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Abstract

The late 20th century marked a phase shift in drug discovery and development by employing
in silico tools that offer advantages for medicinal chemists to visualise molecular interactions
through simulations of drug candidates and targets that coined the term 'molecular modelling'.
Together with advances in development of software, increase in computational power and a
wide range of well-characterised protein crystal structures available, it was possible for
chemists to virtually screen for active drugs. Moreover, the accessibility of compound
libraries gathered saw similarities in drugs and families of compounds that led to the growth
of chemoinformatics that utilises the database information available, which can be applied to
drug discovery and development projects. This thesis covers the bulk of today's drug
discovery and development using in silico methods and its applicability mainly to anticancer

drug candidates.

Phosphatidylinositol - specific phospholipase C (PI-PLC) is a protein that mediates cell
signalling pathways initiated by the binding of an extracellular source/signal to the cell
surface. Previous work provided evidences linking it to cancer progression. The 1H-pyrazole
and 3-amino-thieno[2,3-b]pyridine (AThPs) class of compounds were the products of a
virtual screen conducted earlier that displayed anticancer activities. Similarity approaches
were conducted based on the chemical scaffolds for the two classes which rapidly expanded
the structure activity relationship (SAR) resulted in an additional 717 hits. These were docked
into the PI-PLC binding pocket, the putative target of the compounds, to further focus the
selection. Thirteen derivatives of the AThPs were identified and tested against the NCI160
panel of human tumour cell lines. The most active derivative was potent against the MDA-
MB-435 melanoma cell line with 50% growth inhibition (Glso) at 30 nM. Also, it was found

that a piperidine moiety is tolerated on the AThP scaffold with Glso = 296 nM (MDA-MB-



435) considerably expanding the SAR for the series. For the 1H-pyrazoles, four derivatives
were identified using in silico similarity approach and an additionally ten were synthesised
with various substituents on the phenyl moiety to extend the SAR but only modest anticancer
activity was found. Furthermore, preliminary in silico drug design of the AThPs were
conducted to selectively target the y2-isoform showed dual o-methyl and m-chloro, and single

substituted m-methoxy on the naphthalene moiety as reasonable candidates.

A series of AThPs were also prepared and tested in a phenotypic sea urchin embryo assay to
identify potent and specific molecules that affect tubulin dynamics. The most active
compounds featured a tricyclic core ring system with a fused cycloheptyl or cyclohexyl
substituent and unsubstituted or alkyl-substituted phenyl moiety tethered via a carboxamide.
Low nano-molar potency was observed in the sea urchin embryos for the most active
compounds and was suggestive of a microtubule-destabilising effect. The molecular
modelling studies indicated that the tubulin colchicine site is inhibited, which often leads to
microtubule-destabilisation in line with the sea urchin embryo results. Finally, the identified
hits displayed a robust growth inhibition (Glso of 50-250 nM) on multidrug-resistant
melanoma MDA-MB-435 and breast MDA-MB-468 human cancer cell lines. This work
demonstrated that for the AThPs, the most effective mechanism of action is microtubule-

destabilisation initiated by binding to the colchicine pocket.

The next project demonstrated the use of an in silico docking software to search for active hit
compounds against a drug target. A virtual screen was conducted against phosphatidylcholine
- specific phospholipase C derived from Bacillus cereus (PC-PLCsc) using the ChemBridge
diversity collection of 5 x 10* entities. Literature reports have established a relationship
between PC-PLC activity and cancer progression. The virtual screen was employed in

conjunction with the Amplex Red biochemical assay which identified four different classes of



novel PC-PLC inhibitors: N-phenylbenzenesulphonamide, 2,3,4,9-tetrahydro-1H-pyrido[3,4-
b]indole, 2-morpholinobenzoic acids and benzamidobenzoic acids. The 2-morpholinobenzoic
acids and 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indoles  were confirmed for their
antiproliferative effects; 50% concentration inhibition (ICsp) ~ 1 - 2 uM in MCF7 and MDA-
MB-231 breast cancer cell lines. The N-phenylbenzenesulphonamide and benzamidobenzoic

acids were shown to display more modest activities.

The last project addressed the applicability of known drugs in chemoinformatics. The
Gaussian function was employed to calculate an index that can predict the quality of drug
candidates. 1880 known drugs were collected and analysed for their mainstream molecular
descriptors: molecular weight (MW), octanol-water partition coefficient (log P), hydrogen
bond acceptor (HA) and donor (HD), rotatable bond (RB) and polar surface area (PSA). The
statistical distributions were fitted to Gaussian functions for each of the descriptors and
normalised to 1. This gave a mathematical tool to calculate a score, or an Index, for each
descriptor. Known Drug Indexes (KDI) were derived by summation and multiplication giving
one number for each molecule calculated. The KDI summation gives a theoretical maximum
of 6 whereas the multiplication method results in 1. Both KDIs are advantageous methods in
deriving optimally balanced drug candidates based on the molecular descriptors used with
methysergide, amsacrine and fluorometholone being the best clinically used drugs according

to both methods.
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Chapter 1

The Evolution of Drug Discovery: From
Ancient times to In silico approaches



1.1 Ancient to Modern Drug Discovery

Since ancient times, the concept of alleviating disease symptoms was accomplished by
consumption or applying substances to the body, mainly from plants, plant-derived mixtures
or extracts.! The methods in discovering these ‘forms’ that have various medicinal properties
were unclear but are safe to assume serendipity, empirical observations and trial and error
were the main methods considering the lack of technology.! For example, the discovery of
cinchona plant as an effective treatment for malaria was discovered by observing the
Quechua people living in Peru chewing the bark portion to alleviate malarial symptoms.!
The cinchona bark was soon introduced to Europe in 1638 followed by the isolation of the
bioactive quinine alkaloid in 1820 which became the standard treatment for malaria until

2006.12

It was not until the late 19" and early 20" century that the basis of chemotherapy was
established, many regarded to be the birth of modern drug discovery. ® Paul Ehrlich, a
German physician and scientist, postulated the concept of chemical-receptor interactions that
“chemoreceptors” influences the interactions between chemicals with living cells, i.e.,
chemoreceptors of foreign invading organisms and cancer cells have stronger affinities for
certain chemicals than normal cells. 3 This concept stemmed from Ehrlich’s observation that
different dyes stained various biological tissues at different intensities.> Ehrlich further
postulated that chemicals can selectively target a disease-related organism that if applied
could provide a “magic bullet” killing only that particular organism.> * One of the first
evidence of the “magic bullet” theory was when Ehrlich cured two malaria-infected patients
with methylene blue.* The fact that the patients stayed alive demonstrated selective properties

of the dye against malarial parasites. The first ever recorded drug screen soon followed when



Ehrlich and colleagues screened hundreds of commercially available dyes against mice
infected with Trypanosoma equinum, the parasite responsible for sleeping sickness that leads
to the identification of Trypan red as a potent candidate.l" # Unfortunately, resistant strains
emerged as hindrance to its clinical success. * Nevertheless, the approach was acclaimed to
be the first attempt to discern the relationship between molecular structures and biological
activity.! Ehrlich soon turned his interests to screen arsenic-based drugs against Treponema
pallidum, a spirochete bacterium responsible for syphilis.> * The approach stemmed from the
knowledge that atoxyl, an arsenic-based drug used to treat sleeping sickness in Africa is also
active against spirochetes. # Taking the advantage of chemical modifications as a way to
expand the SAR, Ehrlich and coworkers conducted synthetic studies to provide derivatives
which were screened against rabbits infected with syphilis.* As a result, the potent candidate,
salvarsan entered clinical trials in 1909 and was later introduced to the clinic as an indication

for syphilis.*

1.2 In vitro drug screening

Today, the basic foundation in modern drug screening introduced by Ehrlich is retained with
the only difference being the use of advanced technology and strategies employed. The 20%
century marked a period that phenotypic screening was used for screening drugs in which
changes in phenotypic expressions were studied for biological effects under both in vivo and
in vitro settings. Many drugs were discovered through these approaches including various
anticancer drugs without prior knowledge of their biomolecular targets, e.g., vorinostat,
pomalidomide, romidepsin and lenalidomide.> The setback of using animals or in vivo models
as test subjects became increasingly controversial with issues relating to ethical practices®”’

leading to the development of in vitro cell-based models as the preferential choice prior to



animal testing, e.g., the NCI60 human tumour cell line that was developed in the late 1980s
which consists of 60 human-derived tumour cell lines used for screening potential anticancer
drug candidates.2 However, a disadvantage of employing cell-based assays is that it does not
provide the understandings at the molecular level that underlies the mechanisms of action,
i.e., it is unable to identify specific drug targets. It was not until the late 20" century that
clearer understandings of molecular drug interactions with proteins were more accessible
owing to advances in computational chemistry and biotechnology, e.g., proteins became
much easier to isolate and purify with improved assay techniques. Additionally, drug
screening processes became much more feasible through advances in robotics that allow large
numbers of pre-plated compounds to be screened for biological activity, a process known

today as high throughput screening (HTS).

1.3 Structure-based Virtual High
Throughput Screening

Over the past 30 years, HTS was regarded to be the keystone in drug discovery. Given the
rapid progression of automation and robotics technology, the ease in screening compounds
for biological activity was achieved. However, HTS is limited by its high cost and inability to
unveil information involving mechanistic interactions between the active compound and its
target. Molecular docking offers a solution that allows visualisation of predictive molecular
interactions between compounds and protein targets that can elucidate binding mechanisms.
The boom of the information technology industry in the late 1990s foresaw promising
advances in development of computational power, sophisticated docking algorithms and
software that saw through in silico tools as contributors to the next paradigm shift in drug

discovery. In conjunction with collections of chemical and genetic databases of various drug



targets such as the Protein Databank (PDB)°'° it is feasible to simulate molecular
interactions of drug targets with millions of compounds within short period of time, and to
predict for the bioactivities of compounds against specific drug targets, a process known as
structure-based virtual High Throughput Screening (VHTS). The basic drug discovery and

development protocol using VHTS are shown in Fig. 1.1.

Target of
interest
DOCKING iy’ SEIECTION _'f"t_
verification
Compound
library
Clinical In vivo Lead

trials models

Figure 1.1. The basic flowchart of drug discovery and development protocol using the structure-based virtual
High Throughput Screen.

In a VHTS, well-defined structures of drug targets are essential. Usually, these pre-defined
structures were determined by x-ray crystallography,'* NMR studies? and homology
modelling,*® which are publicly accessible, e.g., the PDB.%° Secondly, ligand collections are
required, usually available from compound databases pre-designed based on its synthetic
accessibility and their drug-like properties.’* Together with a computer and well-established
molecular docking software packages, a VHTS can take effect. One of the main objectives of
a molecular docking software is to predict the binding modes and free binding energies

(AGuinding) Of ligands to a target. The software employs different search algorithms which



perform extensive pose searches that defines complementary fittings between ligands and the

target.

Often, predictive binding energies are represented as scores which are ranked, i.e., top-
ranking scores represent compounds with most favourable affinities for the protein target.
The top-scoring compounds are checked for their chemical stability, toxicity and plausible
binding modes before a final selection of compounds or ‘virtual hits’ are obtained for
experimental testing. Some of the ‘undesirable’ moieties are shown in Fig. 1.2. At this stage,
the “virtual hits” are hypothesised to possess bioactivities. Furthermore, non-specific or
promiscuous molecules should also be considered that typically form aggregates in assays.
These aggregators tend to have higher log P values, lower solubility and are more sensitive to
detergents than deaggregate compounds.'® Thus, detergent-based assays have been suggested

as a way to test for compounds with promiscuous properties.®
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Figure 1.2. Chemical substructures that may cause interference with biochemical assays. (Diagram obtained
from Bologa et al.*")



To identify “real hits”, in vitro testings are required, initially through biochemical assays to
verify affinities against specific protein targets followed by cell-based testing. Potent hits are
taken forward as lead compounds for further development. The early part of development
depends heavily on synthetic and in silico studies to expand the SAR. Quite often, molecular
modelling and organic synthesis are used in conjoint to rationalise drug-design. Toxicity and
selectivity issues must also be addressed, e.g., testing drug candidates using in vivo models
and against a panel of putative biomolecular targets. This is especially important for cancer
chemotherapy in which its success is much hindered by undesirable cytotoxic side effects.

Drug candidates are then further proceeded towards clinical trials.

1.4 Genetic Optimisation for Ligand
Docking

The Genetic Optimisation for Ligand Docking (GOLD) is an automated docking program
developed in the late 1990s that is based on a genetic algorithm, a set of code to solve an
optimisation problem based on genetic information passed on by natural selection.®®* GOLD
is the docking software package used in the projects described in this thesis. It performs
automated docking with full ligand flexibility in combination with partial protein flexibility
within the protein binding site.!® Partial flexibility refers to the rotatable bonds of polar atoms
in certain side chains, i.e., only OH on serine, threonine, and tyrosine and NHs* on lysine.?°
This offered an advantage over softwares such as DOCK that only permitted rigid protein-
ligand docking previously before its transition into flexible protein-ligand docking.?
Furthermore, the docking duration is short as only the binding site of the protein is flexible,
i.e., much longer duration is required for the whole protein to search for all the possible

conformations. The software package comes with four different scoring functions to assess



the fitness of each binding pose: GoldScore (GS),*®*® ChemScore (CS),?*23 Piecewise Linear

Potential ChemPLP?% 24 and Astex Statistical Potential (ASP).

1.4.1 GoldScore

GS comprises of four main terms: protein-ligand hydrogen bonding energy, protein-ligand
van der Waal’s energy, ligand internal van der Waal’s energy and ligand torsional
straining.!®° The four terms are calculated based on molecular mechanics.*®*° The fitness
score is determined by summing all of the energy components.'® GS operates by allowing
poor intermolecular interactions at the beginning of the docking run to allow for better poses

to evolve in the latter.?
1.4.2 ChemScore
CS is an empirical-based scoring function designed to approximate AGyinding that is estimated
using the following equation:
AGpindging = AGg + AGppona + AGerar + AGiipe + AGrg, (1)

The scoring function was derived by fitting a training set of 82 ligand-protein complexes with
known binding affinities against their predicted counterparts.?? The function includes terms
that express the predicted binding affinity at the y-intercept (AGo), hydrogen bonding
(AGhbond), metal-ligand interactions (AGmetal), lipophilicity (AGiipo), and bond flexibility

(AGrot).222 Equation 1 can be rewritten as:

AGbinding =Y + thondPhbond + Ymetalpmetal + YIipoPlipo + YrotProt (2)

Included in these terms are regression coefficients (y). The P terms are functions that estimate

the magnitudes of each type of interaction for a given pose.® The vy coefficients are



multiplied by P terms to give the free energy contribution for a particular binding pose.?
Additionally to AGuinding, Clash interactions and torsional strains are taken into account to

compute the final fitness score.?® 23
1.4.3 ChemPLP

The ChemPLP stemmed from incorporating angle-dependent hydrogen bonding and ligand-
metal interaction terms from ChemScore into the piecewise linear potential (PLP) scoring
function.?? 26 ChemPLP is an empirical-based scoring function used in GOLD and measures
the molecular attractions and repulsions between heavy atoms (non-hydrogens) in proteins
and ligands.?? The types of molecular attractions accounted in PLP are steric and hydrogen
bond interactions.? 22 A few examples of the atom types are given in Table 1.1: Secondary
amines as hydrogen bond donors, oxygen on ethoxy as acceptors, hydroxyl groups function

as both donors and acceptors and carbon are non-polar atoms.?

Table 1.1. Pairwise atomic interaction types used in the molecular recognition model.

Ligand atom Protein atom type
type
- Donor Acceptor Donor and Non-polar
Acceptor

Donor Steric Hydrogen bond | Hydrogen bond Steric
Acceptor Hydrogen bond Steric Hydrogen bond Steric
Donor and Hydrogen bond | Hydrogen bond | Hydrogen bond Steric
Acceptor
Non-polar Steric Steric Steric Steric




Internal ligand torsion and clash terms are included to account for any intramolecular

interactions for each pose.
1.4.4 Astex Statistical Potential

The Astex Statistical Potential (ASP) is a knowledge-based scoring function that incorporated
statistical information relating to the frequencies of various atom-atom interactions between
proteins and ligands from the PDB which contain numerous structures of protein-ligand
complexes.? Statistical potentials are calculated based on protein-ligand complexes in the
PDB that includes 9209 ligands in 5839 proteins.?® Calculating for the ASP fitness is

determined by equation 3 shown below.

ASP Fitness = —C, Y., %, StatScore(p,L,1p;) — Eint — Eciasn 3

The “StatScore’ is the summation over all combinations of protein atoms (p) and ligand atoms
(1) within 6.0 A from PDB database and the distance between p and | denoted by rp.?® Csis
the scaling factor, and the clash and internal energy terms from ChemScore are also
included.?® The clash term prevents proteins and ligands from clashing and the internal
energy term account for intramolecular clashes and torsion forces for reasonable ligand
geometries during docking.?® It is worth noting that there are absences of chemical interaction
terms in ASP such as hydrogen bonding due to the nature of knowledge-based scoring
functions that measures statistical potentials rather than binding affinities, i.e., ASP is more
dependent on the quality of the protein-ligand complex collection in PDB than the other

scoring functions.
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1.5 Similarity searching

The concept of similarity search is based on the idea that structurally similar molecules tend
to have similar properties and activities.?’?® In medicinal chemistry, once an active hit is
confirmed, the strategy can be implemented to search for structurally similar molecules.?’-28
The molecules resulting from the search are expected to exert a similar mode of action.?’-2
Given the luxury and ease of accessibility to chemical databases today, the SAR of an active
hit can be rapidly derived using similarity methods. Perhaps the most common similarity
method in use today is based on 2D fingerprinting.?”-?® The method employs sequences of
bits with a bits set to “0” indicating a missing feature in molecule Aor “1” to indicate the
presence of a particular feature.?-28 The same is applied tomolecule B using b bits and any
common feature between molecule A and B is represented by c bits.. Several similarity
coefficients have been proposed for quantification, the most widely used is the Tanimoto

coefficient (4).%’

Sag = C (4)
at+tb-c

The similarity (Sas) ranges between 0 and 1 in which Sas = 0 indicate no bits in common
between two molecules, whereas Sas = 1 indicates identical fingerprinting representation but

not necessarily the same molecule.
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1.6 Drug-likeness models

Combinatorial chemistry and the use of HTS became one of the key strategies to synthesise
various compounds and to screen for their activities in a short period of time. Yet, significant
small numbers of hits are generated and even fewer enter clinical trials compared to the
number of compounds screened initially. Thus, the issue remained as how to distinguish
drugs from non-drugs? Several approaches have been developed to address this issue.
Perhaps the most famous is the “Lipinski’s Rule of Five” introduced in the late 1990s that
described the distribution of physicochemical properties of orally active phase Il drug
candidates and was therefore assumed to be an indicator for good drug absorption.?® The rule
was widely implemented with numerous successes in the pharmaceutical industry,*® which

suggested a good permeation and absorption if a molecule has:

e MW <500 gmol™
e Log Poctanol/water < 5
e HDs<5

e HAs<10

Other attempts have also been made to define drugs. These included additional
physicochemical properties introduced by Veber et al.3! such as molecular flexibility (RB <
10) and PSA that has 140A? or less,®' density functional theory-derived descriptors,®
development of molecular frameworks®® and side chains,®* integration of structural filters,>-3
and development of drug-like indexes.3° Evidently, efforts have been made to guide
medicinal chemists more towards developing drug-like molecules. This left chemists with the
notion to design improved drug candidates and compound libraries for more efficient screens,

e.g., removal of compounds with toxic moieties from compound libraries (see Fig. 1.2).

12



1.7 Chemical Space

It has been widely accepted that small molecule drugs exert their effect by binding to a
biological target. The number of molecules that are capable of ‘triggering’ an effect is vastly
innumerable raising the question of how many of these molecules are there and how many
can be developed into drugs? This prompted the concept of chemical space to distinguish
different properties of chemicals (see Fig. 1.3). Within the chemical space includes a drug-
like chemical space which consists of all properties of drug-like molecules. These molecules
have characteristics and features similar to drugs. However, they may contain features that
hinder them to clinical success, e.g., weak potency. Thus, other parameters are often
compromised in known drugs or 'Known Drug Space' (KDS) such as toxic moieties and
structures that complement their biological targets, i.e., , the human genome codes
approximately 19,000 to 20,000 different proteins.*® Consequently, this resulted in a

spectrum of drugs in the clinic ranging from very simple to large complex structures.

Chemical Space

Molecular Descriptors

Known Drug Space

Undesirable Moeieties

Figure. 1.3. lllustration of the concept of chemical space. Drug-like chemical space is depicted by the grey area
that excludes moieties and molecular descriptors deemed undesirable in drugs. The red region depicts the
undesirable properties and features that are included within KDS.
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Chapter 2

3-amino-thieno[2,3-b]pyridines and 1H-pyrazoles
as phosphatidylinositol - specific phospholipase C
Inhibitors
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2.1 Introduction

2.1.1 Overview of phosphatidylinositol - specific phospholipase C

PI-PLC are essential mediators of intercellular and intracellular signalling that hydrolyse
phosphatidylinositol 4,5-biphosphate (PIP2) phospholipids into bioactive secondary messengers,
inositol triphosphate (IPs) and diacylglycerol (DAG), which play a signalling role downstream
within the signal transduction pathway.**? The basic scheme for PIP2 hydrolysis is shown in

Fig. 2.1.

