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Abstract

Computer-aided drug design has become a promising alternative to high-throughput
screening by identifying potential hits in silico for in vitro evaluation. In this study a
combination of ligand-based and structure-based virtual screening was performed to identify
in silico hits. This was based on finding similar inhibitors to 6-amino-4-
(4-phenoxyphenylethylamino) quinazoline, a potent inhibitor of the Nuclear Factor kappa B
(NF-kB), a transcription factor that has a pivotal role in cancer survival and Pentamidine, an

anti-parasitic drug that has recently been demonstrated to possess tumour-killing activity.

A hierarchical methodology consisting of a similarity search followed by structure-based
virtual screening of the ZINC database was performed. In order to perform the docking
studies, binding sites for 6-amino-4-(4-phenoxyphenylethylamino) quinazoline on the
NF-xB/IkBa complex were identified through blind docking. In addition, the National Cancer
Institute database was screened, utilising existing structure-activity relationship data from
literature. A pharmacophore search was designed to test the hypothesis of the structural
features necessary for activity as seen with quinazoline inhibitors of NF-xB. No virtual hits
from the ZINC database were confirmed with in vitro activity. On the other hand, three
compounds identified from the pharmacophore search were confirmed to inhibit cancer cell
proliferation in vitro, with compound NSC727152 demonstrating the most potent activity. In
order to determine if NSC727152 acted similarly to 6-amino-4-(4-phenoxyphenylethylamino)
quinazoline by inhibiting NF-kB, the effects of NSC727152 on the expression of NF-xB
targeted genes, including the Growth Arrest and DNA Damage 45 (GADD45) o and y and
the Interleukin 6 (IL-6) genes were evaluated. GADD45 o and y have been shown to be
regulated by NF-kB during cancer progression and aberrant IL-6 gene expression has been
implicated in cancer progression and mortality and its expression is at least partially mediated
via constitutive activation of NF-«xB. In this study, it has been demonstrated that GADD45 a
and y are upregulated after treatment with NSC727152. A down-regulation of the IL-6
promoter activity and mRNA expression in cancer cells treated with NSC727152 has also
been demonstrated in this study. However, no hits similar to Pentamidine were confirmed

with in vitro activity.

In conclusion, the compound NSC727152 has been shown to inhibit NF-xB and further

analysis is necessary to determine its full potential as an NF-«xB inhibitor.
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Chapter 1: Introduction

1.1 The Anticancer Drug Discovery Process

Drug discovery has been in practice since antiquity (E. Ravina, 2011). This is evident by the
ancient Egyptians meticulously documenting their advances made in surgery and
pharmacology in several compendia, which also provides evidence of the earliest efforts
made in anticancer drug discovery (S. Nobili et al, 2009; E. Ravina, 2011). The Edwin Smith
Papyrus, which dates as far back as 3000 BC, mainly included descriptions of the surgical
discoveries made and contains descriptions of the first occurrences of cancer or as it was
described ‘ulcers’ of the breast (E. Ravina, 2011; M. Stiefel et al, 2006). In addition to the
surgical removal of these tumours, herbal remedies were used to alleviate pain and over the
centuries these remedies increased in therapeutic value by the inclusion of animal toxins and

minerals (E. Ravina, 2011; J. Drews, 2000; S. Nobili et al, 2009).

In the early 1900°s Paul Ehrlich defined the term ‘chemotherapy’ as the use of chemicals to
treat disease and demonstrated that infectious diseases such as syphilis could be treated with
drugs (E. Ravina, 2011; V. T. DeVita et al, 2008). Paul Ehrlich’s interests also extended to
the treatment of cancer, where he identified alkylating agents and aniline dyes as potential
anticancer therapies but apparently he was not optimistic about their chances of success (V.
T. DeVita et al, 2008). In addition, Paul Ehrlich contributed immensely to the advancements
made in animal studies, being the first to document their effectiveness in evaluating the
medicinal properties of drugs which later lead to major contributions in anticancer therapy
(V. T. DeVita et al, 2008). The discovery of radium in 1898, by Marie and Pierre Curie lead
to radiotherapy and in addition to surgery, these two treatment options dominated the field of

anticancer treatment up until the 1960°s (B. C. Baguley, 2002; V. T. DeVita et al, 2008).

The focus was put on anticancer research during World War II, in 1943, when the toxic
effects in soldiers exposed to the accidental mustard gas spills were identified (V. T. DeVita
et al, 2008). Studies were performed in secrecy in the United States of America, alongside
research to develop chemical warfare, that resulted in the identification of nitrogen mustard

and furthermore its medicinal action in treating lymphoma (B. C. Baguley, 2002). Soon after,



Sidney Faber, who was working with folic acid, identified Aminopterin, a close analogue of
folic acid which eventually led to the development of Methotrexate which achieved
leukaemia remission in children (M. Arruebo et al, 2011; V. T. DeVita et al, 2008). In 1958,
researchers at the National Cancer Institute (NCI) discovered that Methotrexate could be used
to cure solid tumours in humans, providing the first available treatment for solid tumours. In
the years that followed, several alkylating drugs were synthesised such as chlorambucil and
cyclophosphamide (M. Arruebo et al, 2011). These discoveries sparked tremendous interest
in anticancer drug discovery and as a result many pharmaceutical companies and research
centres were established during the 1950s and 1960s (E. Ratti et al, 2001). The anticancer
drug discovery process was in its early stages, where researchers still heavily relied on the
serendipitous discovery of compounds and utilised in vivo animal models to determine their
therapeutic effects (E. Ratti et al, 2001). It was soon realised that the effects of absorption,
metabolism and the pharmacokinetic effects of the compounds often resulted in a few
successful lead candidates. In addition to the inability to produce back-up compounds in the
event of compounds failing to produce the desired cytotoxic effects, a more rational approach
utilising animal in vitro screening cell lines was developed (M. Suggitt et al, 2005). The use
of in vitro animal models allowed for Structure-Activity Relationships (SAR) to be
established, increasing the number of compounds that were tested and the role of the

medicinal chemist (E. Ratti et al, 2001; V. T. DeVita et al, 2008).

