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Abstract of the Dissertation
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2009

The mammalian target of rapamycin (mTOR) is a Ser/Thr protein kinase that
regulates cell proliferation, size, and survival. Signaling through mTOR is hyperactivated
in many human cancers and thus is an attractive target for cancer treatment. Rapamycin
and its analogs selectively inhibit mTOR function and are under clinical development as
anti-cancer agents.

MTOR exists in the cell as two distinct multiprotein complexes called mTORC1
and mTORC2. Rapamycin and its analogs bind to a domain of mTOR distinct from the
kinase domain to block mTORC1 function, but do not affect the activity of mTORC?2.
Evidence indicates that compounds that inhibit both forms of mTOR, as might be
achieved by directly targeting the kinase domain, should have better anticancer activity

than rapamycin and its analogs.



The kinase domain of mTOR is highly homologous to the phosphatidyl inositol 3-
kinases (P13Ks) and related protein kinases. Many PI3K inhibitors are known, and most
also inhibit mTOR. Two such compounds LY294002 and P1103 were used in this project
as lead compounds for the development of inhibitors targeting mTOR. As the 3-D
structure of mTOR has not been solved, homology modeling was performed based on a
known PI3K structure to predict modifications to LY294002 to increase potency and
selectivity toward mTOR. Two regions of the LY294002 structure were identified for
variation, one in the region of a unique cysteine in the active site of mTOR and the other
in the region of a Trp to Lys change in mTOR vs. PI3K that provides additional space in
the active site for expansion of the inhibitor. A series of inhibitors have been prepared
modified in each of these regions. The results of inhibition studies support the

predictions based on homology modeling.

Flexible alignment of PI103 and LY294002 was used to predict the binding mode
of PI103 to mTOR. Based on this alignment and the homology model, areas of PI1103
were chosen for modification to increase activity toward mTOR. Compounds have been
prepared and are awaiting testing. A pharmacophore model was developed based on
known PI3K inhibitors and was used for virtual screening of databases of available
compounds. Selected compounds have been tested as inhibitors of PI3K, resulting in the
identification of new types of inhibitors of this class of enzymes. These compounds may
serve as new leads for the development of more potent and selective inhibitors of

mTOR.
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Chapter 1. Introduction

1.1 Mammalian target of rapamycin (mTOR)

The mammalian target of rapamycin (mTOR) is a Ser/Thr protein kinase that
regulates cell proliferation, size and survival.'® Many genetic defects found in human
cancers cause mTOR signaling to be hyperactivated. This has brought attention to mTOR
as an attractive target for cancer treatment. The natural product rapamycin,®’ a
macrocyclic antibiotic produced by the bacterium Streptomyces hygroscopicus (Figure
1.1), and its analogs (CCI-779,% ° RAD001,**? and AP23573,"* ** also called rapalogs)
inhibit mTOR function by an unknown mechanism. Rapamycin has been used as an
immunosuppressant agent in organ transplant patients while its analogs are under

clinical development as anti-cancer agents.

Figure 1.1 The structures of rapamycin, LY294002, C401, and P1103
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MTOR has five domains; the HEAT, FAT, FRB, catalytic, and FATC domains (Figure

1.2). The signaling mechanism of activated mTOR starts with the binding of adenosine

1



triphosphate (ATP) to the active site of the catalytic domain. The ATP-mTOR complex
activates downstream targets such as S6K1 and 4E-BP1 by phosphorylating Thr389 of
S6K1, and then adenosine diphosphate (ADP) is released from the active site of the
catalytic domain. By this phosphorylation, enzymes inside the cell are activated, and cell
signals are transmitted for protein synthesis, cell growth, proliferation, and
differentiation. To inhibit mTOR activity rapamycin or rapalogs first bind to the FK506-
binding protein (FKBP12), and then this rapamycin-FKBP12 protein complex binds to the
FRB domain, causing deformation of the catalytic domain to prevent ATP from binding
to the active site.” Therefore rapamycin and rapalogs have attracted interest as

possible drugs for the treatment of mTOR related cancers.

Figure 1.2 The schematic domain structure of mTOR. The protein consists of HEAT
(huntingtin, EF3, a subunit of PP2A and TOR) motifs, FAT (FRAP-ATM-TRRAP) domain,
FRB (FKBP12-rapamycin-binding) domain, a catalytic kinase domain, and FATC (FAT C
terminus) domain.
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1.2 Phosphatidyl inositol 3-kinases (PI3Ks)
The phosphatidyl inositol 3-kinases (PI3Ks) are a family of enzymes that mediate
intracellular signaling and play an important role in various cellular functions including

1618 p|3Ks phosphorylate the 3-

apoptosis, proliferation, and vesicular trafficking.
hydroxyl position of phosphatidylinositol lipids to produce phosphatidylinositol 3-
phosphates, which bind to the pleckstrin homology (PH) domain of protein kinase B
(PKB). This causes translocation of PKB to the cell membrane and subsequent
phosphorylation of PKB, playing an important role in cancer progression.

The PI3Ks are subdivided into four classes: IA, IB, II, and Ill. Class IA PI3Ks,
including p110a, p110B, and p1106 as catalytic subunits, form complexes with p85
regulatory subunits. Class IB PI3Ks, having p110y as the catalytic subunit, form a
complex with p101 and p84 regulatory subunits. In many human cancers the PI3KCA
gene, encoding PI3K p110aq, is amplified and mutated, resulting in increased levels of
p110a and its activity. It is believed that PI3Ka would be an effective drug target for
treatment of some cancers. In contrast, other class | PI3Ks (B, y, and 8) appear to have
distinct biological roles different from those of PI3Ka in various pathophysiological
processes; PI3KB palys a role in the thrombotic process.,19 PI3Ky plays a role in the

2022 and PI3KS plays a role in

inflammatory process mediated by neutrophils,
lymphocyte-mediated immune responses.23 Therefore, production of selective PI3Ka

inhibitors for cancer treatment is important to avoid side effects caused by inhibition of

other PI3K isoforms.



1.3 Hypothesis and purpose

A number of different physiological signaling pathways regulate mTOR, and the
best characterized positive effector is the PI3K/Akt pathway (Figure 1.3). Recently, it was
reported that mTOR forms two distinct multiprotein complexes, called mTORC1 and
mTORC2.2*%*” The mTORC1 complex contains mTOR, Raptor,24’ 2% and mLST8,28 while the
MTORC2 complex contains mTOR, Rictor,ze' 27 mLST8, and mSIN1.23! The roles of
MTORC1 and mTORC2 are totally different in the signaling pathway. Constitutive
activation of mTORC1 is commonly seen in many human cancers, but the roles of
MTORC2 in cancer are still ambiguous and need more studies for further
characterization. Interestingly, rapamycin only inhibits mTORC1, and there is no
inhibition of MTORC2 by rapamycin and its analogs. Because of this phenomenon
rapamycin and rapalogs inhibit only one part of mTOR functions. This results in the
critical disadvantage that when the mTORC1 complex is inhibited by rapamycin,
MTORC2 sends a survival signal to Akt by phosphorylating S473, and then this
phosphorylated Akt activates other kinases to enhance cell survival.’’” Therefore,
rapamycin and its analogs may need to be co-administered with inhibitors of the Akt

pathway to kill mTOR related cancers.



Figure 1.3 Overview of PI3K/mTOR-mediated signaling pathway. Growth factors such as
insulin activate PI3K, causing increased production of the second messenger
phosphatidylinositol (3,4,5) triphosphate (PI(3,4,5)P3). Akt is activated upon binding to
PI(3,4,5)P3, which allows phosphoinositide-dependent protein kinase 1 (PDK1) to
phosphorylate T308 of Akt. The TSC1/TSC2 complex inhibits mTORC1 by stimulating the
GTPase activity of Rheb (Ras homolog enriched in brain), converting it to the inactive
GDP-bound state. The phosphorylated Akt inhibits the TSC1/TSC2 complex and allows
Rheb to remain in the active GTP-bound form, which causes activation of mTORC1.
mTORC1 phosphorylates the translation repressor 4E-BP1 and S6 kinase (S6K1) at T389,
leading to its activation.

Growth Factors
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l P ~
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Therefore, our hypothesis is that direct kinase inhibitors that can bind to the
active site of the catalytic domain of mTOR where ATP binds can show broader anti-

cancer activities than rapamycin and rapalogs. mTORC1 and mTORC2 possess the



common mTOR component. The fact that the kinase catalytic domain of mTOR can be
blocked by kinase inhibitors is good rationale for our hypothesis. However, the
disadvantage of direct kinase inhibitors is that they may also bind to the active site of
the catalytic domain of PI3Kinases, as the catalytic domain of mTOR is highly
homologous to that of PI3Kinases. This may result in severe side effects such as
increased glucose levels. Therefore, the goal of this research is to find direct selective
inhibitors that can bind to the active site of the catalytic domain of mTOR but that

cannot bind to the active site of PI3Kinases and other related kinases.



1.4 The mTOR signaling pathway
1.4.1 mTOR Complex 1 and Complex 2°

MTOR has emerged as an essential regulator in many fundamental biological
processes, such as cell growth, cell survival, cell proliferation, cell motility, protein
synthesis, and transcription in response to growth factors, nutrients, energy levels, and
cellular stress. mTOR forms two multiprotein complexes, mMTORC1 and mTORC2, which

have very different physiological functions (Table 1.1).24%’

Table 1.1 Comparision of mTORC1 and mTORC2

mTORC1 mTORC2
Protorl
Raptor O
Rictor
mLST8
Components mTOR mLST8
mTOR
mSIN1
Known Substrates 4E-BP1, S6K1, PRAS40 Akt, PKCa
Cap-dependent translation
Biological Ribosome biogenesis Growth factor signaling/survival
processes Autophagy Cytoskeletal reorganization

Hypoxic adapation

FKBP12-Rapalog complex
Inhibitors PI103
LY294002

PI1103
LY294002




Components of mTOR complex

The mTOR Complex 1 (mTORC1) includes mTOR, Raptor®* %> and mLST8%® and is
inhibited by rapamycin. Raptor is a 149 kDa non-enzymatic subunit of mTORC1, which is
essential for mTOR-mediated phosphorylation. Its role is to recruit substrates (S6K1 and
4E-BP1) by binding through their corresponding TOS (TOR signaling) motifs. This binding
gives a positive stimulation of mTOR activity in nutrient-stimulated signaling.
Interestingly, negative regulation of mTOR activity can also be caused by the tight
association of Raptor with mTOR. Under nutrient starvation conditions the binding of
Raptor to mTOR is enhanced to inhibit mTOR activity, while the binding is severely
reduced in rapamycin treatment. Raptor contains three domains (Figure 1.4); a highly
conserved amino-terminal region RNC (Raptor N-terminal conserved domain), three
HEAT repeats, and seven WD40 (about 40 amino acids with conserved W and D forming
four anti-parallel beta strands) repeats. The RNC domain has a high propensity to form
a-helixes and its mutations disrupt the association with mTORC1. Similary to the RNC
domain, mutations in WDA40 also affect the interaction with mTORC1, supporting the
idea that multiple regions on Raptor and at least the HEAT repeats of mTOR are
required for the interaction. mLST8 is another mTORC1 component, which consists
entirely of seven WD40 repeats. It is a positive regulator and binds to the kinase domain
of mTOR. This binding strongly enhances the activity of mTOR, the opposite effect from
the stable interaction of Raptor with mTOR.?® However, it has been shown that loss of

mLST8 does not critically affect mTORC1 function.*



Figure 1.4 Schematic components in mTOR complex (modified from a Ref 1)
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The mTOR Complex 2 (mTORC2) includes mTOR, Rictor, mLST8, and mSIN1 and is

26,27 Rictor and mSIN1 are unique components of

insensitive to rapamycin inhibition.
MTORC2, while mTOR and mLST8 are found in both mTORC1 and mTORC2. Rictor, a 190
kDa subunit of mMTORC2, has seven conserved domains, and their functions are still
unknown, but they possibly mediate substrate binding and mTORC2 assembly. In
contrast to mTORC1, mTORC2 is not inhibited by rapamycin and is not affected by
nutrient depletion conditions, resulting in unchanged activity of S6K1 and 4E-BP1 by loss
of mTORC2 activity (or hyperactivity) in cells. Furthermore, Rictor knockout mice die
around E10.5 (embryonic day 10.5), which indicates it has a critical role in physiological
and developmental process.>® In addition to Rictor, another unique and functionally

2931 The role of mSIN1 is similar to that of

essential component of mMTORC2 is mSIN1.
Rictor. mSIN1 stabilizes Rictor (and vice versa) and stabilizes the interaction between

MTORC2 and Rictor by binding to Rictor and cooperatively building the structural motif

9



with Rictor for mTORC2. The phosphorylation status of Akt on S473 and it functions are
dramatically decreased in knockout mSIN1. mSIN1 has three domains; the CRIM
(conserved region in the middle), RBD (Raf-like Ras binding domain), and PH (Pleckstrin
homology) domains.®* It was reported that mSIN1 interacts with activated Ras protein
through its RBD domain by binding and co-localizing, and suppresses Ras signaling in

cells.3

mSIN1 binds to Pl and and other lipids through the PH domain as most enzymes
having a PH domain are capable of binding to lipids. Recently, it was revealed that
mSIN1 has at least five isoforms and three of them (isoforms 1, 2, and 5) assemble
individually into mTORC2 to form three distinct mTORC2s.” Interestingly, the activities
of only two of the three mTORC2s (containing mSIN1.1 and mSIN1.2) are insulin
sensitive, while all three mTORC2s phosphorylate Ser473 of Akt in vitro. The other
component of mMTORC2 is mLST8. In contrast to the effect of mLST8 toward mTORC], its
role toward mTORC2 is significant and similar to that of Rictor. For example, mLST8-
knockout mice die around E10.5. This mutation distrupts only mTORC2 assembly and
decreases the phosphorylation status of Akt on S473, while S6K1 and 4E-BP1 are not
affected.® Thus, loss of mLST8 causes an impaired mTORC2, indicating its essential role,
but a functional mTORC1, indicating its dispensable role in that complex. Very recently,
a novel Rictor-binding component of mTORC2 was identified, termed Protor-1 (protein
observed with Rictor-1)(Table 1.1).** It is a specific component of Rictor in mTORC2, but
not of Raptor in mTORC1. The expression of Protor-1 is regulated by Rictor and mSIN1,

but it is not essential for the assembly of other components into mTORC2. Further

research is required to characterize its role related to mTORC2 functions.
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Upstream regulators and downstream targets of mTOR

A connection between the extracellular growth factor signals (insulin-PI3K-Akt)
and the intracellular TSC1/2-mTORC1-S6K1/4E-BP1 regulation was established by the
discovery of direct phosphorylation of TSC2 on multiple sites by Akt 363
PI3K is activated by the growth factor-initiated intracellular signaling pathway through
cell surface receptors, with activation leading to the conversion of PIP2 to PIP3.%> % pIp3
recruits Akt via its PH domain to the plasma membrane, which stimulates
phosphorylation of Akt on Thr308 by PDK1.** %3 Consequently, TSC2 is phosphorylated
by the activated Akt, but the mechanism is still unclear (more details of the signaling
pathway from Akt to S6K1/4E-BP1 through TSC1/TSC2 will be described in the following
sections). In addition to phosphorylation of TSC2 by Akt, Akt can phosphorylate 40 kDa
PRAS40 (proline-rich Akt substrate or AKT1S1 (Akt1 substrate 1)) on T246, and then the
stimulated PRAS40 negatively affects mTORC1 activity.** Therefore, PRAS40 is a direct
regulator of PI3K-Akt signaling, bypassing TSC1/2-Rheb. There is still debate whether
PRAS40 is an mTOR binding partner or a substrate*® %, but clearly it directly inhibits
MTORC1 function through the insulin-PI13K-Akt-mTORC1 pathway without effecting
TSC1/2-Rheb activity.46 (Downstream targets of mTORC1 such as S6K1 and 4E-BP1 will
be further described in the following sections.)

Akt has another role as a downstream target of mTORC2 in cells. Ser473 in the

C-terminal hydrophobic motif of Akt is directly phosphorylated by mTORC2, and
phosphorylation on Thr308 by PDK1 is triggered by the priming phosphorylation on

Ser473.%” Akt belongs to the AGC (cyclic AMP-dependent protein kinase, cyclic GMP-
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dependent protein kinase and protein kinase C) kinase family. PKC is one member of this
family, which also includes S6K1. The distinct feature of the AGC family is the highly
conserved hydrophobic motif in the kinase domain, supporting the result of
phosphorylation of S6K1 and Akt by mTOR. Furthermore, most members of the AGC
family are similar to Akt, supporting the idea that mTORC2 phosphorylates other kinases
in the AGC family. Phosphorylations of PKCa, PKC8, and PKCe on their hydrophobic
motif are reported to be regulated by mTORC2,*>*” but more experiments are needed
to define whether other isoforms (10 isoforms) of PKC and which other AGC family
members are stimulated by mTORC2.

Other potential substrates of mTOR are the signal transducer and activator of
transcription 3 (STAT3)*® and p53.% mTOR phosphorylates Ser727 in the Ser/Pro motif
of STAT3 and Ser15 of p53. These phosphorylation events are related to transcriptional

. . . . 48 4
regulation and caspase activation, respectively.*®*°

1.4.2 The TSC1-TSC2 complex™°
In the benign tumor disease tuberous sclerosis complex (TSC), one or both of the
tumor suppressor genes, TSC1 and TSC2, is mutated.”® The TSC1 and TSC2 genes encode

the proteins harmartin and tuberin respectively.51’53

These two proteins form a complex
that negatively controls mTOR activity through regulation of Rheb. The TSC1-TSC2

complex plays a siginificant role in growth-factor, nutrient and stress signals that control

protein synthesis, cell growth and other cellular processes.
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There is no homology between TSC1 (140 kDa) and TSC2 (200 kDa) proteins and
they have very little homology with other proteins. Each protein is comprised of two
domains (Figure 1.5). The acronyms T2BD and T1BD refer to TSC2-binding domain and
TSC1-binding domain, respectively. The predicted coiled-coil domain and GAP domain
homologous with that in Rap1GAP are represented as Coil and GAP respectively. TSC1
and TSC2 proteins are physically associated, but only the activity of the GAP domain of
TSC2 is directly related to its tumor suppressor activity.54 However, TSC1 is necessary to
stabilize TSC2 and prevent its ubiquitin-mediated degradation. TSC2 degradation is
sometimes caused by missense mutations in TSC1 or TSC2, leading to destabilization of

the complex.

Figure 1.5 Schematic of the TSC1 and TSC2 proteins (modified from ref *°)

TSc1 | T28D Coil

TsC2 T1BD GAP

Rheb, a member of the Ras superfamily, is the small G-protein target of the TSC2
GAP domain. The intrinsic GTPase activity of Rheb is stimulated by the GAP domain of
TSC2 within this complex to trigger the conversion of Rheb-GTP into Rheb-GDP. Under
normal growth conditions, mTORC1 is activated by direct binding of the accumulated

Rheb-GTP. Under poor growth conditions (i.e. serum or amino acid withdrawal) the
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TSC1-TSC2 complex is stimulated, leading to accumulation of the Rheb-GDP state
resulting in inactivation of mTORC1. A recent report shows that FKBP38 (An FKBP12
homologue also known as FKBP8) associates with mTORC1 preferentially under poor
growth conditions by binding the FRB domain of mTOR.>> However, Rheb-GTP
stimulates mTORC1 activity through binding to FKBP38 and triggers its release from

mTORC1 (Figure 1.6).

Figure 1.6 Two plausible mechanisms for controlling mTORC1 activity through TSC1-
TSC2 and Rheb
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The TSC1-TSC2 complex regulates growth by inhibition or activation in response
to multiple upstream signals such as growth factor signaling, cytokine signaling, energy-
and oxygen-sensing pathways, and other unknown pathways.”® The PI3K-Akt pathway
and ERK-RSK (Extracellular-Signal-Regulated kinase/p90 Ribosomal protein S6 Kinase)
are directly related to the TSC1-TSC2 complex in cells in response to growth factors
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(Figure 1.7). Akt directly phosphorylates TSC2 at Ser939 and Thr1462 (and three other
predicted phosphorylation sites), which inhibits the function of the TSC1-TSC2 complex.
The molecular mechanism of this inhibition is still unclear, but one enticing mechanism
involves association with 14-3-3 proteins.56 A binding site for 14-3-3 proteins on TSC2 is
created through phosphorylation of Ser939 and Thr1462 and/or Ser981 by Akt. Binding
of 14-3-3 proteins may contribute to Akt-induced inhibition of TSC2. Furthermore,
activated ERK and its downstream target RSK stimulate mTORC1 activity by inhibiting
the TSC1-TSC2 complex through multisite phosphorylation of TSC2. ERK and RSK are the
downstream effectors of the Ras/Raf/MEK signaling pathway controlled by growth
factors (Figure 1.7). Phosphorylation of Ser540 and/or Ser664 by ERK causes dissociation
of the TSC1-TSC2 complex.

Recently it was reported that mTORC1 signaling is stimulated by the pro-
inflammatory cytokine TNFa (tumor necrosis factor a) through IKKB (inhibitory kB kinase
B). IKKB phosphorylates TSC1 on Ser487 and Ser511, resulting in deactivation of the
TSC1-TSC2 complex.”” The mechanism is proposed to involve rapid dissociation of the
complex, leading to increased degradation of TSC1, though this mechanism is not
proven.

mTORC1 signaling for protein synthesis is very sensitive to energy (ATP)
starvation. Direct phosphorylation of TSC2 by AMPK (AMP-dependent protein kinase)
enhances the activity of the complex under energy depletion.58 Energy depletion results
in the intracellular level of AMP being increased. Binding of AMP to AMPK stimulates its

subsequent activation by the tumor suppressor, LKB1. Two residues on TSC2, Ser1387
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and Thr1271, are phosphorylated by AMPK, leading to increased energy-generating
catabolic processes and decreased energy-depleting anabolic processes. Further (or
subsequent) phosphorylation on TSC2 is accomplished by GSK3p (glycogen synthase
kinase 3B, a downstream component in Wnt signaling) after the AMPK-priming

phosphorylation.

Figure 1.7 Upstream signaling pathways regulate the TSC1-TSC2 complex (modified from
Ref 50)
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Under oxygen depleted state (i.e. hypoxia), mTORC1 signaling is blocked through
the regulation of the TSC1-TSC2 complex by REDD1, which is a transcriptional target of
HIFa (hypoxia-inducible factor a).>® The molecular mechanism of TSC1-TSC2 activation

by REDD1 is its binding to 14-3-3 proteins through a motif surrounding Ser137.%° 14-3-3
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proteins are bound to two phosphorylated sites on TSC2 (Ser939 and Thr1462) by Akt
and then are moved to the site of Ser137 on TSC2, phosphorylated by REDD1. Therefore,
this movement of 14-3-3 proteins suggests that REDD1 activates the TSC1-TSC2 complex
by removing Akt-induced inhibition. Hypoxia can also cause activation of the TSC1-TSC2
complex through AMPK-mediated phosphorylation, because oxygen starvation leads to
a decrease in aerobic ATP production through mitochondrial oxidative phosphorylation.
As described, the TSC1-TSC2 complex is a critical upstream regulator of Rheb and
mTORC1 to promote cell growth. However, its role in controlling mTORC2 is currently
not clearly known. The TSC1-TSC2 complex has numerous phosphorylation sites
targeted by several aforementioned proteins and still unrevealed ones. The
characterization of these proteins and the understanding of their linkage with TSC1-

TSC2/Rheb/mTORC1 (or mTORC2) will be promising research fields in the near future.

1.4.3 S6 Kinase (S6K)°*

*®%) is one of the

A ribosomal protein S6 kinase (S6K, 70 kDa, also known as p70
downstream effectors of mTORC1, and stimulates protein synthesis in response to
growth factors and nutrients.®” ® The synthesis of ribosomal RNA (rRNA)®* ® and cell

66,7 are also reported to be regulated by S6K. In animal studies, the

cycle progression
loss of S6K causes a decrease in cell size followed by a reduction of animal size
accompanied by type 2 diabetes.®® S6K is categorized as a member of the

aforementioned AGC kinase family due to its homologous catalytic domains.®”® Two

types of S6K are present; S6K1 and S6K2. They are highly homologous (70% sequence
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identity), and have a conserved domain structure including an acidic N-terminal, and
catalytic, linker and autoinhibitory domains, resulting in presumably similar regulation

by mTOR.

Figure 1.8 Schematic representations of S6K1 and S6K2
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The PI3K-mTORC1 pathway, as previously described, is one of the main
regulators of S6K1 activity. The mechanism involves the binding of Raptor in mTORCL1 to
S6K1 (also 4E-BP1, described below) through the TOS motif, followed by recruiting of
S6K1 to mTOR for phosphorylation. The Ras/MEK/ERK and c-MYC pathways are also
known as effectors of cell growth by deactivating TSC1/2, resulting in activation of
MTORC1-S6K1. Independent of the PI3K-mTORC1 pathway, S6K1 is also activated by
forming a complex with the atypical PKC isoforms A and { and PDK1 and also by the
Cdc42-PLD1 (phospholipase D1)-PA (phosphatidic acid) cascade,’® ’* but details at this
process are not fully characterized.

In contrast to regulation of S6K1 by the PI3K-mTOR pathway, S6K1 also inhibits
PI3K signaling in a feedback loop by shutting off insulin/IGF signaling through activation

72-74

of the insulin receptor substrate (IRS-1). Under basal conditions, or upon
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extracellular ligand binding, insulin receptors or IGF-1 receptors are phosphorylated,
followed by triggering the cytoplasmic binding of IRS-1 to these receptors. This binding
leads to activation of the PI3K-Akt-mTORC1 pathway. However, continuous activation of
mMTORC1 by loss of TSC1/2 or prolonged input of nutrients aberrantly overstimulates
S6K1. This abnormal S6K1 disrupts the association of IRS-1 with its receptors through
direct phosphorylation of IRS-1 on S307 and S527, thereby nullifying the ability of IRS-1
to activate PI3K. Therefore, chronic activation of mTORC1 resulting in activation of S6K1
imposes a feedback inhibitory effect on IRS-1 to diminish IRS-dependent processes
including cell survival.

S6K1 plays a major role in cell growth via enhanced protein synthesis, in contrast
to the minimal effect of S6K2.* Thus many S6K1 substrates are involved in regulation of
translation such as the 40S ribosomal subunit protein (rpS6),”> ’® elF4B,”’ eEF2K,”® and
CBP80.”° rpS6 was the first identified substrate of S6K1. Phosphorylation of rpS6 by
S6K1 increases protein synthesis through the regulation of translation efficiency of
ribosomes (production of translation factors) as well as ribosome biogenesis (synthesis
of ribosomal proteins). A model of translation pre-initiation complex assembly and
initiation of protein translation through mTORC1, S6K1, and eukaryotic initiation factors

(elFs) was proposed (Figure 1.9).80-81

An elF3 translation pre-initiation complex bound to
MRNA is associated with inactive S6K1 (but not S6K2) under basal conditions. Under
growth factor and nutrient stimulation, mMTORC1 is recruited to the complex. mTORC1

then phosphorylates S6K1 (on T389) and 4E-BP1 followed by their dissociation from the

elF3 complex. The released S6K1 (T389 phosphorylated) becomes further activated by
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binding with PDK1 and phosphorylation on T229. The fully activated S6K1 then
phosphorylates its substrates rpS6 and elF4B (on S422). elF4B is the essential regulatory
subunit of elF4A, which is an mRNA helicase. The activated elF4B is recruited to the
translation pre-initiation complex, leading to the binding of elF4G scaffold to the mRNA
cap structure for the assembly of the translation initiation complex with 5" mRNA.

Finally the initiation of mMRNA translation occurs.®°
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Figure 1.9 The proposed model for the process of translation initiation through mTORC1,
S6K1, and elFs (modified from Ref 80).
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S6K1 also regulates the elongation step of translation by phosphorylation of
eEF2 kinase (eEF2K, eukaryotic translation elongation factor 2 kinase) on S366, leading
to the inactivation of eEF2K, followed by activation of eEF2.”® The activated eEF2
interacts with the ribosome and mediates the translocation step of elongation.
Phosphorylation of eEF2 on Thr56 by eEF2K prevents association with the ribosome and
thus inactivates the ribosome. Furthermore, S6K1 has been shown to play a role in cap-
dependent mRNA splicing by phosphorylating CBP80, a subunit of the Cap Binding

Complex (CBC, an RNA-binding protein).”® In addition to translational efficiency
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(promoting protein synthesis) by S6K1, translational capacity (ribosome biogenesis) of
cells can be regulated via the mTORC1-S6K1 pathway. The rate-determining step of
ribosome biogenesis is rRNA gene transcription. S6K1 relieves the inhibition of rRNA
resulting from overexpression of PTEN, a negative regulator of PI3K.®2 Schmelzle and
Hall have reported that the activity of S6K1 is also related to the regulation of G1to S
phase cell cycle progression,83 but the mechanism of the S6K-mediated cell cycle is not

clear.