O H,C
PIP2 o
'P” HO §
~ \O = OP032
PLC "10p03-2
(Hydrolysis)
HO OH
Y
0 HO  OPO;?

_203PO " 'OP03_2

— — _/\:/\/\H/O\Kl +
HO OH

IP3

Figure 2.1. The hydrolysis of PIP; into secondary messengers DAG and IPs.

Specifically, 1Pz induces the release of Ca?* ions from intracellular stores within the endoplasmic
reticulum and DAG together with Ca?* supplies activates the calcium-dependent enzyme, protein

kinase C (PKC) to further propagate signal transduction.**? Fig. 2.2 shows an overview
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illustration of the phospholipase signalling network. PI1-PLC can be activated by interaction of
extracellular sources such as growth factors, hormones and lipids to receptor sites on the cell
membrane surface, leading examples includes G-protein coupled receptors (GPCRs) and
receptor tyrosine kinases (RTKs).#*3 Other phospholipases A, B and D are not as prominently
recognised for their roles in signalling pathways which are involved in stimulation of cancer-like
behaviours.*®* Unregulated or overstimulation of the PI-PLC lead to a spur of abnormal cell
proliferation, cell division, migration, increased cell motility and angiogenesis, typical features

of cancer progression.*?
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Figure 2.2. A general overview of phospholipase family pathways and networks. Bold lines represent direct
processes whilst dotted lines represent indirect processes. (Diagram obtained from Park et al.*%)
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Fig. 2.3 shows the distribution of domain types in six mammalian PLC subfamilies divided into
thirteen different isoforms classified as PLC-B (B1-p4), PLC-y (y1-y2), PLC-6 (81, 63 and d4),
PLC-g, PLC-£ and PLC-11 (n1-12).4+*3 So far only the PLC-81, PLC-B2 and PLC-B3 have been
crystallized and studied.*? Several domains are known to have high structural similarities
between the subfamilies and isoforms: the pleckstrin homology domains (PH), EF hand motifs
(EF), X and Y catalytic domains and the calcium binding C2 domains have similarities greater

than 40-50%.41-42
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Figure 2.3. Structures of six different PI-PLC subfamilies in humans. (Diagram obtained from Park et al.*®)

2.1.2 PLC-y

Given the large family of the PI-PLCs, the roles of each isoformdiffers in the signalling
pathway resulting in various cellular expression.** For example, PLC-51 activity had been
identified as a tumour suppressor when functional studies showed that PLC-31 expression

suppresses both in vitro and in vivo tumourigenic ability in oesophageal squamous cell
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carcinoma.** In contrast, PLC-y is more widely known for its role in cell proliferation and is
activated by an array of oncogenic tyrosine kinase growth factor receptors.*® Several studies
have shown linkages between PLC-y activity and cancer. To list a few insightful examples:
down-regulation of PLC-y1 expression severely impaired activation of Rac protein and cell
invasion of MBA-MB-231 breast and U87 brain cancer cell lines,** RNA knockdown of
PLC-y1 blocks cell mitogenesis in squamous cell carcinoma*’ and high levels of PLC-y1
were found in human breast tissues when compared to normal breast tissues.*® Two PLC-
y isoforms have been identified: PLC-y1 is ubiquitously expressed*® and PLC-y2 is found
primarily in haematopoetic cells.® Due to the reasons mentioned, PLC-y is considered the
most interesting P1-PLC. Furthermore, the lack of drug development targeting PI-PLCs spurs

interest for this family of PLC as a viable anticancer drug target.

2.1.3 Catalytic site of PI-PLC-81 and mechanism of cleavage

Unfortunately, the structure of the mammalian y—isoform have been poorly characterised, i.e.,
partial structures of the enzyme such as SH2 and SH3 domains are given in the PDB
database. This prompted the use of the PLC-5 as a model for the y-isoform.*2-43 49 This

approach is justified owing to shared genetic similarities amongst the isoforms (see section

2.1.1).

The catalytic site is occupied by a Ca?* ion that is coordinated to the side chains of Glu341,
Glu390, Asn312, Asp343 and a water molecule, part of the coordination complex is shown in
Fig. 2.4.5! Furthermore, the cyclic 1,4,5-1P3 is stacked on the aromatic Tyr551 side chain, and
equatorial diphosphates formed hydrogen bonds with polar Ser522 residue and positively

charged amino acids Lys438, Lys440 and Arg549.
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Figure 2.4. The catalytic site of PI-PLC-51 and mechanism of cleavage. (Diagram obtained from Essen et al.5?)

As shown in Fig. 2.4, the role of the Ca?* ion is to facilitate the binding of 2-hydroxyl group
of PIP2 from the axial position. This is followed by proton abstraction from the 2-hydroxyl
group by a base. One of the roles played by the Ca* ion is probably to lower the pKa of the 2-
hydroxyl group for this step. Glu341 and Glu390 have been suggested as possible candidates
for the base due to their favourable hydrogen bonding geometries.®>2 His311 is considered
to be too far away from accepting or donating a proton but instead stabilises the
intermediate.>? This follows a phosphorylase step, a nucleophilic attack by a water
molecule releasing 1Pz and DAG-alkoxide that accepts a proton from His356.%2 It was
reported from mutagenesis studies that replacing His311, His356 and Glu341 resulted in

substantial decreases in PLC-81 catalytic activities.*
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2.1.3 PLC inhibitors

Several PLC inhibitors were discovered as steroids,>*>° peptides, lipids and some were
isolated from natural products and microbes.®® Unfortunately, their development displayed
mediocre micromolar potencies, many of which established inhibition against the y—isoform.
A few examples are hispidospermidine (ICso = 16 uM), licochalcone A (ICso = 30 uM),
ariculatin (ICso = 20 uM), and myroridin K (ICso = 6.7 uM).%® One of the prominent PI-PLC
inhibitor is an antitumour lipid, edelfosine (see Fig. 2.5), a platelet-activating factor found in
small concentrations in the body®"® that predominantly inhibit cytosolic fibroblast PLC-
v (ICs0 = 0.4 uM).*® Edelfosine was also evaluated in clinical trials for the treatment of
advanced non-small-cell bronchogenic carcinoma,®® acute leukaemia®® and patented for the

treatment of brain tumours.5?

Figure 2.5. Molecular structure of PLC-y inhibitor, edelfosine (ICso= 0.4 uM).%

2.1.4 Research Prologue

In a previous publication by Reynisson et al.®? a library collection of commercially available
compounds were downloaded from the ZINC® website and were docked to the PLC-51
crystal structure in the VHTS process.®? Two of the hits were AThP 1_1 and 1H-pyrazole 2_1

(Fig. 2.6).
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Figure 2.6. Two hit compounds 1_1 and 2_1 from vHTS by Reynisson et al.?

2.1.4.1 3-amino-thieno[2,3-b]pyridine 1 1

1_1 was also tested in a 3H-PIP: flashplate biochemical assay and achieved 100% inhibition
of PLC-y2 at 50 pM.%? The assay relied on the ability for PLC-y2 to hydrolyse *H-PIP2 into
3H-1P3 and DAG resulting in loss of the radioactive signal.®* It was further tested in
leukaemia cell lines resulting in 63.8% growth arrest at 10 uM single dose and LCso= 0.9 uM
(lethal concentration required to kill 50% of the cell population) in MDA-MB-435 cell line
demonstrating the ability to not only inhibit growth but also kill cancer cells at a low
micromolar concentration.®® In order to expand the SAR, synthetic, in silico and biological
studies were conducted yielding several derivatives.®®%” One of the derivative synthesised,
1 2 (Fig. 2.7) has m-methoxy substitution that showed high growth arrest particularly to
leukaemia cell lines (98.4%) with 10 uM single dose suggesting selectivity towards the PLC-
v2 isoform.%® Two other derivatives, 1 3 and 1_4 with 3-chloro-2-methylphenyl and
naphthalene substitutions, shown in Fig. 2.7 resulted from similarity search through
collections of commercially available compounds.®” They were tested in the NCI60 cell line
panel using a 10 uM single dose assay that resulted with the best NC160 growth arrest so far;
1 3(83.6%) and 1_4 (79.2%) with growth arrest for leukaemia cell lines at 95.5% and 91.1%

respectively.®’

21

OMe



OCHj Cl

Figure 2.7. Molecular structures of AThPs 1 2, 1 3 and 1_4 that showed 75.1%, 83.6% and 79.2% mean
growth arrest respectively compared to 0% growth arrest in untreated cancer cells.

2.1.4.2 1H-pyrazole 2_1

Hit 2_1 was tested in a 3H-PIP2 flashplate biochemical assay and showed evidence of PLC-y2
inhibition (ICso ~7.5 pM).%2 2_1 was further tested in leukaemia and MDA-MB-468 (breast
cancer) cell lines which resulted in 42.1% and 63.4% growth arrest compared to 0% growth

arrest of untreated cancer cells.5°

2.2 Results and Discussion

Clearly, anticancer activities were shown to be associated with AThP 1_1 and 1H-pyrazole
2_1, and their analogues. To further explore the chemical space around the two chemical
series (Fig. 2.8) expanding their SAR profiles, synthetic, in silico and biological studies were
conducted. The main focus of this chapter is based on in silico studies, in which a

combination of similarity search, and molecular modelling strategies were employed.
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AThP 1H-pyrazole

Figure 2.8. The basic molecular structures of the anticancer AThP (3-amino-5-oxo-N-phenyl-5,6,7,8-
tetrahydrothieno[2,3-b]quinoline-2-carboxamide (left) and 1H-pyrazoles (3-(chroman-6-yl)-1-(phenylsulfonyl)-
1H-pyrazoles), (right).

2.2.1 SAR of 3-amino-thieno[2,3-b]pyridine (AThP)

Structural similarity search was conducted on eMolecules,®® a commercial compound
database using the AThP structure shown in Fig. 2.8. Six hundred and fifty-four (654)
compounds were found, using similarity coefficient of 0.7, and docked against the PLC-61
scaffold (see Methodology). The structure of mammalian PLC-y has not been characterised
prompting the use of the PLC-8 as a model for the y-isoform.*2-4349 This approach is justified
owing to the shared structural similarities between the isoforms (see section 2.1.1). Any
compounds with no hydrogen bond formations and compounds satisfying the scoring criteria,
GS < 60, CS < 26, ChemPLP < 64 and ASP < 30 were initially filtered. Derivatives 1_9 (m-
acetyl) and 17 (4-thiophen-2-yl) did not satisfy the criteria but were identified as compounds
of ‘interests” and were included in the selection. This resulted in thirteen virtual hits, which
were tested using the NCI60 human tumour cell panel at 10 uM concentration. Two structural
classes were verified for the AThPs (1_5 to 10 and 12 to 16) and two singletons (1_11 and
17) with their molecular structures are shown in Table 2.1 with their mean growth of the

NCI60 panel.
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Table 2.1 Antiproliferative activity of the AThPs and their molecular structures.

o NH,
N o X X,
A\
| N/ S N Xa3
K
15t010
1 12to 16
R X1 ) X3 X Mean Growth
Inhibition (%)?2
15 H H Me H H 70.1
16 H Et H H H 74.6
17 H Et H H Me 74.8
1.8 H H Me Me H 73.7
19 H H Acetyl H H 2.1°
110 Phenyl H H H H 1.0
111 - - - - - -1.6
112 Benzyl Me H Me Me 72.7
113 Benzyl H Me H H -0.6
114 Benzyl H OMe H H 47.3
115 Benzyl H H H H 40.6
116 Isopropyl H H H H 1.2
117 - -C -C -¢ -© 75.2

aV/alues represent relative growth (%) versus control as an average for 60 human tumour cell lines (NCI60). All
compounds were tested at 10 uM. PFrom Ref.®” °No phenyl moiety.

It is clear that derivatives 1_5 to 8, 12 and 17 are the most active with mean growth inhibition
of ~75% as compared to untreated cells (0%). When the substitution patterns of the phenyl
rings are considered for derivatives 1_5 to 10, it can be concluded that small o- (X1) and m-
alkyl (X2) substitutions are the most advantageous whilst electron withdrawing groups such

as m-acetyl (1_9) at Xz is detrimental as compared to the un-substituted derivative that has a
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relative growth inhibition of 69.8%.%° It has been previously reported that o-substitution gives
good results such as with fluoro (66.7%) and methyl (58.0%) groups but larger groups are not
tolerated, e.g., CF3 (18.4%) and methoxy (38.7%).%% ¢ Furthermore, m-substitution is also
favourable with fluoro at 68.6% and chloro at 63.7% relative growth inhibitions.%> ¢’ This is
in line with the results presented in Table 2.1.%% ¢ Interestingly, dual m- and p-methyl
substitutions as for derivative 1_8 has similar effect as derivatives 1_5 to 7 suggesting the
importance of m-alkyl substitutions at Xz to anticancer activity since it has been previously
seen that p-substitution is detrimental to the anticancer activity of the AThPs, e.g., p-methoxy
and p-chloro derivatives have no effect on the growth of the tumour cells.®® " No anticancer

activity was found for the N,N-diphenyl derivative 1_10.

Derivative 1_11 is structurally unique in that it has a bicyclic instead of tricyclic ring system.
It exhibited no activity, which can be explained by conserving the tricyclic ring system is
important for anticancer activity of this class of compounds as has been previously

observed.5®

In general, the AThP derivatives 1_13 to 17 exhibited more modest anticancer effects than
the cyclohexanone-AThPs (1_5 to 10) with the exception of derivatives 1_12 and 17, which
had relative growth of 73% and 75%, respectively, which is similar to the most potent
compounds in the 1_5 to 10 series. In contrast to the cyclohexanone-AThPs (1_5 to 10), m-
methyl substitution is detrimental to the anticancer activity of the 3-amino-thieno[2,3-
b][1,6]naphthyridines as seen for derivative 1_13. A possible explanation for this effect is
that the two series are inhibiting different but related enzyme classes. Changing the R group
from benzyl to isopropyl (1_16) had a detrimental effect. Derivative 1_17 is different in that
it does not have a phenyl group but a thiophenyl on the pyridine moiety and can therefore be
considered as a novel analogue in this chemical series. Nevertheless, it is potent in reducing

the growth of the cancer cells.
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Derivatives 1 5 to 8 and 12, 14, 15 and 17 were selected for dose response testing based on
their favourable growth inhibition at 10 uM and the results are given in Table 2.2. The Glso is
the concentration for 50% of maximal inhibition of cell proliferation and therefore reflects
the cytostatic concentration.® Five tumour cell lines were particularly affected: MDA-MB-
435 (melanoma), MDA-MB-468 (breast), A498 (renal), SF-539 (central nervous system,

CNS) and K-562 (leukaemia).

Table 2.2. The dose response for the most active compounds shown for five tumour cell lines in nano-molar
(nM): MDA-MB-435 (melanoma), MDA-MB-468 (breast), A498 (renal), SF-539 (CNS) and K-562
(leukaemia).

MDA-MB-435 MDA-MB-468 A498 SF-539 K-562
Glso? Glso? Glse® Glse® Glso®
1 5b 31/30 143/80 139/31 237/167 76/144
1.6 60/46 235/209 270/180 335/416 372/203
1.7b 171/148 261/377 224/178 320/334 341/522
1.8 152/121 220/314 274/198 4041443 468/X
112 399 1780 1310 2440 903
1 14 296 2600 3820 1990 530
1 15 3430 17000 1780 2780 9100
117 3130 1750 2580 2350 4990

3Glso. PTested twice and both values are given. X: no data.

It is clear that derivative 1_5 is the most active compound particularly against MDA-MB-435
with an average Glso of ~30 nM and inhibition in the 76 — 237 nM range for the other cell
lines. The most active compound identified in this series has dual o-methyl and m-chloro
substitution with Glso of 18.5 nM for the MDA-MB-435 melanoma cell line and inhibition in
the 23 — 38 nM range for the other cell lines.%” Derivative 1_6 is the second most active
compound with activity in the 53 — 372 nM range followed by derivatives 1 _7 and 8. Even
though the 3-amino-thieno[2,3-b][1,6]naphthyridines are less active than their
cyclohexanone-AThP counterparts identifying them using similarity search demonstrates the

effectiveness of the technique to rapidly extend the SAR profile of the series.
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2.2.2 Docking AThPs against PLC-81

The AThPs were docked into the PLC-51 substrate binding site in order to elucidate binding
mechanisms of the compound series. Results showed some strongly potent derivatives have
similar scores to modest derivatives. Interestingly, the second most active 3-amino-
thieno[2,3-b][1,6]naphthyridine 1_17 has the least scores across all four scoring functions
(Table 2.3). This suggests the chemical class can target a wider range of proteins other than
PLC-y. Literature review affirmed the AThPs with various mechanisms of action: antagonists
adenosine Axa receptor (a G protein-coupled receptor),®® as inhibitors of copper trafficking
interfaces of ATOX1 and CCS proteins, for inhibition of tumour growth and Wilson’s

disease,’® hepatocellular carcinoma-specific anti-tumour activity’*"? and tubulin inhibitors.”*

74

Table 2.3. Docking results and for AThP derivatives 1_5 tol7 using the four scoring functions: GS, CS,
ChemPLP and ASP. The antiproliferative activities are shown with the mean of the leukaemia tumour cell lines.

Derivative | GS CS ChemPLP ASP Mean Growth

Inhibition (%)
15 62.0 32.3 72.3 36.1 70.1
16 66.0 27.6 65.7 34.6 74.6
17 63.7 34.9 85.0 37.0 74.8
18 64.1 31.6 66.9 31.7 73.7
19 50.6 31.2 71.4 38.8 2.12
110 65.2 355 83.0 39.7 1.0
111 60.7 30.3 73.6 33.0 -1.6
112 67.1 26.2 71.4 31.8 72.7
113 704 29.2 81.6 36.3 -0.6
114 69.9 295 81.7 37.1 47.3
115 68.2 28.6 77.8 40.2 40.6
116 60.6 26.5 64.9 33.7 1.2
117 464 224 49.4 26.7 75.2

aFrom Ref.%”

Molecular modelling studies against PLC-61 showed that the cyclohexanone-AThPs (1_5 to
10) have hydrogen bonding to two amino acids histidine (His311) via the carboxamide and

glutamic acid (Glu341) with the amine group. Also, arginine (Arg549) and lysine (Lys438)
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interacts with the ketone group in the cyclohexanone moiety and the phenyl group is
embedded into a lipophilic pocket. In general, the binding mode is the same as has been
previously reported on this chemical series.®*% 7 The 3-amino-thieno[2,3-
b][1,6]naphthyridine family had a similar predicted hydrogen bonding pattern, i.e., His311
and His356 are involved in hydrogen bonding to the carboxamide moiety, Glu341 to the
amino group and the phenyl moiety occupies the lipophilic pocket to the left hand side as
shown in Fig 2.9 for derivative 1_14. It was reported that alanine mutations at residues
His311 and His356 caused ~20,000 and ~6,000 fold reduction in PLC-31 activity, Glu341
involved with Ca?* interactions and residues Lys438 and Arg549 are involved with
interactions to phosphate groups which is associated with substrate selectivity.”® The
chemical series was consistently reported to interact with His311 and His356.6>%7 7> which
are involved in vital roles in protonation and deprotonation steps during catalysis.>! 7
Moreover, a series of pyrimidinone and triazinone analogues were reported to be inactive,®
the 3-amino group is incorporated into the ring system to eliminate the ability for Glu341 to
act as a hydrogen bond acceptor suggesting the role of the AThP series in disrupting
interactions with catalytic calcium, a cofactor essential for stabilising hydrogen bond
networks during formation of the enzyme-substrate complex.”® This led to speculation that
Glu341 and dual histidine residues His311 and His356, are favourable residues for the AThP
inhibition. The benzyl extension to the right hand side fills another lipophilic pocket, which

could explain the reduction of activity for derivative 1_16 due to its smaller isopropyl moiety.
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His356

Figure 2.9. The docked configuration of derivative 1 _14 in the PLC-81 binding site. (A) The phenyl group
occupies the lipophilic cavity to the left hand side. Red depicts a negative partial charge on the surface, blue
depicts positive partial charge and grey shows neutral/lipophilic regions. (B) Hydrogen bonds are depicted as
green dotted lines between derivative 1_14 and amino acids His311, Glu341 and His356.

2.2.3 Molecular Modelling for PLC-y2 selectivity

It is assumed that there is a degree of selectivity for the PLC-y2 isoform based on the activity
of the chemical series against the leukaemia cell lines particularly for 1_2 (98.4%), 1 3
(95.5%) and 1_4 (91.1%). Computer-aided Drug Design (CADD) is used as a tool to modify
the structure of the AThP series to potentially amplify selectivity against PLC-y2 using the
PLC-31 structure as a model. The selectivity is presumed to be strongly linked to the
naphthalene moiety and substitution patterns of the three actives. Thus, it is sensible to

modify the structure based on these results.
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Table 2.4. The molecular structures of three derivatives, 1_18, 19 and 20, designed using CADD strategy. The
scores were obtained using the GS, CS, ChemPLP and ASP algorithms. Modifications were made at Ry and Rj.

