
100). Sepharose CL-4B column was used as a control. Proteins were eluted sequentially from the
columns with Tyrphostin A47 (200 uM), phenyl phosphate (200 mM), and 1X SDS buffer.
Eluted proteins were identified by LC-MS/MS and quantitated by spectral counting. Background
(proteins binding to sepharose CL4B) was removed from the list. Proteins that bound to both the
Sepharose CL-4B column and the P-Tyr-100 columns in equal amounts are considered
nonselective (Class I). Data presented is from a representative experiment; see Materials and

Methods for other details of protocol.
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Table 2.1: Proteins showing nonselective binding with P-Tyr-100 antibody column (Class I)

Spectral Count
Gene ID Protein Description Treatment of Cells
DMSO DMSO
Sep CL-4B Sep P-Tyr-100

(A) Cell Morphogenesis and Motility
Tb427tmp.02.2970 Kinesin 5 5
Tb427tmp.244.2800 Trypanin-related protein 6 5
Tb427.01.2380 Alpha Tubulin* 31 38
Tb427tmp.01.3010 Dynein heavy chain 20 19
(B) Cellular Transport
Tb427.10.7060 Nucleoporin interacting component (NUP93) 2 2
Tb427.10.14180 Protein transport protein Secl3 3 3
(C) Calcium Metabolism

Tb427.06.4710 Calmodulin 8 8
(D) Protein Synthesis

Tb427.10.560 40S ribosomal proteins S11 2 2
(E) Cellular Oxidation-Reduction
Tb427tmp.160.4250 Tryparedoxin peroxidase™® 4 4
(F) DNA/RNA/ Nucleotide Metabolism
Tb427tmp.160.5560 Adenylosuccinate lyase 3 4
Tb427.05.4170 Histone H4A* 6 7
Tb427.02.5660 Adenylate kinase 9 9
(G) Uncharacterized

Tb427tmp.02.1190 Hypothetical protein, conserved 12 12
Tb427.05.2950 Hypothetical protein, conserved 12 12

* Indicates that more than one gene copies were found for the protein.
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Table 2.2: Class II proteins: Their preferential binding to anti-pTyr Affinity column is not
affected by pretreatment of 7. brucei with GW572016. Trypanosome lysates were processed
as described as described in Legend for Table 2.1 and the flow chart for Figure 2A. Eluted
proteins were identified by LC-MS/MS and quantitated by spectral counting. Data presented is a
representative experiment (see Materials and Methods for detailed description of protocols and

criteria for listing of polypeptides).
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Table 2.2: Proteins whose association with P-Tyr-100 antibody is not affected by GW572016 (Class II)

Spectral Count

Gene ID Protein Description Treatment of Cells

DMSO DMSO GW572016
Sep CL-4B Sep P-Tyr-100  Sep P-Tyr-100

(A) Protein Synthesis

Tb427.10.14600* 40S ribosomal protein S2* 0 3 5
Tb427.10.3930 40S ribosomal protein S3a 0 3 4
Tb427tmp.02.1085 40S ribosomal protein S4* 0 4 4
Tb427.04.1800 60S ribosomal protein L3, mitochondrial* 0 5 5
(B) Uncharacterized

Tb427.06.1660 Hypothetical protein, conserved 0 4 4
Tb427.10.2190 Hypothetical protein, conserved 0 5 5

* Indicates that more than one gene copies were found for the protein.
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Table 2.3: Class III proteins are in a GW572016-susceptible phosphotyrosine pathway.

T. brucei lysates were processed for chromatography as described in Materials and Methods and
summarized in the Legend for Table 2.1. Proteins were identified as described in Table 2.1
legend. Listed here are proteins that were eluted with Tyrphostin A47 and phenyl phosphate,
from cells that had been pretreated with GW572016. Data presented is from a representative

experiment as explained in Materials and Methods.
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Table 2.3: Proteins in GW572016-susceptible phosphotyrosine pathway (Class III)

Tyrphostin A47 and phenyl phosphate elution

Spectral Count

Treatment of Cells

Gene ID Protein Description
DMSO DMSO GW572016
Sep CL-4B Sep P-Tyr-100  Sep P-Tyr-100

(A) Cell Morphogenesis and Motility
Tb427.05.4480 Paraflagellar rod component Par4* 0 24 7
Tb427.10.10140 Paraflagellar rod component (PFC19) 0 7 3
Tb427tmp.02.2060 Flagellar radial spoke component 0 3 0
Tb427tmp.211.1470 Flagellar component, PACRGB 0 2 0
Tb427.08.6660 Paraflagellar rod component (PFC1) 3 32 16
Tb427tmp.01.5100 Paraflagellar rod component 4 33 12
Tb427tmp.01.3960 Flagellar pocket complex protein (BILBO1) 8 16 8
Tb427.03.4300 73 kDa Paraflagellar rod protein (PFR-1/PFR-C)* 20 157 64
(B) Energy Metabolism
Tb427.03.3270 ATP-dependent phosphofructokinase (TbPFK)
Tb427tmp.02.5500 Glucose-regulated protein 78* 0 19 4
Tb427tmp.211.3560 Glycerol kinase, glycosomal (GLK1)* 0 6 2
Tb427.06.4280 Glyceraldehyde 3-phosphate dehydrogenase, glycosomal 0 2 0
Tb427.10.5620 (GAPDH)* 0 13 5

Fructose-bisphosphate aldolase, glycosomal (ALD) 9 31 9
(D) Uncharacterized
Tb427.07.3740 Hypothetical protein, conserved 0 9 4
Tb427tmp.01.2390 Hypothetical protein, conserved 0 8 2
Tb427.08.4580 Hypothetical protein, conserved 0 7 0
Tb427.04.4700 Hypothetical protein, conserved 0 6 0
Tb427tmp.02.4230 Hypothetical protein, conserved 0 5 0
Tb427.10.6490 Hypothetical protein, conserved 0 4 0
Tb427.05.1230 Hypothetical protein, conserved 0 2 0
Tb427.07.4100 Hypothetical protein, conserved 0 2 0
Tb427.07.3550 Hypothetical protein, conserved 0 2 0
Tb427tmp.160.3930 Hypothetical protein, conserved 0 2 0
Tb427.07.6910 Hypothetical protein, conserved 2 9 4

* Indicates that more than one gene copies were found for the protein.
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Table 2.4: SDS-eluted proteins in GW572016-susceptible phosphotyrosine pathway (Class
IIT) Trypanosome lysates were processed and proteins were identified as described in legend for
Table 2.3, except that proteins were obtained with heated 1X SDS-PAGE sample buffer from the

P-Tyr-100 column after the phenyl phosphate elution.
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Table 2.4: Proteins in GW572016-susceptible phosphotyrosine pathway (Class III)

SDS (5%) eluate

Spectral Count

Treatment of Cells

Gene ID Protein Description
DMSO DMSO GW572016
Sep CL-4B Sep P-Tyr-100  Sep P-Tyr-100
(A) Cell Morphogenesis and Motility
Tb427tmp.211.0620 Actin A* 0 5 2
Tb427tmp.211.1470 Flagellar component, PACRGB 3 8 4
Tb427.06.4670 MORN repeat-containing protein (TbMORN1) 8 23 7
(B) Organelle Biogenesis
Tb427.02.4230 NUP-1 protein 6 18 9
(C) Energy Metabolism
Tb427tmp.211.0540 Fructose 1,6 bisphosphate, cytosolic (FBPase) 0 2 0
Tb427.03.3270 ATP-dependent phosphofructokinase (TbPFK) 9 18 4
(D) Protein Synthesis
Tb927.08.1110 40S ribosomal protein S9* 0 2 0
Tb427tmp.160.2550 Ribosomal protein S7 0 4 0
Tb427.10.2100 Translation elongation factor 1-alpha (EF1)* 6 16 5
(E) Protein Modification
Tb427tmp.01.1680 Polyubiquitin 0 2 0
(F) DNA/RNA Metabolism
Tb427.01.2430 Histone H3* 4 0
Tb427tmp.160.3820 Nucleolar RNA binding protein 6 0
(G) Uncharacterized
Tb427.06.5070 Hypothetical protein, conserved 0 2 0
Tb427.08.8200 Hypothetical protein, conserved 0 5 0
Tb427.03.5020 Hypothetical protein, conserved 2 7 4
Tb427.01.4310 Hypothetical protein, conserved 3 50 21

* Indicates that more than one gene copies were found for the protein.
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CHAPTER III

A STRUCTURE-ACTIVITY-RELATIONSHIP STUDY FOR OPTIMIZATION
OF 4-ANILINOQUINAZOLINE SCAFFOLD AND DISCOVERY OF

ANTI-TRYPANOSOMAL LEADS?*
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Wilmot, K., Pollastri, M.P., Submitted to Journal of Medicinal Chemistry. 04/12/2013.

*Synthetic chemistry was done by M.P. Pollastri Lab at North Eastern University, Boston, MA.
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Abstract

New orally bioavailable drugs are immediately needed to treat Human African
Trypanosomiasis (HAT), an infection caused by Trypanosoma brucei. The four drugs currently
in use for HAT are given intravenously and have toxicity issues. The commercial drug discovery
scenario for neglected diseases like HAT is less promising. To overcome this problem, an
alternative use drug discovery strategy is logical that allows testing of clinically proven drugs for
parasitic diseases. We have shown that the 4-anilinoquinazolines like lapatinib (GW572016) and
canertinib (CI-1033) are potent antitrypanosmal compounds with Glsy in the low micromolar
range (~1.5 uM). Further, a focused screen of nine lapatinib analogs from GlaxoSmithKline
resulted in the discovery of more potent compounds with nanomolar Glso (~400 nM). Inspired by
this data we initiated a collaborative study to optimize the 4-anilinoquinazoline scaffold through
in vitro drug activity assay on trypanosome growth. We hereby report the scaffold optimization
strategy that that led to the development of several novel 4-anilinoquinazolines with low

nanomolar Glsg profile (< 200 nM) against 7. brucei.
3.1 Introduction

Parasitic diseases are a major threat to the lives and economy in the developing countries.
Many such diseases have been classified as ‘Neglected Tropical Diseases (NTD)’ because of
inadequate attention for control and prevention. It is estimated that over 1 billion people are
infected by one or more NTD with many others at risk [1]. The pharmaceutical sector lacks
interest in developing drug for NTD. To deal with this situation, a cost-effective approach is

essential for identification of lead drugs.

Repurposing proven classes of molecular targets that are biologically essential in the

parasite is one such approach to expedite drug discovery against these NTDs [2]. For example,

73



kinases and phosphodiesterases (PDEs) regulate many essential signaling pathways in all
trypanosomatids like Trypanosoma brucei, T. cruzi, and Leishmania spp. that causes Human
African Trypanosomiasis (HAT)/ Sleeping sickness, American Trypanosomiasis/ Chagas’
disease, and Leishmaniasis respectively[3, 4]. Also, several kinases and PDEs in humans are
established as drug targets for a variety of diseases, and large amount of information about the
medicinal chemistry, toxicology, and structural biology are available. A novel antiparasitic drug
discovery campaign can potentially benefit from these resources that can be extended to the
identification and optimization of promising chemical scaffold. This approach has already been
considered an excellent starting point for new antiparasitic lead discovery by several groups [5-

9].

Nearly 50,000 people in the sub-Saharan Africa are susceptible to 7. brucei infection
annually. An infected tsetse fly serves as a transmission vector that injects the parasites into the
bloodstream of human host. The parasites proliferate in the blood (early stage) and produces flu-
like symptoms. Subsequently, the parasites enter the central nervous system (CNS) bypassing the
blood brain barrier (late stage) and manifest more severe symptoms like sleep disruption and
coma leading to death. Currently used drugs are toxic and require intravenous dosing. Therefore,
new oral drugs with minimal toxicity are urgently needed that can be equally effective against

both early and late stage of the disease [10].

Kinases have been targeted in drug discovery for a wide variety of human diseases
including cancer [11], inflammation [12, 13], diabetes [14, 15], and CNS diseases[16]. Many
tyrosine kinase inhibitors are now in the clinical use which includes lapatinib (GW572016,
Tykerb, 1), an EGFR inhibitor approved by FDA [17, 18]. There are more than 180 protein

kinases expressed in 7. brucei [19, 20], and kinases such as glycogen synthase kinase-3 [21],
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phosphoinositoyl-3-kinases/TOR[7] and Aurora kinase 1[6] have already been investigated in
the parasite. Protein Tyr phosphorylation in 7. brucei has already been reported [22, 23].
However, the conventional receptor tyrosine kinases (RTKs) are absent. It is therefore believed
that Tyr-phosphorylation is performed by dual-specificity kinases (e.g., weel) that can
phosphorylate Ser/Thr as well as Tyr residues [4]. Recent studies indicate that enzymes with
“EGFR-like” kinase domains are present in the parasite [24]. Further, inhibitors of human
EGFR/HER?2 such as canertinib [25], lapatinib [26], and AEE788 [27], kill T. brucei with Gls

in the low micromolar range [24].

Based on the finding that lapatinib kills 7. brucei, we performed a focused screen of nine
EGFR inhibitors from GlaxoSmithKline (Table 3.1). Subsequent novel lapatinib analogs were
synthesized for a structure activity relationship study of a 6-phenyl 4-anilinoquinazoline scaffold.
We hereby report the discovery NEU617 (23a), a highly selective and potent inhibitor of

trypanosome replication in vitro.
3.2 Materials And Methods
3.2.1 Chemical synthesis

Unless otherwise noted, reagents were obtained from Sigma-Aldrich, Inc. (St. Louis,
MO), or Frontier Scientific Services, Inc. (Newark, DE) and used as received. Boronic acids and
aniline reagents were purchased, unless the synthesis is specifically described below. Reaction
solvents were purified by passage through alumina columns on a purification system
manufactured by Innovative Technology (Newburyport, MA). NMR spectra were obtained with
Varian NMR systems, operating at 400 or 500 MHz for 'H acquisitions as noted. LCMS analysis
was performed using a Waters Alliance reverse-phase HPLC, with single-wavelength UV-visible

detector and LCT Premier time-of-flight mass spectrometer (electrospray ionization). All newly
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synthesized compounds were that were submitted for biological testing were deemed >95% pure
by LCMS analysis (UV and ESI-MS detection) prior to submission for biological testing.
Preparative LCMS was performed on a Waters FractionLynx system with a Waters MicroMass
ZQ mass spectrometer (electrospray ionization) and a single-wavelength UV-visible detector,
using acetonitrile/water gradients with 0.1% formic acid. Fractions were collected on the basis of

triggering using UV and mass detection.

4-chloro-6-iodoquinazoline hydrochloride (13). [40]. Yield: 85%. 'H NMR (500 MHz,
DMSO-d¢) 8: 8.39 (d, /= 1.95 Hz, 1H), 8.29 (s, 1H), 8.13 (dd, J = 1.95, 8.30 Hz, 1H), 7.49 (d, J

=8.30 Hz, 1H). MS: m/z =290.83 (M+H)".