1.4.4 Eukaryotic initiation factor 4E binding protein (4E-BP)

4E-BP has three isoforms: 4E-BP1, 4E-BP2 and 4E-BP3. The role of 4E-BP1 is
assembly of the translation complex cooperatively with S6K1, while the role of other
isoforms is not clear. 4E-BP1 suppresses elF4E through association, and it is another
downstream effector of mMTORC1. 4E-BP1 has a short sequence of amino acids (118),
containing a binding motif for interaction with elF4E called the elF4E-binding domain,
and two regulatory domains, the RAIP motif and the TOS motif. The RAIP motif, a novel
regulatory motif of four amino acids, lies within the first 24 residues of 4E-BP1. This
motif is necessary for efficient phosphorylation and optimal regulation of 4E-BP1, as the
N-terminal truncated 4E-BP1, which does not have the first 24 residues, binds to elF4E
but fails to become phosphorylated to be released from elF4E.2* The TOS motif is
positioned near the C-terminus of 4E-BP1 (FEMDI, the last five residues), and may

function as a docking site of mTOR.%
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4E-BP1 is directly associated with elF4E (a 7-methyl-guanosine mRNA cap
binding protein). This interaction prevents a scaffold protein elF4G from binding to
elF4E, which inhibits formation of the translation pre-initiation complex (elF4F, the
elFAE/4G/AA complex is refered to as elF4F) thereby repressing translation®® (Figure 1.9).
Upon stimulation with growth factors or nutrients, 4E-BP1 is phosphorylated and
inactivated by mTORC1 recruited to elF3. elF4E is thus released from phosphorylated
4E-BP1. This dissociation enables elF-4G to bind to elF-4E and make an active complex
with elF-3, elF-4A and elF-4B activated by S6K1, resulting in initiation of cap-dependent

translation.

Figure 1.10 Schematic representation of 4E-BP1
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1.5 mTOR as a drug target for many diseases
1.5.1 Human genetic diseases related to mTOR®"

Tuberous sclerosis complex (TSC) is a genetic disorder that causes tumors to
form in many different organs, primarily in the brain, eyes, heart, kidney, skin and lungs.
Two genes have been identified that can cause tuberous sclerosis complex;51'53 the TSC1,
or hamartin gene (located on chromosome 9) and the TSC2, or tuberin gene (located on
chromosome 16). The major function of these proteins is to antagonize the mTOR
pathway. Both genes are regarded as tumor growth suppressors, in which loss or
defection results in TSC. TSC is transmitted either through genetic inheritance (one-third
of TSC cases) or as a spontaneous genetic mutation (the remaining two-thirds) where
the cause is not clearly understood. Most people with TSC have dermatologic signs such
as hypomelanotic macules, forehead fibrous plaques, facial angiofibromas or shagreen
patches. The most severe effects of TSC are neurological disabilities including
developmental delay, mental retardation and autism.

Peutz-Jeghers syndrome, also known as Hereditary Intestinal Polyposis
Syndrome, is characterized by benign hamartomatous polyps, with increased risk of
malignant tumors, in the intestine and abnormal mucocutaneous pigmentation.89 This
syndrome is caused by mutation in the LKB1 tumor suppressor gene, which encodes a
serine/threonine kinase that phosphorylates and activates AMPK (5’-AMP-activated
protein kinase).”>

Cowden, Bannayan-Riley-Ruvalcaba and proteus syndromes, and Lhermitte-

Duclos disease, caused by PTEN mutations, are all autosomal dominant harmartoma
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disorders.’* %3

By converting PIP3 to PIP2, PTEN plays a role as a tumor suppressor. Loss
of PTEN causes increased Akt activity, resulting in down-regulation of tuberin’s function.
Von Hippel-Lindau disease (VHL) is caused by mutations in the VHL tumor

suppressor gene. This genetic disorder is characterized by the aberrant growth of
certain tumors such as Haemangioblastomas (tumors of the central nervous system)
found in the brain, the spinal cord, the retina, and other areas of the nervous system.94
The protein encoded by this gene is part of a multiprotein complex involved in the
ubiquitination and degradation of a hyposia-inducible-factor (HIF), which is a
transcription factor in the regulation of gene expression by oxygen. Patients with this
disease have balance, walking and vision problems, headaches, dizziness, high blood
pressure, and weakness of the limbs.

Neurofibromatosis type 1 (NF1) is caused by mutations in the NF1 gene, on
chromosome 17, responsible for control of cell division. NF1 is characterized by the
development of neurofibromas, a type of peripheral nerve sheath tumor.” °® The NF1
gene encodes neurofibromin, which is a negative regulator of the Ras signal
transduction pathway. In mutated NF1, Ras is hyperactivated, causing constitutive
activation of mTOR. The most common complications in patients with NF1 are cognitive
deficits and learning disability, bone deformations and hamartomatous lesions of the iris.

Polycystic kidney syndrome is caused by mutations in the PKD1 gene that
encodes polycystin-1 (PC-1). This syndrome is characterized by progressive cyst

development in both kidneys, which become enlarged with multiple cysts. Another

protein, NEK1, is known to cause this syndrome by interacting with tuberin. The
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symptoms caused by this disease include renal function abnormalities, hypertension,

renal pain, and renal insufficiency.

1.5.2 Cancers related to mTOR signaling

As mentioned above, mutations in tumor suppressor genes such as TSC1, TSC2,
LKB1, PTEN, VHL, NF1 and PKD1 lead to some cancers. PI3K plays a role as a
protooncogene, for which increased activity induces cell transformation and progression,

9798 Eurthermore, abnormal

particularly in ovarian and gastrointestinal cancers.
activities of upstream elements such as epidermal growth factor, ErbB2, or insulin-like
growth factor 1 receptor cause persistent activity of PI3K in a wide variety of cancer cell
types.”* In addition, mutations in the PTEN gene are also commonly found in human
cancers such as prostate, breast, lung, bladder, melanoma, endometrial, thyroid, brain,
and renal carcinomas. Akt,”® Rheb,'® elF4E, and S6K*** are frequently overexpressed
and amplified in many cancers, although reported mutations in mTOR are rare.®

Tumor angiogenesis, a physiological process involving the growth of blood
vessels that provides tumor cells with nutrients and oxygen and the transition of tumors
from a dormant state to a malignant state,’® is related to the function of mTOR.
Antiangiogenetic effects can be obtained by treatment with rapamycin, causing a
decrease in concentration of vascular endothelial growth factor (VEGF), which is the

major contributor to angiogenesis, and the suppression of VEGF-induced vascular

endothelial proliferation, survival and migration.*®
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Renal cell carcinoma, the most common type of kidney cancer arising from the

10 MTOR inhibition causes loss of

renal tubule, can be treated by inhibition of mTOR.
VHL tumor suppressor activity and consequently triggers HIF activity in most renal cell
carcinomas. Inhibition of mTOR signaling presents clinical advantages in patients with

105 15 sporadic bladder cancers, ovarian

poor prognostic features by downregulating HIF.
and gall bladder carcinoma, non-small-cell carcinoma of the lung, and breast cancer, the
TSC protein complex is also mutated or its expression is reduced. Recently, it was

reported that loss of expression or phosphorylation of tuberin (TSC2) is frequently

observed in endometrial carcinoma.'®®

1.5.3 Other diseases related to mTOR signaling
Alzheimer’s disease is reported to be linked to mTOR through translation of tau

17 The tau protein, which is a microtubule-

mRNA and degradation of tau protein.
associated protein (MAP) abundant in neurons in the CNS, is found frequently in the
brains of patients with Alzheimer’s disease. An activated PKN, a serine/threonine kinase,
phosphorylates tau. This phosphorylation destabilizes microtubules, causing the self-
assembly of tangles of paired helical filaments and straight filaments, which is involved
in the etiology of Alzheimer’s disease. Therefore, inhibition of mTOR signaling can cause
a reduced concentration of tau, and lower the toxicity caused by tau accumulation, for
Alzheimer treatment.'®

Type 2 diabetes is a metabolic disorder characterized by insulin resistance (or

insensitivity to insulin), and by inhibition of insulin-receptor substrate (IRS) proteins by
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199 The retained activation of mTOR is related to the

phosphorylation of IRS1.
insensitivity of IRS to insulin by the inhibition of the association of IRS with insulin
receptor through the negative feedback loop by activated S6K. Furthermore, chronic
activation of mTOR in B-cells is observed by chronic hyperglycemia (high blood sugar),
leading to the degradation of IRS2 followed by the reduction of cell mass and insulin
secretion.’™® Patients with Type 2 diabetes have problems with obesity, hypertension,
elevated cholesterol, and metabolic syndrome. As a result, inhibitors negatively
controlling mTOR could be potential drugs for managing Type 2 diabetes.

Cardiac hypertrophy (heart enlargement) is also reported to be related to the
hyperactivation of the PI3K-mTOR cascade, and to be prevented by inhibition of

mTOR.™! It is also reported that the IGF/mTOR pathway has a key role of controlling

the regulation of lifespan and aging.'*?

In summary, many human diseases are directly or indirectly linked to the
dysregulation of mTOR, such as rare genetic diseases, many cancers, neurological
disorders, and metabolic and cardiovascular diseases. Since an abnormally
hyperactivated mTOR pathway is the critical etiology of these diseases, inhibitors
targeting the persistent activity of mTOR might be potentially effective drugs for these

diseases.
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1.6 Computer aided molecular design
Computer based approaches for molecular design have been widely used over

the last two decades in many research fields.t* 114

With greatly increased computer
speed and graphics, molecular modeling is an indispensible tool in medicinal chemistry
and drug discovery. Computer modeling can aid scientists in rational drug design and
reduce the level of experimental effort. Two general approaches to drug discovery are
structure-based drug design (SBDD, structure refers to the structure of a protein target)
and ligand-based drug design (LBDD).

SBDD methods include Molecular Dynamics (MD),'> Monte Carlo (MC)**®
calculations, homology modeling, and receptor based virtual screening (Docking). SBDD
has become popular largely due to the rapidly increasing number of crystal structures of
enzyme and receptor proteins. The basic assumption of SBDD is that potent inhibitors
must possess significant structural and chemical complementarities to their targets.

LBDD includes QSAR (Quantitative Structure Activity Relationship), COMFA
(Comparative Molecular Field Analysis, or 3D-QSAR), ligand-based pharmacophore
searching, and ADMET test (Absorption, Distribution, Metabolism, Excretion, and

Toxicity).}*"1?

These approaches may be applied when the structures of several ligands,
or even a single ligand, and their biological activities are known, even if the 3D structure
of the biological target is unknown. This approach is sometimes called chemoinformatics.
Molecular properties of each ligand are calculated as a series of “descriptors”

representing chemical or geometric characteristics. The mathematical relationship

between these values and biological activities or toxicities is derived by statistical
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120,121

analysis such as PLS (partial least squares) and PCA (principal component

122,123 124,125

analysis) and by computational techniques such as GA (genetic algorithms)
and RP (recursive partitioning).126 Based on statistical correlations predictive models are

identified and used to predict the desired properties (activities or toxicities) of unknown

ligands.

1.6.1 Homology modeling

Homology modeling, or comparative modeling, is a class of methods for
generating 3D model of a protein of interest (target) from its amino acid sequence,
based on related proteins of already known structures as a template. The fundamental
assumption of this method is that proteins of similar amino acid sequence will have
similar tertiary structures and share common structural properties. Small or medium
changes in sequence typically result in only small changes in the 3D structure.*’ Thus, if
there is sequence similarity between proteins, structural similarity can usually be

assumed.'?®

In general, 30% sequence identity is required for generating useful models.
In parallel with the availability of high-resolution experimental data by X-ray
crystallography and NMR spectroscopy, the contribution of homology modeling to drug
discovery has been greatly increased. Homology modeling contributes to lead
identification and optimization, but also to target identification and validation.
Generating homology models is not time-consuming, and such models can assist

medicinal chemists to make hypotheses of how to design biologically meaningful

compounds in the early conceptual step in drug discovery research.
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The procedure of homology modeling can be generally divided into four
sequential steps: template selection, target-template alignment, model construction,
and model assessment. The template assignment process identifies proteins having
known 3D structure for which the amino acid sequence is closely related to that of the
unknown target structure. In the Molecular Operation Environment (MOE), a two step

129 A Fast Scan that uses a

MOE-SearchPDB is performed to assign the template.
generalized version of the Fasta methodology™* is used to create an initial list of
candidates. For further analysis the list includes any family containing at least one high-
scoring sequence based on the determined expectation value (E-Value). The list is
systematically reduced by comparing the calculated Z-Score value, which is an estimate
of the statistical significance of an alignment score and represents the likelihood that
sequences are related.

After defining the template protein(s), the protein sequences are aligned to
identify the correspondences between the residues in the template and target
sequences. The MOE-Align program aligns protein sequences using sequence-only
information (residue identities), but also protein sequences using sequence-derived
information (predicted secondary structure) and structure-based information in multiple

31 1h a modified version of the original alignment methodology,131

sequence alignment.
alignments are processed by optimizing a function based on residue similarity scores
and gap penalties imposed by introducing and extending gaps in one sequence with

respect to another. For the alignment between two sequences, simple pairwise

sequence alignment can be applied using ‘dot-matrix’, ‘dynamic programming’, and
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132 These methods are useful to find the best-matching piecewise (local)

‘word’ methods.
or global alignments and they are often used in applications that do not require extreme
precision. However, these methods have difficulty with low homology sequences where
the number of repetitions differs in the two sequences to be aligned.

Multiple sequence alignment is commonly used to incorporate more than two

33 This alignment is very important and useful since

sequences to be aligned at a time.
biological inferences can be made by identifying conserved sequence regions within a
group of evolutionarily related sequences, such as defining the catalytic active sites of
enzymes in conjunction with structural and mechanistic information and building

133 Furthermore, this alignment

evolutionary relationships by making phylogenetic trees.
can give more reliable results than pairwise alignment. Due to the large computational
cost in alignment of a large number of sequences, most multiple alignments are
performed using heuristic methods rather than global optimization. In the MOE program
this alignment consists of four steps; initial pairwise build-up, round-robin realignment,
randomized iterative refinement, and structure-based realignment. In initial pairwise
build-up, a progressive or tree-based method is used to calculate the initial estimate of
the alignment. The progressive method, which is sensitive to the sequence order, aligns
sequence 1 and 2, then aligns sequence 3 to the previous resulting alignment, and
continues until all sequences have been processed.134

In the tree-based method, which is sequence order insensitive but requires more

computational time, all alignment scores between each pair of sequences are pre-

calculated. The alignment is then built by aligning the sequence or sequences with the
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highest pairwise score. The pairwise score between two groups is defined as the
maximum of all scores between their respective sequences. After initial pairwise
alignment is employed, a single round-robin series of realignment is used to refine the
initial estimate in a round-robin realignment step. Re-alignment is performed with the
remaining sequences after extraction of each sequence in succession from the global
alignment. A series of realignments is employed in randomized iterative refinement
where two groups are formed randomly from the group of previously aligned sequences,
and a two-way alignment of the subset is processed. The resulting new alignment is
accepted if it improves the alighment score, otherwise it is rejected, and then the
process is repeated. In structure-based realignment, to consider the tertiary structures
of sequences defined by the coordinates of the alpha carbons, a new similarity matrix is
constructed using the relative alpha carbon coordinates after a multi-body
superposition of structures. Sequences having these alpha carbons are re-aligned with
this matrix, and then steps 1 through 3 are repeated with the structured sequences re-
introduced as an indivisible unit among the unstructured sequences.134

Given a template and an alignment, in the model construction step an all-atom
3D model for the protein sequence (target) is built and refined. Ligands, prosthetic
groups or other molecular entities can be included in models, and they can also be built
as multimers. Model building includes three steps: initial partial geometry specification,
building the intermediate models, and choosing and refining the final model.’® First, an
initial partial geometry for each sequence is obtained from regions of template. If

residue identity is conserved between the template and the target, all coordinates are
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copied; otherwise, only backbone coordinates are transferred. In the second step, by
applying a Boltzmann-weighted randomized modeling procedure with specialized logic
for the proper handling of insertions and deletions, an ensemble of independent models
of the target structure is built. Some lists of molecular data including ‘indel’, ‘sidechain’,
and ‘outgap’ lists are taken for handling the missing atoms and residues from the
Protein Data Bank and a rotamer library generated by systematic clustering of high-
resolution PDB data. ‘Indel’ means the backbone fragments which can span insertions in
the target sequence, ‘sidechain” means sidechain conformations for residues with
unmodeled sidechain atoms, and ‘outgap’ means a backbone fragment extending
beyond the N-terminus or C-terminus of the template (usually omitted). After data
collection, independent models are generated in the sequence of loop modeling,
missing sidechain building, and constructing outgaps. After building intermediate
models with all of the backbone segment and sidechain conformations, hydrogens are
added, and the model is minimized to remove steric strains and scored. In the last step,
the final model is chosen as the best-scoring model based on the following approaches;
by averaging the position of all intermediate models, by using the electrostatic solvation
energy, by using a knowledge-based residue packing quality function, and by measuring
the effective atomic contact energy. Once the final model is selected, it is examined to
verify the consistency of the model’s stereochemistry with known crystal structures.
Homology models and 3D crystal structures are applicable in many research
areas such as protein-protein interaction prediction, ligand docking, virtual screening,

structure-based prediction of small molecules” metabolism and toxicity, and functional
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annotation of genes. A significant limit of homology modeling is its low accuracy,
particularly in loop regions on the protein surface, because these are normally more
variable even between evolutionarily related proteins. However, the critical active site
regions of the protein tend to be more highly conserved through closely related proteins,
leading to them being more accurately modeled. Furthermore, with the aid of molecular
dynamics simulations, particularly replica exchange methods developed by Simmering

1.,°*13® the bottleneck of homology modeling (prediction of loop regions) has

eta
become significantly diminished. This method has become a useful technique at the
initial step of many research applications to predict 3D structures of targets and to make
hypotheses for further research.

1.6.2 Flexible alignment™® **°

The flexible alignment of small molecules is a very useful computational

technique for deducing structural requirements of ligands for biological activity by
pharmacophore elucidation'** and for pharmacophore generation to search a database

%2 The pharmacophore approach assumes

for ligands that match the pharmacophore.
that if two ligands have similar biological activity and bind in similar modes, then the
bound conformations of the two ligands align well and inferences can be made about

139 The binding mode of ligands can be derived from the

the nature of the receptor.
alignment with the template ligand(s), for which binding modes are known. In addition,

a collection of essential molecular features required for binding to a biological target

can be derived from the alignment.
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Flexible alignment aligns ligands, maximizing their overlap within a set of pre-
determined features including a) the strain energy of each molecule is small, b)
molecules have a similar shape, c) molecules have similar Log P (octanol/water) values,
d) molecules have comparable molar refractivities, e) aromatic atoms overlap, f)
hydrogen bond donors and acceptors overlap, g) acidic groups and basic groups overlap,
h) atoms of similar partial charge overlap, and i) hydrophobic areas overlap. A collection
of alignments along with a score that quantifies the quality of the alignment in terms of
both internal strain and overlap of molecular features is obtained in this method. It has
been found that steric features such as volume and aromatic groups and electronic
features such as H-bond donors and acceptors are the most important, while other
features including log P, molar refractivity, hydrophobicity, and exposed surface area do

not significantly improve alignments.***

Each feature can be weighted to emphasize one
over the others.

The procedure of the flexible alignment consists of five steps to search the
conformational space of each molecule and the alignment space of the collection for

139 |n the ‘Initialize’

optimal alignments: Initialize, Perturb, Optimize, Compare, and Filter.
step, the values of the adjustable parameters are set. In the ‘Perturb” step, all rotatable
bonds except terminal and ring bonds are set to random dihedral angles, and all
molecules are oriented randomly by choosing three atoms randomly from each
molecule, and are superposed. An objective function, -kT log F + U, is minimized with

respect to the coordinates of all of the atoms in the ‘Optimize’ step (F is the similarity

function, and U is the average potential energy of the molecules). In the ‘Compare’ step,
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the new configuration that has not been seen before is taken, and then the search is
repeated until the iteration meets the predefined value. The list of configurations is
pruned in the ‘Filter’ step by removing all configurations in which the average potential
energy (of the alignment) is greater than the minimum observed average potential

energy plus some predefined threshold.

1.6.3 Virtual screening and pharmacophore searching

Recently, the use of virtual screening (VS) has dramatically increased as a cost-
effective complement to high-throughput screening (HTS) for novel lead generation in
modern medicinal chemistry. In HTS, a large number of compounds must be submitted
to experimental screening to obtain only a low number of hits. VS has the advantage of
identifying a relatively small subset of compounds to be submitted to experimental
screening. Successful VS depends on an understanding of the chemical and structural
details of target active sites and target-ligand interactions. In parallel with experimental
data such as X-ray and NMR structures and SAR (structure activity relationship) results,
knowledge about pharmacophores, encoded into a 3D query that can be matched
against a molecular database, has led to further utilization of VS. Three approaches are
commonly employed in VS, depending on the presence or absence of target strucutures
or ligands and their activities: structure-based VS (SBVS), ligand-based VS (LBVS), and
pharmacophore-based VS (PBVS).

Structure-based virtual screening: When the structure of the biological target is

available by crystal or NMR structure analysis or sophisticated homology modeling, SBVS
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can be employed.**

The procedure involves target and database preparation,
docking a large number of molecules into the active site of the target, producing a
predicted binding mode for each compound, scoring the binding affinity, and then
selecting hits for experimental testing. In the database and target preparation step, an
initial database having externally available compounds from chemical vendors and/or
having readily synthesizable virtual compounds is screened by applying several physical
and chemical filters to remove irrelevant compounds without the physical properties or
chemical functionality consistent with most known drugs. Other filtering methods are
further applied to exclude compounds containing specific chemical substructures
associated with poor chemical stability or toxicity. Target structures can be prepared by
adding hydrogens and charges and by determining the appropriate protonation states of
ionizable residues in the docking site followed by relaxation to remove steric repulsion.
The next step of SBVS is docking each molecule in the prepared database into
the active site of the prepared target. In this step, each possible ligand pose is scored
and then the predicted binding mode is taken. Conformational flexibility of each
molecule is considered usually by pre-computing all possible conformers of each
molecule in a database followed by docking all calculated conformers. Flexibility of the
target structure is also considered in docking methods, but since it increases complexity
and computational cost, most screening by docking is done by fixing a protein target in
its crystal structure conformation. Recently in some programs, protein mobility is taken

into account by enabling the motion and relaxation of sidechains nearby a docked ligand

or by using an ensemble of protein structures.’® After generating binding poses of each
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compound, scoring functions are used to rank and select the best for the compound
with respect to other. Binding affinity of compounds toward a target is predicted and a
list of compounds is chosen for testing based upon the ranking order. Furthermore,
post-analysis can be employed to minimize the number of false positives in the selected
list and to increase the true hits by using consensus-scoring methods.

Ligand-based virtual screening: LBVS is frequently performed if only ligand
information (structure and activity) is available. The similarity-based searching method,
which includes fingerprint-based searching and descriptor-based searching, is the most
commonly used LBVS method. The rationale for similarity-based searching is based on
the Similar Property Principle, which states that structurally similar molecules are likely
to exhibit similar properties. LBVS is a rather crude approach, but in cases where there is
just a single bioactive lead molecule and no evidence about which parts are responsible
for the observed activity, LBVS can serve as a precursor and complement to more

sophisticated approaches.** ¢

The steps of similarity searching involve calculating the
similarity between the known target (reference) structure and molecules in a database,
ranking the molecules, and then testing the top-ranked molecules. 2D fingerprints
including SMILES or BIT STRINGS, which encode the presence (1) or absence (0) of
substructural fragments, are applied to annotate compounds in a database for the
measurement of structural similarity with a target structure. Furthermore, a vast

number of compounds in a database can be grouped on the basis of their annotation.

Descriptors based on physicochemical properties and topological index are also used in
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similarity searching as representors of molecules using a fixed-length string of real
numbers (or dataprint).

Pharmacophore-based virtual screening: A pharmacophore is a set of steric and
electrostatic features of a ligand that are necessary to recognize the binding site of a
target and that are closely related to its biological activity. PBVS is a screening technique
to identify novel lead compounds that share features with the pharmacophore model
(or query). The procedure of PBVS typically consists of four steps: generating the
pharmacophore query, pre-treating the compound library, screening, and selecting hits
or refining the original query by post-analysis.**’

Pharmacophore-based VS starts with generating pharmacophoric structural
features (the pharmacophore model) represented as labeled points in space by
analyzing a set of reference ligands or, if available, the 3D structure of a target. The
commonly used structural features are hydrogen bond acceptor (Acc), hydrogen bond
donor (Don), cations (Cat), anions (Ani), aromatic center (Aro), and hydrophobic areas
(Hyd). In addition to these features, the direction of a hydrogen bond, planar preference
of an aromatic ring, and volume constraints can also be specified in a pharmacophore
qguery. The pharmacophore can be recognized automatically from a set of bioactive and
bioinactive compounds in the MOE/Pharmacophore Elucidation program. Furthermore,
by using the Pharmacophore Query Editor in MOE, a pharmacophore can be constructed

interactively, by a progress in which users can adjust position tolerance radius, and

assign features as “essential” or “optional” to specify pharmacophore mapping.148 Logic

terms including AND, OR, and NOT can be used to define a feature, for example a
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feature marked “(Acc|Don)!Ani” means “H-bond acceptor or H-bond donor but not
anion”. The success of interactive building of a pharmacophore can be enhanced by an
accumulated knowledge on a target as well as a series of bioactive/inactive ligands.

Each compound in a database is assigned an annotation, encoding the structural
features in that compound. Flexibility of molecules can be considered during screening
by creating a structural ensemble from a seed molecule in a database. Multiple
conformations of each molecule are enumerated by 2D-to-3D conversion followed by
3D structure calculation. In addition to ligand flexibility, inherent flexibility of a protein
can be taken into account by uniformly adjusting the size of all excluded volumes or by
developing a dynamic pharmacophore model from a result of MD simulation. All
possible conformations of each compound in a database are screened through the built
pharmacophore model to find biologically active compounds. Hits are submitted to
experimental screening, and then with the knowledge of hits and their biological activity,
the pharmacophore model is further refined for the next search.

As compared to LBVS, the strength of PBVS is that it is capable of finding
compounds with similar experimental results to a target ligand but with different
chemical scaffolds. This merit is reliable because the definition of pharmacophoric
features is conceptual and abstract rather than atomic (in LBVS). Consequently,
different functional groups can be mapped into the same space of a predefined feature.
Therefore, a pharmacophore model can serve as a bridge to reach unidentified diverse
small molecules from already known ligands. Major concerns in SBVS are the accuracy of

scoring functions for guiding docking and predicting the correct binding mode of ligands
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and their binding free energies. These difficulties are simplified in PBVS by introducing a
tolerance radius for each pharmacophoric feature to handle flexibility. Some other
molecular characteristics such as physico-chemical, and ADMET properties are not
accounted for in pharmacophore models, thus the analysis of these properties needs to

be performed either prior to or after searching for further development of hits.
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Chapter 2. Defining a lead compound and its biological effects on

mTOR signaling

2.1LY294002 analogs

LY294002 (Figure 1.1), which is a synthetic compound developed by Eli Lilly as an
inhibitor of PI3Kinase, was used as a lead compound for our initial study because it also
inhibits mTOR. The potency of this inhibitor toward PI3Kinase and mTOR is similar; 1Cso
values of LY294002 are 1.4 uM and 2.5 uM toward PI3Ka and mTOR, respectively.'*® **°
It was reported that the compound without the phenyl ring attached to the 8-position of

149

the chromone ring is 3-fold less active against PI3Kinase than LY294002.”" Furthermore,

the morpholine ring, particularly the oxygen in the ring, attached to the 2-position of

199 Inhibitors

the chromone ring was found to be necessary for inhibition of PI3Kinase.
C103 - C106 having other flexible amine groups rather than a morpholine ring at the 2-
position of the chromone ring and compound €102 were proposed to further explore
variations on the morpholine moiety. Compounds C107 - C109 having piperidine,
imidazole, 2-methyl imidazole, and pyridine rings at the 2-position of the chromone ring
were suggested by computer modeling to place the nitrogen atoms in position to
hydrogen bond to the backbone N-H that forms an H-bond to the morpholine oxygen of

LY294002. Furthermore, C201, 4-naphthalen-2-yl-morpholine, was proposed to examine

the importance of the carbonyl oxygen of the chromone ring toward mTOR.
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Figure 2.1 The initially proposed compounds to explore the effects of a morpholine ring,
imidazole, pyridine, acyclic functional groups, and carbonyl oxygen of chromone ring
toward mTOR

C101-C109 c201 o
R : 1 1 1 1 1
| | | ' 1
R R — e NN «
j HN  N(CHz, HiCN  N(CHg), HN  OH HN  OCHj [/> [)— |
' : ' ' N N N
o
clo1 Cl02  C103 c104 c105 C106 Cl107 Cl08  C109

The synthesis of 2-methylthio-chromone (2.3) started with the condensation
reaction of 2’-hydroxy acetophenone (2.1) with carbon disulfide and potassium t-

19151 The yellow solid was precipitated by addition

butoxide, leading to compound 2.2.
of dilute acid (H,S04), and was washed with petroleum ether to give a pale yellow solid.
2.2 was converted to 2-methylthio-chromone (2.3) by potassium carbonate and

iodomethane at reflux. The resulting product (2.3) was recrystalized to give needle-like

crystals.