Considerable advances were made in anticancer drug discovery and by the 1960’s notable
remission rates were achieved in treating childhood leukaemia’s, although remission was
often brief and disease reoccurrence was common with the current single agent treatment (M.
Arruebo et al, 2011; V. T. DeVita et al, 2008). Despite this, confidence was instilled in
researchers which led to the development of several combination therapy programmes, which
achieved higher remission rates not only in treating childhood leukaemia but also in treating
solid tumours such as Hodgkins disease (J. N. Latosinska et al, 2013; V. T. DeVita et al,
2008). After the 1970s, a considerable amount of funding was reserved for anticancer
research and as a consequence the NCI had replaced the animal cell lines with a large
screening panel of human tumours and the transplantable animal tumours were replaced with
the human xenografts in nude mice (M. Suggitt et al, 2005; V. T. DeVita et al, 2008). These
complex and expensive models dealt with the prevailing toxicity issues which were mainly
due to the differences in animal and human pathologies. Although the increased expenses

resulted in a fewer number of compounds being screened, the same number of leads were



being identified which included the taxanes such as Paclitaxel (V. T. DeVita et al, 2008; S.
Nobili et al, 2009).

While success was achieved in finding new chemotherapeutic agents up until the 1990s,
regulatory bodies such as the Food and Drug Administration (FDA) had put in place more
stringent regulations regarding the safety and administration of drugs and as such many
compounds failed to meet these regulations. In addition, in anticancer drug discovery the
molecular dynamics of cancer was an added complexity, adding to the failure rate and high
drug attrition rate from the drug discovery process (J. N. Latosinska et al, 2013). A further
limitation encountered by researchers in anticancer drug discovery was to achieve selectivity
for cancer cells, which revived Paul Ehrlichs ‘magic bullet’ philosophy, leading to the
principle of selective cytotoxicity (J. N. Latosinska et al, 2013). This necessitated for
advancements to be made in molecular biology and during the 1990s, a major focus was
placed on finding drugs that inhibited the angiogenesis of cancer cells, that is, the formation
of tumour blood vessels. The first drug of this class, Avastin, a humanised monoclonal
antibody was discovered in 1997 and approved by the FDA in 2004 for its use in several
types of metastatic cancers. Several other inhibitors of angiogenesis were discovered such as
Sunitinib and Cetuximab (J. N. Latosinska et al, 2013). By this time, the drug discovery
process had become an expensive, complex, time consuming and market-driven approach to
find novel drugs candidates, urging for new technologies and a more rational approach to

achieve success (J. N. Latosinska et al, 2013).

As a result, complex synthetic methods such as combinatorial chemistry were developed,
with the premise that screening a larger number of compounds would result in a larger
number of active compounds being identified (J. P. Kennedy et al, 2008). Although this
resulted in technological advancements to screen the large number of compounds, it was soon
realised that the expected outcomes from this approach was not the case and the focus was
then shifted to identifying biological targets and their relationship to the structure and
function of chemical molecules (J. Drews, 2000). The identification of key therapeutic targets
was made possible by advancements in the fields of genomics and proteomics, which enabled
an understanding of disease characteristics or phenotypes. This resulted in a variety of
biological targets such as transcriptional factors, enzymes and receptors, which played a key
role in disease progression to be identified (R. Goulding et al, 2009). The target-driven
approach also resulted in a shift towards requiring a constant dialogue between chemists and

biologists (E. Ratti et al, 2001; J. Drews, 2000). This adaptation was also reflected in the

3



change of screening assays that were commonly used to test for active drugs (E. Ratti et al,
2001; J. Drews, 2000; R. Borchardt et al, 2007). Moving from the traditional whole-animal,
diseased based screening assays, such as whole cell assays, to biochemical assays using
purified proteins had its advantages and disadvantages which are discussed further in this
chapter. The main consequence of this change put the focus on characterising the ‘drug-like’
properties of drug compounds which included the Absorption, Distribution, Metabolism and
Excretion (ADME), along with the physicochemical properties (R. Borchardt et al, 2007). It
was quickly realised that the early characterisation of these properties was important to
increase the chances of success and reduce the rate of drug attrition from the process. Under
the pressure of the high costs and resources spent and the considerable time associated in
getting drugs to the clinic, alternative cost-effective methods were sought (A. S. Reddy et al,
2007). This resulted in the development of computational tools to assist medicinal chemists
to rationally design new drug candidates, with their intended biological targets in mind.
Protein crystallography was another field that made great advancement during this time,
which complemented the computational tools that were being developed (A. S. Reddy et al,
2007). Furthermore, collaborations between industry and academia were propelled (A. S.

Reddy et al, 2007), much like the research laboratory this project was conducted in.

The value of computational data in predicting the expected outcomes of drug candidates was
encouraging and contributed immensely to attaining the goal of drug discovery, which
included finding safer medicines to treat disease (S. A. Patil, 2012). The target-driven
approach meant that researchers had identified protein targets and validated their roles in the
progression of the disease, which were often found to be over-expressed in disease tissues
and had low expression levels in normal tissues (R. Goulding et al, 2009). The role of the
medicinal chemists became increasingly important in the drug discovery process, selecting
compounds from a virtual screening study, synthesising them and identifying active hits with
non-promiscuous binding from in vitro assays and improving on their activity by conducting
SAR studies to design appropriate analogues for biological testing (A. S. Reddy et al, 2007).
Data regarding the ADME and physicochemical properties of active compounds that were
extracted from in vitro and in vivo studies were utilised to optimise lead compounds during
the lead optimisation stage with the goal of maximising efficiency and reducing side effects
in animal models (J. G. Lombardino et al, 2004; S.A. Patil, 2012). Vigorous safety and

toxicology testing are performed on promising drug candidates, comprising of the preclinical



and clinical development of New Chemical Entities (NCEs) before they are made available to

the market (E. Ratti et al, 2001) (Figure 1).

Figure 1: The modern drug discovery process. The process was refined to include the
target-driven approach adopted and includes the high throughput screening of compounds to
facilitated hit identification. The application of computer-aided drug discovery is commonly

applied from the hit discovery phase to the pre-clinical phase (E. Ratti et al, 2001).

The design of Computer Aided Drug Design (CADD) technologies involved many fields
such as biology, biophysics, structural biology and computational scientists (A. Wadood et al,
2013). The ultimate aim of these technologies was to reduce the associated costs of and speed
up the drug discovery process. CADD techniques are commonly utilised in the early stages of
the drug discovery process, facilitating the identification of hit compounds whose activity is
then confirmed in in vitro screening assays (A. Wadood et al, 2013) (Figure 1). A variety of
CADD techniques have been developed and include Virtual High Throughput Screening
techniques (VHTS) consisting of both ligand-based and structure-based virtual screening
approaches, chemoinformatic and bioinformatics approaches (G. Sliwoski et al, 2014; A.