N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-iodoquinazolin-4-amine hydrochloride (14).
[41]. Yield: 84%. "H NMR (500 MHz, DMSO-dg) 8: 11.21 (br. s., 1H), 9.16 (s, 1H), 8.92 (s, 1H),
8.34 (d, J=8.79 Hz, 1H), 7.93 (d, J = 2.44 Hz, 1H), 7.64 - 7.68 (m, 2H), 7.46 - 7.51 (m, 1H),

7.30 - 7.37 (m, 2H), 7.20 (dt, J = 2.44, 8.79 Hz, 1H), 5.30 (s, 2H). MS: m/z = 505.85 (M+H)".

Libraries of 10 were synthesized by Suzuki coupling of 14 with respective boronic
acid/esters following General procedure A. Into glass vials was combined N-(3-chloro-4-((3-
fluorobenzyl)oxy)phenyl)-6-iodoquinazolin-4-amine (14, 100 puM), boronic acids/esters (120
umol) and tetrakis(triphenylphosphine)palladium(0) (7 pumol). To the reaction mixture was
added 1,2-dimethoxyethane (2 mL), ethanol (1.33 mL) and a 2M aqueous solution of sodium
carbonate (0.301 mL, 600 uM). The vials were capped and shaken at 80 °C for 18 h. The
progress of the reaction was followed by LC-MS. Reaction mixture was evaporated to dryness.
Crude products were purified using flash column chromatography, or by dissolving in DMSO
and purifying by reverse phase HPLC using a gradient of 30-100% acetonitrile in water

containing 0.1% formic acid.
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N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(4-(morpholinosulfonyl)phenyl)quinazolin-4-
amine (10a). Yield: 48.1%. "H NMR (500 MHz, DMSO-de) 8: 10.00 (s, 1H), 8.92 (d, J = 1.46
Hz, 1H), 8.64 (s, 1H), 8.28 (dd, J = 1.95, 8.79 Hz, 1H), 8.17 (d, J = 8.79 Hz, 2H), 8.04 (d, J =
2.44 Hz, 1H), 7.92 (d, J = 8.79 Hz, 3H), 7.76 (dd, J = 2.45, 8.80 Hz, 1H), 7.46 - 7.50 (m, 1H),
7.30 - 7.36 (m, 3H), 7.19 - 7.23 (m, 1H), 5.28 (s, 2H), 3.66 - 3.68 (m, 4H), 2.93 - 2.95 (m, 4H).

MS: m/z = 605.2 (M+H)".

N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(4-methylnaphthalen-1-yl)quinazolin-4-

amine, (10b). Yielded 1 mg (2.6%) as a yellow film. "H NMR (400 MHz, DMSO-ds) 8: 9.82 (s,
1H), 8.65 (s, 2H), 8.15 (d, J = 8.8 Hz, 1H), 8.03 (d, J = 2.2 Hz, 1H), 7.87-7.96 (m, 2H), 7.81 (d, J
= 8.8 Hz, 1H), 7.71-7.76 (m, 1H), 7.63 (t, J = 8.0 Hz, 1H), 7.49-7.57 (m, 2H), 7.42-7.49 (m, 2H),
7.31 (t, J = 6.0 Hz, 2H), 7.25 (d, J = 8.8 Hz, 1H), 7.17 (t, ] = 7.3 Hz, 1H), 5.24 (s, 2H), 2.74 (s,

3H). MS: m/z = 520.1 (M+H)".

4-(4-((3-chloro-4-((3-fluorobenzyl)oxy)phenyl)amino)quinazolin-6-yl)-/N-ethyl-2-

fluorobenzamide (10c). Yielded 1 mg (2.4%) as a yellow film. '"H NMR (400 MHz, DMSO-dg)
d: 9.98 (s, 1H), 8.87 (s, 1H), 8.58-8.61 (s, 1H), 8.35-8.42 (m, 1H), 8.26-8.34 (m, 1H), 8.01 (s,
1H), 7.87 (d, ] = 4.4 Hz, 1H), 7.84 (m, 2H), 7.79 (d, J = 8.1 Hz, 1H), 7.70-7.76 (m, 1H), 7.47 (q,
J=7.3Hz, 1H), 7.32 (dd, Jo = 13.2 Hz, Jg = 7.3 Hz, 3H), 7.18 (t,J = 8.8 Hz, 1H), 5.27 (s, 2H),

3.29 (q, J = 8.0 Hz, 2H), 1.14 (t, ] = 7.0 Hz, 3H).: MS: m/z = 545.2 (M+H)".

N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(3-(5-methyl-1,3,4-oxadiazol-2-yl)phenyl)
quinazolin-4-amine (10d). Obtained 1 mg (2.5% vyield) as a yellow oil. 'H NMR (400 MHz,
DMSO-dg) 8: 9.09-10.04 (brs, 1H), 8.88 (s, 1H), 8.61 (s, 1H), 8.42 (s, 1H), 8.37 (s, 1H), 8.26 (d,

J =8.8 Hz, 1H), 8.11 (d, J = 8.1 Hz, 1H), 8.0 (m, 2H), 7.89 (d, J = 8.8 Hz, 1H), 7.72-7.81 (m,
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2H), 7.43-7.51 (m, 1H), 7.28-7.36 (m, 2H), 7.14-7.22 (m, 1H) 5.26 (s, 2H), 2.65 (s, 3H). MS:

m/z =538.1 (M+H)".

3-(4-((3-chloro-4-((3-fluorobenzyl)oxy)phenyl)amino)quinazolin-6-yl)-/V-

cyclopropylbenzamide (10e). Yielded 0.8 mg (2.0%) as a yellow film. '"H NMR (400 MHz,
DMSO-dg) &: 10.00 (s, 1H), 8.83 (s, 1H), 8.63 (d, ] = 3.7 Hz, 1H), 8.59 (s, 1H), 8.35 (s, 1H), 8.26
(d, J =5.1 Hz, 1H), 8.22 (s, 1H), 7.97-8.05 (m, 1H), 7.87 (t, J = 8.1Hz, 2H), 7.74 (dd, Ja = 8.8
Hz, Jg = 2.0 Hz, 1H), 7.63 (t, J = 7.7 Hz, 1H), 7.43-7.52 (m, 1H), 7.25-7.35 (m, 2H), 7.17 (t,J =
8.0 Hz, 1H), 5.27 (s, 2H), 2.85-2.92 (m, 1H), 0.69-0.76 (m, 2H), 0.58-0.65 (m, 2H). MS: m/z =

539.2 (M+H)".

N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(quinolin-5-yl)quinazolin-4-amine (101).
Yielded 3.2 mg (8.4%) as a yellow solid. "H NMR (400 MHz, DMSO-ds) §: 9.81 (s, 1H), 8.98
(d, J=2.9 Hz, 1H), 8.70 (s, 1H), 8.68 (s, 1H), 8.21-8.27 (m, 2H), 8.14 (d, J = 8.1 Hz, 1H), 8.03
(d, J =2.2 Hz, 1H), 7.95-8.00 (m, 1H), 7.88-7.95 (m, 3H),7.68-7.96 (m, 2H), 7.53-7.59 (dd, Ja =
8.4 Hz, Jg = 4.0 Hz, 1H), 7.46 (q, J = 8.0 Hz, 1H), 7.22-7.33 (m, 3H), 7.17 (t, J = 8.8 Hz, 1H),

5.23 (s, 2H). MS: m/z = 508.2 (M+H)".

N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(2-phenoxyphenyl)quinazolin-4-amine (10g).
Yielded 1.4 mg (2.4%) as an orange oil. "H NMR (400 MHz, DMSO-de) 8: 9.85 (s, 1H), 8.65 (s,
1H), 8.58 (s, 1H), 8.01-8.06 (m, 2H), 7.72-7.78 (m, 2H), 7.67 (d, J = 6.6 Hz, 1H), 7.42-7.51 (m,
2H), 7.24-7.39 (m, 6H), 7.19 (t, J = 7.3 Hz, 1H), 7.00-7.09 (m, 2H), 6.94 (d, J = 8.1 Hz, 2H),

5.27 (s, 2H). MS: m/z = 548.1 (M+H)".

6-(benzo[b]thiopen-2-yl)-N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)quinazolin-4-amine
(10h). Obtained 5.4 mg (14% vyield) as a yellow solid. "H NMR (400 MHz, DMSO-de) &: 8.75
(s, 1H), 8.15 (t, J = 8.8 Hz, 1H), 8.03 (m, 1H), 7.96 (d, J = 8.8 Hz, 1H), 7.87 (d, ] = 2.1 Hz, 2H),
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7.82 (d, J=7.3 Hz, 1H), 7.68 (s, 1H), 7.51-7.59 (m, 1H), 7.49 (s, 1H), 7.32-7.44 (m, 3H), 7.19-

7.25 (m, 1H), 6.91-7.09 (m, 2H), 5.27 (s, 2H). MS: m/z = 512.0 (M+H)".

4-(4-((3-chloro-4-((3-fluorobenzyl)oxy)phenyl)amino)quinazolin-6-yl)phenol (10i). Yielded
1 mg (2.4%) as a yellow film. 'H NMR (400 MHz, DMSO-dg) 8: 10.09 (s, 1H), 8.98 (s, 1H),
8.63 (s, 2H), 8.45 (s, 1H), 8.42 (s, 1H), 8.05 (s, 1H), 7.96 (d, J = 8.8 Hz, 1H), 7.82 (d, ] = 9.5 Hz,
1H), 7.43-7.51 (m, 2H), 7.27-7.36 (m, 2H), 7.14-7.22 (m, 1H), 6.66-6.72 (m, 2H), 5.27 (s, 2H).

MS: m/z=472.1 M+H)".

5-(4-((3-chloro-4-((3-fluorobenzyl)oxy)phenyl)amino)quinazolin-6-yl)pyrimidine-

2,4(1H,3H)-dione (10j). Yielded 2.6 mg (7.1%) as a yellow solid. 'H NMR (400 MHz, DMSO-
de) 8: 9.76-9.82 (brs, 1H), 8.47-8.59 (m, 2H), 8.30 (s, 1H), 8.04 (m, 2H), 7.81-7.88 (m, 1H),
7,71-7.80 (m. 2H), 7.59-7.67 (m, 1H), 7.43-7.50 (m, 1H), 7.31-7.36 (m, 1H), (m, 7.23-7.31 (m,

2H), 7.18 (t, ] = 8.4 Hz, 1H), 5.26 (s, 2H). MS: m/z = 490.0 (M+H)".

N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(3-(morpholinosulfonyl)phenyl)quinazolin-4-
amine (10k). Yield: 30.4%. '"H NMR (500 MHz, DMSO-dy) 6: 10.01 (s, 1H), 8.85 (d, J = 1.95
Hz, 1H), 8.63 (s, 1H), 8.24 - 8.27 (m, 2H), 8.12 (t, J = 1.71 Hz, 1H), 8.03 (d, J = 2.93 Hz, 1H),
7.86 - 7.92 (m, 2H), 7.80 - 7.85 (m, 1H), 7.73 (dd, J = 2.44, 8.79 Hz, 1H), 7.46 - 7.52 (m, 1H),
7.30 - 7.35 (m, 3H), 7.17 - 7.22 (m, 1H), 5.28 (s, 2H), 3.66 (t, J = 4.90 Hz, 4H), 2.95 (t, /= 4.40
Hz, 4H). MS: m/z = 605.1 (M+H)".

N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(4-(piperidin-1-ylsulfonyl)phenyl)quinazolin-
4-amine (101). Yield: 14.6%. 'H NMR (500 MHz, DMSO-de) 8: 10.00 (s, 1H), 8.91 (d, J = 1.46
Hz, 1H), 8.64 (s, 1H), 8.27 (dd, J = 1.95, 8.30 Hz, 1H), 8.14 (d, J = 8.30 Hz, 2H), 8.04 (d, J =

2.93 Hz, 1H), 7.89 - 7.92 (m, 3H), 7.76 (dd, J = 2.69, 9.03 Hz, 1H), 7.46 - 7.51 (m, 1H), 7.31 -

79



7.36 (m, 3H), 7.20 (dt, J = 2.44, 8.55 Hz, 1H), 5.28 (s, 2H), 2.95 - 2.98 (m, 4H), 1.55 - 1.60 (m,

4H), 1.39 - 1.40 (m, 2H). MS: m/z = 603.2 (M+H)".

N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(3-(piperidin-1-ylsulfonyl)phenyl)quinazolin-

4-amine (10m). Yield: 24.8%. 'H NMR (500 MHz, DMSO-dg) &: 10.01 (s, 1H), 8.84 (d, J =
1.95 Hz, 1H), 8.62 (s, 1H), 8.24 (dd, J = 1.95, 8.79 Hz, 1H), 8.21 (d, /= 7.35 Hz, 1H), 8.11 (t, J
=1.71 Hz, 1H), 8.02 (d, J = 2.44 Hz, 1H), 7.90 (d, J = 8.30 Hz, 1H), 7.82 - 7.86 (m, 1H), 7.79 -
7.81 (m, 1H), 7.72 (dd, J = 2.69, 9.03 Hz, 1H), 7.45 - 7.51 (m, 1H), 7.29 - 7.36 (m, 3H), 7.19 (dt,
J=12.44,8.55 Hz, 1H), 5.27 (s, 2H), 2.96 (t, J = 5.4 Hz, 4Hm, 4H), 1.52 - 1.60 (m, 4H), 1.33 -

1.40 (m, 2H). MS: m/z = 603.2 (M+H)".

N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(4-(pyrrolidin-1-ylsulfonyl)phenyl)

quinazoline-4-amine (10n). Yield: 19.6%. 'H NMR (500 MHz, DMSO-de) &: 10.00 (s, 1H),
891 (d, J=1.95 Hz, 1H), 8.63 (s, 1H), 8.27 (dd, J = 1.95, 8.79 Hz, 1H), 8.13 (d, J = 8.30 Hz,
2H), 8.03 (d, J=2.44 Hz, 1H), 7.98 (d, J=8.79 Hz, 2H), 7.90 (d, /= 8.79 Hz, 1H), 7.76 (dd, J =
2.44, 8.79 Hz, 1H), 7.45 - 7.52 (m, 1H), 7.29 - 7.36 (m, 3H), 7.20 (dt, J = 2.44, 8.55 Hz, 1H),

5.28 (s, 2H), 3.22 (t, J = 6.84 Hz, 4H), 1.66 - 1.72 (m, 4H). MS: m/z = 589.1 (M+H)".