Scheme 2.1 Synthesis of 2-methylthio-chromone (2.3)

O OH O

@\)Q:Hg KOtBu, CS, @\)1 CHjl, K,CO4 @\)i\
OH Benzene, rt 0~ s Acetone, Reflux 0~ TSCH,
overnight 3h, 75%
2.1 2.2 2.3
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Various primary and secondary amine groups including morpholine, piperidine,
N,N-dimethylethylenediamine, N,N,N’-trimethylethylenediamine, ethanolamine, and 2-
methoxyethylamine were attached to the 2-position of the chromone ring by the acid-
catalyzed addition-elimination reaction (Scheme 2.2). For secondary amines, high
temperature (120 °C) and long reaction time (up to 6 hours) were needed, while 60 °C

for 3 hours or less was sufficient for primary amines.

Scheme 2.2 Acid catalyzed addition-elimination reaction for attaching various amine
groups

(0] O
4 eq. HNRR', 1-Butanol
| cat. CH;COOH, 3-28 h |
O S goaz0oc 0" 'NRR
2.3 C101-C106

Imidazole and 2-methyl imidazole groups were introduced by a base catalyzed
addition-elimination reaction (Scheme 2.3). The methyl thiol group was also substituted
with pyridine (the 3-position of pyridine was attached to the 2-position of the chromone
ring) by metal-exchange of 3-bromopyridine by n-Buli followed by an addition-

elimination reaction (Scheme 2.4).
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Scheme 2.3 Base catalyzed addition-elimination reaction for attaching imidazole and 2-
methyl imidazole groups

R H
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\ Et3N, KHCOj3, toluene \ /k
0" "SCH; 130°C,6-72h, 0 N\\\/N
~40 % e
2.3 C107 (R = H)
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Scheme 2.4 Metal-exchange of 3-bromopyridine by nBuli to attach to the 2-position of
the chromone ring

o)
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‘ N\ nBulLi, Toluene N\ o SCHs
Y 0 °C, 30 min ‘/ N 0°Ctort,3h,21%

C109

152154 \vas applied for connecting the morpholine

A Buchwald-Hartwig reaction
ring to the 2-position of naphthalene to examine the effect of the carbonyl group in the

chromone ring toward PI3Kinase and mTOR (Scheme 2.5).

Scheme 2.5 Synthesis of C201

H
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All of the compounds (€C101-C109 and C201) were tested against PI3Kinase and

MTOR by Dr. Lisa Ballou and Ms. Elzbieta Selinger in Prof. Richard Lin’s lab in the Stony
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Brook University School of Medicine. Interestingly, all of the compounds having the
morpholine ring replaced with an acyclic amine showed almost no inhibition (less than
10% at 10 uM) against PI3Kinase as well as mTOR. This result suggests that flexible
morpholine analogs decrease the inhibition against PI3Kinase and mTOR due to the
increased degree of freedom. In addition, the loss of the carbonyl oxygen of the
chromone ring and oxygen in the morpholine ring resulted in complete loss of inhibition,
with both €108 and €109 exhibiting <10% inhibition of mTOR at 10 uM.

These results can be rationalized from the crystal structure of PI3Kinase with
LY294002.> 1°° |n this structure, it can be seen that the major binding components of
LY294002 toward PI3Kinase are two hydrogen bond interactions: one between the
carbonyl oxygen of the chromone ring and the ammonium ion of Lys833, and another
between the oxygen in the morpholine ring and the amide backbone N-H of Val882
(Figure 2.2). Abraham has also reported that the lysine and the valine of those H-bonds
are highly conserved in the phosphatidyl inositol kinase related kinase (PIKK) family
including PI13Kinase, mTOR, DNA-PK (DNA-dependant protein kinase), ATM (ataxia

telangiectasia-mutated), and ATR (ATM and Rad3-related).™’

Therefore, we can
conclude that the carbonyl oxygen in the chromone ring and the oxygen in the
morpholine ring are critical for the inhibition of PI3Kinase as well as mTOR. In addition,

the rigidity of the morpholine ring appears necessary for tight binding to the active site

of PI3Kinase and mTOR.
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Figure 2.2 The major interactions of LY294002 in the active site of PI3Ky. The residues
within 4.5 A from LY294002 in the crystal structure (PDB ID : 1E7V) are presented. The
major interactions of LY294002 and amino acids are marked by black lines. The amino
acids of Lys833 and Val882 and LY294002 are shown as tube structures, and the other
amino acids in the active site are shown as line drawings. For clarity, hydrogens are
omitted.

2.2 A selective inhibitor, C401
While this project was underway, the synthetic compound 2-(morpholine-1-
yl)pyrimido[2,1-a]isoquinoline-4-one (C401 in Figure 1.1) was reported as a DNA-PK

/ 150,158

inhibitor by Griffin et a More than 100 compounds were synthesized and tested
against DNA-PK in that paper. Among them four compounds were selected and tested
against enzymes in the PIKK family. As shown in Table 2.1 with compound Il (C401 in

Figure 1.1) inhibits mTOR moderately but not PI3Kinase with ICsq values of 5.2 uM and

more than 100 uM against mTOR and PI3Kinase, respectively. Interestingly, the overall
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shape of compounds Il and Il are very similar (benzochromone ring vs.
pyrimidoisoquinoline ring), but the inhibition properties are totally different. Compound
Il shows moderate inhibition against both PI3Kinase and mTOR, but compound Il only

inhibits MTOR (in red in Table 2.1).

Table 2.1 Bioassay of four DNA-PK inhibitors against enzymes in the PIKK family. This
table is adopted from the original reference and compound names are modified.

I Il i v
o o
0 o)
PIKK O I ~ - N\)i N
<RI R e e
Me
DNA-PK 1.510.2 0.2310.01 0.28+0.02 0.1910.01
PI3Ka 2.3+0.8 13+3.0 >100 2.4+0.7
ATM >100 >100 >100 >100
ATR >100 >100 >100 >100
mTOR 2.5+0.2 6.4+0.1 5.3+0.8 4.8+t1.4

The reason for the loss of inhibition against PI3Kinase in compound Ill (C401) is
not clear, but the altered electrostatic potential due to the presence of nitrogen atoms
replacing oxygen and carbon atoms accounts for this phenomenon. In addition,
decreased hydrogen bonding ability of the carbonyl oxygen in the pyrimido ring, caused
by the heteroatom substitution, may also contribute.

To examine the electrostatic difference between compounds Il and lll, density

159, 160 161

functional theory (DFT) calculations were performed with Gaussian 03W

software. The initial structures of compounds Il and Ill were built using GaussView.'**
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The structures were initially optimized at the RHF/6-31G(d) level'®®, and further

optimized at B3LYP/6-311G(d).*** **> Frequency calculations were performed to confirm

166

the stationary point of each structure.™ Total density of each compound was

calculated by the ‘cube’ utility in GaussView to measure the density. Electrostatic

potential (ESP)™®’ of each compound was mapped to the calculated total density (Figure

2.3).

Figure 2.3 Electrostatic potential (up) and ESP charges (down) of compounds Il (left) and
lll (right). Red, green, and blue colors in ESP represent negative, neutral, and positive
potentials, respectively. Red, black, and green colors in ESP charges represent negative,
neutral, and positive charges, respectively. For clarity hydrogen atoms are omitted and
carbon atoms are not labeled.
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The major difference in electrostatic potential between compounds Il and Il is
the negative potential in the ring fragments. The negative potential in compound Il is
delocalized through the benzochromenone ring, but it is localized on the pyrimido-
isoquinoline ring of compound Ill. Charges were calculated by fitting to the electrostatic

potential at points according to the Merz-Singh-Kollman scheme. %% 16

The charges of
N1 and N5 of compound lll are -0.61 and -0.18, while those of the corresponding O1 and
C5 of compound Il are -0.31 and -0.43, respectively. These values imply that negative
charges are localized to N1 of compound lll, while those are well distributed through the
ring fragment, or slightly localized to C5 of compound II.

It is still not clear why compound Il has selectivity between mTOR and PI3K, but
compound Il has no selectivity. As mentioned, the overall shape and pharmacophore of
these compounds are the same, as the carbonyl oxygen can interact with Lys833 of PI3K
and the morpholine oxygen can interact with Val882 (Figure 2.2). These two residues
are highly conserved in PIKK family enzymes. Somehow the different ring systems
having N1 and N5 in compound lll vs. O1 and C5 in compound Il leads to different
properties, resulting in different inhibition profiles.

C401 was synthesized according to the reported158 procedure to verify its
selectivity between mTOR and PI3Kinase in vitro and to test the cellular effect of mTOR
inhibition. From the reaction of 2-aminoisoquinoline with diethyl malonate, the

pyrimido-[2,1-alisoquinoline template (2.4) was synthesized, and subsequently

converted into the 2-chloro derivative (2.5) by reaction with phosphorus oxychloride.
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The morpholine group at the 2-position was introduced by displacement of chloride, as

shown in Scheme 2.6.

Scheme 2.6 Synthesis of C401

o
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2.3 Effect of C401 on mTOR and PI3K activities in vitro

Dr. Ballou and Ms. Selinger, in Prof. Richard Lin’s lab, carried out /n vitro kinase
assays were performed to confirm that C401 selectively inhibits mTOR over PI3K. C401
was shown to inhibit immunoprecipitated epitope-tagged mTOR and endogenous mTOR
in Raptor immunoprecipitates, giving results consistent with those of Griffin et al. In
both cases, 5 uM or 10 uM C401 gave inhibition of 67% or 78%, respectively (Figure 2.4).
However, at these concentrations C401 showed almost no inhibition of the p110a/p85a
or p110B/p85a PI3K complexes as shown in dose response curves (closed symbols in
Figure 2.5). By contrast, LY294002 gave almost complete inhibition of both PI3Ks at
these concentrations (open symbols in Figure 2.5). Inhibition of the protein kinase
activity of p110a was also tested by examining autophosphorylation of p85a in the PI3K

complex. There was no effect on this autophosphorylation by C401 at 25 uM, while
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LY294002 inhibited this reaction at 5 uM (Figure 2.6). Therefore, these results confirm

that C401 exhibits selective inhibition toward mTOR over P13Kinase, in contrast to non-

selective inhibition by LY294002.

Figure 2.4 Effect of C401 on mTOR activities in vitro. mTOR kinase activity in AU1 or
Raptor immunoprecipitates was assayed in the presence of the indicated concentrations

(in uM) of compound 401.
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[ J— IP: AUT-mTOR
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Figure 2.5 Effect of C401 and LY294002 on PI3Kinase activities in vitro.PI3K activity of
p110a/p85a (circles) or p110B/p85a (squares) was assayed in the presence of
increasing concentrations of C401 (closed symbols) or LY294002 (open symbols).
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Figure 2.6 Effect of C401 and LY294002 on autophosphorylation of the p85a subunit of
p110a/p85a. Autophosphorylation of the p85a subunit of p110a/p85a was assessed in
the presence of the indicated concentrations (in uM) of C401 and LY294002. C, vehicle

control; Bl, enzyme blank.

Concentration (M)

401 Y 294002

There are more than 300 different protein kinases involved in cell signaling that
use adenosine triphosphate (ATP) as a substrate. Therefore, we examined whether
compound C401 inhibits other protein kinases. C401 was tested against 40 different
protein kinases at 5 UM concentration. At this concentration most of these enzymes
were inhibited less than 20% by C401, except MAPKAPK2 (MAP kinase-activated protein
kinase 2), PIM1, and STK6 (Serine/threonine Kinase 6, or Aurora A) which showed
inhibition of 40%, 44%, and 44%, respectively (in red in Table 2.2). While these inhibition
values are higher than those of the other kinases, these protein kinases are not directly
related to the PI3K/mTOR signaling pathway, and thus may not interfere with studies of

cellular effects of mTOR inhibition.

54



Table 2.2 Inhibition of protein kinases by C401. Protein kinases were assayed with 5 uM
€401 and 100 pM ATP (SelectScreen™ Profiling Service, Invitrogen). Values show an

average of duplicate measurements.

Kinase %inhibition Kinase %inhibition

ABL1 -5 LCK -3

AKT1 (PKB alpha) 5 MAP2K1 (MEK1) -8
BTK 9 MAP4K4 (HGK) 3
CDK1/cyclin B 3 MAPK14 (p38 alpha) 17
CHEK1 (CHK1) -9 MAPK3 (ERK1) -3
CSNK1G2 (CK1 gamma 2) 2 MAPKAPK2 40
CSNK2A1 (CK2 alpha 1) 3 MET (cMet) 19
DYRK3 5 NTRK1 (TRKA) -17

EGFR (ErbB1) -3 PDGFRB (PDGFR beta) -4
EPHA2 -13 PHKG2 -6
ERBB2 (HER2) 3 PIM1 44
FGFR1 0 PRKACA (PKA) -11

FLT3 36 PRKCB1 (PKC beta I) 8
GSK3B (GSK3 beta) 0 RET -4
IGF1R -8 ROCK1 13

INSR -3 RPS6KA3 (RSK2) 7
IRAK4 -5 SRC -14

JAK3 2 STK6 (Aurora A) 44

KDR (VEGFR2) 0 SYK 14
KIT 13 TEK (Tie2) 12
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2.4 Effect of C401 on mTOR signaling in cancer cells

S6K1 and Akt are two effectors of mTOR signaling (Figure 1.3). Thr389 in the
hydrophobic motif of S6K1 is phosphorylated by mTORCL1. Similarly, mTORC2
phosphorylates Akt at Ser473 in the hydrophobic motif and facilitates PDK1
phosphorylation of Thr308 in the T Ioop.27 Therefore, examining the phosphorylation
state of S6K1 Thr389 and Akt Ser473 is an efficient way for measuring intracellular
mTORC1 and mTORC2 activity, respectively.

Serum-starved Rat-1 fibroblasts were pretreated with C401, LY294002, and
rapamycin and then stimulated with PDGF to test the effect of C401 on growth factor-
activated mTOR signaling. The phosphorylation of S6K1 and Akt was analyzed on
Western blots probed with antibodies that recognize S6K1 phospho-Thr389 or Akt
phosphor-Serd73. As predicted, C401 decreased the phosphorylation of both sites
(Thr389 S6K1 and Ser473 Akt). LY294002 also showed similar ability for targeting mTOR
by reducing the phosphorylation of both sites (Figure 2.7). However, rapamycin affected
only the mTORC1 site (Thr389 S6K1), and there was no decreased phosphorylation of

Serd73 Akt by rapamycin.
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Figure 2.7 Effect of C401 on mTOR signaling in Rat-1 cells. The indicated concentrations
of C401 or LY294002 are in uM, and (R) represents 10 nM rapamycin.
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Since C401 is also a potent inhibitor of DNA-PK (ICso = 0.28 uM), it is possible that
the inhibition of DNA-PK directly or indirectly gives effects on Akt and S6K1
phosphorylation. This possibility was tested in M059)J glioma cells, which lack DNA-PK.
The phosphorylation of Ser473 Akt and Thr389 S6K1 were decreased at the same doses
that were effective in Rat-1 cells by the treatment of M059J cells with C401 (Figure 2.8).
Therefore, the inhibitory effect of C401 on phosphorylation of these mTOR sites is not

due to DNA-PK inhibition.
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Figure 2.8 Effect of C401 on mTOR signaling in M059)J glioblastoma cells. The indicated
concentrations of C401 are in uM.
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We also examined whether rapamycin and C401 differentially affect the
proliferation of TSC17" cells by measuring cell growth and apoptosis in mouse embryo
fibroblasts (MEFs) derived from TSC1-null mice. The cell number was slightly decreased
after treatment with rapamycin for 1 day, as compared to the control cells (gray bars in
Figure 2.9), and a moderately decreased cell number was found after 2 days. By contrast,
proliferation was strongly inhibited in cells exposed to C401 for 1 day (54%) or 2 days
(84%) (white bars in Figure 2.9). This growth inhibition by C401 is not caused by general
toxicity, as there was only a slight decrease in cell number in TSC1** MEFs treated for 2

days in the presence of the drugs (Figure 2.9).

58



Figure 2.9 Effect of C401 on the proliferation of TSC1-/- MEFs. Cells were treated with
0.1% dimethyl sulfoxide (Con), 100 nM rapamycin (R), or 10 uM C401. * represents a
statistically significant difference between C401 and control on day 1. ** and ***
represent statistically significant differences between rapamycin and control and C401
and control, respectively, on day 2.
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The level of nucleosomes in the cytoplasm of drug-treated TSC1”" MEFs was
measured to determine whether apoptosis causes the decreased cell number induced
by C401. Whereas the nucleosome level was not changed in cells treated by rapamycin,
treatment with C401 significantly increased apoptosis (Figure 2.10). An Akt1/2 inhibitor
also induced an increase in apoptosis of TSC1” MEFs, suggesting that the cytotoxic

effect of C401 might be due in part to suppression of mTORC2/Akt signaling.
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Figure 2.10 Effect of C401 on the cytoplasmic nucleosome level, or apoptosis. The
cytoplasmic nucleosome level was determined as a measure of apoptosis. Akt inhibitor
was used at 5 uM. * and ** shows statistically significant differences between C401 and
control and Akt inhibitor and control, respectively.
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All of these results prove our initial hypothesis that inhibition of mTOR kinase
activity by a small molecule inhibitor is more effective than rapamycin at killing TSc1”
MEFs that exhibit hyperactivated mTOR signaling. However, the inhibition of mTOR by
C401 is moderate, and at high concentration (25 uM) C401 also inhibits PI3Kinase (~
50%). Therefore, it is important to optimize C401 to have more potency against mTOR

without inhibiting PI3Kinase even at high concentration.
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2.5 Computational and experimental details

The Gaussian 03W program package (Revision-C.02) was used for optimization
and frequency calculation of geometries. Input files were generated using GaussView
3.09. This program was also used to generate Cubes for measuring total density and
electrostatic potential surfaces and to visualize EPS atomic charges.

Geometry optimization and frequency calculation: The initial structures of
compounds Il and lll were built using GaussView. The geometries were initially
optimized at the RHF/6-31G(d) level. The stationary point of each optimized structure
was confirmed by frequency calculation, and no imaginary frequency was found for
either optimized structure. The geometries were further optimized at the B3LYP/6-
31G(d) followed by the B3LYP/6-311G(d) level. Frequency calculations of the final
optimized geometries were performed at the B3LYP/6-311G(d) level, and no imaginary
frequency was obtained. The ‘Formchk’ utility, which converts the data in a Gaussian
checkpoint file into a formatted form for visualization, were employed to the final
checkpoint files of compound Il and lll. Two formatted checkpoint files were obtained
(C400-dft.fch and C401-dft.fch of compound Il and lll, respectively).

Generating cubes and surfaces: Cube for total SCF density of compound Il was
generated from the formatted checkpoint file in GaussView and saved as C400-dft.cube.
Electron density from total SCF density was obtained by setting the isovalue at the
default value (0.0004). Electrostatic potential was mapped to the total density. Mapped-
electrostatic potential of compound Il was generated by performing the same

procedure with C401-dft.fch file. The maximum and minimum values of each compound

61



for visualization were changed to 1.0E-2 and -1.0E-2 from the automatically generated
values because with automatically generated values the difference of ESP between
compound Il and compound lll cannot be examined clearly.

Calculation of electrostatic potential-derived charges: To obtain charges fit to
the electrostatic potential at each atomic point, the final generated checkpoint file of
compound Il was employed and charge calculation was performed. The same method
(B3LYP) and same basis set (6-311G(d)) were applied. The ESP charge type was loaded to
the structure by coloring atoms by ESP charges. The ESP charges of compound Il was
calculated by the same procedure. The charge range for coloring was slightly changed to
-0.70 to 0.70 from the automatically generated ranges to compare the difference

between compound Il and compound il directly.

4-Hydroxy-2-thio-1-benzopyran (2.2): To a suspension of potassium tert-butoxide (7.0 g,
62 mmole) in benzene (40 mL) at room temperature was slowly added a solution of 2’-
hydroxyacetophenone (1.36 g, 10 mmole) and carbon disulfide (1.82 g, 24 mmol) in
benzene (20 mL). The yellow viscous mixture was stirred overnight, and then poured

into water (300 mL). The organic layer was removed and the aqueous phase was

washed with ether (100 mL x 2). The aqueous phase was cooled and acidified slowly
with 10% ice-cold sulfuric acid and stirred. The precipitate was collected by filtration and
washed well with petroleum ether to give (2.2) as a yellow solid (0.94 g, 5.3 mmol, 53%
yield); 'H-NMR (300 MHz, DMSO) 6, 7.89 (d, 1 H, J = 7.4 Hz), 7.74 (t, 1 H, J = 7.8 Hz), 7.56

(d, 1H,J=9.0Hz),7.44 (t, 1 H,J = 7.6 Hz), 6.66 (s, 1 H), 3.42 (s, 1 H).
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2-Methylthio-1-benzopyran-4-one (2.3): To a stirred suspension of K,CO3-1%H,0 (1.90 g,
11.5 mmol) in acetone (10 ml) was added compound 2.2 (0.95 g, 5.3 mmol) in acetone

(5 ml) and 1.5 mL of CHsl. The bath temperature was set to 75 to 80 °C to achieve reflux.
After 3 hours, the reaction mixture was filtered while hot. The filtrate was evaporated
and 50 mL of chloroform was added. The resulting solution was washed with water (2 x
20 ml) and brine (30 ml). It was dried with MgSO, followed by evaporation to a solid.
This solid was recrystallized with toluene and petroleum ether. The transparent needle
like crystals (75% yield) were collected; TLC R = 0.47 (Hexane/EtOAc 1:2); mp 110 °C (ref,
109.5-110.5 °C); 'H-NMR (400 MHz, CDCl3) 6, 8.15 (dt, 1 H, J = 7.6 Hz, 0.8 Hz), 7.63-7.59
(m, 1 H), 7.39-7.35 (m, 2 H), 6.20 (s, 1 H), 2.53 (s, 3 H); *C-NMR (100 MHz, CDCl) §,

175.63, 169.92, 156.73, 133.32, 125.80, 125.25, 123.47,117.18, 107.38, 13.75.

2-(Morpholin-4-yl)-4H-1-benzopyran-4-one (€101)'"%: To a stirred solution of
compound 2.3 (0.34 g, 1.8 mmol) in 1-butanol (10 ml) was added morpholine (0.25 ml,
ca. 3 mmol) in 1-butanol (5 ml) and a catalytic amount of acetic acid (2 drops). The
reaction mixture heated at 130 °C. After 12 hours the mixture was evaporated to a solid
and the product was recrystallized with ethyl acetate. The product was further purified
with column chromatography by eluting with chloroform/ethyl acetate (1/1); TLC R¢ =
0.06 (Hexane/EtOAc 1:2); *H-NMR and **C-NMR are consistent with those in the

literature; *H-NMR (300 MHz, CDCl5) &, 8.10 (dd, 1 H, J = 7.8 Hz, 1.6 Hz), 7.51 (td, 1 H, J =
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7.8 Hz, 1.3 Hz), 7.32-7.23 (m, 2 H), 5.45 (s, 1 H), 3.78 (t, 4 H, J = 5.0 Hz), 3.46 (t, 4 H, ] =
5.0 Hz); *C-NMR (100 MHz, CDCls) &, 177.06, 162.54, 153.55, 132.23, 125.40, 124.70,

122.77,116.22, 87.16, 65.83, 44.52.

2-(Piperidin-1-yl)-1-benzopyran-4-one (C102): To a stirred solution of compound 2.3
(0.20 g, 1.1 mmol) in 1-butanol (7 ml) was added piperidine (0.20 ml) in 1-butanol (3 ml)
and a catalytic amount of acetic acid (3 drops). The reaction mixture was heated at 120
°C. The reaction was stopped after 4 hours, though TLC still showed some unreacted 2.3.
The solvent was removed by rotary evaporation. The product mixture was redissolved in
chloroform (50 ml) and washed with water (20 mL x 2) and dried over MgSQO,. The
product was purified by column chromatography, eluting with chloroform and ethyl
acetate (1/1) to give the title compound (0.22 g, 0.96 mmole, 87% yield) as a colorless
solid; *H-NMR (300 MHz, CDCl5) &, 8.11 (dd, 1 H, J= 7.8 Hz, 1.2 Hz), 7.49 (t, 1 H, J = 8.6
Hz), 7.31-7.23 (m, 2 H), 5.50 (s, 1 H), 3.48 (s, 4 H), 1.67 (s, 6 H); *C-NMR (100 MHz,
CDCls) 6, 176.85, 162.24, 153.63, 131.86, 125.33, 124.42, 116.14, 86.69, 85.78, 45.83,

25.11, 24.01.

2-(2-Dimethylamino-ethylamino)-1-benzopyran-4-one (C103): To a stirred solution of
compound 2.3 (0.20 g, 1.0 mmol) in 1-butanol (7 ml) was added N,N-
dimethylethylenediamine (1.0 ml) in 1-butanol (3 ml) and a catalytic amount of acetic
acid (2 drops). The reaction mixture was heated at 70 °C. After 3 hours the reaction was
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stopped and the mixture was evaporated. The sticky product mixture was dissolved in
water (50 ml) and dilute agueous HCl was added. The resulting solution was extracted
with ether (20 ml). The water layer was basified with aqueous NaOH and the product
mixture was extracted with chloroform (50 x 2 ml). The resulting solution was dried
over MgSQ, and evaporated. The product was further purified by column
chromatography on silica gel to give the title compound (0.22 g, 0.95 mmol, 95% yield);
'H-NMR (300 MHz, CDCl3) 8, 8.02 (dd, 1 H, J = 7.8 Hz, 1.5 Hz), 7.42 (td, 1 H, J = 7.6 Hz,
1.3Hz),7.20 (td, 1 H,J=7.6 Hz, 0.3 Hz), 7.11 (d, 1 H, J= 7.8 Hz), 6.36 (s, 1 H ), 5.30 (s, 1
H), 3.21 (qd, 2 H, J = 10.5 Hz, 5.4 Hz), 2.53 (t, 2 H, J = 6.0 Hz), 2.22 (s, 6 H); *C-NMR (100
MHz, CDCl5) 6, 176.62, 163.17, 153.56, 131.83, 125.27, 124.19, 122.99, 116.04, 85.73,

85.21, 56.56, 44.82, 38.69.

2-[(2-Dimethylamino-ethyl)-methyl-amino]-1-benzopyran-4-one (C104): The procedure
was the same as that of C103 except the temperature was 110 °C and reaction time was
28 h. The yield of this product is 48% (0.12 g); *H-NMR (300 MHz, CDCl5) 6, 8.09 (dd, 1 H,
J=8.0Hz, 1.6 Hz), 7.47 (td, 1 H, J = 7.9 Hz, 1.3 Hz), 7.29-7.21 (m, 2 H), 5.35 (s, 1 H), 3.51
(t, 2H,J=7.0Hz),3.02 (s, 3 H), 2.49 (t, 2 H, J = 7.0 Hz), 2.24 (s, 6 H); *C-NMR (100 MHz,
CDCls) 6, 176.38, 162.52, 153.52, 131.82, 125.35, 124.47, 122.77, 116.05, 85.95, 56.61,

47.99, 45.55, 36.32.
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2-(2-Hydroxy-ethylamino)-1-benzopyran-4-one (C105): To a stirred solution of
compound 2.3 (0.20 g, 1.0 mmol ) in 1-butanol (7 ml) was added 2-methylaminoethanol
(1.0 ml) in 1-butanol (3 ml) and a catalytic amount of acetic acid (3 drops). The reaction
mixture was heated at 60 °C. After one and one half hours reaction was stopped and the
solvent was evaporated. The product was purified with column chromatography (eluent,
chloroform/methanol (2/1)). The slightly impure product was further purified by
preparative TLC suing the same solvent to give C105 (20.6 mg, 0.10 mmol, 10% yield);
TLC R¢ = 0.51 (CHCl3/MeOH : 2/1); "H-NMR (300 MHz, CD;0D) 6, 8.01 (d, 1 H, J = 8.1 Hz),
7.62(t,1H,J=7.6Hz),7.42-7.34 (m, 2 H),5.46 (s, 1 H), 3.74 (t, 2 H, J=5.7 Hz), 3.45 (t, 2

H,J=5.4 Hz).

2-(2-Methoxy-ethylamino)-1-benzopyran-4-one (C106): To a stirred solution of
compound 2.3 (0.20 g, 1.0 mmol) in 1-butanol (7 ml) was added 2-methoxyethylamine
(1.0 ml) in 1-butanol (3 ml) and a catalytic amount of acetic acid (1 drops). The reaction
mixture was heated at 70 °C. After 7 hours the reaction was stopped and the solvent
was evaporated. The sticky product was dissolved in water (40 ml) and extracted with
ether (30 ml) and chloroform (40 mL x 2). The combined organic layers were washed
with brine (20 ml), dried over MgSQO,, and evaporated to give C106 (0.21 g, 0.90 mmol,
90% yield); *H-NMR (300 MHz, CDCl5) &, 8.06 (dd, 1 H, J = 7.8 Hz, 1.8 Hz), 7.42 (td, 1 H, J

=7.9 Hz, 1.4Hz), 7.22 (td, 1 H, J = 7.6 Hz, 0.8 Hz), 6.54 (s, 1 H), 5.39 (s, 1 H), 3.54 (t, 2 H, J
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= 5.4 Hz), 3.38 (t, 2 H, J = 5.3 Hz), 3.31 (s, 3 H); “*C-NMR (100 MHz, CDCl3) &, 176.59,

163.53, 153.51, 131.83, 125.19, 124.30, 122.95, 116.14, 85.44, 69.85, 58.62, 41.19.

