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Abstract

Cancer is one of the most prevalent causes of death worldwide. This thesis
focuses on structural studies of two targets from the Aldo-Keto Reductase family

(Section A) and Phosphoinositide 3-kinase family (Section B).

The Aldo-Keto reductases are associated in the pathogenesis of various
diseases including cancer. Section A of the thesis includes structural and
functional studies of two aldo-keto reductases: AKR1B14 and AKR1C3. AKR1B14
1s a recently identified member of AKR1B subfamily and previous crystallographic
studies have revealed the importance of a non-conserved residue in coenzyme
binding. The mutagenesis studies of this residue have confirmed the decrease in
binding affinity of the coenzyme. The findings presented in this section examine
the different AKR1B14 mutants to structurally understand and explain the loss
of affinity of coenzyme associated with mutation of this residue using
crystallography and molecular modelling. AKR1C3 is believed to be involved in
the catalytic metabolism of various steroids. AKR1C3 has gained immense
attention as a potential therapeutic target due to its upregulation in breast and
prostate cancer. Molecular modelling was used to investigate the structure-
activity relationships governing AKR1C3 with various inhibitors and have
enabled us in the identification of the structural determinants of inhibition. This
information may aid in future development of selective inhibitors for both the

targets.

The second section of this thesis focuses on Phosphoinositide 3-kinases
which are critical regulators of intracellular signalling pathways and are involved
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in various cellular processes. The class II PI3SKs have gained attention recently as
they are believed to be upregulated in certain types of cancers and hence present
as a potential therapeutic target. Section B of this thesis investigates the
structural features of class II PISKC28 to identify key residues that could be
targeted for inhibitor selectivity. Computational and inhibition studies of various
inhibitors of PI3KC28 has presented information that may be useful in future

development of class II selective inhibitors.
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Preface

Computational Molecular Docking in Structure Based Drug

Design

The task to discover and develop safe and effective drugs takes at least 12-
15 years and is usually a capital intensive process [1, 2]. As such, modern
pharmaceuticals are expensive and represent a large economic burden on

individuals and governments, and one that is increasing.

Computer-aided drug discovery (CADD) has gained a prominent role in
drug discovery due to the potential for reduction in cost as well as time
requirements involved in drug design [3-5]. In essence, predictive computational
methods can provide a filter on the whole process that reduces the amount of non-

productive “wet lab” research that is done.

CADD comprises a wide variety of in silico tools spanning almost all stages of
the drug discovery process - identification of the biomolecular target, designing
novel lead compounds and optimizing them to obtain better affinities and
predicting toxicity or metabolism [6]. Several compounds discovered or optimized
using CADD methods have been approved for clinical trials and have been recently

reviewed by Sliwoski et al. [7].



In the design of lead compounds (i.e., chemical structures that bind and
modulate the activity of the target) [8], computational approaches are well
established and can be classified into two general categories: ligand-based drug
design and structure (target)-based design [7]. Ligand-based design, also referred
to as indirect drug design, relies on adaptation of known compounds to improve
its activity without utilizing structural information regarding the target of
interest [9]. Computational techniques include molecular similarity approaches,
quantitative structure-activity relationships (QSAR) and the development of
pharmacophore models [10, 11]. These techniques identify the attributes of the
compounds that contribute to the activity based upon physiochemical properties
of ligand [12]. In structure-based drug design (SBDD), the structure of the target
macromolecule, usually a protein is the critical piece of information that leads the
design, [13] and the huge advances in macromolecular structure determination
have made SBDD a prominent feature of drug discovery programs. Techniques
such as X-ray crystallography and nuclear magnetic resonance (NMR) have not
only enabled experimental determination of three-dimensional protein structures
alone but also in complex with small molecule ligands [14, 15] and thus have been

crucial in the development of successful approaches to SBDD.

In the absence of experimentally determined structures, homology modelling
1s used to predict the structure of a protein of interest using a homologous protein
as a template [12, 16, 17]. The template-based prediction can be achieved by
various programs and servers such as MODELLER [18], SwissModel [19], Prime

[20], Prism [21], and COMPOSER [22].



One of the fundamental assumptions of homology modelling is that proteins
with high amino acid sequence similarity will fold into similar structures [23];
hence the quality of the homology models is reliant on the sequence identity or
similarity between template protein and the target of interest. High sequence
1dentity denotes that the two proteins may be evolutionarily related and possibly
share a common three-dimensional structure. A sequence identity greater than
30% 1is generally considered a good starting point for homology modelling [23] and
the models built on templates with sequence identity less than 15% may not be

very accurate.

In addition to sequence identity, the resolution and R-factor of the template
crystallographic structure and flexibility of protein (especially in the loop regions)
impact on the quality of homology model. High-resolution templates generate
better models than those created from lower resolution templates, even if the
latter share a higher percentage sequence identity [24]. Similarly, the protein
flexibility in regions like exposed loops can also affect the quality of the homology
model [25]. Hence choosing the right template is critical to obtain a high-quality

homology model.

The structural information of the target protein, either experimentally
determined or developed in silico using homology modelling, provides a starting
point to guide drug discovery by determining the possible binding sites and
identifying novel small molecule ligands (leads) that can bind and modulate the
target activity [15, 26, 27]. One of the commonly used technique to predict the

Iinteraction between small molecules in the binding site of target proteins is



molecular docking. Molecular docking can also characterize the likely binding
modes of the molecule in the target site computationally [27]. In doing so, docking
provides an assessment of the binding affinity of the ligand for the protein that
can be used to rank the relative affinity of different conformers and different
binding poses of a ligand, as well as a comparison of the affinity of different
ligands. The general process of docking involves sampling of various
conformations of the compound (ligand) in the active site of the target and then
ranking them via a scoring function [8, 28, 29]. The score is a measure of how well
the ligand binds in the target binding site and can be measured using simple
energy calculations (electrostatic or van der Waals) and the binding free energy
(entropy and solvation) [28, 30]. The binding free energy calculations are used to
predict binding affinities of the ligands [30]. Various comparative studies have
revealed that the scoring functions are often capable of identifying the correct
binding pose of a ligand, however predicting the binding affinity with high
accuracy still presents a challenge [29, 31]. One useful method of validation for
molecular docking has been the ability for a particular docking experiment to
reproduce the crystallographically determined pose of a ligand bound to its target.
Over the years, many docking programs have been developed and use different
scoring functions to predict the binding modes and have used various validation

techniques to understand the binding affinities [32-34].

Some of the commonly used software for molecular docking include Glide [35],
AutoDock [36], DOCK [37], FlexX [38], GOLD [39], LigandFit [40], FRED [41]
eHiTS [42] and Surflex [43]. The docking programs differ from each other in the
search algorithms employed for ligand sampling. Programs such as DOCK and
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Surflex employ a simple shape-matching ligand-sampling algorithm which places
the ligands complementary to the surface of the binding pocket enabling it to adopt
various conformations thereby improving the computational efficiency. On the
other hand, programs such as Glide, FlexX, eHiTs and FRED use a systemic
search algorithm that generates various possible ligand binding conformations by
exploring all degrees of freedom of the ligand. The systemic approach is generally
used in conjunction with the shape matching algorithm. Aside from the shape-
matching and systemic searches, the Stochastic algorithms used in GOLD and
AutoDock sample various orientations and conformations of the binding ligand by
making random changes to the ligand at each step and accepting the best solution

based on probability.

Over the years, many new programs such as Posit [44], AMMOS [45],
Dockomatic [46], AutoMap [47], Rosettaliigand [48], and GalaxyDock [49] have
emerged, and their applications and scoring functions have been discussed in great

detail by Yuriev et al. [50]

Virtual screening has been a commonly used approach in the identification of
new lead compounds. Docking of large virtual libraries of chemical compounds
seeks to identify compounds that can bind to the target protein structure [30, 51].
This technique is used as an alternative to the physical screening of large libraries
of chemicals against a biological target (high throughput screening) [52], and
typically plays the role of a filter to reduce the amount of wet laboratory work to
be done. Virtual screening is gaining immense popularity as a productive and cost-

effective technology in the search for novel lead compounds [52]. The success and



utility of virtual screening campaigns have been subject to a range of evaluations
as to the actual efficiency and predictive power. Testing a virtual screen through
the use of decoy libraries spiked with known ligands provides the opportunity to
test a protein model and/or docking program for their ability to identify a good

proportion of the “actives” [53].

The ultimate value of SBDD techniques then comes in the ability to develop a
hypothesis against which laboratory experiments are justified and may then lead
to an advancement of the research problem. In rational drug design, we can expect
either to have success whereby a compound of interest for further development is
1dentified, or where improved compounds are not identified and mindful of the
limitations of computer-based techniques we have further data against which to

refine our models [7].



Computational Strategies in Cancer Drug Discovery

This thesis explores two distinct enzyme families that are involved in cancer
and the application of computational methods to enable a deeper understanding
of these molecular targets for the development of novel anti-cancer therapies.
Cancer is one of the leading causes of death worldwide and Australia accounting
for about 3 in 10 deaths according to Australian Institute of Health and Welfare
(AITHW) (2012) [54]. Over the years, it has attracted considerable interest focusing
on prevention, detection, treatment and research. Advances in technology have
enabled identification of a wide range of protein targets involved in cancer. One of
the first reported a census of cancer associated genes listed 291 entities that
demonstrated a causal relation to the development of cancer[55]. The most recent
cancer gene census lists around 572 genes that are implicated via mutation in

cancer (http://cancer.sanger.ac.uk/census). The use of computational tools in

cancer drug discovery has grown tremendously. Drugs or small molecule
compounds that block the growth and spread of cancer by interfering with specific

protein targets are vital for treatment of tumor progression.

Section one describes the structural studies of two distinct members of the
AKR family. Aldo-keto reductases are implicated in cancer, as well as other
diseases such as diabetes, depression, and asthma. The first member of AKR
family described in this section is AKR1B14, a recent addition to the AKR family.
The crystal structure of AKR1B14 was recently solved and suggested the
importance of a non-conserved residue in coenzyme binding. The main objective of

the chapter was to examine AKR1B14 mutants to structurally understand and


http://cancer.sanger.ac.uk/census

explain the loss of affinity of coenzyme associated with mutation of this residue.
The second part of this section focusses on AKR1C3, an enzyme involved in the
catalytic metabolism various steroids. While playing a key role in controlling cell
growth and differentiation, it i1s also believed to be associated with the
pathogenesis of allergic diseases such as asthma and inflammation. AKR1C3 is
currently being investigated as a potential therapeutic target for the treatment of
breast and prostate cancer. Computational techniques to investigate the
structure-activity relationships governing AKR1C3 inhibitor affinity and
selectivity have been studied as well as examining the use of virtual screening for

the identification of novel ligands

Section two of this thesis involves studies that aim to identify the first
potent and selective inhibitors of class II PI3Ks, with a view to examining the role
of that enzyme in cancer and other diseases. Phosphatidylinositol 3-kinases
(PI3Ks) are vital regulators of intracellular signaling pathways and are involved
in various cellular processes. The class II PI3Ks (especially PISKC2B) have
emerged to be signaling enzymes with potential therapeutic applications. The key
objective of this study was to identify the key residues that might facilitate the

development of isoform-selective inhibitors of Class II PI3Ks.



SECTION A

Structural and Functional
Studies of Aldo-Keto
Reductases Involved in
Cancer



Chapter 1: Introduction to the AKR Superfamily

1.1 QOverview of the AKR family

The aldo-keto reductases (AKRs) represent a growing superfamily of
enzymes present in bacteria, fungi, protozoans, plants and animals. AKRs are
soluble, monomeric, NADPH-dependent oxidoreductases that catalyse the
reversible reduction of carbonyl groups to hydroxyl groups (Figure 1-1) [56]. AKRs
are involved in numerous biological processes due to their role in the metabolism
of steroids, prostaglandins, carbohydrates and various endogenous substrates [56-
60]. In humans, these AKRs play a critical role in bioactivation or detoxification
of pharmaceutical drugs and known carcinogens [61] implicating them in various

diseases such as cancer, diabetes, asthma and endometriosis.

O NADPH NADP* OH

U A
" pd \R2 R R,

Figure 1-1: Schematic representation of the reaction catalysed by AKRs.

1.2 Classification of Aldo-Keto Reductases

Originally most of the AKR enzymes were titled after their enzymatic activity.
However, as a result of their broad substrate preference Jez et al. in 1997 [56]
ruled out this nomenclature system and developed a unified and systematic
nomenclature system based on amino-acid sequence identity. Currently, over 150

proteins attributed to the AKR superfamily have been identified and grouped into
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families based on the amino acid sequence identity. All enzymes with a predicted
(a/B)8-fold have the root name “AKR”, for aldo-keto reductase, followed by an
Arabic numeral (1, 2, 3...) designating the family, a letter (A, B, C...) designating
the subfamily and an Arabic numeral designating a unique sequence (Figure 1-2).

Currently, there are 15 families, designated AKR1 to AKR15.

AKR Root name
AKR1 Family name :Arabic number
(enzymes exhibiting < 40% amino acid identity grouped together in the
same family)
AKR1A Sub-family name :Letter
(enzymes exhibiting < 60% amino acid identity grouped together in the
same sub-family)
AKR1A1 Unique Protein Sequences: Arabic number
(any 2 AKRs exhibiting < 97% amino acid identity are considered alleles of the
same gene unless encoded by different genes)

Figure 1-2: Nomenclature system of the AKR superfamily

1.3 General structural features

Since the determination of the first crystal structure of AKR family member
AKR1B1 [62, 63], numerous crystal structure of the members of the AKR family,
have been solved to help elucidate the structural features of the members of this
family. All the members of AKR possess a common (a/B)8 barrel structural motif
(sometimes referred to as TIM barrel) made up of eight parallel B-strands in the
core alternating with eight a-helices running anti-parallel on the surface (Figure

1-3) along with loops of varying lengths [64-67].

All members of the AKR family consist of a conserved cofactor-binding site

and depend on NADPH as a cofactor for redox chemistry. The cofactor NADPH is
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generally bound in an extended conformation towards the central barrel near the
active site and held in place via various hydrogen bonds, salt bridges, as well as
aromatic stacking interactions [62]. Binding of the cofactor induces conformational

changes in one of the loops [68].

Figure 1-3: Tertiary structure of aldo-keto reductases.

AKRs catalyse the oxidation and reduction of various endogenous
substrates such as steroid hormones, prostaglandins, bile acids and lipid-derived
aldehydes [56-60]. The substrate-binding site of AKRs is wide and consists of a
deep elliptical cavity and is lined with various conserved residues. Three flexible
loops surround the substrate binding pocket and accommodate various ligands and
variations in the residues of the loop regions may dictate the binding modes of
various substrates thus acting as selectivity determinants [64].
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1.4 Members of the AKR superfamily

Many of the 150 AKR superfamily proteins are either potential therapeutic
targets or of other commercial interest (Table 1-1). AKR1 family enzymes are
1mplicated in diabetes, cancer, asthma and depression; members of the AKR2 and
AKRS5 families are used in the industrial production of bio-ethanol and vitamin C
[69]. AKR6 family members also known as shaker channel b-subunit proteins are
involved in various functions such as regulating neurotransmitter release, heart
rate, insulin secretion, neuronal excitability, epithelial electrolyte transport,
smooth muscle contraction, and cell volume [70]. Members of the AKR7 family are
involved in detoxification of aflatoxin B1, a known potent carcinogen and also

associated with hepato-carcinogenesis [71].
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Table 1-1: Members of the AKR family (adapted from [60])

Family Subfamily

Name

Function

AKRI1 A Aldehyde reductases Metabolism of neurotransmitters;
detoxification; osmoregulation
B Aldose reductases Conversion of glucose to sorbitol;
detoxification; retinoic acid synthesis;
PGF synthase in the adrenal gland
C Hydroxysteroid Androgens, estrogens, glucocorticoids
dehydrogenases and progestins; PGF synthase;
detoxification
D A4-3-ketosteroid-56-  Bile acid synthesis and steroid hormone
reductases catabolism
E Mouse keto Reduction of 1,5-anhydro-D-fructose, a
reductases glycogen breakdown product, to 1,5-
anhydro-D-glucitol
G Unknown function
AKR2 A-E Xylose reductase Sugar metabolism
AKR3 A-F Metabolism of arabinose, fucose,
galactose and xylose
AKRA4 A-C Chalcone polyketide  Oxidation and reduction of a wide
reductase variety of substrates; stress-responsive
enzymes
AKR5 A-G 2,5-diketo-D-gluconic Ascorbic acid synthesis; pgf synthase
acid reductases (pgh2 — pgf2a)
AKR6 A-C Shaker channel b- B-subunits of voltage-gated potassium
subunit (kv) channels; regulate the opening of
the channel
AKR7 A Aflatoxin aldehyde Detoxification of the fungal carcinogen
reductase aflatoxin
AKRS8 A Pyridoxal reductase
AKRY9 A-C Aryl-alcohol
dehydrogenase
AKR10 A
AKR11 A-C Methylglyoxal Reduction of carbonyl groups in toxic
reductase compounds generated by oxidants and
AKR12 A-C heavy metals; biosynthesis of secondary
AKR13 A-C metabolites
AKR14 A E. coli aldehyde
reductase
AKR15 A Pyridoxal
dehydrogenase
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New members of this family are being discovered from different organisms, and
1t 1s important to characterize these proteins to gain a deeper understanding of
their structural and functional role compared to other members of the AKR family.
A comprehensive database of known AKR proteins is maintained at the AKR

superfamily homepage (http:/www.med.upenn.edu/akr/) [60].

1.5 Human AKRs

Mammalian AKRs are restricted to three families: AKR1, AKR6 and AKR7.
AKRI1 family is the largest, consisting of about 50 enzymes and encompassing 10

human AKRs.

The AKR1 family is further divided into five sub-families:

e Aldehyde reductases (ALRs) - AKR1A (AKR1A1-AKR1A4)

e Aldose reductases (ARs) - AKR1B (AKR1B1 — AKR1B15)

e Hydroxysteroid dehydrogenases (HSDs) - AKR1C (AKR1C1 - AKR1(C25)
e Steroid 5B-reductases - AKR1D (AKR1D1 — AKR1D3)

e Mouse-keto reductases — AKR1E (AKR1E1 and AKR1E2)

Aldehyde reductases (AKR1A1 and AKR1A2) and aldose reductases (AKR1B1
and AKR1B10) are associated with diabetic complications and retinopathy. The
hydroxysteroid dehydrogenases (AKR1C1-4) are involved in steroid metabolism
and associated with hormone-dependent and independent cancers. AKR1D1
catalyses bile acid synthesis and any discrepancies in the pathway are associated

with bile acid deficiency.
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1.5.1 Members of the AKR1B subfamily

The AKR1B subfamily is made up of 15 enzymes (AKR1B1-B15). Human
aldose reductase (EC 1.1.1.21) commonly referred to as AKR1B1 or AR, was the
first member of the AKR family to be crystallized and has been extensively studied
due to its role in the development of secondary complications of diabetes [72-74].
AKRI1B1 catalyses the reduction of a wide range of substrates [75] which is a
common feature of all AKRs. AKR1B1 also functions as prostaglandin F (PGF)
synthase involved in PGF2a production in the human endometrium [76]. AKR1B1
activity is impaired by various aldose reductase inhibitors (ARIs), and several

structures have been solved in complex with these inhibitors.

Recent studies have identified aldose reductase-like proteins (ARLPSs) in
humans and rodent tissues exhibiting high sequence identity to AKR1BI1.
AKR1B10 (sometimes referred to as ARL-1), was identified by Cao et al. [77] and
displayed 71% sequence identity to AKR1B1. AKR1B10 is associated with diverse

types of human cancers by influencing cancer cell growth and survival [78].

Two AR-like proteins have also been identified in mice, namely the
androgen-regulated vas deferens protein AKR1B7 [79, 80] and the growth factor-
inducible protein AKR1B8 [80, 81] sharing 67-69% sequence similarity with
AKR1B1. Both the ARLPs differ from each in substrate specificity and inhibition
by ARIs. AKR1B7 exhibits prostaglandin F2a (PGF2a) synthase activity and plays
an important role in steroidogenesis and lipid peroxidation; however it is
insensitive to ARIs [82, 83]. While AKR1B8 is moderately inhibited by ARIs, it

does not exhibit PGF2a synthase activity.
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Recently two AR-like proteins, AKR1B13 [84] and AKR1B14 [85] were
identified in rats and share high sequence identity to mouse AKR1B8 (95%) and
AKR1B7 (87%), respectively. AKR1B13 and AKR1B14 are thought to be
orthologues of AKR1B8 and AKR1B7. AKR1B13 exhibits similar substrate
specificity and inhibitor sensitivity to the mouse AKR1B8 [86], and the enzymatic

properties of AKR1B14 are equivalent to those of mouse AKR1B7.