9 NH,
@E\IV
NZ S HNQ
R,

1 R R1
12and1 3 1 4,18,19and 20
ID R1 R2 GS CS ChemPLP ASP
12 OCHs H 60.3 28.5 70.3 35.1
13 Cl CHs 66.5 38.1 82.4 38.5
14 H H 71.0 35.9 83.1 41.1
118 Cl CHs 72.8 42.9 90.9 42.4
119 OCHs H 66.3 38.1 84.4 40.2
120 OCHs CHs 72.8 39.2 90.6 42.4

The naphthalene-based design at Ri1 and Rz prompted increases in the scores (Table 2.4)
relative to the cyclohexanone-AThP series, a positive indication of increased binding affinity.
The three hypothetical derivatives, 1 18, 19 and 20, were further overlaid to investigate the
reliability of the docking protocol. The average root-mean square deviations (RMSDs) were
calculated to be near zero, for all three derivatives, e.g., 1_18 shown in Fig. 2.10 illustrates

good overlays between all four scoring functions giving an agreeable consensus.

Figure 2.10. Overlaid docked configurations of 1_18. The ChemPLP configuration (green) was used as the
reference for calculating the RMSDs; GS = 0.56A (pink), CS = 0.20A (yellow) and ASP = 0.39A (orange).
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The binding modes of the bioactive AThPs 1 2,1 3and 1_4 are shown in Fig. 2.11A to C, in
which the substituents on the aromatic rings are circled in yellow facing the aqueous
environment. The binding mode of these derivatives are in line with previous modelling
studies on the AThP series having similar orientations, scores and hydrogen bonding
patterns.®6-67: > The substituents on the phenyl rings face the water environment for 1_2 and
1 3, whereas for derivative 1_4, the lipophilic naphthalene moiety is occupied in the deeper
hydrophobic pocket. It was revealed after docking 1_18, 19 and 20 into the PLC-31 binding
site that they also have the same binding mode as the bioactive compounds, i.e., the lipophilic
naphthalene moiety occupies the deeper region of the hydrophobic pocket and the
substituents on the naphthalene faces the water environment. The models presented are
agreeably similar in binding modes with enhanced predicted binding affinities, thus the three
hypothetical derivatives are recommended for synthesis and screening against the PLC-y2

isoform.

Figure 2.11. Docked configurations of 1_2 (A), 1 _3 (B), 1_4 (C) and 1_18 (D). Red depicts a negative partial
charge on the surface, blue depicts positive partial charge and grey shows neutral/lipophilic regions. The
substituents on the aromatic systems are circled in yellow.
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2.2.4 SAR of 1H-pyrazoles

The 1H-pyrazole 2_1 (see Table 2.5) has a measured ICso ~ 7.5 uM for PLC-y2.% Similarity
coefficient value of 0.7 was used to conduct a structural similarity search based on 2_1
resulting in 63 compounds. These were docked to the PLC-61 binding pocket and four virtual
hits were identified (2_9to 2 11 and 2_15, Table 2.5). Unfortunately, no compounds with the
tetrahydro-2H-pyran moiety were found as in 2_1, severely limiting the SAR study. In order
to address this shortcoming seven derivatives with the tetrahydro-2H-pyran moiety were
synthesised (2_2 to 2_8) with various substitutions on the phenyl ring as shown in Table 2.5.
In particular, p-substitutions (Xs3) on the phenyl ring were made since the hit (2_1) has a
methoxy group there, indicating that this position is important. Also, a derivative without any
substitutions on the phenyl ring was made as a reference. Furthermore, for the hits 2_9 to
2 11, three close structural analogues were synthesised to extend the SAR study (2_12 to
2_14). The molecular structures are shown in Table 2.5 with the total growth of the NC160

panel at 10 uM as compared to untreated cells (0%).
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Table 2.5. Antiproliferative activity of the 1H-pyrazole structural derivatives. 2_1 is the lead compound for the
1H-pyrazole series.

Xy X2 R, Xy X,
_ o)
X3 N—g X3
\N/ g
Xa Xa
R,0
2 1t012 2 9to 14
o)
N—S
N g
o)
2 15
R1 R» X1 X2 X3 Xa Mean Growth
Inhibition (%)?
21 - - H H OMe H 22.7°
2.2 - - H H H H 235
23 - - H H CFs H 10.2
2.4 - - H H t-Butyl H 16.1
25 - - Cl H Cl H 12.1
2.6 - - H H NHCOMe H 35.5
2.7 - - H OMe OMe H 27.6
2 8 - - H Me H Me 145
2 9b (CH2)sF H H H Me H 15.0
2_10° Et NH2 H H OMe H -2.2
2 11° (CH2)sF H H H Br H 125
2 12 Me H H H Me H 15.8
2 13 Me H H H OMe H 18.2
2 14 Isopropyl H H H OMe H 13.0
2 15° | 23-dihydrofuran - H H H H 18.1

aV/alues represent relative growth (%) versus control as an average for 60 human tumour cell lines (NCI60). All
compounds were tested at 10 pM.

bCompounds resulted from structural similarity search.

°From Ref.®
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As can been seen in Table 2.5, modest reduction of growth is achieved by the 1H-pyrazoles
with only p-acetamide (2_6) and dual m- and p-methoxy (2_7) electron-donating groups
showed marginally better results than 2_1. Absence of the tetrahydro-2H-pyran ring (2_9 to
14) and ring contraction from a six membered ring to five membered tetrahydrofuran (2_15)
did not result in improved anticancer activity. To further test the potency of the 1H-pyrazoles,
2 1 was tested with aid from our collaborator using the MTT colorimetric assay, which
measures the activity of NADPH-dependent redox enzymes in the cytosol giving information
on the viability of cells.!® The MTT assay relies on sources of NADPH reductase (viable
cells) to reduce colourless MTT to detectable purple formazan product (see appendix Scheme
A1).”" The breast cancer cell line MDA-MB-468 was incubated with 10 uM concentration of
2_1 and were compared to the activity of the anticancer drug camptothecin (topoisomerase |
poison). Minimal effect was observed (data not shown) confirming the modest anticancer

effect for this chemical class.

2.2.5 Docking 1H-pyrazoles against PLC-61

The 1H-pyrazoles were docked into the PLC-381 substrate binding site in order to elucidate
their binding mechanisms. Results showed similar scores between the derivatives, the highest
scoring derivative 2_6 showed most prominent activity against the NCI60 panel with the
strongest activity against leukaemia (mean = 44.2%) shown in Table 2.6. This suggests the

1H-pyrazoles inhibit a range of PLCs, more selectively for the y2-isoform.
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Table 2.6. Docking results and for 1H-pyrazole derivatives 2_1 to 15 using the four scoring functions: GS, CS,
ChemPLP and ASP. The antiproliferative activities are shown with the mean of the leukaemia tumour cell lines.

Derivative GS CS ChemPLP ASP Mean Growth | Mean Leukaemia
inhibition (%) | growth inhibition (%)
21 66.3 32.4 76.5 30.8 22.7 42.1
22 63.3 325 75.2 31.2 23.5 42.9
23 63.5 325 71.0 29.6 10.2 16.4
2 4 66.7 31.6 74.8 29.3 16.1 16.8
25 66.8 29.1 76.1 29.5 12.1 17.4
2 6 70.7 353 82.8 334 35.5 44.2
2.7 675 29.1 77.7 31.4 27.6 31.2
2.8 65.3 324 71.9 29.5 145 12.8
29 68.5 29.7 79.7 32.0 15.0 24.9
2 10 63.1 28.8 74.9 30.6 -2.2 -2.2
2 11 68.9 28.3 83.4 32.0 125 21.4
2 12 609 25.1 69.9 27.6 15.8 13.6
2 13 64.3 30.1 63.8 27.4 18.2 30.4
2 14 66.9 28.2 77.2 29.7 13.0 25.0
2 15 595 30.8 70.8 29.5 18.1 22.8

Molecular modelling revealed a complementary fit to the substrate binding site exemplified

by derivative 2_6 (Fig. 2.12A), which shows occupation of 2,2-dimethylchroman and

phenylacetamide to lipophilic pockets on the left and right hand sides respectively. Hydrogen

bonding interactions were accommodated by residues His311, Lys438, Ser501, Lys440 and

Asn391 (Fig. 2.12B).

y Ser501

= o
ﬁ
/
<0V Lys440

Figure 2.12. (A) The docked configuration of derivative 2_6 in the PLC-81 binding site. The hydrogens on the
ligand was suppressed for clarity. Red depicts a negative partial charge on the surface, blue depicts positive
partial charge and grey shows neutral/lipophilic regions. (B) Hydrogen bonds are depicted as green dotted lines
between derivative 2_6 and amino acids His311, Lys438, Ser501, Lys440 and Asn391.
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The inhibitory action of the 1H-pyrazole series is speculated to disrupt hydrogen bonding and
key catalytic steps by residue His311, and interference with phosphate binding to Asn391,
Lys438, Lys440 and Ser501 residues shown in Fig. 2.12. It was seen that unsubstituted and p-
substituted phenyl with electron-donating groups seemed to display the best anti-leukaemia
effects. Modelling o- and m-methoxy substituted phenyl derivatives did not show hydrogen
bonding with Asn391 or Lys440, which suggested electro-donating groups at p-substituted

position to be most selective for PLC-y2 inhibition.

2.3 Methodology

2.3.1 Similarity Search, Molecular modelling and CADD

The AThP and 1H-pyrazole derivatives, were acquired from commercial sources using the
eMolecules® web-based compound library. Substructure and Tanimoto similarity search
methods were used to identify plausible inhibitors.”® The structures shown in Fig. 2.8 were
used as initial search scaffolds with similarity coefficient given at 0.7 and supplemented with

substructure searches.

The compounds were docked to the crystal structure of PLC-61 (PDB ID: 1DJX, resolution
2.3 A),%! which was obtained from the Protein Data Bank (PDB).>° The Scigress v2.6"° was
used to prepare the crystal structure for docking, i.e., hydrogen atoms were added, the co-
crystallised ligand (D-Myo-Inositol-1,4,5-Triphosphate, IP3s) was removed as well as
crystallographic water molecules. The Scigress software suite was also used to build the
inhibitors and the MM2% force field was used to optimise the structures. The centre of the
binding pocket was defined as the position of the Ca?* ion (x = 126.257, y = 38.394, z =

22.370) with 10 A radius. Fifty docking runs were allowed for each ligand with default

36



search efficiency (100%). The basic amino acids lysine and arginine were defined as
protonated. Furthermore, aspartic and glutamic acids were assumed to be deprotonated. The
GoldScore (GS),'#1° ChemScore (CS),?>?®* ChemPLP?> 2* and ASP?® scoring functions were
implemented to validate the predicted binding modes and relative energies of the ligands
using the GOLD v5.4.0 software suite. The results were inspected visually and seventeen

virtual hits selected.

2.3.1 Synthetic studies, NCI160 assay and MTT assay

Synthetic studies were conducted to expand the SAR of the 1H-pyrazoles. For the preparation
of derivatives 2 2 to 8 and 2_12 to 14, see Ref.8! The derivatives were prepared by
Distinguished Professor Margaret Brimble and colleagues from the synthetic laboratory at the

University of Auckland.

All twenty-eight compounds were tested for their anticancer activity in the NCI60 assay by

the National Cancer Institute, Maryland in the United States. For general protocol, see Ref.®

The MTT assay was conducted to verify for the anticancer activities of the 1H-pyrazoles in
MDA-MB-468 breast cancer cells. For the protocol of the MTT assay, see Ref.”” The assay
was conducted by Prof. Inga Reynisdéttir from the Landspitali University Hospital,

Reykjavik, Iceland.

2.4 Future Work and Conclusions

The anticancer activity of the AThP and 1H-pyrazole derivatives was investigated. Tests
against the NCI60 cancer cell panel revealed that the AThPs were the most active with
derivative 1 5 giving Glso = 30 nM against the MDA-MB-435 melanoma cell line

emphasising the importance of m-substituted phenyl ring moiety for this chemical series,
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which is in line with previous findings. By applying a combination of similarity searching
and molecular modelling, the 3-amino-thieno[2,3-b][1,6]naphthyridines were found to have
anticancer activity extending the SAR. The 3-amino-thieno[2,3-b][1,6]naphthyridines is
likely to inhibit a related target to PLC, i.e., m-methyl (1_13) showed no growth inhibition
effect in contrast to derivative 1_5.

On the other hand, the 1H-pyrazoles only showed moderate growth inhibition for the NC160
panel, which was verified using the MTT assay. Particularly, only leukaemia cell lines were
affected by p-substituted electron-donating groups.

Additionally, molecular modelling showed the two chemical series are able to recognise key
residues with the potential to inhibit catalytic mechanisms that were responsible for their
anticancer effects.

The AThPs are known to be linked to various protein targets (see section 2.2.2). Biochemical
assays are required to identify their inhibitory activities against the known targets for an
accurate evaluation on their selectivity. Furthermore, the chemical series is known to
particularly affect MDA-MB-435 (melanoma) and MDA-MB-468 (breast) cell lines. It would
be interesting to see proteins highly associated with the mentioned cell lines be
experimentally tested against the AThPs. Additionally, the compounds can be docked and
find correlations with the experimental data. A similar approach can be adopted for the 1H-

pyrazoles that particularly affect leukaemia cell lines.
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Chapter 3

3-Amino-thieno[2,3-b]pyridines as microtubule-
destabilising agents
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3.1 Introduction

3.1.1 Microtubule structure and function

Microtubules are hollow cylindrical chain polymers constituting of repeating ap—tubulin
heterodimers that bind head to tail into protofilaments (Fig. 3.1).82 Parallel contacts of usually
13 protofilaments give rise to one microtubule chain with dimensions approximately 25 nm

in diameter, about 5 nm thickness and may stretch to 5 - 10 um.8%83

Microtubules play crucial roles in numerous cellular processes that include mitosis,
intracellular trafficking of organelles and vesicles, architectural distribution of cell organelles,
cell shape maintenance and migration.828% Their strands are organised into more complex
networks like centrioles, mitotic spindles, cytoplasmic networks for vesicle and organelle

transport, flagellum and cilium as powerhouse structures for movement.8?

3.1.2 Microtubule dynamics

Microtubules are highly dynamic structures which refer to the coexistence between growth
and shortening phases of microtubules driven by two processes; polymerisation/assembly and
depolymerisation/disassembly of heterodimer a.f—tubulin monomers.®> 84 A main factor that
governs the two processes during steady-state is the ‘critical concentration’ of free tubulin in
the solution.®* This is the concentration of free tubulin when there is no net change in
elongation or shortening of microtubules, the concentration of free tubulin needs to exceed
the critical concentration for a corresponding assembly of af-tubulin monomers, the reverse

applies for disassembly of protofilaments.8*

Polymerisation and depolymerisation utilises energy mediated by guanosine-5’-triphosphate
(GTP) binding and hydrolysis.828* It was hypothesised that GTP-bounded af-tubulin
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monomers become assembled to the protofilaments more favourably at the (+)-end, and
disassembly is more favourable at the (-)-end capped by a-tubulin, i.e., rate of growth is
greater at the (+)-end than the (-)-end.®? The GTP-bounded op—tubulin polymerise to the
protofilaments in a straight conformation and almost immediately GTP is hydrolysed to GDP
and inorganic phosphate which stimulates a conformational change from a straight to curved
chain.®? 8 The curved protofilaments are forced to remain straight to further accommodate
assembly of the filament chain giving rise to strained force.®> 8 Continuous capping by the
GTP-bounded ap-tubulins are required to stabilise the straightened conformation as shown in
Fig. 3.1c, the end where there is polymerisation has the PB-—subunit of GTP-bounded
af—tubulin coloured pink. On the other hand, depolymerisation ensued from build ups of
GDP-bound ap—tubulin capped ends illustrated as purple in Fig. 3.1c. By far, this GTP/GDP-
dependent model is the most acceptable in explaining the mechanisms underlying
microtubule polymerisation and depolymerisation.®® Depolymerisation is characterised by a
‘flower-like' shape (Fig. 3.1c) followed by fragmentation of protofilaments. Shifting from
slow microtubule assembly to rapid assembly is known as 'rescue’ whereas rapid disassembly
is called 'catastrophe'.82# The phase interchange between 'rescue' and 'catastrophe' has been
accepted as a property of microtubule dynamics known as 'dynamic instability'.82%3 A second
property of microtubule dynamics is ‘treadmilling’, a process in which the assembly of
af—tubulin heterodimers at the (+)-end is balanced by the disassembly of ap—tubulin
heterodimers at the (-)-end.828% The two properties are important in maintaining microtubule

dynamics during steady-state.
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Figure 3.1. A basic representation of microtubule structures and dynamic instability. (Diagram was obtained
from Draber et al.®?) (a) Representation of GDP- and GTP-bounded af-tubulin heterodimers and a
protofilament. The a-subunit is depicted as green. B-subunit bound to GDP and GTP is depicted as purple and
pink, respectively. (b) Helical representation of a microtubule constituting of 13 protofilaments adjacently
attached. The red-dashed line is to terminate the number of protofilaments at 13. (c) A simplified illustration of
dynamic instability, a property of microtubule dynamics.

Microtubule dynamics are features that microtubule-targeted drugs are designed to perturb.
These drugs are commonly used in treatment of cancer, particularly because mitosis is
uncontrolled in cancer cells. A diverse range of small molecules and natural products were

isolated and identified as microtubule-targeted drugs.® 8¢ Generally, these drugs are divided

into two groups as either microtubule-stabilising or destabilising agents.
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3.1.3 Microtubule-stabilising agents

Microtubule-stabilising agents are chemicals that stabilises the microtubule structure that
polymerisation is more favourable than depolymerisation.®® & Microtubule-stabilising agents
are largely isolated and derived from natural products including plants, microorganisms and
marine organisms.®’-88 Notably, the taxanes isolated from yew plants exhibited good potency
with acceptable side effects that by far branded the taxanes as the most developed
microtubule-stabilising agents.8”- & Fig 3.2 show examples of marketed drugs from the taxane

family; paclitaxel (Taxol), docetaxel (Taxotere) and cabazitaxel (Jevtana).
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Figure 3.2. The molecular structures of microtubule-stabilising taxanes; paclitaxel, docetaxel and cabazitaxel.
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Taxanes bind more favourably to polymerised tubulin in which the binding site is located in
the B—tubulin subunit commonly known as the ‘taxol site' and is presumed as a common
binding site for most microtubule-stabilising agents.® 8" 8 The location of the binding site
was confirmed by crystallography investigation.®® The exact molecular mechanism of
microtubule-stabilising agents is unknown but is postulated to induce a conformational

change that stabilise the structure of microtubules and enhance polymerisation.&

Under the microscope, the most recognised feature of microtubule stabilisation is the
formation of defined stable microtubule bundles.®” This feature has been widely approved for
diagnosing tubulin stabilisation effects. A second feature of microtubule stabilisation is the
formation of multipolar spindles resulting from the segregation of chromosomes in multiple

directions.®” Ultimately, as a consequence of failed mitotic separation lead to apoptosis.

3.1.4 Microtubule-destabilising agents

These agents are chemicals that destabilise the microtubule structure and favours
depolymerisation over polymerisation.®® 8 A diverse range of microtubule-destabilising
agents exists, many of which were developed into marketed drugs. These include small
molecules, natural products and peptide derivatives.®* 8 The most prominently acclaimed
microtubule-destabilising agents are derivatives of colchicine and Vinca alkaloids which
displays similar destabilisation effects, i.e., disintegration of microtubules.® 8 However, they
bind at different sites in tubulin, namely the colchicine site and Vinca site.8* & So far, only
destabilising agents that target the Vinca site have been approved to the market, examples are

shown in Fig. 3.3.

The colchicine site is located at the interface of af-tubulin heterodimer between the o— and
B—tubulin subunits.’*%2 A property of the colchicine site is its structural simplicity.%?
Consequently, an array of various small molecules were discovered and developed with good
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affinity for the colchicine site whereas those that inhibit the taxol or Vinca domains are larger
and more complex.®? Colchicine binds more favourably to free tubulins in solution to form
tubulin-colchicine complex followed by a slow conformational change in the complex which
is incorporated into the growing microtubule chain.®® A defect in the growing chain leads to a

perturbation in microtubule dynamics resulting in depolymerisation.

Vinblastine Vincristine

Vinorelbine

Figure 3.3. Examples of three marketed microtubule-destabilising agents from the Vinca alkaloid family.