Wadood et al, 2013), which are discussed further in this chapter.

The availability of proteomic and genomic data in recent times has allowed various
computational tools to be developed and has opened up other fruitful avenues in drug
development, one of which includes drug repurposing (S. C. Gupta et al, 2013). In an effort
to combat the low number of novel therapeutics reaching the clinics and the timely and
expensive process of drug development, drug repurposing has become an attractive drug
development strategy in anticancer research. It is the process of finding new indications for
existing drugs or newly identified drugs that are used for the treatment of diseases other than
the drugs intended disease (J. S. Shim et al, 2014). Compared to de novo drug development
techniques, drug repurposing can be timeously performed in a cost effective manner as the

safety, pharmacokinetic and pharmacodynamic properties of most repurposing candidates are



already known (J. S. Shim et al, 2014; J. Li et al, 2015). For example, the angiogenesis
inhibitor Beracizumab, a monoclonal antibody developed to treat metastatic colon cancer is
now used to treat or reverse the abnormal vascularisation of the retina, a symptom of
exudative mascular degeneration (J. S. Shim et al, 2014). Bioinformatic tools have become
widely popular to integrate pharmacological, genetic, chemical and clinical data to identify
drug targets and to find new indications for existing drugs, through the use of connectivity
maps (cMAPs) (J. S. Shim et al, 2014). cMAPs have been constructed with the aim of
providing a detailed map for functional diseases, genetic alterations and drug actions, for
example the construction of large scale gene expression profiles from human cancer cell lines
treated with different drugs under different conditions (J. S. Shim et al, 2014). By integrating
cMAPs with other functional genomic databases, drug repurposing is commonly performed
using two approaches. The first approach consists of determining inverse drug-disease
relationships by comparing the drugs gene expression profile and the disease gene expression
profile. This approach is also known as ‘signature reversion’ and is used to identify which
drugs are able to produce an inverse disease gene expression (J. S. Shim et al, 2014). This
approach was used for the repurposing of Pentamidine isethionate, an anti-protozoal agent
commonly used to treat Pneumocystis carinii pneumonia (A. P. McGrath et al, 2009; R. R.
Tidwell et al, 1990). Pentamidine isethionate was found to produce an inverse gene
expression in cancer cells lines through the use of cMAPs and has been demonstrated to have
anticancer activity in clear cell renal cell carcinoma (ccRCC) (L. F. Zerbini et al, 2014).
Another useful approach in utilising cMAPs for drug repurposing includes ‘guilt by
association’ which identifies drugs that invoke a similar transcriptional response and thus
sharing a similar mechanism of action (J. S. Shim et al, 2014). Publicly available repositories
or databases of drug and disease gene expression profiles have provided the opportunity for
many research institutions and academia to take advantage of computational drug

repurposing tools in a timely and cost effective manner (J. Li et al, 2015).

In the context of this study, commonly used CADD techniques were utilised to identify
compounds that act similarly to two previously identified compounds that have been reported
in literature to have antitumor activity. These compounds include the commercially available
Pentamidine Isothionate and N4- [2-(4-phenoxyphenyl) ethyl]-4, 6-quinazoline diamine
(QNZ). Pentamidine is an anti-protozoal compound that has been identified to have
antitumor activity (L. F. Zerbini et al, 2014; L. M. Scott et al, 2010; M. K. Pathak et al,
2002). QNZ is a potent inhibitor of the transcription factor Nuclear Factor-kB (NF-xB),



which plays a key role in the development and progression of cancer (M. Tobe et al, 2003; M.
Tobe et al, 2003; B. Rayet et al, 1999; M. Karin, 2009; B. Hoesel et al, 2013). In addition,
QNZ had been shown to induce apoptosis in ovarian cancer cell lines and when used in
combination with Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) such as Diclofenac, an
enhanced apoptotic effect is induced (L. F. Zerbini et al, 2011). The CADD techniques that
were utilised in this study to find similar inhibitors to Pentamidine and QNZ are discussed

further in this chapter.

1.2 Virtual High-Throughput Screening

VHTS has become a popular computational tool that aims to mimic the in vitro high
throughput screening (HTS) of large chemical databases. vHTS is a powerful technique
which reduces the associated costs and time involved in HTS, by selecting compounds that
are predicted to be active and excluding those that are predicted to be inactive which are
subsequently tested for in vitro activity (G. Sliwoski et al, 2014). A variety of computer
algorithms have been developed to exploit available information to efficiently screen large
chemical databases and identify compounds that are predicted to illicit the desired biological
response. This has resulted in the development of two commonly used VHTS techniques
which include ligand-based virtual screening (LBVS) and structure-based virtual screening
(SBVS) (A. Wadood et al, 2013; G. Sliwoski et al, 2014). Certain limitations of
computational methods such as their inability to identify the toxicities associated in a
complete biological system still remains. Although certain tools such as filters, can be applied
to identify and remove toxic groups or compounds from a database. Filters may also be
applied to remove compounds which are not considered to be ‘drug-like’ or have poor
ADME properties (S. Subramaniam et al, 2008). Furthermore, depending on the task at hand,
computational studies may be time consuming and computationally exhausting but
nevertheless, they provide useful insights to drug design (G. Klebe, 2006). These techniques

are discussed in more detail below.



1.2.1 Ligand-Based Virtual Screening

Ligand Based Virtual Screening (LBVS) methods retrieve compounds that are closely related
to known biologically active ligands (A. S. Reddy et al, 2007; P. Willet, 2006). LBVS is
commonly performed when there is no structural data available or the intended target of an
active ligand has not been identified. LBVS includes several methodologies such as the
popular similarity search, pharmacophore search, sub-structure search, clustering methods

and quantitative structure activity relationships (QSAR) (J. Bajorath, 2002).

The similarity search approach is based on the similarity property principle, which states that
similar ligands will have similar biological activity and physicochemical properties (M. A.
Johnson et al, 1990). Similarity is either computed based on structural or topological
similarity or pharmacophoric similarity and therefore can be based on either 2 Dimensional
(2D) or 3 Dimensional (3D) descriptors (P. Willet, 2006). A similarity measure incorporates
3 components, a representation to characterise molecules, a weighing scheme to assign the
different degrees of importance to the components represented and a coefficient to determine
the degree to relatedness between two structural representations (P. Willet, 2006; J. D.
Holliday et al, 2002). Over the years, many types of molecular representations have been
developed to compute molecular similarity, which include 2D fingerprints, molecular graphs,

topological indices and molecular fields (P. Willet, 2006).