2-(Imidazol-1-yl)-1-benzopyran-4-one (C107): A mixture of imidazole (0.20g, 2.9
mmol), triethylamine (0.65 g, 6.46 mmol), a catalytic amount of KHCOs (0.10 g) and the
reactant 2.3 (0.21 g, 1.1 mmol) was stirred in benzene (15 ml) at room temperature
overnight. The temperature was increased to 120 °C and more KHCO3 (ca. 0.2g) was
added. After 6 hours the reaction was stopped, though some of the reactant 2.3
remained. The solvent was evaporated and the mixture was redissolved in
dichloromethane (100 ml). The resulting solution was washed with water (20 mL x 2)
and brine (30 ml) and dried over MgSQ,. The product (0.07 g, 0.33 mmol, 30% yield) was
purified by column chromatography, eluting with ethyl acetate/hexane (4/1); *H-NMR
(300 MHz, CDCl3) &, 8.28 (dd, 1 H, J = 7.8 Hz, 1.8 Hz), 8.28 (s, 1 H), 7.80 (td, 1 H, J = 7.9 Hz,
1.5 Hz), 7.60 (d, 1 H, J = 7.5 Hz), 7.58-7.51 (m, 2 H), 7.33 (s, 1 H), 6.45 (s, 1 H); *C-NMR
(100 MHz, CDCl3) 6, 196.06, 177.67, 154.21, 153.33, 134.78, 134.29, 134.27, 131.82,

126.21, 126.00, 125.99, 123.38, 117.56, 115.83, 97.07.

2-(2-Methyl-imidazol-1-yl)-1-benzopyran-4-one (C108): A mixture of 2-methyl
imidazole (0.12 g, 1.7 mmol), triethylamine (0.48 g, 4.8 mmol), KHCO3 (0.27 g, 2.7 mmol)
and the reactant 2.3 (0.19 g, 1.0 mmol) was stirred in toluene at 130 °C. After 72 hours,
the reaction was stopped; the reactant wasn’t completely consumed. The mixture was
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evaporated and redissolved in methylene chloride (50 mL). The resulting solution was
washed with water (20 mL x 2) and brine (20 ml) and dried over MgSQ,. The product (ca.
40%) was purified by column chromatography, eluting with ethyl acetate/methylene
chloride (10/1); *H-NMR (300 MHz, CDCl5) 6, 8.22 (dd, 1 H, J = 8.0 Hz, 1.4 Hz), 7.74 (td, 1
H,J=7.8 Hz, 1.5 Hz), 7.51-7.46 (m, 2 H), 7.27 (d, 1 H, J = 1.8 Hz), 7.06 (d, 1 H, J = 1.8 Hz),
6.31 (s, 1 H), 2.66 (s, 3 H); *C-NMR (100 MHz, CDCl5) 6, 177.96, 154.59, 134.38, 129.13,

126.21, 126.01, 123.23, 118.40, 117.60, 102.19, 15.58.

2-(Pyridin-3-yl)-1-benzopyran-4-one (C109): nBuli (2.5 M in hexane, 2.20 ml, 5.5 mmol)
was slowly added to the round bottom flask filled with toluene (6 ml) at 0 °C. 3-
bromopyridine (0.79 g, 0.48 ml, 5 mmol) in toluene (2 ml) was slowly added. A yellow
solid was precipitated and it gradually turned to a red-brown color. After 30 minutes,
the reactant 2.3 (0.20 g, 1.0 mmol) in toluene (3 ml) was slowly added to the reaction
mixture. The temperature was slowly increased to room temperature. After 3 hours, the
reaction was stopped, filtered, and evaporated. The product mixture was dissolved in
ethyl acetate (80 ml), washed with water (20 mL x 2) and brine (30 ml) and dried over
MgSQO,. The product was purified with column chromatography, eluting with ethyl
acetate/hexane (3/1) to give €109 (0.05 g, 0.22 mmol, 22% yield); "H-NMR (300 MHz,
CDCl3) 8, 8.78 (d, 1 H, J = 3.6 Hz), 8.74 (s, 1 H), 7.80 (t, 1 H, J = 3.9 Hz, 1.9 Hz), 7.59 (t, 1 H,
J=7.7Hz),7.49 (t, 1 H, J = 6.3 Hz), 7.45-7.38 (m, 2 H), 7.27 (t, 1 H, J = 7.4 Hz), 6.40 (s, 1

H).
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4-(Naphthalen-2-yl)-morpholine (€201)***: A solution of 2-bromonaphthalene (0.42 g,
2.0 mmol ), morpholine (0.60 g, 6.9 mmol), dichlorobis(tri-o-tolylphosphine)-palladium(ll)
(0.04 g), and potassium tert-butoxide (0.24 g) in toluene (15 ml) was stirred at 100 °C for
3 hours. The reaction mixture was poured into ether (50 ml) and washed with water (10
mL x 2) and brine (15 ml). The product was purified by column chromatography (10/1 =
hexane/ethyl acetate) to obtain €201 (0.35 g, 1.6 mmol, 80% yield); *H-NMR is

consistent with that in the literature; *H-NMR (300 MHz, CDCl3) 6, 7.76 (m, 3 H), 7.42 (t,

1H,J=7.2Hz),7.34-7.24 (m, 3 H), 3.93 (t, 4 H, J = 5.1 Hz), 3.27 (t, 4 H, J = 4.6 Hz).

158,

2-Chloropyrimido[2,1-alisoquinoline-4-one (2.5)": 2-Aminoisoquinoline (0.72 g, 5.0
mmol) was dissolved in diethyl malonate (1 ml) with heating, and the reaction mixture
was stirred at 80 °C for 30 minutes. Ethanol (5 ml) was added, and the solution was
refluxed (heated to 170 °C) for 6 hours. A Dean Stark apparatus was installed, and
ethanol was removed by stirring at 150 °C. The residual pale solid was collected and
washed with ethyl acetate to get the title compound 2.4 as a pale brown solid, which
was used for the next step without further purification. 2.4 was dissolved in POCl3 (5 ml)
and the solution was heated at 120 °C for 5 hours. The reaction mixture was cooled and
poured carefully into ice water. Saturated Na,COs solution was added to adjust the pH
to 7. The product (2.5) was extracted with dichloromethane, and the organic layer was

dried with MgS0O,4 and evaporated. The crude product was purified by chromatography
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on silica gel, eluting with ethyl acetate/hexane (1/4) and 10% dichloromethane, to
provide the title compound as a white solid (0.40 g, 1.73 mmol, 35% vyield). TLC Rf = 0.45
(Hexane/EtOAc 1:1); mp 198 °C (lit. mp = 197 — 199 °C); *H-NMR (400 MHz, CDCl5) §,

9.02 (d, 1H, J = 8.0 Hz), 8.76 (d, 1H, J = 7.6 Hz), 7.88-7.73 (m, 3H), 7.37 (d, 1H, J = 7.6 Hz),
6.60 (s, 1H) (lit. *H-NMR (CDCl3) 8, 6.12-6.17 (1H, m, Ar-H), 6.81 (1H, s, CH), 7.24-7.45
(5H, m, Ar-H); BC-NMR (100 MHz, CDCls) 6, 158.15, 157.96, 149.78, 134.27, 133.54,
129.17,127.61, 126.61, 125.98, 121.57, 116.06, 105.40; MS (ESI), m/z = 231.0 (M+1)" (lit.

MS (ESI+) m/z 231.5 (M")).

2-(Morpholine-1-yl)pyrimido[2,1-a]isoquinoline-4-one (C401)*%: To solution of 1.9 (1
eg.) in 1-butanol (10 ml) was added morpholine (~ 4 eq.) and three drops of acetic acid.
The solution was stirred under reflux for overnight. As the reaction was completed, it
was cooled and the solvent was evaporated. To the resulting solid was added
dichloromethane and water. The organic layer was dried with MgS0O,4 and evaporated.
The crude product was purified by chromatography on silica gel, eluting with ethyl
acetate/hexane (2/1) and 10% dichloromethane, to provide the title compound as a
white solid (98% yield); mp 210 °C; 'H-NMR is consistent with that in the literature; *H-
NMR (300 MHz, CDCl;) 6,8.81(d, 1 H,/=7.8 Hz), 8.66 (d, 1 H, J = 7.5 Hz), 7.75-7.57 (m, 3
H), 7.05 (d, 1 H, J = 7.8 Hz), 5.64 (s, 1 H), 3.84-3.71 (m, 8 H); *C-NMR (100 MHz, CDCl5) 5,
160.37, 159.63, 149.10, 134.33, 132.35, 127.96, 126.89, 126.38, 126.17, 122.03, 112.43,

82.22, 66.52, 44.63; MS (ESI), m/z = 282.0 (M+1)".
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Chapter 3. Design, synthesis, and bioassay of selective inhibitors
of mTOR

3.1 Homology modeling and strategies

One of the bottlenecks of this research is the absence of the 3D structure of the
catalytic domain of mTOR. The crystal structure of the complex of the catalytic domain
of PI3Kinase with LY294002 has been solved.'* However, PI3Kinase is not our target,
but rather the goal is to develop mTOR inhibitors that do not inhibit PI3Kinase. To
address this limitation, homology modeling was performed using the Molecular

129 to develop a computer model of the 3D

Operating Environment software package
structure of the catalytic domain of mTOR. The catalytic domains of enzymes in the PIKK
family are highly homologous. Thus a computational model of mTOR may be generated
using the known PI3Kinase structure as a template. Furthermore, the calculated 3D

structure of the catalytic domain of mTOR and the crystal structure of PI3Kinase can be

compared for the design of selective inhibitors for mTOR over PI3Kinase.

3.1.1 Sequence alignment and template refinement

The human sequences of mTOR, DNA-PK, PI3Ka, PI3Ky, ATM, and ATR were
chosen from the Swiss-Prot Database. The crystal structure of the LY294002 complex of
PI3Ky (PDB ID : 1E7U in PDB bank), the only PIKK family member for which a 3D
structure is available, was used as a template for the model building. MOE was first used

to refine the PI3Ky-LY294002 template by filling in missing residues (disordered loop
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regions not resolved in the crystal structure) while predicting the best conformation of
these regions by a rotamer library and PDB structure matching. The sequences of mTOR,
DNA-PK, PI3Ka, PI13Ky, ATM, and ATR were loaded into MOE, and the sequence
alignment was performed with MOE-Align, which aligned the target sequence to the
sequences of enzymes in the PIKK family. The mTOR sequence was 13.3% identical with
the PI3Ky template in the multiple alignment. The DNA-PK, ATM, ATR sequences also
exhibited 12 to 15% identities with PI3Ky, while PI3Ka was 36.8% identical in this
alignment. By using multiple sequence alignment instead of one-by-one (target by
template) sequence alignment, conserved residues within the PIKK family can be
effectively considered, leading to a more reasonable result. In one-by-one sequence
alignment, the results were dependent on the parameter options set in MOE-Align
because the algorithm of the scoring function in sequence alignment is based only on
sequence identity without considering conservation of residues throughout the family.
However, multiple sequence alignment gave consistent results with different parameter
options, suggesting the result does not depend on the parameter options.

The highly conserved amino acids among the PIKK family are well aligned
(highlighted in yellow in Figure 3.1) in the multiple sequence alignment. The amino acids
highlighted in green represent significant residue differences in the PIKK family in the
active site of the catalytic domain. These differences may be exploited for the design of

selective inhibitors of mTOR.
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Figure 3.1 Multiple sequence alignment of protein enzymes in PIKK family. This figure
shows the aligned amino acids near the active site of the catalytic domain. For the full
sequence alignment see the appendix.

PI3-Ky 808 KKPLWLEFKCAD-PTALSNETIGIIFKHGDDLRQDMLI LQI L
PI3-Kao 776 KRPLWLNWENPD IMSELLFQOQNNE I IFKNGDDLRQDMLTLQI I

mTOR 2167 QRPRKLTLMGSN - - - - - - GHEFVFLLKGHEDLRQDERVMOQLF
DNA-PK 3733 RRPKRI 1 I RGHD- - - - - - EREHPFLVKGGEDLROQDQRVEQLF
ATM 2697 NLPKI I DCVGSD- - - - - - GKERRQLVKGRDDLROQDAVMQQVF
ATR 2307 QKPKKI SLKGSD- - - - - - GKFYI MMCKPKDDLRKDCRLMEFN
PI3-Ky 849 RI MESIWETESL----DLCLLPYGCI STGDKI GMI EI VKDA
PI3-Kae 818 RI MENIWOQNQGL----DLRMLPYGCI SI GDCVGLI EVVRNS

mTOR 2203 GLVNTLLANDPTSLRKNLSI QRYAVI PLSTNSGLI GWVPHE
DNA-PK 3769 QVMNGI LAQDSACSQRALQLRTYSVVPMTSRLGLI EWLENT
ATM 2733 QMCNTLLOQRNTETRKRKLTI CTYKVVPLSQRSGVLEWCTGE
ATR 2343 SLINKCLRKDAESRRRELHI RTYAVI PLNDECGI I EWVNNI

3.1.2 Homology modeling

After the sequence alignment, the MOE-Homology module was used to build
the mTOR structure based on the result of the sequence alignment with the PI3Ky
template structure. In this process, ‘outgaps’ of the mTOR sequence were ignored, and
‘indel’ data (backbone fragments which can span insertions in the target sequence) and
sidechain data were collected from the Protein Data Bank and a rotamer library. 1000
intermediate models were generated and the final structure was constructed by
averaging the coordinates of these 1000 models, followed by minimization using the
Amber99 force field with an RMS gradient of 0.1. In the alighed sequence, there are two
large ‘indels’ (K1815-T1844, and R2266-D2298 in mTOR, see the Figure in appendix), and
these backbones could not be built properly. However, the former is fairly distant from
the active site. The latter is somewhat near the active site, but it is not a component of

the active site and forms a long loop in the outer region of the active site.
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Structural models for the LY294002 complexes of DNA-PK and PI3Ka were
constructed by the same approach. ATM and ATR were not further characterized since
they are not generally inhibited by compounds having structures related to that of
LY294002. More recently, the crystal structure of PI3Ka (the p110a/p85a complex)

having no inhibitor, or ATP bound, was solved and published."’**"?

The crystal structure
and homology model of PI3Ka were compared. The overall shape and amino acid
sequences are almost the same, and the residue sequences and positions in the active
site are identical to each other (Figure 3.2). The RMSD value of all atoms between the
homology model and the crystal structure is 5.7 A, which is somewhat large. The major
deviation comes from amino acids in the loop regions, but these regions are not
important for our research. The active site region of each structure (Gly750 to Val850 of
p110a) was further compared, and the RMDS value of all atoms is 2.1 A. Except for the
loop turn (right part of the right figure) the two structures are highly overlapping with
each other. This analysis supports the idea that the homology model of mTOR is similar
to its unsolved X-ray structure. The overall structure and the core part such as the active

site of each structure should be highly similar, with high deviation in the outer loop

regions.
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Figure 3.2 Comparison of homology model of p110a (in blue) with its recently solved X-
ray structure (in red); the overall shape (left) and the active site part (right)

Figure 3.3 shows active site residues represented by tube structures and

LY294002 represented by a space filling model in the catalytic domain of PI3Ky (left) and
the model of mTOR (right). Highly conserved residues (K833 and V883 of PI3Ky, and
K2187 and V2240 of mTOR) in the PIKK family form interactions with the carbonyl
oxygen of the chromone ring and the oxygen in the morpholine ring. This is consistent

with the inhibition by LY294002 of both PI3Kinase and mTOR.
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Figure 3.3 Active site residues (tube structure) and LY294002 (space filling model) in the
kinase domains of PI3Ky (left) and mTOR (right). The mTOR structure was derived from
homology modeling based on the crystal structure of PI3Ky using the MOE software
package. Carbons are gray, oxygens are red, nitrogens are blue, sulfurs are yellow and
hydrogens are white (hydrogens of the protein are omitted for clarity).

W2239

K2171

PI3Ky ( crystal structure) MTOR ( model)

The results reveal two interesting differences in active site residues between
these kinases. The bulky and rigid side chain indole of W812 in PI3Ky is very close to the
carbon-8 phenyl group of LY294002. The equivalent residue in mTOR is K2171, which
has a more flexible side chain. The model suggests that the active site of mTOR might
have enough space in this area to accommodate a group that is bulkier than the phenyl
ring at the 8-position of LY294002. The other difference in active site residues is that
A885 of PI3Ky corresponds to S855 of PI3Ka, C2243 of mTOR, and T3810 of DNA-PK.
mTOR is the only member of this kinase family that has cysteine at this position (see also

Figure 3.1). The methyl group of A885 in PI3Ky is about 5 A away from the 2-position of
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the methylene carbon in the morpholine moiety of LY294002. Thus, C2243 in mTOR
provides a potential site for covalent modification by a group on the morpholine moiety
of inhibitors that react with the thiol, and they could give especially high selectivity for

mTOR.

3.1.3 Strategies for the design of selective inhibitors

Based on the results of initial studies with LY294002 analogs and of homology
modeling, strategies for the design of selective inhibitors were made (Figure 3.4). Since
the lysine and valine in PI3Kinase and mTOR are highly conserved and their interactions
with the carbonyl oxygen in the chromone ring and with the oxygen in the morpholine
ring are major factors for the binding of LY294002, these two oxygen atoms and their
relative geometries (distance and rigidity) were taken as the ‘minimum requirement’ for
the binding toward PI3Kinase as well as mTOR. Homology modeling suggests two
distinct residue differences that may be exploited for selectivity as described in the
previous section. The phenyl ring attached to the 8-position of the chromone ring and
the methylene carbon of the morpholine ring closest to A885/C2243 lie in the active site

regions nearest these amino acid differences.
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Figure 3.4 Strategies for the design of selective inhibitors

Our hypothesis for the design of selective inhibitors for mTOR over PI3Kinase is
that sterically bulky groups at the 9-position of 2-morpholine-4-yl-pyrido|[1,2-
a]pyrimidin-4-one can increase the steric repulsion with W812 of PI3Kinase, thus leading
to decreased inhibition of PI3Kinase. Inhibition of mTOR by these compounds may be
retained because of the flexible lysine residue of mTOR at the equivalent position. The
other hypothesis is that functional groups attached to the 2-position of the morpholine
ring in C401, that can target the thiol group of C2243 in mTOR, may increase the

selectivity and potency toward mTOR vs. the PI3Kinases and DNA-PK (Figure 3.5).

Figure 3.5 The design of selective inhibitors by modifying the lead compound. The R
group is for the steric repulsion with Trp of PI3Ks, and the R’ group is for the targeting
Cys2243 of mTOR.
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3.2 Chemical probes based on C401 for the selective inhibition of mTOR

3.2.1 Synthesis of potential inhibitors exploring the Trp to Lys mutation in mTOR

The synthetic approach involved connecting a versatile intermediate (3.1) and
bulky aryl groups (Scheme 3.1) by using Suzuki coupling and Heck reaction methodology.
A morpholine ring would be attached to the intermediate (3.2) obtained by the
cyclization of diethyl malonate with 2-amino-3-iodopyridine (3.3), which is not

commercially available, but was synthesized from 2-aminopyridine.

Scheme 3.1 Synthetic plan of chemical probes targeting Trp of PI3Kinase
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The synthetic procedure for making 2-amino-3-iodopyridine (3.3) has been

173 Commercially available 2-aminopyridine was reacted with

reported (Scheme 3.2).
trimethyl acetyl chloride at 0 °C to protect the amine group as a pivaloylamino

derivative. This compound was subjected to lithiation by butyllithium/TMEDA chelate at

-78 °C, and then the reaction mixture was stirred at 0 °C for 2 hours. The lithiation
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occurred at position 3 selectively (3.5). The reaction mixture was cooled to -78 °C again
followed by addition of iodine, and the temperature was increased to 0 °C slowly to
obtain ortho iodo(pivaloylamino)pyridine (3.7). The amine was deprotected by heating
in acidic aqueous solution to get the desired product 3.3. The obtained compound
reacted with diethylmalonate at 150 °C to make the cyclized compound 3.8, which was
treated with phosphorous oxychloride without purification to give 2-chloro-9-iodo-
pyrido[1,2-a]pyrimidin-4-one (3.2). Morpholine was attached to the 2-position of
compound 3.2 by an acid catalyzed addition elimination reaction to give 3.1. Aryl groups

174-176 .
with

were introduced to the 9-position of compound 3.1 by Suzuki coupling
several aryl boronic acids to give products such as €303 and €321. In addition, Heck

reactions’”’ were used to introduce arylalkene groups at the 9-position to give products

such as C309.
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Scheme 3.2 Synthesis of chemical probes targeting Trp of PI3Kinase. Compound 3.1 was
modified by reacting with different arylboronic acids (Suzuki coupling) and arylalkenes
(Heck reactions) to form the various 9-substituted compounds.
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3.2.2 Enzyme inhibition assays of C-9 modified analogs

C303, €309, and €321 having a naphthyl ring, a styrene group, and a quinoline
ring at the 9-position of the pyridopyrimidinone ring respectively were tested against
MTOR at 1 uM concentration (left in Figure 3.6) and PI3Kinase at 25 uM concentration
(right in Figure 3.6). The enzyme activity of mTOR at 1 uM concentration of each
compound is about 50%, which is slightly more potent than that of the lead compound
C401. This result shows that inhibitors having sterically bulky groups at the 9-position of
the pyridopyrimidinone ring retain their inhibition potency against the mTOR, with

activity similar to the lead compound 401. It implies that the sterically bulky groups of
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these inhibitors do not cause decreased inhibition against mTOR. The enzyme activity of
PI3Kinase treated with 25 uM €309 is 58%, which is similar to that with 25 uM C401,
while they are 95% and 90% after treating with C303 and €321 respectively. It shows
that C309 having the relatively flexible bulky group (styrene) inhibits the PI3Kinase at
high concentration (25 uM) as C401 does, even though the bulky Trp residue of
PI3Kinase might be expected to cause steric repulsion. In contrast, even at high
concentration no inhibition was observed with €303 and €321 having more rigid
aromatic groups. The results may be explained by the steric repulsion of the naphthyl
group and the quinoline group of C303 and €321, respectively, interacting with the
indole ring of Trp of PI3Kinase, while this steric repulsion is less with the more flexible

group of C309.

Figure 3.6 The % enzyme activities of mTOR (left) after treating with 1 uM concentration
and of PI3Kinase (right) after treating with 25 uM concentration of €303, C309, and
C321.
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The above biological results support the hypothesis that Trp780 of PI3Ka (Trp812
of PI3Ky) and Lys2171 of mTOR are in equivalent positions of the active site, as
predicted by sequence alignment and homology modeling. Thus, mTOR can tolerate

more bulky groups at the 9-position while PI3K cannot.

3.2.3 Synthesis of potential inhibitors targeting Cys2243 of mTOR

The synthetic approach to introduce thiol reactive groups into the morpholine
moiety involved reacting 2-chloro-pyrimido[2,1-alisoquinolin-4-one (2.5) with the
appropriate morpholine derivatives (Scheme 3.3). The morpholine derivatives were
obtained by cyclization of the initial alkylation product of 3.10 and 3.11 with
concentrated acid followed by N-benzyl deprotection. Similarly, one-carbon elongated
morpholine derivatives were made using ethyl 4-bromocrotonate (3.13) instead of

epichlorohydrin (3.10).

Scheme 3.3 Synthetic plan of chemical probes targeting Cys of mTOR
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The details of the synthesis are shown in Scheme 3.4. N-benzyl-ethanolamine
(3.11) was converted into the chloromethyl-morpholine derivative 3.15 via epoxide ring
opening of epichlorohydrin 3.10 by the amine followed by treatment with concentrated
sulfuric acid for the acid-catalyzed dehydration of the resulting intermediate diol (3.14).
The chloromethyl N-benzyl morpholine derivative (3.15) was hydrolyzed to the
corresponding hydroxyl compound 3.16 using aqueous formamide at high temperature.
Catalytic hydrogenation in methanol was performed for N-debenzylation to give the
morpholine derivatives (3.17). The resulting secondary amine reacted with 2-chloro-
pyrimidoisoquinolinone 2.5 via an acid-catalyzed addition-elimination reaction to make
compound €407, which was converted into the corresponding mesylate (3.18) using
standard conditions for mesylation. The mesylate was reacted with different
nucleophiles to introduce different substituents into the morpholine moiety. A disulfide
derivative of C406 was made by reaction of 3.18 with thiourea, which was reduced with
sodium borohydride to give C406. The methoxycarbonylsulfenyl group was attached to
the thiol group of C406 to make €446, which will be further converted to C447 with

sodium thiosulfate.'”®
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Scheme 3.4 Synthesis of morpholine modified analogs
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Reaction of N-benzylethanolamine 3.11 with ethyl 4-bromocrotonate 3.13 in
dichloromethane and triethylamine gave allylic amine 3.19, which was treated with DBU
in toluene under reflux to form morpholine derivative 3.20 (Scheme 3.5). The ester was
reduced to the alcohol to give 3.21. Both 3.20 and 3.21 were N-debenzylated to the
corresponding morpholine derivatives 3.12 and 3.23, respectively, by hydrogenolysis.
The two products reacted with compound 2.5 to give compounds 3.25 and C413,
respectively. Compound 3.25 was converted to the mesylate 3.26 which reacted with
nucleophiles as with 3.18 in Scheme 3.4. The carboxylic acid derivative of C413 was
made by hydrolysis of C413 to give C444. Amide C445 was made by the reaction of
compound 2.5 and morpholine acetamide 3.24, which was obtained from the

ammonolysis of 3.20 followed by debenzylation.
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Scheme 3.5 Synthesis of morpholine modified analogs
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3.2.4 Enzyme inhibition assays of morpholine modified analogs
Enzyme activities of mTOR were determined in the presence of 0.1 uM and 1 uM
C413. These results were compared with those of the lead compound, C401 (Figure 3.7).
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At 0.1 uM and 1 pM, the enzyme activity of mTOR was decreased to 44% and 38%
respectively, compared to 70% and 58% with C401. This result implies that the added
ester group at the 2-position of the morpholine ring can contribute to inhibition of
MTOR by interacting with the thiol group of Cys in the active site, as predicted by
homology modeling. We also tested compound C444 having a carboxylic acid group
instead of the ester group at the 2-position of the morpholine ring, in order to examine
whether the carboxylic acid contributes to the high potency toward mTOR via hydrolysis
of the ester under the assay conditions. Compound C445 with an amide group at the
equivalent position, was also tested. Compound C444 exhibited no inhibition of mTOR
at 1 uM and 10 uM, suggesting that the ester group itself at the 2-position of the
morpholine ring and not a carboxylic acid causes the increased inhibition of mTOR.
Furthermore, the inhibition of mTOR by the amide C445 was dramatically decreased,
with 75% enzyme activity observed at 1 uM C445 vs. only 38% with 1 uM C413. The ICsg
value for C413 must be less than 0.1 uM since the enzyme activity at 0.1 uM C413 is
44%. Furthermore, the ester C413 has a chiral center on the morpholine ring, so

enantiomerically pure C413 might be even more potent.
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Figure 3.7 The % enzyme activity of mTOR at 0.1 uM and 1 uM of C401 (blue bar) and
C413 (red bar)
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3.2.5 Synthesis of enantiomerically pure compounds

Homology modeling predicts that the R-enantiomer of C413 places the ester
group close to the thiol group of C2243. To prepare this single isomer, (R)-2-
(hydroxymethyl)morpholine (3.30) was made, following the procedure for the synthesis

179 Commercially available (R)-3-amino-1,2-propanediol was

of the (S)-enantiomer.
reacted with chloroacetyl chloride in CH3CN/CH3OH to provide the amide (3.28)
(Scheme 3.6). Morpholinone (3.29) was obtained by addition of the amide (3.28),
without protection of the primary alcohol, to a solution of t-BuOK in t-amyl alcohol.
Compound 3.29 was reduced to (R)-2-(hydroxymethyl)morpholine (3.30) with Red-Al as
a reducing agent, and was attached to compound 2.5. The resulting alcohol (3.31) was

converted to the mesylate (3.32). The mesylate group was replaced with a cyano group

to form compound 3.33, and then the cyano group was converted to an ester group by
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alcoholysis with CH3CH,0H/H,S04 to obtain the desired enantiomerically pure product

(R)-C413.

Scheme 3.6 Synthesis of enantiomerically pure compounds
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3.3 Modification of other non-selective inhibitors of mTOR to increase selectivity

The results of homology modeling, syntheses, and bioassays described in the
previous section suggest that Trp812 of PI3Ky (and the equivalent Trp of a, B, and 6
isoforms) and Cys2243 of mTOR may be critical residues for the selective inhibition of
MTOR over PI3Kinase by €303, C321, and C413. The next step was to apply these ideas
to improving the selectivity toward mTOR of other known potent but non-selective PIKK
inhibitors. Most inhibitors of the PIKK family are very non-selective, due to the highly
homologous catalytic domains of PI3Kinase, mTOR, and other PIKKs. PI103 (Figure 1.1) is
non-selective but very potent inhibitor against both mTOR and PI3Kinase (ICso values

180-182

against mTOR and PI3Ka are 20 nM and 5 nM respectively). This compound may
serve as a better lead compound for improving selectivity toward mTOR by exploiting

the greater active site space in mTOR due to the Lys vs. Trp residue and the unique

C2243 thiol in the active site of mTOR, as revealed by homology modeling.