1.5.1.1 AKR1B14

AKR1B14, the mouse ARLP AKR1B7 orthologue identified from the
genomic and proteomic analysis of rats by Val et al. [85] is highly expressed in
adrenal glands and female rat liver and is believed to be up-regulated by oxidative
stress [87, 88]. AKR1B14 exhibits about 68% sequence identity with aldose

reductase AKR1BI1.

AKR1B14, however, differs from AKR1B7, in its sensitivity towards ARIs
[89]. Like all AKRs, AKR1B14 is a monomer (36 kDa) which catalyses the
reduction of a variety of substrates, however, it reduces 4-oxononenal, 3-
deoxyglucosone and lipid peroxidation products more efficiently than other ARLPs
[89]. Additionally, AKR1B14 exhibits low Ky, values (0.14 uM) for the coenzymes,
particularly, NADP+ [89, 90]. AKR1B14 exhibits PGF2a synthase activity just like
its orthologue AKR1B7 and is considered to play a role in the detoxification of the
reactive carbonyl compounds generated from lipid peroxidation and glycation via

PGF2a synthase activity [82, 89, 91].

AKR1B14 is specifically and significantly activated by bile acids (10-fold

higher) compared to other mammalian aldose reductases and ARLPs [90].
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AKR1B14 is also inhibited by various ARIs such as minalrestat, epalrestat,
tolrestat and zopolrestat, with ICso values in micromolar ranges respectively [92];

however, the structural basis for its inhibition remains unknown.

The recently solved crystal structure of AKR1B14 in complex with NADPH
revealed the importance of a critical His269 that is involved in coenzyme binding
[93]. The histidine residue H269 m-stacks with the adenosine moiety of NADPH
and also hydrogen bonds with the 2’-phosphate group of NADPH locking it tightly
1n place. Sequence comparison of the members of the AKR1B subfamily (1B1, 1B7,
1B8, 1B10, 1B13 and 1B14) revealed that of the 17 residues that are involved in
the cofactor NADPH-binding, 16 residues are conserved; however His269 of
AKR1B14 is replaced by Arg in the other enzymes. Site-directed mutagenesis of
His269 to Arg (the corresponding residue of AKR1B1 and other AR-like proteins),
Phe (without a positively charged side-chain) and Met (without both aromatic and
positively charged side-chain) decreased the affinity for the coenzyme suggesting

a crucial role of His269 in the coenzyme binding [93].
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1.5.2 AKRI1C subfamily

The members of the AKR1C are generally referred to as hydroxysteroid
dehydrogenases (HSDs) due to their role in steroid metabolism by converting

active steroid hormones to their less active counterparts and vice versa [94].

Among all the members of the AKR1C subfamily, four isoforms are found
in humans and regulate the activity of sex steroid hormones (such as androgens,
estrogens and progestins), and any imbalance in the regulation of these steroid
hormones has been implicated in the development of hormone-dependent cancers
[95, 96]. The four isoforms, namely AKR1C1 (also known as 20a-HSD), AKR1C2
(or type 3 3a-HSD), AKR1C3 (or type 2 3a-HSD, type 5 178-HSD) and AKR1C4 (or

type 1 3a-HSD) share around 80% sequence identity [97].

The four isoforms are predominantly expressed in the liver, prostate,
breast, endometrium except AKR1C4 that is restricted to the liver. All of the four
isoforms catalyse the oxidation/reduction of various steroid substrates at the C3,
C17 and C20 positions. Comparison of catalytic efficiencies of these isoforms
revealed that AKR1C1 mostly exhibits a 20-ketosteroid reductase activity,
AKR1C2 and AKR1C4 both exhibit 3-ketosteroid reductase activity and AKR1C3
exhibits not only 3-ketosteroid reductase activity but also significant 17-

ketosteroid reductase activity [98].
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1.5.2.1 AKR1C3 and its role in hormone-related cancers

AKR1C3 (EC 1.1.1.213) is a 37kDa protein involved in the catalytic
metabolism of androgen, estrogen, progesterone and prostaglandins [99-101].
AKR1C3 is currently being investigated as a potential therapeutic target for the

treatment of cancer.

Many cancers such as breast, endometrium, ovary, prostate cancer are
hormone - driven. Currently, prostate and breast cancers are the second leading
cause of cancer-related deaths in males and females, respectively [102-104]. Most
common treatments for metastatic prostate cancer include androgen-deprivation
therapy, administration of drugs that prevent angiogenesis or in most cases
orchiectomy (removal of testicles) and anti-estrogen therapy or mastectomy for
breast carcinoma [103, 105]. Although the treatments provide initial benefit and
reduce tumours; in some cases cancer relapses in an aggressive form. The
aggressive form of tumours, especially in males with prostate cancer, develop
resistance to the therapies and hence referred to as castration-resistant prostate
cancers (CRPCs) [103, 105-107]. There is a great need to develop new approaches
to treating or preventing the hormone-dependent or -independent cancers and

their progression.
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Figure 1-4: Reduction of Estrone to 173-Estradiol and 4-androstene-3,17-dione to testosterone
by AKR1C3 (ER- estrogen receptor, ERE- estrogen response element).

AKR1C3 via its 17B8-hydroxysteroid dehydrogenase activity can produce
testosterone and 17B8-estradiol (Figure 1-4) by reducing the androgen precursor (4-
androstene-3,17-dione) and estrone, respectively [108]. The conversion of weak to
more potent hormones leads to specific receptor activation resulting in tumour

progression.

In vitro studies have shown that overexpression of AKR1C3 leads to
increased intra-prostate testosterone that consecutively enhances androgen
receptor activation thus promoting cellular proliferation and angiogenesis [109-
114]. Reduction of estrone, to 17B-estradiol and progesterone to 20a-
hydroxyprogesterone by AKR1C3 enhances estrogen receptor trans-activation and
reduces the progesterone receptor trans-activation thereby stimulating the
proliferation of mammary cells, leading to ER-positive breast cancer [115-117].
Studies have also revealed that AKR1C3 is highly up-regulated in breast cancer

cells. Although the exphysioact logical role of AKR1C3 in breast cancer has not
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been determined, it is hypothesized that the reduction of estrone to 17B8-estradiol
confers a proliferative advantage to breast cancer cells [118-120]. Thus, AKR1C3
1s regarded as a potential anti-cancer drug target in both CRPC and ER-positive
breast cancer it is imperative to study in detail the structure-function relationship

of this enzyme.

Unlike other members of the AKR1C subfamily, AKR1C3 also consists of
Prostaglandin F synthase activity and reduces prostaglandins that are generally
associated with luteolysis and parturition [121, 122]. AKR1C3 reduces PGH2 and
PGD2 to PGF2a and 9a,118-PGF2, respectively [100, 101, 112, 121, 123]. The by-
product 9a,118-PGF2 exhibits potent broncho-constrictive activity and the levels
of 9a,118-PGF2 was found to be enhanced in the plasma and urine of the patients
suffering from mastocytosis and bronchial asthma [124-128]. Although there is
some evidence pointing towards the involvement of AKR1C3 in asthma and
mastocytosis, its exact role in the pathogenesis of the disease is yet to be

determined.

1.5.2.1.1 Structural insights into the mode of binding of substrates and
inhibitors of AKR1C3

Like most members of the AKR superfamily, AKR1C3 is made up of asBs

TIM barrel consisting of eight parallel B-strands in the core alternating with eight

a-helices running anti-parallel on the surface. Four large loops are involved in the

formation of the substrate and cofactor binding site at the C-terminal end of the

asBs superbarrel namely, loop-A (residue 24—33), loop-B (residue 117—-143), loop-C

(residue 217-238), and loop-D (residue 301-323) which connect each B-strand to a

22



a-helices; thereby allowing the amino acid side-chains to extend into the active site

[67, 121, 129].

The C-terminal end of the barrel forms an elliptical cavity for the cofactor
nicotinamide ring of NADP+ to bind in an extended conformation across the asBs
barrel. The NADP+ is held tightly in place via safety belt formed by 17 residues
[129]. The substrate binding site is situated adjacent to the nicotinamide ring of
the NADP+ and is mainly made up of hydrophobic and aromatic amino acid side-
chains that extend into the pocket. The hydrophobicity and flexibility of this

pocket allow the binding of different substrates including the steroids [67, 129].

To date, there are more than twenty crystal structures available in the

Protein Data Bank (http://www.rcsb.org) and the majority of them are complexed
with the cofactor NADP+ and various inhibitors. The inhibitor binding pocket is
comparatively large and is further divided into several sub-sites comprising of an
oxyanion site, a steroid channel, and three sub-pockets (SP1, SP2 and SP3) [121,
129]. The oxyanion site is made up of four conserved amino acids Asp50, Tyr55,
Lys84, and His117, which form the catalytic tetrad and the cofactor NADP+. The
general catalysis involving the oxidation of alcohols and the reduction of ketones
functional groups is the result of the push-pull mechanism of a catalytic tetrad
and the nicotinamide ring of coenzyme NADP+. The functional group (carbonyl
group or carboxylic acid or hydroxyl group) of the ligands are involved in strong
hydrogen bonds with either His117 or Tyr55, which is vital for effective inhibitor

binding. Although the steroid channel particularly does not play a major role in
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inhibitor binding, it is believed to accommodate various steroids that occupy the

binding pocket [130].

The residues that line the three sub-pockets are believed to play a central
role in defining the inhibitory potency and selectivity of the inhibitors. Sub-pocket
1 (SP1) is made up of the residues Ser118, Asn167, Phe306, Phe311, and Tyr319.
Many of the inhibitors extend into the inhibitor pocket. The SP2 sub-pocket
constitutes of residues Trp86, Ser129, Trp227 and Phe311. The SP2 pocket is
specific to only a few inhibitors, however, steroids and prostaglandins prefer
binding in this pocket. The SP3 sub-pocket is large and is occupied by few ligands
as it surrounds the oxyanion site and is lined by the residues Tyr24, Glu192,
Ser217, Ser221, GIn222, Tyr305, and Phe306. A few key residues W227, F306, and
F311 exhibit high flexibility due to their ability to undergo various conformations

and allow ligands to bind via “induced fit” models [129, 130].

1.5.2.1.2 Rationale for development of AKR1C3 inhibitors

AKR1C3 has attracted interest as a potential therapeutic target for the
treatment of both hormone-dependent and hormone-independent cancers. Many
small molecule inhibitors have been identified and tested against AKR1C3. A
study by Byrns et al. [130] has revealed that AKR1C3 is inhibited by numerous
compounds including the non-steroidal anti-inflammatory drugs (NSAIDs),
steroids, cinnamic acids, flavonoids, cyclopentanes and benzodiazepines.
Structures of some of the representative compounds from each known class of
inhibitors (Figure 1-5) and their potency towards AKR1C isoforms are discussed

below.
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Non-steroidal anti-inflammatory drugs (NSAIDs) are widely recognised for
their anti-inflammatory and analgesic action and have recently been investigated

for their AKR1C3 inhibition [115].

Among the known NSAIDs, N-phenylanthranilic acids are the most potent
inhibitors of AKR1C3 and do not exhibit inhibitory potencies towards
cyclooxygenase (COX) enzymes which are generally targeted by most NSAIDs
[131, 132]. Flufenamic acid (ICs0o = 51nM), an N-phenylanthranilic acid NSAID
inhibitor of AKR1C3 was first described by Lovering et al. [67], however, it lacked
selectivity towards AKR1C3. A study by Byrns et al. [117] also identified
mefenamic acid as an AKR1C3 inhibitor with an ICso of 0.7 uM, however it also
inhibited the other two AKR1C human isoforms (AKR1C1 and AKR1C2).
Tolfenamic acid was first described by Endo et al. [133] and remains to be the most
potent AKR1C3 inhibitor and exhibits 11-fold selectivity compared to flufenamic

acid.

Another inhibitor indomethacin (ICs0 = 2.3 uM) was found to be selective
towards AKR1C3 over AKR1C1 and AKR1C2; however was not as potent as
mefenamic acid. N-(4-chlorobenzoyl)-melatonin (CBM), an analogue of
Indomethacin, was developed by Byrns et al. [111] was found to be both potent

with a Ki of 3.4uM and selective for AKR1C3.

Medroxyprogesterone acetate (MPA) and estrogen lactones such as EM
1404 are steroidal analogues of substrates of AKR1C3 and were also found to
inhibit AKR1C3 with high inhibitory potencies. However, the selectivity of these

steroidal analogues is still unknown [134, 135].
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Another promising class of AKR1C3 inhibitors are flavonoids and cinnamic
acids. 3-Hydroxyflavone potently inhibits AKR1C3 (ICs0 = 300 nM) and was found
to be highly selective towards AKR1C3. However, due to off-target inhibition of
other enzymes in vivo, they may not be ideal drug candidates [130, 136, 137].
Propolis, a resinous product present in various plant sources is used as a sealant
by the honeybees for their hives and is also believed to have anti-inflammatory
properties. The ethanolic extract of Brazilian propolis contains three prenylated
cinnamic acid derivatives, namely artepillin C, baccharin and drupanin. Artepillin
C has been studied extensively for its role in anti-cancer therapy [138]. Drupanin
and baccharin have gained attention recently for their anti-tumour properties
[139].A recent study by Endo et al. [140] has identified baccharin to be the selective

and potent inhibitor of AKR1C3, with an ICso value of 0.11 pM.

Cyclopentane based inhibitors have also been explored as AKR1C3
inhibitors since cyclopentane ring is a key structural feature in prostaglandins.
Bimatoprost and Jasmonic acid, structural analogues of prostaglandin Fi and
plant prostaglandins inhibited AKR1C3 in the low micromolar ranges; however

the selectivity of both these compounds are yet to be tested [141].

Benzodiazepines such as diazepam (Valium), cloxazolam were also explored
for AKR1C3 inhibition. Cloxazolam was found to be relatively potent with a Ki =
1.5 pM and also selective towards AKR1C3; however, due to major side-effects

these drugs are not preferred [142].
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1.6 Aims and Rationale

Understanding the structural features of the members of the AKR family
and characterising the binding mode of various substrates and inhibitors within
the active site may facilitate the development of novel therapeutics. This section
focusses on two particular members of the aldo-keto reductase family: AKR1B14

and AKR1C3.

As described earlier, an aldose reductase-like protein, AKR1B14 was recently
1dentified using proteomic and genomic analyses in rats and is an orthologue of
human AKR1B1.The recently solved crystal structure of AKR1B14 in complex
with NADPH revealed the importance of a critical His269 that is involved in
coenzyme binding [93]. Sequence comparison of other members of the AKR1B
subfamily (1B1, 1B7, 1B8, 1B10, 1B13 and 1B14) revealed that His269 of
AKR1B14 is a non-conserved residue replaced by Arg in the other enzymes. Site-
directed mutagenesis of His269 decreased the affinity for the coenzyme suggesting
a crucial role of His269 in the coenzyme binding. The main objective of this study
was to validate the importance of this non-conserved residue H269 in coenzyme

binding using X-ray crystallography and molecular docking.

Inhibition of AKR1C3 presents an approach to treating hormone-dependent
cancers. To date various potent inhibitors have been tested against AKR1C3 [143];
however, only a handful are specific to AKR1C3 (such as baccharin and tolfenamic
acid). The high structural similarity of AKR1C3 to the other human AKR1C
1soforms (AKR1C1, AKR1C2 and AKR1C4) presents a major challenge in the

design of selective inhibitors targeting the types of cancers linked to AKR1C3 that
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need to be addressed. Thus, the rationale behind this study was to examine the
use of molecular docking as a tool to identify the key determinants that dictate the
1soform selectivity and for developing novel, potent and selective inhibitors of

AKR1C3.
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Methodology

2.1.1 Biochemical analysis

2.1.1.1 Crystallization studies

The AKR1B14 His269Arg mutant enzyme was obtained from Prof. Hara’s
Lab (Gifu University, Japan) and the purity was confirmed by SDS-PAGE for
further crystallographic studies. Crystals of the AKR1B14 His269Arg binary
complex were grown using the hanging-drop vapour diffusion method in a
crystallization buffer consisting of 0.1 M HEPES pH 7.5, 20% polyethylene glycol
4000 and 5% 2-propanol (optimization of Hampton Research Crystal Screen
condition No. 41) at 295 K as described previously [93]. Briefly, the protein and
NADPH were mixed in a 1:3 molar ratio and the final concentration of the protein
in the binary complex was 22.6 mg/mL. Droplets consisting of 2 uL of the binary
complex solution mixed with an equal volume of crystallization buffer were placed
on siliconized coverslips and equilibrated at 295 K against 1 mL crystallization
buffer in the well. Within one week, crystals were observed with a maximum
dimension of approximately 0.2 mm. The crystals were found to be isomorphous
to the crystals of wild-type AKR1B14. Crystals selected for X-ray diffraction
analysis were soaked in a cryoprotectant solution consisting of 20% glycerol in the

crystallization buffer and then flash cooled at 100 K.

2.1.1.2 X-ray data collection and structural determination
X-ray diffraction data were collected in-house at 100 K on an MAR 345

1mage plate mounted on a Rigaku RU-300 rotating anode generator (operating at
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50 kV and 90 mA). The exposure time (10 min), oscillation range (1°) and crystal-
to-detector distance (150 mm) were adjusted to optimize data collection and obtain
well-resolved spots. X-ray diffraction data were collected from a single crystal
which diffracted to 1.87 A resolution, and the data were processed using HKL-
2000 and SCALEPACK [144]. Auto-indexing of the data confirmed that the
mutant enzyme crystallized in the monoclinic space group P21, with unit-cell
parameters a = 50.85, b = 69.30, ¢ = 87.95 A, [beta] = 96.0°. The Matthews
coefficient (VM) was calculated to be 2.13 As Dal, with an estimated solvent

content of 42% [145].

The crystal structure of the AKR1B14 His269Arg mutant in complex with
NADPH was determined by molecular replacement using MOLREP from the
CCP4 suite of crystallographic programs [146]. The atomic coordinates of wild-
type AKR1B14 (PDB code:303R; [93]) were used as the search model, excluding
the coenzyme and solvent molecules. The rotation and translation functions of
MOLREP identified two molecules per asymmetric unit. The initial model was
subjected to rigid-body refinement, which produced a well-defined Fo - Fc
difference electron-density map for the coenzyme. The two NADPH molecules
were fitted into the electron density using Coot, and the structure was refined
using REFMACS5 [147]. This was followed by iterative cycles of manual fitting of
amino-acid side chains and solvent molecules into 2Fo - Fc and Fo - Fc difference

electron-density maps and the structure after refinement was validated using

PROCHECK [148].

31



2.1.2 Computational studies

2.1.2.1 Sequence comparison
Protein sequences of the four human AKR1C isoforms were retrieved from

the UniProtKB database (www.uniprot.org/). Clustal Omega [149] was used to

align the sequences to determine percentage identity as well as study the

alignment.

2.1.2.2 Molecular docking studies

Molecular docking simulations were carried out using Glide (version 5.0) in
the Maestro interface version 8.5. (Schrodinger, LLC, NY) Unless otherwise
identified, the default settings for all programs were employed. The atomic co-

ordinates of structures were obtained from the RCSB Protein Data Bank

(http://www.rcsb.org) (AKR1C1 — PDB: SNTY [150]; AKR1C2 — PDB: 4JTR [to be

published, DOI:10.2210/pdb4jtr/pdb], AKR1C3- PDB code 1S2C; [67] and AKR1C4
— PDB: 2FVL [to be published, DOI:10.2210/pdb2fvl/pdb]). Apart from the cofactor
NADPH, any other ligands present were deleted and the binary structure
prepared using the Protein Preparation module in Maestro which optimizes the
geometry of the amino acid residues. In order to eliminate any potential bond
length and bond angle biases in the structures, all of the ligands used in the
studies were subjected to full minimization prior to the docking using LigPrep.
The ligands were docked using the “Extra Precision” (XP) mode of Glide using
flexible ligand sampling which allows the ligand to be flexible and rearrange its
conformation in response to the receptor [65]. The docked compounds were then

examined visually in greater detail using the Pose Viewer module of Maestro. The
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top scoring pose was selected in all of the docking experiments. The figures

showing the docked model were generated using PyMOL (DeLano Scientific).