From the plethora of 2D molecular descriptors, molecular fingerprints such as the Extended
Connectivity Finger Print (ECFP) remains highly popular due to their demonstrated
effectiveness, rapid calculation and ability to represent a wide number of molecular features
(D. Rogers et al, 2010; P. Willet, 2006; J. Hert et al, 2004; Y. Hu et al, 2009). In addition,
molecular fingerprints are the method of choice to implement when only a single weak lead is
available for a starting point (J. Bajorath, 2002). ECFPs are bit-binary strings that can
represent an infinite number of molecular features including their stereo-chemical
information. The ECFP fingerprint records the absence or presence of molecular features that
are predicted to be responsible for molecular or drug activity (D. Rogers et al, 2010; M.
Awale et al, 2014). They were initially developed for and are still widely used to compute the
presence of sub-structures but are now applied in similarity searches, clustering and
molecular classifications (D. Rogers et al, 2010). Their increased popularity is partly due to

their implementation in the Pipeline Pilot software, where the ECFP 4 fingerprint is



reportedly a sufficient tool for a similarity search (Y. Hu et al, 2009). The ECFP 4
fingerprint, which was utilised in this study, describes both the identity and connectivity of an
atom in a molecule and searches for similar descriptors within a diameter of 4 bonds radiating

from each heavy atom (D. Rogers et al, 2010; Y. Hu et al, 2009).

Various similarity coefficients have been developed to quantify the degree of relatedness
between two structural features and include but are not limited to the Cosine, Hamming,
Russell-Rao, Forbes and the Tanimoto coefficient (A. S. Reddy et al, 2007; P. Willet, 2006).
The Tanimoto Coefficient is widely used and is reported to provide a reliable and an unbiased
measure of similarity (P. Willet, 2006; M. Syuib et al, 2013; J. D. Holliday et al, 2002).
Furthermore, the Tanimoto coefficient is an appropriate coefficient to quantify fingerprint
similarity searching (Y. Hu et al, 2009). The Tanimoto coefficient has been utilised to

quantify similarity in both 2D and 3D descriptor space and is defined as follows:

c
a+b—-c

Figure 2: The equation used to calculate the Tanimoto Score. Where a and b represent bits in
the bit-binary strings of 2 independent molecules and c represents the bit-binary string that is

present in the fingerprint of both molecules (P. Willet, 2006).

The 3D descriptors are considered more advanced and complex, which include
shape-matching algorithms, shape-based fingerprints, 3D feature representations of molecular
conformations, molecular field descriptions and pharmacophore fingerprints (H. Eckert et al,
2007). The application of 3D descriptors is critically dependent on the accurate generation of
the conformation of a compound. The bioactive conformation of a compound is ordinarily
assumed from crystal structures, but in the case of a database, where active conformations are
generally not known, the accuracy in predicting these conformations plays a crucial role in
the success of the 3D virtual screening (H. Eckert et al, 2007). The generation of
conformations is a computationally exhausting task and the prediction of the correct bioactive
conformation of compounds remains to be the bottleneck associated with the 3D similarity
search (H. Eckert et al, 2007; K. Dobi et al, 2014). This adds to the debate for the preference
of 2D descriptor over 3D shape-based descriptors (V. Venkatraman et al, 2010; M. Thimm et
al, 2004; J. Bajorath, 2002).



3D shape based matching algorithms remain highly popular and several algorithms have been
developed including Rapid Overlay of Chemical Structures (ROCS) (OpenEye Scientific
Software Inc.), Cat-Shape (CATALYST) (Accelrys, San Diego), Phase-Shape (Schrodinger,
LLC) etc. ROCS is highly preferred as its performance is reportedly not affected by the
conformation of the query molecule (A. Hamza et al, 2012). Furthermore, ROCS incorporates
a functional group or pharmacophoric feature matching, which alleviates the reliance on the

correct bioactive conformation of the query molecule (A. Hamza et al, 2012).

ROCS performs a pair-wise comparison of the molecular shape and chemical features
between the query compound and those compounds included in a database. Molecular
structures on ROCS are represented as atom centered Gaussian functions, where their
gradient based optimisation allows for the overlap of the rigid query and database molecules
(S. M. Kearnes et al, 2014; P. C. D. Hawkins et al, 2007). An alignment with the highest
shape (volume) overlap is retained and a ShapeTanimoto score is calculated using the
equation depicted in Figure 2. In addition, a colour force field is implemented to determine
the chemical features, where the interaction between the same types of features is considered
an attractive interaction and will therefore form an overlap of colour force fields (C. Sotriffer,
2011). The chemical groups and functionalities identified on ROCS include hydrogen bond
donors, acceptors, charged atoms, rings and hydrophobic regions (S. M. Kearnes et al, 2014).
A ColourTanimoto score is calculated based on the weight and strength of these interactions,
using the calculation in Figure 2. These Tanimoto scores calculated by ROCS can be
analysed individually (ShapeTanimoto or ColourTanimoto, with a maximum score of 1) or in
combination as a sum of the individual calculations (TanimotoCombo score, with a

maximum score of 2) (C. Sotriffer, 2011).

The 3D pharmacophore search is another powerful technique that is widely used in drug
discovery and can either be structure-based or ligand-based (V. Vyas et al, 2008).
Pharmacophore virtual screening is a simple and vigorous methodology to rapidly identify
active compounds (A. Wadood et al, 2013). The conventional ligand-based pharmacophore is
generated on a set of known active ligands, in the absence of structural data. In
pharmacophore mapping, it is hypothesised that the set of known active ligands will form
similar interactions with the protein target and therefore captures the 3D electrostatic and
geometric arrangement of the essential pharmacophore features within a molecular

framework (V. Vyas et al, 2008; A. Wadood et al, 2013). Pharmacophore virtual screening
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has the advantage of identifying biologically active compounds of novel chemical scaffolds

(O. Dror et al, 2009; A. Wadood et al, 2013; V. Vyas et al, 2008).