3.3.1 Flexible alignment

No crystal structure of the complex of PI3Kinase or mTOR with P1103 has been
solved. Therefore, ‘Flexible Alignment’ of PI103 with LY29400, for which the binding
mode toward PI3Ky is known, was performed using MOE software. This alignment
modeling provided a prediction of the binding orientation of PI103 in the active sites of

PI3Kinase and mTOR by finding common features between PI103 and LY294002.

In this calculation, the structure of LY294002 was fixed to be used as the exactly

bound shape of LY294002 in the active site of PI3Kinase. The MMFF94 force field was
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selected. After calculation, three possible overlapped structures were obtained. By
examining scoring values of S (the alignment score of the configuration) or F (the total
mutual similarity score), the best plausible overlapped result was taken (Figure 3.8). This

result is very similar to that predicted by Shokat et al..*

Figure 3.8 The result of ‘Flexible Alignment’ of P1103 (tube structure) toward LY294002
(line).
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The oxygen atoms in the morpholine ring of LY294002 and PI103 are matched to
each other, and the carbonyl oxygen in the chromone ring and the hydroxyl oxygen in
the phenol ring of PI103 occupy the same area. These two oxygen atoms in LY294002
are essential binding components toward PI3Kinase and mTOR by forming hydrogen
bonds with the ammonium group of lysine and an amide backbone (-NH-) of valine,
which are highly conserved in the PIKK family. The alignment suggests the phenolic
oxygen and the morpholine oxygen of P1103 are very important for inhibition of

PI3Kinase and mTOR by interacting with the same residues. This result is also supported
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by Structure Activity Relationship (SAR) data as the absence of the phenolic oxygen or

the morpholine ring dramatically decreased inhibition against PI3Kinase.'®% **'

No explanation for the greatly increased inhibition of PI103 toward PI3Kinase

and mTOR as compared with that of LY294002 has been provided in the literature.8% 8!

One possibility is that the overall shape of the PI103 molecule is simply a better fit with
the kinase active sites. An alternate possibility is that the greater distance between the
phenolic oxygen and the morpholine oxygen in PI103 (8.2 A) vs. 7.4 A in LY294002 is a

better match with the distance between their H-bond partners in the active site (Figure

3.9)

Figure 3.9 The schematic overview of interactions between the ammonium group of
Lys833 and the phenolic oxygen (left) and the chromone oxygen (right). The binding
mode of PI103 was predicted by the flexible alignment of PI103 toward LY294002-PI13Ky
crystal structure. The distances in LY294002 structure (right) are measured from the
crystal structure, and the distance in P1103 (left) are the estimated values based on the
result of flexible alignment.
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3.3.2 Redesign of non-selective inhibitors

Based on homology modeling and the flexible alignment described above,
structures related to P1103 were designed in an effort to increase selectivity toward
mTOR. Relatively small functional groups such as a methyl or chlorine substituent at the
2-position of the 9-oxa-1,5,7-triaza-fluorene core fragment might increase the steric
repulsion with Trp of the PI3Kinase (Figure 3.10). More bulky groups such as a phenyl or
a naphthyl ring might also be introduced, but they could cause steric repulsion with Lys
or other residues in the active site of mTOR. A 4-chlorophenyl ring at the 6-position of
the thienopyrimidine core might similarly increase selectivity toward mTOR.
Furthermore, the ester substituent and other modifications to the morpholine ring that
are found to increase inhibition potency toward mTOR by apparently interacting with
the C2243 thiol group might also be introduced into the morpholine moieties of PI103

and a compound called PI3-Kinase a inhibitor 2.

Figure 3.10 The redesigned compounds based on previous knowledge and the result of
flexible alignment
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3.3.3 Synthesis of redesigned inhibitors

The syntheses of C601 and C701 were performed by slight modification of

180,181 The synthetic procedure for

procedure for making P1103 (Scheme 3.7).
compounds €601 and C701 involves connection of the morphline ring with the oxa-
triaza-fluorene (3.34) and thienopyrimidin (3.36) core fragments, followed by
demethylation. Compounds 3.34 and 3.36 are prepared by the 6-membered
heterocyclic ring formation reaction, under basic conditions, from furopyridine
derivative (3.35) and thiophene derivatives (3.37), respectively. The furopyridine ring
fragment has been made by the reaction of 2-chloro-6-methyl-nicotinonitrile and ethyl
glycolate, which reacts with 3-methoxy benzoylchloride to form 3.34. Compound 3.36

was made by reaction of 3-methoxybenzoyl chloride with the commercially available

thiophene derivative.

Scheme 3.7 Synthetic plan for the syntheses of C601 and C701

HaC-_N_Cl
|
=
OCH3 CONHZ CN
@
— o \
HOCH. H,CH
O\@ }—@ ——  HOCH,CO,CH,CH;
i 7 cocl
C601 3.34 3.35 OCHj
O cl OCH
O — ® CO,NH, COzEt
N OH OCH
s\ 7 S N\ 3
=N — )N — < N NH,
W
o
= cl Cl
cl
cocl
c7o1 3.36 3.37
OCH3

%4



In the presence of DBU, 2-chloronicotinonitrile (3.38) was treated with ethyl
glycolate to afford a bicyclic acid ester (3.39), (Scheme 3.8). Acylation of the resulting
product was performed with 3-methoxy-benzoyl chloride to form compound (3.40).
Treatment with aqueous ammonium hydroxide afforded amide 3.35, which cyclized
using 2-propanol and aqueous sodium hydroxide to form compound 3.41. Chlorination
with phosphorous oxychloride gave the intermediate (3.34). Substitution with
morpholine followed by demethylation with hydrobromic acid gave the desired product

(C601).

Scheme 3.8 Synthesis of C601
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Compound C701 was synthesized by a similar procedure (Scheme 3.9). The
thiophene derivative 3.43 was acylated with 3-methoxybenzoyl chloride to form
compound 3.44. The product reacted with aqueous ammonium hydroxide in an attempt
to form amide 3.37, but only starting material was obtained. Therefore, the ester was
hydrolyzed, converted to the acid chloride with SOCI; and subsequently treated with
aqueous ammonium hydroxide to get the desired amide (3.37). Cyclization with 2-
propanol and aqueous sodium hydroxide formed compound 3.45. The resulting product
was chlorinated with phosphorous oxychloride to form compound 3.36, followed by
substitution with morpholine to get compound 3.46. Compound 3.46 was demethylated

with hydrobromic acid to afford the desired final product, C701.

Scheme 3.9 Synthesis of C701
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3.3.4 Bioassay of redesigned inhibitors

Enzyme activities of mTOR and PI3Kinase with €601 and C701 were measured as
described in Section 2.3. Figure 3.11 shows the activities of PI3Kinase and mTOR at 0.1
UM €601 or C701. The methyl group at the 2-position of PI103 in compound €601 did
not significantly decrease the inhibition of PI3Kinase. Compound C601 was still very
potent against both PI3Ka and mTOR with 7% and 37% observed activity of PI3Ka and
MTOR, respectively, at 0.1 uM inhibitor. By contrast, compound C701 which has an
additional p-chlorophenyl ring relative to PI3-Kinase a inhibitor 2, shows dramatically
decreased inhibition against PI3Kinase, with 35% activity observed at 0.1 uM inhibitor
while the ICsq for PI3-Kinase a inhibitor 2 against PI3Ka is only 2 nM. This indicates that
introduction of the p-chlorophenyl ring significantly diminishes the activity against PI3K.
However, compound C701 is an even poorer inhibitor of mTOR, as shown in Figure 3.11.
It is possible that the extremely high affinity of PI103 and PI3-Kinase a inhibitor 2 to
PI3Kinase nullifies steric effects of an additional methyl group, or p-chlorophenyl ring.
The flat shape of C601 and C701 may also not lead to effective steric repulsion toward
Trp of PI3Kinase. Other larger aromatic rings and differently (ortho-, or meta-)

substituted phenyl rings may be explored to further increase selectivity.
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Figure 3.11 The % enzyme activity of PI3Kinase and mTOR at 0.1 uM €601 and C701
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3.4 Computational and experimental details

Homology models were created using the MOE software package. The human
sequences of mTOR, DNA-PK, PI3Ka, PI3Ky, ATM, and ATR were chosen from the Swiss-
Prot Database and their IDs are P42345, P78527, P42336, P48736, Q13315, and Q13535
respectively. The procedure consists of three steps: template selection and refinement,
target-template alighment, and model building.

Template selection and refinement: The crystal structure of PI3Ky was chosen as
the template in model building since it was the only solved structure at that time. Now
the PI3Ka structure is also available. The p110y-LY294002 complex structure was chosen
(PDBID : 1E7U in PDB bank) as a template from the four different inhibitor complexes,
since C401 is similar to LY294002. In an alternative procedure to choose the template
structure, a MOE-SearchPDB search was performed to search for protein structures that
are homologous to the query sequence, the sequence of mTOR. The sequence of mTOR
was loaded into MOE-SearchPDB, and the sequences that matched well to the query
sequence were searched. The best scored structure was the FRB domain of mTOR (PDB
ID : INSG in PDB bank), which was solved already, with an E-value of 1.1E-47 and Z-
score of ‘good’. The E-value® (an expectation value) is an estimate of the number of
possible false positives, and the Z-score? is an estimate of the statistical significance of
an alignment score (likelihood that sequences are related). The second best score was
for the p110y structure (PDB ID : 1E7U) with an E value of 1.9E-4 and Z-score of 7.2. The

third best was the karyopherin beta2-Ran GppNHp nuclear transport complex (PDB ID :

1,4
High E-values correspond to poor scores and low E-values correspond to good scores.
? The Z-scores of about 7 indicate that the sequences are very likely to be related.
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1QBK) with 3.3E-3 and 8.9 as E-value and Z-score respectively. However, this sequence
is matched with the HEAT repeat of mTOR (residue number 1 to 900) rather than the

kinase domain.'®3

The human sequence of p110y was loaded in the MOE-Sequence
Editor and then the p110y-LY294002 complex structure was loaded. Sequence
alignment between the full human sequence of p110y and the sequence from the
crystal structure of p110y-LY294002 was performed with default values (without
changing values in the program). These sequences were perfectly matched except the
missing residues in loop regions of the crystal structure, which would be filled in in this
procedure. The refined structure of p110y-LY294002 was built by running MOE-
homology. One hundred homology intermediate models were generated. The final
model was obtained by averaging 100 intermediates followed by minimization with the
Amber99 force field.

Target-template alignment: The human sequences of mTOR, DNA-PK, PI3Ka,
PI3Ky, ATM, and ATR, and the refined structure of PI3Ky were loaded into MOE. Multiple
alignment was performed using MOE-Align with the ‘Match’ substitution matrix and
default values. The sequence identity of mTOR, DNA-PK, ATM, ATR, and p110a to p110y
are 13.3%, 15.7%, 12.6%, 13.0%, and 36.8%.

Model Building: MOE-homology was used to build homology models using the
structure of p110y as a primary template. ‘Intermediate Models’ were set to 1000 and

‘Final Models’ was set to Cartesian Average, which means 1000 built structures

(intermediate models) will be generated, and the final structure will be rebuilt by
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averaging the coordinates of all of these 1000 models. ‘Minimization’ was set to fine for
the minimization of each model with RMS gradient test of 0.1.

Model Evaluation: MOE-Protein Report was used to collect the measurements
of dihedral angles, bond angles, bond lengths, and contacts of built protein structures.
There are some outliers (outliers from the statistical range of specific dihedral angles
such as phi, psi, omega, chil, chi2, zeta angles and cis/trans conformation), but the
outliers are far from the active site of the protein. Furthermore there is still debate
about fixing outliers, because native protein structures in the PDB database also have
some outliers. Therefore, instead of fixing outliers, the residues in the active sites of
other proteins in the PIKK family were analyzed. This analysis showed that the residues
in the active sites of other proteins in the PIKK family are homologous to each other,
especially the hinge region of the active sites and lys833 (numbering in p110y) are
conserved in other proteins in the PIKK family. In addition, we examined whether the
results of the sequence alignment are dependent on the various alignment methods.
The homology models were built after the alignment using other substitution matrixes
such as ‘blosum’ and ‘pam’, and they gave consistent results, as the residues in the
active site are the same as observed with other substitution matrixes.

Homology models of p110a and DNA-PK were also generated through the same
approach, but those of ATM and ATR were not built since these are not inhibited by

LY294002 type compounds.
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2,2-Dimethyl-N-pyridin-2-yl-propionamide (3.5)"** ***: To a solution of 9.82 g (104.3
mmol) 2-aminopyridine (3.4) and 18 mL (130 mmol) triethylamine in 70 mL ether at 0 °C
was added a solution of 14.4 g (120 mmol) pivaloyl chloride in 30 mL ether dropwise.
After stirring for further 20 min, the reaction mixture was allowed to warm to room
temperature and stirred further for 1 h. The reaction was then quenched by addition of
30 mL H,0. The reaction mixture was diluted in ether, and the organic layer was
separated, washed with 30 mL saturated NaHCOs solution and with brine. The organic
layer was collected, dried with MgSO,, and evaporated. The residual solid was purified
with flash column chromatography on silica gel to yield the desired product as a
transparent solid (16.8 g, 94.3 mmol, 90%). TLC R; = 0.51 (Hexane/EtOAc 4:1); mp 71 °C
(lit. mp 71 — 73 °C)**; *H-NMR and *C-NMR are consistent with those in the literature'®;
'H-NMR (400 MHz, CDCl3) §, 8.22-8.19 (m, 2 H), 8.03 (br, 1 H), 7.64 (td, 1 H, J= 7.8 Hz, J
= 2.0 Hz), 6.97 (t, 1 H, J = 6.1 Hz), 1.28 (s, 9 H); "*C-NMR (100 MHz, CDCl3) &, 176.91,

151.49, 147.60, 138.18, 119.55, 113.83, 39.64, 27.36; MS(ESI), m/z = 179.1 (M+H)".

N-(3-lodo-pyridin-2-yl)-2,2-dimethyl-propionamide (3.7)'"3: To a cold (-78 °C)
suspension of 2-(pivaloylamino)pyridine (1.0 g, 5.6 mmol) in a mixture of 20 mL dry
ether and TMEDA (2.2 ml, 1.7 g, 14.6 mmol) was slowly added n-butyllithium (6 ml, 15
mmol). The resulting solution was reacted for 20 min at -78 °C, before being stirred for 2
h at 0 °C. A white precipitate slowly appeared, the mixture was cooled to -78 °C, and a
solution of iodine (1.8 g, 7.1 mmol) in 20 mL ether was added. Stirring was continued for

2 h at -78 °C, and then the temperature was increased to 0 °C. Excess iodine was
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destroyed by adding a sat. potassium thiosulfate solution. The reaction mixture was
further diluted in ether and extracted. The organic layer was collected, washed with
brine, dried over MgS0O,. The solvent was removed with a rotary evaporator to obtain a
crude product, which was purified with flash column chromatography on silica gel to
afford the desired product 3.7 (1.63 g, 5.4 mmol, 95%). TLC Rs = 0.23 (Hexane/EtOAc 1:1);
mp 146 °C (lit. mp 148 °C); 'H-NMR is consistent with that in the literature; *H-NMR (400
MHz, CDCl5) 6, 8.35 (dd, 1 H, J = 4.6 Hz, J = 1.4 Hz), 8.08 (br, 1 H), 8.02 (dd, 1 H, J = 7.8 Hz,
J=1.4Hz),6.76 (dd, 1 H, J = 8.0 Hz, ) = 4.8 Hz), 1.29 (s, 9 H); *C-NMR (100 MHz, CDCl5) 8,
175.77, 150.90, 147.95, 147.65, 121.54, 88.25, 39.75, 27.26; MS(ESI), m/z = 304.0

(M+H)".

3-lodo-pyridin-2-ylamine (3.3)'"3: To compound 1.16 (0.91 g, 3.0 mmol) was added 20
mL 4 N HCI. The reaction mixture was stirred under reflux at 120 °C overnight. NaOH(aq)
was added to adjust the pH to 7 after cooling to room temperature. The reaction
mixture was diluted with methylene chloride and extracted. The organic layer was
collected, washed with brine, dried with MgSQ0,, and evaporated to afford the crude
product. It was further purified with flash column chromatography on silica gel to yield
the desired product 3.3 (0.53 g, 2.4 mmol, 80%). TLC R = 0.54 (Hexane/EtOAc 1:1); mp
88 °C (lit. mp 86 °C); *H-NMR is consistent with that in the literature; *H-NMR (400 MHz,
CDCl5) 6,7.96 (dd, 1H,/=4.8 Hz, J=1.6 Hz), 7.78 (dd, 1 H, /= 7.6 Hz, J = 1.6 Hz), 6.30
(dd, 1 H,J = 7.6 Hz, J = 4.8 Hz), 5.37 (br, 1 H); *C-NMR (100 MHz, CDCl;) &, 157.64,

147.59, 146.80, 114.83, 77.74; MS(ESI) m/z = 220.9 (M+H)".
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2-Chloro-9-iodo-pyrido[1,2-a]pyrimidin-4-one (3.2): To a solution of 3-iodo-pyridin-2-
ylamine (3.3) (2.19 g, 10.0 mmol) in 30 mL xylene was added triethylamine (1.7 mL, 12.2
mmol). The solution was heated to 80 °C for 30 min, and diethyl malonate (3.0 mL, 30.8
mmol) was added. After stirring for further 30 min, TLC was examined. The reactant was
completely gone, and intermediate was present (TLC Rf = 0.31 (Hexane/EtOAc 1:1). To
this solution was added 10 mL POCls, and the reaction mixture turned to a yellow
suspension. Stirring was continued for 5 h at 130 °C, and cooled to room temperature.
The solution was poured carefully into ice water, and the aqueous solution was adjusted
to pH = 7 with saturated Na,COs solution. The crude product was extracted with
methylene chloride, washed with brine, dried with MgS0,4, and concentrated with a
rotary evaporator. The product was purified with flash column chromatography on silica
gel to afford the desired product 3.2 as a pale yellow solid (1.84 g, 6.0 mmol, 60% vyield).
TLC Rs = 0.60 (Hexane/EtOAc 1:1); mp 224 — 225 °C; "H-NMR (400 MHz, CDCl5) &, 9.05 (d,
1H,J=6.8Hz),8.44(d, 1H,J=7.2 Hz),6.95 (t, 1 H, J= 7.0 Hz), 6.49 (s, 1 H); *C-NMR
(100 MHz, CDCls5) 6, 159.07, 157.42, 148.58, 148.23, 128.44, 116.64, 102.99, 96.52;

MS(ESI) m/z = 307.0 (M+H)".

9-lodo-2-morpholin-4-yl-pyrido[1,2-a]pyrimidin-4-one (3.1): To a solution of 3.2 (1.84 g,
6.0 mmol) in ethanol (20 mL) was added excess morpholine (~ 5 eq.) and catalytic
amount of acetic acid (3 drops), and the solution was stirred under reflux overnight.

After cooling, the solvent was removed with a rotary evaporator. The reaction mixture
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was redissolved in water, and the product mixture was extracted with methylene
chloride. The organic layer was washed with brine, dried with MgS0Q,, and concentrated
with a rotary evaporator. The product was purified with flash column chromatography
on silica gel to give 3.1 as a colorless solid (2.03 g, 5.8 mmol, 97% yield). TLC R = 0.23
(CH,Cl,/EtOAC 1:1); mp 215 °C; "H-NMR (400 MHz, CDCl3) 6, 8.87 (dd, 1 H,J=7.2 Hz, J =
1.2 Hz), 8.18 (dd, 1 H,/=7.2 Hz,J=1.2 Hz), 6.60 (t, 1 H, /= 7.0 Hz), 5.54 (s, 1 H), 3.80-
3.70 (m, 8H); *C-NMR (100 MHz, CDCl3) §, 160.55, 158.90, 148.08, 146.59, 128.34,

113.08, 95.63, 80.34, 66.50, 44.69; MS(ESI) m/z = 358.0 (M+H)".

2-Morpholin-4-yl-9-naphthalen-2-yl-pyrido[1,2-a]pyrimidin-4-one (C303): To a solution
of 3.1 (0.14 g, 0.4 mmol) in 5 mL dry DMF were added 20 mg Pd(OAc),, 60 mg P(o-tolyl)s,
120 mg Na,CO0s. 2-Naphthylboronic acid (0.17 g, 0.99 mmol) was added to this reaction
mixture, and it was stirred at 80 °C for 2 h. After completion of the reaction, the cooled
reaction mixture was poured into a saturated NaHCOj; solution (20 mL). The crude
product was extracted with ethyl acetate, washed with brine. The organic layer was
dried over MgS0O, and evaporated. The product was purified with flash column
chromatography on silica gel to yield the desired product C303 as a colorless solid (0.12
g, 0.33 mmol, 83% yield). TLC R = 0.34 (CH,Cl,/EtOAc 1:1); mp 211 — 212 °C; *H-NMR
(300 MHz, CDCls) 6, 8.99 (d, 1 H, J=6.0 Hz), 8.06 (s, 1 H), 8.06-7.86 (m, 3 H), 7.82-7.75
(m, 2 H), 7.55-7.52 (m, 2 H), 7.02 (t, 1 H, J = 7.1 Hz), 5.72 (s, 1 H), 3.71-3.52 (m, 8H); *C-

NMR (100 MHz, CDCls;) 6, 160.42, 159.04, 149.18, 136.60, 135.55, 134,59, 133.19,
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132.95, 128.76, 128.09, 127.82, 127,63, 127,19, 126,91, 126,49, 126.29, 112.51, 80.89,

66.50, 44.52; MS(ESI) m/z = 358.1 (M+H)".

2-Morpholin-4-yl-9-quinolin-7-yl-pyrido[1,2-a]pyrimidin-4-one (C321): Compound C321
was prepared from 3.1 and quinolin-7-ylboronic acid according to the same procedure
as that for €303. Compound €321 was obtained as a colorless solid (0.08 g, 0.22 mmol,

55 % yield and some unreacted reactant).

2-Morpholin-4-yl-9-styryl-pyrido[1,2-a]pyrimidin-4-one (C309): To a solution of 3.1
(0.36 g, 1.0 mmol) in 5 mL dry DMF were added 20 mg Pd(OAc),, 60 mg P(o-tolyl)s, 130
mg NaOAc. Styrene (0.2 mL, 1.7 mmol) was added to this reaction mixture, and it was
stirred at 140 °C for 6 h. After completion of the reaction, saturated NaHCO3 solution
(20 mL) was added to the cooled reaction mixture. The crude product was extracted
with methylene chloride. The organic layer was washed with brine, dried over MgSQO,,
removed by evaporation. The product was purified by flash column chromatography on
silica gel to yield the desired product €309 (0.23 g, 0.69 mmol, 69%). TLC Rs=0.17
(Hexane/EtOAc 1:1); mp 204.5 — 205.5 °C; 'H-NMR (400 MHz, CDCls) 6,8.89(d, 1 H, J=
7.2Hz),7.89(d,1H,/=6.8Hz),7.77 (d, 1 H,J=16.4 Hz), 7.56 (d, 2 H, J = 7.6 Hz), 7.41 (t,
2H,J=7.4Hz),7.34-7.25 (m, 2 H), 6.93 (t, 1 H, J = 7.0 Hz), 5.66 (s, 1 H), 3.84-3.70 (m,
8H); *C-NMR (100 MHz, CDCl5) 8, 160.32, 158.90, 148.73, 137.01, 132.03, 131.70,
131.42,128.84,128.34, 126.90, 126.51, 122.56, 112.45, 81.25, 66.60, 44.68; MS(ESI)

m/z = 334.1 (M+H)".
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4-Benzyl-2-chloromethyl-morpholine (3.15)"%°: To a solution of N-benzyl-ethanolamine

(14.4 mL, 100 mmol) in toluene (20 mL) (+)-epichlorohydrine (9.4 mL, 120 mmol) was
slowly added at room temperature. The reaction mixture was stirred and heated to 50
°C for 2 h. The reaction mixture was then cooled, and the solvent was evaporated. The
remaining epichlorohydrin was exhaustively removed in vacuum to give the
intermediate diol as a pale green viscous oil. TLC Rf = 0.30 (Hexane/EtOAc 1:1). The diol
was treated with concentrated sulfuric acid (ca. 12 mL) at room temperature, and the
resulting orange mixture was stirred at 120 °C for 12 h, turning dark brown in color.
After cooling the reaction mixture, ice water was added. The aqueous layer was then
basified (pH 14) using 4 N aqueous sodium hydroxide solution, and the crude product
was extracted with methylene chloride. The organic extracts were combined, washed
with water and brine, dried with MgSQ,4, and concentrated with a rotary evaporator.
Purification with flash column chromatography on silica gel gave the desired product as
a yellow oil (11.23 g, 49.8 mmol, 50 % yield over 2 steps); TLC R; = 0.67 (Hexane/EtOAc
1:1); 'H-NMR is consistent with that in the literature; *H-NMR (400 MHz, CDCl3) 6, 7.37-
7.24 (m,5H),3.89(d, 1 H,J=11.6 Hz),3.79-3.73 (m, 1 H), 3.70 (td, 1 H, J=11.1 Hz, J =
2.7 Hz), 3.54-3.43 (m, 4 H),2.84 (d, 1 H,/=10.8 Hz), 2.64 (d, 1 H, J=11.2 Hz), 2.20 (td, 1
H,J=11.3 Hz,J=3.3 Hz), 2.01 (t, 1 H, J = 10.6 Hz); *C-NMR (100 MHz, CDCl;) 8, 137.50,
129.06, 128.29, 127.23, 75.13, 66.80, 63.14, 55.84, 52.70, 44.89; MS (ESI), m/z = 226.1

(M+H)".
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(4-Benzyl-morpholin-2-yl)-methanol (3.16)'%: To a solution of (t)-4-benzyl-2-

chloromethyl-morpholine (3.15) (1.1 g, 4.9 mmol) dissolved in formamide (10 mL) was
added an excess of water (3 mL). The reaction mixture was stirred at 150 °C overnight.
After complete consumption of the reactant indicated by TLC and mass analyses, the
reaction mixture was cooled to room temperature and diluted with water before being
basified (to pH = 14) using 4 N aqueous sodium hydroxide solution. Toluene was used to
extract the crude product. The combined toluene extracts were washed with brine and
dried with MgS0O,. The solvent was removed by a rotary evaporator, and the product
was purified with flash column chromatography on silica gel to give the desired alcohol
as a viscous yellow oil (0.85 mg, 4.1 mmol, 84%). TLC Rs = 0.24 (100 % EtOAc); *H-NMR is
consistent with that in the literature; *H-NMR (300 MHz, CDCls) 6, 7.33-7.24 (m, 5 H),
3.89(d, 1 H,J=11.1Hz), 3.75-3.45 (m, 6 H), 2.71-2.65 (m, 2 H), 2.27 (br, 1 H), 2.19 (td, 1
H,J=11.8 Hz, J = 3.8 Hz), 2.00 (t, 1 H, J = 10.7 Hz); *C-NMR (100 MHz, CDCl;) §, 137.20,
129.10, 128.13, 127.09, 75.99, 66.39, 63.85, 63.17, 54.47, 52.82; MS (ESI), m/z = 208.1

(M+H)".

Morpholin-2-yl-methanol (3.17)""% *¥: To a solution of compound 3.16 (1.4 g, 6.8 mmol)
in 30 mL methanol was added ~ 0.5 g of palladium on carbon. After removing air in the
flask using a vacuum pump, hydrogen gas was added to the reaction flask using a
balloon. The reaction mixture was stirred for 1 h, the flask was evacuated by vacuum

and refilled with hydrogen gas. This was repeated 3 times and the reaction mixture was
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stirred overnight at room temperature. Palladium on carbon was removed by filtration.
The filtrate was collected and evaporated to give a viscous oil (ca. 0.70 g, 6.0 mmol, 88 %
yield). After confirming the product of debenzylation using "H-NMR, the product was
directly used for the next step; 'H-NMR is consistent with that in the literature; *H-NMR
(300 MHz, CDCl5) &, 3.80 (d, 1 H, J = 6.6 Hz), 3.55-3.45 (m, 4 H), 2.95 (br, 1 H), 2.81-2.55

(m, 2 H), 2.58-2.55 (m, 1 H), 0.96 (d, 1 H, J = 6.6 Hz).

2-(2-Hydroxymethyl-morpholin-4-yl)-pyrimido[2,1-alisoquinolin-4-one (C407): To
compound 2.5 (0.25 g, 1.1 mmol) in ethanol (10 mL) was added compound 3.17. A
catalytic amount of acetic acid (3 drops) was added and the reaction mixture was stirred
under reflux at 120 °C for 5 h. TLC test showed that the reactant was completely gone
and a new polar spot was appeared. The reaction mixture was cooled and ethanol was
removed by using a rotary evaporator. The product mixture was redissolved in water
and extracted with methylene chloride. The organic layer was dried with MgS0O,4 and
evaporated to give the title compound as a white solid. It was further purified with flash
column chromatography on silica gel eluting with 5 % ethanol in ethyl acetate, and pure
C407 was obtained (0.32 g, 1.0 mmol, 91%); TLC R; = 0.09 (100 % EtOAc); *H-NMR (400
MHz, DMSO-d6) &, 8.74 (d, 1 H, J = 8.0 Hz), 8.50 (d, 1 H, J = 7.6 Hz), 7.83-7.66 (m, 3 H),
7.28(d, 1 H,J=7.2 Hz),5.69 (s, 1 H), 4.85 (s, 1 H), 4.42 (s, br, 1 H), 4.28 (s, br, 1 H), 3.96
(d, 1H,J=11.2 Hz), 3.58-3.50 (m, 4H), 3.03 (t, 1 H, J = 12.2 Hz), 2.79 (t, 1 H, J = 11.2 Hz);

BC-NMR (100 MHz, DMSO-d6) 8, 159.72, 158.14, 148.52, 134.05, 132.66, 128.28, 126.68,
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126.43, 125.40, 121.51, 112.33, 81.09(81.12), 65.42, 62.20, 46.16, 43.95; MS (ESI), m/z =

312.1 (M+H)".