N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(3-(pyrrolidin-1-ylsulfonyl)phenyl)

quinazolin-4-amine (100). Yield: 28.2%. 'H NMR (500 MHz, DMSO-dy) &: 10.03 (s, 1H), 8.85
(d, J=1.46 Hz, 1H), 8.62 (s, 1H), 8.26 (dd, J = 1.95, 8.79 Hz, 1H), 8.18 - 8.23 (m, 2H), 8.03 (d,
J=2.44 Hz, 1H), 7.88 - 7.93 (m, 2H), 7.81 - 7.87 (m, 1H), 7.73 (dd, J = 2.44, 8.79 Hz, 1H), 7.45
- 7.52 (m, 1H), 7.30 - 7.37 (m, 3H), 7.20 (dt, J = 2.44, 8.55 Hz, 1H), 5.28 (s, 2H), 3.23 (t, J =

6.84 Hz, 4H), 1.68 (td, J = 3.54, 6.59 Hz, 4H). MS: m/z = 589.2 (M+H)".
N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(4-((4-methylpiperazin-1-yl)sulfonyl)

phenyl)quinazolin-4-amine (10p). Yield: 30.6%. '"H NMR (500 MHz, DMSO-ds) &: 9.95 (s,
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1H), 8.87 (d, J = 1.46 Hz, 1H), 8.59 (s, 1H), 8.23 (dd, J = 1.95, 8.79 Hz, 1H), 8.11 (d, J = 8.30
Hz, 2H), 7.99 (d, J = 2.44 Hz, 1H), 7.83 - 7.90 (m, 3H), 7.71 (dd, J = 2.69, 9.03 Hz, 1H), 7.40 -
7.47 (m, 1H), 7.25 - 7.32 (m, 3H), 7.15 (dt, J = 2.44, 8.55 Hz, 1H), 5.23 (s, 2H), 2.91 (br. 5., 4H),

2.34 (br. s., 4H), 2.11 (s, 3H). MS: m/z = 618.2 (M+H)".

N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(4-((4-methyl-1,4-diazepan-1-yl)sulfonyl)

phenyl)quinazolin-4-amine (10q). Yield: 42.8%. 'H NMR (500 MHz, DMSO-dg) &: 10.00 (s,
1H), 8.91 (d, J = 1.95 Hz, 1H), 8.63 (s, 1H), 8.27 (dd, J = 1.95, 8.79 Hz, 1H), 8.12 (d, J = 8.80
Hz, 2H), 8.03 (d, J=2.44 Hz, 1H), 7.96 (d, J = 8.30 Hz, 2H), 7.90 (d, J = 8.79 Hz, 1H), 7.76 (dd,
J=2.69,9.03 Hz, 1H), 7.45 - 7.50 (m, 1H), 7.30 - 7.36 (m, 3H), 7.20 (dt, J = 2.44, 8.55 Hz, 1H),
5.28 (s, 2H), 3.37 - 3.39 (m, 2H), 3.34 (t, J = 6.10 Hz, 3H), 2.61 - 2.64 (m, 2H), 2.54 - 2.58 (m,

2H), 2.28 (s, 3H), 1.74 - 1.80 (m, 2H). MS: m/z = 632.2 (M+H)'.

N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(4-(thiomorpholinosulfonyl)phenyl)

quinazolin-4-amine (10r). Yield: 5.6%. '"H NMR (500 MHz, DMSO-dy) &: 10.00 (s, 1H), 8.92
(d, J=1.47 Hz, 1H), 8.64 (s, 1H), 8.28 (dd, J = 1.95, 8.79 Hz, 1H), 8.16 (d, J = 8.79 Hz, 2H),
8.04 (d, J=2.44 Hz, 1H), 7.89 - 7.95 (m, 3H), 7.76 (dd, J = 2.45, 8.80 Hz, 1H), 7.46 - 7.52 (m,
1H), 7.30 - 7.37 (m, 3H), 7.20 (dt, J = 2.20, 8.67 Hz, 1H), 5.28 (s, 2H), 3.28 (t, J = 4.35 Hz, 4H),

2.71 (t,J=5.35 Hz, 4H). MS: m/z = 621.2 (M+H)".

N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(4-(piperazin-1-ylsulfonyl)phenyl)quinazolin-
4-amine (10s). To glass vials was weighed 46 mg of 14 (0.085 mmoL) and tert-butyl 4-((4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)sulfonyl)piperazine-1-carboxylate (38.4 mg
0.085 mmol) and tetrakis(triphenylphosphine)palladium(0) (0.006 mmol). To the reaction
mixture was added 1,2-dimethoxyethane (0.4 mL), ethanol (0.3 mL) and a 2M aqueous solution

of sodium carbonate (0.255 mL, 0.51 mmol). The vials were capped and shaken at 85 °C for 12,
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and progress of the reaction was monitored by LC-MS. The reaction mixture was evaporated to
dryness, and the residue was dissolved in DMSO and purified by reverse phase HPLC using a
gradient of 5-100% acetonitrile in water containing 0.1% formic acid providing the Boc-
protected compound in 23.7% yield. "H NMR (500 MHz, DMSO-de) 8: 9.99 (s, 1H), 8.91 (d, J =
1.95 Hz, 1H), 8.64 (s, 1H), 8.28 (dd, /= 1.95, 8.79 Hz, 1H), 8.16 (d, /= 8.79 Hz, 2H), 8.04 (d, J
=2.44 Hz, 1H), 7.89 - 7.93 (m, 3H), 7.76 (dd, J = 2.44, 8.79 Hz, 1H), 7.46 - 7.52 (m, 1H), 7.30 -
7.36 (m, 3H), 7.20 (dt, J = 2.44, 8.79 Hz, 1H), 5.28 (s, 2H), 3.41 - 3.46 (m, 4H), 2.94 (t, J = 4.64
Hz, 4H), 1.34 (s, 9H). MS: m/z = 704.3 (M+H)". To a solution of this compound (0.015 mmol)
in 0.4 mL of dichloromethane was added trifluoroacetic acid (200 umol, 0.154 mL). The reaction
mixture was stirred for 12 h at 25 °C. Volatiles were removed in vacuo, and the crude product
was triturated with hexanes to afford a crude solid that was purified via flash column
chromatography (0-10% MeOH-DCM) to afford the desired compound 10t. Yield: 78%. 'H
NMR (500 MHz, DMSO-de) d: 9.01 (s, 1H), 8.80 (br. s., 1H), 8.59 (br. s., 2H), 8.39 (d, J = 7.81
Hz, 1H), 8.22 (d, J = 8.30 Hz, 2H), 7.92 - 8.03 (m, 4H), 7.72 (dd, J = 2.44, 8.79 Hz, 1H), 7.47 -
7.52 (m, 1H), 7.32 - 7.37 (m, 3H), 7.21 (dt, J = 2.20, 8.67 Hz, 1H), 5.31 (s, 2H), 3.25 (br. s., 4H),

3.18 (br. s., 4H). MS: m/z = 604.2 (M+H)".

N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(4-(methylsulfonyl)phenyl)quinazolin-4-

amine (10t). Yield: 31.8%. '"H NMR (500 MHz, DMSO-ds) &: 10.00 (s, 1H), 8.92 (d, J = 1.95
Hz, 1H), 8.64 (s, 1H), 8.29 (dd, J = 1.95, 8.79 Hz, 1H), 8.14 (d, J = 8.80 Hz, 2H), 8.11 (d, J =
8.30 Hz, 2H), 8.03 (d, J = 2.44 Hz, 1H), 7.92 (d, J = 8.79 Hz, 1H), 7.76 (dd, J = 2.44, 8.79 Hz,
1H), 7.45 - 7.53 (m, 1H), 7.31 - 7.37 (m, 3H), 7.20 (dt, J = 2.20, 8.42 Hz, 1H), 5.28 (s, 2H), 3.31

(s, 3H). MS: m/z = 534.1 (M+H)".
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N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(3-(methylsulfonyl)phenyl)quinazolin-4-

amine (10u). Yield: 34.9%. '"H NMR (500 MHz, DMSO-dy) 6: 10.02 (s, 1H), 8.88 (s, 1H), 8.63
(s, 1H), 8.38 (s, 1H), 8.30 (dd, J = 1.46, 8.79 Hz, 1H), 8.25 (d, /= 8.30 Hz, 1H), 7.99 - 8.06 (m,
2H), 7.92 (d, J=8.79 Hz, 1H), 7.84 - 7.87 (m, 1H), 7.74 (dd, J = 2.44, 8.79 Hz, 1H), 7.45 - 7.53
(m, 1H), 7.30 - 7.36 (m, 3H), 7.20 (dt, /= 1.71, 8.67 Hz, 1H), 5.28 (s, 2H), 3.35 (s, 3H). MS: m/z

=534.2 (M+H)".

2-(4-((3-chloro-4-((3-fluorobenzyl)oxy)phenyl)amino)quinazolin-6-yl)-N,N-

dimethylbenzenesulfonamide (10v). Yield: 35%. 'H NMR (500 MHz, DMSO-dg) &: 9.78 (s,
1H), 8.65 (s, 1H), 8.52 (d, J = 0.98 Hz, 1H), 8.06 (d, J = 2.44 Hz, 1H), 8.01 (dd, J = 0.98, 7.81
Hz, 1H), 7.83 (dt, J = 1.46, 9.03 Hz, 1H), 7.76 - 7.81 (m, 3H), 7.72 (dt, J = 1.22, 7.69 Hz, 1H),
7.54 (dd, J=0.98, 7.81 Hz, 1H), 7.45 - 7.50 (m, 1H), 7.30 - 7.34 (m, 2H), 7.27 (d, J = 8.79 Hz,

1H), 7.19 (dt, J = 2.44, 8.55 Hz, 1H), 5.26 (s, 2H), 2.45 (s, 6H). MS: m/z = 563.2 (M+H)".

N-(tert-butyl)-2-(4-((3-chloro-4-((3-fluorobenzyl)oxy)phenyl)amino)quinazolin-6-yl)

benzenesulfonamide (10w). Yield: 12.5%. '"H NMR (500 MHz, DMSO-de) 8: 9.79 (s, 1H),
8.64 (s, 1H), 8.53 (d, /= 1.95 Hz, 1H), 8.11 (dd, J = 1.22, 8.06 Hz, 1H), 8.05 (d, J = 2.44 Hz,
1H), 7.86 (dd, J = 1.71, 8.55 Hz, 1H), 7.70 - 7.79 (m, 3H), 7.63 - 7.67 (m, 1H), 7.45 - 7.50 (m,
2H), 7.30 - 7.35 (m, 2H), 7.27 (d, J = 9.28 Hz, 1H), 7.19 (dt, J = 2.44, 8.55 Hz, 1H), 6.90 (s, 1H),

5.26 (s, 2H), 1.04 (s, 9H). MS: m/z = 591.2(M+H)".

N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(3-morpholinophenyl)quinazolin-4-amine
(23a). Yield: 38%. 'H NMR (500 MHz, DMSO-dg) &: 9.90 (s, 1H), 8.76 (d, J = 1.95 Hz, 1H),
8.60 (s, 1H), 8.18 (dd, J = 1.71, 8.55 Hz, 1H), 8.04 (d, J = 2.93 Hz, 1H), 7.84 (d, J = 8.79 Hz,

1H), 7.76 (dd, J = 2.4, 8.79 Hz, 1H), 7.45 - 7.51 (m, 1H), 7.39 - 7.42 (m, 1H), 7.28 - 7.35 (m,
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5H), 7.19 (dt, J = 2.44, 8.55 Hz, 1H), 7.03 (dd, J = 1.95, 8.30 Hz, 1H), 5.27 (s, 2H), 3.79 (t, J =

4.9 Hz, 4H), 3.24 (t, J = 4.86 Hz, 4H). MS: m/z = 541.2 (M+H)".

N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(4-morpholinophenyl)quinazolin-4-amine

(23b). Yield: 35.2%. 'H NMR (500 MHz, DMSO-dg) 8: 9.87 (s, 1H), 8.72 (d, J = 1.95 Hz, 1H),
8.55 (s, 1H), 8.16 (dd, J = 1.95, 8.79 Hz, 1H), 8.03 (d, J = 2.93 Hz, 1H), 7.78 - 7.82 (m, 3H),
7.76 (dd, J = 2.44, 8.79 Hz, 1H), 7.45 - 7.51 (m, 1H), 7.28 - 7.35 (m, 3H), 7.19 (dt, J = 2.69, 8.67
Hz, 1H), 7.11 (d, J = 8.79 Hz, 2H), 5.27 (s, 2H), 3.76 - 3.80 (m, 4H), 3.19 - 3.23 (m, 4H). MS:

m/z = 541.04 (M+H)".

N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(3-(morpholinomethyl)phenyl)quinazolin-4-

amine (23c). Yield: 54.5%. "H NMR (500 MHz, DMSO-dy) &: 9.92 (s, 1H), 8.77 (s, 1H), 8.59
(s, 1H), 8.15 (d, J = 8.79 Hz, 1H), 8.03 (d, J = 1.95 Hz, 1H), 7.85 (d, J = 8.79 Hz, 1H), 7.72 -
7.80 (m, 3H), 7.43 - 7.54 (m, 2H), 7.39 (d, J = 7.32 Hz, 1H), 7.25 - 7.35 (m, 3H), 7.14 - 7.22 (m,

1H), 5.26 (s, 2H), 3.52-3.68 (m, 6H), 2.40 (br. s., 4H). MS: m/z = 554.3060 (M)".

N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(4-(morpholinomethyl)phenyl)quinazolin-4-

amine (23d). Yield: 36.8%. 'H NMR (500 MHz, DMSO-de) &: 9.92 (s, 1H), 8.80 (d, J = 1.95
Hz, 1H), 8.60 (s, 1H), 8.20 (dd, J = 1.95, 8.79 Hz, 1H), 8.04 (d, J = 2.44 Hz, 1H), 7.84 - 7.87 (m,
3H), 7.77 (dd, J = 2.69, 9.03 Hz, 1H), 7.46 - 7.54 (m, 3H), 7.28 - 7.36 (m, 3H), 7.20 (dt, J = 1.95,
8.55 Hz, 1H), 5.28 (s, 2H), 3.61 (t, J = 4.64 Hz, 4H), 3.56 (s, 2H), 2.40 (br. s., 4H). MS: m/z =

555.2 (M+H)".

(3-(4-((3-chloro-4-((3-fluorobenzyl)oxy)phenyl)amino)quinazolin-6-yl)phenyl)

(morpholino)methanone (23e). Yield: 53.2%. 'H NMR (500 MHz, DMSO-dg) &: 9.99 (br. s.,
1H), 8.83 (d, J = 1.46 Hz, 1H), 8.61 (s, 1H), 8.23 (dd, J = 1.46, 8.79 Hz, 1H), 8.01 (d, J = 2.44
Hz, 1H), 7.97 (d, J = 7.81 Hz, 1H), 7.92 (s, 1H), 7.86 (d, J = 8.79 Hz, 1H), 7.73 (dd, J = 2.44,
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8.79 Hz, 1H), 7.63 (t, J = 7.81 Hz, 1H), 7.47 (q, J = 7.65 Hz, 2H), 7.26 - 7.36 (m, 3H), 7.18 (dt, J

=2.20, 8.67 Hz, 1H), 5.26 (s, 2H), 3.20 - 3.78 (m, 8H). MS: m/z = 568.2021 (M)".