Ligand-based pharmacophores may either be generated manually or automatically. Manual
generation is preferred when there is experimental evidence that certain functional groups are
important for biological activity (V. Vyas et al, 2008). This is in contrast to the alignment of a
set of active compounds from which a pharmacophore can be automatically derived through
the use of computational software (V. Vyas et al, 2008). The automatic generation of
pharmacophores, such as the common feature pharmacophore, requires the correct
conformational generation and alignment of a set of ligands, which can be time consuming
and is further subjected to the quality of conformation generation (V. Vyas et al, 2008). The
functional features that are captured in a pharmacophore include hydrogen bond donors,
hydrogen bond acceptors, acidic groups, basic groups, partial charges, aliphatic hydrophobic
and aromatic hydrophobic moieties and furthermore, distance and locational restraints can be

applied to define their spatial arrangement (G. Sliwoski et al, 2014).

1.2.2 Structure-Based Virtual Screening

Structure Based Virtual Screening (SBVS) methods primarily include molecular docking
calculations. There are certain pre-requisites for docking studies, which include a
well-defined protein structure and the identification of a binding site (C. Hetenyi et al, 2002).
In the case where there is no crystal structure available, homology modelling of the protein

structure may provide an alternative methodology (G. Sliwoski et al, 2015).

Docking algorithms aim to predict the correct orientation and position of a ligand in the
active site of a protein in addition to predicting the binding interactions between the ligand
and protein and ranking them in a suitable order. Docking calculations that are performed in a
specified binding site are known as focus docking calculations (D. Ghersi et al, 2009). This
is different to an alternative methodology known as blind docking which utilises a ligand to
scan the entire protein surface to identify suitable binding sites on the protein, as such, blind
docking is commonly performed when the binding site on a protein is unknown (C. Hetenyi
et al, 2002). Focused docking calculations are reported to predict the correct docking pose

more frequently and hence complements a blind docking analysis (D. Ghersi et al, 2009).

11



There are many molecular docking tools available including Autodock4 (Scripps Research
Institute), Glide (Schrodinger, LLC), Dock (UCSF) etc. (I. Wandzik, 2006; J. B. Cross et al,
2009). Plenty of comparative studies on the available docking tool have been reported in
literature, which suggest that Glide is one of the superior docking tools available to perform
docking calculations and for virtual screening. Glide is reportedly able to reproduce the
binding pose of ligands in co-crystallised protein structures and is able to accurately predict
and rank the binding energies of known ligands and their protein targets from a virtual
screening (I. Wandzik, 2006; J. B. Cross et al, 2009; E. Kellenberger et al, 2004; E. Perola et
al, 2004).

Glide’s superiority in obtaining the accurate binding pose and binding affinities is thought to
be a consequence of the series of hierarchical filters used to progressively search for a
ligand’s position and orientation with respect to the conformation of the protein. The shape
and properties of the protein binding site are represented on a grid field which adds to the
accuracy of the ligand pose generated (R. A. Friesner et al, 2004). A pre-screening of a
ligand’s orientation and position is performed, reducing the binding space in which the ligand
is further minimised using the OPLS-AA force field in conjunction with a distance-dependant
dielectric model (R. A. Friesner et al, 2004). The lowest energy ligand poses are selected and
further subjected to a Monte Carlo procedure, which correctly orientates side chains and the
internal torsion angles before the final GlideScore is calculated. Glide utilises a modified
version of the ChemScore to calculate binding affinities (R. A. Friesner et al, 2004). Two
forms of the GlideScore are calculated in Glide, the GlideScore SP (Standard Precision) and
GlideScore XP (Extra Precision). The GlideScore SP function is considered to be a ‘softer’
function which is adapted to identify ligands which have a reasonable propensity to bind,
regardless of imperfections in their binding pose and aims to minimise false negatives (R. A.
Friesner et al, 2004). The equation used to calculate the GlideScore SP is summarised below

in Figure 3.
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Figure 3: The GlideScore is a modified extension of the ChemScore, used to calculate the

binding energy in the SP docking calculations (R. A. Friesner et al, 2004).

The GlideScore XP function is considered to be a ‘harder’ function which scores penalties for
poses that violate basic physical chemistry principles such as the solvent exposure of charged
and polar groups. In addition to applying desolvation penalties, the Glide XP function is able
to identify structural motifs such as the formation of salt bridges, which contribute to binding

affinities (R. A. Friesner et al, 2006). The GlideScore XP equation is summarised in Figure 4

below.

AGying =Cripotipo 2/ (1) +
Chbond-neut-neutzg (A}" ) h(A(I) +
Chbond-neut-chargedzg (A}" ) h(A(I) +
Chbond-charged-chargedE(Ar ) h(Au) +
Cmax-metal-ionzﬂr lm) + Crothrotb +
Cpolar-phob Vpolar-phob + CcoulE coul +

CoqwEvqw T solvation terms

XP GlideScore = Ecoul + EVdW + Ebind + Epenalty

Where,

Ebind = Ehydfenclosure + Ehbfnnfmotif + Ehbfccfmotif + EPI +

Ehb pair + Ephobic . pair
Epenalty =E desolv + Eligand_strain

Figure 4: The GlideScore XP equation used to calculate the ligand binding affinities (R. A.

Friesner et al, 2006).

AutoDock4 has been widely used in many molecular docking studies to identify potential
anticancer compounds (T. Usha et al, 2014; B. Banerji et al, 2013; S. Sreenivasan et al,
2014). In addition to rapidly and accurately predicting the binding pose and binding energies
of ligands and their protein targets, AutoDock4 utilises a grid base methodology which
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allows for searching the large conformational space available to a ligand around a protein and
is therefore a useful tool to perform blind docking calculations (G. M. Morris et al, 2009; G.
M. Morris et al, 1998; D. S. Goodsell et al, 1996; C. Hetenyi et al, 2002). In AutoDock4,
conformational searching is performed utilising the Lamarckian Genetic Algorithm (LGA)
(G. M. Morris et al, 2009). The LGA creates an initial population of trial conformations,
where successive generations of these conformations are able to mutate, by searching the
local conformational space to find their local minima before exchanging conformational
parameters. Analogous to biological evolution, each conformation competes and those with
the lowest binding energies are selected (G. M. Morris et al, 2009; G. M. Morris et al, 1998).
To calculate the predicted binding energies of ligands to their protein targets, AutoDock4
employs the semi-empirical free energy force field, which is based on a comprehensive
thermodynamic model. The adapted force field is suitable for protein-protein docking
calculations and incorporates protein flexibility, in addition to intramolecular energy (R.
Huey et al, 2007). The AutoDock4 equation used to calculate binding affinities is

summarised in Figure 5 below.