Similar to colchicine, inhibition at the Vinca site by the Vinca alkaloids result in destabilised
microtubule dynamics and depolymerisation. The Vinca alkaloids bind to the ap—interface
between two tubulin molecules.® %92 preferentially, they bind to (+)-end of microtubules at
a high affinity that significantly results in suppression of microtubule dynamics and

depolymerisation.®9
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3.1.5 Sea urchin embryos as model organisms

Sea urchin embryos have long been used for studies in developmental biology. The merits of
using sea urchin embryos have attracted their applicability in drug testing, e.g., such as
assessing for features in microtubule-targeted drugs.® These merits include cost-
effectiveness, ease of maintenance, avoids ethical-related issues, morphological changes are
easily monitored and rapid cell division.®*®” The phenotypic changes in morphology have
been validated for both microtubule-stabilising and destabilising agents. Presence of
paclitaxel, a microtubule-stabilising agent, show bundles of microtubule, multipolar spindles
and cleavage arrest i.e., lack of cell division during the embryonic phase.®®’ On the other
hand, presence of microtubule-destabilising agents altered cell division and at higher
concentrations permitted embryonic spinning and formation of tuberculous-shaped eggs due

to destruction of cilia and intracellular cytoskeleton networks, respectively.%-%’

3.2 Results and Discussion

Initially, interests in screening the AThPs for microtubule-modulating activities stemmed
from observations that phenstatin and nocodazole actives (see chemical structures Table 3.1)
have structural similarities to the AThPs. Shown in Table 3.1 are the molecular structures of
the AThP derivatives, 1 21 to 25 and 1 26 to 60 from series A and B featuring the
carboxamide and ketone linkers, respectively. The test results in the phenotypic sea urchin
embryo assay and the NCI60 human tumour cell line panel were also included. All forty
compounds tested were purchased from Chemical Block Ltd. Derivatives 1 21 to 1 25 have
a tricyclic AThP ring system linked to a phenyl ring via a carboxamide moiety. Derivatives
1 26 to 1 60 include cycloalkyl (1 26 to 39), bicyclic (1_40 to 56), quinuclidine (1 _57 to

59), and piperidine (1_60) cores with a carbonyl linker. Specifically, derivatives 1_40 to 48
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contain small substitutions at position groups Ri - Rz in the AThP ring system, whereas

molecules 1_49 to 56 have aromatic or heterocyclic substituents at Ri.

3.2.2 Biological studies

3.2.2.1 Sea urchin embryo assay results

Analysis of the data presented in Table 3.1 suggests that many of the AThPs displayed
antiproliferative cytotoxic properties. In the in vivo phenotypic sea urchin embryo assay, the
AThPs 1 21 to 24 demonstrated the strongest effect, i.e., caused pronounced cleavage
alteration in the 10 — 50 nM range, cleavage arrest was observed at 40 — 500 nM
concentrations, and embryo spinning (0.2 — 5 uM), suggesting antimitotic microtubule-
destabilising activity comparable with the activity of phenstatin, a known destabilising agent.
In this series, both cycloheptane and cyclohexane rings were well tolerated, since derivatives
1 22 and 24 exhibited similar potencies. Introduction of methyl groups at the Rs and R7
positions resulted in derivative 1_23 with similar activity, whereas the replacement of the
cyclohexane ring in 1_23 with cyclopentane (1_21) reduced antimitotic effect. Interestingly,
derivative 1_25 substituted with the m-CFs group at R4 did not affect sea urchin embryo
development up to 4 uM concentration.

Tricyclic AThPs 1_26 to 60 with carbonyl linker displayed weaker antimitotic effects upon
linker replacement (ketone vs. amide) compared to the 1_21 to 24 series. For the 1_26 to 60
family, the unsubstituted derivative 1 28 showed the strongest microtubule-destabilising
effect (embryo spinning EC = 0.5 uM). In addition, compounds 1_29, 34, 35, and 38 can be
considered as microtubule-destabilising agents, since they induced formation of tuberculate
eggs typical for microtubule-destabilising agents.®” The p-substituted methyl (1_26), methoxy
(1_30), and halogen (1 27 and 1 31 to 33) derivatives were less active, unable to induce

cleavage arrest and embryo spinning up to 4 uM concentration. Similar to series 1 21 to 25,
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the replacement of the cyclohexane ring in 1 29 with cyclopentane yielded less active
molecule 1_26. Introduction of phenyl, 4-pyridine, and CFs groups at Rs resulted in the loss
of effect (1_35 vs. 36 and 37; 38 vs. 39).

In general, bicyclic AThPs 1 40 to 56 as well as quinuclidine (1_57 to 59), and piperidine
(1_60) derivatives exhibited minimal or no antimitotic effect. Only p-methyl substituted
derivative 1_42 showed weak microtubule-destabilising activity, inducing the formation of
tuberculate arrested eggs. Furthermore, AThPs 1_41, 45, 46, 48, 51, and 55 displayed weak

antiproliferative activity.

The sea urchin embryo tests revealed that AThPs can target not only tubulin/microtubules,
but also produce other tubulin-unrelated effects. Namely, derivatives 1_36, 37, 39, 47, 50, 52,
and 58 to 60 were unable to alter cleavage, however caused developmental retardation and
alteration at later stages of development. Interestingly, thienyl derivatives 1 53 to 55
exhibited specific embryotoxicity, inducing embryo disintegration and death at early pluteus,
independently of the stage of exposure and treatment duration. These are qualitative
observations and the mechanisms of these effects remain unclear and need further

investigation in order to be established.
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Table 3.1. The effects of AThPs on the sea urchin embryos and human cancer cells. Nocodazole and phenstatin are positive controls.

R3

R3 NH, R, NH, o . 0 N O>_OCH H4CO .
Rfjf\g_(o Re N | s\ \ ! | N\>—NH ’ H,CO O
Ry N7 S HN Rs 1 R, N H,CO O oH
Rz Re Re Rs . OCH,4
Series A (1_21 to 25) Series B (1_26 to 60) Nocodazole Phenstatin
Sea urchin embryo effects, EC (uM)? NCI60 screen
Compound R: Rz Rs R4 Rs Re Ry Cleavage | Cleavage Embryo Mean GI, | Mean Glso,
alteration | arrest SJRHRAG, (%)° (eM)*
Nocodazole - - - - - - - 0.005 0.001 0.1 - 0.0389
Phenstatin - - - - - - - 0.01 0.05 0.5 - 0.06°
121 —(CHa)s- H H H Me Me 0.05 05 5 76.47 0.42f
122 —~(CHy)s— H H H H H 0.01 0.05 0.2 69.7° 1.00
123 —(CHa)4— H H H Me Me 0.01 0.1 05 ND?
1 24 —~(CHa)s— H H H H H 0.01 0.04 0.2 85.3f 0.69"
125 —(CHy)s— H CF3 H H H >4 >4 >4 90.07 3.09°
126 —(CHa)s— H H Me H - 0.2 >4 >4 ND?
127 —~(CHa)s- H H Br H - 1 >4 >4 19.3 -
128 —(CH2)4— H H H H - 0.02 0.2 05 ND?
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129 ~(CH2)a— H H Me H 0.02 2 (TE)" >4 16.4 -
1.30 ~(CH2) H H OMe H 05 >4 >5 ND?

131 —(CH2)a— H H F H 0.2 >4 >4 26.7 -
132 —(CHy)e— H H Cl H 05 >4 >4 7.8 -
133 —(CHy)e- H H Br H 05 >4 >4 8.1 -
134 —(CHy)e- H Me H Me 0.05 0.2 (TE)" >5 78.9 0.28
135 —(CHy)a— H OMe OMe H 05 4 (TE)" >5 60.5 3.24
1.36 ~(CH2)- Ph OMe OMe H >4 >4 >4 ND?

137 ~(CH2)- 4-Py OMe OMe H >4 >4 >4 ND?

1.38 ~(CH2)a- H —OCH,0- H 0.025 0.5 (TE) >5 ND?

139 —(CH2)a CFs —OCH,0- H >4 >4 >4 ND?

1_40 H H H H Br H 1 >4 >4 ND?

141 Me H H H Cl H 05 >4 >4 184 -
142 Me H H H Me H 1 4 (TE)" >10 ND?

143 Me H Me H Br H >4 >4 >4 ND?

1 44 Me H Me OMe OMe H >4 >4 >4 14.2 -
145 Me H Me —OCH,CH,0- H 1 >4 >4 2.0 -
146 NH, CN H H F H 4 >4 >4 ND?
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1 47 NH> CN H H Cl H >4 >4 >4 0.5 -
148 NH: CN H OMe | OMe H 2 >2 >4 46 -
149 2-MeO-CoHa H H OMe | OMe H NA 435 7.94
150 2-MeO-CHa H H “OCH,0- H > >4 >4 374 5.13
151 4Py H H OMe | OMe H 2 >4 >4 171 -
152 4Py H H “OCH.0- H >2 >4 >4 ND?
153 2-Thienyl H H H OMe H >4 >4 >4 ND?
154 2-Thienyl H H H Ci H > >4 >4 ND?
155 2-Thienyl H H OMe OMe H 4 >4 >4 52.6 6.31
156 | >4-Methylene- H CFs OMe OMe H NA ND?
dioxy-C¢Hs
N
157 @ H H H H >4 >4 >4 7.3 i
N
158 @ H H OMe H >4 >4 >4 115 -
N
1 59 @ H OMe | OMe H >4 >4 >4 11.7 -
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\N -
1 60 @ H H H H - 4 >4 >4 13.3

aThe sea urchin embryo assay was conducted as described previously.” Fertilised eggs and hatched blastulae were exposed to 2-fold decreasing concentrations of
compounds. Duplicate measurements showed no differences in effective threshold concentration (EC) values.

® Gl %: single dose inhibition of cell growth at 10 uM concentration.

¢ Glso: concentration required for 50% cell growth inhibition. This is the mean for the 60 cell lines tested in the NCI60 panel.
4 NCI ID 238159.

¢ Data from Ref.%®

fData from Ref.*®

9 ND: not determined.

" TE: tuberculate eggs typical for microtubule destabilisers.

i NA: not tested, insoluble in 96% ethanol.
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3.2.2.2 Cytotoxicity in NCI160 human cancer cell line panel

In NCI60 screen derivatives 1 21, 22, 24, and 25 at 10 uM concentration inhibited cancer
cell growth by >70% (Table 3.1). Microtubule-destabilising derivatives 1 34 and 35 also
demonstrated pronounced cytotoxicity (Glso = 0.28 and 3.24 uM, respectively), whereas p-
substituted derivatives 1_27, 29, 31 to 33 showed weaker cell growth inhibition as previously
reported.® Bicyclic AThPs 1_40 to 56 exhibited minimal microtubule modulation in vivo
along with barely detectable cytotoxic properties. Independent studies of 1_28 using in vitro
(bovine) tubulin polymerisation inhibition assay yielded an ICso value of 13.28 uM, however

the molecule did not cause cell cycle arrest in 3T3 cells.

In general, sea urchin embryo results for 1_21, 22, 24 and 25 were in good correlation with
the NCI60 data reported by Arabshahi et al.®, i.e., human MDA-MB-435 melanoma and
MDA-MB-468 breast cancer cell lines were found to be particularly sensitive to the active
series and the pertinent Glso values are given in Table 3.2. Increased conformational
flexibility by cycloalkyl ring expansion showed apparent increase in microtubule-
destabilising activity and cell growth inhibition (molecules 1 21 vs. 23 and 1_22 vs. 24).
However, derivative 1_21 showed the strongest effect against melanoma MDA-MB-435 cell
line with Glso = 52 nM (Table 3.2) but a relatively modest activity in the sea urchin embryo
assay compared to other derivatives (e.g., 1 22 to 24). This effect was more pronounced for
derivative 1 25, which displayed the strongest general cancer growth inhibition with no
potency in the sea urchin assay suggesting an alternative non-tubulin mediated mechanism of
action. A similar outcome was observed for derivative 1 50 (R1 = 2-methoxyphenyl, Rz = 3,
4-dimethoxyphenyl), it demonstrated a robust cytotoxic effect (Glso = 5.13 puM) with no

activity seen in the sea urchin embryo assay. These data suggests that specific anti-tubulin
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effect for the AThPs series is dependent on the substitution patterns for both the core and the

phenyl pharmacophore.

Table 3.2. Effects of AThPs 1_21, 22, 24 and 25 on MDA-MB-435 human melanoma and MDA-MB-468
breast cancer cell lines.

Mean Glso (nM)P
Compound | Mean GlI, %?
MDA-MB-435¢ MDA-MB-468°
121 23.6 52 197
122 30.3 172 332
124 147 205 254
125 10.0 2530 394

aGI %: single dose inhibition of cell growth at 10 uM concentration.
b Glso: concentration required for 50% cell growth inhibition.

¢ Data from Ref.%

3.2.3 Molecular Modelling

Results from the sea urchin embryo assay are clear implications of microtubule
destabilisation that displayed morphological changes similar to other microtubule-targeted
destabilising agents e.g., phenstatin and nocodazole from Table 3.1, colchicine derivatives,
and Vinca alkaloids. To elucidate the most likely binding sites on tubulin, molecular

modelling was employed.

3.2.3.1 Reliability and Reproducibility test

The software package GOLD was first tested for its reliability in order to reproduce the
experimental binding modes. Four scoring functions were used, abbreviated as GS, CS,
ChemPLP and ASP to strengthen consensual relationships. The co-crystallised ligands were
removed and re-docked into their respective binding sites. The RMSDs between the co-

crystallised ligand and the docked configurations were calculated (Table 3.3). The docking
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overlays are shown in Fig 3.5. Good RMSDs resulted from colchicine (0.394 A) and
paclitaxel (1.625 A). However, only GS showed adequate RMSD = 1.307 A for vinblastine
(Fig. 3.5C). This may be associated with the fact that it is more unlikely for more complex
and flexible structures to have the same pose for every docking run. Furthermore, the
adequacy of the GS scoring function suggested it is the most reliable scoring function when
docking into the Vinca site. Following this, all forty derivatives were docked into the three

binding sites namely colchicine, Vinca, and taxol sites.

Table 3.3. RMSD values in A calculated between the co-crystallised ligands and its re-docked configurations.
Four scoring functions were used: GS, CS, ChemPLP and ASP.

Co-crystallised Average
) GS CS ChemPLP ASP
ligand RMSD (A)
Colchicine 0.481 0.362 0.403 0.330 0.394
Vinblastine 1.307 12.000 12.547 6.020 7.969
Paclitaxel 1.090 1.667 1.684 2.060 1.625
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Figure 3.5. Overlays of best scoring re-docked configurations. The co-crystallised ligands; colchicine (A),
vinblstine (B) and paclitaxel (C) are depicted using ball and stick display style coloured blue. The other colours
are representatives of each of the scoring functions; pink (GS), yellow (CS), green (ChemPLP) and orange
(ASP). The hydrogen atoms of the ligands were suppressed.

3.2.3.2 Docking to colchicine, Vinca, and taxol sites

As mentioned before, the colchicine is regarded to be the most simple binding domain
compared to the complexity of the Vinca and taxol sites. This is important for understanding
the link behind the development of several colchicine site-targeted small molecules with
destabilising effects. The structures of the Vinca and taxol sites are complicated with multiple
sub-pockets and large cavity size favourable for large complex inhibitors. It should be noted
that the taxol site is known to exert stabilising effects when inhibited, making it the most
unlikely site for AThP inhibition. So, it can be assumed that the AThPs are most likely
targeting the colchicine site. Derivatives 1 21 to 60 were docked to all three sites and the

scores are shown in Table 3.4.

The Vinca and taxol sites showed similar scores across all four scoring functions. The
colchicine site on the other hand clearly showed that GS and ChemPLP scored much higher
than both the Vinca and taxol sites, whereas CS and ASP have similar scores. The scores are
roughly 55 to 73 (GS) and 56 to 78 (ChemPLP) for the colchicine site with mostly

concentrated in the mid and higher 60's. The Vinca site scored roughly within the range of 29
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to 60 (GS) and 46 to 62 (ChemPLP) with most scoring in the lower and mid 50's. The
stabilising taxol site scored around 47 to 65 (GS) and 46 to 70 (ChemPLP) with most scoring
closely to the Vinca site around the lower and mid 50's. Thus, the score results indicated a
close consensual relationship between GS and ChemPLP scoring functions suggesting the

colchicine site as the most probable site for AThP inhibition.

In order to understand the binding mechanisms of the AThPs, the docked configurations to
the colchicine site were studied for series A. Modelling studies were exemplified using
compounds 1_21 and 24 (Fig. 3.6). Hydrogen bonding with amino acid residues Val181 and
Thrl79 were observed. Additionally, hydrophobic contacts between the phenyl ring and
lipophilic regions inside the B—subunit cavity where the side chains of hydrophobic amino
acid residues Ala316, Leu255 and Val181 form a cavity. The cavity is known to be occupied
by the heptalen-7-yl ring on the colchicine (Fig. 3.6A and C). The cycloalkyl moiety is
predicted to be oriented towards a large hydrophobic area within the o/p interface facilitating
lipophilic contacts with amino acid residues Leu248, Tyr224, Gly143 and Alal80. This is an
important observation as it established a relationship between ring size and biological
activity, i.e., a five-membered (1 _21) to a seven-membered ring (1_24) size is likely to

facilitate increased van der Waal's interactions within the hydrophobic pocket.
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Table 3.4. Docked scores of colchicine, vinblastine, paclitaxel and AThP derivatives to the main three binding sites in tubulin monomer.

S Colchicine Vinca Taxol

Goldscore  ChemScore ChemPLP ASP | Goldscore ChemScore ChemPLP ASP | Goldscore ChemScore ChemPLP ASP

Colchicine 83.6 31.1 83.0 35.1 - - - - - - - -

Vinblastine - - - - 70.0 25.4 57.6 28.1 - - - -
Paclitaxel - - - - - - - - 81.6 27.4 86.8 33.6
121 61.7 27.4 63.8 24.4 51.5 25.4 54.8 26.8 55.2 29.0 51.8 23.0
122 60.6 29.8 67.1 27.6 51.2 25.9 51.8 27.9 49.8 27.9 52.7 235
123 61.0 28.3 62.8 22.7 53.6 26.1 56.3 27.2 55.4 31.0 52.1 23.0
124 62.5 25.4 70.8 25.7 49.6 26.4 54.1 26.7 50.8 29.1 49.1 235
125 555 26.7 62.6 25.8 51.4 26.2 62.7 31.6 52.7 30.3 60.5 29.2
1 26 66.0 315 76.3 25.9 49.3 28.1 49.6 26.3 51.9 31.0 56.8 25.3
127 67.3 31.4 73.7 25.7 52.9 28.3 54.4 27.6 51.0 322 53.8 25.3
128 64.3 31.2 73.1 26.1 48.7 28.3 52.4 26.3 48.5 30.0 56.1 245
129 66.9 334 76.7 26.0 29.2 30.1 50.5 24.0 52.0 32.1 50.9 25.0
130 65.5 26.0 62.1 28.7 51.3 27.0 51.6 28.2 53.7 27.8 55.8 26.3
131 60.3 31.3 77.8 31.1 51.1 27.1 50.6 25.6 52.1 31.3 48.9 24 4
132 67.2 31.7 62.1 30.3 47.7 29.2 49.3 25.3 48.8 28.2 50.7 245
133 67.4 33.0 62.4 25.8 48.3 27.2 50.3 26.1 53.5 304 45.9 235
134 60.2 31.1 70.5 25.0 49.9 29.9 51.0 25.2 51.9 324 515 26.0
135 60.4 23.1 56.3 23.2 53.8 25.2 52.4 28.6 55.0 30.3 54.6 26.5
1 36 71.4 30.9 65.9 29.2 60.2 28.4 63.3 29.9 65.3 35.6 70.2 36.3
1 37 711 275 63.8 30.1 58.7 27.6 67.4 30.3 63.3 344 67.2 36.5
1 38 65.7 30.0 63.1 29.0 51.0 28.5 52.4 21.7 53.0 29.8 55.6 25.9
1 39 65.5 28.8 74.8 34.0 50.0 26.4 57.1 30.4 53.7 27.6 57.9 28.5
1 40 62.2 27.8 63.9 26.4 45.9 25.3 50.0 25.1 47.7 28.0 48.3 25.9
141 62.2 27.8 67.1 28.0 48.9 25.6 47.6 24.7 48.5 28.3 50.0 25.3
1 42 66.6 25.7 67.5 27.3 46.5 24.9 46.0 24.1 49.1 28.2 50.8 26.7
1 43 67.8 29.6 56.3 24.6 49.4 26.0 51.3 24.2 49.4 29.4 52.8 24.9
1 44 69.0 25.0 65.2 24.7 52.1 215 49.8 27.0 55.4 26.1 51.8 26.0
1 45 73.0 31.5 68.9 28.1 50.2 28.2 50.8 27.6 50.8 29.0 49.1 26.2
1 46 57.7 24.0 56.6 28.5 48.5 25.2 50.1 28.1 48.2 28.2 52.1 28.2
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148
149
1.50
1,51
1 52
153
1 54
155
1.56
1,57
158
1.59
1.60

61.7
59.1
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68.0
61.6
65.7
70.6
73.0
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76.6
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27.3
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535
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Figure 3.6. Binding poses of compounds 1_21 (A and B) and 1_24 (C and D). Colchicine (blue) is overlain
with the ligands (A and B). The grey and black polypeptide ribbons belong to the B-chain and a-chain
respectively. Green dotted lines represent hydrogen bonding interactions. The binding site of the protein is
rendered where grey is neutral and green and pink represent hydrogen bond acceptor and donor groups.