2.1.2.3 In silico mutagenesis

Residues were mutated using Coot [151] and then processed and energy-
minimized using the Protein Preparation module in Maestro (Shrodinger, LLC,
Portland, OR) software package Version 8.5 using the “Refinement Only” option
which optimizes the hydroxyl and thiol torsions and performs an all-atom
constrained minimization to relieve any existing clashes. The structure was
further refined by optimizing the hydrogen bonding network and the orientation

of protonated residues and then subject to a restrained minimization using

IMPREF with the default force field option (OPLS2005).

2.1.2.4 Analysis of model performance using ROC curves

The crystal structures were obtained from the RCSB Protein Data Bank
and pre-processed using the Protein Preparation module in Maestro. The active
compounds were prepared using LigPrep. Multiple tautomers and/or protonation
states for each compound were generated within specified pH range (default
setting: pH 7+2) in the Ionizer option in LigPrep. A set of 1,000 drug-like decoy
compounds was obtained from Schrédinger library available for free downloaded

from http:/www.schrodinger.com/. The drug-like decoy set was prepared in the

same way as the active compounds, including generation of multiple tautomeric
forms and ionization states. Virtual screening was carried out with 26 active
compounds (structures in Appendix 4) along multiple tautomeric and ionization

states for each of the decay compounds. The docked compounds were ranked and
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scored using GlideScore. Best scoring (lowest GlideScore) tautomer/ionization

state of each compound was retained.

Analysis of model performance was carried out using Receiver operating
characteristic (ROC) curves, and the performance of each crystal structure was
compared. ROC curves were plotted using Microsoft Excel where the percentage
rank of true positives (actives found) was plotted on the Y-axis against the
percentage rank of false positives (decoys found) on the X-axis. The area under the

ROC curve (AUC) was used to measure the overall performance of each model.
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Results and Discussion

3.1 Structural studies of AKRIB14 His269Arg mutant
AKR1B14, a recent addition to the AKR1B subfamily has gained interest

due to its PGF2a synthase activity that is associated with luteolysis and
parturition in mammals and also its broad substrate specificity [61, 91]. The
crystal structure of AKR1B14 has been recently solved revealing the importance
of a unique electrostatic and m-stacking interaction between the non-conserved
residue His269 of AKR1B14 and the coenzyme NADPH [93]. Site-directed
mutagenesis studies of this His269 to an arginine residue (corresponding residue
in AKR1B1) in AKR1B14 had a significant effect on coenzyme binding (NADPH)
leading to an increase in the K, values. In an earlier study [93], site-directed
mutagenesis of His269 in AKR1B14 to Arg showed a more than fourfold increase
in the K value for NADPH compared to the wild-type enzyme (Table 3-1). Other

mutations with Phe and Met residues also showed a decreased binding affinity.

Table 3-1: Site mutagenesis of His269 revealed the increase in binding affinity of NADPH. The

values in parentheses represent fold increase in binding affinity compared to wild type (WT).

WT His269Arg His269Phe His269Met

Ko NADPH (uM) 15+0.1 6.2+05(4) 10+1(7) 185+ 13 (127)
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This study was aimed to solve the crystal structure of the mutants in order
to examine the structural differences in coenzyme binding. This study has been

published and is attached as Appendix 1.

3.1.1.1 Structure of the His269Arg mutant

AKR1B14H269R was expressed by our collaborators (Akira Lab, Gifu
University). The pCold IV expression plasmid (Takara) harbouring the cDNA for
the His269Arg mutant enzyme was used to transform Escherichia coli BL21 (DE3)
pLysS cells to express AKR1B14H269R and purified to homogeneity using three
column chromatography steps (Q-Sepharose column (2 cm X 40 cm), Sephadex G-
100 column (2.5 cm X 90 cm) and Red-Sepharose column (1.5 cm X 5 cm) in 10 mM
Tris—HCI buffer, pH 8.0, containing 5 mM 2-mercaptoethanol, 0.5 mM EDTA and

20% (v/v) glycerol.

The obtained purified protein was used to set up crystals of the
AKR1B14H269R-NADPH binary complex using the hanging drop vapor diffusion
method in a crystallization buffer containing 0.1 M HEPES pH 7.5, 20%
polyethylene glycol 4000 and 10% 2-propanol (optimization of Hampton Research

Crystal Screen condition No. 41).

The crystal structure of the AKR1B14 His269Arg mutant in complex with
NADPH was refined at 1.87 A resolution with a final R cryst of 16.4% and R free
of 23.2%. The backbone dihedral angles of 92% of the residues were in the favoured
regions, and the remaining 8% were in the allowed regions of the Ramachandran
plot. A summary of the data collection and refinement statistics is presented in

Table 3-2.
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The overall structure of the mutant protein was identical with AKR1B14
wild type (PDB: 303R) with an RMSD of 0.216 A. The residues that participated
in interactions with the NADPH cofactor were found to be identical to those
observed in the AKR1B14 wild-type structure (PDB:303R). The side chain of the
mutated Arg269 formed ionic interactions with the 2’-phosphate group in addition
to the stacking interaction of its guanidinium group with the adenine ring of the

NADPH analogous to the His residue in the wild-type (Figure 3-1).

Val265
’ Val265 Thr266
ﬁ e ‘
/ Thr266
’
\'»/smm
NADPH .. His269 Giua72
— [N /}\ u
: Glu272

-
/\ /

Figure 3-1: Interactions of the AKR1B14 wild type and AKR1B14 His269Arg mutant. Both
AKR1B14 wild type (left) and AKR1B14 His269Arg mutant (right) make similar interactions with
NADPH. Hydrogen bonds and ionic interactions formed by both are represented by black broken

lines
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Table 3-2: Data collection and refinement statistics. Values in parentheses are for the highest

resolution shell.

Data collection and processing

Space group

P2,

Unit-cell parameters (A, °)

a=50.85,b=69.30, c =87.95, =96.0

Radiation source

Rotating anode

Wavelength (A)

1.54178

Diffraction data

Resolution (A)

30-1.87 (1.91-1.87)

No. of unique reflections (possible)

48259 (4159)

No. of unique reflections (measured)

46136 (3581)

Multiplicity 3.4 (2.8)
Completeness (%) 95.6 (86.1)
<1/(1)> 20.8 (5.4)
Rmerge (%) 3.7 (11.6)
Refinement statistics
Resolution (A) 30-1.87
Protein residues 630
Solvent molecules 668
NADPH molecules 2
Rfree (%) 23.2
Reryst (%6) 16.4
R.M.S.D
Bonds (A) 0.021
Angles (°) 1.7
Ramachandran plot, residues in (%0)
Most favoured regions (%) 92
Allowed regions (%) 8
Luzzati mean coordinate error (A) 0.21
Mean B factors (A2?)
Protein 174
NADPH 16.2
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The crystal structures of the AKR1B14 His269Arg mutant and AKR1B1
(PDB entry: 1PWL) complexed with NADPH [152], were also compared. The
orientations of the Arg residues and adenosine 2'-phosphate moieties of NADPH

were basically identical (Figure 3-2).

Figure 3-2: Superimposition of the crystal structures of the AKR1B14 His269Arg mutant
(green) and AKR1B1 (gold) in the vicinity of the adenosine 2'-phosphate moiety of NADPH,
showing the corresponding Arg269 side chains. The R.M.S.D. of non-H atoms was 0.52 A.

The present crystal structure confirmed that the decrease in affinity on
mutation arises from alteration of the interaction between the adenine ring of
NADPH and the imidazole ring of His269 observed in the structure of the wild-
type enzyme. His269 in the AKR1B14 wildtype forms m-stacking and m-cation
interactions with adenine ring. The guanidium group in the Arg mutant can only
form the m-cation and not the m-stacking interactions, which may explain the

decrease in affinity of NADPH.
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3.1.1.2 Molecular docking studies in other mutants

Molecular modelling studies were carried out to study the changes in
NADPH Ku due to the other in vitro mutations AKR1B14His269Phe and
AKR1B14His269Met described above (Table 3-4) [93] (due to difficulties in

obtaining the crystals of AKR1B14His269Phe and AKR1B14His269Met).

In the model of His269Phe mutant AKR1B14, the phenyl ring of the
mutated Phe269 was found to be oriented in a similar manner to the His269
imidazole ring of the AKR1B14 wild-type structure forming a mn-stacking
interaction with the adenine ring of the NADPH (Figure 3-3). However, the side
chain of Phe269 lacked the additional hydrogen-bond interaction observed in the
wild-type AKR1B14 between the 2'-phosphate group of NADPH and the ND1 of
the imidazole ring of His269. This may serve to explain the sevenfold increase in
the Km value for NADPH for this mutant as previously described in the earlier

mutagenesis studies [93].

His/Arg/Phe/Met269

Figure 3-3: Superimposition of the models of wild-type (green), His269Arg (yellow), His269Phe
(purple) and His269Met (orange) AKR1B14 in the vicinity of the adenosine 2'-phosphate moiety of

NADPH. For clarity, only the corresponding side chains at position 269 are shown.
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The energy-minimized structure of the AKR1B14 His269Met mutant
illustrated that the largest loss in affinity for NADPH arising from the mutation
resulted from the loss of both hydrogen-bonding and m-stacking interactions
between His269 of the wild-type AKR1B14 and the coenzyme. Interestingly, the
replacement of His269 in the wild-type enzyme by the non-aromatic residues Arg
or Met, resulted in a shift in the 2'-phosphate group of the coenzyme, while the
orientations of the coenzyme in the wild-type and His269Phe structures were

virtually superimposable.

In summary, previous crystallographic and modelling studies of the binding of
coenzyme to AKR1B14 confirmed that the m-stacking interaction between the
imidazole ring of the nonconserved His269 and the adenine ring of the coenzyme
and the hydrogen bond between ND1 of His269 and the 2'-phosphate group of the
coenzyme are both important for binding of the coenzyme. While the replacement
of His269 by Arg resulted in a fourfold increase in the K value for NADPH, the
loss of the hydrogen-bond interaction in the His269Phe mutant and both -
stacking and hydrogen-bond interactions in the His269Met mutant were
responsible for the sevenfold and 127-fold increases in the K, value, respectively.
Our models may serve to understand the underlying reasons for the increase in
the Kin values and support the important role of nonconserved His269 in coenzyme

NADPH binding.
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3.2 Why is tolfenamic acid a potent and selective inhibitor of

AKRI1C3?

Non-steroidal Anti-inflammatory Drugs (NSAIDs) have been long
investigated as potential inhibitors of AKR1C3. Many NSAID inhibitors have been
found quite effective in the treatment of cancer and inhibit AKR1C3 with similar
potencies [143, 153]. N-phenylanthranilic acids, the first described potent
inhibitors of AKR1C3, are not very selective inhibitors of AKR1C3 [143]. The first
described crystal structures of AKR1C3 bound to NSAID inhibitors flufenamic
acid (PDB:1S2C) and indomethacin (PDB:1S2A) [67] have enabled rational design
of inhibitors for AKR1C3. To date many analogues of flufenamic acid have been

developed, however, none of them are selective towards AKR1C3 (Table 3-3).

Tolfenamic acid, an NSAID used to treat migraines is a structural analogue
of flufenamic acid. In a recent study by Akira Hara’s group (Gifu University
Japan), it was revealed that tolfenamic acid was found to be three times more
potent than flufenamic acid [133]. It was also observed that tolfenamic acid was
10-fold selective towards the AKR1C3 isoform. This study focused on studying the
underlying structural reasons for the high potency of tolfenamic acid and also its

selectivity towards AKR1C3 using in silico approaches.
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Table 3-3: N-phenylanthranilic acid inhibitors of AKR1C3. Where the ICs0 values were not

available it is represented by N.D.

Inhibitor Structure I1Cs0 value (uM)

AKR1C1 | AKR1C2 | AKR1C3 | AKR1C4

0
Tolfenamic | yo HN
acid [133] % 0.71 0.57 0.017 53
cl

Flufenamic o F
H F
acid [67] N i N.D 0.37 0.051 N.D

O
Mefenamic | yo HN
acid [154] i E N.D N.D 0.3 N.D

Meclofena

HO 0] Cl
mic  acid ¥ N.D N.D 0.7 N.D
[154]
Cl

3.2.1.1 Molecular docking of Tolfenamic acid in AKR1C3

Tolfenamic acid was docked in the active site of the crystal structure of
AKR1C3-NADPH-flufenamic acid complex (PDB: 1S2C). The top ranking pose was
selected and compared with the crystal structure of AKR1C3 in complex with
flufenamic acid [67]. It was found that tolfenamic acid adopts a similar pose to

flufenamic acid in the active site of AKR1C3 with an RMSD of 1.78 A (Figure 3-4).
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Figure 3-4: Docked pose of tolfenamic acid (yellow) superimposed on the crystal structure of
AKR1C3 in complex with flufenamic acid (orange).

Tolfenamic docks adjacent to the nicotinamide ring of the cofactor, with the
benzoic acid ring binding in a similar position as the benzoic acid ring of flufenamic
acid. The carboxylic acid of tolfenamic acid interacts with the active sites residues
Tyr55 and His117 and forms strong hydrogen bonds with both the residues (Figure
3-5). The similarities of the binding pose are consistent with the similar ICs values
towards AKR1C3 of 17 nM and 51 nM for tolfenamic acid and flufenamic acid,
respectively. The recently available crystal structures of the other N-
phenylanthranilic acids Mefenamic acid (PDB:3R43) and Meclofenamic acid

(PDB:3R6I) were compared with the docking output of tolfenamic acid in AKR1C3 and it

was observed that tolfenamic acid a similar binding pose to the other N-

phenylanthranilic acid inhibitors.

44



Met120

\ Ser118

Asn167

Phe311

Trp227

Figure 3-5: Interactions between the AKR1C3 and Tolfenamic acid. Hydrogen bonds and ionic
interactions are represented by black broken lines

Although the trifluoromethyl substituent of flufenamic acid extends deep

into the SP1 pocket compared to the smaller chloro substituent of tolfenamic acid,

the additional methyl group present in tolfenamic acid interacts with hydrophobic

residues (Phe311, Phe306, and Tyr216). These additional interactions may

contribute to the better inhibitory potency of tolfenamic acid (Figure 3-6).
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Figure 3-6: Schematic diagram of the residues making van der Waal’s contact with Tolfenamic
acid. Pi-stacking interactions are represented as green lines.
3.2.1.2 Molecular docking studies in other human AKRI1C isoforms to
understand the selectivity determinants of Tolfenamic acid
To identify the key residues that determine the inhibition selectivity of
tolfenamic acid, docking was carried out in the other three human AKR1C
1soforms (C1, C2 and C4). None of the obtained poses consisted of the carboxylate
group occupying the oxyanion pocket and didn’t adopt any similar binding modes
to match the docked pose found in AKR1C3. Further analysis of the binding pocket
revealed that the structural differences in the four isoforms may attribute to the

higher selectivity in AKR1C3.
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Figure 3-7: Superimposition of docked poses of tolfenamic acid in the other human isoforms

AKR1C1 (top left) shown in magenta, AKR1C2 (top right) shown in yellow and AKR1C4 (bottom)

shown in orange. The non-conserved residues that are important for binding in AKR1C3 are

shown the white box, and the same residues in other are shown in the black box.

The binding pocket of AKR1C3 is larger than that of the other three

1soforms which may dictate the inhibitor-substrate selectivity. In particular,
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tolfenamic acid occupies the SP1 pocket, lined by residues Ser118, GInl67,
Phe306, Phe311, and Tyr319 and partially occupies the SP3 pocket formed by

Tyr24, Glul192, Ser217, GIn222, Tyr305, and Phe306.

Four key residues of the binding pocket, Ser118, Gln222, Phe306 and
Ser308 are non-conserved. Ser118 is replaced by a bulky phenylalanine in the
other three isoforms which restricts the binding of the 3-chloro-2-methylbenzene
ring of tolfenamic acid in the other three isoforms. GIln222 is replaced with
histidine in the AKR1C1 and AKR1C2 isoforms which prevents binding of the
benzoic acid of tolfenamic acid in the binding pocket. The bulky aromatic residue
Phe306 is substituted with aliphatic residues, leucine in AKR1C1 and AKR1C2
and with valine in the AKR1C4. Another residue Ser308 is replaced with leucine
or methionine in the other three isoforms which occupies the binding pocket, thus
preventing binding (Figure 3-7). Collectively, these four non-conserved residues

appear to play a key role in imparting AKR1C3 selectivity to tolfenamic acid.

In summary, the modelling studies revealed that tolfenamic acid binds in a
similar manner to the other inhibitors belonging to the N-phenylanthranilic acid
class of NSAID inhibitors of AKR family. Future crystallographic studies may
confirm this binding mode of tolfenamic acid in the binding pocket but to date have
not been successful. Molecular modelling studies of tolfenamic acid in the three
AKR1C human isoforms revealed that four non-conserved residues Serl1S8,

GIn222, Phe306 and Ser308 may play a role in conferring isoform selectivity.
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3.2.2 Molecular modelling studies of baccharin, an AKRIC3
inhibitor
Baccharin is a selective and potent inhibitor of AKR1C3, with an IC50 value
of 0.11 pM. Baccharin exhibits more than 900-fold selectivity to AKR1C3 over the
other three AKR1C isoforms (Figure 3-8) [140]. This study aimed to investigate
the structural rationale for the selectivity of baccharin using molecular docking.
The results of these findings have been published along with allied biochemical

studies and are appended to this thesis (Appendix 2).

Inhibition of AKR1C isoforms by baccharin; ICso value (uM) or
% inhibition at pM
AKR1C1 AKR1C2 AKR1C3 AKR1C4

(0%) (0%) 0.11£0.01 (40 £ 6%)

Figure 3-8: Structure of baccharin and its inhibitory potencies in the human AKR1C isoforms.
The cinnamic acid moiety is shown in blue, the dihydrocinnamoyloxy is shown in red and the
prenyl moiety is shown in green. Table shows the inhibitory values of bachharin on the four

AKR1C isoforms.
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3.2.2.1 Molecular docking studies of Baccharin in the active site of
AKRI1C3

Molecular docking studies of baccharin (Figure 3-8) in the AKR1C3-NADP+
complex (PDB 1S2C) was carried out in Glide as described in the methods Section
2.1.2.2. At the time of study only a few PDBs were available, none with cinnamic
acids bound in AKR1C3. Hence the crystal structure of AKR1C3 in complex with
flufenamic acid (PDB: 1S2C) was used to study binding mode of baccharin due to
its high resolution. The docking solutions show a binding pose that has some
unique features, distinct from all other reported structures. (Figure 3-9 A). The
carbonyl group of the dihydrocinnamoyloxy ester moiety of baccharin presents in
proximity to the oxyanion site residues His117 and Tyr55. The residues His117
and Tyrb55 along with the cofactor NADPH are involved in the binding of baccharin
with protons from either Tyr55 or His117 hydrogen bonding to the carbonyl group

of the dihydrocinnamoyloxy moiety of baccharin.

The carboxylic acid group on the cinnamic acid moiety of baccharin forms a
strong H-bond interaction with the side chain of the residues Ser118 and Ser87
(2.6 Aand3.2A respectively) and the backbone carboxyl group of Met120 (3.4 A)
in the SP1 pocket. In addition to hydrogen bonding, baccharin was also involved
in hydrophobic interactions of Met120, Phe306, GIn222, Trp227 and Phe311 and
pi-pi stacking (edge to face) interactions with His117, Phe311 and Phe306 (Figure
3-9 B). The isoprenyl moiety occupies the SP3 pocket interacting with the

hydrophobic residues.
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Figure 3-9: Interactions of Baccharin in AKR1C3. (A) Binding mode of baccharin (gold) in the
AKR1C3- NADPH complex (green). Hydrogen bonds are represented as dotted lines with the
interaction distances in A. (B) Ligand Interaction Diagram showing the interacting residues
within 4 A of docked baccharin. Hydrophobic residues are represented in green, Polar residues
in blue and charged residues are shown in purple (positive) and red (negative). Pi- stacking

interactions between aromatic rings of baccharin and adjacent aromatic residues are

represented by green lines.
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3.1.1.1 Structural insights into high selectivity of baccharin towards
AKRIC3

The underlying structural reasons for the high selectivity of baccharin was
investigated by comparing the active residue sequences of AKR1C1-C4 to identify
any key residues that contribute to selectivity. Some of the non-conserved residues

that could contribute to selectivity are highlighted in Figure 3-10.