Figure 5: The semi-empirical free energy force field equation used to calculate ligand binding

energies on AutoDock4 (http://autodock.scripps.edu/resources/science/equations).

Where, i = index of atoms in the ligand, j = index of atoms in the receptor, Wesolv = linear regression
coefficient or weight for the desolvation free energy term, S; = solvation term for atom i, V; = atomic
fragmental volume of atom i, r;; = distance between atom i and atom j (in A), 6 = gaussian distance

constant = 3.5 A. (http://autodock.scripps.edu/resources/science/equations).
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1.3 Biological Screening Assays

As mentioned previously the aim of virtual high-throughput screening is to reduce the cost
and time associated with conventional high-throughput screening, by selecting compounds
that are predicted to be active and excluding those that are predicted to be inactive (G.
Sliwoski et al, 2014). A fewer number of compounds are commonly identified from the top
scoring compounds resulting from a LBVS and/or SBVS, for in vitro screening assays to
confirm their biological activity (G. Sliwoski et al, 2014). In a target-driven drug discovery
approach, the primary and secondary screening utilised to confirm in vitro activity of
compounds are usually performed in either target-based or cell-based assays. Screening
assays are generally sought to be low in cost, reproducible and provide good target specificity
and sensitivity (A. S. Verkman, 2003; J. Major, 1998). The different types of screening

assays are discussed in more detail below.

1.3.1 Target-Based Assays

Target-based assays are conducted in vitro on purified proteins or macromolecules and
therefore require that the intended target has been well established and defined. Target-based
assays are easier to perform if the target of interest can be easily expressed and purified in
large quantities, making them more amenable for HTS and therefore they are commonly
performed in industry (F. Sams-Dodd, 2005; J. P. Hughes et al, 2011; A. M. Burger et al,
2014). Furthermore, target-based assays facilitate the structure-based drug design of novel

chemotherapeutics and are useful to plan SAR studies (V. Khurana et al, 2015).

A major limitation with target-based assays occurs in translating in vitro efficacy to in vivo
efficacy as target-based assays are performed in isolation of cellular and signalling pathways.
Therefore target-based assays are usually followed through with cell-based assays (V.
Khurana et al, 2015). To increase the sensitivity of a target based HTS assays, fluorescent and
illuminescent detection methods have been developed, for example those used in the
enzyme-linked immunoadsorbent assay (ELISA) and the fluorescence resonance energy

transfer (FRET) and time resolved fluorescence methods (A. M. Burger et al, 2014).
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Pentamidine Isothionate has been shown to possess anticancer activity (L. F. Zerbini et al,
2014) and a number of protein targets have been identified to be inhibited by Pentamidine
including the PRL family of oncogenic phosphatases (L. M. Scott et al, 2010; M. K. Pathak et
al, 2002) and the serum protease coagulation factors, Factor IV and Factor Xa (A. Puckowska
et al, 2012). Furthermore, Pentamidine has been identified to inhibit several enzymes
involved in the polyamine biosynthetic pathway including S-Adenosylmethionine
decarboxylase (AdoMet-DC) and Diamine Oxidase (DAO) by the use of target-based assays
(A. P. McGrath et al, 2009; J. Stanek et al, 1993; U. Regenass et al, 1992; D. E. McCloskey
et al, 2009). Target based assays have been especially useful in analysing the SAR and
developing analogues of Pentamidine that have been tested for anticancer activity (A.
Puckowska et al, 2012; J. Stanek et al, 1993; U. Regenass et al, 1992; D. E. McClowsky et al,
2009).

1.3.2 Cell-Based Assays

Without a doubt, the insights into the cellular molecular mechanisms that has made target
based assays possible has become invaluable and has certainly tipped the scales in favour of
the myriad of cell-based assays that have been developed to investigate targets of interest, for
example the use of reporter gene assays and the second messenger assays (E. C. Butcher et al,
2004; E. A. Martis et al, 2011; R. Zang et al, 2012). Human tumour cell lines have certain
characteristics such as their manageability and reproducible growth, allowing for their robust
scale-up which makes them ideal systems to use from target identification and validation,
primary screening, lead identification and toxicology screening (R. Zang et al, 2012; V.
Khurana et al, 2015). As a result, in anticancer drug discovery using the classical monolayer
cell based assay is preferred to identify quick-acting cytotoxic compounds. However, it does
have some caveats that limit its use (A. M. Burger et al, 2014; W. Aherne et al, 2002). Due to
the lack of blood vessels and the extracellular matrix, compounds that target these functions
cannot be investigated using a monolayer cell assay (A. M. Burger et al, 2014). Furthermore,
the use of cell-based assays may complicate the design of SAR studies due to issues of drug

metabolism and permeability (V. Khurana et al, 2015).

In comparison to the target-based assays, cell-based assays are able to provide preliminary

information on the permeability and stability of a compound when used with appropriate
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controls (A. M. Burger et al, 2014). They are especially useful when the target is unknown,
acting as a phenotypic screen to identify actives and later elucidate their mechanism of
action, although it is reported that target elucidation can be a difficult feat (R. Zang et al,
2012). Furthermore, cell-based assays are able to discriminate between agonists, antagonists
and allosteric inhibitors. These are certainly helpful properties to determine in the early stages

of the drug discovery process (P. A. Johnston et al, 2002; A. M. Burger et al, 2014).

Transcriptional factors such as NF-kB have been identified as potential therapeutic targets
and to gather more information on gene activation and transcription, custom made cell-based
assays including the genetic reporter assays such as the luciferase assay were developed (V.
Baud et al, 2009). Reporter gene assays have been tremendously useful in mapping the
promoter, enhancer and silencer regulatory regions of different genes (M. F. Shannon et al,
2000). They have been useful in determining the direct binding of the different regulatory
elements on the DNA, providing information on the transcriptional activation of different
genes and their regulatory transcriptional factors (M. F. Shannon et al, 2000). The effects of
inhibiting NF-«kB have been previously investigated using custom made cell-based assays.
For instance, the Interleukin (IL)-6 promoter region has been shown to be regulated by
NF-«B and AP-1 protein, where point mutations on the NF-kB and AP-1 binding site resulted
in reduced IL-6 promoter activity (L. F. Zerbini et al, 2003). In addition, cell-based assays
were utilised to determine the inhibitory action of QNZ towards NF-xB (M. Tobe et al,
2003).