(4-(4-((3-chloro-4-((3-fluorobenzyl)oxy)phenyl)amino)quinazolin-6-yl)phenyl)(morpholino)
methanone (23f). Yield: 58.9%. '"H NMR (500 MHz, DMSO-dy) 8: 9.93 (br. s., 1H), 8.84 (br.
s., 1H), 8.60 (s, 1H), 8.21 (d, J = 8.30 Hz, 1H), 7.93 - 8.05 (m, 3H), 7.86 (d, J = 8.30 Hz, 1H),
7.76 (d, J = 7.81 Hz, 1H), 7.60 (d, J = 7.81 Hz, 2H), 7.43 - 7.51 (m, 1H), 7.26 - 7.36 (m, 3H),

7.18 (t, J = 8.06 Hz, 1H), 5.26 (s, 2H), 3.37 - 3.80 (m, 8H). MS: m/z = 568.2183 (M)".

N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(3-(piperidin-1-yl)phenyl)quinazolin-4-amine
(23g). Yield: 21%. "H NMR (500 MHz, DMSO-d) 6: 9.90 (s, 1H), 8.74 (d, J = 1.95 Hz, 1H),
8.58 (s, 1H), 8.16 (dd, J = 1.71, 8.55 Hz, 1H), 8.03 (d, J = 2.44 Hz, 1H), 7.83 (d, J = 8.79 Hz,
1H), 7.75 (dd, J = 2.44, 8.79 Hz, 1H), 7.44 - 7.51 (m, 1H), 7.27 - 7.39 (m, 5H), 7.23 (d, J=7.81
Hz, 1H), 7.19 (dt, J = 2.44, 8.55 Hz, 1H), 7.00 (dd, J = 1.95, 8.30 Hz, 1H), 5.27 (s, 2H), 3.23 -

3.27 (m, 4H), 1.64 - 1.69 (m, 4H), 1.53 - 1.59 (m, 2H). MS: m/z = 539.16 (M+H)".

N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(4-(piperidin-1-yl)phenyl)quinazolin-4-amine
(23h). Yield: 41.4%. 'H NMR (500 MHz, DMSO-dg) 8: 9.87 (s, 1H), 8.69 (d, J = 0.98 Hz, 1H),
8.55 (s, 1H), 8.12 (dd, J = 1.71, 8.55 Hz, 1H), 8.03 (d, J = 2.44 Hz, 1H), 7.72 - 7.81 (m, 4H),
7.43 - 7.51 (m, 1H), 7.25 - 7.37 (m, 3H), 7.18 (dt, J = 2.44, 8.55 Hz, 1H), 7.06 (d, J = 8.79 Hz,

2H), 5.26 (s, 2H), 3.18 - 3.26 (m, 4H), 1.49 - 1.70 (m, 6H). MS: m/z = 532.3831 (M)".

N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(3-(piperidin-1-ylmethyl)phenyl)quinazolin-

4-amine (23i). Yield: 66.7%. 'H NMR (500 MHz, DMSO-dg) &: 9.91 (br. s., 1H), 8.81 (d, J =
1.95 Hz, 1H), 8.60 (s, 1H), 8.19 (dd, J = 1.95, 8.79 Hz, 1H), 8.01 (d, J = 2.93 Hz, 1H), 7.87 -
7.97 (m, 3H), 7.74 (dd, J = 2.90, 9.25 Hz, 1H), 7.63 (t, J = 7.57 Hz, 1H), 7.52 (d, J = 7.32 Hz,
1H), 7.46 (dt, J = 6.35, 8.06 Hz, 1H), 7.26 - 7.35 (m, 3H), 7.17 (dt, J = 2.44, 8.55 Hz, 1H), 5.25
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(s, 2H), 4.22 (br. s., 2H), 3.00 (d, J = 5.86 Hz, 4H), 1.42 - 1.77 (m, 6H). MS: m/z = 552.3265
M)
N-(3-chloro-4-((3-fluorobenzyl)oxy)phenyl)-6-(4-(piperidin-1-ylmethyl)phenyl)quinazolin-
4-amine (23j). Yield: 52.3%. '"H NMR (500 MHz, DMSO-dg) 8: 9.89 (br. s., 1H), 8.80 (d, J =
1.46 Hz, 1H), 8.58 (s, 1H), 8.19 (dd, /= 1.95, 8.79 Hz, 1H), 8.01 (d, J = 2.44 Hz, 1H), 7.90 (d, J
= 8.30 Hz, 2H), 7.85 (d, J=8.79 Hz, 1H), 7.74 (dd, J = 2.44, 8.79 Hz, 1H), 7.56 (d, J = 8.30 Hz,
2H), 7.41 - 7.50 (m, 1H), 7.25 - 7.35 (m, 3H), 7.17 (dt, J = 2.20, 8.67 Hz, 1H), 5.25 (s, 2H), 3.93

(br. s., 2H), 2.74 (br. s., 4H), 1.56 - 1.69 (m, 4H), 1.45 (br. s., 2H). MS: m/z = 552.3265 (M)".

(3-(4-((3-chloro-4-((3-fluorobenzyl)oxy)phenyl)amino)quinazolin-6-yl)phenyl)(piperidin-1-

yhmethanone (23k). Yield: 66.3%. '"H NMR (500 MHz, DMSO-de) §: 8.91 (s, 1H), 8.76 (br. s.,
1H), 8.35 (d, J=9.28 Hz, 1H), 7.96 - 8.00 (m, 2H), 7.87 - 7.93 (m, 2H), 7.70 (dd, J = 2.45, 8.80
Hz, 1H), 7.59 - 7.65 (m, 2H), 7.44 - 7.52 (m, 2H), 7.32 - 7.36 (m, 3H), 7.20 (dt, J = 2.44, 8.79

Hz, 1H), 5.30 (s, 2H), 3.65 (br. 5., 3H), 1.41 - 1.70 (m, 7H). MS: m/z = 567.3 (M+H)'".

(4-(4-((3-chloro-4-((3-fluorobenzyl)oxy)phenyl)amino)quinazolin-6-yl)phenyl)(piperidin-1-

ymethanone (231). Yield: 73.3%. 'H NMR (500 MHz, DMSO-dy) 8: 9.93 (s, 1H), 8.83 (s, 1H),
8.59 (s, 1H), 8.21 (dd, J = 1.95, 8.30 Hz, 1H), 8.01 (d, J = 2.44 Hz, 1H), 7.93 (d, J = 8.30 Hz,
2H), 7.86 (d, J=8.79 Hz, 1H), 7.74 (dd, J = 2.44, 8.79 Hz, 1H), 7.53 (d, J = 8.30 Hz, 3H), 7.43 -
7.49 (m, 1H), 7.27 - 7.34 (m, 3H), 7.17 (dt, J = 1.95, 8.55 Hz, 1H), 5.25 (s, 2H), 3.60 (br. s., 2H),

1.38 - 1.67 (m, 7H). MS: m/z = 567.3 (M+H)".

Aniline synthesis. Anilines 17 were synthesized using General procedure B. In a 20 mL glass
vial a solution of substituted 4-nitrophenol (1.5 mmol) in 5 mL acetonitrile was combined with
potassium carbonate (3 mmol) and the appropriate benzyl bromide (1.5 mmol) at 25 °C. The

reaction mixture was stirred at 50 °C for 12 h. After completion of the alkylation reaction, the
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reaction mixture was triturated with 10 mL of 10% MeOH/DCM and was filtered through a
silica gel plug. The organic filtrate was evaporated and re-dissolved in 5 mL of MeOH:H,O
(5:1). To this solution was added Zinc (0.29 g, 4.5 mmol) followed by ammonium chloride (0.48
g, 9 mmol) at 25 °C. The temperature was raised to 50 °C and the stirring was continued 6 h.
Progress of the reaction was followed by LC-MS. Upon completion of the reaction, 15 mL of
DCM:MeOH (1:1) was added to the reaction mixture, inorganic residues were removed by
filtration. The filtrate was evaporated and the residue was purified via flash chromatography (0-

50% EtOAc/hexanes) to afford the desired substituted anilines.

4-(benzyloxy)-3-chloroaniline (17¢). Yield: 24.3%. '"H NMR (500 MHz, CDCls) &: 7.47 (d, J =
7.32 Hz, 2H), 7.37 - 7.41 (m, 2H), 7.30 - 7.35 (m, 1H), 6.81 (d, J = 8.79 Hz, 1H), 6.76 (d, J =
2.93 Hz, 1H), 6.51 (dd, J = 2.69, 8.55 Hz, 1H), 5.06 (s, 2H), 3.49 (br. s., 2H). MS: m/z = 234.02

(M+H)".

4-((3-bromobenzyl)oxy)-3-chloroaniline (17f). Yield: 25%. 'H NMR (500 MHz, CDCls) &:
7.62 (s, 1H), 7.45 (d, J=8.30 Hz, 1H), 7.39 (d, /= 7.81 Hz, 1H), 7.22 - 7.26 (m, 1H), 6.75 - 6.80
(m, 2H), 6.52 (dd, J = 2.93, 8.79 Hz, 1H), 5.01 (s, 2H), 3.52 (br. s., 2H). MS: m/z = 311.89

(M+H)".

3-chloro-4-((3-chlorobenzyl)oxy)aniline (17g). Yield: 38%. 'H NMR (500 MHz, CDCl;) #:
7.47 (s, 1H), 7.29 - 7.36 (m, 3H), 6.78 (d, /= 8.30 Hz, 1H), 6.75 (d, /= 2.44 Hz, 1H), 6.50 (dd, J

=2.93,8.79 Hz, 1H), 5.01 (s, 2H), 3.52 (br. s., 2H). MS: m/z = 267.96 (M+H)".

3-chloro-4-((2,3-difluorobenzyl)oxy)aniline (17h). Yield: 31%. '"H NMR (500 MHz, CDCl;)
d:7.35 (t,J = 6.59 Hz, 1H), 7.07 - 7.16 (m, 2H), 6.83 (d, J = 8.79 Hz, 1H), 6.75 (d, J =2.93 Hz,

1H), 6.52 (dd, J = 2.69, 8.55 Hz, 1H), 5.12 (s, 2H), 3.51 (br. s., 2H). MS: m/z = 270.0 (M+H)".
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3-chloro-4-((2-fluorobenzyl)oxy)aniline (17i). Yield: 37%. 'H NMR (500 MHz, CDCls) &:
7.58 (dt,J=1.71, 7.45 Hz, 1H), 7.27 — 7.32 (m, 1H), 7.16 (dt, /= 0.98, 7.57 Hz, 1H), 7.04 - 7.08
(m, 1H), 6.83 (d, J = 8.79 Hz, 1H), 6.75 (d, J = 2.93 Hz, 1H), 6.51 (dd, J = 2.69, 8.55 Hz, 1H),

5.12 (s, 2H), 3.50 (br. s., 2H). MS: m/z = 251.99 (M+H)".

3-chloro-4-((4-fluorobenzyl)oxy)aniline (17j). Yield: 22%. '"H NMR (500 MHz, CDCls) &:
7.40 - 7.44 (m, 2H), 7.03 - 7.10 (m, 2H), 6.78 (d, J = 8.79 Hz, 1H), 6.75 (d, J = 2.44 Hz, 1H),

6.50 (dd, J=2.93, 8.79 Hz, 1H), 5.00 (s, 2H), 3.50 (br. s., 2H). MS: m/z = 252.0 (M+H)".

3-chloro-4-((3-methoxybenzyl)oxy)aniline (17k). Yield: %. '"H NMR (500 MHz, CDCl;) d:
7.27 - 7.32 (m, 1H), 7.01 - 7.05 (m, 2H), 6.86 (dd, J = 2.69, 8.06 Hz, 1H), 6.79 (d, J = 8.79 Hz,
1H), 6.74 (d, J=2.93 Hz, 1H), 6.49 (dd, J = 2.45, 8.80 Hz, 1H), 5.04 (s, 2H), 3.83 (s, 3H), 3.44

(br. s., 2H). MS: m/z =264.01 (M+H)".

3-chloro-4-((3-fluoro-4-(trifluoromethyl)benzyljoxy)aniline (17). Yield: 35.2%. 'H NMR
(500 MHz, CDCl) &: 7.60 (t, J = 7.81 Hz, 1H), 7.29 - 7.36 (m, 2H), 6.77 (d, J = 4.39 Hz, 1H),
6.76 (d, J = 1.47 Hz, 1H), 6.51 (dd, J = 2.93, 8.79 Hz, 1H), 5.06 (s, 2H), 3.54 (br. s., 2H). MS:

m/z=1319.93 (M+H)".

3-chloro-4-((2,3,5-trifluorobenzyl)oxy)aniline (17m). Yield: 22%. 'H NMR (500 MHz,
CDCl) &: 7.13 - 7.18 (m, 1H), 6.85 - 6.93 (m, 1H), 6.81 (d, J = 8.30 Hz, 1H), 6.76 (d, J = 2.93
Hz, 1H), 6.53 (dd, J = 2.93, 8.79 Hz, 1H), 5.09 (s, 2H), 3.54 (br. s., 2H). MS: m/z = 287.96

(M+H)".

4-((3-fluorobenzyl)oxy)aniline (17n). Yield: 28%. 'H NMR (500 MHz, CDCL;) &: 7.34 (m,
1H), 7.14 - 7.21 (m, 2H), 7.01 (dt, J = 2.44, 8.55 Hz, 1H), 6.81 (d, J = 8.30 Hz, 2H), 6.64 (d, J =

8.30 Hz, 2H), 4.9 (s, 2H), 3.32 (br. s., 2H). MS: m/z = 218.07 (M+H)".
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4-((3-fluorobenzyl)oxy)-3-methoxyaniline (170). Yield: 7.52%. 'H NMR (500 MHz, CDCls)
d: 7.28 - 7.33 (m, 1H), 7.14 - 7.21 (m, 2H), 6.97 (dt, J = 2.20, 8.67 Hz, 1H), 6.70 (d, J = 8.30 Hz,
1H), 6.32 (d, J=2.93 Hz, 1H), 6.16 (dd, J = 2.69, 8.55 Hz, 1H), 5.02 (s, 2H), 3.84 (s, 3H), 3.51

(br. s., 2H). MS: m/z = 248.06 (M+H)".