IIe129

Leu306 Ser1 29
His222
Phe306

f;«

E

\</

Met1 20

Figure 3-10: Differences in the key residues involved in inhibitor binding in AKR1C3 and the
other three human isoforms. AKR1C3 (PDB: 1S2C) is shown in green, AKR1C1 (PDB: 3NTY) shown
in yellow, and AKR1C4 (PDB: 2FVL) shown in cyan. AKR1C1 and AKR1C2 share more than 80%
sequence similarity and since no major residue differences were found it is not shown here. The
residues in the white boxes represent AKR1C3, and the black boxes represent AKR1C1 and the

grey box represents AKR1C4.
The carboxyl group of baccharin is predicted to make a hydrogen bond with
Ser118, which is a non-conserved residue present only in the AKR1C3 isoform and

1s substituted by phenylalanine in the other three isoforms. The m-stacking

interaction between the benzene ring of the dihydrocinnamoyloxy moiety of
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baccharin and Phe306, another residue unique to AKR1C3 is also believed to play

a role in selectivity.

To test these binding models, site-directed mutagenesis (Table 3-4) of these
two non-conserved residues Ser118 and Phe306 with the corresponding residues

Phe and Leu present in AKR1C1 and AKR1C2 was carried out.

In addition, proximate non-conserved residues Met120, GIn222, and Ser129
were also subject to mutagenesis studies and were substituted with Val, His and
Ile respectively that are present the AKR1C1 and AKR1C2 isoforms. Phe311
undergoes an induced-fit conformation [67, 130] to accommodate various ligands
in the binding pocket and mutated to Leu, which is unique to the AKR1C4 isoform.
The inhibitory potency of baccharin at the mutated enzymes is summarized in

Table 3-4.

Table 3-4: Site-directed mutagenesis of the residues carried out by Hara’s lab (Gifu University)

Enzyme Ki (nM) Mu/Wt
wild type 56 + 6

Ser118Phe 850 + 100 15
Met120Val 550 £ 70 10
Ser129Ile 105+ 11 2
GIn222His 300 £ 50 5
Phe306Leu 46+ 8 0.8
Phe311Leu 1200 + 90 21

Mutation of Ser118 to Phe has a significant impact on the affinity of
baccharin, consistent with the predicted role of the Serine in H-bonding to
baccharin. The mutation Phe306Leu had no effect on the potency of baccharin.

The mutations of Met120Val and GIn222His also had some impact on the affinity
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of baccharin. However, the affinity of baccharin was highly impacted with the

mutation of Phe311Leu.

3.2.2.2 In silico mutagenesis studies

In silico mutagenesis studies were conducted to determine if the mutations
affected the predicted binding affinity of baccharin. The non-conserved residues in
the AKR1C3 were mutated to match the residues present in AKR1C isoforms
similar to the site-directed mutagenesis carried out by Prof. Akira Hara (Table

3-4).

Based on the available biochemical data, the mutation of phenylalanine to
leucine at residue position 311 had the highest impact on the binding affinity and
mutation of phenylalanine in 306 position to a leucine had the least effect on the
affinity. Unfortunately, the molecular docking results did not agree with the
biochemical data. The docked pose of baccharin in the AKR1C3 Phe311Leu
mutant was similar to the docked pose of baccharin in AKR1C3 W'T. The docking
output of baccharin in AKR1C3 Phe306Leu mutant was vastly different compared
to that of baccharin in wild-type leading to the loss of the important hydrogen bond

with one of the catalytic residues Tyr55.
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Figure 3-11: Superimposition of docking results of baccharin in mutants on docking results of
baccharin in wild type. The baccharin docking in wild type is represented in yellow in all six
images. A: Baccharin docked in Phe306Leu, B: Baccharin docked in Phe311Leu, C: Baccharin
docked in Met120Val, D: Baccharin docked in GIn222His, E: Baccharin docked in Ser118Phe, F:
Baccharin docked in Ser1291le.

The mutation of serine in position 118 to a phenylalanine led to impairment of
affinity as per the biochemical data. In molecular docking studies (Figure 3-11), it
was observed that this mutation caused the carbonyl group to face away from the
catalytic residues, thus leading to loss of binding with the catalytic residues H117

and Y55. The movement of the carbonyl may be due to interactions with the

aromatic ring of the mutated Ser118Phe.
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3.2.3 Molecular docking studies of structural analogues of

baccharin

Baccharin is one of the most potent inhibitors of AKR1C3 with an ICso
=0.11uM [155] and presents a starting point for the development of analogues with
improved properties. Derivatives of baccharin were prepared by replacing the
prenyl moiety of baccharin with aliphatic and aromatic ethers (list of compounds
tested attached in Appendix 3). Two derivatives BA-25 and BA-28 (Figure 3-12)
were equipotent with baccharin (ICs0 =0.11 uM). This study aimed to carry out
molecular docking studies of BA-25 and BA-28 to study the influence of the

structural changes upon binding interactions.

3.2.3.1 Molecular docking studies of BA-25 and BA-28
Molecular docking studies of the baccharin analogues in the AKR1C3-

NADP+ complex (PDB 1S2C) were carried out as for baccharin itself.
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Baccharin

Figure 3-12: Structures of baccharin, BA-25 and BA-28.

Upon superimposition of the obtained poses of BA-25 and BA-28 on the
docked pose of baccharin, it was observed that BA-25 and BA-28 were bound to
AKR1C3 in a similar manner to baccharin (Figure 3-13) with the only difference
in the 4-methylbenzyl and 3-fluorobenzyl ether substituents. BA-25 and BA-28
retained the interactions with the carbonyl group on the dihydrocinnamoyloxy
moiety which is believed to contribute high inhibitory potency in baccharin (Figure

3-14).
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Figure 3-13: Superimposition of docked poses of BA-25 (green) and BA-28 (magenta) on the
docked pose of baccharin (yellow).

Both the compounds also retained the carboxylate group interaction on the
cinnamic acid moiety. The interaction of the non-conserved residue Ser118 and
Met120 in AKR1C3 with the carboxylate group is believed to impart strong
binding affinity as well as selectivity for baccharin in AKR1C3. Since, both BA-25
and BA-28 retained the hydrogen bond interactions, they may display similar

inhibitory activity like baccharin (Figure 3-15 and Figure 3-16).
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Met120

Ser310

Figure 3-14: BA-25 and BA-28 make similar bonds as baccharin.

Based on our previous docking studies, it was revealed that the isoprenyl
group of baccharin occupied the SP3 pocket and formed hydrophobic interaction
with the residues in the pocket. The isoprenyl group is substituted with a 4-
methylbenzyl in BA-25 which also occupies the SP3 pocket interacting with
similar residues. However, extension of the 4-methylbenzyl also provides
additional interactions such as the m-stacking and m-cation interaction with
Arg226, a non-conserved residue which is replaced with a Pro in AKR1C1 and

AKR1C2 and Leu in AKR1C4.
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Figure 3-15: Interactions of BA-25 with AKR1C3. Hydrophobic residues are represented in green,
Polar residues in blue and charged residues are shown in purple (positive) and red (negative).
Pi- stacking interactions between aromatic rings of BA-25 and adjacent aromatic residues are
represented by green lines and Pi- cation interactions are represented by red lines..

The introduction of 3-fluorobenzyl group changes the orientation of the BA-
28. The fluoro group of the 3-fluorobenzyl moiety makes new interactions with
Ser129 (3.8 A). Ser129 is replaced by Ile in AKR1C1 and AKR1C2 and Leu in

AKR1C4. The 3-fluorobenzyl moiety also interacts with Ser310 a non-conserved

residue (3.8 A). It is replaced by Ile in AKR1C1 and AKR1C2 and Phe in AKR1C4.
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Figure 3-16: Interactions of BA-28 with AKR1C3. Pink dashed lines represent hydrogen bond
with the residues in the binding pocket. Hydrophobic residues are represented in green, Polar
residues in blue and charged residues are shown in purple (positive) and red (negative). Pi-
stacking interactions between aromatic rings of BA-28 and adjacent aromatic residues are
represented by green lines and Pi- cation interactions are represented by red lines

BA-25 and BA-28 may exhibit similar inhibitory potencies as baccharin due
to the similar binding modes; however, the selectivity of BA-25 and BA-28 is
unknown. The interactions of the carboxylate group of the cinnamic acid moiety
along with interactions of the carbonyl group of the dihydrocinnamoyloxy moiety
are important for high inhibitory activities of BA-25 and BA-28 and also baccharin.
The role of these groups in potency has been subsequently validated by Zang et al.
[156]. In the study, 15 synthetic analogues of baccharin were developed by
modifying or removing the prenyl group as well as esterification of the cinnamic

acid group and it was concluded that these modifications led to the decrease in

inhibitory potency and selectivity to AKR1C3.
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In a recent report by Endo et al. [157], a novel inhibitor 3-(3-hydroxybenzyloxy)-
4-(dihydrocinnamoyloxy)cinnamic acid (Ki 6.4 nM) has been described. The
inhibitor was designed based on the docking results of BA-25 and BA-28 as
described above. 3-(3-hydroxybenzyloxy)-4-(dihydrocinnamoyloxy)cinnamic acid
1s highly selective towards AKR1C3 and exhibits similar interactions to BA-25 and
BA-28. Although the selectivity profiles of the BA-25 and BA-28 are not
determined, we hypothesize that both of the compounds may exhibit similar or
higher selectivity towards AKR1C3 over other three isoforms due to the similarity

in binding retaining the important interactions.
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3.2.4 Influence of protein structure as a starting point for virtual

screening for AKRI1C3 inhibitors

The initial goal of this study was to discover novel compounds exhibiting
significant binding affinities for the active site of AKR1C3 using virtual screening
approaches. Virtual screening has emerged as an important tool in drug discovery
and development and encompasses screening large libraries of compounds and
categorizing the structures that bind to a drug target in silico. However, the
virtual screening paradigm is known to be strongly influenced by a range of

arbitrarily selected parameters which can impact notably on success.

3.2.4.1 Evaluation of the AKR1CS3 starting structure on docking outcomes

Virtual screening was carried out to assess the ability of the protein
template that had been utilized in the studies of tolfenamic acid and baccharin
(above) (PDB:1S2C[67]) to identify known AKR1C3 inhibitors in a library of drug-
like decoys. 26 compounds (Appendix 4) sampled from different classes of AKR1C3
inhibitors were selected based on the potencies and combined with 1000 decoy
compounds obtained from the Schrodinger website. The library with both known
inhibitors and decoys were docked in the active site of AKR1C3 using a similar

approach as described in the previous section (HTVS omitted).

Receiver Operating Characteristic (ROC) curves, a technique first described
by Triballeau et al. [158] was employed to rank the performance of our docking
protocol. The ROC is a fundamental tool for any evaluation of a test and
determines the cutoff value. This method entails docking of a decoy set of inactive

compounds enriched with compounds with known activity against the biological
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target. Receiver operating characteristic (ROC) curves compare the sensitivity of
a given docking/scoring combination (y-axis) versus specificity (x-axis) across a
range of values. The obtained Area's Under the Curve (AUC) can be calculated
which determines the overall performance of the test. The values of AUC
determines the efficiency of the virtual screening workflow and its value range
between 0 and 1.0. AUC values of 0.5 and lower represent poor performance due
to the inability of the model to pick active compounds over inactive compounds.
Higher values (0.6 and higher) indicate the ability of the model to differentiate

between active and decoy compounds.

Docking performance: PDB
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Figure 3-17: Assessment of docking performance of the model protein (PDB:1S2C) used in

previous docking protocols.

The ROC curve generated for our model protein PDB 1S2C had an AUC of
0.676 implying it is not efficiently able to distinguish between active and inactive
compounds (Figure 3-17).
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3.2.4.2 Identification of ideal model protein for virtual screening using
ROC curves

During the course of this study, Brozic et al. [159] carried out a virtual
screening and identified two novel inhibitors. They used a different model protein
(PDB: 1S2A) and a different docking program (FlexX 3.1) for their study. Since
our choice of protein template was arbitrary, the next step was to evaluate our
docking procedure against a range of available proteins to identify a model protein
for future docking studies. A good measure of an ideal model protein is its ability

to distinguish between active and non-active compounds.

The virtual screen carried out above was repeated using five different
starting protein structures. Note that in 2012, when this study was carried out, 16
crystal structures of AKR1C3 were available in the PDB database. Currently,
there are more than 30 structures of AKR1C3 in complex with various inhibitors.
The six crystal structures were selected based on their resolution and included
AKR1C3 co-crystallized with various inhibitors (Table 3-5). The results are

summarized in Table 3-5 and Figure 3-18.
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Figure 3-18: Identification of ideal model for use in molecular modelling studies using ROC

curves.

Table 3-5: Performance of the six models analysed in the study.

PDBID RESOLUTION INHIBITOR AUC
(A)
1S2C 1.8 Flufenamic acid 0.676
1S2A 1.7 Indomethacin 0.519
3R7TM 2.1 Sulindac 0.66
3R8H 1.9 Zomepirac 0.665
3R94 2.01 Flurbirprofen 0.791
3UFY 1.9 Naproxen 0.69

The AUC of the six structures was compared to evaluate the performance
and determine a preferred starting model for virtual screening. The screen

obtained from PDB 3R94 performed the best in discriminating the active
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compounds over the decoys with an AUC of 0.791. Of the other five proteins, 1S2A
fared poorly with a low score of 0.519. The other four models (including 1S2C) had

AUC values between 0.66 — 0.69.

The reason of the low performance of 1S2A was analysed by superimposing
the structures over the other five models, and it was observed that the two residues
Phe306 and Phe311 in the structure 1S2A adopt a different conformation
compared to the models 3R94, 1S2C, 3UFY and 3R7M (model 3R8H adopts similar
conformation). According to Flanagan et al. [154] Trp227, Phe306, and Phe311
adopt various conformations based on the bound ligands and display a significant
side chain flexibility which is the case in the models 1S2A and 3R8H. The different
conformation of Phe306 and Phe311 opens up the SP3 pocket for the binding of
the ligands. The opening of this pocket may also account for the ability of some of
the decoy compounds to bind in the binding site which may be indicative of the

poor performance of model 1S2A.
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4 Conclusions, limitations and future outcomes

This chapter evaluated the structural studies of two aldo-keto reductases

AKR1B14 and AKR1C3.

Previous structural studies revealed the importance of a non-conserved
residue (His269) in coenzyme binding and site-directed mutagenesis confirmed the
role with a decrease in binding affinities with mutations to the residue. The results
obtained in Section 3.1 present the crystal structure of AKR1B14 His269Arg
mutant and molecular modelling studies of AKR1B14 His269Phe and AKR1B14
His269Met mutant. Analysis of the loss of affinities was due to loss of the -1 (face
to face) stacking as well as 11- cation interactions between the adenosine moiety of
the coenzyme NADPH and the residue His269. Both of these interactions
contributed equally in the better binding of the coenzyme NADPH and were

validated by our structural studies.

AKR1C3 is implicated in various cancers, and many pharmacological small
molecule inhibitors have been described that inhibit AKR1C3 however they lack
specificity. There are various NSAID inhibitors of AKR1C3 reported to date;
however tolfenamic acid, a structural analogue of a known potent inhibitor
flufenamic acid (presented in chapter 3.2.1) remains the most potent and selective
inhibitor of AKR1C3 known to date. Our analysis has allowed understand the
differences in the binding pocket of AKR1C3 that contribute to the differences in
binding affinities between Tolfenamic acid and flufenamic acid. We have also
identified four key residues which may play a critical role in imparting selectivity

of Tolfenamic acid in AKR1C3. The structural information obtained could be used
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for the development of future selective and potent inhibitors. Baccharin, a natural
product inhibitor and its analogues presented in Section 3.2.2 and 3.2.3 represent
a new class of cinnamic acid inhibitors of AKR1C3 with high potency as well as
selectivity. SAR studies of baccharin revealed the importance of six non-conserved
residues that are believed to play a crucial role in imparting selectivity in
baccharin. An attempt to replicate the influence of site-directed mutagenesis on
baccharin inhibition by in silico mutagenesis and docking analysis failed. This
may cast some doubt on the docking solution, and emphasizes the value that a

crystallographically determined structure would have in dictating future work.

This study finally aimed to evaluate the docking protocols and examine the
influence of template protein structure during virtual screening. Our analysis has
1dentified that conformations of the residues that line the binding pocket
contribute to the performance of model proteins in their ability to choose active
compounds amongst a library of decoys. The structure PDB 3R94 was identified

as an improved protein template for future virtual screening studies.

Further work could not be conducted on this project due to a change in
supervisory arrangements. However, this work has set a stepping stone to the
1dentification of new inhibitors of AKR1C3. For example, two recent reports have
revealed further work pursuing analogues of baccharin based on the published
findings described above [156, 157]. In a separate study, structural studies of two
NSAID inhibitors belonging to the N-phenylanthranilic acid inhibitors
(Meclofenamic and Mefenamic acid) were described by Flanagan et al. [154].

Although neither of these compounds is as selective as tolfenamic acid, the
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findings of this study also agree with the experimentally bound orientation of
meclofenamic and mefenamic acid in the active site of AKR1C3. These findings

could be used in the future design of potent and selective inhibitors of AKR1C3.
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Section B

Class II PI3KC2p as a novel
cancer target
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Chapter 1: Introduction to PI3Ks

1.1 QOverview of PI3K family

Phosphatidylinositide 3-kinases (PI3Ks) are a conserved family of enzymes
that catalyse the phosphorylation of the D3 position of inositol ring of the
phosphoinositide lipids. PI3Ks play key roles in various cellular functions such as
cell growth, proliferation, differentiation, apoptosis, cytoskeletal organization and
intracellular trafficking [160-164]. PI3K has also been shown to be up-regulated
in diseases associated with neoplasia and alterations in PI3K dependent pathways
may lead to cancer [163, 165-167]. PI3Ks were first discovered by Cantley and
assoclates 1n 1988 and have been associated with various diseases such as cancer,
cardiovascular diseases, allergy, inflammation and diabetes and thus present as

potential therapeutic targets [168-170].

1.2 Classification of PI3K family

The PI3SK family consists of eight mammalian isoforms which have been
grouped into three classes (class I, II and III) based on their subunit structure,
substrate specificity and regulation [160, 170-172]. Further members of the PI3K
superfamily are the class IV PI3Ks, which are structurally related but show

protein kinase activity and lack lipid kinase activity.

1.2.1 Class I PI3K

Of the three classes of PI3Ks, most of the intracellular functions have been
attributed to class I members which have been studied in much detail. Members

of class I PI3K consist of a catalytic subunit involved in phosphorylation of Ptdlns,
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Ptdlns-4-P in vitro and Ptdlns4, 5-bisphosphate in vivo (Table 1-1). All members
of class I PI3SK possess a ~ 110kDa (p110) catalytic sub-unit [160]. The class I
family 1s further subdivided into subclasses based on the regulatory subunits and

mechanism of activation.

Table 1-1: Phosphorylation of phosphoinositides catalysed by PI3Ks

PI3K subunit Substrates Products
(catalytic)
ClassI A pll0a, p1108, p1106 PI(3)P, PI(4,5)P2 PI(4,5)P2, PI(3,4,5)P3

ClassI B pli0y PI(3)P, PI(4,5)P2 PI(4,5)P2, PI(3,4,5)P3
ClassII  C2a, C28, C2y PI, PI(3)P PI(3)P, PI(4,5)P2
Class IIT C3 PI PI(3)P

1.2.1.1 Class IA

The three class I A catalytic subunits namely p110a, p1108 and p1106
(denoted as PI3Ka, PIBKB and PI3KG6) are encoded by their specific genes:
PIK3CA, PIK3CB, and PIK3CD. These class I A isoforms interact with Src
homology 2 (SH2) domain of regulatory adaptor proteins (p85a, p858, and p55y)
thus facilitating the translocation of PI3Ks from the cytosol to the membrane
where their lipid substrates are present [160, 173-175]. Of the three isoforms,
PI3K p110a and PISK pl1108 are widely distributed in mammalian tissues;

whereas, PI3K p1106 is mostly found in leukocytes [160, 176].
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Figure 1-1: Classification of PI3Ks. The catalytic core is relatively conserved among all eight
isoforms. The class I PI3Ks consist of adapter proteins that associate with regulatory subunit.
Class II proteins lack the regulatory subunits but consist of additional PX and C2 domains in their
catalytic subunit. Class III PI3Ks consist of Vps34 catalytic subunit which binds to Vps15
regulatory subunit (Adapted from Vanhaesebroeck et al. [177]).