Cell-based assays were also utilised in this study to evaluate the in vitro cytotoxic activity of
the compounds that were identified from the virtual screening techniques performed.
Furthermore, modified cell-based assays such as the luciferase assay, were utilised to confirm
the mechanism of action of the active compound in the secondary screening assays described

further in Chapter 4, section 4.3.

1.4 Aims and Objectives

1.4.1 Study Aims

The aim of this study was to identify similar acting compounds to Pentamidine Isethionate

and QNZ, through the use of computational techniques including LBVS and SBVS.
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‘Similarity’ was measured by the in vitro biological activity of the compounds that were
identified from the virtual screening in several cancer cell lines, including prostate, ovarian

and renal cancer cells.

1.4.2 Study Objectives

1. To perform a hierarchical virtual screening of the ZINC database including of a
similarity search and docking calculations, to identify similar compounds to
Pentamidine and QNZ based on their similarity scores and predicted binding
affinities.

2. To identify the binding site of QNZ utilising a blind docking protocol on the available
human crystal structures of the NF-kB pathway proteins.

3. The selection of compounds identified from the ZINC database included those of
good, intermediate and poor predicted binding energies to determine if any correlation
to their experimentally derived in vitro half maximal Inhibitory Concentrations (IC s0)
values could be made.

4. To perform a similarity search on the NCI database to identify similar compounds to
QNZ, based on their similarity scores and previously reported SAR data extracted
from literature.

5. To develop a pharmacophore hypothesis based on previously reported SAR data
identified from literature on quinazoline inhibitors of NF-kB and to perform a
pharmacophore VS on the NCI database to identify similar compounds to QNZ.

6. To perform a substructure search on the NCI database to identify similar acting
functional groups to the benzamidine moiety of Pentamidine.

7. To determine a binding hypothesis of Pentamidine in the AdoMet-DC enzyme, a key
therapeutic target in the polyamine biosynthetic pathway.

8. To determine the in vitro biological activity of the compounds identified from the
NCI and ZINC database in prostate, renal and ovarian cancer cell lines.

9. To confirm that the active, most potent compound identified from the NCI database
acts similarly to its parental compound QNZ, by inhibiting the transcription factor

NF-kB, in vitro.
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Chapter 2: Virtual Screening of the ZINC Database

2.1 Introduction

The virtual screening techniques are primarily performed as a cost effective alternative to
HTS (S. Subramaniam et al, 2008). Taking this into consideration, a combination study of
both ligand and structure based virtual screening techniques were performed in this study, to
screen the ZINC database for potential anti-cancer drugs. Combination studies are said to
have the advantage of taking all available information into account, i.e. active ligands and
structural data of the targets making them more robust despite their predictive element, and
thus increase the hit rate (V. Kumar et al, 2014; M. N. Drwal et al, 2013). The aims of this
study to perform the knowledge driven hierarchical virtual screening of the ZINC database

are summarised in Figure 1.

Figure 1: The aims of the combined hierarchical ligand-based and structure-based
virtual screening performed on the ZINC database.

28



The success of a virtual screening study not only depends upon the quality and content of the
structural and chemical information of a protein target and ligand, but also on the quality and
content of a screening database (E. Beilska et al, 2011). A common strategy used to enrich a
screening database with drug-like and desirable compounds is to apply a drug-like filter
before a virtual screening study is embarked upon (E. Beilska et al, 2011). This strategy also
reduces the millions of compounds contained in a database to a computationally manageable
number that can be screened in a reasonable amount of time. Furthermore, it reduces the
burden of selecting compounds with desirable properties in the final stages of the virtual

screening (T. Cheng et al, 2012).

The ECFP fingerprint is reported to be a sufficient tool to use in a 2D similarity search, where
it records the absence or presence of molecular features predicted to be responsible for
molecular or drug activity and was therefore used in this study (D. Rogers et al, 2010; M.
Awale et al, 2014). As mentioned previously, the ECFP_4 fingerprint describes both the
identity and connectivity of an atom within a diameter of 4 bonds radiating from each heavy
atom within a molecule (S. R. Langdon et al, 2013; D. Rogers et al, 2010; Y. Hu et al, 2009),

where similar fingerprints are searched for in a database.

The 3D similarity search utilising 3D descriptors is considered more advanced, describing the
spatial arrangement of atoms in a molecule with the aim of characterizing the molecular
surfaces and volumes of compounds. The application of 3D descriptors is critically dependent
on the accurate generation of the conformation of the compounds, which is a computationally
exhausting task and remains to be the bottleneck associated with the 3D similarity search (H.
Eckert et al, 2007). This adds to the debate for the preference of 2D descriptor over 3D
shape-based descriptors (V. Venkatraman et al, 2010; M. Thimm et al, 2004; J. Bajorath,
2002). In view of this, the aim was to make the screening protocol more robust by including

both a 2D and 3D similarity search.

The final step of the hierarchical study included the SBVS which consisted of the docking
calculations. The crystal structure of Pentamidine found in complex with the DAO enzyme
(A. P. McGrath et al, 2009), met the pre-requisites to perform the docking calculations, as the
protein structure and binding site are well defined (C. Hetenyi et al, 2002). This allowed for a
more straight-forward methodology which included a comparison of the docking pose in the

crystal structure to that obtained from the docking calculations, to calculate the root mean
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square deviation (RMSD) between the two poses (Z. Li et al, 2013). In the case of QNZ, a

different strategy to identify the binding site was considered.

There is no crystal structure of the NF-xB proteins in complex with an inhibitor reported in
literature. Therefore, the energetically most favourable binding site of QNZ was sought
amongst the NF-kB pathway proteins, using a technique known as blind docking. Blind
docking has been adopted and tested in identifying binding sites of small molecules, which
gave the confidence to apply the technique in this study (C. Hetenyi et al, 2006; D. Ghersi et
al, 2009). A cluster analysis on AutodockTool4 was applied to determine the most populated
sites identified through the blind docking, which were further investigated by performing
focused docking calculations on Glide5.7. Control compounds, which include the NF-xB
inhibitors JSH-23 and BAY11-7085, were included in the blind docking calculations since
their mechanisms of action have been experimentally elucidated to some extent and reported
on in literature (A. Kumar et al, 2011; J. W. Pierce et al, 1997). The predicted binding sites
identified in this study for the control compounds provided a reasonable correlation to the
experimental data reported in literature, which provided the confidence in the binding sites

identified for QNZ.