Additionally, the series B tricyclic and bicyclic AThPs with ketone linkers were modelled.
Results revealed that there is substantially more overlapping with the colchicine ligand and
less interactions with the a/B-interface and more occupation in the f—subunit cavity for both
series B tricyclic and bicyclic AThPs exemplified by derivatives 1 29 and 44 respectively

(Fig. 3.7). Thus, it is suggested that cycloalkyl interactions with the B—subunit cavity are
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unfavourable to increases in destabilising effects. This model is supported by the biological

data presented in Table 3.1.

- J p “

Figure 3.7. Binding poses of series B AThP derivatives 1_29 (A) and 44 (B). Colchicine (blue) is overlain with
the compounds. The grey and black polypeptide ribbons belong to the B-chain and a-chain respectively.

The second binding site on tubulin is the Vinca site located at the a—interface between two
tubulin molecules. Inhibition of the site is known to cause destabilising effects, thus leaving
speculation as a possible location for AThP inhibition. Structural visualisation showed a large
binding site with multiple grooves and pockets suitable for larger flexible molecules. To
further clarify, shown in Fig. 3.8 are illustrations of vinblastine, a known Vinca site inhibitor
and derivative 1 21 docked to the Vinca site. The tricyclic core clearly lacked any form of
overlays with vinblastine which strongly suggests that the AThPs are unlikely to interact with

the Vinca site in a similar fashion to vinblastine and other Vinca site inhibitors.
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Figure 3.8. Binding poses of vinblastine co-crystallised ligand (green) (A) and 1_21 (B) in the Vinca site. The
protein surface is rendered and a— and B—subunits labeled. Partially positive, negative and neutral regions are
depicted as blue, red and grey areas.

Figure 3.9. Binding poses of paclitaxel co-crystallised ligand (red) and derivative 1_21. The protein surface is
rendered. Partially positive, negative and neutral regions are depicted as blue, red and grey areas.

A similar case appeared for the taxol site, the binding site is relatively large with multiple
pockets and clefts suitable for large flexible complex molecules (Fig. 3.9). The site is known

for their stabilisation effects when inhibited, which did not correspond to the destabilising
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effects demonstrated by the AThPs. As shown in Fig. 3.9, derivative 1 21 cannot
accommodate all the binding pockets and molecular interactions as thoroughly as paclitaxel.
This explained the reason for a consistent drop in scores for both the GS and ChemPLP
(Table 3.4) when comparing the colchicine and taxol sites, a similar case can be attributed to

the Vinca site.

3.3 Methodology

3.3.1 Molecular Modelling

The compounds were docked to the crystal structures of tubulin with their respective PDB
IDs: 402B (resolution 2.3 A),*° 4EB6 (resolution 3.47 A)!% and 1JFF (resolution 3.5 A).%°
The Scigress v2.6”° was used to prepare the crystal structure for docking, i.e. hydrogen atoms
were added, the co-crystallised ligands were removed as well as crystallographic water
molecules. The Scigress software suite was also used to build the chemical structures and
were optimised using the MM2%° force field. The centre of the binding were defined in crystal
structures: 402B as C3 on colchicine (x = 13.222, y = 8.371, z = -23.331), 4EB6 as C58 on
vinblastine (x = 13.391, y = 90.610, z = 103.739) and 1JFF as O11 on paclitaxel (x = 1.403,y
= -16.979, z = 16.391) with 10 A radius. Fifty docking runs were allowed for each ligand
with default search efficiency (100%). The basic amino acids lysine and arginine were
defined as protonated. Furthermore, aspartic and glutamic acids were assumed to be
deprotonated. The GoldScore (GS),*3'° ChemScore (CS),?>% ChemPLP? 2* and ASP%
scoring functions were implemented to validate the predicted binding modes and relative

energies of the ligands using the GOLD v5.4.0 software suite.
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3.3.2 NCI60 assay and Phenotypic sea urchin embryo assay

Compounds were verified for their anticancer activity in the NCI60 assay by the National

Cancer Institute, Maryland in the United States. For general method see Ref.®

The phenotypic sea urchin embryo assay was conducted by our collaborators, Prof. Victor
Semenov, Dr. Marina Semenova, Leonid Konyushkin, Olga Atamanenko and Prof. Alex
Kiselyov at the N. D. Zelinsky Institute of Organic Chemistry and N. K. Kol tsov Institute of

Developmental Biology in Moscow, Russian Federation. The protocol is outlined in Ref.%

3.4 Future Work and Conclusions

In this work, it was shown that tubulin destabilisation is one of the main biological
mechanisms of action for the AThPs based on the sea urchin embryo data. Molecular
modelling determined the colchicine site to be the most likely inhibition site for anti-tubulin
activity. Inevitably, to confirm this would need to employ biochemical assays that can show
evidences of AThP inhibition, e.g., using radioactive [3H]-colchicine as competing substrates
has been suggested.” Derivatives 1_21 to 24 have low nano-molar activities but the rest of
the compounds are less active. A carboxamide linker between the thienopyridine core and the
phenyl group is crucial for the activity, which can be rationalised with enhanced lipophilic
contact at the a/B-interface in tubulin compared to the derivatives containing a ketone linker
according to molecular modelling to the colchicine site. The potency in the sea urchin assay
is reflected in the NC160 human tumour panel with some notable exceptions that suggested
that this class of compounds has a number of modes of action, e.g., derivative 1_25. It is clear
that more work is required in order to identify all of the biological targets of the AThPs but
the results presented here substantially advances our insight into their anticancer mechanisms

of action.
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Chapter 4

Identification of novel phosphatidylcholine -
specific phospholipase C inhibitors using virtual
high throughput screening
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4.1 Introduction

4.1.1 Overview of phosphatidylcholine — specific phospholipase C

PC-PLC is a type of phospholipase C mediator that preferentially hydrolyses
phosphatidylcholine (PC) phospholipids into secondary messengers DAG and
phosphocholine.1%1% DAG is known for its involvement in activating PKC, a kinase that
phosphorylates downstream proteins in the signal transduction cascade.*? 1% The role of
phosphocholine in the signaling pathway is not entirely clear other than it is required for the
synthesis of essential lipids for signal transduction.'® However, there is a strong relationship
between high phosphocholine levels and cell proliferation activity, particularly in cancer

tumours making it a useful biomarker for monitoring cell proliferation,%6-107

The progression in understanding the mechanisms, structures and functions of mammalian
PI-PLCs have been well-developed. Unfortunately, this is not the same for mammalian PC-
PLCs. Only the prokaryotic PC-PLCs have been purified and its structure characterised in
detail, the most well-known was extracted from Bacillus cereus (PC-PLCsc).2%® Initially, the
idea of using PC-PLCsc emerged from using bacteria from the Bacillus genus to screen for
the hydrolysis of PCs that revealed Bacillus cereus to be the most responsive strain.!® Thus,
PC-PLCasc is used as a model for studying the structure and functions of mammalian PC-
PLCs. The approach is justifiable as both mammalian and prokaryotic PC-PLCs were
reported to share some similar features, e.g., antigenic similarities’® and able to mimic

similar responses such as enhancing prostaglandin biosynthesis.!!
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4.1.2 PC-PLC in cancer progression

Similar to the PI-PLCs, PC-PLCs hydrolyse phospholipid substrates to form bioactive
signalling intermediates that further activate an array of cellular events, which if unregulated
can lead to cancer.!® Due to a lack of results on mammalian PC-PLCs, specific information
regarding their cellular roles, structures and isotype variations are limited. Nonetheless, a
growing body of evidence linking PC-PLC with cancers have been established, e.g.,
increased activation of PC-PLC in MDA-MB-231 breast''? and epithelial ovarian cancers,'?
and it was implicated to be involved in oncogenic mitogen-activated protein kinase
activation.’* Only a handful of PC-PLC inhibitors are known which are not considered to be
drug-like, e.g., 2-aminohydroxamic acids,*® univalent anions,*® N,N’-dihydroxyureas,’
phospholipid analogues!'® and the acclaimed xanthate, D609 (see molecular structures in Fig.
4.1).11%-120 Therefore, the data available suggests that PC-PLC is a novel target for anticancer

drug discovery with novel drug-like structures pending to be identified.

(@]
ClOHZl\‘)l\N/\/\N/ @
HO )I\ OH
17 U ()

2-Aminohydroxamic acid (1) N,N-Dihydroxyurea (11)
(ICs0 = 8 uM) (Ki =71 uM)
o)
CsHi1

O s
0 e )]\ | < | >
C5H11/ \P// | / KS O

N
& 8 \O/\/@\

Phospholipid analogue (111) D609 (1v)
(Ki=7uM) (Ki =64 uM)

Figure 4.1. Examples of known PC-PLC inhibitors (I - IVV) and their measured inhibition activities.
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4.1.3 Binding site of PC-PLCg¢

It is worth studying the binding site of PC-PLCsc to gain the structural insights of the enzyme.
The binding site is buried in a hydrophobic region surrounded by a-helical chains and loops
connecting the helices (see Fig. 4.2).1% The active site is embedded with a tri-metal centre
consisting of three Zn?* ions.1® The tri-metal centre are penta-coordinated to amino acids and
three water molecules that are proposed to play central roles in the catalytic cleavage of PC
substrates.19% 108,121 7n1 js bridged to Zn3 by a water molecule and ligates to residues Asp55,
His69, His118 and Asp122.1% Zn2 is ligated to two water molecules and amino acid residues

His128, Glu146 and His142.1% Zn3 is ligated to amino acids Trp1, His14 and Asp122.1%8

His142
Glul46
\\‘.‘ZnZ_.
R ‘\.
__\Q)Hislzs
an:;\\\o‘""—_‘\.h !
/%, Zn1>,
}\Q 2 / Trpl , dr
[ o e Asp122 ;  His69 Asp55
©
\
<
His118

Figure 4.2. The structure of wild-type PC-PLCg; enzyme (PDBid: 1AH7).1% The phospholipase monomer is
displayed as red ribbons embedded with three catalytic Zn?* ions and water molecules depicted as grey and red
spheres, respectively (left). Coordinating water molecules and amino acids to the Zn?* ions represented as sticks
are coloured by atom types (right).

The substrate binding site of PC-PLCsc are accomodated by other residues that includes Ala3,
Glu4, Tyr56, Ser64, Thr65, Phe66, Phe70 and Asn134.2 Additionally to the tri-metal centre,

these residues can accommodate different parts of the PC substrate; Glu4, Tyr56 and Phe66

have been implicated to accommodate the choline head group,' whereas it is difficult to
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identify the residues involved for lipophilic contacts with the acyl chains.'?? This was partly
due to the conformational flexibility and disorder of the long acyl chains which resulted in
difficulties in measuring the intermolecular distances between the amino acid residues and
the acyl chains.'??> Nevertheless, the basis of favourable hydrophobic — hydrophobic contacts

can be assumed as a general guide between the PC substrate and the hydrophobic residues.

4.1.4 Catalytic cleavage mechanism of PC-PLCagc

It was confirmed that the phosphate group coordinate to the Zn?* ions that can result in the
displacement of water molecules from the tri-metal centre.*?> Consequently, this leads to the
phosphate group to become more electrophilic or ‘activated’.!®® An amino acid residue can
act as a base and abstract a proton from a water molecule. Several amino acid residues have
been proposed as bases owing to their short intermolecular distances from nucleophilic water:
Glu4*?® and Asp55.123124 A mechanism proposed using Asp55 as the general base is shown in
Fig. 4.3. Abstracting a proton from water activates a nucleophilic hydroxide ion to attack on
the phosphodiester bond that resulted in two separate products: phosphocholine and DAG
alkoxide. A proton donor is required to protonate DAG alkoxide. It was proposed that Asp55
can also act as the proton donor.'?* Although, the mentioned residues play important
mechanistic roles in catalysis, the roles of the histidines should not be overlooked. The side
chain of histidine is an imidazolium heterocycle that has an estimated pKa value ~7 near

physiological pH, which suits histidine to function as both an acid and a base.'?®
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Figure 4.3. A basic outline of the cleavage mechanism by the PC-PLCg: enzyme. (Diagram obtained from
Hergenrother et al.*%®)

4.2 Results and Discussion

The aim of this project is to search for novel inhibitors of mammalian PC-PLC using the PC-
PLCagc crystal structure as a model. The vVHTS methodology was used due to its ability to

identify inhibitors of various drug targets (see introduction section 1.3).

4.2.1 Pilot Screen

1 x 10* molecular entities were downloaded from the ChemBridge diversity collection.*?® It
was filtered based on Lipinski’s rules?® resulting in 8373 drug-like molecules. The docking
scaffold used was the wild-type PC-PLCsc crystal structure (structure shown in Fig. 4.2). Zn3
was selected as the centre of binding as it was reported that the Zn?* ions play important roles
for catalytic cleavage by binding to charged phosphate groups on the phospholipid

substrates.1% 117, 121 Foyr scoring functions, GoldScore (GS),'®*® ChemScore (CS),2>%
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ChemPLP?% 24 and ASP? were implemented at 30% efficiency. Molecules without hydrogen
bonding (HB = 0) and those that have scores GS < 55, CS < 26, ChemPLP < 65 and ASP <
25 were eliminated. The initial elimination process resulted in 1721 molecules. These were
re-docked at a higher efficiency (100%), i.e., higher quality pose of the ligand is predicted.
Molecules with HB = 0, GS < 60, CS < 34, ChemPLP < 65 and ASP < 28 were further
eliminated. Additionally, molecules with undesirable reactive, cytotoxic and chemically
unstable moieties suggested to produce false positives were removed (see introduction
section 1.3, Fig. 1.2).1” The remaining molecules were checked for the best predicted poses
between the scoring functions and whether a plausible binding mode was predicted, e.g.,
chemical groups directed towards Zn?* ions to form electrostatic interactions and no
lipophilic moieties facing the aqueous environment. In total, thirty-two compounds (see
molecular structures Fig. 4.4) were purchased from the ChemBridge Coorporation Online

chemical store for experimental testing.1?’
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Figure 4.4. Molecular structures of thirty two compounds tested with the Amplex Red biochemical assay for
activity against PC-PLC. The known inhibitor is D609 (35) was used as a positive control.11%120 Active hits 12
and 24 are coloured red.

The compounds were tested with the Amplex Red assay that indirectly measures the amount
of hydrogen peroxide produced with high sensitivity and specificity using the 10-acetyl-3,7-
dihydroxyphenoxazine (Amplex Red reagent) fluorogenic probe (see Scheme 4.1).}%2 The
results are shown in Fig. 4.5. The assay indirectly measures the activity of PC-PLCgc that

determines the amount of hydrogen peroxide produced. Firstly, PC-PLCgc cleaves its natural
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substrate, PC into DAG and phosphocholine followed by the hydrolysis of phosphocholine
by alkaline phosphatase into choline and inorganic phosphate. In the presence of choline
oxidase, choline is oxidised to betaine and hydrogen peroxide. The highly fluorescent
product, resorufin is formed when hydrogen peroxide reacts to the Amplex Red reagent in the

presence of a peroxidase.

PC-PLC
phosphatidylcholine — DAG +  phosphocholine
Alkaline
phosphatase
oxidase
Betaine + H,02 < choline
peroxidase
Amplex Red

Scheme 4.1. Flow chart of the Amplex Red assay for indirect monitoring of PC-PLCg; activity.

The compounds were considered as hits with inhibition >15% of the fluorescence emitted.
Initially, two hits were identified: 3-[(4-cyclohexylphenyl)sulfonamido]benzoic acid (12) and
1-[4-(trifluoromethyl)phenyl]-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic  acid
(24) having ~15% and ~27% inhibition at 10 uM. Interestingly, both compounds have a
carboxylic acid moiety that can coordinate to the catalytic Zn?" ions. This suggests

coordination to the Zn?* ions to be important to the inhibition mechanism.
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Figure 4.5. The average PC-PLCg. activity and their standard deviations after screening the 32 selected
compounds from the pilot screen at 10 uM using the Amplex Red biochemical assay. The positive control used
is D609 (35). Active hits were identified as having >15% inhibitory activity resulting in hits 12 and 24 as
bracketed in red.

In order to explore the SARs of 12 and 24, structurally similar analogues were found for
experimental testing from eMolecules.com,®® a website that hosts commercially available
compounds, three compound providers were used: ChemBridge Corporation,?” Chemical
Diversity Inc (ChemDiv)'?® and InterBioScreen Ltd (IBS).**® The chemical series resulted
from hits 12 and 24 are classified as the N-phenylbenzenesulphonamides and 2,3,4,9-

tetrahydro-1H-pyrido[3,4-b]indoles based on their core scaffolds.

4.2.1.1 N-phenylbenzenesulphonamides

Hit 12 exhibited 15% inhibition in the biochemical assay and features N-
phenylbenzenesulphonamide as the core structure, m-substituted carboxylic acid moiety to
the sulphonamide bridge in N-phenyl and p-substituted cyclohexyl to the sulphonamide
scaffold linked to benzene. A similarity coefficient of 0.7 was used to search for structurally
similar compounds to 12 in eMolecules.com. Twelve N-phenylbenzenesulphonamides were
purchased and experimentally tested and the results are given in Table 4.1. N-
phenylbenzenesulphonamides 12_1 to 12_10 have mainly large cyclic structures at position

R1 with various substituents at positions Rz and Rs that includes carboxylic acids, halogens,
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methyls, benzamide, N,N-dimethyl and nitro groups. Compound 12_11 has an isobenzofuran-
1(3H)-one substituted for a phenyl ring, whereas 12_12 is the only compound with a non-

aromatic cyclohexyl ring linked to the sulphonamide.

Table 4.1. The molecular structures and inhibition activities of the N-phenylbenzenesulphonamide derivatives.
The inhibition was measured at 10 uM using the Amplex Red biochemical assay. Compound 35 (D609) was
used as the positive control.

Ry
/NH R,
O// \\O
R3
12to 12 10
OH @)
NH NH
2N 53
o” Yo 0 o
12 11 o 12 12
Compound R: Rz R3 Inhibition (%)
35 - - - 53
122 cyclohexyl COzH H 14
12 1 cyclohexyl CO.H N(CHs), 9
12 2 cyclohexyl benzamide H 5
12 3 cyclohexyl H CO:H 5
12 4 cyclohexyl H NO; 6
12 5 phenyl COzH 3
12 6 cyclohexyl CHs 8
12 7 CO:H F 5
12 8 cyclohexyl H Br 6
12 9 methyl COzH H 0
12 10 cyclohexyl H CHjs 3
12 11 - - - 11
12 12 - - - 6

@Hit compound from pilot screen.
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As can be seen in Table 4.1, only modest inhibitory activities against PC-PLCgsc was achieved
by the N-phenylbenzenesulphonamides and none of the derivatives demonstrated improved
activities over 12. The second best inhibitor was for compound 12_11 showed ~11%
inhibition. Removal of ring systems (12_7 and 12) and substituting cyclohexyl for aromatic
rings at Ri1 (12_5 and 9) did not improve potency. Substitutions by N,N-dimethyl (12_1),
benzamide (12_2), carboxylic acid (12_3), nitro (12_4), halogen (12_7 and 8) and methyl

(12_6 and 10) at positions Rz and R4 on the phenyl ring showed no improvement in inhibitory

activities.

Asnl147

Figure 4.6. The docked configuration of N-phenylbenzenesulphonamide 12 in the PC-PLCg. binding site. (A)
The protein surface is rendered. Red and blue surfaces depicts negative and positive partial charge whereas grey
shows neutral lipophilic areas. (B) Zn?* ions are depicted as grey unconnected spheres which form coordinated
bonds shown as red dotted lines with the sulphonyl functional group, whereas hydrogen bonding are depicted as
green dotted lines with amino acid residues Serl3, Asp55, His69 and Ser143. The hydrogen atoms were
suppressed for clarity.

Molecular modelling studies for the most active N-phenylbenzenesulphonamide 12 predicted
hydrogen bonding interactions with amino acid residues Asp55, His69, Ser143 and Asnl147
(see Fig. 4.6). The benzoic acid is predicted to be oriented towards a hydrophobic area
formed by Ala3 side chains and Ser2 backbone, whereas the cyclohexylbenzene is situated

nearby residues Phe66 and Phe70 in which the two moieties are expected to form
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hydrophobic contacts. Replacing cyclohexyl with phenyl (12_5) and small methyl group
(12_9) is detrimental to activity, suggesting the importance of conformational flexibility.
Visual inspection of derivative 12 9 binding mode showed lack of spatial occupation by
methyl and is assumed to have less favourable hydrophobic contacts. This phenomenon was
also seen for derivative 12_12. The sulphonamide functional group is facing towards the
triple Zn?* ions, where they are expected to coordinate with the metals which can explain its
inhibitory effect on PC-PLCgc activity. The N-phenylbenzenesulphonamides have similar
binding poses and interactions with the exception of 12_2 where m-benzamide inserted at R2

gave a non-plausible binding mode, e.g., phenyl ring positioned outside the hydrophobic site.