Methanesulfonic acid 4-(4-oxo-4H-pyrimido[2,1-alisoquinolin-2-yl)-morpholin-2-
ylmethyl ester (3.18): To a solution of C407 (0.24 g, 0.77 mmol) in methylene chloride
(50 mL) was added triethylamine (0.3 mL) at 0 °C. To this reaction mixture was slowly
added methanesulfonyl chloride (0.15 ml, 1.9 mmol) at 0 °C. After 30 min the
temperature was increased to room temperature. After 1 h the reactant was completely
gone (by TLC) and the reaction was quenched by adding water at 0 °C. The product
mixture was extracted with methylene chloride and the extracts were washed with
brine. The organic layer was dried with MgSO,4 and concentrated with a rotary
evaporator to give a dim yellow solid. The product was further purified with flash
column chromatography on silica gel by eluting with ethyl acetate/hexane (2/1) and a
white solid (0.27 g, 0.69 mmol, 90 % yield) was obtained; TLC R; = 0.36 (100 % EtOAc);
mp 190 — 191 °C; *H-NMR (400 MHz, CDCl3) &, 8.79 (d, 1 H, J = 8.0 Hz), 8.65 (d, 1 H, J =
7.6 Hz), 7.76-7.60 (m, 3 H), 7.08 (d, 1 H, J = 7.6 Hz), 5.67 (s, 1 H), 4.48 (d, 1 H, J = 11.6 Hz),
4.37(d,2H,J=4.8Hz),4.19(d, 1 H, J = 11.6 Hz), 4.12-4.08 (m, 1 H), 3.92-3.86 (m, 1 H),
3.73 (td, 1 H,J=11.6 Hz, J = 2.8 Hz), 3.18 (td, 1 H, J = 12.4 Hz, J = 3.6 Hz), 3.12 (s, 3 H),
3.00 (dd, 1 H, J = 13.0 Hz, J = 10.6 Hz); *C-NMR (100 MHz, CDCl) 8, 160.26, 159.62,
149.20, 134.36, 132.53, 128.14, 126.94, 126.46, 126.08, 121.97, 112.76, 82.68, 72.96,

69.30, 66.16, 45.30, 44.10, 37.73; MS (ESI), m/z = 390.1 (M+H)".
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2-(2-Mercaptomethyl-morpholin-4-yl)-pyrimido[2,1-alisoquinolin-4-one (C406): To a
solution of compound 3.18 (0.11 g, 0.28 mmol) in methanol (10 mL) was added thiourea
(0.1 g, 1.3 mmol). This reaction mixture was stirred under reflux for 5 h. After cooling,
1N NaOH (5 mL) was added and stirred under reflux for 1 h. After cooling, methanol was
removed by a rotary evaporator. The product mixture was redissolved in water and
extracted with methylene chloride. The organic layer was dried with MgSQO, and
removed by a rotary evaporator. TLC test showed one single more polar spot (Rf = 0.24
(100 % EtOAc)) than that of the reactant (Rf = 0.36, 100 % EtOAc), but it was the oxidized
disulfide compound. To this disulfide compound was added methanol (10 mL) and
NaBH, (0.2 g). This reaction mixture was stirred under reflux again for 5 h, and it became
homogeneous. After cooling, 1 N HCI (0.1 mL) was added and the solvent was removed
by a rotary evaporator. The product mixture was redissolved in water and extracted
with methylene chloride. The organic layer was dried with MgS0O,4 and removed by a
rotary evaporator to give a dim yellow solid (0.10 g, 0.30 mmol, 100 % yield with some
impurity, not purified by column); TLC R¢ = 0.15 (100 % EtOAc); *H-NMR (300 MHz, CDCl5)
5,8.80(d, 1 H,J=8.4Hz),8.65(d, 1H,J=7.2Hz),7.76-7.58 (m, 3 H), 7.06 (d, 1 H, J = 7.2
Hz), 5.65 (s, 1 H), 4.48 (d, 1 H, J = 12.9 Hz), 4.24 (d, 1 H, J = 12.9 Hz), 4.09-4.04 (m, 1 H),
3.71(td, 1H,J=11.6 Hz, J = 3.0 Hz), 3.65-3.57 (m ,1 H), 3.16 (td, 1 H, J=12.3 Hz,/=3.6
Hz), 2.94 (dd, 1 H, J = 12.9 Hz, J = 10.2 Hz), 2.83-2.62 (m,2 H), 1.69 (dd, 1 H, J = 9.3 Hz, J

= 7.5 Hz).
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C446 (not desired product): To a solution of C406 (0.10 g, 0.30 mmol) in methanol (10
mL) and methylene chloride (10 mL) was added methoxycarbonylsulfenyl chloride (0.1
mL, 1.1 mmol) at 0 °C. This reaction mixture was stirred at 0 °C and the temperature was
slowly increased to room temperature. After 6 h, TLC test showed that all of the
reactant was changed to a less polar compound. Solvents were removed with a rotary
evaporator. The product was directly purified by flash column chromatography on silica
gel by eluting with ethyl acetate/hexane (1/1) to give the title compound; TLC Rf = 0.57
(100 % EtOAc); "H-NMR (400 MHz, CDCl3) 6, 8.80 (d, 1 H, J = 8.4 Hz), 8.64 (d, 1 H, /= 7.6
Hz), 7.80-7.63 (m, 3 H),7.12(d, 1 H, J=8.0 Hz), 4.66 (d, 1 H, J=13.2 Hz), 4.41 (dd, 1 H, J
=13.4Hz,J=1.8 Hz), 4.02 (d, 1 H, J = 11.6 Hz), 3.93-3.85 (m, 7 H), 3.76 (td, 1 H,J=11.6
Hz, J= 2.4 Hz), 3.43-3.36 (m, 1 H), 3.13 (dd, 1 H, J = 13.2 Hz, J = 10.0 Hz), 3.08-2.90 (m, 2
H); *C-NMR (100 MHz, CDCl5) 8, 169.70, 169.17, 163.47, 160.16, 148.54, 134.65, 133.09,
128.47,127.15, 126.55, 125.92, 122.64, 113.54, 85.62, 74.00, 66.76, 55.51, 54.60, 52.06,

48.69, 41.54.

4-[Benzyl-(2-hydroxy-ethyl)-amino]-but-2-enoic acid ethyl ester (3.19): To a solution of
N-benzyl ethanolamine 3.11 (7.5 mL, 50 mmol) in methylene chloride (30 mL) were
added ethyl 4-bromocrotonate 3.13 (75 % purity, 9.1 mL, 50.2 mmol) and triethylamine
(8 mL, 57.4 mmol) at room temperature. The reaction mixture was stirred overnight,
and then diluted in methylene chloride and water. The product was extracted with

methylene chloride and washed with brine. The organic layer was dried with MgSO,4 and

112



concentrated with a rotary evaporator to give a viscous oil. The product was further
purified by flash column chromatography on silica gel by eluting with ethyl
acetate/hexane (1/1) and a viscous oil (12.9 g, 49.0 mmol, 98 % yield) was obtained; TLC
R¢ = 0.63 (100 % EtOAc); "H-NMR (300 MHz, CDCls) &, 7.37-7.25 (m, 5 H), 6.99 (dt, 1 H, J =
16.8 Hz, J=6.2 Hz), 6.02 (dd, 1 H, J=16.8 Hz, /= 1.2 Hz), 4.21 (q, 2 H, J = 7.1 Hz), 3.66-
3.61(m, 4 H),3.29 (dd, 2 H, J=6.1 Hz,J= 1.3 Hz), 2.69 (t, 2 H, J=5.5Hz), 1.31 (t, 3 H, J =
7.5 Hz); BC-NMR (100 MHz, CDCl3) 6, 165.75, 145.11, 138.03, 128.55, 128.12, 126.98,

123.09, 60.06, 58.66, 58.10, 55.02, 54.23, 13.92..

(4-Benzyl-morpholin-2-yl)-acetic acid ethyl ester (3.20): To a solution of compound
3.19 (12.9 g, 49 mmol) in toluene (50 mL) was added DBU (3.0 mL, 20.0 mmol) at room
temperature. The reaction mixture was stirred under reflux overnight. After cooling, the
reaction mixture was diluted in ethyl acetate and water. The product mixture was
extracted with ethyl acetate and washed with brine. The solvent layer was dried with
MgS0O, and concentrated with a rotary evaporator to give a viscous oil. By eluting with
20 % ethyl acetate in hexane the product was further purified to give an viscous oil
(12.7g, 48.2 mmol, 98 % yield); TLC R = 0.60 (1/1 EtOAc/Hexane); 'H-NMR (300 MHz,
CDCl3) 8, 7.32-7.21 (m, 5 H), 4.12 (q, 2 H, J = 7.2 Hz), 4.02-3.94 (m, 1 H), 3.82 (dg, 1 H, J =
11.5Hz,J=1.7 Hz), 3.67 (td, 1 H, J=11.2 Hz, J = 2.7 Hz), 3.48 (s, 2 H), 2.76 (dt, 1 H, J =
11.4 Hz, J=1.9 Hz), 2.62 (dq, 1 H, J = 11.4 Hz, J = 2.0 Hz), 2.53-2.31 (m, 2 H), 2.16 (td, 1 H,

J=11.3 Hz,J=3.3 Hz), 1.91 (dd, 1 H, J = 10.8, Hz, J = 9.9 Hz); **C-NMR (100 MHz, CDCl,) §,
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170.29, 137.37, 128.65, 127.89, 126.77, 71.95, 66.32, 62.70, 60.02, 57.50, 52.41, 38.55,

13.80; MS (ESI), m/z = 264.1 (M+H)".

Morpholin-2-yl-acetic acid ethyl ester (3.12): To a solution of compound 3.20(2.0g, 7.6
mmol) in 30 mL methanol was added ~ 1.0 g of palladium on carbon. Hydrogen gas was
added to the reaction flask of hydrogen reactor in Jim’s lab. The reaction mixture was
shaken under 55 psi overnight (about 12 h). Palladium and carbon were filtered. Filtrate
was collected and evaporated to give viscous oil (1.2 g, 6.9 mmol, 91 % yield). After
confirming of debenzylation using *H-NMR, the product was directly used for the next
step; "H-NMR (300 MHz, CDCl3) §, 3.89 (g, 2 H, J = 7.5 Hz), 3.65-3.56 (m, 3 H), 3.35 (td, 1

H,/=8.0Hz,J=4.3 Hz),2.71-2.08 (m, 6 H), 1.68 (s, 1 H), 1.01 (t, 3 H, J = 7.1 Hz).

2-(4-Benzyl-morpholin-2-yl)-ethanol (3.21): LiAlIH4 (0.47 g, 12.4 mmol) was dissolved in
anhydrous ether (100 mL) at 0 °C. To this solution was added a solution of compound
3.20 (3.08 g, 11.7 mmol) in anhydrous ether (50 mL) dropwise. After stirring at 0 °C for
30 min, the temperature was increased to room temperature and the reaction mixture
was stirred overnight. 0.47 mL of water, 0.47 mL of 15 % NaOH, and 1.41 mL of water
were sequentially added to the reaction mixture at 0 °C. The precipitated white solid
was filtered off, and the filtrate was concentrated with a rotary evaporator. After flash
column chromatography on silica gel by eluting with 50 % hexane in ethyl acetate, the
product 3.21 was obtained (2.27 g, 10.3 mmol, 88 % yield); TLC R;=0.15 (1/1

EtOAc/Hexane); *H-NMR (300 MHz, CDCls) 8, 7.37-7.26 (m, 5 H), 3.85 (dq, 1 H, J = 11.3
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Hz, J = 1.6 Hz), 3.80-3.65 (m, 4 H), 3.52 (s, 2 H), 3.41 (br, 1 H), 2.76-2.64 (m, 2 H), 2.18 (td,
1H,J=11.3Hz,J=3.2 Hz), 1.95 (dd, 1 H, J = 11.1 Hz, J = 10.2 Hz), 1.80-1.57 (m, 2 H); *C-
NMR (100 MHz, CDCls) §, 137.47, 129.04, 128.16, 127.07, 75.36, 66.66, 63.09, 60.45,

58.36, 52.86, 35.52.

2-Morpholin-2-yl-ethanol (3.23): Compound 3.23 was prepared from 3.21 (0.93 g, 4.2
mmol) in methanol (50 mL) according to the same procedure as that for 3.17.
Compound 3.23 was obtained as a viscous oil (0.50 g, 3.8 mmol, 90 % yield). After
confirming of debenzylation using *H-NMR and >C-NMR, the product was directly used
for the next step; *H-NMR (300 MHz, CDCl5) §, 3.79 (d, 1 H, J = 9.6 Hz), 3.55-3.45 (m, 4
H), 2.95 (br, 2 H), 2.81-2.73 (m, 2 H), 2.58-2.55 (m, 2 H), 0.96 (dq, 1 H,/=6.5Hz,/=1.3
Hz); *C-NMR (300 MHz, CDCls) §, 137.47, 129.04, 128.16, 127.07, 75.36, 66.66, 63.09,

60.45, 58.36, 52.86, 35.52.

2-[2-(2-Hydroxy-ethyl)-morpholin-4-yl]-pyrimido[2,1-alisoquinolin-4-one (3.25):
Compound 3.25 was prepared from 3.23 (4 eq.) and 2.5 (0.23 g, 1.0 mmol) according to
the same procedure as that for C407. Compound 3.25 was obtained as a colorless solid
(0.30 g, 0.92 mmol, 92% yield);TLC R; = 0.18 (100 % EtOAc); "H-NMR (300 MHz, CDCl5) 5,
8.64(d,1H,/=7.8Hz),854(d,1H,/=7.5Hz), 7.66-7.48 (m, 3 H),6.95(d, 1H,/=7.8

Hz), 5.58 (s, 1 H), 4.24 (br, 2 H), 4.00 (dd, 1 H, J=11.6 Hz, J = 2.6 Hz), 3.85-3.61 (m, 4 H),
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3.18 (br, 1 H), 3.07 (td, 1 H, J = 12.6 Hz, J = 3.6 Hz), 2.81 (dd, 1 H, J = 12.9 Hz, J = 10.5 Hz),

1.88-1.75 (m, 2 H).

Methanesulfonic acid 2-[4-(4-ox0-4H-pyrimido[2,1-a]isoquinolin-2-yl)-morpholin-2-yl]-
ethyl ester (3.26): Compound 3.26 was prepared from 3.25 (0.30 g, 0.92 mmol)
according to the same procedure as that for 3.18. Compound 3.26 was obtained as a
colorless solid (0.35 g, 0.87 mmol, 95% vyield); TLC R; = 0.39 (100 % EtOAc); mp > 250 °C;
'H-NMR (300 MHz, CDCl3) 6, 8.77 (d, 1 H, J = 8.1 Hz), 8.63 (d, 1 H, J = 7.8 Hz), 7.74-7.57
(m, 3 H),7.05(d, 1 H,J=7.5Hz),5.63 (s, 1 H), 4.47-4.37 (m, 3 H), 4.18 (d, 1 H, J = 12.9),
4.03(dd, 1H,/=11.6 Hz,J=2.2 Hz), 3.74-3.62 (m, 2 H), 3.12 (td, 1 H,J=12.5Hz,J=3.6
Hz), 3.03 (s, 3 H), 2.83 (dd, 1 H, J = 13.1 Hz, J = 10.7 Hz), 2.08-1.92 (m, 2 H); *C-NMR (100
MHz, CDCls) 6, 160.09, 159.56, 149.10, 134.27, 132.42, 128.04, 126.91, 126.37, 126.05,

121.90, 112.56, 82.33(82.31), 71.46, 66.10, 48.84, 44.17, 37.24, 37.22,32.81 .

[4-(4-Oxo-4H-pyrimido[2,1-alisoquinolin-2-yl)-morpholin-2-yl]-acetic acid ethyl ester
(C413): Compound C413 was prepared from 3.12 (4 eqg.) and 2.5 (0.23 g, 1.0 mmol)
according to the same procedure as that for C401. Compound C413 was obtained as a
colorless solid (0.35 g, 0.95 mmol, 95% vyield); TLC R; = 0.39 (100 % EtOAc); mp 168 °C;
'H-NMR (400 MHz, CDCl3) 8, 8.68 (d, 1 H, J = 8.0 Hz), 8.56 (d, 1 H, J = 7.6 Hz), 7.67-7.50
(m,3H),6.97(d, 1H,J=7.6 Hz),5.57 (s, 1 H), 4.35 (br, 1 H), 4.16 (q, 3 H, J=7.2), 4.00-
3.93(m, 2H),3.67(td, 1 H,/J=11.6 Hz, J=2.4 Hz),3.09 (td, 1 H, J = 12.4 Hz, J = 3.6 Hz),

2.84 (dd, 1 H, J = 13.0 Hz, J = 10.6 Hz), 2.63-2.49 (m, 2 H), 1.25 (t, 2 H, J = 7.2 Hz); 3C-
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NMR (100 MHz, CDCl3) 6, 170.13, 159.91, 159.36, 148.87, 134.11, 132.18, 127.77,
126.68, 126.19, 125.92, 121.80, 112.29, 82.17, 71.88, 66.07, 60.65, 48.38, 43.88, 38.39,

14.04; MS(ESI) m/z = 368.1 (M+H)".

[4-(4-Ox0-4H-pyrimido[2,1-alisoquinolin-2-yl)-morpholin-2-yl]-acetic acid (C444): To
compound €413 (0.11 g, 0.30 mmol) were added MeOH (10 mL), H,0 (1 mL), and 1N
NaOH (1 mL), and the mixture was stirred at 70 °C for 1 h. The heterogeneous reaction
mixture became homogeneous. TLC test showed that all starting material was
hydrolyzed. After cooling, methanol was removed with a rotary evaporator. Ethyl
acetate was added to extract the unreacted reactant or any neutral compound, and
then the aqueous layer was acidified (pH = ~ 2) with aqueous 1N HCI. The transparent
water layer turned to a white solution. The product mixture was extracted with ethyl
acetate. The organic layer was dried over MgSQO,4 and solvent removed with a rotary
evaporator to give the title compound as a white solid (0.10 g, 0.29 mmol, 97% yield);
'H-NMR (300 MHz, CDCl5) 8, 8.77 (d, 1 H, J = 8.4 Hz), 8.50 (d, 1 H, J = 7.5 Hz), 7.84-7.64
(m,3H),7.29(d, 1H,J=7.8 Hz),5.63 (s, 1 H), 4.50 (br, 1 H), 4.28 (br, 1 H), 3.94 (d, 1 H, J
=12.3Hz),3.82(d, 1H,J=4.5Hz),3.55(t, 1 H,J=11.4 Hz), 3.04 (t, 1 H, J = 11.0 Hz),
2.81(t, 1 H, J = 12.0 Hz), 2.64-2.40 (m, 3 H); **C-NMR (100 MHz, CDCl3) &, 171.82, 159.57,
158.20, 148.59, 134.09, 132.70, 128.29, 126.70, 126.54, 125.44, 121.52, 112.40, 81.16,

72.09, 65.60, 48.04, 43.80, 38.06.

117



2-[4-(4-Oxo0-4H-pyrimido[2,1-a]isoquinolin-2-yl)-morpholin-2-yl]-acetamide (C445): To
a solution of compound 3.20 (0.11 g, 0.45 mmol) in methanol was added aqueous
ammonium hydroxide (NH4OH) at room temperature. The reaction mixture was closed
tightly with a septum and stirred overnight at room temperature. The completion of the
reaction was confirmed by mass spectral analysis. The major amide product peak (m/z =
235.1) and the minor carboxylic product peak (m/z = 236.1) were detected. The solvent
and water were removed with a rotary evaporator and the residue was further dried by
connecting to a cacuum pump overnight. The product mixture (3.22) was redissolved in
methanol and palladium on carbon (ca. 0.2 g) was added. The benzylation was
performed according to the same procedure as that for 3.12 to give 3.24. C445 was
prepared from 2.5 (0.23 g, 1.0 mmol) and 3.24 according to the same procedure as that
for C407. Compound €445 was obtained as a colorless solid (0.05 g, 0.15 mmol, 33%
yield); TLC R¢ = 0.12 (EtOAc/MeOH : 9/1); "H-NMR (400 MHz, DMSO-d;) 6, 8.80 (d, 1 H, J
=8.0 Hz),8.52(d, 1 H,J=8.0 Hz), 7.88-7.83 (m, 2 H), 7.70 (td, 1 H, J = 7.4 Hz, J = 2.0 Hz),
7.40(s,1H),7.31(d,1H,/=7.6Hz),6.91(s, 1 H),5.64 (s, 1 H), 4.46 (br, 1 H), 4.29 (br, 1
H), 3.93(d, 1 H, J=10.8 Hz), 3.84-3.79 (m, 1 H), 3.53 (td, 1 H, /= 11.6 Hz, J = 2.4 Hz),
3.09-3.02 (m, 1 H), 2.81 (dd, 1 H, J = 13.0 Hz, J = 10.6 Hz), 2.38-2.30 (m, 2 H); *C-NMR
(100 MHz, DMSO-ds) 6, 171.24, 159.60, 158.18, 148.61, 134.11, 132.74, 128.34, 126.73,

126.55, 125.45, 121.54, 112.39, 81.10, 72.40, 65.52, 48.38, 43.86.

(R)-2-Chloro-N-(2,3-dihydroxy-propyl)-acetamide (3.28): To a solution of (R)-3-amino-

1,2-propanediol (3.27) (3.98 g, 43.7 mmol) in a mixture of CH3CN/methanol (80 mL/24
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mL) at - 10 °C was added triethylamine (7.2 mL, 51.6 mmol). After 10 min, chloroacetyl
chloride (4.4 mL, 55.3 mmol) was added dropwise at - 10 °C over 2 h. The reaction
mixture was stirred overnight at room temperature. The solvent was removed with a
rotary evaporator and a white solid was obtained. The product was further purified by
flash column chromatography on silica gel by eluting with ethyl acetate/methanol (95/5)
to give compound 3.28 as a white solid (6.14 g, 36.6 mmol, 84% yield); TLC R; = 0.24
(EtOAc/MeOH : 9/1); H-NMR (300 MHz, DMSO-d¢) 8, 8.07 (t, 1 H, J = 5.2 Hz), 4.78 (d, 1

H,J=5.1Hz),4.54 (t, 1 H,J = 5.7 Hz), 4.05 (s, 2 H), 3.54-3.20 (m, 5 H), 3.03-2.95 (m, 1 H).

(R)-6-Hydroxymethyl-morpholin-3-one (3.29): To a solution of potassium tert-butoxide
(5.51 g, 49.1 mmol) in 100 mL 2-butanol at room temperature was added 3.29 (2.80 g,
16.7 mmol) in 100 mL 2-butanol over 2 h under nitrogen. After one more hour stirring,
methanol (15 mL) and H,0 (1 mL) were added. The reaction mixture was stirred for an
additional 20 min. The solvent was removed with a rotary evaporator and the residue
was further dried by connecting to a cacuum pump overnight. The product was purified
with flash column chromatography on silica gel by eluting with ethyl acetate/methanol
(4/1), and a white solid was obtained (2.00 g, 15.2 mmol, 91% yield); TLC R;= 0.24
(EtOAc/MeOH : 4/1); *H-NMR (300 MHz, DMSO-dg) &, 7.91 (s, 1 H), 4.87 (br, 1 H), 3.99 (q,
2 H,J=12.3 Hz), 3.63 (sixtet, 1 H), 3.43 (qd, 2 H, J = 11.6 Hz, J = 5.3 Hz), 3.20-3.02 (m, 2

H).

119



(R)-Morpholin-2-yl-methanol (3.30): To a solution of 3.29 (1.20 g, 9.15 mmol) in
anhydrous THF (90 mL) was slowly added a solution of Red-Al (bis(2-
methoxyethoxy)aluminum hydride) (70 wt. % in toluene) (10 mL, 35 mmol) at 0 °C over
1 h under nitrogen. The reaction mixture was stirred overnight at room temperature.
After cooling the reaction mixture, 1.2 mL of water followed by 2 mL of 4N KOH were
added. The precipitated solid was removed by filtration, and the filtrate was
concentrated with a rotary evaporator and the residue was further dried by connecting
to a cacuum pump overnight. The product was further purified with flash column
chromatography on silica gel by eluting with ethyl acetate/methanol (9/1) and a viscous
oil (0.71 g, 6.06 mmol, 66% yield) was obtained; TLC R; = 0.21 (EtOAc/MeOH : 9/1); TLC
R: = 0.51 (EtOAc/MeOH : 4/1); "H-NMR (300 MHz, DMSO-ds) 8, 4.10 (s, 3 H), 3.68 (d, 1 H,
J=10.5Hz), 3.44-3.16 (m, 4 H), 2.78 (d, 1 H, /= 11.4 Hz), 2.66-2.49 (m, 2 H), 2.32 (t, 1 H,

J=10.5 Ha).

(R)-2-(2-Hydroxymethyl-morpholin-4-yl)-pyrimido[2,1-alisoquinolin-4-one (3.31):
Compound 3.31 was prepared from 3.30 (0.12 g, 0.92 mmol) and 2.5 (0.35 g, 1.52 mmol)
according to the same procedure as that for C407. Compound 3.31 was obtained as a
colorless solid (0.27 g, 0.87 mmol, 94% yield); TLC Rs = 0.51 (EtOAc/MeOH : 9/1); 'H-
NMR (300 MHz, CDCl;) 6,8.80(d, 1 H,/=7.8 Hz), 8.65 (d, 1 H, J = 7.5 Hz), 7.76-7.58 (m, 3
H), 7.07 (d, 1 H,J=7.5Hz), 5.67 (s, 1 H),4.33 (d, 1 H, /= 16.4), 4.12-4.07 (m, 1 H), 3.83-

3.62 (m, 5H),3.16 (td, 1 H, J = 12.4 Hz, J = 3.6 Hz), 3.00 (dd, 1 H, J = 12.9 Hz, J = 10.2 Hz).
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Methanesulfonic acid 4-(4-oxo-4H-pyrimido[2,1-alisoquinolin-2-yl)-morpholin-2-
yimethyl ester (3.32): Compound 3.32 was prepared from 3.31 (0.38 g, 1.22 mmol)
according to the same procedure as that for 3.18. Compound 3.32 was obtained as a

colorless solid (0.44 g, 1.00 mmol, 82% vyield); TLC R¢ = 0.36 (100% EtOAc)

3-Amino-6-methyl-furo[2,3-b]pyridine-2-carboxylic acid ethyl ester (3.39): To
compound 2-chloro-6-methyl-3-pyridinecarbonitrile (3.38) (1.14 g, 7.5 mmol) were
added ethyl glycolate (0.83 mL, 8.8 mmol), DBU (1.31 mL, 8.8 mmol), and ethanol (20
mL). This reaction mixture was stirred at 80 °C for 1 h. Additional DBU (3.0 mL, 20.0
mmol) was added and the reaction mixture was stirred under reflux overnight (12 h).
After cooling, solvent was removed with a rotary evaporator, and the product mixture
was redissolved in water and extracted with a mixture of ethyl acetate and THF. The
organic layer was washed with brine, dried over MgS0,, and concentrated with a rotary
evaporator. Flash column chromatography on silica gel was used to purify the product
by eluting with ethyl acetate/hexane (1/2), and a pure yellow solid was obtained (0.45 g,
2.0 mmol, 27 % yield); TLC Rf = 0.09 (EtOAc/Hexane : 1/4); 'H-NMR (400 MHz, CDCl3) §,
7.82(d, 1 H,J=8.0Hz),7.09 (d, 1 H,J = 8.0 Hz), 5.04 (br, 2 H), 4.39 (g, 2 H, J = 7.2 Hz),
2.63 (s, 3 H), 1.40 (t, 3 H, J = 7.2 Hz); *C-NMR (100 MHz, CDCl5) 6, 161.70, 159.75,
159.12, 137.27,129.30, 123.94, 118.57, 111.16, 60.41, 24.69, 14.46; MS (ESI), m/z =

221.1 (M+H)".
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3-(3-Methoxy-benzoylamino)-6-methyl-furo[2,3-b]pyridine-2-carboxylic acid ethyl
ester (3.40): To a solution of compound 3.34 (0.45 g, 2.0 mmol) in methylene chloride
(20 mL) was added triethylamine (0.5 mL) and 3-methoxybenzoyl chloride (0.4 mL, 2.8
mmol) at 0 °C. This reaction mixture was stirred at room temperature for 3 h. The
reaction mixture was diluted with water and saturated NaHCO3, and extracted with
methylene chloride. The organic layer was washed with brine and dried with MgSQ,,
and concentrated with a rotary evaporator. Flash column chromatography on silica gel
(ethyl acetate/hexane 1/3) was used to purify the product and it was further purified by
crystallization with acetone to give the title compound as a white solid (0.65 g, 1.8 mmol,
92 % yield); TLC R; = 0.18 (EtOAc/Hexane : 1/4); 'H-NMR (400 MHz, CDCls) 6, 10.51 (s, 1
H), 8.89(d, 1H,/=8.0Hz), 7.54 (d, 1 H,/=6.4 Hz),7.51 (s, 1 H), 7.40 (t, 1 H, J = 8.0 Hz),
7.16(d,1H,J=8.4Hz),7.11(dd, 1 H,/=8.0Hz,J=1.6 Hz),4.45(q, 2 H, /= 7.2 Hz), 3.87
(s, 3 H),2.64 (s, 3H), 1.43 (t, 3 H, J = 7.2 Hz); “*C-NMR (100 MHz, CDCl5) &, 164.31,
162.04, 160.03, 159.60, 159.53, 137.29, 134.38, 130.40, 129.91, 128.00, 119.88, 119.23,

118.96, 112.66, 110.79, 61.61, 55.40, 24.51, 14.20; MS (ESI), m/z = 355.1 (M+H)".