The catalytic subunit of class IA PI3Ks are made up of five domains: an N-
terminal adaptor binding domain (p85 binding domain), Ras binding domain
(RBD), C2 domain, a helical domain and catalytic kinase domain. The C2 domain,
helical domain and the catalytic domain encompass the PI3K core (Figure 1-1)
[178]. The regulatory subunit consists of three domains: the N-SH2 domain, the

inter SH2 (p110 binding) domain and the C-SH2 domain. N-termini of p85 (p85a

and p85B) have extensions which are hypothesized to play a role in additional
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signalling including an SH3 domain, Proline-rich region and a BCR homology (BH)

domain that interacts with small GTPases such as Rho, Ran and Rab [179, 180].

The three isoforms have various functions. The PI3K pl110a isoform 1is
associated with cancer prognosis and cell survival. The gene that encodes for
PI3Ka (p110a) isoform is believed to be one of the most frequently mutated
oncogenes In human tumors. The PI3SK p110a isoform is also associated with
associated with glucose intolerance and insulin resistance, thus playing a major
role in the development of Type 2 diabetes mellitus [181, 182] [183] [184]. PI3K
pl10B plays a role in platelet aggregation and thrombosis and promotes cell
proliferation. Studies also indicate that PI3K p1108 plays a role in phagocytosis
and ROS production in macrophages and neutrophils [185, 186]. PI3SK p1106 is
essential for B-cell development and T-cell differentiation. Any deletions or
mutations in PI3K p1106 gene affects antibody production [187, 188]. PI3K p110&
1s also associated with diseases such as chronic lymphocytic leukemia and asthma

[189, 190].

1.2.1.2 Class IB

Class IB PI3K consists of a sole catalytic subunit p110y along with two
different regulatory subunits (p101 and p84/p87) [179, 191, 192]. The class IB
PI3Ks are activated by GPCRs (G-protein coupled receptors) unlike class TA
PI3Ks, which are activated by tyrosine kinase mediated signals. The catalytic
subunit of p110y 1s similar to class IA PI3Ks and consists of the RBD domain and
the PI3BK core made up of C2 domain, helical domain and catalytic domain;

however, it lacks the adaptor binding domain. The regulatory subunits p101 and

75



p84/p87 lack the SH2 domains (or any domains) and are not homologous to any

other proteins (Figure 1-1) [193].

PI3SKy upon activation with GPCRs, regulate various inflammatory and
immune functions via macrophages, neutrophils, and lymphocytes, mast cell
reactivity [194, 195]. Mouse phenotypic analyses have also revealed PI3Ky is
involved in platelet aggregation and T-cell function [196] [197]. PI3Ky also
regulates the control of vascular tone and heart contractility [198, 199]. According
to Fougerat et al. [200] it also plays a key role in mediating the progress of

atherosclerosis.

1.2.2 Class II PI3K

Compared to the class I PI3Ks, not much is known about the class II PISK
members and their precise physiological significance or cellular functions still
need to be defined. Class II PI3Ks were primarily identified in Drosophila
melanogaster using a PCR-based approach. Three isoforms of class II PI3Ks have
been identified namely: PI3K-C2a, PI3K-C28 and PISK-C2y. PI3K-C2a and PI3K-
C28 were first cloned from the U937 and MCF-7 cultured cell lines respectively. A
third isoform PISK-C2y was identified simultaneously in human, mouse and rat

[201-205].

Class II PI3Ks are larger than class I PI3Ks with a molecular weight of
170-210 kDa. Although they share 45-50% similarity with class I PI3K, they do
not appear to utilize regulatory subunits. All the three isoforms consist of both a
PI3K core kinase core domain and a Ras binding domain (Figure 1-1); they differ

at the C-terminus, which consists of an additional C2 domain that is believed to
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bind to phospholipids in vitro in a Ca2* independent manner. The three isoforms
differ from each other in the N-terminal region that is also not homologous to any

known protein [203, 206, 207].

In vitro, the class II PI3Ks phosphorylate Ptdlns (PI) to generate PtdIns
(3)P (PIP) as well as PtdIns(4)P and PtdIns(4 ,5 )P2 (PIP2). The by-product PtdIns

(3)P is considered to play a crucial role in the insulin signalling pathway [208,

209].

PISKC2a is believed to play a key role in cell growth, and survival and also
has been linked to insulin secretion, glucose homeostasis and transport [202, 210].
Recently, a study by Yoshioka et al. [211] has revealed that PI3KC2a is associated
with angiogenesis and vascular barrier function. Northern-blot analysis carried
out by Domin et al. [201] revealed that PI3SKC2a was widely expressed in heart,
placenta and ovary. PIBKC2a is believed to be associated with neuroexocytosis and
smooth muscle cells contraction. PI3KCZ2a is generally localized in the trans-Golgi
and is believed to play a role in membrane trafficking via clathrin activation [212-

215]

PI3KC28 is highly expressed in thymus and placenta and is involved in cell
growth, survival, migration and cell cycle progression [216]. PISK-C2B participates
in LPA-mediated cell migration [217]. It has been shown that T cell receptor on
CD4 + T cell could activate PIBKC28 and plays a crucial role in calcium-activated
potassium channel (KCa3.1) activity in immune cells. This KCa3.1 channel is
responsible for Ca2+ influx that leads to T cell activation [218]. PI3KC28 was also

found to be involved in PKB activity [219]. PISKC28B is overexpressed in certain
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types of cancers such as acute myeloid leukemia (AML), brain tumors and
neuroendocrine tumors and inhibiting this enzyme may reduce proliferation and
survival in cancer cells [220]. This chapter will focus on studies of PISKC28 to
elucidate its role in cancer as well as identify new and selective inhibitors of

PISKC28.

Very little is known about the third human isoform PI3KC2y, however, it is
believed to be involved in homing of leukemic cells. Northern-blot studies have

revealed that it is present in the liver prostate, breast and salivary glands [205].

1.2.3 Class III PI3K

Class III PI3Ks are the oldest known PI3Ks. They are sometimes referred to
as Vps34 (vacuolar protein sorting protein 34) as they were first identified in a
screen for proteins involved vesicle-mediated vacuolar protein sorting in
Saccharomyces cerevisiae [221]. Vps34 homologues are found in all eukaryotes,
including humans [222]. Unlike class I and II PI 3-kinases, class III PI3Ks can
only phosphorylate Ptdins to generate PtdIns(3)P and are implicated in endosome
fusion during intracellular trafficking events [170]. They are also believed to be
involved in autophagy in yeast, amino acid sensing [223, 224]. The human Vps34
consists of a single 100 kDa catalytic subunit which share a common PIK and

kinase core domain and a single 150 kDa regulatory subunit Vps15/p150 [225].

1.2.4 Class IV PI3Ks

PI3-related kinases (sometimes also referred to as class IV PI3Ks) are a family
of Ser/Thr-protein kinases that exhibit sequence similarity to PI3Ks. They consist
of six members which are involved in various biological process. Some of the
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proteins belonging to this class include ataxia telangiectasia mutated (ATM),
ataxia telangiectasia and Rad3 related (ATR) protein kinases, DNA-dependent
protein kinase (DNA-PK) and mammalian target of rapamycin (mTOR). An
overview of the class IV PI3Ks and their similarities are discussed in detail by

Lempidinen et al. [226].

1.3 PI3Ks in signalling pathways

PI3Ks play a crucial role in various signal transduction cascades that
regulate cell growth, survival and cell migration. The class I PI3Ks upon activation
by their respective receptors (either tyrosine kinase or G-protein coupled receptor)
phosphorylate 1inositol lipids at the 3 position of the OH group of
phosphatidylinositide-4,5-bisphosphate (PIP2) to generate phosphatidylinositide-
3,4,5-trisphosphate (PIP3). The generated product, PIP3 acts a second messenger
and activates a number of downstream signalling pathways which are involved in
various cellular functions, such as cell growth, glucose metabolism, cell motility
and cell survival. Any abnormalities in this PI3K pathway can assist in the
propagation of diseases such as cancer. Phosphatase enzymes such as the
phosphatase and tensin homolog (PTEN) dephosphorylate PIP3 to PIPZ2;

terminate the PI3K signalling cascade [227-230].
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Figure 1-2: PI3K signalling pathway by different classes of PI3Ks. A) Conversion of PIP2 to
PIP3 by class I PI3Ks via activation through tyrosine kinases or GPCRs. B) Class Il PI3Ks are
believed to convert PI to PIP, however exact mechanism of activation and signalling still remains
unclear (Adapted from Thorpe et al. [231]).

The signalling mechanism of the class II PI3Ks is not very well understood,
however, it is hypothesized that the members of class II PI3Ks are activated by a
range of different stimuli (such as growth factors, hormones, phospholipids and
calcium). Class II PI3Ks phosphorylate phosphatidylinositides (PI) as well as
phosphatidylinositide-4-phosphate (PI4P) in vitro, nevertheless, in vivo, they
prefer to phosphorylate PI to generate phosphatidylinositides-3-phosphate (PI3P)
(Figure 1-2). PI3P is believed to be involved in cellular functions such as glucose
transport, endocytosis, cell migration and survival. The class II PI3K signalling is

inactivated by Myotubularins (MTM) which dephosphorylates PI3P to PI [231].
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The class III PI3Ks are activated by stimuli such as amino acids, glucose
and phosphorylate phosphatidylinositides to generate phosphatidylinositides-3-
phosphate and thus play vital roles in phagocytosis, autophagy and endosomal

trafficking. These enzymes are also inactivated by Myotubularins [231].

1.4 PI3K and cancer

The role of class I PI3Ks in cancer through their signalling pathways has
been well established. Alterations in the PI3SK pathway are most commonly found
in all human tumours especially the PIK3CA gene which encodes the PI3SK
catalytic isoform p110a which has been found to be the second most frequently
mutated oncogene [165, 232, 233]. Mutations associated with the PIK3CA gene
have been implicated in various cancers such as breast, colon, and endometrial

cancers and glioblastomas [165].

The precise role of class II PI3Ks in cancer is yet to be determined. However,
it has been reported that PI3KC2B8 is expressed in high levels in various epithelial
cell-derived cancers [234] and microarray studies have confirmed that PI3KC28 is
upregulated in cancers [235]. This upregulation also contributes to the activation
of PKB (a known oncogene) as well as increased expression of Bcl2 genes involved

in AML [219, 236].

1.5 Inhibitors of PI3K in Cancer Research and Therapy

Due to their role in various key cellular processes and many human
diseases, PI3Ks have gained attention as potential therapeutic drug targets.
Current drug discovery has aided in unearthing many potent and selective small

molecule inhibitors.
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1.5.1 First-generation PI3K inhibitors

Wortmannin (Figure 1-3), is a steroid metabolite of the fungi Penicillium
wortmannii was the first PI3SK inhibitor identified while studying its potent anti-
proliferative and anti-inflammatory activity in neutrophils [237]. Wortmannin
inhibits the class I PI3K isoforms irreversibly with an ICsp in the low nanomolar
range across isoforms (ICs0 = 1-10 nM). Although it potently inhibits the class II
enzyme PI3BKC2B (ICs0 = 1.6 nM), it is not as active against PISKC2a (ICs0 = 420
nM). The inhibition of class III PI3Ks is species dependent, nevertheless it inhibits
the human isoform with an ICso of about 10 nM [178, 238]. In an attempt to
identify natural product inhibitors of PI3Ks, Eli Lilly initiated a screening in the
early 1990’s which led to the discovery of quercetin and myricetin. Both quercetin

and myricetin are polyphenolic flavonoids and inhibit class I PI3Ks with an ICso

of 3.8 uM and 1.9 uM respectively [239, 240].

L.Y294002, a synthetic inhibitor and analogue of quercetin was developed
by Eli Lilly in 1994. 1.LY294002 is a reversible, ATP-competitive PISK inhibitor.
The ICs0 of LY294002 against class I PI3K isoforms was found to be in the low
micromolar range [241-243]. It also inhibits the class III PI3K at 3.5 uM.
LY294002 however, does not inhibit the class II PI3Ks as potently as its
counterparts (v. PI3KC2a 27 uM; v. PI3KC28 10.4 uM) [244]. Due to its reportedly
high selectivity, LLY294002 has formed the basis of a pharmacological lead
compound and thus played a central role in the design of newer classes of PI3K

inhibitors.
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Figure 1-3: Structure of the first generation PI3K inhibitors.

1.5.2 New-generation PI3K inhibitors

Over the last decade, many potent inhibitors of PI3Ks have been identified
based on optimisation of the first generation inhibitors or from compound screens.
Compounds have been identified that inhibit all classes of PI3Ks (PAN-PI3K
inhibitors) or are selective towards a particular class of PI3Ks. Some of the
identified inhibitors are currently being evaluated in clinical trials. A detailed list
of all the PI3K inhibitors and their current stage of clinical development has been

recently reviewed by Wymann [245].
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1.5.2.1 Structural determinants of inhibitor binding

With numerous crystal structures of the class I PI3Ks in complex ATP, as
well as with various inhibitors has provided a robust template for understanding
the structural features that contribute to binding of inhibitors in the active site.
Crystallographic studies by Walker et al. (2000), revealed the important residues
that determine or influence the inhibitor binding. All the PI3Ks adopt a common
fold with a canonical ATP-binding pocket located near the kinase ‘hinge’ that
connects the bi-lobed catalytic core structure. The adenine ring of the ATP forms
hydrogen bonds with the hinge region and the ribose and triphosphate groups of
ATP extend into the substrate binding site consisting of conserved residues
essential for catalysis. The majority of the PI3K inhibitors discovered so far are
ATP-competitive and occupy the ATP binding site. Some of the potent PISK
inhibitors project into a deeper hydrophobic pocket known as the ‘affinity pocket’
that is not occupied by ATP and interact with the residues that line this pocket
(Figure 1-4). It is believed that interactions of the inhibitors with the residues in
this region may play a crucial role in the increase in binding affinities of the potent
inhibitors [246]. Some of the inhibitors also induce the formation of the ‘selectivity

pocket’ which is located at the entrance of the ATP binding site.

As previously mentioned, not much is known about the class II PI3Ks and
currently there is no structural information available for these isoforms. However,
preliminary studies have pointed towards similarity of structural domains
between class I and class II PI3K isoforms including the ATP-binding architecture

[177].
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Figure 1-4: ATP binding site in PI3Ks. Comparison of ATP bound in PI3K along with ATP-

competitive inhibitor PI103 bound in the ATP-binding site.

1.5.3 Inhibitors of class II PI3KC2

In an attempt to elucidate the selectivity of PI3K inhibitors towards the
class I isoforms, some of the inhibitors were also tested for potential “off-target”
activity while assessing the activity against various isoforms including the class
IT PI3Ks [244, 246-248]. Some of the reported inhibitors that showed inhibition
against PI3KC28 have been shown in Table 1-2 (Structures shown in Figure 1-5).

Most of the inhibitors that inhibited PISKC28 are the PAN-PI3K inhibitors.
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Table 1-2: IC50 values (uM) for reported PI3K inhibitors [249]

Inhibit Class 1 Class 11 Class
DAIDIOY "prsKe PISKS PISKS PISKy PISKC2a PISKC2B 111
7ZSTK474  0.016 0.044 0.0046 0.05 > 100 0.18 > 100
PI-103 0.008 0.088 0.048 0.15 1.0 0.026 2.3
PIK93 0.039 0.59  0.12 0.016 16 0.14 0.32
PIK90 0.011 0.35  0.058 0.018 0.047 0.064 0.83
PIK124 0.023 1.1 0.34 0.054 0.14 0.37 10
GDC0941  0.003 0.033 0.003 0.075 >100 0.59 > 100
NVP-

BEZ235 0.004 0.075 0.007 0.005 0.034 0.044 0.45
LY294002 055 11 1.6 12 27 10.4 3.5

In a recent study, two compounds PI701 (YM185453) and PI702
(YM182832) developed by Yamanouchi Pharmaceutical Co. Ltd., were tested
against members of the PISK family and inhibited the class IT PISKC28 [250].
These two compounds exhibit high selectivity towards PISKC2B8 (ICs0 = 0.53 uM

and 0.63 uM respectively).

In another report by Freitag et al. [251], the core structure of a known class
I PISK inhibitor XL.147 was modified and developed two small molecule inhibitors,
Freitag-26 and Freitag-30. Both of these compounds inhibit class IT PISK members
PISKC28 and PI3KC2y with high selectivity for PISKC28 (80-fold selectivity for

Freitag-26 and 10-fold selectivity for Freitag-30). With the four selective inhibitors
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as promising leads, more work needs to be done in developing novel inhibitors of

PI3KC28 that are not only selective but potent as well.
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Figure 1-5: Chemical structures of the reported class II PI3K inhibitors. Class II PISKC2g

selective inhibitors PI-701 and PI702 have been identified recently.
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1.6 Rationale and Aims

Twenty years since their discovery, numerous efforts have been made in
defining the roles of PI3Ks. Nevertheless, these advances have been
predominantly focussed on the class I and class III PI3Ks and not much
information is known about the class II PI3BK members and their precise
physiological significance and cellular functions. The class II PI3Ks are emerging
as an important class of signalling enzymes with potential therapeutic
applications. There is a growing body of evidence suggesting a role for Class II
PISKC28 in cancer, although the exact role in cancer signalling pathway is yet to

be defined.

There are numerous compounds that selectively inhibit the Class I PI3K
1soforms, some of which have even advanced to clinical trials. The class II PI3Ks
have been neglected due to the chronology of their discovery, and not much
progress has been made to identify selective inhibitors of Class II PI3Ks. As
previously mentioned, the currently known inhibitors were initially identified as
a result of class II PI3Ks as a potential “off-target” activity while screening for
class I inhibitors. Hence, development of isoform-selective inhibitors of class II
PI3Ks may aid in understanding the class II PI3K signalling pathways as well as
their cellular roles. Dissecting the exact roles of class II PI3K isoforms has been
hampered by a lack of information on the structural features of class II PI3Ks.
Hence developing a usable homology model may aid in understanding the
structural features, in particular the residues that may play a key role in binding
of small molecule PI3K inhibitors. The structural information could facilitate

rational design of novel isoform-selective inhibitors for class IT PI3Ks.
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Chapter 2: Materials and Methods

2.1 Computational studies

2.1.1 Sequence alignment and selection of template

Protein sequences of the eight mammalian PI3Ks were retrieved from the

UniProtKB database (www.uniprot.org/)[252]. Clustal Omega [149] was used to

align the sequences to determine percentage identity as well as study the
alignment. Based on the analysis, potential template proteins were identified, and
the crystal structures for homology modelling purposes were selected representing

each class and subclass of the PI3Ks.

2.1.2 Generation of PI3KC2f3 homology models

Five homology models were generated using Prime Structure Prediction
available from Maestro version 9.1, (Schrodinger, LLC, NY). The crystal
structures of the templates from each class (apo and holo from class IA and IB and
class III PISK) were acquired from RCSB Protein Data Bank

(http://www.rcsb.org). The structure was edited to incorporate amino acids

encompassing the catalytic domain only. Selected loops were refined using

extended sampling and then minimized.

2.1.3 Molecular modelling studies

All of the docking was carried out using Glide version 5.6 in the Maestro
interface version 9.1, (Schrodinger, LLC, NY) using the default settings for all
programs unless otherwise stated. The generated homology models and the crystal

structures used in docking were prepared using the Protein Preparation module
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in Maestro, which optimizes the geometry of the amino acid residues. In order to
eliminate any potential bond length and bond angle biases in the structures, all of
the ligands used in the studies were subjected to a full minimization prior to the
docking using LigPrep. The ligands were docked flexibly using the “Extra
Precision” (XP) mode of Glide [253]. The docked compounds were then examined
visually in greater detail using the Pose Viewer module of Maestro. The figures

showing the docked model were generated using PyMOL (DeLano Scientific).

2.2 Biochemical analysis

2.2.1 Generation of the recombinant vector

2.2.1.1 Recovery of cDNA of PI3KC2f

The human, wild type cDNA of PISKC28 cloned from U937 [238] was kindly
provided by Arcaro lab (University of Bern). The filter paper containing the cDNA
was soaked in a microfuge tube containing 50 pL of elution buffer (10 mM Tris-Cl,
pH 8.5) for 10 min and briefly centrifuged to obtain the plasmid DNA as the

supernatant.