4.2.1.2 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indoles

Hit 24 has a measured inhibition of 27% (refer to Fig. 4.5). It features a 2,3,4,9-tetrahydro-
1H-pyrido[3,4-b]indole heterocyclic core, the pyridine moiety is linked to a phenyl ring and a
carboxylic acid. Again, a similarity coefficient value of 0.7 was used to search for structurally
similar compounds on eMolecules.com. Thirty-five compounds were purchased for
experimental testing. Specifically, the compounds contain various substitutions around the
phenyl ring (24_1 to 32), methyl (24_33), pyridine (24_34) and naphthalene moieties (24_35)

replacing the phenyl ring were also obtained.
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Table 4.2. The molecular structures and inhibition activities of the 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole
derivatives. The inhibition was measured at 10 uM using the Amplex Red biochemical assay. Compound 35
(D609) was used the positive control. Stereocenters are marked with an asterisk (*).

O
* OH
H * NH
24 33 24 35
Compound R: R2 R3 R4 Rs Inhibition (%)

35 - - - - - 62

242 H H CF3 H H 27
24 1 H H H H H 17
24 2 OCHs H H H H 25
24 3 H H OCHs3 H H 9
24 4 H H OCH,CHs3 H H 34
24 5 OCHs3 OCHg3; H H H 22
24 6 H OCH; OCH;s H H 38
24 7 H OCHs OCHCH,CH3 H H 20
24 8 H OCHjs OCH3 OCH3 H 15
24 9 H OH H H H 18
24 10 H OH OH H H 75
24 11 H OH OCHz3 H H 47
24 12 H OH OCH,CHs H H 53
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24 13 H OCHs OH H H 43
24 14 H OCHs OH OCHs H 60
24 15 H H N(CHa), H H 49
24 16 H F H H H 34
24 17 H H F H H 24
24 18 Cl H H H H 14
24 19 H H Cl H H 17
24 20 Cl H Cl H H 44
24 21 Br H H H H 27
24 22 H Br H H H 21
24 23 H CF3 H H H 19
24 24 H H OCHF; H H 16
24 25 NO;, H H H H 26
24 26 H NO; H H H 23
24 27 CHs H H H H 29
24 28 H H CHs H H 19
24 29 H H isopropyl H H -10
24 30 CHs H H CHs H 21
24 31 H H H H COCH;s 5

24 32 H H (CH)7CHs OCHg H -28
24 33 - - - - - 4

24 34 - - - - - 24
24 35 - - - - - 37

2Hit compound from pilot screen.

As can be seen from Table 4.2, there is a clear indication of PC-PLCsgc inhibition for the
2,3,4,9-tetrahydro-1H-pyrido[3,4-bJindoles, several that showed improved inhibition (>27%).
Generally, the best compounds are m-alkoxy and p-hydroxyl electron-donating groups on the
phenyl ring. Dual m- and p-OH substitutions (24_10) has the strongest inhibition effect
(~75%), followed by dual m-methoxy substitutions on both sides of the ring together with p-

hydroxyl substitution (24_14) at ~60% and following closely by 24 12, 15 (p-N,N-dimethyl),
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11 and 13 ranging between 43 — 53% inhibition. However, alkoxy substitutions alone showed
modest inhibitory effects (24_3, 5, 6, and 8). Single halogen substitutions did not improve
efficacy with the exception of m-fluoro (24 _16), whereas dual o- and p-chloro (24 _20)
demonstrated improved inhibition (~44%). The remaining substituents on the phenyl ring
include nitro (24_26 and 25) and m-CFs (24_23), hydrogens (24_ 1) and alkyls (24_28, 27,
29, 30 and 32) did not improve inhibition. Replacing phenyl with pyridine (24_34) did not
improve activity, whereas improved activity is seen with naphthalene (24_35). Methyl
(24_33) substantially reduced inhibition suggesting the importance of bulky aromatic
systems. Introducing acetyl on the piperidine ring at Rs (24 _31) demonstrated detrimental

effect for the inhibition.

Table 4.3. Docking scores of the four possible diastereoisomers of compound 24 10 against the PC-PLCg
crystal structure.

Compound GS CS ChemPLP ASP
24 10 (1S,39) 75.6 45.0 84.3 43.8
24 10 (1S,3R) 69.5 44.1 83.5 41.5
24 10 (1R,3R) 64.1 43.0 77.6 42.4
24 10 (1R,3S) 73.8 46.4 95.3 455

Molecular modelling was conducted to understand the inhibition mechanisms behind the
2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indoles. Since the 2,3,4,9-tetrahydro-1H-pyrido[3,4-
blindoles were tested as racaemic mixtures, the diastereoisomer corresponding to the best
activity was unclear. The problem was investigated by docking all four diastereoisomers
(Table 4.3) using the most active compound, 1-(3,4-dihydroxyphenyl)-2,3,4,9-tetrahydro-1H-
pyrido[3,4-b]indole-3-carboxylic acid (24_10). The results revealed that the (1R,3S)-
diastereoisomer scored best for the CS, ChemPLP and ASP functions. It also scored

comparably well to the highest GS scoring (1S,3S)-diastereoisomer. The consensus concept
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was used to show that the (1R,3S)-diastereoisomer is predicted to be most active, i.e., three
scoring functions (CS, ChemPLP and ASP) out of four favoured the (1R,3S)-diastereoisomer.
Thus, it is reasonable to use the (1R,3S)-diastereoisomer to model for the 2,3,4,9-tetrahydro-
1H-pyrido[3,4-b]indole series. Visual inspection showed plausible binding modes (see. Fig.
4.7) for all four diastereoisomers, e.g., phenyl and indole moieties occupy lipophilic areas and

the carboxylic acid moiety is facing the Zn?* ions.

Figure 4.7. The docked configurations of the four 1-(3,4-dihydroxyphenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-
blindole-3-carboxylic acid (24_10) diastereomers in the PC-PLCg binding site. The protein surface is rendered
and hydrogen atoms are suppressed. Red and blue surfaces depicts negative and positive partial charge
respectively whereas grey shows neutral lipophilic areas.

(1R,35)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole 24 1 to 32 are analogues with different
substituents around the phenyl ring showed high similarity in binding modes and scores. The
binding mode and interactions are represented by 24 10 in Fig. 4.8. The phenyl group is

situated close to lipophilic areas partly consisting of Phe66 and Phe70 residues where they

are expected to form n—n stacking, whereas the tricyclic 2,3,4,9-tetrahydro-1H-pyrido[3,4-
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b]indole heterocycle occupies a lipophilic region accommodated by residues Ala3, Tyr56 and
Phe66. The hydroxyl substituents at R2 and Rs faces the water environment, which explains
the preference for polar groups at these positions over large alkyls, e.g., 24 29 and 32.
Hydrogen bonding interaction was predicted with His69 via the carboxylic acid functionality.
In some cases, Glul46 formed hydrogen bond with pyridine, e.g., modelling compound
24 15. The carboxylic acid functional group facing the deeply buried positively charged

regions are expected to form coordination bonds with the Zn?* ions.

Figure 4.8. Binding interactions of (1R,3S)-24_10 in the PC-PLCg. binding site has hydrogen bonding with
His69 residue depicted as a green dotted line. Zn?* ions are depicted as unconnected grey spheres and are
coordinated by the carboxylic acid functionality shown as red dotted lines. Hydrophobic amino acid residues
Ala3, Tyr56, Phe66 and Phe70 are also shown. The hydrogen atoms are suppressed.

Evidence from the scores (see appendix) have limited weight in explaining the SAR of
different substitution patterns on the phenyl ring, i.e., they lacked correlations between
activities and substitution patterns. For example, the more active alkoxy substituted
compounds 24 2 to 14 have similar scores to halogenated compounds 24 16 to 24. Replacing
methyl for the phenyl ring (24_33) resulted in score reduction but showed comparable

activity to non-substituted phenyl (24_1).
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Interestingly, tadalafil (see Fig. 4.9), a marketed drug branded as Cialis, consist of the
2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole core as its molecular scaffold. Tadalafil is a
phosphodiesterase type 5 (PDE5S) inhibitor and is orally available as a treatment for erectile
dysfunction.*® This suggests the 2,3,4,9-tetrahydro-1H-pyrido[3,4-bJindole core is likely to
be compatible for use in the clinic with acceptable pharmacokinetic profile. There is no
record of the drug with anticancer properties which suggests selectivity is independent of the

tricyclic 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole core.

O
o—/

Figure 4.9. The molecular structure of tadalafil, a marketed phosphodiesterase type 5 inhibitor.

4.2.2 Main Screen

The success of the pilot screen in finding active hits encouraged further search of more
inhibitors on a larger scale. An additional 4 x 10* compounds were obtained from
ChemBridge which was filtered using Lipinski’s Rule of Five leaving ~3.3 x 10* drug-like
molecules. All four scoring functions in the GOLD software suite were used: GS, CS,
ChemPLP and ASP. The same consensus concept used as in the pilot screen was applied, i.e.,
only ligands that scored well with all scoring functions and had hydrogen bonding activities
were taken forward.!321% The first filter criteria was as follow: GS > 55, CS > 25, ChemPLP
> 65, ASP > 25 and compounds with acceptable hydrogen bonding activity, that is HB > 0

(GS) and HB > 1 for CS and ChemPLP. Imposing this filter criteria resulted in 5249
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candidates which were re-docked at 100% search efficiency. The compound candidates were
filtered through a second score criteria: GS > 55, CS > 25, ChemPLP > 70 and ASP > 25.
Furthermore, compounds with good hydrogen bonding activities were selected: HB > 10
(GS) and HB > 1 (CS and ChemPLP) resulting in 871 candidates. Compounds with
carboxylic acid functionality and moieties that can ionise to form negative charges were
taken forward. This approach assumed the strongest inhibitors have the ability to coordinate
to the Zn?* ions. One hundred and fifty-five candidates were selected that had carboxylic and
sulphonic acid moieties. Candidates with undesirable reactive, cytotoxic and chemically
unstable moieties suggested to produce false positives were removed.*” This was followed by
visual inspections for plausible binding modes (see pilot screen section 5.2.1) and they had to
have an agreeable binding pose between the four scoring functions, i.e., good overlays
between the binding poses given by low RMSDs. In total, fifty four compounds were selected

(see molecular structures in Fig. 4.10) and were purchased for experimental testing.
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Figure 4.10. Molecular structures of fifty four compounds identified and tested with the Amplex Red
biochemical assay for PC-PLC inhibition. The top four active hits 86, 65, 71 and 73 are coloured red.
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Four compounds emerged as strong hits with inhibition >50%. Hit 86 showed the best
inhibition effect (80%) followed by 65 (65%), 71 (60%) and 73 (54%). Hits emerged with
medium inhibitory activities (25 — 50%) were 39 (25%), 50 (43%), 51 (28%), 75 (40%), 76
(29%) and 82 (47%). Interestingly, some compounds of the same family appeared as actives
from the main screen: indole-3-acetic acids (65 and 71), and benzamidobenzoic acids (50, 76
and 82). Four more benzamidobenzoic acid derivatives were also recognised with weak

activities (<25%): 57, 64, 74 and 80.

Similarity searches were conducted on the ChemBridge Online Chemical store based on hits
73 and 86, and the more modest benzamidobenzoic acid 82. Search results revealed no
similar compounds to 73 at 0.7 threshold. Lowering the threshold to 0.5 resulted in
appearance of several 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indoles. Forty-three derivatives of
86 and twenty derivatives of 82 were obtained using the search coefficient value of 0.7.
Although the indole-3-acetic acids 65 and 71 displayed strong inhibition effects, they were
opted from the search as they were speculated to be false positives. The compounds resemble
the plant growth hormone, auxin (see molecular structure in Fig. 4.11). Naturally, auxin is
biosynthesised from its amino acid precursor, tryptophan,’3* and was reported to possess
anticancer activities in the presence of horseradish peroxidase.’*>3" The mechanism
suggested was through the generation of free radicals that resulted in apoptotic cell death.3>
137 Auxin alone did not induce cytotoxicity in human melanoma cells,**® which confirmed

their inactivity in vitro.

OH

Iz

Figure 4.11. The molecular structure of the plant growth hormone, auxin.
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4.2.2.1 2-morpholinobenzoic acids

Hit 86 emerged as the strongest inhibitor from the main screen (80% inhibition). It features a
2-morpholinobenzoic acid scaffold linked to a benzyl group by an amine. The amine is
positioned para to the morpholine ring. A total of forty-three analogues of 86, classified as
the 2-morpholinobenzoic acids, were purchased for experimental testing to expand the SAR.
Compounds 86_1 to 33 have various substitution groups on the phenyl ring. Two analogues,
86_34 and 35, replaced the natural position of the carboxylic acid group with a fluorine and
methyl. Compounds 86_36 to 41 have various heterocyclic and aromatic groups linked to the
5-amino functionality. The 5-amino group is replaced with a hydrogen for 86_42. Singleton
86_43 contain a piperazine ring instead of a morpholine. The experimental results are
presented in Table 4.4, which clearly suggest that the 2-morpholinobenzoic acids display

inhibition activities against PC-PLCac.
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Table 4.4. The molecular structures and inhibition activities of the 2-morpholinobenzoic acid derivatives. The
inhibition was measured at 10 uM using the Amplex Red biochemical assay. Compound 35 (D609) was used
the positive control.

R
o Ry Rs R,
N $
HO R,
() | 9
\) O\)
86 to 86_33 86_34 10 35
0 . o o
HO N\R NH,
1 HO HO
I/\N ((\N (\N
O\) \) N \)
HyC”
86 _36t041 86_42 86_43
Compound R1 R2 Rs R4 Rs Inhibition (%)
35 - - - - - 35
862 H Br H H H 80
86_1 H H H H H 67
86 2 F H H H H 70
86_3 H H F H H 70
86 4 Cl H H H H 89
865 H cl H H H 89
86 _6 Cl H H H F 72
86 7 H H Br H H 71
86 8 Cl H Cl H H 65
86 9 CF3 H H H H 66
86_10 H H SCH;s H H 68
86 11 OCH3 H H H H 67
86_12 H OCHs H H H 72
86_13 H H OCHg3 H H 68

93




86_14 OCH.CHj3 H H H H 71
86_15 H OCH:CHs H H H 73
86_16 H H OCHCH3 H H 64
86_17 OCHg3 OCHs3 H H H 68
86_18 OCHa H OCH;s H H 70
86_19 H OCH;s OCHs H H 70
86_20 OCH:CHs OCHjs H H H 69
86_21 H OCH;s OCHCHj3 H H 69
86_22 H OCH,CHs OCHg3 H H 74
86_23 benzyloxy OCHjs H H H 74
86_24 H OCHjs benzyloxy H H 70
86_25 OCHa H H Cl H 67
86_26 OCHCHjs H H Cl H 69
86 27 OCHjs OCH3 Br H H 69
86_28 H OCH;s OCHg Cl H 72
86_29 OCHg3 Cl H Cl H 67
86_30 CHs H H H H 65
86_31 H H CHs H H 67
86_32 H H CH2CH3 H H 70
86_33 H H 1-pyrrolidine H H 72
86_34 F - - - - 101
86_35 CHs - - - - 98
86_36 H - - - - 68
86 37 2-phenylacetamide - - - - 4

86_38 thiophen-2-ylmethyl - - - - 69
86_39 (2-meth;)/i<)3lirr]1;%r;tlhalen-1- i ) i i 73
86_40 naphthalene-1-ylmethyl - - - - 70
86_41 cinnamyl - - - - 70
86_42 - - - - - -25
86_43 - - - - - 32

2Hit compound from main screen. The 2D molecular structures of derivatives 86_37 to 41 are provided in Figure
Al in the appendix.
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Generally, inhibition effects are tolerated with various substitution patterns around the phenyl
ring, mainly ranging between 65 — 75%. Unsubstituted phenyl (86 _1) displayed 67%
inhibition effect. Most single halogen substitutions (86 and 86_2 to 7) have inhibition >70%
with o- (86_4) and m-chloro (86_5) showed pronounced inhibitory effect at 89%, whereas
dual o- and p-chloro substitution (86_8) have reduced activity at 65%. Introducing o-CF3
(86_9), p-SCHs (86_10), single alkoxys (86_11 to 16), double alkoxys (86_17 to 24), halogen
and alkoxy combinations (86_25 to 29), single alkyls (86_30 to 32) and 1-pyrrolidine (86_33)

did not exhibit pronounced inhibition effects.

Unexpectedly, compounds without carboxylic acid functional groups (86_34 and 35)
displayed the strongest inhibition effect (~100%). This finding contradicted with the
proposed mechanism of inhibition as it had been suggested that a negatively charged
functional group, in this case a carboxylate, can inhibit the catalytic action of Zn?* ions.*16-117
139 On the other hand, it was reported that zinc coordinating functionalities are not required
for inhibition, and potency is more dependent on selective recognition of surrounding amino

acids.!®

Compounds 86_36 to 41 showed tolerance in the absence of benzyl groups at Ri and
exhibited inhibition with more than 68% with the exception of 2-phenylacetamide, which
displayed significant loss in activity suggesting detrimental effects of amides to the SAR. The
absence of 5-amino group (86_42) and replacement of morpholine for 4-methylpiperazine-1-

yl (86_43) also displayed significant losses to inhibitory effects.
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Figure 4.12. The docked configuration of 2-morpholinobenzoic acid 86 5 (A) and 34 (C) in the PC-PLCg
binding site. The protein surface is rendered. Red and blue surfaces depicts negative and positive partial charge
whereas grey shows neutral lipophilic areas. (B) Binding interactions with 86_5 show Zn?* ions as grey
unconnected spheres form coordinate bonds depicted as red dotted lines, whereas hydrogen bonding are
depicted as green dotted lines with residues Ala3 and Asp55. (D) Binding mode of 86_34 showed lack of
hydrogen bonding neither coordination. The hydrogen atoms were suppressed.

Modelling of the 2-morpholinobenzoic acids is 86_5 and 34 in Fig. 4.12. It shows the phenyl
group occupying a lipophilic space surrounded side chains of Phe70, Tyr79 and Thr133. The
benzoic acid core is seen directly above a hydrophobic basin prominently formed by Phe66
that could exhibit t—nr stacking stabilising the enzyme-inhibitor complex. The morpholine to
Ala3 hydrogen bond interaction can be rationalised as a selective interaction. The reason is
that substituting a piperazine (86_43) demonstrated significant reduction in activity and

showed no hydrogen bond with Ala3. Another hydrogen bond formed is between the
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carboxylic acid and Asp55, which was seen for the much highly active compounds 86_34 and

35 suggesting the importance of lipophilicity for improved inhibition.

4.2.2.2 Benzamidobenzoic acids

Hits 50, 76 and 82 emerged from the main screen with medium inhibitory activities (25 —
50%) whilst weak hits of the same family (57, 64, 74, and 80) were recognised. The strongest
inhibitor is hit 82 (47% inhibition) has a 3-methoxyphenyl linked to a benzoic acid by an
amide as the molecular scaffold. Hits 50 and 76 have non-aromatic ethylcyclohexane and
benzyl substituted moieties which replaced the phenyl group. Weak inhibitors 57 has p-
tolylsulphane replacing the phenyl and 64, 74 and 80 have benzyl replacing phenyl. The

compound family is classified as the benzamidobenzoic acids.

A total of twenty structurally similar derivatives resulted from similarity search based on hit
82 and were purchased from the ChemBridge Online Chemical store for experimental testing.
Three derivatives (82_1 to 3) are halogen substituted compounds and seven (82_4 to 10) have
dual halo-alkoxy substitutions. Compounds 82_11 to 18 have alkoxy, methyl and hydroxyl —
based substitutions. Two compounds (82_19 to 20) have m-substituted carboxylic acids, a

feature distinctly different to the normal o-carboxylic acids.
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Table 4.5. The molecular structures and inhibition activities of the benzamidobenzoic acid derivatives. The

inhibition was measured at 10 pM using the Amplex Red biochemical assay. Compound 35 (D609) was used as
the positive control.

R, R,

O

H H

N N

Rz OH
1 O (@]
Re Ry
821082 18 82 191to 20
HO ()
H
N
R
Ry R,
3
Hits 50, 57, 64, 74, 76 and 80
Compound R:1 R2 Rs R4 Rs Inhibition (%0)

35 - - - - - 67
822 H OCHgs H H OH 47
82 1 H Br H H H 27
82 2 H Br H H cl 13
82 3 H H Cl H Br 11
82 4 H Br H H OH 23
82 5 H | H H OH 36
82 6 OCH;s H H Cl Cl 7
82 7 OCHs3 H H Br Cl 9
82 8 H OCH; H H Cl 5
82 9 OCH,CHs3 H H Cl OH 18
82 10 OCHs3 H H Br OH 19
82 11 CHs; H H H OH 16
82 12 H CHs H H OH 19
82 13 H CHjs CH;s H OH 31

98



82_14 H H CHs H OH 26
82_15 H H OCHjs H OH 35
82 16 H OCHj H OCHj H 5
82_17 OCHs3 H H H OH 30
82_18 OCHs H OCHs H OH 28
82 19 | H CHs - - 0
82 20 H OCHa OH - - 4
502 3-cyclohexylpropanamide OH H H - 43
572 (3-methylthio)acetamide OH H H - 20
642 2-phenylbutamide H H H - 11
742 (4-bromophenyl)acetamide H H H - 17
762 (4-bromophenyl)acetamide OH H H - 29
80? (4-bromophenyl)acetamide  OCHjs OCHjs H - 8

8Hit compounds from main screen. The 2D molecular structures of the benzamidobenzoic acids 50, 57, 64, 74,

76 and 80 are provided in Figure A2 in the appendix.