8-Chloro-6-(3-methoxy-phenyl)-2-methyl-9-oxa-1,5,7-triaza-fluorene (3.34): To a
solution of compound 3.40 (0.65 g, 1.8 mmol) in methanol (20 mL) was added 28 %
aqueous NHs (ca. 20 mL). After stirring at room temperature overnight (18 h), a sample
of the reaction was analyzed by mass spectrometry. No reactant peak (m/z = 355.1) was
detected and the peak (m/z = 326.1) of the product (3.35) was detected. The reaction

mixture was concentrated to one-third of its initial volume with a rotary evaporator. To
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this solution was added 2-propanol (10 mL) and 2 N NaOH (10 mL). After stirring under
reflux for 5 h, the reaction mixture was cooled and analyzed by mass spectrometry. The
peak (m/z = 308.0) of the product (3.41) was detected and there was no reactant peak
(m/z = 355.1). The reaction mixture was neutralized with 2 N HCl and a white solid
precipitated and was collected and dried in oven overnight. To the white solid was
added POCI; (5 mL), and the reaction mixture was stirred at 100 °C for 8 h. After cooling
the reaction mixture, ice-water was slowly added, and the reaction mixture was
neutralized with agueous NaOH. The product mixture was extracted with methylene
chloride, dried with MgSQ,, and concentrated with a rotary evaporator. The title
compound 3.34 (0.22 g, 0.68 mmol, 38 % yield) was purified with flash column
chromatography on silica gel by eluting with ethyl acetate/hexane (1/5) and 10 %
methylene chloride; TLC Rs = 0.27 (EtOAc/Hexane : 1/4); mp 197 °C; 'H-NMR (400 MHz,
CDCl3) 6,8.49 (d,1H,/=8.0Hz),8.09(dd, 1H,/=7.8Hz,/J=1.0Hz),8.03(t,1H,J=2.0
Hz), 7.42-7.38 (m, 2 H), 7.03 (dd, 1 H, J=8.0 Hz, J = 2.4 Hz) , 3.93 (s, 3 H), 2.77 (s, 3 H);
13C-NMR (100 MHz, CDCl5) 6, 164.09, 162.87, 160.28, 159.97, 150.09, 142.89, 141.72,
137.79, 132.60, 129.64, 120.98, 117.20, 113.12, 111.70, 55.45, 25.06; MS(ESI) m/z =

326.1 (M+H)".

6-(3-Methoxy-phenyl)-2-methyl-8-morpholin-4-yl-9-oxa-1,5,7-triaza-fluorene (3.42):
To a solution of compound 3.34 (0.22 g, 0.68 mmol) in methanol (10 mL) were added
morpholine (4 eq.) and three drops of acetic acid. The reaction mixture was stirred

under reflux overnight (12 h). After cooling, methanol was removed with a rotary
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evaporator. The product mixture was redissolved in water, and extracted with
methylene chloride. The organic layer was washed with brine, dried with MgS0,, and
concentrated with a rotary evaporator to give a white solid. It was further purified with
flash column chromatography on silica gel by eluting with ethyl acetate/hexane (1/2) to
give the title compound 3.42 (0.24 g, 0.64 mmol, 94 % yield) as a white solid; TLC Rs =
0.33 (EtOAc/Hexane : 1/1), R = 0.06 (EtOAc/Hexane : 1/4); mp 203 °C; 'H-NMR (400
MHz, CDCl5) 6, 8.44 (d, 1 H, J= 8.0 Hz), 8.05 (dt, 1 H, J = 8.0 Hz, J = 1.2 Hz), 8.01 (s, 1H),
7.39(t,1H,/=8.0Hz),7.29(t,1H,J=7.8 Hz), 7.00 (dq, 1 H, J=8.1 Hz, J = 1.2 Hz), 4.18
(t,4H,J=4.8Hz),3.92(s,3H),3.89 (t,4 H, = 4.8 Hz), 2.72 (s, 3 H); *C-NMR (100 MHz,
CDCls) 6, 162.53, 159.94, 159.71, 159.22, 148.52, 147.42, 139.74, 132.88, 131.77, 129.27,
120.65, 120.00, 115.66, 113.36, 112.32, 66.86, 55.34, 45.62, 24.72; MS (ESI), m/z = 377.1

(M+H)".

3-(2-Methyl-8-morpholin-4-yl-9-oxa-1,5,7-triaza-fluoren-6-yl)-phenol (C601): To
compound 3.42 (0.15 g, 0.40 mmol) was added 48 % HBr (5 mL) and acetic acid (5 mL).
The reaction mixture was stirred under reflux for 48 h. After cooling, the acid solution
was neutralized with aqueous NaOH. The product mixture was extracted with a mixture
of ethyl acetate and THF. The organic layer was washed with brine, dried with MgSQO,,
and concentrated with a rotary evaporator. The product was purified with flash column
chromatography on silica gel by eluting with ethyl acetate/hexane (1/1) to give the title
compound €601 (0.09 g, 0.25 mmol, 62 % yield) as a white solid; TLC R = 0.21

(EtOAc/Hexane : 1/1); mp > 250 °C; MS (ESI), m/z = 363.1 (M+H)".
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5-(4-Chloro-phenyl)-3-(3-methoxy-benzoylamino)-thiophene-2-carboxylic acid ethyl
ester (3.44): To a solution of ethyl 3-amino-5-(4-chlorophenyl)thiophene-2-carboxylate
(3.43) (0.89 g, 3.1 mmol) in anhydrous methylene chloride (20 mL) were added
triethylamine (1 mL) and 3-methoxybenzoyl chloride (0.5 mL, 3.7 mmol) at 0 °C. This
reaction mixture was stirred at room temperature for 4 h. The reaction mixture was
diluted in water and the product mixture was extracted with methylene chloride. The
organic layer was washed with brine, dried with MgSO,, and concentrated with a rotary
evaporator. The product was purified with flash column chromatography on silica gel by
eluting with ethyl acetate/hexane (1/5) to give the title compound 3.44 (1.22 g, 2.9
mmol, 94 % yield); TLC Rs = 0.39 (EtOAc/Hexane : 1/4); 'H-NMR (400 MHz, CDCls) 6,
11.19 (s, 1 H), 8.52 (s, 1 H), 7.64-7.54 (m, 4 H), 7.44-7.37 (m, 4 H), 7.11 (dd, 1 H, /= 8.0
Hz,J=2.0 Hz), 4.39 (q, 2 H, J = 7.1 Hz), 3.89 (s, 3 H), 1.41 (t, 3 H, J = 7.2 Hz); ®*C-NMR
(100 MHz, CDCls) 6, 164.59, 164.10, 160.06, 148.26, 145.30, 135.14, 134.99, 131.72,
129.89, 129.25, 127.33, 119.09, 118.72, 118.36, 112.69, 109.89, 61.27, 55.43, 14.35; MS

(ESI), m/z = 416.1 (M+H)".

5-(4-Chloro-phenyl)-3-(3-methoxy-benzoylamino)-thiophene-2-carboxylic acid amide
(3.37): To a solution of compound 3.44 (0.15 g, 0.36 mmol) in methanol was added 1N
NaOH (5 mL). This reaction mixture was stirred under reflux for 2 h, and it became
homogeneous. The basic solution was neutralized with 1N HCIl and a mixture of ethyl

acetate and THF was used to extract the product. The organic layer was washed with
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brine, dried with MgSQ0,, and concentrated with a rotary evaporator to give the
corresponding carboxylic compound as a white solid (0.14 g, 0.36 mmol); MS (ESI), m/z =
385.0 (M-H)". To this carboxylic compound was added methylene chloride (20 mL) and
SOCI; (1 mL). This reaction mixture was stirred under reflux for 5 h. TLC showed that all
of the polar compound was changed to a less polar one (R; = 0.72 (EtOAc/Hexane : 1/1)).
Solvent and the remaining SOCI, were removed with a rotary evaporator. Anhydrous
THF (20 mL) was added. NH40H (1N, 5 mL) was added slowly at 0 °C and then the
reaction was stirred at room temperature for 3 h. The reaction mixture was diluted in
water, and the product was extracted with a mixture of ethyl acetate and THF. The
organic layer was washed with brine, dried with MgS0,, and concentrated with a rotary
evaporator. The product was purified with flash column chromatography on silica gel by
eluting with ethyl acetae/hexane (1/3) to give the title compound 3.37 (0.11 g, 0.28
mmol, 79 % yield); TLC Rs = 0.36 (EtOAc/Hexane : 1/4); 'H-NMR (400 MHz, DMSO-d) 6,
12.40 (s, 1 H), 8.45 (s, 1 H), 7.86 (br, 2 H), 7.73 (d, 1 H, J = 9.6 Hz), 7.57-7.46 (m, 5 H),
7.23(d, 1 H, J = 8.0 Hz), 3.86 (s, 3 H); *C-NMR (100 MHz, DMSO-dg) 6, 165.69, 162.90,
159.58, 143.65, 143.47, 134.93, 133.67, 131.48, 130.26, 129.43, 127.36, 118.97, 118.23,

118.06, 112.84, 112.42, 55.29.

4-Chloro-6-(4-chloro-phenyl)-2-(3-methoxy-phenyl)-thieno[3,2-d]pyrimidine (3.36):
Compound 3.45 was prepared from 3.37 (0.65 g, 1.7 mmol) according to the same
procedure as that for 3.41. This compound was analyzed by mass spectrometry; MS

(ESI), m/z = 368.0 (M+H)*, m/z = 367.0 (M-H)". Compound 3.36 was directly prepared
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from 3.45 according to the same procedure as that for 3.34, and a colorless solid was
obtained (0.48 g, 1.3 mmol, 76 % yield); TLC R = 0.54 (1/4 EtOAc/Hexane); This product

was directly used for the next reaction without NMR characterization.

6-(4-Chloro-phenyl)-2-(3-methoxy-phenyl)-4-morpholin-4-yl-thieno[3,2-d]pyrimidine
(3.46): Compound 3.46 was prepared from 3.36 (0.48 g, 1.3 mmol) according to the
same procedure as that for 3.42. Compound 3.46 was obtained as a colorless solid (0.51
g, 1.2 mmol, 92% yield); TLC Rs = 0.21 (1/4 EtOAc/Hexane), Rf = 0.60 (1/1 EtOAc/Hexane);
'H-NMR (400 MHz, CDCl3) 6, 8.03 (d, 1 H, J = 7.6 Hz), 7.99 (s, 1 H), 7.58-7.34 (m, 6 H),
6.99 (dd,1H,/=8.2Hz,/=2.2 Hz),3.98 (t,4H,/=4.6 Hz),3.90 (s, 3H),3.85(t,4H, J=
4.6 Hz); *C-NMR (100 MHz, CDCls) 8, 16318, 160.24, 159.62, 157.64, 147.64, 139.83,
135.26, 131.30, 129.20, 129.16, 127.40, 120.98, 120.59, 115.73, 113.26, 112.47, 66.67,

55.28, 46.21.

3-[6-(4-Chloro-phenyl)-4-morpholin-4-yl-thieno[3,2-d]pyrimidin-2-yl]-phenol (C701):
Compound C701 was prepared from 3.46 (0.18 g, 0.38 mmol) according to the same
procedure as that for C601. Compound C701 was obtained as a colorless solid (0.11 g,

0.26 mmol, 68% yield); TLC Rs = 0.45 (1/1 EtOAc/Hexane).
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Chapter 4. Generating novel lead compounds

Novel compounds similar to PI103 were designed based on structure activity
relationship (SAR) results, chemical property analysis, and knowledge obtained from
Chapters 2 and 3. Furthermore, virtual database screening based on pharmacophore
matching was employed to find active compounds having different core structures from

C401 and PI103.

4.1 SAR data-inspired approach

Recently PI103 was developed by Hayakawa et al. as a PI3 kinase p110a inhibitor.
In the course of their studies, quinazoline derivatives 4.1 were optimized by substituting
the 2- and 4-positions with saturated six-membered rings and various phenol rings.
These compounds were further developed into PI103 by changing the quinazoline

structure to a tricyclic ring (4.2, Figure 4.1).

Figure 4.1 Core ring fragments used in the development of PI103 by Hayakawa et al.

®
4
HO. X X:N,orCH
Nz : ¥ N Y:S,0,o0rNH
N 3( A\ P Z:H,orPh
1 N A
4.1 4.2
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180,181 gave potentially valuable ideas for the

SAR data presented in two papers
development of more selective mTOR inhibitors (Tables 4.1 and 4.3). A phenyl ring at
the Z-position did not significantly effect inhibition toward p110a as ICsq values for
compounds 4.2_1vs. 4.2_4 and 4.2_2 vs. 4.2_5 are similar. Compounds having an
oxygen atom at the Y-position (4.2_2 and 4.2_5) are about 3 to 10 times more potent
than equivalent structures having a sulfur atom (4.2_1 and 4.2_4). However, a nitrogen
atom at the Y-position 4.2_3 greatly decreased the inhibition of p110a, as no inhibition
was observed at 30 uM. Changing of N at the X-position of 4.2_1 to CH to give 4.2_6
caused a 2-fold decrease in potency. However, the same N to CH change in the phenyl-
substituted 4.2_4 to give 4.2_7 resulted in total loss of activity at 30 uM. The overall
shapes of compound 4.2 and derivatives are almost identical. SAR studies indicate that
the major binding components of these derivatives are the morpholine oxygen and the

hydrophobic surface of the tricyclic ring.*®! The literatue does not explain the greatly

diminished inhibition by compounds 4.2_3 and 4.2_7.
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Table 4.1 Inhibition of p110a by tricyclic derivatives (taken from ref &%)

Compound 4.2 X Y Z |Cp5;ilélc\x/l)
LY294002° 0.63

4.2 1° N S H 14 [Oj
4.2 2° N 0 H 0.56 N
4.2_3° N NH H >30 Cj\fj*r\l
4.2_4 N S Ph 1.7 e
4.2_5° N O Ph 0.16 a2
4.2 6 CH S H 2.4
4.2_7° CH S Ph >30

®Free base

°Hl salt

To further examine these observations, DFT calculations were performed with
Gaussian 03W and GaussView3.09. Structures 4.2_1,4.2 2,4.2 3,4.2 4,4.2 5,4.2 6,
and 4.2_7 were optimized at the B3LYP/6-311G(d) level. Two possible conformations of
each structure were examined; one having the morpholine ring slightly distorted
clockwise from the plane of the tricyclic ring (R is added to the compound name) and
the other having the morpholine ring slightly distorted counterclockwise from the plane
of the tricyclic ring (P is added to the compound name) (Figure 4.2). For compounds in
which Y =S or NH, distinct minima were obtained for each of the two different
conformers. However, for compounds in which Y = O (4.2_2 and 4.2_5), only one
conformation was obtained, having the morpholine ring in the plane of the tricyclic ring.
Structure 4.2_2 was optimized by starting from conformations having the morpholine

ring distorted clockwise and counterclockwise, but both gave the same planar structure.
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The nonplanarity of the N-H compounds can be explained by the steric effect of the -
CH>- group of the morpholine ring. The nonplanarity of the sulfur compounds can be
explained by the large size of the sulfur atom and resulting steric effect with the -CH,-
group of the morpholine ring. However, the steric contribution of the lone pair electrons
on the oxygen atom is minimal due to the small size of the oxygen atom. The orientation
of the morpholine ring in 4.2_2 or 4.2_5 is similar to the transition state for

interconversion of the two conformers of the other compounds.

Figure 4.2 Optimized geometries 0f 4.2_1,4.2_2,4.2_3,4.2_6 by DFT calculation. Top
and side mean top view and side view. The appendix R and P mean clockwise and
counterclockwise distortions of morpholine ring from the tricyclic rings. Carbon,
nitrogen, oxygen, sulfur, and hydrogen atoms are represented by gray, blue, oxygen,
yellow, and white spheres with van der Waals radii. The names of more stable
conformers are in red. Other optimized geometries of 4.2_4, 4.2_5, and 4.2_7 are
included in the appendix.

4.2_1 R (top) 4.2_1 P (top)
4.2 1 R S|de) 4.2 1 P(S|de)
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The free energies of activation for interconversion of R and P forms were
determined from the relative energies of the minimum and the transition state
structures (Table 4.2). The free energy difference between R and P conformers is small
(0.24 ~ 0.43 kcal/mol). The R conformers of 4.2_1,4.2_4,4.2_6, and 4.2_7 are more
stable than the corresponding P conformers, while the P conformer of 4.2_3 is more
stable. The free energies of activation for interconversion of P and R forms of all 4.2
compounds are very low (less than 2 kcal/mol); interconversion of conformers is thus

very rapid for all compounds.

Table 4.2 The free energies of activation between R and P conformers of compounds in
Table 4.1.

Compound4.2 |X Y Z ICs0 (M) AGHTS-R)® | AGHTS-P)° | AG°(P-R)°
pl110a
4.2 1 N S H 1.4 1.32 1.07 0.25
4.2 2 N O H 0.56 N/A
4.2 3 N NH H >30 1.19 1.62 -0.43
4.2 4 N S Ph 1.7 1.47 1.05 0.42
4.2.5 N O Ph 0.16 N/A
4.2 6 C S H 2.4 1.34 1.10 0.24
4.2 7 C S Ph >30 1.46 1.16 0.31
®in Hartree

b.
in kcal/mole

A possible explanation for the differences in inhibition between the compounds
could be the electrostatic potential differences. Electrostatic differences were
previously used to rationalize inhibition differences between compounds Il and lll in

Chapter 2. The different atomic combination (N-S, N-O, N-NH, and C-S at X-Y-position) of
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compounds 4.2 can cause the different electrostatic potentials of the tricyclic rings.
Charge densities of all 4.2 derivatives were calculated and electrostatic potentials were

mapped to the calculated total densities (Figure 4.3).

Figure 4.3 Electrostatic potentials of 4.2 in Table 4.1. The combination of atoms at X-, Y-,
and Z-positions is represented in brackets.

4.2.1 P (N,S,H) 4.2_3 R(N, NH, H)

4.2_5 (N, O, Ph) 4.2_6_P (C, S, H)

4.2_7 P (C,S, Ph)
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The results of electrostatic potentials showed that there is an interesting
difference in 4.2_3 and 4.2_7 vs. the other compounds. In 4.2_3 and 4.2_7, which
exhibit no significant inhibition of p110a at 30 uM, the negative electrostatic potential is
delocalized through the tricyclic rings. However, 4.2_1,4.2_2,4.2_4, and 4.2_5, which
exhibit potent inhibition of p110a, have the negative electrostatic potential
concentrated on the X- and Y-positions with relatively neutral potentials distributed
through the tricyclic rings. Furthermore, slight negative electrostatic potentials (orange
color) are observed in the tricyclic rings of 4.2_1 and 4.2_4, while approximately neutral
potentials (green and yellow colors) are observed in 4.2_2 and 4.2_5 except at the X-
and Y-positions. Thus the most potent inhibitors (4.2_2 and 4.2_5) have negative
electrostatic potentials concentrated at the X and Y positions, while the less potent
inhibitors have negative potential throughout the tricyclic ring system. The almost
identical shapes of the different inhibitors suggest that the differences in inhibition

properties may be a direct result of electrostatic differences.

These results contrast to those of compounds Il and Ill in Chapter 2 (Table 2.1
and Figure 2.3). Compound Il, with delocalized negative potential in the ring fragment, is
potent against p110a, while there is little inhibition by compound Il (C401), with
localized negative potential. This discrepancy may be rationalized by the flexible
alignment in Figure 3.8. Although the ring fragments in compounds Il and lll and the
tricyclic rings in 4.2 are similar, they do not fully overlap and may occupy different areas
of the active site of PI3Kinase. Therefore, the upper part (in Figure 3.8) of the active site,

occupied by the ring fragments of compounds Il and lll, may not be sensitive to the

135



negative potential, while the lower part (in Figure 3.8) of the active site, occupied by the
tricyclic rings, may be more sensitive to the negative potential. While it is not clear why

the compounds have different inhibition properties, the different electrostatic potential
caused by the different atomic combinations of the X- and Y-positions may be one of the

reasons.

Another SAR study shows a potential relationship between the conformation of
the morpholine ring and inhibition of p110a (Table 4.3). Compounds 4.1_1and 4.1_3
having a hydroxyl group at the 6- and 5-positions, respectively, have very different
inhibition properties (ICso = 1.3 uM vs. >30 uM, respectively). This different inhibition
potency may be due to different interaction of the hydroxyl groups with active site
amino acids, but may also be explained by the degree of planarity of the morpholine
rings. To explore this possibility structures of 4.1_1 and 4.1_3 were optimized at the
B3LYP/6-311G(d) level, omitting the phenyl group at the 2-position, since it does not
affect the geometry of the morpholine ring. Both compounds have two possible
conformations, differing in orientation of the morpholine ring (Figure 4.4). In compound
4.1 3 the hydrogen atom of the hydroxyl group interacts with the nitrogen atom of the
morpholine ring. Due to this interaction and the steric effect of the hydroxyl group
instead of a hydrogen atom at the 5-position, the morpholine ring of 4.1_3 is more
twisted out of the plane of the bicyclic system in 4.1_1. To examine the activation of
energy for the conversion between two conformers, transition states of 4.1_1and 4.1_3
were calculated at the B3LYP/6-311G(d) level, and the results are summarized in Table

4.4. The activation barriers of conversion between R and P forms in 4.1_3 is increased
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(12 ~ 14 kcal/mole) as compared to those (ca. 1 kcal/mole) in 4.2s and those (ca. 4
kcal/mole) in 4.1_1. In addition, the quinazoline ring of 4.1_3 is twisted due to steric
repulsion between the oxygen atom at the 5-position and -CH,- group of the morpholine
ring. Therefore, the morpholine ring might be localized to one of two forms, and only
with high energy (such as high temperature) will interconversion occur. The steric effect
of the hydroxyl group of 4.1_3 on the morpholine ring is significant, resulting in rotation
of the morpholine ring out of the plane of the bicyclic system. Therefore, the
dramatically decreased inhibition of 4.1_3 toward p110a might result from rotation of
the morpholine ring, causing the oxygen atom in the morpholine ring to be poorly

positioned for H-bonding with the amide backbone (N-H) of Val in p110a.
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Figure 4.4 Optimized geometries of 4.1_1 and 4.1_3 by DFT calculation.

C4_1_1 R (side) C4_1_1 P (side) C4_1_1 TS (side)

C4_1_3_R (side) C4_1_3_P (side) C4_1_3_TS (side)
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Table 4.3 Inhibition of p110a by 4-morpholine-4-yl-2-phenyl-quinazolines (taken from

ref 180)
Compound4.1 R R’ IC;;%'(\;I)
(@)
411 6-OH H 1.3 [N]
4.1 2 6-OH 3-OH 0.075 6 &N
4.13 50H  H 530  f /A@R-
4.1 4 7-OH H 9.8
415 6-OCH; H 2.1 “
4.1 6 H H 14
4.1_7 H 3-O0H  0.056

Table 4.4 The free energies of activation between R and P conformers of compounds

4.1_1and 4.1_3.

| M
Compound4.1 | R R’ Cso (UM) AGH(TS-R)® | AG*(TS-P)® | AG°(P-R)P
pl110a
4.1.1 6-OH H 1.3 4.51 4.93 -0.43
4.1 3 5-O0H H >30 12.62 14.59 -1.97

®in kcal/mole

4.1.1 Design of novel lead compounds

Based on the results described in the previous chapters, we found that the

phenolic oxygen and morpholine oxygen of PI103 and related compounds are critical

components for the inhibition of mMTOR and PI3Kinase. The importance of the phenolic

oxygen for inhibition of p110a is also examined in the above SAR data (Table 4.3). p110a
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Inhibition of compound 4.1_2 (ICso = 0.075 puM), with a hydroxyl group at the 3-position
of the phenyl ring, is dramatically increased as compared to compound 4.1_1 (IC5o = 1.3
M), having no hydroxyl group. Therefore, in our designed compounds €802, C803, and
€901, this phenol group is retained (Figure 4.5), although compounds lacking the

81 The furan

phenolic hydroxyl have apparently not actually been tested against mTOR.
ring in PI103 is modified to a pyrrole ring in compound C803, which is expected to
greatly decrease its potency against PI3Kinase, given the very weak inhibition of PI3
kinase by 4.2_3. If inhibition of mTOR is not so effected by this O-to-NH substitution,
compound €803 could be a much more selective inhibitor of mTOR. Compound €802,
with a 1-methyl-pyrrole ring, was also proposed, to examine the effect of rotation of the
morpholine ring on the inhibition of MTOR. These designed compounds are expected to
be much more potent inhibitors of PI3Kinase and mTOR than the 4.2_1 to 4.2_7 series,
as the phenol group of PI1103 greatly enhances potency against PI3Kinase (ICsg = 5 nM).
The N-CHs and N-H groups in compounds €802 and C803 are expected to result in
greatly decreased inhibition of PI3Kinase based on the lack of inhibition of PI3Kinase by
4.2 3.1t is not clear how much the N-CHs or N-H group will affect the inhibition toward
MTOR, as no inhibition results against mTOR have been reported for compounds having
N at this position. Studies with compound C401 and compound Il (Table 2.1) suggest
that mTOR may be much less sensitive to the heteroatom arrangement of the ring

system than PI3Kinase. Thus, C802, C803, and C901 were designed as potentially more

selective inhibitors of mTOR.
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Figure 4.5 Designed compounds €802, C803, and C901
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4.1.2 Synthesis of designed lead compounds

The syntheses of C802 and €901 were performed following the previously
reported procedure for making P1103 with some modification (Schemes 4.1 and 4.2).
Glycine ethyl ester was reacted with 2-chloro-3-pyridinecarbonitrile in a microwave
reactor to afford compound 4.4. The bicyclic acid ester 4.5 was formed from compound
4.4 in the presence of DBU and under heating by microwave. Compound 4.5 was also
made directly from compound 4.3, glycine ethyl ester, and potassium carbonate in
DMSO under heating at 130 °C for 12 hours, and gave similar yield. Methylation of the
pyrrole nitrogen was performed with sodium hydride as base and methyl iodide to
obtain compound 4.6. Acylation of the resulting product was achieved with 3-
methoxybenzoyl chloride to give 4.7. Attempted ammonolysis of compound 4.7 at room
temperature gave only starting material. Therefore, a high-pressure stainless steel

reactor was used with aqgueous ammonia in methanol at 80 to 140 psi and heating at
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about 90 °C. A mixture of compounds 4.8 and 4.9 was obtained and was confirmed by
mass spectrometry. The resulting reaction mixture was further reacted with sodium
hydroxide in 2-propanol at reflux to complete the conversion of 4.8 to 4.9. Chlorination
with phosphorous oxychloride gave the intermediate 4.10, which was reacted with
morpholine to form 4.11. Demethylation of the methyl aryl ether followed by acylation
was performed with boron tribromide followed by acetic anhydride to give C801. C801
was further reacted with hydrochloric acid in water (4N) under mild heating (60 °C) to
form the HCl salt of C802. C803 was obtained from 4.11 by removal of both the O and N-

methyl groups using conditions reported for making P1103.

Scheme 4.1 Synthesis of C801 and C802
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Scheme 4.2 Synthesis of C901
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Ethyl thioglycolate was reacted with 2-fluorobenzonitrile to afford compound
4.12 followed by treating with DBU to afford the bicyclic acid ester 4.13. The resulting
product 4.13 was acylated with 3-methoxybenzoyl chloride to give 4.15. Ammonolysis of
compound 4.15 was performed with a high-pressure stainless steel reactor with
aqueous ammonia in methanol at 90 °C. The resulting reaction mixture was further
reacted with sodium hydroxide in 2-propanol at reflux to complete the conversion of
4.15 to 4.16. Compound 4.17 was obtained by chlorination of 4.16 with phosphorous
oxychloride, and chloro atom was substituted with morphline to give compound 4.18.
Demethylation of the methyl aryl ether was performed with 48% hydrobromic acid to
give the desired compound C901. The synthesized compounds are awaiting inhibition

studies.

143



4.2 Virtual database screening approach

Virtual database screening was applied to search for novel lead compounds for
inhibition of MTOR. C401, LY294002, PI103, and PI3-Kinase inhibitor 2 represent the
major classes of known inhibitors of mTOR and PI3Ks. The goal of virtual screening was

to find novel lead compounds for inhibition of mTOR having different core structures.