2.2.1.2 Transformation of DH5a cells (heat-shock method)

5 pL of the recovered plasmid DNA was added to a microfuge tube
containing 100 pL of competent DH5a cells and incubated on ice for 30 min. The
cells were then heat-shocked for 90 s at 42 °C and immediately chilled ice for 2
min. 300 pL of LB medium was added to the cells and incubated for 30 min. The
entire culture was then plated onto an LB plate containing ampicillin and

incubated at 37 °C overnight.
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2.2.1.3 Isolation of recombinant plasmid DNA

A single colony was selected and grow in 2 mL LB-amp for 6 h then
expanded to 10 mL LB-amp and allowed to grow for 16 h at 37 °C. The overnight
bacterial culture was pelleted by centrifugation at 13,000 rpm (16,060 x g) using
Heraeus Biofuge for 5 min at room temperature (15-25 °C). The plasmid DNA was
1solated using Qiagen miniprep kit following the manufacturer’s instructions.
Briefly, the cell pellet was resuspended in 250 pLL Buffer P1 (50 mM Tris-Cl, pH
8.0, 10 mM EDTA, 100 pg/mL RNase A). 250 pL Buffer P2 (200 mM NaOH, 1%
SDS (w/v)) was added and mixed thoroughly till the solution turned clear. 350 pL
Buffer N3 was added and mixed thoroughly. The entire sample was centrifuged
for 10 min at 13,000 rpm (16,060 x g). The obtained supernatant was carefully
transferred onto the QIAprep spin column and centrifuged for 60 s (discarding the
flow-through). 0.5 mL Buffer PB containing guanidine hydrochloride and
1sopropanol was added to wash the spin column and centrifuged for 60 s discarding
the flow-through. The QIAprep spin column was washed by adding 0.75 mL Buffer
PE and centrifuged for 60 s discarding the flow-through. The QIAprep spin column
was centrifuged for 1 min to remove any residual wash buffer. The QIAprep
column was placed in a new, clean 1.5 mL microcentrifuge tube and 50 pL. Buffer

EB (10 mM Tris-Cl, pH 8.5) was added and centrifuged for 1 min to elute the DNA.

2.2.1.4 Restriction enzyme digestion of the insert PI3KC2f and vector
pFastBac HTC
The pcDNA vector containing the PI3KC2B insert was excised from the pcDNA

vector using Xbal and EcoRI. As the size of the cut plasmid was similar to the
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insert, further digestion by Rsrll was performed (Table 2-1). The recipient vector

pFastBac HTC was subjected to digestion by Xbal and EcoRI.

Table 2-1: Restriction digestion conditions for cleaving P13KC2B insert from PcDNA (A),

further cleavage of the vector to enable distinction of the insert (B) and pFastBac HTC (C).

A) pcDNA vector with PISKC2f insert

DNA (PIBKC28 in the pcDNA) 60 ul
Xbal 2l
EcoRI 2l
10x Buffer (H) 8 ul
10x BSA 8ul
B) Further cleavage of pcDNA vector
Vector (pcDNA) 50 ul
Rsrll 2l
dH=0 2ul
10x Buffer (H) 6ul
C) pFastBac HTC

Vector (pFastBac HTC) 28 ul
Xbal 2ul
EcoRI 2ul
10x Buffer (H) 4l
10x BSA 4 ul

Both the digested samples were then mixed with 2 pL loading dye and
loaded onto 0.8% agarose gel to confirm the presence of insert using

electrophoresis unit (Bio-Rad) at 80 V and 53 A. The 1 kb DNA ladder was added

in one of the gels as a marker of molecular weights.

2.2.1.5 Gel purification

The insert and the vector DNA were excised from the agarose gel using a
scalpel and transferred into a microfuge tube. The Qiagen gel purification kit was
used to extract the insert and the vector DNA. Based on the weight of the gel slice,
3 times the volumes of buffer QG was added and incubated at 50 °C with
Iintermittent vortexing till the gel slice completely dissolved (approximately 15

min). Next, 1X volume of isopropanol was added to the samples and mixed. The
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samples were then loaded onto the QIAquick spin column placed in a 2 mL
collection tube and centrifuged for a minute. The flowthrough was discarded and
0.5 mL Buffer QG was added to the QIAquick column and centrifuged for 1 minute.
The flowthrough was discarded and the QIAquick column was washed with 0.75
mL Buffer PE. After 2-3 minute incubation, the samples were centrifuged for 1
min. A second spin was also carried out to remove residual wash buffer. Next, the
QIAquick column was placed in a new, clean 1.5 mL microcentrifuge tube and 50

pL Buffer EB (10 mM Tris-Cl, pH 8.5) was added to elute the insert or the vector.

2.2.1.6 Ligation of pFastBacHTC vector and insert

After isolating both the insert and vector DNA, the samples were placed in
new tubes in various concentrations as described in Table 2-2 and incubated for 5
min at 50 °C followed by cooling on ice. This was followed by addition of 1 uL ligase

buffer and 1 pLL T4 DNA ligase and incubation at 16 °C for 3-4 h.

Table 2-2: Conditions for ligation of pFASTBac HTC with PI3C2B insert

Dilution Insert Vector dH:0 Total
(PIBKC2p) (pFastBac
HTC)

Negative 0 pL 1 pL 7 uL 8 uLL
control

1:1 1 pL 1 pL 6 puLL 8 uLL
3:1 3 uL 1 pL 4 uL 8 uLL
6:1 6 uLL 1 pL 1 pL 8 uL

2.2.1.7 Transformation and isolation of DNA

5 pL of ligation mix was added to a microfuge tube containing 50 pL of
competent DH5a cells and transformed as described in Section 2.2.1.2. Three
single colonies were picked from the plate with 6:1 insert: vector ratio, cultured in

2 mL LB containing ampicillin by incubating at 37 °C for 5 h. The entire 2 mL
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culture was transferred into a tube containing 10 mL LB containing 100 pg/mL
ampicillin and incubated overnight at 37 °C. The cells were harvested and the
DNA was i1solated using the Qiagen miniprep kit method as described in Section
2.2.1.3. The concentration of the obtained DNA was measured using a Nanodrop

spectrophotometer (Thermo-Scientific) and the DNA samples were stored at -20

°C.

2.2.1.8 Confirmation of presence of the insert by restriction analysis and
DNA sequencing

The insert length was confirmed by restriction digestion of the plasmid

containing the PI3SKC2B (Table 2-3). Restriction digest was mixed with 2 plL

loading dye and loaded onto 0.8% agarose gel to confirm the presence of DNA using

electrophoresis.

Table 2-3: Double digestion of pFastBac HTC containing PI3KC2B to confirm fragment sizes

Restriction digestion of DNA

DNA 2 nL
Xbal 1 pL
EcoRI 1 pL
10X buffer 1 uL
(H)

10x BSA 1 pL
dH:0 4 pL,

To confirm the sequence of the insert, DNA was sent to Micromon DNA

sequencing facility, Monash University.
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2.2.2 Generation of recombinant bacmid

2.2.2.1 Generation of DH10bac competent cells

The DH10Bac cells were cultured in 100 mL LB containing kanamycin (50
pg/mL), tetracycline (10 pg/mL) at 37 °C/ 225 rpm until ODesoo was about 0.6-0.8.
50 mL of the culture was transferred into sterile falcon tubes and cooled on ice for
10 min and centrifuged at 5000 x g for 15 min at 4 °C. The pellet was resuspended
in 10 mL of ice-cold 0.1M CaCls and incubated on ice for 10 min. The cells were
centrifuged at 5000 x g for 15 min at 4 °C and the cell pellet was resuspended in 2
mL of 0.1M CaClsz containing 20% (v/v) glycerol, aliquot into microfuge tubes (250

pL per tube) and stored at -70 °C for future use.

2.2.2.2 Transformation DH10Bac E. coli competent cells with pFastBac
plasmids

The pFastBac HTC vector containing the PI3KC28 was transformed into the
DH10Bac based on the protocol described in Bac-to-Bac® Baculovirus Expression
System (Version D, Invitrogen). For each transformation, 5 pL of pFastBac HTC
plasmid DNA (Ing) was added to 100 pL of the competent DH10Bac cells and
incubated on ice for 30 min. The cells were then subjected to heat-shock for 45 s at
42 °C without shaking and immediately chilled on ice for 2 min. 900 pL of LB
Medium (room temperature) was added to the cells and incubated at 37 °C, with
shaking at 225 rpm for about 4 h. 300 pL of the culture was plated on an LB agar
plate containing 50 pg/mL kanamycin, 7 pg/mL gentamicin, 10 pg/mL tetracycline,
100 pg/mL X-gal, and 40 pg/mL IPTG and incubated for 48 h at 37 °C. Another LB

agar plate containing 50 pg/mL kanamycin, 7 pg/mL gentamicin, 10 pg/mL
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tetracycline, 100 pg/mL X-gal, and 40 pg/mL IPTG was plated with 300 pL 1:10

dilution of the cells and incubated for 48 h at 37 °C.

2.2.2.3 Recombinant phenotype verification using blue/white colony
screening

After the 48 h incubation, the plates were screened for the presence of single,

large white colonies for phenotype verification. 10 white colonies were selected and

re-streaked on fresh LB agar plates containing 50 pg/mL kanamycin, 7 pg/mL

gentamicin, 10 pg/mL tetracycline, 100 pg /mL X-gal, and 40 pg /mL IPTG and

incubated overnight at 37 °C.

2.2.2.4 Isolation of recombinant bacmid DNA

A single, isolated bacterial colony was inoculated into 2 mL of LB medium
containing 50 pg/mL kanamycin, 7 pg/mL gentamicin, and 10 pg/mL tetracycline
and grown in a 37 °C for 4-5 h. The entire 2 mL culture was transferred into 10
mL of LB medium containing 50 png/mL kanamycin, 7 pg/mL gentamicin, and 10

pg/mL tetracycline and incubated overnight at 37 °C shaking at 225 rpm.

The cells were then centrifuged at 4,000 rpm (3220 x g) for 15 min and the cell
pellet was resuspended in 200 pL of Solution I (50mM Tris-HCI pH8.0, 10mM
EDTA 100ug/mL ribonuclease) followed by 200 pL of Solution IT (200mM NaOH,
1% SDS (w/v) and incubated for 5 min at room temperature. 200 pL of Solution I1I
(3M Potassium acetate pH 5.5) was added while gently mixing and cooled on ice
for 5 to 10 min. The sample was then centrifuged for 10 min at 13,000 rpm (16060
x g) and the supernatant was carefully transferred to a fresh microcentrifuge tube

containing 0.8 mL of isopropanol and placed on ice for 5 to 10 min. The sample
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was centrifuged for 15 min at 13,000 rpm (16060 x g) and the supernatant carefully

removed, taking care not to disturb the pellet.

The cell pellet was washed three times with 0.5 mL of 70% ethanol and mixed
by inversion to wash the pellet and recovered by centrifugation for 5 min at 13,000
rpm (16060 x g) between each wash. The pellet was air-dried for 5 to 10 min at
room temperature, before being dissolved in 40 pL of 1X TE Buffer (pH 8.0) and

stored at 4 °C for future use.

2.2.2.5 PCR analysis of the recombinant Bacmid DNA

To analyse the recombinant Bacmid DNA, PCR reaction was performed to
amplify the region of interest and verified using gel electrophoresis. PCR reaction
was performed with P-17 and PT-18 primers or with internal PISK C2beta oligos
(PT44 and PT-18, to reduce the size of PCR product). The reaction mixture was
prepared using the recipe as described below (Table 2-4). 19 pL reaction mix was
mixed with 1 pL: of DNA for PCR analysis, and the PCR products were analysed

on 1% agarose gel.
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Table 2-4: PCR reaction mixture and cycle conditions

Reaction Mixture

40uLL 10 x Taq buffer

4uL 10mM dNTPs

4uL 5 primer, 1:10 dilution (5’ bacmid specific, M13F, PT-17 or PT-44)
4uL 3’ primer, 1:10 dilution (3’ bacmid specific, M13R, PT-18)
2uL Taq polymerase

156puL dH=0

Step Time Temperature Cycles
Initial 3 min 93°C 1
Denaturation

Denaturation 45 s 94°C 35
Annealing 45 s 55°C

Extension 45 s 72°C

Final Extension 7 min 72°C 1

2.2.3 Production of the recombinant baculovirus

2.2.3.1 Recovery of cryopreserved Sf9 cells

1 mL of frozen Sf9 cells were thawed in a 37 °C water bath and added to a tube
containing 20 mL of 1X Sf-900™ II SFM media (Life technologies) and incubated
at 27 °C in a shaker (140 rpm) overnight. The cells were then centrifuged at 550 x
g for 5 min (to remove residual DMSO) and the pelleted cells were resuspended in

20 mL of fresh 1X Sf-900™ IT SFM media and incubated for 48 h.

2.2.3.2 Culturing Sf9 cells (cell viability)

Suspension cultures of Sf9 cells were cultured and maintained at cell density
1-8 x 106 cells/mL in a sterile bottle at 27 °C in a shaker (140 rpm). Oxygenation
was achieved by lightly loosening the cap of the bottle. The cells were counted

twice a week and passaged. The cell viability was determined by staining with
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0.2% Trypan blue and counting the cell viability on a haemocytometer using the

following equation:

% viable cells = [1.00 — (Number of blue cells + Number of total cells)] x 100

2.2.3.3 Cryopreservation

The Sf9 cells were checked for cell viability (found to be >96%) using 0.2%
Trypan blue as described earlier. Cells were centrifuged to remove media and were
resuspended in Sf-900™ II SFM media containing 10% DMSO. The cells were
aliquot in 1 mL cryotubes and placed in cryofreezing container overnight at -70

°C. These tubes were transferred to liquid nitrogen container for future use.

2.2.3.4 Transfection of insect cells with recombinant bacmid DNA

The recombinant bacmids containing the PI3BKC2p (Section 2.2.2.4) were used
to transfect the Sf9 cells to produce the recombinant baculovirus using the Bac to
Bac Expression system. In a 6-well plate (Corning® Costar® cell culture plates,
Sigma—Aldrich), the Sf9 cells were seeded in 2 mL of fresh Sf900 medium and
incubated for at least an hour for the cells to allow the cells to adhere to the bottom
surface of the wells. Following this incubation, the media was aspirated off and
replaced with 800 pL 1X Sf-900™ II SFM media. For each transfection, 2-8 ug of
bacmids DNA mixed with 6 uL of cellfectin reagent (Life Technologies) was added
to each well and incubated for 5 h at 27 °C. After 5 h, the entire mixture in all the
wells was removed and replenished with 2 mL of fresh 1X Sf-900™ II SFM media

and further incubated for 72 h at 27 °C.
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2.2.3.5 Isolation of P1 viral stock
Post transfection the medium from each well containing the recombinant virus
was harvested by centrifuging at 550 x g for 5 min to remove the cells and cell

debris. The P1 virus was stored at 4 °C.

2.2.3.6 Amplification of the viral stock

The P1 virus (100 pL- 200 pL) was then used to infect a 2 mL well of Sf9 cells
(cell density 1 x 106 cells/mL) for 72 h in order to amplify the virus to produce P2
virus. P2 virus was re-amplified to produce P3 virus stock using 100 pL-250 pL P2
virus and infect a 2 mL well of Sf9 cells (cell density 1 x 106 cells/mL) for 72 h. The

viral stocks were harvested following centrifugation at 550 x g for 5 min.

2.2.3.7 Viral plaque assay

The titre of the baculovirus stock was determined using the viral plaque assay.
2 mL of Sf9 cells (cell density 1 x 106 cells/mL) along with Sf900 medium
containing Pen-Strep was dispensed in each well of a 6-well plate and allowed to
adhere for at least 15 min at room temperature. Once the cells were adhered the
medium was aspirated and 200 pL of virus solution (Serial 1:10 dilutions of P2
and P3 virus solution were made by diluting 900 pLL SF900 medium with dilutions
of 10-3, 104, 105, 106, 107 viral dilutions along with control) was added and
incubated for an hour at 28 °C. As a negative control, one of the wells consisted of
medium alone. Following the incubation, the virus solution was removed, and 1.5
mL of agar solution was added and allowed to set at room temperature. Agarose
overlay solution was prepared by adding 5 mL of the 4% agarose was melted in

the microwave and cooled to 37 °C in a 50 mL tube and 15 mL of 1.3X Sf900
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medium containing pen-strep was added just prior to use. Once the agarose
overlay was set, 1.5 mL of SF900 medium containing pen-strep was added, and
the 6-well plate was incubated at 28 °C for around 5 days. The plates were checked
for plaques by staining with neutral red (1 mg/mL water), and the viral titre was

calculated as follows:

Titre (pfu/mL) = No. of plaques / (dilution factor x Volume of diluted

virus/well)

2.2.4 Expression and Purification of PI3KC2f
400 mL of Sf9 cells at a cell density of 2 x106 cells/mL were infected with 40
mL of the P3 virus and incubated for 48 h at 27 °C at 140 rpm. The cells were

harvested at 3000 rpm (1811 x g) for 15 min.

The obtained pellet was re-suspended in 20 mL lysis buffer (50 mM
Na2HPO4 , 300 mM NaCl, 10 mM imidazole, 1% Tween-20, & Complete Protease
Inhibitors (Roche, 1 tablet/50 mL) pH 8.0) and sonicated four times for 5 secs with
5 secs rest. The sample was then centrifuged at 15000 rpm (30000 x g) for 30 min
at 4 °C. The obtained supernatant was loaded onto 0.5 mL of Ni-NTA beads and
incubated on a shaker for at least 1h at 4 °C. The sample along with the beads was
centrifuged at 3000 rpm (1811 x g) at 4 °C for 5 min remove supernatant. The
beads were washed twice with 0.5 mL wash buffer (50 mM Na:HPO0O4, 300 mM
NaCl, 10 mM imidazole, pH 8.0.) and PISKC28 was eluted using 0.5 mL of elution
buffer (50 mM NazsHPO04, 300 mM NaCl, 350 mM imidazole, pH 8.0) into 6 different

tubes.
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Fractions containing the PISKC28 protein were pooled and dialysed against
2 L of 50 mM Tris-HCI pH 7.5, 300 mM NaCl at 4°C for 16h. PI3KC28 protein
stocks were made 20% (v/v) glycerol and 2 mM DTT and stored in aliquots at -80

°C.

2.2.5 Protein separation by SDS-PAGE

The purified protein samples were separated and analyzed using
PolyAcrylamide Gel Electrophoresis (PAGE) in the presence of SDS and DTT.
Each of the samples were mixed with 2x SDS loading buffer (20 mM Tris-HCI pH
6.8, 30% Glycerol [v/v], 4% SDS [w/v], 0.01% bromophenol blue [w/v], 10mM DTT)
and heated to 95 °C for 5 min prior to separation on the 8% acrylamide gel. The
gel was stained using Coomassie Brilliant Blue solution (50% methanol [v/v], 10%
acetic acid [v/v] in water with 1 g/L of Brilliant Blue R250) for 1 h at room
temperature on a shaker and washed in de-staining solution (40% methanol [v/v],
10% acetic acid [v/v] in water) for 3-4 h at room to visualize the protein bands. The
purity of the bands and the molecular weights were calculated using the

GelAnalyzer software (version 2010a, gelanalyzer.com).

2.2.6 Western blot

Following electrophoresis, the gels were subject to electrophoretic transfer
onto nitrocellulose membrane at 60 V for 2 h in transfer buffer (25 mM Tris, 190
mM glycine, 20% methanol [v/v]). Following the blotting, the membrane was
blocked with Odyssey® Blocking Buffer (LI-COR Biosciences) for 1 h at RT in a
small tray on a rocker. This was followed by incubation with 1:500 dilution of

primary rabbit anti-human PI3SKC28 antibody (Santa Cruz Biotech) in PBST for
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1 h at RT. Membranes were washed three times in PBST and incubated with anti-
rabbit secondary antibody used at 1:2000 (LI-COR Biosciences) for 1 h at RT.
Membranes were washed three times in PBST followed by detection using

Odyssey® Infrared Imaging System (LI-COR Biosciences).

2.2.7 Enzyme assays

To determine the PISK enzyme activity, a luminescence-based kinase
activity assay (Kinase-Glo Assay platform, Promega) was used. The assay
measures the decrease in ATP concentration during the kinase reaction. The
amount of purified enzyme used was optimised experimentally to obtain a linear
relationship between enzyme concentration and activity. The reaction mixture
consisting of 20 mM HEPES pH 7.5, 5 mM MgCl2, PI substrate (180 uM) and 10
uM ATP was added to the enzyme and incubated at RT for 1 h to initiate the kinase
reaction. The ATP remaining was measured by incubating reaction mixture with
an equal amount of Kinase-Glo reagent (Promega) for 15 min. The luminescence

was measured using a Fluostar plate reader (BMG Labtech).