6-(4-(morpholinosulfonyl)phenyl)quinazolin-4(3H)-one (18). A mixture of 6-iodoquinazolin-
4(3H)-one (4.5 g, 16.54 mmol), (4-(morpholinosulfonyl)phenyl)boronic acid (4.93 g, 18.20
mmol), sodium carbonate (10.52 g, 99 mmol) and tetrakis(triphenylphosphine)palladium(0)
(1.338 g, 1.158 mmol) were combined in a flask, and 400 mL of 1,2-dimethoxyethane was
added, with ethanol (26.7 mL) and water (33.3 ml). The reaction mixture was heated with
stirring at 80 °C for 30 h. The reaction progress was monitored by LC-MS. Upon completion of
the reaction, the mixture was cooled to room temperature, and the product precipitated. Solids
were collected by filtration, washed with cold water and air-dried, affording 18 (5.35 g, 14.40
mmol, 87 % yield). '"H NMR (500 MHz, DMSO-de) 6: 12.40 (br. s., 1H), 8.44 (d, J = 2.44 Hz,
1H), 8.22 (dd, J = 2.20, 8.55 Hz, 1H), 8.16 (d, J=3.42 Hz, 1H), 8.07 (d, J = 8.30 Hz, 2H), 7.84
(d, J = 8.30 Hz, 2H), 7.80 (d, J = 8.79 Hz, 1H), 3.64 (t, J = 4.65 Hz, 4H), 2.91 (t, J = 4.65 Hz,

4H). MS: m/z =372.2 (M+H)".

4-((4-(4-chloroquinazolin-6-yl)phenyl)sulfonyl)morpholine hydrochloride (19). Thionyl
chloride (9.83 ml, 135 mmol) was added slowly to 1.0 g of 18 (1 g, 2.69 mmol), followed by
N,N-dimethylformamide (2.085 pl, 0.027 mmol). The reaction mixture was refluxed for 36 h,
monitoring reaction progress with LC-MS. The volatile components were removed via
distillation, providing 19 (1.12 g, 1.683 mmol, 80% pure, 78% yield), which was used for

subsequent reactions without further purification. '"H NMR (500 MHz, DMSO-dq) &: 8.45 (d, J =
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1.95 Hz, 1H), 8.32 (s, 1H), 8.26 (dd, J = 2.20, 8.55 Hz, 1H), 8.07 (d, J = 8.79 Hz, 2H), 7.79 -

7.86 (m, 3H), 3.65 (t, J = 4.60 Hz, 4H), 2.92 (t, J = 4.65 Hz, 4H). MS: m/z = 390.04 (M+H)".

6-(4-(morpholinosulfonyl)phenyl)-N-arylquinazolin-4-amineshydrochloride 20 were synthesized
following General procedure C. To a solution of 19 (100 umol) in N,N-dimethylformamide
(0.5 mL) was added aryl amine (110 pmol) and the mixture was heated on a shaker plate at 80
°C for 12 h. After cooling the reaction mixture to room temperature, 0.5 mL of isopropanol was
added. The resulting yellowish precipitate was filtered and washed with 2mL of isopropanol,

affording the amines 20.

6-(4-(morpholinosulfonyl)phenyl)-N-phenylquinazolin-4-amine hydrochloride. (20a). Yield:
50.8%. 'H NMR (500 MHz, DMSO-d) 6: 11.51 (br. s., 1H), 9.20 (s, 1H), 8.93 (s, 1H), 8.50 (d, J
=8.79 Hz, 1H), 8.21 (d, J = 8.30 Hz, 2H), 8.01 (d, J = 8.30 Hz, 1H), 7.95 (d, J = 8.30 Hz, 2H),
7.75 (d, J=8.30 Hz, 2H), 7.51 - 7.55 (m, 2H), 7.34 - 7.37 (m, 1H), 3.65 - 3.67 (br. m, 4H), 2.92

-2.95 (br. m., 4H). MS: m/z = 447.2 (M+H)".

6-(4-(morpholinosulfonyl)phenyl)-N-(p-tolyl)quinazolin-4-amine ~ hydrochloride  (20b).
Yield: 54.9%. '"H NMR (500 MHz, DMSO-de) 6: 11.62 (br. s., 1H), 9.24 (s, 1H), 8.93 (s, 1H),
8.51 (d, J=8.30 Hz, 1H), 8.22 (d, J = 8.30 Hz, 3H), 8.03 (d, J = 8.79 Hz, 1H), 7.95 (d, J = 8.79
Hz, 2H), 7.63 (d, J=7.81 Hz, 2H), 7.34 (d, J = 7.81 Hz, 2H), 3.67 (t, /=4.4 Hz,4H ), 2.95 (t, J

= 4.4 Hz, 4H), 2.38 (s, 3H). MS: m/z = 496.2 (M+H)".

2-chloro-4-((6-(4-(morpholinosulfonyl)phenyl)quinazolin-4-yl)amino)phenol hydrochloride
(20¢). Yield: 52.7%. '"H NMR (500 MHz, DMSO-de) &: 11.60 (br. s., 1H), 10.55 (br. s., 1H), 9.22
(s, 1H), 8.96 (s, 1H), 8.51 (dd, J = 1.47, 8.79 Hz, 1H), 8.22 (d, J = 8.30 Hz, 2H), 8.02 (d, J =

8.79 Hz, 1H), 7.95 (d, J = 8.30 Hz, 2H), 7.81 (d, J = 2.93 Hz, 1H), 7.52 (dd, J = 2.44, 8.79 Hz,
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1H), 7.12 (d, J = 8.79 Hz, 1H), 3.7 (t, J = 4.40 Hz, 4H), 2.95 (t, J = 4.4 Hz, 4H). MS: m/z =

497.2 (M+H)".

N-(3-chloro-4-methoxyphenyl)-6-(4-(morpholinosulfonyl)phenyl)quinazolin-4-amine

hydrochloride (20d). Yield: 43.4%. "H NMR (500 MHz, DMSO-dg) &: 11.34 (br. s., 1H), 9.14
(s, 1H), 8.94 (s, 1H), 8.49 (d, J = 8.79 Hz, 1H), 8.20 (d, J = 8.79 Hz, 2H), 8.00 (d, J = 8.79 Hz,
1H), 7.96 (d, J = 8.30 Hz, 2H), 7.93 (d, J = 2.44 Hz, 1H), 7.70 (dd, J = 2.44, 8.79 Hz, 1H), 7.31
(d, J=9.28 Hz, 1H), 3.93 (s, 3H), 3.67 (t, J = 4.6 Hz, 4H), 2.95 (t, J = 4.6 Hz, 4H). MS: m/z =

511.1 (M+H)".

N-(4-(benzyloxy)-3-chlorophenyl)-6-(4-(morpholinosulfonyl)phenyl)quinazolin-4-amine

hydrochloride (20e). Yield: 70.1%. '"H NMR (500 MHz, DMSO-dg) 8: 11.49 (br. s., 1H), 9.18
(s, 1H), 8.95 (s, 1H), 8.50 (dd, J = 1.71, 8.55 Hz, 1H), 8.20 - 8.22 (m, 2H), 8.01 (d, J = 8.79 Hz,
1H), 7.93 - 7.96 (m, 3H), 7.68 (dd, J = 2.69, 9.03 Hz, 1H), 7.51 - 7.53 (m, 2H), 7.35 - 7.46 (m,
4H), 5.30 (s, 2H), 3.66 - 3.68 (t, J = 4.9 Hz, 4H), 2.5 (t, J = 4.4 Hz, 4H). MS: m/z = 587.2

(M+H)".

N-(4-((3-bromobenzyl)oxy)-3-chlorophenyl)-6-(4-(morpholinosulfonyl)phenyl)quinazolin-4-
amine hydrochloride (20f). Yield: 51.6%. '"H NMR (500 MHz, DMSO-dg) 8: 11.45 (br. s., 1H),
9.17 (s, 1H), 8.95 (s, 1H), 8.50 (d, /= 8.79 Hz, 1H), 8.21 (d, J = 8.79 Hz, 2H), 8.01 (d, J = 8.30
Hz, 1H), 7.94 - 7.97 (m, 3H), 7.72 (s, 1H), 7.69 (dd, J = 2.69, 9.03 Hz, 1H), 7.58 (d, J = 7.81 Hz,
1H), 7.52 (d, J=7.81 Hz, 1H), 7.37 - 7.43 (m, 2H), 5.31 (s, 2H), 3.67 (t, /= 4.4 Hz, 4H), 2.95 (t,

J=4.35Hz, 4H). MS: m/z = 665.1 (M+H)".

N-(3-chloro-4-((3-chlorobenzyl)oxy)phenyl)-6-(4-(morpholinosulfonyl)phenyl)quinazolin-4-
amine hydrochloride (20g). Yield: 49.1%. '"H NMR (500 MHz, DMSO-dy) &: 11.54 (br. s., 1H),

9.19 (br. s., 1H), 8.96 (br. s., 1H), 8.50 (d, J = 8.79 Hz, 1H), 8.21 (d, J = 8.30 Hz, 2H), 7.98 -
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8.08 (m, 1H), 7.94 - 7.96 (m, 3H), 7.69 (dd, J = 2.44, 8.79 Hz, 1H), 7.58 (br. s., 1H), 7.37 - 7.50

(m, 4H), 5.31 (br. s., 2H), 3.67 (br. s., 4H), 2.95 (br. s., 4H). MS: m/z = 621.1 (M+H)".

N-(3-chloro-4-((2,3-difluorobenzyl)oxy)phenyl)-6-(4-(morpholinosulfonyl)phenyl)

quinazolin-4-amine hydrochloride (20h). Yield: 53.3%. 'H NMR (500 MHz, DMSO-d¢) #:
11.58 (br. s., 1H), 9.22 (s, 1H), 8.97 (s, 1H), 8.51 (dd, J = 1.46, 8.79 Hz, 1H), 8.22 (d, J = 8.30
Hz, 2H), 8.03 (d, /= 8.79 Hz, 1H), 7.93 - 7.97 (m, 3H), 7.73 (dd, J = 2.44, 8.79 Hz, 1H), 7.43 -
7.53 (m, 3H), 7.28 - 7.34 (m, 1H), 5.38 (s, 2H), 3.67 (t, J = 4.4 Hz, 4H), 2.95 (t, J = 4.6 Hz, 4H).

MS: m/z = 623.2 (M+H)".

N-(3-chloro-4-((2-fluorobenzyl)oxy)phenyl)-6-(4-(morpholinosulfonyl)phenyl)quinazolin-4-

amine hydrochloride (20i). Yield: 41.2%. "H NMR (500 MHz, DMSO-dg) §: 11.32 (br. s., 1H),
9.12 (br. s., 1H), 8.93 (br. s., 1H), 8.47 (d, /= 8.79 Hz, 1H), 8.18 (d, J = 8.30 Hz, 2H), 7.98 (d, J
=8.79 Hz, 1H), 7.92 - 7.96 (m, 3H), 7.70 (dd, J = 2.44, 8.79 Hz, 1H), 7.60 - 7.63 (m, 1H), 7.43 -
7.46 (m, 2H), 7.25 - 7.32 (m, 2H), 5.31 (s, 2H), 3.65 (t, J = 4.6 Hz, 4H), 2.93 (t, J = 4.6 Hz, 4H).

MS: m/z = 605.2 (M+H)".

N-(3-chloro-4-((4-fluorobenzyl)oxy)phenyl)-6-(4-(morpholinosulfonyl)phenyl)quinazolin-4-
amine hydrochloride (20j). Yield: 67.1%. '"H NMR (500 MHz, DMSO-dg) &: 11.66 (br. s., 1H),
9.24 (br. s., 1H), 8.97 (s, 1H), 8.52 (d, J = 8.79 Hz, 1H), 8.23 (d, J = 8.30 Hz, 2H), 8.03 (d, J =
8.79 Hz, 1H), 7.94 - 7.96 (m, 3H), 7.70 (dd, J = 2.44, 8.79 Hz, 1H), 7.55 - 7.58 (m, 2H), 7.41 (d,
J=28.79 Hz, 1H), 7.26 - 7.30 (m, 2H), 5.28 (s, 2H), 3.7 (t, J = 4.9 Hz, 4H), 2.95 (t, J = 4.6 Hz,

4H). MS: m/z = 605.2 (M+H)".

N-(3-chloro-4-((3-methoxybenzyl)oxy)phenyl)-6-(4-(morpholinosulfonyl)phenyl)quinazolin-
4-amine hydrochloride (20K). Yield: 43.1%. "H NMR (500 MHz, DMSO-ds) &: 11.40 (br. s.,
1H), 9.15 (s, 1H), 8.94 (s, 1H), 8.49 (d, J = 8.30 Hz, 1H), 8.20 (d, J = 8.30 Hz, 2H), 8.00 (d, J =
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8.79 Hz, 1H), 7.93 - 7.97 (m, 3H), 7.68 (dd, J = 2.44, 8.79 Hz, 1H), 7.33 - 7.39 (m, 2H), 7.06 -
7.08 (m, 2H), 6.91 - 6.96 (m, 1H), 5.27 (s, 2H), 3.78 (s, 3H), 3.67 (t, J = 4.9 Hz, 4H), 2.95 (t, J =

4.4 Hz, 4H). MS: m/z=617.2 (M+H)".

N-(3-chloro-4-((3-fluoro-4-(trifluoromethyl)benzyl)oxy)phenyl)-6-(4-(morpholinosulfonyl)

phenyl)quinazolin-4-amine hydrochloride (201). Yield: 40.9%. '"H NMR (500 MHz, DMSO-
de) 6: 11.74 (br. s., 1H), 9.29 (s, 1H), 8.98 (s, 1H), 8.52 (dd, J = 1.46, 8.79 Hz, 1H), 8.24 (d, J =
8.79 Hz, 2H), 8.05 (d, J = 8.79 Hz, 1H), 7.99 (d, J = 2.44 Hz, 1H), 7.95 (d, J = 8.30 Hz, 2H),
7.89 (t,J=7.81 Hz, 1H), 7.72 (dd, J = 2.44, 8.79 Hz, 1H), 7.63 (d, J = 11.23 Hz, 1H), 7.55 (d, J
=17.81 Hz, 1H), 7.38 (d, /= 8.79 Hz, 1H), 5.43 (s, 2H), 3.67 (t,J = 4.4 Hz, 4H), 2.95 (t, /= 4.4

Hz, 4H). MS: m/z = 673.2 (M+H)".

N-(3-chloro-4-((2,3,5-trifluorobenzyl)oxy)phenyl)-6-(4-(morpholinosulfonyl)phenyl)

quinazolin-4-amine hydrochloride (20m). Yield: 42%. '"H NMR (500 MHz, DMSO-dq) #:
11.49 (br. s., 1H), 9.19 (s, 1H), 8.96 (s, 1H), 8.51 (d, J=9.77 Hz, 1H), 8.21 (d, J = 8.30 Hz, 2H),
8.02 (d, J = 8.79 Hz, 1H), 7.95 - 7.98 (m, 3H), 7.73 (dd, J = 2.69, 9.03 Hz, 1H), 7.56- 7.65 (m,
1H), 7.48 (d, J=8.79 Hz, 1H), 7.34 - 7.36 (m, 1H), 5.38 (s, 2H), 3.67 (t, /= 4.9 Hz, 4H), 2.95 (t,

J=4.4Hz, 4H). MS: m/z = 641.1 (M+H)".