4.2.1 Pharmacophore searching

Pharmacophore searching was performed using the MOE Pharmacophore
Application suite. The overall steps of pharmacophore searching are represented in
Figure 4.6. “Drug-like” compounds (2,435,160), previously sorted in the ZINC database
by the ‘Lipinski rule of five’,*®” were downloaded. Since many compound collections
contain either undesirable compounds or compounds drawn in undesirable ways,
compounds in the database were refined with the ‘wash’ command to remove salts and

solvent, to deprotonate (or protonate) acids (or bases), and to add explicit hydrogen

atoms.
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Figure 4.6 The flowchart of pharmacophore searching

Alignment of LY294002 and PI1103 ZINC database
Loose Query l
1 — Drug-like compounds
(~2.5 M)
4,979 Hits
Tight Query
l Conformation Search
—
(~ 76K conformers)

8 Hits

1 €< Knowledge-based

6 Hits

An initial query was generated by examining the structural features from the
alignment of P1103 and LY294002 in Chapter 3 (Figure 4.7). The radius (in angstroms) of
the spherical volume for each of the features was set to be larger than the default value,
in order to get as many hits as possible in the ‘Loose Search’ step. Each compound in the
library may have many possible conformations, while calculating all the conformers of
each compound takes a great deal of computational time. Therefore, by performing
‘Loose searching’, compounds lacking structural features matching the loose query

could be rejected at the start. A search of the ‘drug-like’ compounds with the loose
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qguery, led to 4,979 hits. All conformations of these hits were calculated, to consider the

flexibility of ligands in the pharmacophore search, resulting in 76,369 conformers.

Figure 4.7 The loose query

- F4 (vol) , F1(Don&Acc, R =1.4 A)

F2 (Acc, R=1.4 A)

To further refine these hits using ‘Tight Searching’, the initial “Loose Query” was
tightened based on additional structural features of a potent but non-selective inhibitor
(compound B, Figure 4.8) presented by AstraZeneca at a Keystone Symposium.*®® The
crystal structure of the complex of this compound with PI3Kinase and mTOR was solved,
but was not published in the PDB. It was presented at the symposium in a poster.
Therefore, the binding mode of this compound was predicted by docking using MOE.
The result showed that the sulfonyl group of the sulfonamide and the chlorine atom on

the pyridine ring act as hydrogen bond acceptors with lys833, and the N atom of the
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thiazole acts as an acceptor with val882. Additionally, the exocyclic NH of the acetamido
group interacts with the carbonyl oxygen of the amide backbone of val882. The result of
this docking study is consistent with the co-crystal structure shown in the AstraZeneca
presentation. The hydrogen bond donor property of the acetamido (N-H) group (red
sphere in Figure 4.8) in compound B was included as an additional structural feature in
the ‘Tight Query’, and the query was further refined by decreasing the radius of each

sphere of the ‘Loose Query’.

Figure 4.8 The structure of compound B and the refined tight query

| Fafvol) F1 (Don&Acc, R = 0.9 A)

F2 (Acc, R=0.9 A)

F3 (Aro, R = 1.4 A) o NN /N
N )LN < Ly
H NH
0,8
X 7 N\
F5 (Don, R = 1.0 A) _
. Compound B

All of the conformers of initial hits from the “Loose Query” were searched

through the ‘Tight Query’, and 8 hits were obtained. Spheres F1 and F2 were defined by
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the carbonyl oxygen in the chromone ring of LY294002 or the phenolic hydroxyl group
of PI103 and the morpholine oxygens of both. Previous results suggest that these groups
are major tight binding factors to the active sites of PI3Kinase and mTOR, and the
distance and rigidity between them may also be important for inhibition. Based on this
knowledge, 6 compounds having rigidly linked groups matching spheres F1 and F2 were

selected manually from the 8 hits obtained from the “Tight Query” (Figure 4.9).

Figure 4.9 Hits from the pharmacophore search of the ZINC compound library

OH
ROPES
HO 7 OH
o}

ZINC04017533 (Hit_2) ZINC04099901 (Hit_3)

ZINC01559572 (Hit_4) ZINC04599465 (Hit_5) ZINC02210916 (Hit_6)
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4.2.2 Bioassay of hits

All 6 hits selected from the ZINC database screen are commercially available.
They were tested against mTOR as described in chapter 2 at 10 uM concentration. The
results show that % inhibitions of Hit_1, Hit_4, and Hit_5 at 10 uM are 58.8%, 82.0%
and 53.0%, respectively (Figure 4.10). These hits could be promising novel lead
compounds for inhibition of the mTOR because these have totally different core
fragments from those of conventional PI3Kinase and mTOR inhibitors such as LY294002,
C401, and PI103. Furthermore, there have been no reports of these hits for inhibition of
mTOR. In addition to Hit_1, Hit_4, and Hit_5, the other three hits (Hit_2, Hit_3, and
Hit_6) are also active against mTOR, though with lower potency (35.5%, 24.6%, and
15.6%, respectively at 10 uM) than Hit_1, Hit_4, and Hit_5. Hit_4 was further tested
against mTOR at low concentrations, and 74% and 51% inhibition were observed at 1
uM and 0.1 uM, respectively. The inhibition ability of Hit_4 against mTOR is greater than

those of LY294002 and C401.

Figure 4.10 % inhibition of mTOR at 10 uM. Y-axis represents % inhibition of mTOR and
X-axis represents hit number.
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The ‘Hit’ compounds were also tested against PI3Ka at 10 uM (Figure 4.11).
Because the pharmacophore queries, which were used for virtual screening, were
generated from the non-selective inhibitors between PI3Ka and mTOR, we can expect
that the ‘Hit’ compounds might inhibit PI3Kinase with similar potency toward mTOR.
The inhibition abilities of Hit_1, Hit_2, Hit_5, and Hit_6 against PI3Ka is similar to those
against mTOR, but interestingly inhibition of PI3Ka with Hit_3, which has low inhibition
potency against mTOR (25% inhibition), is pretty high (85% inhibition). Furthermore,
inhibition of mTOR with Hit_4, which is very potent against mTOR, was not observed at

10 uM.

Figure 4.11 % inhibition of PI3Ka at 10 uM. Y-axis represents % inhibition of PI3Ka and
X-axis represents hit number.
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The assay results confirm that our pharmacophore query is a useful predictive
model for searching for lead compounds targeting mTOR and PI3Ka. In this virtual

screening, we obtained not only very potent selective inhibitor (Hit_4) of mTOR vs.
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PI3Ka, but also very potent selective inhibitor (Hit_3) of PI3Ka vs. mTOR. These ‘Hits’

could be further developed for selective inhibition of mTOR, or PI3Ka.

The pharmacophore query was further applied to other databases. The ZINC
database mostly includes commercially available compounds, and thus the number and
diversity of compounds is somewhat limited. Therefore, the much larger ‘PubChem’
library was searched against the same pharmacophore query by following the previous
steps. From the ‘PubChem’ compound library, more than 22 million compounds were
downloaded.®® Again, salts and solvent were removed, acids were deprotonated, and
bases protonated. Compounds were again rejected according to the filtering rules of
Lipinski of no more than 5 hydrogen bond donors, no more than 10 hydrogen bond
acceptors, molecular weight < 500, and log P < 5 to give about 10 million compounds.
From the ‘Loose Search’ 40.480 hits were obtained and 880,000 conformers of them
were obtained by calculation with MOE software. These hits were searched using the
‘Tight Query’ to obtain 235 hits. Finally, 27 compounds having rigidly linked groups
positioning F1 and F2 were selected mannually (See appendix for structures). These hits
have not been tested against mTOR, as one of them (Hit_1) was already tested and
many of them are not commercially available. However, any of these compounds found
to inhibit mTOR could be potential novel lead compounds for the development of

improved mTOR inhibitors.
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4.2.3 Further strategies with hits from virtual screening

To develop further strategies based on hits from pharmacophre matching, Hit_5
was mapped to the pharmacophore query (Figure 4.12). Based on this result of mapping,
the phenolic oxygen and nitrile group of Hit_5 occupy the positions of the carbonyl
oxygen of the chromone ring and the morpholine oxygen of LY294002. An amine group
of Hit_5 overlaps with the F5 sphere generated from compound B (Figure 4.8). All of
these functional groups may contribute to the binding to the active site of mTOR. The
propyl group on the pyrazole ring is oriented toward the hydrophobic and aromatic
sphere probes, and is a potential site for variation such as the introduction of aromatic
groups. The pyrazole -NH- group can also be easily substituted with other functional
groups. This pyrazole -NH- hydrogen atom is predicted to be oriented toward the area
of Lys in mTOR and Trp in PI3Kinase. Thus variation of this position may provide an
approach for increasing selectivity for mTOR. A similar structure to Hit_5 was identified
as an inhibitor of checkpoint kinase 1 (Chk1) (ICsp = 20.4 uM) by receptor-based virtual
screening by Vernalis (R&D) Ltd,*® though further development has not been reported.

Variation of Hit_5 could be an interesting future project for mTOR inhibitor design.
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Figure 4.12 Overlap of Hit_5 with the pharmacophore query

A synthetic procedure for Hit_5 has been reported.’®* Analogs of Hit_5 (6-
amino-5-cyano-4-aryl-1,4-dihydropyrano[2,3-c]pyrazoles) could be synthesized by a
three-component reaction of an aromatic aldehyde, malononitrile, and 3-methyl-1-
phenyl-2-pyrazolin-5-one (Scheme 4.2), as has been reported.191 By incorporating a
diverse set of aromatic groups at the Ar position and by substituting R; and R, with
aromatics and other groups, Hit_5 could be further optimized for increased inhibition of

mTOR.
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Scheme 4.2 Schematic procedure for synthesis of Hit_5 analogs identified by
pharmacophore searching
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4.3 Computational and Experimental details

DFT calculations

The Gaussian 03W program package (Revision-C.02) was used for geometry
optimization and frequency calculations. Input files were generated using GaussView
3.09. This program was also used to generate Cubes for measuring total density and
electrostatic potential surfaces. The initial structures of compounds 4.2s were built
using GaussView. The geometries were initially optimized at the RHF/6-31G(d) level.
Transition states of 4.2_1, 4.2_3,4.2_4,4.2_6, and 4.2_7 were located with the
Synchronous Transit-Guided Quasi-Newton (STQN) method "> *** (using opt=QST2
option) at the RHF/6-31G(d) level. The required reactant (R conformers) and product (P
conformers) structures as input were obtained from the optimized structures at the
RHF/6-31G(d) level. After frequency calculations, the transition state of each compound
was confirmed by the observation of one imaginary frequency. It was further confirmed
by visualizing the vibration mode of the imaginary frequency with GaussView 3.09. The
obtained transition state of each compound at the RHF/6-31G(d) level was further used
to search the transition state of each compound at the B3LYP/6-311(d) level. Searching
for the transition states of 4.2_4 and 4.2_7 at the B3LYP/6-311(d) level from the RHF/6-
31G(d) structure gave the rotation of the phenyl ring instead of the morpholine ring as a
transition state (confirmed by visualizing the vibrational mode of the imaginary
frequency). Therefore, the optimized R and P conformers of 4.2_4 and 4.2_7 at the

B3LYP/6-311G(d) level were used to locate the transition states at the same level. All
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transition states of4.2_1,4.2_3,4.2_4,4.2_6, and 4.2_7 were obtained at the B3LYP/6-
311G(d) level and were confirmed by frequency calculations with one imaginary
frequency and by analysis of the vibrational mode of the imaginary frequency with
GaussView 3.09. The electrostatic potentials of compounds 4.2s were obtained by
following the procedures in Chapter 2.

Locating the transition states of 4.1_1 and 4.1_3 with the STQN method gave
unmeaningful results. Therefore, the geometry of the second step (it is the average
structure of R and P forms) was taken from the output of Gaussian 03 calculation (with
opt=QST2 option). With this geometry the transition state of 4.1_1 was located directly
with ‘calcall’ option. The desired transition state was obtained at the RHF/6-31G(d) level
and confirmed by frequency calculation and visualization. The calculation level was
increased to the B3LYP/6-311G(d) level, and the final transition state was located and

confirmed. The transition state of 4.1_3 was located by the same approach for 4.1_1.

Pharmacophore searching

The preparation of the compound library for virtual screening was started by
downloading ‘drug-like’ compounds, already sorted in the ZINC database according to
the ‘Lipinski rule of five’. Ten separate databases were built, and structures in the
databases were refined by the ‘wash’ command. Partial charges of all compounds were
calculated with the MMFF94x force field and the structures were minimized with an
RMS gradient of 0.1. Structural features of compounds such as H-bond donor and

acceptor, cation/anion, aromatic ring center, hydrophobic region, and metal ligator in
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databases were pre-calculated with the polar-charged-hydrophobic (PCH) scheme in
MOE.

To set up a pharmacophore query, the result of flexible alignment of LY294002
and P1103 was loaded to MOE. A ‘Pharmacophore Query Editor’ was used to assign
gueries based on the significant common features of LY294002 and P1103. The oxygen
atoms in the chromone ring of LY294002 and in the phenol ring of PI1103 was set to a H-
bond donor and acceptor sphere (F1, Don&Acc) with 1.4 A radius, and the oxygen atom
in the morpholine rings of LY294002 and PI1103 was set to a H-bond acceptor sphere (F2,
Acc) with 1.4 A radius. These two queries were assigned to be ‘essential’. Eight aromatic
spheres were assigned with 1.8 A radius by examining the aromatic rings of LY294002
and PI103, and these were constrained to ‘at least one’. An additional structure of ATP
was used to set up volume constraint since it occupies more space than LY294002 and
PI103. Volume was created by unionizing a group of spheres positioned at the centers of
all atoms in LY294002, P1103, and ATP. The radii of spheres were set to the van der
Waals radii of the atoms. An exterior volume constraint was chosen to not allow
compounds to have atoms located outside of the volume. Partial match was enabled to
specify the minimum number of features to be matched, and it was set to ‘at least 4'.

The pre-calculated structures in the databases were searched with the
pharmacophore query to give 4,979 hits. All conformations of these hits were searched
and all conformers were minimized with default values to give 76,369 conformers of hits.

The initial pharmacophore query, named ‘Loose query’ was refined to ‘Tight

query’. The radii of F1 (Don&Acc), F2 (Acc), and aromatic spheres were shrank to 0.9 A,
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0.9 A, and 1.4 A respectively. Two aromatic spheres, which are not in the overlapped
region between LY294002 and PI103, were removed to leave six spheres, and these
were constrained to ‘at least one’. One additional feature (F3, Don) from compound B
was implemented. The radius of the sphere (F3, Don) was set to 1.0 A, and it was also
assigned to ‘essential’. Partial match was allowed, and it was set to ‘at least 5.

All conformers of 4,979 initial hits were searched with the ‘Tight query’ to give 8

hits, and six of them were selected by examining the structures within the query.

3-Amino-1H-pyrrolo[2,3-b]pyridine-2-carboxylic acid ethyl ester (4.5): To a solution of
2-chloro-3-pyridinecarbonitrile (1.42 g, 10.0 mmol) in DMSO (20 mL) was added glycine
ethyl ester hydrochloride (2.80 g, 19.9 mmol) and potassium bicarbonate (4.0 g, 40.0
mmol). The reaction mixture was stirred at 130 °C for 15 h. After cooling, the reaction
mixture was diluted in water, and the product mixture was extracted with a mixture of
ethyl acetate and THF. The organic layer was washed with brine, dried over MgSQ0,, and
concentrated with a rotary evaporator. The product was purified with flash column
chromatography on silica gel by eluting with THF/hexane (1/5) to give the desired
product 4.5 as a yellow-green solid (0.50 g, 2.44 mmol, 24.4% yield); TLC R;=0.21
(Hexane/EtOAc 1:1); mp 181 °C; *H-NMR (300 MHz, DMSO-dg) &, 11.37 (s, 1 H), 8.39 (d, 1
H,J=4.8Hz),8.26(d, 1H,J=8.1Hz),6.98 (dd, 1 H,J=8.0 Hz, J = 4.8 Hz), 5.95 (s, 2 H),

4.32(q,2 H,J=7.2 Hz), 1.31 (t, 3 H, J = 7.2 Hz); >*C-NMR (100 MHz, DMSO-dj) 5, 162.50,
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147.94, 147.46, 134.71, 129.95, 114.00, 111.61, 105.86, 59.48, 14.64; MS(ESI) m/z =

206.1 (M+H)".

3-Amino-1-methyl-1H-pyrrolo[2,3-b]pyridine-2-carboxylic acid ethyl ester (4.6): To a
solution of 4.5 (1.45 g, 7.06 mmol) in dry DMF (20 mL) was slowly added 60% NaH (0.36
g, 8.50 mmol) at 0 °C. After 30 min, methyl iodide (0.53 mL, 8.49 mmol) was added to
the reaction mixture at 0 °C. After another 30 min, the reaction mixture was allowed to
warm to room temperature, and stirred for an additional 5 h. The product mixture was
diluted in water and extracted with a mixture of ethyl acetate and THF. The organic
layer was washed with saturated sodium thiosulfate solution and brine, dried with
MgSQ,4, and concentrated with a rotary evaporator. The product was purified with flash
column chromatography on silica gel by eluting with ethyl acetate/hexane (1/4) to give
the title product as a yellow solid (0.40 g, 1.82 mmol, 75% vyield); TLC Rs = 0.42
(Hexane/EtOAc 1:1); *H-NMR (400 MHz, CDCl5) 6, 8.40 (dd, 1 H, J = 4.4 Hz, J = 1.6 Hz),
7.81(dd, 1 H,J=8.0Hz,J=1.6 Hz), 6.88 (dd, 1 H, J = 8.0 Hz, J = 4.8 Hz), 4.98 (br, 1 H),
437 (q,2 H,J=7.2 Hz),3.95 (s, 3 H), 1.39 (t, 3 H, J = 7.2 Hz); *C-NMR (100 MHz, CDCl5) §,

163.19, 148.04, 147.73, 134.18, 127.97, 114.10, 110.93, 109.24, 60.00, 30.35, 14.42.

3-(3-Methoxy-benzoylamino)-1-methyl-1H-pyrrolo[2,3-b]pyridine-2-carboxylic acid
ethyl ester (4.7): To a solution of 4.6 (0.78 g, 3.56 mmol) in dry methylene chloride (20
mL) was added triethylamine (1.4 mL, 10.0 mmol) at 0 °C. 3-methoxybenzoyl chloride

(0.60 mL, 4.3 mmol) was slowly added to the solution at 0 °C. After 30 min, the reaction
y
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mixture was allowed to warm to room temperature and stirred further for 5 h. The
product mixture was diluted with water and saturated sodium bicarbonate, and
extracted with methylene chloride. The organic layer was washed with brine, dried with
MgSQO,, and concentrated with a rotary evaporator. The product was purified with flash
column chromatography on silica gel by eluting with ethyl acetate/hexane (1/4) to give
the title compound 4.7 as a dim yellow solid (1.25 g, 3.54 mmol, 99% yield); TLC R¢ =
0.45 (Hexane/EtOAc 1:1); mp 117 °C; "H-NMR (400 MHz, CDCl;) &, 10.65 (s, 1 H), 8.86
(dd,1H,/=8.0Hz,/J=1.6 Hz),8.51(dd, 1 H, J=4.4 Hz, J = 1.6 Hz), 7.61-7.57 (m, 2 H),
7.43(t,1H,/=8.0Hz),7.11(dd, 1 H,J=8.2 Hz,/J=3.0Hz),4.50 (q, 2 H, J = 7.2 Hz), 4.12
(s, 3 H),3.90 (s, 3H), 1.46 (t, 3 H, J = 7.2 Hz); *C-NMR (100 MHz, CDCl5) &, 164.28,
163.51, 160.05, 148.23, 147.17, 135.61, 135.40, 129.82, 124.78, 119.20, 118.47, 116.17,

114.43,112.65, 112.18, 61.47, 55.47, 31.03, 14.36; MS(ESI) m/z = 354.1 (M+H)".

8-Chloro-6-(3-methoxy-phenyl)-9-methyl-9H-1,5,7,9-tetraaza-fluorene (4.10):
Compound 4.7 (1.63 g, 4.61 mmol) was dissolved in a mixture of methanol (20 mL) and
THF (20 mL), and the solution was transferred to a high pressure stainless steel reactor
with a stirring bar. Ammonium hydroxide (ca. 10 mL) was added, and the reaction
mixture was stirred at 90 °C under about 70 psi for 36 h. After cooling, ammonia gas was
released, and the solvent was removed with a rotary evaporator. Mass spectrometry
analysis showed that two amide products 4.8 and 4.9 were present, having two peaks
(m/z =325.1 and 307.1 (M+H)", respectively). The product mixture was redissolved in

2N NaOH (30 mL) and 2-propanol and stirred under reflux for 5 h. The presence of one
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single cyclized amide product 4.9 was confirmed by mass spectrometry analysis. The
basic solution was neutralized with 1N HCl, and a dim yellow solid was precipitated. This
solid was collected by filtration, washed with water, and dried in an oven overnight
(1.46 g, 4.77 mmol with some impurities). POCl; (5.0 mL) was slowly added to the dried
solid, and the reaction mixture was stirred at 110 °C for 8 h. After cooling, ice water (10
mL) was added at 0 °C, and the acidic solution was neutralized with saturated sodium
carbonate to precipitate the product as a yellow solid. The product was further purified
with flash column chromatography on silica gel by eluting with ethyl acetate/hexane
(1/3) to afford the title compound 4.10 (0.82 g, 2.52 mmol, 55% yield from 4.7); TLC Rs =
0.48 (Hexane/EtOAc 1:1); mp 148 °C; "H-NMR (400 MHz, CDCls) §, 8.72 (dd, 1 H, J = 4.8
Hz, J=1.6 Hz),8.65(dd, 1H,/=80Hz,/J=1.6Hz),8.11(d,1H,/=7.6Hz),8.06 (t, 1 H, J
=1.6Hz),7.40(t,1H,/=8.0Hz),7.31(dd,1H,J=7.8Hz,/=4.6 Hz),7.00 (dd, 1 H, J =
7.6 Hz, J = 2.4 Hz), 4.29 (s, 3 H), 3.94 (s, 3 H); *C-NMR (100 MHz, CDCl;) §, 159.94,
156.35, 152.98, 151.29, 146.54, 142.19, 138.51, 131.05, 129.52, 126.65, 120.55, 117.04,

116.36, 113.44, 112.73, 55.42, 30.00; MS(ESI) m/z = 325.1 (M+H)".

6-(3-Methoxy-phenyl)-9-methyl-8-morpholin-4-yl-9H-1,5,7,9-tetraaza-fluorene (4.11):
To compound 4.10 (0.72 g, 2.22 mmol) in THF (40 mL) was added morpholine (4 eq.) and
catalytic amount of acetic acid (3 drops). The reaction mixture was stirred under reflux
for 8 h, and the reactant was completely consumed as indicated by TLC. The solvent was
removed with a rotary evaporator, and the product mixture was diluted with water

followed by extraction with a mixture of ethyl acetate and THF. The organic layer was
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washed with brine, dried with MgS0,, and concentrated with a rotary evaporator. The
product was purified with flash column chromatography by eluting with ethyl
acetate/hexane (2/1) to yield the desired product (0.69 g, 1.84 mmol, 83% vyield); TLC Rs
= 0.30 (100% EtOAc); mp 162 °C; *H-NMR (400 MHz, CDCl;) &, 8.68-8.65 (m, 2 H), 8.16-
8.12(m,2H),7.41(t, 1 H,J=7.8 Hz), 7.29 (dd, 1 H, J = 7.8 Hz, J = 5.0 Hz), 7.00 (dd, 1 H, J
=8.2Hz, J=2.6Hz),4.12(s,3H),3.99 (t,4H,J)=4.4Hz),3.94 (s,3H),3.59 (t,4H,/=4.4
Hz); BC-NMR (100 MHz, CDCl3) 6, 159.84, 156.04, 154.08, 153.68, 149.85, 145.82,
140.12, 130.40, 129.38, 121.67, 120.44, 116.65, 115.36, 115.06, 113.06, 66.52, 55.37,

50.20, 30.62; MS(ESI) m/z = 375.2 (M+H)".

Acetic acid 3-(9-methyl-8-morpholin-4-yl-9H-1,5,7,9-tetraaza-fluoren-6-yl)-phenyl
ester (C801): To a solution of 4.11 (0.13 g, 0.35 mmol) in dry methylene chloride (10 mL)
was added boron tribromide (1 mL, 1.0 mmol) at -78 °C. After stirring 30 min at -78 °C,
the reaction mixture was warmed to room temperature and stirred for 20 h. After
cooling the reaction mixture to -78 °C again, 1 N HCI (1.5 mL) was added and stirred at
room temeperature for 30 min. The solvent was removed with a rotary evaporator. The
reaction mixture was redissolved with water and neutralized with saturated NaHCOs.
The product mixture was extracted with a mixture of THF and ethyl acetate. The organic
layer was washed with brine, dried with MgSQ0,, and concentrated with a rotary
evaporator. The crude product was dissolved in acetic anhydride (10 mL) and THF, and
the reaction mixture was refluxed for 8 h. After cooling, the reaction mixture was

diluted with water, and the product mixture was extracted with a mixture of THF and
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ethyl acetate. The organic layer was washed with brine, dried over MgS0Q,, and
concentrated with a rotary evaporator. The crude product was purified with flash
column chromatography by eluting with ethyl acetate/hexane (1/1) to give the desired
product C801 as a colorless solid (0.08 g, 0.20 mmol, 57% yield); TLC R¢ = 0.45 (100%
EtOAc); mp 219 - 210 °C; 'H-NMR (400 MHz, CDCl3) 6, 8.68 (dd, 1 H,J=4.8 Hz,/=1.6
Hz), 8.64 (dd, 1 H,J=7.6 Hz,J= 1.6 Hz), 8.44 (d, 1 H, J = 8.0 Hz), 8.27 (t, 1L H, J = 1.8 Hz),
7.50(t,1H,/=8.0Hz),7.30(dd, 1H,/=8.0Hz,/=4.8 Hz), 7.17 (dd, 1 H, J=8.0 Hz, J =
2.0 Hz), 4.12 (s, 3 H), 3.99 (t, 4 H, J = 4.6 Hz), 3.58 (t, 4 H, J = 4.6 Hz), 2.37 (s, 3 H); *C-
NMR (100 MHz, CDCl5) §, 169.52, 155.20, 154.09, 153.68, 150.99, 149.91, 145.78,
140.38, 130.37, 129.27, 125.26, 122.59, 121.73, 120.87, 116.71, 114.99, 66.50, 50.22,

30.62, 21.22; MS(ESI) m/z = 404.2 (M+H)".

3-(9-Methyl-8-morpholin-4-yl-9H-1,5,7,9-tetraaza-fluoren-6-yl)-phenol (C802): To a
solid compound of C801 (13.2 mg, 0.033 mmol) was added 4N HCI (1 mL) and ethyl
acetate (4 mL) at room temperature. The white solid turned yellow. The reaction
mixture was stirred at 50 °C for 3 h. The solvent was removed by rotary evaporation.
The product mixture was redissolved in ethyl acetate, and unreacted neutral compound
was removed by ethyl acetate. It was repeated three times, and the HCl salt form of
€802 (13.1 mg, 0.033 mmol, 99% vyield) was obtained. The HCl salt of C802 was
neutralized with saturated NaHCO3, and the neutral C802 was extracted with a mixture
of THF and ethyl acetate. The organic layer was washed with brine, dried over MgSQ,,

and concentrated by rotary evaporation. The product was further purified by a flash
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column chromatography with ethyl acetate/hexane (2/1) to give the title compound
€802 (10 mg, 0.028 mmol, 85% yield); TLC Rs = 0.33 (100% EtOAc): mp 250 °C; *H-NMR
(400 MHz, CDCl3) &, 8.68 (d, 1 H, J = 4.4 Hz), 8.65 (d, 1 H, J = 7.6 Hz), 8.12-8.09 (m, 2 H),
737 (t,1H,/J=78Hz),7.29(t,1H,/=7.8Hz,/=5.0Hz),6.94 (dd, 1 H,/=8.0Hz,/=2.4
Hz), 5.94 (br, 1 H), 4.12 (s, 3 H), 3.98 (t, 4 H, J = 4.4 Hz), 3.59 (t, 4 H, J = 4.4 Hz); *C-NMR
(100 MHz, CDCl3) 6, 155.88, 154.12, 153.71, 149.91, 145.81, 140.32, 130.45, 129.73,
121.70, 120.47, 116.76, 116.62, 115.04, 114.62, 66.54, 50.21, 30.69; MS(ESI) m/z =

362.1 (M+H)".
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Appendix 1. The full sequence alignment of mTOR, DNA-PK, ATM, ATR, PI3Ka, PI3Ky
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Appendix 2. Optimized geometries of 4.2_4,4.2_5,and 4.2_7

4.2_4 R (top) 4.2_4_P (top)
1
: 2, .
9 <4
4.2_4 R (side) 4.2_4_P (side)

4.2 5 (side) 4.2 5 (side)

4.2_7_R (top) 4.2_7_P (top)
3
R N
4.2_7_R (side) 4.2_7_P (side)
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Appendix 3. Hits from the pharmacophore search of the ‘PubChem’ compound library
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Appendix 4. NMR peaks
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