2.2.8 Inhibition assays

The PI3K inhibitors were dissolved at 10 mM in dimethyl sulfoxide (DMSO).
Inhibitors were diluted in 20% (v/v) DMSO at the indicated concentrations (JP 7-
126: 2 uM to 0.004 uM; JP 7-118: 100 uM to 0.2 uM; JP 7-108: 500 uM to 0.1 pM)
to generate an inhibitor concentration versus enzyme activity curve. Assays were
repeated for each compound in three separate assays each performed in duplicate.

Individual dose—response curves were generated, and ICso values were determined
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using GraphPad Prism version 5.00 for Windows, (GraphPad Software, San Diego

California USA) and reported as Mean = SEM (n=3).
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Chapter 3: Results and Discussion

3.1 Development of homology models of PI3KC2p: insights
for the development of isoform-selective inhibitors of

PI3KC28

3.1.1 Introduction

In the absence of crystal structures, homology models serve as useful
tools in structure-based drug discovery and drug design. Homology
modelling, also referred to as comparative modelling, utilises
experimentally determined protein structures as templates to predict the
three-dimensional structure of the target protein with a similar amino acid
sequence. Development of a useful homology model can aid in
understanding the structural features. This study focusses on the
generation of a homology model of PISBKC28 to understand the key
structural attributes that could aid in the rational design of class II

PI3SKC28 inhibitors.

3.1.2 Protein sequence comparison of human PI3Ks to identify
a suitable template protein for development of homology

model of PI3BKC2f

The quality of homology models relies heavily on the sequence
similarity between the primary target sequence and the sequence of the

template protein. Therefore the initial step is to identify the proteins with

105



available three-dimensional structures that are related to the target
sequence [254]. The protein sequences of the catalytic domains of the eight
human isoforms of PI3Ks were compared to identify a suitable template for
developing a model of PISKC2B. The protein sequences of the overall
catalytic subunits of the class I and III PI3Ks were used to compare the
sequences. CLUSTAL-Omega, software available from European
Bioinformatics Institute (EMBL-EBI) was used for sequence alignment

[149].

The sequence comparison of the eight human PI3K sequences
revealed that PIBKC2B shares highest sequence identity with the other
class IT PISK members PISKC2a (47%) and PISKC2y (36%) (Table 3-1).
Against the remaining isoforms, the homology is ~ 28% (Table 3-1). The
results of the alignment are shown in Appendix 5.

Table 3-1: Sequence identity of the catalytic sub-unit of PI3KC2f with the catalytic

subunits of the eight human PI3K isoforms.

Class Enzyme (catalytic sub-unit) Sequence identity (%)
p110a 28.54
p110B 27.5
Class |
p1106 27.25
p110y 28.5
C2a 46.96
Class Il
C2y 36.25
Class i hVps34 27.72
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A sequence identity greater than 30% is generally accepted as the
requirement for developing efficient homology models [254]. However, as
none of the proteins with available X-ray structures share greater that 30%
1dentity, it was decided to examine a suite of structural templates. The
templates chosen included class IA PI3K p110aq, class IB PI3K p110y as well
as a class III PI3K structure. Templates were chosen to represent both apo
(without ligand) and holo (with a ligand) structures to compare the

influences of ligand-induced changes in the binding pocket.

Two homology models were developed based on the crystal structures
of class I A PI3K p110a. The first homology model (model 1) was developed
using the co-ordinates of apo-PI3K p110a (PDB: 4TUU) as a template [255].
The second model (model 2) was developed using the co-ordinates of murine
PISK pl110a in complex with the inhibitor PIK-108 (PDB: 4A55) as a
template. A notable feature in template PDB: 4A55 is that the binding of
ligand PIK-108 induces a conformational change in one of the key residues
(Met702) in the binding pocket of class I PI3Ks by opening up the binding
pocket to accommodate the ligand [256]. For class IB PISK p110y again, two
models were generated using the apo and holo structures (model 3 and
model 4 respectively). The apo structure (PDB: 1E8Y) was one of the first
PI3K crystal structures and exhibits a high resolution of 2 A [257], and the
holo structure consists of a PI3K p110y bound to a selective PI3K p110y

inhibitor AS605240 (PDB: 2A5U) [258].
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Model 5 was developed using the co-ordinates of the only human class
III PI3BK crystal structure available (PDB: 3LS8) (Tresaugues et. al,
unpublished data; DOI: 10.2210/pdb3ls8/pdb). Notably, the class III PISK
has, in common with PISKC2B, a Phe residue in the binding site aligned
with the methionine residue (Met702) described above which is common to

class I PI3Ks.

In conclusion, five homology models were generated based on the
three sub-classes of PISK (Class I A and IB as well as class III). Each of the
generated homology models was assessed using Ramachandran plot
analyses and the backbone phi and psi angles were found to be in the
expected regions. A summary of the templates used for the generation of

homology models is presented in Table 3-2.

Table 3-2: Five homology models developed using the co-ordinates of available crystal
structures of class I and class III PI3Ks. The templates were chosen based on the

resolution of the structure, presence of the ligand and differences in the binding site.

Homology PDB Crystal Resolution Ligand

Model 1D Structure

Model 1 ATUU PI3KpllOa 2.6 A None (Apo structure)

Model 2 4A55  PI3Kpll0a 3.5 A PIK-108

Model 3 1ESY PI3KpllOy 2.0A None (Apo structure)

Model 4 2A5U PI3Kpll0y 2.7 A AS605240

Model 5 3LS8  hVps34 2.2 A 3-[4-(4-Morpholinyl)
thieno[3,2-d]pyrimidin-2-
yl]-phenol

The five generated models all appeared to be plausible at the level of
tertiary structure and in fact exhibited high similarity to each other with
an RMSD <3A, varying largely only in the loop regions (Figure 3-1). The
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binding pockets of the five models were also quite similar to each other with
only slight movement of the protein backbone. Model 5, based upon the class
IIT Vps34 showed a distinct difference in conformation at the hinge which
also manifested as a displacement of the residue Glu1136 (Figure 3-1). One
of the residues, Phel057 exhibited different conformations across the five
models, consistent with the variable positioning of the corresponding

residue in the template proteins.

)
Model 1 Model 2 Model 3 Model 4 Model 5
Model1 |0A 1.36 A 1.77A 1.69 A 1.61A
Model 2 |1.36A 0A 2.36 A 2.31A 1.30A
Model3 |1.77A 2.36 A 0A 0.54 A 1.67 A
Model4 |1.69A 2.31A 0.54 A 0A 1.86 A
Model 5 |1.61A 1.30A 1.67A 1.86 A 0A

Figure 3-1: The five generated homology models : A) Superimposition of the five
models (models 1: blue, model 2: magenta, model 3: green, model4: yellow and model 5:
orange). The overall structure is conserved in all the generated models with a few
differences in the loop regions. B) Close-up of the binding pocket of PISKC2 shows
different conformations of the residues. For clarity, only the residues that vary are shown.
The hinge loop also exhibits a minor movement only in model 5 as shown. C) The RMSD
values of the models when superimposed on each other indicate that the models are quite

similar to each other.
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A number of non-conserved residues in the binding pocket of class I
PI3Ks have been shown to contribute to the isoform selectivity of inhibitors
within the Class I isoforms, while others are conserved across the series.
[259], Sequence analysis of the corresponding residues in all eight human
PI3K isoforms reveals that some residues are conserved within class I
PI3Ks, but they vary in class II and III isoforms. The non—conserved
residues lining the ATP-binding pocket may contribute to the differences in

ligand binding affinity or isoform selectivity (Figure 3-2).

Table 3-3: The non-conserved residues in binding site of the eight mammalian PI3K

isoforms

PISK  |Region 1 Region 2

Isoform 1136 1138 1140 (1056 1057 1058 1061 1064 1065
PISKa |H Q I M A K R A
PISKB |E I D Y M K M K A
PISKS |D I N F M K M K A
PISKy [T I K \Y M K K K A
PISKC2a/D L Q F F N A \Y K
PISKC2B|E L K Y F N A \Y% K
PISKC2y|V L K Y F N A L K
PISKC3 |P A \Y L F K L M Q
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Asp753

Region 2
7| (P-loop)

Met752

- Ly51140
) Asn836

Figure 3 2: Close -up of PI3KC2[3 blndlng pocket. A) The binding site of PI3KC2f3 (model
3 shown) superimposed on the crystal structure of PI3K p110y in complex with ATP. Some
of the residues belonging to region 1 (1136-1140 in PI3KC2f}) and region 2 (1057-1065) as
shown are believed to confer selectivity. B) The non-conserved residues belonging to
region 1 and region 2 are shown in the text boxes. The residues in black text boxes
correspond to the residues in the crystal structure of PI3K p1106 (PDB: 2WXL).

The P-loop, which is believed to associate with the phosphates of ATP,
is quite heterogeneous among the PI3Ks. This loop (also referred to as
region 2 in previous literature [260]) has been previously shown to be
flexible when binding to ATP and other ligands [260]. Two key residues in
the P-loop (Met752 and Trp 760 in class I PISK 6) are modified in class II

PI3Ks and replaced with a phenylalanine and a lysine respectively (Figure

3-2).

3.1.3 Docking of known PI3KC2f inhibitors into homology
models

Molecular docking was used to assess the ability of the five generated

PISKC2B8 models to recapitulate likely binding poses of ligands previously
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co-crystallised with other isoforms. The key assertion was that potent
inhibitors would adopt the same binding pose in PI3KC28 as in Class I or

Class III enzymes for which they also held activity.

Six PI3K inhibitors (PIK-90, PIK-93, PIK-108, PI-103, ZSTK-474
and LY294002) were selected for docking simulations based on the
availability of crystal structures of these inhibitors co-crystallized with
either class I or class III PI3Ks, also noting differences in the inhibitory
potencies at PISKC2B as well as their structural diversity. We wanted to
1dentify which if any of the homology models could accommodate ligands
that inhibited PISKC28 in a similar binding mode to the available crystal

structure.
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Table 3-4: List of the selected inhibitors chosen for validation.

Inhibitor PI3KC2f3 PDB

Structure
ID
PIK-90 0.064 2CHX OMe
Nx OMe
oS
HN ™
(e}
PI-103 0.026 41.23 (5
N—© A
7 \_J °N
=
/b/OH
PIK-93 0.14 2CHZ OH
HN\/SP Is\ NH
Cl ©
ZSTK-474 0.180 2WXL @
N
TSNP
>§N
N F
I
-
L.Y294002 10.4 1E7V ?
98
O
A 3
PIK-108 > 100 4A55 2

3.1.3.1 Molecular docking studies in the homology model of PI3KC2f3
Each of the selected compounds was docked in the binding pocket of

each of the generated homology models and are discussed individually here.
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3.1.3.1.1 PI-103

Among the set of inhibitors chosen in the study, PI-103 exhibits the
highest inhibition of PISKC2B8 with an ICso of 26 nM comparable to its
potency at PISK p110a (ICso of 8 nM). In the crystal structure in PISK p110a
(PDB:41.23), PI-103 adopts a flat conformation and the hydroxyl group of
the phenol moiety interacts via H-bonds with an aspartyl residue of the
affinity pocket [261]. Docking studies of PI-103 in the binding pocket of
PISKC28 revealed that the binding pose of PI-103 (Figure 3-3) in the active
site was similar to the crystal structure in only two of the generated models
model 1 and model 5 (RMSD 1.32 and 2.09 A respectively). Interestingly, in
Model 1 the acidic phenol group sat in the affinity pocket but was flipped to

Interact with a lysine residue.
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Figure 3-3: Docked poses of PI-103 in the five generated models and the crystal
structure. A represents PI-103 co-crystallized in PI3K pl110a (PDB: 4L23). B to F
(clockwise) represent the PI-103 docked in model 1: blue, model 2: magenta, model 3:

green, model 4: yellow and model 5: orange.

3.1.3.1.2 PIK-90

PIK-90 is a potent inhibitor of all PI3Ks and inhibits PI3KC28 with
an ICso of 64 nM. Docking studies of PIK-90 in the five generated homology
models revealed that model 1, model 2 and model 5 were able to present
PIK-90 in a similar orientation as the reported crystal structure with RMSD

values of 1.95 A, 1.76 A and 1.45 A respectively.
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In the co-crystal with PISK p110y (PDB: 2CHX), PIK-90 makes a
hinge interaction via its imidazole nitrogen and extends its 3-
pyridinylcarboxamide deep into the affinity pocket. Docked into model 1, 2
and 5, the same interactions are produced. Models 4 and 5 show flipped

poses, with no strong interaction with the affinity pocket (Figure 3-4).

Figure 3-4: Docked poses of PIK-90 in the five generated models and the crystal
structure. A represents PIK-90 co-crystallized in PI3K pl110y (PDB: 2CHX). B to F
(clockwise) represent the PIK-90 docked in model 1: blue, model 2: magenta, model 3:

green, model 4: yellow and model 5: orange.
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3.1.3.1.3 PIK-93

PIK-93 has an IC50 of 140 nM versus PISKC2B compared to 16 nM
versus PI3K p110y, with which it has been co-crystallized (2CHZ). Docked
into the five generated homology models, a comparable pose to the crystal
structure was achieved only in model 4 and model 5 with an RMSD of 2.5 A
and 1.64 A (Figure 3-5). It is important to note that model 4 was originally
built from the co-ordinates of 2CHZ, illustrating the ability of the homology
model to template the parent ligand’s binding site. The other three models
failed to reproduce the crystal structure and exhibited high RMSD values

(>10 A).
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Figure 3-5: Docked poses of PIK-93 in the five generated models and the crystal
structure. A represents PIK-93 co-crystallized in PI3K p110y (PDB: 2CHZ). B to F
(clockwise) represent the PIK-93 docked in model 1: blue, model 2: magenta, model 3:

green, model 4: yellow and model 5: orange.

3.1.3.1.4 ZSTK-474
ZSTK-474, a selective pan-class I PISK inhibitor is a moderately
potent PISKC2B inhibitor with an ICso of 180 nM. The ZSTK-474 bound in

the crystal structure (PDB: 2WXL) consists of the benzimidazole group
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extending into the affinity pocket [262]. The outputs of ZSTK-474 docked in
the five generated models failed to reproduce the pose of ZSTK474 found in
the crystal structure with the exception of homology model 1 which was able
to imitate the crystal structure (from PISK p1106, PDB 2WXL) with an
RMSD of 1.21 A (Figure 3-6). An interesting feature of these docking results
1s the apparent unwillingness of the models to accommodate the
benzimidazole moiety in the affinity pocket. It should be noted that the first
reported docking studies of ZSTK474 into Class I isoforms (PISK p110y)
equally failed to replicate the mode of binding shown crystallographically

[263].
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Figure 3-6: Docked poses of ZSTK-474 in the five generated models and the crystal
structure. A represents ZSTK-474 co-crystallized in PI3SK p110a (PDB: 2WXL). B to F
(clockwise) represent the ZSTK-474 docked in model 1: blue, model 2: magenta, model 3:

green, model 4: yellow and model 5: orange.

3.1.3.1.5 LY294002
LY294002, another pan-PI3K inhibitor also inhibits PI3KC28 with
an IC50 of 10 uM. Docking studies of LY294002 in the five models resulted

in similar binding of the docked poses to the crystal structure for models 1,

3 and 5 with RMSD 0.73 A, 0.48 A, 1.95 A (Figure 3-7).
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Figure 3-7: Docked poses of 1.LY294002 in the five generated models and the crystal
structure. A represents LY294002 co-crystallized in PI3K p110y (PDB: 1E7V). B to F
(clockwise) represent the L.Y294002 docked in model 1: blue, model 2: magenta, model 3:

green, model 4: yellow and model 5: orange.

3.1.3.1.6 PIK-108

PIK-108 does not inhibit PI3KC2B so in principle acts as a negative
control and should not be able to dock readily into any of the models.
However, it was revealed that models 3, 4 and 5 could accommodate PIK-
108 in a comparable pose to the crystal structure of class I PISK p110a (PDB
4A55). The obtained RMSD values of the PIK-108 docked in model 3, 4 and
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5 were found to be 2.23 A, 1.69 A and 2.13 A respectively. Note though that
the placement of the pendant phenylaminoethyl group, crucial to its potent
PI3K p1108 selectivity is not reproduced. Indeed model 2, which templates
the PI3K p110a-PIK108 co-crystal, failed to generate poses that matched

the crystal structure as shown in Figure 3-8.

Figure 3-8: Docked poses of PIK-108 in the five generated models and the crystal
structure. A represents PIK-108 co-crystallized in PI3K pl110a (PDB: 4A55). B to F
represent (clockwise) the PIK-108 docked in model 1: blue, model 2: magenta, model 3:

green, model 4: yellow and model 5: orange.

In the crystal structure, binding of PIK-108 induces a conformational

change of methionine (Met772) residue in the active site opening up a
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specificity pocket in class I PI3Ks (Figure 3-9). Replacement of the
methionine residue with a bulky and rigid residue such a phenylalanine

may contribute to the profound loss of binding affinity.

’Asp933 I

Affinity
Pocket

’ { Trp780

Selectivity
Pocket

Figure 3-9: PIK-108 (magenta) induces a conformational change in the one of the
residues Met772 in the binding pocket of class I PI3Ks (PDB: 4A55) by forming a selectivity
pocket.

The results of these collected docking experiments, show that the five
models have a differing capacity to accommodate binding of PI3KC28
inhibitors (Table 3-5) in spite of what appeared to be only modest differences
between them (as measured by RMS calculations). Of the five models,
model 5 based on the co-ordinates of class III hVps34 was able to
recapitulate the bound ligands in crystal structure for five out six inhibitors

tested; the only exception was ZSTK474.
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Table 3-5: Docking summary of the validation studies of the six inhibitors (RMSD

cutoff 3 A).
MODEL MODEL MODEL MODEL MODEL
1 2 3 4 5

PI-103 YES NO NO NO YES
PIK-90 YES NO NO NO YES
PIK-93 NO NO NO YES YES

ZSTK-474 YES NO NO NO NO
LY294002 NO YES YES NO YES
PIK-108 NO NO YES YES YES

This is somewhat surprising, given that the poses of ligands to be
matched were in general derived from Class I co-crystals. Based on these
results, it seems important that the Class II and III isoforms appear to have
more in common at the catalytic site, than can be derived from measuring
percentage homology. Pivotally, it would seem that the correct presentation
of the phenylalanine residue (F1057), shared by both class II and class III
PI3Ks but aligned to a methionine in class I PI3Ks, plays a vital role in the
ability of ligands to bind PISKC2B. The placement of the phenylalanine
residue in model 5 (which is based class III hVps34) might be contributing
to the binding poses with low RMSD to crystal structures. This also
highlights the possible importance of this particular residue in the

prospective development of new PI3SKC28 inhibitors.

Equally it would appear that the ability for ligands to access the
affinity pocket of PIBKC2B is a feature that might determine binding or
otherwise. Typically, unsuccessful docking (with respect to matching the x-

ray pose) was associated with the absence of any strong interaction with the
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affinity pocket. This is suggestive that there may be a key difference
between class I PI3K and PISKC28 in the affinity pocket that could dictate

affinity.

3.1.4 Molecular docking of PI-701 and PI-702: insights into
development of isoform-selective inhibitors of PISKC2f
Recently, two inhibitors, PI-701 and PI-702, were reported that

selectively inhibit PISKC2B [250]. While only moderately potent, the

selectivity they show i1s an important benchmark for the development of

Class II inhibitors. These compounds show structural analogy to P1103 and

related compounds, but possess a 6-acetamidoquinazoline scaffold. Based

on the analogy to PI103 and related compounds, it was initially
hypothesised that the naphthalene sulphonamide group of PI-701 and the
benzene sulphonamide of PI-702 would occupy the affinity pocket,
mimicking the phenol group of PI-103. The assumption then would be that
these bulky groups would be accommodated in PISKC2B but not class I

PI3K.

In an attempt to understand the reasons for the selectivity shown by
these inhibitors, both (Figure 3-10) were docked in homology models of

PI3KC2B8 (model 5), being the most reliable model from the study above.

The obtained docking results were quite different to that expected, in
that the binding pose is flipped by comparison to PI103, with the
acetamidophenyl group occupying the affinity pocket of PISKC2B and
making hydrophobic interactions with the residues lining the affinity
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pocket. The morpholino group makes the expected backbone interactions
with the Ile1125 residue lining the hinge region. The sulphonamide on the
other hand now projects away from the catalytic site with sufficient space
to accommodate even a bulky naphthyl ring. The docking poses of PI-701
and PI-702 were similar to each other with differences only in the phenyl
and naphthyl groups (Figure 3-11).
o
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OH PI-702 (R = Phenyl)

Figure 3-10: Chemical structures of PI-701, PI-702 and PI-103
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Glu1136
lle1132 ,

Phe1057

Figure 3-11: The docked poses of PI-701 (orange) and PI-702 (green) superimposed on
PI-103 in magenta as shown in (a). The morpholino oxygen of both PI-701 and PI-702
interacts with residues of hinge region similar to PI-103.(b) Interactions of PI-701 (orange)

and PI-702 (green) in PI3KC2p.