In general, the benzamidobenzoic acids displayed weak activities, the strongest is hit 82.
Halogen-substituted phenyl (82_1 to 3) displayed relatively weak activities (11 - 27%
inhibition). An improvement in inhibition was seen for hydroxyl substitution at Rs (82_9 to
10). Dual alkoxy — halogen substituted phenyl did not improve the activity (82_6 to 12).
Alkyl and alkoxy substituted phenyl (82_10 to 15, 17 and 18) displayed inhibition ranging
from 16 — 35% with hydroxyl at Rs. It can be seen clearly that hydroxyl substitution at Rs is
crucial for improved SAR, e.g., substantial loss of activity for methoxy substituted phenyl

(82_16) with hydrogen at Rs. Shifting the carboxylic acid from an o- to m-substituted

position is detrimental to activity.
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' (B)

Glul46

Phe70

Ala3

Phe66

Figure 4.13. The docked configuration of hit 82 in the PC-PLCg binding site. (A) The protein surface is
rendered where red and blue areas depicts negative and positive partial charges whereas grey areas are neutral.
(B) Hydrogen bonding interactions depicted as green dotted lines of hit 82 with surrounding amino acid residues
Ala3, Glu4 and Glu146. Coordination to Zn?* ions are depicted as red dotted lines. The positions of hydrophobic
amino acids Phe66, Phe70 and Tyr79 are shown. The hydrogen atoms were suppressed.

Molecular docking revealed similar scores and plausible binding mode for the
benzamidobenzoic acids. The binding mode is represented by the most active hit 82 shown in
Fig. 4.13. The carboxylic acid moiety is oriented towards the positive region where the three
Zn?* jons are situated forming coordinate bond and aromatic moieties occupied lipophilic
grey regions. The methoxybenzene is positioned near hydrophobic amino acid residues
Phe66, Phe70 and Tyr79, where they are expected to be stabilised by hydrophobic contacts
and m—m interactions. The hydroxyl on the benzoic acid moiety is accommodated by
hydrogen bonds with Ala3 and Glu4, a finding that explains improved activity when Rs =
hydroxyl; interaction with Ala3 is frequently seen with the morpholine moiety of the 2-
morpholinobenzoic acid series, most likely a favourable interaction point that stabilises the
enzyme-inhibitor complex and interaction with Glu4 can perturb the formation of base in the
cleavage mechanism.'?® An additional hydrogen bond was seen with Glu146, an amino acid

that ligates to Zn2 (see Fig. 4.2). It is postulated that this interaction resulted in an additional

mechanism that perturbed Zn2 — Glu146 ligation.
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4.2.2.3 Experimental 1Csovalues

The pilot and main screens resulted in the 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indoles and 2-
morpholinobenzoic acids that displayed the most promising inhibition for PC-PLC, i.e., they
demonstrated >50% inhibition. Two compounds, 24 _10 and 15, from the 2,3,4,9-tetrahydro-
1H-pyrido[3,4-b]indoles and five compounds, 86 and derivatives 86_4, 5, 34 and 35, from the
2-morpholinobenzoic acid series were chosen and their I1Cso values were measured (Table
4.6). It is shown that only 24 15 displayed weaker activity than D609, the reference
compound, whereas the most active 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole 24 10 showed
comparable potencies to the 2-morpholinobenzoic acids. Derivatives 86_34 and 35 displayed

the strongest ICso ~ 1 uM, 2 - 3 times more potent than analogues 86, 86_4 and 5.

Table 4.6. Inhibition (ICsp)) of PC-PLC by the 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]lindole and 2-
morpholinobenzoic acid derivatives. The ICsy values are the averages of five replicates using the Amplex Red
biochemical assay. Six different concentrations were used to derive the I1Cso values: 0, 0.1, 0.4, 1.1, 3.3 and 10.0
uM. Compound 35 (D609) is the positive control.

Compound I1Cs0 (M)

35 7.8
24 10 18
24 15 9.1

86 2.7
86_4 2.0
86 5 3.1
86_34 1.0
86_35 1.1
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4.2.2.4 Cell proliferation assay

The 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole derivative 24 15 and the two most active 2-
morpholinobenzoic acid derivatives, 86_34 and 35, were tested for the effect on cell
proliferation in two breast cancer cell lines: MCF7 and MDA-MB-231. The thymidine
incorporation assay**’ was employed. The assay relies on the uptake of radioactive-labelled
[*H]-thymidine to be incorporated into DNA during mitosis followed by measurement of
radioactivity levels that gives an indication of cell proliferative activities.'*® The results are
shown in Figure 4.15. Results from the MCF7 cell lines reflects the 1Cso (uM) values from
the Amplex Red biochemical assay, i.e., 2-morpholinobenzoic acid derivatives 86_34 and
86_35 displayed the strongest effects followed by 24 15 and 35. On the other hand, it was
seen 24 15 displayed the strongest effect in MDA-MB-231 cell lines followed closely by
derivatives 86_34 and 86_35, whereas the reference compound 35 demonstrated the least

antiproliferative activity.

10

9

8

7
’E; 6
e MCF7
O 4 i

= MDA-MB-231

3

2

) i

35 24 15 86_34 86_35
Compound

Figure 4.15. Cell proliferation activities (ICso in uM) for compounds D609, 24 15, 86_34 and 86_35 on the
MCF7 (blue) and MDA-MB-231 (orange) breast cancer cell lines.
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4.3 Methodology

4.3.1 Molecular Modelling and Virtual Screening

The crystal structure was obtained from Protein Data Bank (PDB)¥ ID: 1AH7% with
resolution 1.50 A. The Scigress v2.6 program’ was used to prepare the crystal structure for
docking, i.e., hydrogen atoms were added and crystallographic water molecules removed.
The centre of PC-PLCg¢ binding pocket was defined as the position of Zn?*ion (x = 42.482, y
= 22.996, z = 8.556) with 10 A radius. The basic amino acids lysine and arginine were
defined as protonated. Furthermore, aspartic and glutamic acids were assumed to be
deprotonated. The GoldScore (GS),'®* ChemScore (CS),??22 ChemPLP?* 2 and ASP?® scoring
functions were implemented to validate the predicted binding modes and relative energies of
the ligands using the Genetic Optimisation for Ligand Docking software package (GOLD)
v5.4.0. Its capabilities to identify bioactive compounds in virtual screening projects are well-
documented in the literature.!® 41142 The vHTS was conducted with the ChemBridge
diversity collection of 5 x 10* entities. Substructure and Tanimoto similarity methods’® were
used to identify structurally similar compounds through commercially available databases

(details in results and discussion section 4.2).

4.3.2 Verification of hits

The hits were verified using the Amplex Red biochemical biochemical assay'?® and cell
proliferation activities of the actives were confirmed following the thymidine incorporation
assay protocol.}*® The work was carried out by Dr. Euphemia Leung and Dr. Chris Sun Xu at

the Auckland Cancer Research Centre, Auckland.
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4.4 Future Works and Conclusion

The aim to find novel inhibitors of mammalian PC-PLC was successful based on a wealth of
active chemical series from the virtual screen. The 2-morpholinobenzoic acids was identified
to be the most potent series with derivatives without the carboxylic acid functional group
(86_34 and 35) displayed the strongest inhibition effect (ICso ~ 1 uM) based on tests from
Amplex Red assay. This shows that zinc coordinating groups are not required for inhibition
activity and the interactions with the surrounding amino acids seemed to be more important.
The 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole series displayed the second best inhibition
with hydroxyl and alkoxy substitutions on the phenyl ring being most active. Molecular
modelling predicted the 1R,3S-diastereomer as the most active diastereomer, however, this
require further synthetic studies followed by experimental testing for verification. Both the 2-
morpholinobenzoic acid and 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole derivatives displayed
stronger antiproliferative effects than the known inhibitor, D609, which were verified in the
MCF7 and MBA-MB-231 breast cancer cell lines. Experimental testing and molecular
modelling studies on the more modest benzamidobenzoic acid series revealed that Ala3 and
Glu4 interactions with p-hydroxyl on the benzoic acid moiety is a key interaction for activity.

Their antiproliferative activities are pending to be tested.

These preliminary studies provided positive outcomes of the project. Future works heavily
rely on exploring the SAR through synthesis and biological testing aided by molecular
modelling to optimise their potencies. The main focus is to develop the two most active
families:  2-morpholinobenzoic acid and 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indoles.
Following their optimisation, hopefully their potencies qualify for in vivo tests to investigate

toxicity and therapeutic effects prior to clinical trials.
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Chapter 5

The Development of an Index to Identify Quality
Candidates for Drug Discovery Projects
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5.1 Introduction

5.1.1 Known Drug Index

Over the years, an open question that left medicinal chemists to ponder is how drugs differ
from non-drugs? In order to distinguish the two categories, attempts have been made to try
and distinguish properties of drugs and non-drugs. Several approaches have been developed
to distinguish drugs from non-drugs by quantification methods (see introduction section 1.6).
This chapter is based on the development of a simple method to calculate for Known Drug
Index (KDI), a value that quantitatively measure the quality of a drug candidate based on a
collection of clinically approved drugs. KDI was derived from the concept of KDS which
includes all drugs that have passed clinical trials and remained in medical use (see graphical
representation Fig. 5.1).24 By simply using KDI as a guide, medicinal chemists can identify
benign areas in chemical space to develop improved lead compounds for drug development.
It has been shown that drugs have larger parameters both for the molecular descriptors and
unwanted molecular moieties than non-drugs.!*41% This is attributable to their need for
selective interactions with protein targets and certain requirements to penetrate

pharmacokinetic barriers.4’

Undesirable
_— Moieties

Known Drug Space

/
! /
\ e

——— = 7= Molecular Descriptors
4

Figure 5.1. A graphical representation of KDS with undesirable moieties and molecular descriptors.
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5.1.2 Molecular Descriptors

The analysis of chemical structural information can be made through molecular
descriptors.}4®1%° These are numerical values that characterises properties of a molecule.!*8
The idea of using molecular descriptors to describe drugs is not new. To list a few insightful
examples; Lipinski have established a criteria in selecting drugs that favour oral
bioavailability,**” molecular flexibility and polar surface area (PSA) have been shown to be
important for drug distribution and target binding,®* and density functional theory-derived
(DFT) descriptors used to define KDS.*? Additionally, molecular frameworks of known
drugs, 33 and certain molecular moieties were suggested as guides to potentially improve
pharmacokinetic profiles of drugs and eliminate toxic and promiscuous moieties.!”: 144
Perhaps, the most widely accepted descriptors used to define drug-like molecules are the six
mainstream descriptors: MW, Log P, HD, HA, RB and PSA. Together, they are capable in
capturing the bulk properties of molecules that allows rapid identification of a molecule’s

‘drug-likeness’.

5.1.3 Gaussian Distribution

The human body is a complex system with a vast range of biomolecular targets and with a
spectrum of diseases in the human population, one can expect drugs to at the very least differ
slightly in their properties. Nonetheless, drugs that were accepted for clinical use share two
similar features: they have an acceptable pharmacokinetic profile and their side effects are
tolerable. Hence, the statistical distribution profiles for molecular descriptors can be mapped
for known drug collections to observe for similarities in drug properties and differences when
compared to non-drug collections. The Gaussian/normal distribution (Fig. 5.2) is suitable for

mapping the statistical variations in populations. The peak of the distribution is the most
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frequently occurring variable (1) and the horizons are broadened depending on the variations

(o) in the population.

|
1
1
|
|
1
1
=0 Iz ,u—{l—o

Figure 5.2. A Gaussian distribution curve. Parameter x denotes the most commonly occurring variable and o
denotes the variation in the population (Diagram obtained from Heumann et al.*>)

~(x=b)*
f(x) =ae 22 (5)
The distribution is described by the Gaussian function (5) where parameters a, b, and ¢

denotes the peak height, centre of peak and standard deviation respectively.

5.1.4 Qikprop

The Qikprop software was developed with a goal to accurately predict molecular descriptors
that could evaluate the pharmacokinetic characteristics of a molecule. The software utilised
Monte Carlo simulations in the presence of Optimised Potentials for Liquid Simulation force
field (OPLS-AA)®M152 that includes all atoms of a solute surrounded by water molecules.
The force field was parameterised to reproduce experimental thermodynamic and structural
data in fluids, making it suitable to simulate fluidic systems such as the human body.1°1-1>2
The descriptors were calculated based on different configurations of the molecules and the
average calculated as the output, e.g., the HD count was averaged from different
configurations of a solute interacting to the water molecules, thus integers may not be shown
as the output. The Qikprop software was employed in this project as a tool for calculating

molecular descriptors. Its reliability is well-established.t®3
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5.2 Results

In this study, we explored a simple approach to calculate the drug-like quality of molecules
based on the statistical distributions of known drugs in clinical use. The known drug
collection was obtained from the following websites and resources: US Food and Drug
Administration (FDA),*** Health Canada,'* the UK Medicines and Healthcare products
Regulatory Agency (MHRA),'*® China Food and Drug Administration (CFDA),**” Australian
Medicines Handbook (AMH)® and Japan’s Pharmaceuticals and Medical Devices Agency
(PMDA)™ (see methodology for more details on data collection). The statistical distribution
profiles for MW, log P, HD, HA, RB and PSA were normalised and fitted to the Gaussian
function (5). The derived parameters a, b and c were used to calculate a score for each
descriptor, which were summed up into one number giving a quantitative index for the

quality of the molecule under consideration.

5.2.1 Distribution of Physicochemical Properties

The statistical distributions of each descriptor for the collection of 1880 marketed drugs are
shown in Fig. 5.3. The molecular descriptors were plotted as domain boundaries (x) against
percentages of drugs, f (X). The input x-value for equation 5 is the next whole number greater
than the domain, e.g., for the molecular weight domain of 300 < x < 400, the input x-value is
400. The percentages of drugs, f (x), were normalised to give an ‘Index’ value for each
molecular descriptor, i.e., the height of the distribution's apex was defined as 1 (a = 1.00 and
Index = 1.00). The basic assumption was made that the most frequent descriptor value (x)
gives the best drug-like quality. The tails of the distributions with few data points were
excluded from the graphs, thus the indexes for these points were estimated to be zero. The

derived non-linear parameters b and ¢ (Table 5.1) can be used to calculate the Index of any

109



molecule by applying the Gaussian function (5). In this equation b is the most occurring value

in the statistical distribution and c is the standard deviation
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Figure 5.3. The statistical distributions of physicochemical properties of the 1880 marketed drugs. The
Gaussian fitted plot is coloured blue (circles) and the raw data is represented in orange (squares). The y-axis is
given as an Index normalised to 1.00 at the apex of the plot.
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The spread of the distribution curves indicated substantial variation of the molecular
descriptors in marketed drugs, which can be explained in terms of differences in
administration routes, doses, formulations and biochemical targets. Excellent fits of the
Gaussian function to the distributions were obtained and is reflected by the low residual sum
of squares (RSS) as shown in Table 5.1. The RSS is expressed by equation 6 and is used to
measure the variance between the predicted Gaussian model f (x) and the raw data (y).
Moreover, the shapes and patterns observed are in line with previously reported distributions

for the molecular descriptors for drugs and drug-like compounds. 3" 39 153, 160

Residual sum of squares = Y, (y; — f(x))? (6)

Table 5.1. The parameters, b and c, calculated by non-linear least squares curve fitting according to equation 5.
The apex, a, was normalised to 1.00 for all six descriptors. The RSS (residual sum of squares) values indicate
quality of the fits, low values indicating good fits. Parameter b is the mode or most occurring in the distribution

MW Log P HD HA RB PSA
b 371.76 2.82 1.88 5.72 444 | 79.40
c 112.76 2.21 1.70 2.86 3.55 | 54.16
RSS 0.04 0.04 0.10 0.16 0.12 | 011

The largest proportion of drugs have MW within 300 < x < 400 g mol range accounting for
31.7%. Short chain drugs with MWs below 100 g mol? accounted for only 0.5%, e.g.,
acetohydroxamic acid (MW = 75.1 g mol) used in treating urinal tract infections. A gradual
decline in KDI was seen after 400 g mol and a tail occurring around ~700 g mol™ indicative
of a non-favourable region in chemical space. Larger drugs tend to fall into categories of
natural products, peptides, glycosides and penicillin-derived antibiotics, some of which are
orally available. It is undeniable that most drugs comply with Lipinski’s 500 g mol? limit.?®

This is plausible as it is more difficult for large molecules to diffuse through biological
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membranes.

Log P is a measure of molecular lipophilicity. As shown in Fig. 5.3, the most favourable log
P region is between 2 < x < 3 accounting for 17.6% and tails emerge at ~-7 and ~9. This
finding is in agreement with Oprea,'®® which used a compound collection consisting of
applied, or studied medicinal agents, in humans from the Comprehensive Medicinal
Chemistry (CMC)**! database to compare property distributions with the Available Chemical
Directory (ACD)!? and MACCS-1I Drug Data Report (MDDR)!®® databases. The ACD
library consist of a set of starting materials used for drug synthesis whereas the MDDR
contains small molecules under development, which were synthesised and screened for
activity. Furthermore, Oprea®® reported that the most frequent log P = 2.1 for the sample
drug collection in the CMC database comparing to log P = 3.2 in ACD and log P = 3.4 in
MDDR databases, which suggests that approved drugs have smaller log P than non-drugs.
Furthermore, evaluation of a drug database by Biswas et al.®” suggested log P = 2 has the best
drug-like score.

HDs and HAs are associated with the polarity of molecules and are important for hydrogen
bonding with biomolecular targets. The most frequent HDs are between 1 < x < 2 accounted
for 29.4% of the total collection. A few reports are in line with this finding, e.g., Xu and
Stevenson® evaluated a collection of CMC drugs resulted HD = 1 to be most frequent and
Oprea®®® showed that a collection of MDDR compounds, after removal of reactive species,
resulted in HD = 1 being the most frequent. The distribution of HDs is different from the
other descriptors since fewer HDs tend to be favourable for drugs. In comparison, the HA
distribution is more similar in shape to the MW, RB and PSA distributions. The most
prevalent HAs are between 4 < x < 5 with a tail occurring at 14 < x < 15. Note that the
Gaussian model estimated 5 < x < 6 to be more prevalent due to the positive skewness of the

distribution. However, evaluations of CMC drugs by Xu and Stevenson®® showed most
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common HA = 3 whereas the same ACD and MDDR compounds from Oprea'®® have HA = 3
and 4, respectively. The HAs in these reports were relatively lower than those found here
most likely due to the inclusion of large drugs that are in clinical use.

RBs are associated with molecular flexibility, influencing oral bioavailability,’®* and is
important for reducing the entropic penalty for ligand-target binding.'®® It was found that RB
= 4 is most frequent accounting for 12.7% followed by RB = 5 with 10.7% of the total.
Clearly, this trend has similar distribution shapes as MW, HA and PSA. The number of
favourable RBs in drugs is somewhat controversial with different values given in the
literature ranging from 3 to 5 by Oprea,*®° 2 to 3 was suggested by Biswas et al.®” and Xu and
Stevenson® even proposed RB = 9 to be most favourable based on the CMC library.

PSA is defined as the surface sum over all polar atoms and plays an important role in the
pharmacokinetic profile of drugs. According to Figure 5.3 PSA between 40 < x < 60 AZ is the
most favourable accounting for 16.7% of the total and with a tail appearing at 260 < x < 280
A2 The PSA range and trend is comparable to reported by Biswas et al.,” which suggested

~50 A?to have the best drug-like score.

5.2.2 Calculation of Known Drug Index

In order to generate an index for the overall quality of a compound, the Indexes for each of
the six descriptors were combined to give the Known Drug Index (KDI). Two approaches

were explored: summation as shown in equation 7a and multiplication in equation 7b.
KDIl7a = Imw + liogp + IHD+ IHA + IRB + Ipsa (7a)
KDlI7b = Imw X liogp X IHDX IHA X IrB X lpsa (7b)

Equation 7a is based on the Index summation of the six mainstream descriptors, thus KD lmax
= 6.00 is assumed to have ideal qualities of a drug. The idea of multiplication in equation 7b

has been applied in various scenarios such as for calculating the impact of population growth

115



on the environment!®®15” and estimating the number of civilisations in the Milky Way

galaxy.'®® The ideal quality of a drug candidate using equation 7b is 1.00. The results of

deriving KDI using both equations 7a/b for the 1880 drugs are shown in Fig. 5.4.
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Figure 5.4. The Known Drug Index (KDI) distributions of the total drug collection using equation 7a and 7b.
The former gives a maximum at 4 — 5 but the latter results in most of the drugs having < 0.2 score.
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For equation 7a, the average KDlI7ais 4.08 £ 1.27 with most of the drugs between 4 <x <5
(40.5%) followed by 5 < x < 6 (23.6%). Twenty-six drugs (1.4%) had KDIlza~0 and these are
peptides, glycosides, natural products and their derivatives. Using equation 7b the average
KDl is only 0.18 + 0.20. The largest percentage of drugs 66.9% is between 0 < x < 0.2
followed by 0.2 <x < 0.4 (18.0%). 36.4% of drugs have KDl = 0, i.e., no drug-quality at all
according to this equation. It is apparent that equation 7b is less suitable for calculating drug
indexes than 7a considering the large proportion of marketed drugs having no drug-like
quality at all, e.g., aclarubicin is a drug approved for treating cancer by the MHRA that
resulted KDl = 0, simply because the Ina is nil (0). Nonetheless, equation 7b has its merits
in distinguishing the most balanced drugs from the collection and can be used a tool to select

the best balanced compounds from large screening collections.