N-(4-((3-fluorobenzyl)oxy)phenyl)-6-(4-(morpholinosulfonyl)phenyl)quinazolin-4-amine

(20n). Yield: 45.8%. 'H NMR (500 MHz, DMSO-de) 8: 11.40 (br. s., 1H), 9.15 (s, 1H), 8.88 (s,
1H), 8.49 (d, J = 8.79 Hz, 1H), 8.20 (d, J = 8.79 Hz, 2H), 7.92 - 8.02 (m, 3H), 7.65 (d, J = 9.30
Hz, 2H), 7.45 - 7.51 (m, 1H), 7.31 - 7.35 (m, 2H), 7.16 - 7.22 (m, 3H), 5.21 (s, 2H), 3.67 (t, J =

4.4 Hz, 4H), 2.95 (t, J = 4.4 Hz, 4H). MS: m/z = 571.2 (M+H)".
N-(4-((3-fluorobenzyl)oxy)-3-methoxyphenyl)-6-(4-(morpholinosulfonyl)phenyl)quinazolin-

4-amine (200). Yield: 18%. "H NMR (500 MHz, DMSO-de) §: 11.32 (br. s., 1H), 9.14 (s, 1H),
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8.90 (s, 1H), 8.49 (d, J = 8.30 Hz, 1H), 8.20 (d, J = 8.79 Hz, 2H), 7.99 (d, J = 8.79 Hz, 1H), 7.96
(d, J = 8.30 Hz, 2H), 7.45 - 7.50 (m, 1H), 7.41 (d, J = 2.44 Hz, 1H), 7.28 - 7.34 (m, 3H), 7.15 -
7.22 (m, 2H), 5.19 (s, 2H), 3.84 (s, 3H), 3.67 (t, J = 4.9 Hz, 4H), 2.95 (t, J = 4.4 Hz, 4H). MS:

m/z=601.1 (M+H)".
3.2.2 Trypanosome growth inhibition assay

Bloodstream 7. brucei brucei Lister 427 cells were cultured in HMI-9 medium [42].The
growth inhibition assays were performed as described [24]. The mean Glso and standard

deviation in the tables are calculated from two different experiments performed in duplicates.
3.2.3 HepG2 cell toxicity assay

The 384 well MTT cytotoxicity assay is a modification of the MTT method described by
Ferrari et al [43], optimized for 384 well throughput, with modifications described in detail in
the Supporting Information. The 50% inhibitory concentrations (ICsyp) were generated for each
toxicity dose response test using GraphPad Prism (GraphPad Software Inc., San Diego, CA)

using the nonlinear regression (sigmoidal dose-response/variable slope) equation.
3.3 Results

We screened nine quinazoline-based EGFR inhibitors (1-9, Table 3.1) [18,28-30],
received from GlaxoSmithKline, against 7 brucei brucei Lister 427 growth and observed a 10-

1«

fold range in potency (Table 3.1) despite limited scope in variation of the R™ “tail” region of the
scaffold. Also, lapatinib (9, 1.54 uM) demonstrated four-fold more potency against 7. brucei as
compared to a HepG2 hepatocarcinoma cell line in terms of Glsy [31]. The immediate goals of

our subsequent optimization efforts are twofold; (i) improve the potency of this chemotype for

inhibition of 7. brucei replication, and (ii) increase the selectivity ratio over HepG2.
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Noting the effect of subtle tail-group changes on parasite growth inhibition, we first
focused our attention on broader exploration of replacements for the furan-derived tail. This was
achieved by a broad diversity scan utilizing Suzuki chemistry methodology using boronic acids
or esters to enumerate a virtual library of lapatinib analogs (10, Scheme 1). The structures in this
virtual library were clustered based on a maximum dissimilarity algorithm, and cluster centers

were selected for synthesis (PipelinePilot, Scitegic, Inc).

In anticipation of the parallel synthesis, we prepared the iodoquinazoline 14 by the route
shown in Scheme 1. Treatment of the commercially available anthranilic acid 11 with
formamide proceeded in 70% yield, followed by chlorination with thionyl chloride to provide the
chloroquinazoline 13 in 85% yield. This template was reacted with the requisite aniline (17,
Scheme 2), which was prepared by a sequence of alkylation of the nitrophenol 15 with 3-
fluorobenzyl bromide followed by nitro group reduction. With the required template 14 in hand,
we smoothly prepared ten analogs (10a-k) from the selected boronates using standard Suzuki
reaction conditions. The structures and biological activities for these compounds are summarized
in Table 3.2. From this series of analogs we identified NEU369 (10a), which was approximately
equipotent to lapatinib against 7 brucei cells. Further testing of this compound and its analogs

showed that, unlike lapatinib, it did not inhibit HepG2 cell growth (ECso> 15 uM) (Table 3.3).

Scheme 1. Synthesis of lapatinib analogs 10."

0, L @ @ r
HO | HN |
0 0 ©/\ ©/\

1 12

"Reagents and conditions: (a) formamide, 170 °C, 4h, 70%, (b) thionyl chlorlde, DMF, 80 °C,
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12h, 85%; (c) 3-chloro-4-((3-fluorobenzyl)oxy)aniline, 2-propanol, 80 °C, 12h, 85%; (d) Ar-
B(OH),, Pd(PPh;)4, 2M Na,COs, DME, EtOH, 80 °C, 12h.

a

Scheme 2. Synthesis of requisite aniline intermediates 17.
NO, a NO, NH,
e o
HO R1 R1
R2 R2 R2
15 16 17

"Reagents and conditions: (a) alkyl halide, K,COs, acetonitrile, 50 °C, 12h; (b) Zn, NH4Cl,

MeOH, H,0, 25-50 °C, 6h.

Keeping the newly identified tail group present in 10a (Table 3.3), we turned our
attention to exploration of the aniline head group region of the molecule. Preparation of the
requisite chloroquinazoline 19 (Scheme 3) was achieved by treatment of 12 with the required
boronic acid using Suzuki conditions, followed by chlorination with thionyl chloride. This

intermediate was reacted with a range of anilines (Scheme 2) to provide analogs 20 (Table 3.3).

This library was designed to explore the role of halogen substitutions on the terminal
benzyl substituent (R') headgroup, testing positional isomers of fluoro substitutions and other
potential halogen replacements such as methoxy and trifluoromethyl groups. These
modifications produced insignificant changes in activity of the compounds against 7. brucei. We
prepared a few analogs to assess functional group tolerance at the R* position of the head group,
replacing the chlorine atom of lapatinib with hydrogen and methoxy groups; these changes also
resulted in very modest alterations in anti-trypanosomal activity. Interestingly, truncation of the

molecule (20a) gave potency approximately equal to 10a, translating to a slightly improved
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ligand efficiency value (LE of 10a=0.14; 20a=0.18) [32]. Importantly, HepG2 cell toxicity was

unaffected by any of these modifications.

Scheme 3. Synthesis of head group expansion set 20."

N N N N
¢ A F e o 1)
HN | HN Ny Ny O
|O o)
o} o} O L2 P g

NH
S. 7N 7N
12 18 d Nk/o 19 ° (}3 R’ ° Lo

"Reagents and conditions: (a) (4-(morpholinosulfonyl)phenyl)boronic acid, Pd(PPhs);, 2M
Na,COs, DME, EtOH, 80 °C, 30h, 85%; (b) thionyl chloride, DMF, 80 °C, 36h, 66%; (c) Ar-

NH,, 2-propanol, 80 °C, 12h.

For the next round of analogs, we turned our attention back to further refinement of the
tail group region of lapatinib, performing focused modifications of the 6-aryl position of the
quinazoline ring that were designed to evaluate steric requirements, as well as the required
adornment of polarity in this region of the inhibitor. These compounds (10k-x) were accessed
from the corresponding boronic acids using the route shown in Scheme 1. The larger
sulfonamide side chains showed some modest preference for meta-substitution (Table 3.4,
entries 1-6), though the methyl sulfones (entries 11-12) showed preference for para-substituents.
Comparing the sulfonamide substituents, morpholine was preferred over the other heterocyclics

tested.

Scheme 4. Synthesis of analogs 23."
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"Reagents and conditions: (a) bis(pinacolato)diboron, PdCl,(dppf)-CH,Cl,, KOAc, 1,4-dioxane,

80 °C, 12h, 33-72%; (b) 14, Pd(PPhs)s, 2M Na,COs, DME, EtOH, 80 °C, 12h.

A more systematic evaluation of linker and regiochemistry is shown in Table 3.5.
Compounds were synthesized from 14 by reaction with the appropriate boronate ester 22. In the
case of the morpholinosulfonamides (entries 1-8), meta- substitution is always better than para;
the most potent analog, NEU617, (23a), is directly linked to the aromatic ring. For
piperidinosulfonamides (entries 9-16), the meta preference is less consistent, and none of these
analogs show as potent growth inhibition as 23a. When the tail contains a morpholine (entries 1-
8), the linker has little impact on potency (except for 23a, a clear outlier); all meta-substituted
analogs are otherwise approximately equipotent. In cases where the morpholine moiety is at the

para-position there is little difference resulting from linker variation.

With piperidine-substitution (entries 9-16), it appears that a modest preference exists for
the meta-substituted amide, with a 6.7-fold loss of activity when moved to the para position
(compare entries 13 and 14), though the importance of positional substitution is otherwise less

for other examples, within ~2-fold in activity.
3.4 Discussion
Discovery of the 4-Anilinoquinazoline Scaffold for Anti-Trypanosome Lead Drugs

Large compound libraries have been screened in the cell culture systems to discover new
anti-trypanosomal leads in the past [33].Targeting essential metabolic pathways in the parasite
which have significantly diverged from human is a better way to complement the lead discovery
approaches against parasitic diseases like HAT. This can be achieved by the use of a select group

of existing compounds (focused screen) as a starting point that has already been tested for other
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human diseases (alternative use drug discovery). The use of focused screen and alternative use
drug discovery strategy reduces the labor, cost and time involved in the process of lead

discovery.

Transferrin (Tf, a growth factor) endocytosis is an important cellular pathway in 7. brucei
for iron uptake from the host blood [34]. Our lab has shown that receptor-mediated endocytosis
of Tf in the African trypanosome is stimulated by diacylglycerol (DAG) [35]. In most
eukaryotes, a Ser/Thr kinase protein kinase C that binds to the lipid with its Cl-domain is
responsible for amplifying the DAG mediated signaling pathways. However, the DAG signaling
pathways have not been studied in trypanosomes. We adopted a chemical biology approach to
understand the pathway linking DAG and Tf endocytosis in the trypanosome. We found that the
DAG-stimulated endocytosis of Tf was not blocked on by a Ser/Thr protein kinase inhibitor, but
by a Tyr kinase inhibitor Tyrphostin A47 [36]. We also recently found that lapatinib, a Tyr
kinase inhibitor and an FDA approved anti-cancer drug, blocked transferrin endocytosis in 7.

brucei [37].

Based on this finding we believed that kinase inhibitor drugs that have been approved for
human diseases could be further tested for anti-trypanosomal drug discovery. In a focused screen
of ten compounds derived from the 4-anilinoquinazoline scaffold, it was found nine compounds
including lapatinib killed 7. brucei at low micromolar concentrations [24]. We hereby describe
the subsequent scaffold optimization study that followed these results and led to the discovery of

more potent trypanocidal compounds based on established human EGFR inhibitor chemotypes.

We have accelerated our anti-trypanosomal discovery program by eliminating the need to
perform high-throughput screens. Indeed, in only a few optimization cycles we have attained

good potency that has enabled the identification of these compounds as a lead series for
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trypanosomiasis. Additional work is needed, however, particularly towards optimizing 23a to
improve predicted central nervous system exposure. A recent report by Wager ef al. described an
analysis that correlated compound properties to CNS exposure using data for both experimental
and marketed drugs,” and devised a scoring paradigm for prediction of CNS exposure [39]. This
protocol, termed multi-parameter optimization, or MPO, allows prediction of likely CNS
exposure for a given compound based on how closely it meets desired property ranges for MW,
cLogP, LogD, pKa, and TPSA (Table 3.6), with a maximal MPO score of 6.0, and compounds
>4.0 predicted to be CNS-penetrant. As shown in Table 3.6, compound 23a has significant
shortcomings in terms of properties that have been shown relevant to CNS activity, particularly
due to high calculated lipophilicity (cLogP, cLogD=7.1) and molecular weight (541 Da). Future
efforts will be focused on reduction of molecular size and lipophilicity to improve the likelihood

of CNS penetration, a pivotal requirement for any new therapeutic for HAT.

We have developed a potent anti-trypanosomal growth inhibitor (23a) based on the 6-
furanyl 4-anilinoquinazoline scaffold of lapatinib, which displays good selectivity over HepG2
cells. However, further optimization and animal studies will be required to explore the
therapeutic efficacy of this scaffold. This study extrapolates our understanding of DAG signaling
pathways in trypanosomes for anti-trypanosome lead drugs development, and at the same time

represents the phosphotyrosine signaling in trypanosomes for anti-parasite drug discovery.
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TABLES

Table 3.1: Initial screening data of lapatinib analogs.

o L
Ry a HN
o = |N
\N jl
TbbGls,
Compd GSK Number R, R, R; (uM)**
O-
\S/ﬁ
N
1 GW58337A & ~ Cl H 0.41
N
2 GW601906A Pro,s” ~ Cl F 0.43
N
3 GW633460A i-Pro,87 5 | F 0.48
rCN
N
MeO,S oS
4 GW616030X Cl F 0.52
/\/O\
5 GW615311X PhO,S Cl F 0.55
§
6 GW580496A MeO,S~ > % | g H 0.56
O-
\S/ﬁ
N
7 GW576924A & ~ F F 0.60
I?n
N.
8 GW616907X MeO,s” "5 | F 151
§
9 lapatinib MeO,8”~ "¢ | ¢ F 1.54

* All Gls values are + 7%. ® Concentration giving 50% inhibition of growth of T brucei brucei Lister 427 cells
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Table 3.2: T. brucei growth inhibition data of diverse analogs of lapatinib 10a-10k.

TbbGls,
Compd | R, (uM)**
Q
g N-S 5 1.39
10a — 5

T
10b H3C O 227

s
10c ~

3.85
(0] F
HaC ,
10d R 4.21
N-N
10 N
e o 3 4.50
10f 4.53
53

10g

S
10h @g_ 5.98
10i HO @E 6.45

HNT S
10j O%\/I

22.63

* All Gls values are + 7%. ® Concentration giving 50% inhibition of growth of T brucei brucei Lister 427 cells
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Table 3.3: T. brucei growth inhibition data for headgroup variations of 10a.

R
R
ok ST
O
Sh0ee
Ny j
HepG2 IC50
Tbb Gls,
Compd | R, R, (kM) (uM)
?‘o/\©/F
10a Cl 1.39 >15
20a H H 1.44 >3
20b CH; H 1.15 > 15
20¢ OH Cl 1.06 > 15
20d OCH; Cl 0.82 > 15
50@
20e Cl 1.35 > 15
;A{o Br
20f /\©/ Cl 0.68 > 15
?A‘O Cl
20g w Cl 0.66 > 15
F
f\o«ﬁjF
20h Cl 0.82 >15
70
20i F Cl 1.65 > 15
L
20j F Cl 1.34 > 15
ra o OCH,4
20k /\©/ Cl 1.43 > 15
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?OUF
201 CF3 Cl 0.54 >15
F

20m Cl 1.12 >3

20n H 0.65 > 15

200 OCH; 1.88 > 15

* All Gls values are + 7%. ® Concentration giving 50% inhibition of growth of T brucei brucei Lister 427 cells
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Table 3.4: T. brucei and HepG2 growth inhibition data for focused analogs of 10a.