As compared to PI-103, the acetamidoquinazoline of PI701 and P1702

have more capacity to fill the affinity pocket than the corresponding
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benzothiophene group. The acetamido group of the both the inhibitors
interact with Asp1091, a conserved residue via hydrogen bonding. The
sulphonamide groups of PI701 and PI702 are able to engage in hydrogen
bonding with a non-conserved residue Glu1136. Of the other PI3K isoforms,

that Glu is present only in PI3K p1108.

In summary, the molecular docking studies of PI701 and PI702,
suggest that these molecules derive their unique selectivity profile via the
combination of a unique interaction with the PISKC2B affinity pocket and
a relatively selective interaction with the Region 1 binding site glutamic
acid residue. These findings could be supported by further analogue design

and may drive the design novel and more potent and selective inhibitors.
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3.2 Inhibition studies of class I PI3K inhibitor ZSTK474

and its structural analogues against class II PI3KC2[3

3.2.1 Introduction

The class IT PIBKC28 1s upregulated in cancers such as epithelial cell-
derived cancers, acute myeloid leukemia (AML), brain tumors and
neuroendocrine tumors [220, 234, 235] and compounds inhibiting PI3KC28
are of therapeutic interest. Most of the existing PISKC28 inhibitors have
been identified as off-targets while screening for compounds that inhibit

Class I PI3Ks. Consequently, there are only two known selective inhibitors

of PI3KC28 [250].

As described in the previous section, molecular modelling using
docking into a PI3KC2B8 homology model had identified the affinity pocket
of the catalytic site as a region that might engender selective interactions.
We had hypothesized that the selectivity shown by compounds PI701 and
PI702 had its origins in a specific ability to bind the PISKC28 affinity

pocket.

To further our understanding of the role of the affinity pocket in
dictating selectivity for or against PI3KC2B, structure activity of ZSTK474
analogues against PI3KC2B was attempted. In our laboratories, numerous
structural variants on the difluorobenzimadazole moiety of ZSTK474 had
been prepared and were available to study. In order to conduct the study,

we needed to prepare and characterize recombinant PI3KC28.
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The Bac-to-Bac baculovirus expression system was utilised to express
the PISKC2B using insect cells. This system has been previously established
for successful expression of class I PI3Ks by our lab and also offers various
advantages over bacterial/yeast expression systems in terms of protein
folding and posttranslational modifications like disulfide bonds and has
higher expression compared to mammalian cells [264]. The first step
involved generation of a recombinant vector. The insect cell expression
vector pFastBac (HTC) was chosen as vector to harbour the PI3KC28 insert.
The pFastBac vectors are non-fusion vectors which have been identified to
yield higher levels of expression (compared to other vectors) and facilitate
easy transfer of the gene of interest into bacmid DNA. DH10Bac, a
particular strain of E. coli was used in the production of the recombinant
bacmid DNA. The DH10 Bac cells harbor a baculovirus shuttle vector
(bacmid) and helper plasmids that are involved in the transposition reaction
resulting in the generation of a recombinant bacmid. The recombinant
bacmid was then used to infect insect cells (Sf9) in order to generate

baculovirus for subsequent expression of the recombinant PISKC28 protein.

3.2.2 Cloning, expression, purification and Characterization

of PI3KC28

3.2.2.1 Generation of recombinant vector consisting of PI3KC2f
insert
The pcDNA3 plasmid containing the PISKC2B insert was obtained

from Dr Alexandre Arcaro (University of Bern, Switzerland) and subjected
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to restriction enzyme digestion by EcoRI and Xbal to isolate the PISKC28
insert. Since the pcDNAS3 vector and the PI3KC28 insert are the same size
(~5 kb), a second digestion with Rsrll, which cleaves only the pcDNA3
vector was carried out to facilitate gel purification of the PI3KC28 DNA

fragment as described in Section 2.2.1.3 and 2.2.1.4.

The gel-purified PI3KC28 DNA and the pFastBac HTC vector were
digested with EcoRI and Xbal and analysed on an agarose gel (see section
2.2.1.5). Both purified DNA fragments were of the expected MW of
approximately 5 kb. Subsequently the PISKC28 insert was ligated into the
pFastBac plasmid using T4 DNA ligase and transformed into DH5a
competent cells followed by isolation and purification of the recombinant

plasmid (Section 2.2.1.6).
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Figure 3-12: Agarose gel confirming the MW of the PI3KC2p insert and the pFASTBAC
HTC. The insert and vector were digested with EcoRI and Xbal and analysed using

agarose gel to confirm the MW of about 5kb.

The PISKC28 insert was successfully sub-cloned into pFASTBAC
(HTC) vector which incorporates a N-terminal His-tag. To confirm, an
EcoR1/Xbal double digest was performed to release the expected 5kb
fragment of PI3KC2B and analysed on an agarose gel (Figure 3-12). The
nucleotide sequence of the insert was confirmed to encode a full-length

protein with no errors using DNA sequencing.

3.2.2.2 Production of baculovirus containing the PI3KC2f insert
To express PI3KC2B in insect (Sf9) cells, bacmid DNA was generated

by transforming DH10Bac cells with pFastBac HTC vector containing the

132



PI3KC28 insert (Section 2.2.2.2). DH10Bac is a particular strain of E. coli
encompassing a baculovirus shuttle vector (bacmid) which can be
propagated in both E. coli and insect cells. The successful uptake of the
insert by the DH10Bac cells was analysed by blue/white colony screening
as well as PCR analysis. Due to difficulty in obtaining full-length product
(large size of the product can lead to a decrease in the PCR efficiency), an
internal oligo was used (please refer to methods Section 2.2.2.5 for details).

The PCR products were run on agarose gel and confirmed the presence of

the PI3BKC28 insert at expected MW of 5kb (Figure 3-13).

Figure 3-13: Agarose gel confirming the presence of the recombinant bacmid
containing PISKC2f3 in the samples. The PCR products using the primer PT18 and an
internal oligo PT46 were analysed on an agarose gel (Samples 1 — 4, Lanes 2-5) and were

at the expected MW of around 5Kb.

Bacmid DNA was used for expression by transfecting Sf9 cells with

bacmids DNA using Cellfectin reagent for efficient transfection of insect
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cells. The baculovirus stocks were amplified in order to obtain a high titre
recombinant baculovirus for infecting the Sf9 cells for protein expression as
described in Section 2.2.3.6. The quantity of the viral titre was tested by
plaque assay and was found to be 4.5 X 108 pfu/mL which lies in the optimal

range as specified by Bac to Bac expression system manual (Invitrogen).

3.2.2.3 Expression and purification of PI3KC2f

To optimise the expression of PISKC28, several variables were tested
related to the production and purification protocols. Firstly, small scale
cultures were used to determine the amount of P3 virus (Section 2.2.3.6)
required for optimum expression of the PI3SKC28. Initial tests included
using 250 pL, 500 pLL and 1 mL of P3 virus per 10 mL culture. However, the
small scale expression did not yield any detectable band using SDS-PAGE.
However, a band corresponding to PISKC2B could be visualised using
Western blotting with a PISKC2B-specific polyclonal antibody. To verify the
quality of virus plaque assays were performed and found to be 4.5 X 108
pfu/mL. A larger scale expression was set up by adding 30 mL P3 virus to
200 mL culture and a faint band corresponding to PISKC2B could be

visualised.

To enable further scale up, 1 L culture was set up to express PISKC2f3
however there was no significant improvement in protein expression. This
could be due to poor aeration in the flask used for scale up. A truncated

version of PI3BKC28 (155-end) was also expressed in an attempt to increase
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the yields, however, there was no noticeable increase in PI3SKC2pB

expression.

At the end of optimisation trials, it was decided to use a 400 mL
culture of Sf9 cells with 40 mL virus added at a multiplicity of infection
(MOI) of 5.2 (Section 2.2.4). The presence of an N-terminal His-tag on the
PISKC2pB protein enabled a one-step purification using Ni-NTA affinity
chromatography. The cell extract containing recombinant PISKC28 was
loaded onto the Ni-NTA resin, extensively washed and eluted from the resin

using Imidazole (350 mM). 0.5 mL fractions were collected and analysed by

SDS-PAGE as described below.

3.2.2.4 Electrophoresis and immunoblotting

The purity of the obtained eluted fractions containing PI3KC28 was
analysed using SDS-PAGE and staining with Coomassie blue (Figure 3-14
A). This revealed the presence of PISKC28 in two of the eluted fractions;
however, there were numerous contaminant proteins also present in the
sample. The presence of these contaminant proteins is a reflection of the
low expression level of the PIBKC2B protein. The purity of full-length
PISKC2B purified was also found to be low (around 15% by SDS-PAGE
using GelAnalyzer software) despite using the 6-His tag. The molecular
weight of the PIBKC28 was calculated to be 188 kDa (expected 186 kDa)
from the SDS-PAGE by using the Rf (relative migration) of the protein
standards and generating a calibration curve of Rf versus log MW. Western

blot was also carried out to validate the presence of PI3BKC28 using a rabbit
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anti-PISKC2B as primary antibody (Figure 3-14B) and indicated a
molecular weight of 184 kDa. In conclusion, the protein purified was

confirmed as PISKC28 by SDS-PAGE and Western blot.
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Figure 3-14: Coomassie stained SDS-PAGE gel and Western blot of purified PISKC2[3.
SDS-PAGE (A) lanes 2 and 3 (Elute 1 and 2) showed a higher molecule weight band (top
band - marked with an arrow) corresponding to expected MW of PI3KC2f (expected 186
KDa). To confirm the identity of PI3KC2f, the gel was probed in an immunoblot (B) using
rabbit anti-PISKC2f antibody confirming the presence of PISKC23 at the MW of around
184 KDa.

Despite best efforts to obtain higher yields including multiple new
transfections, expression of the truncated PISKC2B8 containing only the
catalytic domain and various scale up volumes (50 mL, 400 mL and 1.5 L),
the expression levels were comparatively lower than the class I PI3Ks

(based on results of previous work by our group). Commercially available

preparations of PISKC2p protein have had similar levels of purity from one
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step purifications. For example, the Millipore full-length his tagged PI3K
C2B protein has a purity of only 40%. The large size of the protein might
contribute to the low expression. Further purification to yield cleaner
product was precluded by low yields of the protein. It is also possible that
PI3KC2B-interacting cellular proteins were co-purified in the procedure.
The other major bands in the gel could be identified using mass

spectrometry to further optimise the purification.

3.2.2.5 Enzymatic characterization of PI3KC2[

The purified fractions of PISKC2B were dialysed as described in
Section 2.2.7 to remove the imidazole that interferes with PI3K enzyme
activity. The fractions were stored in aliquots containing 1 mM DTT and
20% (v/v) glycerol at -80°C until used for the enzyme assay To verify the
catalytic activity of PISBKC2B, a luminescence-based kinase assay was
carried out (Section 2.2.7). PI3Ks catalyse the phosphorylation of various
phosphoinositols in the presence of Mg and ATP. The amount of ATP
remaining after the kinase reaction directly correlates to the luminescent
signal as determined by the reaction of ATP with a luciferase and a

luminescent substrate. Luminescence is inversely related to kinase activity.

The enzymatic activity of PISBKC2B was measured using class I PI3K
pl10a as a positive control. Although the expression levels of purified
PISKC28 were found to be lower than class I PI3Ks, it showed higher
activity towards PI at different dilutions tested compared to Class I PI3K

p110a (Figure 3-15). However, this may be attributed to the fact that PI
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has been identified as the natural substrate for class II PI3Ks whereas the
class I PI3Ks prefer PIP2 [230, 265, 266]. Since the enzyme activity was
found to be linear with respect to enzyme activity up to the addition of the
equivalent of 1 uL of the enzyme, all subsequent assays used less than this
in order to maintain the linear relationship between activity and amount of

enzyme.
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Figure 3-15: Enzymatic activity of PI3KC2f3 and PI3K p110a measured using luminescence
(RLU- relative luminescence units) vs. ATP consumption assay. The purified PI3KC2[3
(Blue circles) showed a volume-dependent increase in activity using PI and ATP as
substrates at all volumes tested (0.5 to 2 uLi). The activity is compared to class I PISK p110a

(Red squares) which was used as a positive control.
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3.2.3 Inhibitory activity of ZSTK474 against the class II

PI3KC2p
ZSTK-474, a potent class I PI3K inhibitor of class I PI3Ks was reported
to moderately inhibit PI3SKC2B8 with an ICso of 180 nM based on a study by

Kong et al. [267].

The potency of ZSTK-474 inhibition was tested against PISKC28
using the PI3K luminescent assay. As shown in Figure 3-16, ZSTK-474
inhibited PISKC2B in a dose-dependent manner, and the ICso value was

calculated using non-linear regression analysis.

Inhibition by ZSTK-474

- PI3K «
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Figure 3-16: Determination of ZSTK-474 inhibition of PI3K activity as measured using
a luminescent ATP consumption assay with PI as the substrate. Using a curve of inhibitor
concentration versus enzyme activity ICs0 values were calculated as described. ICso
values for PI3K p110a (Blue circles, IC50 = 33.5 nM) and PISKC2p (Red squares, IC50 = 142
nM) were determined from duplicates of three independent assays (n=3, values

represented as mean = SEM).

The inhibition potency of ZSTK-474 was also tested against class |

PI3K pl110a and was found to be consistent with the previously reported
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data [267], and the dose-response curve is also shown in Figure 3-16. ZSTK-
474 inhibits PI3K p110a with an ICso of 33.5 nM and PI3SKC28 with 1Cso of
142 nM. Although, ZSTK-474 exhibits 4-fold more potent inhibition for
PISK p110aq, it presents a promising lead for drug design of novel PI3KC28

inhibitors.

3.2.4 Inhibitory activities of ZSTK-474 analogues:

In previous work, our group had examined the structure activity of
ZSTK474 with respect to the difluorobenzimidazole group and have
examined a number of structural variants. The eleven structural analogues
of ZSTK-474 (structures shown in Figure 3-17) were tested for their
inhibitory potencies against PIS3KC28, and their selectivity profiles were

compared against class I PI3K p110a.

In an initial screen of compounds at 10 uM, the influence of substitution
on potency was readily apparent. Potencies ranged from a maximum of 73%
to 5% inhibition, noting that all the compounds were less potent than

ZSTK474 at that dose (~80% taken from Figure 3-18).

JP 7-126 showed the highest inhibition of ~70% against PISKC26,
followed by JP 7-42 with ~ 60% inhibition of PI3KC28. Compounds JP 7-
160, JP 7-92, JP 7-108 has no or little inhibition towards PISKC28. The
remaining six compounds had weak/moderate inhibition of PISKC2B with

their inhibition percentages ranging from 18% - 37%.
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The same eleven compounds were tested against PISK p110a. All the
compounds showed superior inhibition at PISK pl10a with inhibition
percentages ranging from 39% - 80% but there appeared some variations in
selectivity at this one dose. Compound JP 7-118, which exhibited moderate
inhibition of PISKC28 at 30%, was found to be highly selective towards
PI3K p110a with more than 90% inhibition. JP 7-126, which demonstrated
the highest inhibition of PISKC28B, was also found to inhibit PI3K p110a
with 80% inhibition. MM 5-162 had the least inhibition in both the PI3K

1soforms (Figure 3-18).
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Figure 3-17: Chemical structures of the structural analogues of ZSTK-474
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Figure 3-18: Percentages of inhibition at 10uM of the eleven compounds for PI3KC2f (red)
and PI3K p110a (blue) using luminescence assay with ATP and PI as substrate. The graph
generated using duplicates of each point in three separate assays and the inhibitory
percentages are represented as mean = SEM.

Three compounds were chosen for more detailed analysis in dose-
response studies to examine the variation in selectivity attributable to the
structural changes. The phenolic compound JP 7-126 had the highest
inhibition towards PISKC2B among the 11 inhibitors; the sulfonamide JP

7-108 showed low inhibition to PISKC2B. The methoxypyridine, JP 7-118

was selected as it had high potency at PI3K p110a (Figure 3-18).

The ICs0 values were determined for each of the three inhibitors selected as
shown in Figure 3-19. JP 7-126 inhibited both PI3K p110a (44 nM) and
PISKC28 (294 nM), however, displayed a 7-fold higher inhibition of PISK

p110a; JP 7-108 exhibited a 14-fold specificity for PISK p110a (2.3 uM) over
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PIBKC28 (34 uM), and JP 7-118 had a 20-fold n IC50of 0.4 uM towards PISK

pl110a and 8 pM towards PI3SKC28.

As 1dentified in the screen at 10 pM, all compound had a preference
for PISK p110a but the levels of selectivity varied, from ZSTK474 which is

only 3 fold-selective to JP 7-118 which is 20-fold selective.
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Figure 3-19: Determination of inhibitory potency of the ZSTK-474 and three selected
compounds JP7-126, JP 7-118 and JP 7-108 measured using a luminescence vs. ATP
consumption assay with PI as a substrate. A range of inhibitor concentrations were tested
to identify the ICso values using a dose-response curve from duplicates of three
independent assays (n=3, values represented as mean + SEM). The inhibitor JP 7-126
showed 7-fold higher inhibition of PI3K p110a (Blue circles) compared to PI3KC2(3 (Red
squares), JP 7-108 and JP 7-118 exhibited 15- and 21-fold higher inhibition of PI3K p110a

compared to PI3KC2f.
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While not achieving the selectivity for PISKC2B, which was the
ultimate aim of this project, the modified selectivity due to changing the
difluoromethylbenzimadazole substituent of ZSTK474, provides clear
evidence that the affinity pocket can be utilized to alter isoform selectivity.
Most simply, the difluoromethylbenzimadazole group is well tolerated by
both PI3K p110a and PI3BKC2B while the methoxypyridine of JP7-118 is
disfavoured in PI3BKC2B. An attempt to model these compounds in both
PISK p110a and PISKC28 was not successful in identifying any key
differences dictating selectivity. It is possible that the selectivity could be
obtained via various mechanisms and may not be restricted to enzyme
specific amino acids as previously reported by Bergamini et al. [268] in the

case of class I PI3K p110y.
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Chapter 4: Conclusions and future outcomes

The discovery of potent compounds that inhibit the class I PISK
1soforms has fuelled the development of isoform-selective inhibitors and
resulted in numerous clinical candidates and one approved drug. While
there i1s evidence implying a significant role for the class II PI3KC28 in
cancer, little is known regarding its mechanism and role in signalling
pathways. There is a need for the development of PISKC2B selective

inhibitors to understand the physiology and pathology of the enzyme.

This study focussed on identifying the structural features of PI3SKC28
that may play a role in conferring inhibitor selectivity using homology
models while presenting clues to rational design of class II selective
inhibitors. Based on the results obtained, we hypothesize that potent
PISKC2B8 inhibitors could be accessed by targeting isoform-selective
interaction at the affinity pocket and/or non-conserved regions. ZSTK-474,
a potent inhibitor of both class I PI3Ks and PISKC28 which is currently in
clinical trials was chosen as a lead compound for the evaluation of eleven
analogues. The eleven compounds, when tested, showed higher selectivity
towards class 1 PI3K pll0a with moderate PI3KC2B inhibition.
Nonetheless, changes in selectivity upon structural modification show that
there is heterogeneity in the affinity pocket that could be exploited by

further analogue synthesis.

PI-103, NVP-BEZ235, PIK-90 and PIK-93 inhibit PI3KC28 [249] in

nano-molar ranges (26 nM, 44 nM, 64 nM and 144 nM respectively) and
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may be suitable leads in the future analogue design to develop more potent
inhibitors. Analogues can be synthesized by modifying the substituents
occupying the affinity pocket. Modelling studies of PISKC2B selective
inhibitors PI-701 and PI-702 also revealed the importance of non-conserved
residues in imparting selectivity. Further studies could involve site-directed
mutagenesis to validate the role of the non-conserved residues in conferring
selectivity. The knowledge gained from such experiments can bolster design

of potent and selective inhibitors of PISKC2B.
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Appendices

Appendices and PDB files have been attached to this document in a

DVD.
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