The top 10 highest scoring drugs are shown in Table 5.2 with their indications, drug classes,
and administration routes. Both methods identify the same drugs with KDlzap < 5.89 and
0.90, respectively. A range of different biomolecular targets and indications is seen for the
drugs, interestingly with four steroids and the top drug an ergot derivative. Half of the top 10

drugs are orally administered with various other administration routes present.

Table 5.2. The top 10 drugs with the highest KDlap scores. Their drug class, indication and route of
administrations are shown.

Drug Molecular Structure KDl7a | KDl Class Indication Administration

Serotonin 5-HT

Methysergide 5.89 0.90 Migraine Oral
receptors
DNA
Amsacrine 5.89 0.89 intercalating Leukaemia Intravenous
agent
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Fluorometholone 5.88 0.88 Corticosteroid _Ophthalm_lc Ophthalmic
inflammation
Canrenoic acid 5.86 0.87 Aldostergne Heart failure Intravenous
antagonist
Glibornuride 585 | 0.5 | yPoglveaemic | Typell Oral
agent diabetes
/
N
Naratriptan Or” 584 | 0gs | o1 receptor Migraine Oral
~n- agonist
H A\
N
H
Loteprednol 5.84 0.85 Corticosteroid _Ophthalm_|c Ophthalmic
inflammation
Sulindac 5.83 0.84 NSAIDs Arthritis Oral
D1 receptor Migraine and
Stepholidine 5.82 0.83 agonist and D2 hyperactivity Oral
antagonist disorder
Skin
Clobetasol 5.81 0.82 Corticosteroid mflar::;atlon Topical
dermatosis

The effects of the descriptors were investigated where each one was systematically removed

and the corresponding KDIzan values calculated. By removing a descriptor results in KDl7a,
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max = 5.00 whilst KDI7n, max = 1.00 remains unchanged. The average KDIlzan average values
are shown in Table 5.3 and are relatively unchanged between 3.36 to 3.45 for 7a, and 0.21 to
0.24 for 7b suggesting that the molecular descriptors are equally important in determining the

quality of drug candidates.

Table 5.3. The averages of KDl with standard deviations calculated after systematic removal of each
descriptor with their standard deviations. Only modest changes are observed indicating equal contribution of the
descriptors.

MW Log P HD HA RB PSA
KDlI7a 345+109 | 340+1.10 | 3.37+1.10 | 3.43+1.03 340+1.08 | 3.36 +£1.05
KDl 024+023 | 022+0.22 | 022+0.23 | 0.22+0.22 023+0.23 | 0.21+£0.21

5.2.3 Robustness of the KDl7a indexes

In this study 3122 building blocks and 5231 molecules form the diversity library were
obtained from the ChemBridge Corporation website?® as well as 7883 natural products from

the InterBioScreen Ltd (1BS).1%°

The average KDIzan Were calculated for each library and the results are shown in Table 5.4 as
well as the averages of the descriptors. The ChemBridge diversity library has the highest
KDl7a = 5.14 followed by the IBS library KDI7a = 4.53 compared to total drugs KDI7a = 4.08
with the Building Blocks collection with KDIza only at 3.26. It was seen that libraries with
prior Lipinski’s and Veber’s optimisations have a higher KDz, i.e., the KDlza of the drug
collection increased from 4.13 to 4.80 when these filters were applied as shown in Table 5.4.
Ideally, the drug collection should score the highest KDlzan Since it is composed of drugs in
clinical use. KDS includes drugs with different administration routes such as IV and topical,
which explains to some extent the lower KDIlzan values of the drugs as compared to the
collections optimised to adhere to drug-like chemical space. In general, drugs in clinical use

are very varied, e.g., the lithium ion is a useful drug for treating psychiatric conditions and
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the serendipity phenomenon has played a major role in the discovery of the medication in use
today.'®® When the KDl index is considered, the same trend is seen as for its KDI7a
counterpart, i.e., the filtered libraries have a better score and the building blocks generate the

poorest result.

Table 5.4. The results of average KDl7a with standard deviations and the corresponding molecular descriptors

for the compound libraries investigated.

Total Drugs IBS natural ChemBridge = ChemBridge
Total drugs after drug-like drug-like building
: products
filter molecules blocks
No. of entries 1880 1279 7883 5231 3122
KDl7a 4.08+1.27 4.64 +0.67 453+0.89 5.14+0.43 3.26 +0.68
KDl 0.18+0.20 0.24+0.21 0.24+0.20 0.41+0.20 0.04 +0.07
MW (gmol™?) 374.7+202.2 294.2+85.0 351.8+107.9 361.1+55.0 186.4 +44.2
Log P 21+26 20+18 2920 30x14 03+13
HD 21+26 14+12 11+£13 09+0.8 08+1.0
HA 6.9+56 5022 59+3.2 65+1.7 26+16
RB 6.8+6.9 42+25 42+35 46+19 07+14
PSA (A% 93.0+774 67.7+32.6 79.7+42.1 67.5+21.3 29.8+18.8

In order to further check the robustness of the indexes they were correlated with the oral
bioavailability of the drugs and the results are given in Table 5.5 with the averages of the
molecular descriptors. Oral bioavailability of drugs was collated by Matuszek and
Reynisson®? for 708 marketed drugs with reported data; 455 were categorised as having a
‘high’ bioavailability (> 50%), 137 drugs as ‘medium’ (10 - 49%) and 116 drugs as ‘low’ (<
10%). The average KDlva of the high category is 4.43, medium 4.08 and low is 2.74, giving a
very clear trend for higher numbers for good oral bioavailability. The same trend is seen for
the KDI, albeit less pronounced. This strong trend supports the use of the KDl7am as a tool
to gauge the quality of compound collections and individual molecules in drug design

projects. A general trend is seen for the molecular descriptors that high oral bioavailability
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corresponds to smaller values with the notable exception of log P, it remained unchanged for

drugs with medium and high bioavailability.

Table 5.5. The relationship between oral bioavailability and the KDl indexes. The values of the molecular
descriptors are given as averages with standard deviations. Bioavailability is categorised into ‘high’
bioavailability (> 50%), ‘medium’ (10 - 49%) and ‘low’ (< 10%) based on 709 known drugs.

Bioavailability categories
Descriptor Low Medium High
KDl7a 2.78+1.81 4.08+1.34 4.43+0.88
KDl 0.09+0.19 0.15+0.18 0.21+£0.20
MW (g mol™) 536.6 + 343.4 3715+ 148.8 320.2 +115.3

Log P 01+38 22+23 2220

HD 48+49 20+16 17+14

HA 124+9.8 71+44 56+3.3

RB 13.3+11.9 6.5+4.6 49+34
PSA (A2 180.0 £ 139.2 91.4+£49.0 75.1+44.1

5.3 Discussion

The method presented here is an excellent mathematical tool in deriving well balanced
compounds for drug development, each molecular descriptor is given an equal weight based
on its statistical distribution. The two approaches to either sum up (7a) or multiply (7b) the
individual Index values for each descriptor give interesting results as shown in Fig. 5.4.
Equation 7a is more benign since a poor result for one descriptor can be compensated by
good results by the others. This is not the case for equation 7b due to the nature of
multiplying small numbers leads to even a smaller number and in the extreme a nil *0” for

one descriptor gives this result for KDlz. This explains why only 0.8% of the known drugs
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have a score between 0.8 and 1.0 for KDI» and 23.6% of the drugs are in the highest
category, 5 — 6, for KDl7a.

The commercially available collections from ChemBridge (diversity) and IBS both get better
scores based on the KDlIzan than the drug collection. It is exceedingly unlikely that any of
these thousands of commercially available molecules will ever be tested in humans, let alone
being a useful drug. Nevertheless, a superior KDlzanb is achieved and the question emerges
why? The most plausible answer is that the molecular descriptors that are used do not fully
capture the physicochemical properties required for a drug molecule to negotiate the human
physiological milieu. There are two main perpendicular dimensions to be considered:
in/stability and lipo/hydrophilicity. For the former it is estimated that 75% of all drugs are
metabolised in the liver by the cytochrome P450 class of enzymes'’® and none of the six
descriptors used have any bearing on the redox properties of the molecules. Interestingly, it is
now known that the statistical distributions for the ionisation potentials (one-electron
oxidation) and electron affinities (one-electron reduction) calculated using the DFT of known
drugs are relatively narrow® indicating that a defined volume within chemical space is
unique for drugs regarding their redox properties. Furthermore, it has been shown that the
hydration energies (AGhyd), again calculated using DFT, are clearly more exothermic for
known drugs compared to collections of small organic molecules and drug-like
compounds.!’* These DFT-derived descriptors correlated well with their experimental
counterparts, firmly linking them to empirical physical properties but their application is
limited by the substantial CPU required for their calculation. We are currently working on
expanding the drug and reference collections in order to gauge the applicability of the DFT
descriptors in locating favourable regions in chemical space with the aim of adding them to
the KDlzan equations to improve their ability to identify quality hits, leads and drug

candidates.
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5.4 Methodology

The lists of approved drugs were collected (see section 5.2). All non-biologically active
molecules such as contrasting agents and excipients were deleted from the lists. Furthermore,
large compounds with molecular weight greater than 2000 g mol, elements such as zinc and
iron, organometallic complexes, nutrient supplements, food additives, cosmetic substances
and experimental drug candidates were excluded from the drug pool. The resulting 1880
drugs were matched on a Microsoft Excel 2013 spreadsheet. Duplicates were removed based
on the generic names and molecular weights. The structures of the drugs were compiled from
the DrugBank,*"?*"* PubChem'” and ChemSpider!’® databases in 3D format. Counter ions
were removed and the molecules structurally optimised using the MM2% force-field in the
modelling software Scigress v2.6.”° The QikProp v4.6%" software package was used to
generate the descriptors: MW, log P, HD, HA, RB and PSA. The reliability of QikProp has
been previously established for the descriptors used.'>® The results are given as additional
information provided in the CD-ROM. The descriptors were plotted using the Gaussian
function (see equation 5) in Microsoft Excel 2013. The non-linear parameters a, b, and ¢ were

estimated through non-linear least squares curve fitting using the solver add-in function.

5.5 Future Works and Conclusion

In this work the idea is explored whether one number, an index, can be developed to reflect
the quality of a drug candidate. This was achieved by fitting the Gaussian functions to the

statistical distributions of six mainstream molecular descriptors of a collection of 1880
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clinically approved drugs. In this way a number can be derived for a molecule reflecting its
adherence to the drug distributions for each descriptors. Two methods were investigated in
treating these numbers, i.e., addition (equation 7a) and multiplication (equation 7b). The
addition method gave useful results as it identified 84.5% of the known drugs with a score >3
and almost two thirds (64.0%) >4 out of 6 being the maximum. Due to the nature of
multiplying small numbers the latter approach (7b) only gave 0.8% of the known drugs as >
0.8 and 5.5% with >0.6 with 1 being the maximum. Both approaches are excellent to derive
an optimally balanced drug molecule with methysergide, amsacrine and fluorometholone
identified as the best. It was confirmed that drugs with good oral bioavailability are linked to
the KDls.

One of the main problem with developing a useful index is the lack of descriptors, which
reliably reflect the redox stability of the compounds and hence their metabolic rate. lonisation
potentials and electron affinities are descriptors that can be included into the KDI equations
to address the problem. An important future work is the need to develop drug indexes for
different routes of administration based on the collated known drugs. From the results, a large
portion of the drug collection with low KDIs were not orally available, however they were

clinically approved for treatment.
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Chapter 6

Summar y and Conclusions



This thesis have shown the applicability of,in silico methods to be effective for anticancer
drug discovery and development projects. Chapters 2 to 4 involve development of small
molecules as inhibitors of cancer-related protein targets: similarity methods to search for
structurally similar inhibitors of PI-PLC and using CADD to predict for improved PLC-y2
selectivity, molecular docking technique to search for favourable AThP inhibition sites on
tubulin, and VHTS that identified several novel inhibitors of PC-PLC. Lastly, Chapter 5

proposed a simple method to quantify for the quality of drug candidates.

Chapter 2 showed the ability to expand SARs of the AThP and 1H-pyrazole chemical series
based on similarity searches on the eMolecules compound database. The key finding is a
related series of AThPs, 3-amino-thieno[2,3-b][1,6]naphthyridine series, which substituted
the cyclohexanone for a piperidine ring in the tricyclic core. Unfortunately, most of the 3-
amino-thieno[2,3-b][1,6]naphthyridines demonstrated weaker anticancer effects than the

AThPs, whereas the 1H-pyrazole series remained relatively modest.

Chapter 3 established AThPs as microtubule-destabilising agents seen in test results of the
phenotypic sea urchin embryo assays. The assay results revealed greater cytotoxic effects
with carboxamide linkers in comparison to ketone linkers. Molecular docking was employed
to derive the binding modes of these agents and predict the most favourable AThP inhibition
site on tubulin. The results suggested the colchicine site as most favourable for AThP

inhibition.

Chapter 4 demonstrated VHTS as a cost effective way for identifying novel drug candidates.
Four different chemical series were identified as inhibitors of PC-PLC in which the 2,3,4,9-
tetrahydro-1H-pyrido[3,4-b]indole and 2-morpholinobenzoic acid series were the most active.

Cell-based in vitro assays confirmed the two series as antiproliferative agents. Interestingly,
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results suggested the mode of inhibition is more dependent on the interactions with the

surrounding amino acids rather to the catalytic Zn?* ions.

Chapter 5 outlined the use of a drug collection to derive an index for quantifying the quality
of drug candidates. The study failed to clearly distinguish drugs from drug-like collections
that showed further needs of including descriptors that could further discriminate KDS from
drug-like chemical space. Nevertheless, the approach is robust and simplistic to quantify drug

qualities based on the parameters derived.
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Scheme ALl. Reduction of colourless MTT to purple formazan in an MTT colorimetric assay.
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Figure Al. The 2D molecular structures of 2-morpholinobenzoic acid derivatives 86_37 to 41.
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Figure A2. The 2D molecular structures of benzamidobenzoic acid derivatives 50, 57, 64, 74, 76 and 80.

Table Al. The results of the scoring functions for the N-phenylbenzenesulphonamide derivatives.

Compound GS CS ChemPLP ASP
12 81.1 36.4 80.6 36.9
12 1 84.7 44.0 85.0 33.9
12 2 83.7 43.0 89.2 40.8
12 3 83.7 45.8 93.2 33.2
12 4 82.8 47.0 90.4 33.1
12 5 80.1 43.5 78.6 34.4
12 6 77.4 43.2 77.3 31.0
12 7 77.2 42.6 80.9 34.7
12 8 82.4 45.3 84.9 31.4
12 9 82.8 43.3 77.7 35.1
12 10 82.4 43.7 83.7 30.7
12 11 87.0 44.4 85.3 34.1
12 12 80.2 41.5 79.5 324

129



Table A2. The results of the scoring functions for the 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole derivatives.

Compound GS CS ChemPLP ASP
24 69.7 49.3 914 50.9
24 1 69.9 54.6 98.2 42.9
24 2 75.5 45.6 92.6 45.0
24 3 71.0 50.2 93.0 44.8
24 4 72.2 51.8 96.4 46.2
24 5 77.3 49.4 100.6 43.3
24 6 72.4 50.9 88.0 41.2
24 7 77.2 44.0 84.7 42.1
24 8 71.5 41.7 80.2 39.4
24 9 72.3 53.6 92.7 41.3
24 10 73.8 46.4 95.3 45.5
24 11 75.2 46.6 88.8 41.3
24 12 76.0 45.1 86.7 44.4
24 13 73.9 41.6 89.1 45.6
24 14 72.2 42.6 79.4 39.7
24 15 70.1 52.8 96.1 44.1
24 16 69.7 50.4 96.9 43.0
24 17 69.1 49.8 100.2 45.4
24 18 73.1 49.0 97.8 40.6
24 19 72.6 52.5 100.0 43.8
24 20 76.9 52.2 93.8 44.5
24 21 74.4 48.8 89.5 40.3
24 22 717 49.4 95.7 41.7
24 23 73.4 50.0 106.0 48.7
24 24 72.4 44.5 94.1 46.8
24 25 78.6 48.8 93.4 43.9
24 26 72.2 48.8 97.9 45.3
24 27 72.6 50.7 98.9 41.4
24 28 72.1 52.7 101.7 43.7
24 29 74.8 53.6 98.2 41.6
24 30 75.9 49.3 86.0 40.0
24 31 46.4 29.6 69.7 35.7
24 32 76.6 50.7 91.5 44.0
24 33 64.8 44.7 81.2 37.1
24 34 69.8 52.0 100.0 43.8
24 35 69.1 52.1 99.5 41.1
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Table A3. The results of the scoring functions for the 2-morpholinobenzoic acid derivatives.

Compound GS CS ChemPLP ASP
86 56.5 34.3 67.7 38.2
86_1 67.3 43.6 92.9 41.1
86 2 65.1 42.7 88.1 44.1
86 3 67.7 45.0 95.1 42.5
86 4 69.3 44.2 86.9 41.2
86 5 65.2 47.6 95.8 45.0
86_6 71.2 43.9 84.5 42.2
86 7 69.2 45.6 94.7 42.9
86 8 68.3 45.7 93.0 41.3
86 9 69.4 44.2 93.5 43.0
86 10 72.2 46.6 95.6 41.5
86 11 69.5 42.3 77.6 41.3
86 12 69.3 45.2 90.5 44.7
86 13 69.9 45.9 92.3 44.5
86 _14 72.7 42.0 90.7 425
86 15 70.8 44.6 96.9 45.0
86 16 72.4 46.5 93.0 45.7
86 17 70.2 40.4 90.3 44.1
86 18 70.8 444 89.6 46.2
86 19 70.8 46.1 90.5 44.2
86 20 775 454 80.8 42.3
86 21 70.5 43.6 95.0 44.3
86 22 69.9 41.6 95.4 43.8
86 23 75.0 38.5 88.5 475
86 24 76.6 44.9 100.1 48.5
86 25 69.0 44.2 82.7 42.7
86 26 72.1 40.9 89.9 43.7
86 27 72.5 46.0 90.7 41.7
86 28 725 43.7 91.1 43.7
86 29 73.6 43.8 80.8 42.8
86_30 67.3 43.7 90.2 41.1
86 31 68.7 45.4 95.2 44.2
86 32 69.4 45.5 93.3 41.2
86 33 71.1 46.4 95.2 43.4
86 34 51.1 31.1 68.9 39.9
86 35 71.1 34.0 66.3 38.8
86 36 58.1 34.8 67.1 30.5
86 37 55.9 39.4 83.9 38.5
86_38 72.6 40.4 88.6 39.9
86_39 69.0 36.4 85.7 42.2
86 40 75.3 46.6 90.7 435
86 41 69.0 44.0 90.1 42.3
86 42 69.7 36.6 70.0 29.3
86 43 55.9 375 70.7 28.6
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Table A4. The results of the scoring functions for the benzamidobenzoic acid derivatives.

Compound GS CS ChemPLP ASP
82 59.3 40.5 78.3 34.5
82 1 60.6 38.4 77.5 34.2
82 2 59.6 37.6 73.8 30.4
82 3 57.3 35.6 66.7 27.8
82 4 57.6 38.0 78.3 34.1
82 5 61.5 40.8 76.5 35.0
82 6 53.7 311 64.6 31.0
82 7 54.4 33.0 64.9 30.3
82 8 54.2 36.0 72.1 32.9
82 9 61.3 36.0 80.1 35.5
82 10 59.9 36.9 78.8 355
82 11 59.1 38.6 77.5 32.9
82 12 59.7 38.5 78.8 33.0
82 13 58.0 40.0 79.9 34.4
82 14 56.4 38.8 77.7 335
82 15 56.5 36.0 79.0 355
82 16 54.7 33.1 63.8 34.1
82 17 58.4 36.1 77.9 34.5
82 18 56.7 35.2 76.8 36.5
82 19 60.3 40.4 70.8 31.6
82 20 63.9 43.7 85.3 37.4
50 70.9 41.8 82.8 34.6
57 70.3 46.1 87.3 37.3
64 60.7 40.2 73.0 35.5
74 65.0 445 83.3 335
76 71.2 46.7 88.9 35.7
80 64.8 41.7 76.7 39.0
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