0}
\
0=S$—_ |
R Z "N
SN J
Tbb GIsy | HepG2 ICs
Entry Compd position R, (UM)™ (M)
o0 N+
1 10a » N 1.39 >15
o0 N+%
2 10k m __/ 0.33 > 15

¢ N%
3 101 P 0.32 > 15

¢ N%
4 10m m 0.46 >15

O
5 10n » 0.35 > 15

or
6 100 m 0.25 >15

HiC-N  N%-
7 10p P —/ 0.53 >15
N-3-
_N
8 10q P HoC™ 0.81 1.81
S N+%
9 10r p / 0.47 >15
HN N
10 10s p s/ 0.28 3.32
1 10¢ P CH, 0.90 >15
12 10u m CH, 321 >15
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13 10v o N(CHs), 1.04 > 15

14 10w 0 NHC(CH;); 4.66 nd°®

* All Gls values are + 7%. ® Concentration giving 50% inhibition of growth of T brucei brucei Lister 427 cells. “Not
determined.
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Table 3.5: Growth inhibitory potency of regiochemical and linker analogs of 10.

2o L
O Raa
= HN
X |
R A ZN
- |
-
Tbb Gls,
HepG2
Entry | Compd |R Regio | X (uM)* ICso (M)
N
1 23a O\) m - 0.042 >20
2 23b P - 1.91 9.6
3 23c¢ m CH, | 0.36 nd*
4 23d P CH, 0.99 12.9
5 23e m C=0 | 0.55 nd
6 23t P c=0 |121 nd
7 10k m SO, 0.33 >20
8 10a P SO, 1.39 >20
Sk

9 23¢g m -- 0.76 >15
10 23h P - 038 nd
11 23i m CH, 0.65 nd
12 23] P CH, |15 nd
13 23k m C=0 | 0.14 >6
14 231 P C=0 | 094 nd
15 10m m SO, 0.46 >20
16 101 P SO, 0.32 >20

* All Gls values are + 7%. ® Concentration giving 50% inhibition of growth of T brucei brucei Lister 427 cells. “Not
determined.
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Table 3.6: Desirable ranges for CNS penetration and the MPO scoring for 23a.

Targeted Properties of

Prop Value 23a MPO Score
cLogP <3 7.1 0
cLogD <2 7.1 0
TPSA 40<X <90 | 595 1.00
MW <360 541 0
HBD <0.5 1 0.8
pKa <38 3.05 1.0

2.8

MPO score
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CHAPTER 1V

THERAPEUTIC EFFICACY OF GW572016, CI-1033, NEU617, AND AEE788

IN A MOUSE MODEL OF ACUTE HUMAN AFRICAN TRYPANOSOMIASIS®

*Behera, R., and Mensa-Wilmot, K. To be submitted to Antimicrobial Agents and Chemotherapy.

113



Abstract

Human African Trypanosomiasis (HAT) is a life threatening neglected tropical disease
caused by Trypanosoma brucei. We need new orally bioavailable drugs as emerging resistance
and toxic side effects of current therapies pose a limit to treatment choices. Drug development
against neglected diseases in general faces numerous setbacks because of which an alternative
drug discovery strategy (‘“Piggy-back” approach) is appropriate. Phosphotyrosine signaling in the
parasite is unique, biologically essential, and divergent from the system found in the mammalian
host; this situation makes the pathway an attractive target for chemotherapeutic intervention.
Studies on tyrosine kinase inhibitors in humans have led to the development of small molecules
that can be tested on trypanosomes. Here we test the potential of 4-anilinoquinazoline and
pyrrolopyrimidine scaffolds for antitrypanosome lead drug discovery. GW572016, CI-1033,
NEU617, and AEE788 were tested on axenically culture bloodstream trypanosome. The efficacy
of the drugs on mice infected with 7. brucei was also investigated. All four compounds actively
inhibited replication of 7. brucei in the culture at low micromolar to nanomolar concentration.
For in vivo studies, the compounds were tested in a mouse model of acute HAT by
intraperitoneal or oral administration. In all cases, drug treatment controlled infection and
extended the mean survival of mice as compared to the control mice that were treated with
vehicle. Oral administration of GW572016 and AEE788 was better at controlling. With
NEU617, the intraperitoneal route was more efficacious compared to the oral route. CI-1033
produced a similar effect irrespective of the dosing route. We conclude that both 4-
anilinoquinazoline and pyrrolopyrimidine are promising scaffolds that can be optimized as orally

active antitrypanosome lead drugs in a lead optimization campaign.
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4.1 Introduction

Millions of people in the Saharan sub-continent are potentially at risk of contracting
Human African Trypanosomiasis (HAT), also known as sleeping sickness. HAT is a parasitic
disease caused by Trypanosoma brucei, transmitted by the sand fly (Glossina spp.). The disease
develops in two clinically distinct forms; acute form disease is caused by 7. b. rhodesiense that is
more prevalent in East and Southern Africa whereas infection with 7. b. gambiense leads to a
chronic form that is endemic in West and Central Africa [1, 2]. The parasites replicate in the
blood during the early (hemolymphatic) stage and subsequently progress to the central nervous
system (encephalitic stage) by crossing the blood brain barrier [3].The disease, when untreated in
early stage, might lead to death as most of the drugs fail to cross the blood brain barrier in the

late stage.

The choices of drug for treatment of HAT are limited. All four (suramin, pentamidine,
melarsoprol, and eflornithine) drugs are given by injection and that requires hospitalization.
Because it is a disease that is prevalent among poor and rural communities, pharmaceutical
companies lack interest in developing drugs for HAT, considering it financially unprofitable.
Over the years HAT has emerged as one of the most neglected diseases of the tropics as defined
by the World Health Organization [4, 5]. We critically need novel orally active drugs with
improved therapeutic index. An ‘Alternative use drug discovery’ strategy can overcome the
obstacles in conventional drug discovery by adopting proven drugs and facilitating discovery of

“lead candidates” for further optimization.

The tyrosine kinase signaling pathway is an unexplored area in the African trypanosome.
Unlike the mammalian system, the human type receptor tyrosine kinases and phosphorylated

tyrosine binding domains are absent. However, presence of phosphotyrosine proteins has been
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reported [6-8]. That indicates that a deeply diverged phosphotyrosine signaling pathway might
exist in the parasite. Tyrphostin A47, a tyrosine kinase inhibitor, prevents transferrin endocytosis
and kills the parasite [9]. Following upon these results, we hypothesize that targeted inhibition of
the phosphotyrosine pathway with chemical compounds will be biologically detrimental for the
parasite. 4-Anilinoquinazoline and pyrrolopyrimidine are important classes of ATP-mimicking
tyrosine kinase inhibitors [10-13]. Because of their strong selectivity and potency, many of them
(GW572016, Erlotinib, Gefitinib etc.) are already in use or in clinical trials (CI-1033, AEE788)

against proliferative diseases like cancer [14-17].

In the current study we investigated GW572016, CI-1033 and AEE788 and a new 4-
anilinoquinaoline NEU617 as antitrypanosome agents. The compounds inhibited growth of T.
brucei in culture at low micromolar to nanomolar range of concentrations. When tested in vivo in
a mouse model of acute HAT to access the curative efficacy, all of them demonstrated good
activity depending on the route of administration. GW572016 could control parasitemia and
cured infection in 25% of the animals. CI-1033 and AEE788 checked parasitemia and improved
the mean survival of infected mice by 4 days and 5 days respectively when given orally.
NEUG617, when given intraperitoneally (IP), helped mice survive a level of parasitemia that
killed the untreated mice. The study shows that 4-anilinoquionazoline and pyrrolopyrimidine are
very good scaffolds for lead drug discovery against HAT. Oral bioavailability of the compounds

makes them especially suitable for a lead optimization campaign.
4.2 Materials And Methods
4.2.1 Materials

Dimethyl Sulfoxide (DMSO) was purchased from Fisher Scientific. N-methyl-2- pyrrolidone and
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polyethylene glycol 300 were from Fluka (Sigma-Aldrich). The components for preparation of

HMI-9 medium were previously described [18, 19].

4.2.2 Test compounds and preparation

GW572016 (Lapatinib), CI-1033 (Canertinib) and AEE788 were gifts from
GlaxoSmithKline (Durham, NC), Pfizer (New London, CT), Novartis (Vienna, Austria)
respectively. NEU617 was synthesized in the laboratory of Dr. M.P. Pollastri [20]. All
compounds were dissolved in DMSO as 10 mM stocks and stored at -20°C in small aliquots in
order to avoid repeated freezing and thawing. The final concentration of DMSO in all
experiments was <0.5%. For in vivo studies, compounds were reconstituted in two different
solvents based on the route of administration; (i) DMSO for intraperitoneal (I.P.) administration,
or (i1) N-methyl-2-pyrrolidone and polyethylene glycol 300 (1:9, v/v) for oral (P.O.) dosing. The
drugs were prepared fresh daily and the concentration was adjusted so that the animals received

less than 200 pl of solvent/dose/animal.

4.2.3 Structures of test compounds

GW572016 (Lapatinib), CI-1033 (Canertinib), and AEE788 are small molecule tyrosine
kinase inhibitors (mammalian) developed by GlaxoSmithKline, Novartis, and Pfizer
respectively. Both GW572016 and CI-1033 share a 4-anilinoquinazoline scaffold. AEE788 is a
pyrrolopyrimidine derivative. These compounds are well studied for development as anti-cancer
drugs in vitro and in vivo [21-25]. NEU617 is a novel 4-anilinoquinazoline. The chemical

structures of these compounds are shown (Fig. 4.1).

4.2.4 Trypanosome culture

The bloodstream form 7rypanosoma brucei brucei CA427 strain (gift from Dr. C.C.
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Wang, UCSF, CA) was used for both in vitro and in vivo experiments. Parasites were routinely
cultured in the HMI-9 medium containing 10% FBS, 10% serum plus (heat inactivated), and
antibiotic/ antimycotic solution with a final concentration of 100 I.U. penicillin/mL, 100 pg/mL
streptomycin, 0.25 pg/mL Amphotericin B. The culture was maintained in log growth phase

under standard conditions (5% CO, and 37°C) and sub-cultured every 2-3 days interval.
4.2.5 Mice

Swiss Webster (female) mice, age 8-10 weeks, were purchased from Harlan Laboratories
and housed in a micro-isolator with four animals per group under standard conditions. The
animals were infected following an acclimatization period of 7 days at the facility. All
experiments were conducted as per the protocol approved by the Institutional Animal Care and
Use Committee (IACUC) at the University of Georgia, Athens. The animals were checked least

daily during the course of an experiment.
4.2.6 In vitro assay

The standard growth inhibition assay was performed following a 48 h incubation protocol
[13]. All compounds were tested initially at 400 nM and 4 uM to define the range of
concentrations for subsequent assays. 7. brucei, from a mid log phase culture, were harvested by
centrifuging at 3000 RPM for 10 min, diluted in pre-warmed fresh HMI-9 medium, and added at
2 x 10° cells/ml/well in 24-wells plates. DMSO or drugs (2 ul) were added from appropriate
stocks to the final concentrations with DMSO less than 0.5%. After 48 h incubation under
standard culturing conditions, cell density in each well was determined with a hemocytometer.
The growth inhibition was plotted, and GIso for each drug was calculated from the equation
derived from the plot. Standard deviation was reported from two independent experiments with

double replicates.
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4.2.7 Drug efficacy in mouse a model of acute HAT

Log phase CA427 T. brucei were washed twice in 1X bicine-buffered saline with glucose
(50 mM Bicine, 50 mM NaCl, 5 mM KCI, and 1% w/v glucose), pelleted (3000 RPM for 10
min), and resuspended at 10* cells/ml of BSG. Each mouse was inoculated intraperitoneally with
10° cells with 26G % " needle (day 0). The animals were randomly assigned to different groups
(four mice per group). Prior to infecting the animals, body weights were recorded and tails
marked. Drug treatment was initiated one-day post infection and continued as mentioned.
Control group received the vehicle. Animals in the treatment groups were given calculated
amounts of drugs based on their body weights (see Table 1). Parasitemia was monitored daily for
14 days, by collecting 2 ul of blood (tail prick) in 18 pl of 0.85% ammonium chloride (NH4CI)
(1:10 dilution). The parasites were counted with a hemocytometer. Further dilutions were made
with BBG when the parasitemia was higher than 10°/ml. If no parasite was detected after 14
days, parasitemia was determined thrice a week for next 30 days. Animals surviving with no
detectable parasitemia 30 days post death of the last control mouse were considered cured.
Animals showing distress at any stage of the experiment was euthanized and considered dead.

The graphs were plotted with graphpad prizm software (La Jolla, CA).
4.3 Results
4.3.1 Effects of drugs on axenically cultured trypanosomes

It has been reported that Tyrophostin A47, a tyrosine kinase inhibitor, kills 7. brucei [9].
We investigated the effect of three tyrosine kinase inhibitors namely GW572016, CI-1033 and
AEE788 on blood stream form trypanosomes in vitro. All compounds inhibited growth of 7.
brucei in a concentration dependent manner. The Glsy (concentration that inhibits 7. brucei

growth by 50%) values were 1.5 uM for GW572016, 2.0 uM for CI-1033 and 2.5 uM AEE788
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(Fig. 4. 2.A, B, D). NEU617 was significantly more potent with a Glso value of 0.04 (Fig.

4.2.0).
4.3.2 Efficacy of drugs in a mouse model of acute HAT

All four compounds were tested in mice infected with CA427 strain 7. brucei. The drugs
were administered in two different routes (IP and PO) in separate experiments as mentioned in
materials and methods. Parasites were usually detected in blood as early as 2 days post infection
and the parasitemia peaked at a level of 10°-10° between day 5-7 days. The untreated animals
failed to control infection and died by day 8. Animals in distress were euthanized at any stage of
the experiment. The mean survival time for the control group was 4-5 days (Fig. 4.3. 4.4, 4.5,
4.6). GW572016 is an orally bioavailable drug [21]. When the drug was administered IP, the
treated animals outlived the control and the increase in mean survival was 1.25 days (Fig. 4.3.E).
Better results were obtained in animals treated orally with GW572016 when compared to those
receiving IP injection. GW572016 achieved 25% cure by oral administration where the infection
was controlled (Fig. 4.3.D). The mean survival period of remaining animals in the group was
extended by 3.2 days as a result of GWGWS572016 treatment (Fig. 4.3.F). The onset of
parasitemia was delayed in mice treated by IP dosing route (Fig. 4.3.A). However, the treatment
could not eliminate the infection and the animals died by day 7 (Fig 4.3.C). In the group that
received treatment orally the parasitemia was comparable with the control group. Drug treated

animals could survive a parasitemia as high as 10’ (Fig 4.3.B).

Similar data were obtained when CI-1033 was given IP or orally. The treatment
prolonged the life span of the animals compared to the control (Fig. 4.4.C, D); the mean survival
increased by 1.5 days (IP dosing) or 5 days (oral dosing) compared to the control group (Fig.

4.4.E, F). In both situations parasites were detected one day later, and the level of parasites in the
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blood in the treated group remained lower than the control initially (Fig. 4.4.A, B). Also, the
parasitemia developed at a slower rate and the drugged animals could withstand a higher level of

infection.

The efficacy of NEU617, when given IP, was better compared to the oral route. The
animals survived longer when it was given by IP; the mean survival increased by 4.25 days
(compared to 1.5 days when given PO) (Fig. 4.5.C, D, E, and F). The treated group had a lower
parasitemia when compared to the control group (Fig. 4.5.A, B). When NEU617 was given IP,
the trypanosomes were detected one day later than the control where as both groups showed

parasites on the same day in the oral dosing experiment.

Efficacy of AEE788 was improved by oral administration. The animal survival was
prolonged in the group by oral route with an extension of mean survival by 5 days than the
control (Fig. 4.6.D, F). However, the animals died around the same time as the control when
AEE788 was given IP, and the mean survival was relatively similar (Fig. 4.6.C, E). AEE788
showed good activity at controlling the infection by IP route initially and the animals died with
low level of parasitemia (Fig. 4.6.A). The treated animals could tolerate higher parasitemia than
the control mice by oral dosing. We noticed a second wave of parasitemia that killed the animals

(Fig. 4.6.B).
4.4 Discussion

Few drugs are available for treating human African Trypanosomiasis and they are not
orally administered. Discovery of new drugs against 7. brucei is a priority of WHO since
pharmaceutical companies are less concerned in investing in drug discovery programs for

parasitic diseases [26]. An “alternative use drug discovery” strategy is one good approach that
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can be used to find new drugs especially if these compounds have been used in phase I human

trials.

Our interest for investigating protein tyrosine kinase inhibitors (PTKIs) as potential drug
candidates for HAT is logical. First, tyrosine kinase activity inhibitors block transferrin
endocytosis which is essential pathway for uptake of extracellular iron in 7. brucei [9]. Second,
orally bioavailable tyrosine kinase inhibitors are available that have been tested in mice [21-25].
To determine the effect on bloodstream form 7. brucei, we tested two 4-anilinoquinazolines
(GW572016 and CI-1033) and a pyrrolopyrimidine (AEE788) (Fig. 4.1). All three drugs
inhibited replication of cultured 7. brucei at low micromolar concentrations (GI50 value of < 3.0
uM) (Fig. 4.2). It is important to mention here that not all the PTKIs that we tested are active
against 7. brucei. Target profiling has shown that GW572016, CI-1033, and AEE788 bind
essential protein kinases in 7. brucei [13]. Considering the fact that these drugs are optimized
against human targets it is less likely that they will be concurrently optimized against
trypanosome PTKs. In an initial attempt to optimize 4-anilinoquinazoline scaffold for anti-
trypanosome drug discovery NEU617 was developed [20]. /n vitro NEU617 was potent at low

nanomolar concentration (Glsyo 42 nM) (Fig. 4.2.C).

We tested these compounds in animal models of acute HAT to find out whether they
might be lead drugs against HAT. Better results were obtained when GW572016, CI-1033, and
AEE788 were given orally (Fig. 4.3.D, 4.4.D, 4.6.C). This finding further suggests that both 4-
anilinoquinazoline and pyrrolopyrimidine scaffolds can be improved in future to discover novel
orally bioavailable drugs for HAT. Also, it was found that the animals when received these drugs
intraperitoneally the animals died with a low level of parasites which implies that these drug

could be toxic. In a separate experiment, toxicity of AEE788 was confirmed at 30 mg/kg of IP
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injection. NEU617, however, had a better activity by IP dosing (Fig. 4.5.B, D, F). This could be
due to either low absorption from digestive tract or binding of drug by plasma proteins. NEU617

had no toxicity issue at the dose rate of 10 mg/kg.

To summarize, parasitemia was controlled and an increase in the mean survival was
noticed following treatment with GW572016/ CI-1033/AEE788 (PO) or NEU617 (IP). Also, the
drug treatment made the animals more resistant to higher parasite load that the control group
failed to withstand. The drugs were well tolerated at the dose mentioned earlier with no sign of
toxicity or adverse effect during the entire course of treatment. We conclude that the 4-
anilinoquinazoline and pyrrolopyrimidine are good scaffolds for developing orally available

drugs against HAT.
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Figure 4.1: Chemical structures of GW572016, CI-1033, NEU617 and AEE788.
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Figure 4.2: GW572016, CI-1033, NEU617 and AEE788 inhibit 7. brucei growth in vitro.
Bloodstream 7. brucei (initial cell density of 2 x 10° cells/ ml) were cultured in 24-well plates for
48 h with either DMSO (0 uM control) or different concentrations of drug. Trypanosome density
following incubation was determined with a hemocytometer. The mean parasite density +
standard deviation obtained from two independent experiments in duplicate was plotted in the

graphs. An (*) indicates no live cells were detected.
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Figure 4.2
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Figure 4.3: Assessment of GW572016 in a mouse model of acute HAT. (A, B) Parasitemia
following GW572016 treatment. Animals were infected with 1000 7. brucei CA427 parasites
(day 0). Parasitemia was determined by collecting 2 pl of blood by tail prick into 18 ul of 0.85%
ammonium chloride, and counted with a hemocytometer. The parasitemia was determined every
24 h. U: Untreated group, and T: Treated group. (C, D) Animal survival post infection.
Animals were treated from day 1 with 100 mg/kg GW572016 once daily. The control group
received only the vehicle. (PO: Oral gavage, and IP: Intraperitoneal injection). (E, F) Mean
survival. The average number of days that treated animals survived (cured not included) was
calculated and plotted as the mean survival. The standard deviation in the mean survival in the

group is presented. * Indicates that a mouse was cured.
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Figure 4.3
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Figure 4.4: Assessment of CI-1033 in a mouse model of acute HAT. (A, B) Parasitemia
following CI-1033 treatment. Parasitemia was determined once daily with a hemocytometer. U:
Untreated group and T: Treated group. (C, D) Animal survival post infection. Animals were
dosed with 30 mg/kg CI-1033once daily in the treated group where as control group received the
vehicle. (PO: Oral gavage, and IP: Intraperitoneal injection). (E, F) Mean survival. Average

survival days + standard deviation in the group was plotted.
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Figure 4.4
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Figure 4.5: Assessment of NEU617 in a mouse model of acute HAT: (A, B) Parasitemia
following NEUG617 treatment. Parasitemia was determined as described and graphs were
plotted. U: Untreated group and T: Treated group. (C, D) Animal survival post infection. The
animals were treated with10 mg/kg NEU617 twice daily (20 mg/ kg BW total). The control
group received the vehicle only. (PO: Oral gavage and IP: Intraperitoneal injection). (E, F)

Mean survival. Average survival days + standard deviation in the group was plotted.
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Figure 4.5
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Figure 4.6: Assessment of AEE788 in a mouse model of acute HAT. (A, B) Parasitemia
following AEE788 treatment. Parasitemia in the blood was determined with a hemocytometer
and graphs were plotted. U: Untreated group and T: Treated group. (C, D) Animal survival
post infection. The animals were treated with 30 mg/kg NEU617 once daily. The control group
received the vehicle only. (PO: Oral gavage, and IP: Intraperitoneal injection). (E, F) Mean

survival. Average survival days + standard deviation in the group was plotted.
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Figure 4.6
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CHAPTER V

CONCLUSION AND FUTURE DIRECTION

Human African trypanosomiasis (HAT) is a life-threatening neglected tropical disease
caused by Trypanosoma brucei [1, 2]. Drugs available for treatment of HAT are toxic and given
parenterally [3-5]; safer orally active drugs are immediately needed. To foster drug discovery
process, it is valuable to study essential pathways in 7. brucei that can be exploited for

chemotherapy.

Phosphotyrosine signaling in trypanosomes is divergent; mammalian type receptor
tyrosine kinases and phosphotyrosine binding domains (e.g. SH2 and PTB) are absent in the
genome [6]. Tyrosine phosphorylated proteins are detected by western blotting and mass
spectrometry analysis [7-9]. It is therefore implicated that tyrosine phosphorylation might be
carried out by dual specificity kinases in the parasite. Tyrosine kinase activity regulates
transferrin endocytosis, a mechanism for internalization of extracellular iron, in bloodstream
form T. brucei [10]. Further, Tyrphostin A47, a tyrosine kinase inhibitor, reduces transferrin
endocytosis and kills the parasite [10]. It can be inferred from this data that phosphotyrosine
signaling is essential for trypanosomes, and the pathway can be targeted for drug intervention.

The tools and techniques for studying this pathway in trypanosomes are not optimized yet.

We hereby report the use of a chemical biology strategy to investigate phosphotyrosine
signaling in bloodstream 7. brucei. In the search for anti-trypanosomal tyrosine kinase inhibitors,

we recognized the potential of 4-anilinoquinazoline scaffold that we further optimized in a
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structure-activity relationship study. Finally, we tested several potent tyrosine kinase inhibitors

in a mouse model of acute human African trypanosomiasis.

4-Anilinoquinazoline drugs are in clinical use for cancer (e.g. lapatinib, gefitinib,
erlotinib) [11-15]. To begin with, we performed a “focused screen” of ten 4-anilinoquinazoline
derivatives against 7. brucei and observed that the compounds inhibited growth at low
micromolar concentration. GW572016 (lapatinib) had a Glso (the concentration that inhibits
parasite growth by 50%) of 1.5 uM and was selectively toxic against 7. brucei in comparison to

human HelLa cells.

We used GW572016 as a chemical tool and found that the drug inhibited tyrosine
phosphorylation of select trypanosome proteins. Recent work in our lab has identified four
GW572016 binding protein kinases (TbLBPKI1-4) as possible targets [16]. The pathways
downstream of these kinases are unknown. One possible way of discovering these pathways is
by looking into potential effector proteins as those whose apparent tyrosine phosphorylation was
inhibited by GW572016. By adapting an affinity chromatography /mass spectrometry approach
we identified 39 effector proteins. Predicted functions of these proteins include (i) cytoskeleton
(e.g. tubulin), (ii) cell morphology and flagellum biogenesis (e.g. PFR-1/PFR-C), (iii)
endocytosis (e.g. actin A), (iv) glycolysis (e.g. phosphofructokinase) and (v) protein synthesis
(e.g. ribosomal protein S7). We further investigated the effects of GW572016 on three

pathways, namely cell morphology, flagellum biogenesis, and endocytosis.

When incubated with the drug, the morphology of trypanosomes changed from “long
slender” to “round”. T. brucei is a polarized cell and the shape is maintained with the assistance
of subpellicular microtubules. We therefore studied the effect of GW572016 on cellular

distribution of tubulins by fluorescence microscopy. The localization of B-tubulin changed from
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the area between the nucleus and the kinetoplast in untreated cells to the cell periphery in round
trypanosomes. The distribution pattern of a-tubulin remained unaltered. Tyrosinated a-tubulin is
normally present in the basal body, emergent flagellum, and at the cell posterior. In GW572016-
treated cells, tyrosinated o-tubulin was found throughout the cytoplasm. Related data were
obtained for the paraflagellar rod (PFR); it was localized at the periphery of round cells instead
of spanning the length of the flagellum. Scanning electron microscopy revealed that the
flagellum is retracted into the round cell body. We conclude that the phosphotyrosine signaling
regulate at least (i) trypanosome morphology, (ii) flagellum topology, (iii) distribution of

tyrosinated a-tubulin, and (iv) localization of B-tubulin in vivo.

A “piggy back” drug discovery strategy [27] employs clinically proven drugs for testing
against other diseases. Such an alternative approach could be useful to expedite drug discovery
against neglected diseases. From the focused screen mentioned above, we realized that 4-
anilinoquinazoline is a promising scaffold for antitrypanosome drug discovery. Nine compounds
used in an initial screen displayed a 10 fold range of potency in terms of Glso in trypanosomes.
Inspired by this data we designed a project (in collaboration with medicinal chemists) to further
optimize the 4-anilinoquinazoline scaffold against trypanosome replication. This study led to the
discovery of several 4-anilinoquinazolines with low nanomolar Gls profile (< 200 nM) against

T. brucei.

Finally, we tested therapeutic potential of three 4-anilinoquinazolines (GW572016, CI-
1033, and NEU617) [17, 18] and one pyrrolopyrimidine derivative (AEE788) [19] in an animal
model of acute human African trypanosomiasis. The compounds were administered by two
routes (oral and intraperitoneal) in separate experiments. It was observed that drug treatment, in

all cases, controlled the infection and extended the mean survival of mice as compared to the
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control mice. Both GW572016 and AEE788 gave better results when administered by the oral
route. However, with NEU617, the intraperitoneal route was more efficacious. A similar effect
irrespective of the dosing route was noticed with CI-1033. This study showed that both 4-
anilinoquinazoline and pyrrolopyrimidine are promising scaffolds that can be optimized as orally

active antitrypanosome lead drugs in a lead optimization campaign.

The current work addresses two independent but related aspect of research on
trypanosomes; first, a chemical tool driven exploration of 7. brucei biology; and second, a drug
discovery initiative for identification of potential leads. Considering the fact that
phosphotyrosine signaling is not well explored in any trypanosomatid, our findings provide a
foundation for further investigation. Recent work in our lab has already reported kinases which
could be potentially mediating tyrosine phosphorylation in 7. brucei [16]. However, the
substrates of these kinases are unknown. Further, biochemical characterization [20, 21] and
genetic validation experiments [22, 23] are needed to reveal the real potential of these kinases as
drug targets. Depending on how essential these kinases are in the phosphotyrosine signaling
pathway, structure based inhibitors can be designed to improve selectivity and potency.
Following upon the target kinases, we identified the potential downstream effector proteins and
their associated cellular pathways. Subsequently, we can test which of these candidate proteins
are in fact tyrosine-phosphorylated. To figure out this, an affinity chromatography/ mass-
spectrometry experiment can be designed after phosphotyrosine enrichment (phosphotyrosine
proteins are low abundant) [24]. The drug discovery project can be expanded in future by testing
4-anilinoquinazoline class of compounds in animal models of late stage 7. brucei disease [25,
26]. Also, the study of pharmacokinetics of these drugs will provide an insight of their

availability after oral administration, rate of elimination, and central nervous system (CNS)
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exposure, which will be important for control of “late stage” disease. This will help to develop a

safe and effective dosing concentration, and reduce toxicity issues.
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