In this chapter, the methodology used to perform the 2D and 3D similarity search is
described. The top ranked compounds, which have the highest similarity to QNZ and
Pentamidine, were further enriched by performing the docking calculations described in this
chapter. Good, intermediate and poor scoring compounds, in terms of their predicted binding
energies, were selected for in vitro testing, with the goal of determining any correlation

between their predicted binding energies and in vitro ICso values.

2.2 Methodology of the vHTS performed with QNZ

2.2.1 Preparation of ZINC Database

Structure information for the 14,322,885 compounds was previously downloaded from the

ZINC website (http://zinc.docking.org/browse/subsets/). In order to remove compounds with

known toxic functional groups or toxicophores and undesirable compounds such as dyes and

non-drug like compounds, the ZINC database was filtered with an OpenEye Scientific
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Software drug-like Filter (Filter, OpenEye Scientific Software, Inc., Santa Fe, NM, USA,

www.eyesopen.com, 2010) (A. Lavecchia et al, 2013). Default parameters were kept except

for the following changes primarily made to the Lipinski rules (T. I. Oprea, 2002; C.
Abad-Zapatero, 2007), which are summarised in Table 1 below.

Table 1: The changes made to the OpenEye Drug-like Filter (Filter, OpenEye Scientific
Software, Inc., Santa Fe, NM, USA, www.eyesopen.com, 2010).

Parameter Value
Min. molecular weight 100
Max. molecular weight 500
Min. H-bond donors 0
Max. H-bond donors 6
Min. H-bond acceptors 0
Max. H-bond acceptors 5
Min. xlogP -5.0
Max. xlogP 5.0
Min. 2D-PSA 75.0
Max. 2D-PSA 140.0

These changes were made to take into consideration the drug-like properties of both parental
compounds, QNZ and Pentamidine and to acquire a drug-like library within a reasonable and
appropriate chemical space (A. Lavecchia et al, 2013). A simple script was written to

efficiently filter the database. The complete Filter can be found in Appendix 1, Table 1.

2.2.2. Generation of Ligand and Database Conformations

In preparation for the 3D similarity search and the SBVS, conformations of the parental and
ZINC database compounds were generated using the Confgen, an application on the
Schrodinger suite (ConfGen, version 5.6, Schrodinger, Inc., New York, NY, 2009). The
standard protocol on ConfGen was selected and default parameters were maintained. The fast
search protocol was utilised, where conformers are considered redundant at a threshold of an

RMSD of 1A (K. S. Watts et al, 2010). The input and output structures were minimised.
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2.2.3 2D Similarity Search

The Discovery studios ‘Find similar molecules by fingerprints’ protocol on Pipeline Pilot was
used to conduct the 2D similarity search (Accelrys Software Inc., Discovery Studio Modelling
Environment, 4.5, San Diego: Accelrys Software Inc., 2007). The input ligands included the
filtered ZINC database and the reference ligand included QNZ. The minimum similarity was
set to 0.50 and the Tanimoto coefficient was selected with a pre-defined property of the
ECFP_4 fingerprint. The top 2000 compounds that scored a minimum similarity of 0.50 were
retained for the SBVS that followed.

2.2.4 3D Similarity Search

The simple run on the ROCS interface (VROCS) was employed to perform the 3D similarity
search (ROCS, OpenEye Scientific Software, Inc., Santa Fe, NM, USA, www.eyesopen.com,

2010). Default parameters were maintained for the inputs, where the colour force field was
kept at the default Implicit Mills-Dean. The Structure Data File (sdf) for QNZ (query) and the
3D conformations of the filtered ZINC database were uploaded for screening. The number of

best hits to retain was increased to 1000 compounds.

2.2.5 Blind Docking Calculations

The available crystal structures of the NF-«kB pathway proteins selected from the Protein
Database Bank (PDB) website include the NF-xB (p65/p50) complex bound to DNA
(1VKX.pdb) (F. E. Chen et al, 1998), the NF-xB/Inhibitory-kBa protein (IkBa) complex
(INFLpdb) (M. D. Jacobs et al, 1998), and the NF-kB Essential Modulator (NEMO) subunit
of the IxB Kinase (IKK) complex (3BRT.pdb) (M. Rushe et al, 2008). Taking into
consideration the unavailability of suitable mammalian derived crystal structures for the other
NF-kB subunits namely, RelB, c-Rel, p105 and p52/p100, they were excluded from the blind
docking. Furthermore, it is reported in literature that the most prevalent NF-kB heterodimer

found in cancer cells is the (RelA) p65/p50 dimer, which gave the confidence to proceed
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using the selected structures (B. Rayet et al, 1999; A. Oeckinghaus et al, 2011; R. G. Uzzo et
al, 20006).

AutoDock4 and AutoDock4Tools (G .M. Morris et al, 1998; G. M. Morris et al, 2009) were
used to scan the entire extracellular surface of the selected NF-kB pathway protein structures
with the ligands QNZ, JSH-23 and BAY 11-7085, to identify their suitable binding sites. The
water molecules were removed from the PDB structure files and hydrogen atoms were added
using AutoDock4Tools. Default parameters were kept in processing the protein structures.
Ligand preparation was performed keeping default parameters, where the numbers of
rotatable bonds were identified for flexible docking. The Autogrid4 was generated to include
the whole protein complex and the grid parameters used between each successive trail were
kept constant. A grid spacing of approximately 0.4 A was maintained, ensuring that the

search methodology scans the entire extracellular surface for suitable binding sites.

To identify the correct search parameters using the Genetic Algorithm (GA) on AutoDock4,
C. Hentenyi et al, 2002 determined that the number of evaluations and the population size has
an influence on the probability of finding the correct binding site and mode. It is
recommended that maintaining the energy evaluations above 10 million and the population
size above 50, are ideal parameters to identify the correct binding sites on macromolecules
(C. Hetenyi et al, 2002). Taking this into consideration, successive calculations were
performed adjusting the number of evaluations from 5 million to 10 million, to determine
which binding sites are still being identified at a 10 million number of evaluations. The
population size was retained at 150 and the remaining parameters were kept at default. A
cluster analysis on AutoDockTools4 was performed to identify the most populated binding

sites for QNZ, JSH-23 and BAY 11-7085, which were further investigated using GlideS5.7.

2.2.6 Focused Docking Calculations

The identification of 2 favourable binding sites for QNZ on the NF-xB/IkBa complex,
allowed for the focused docking calculations which were performed on Glide5.7 (Glide,
version 5.7, Schrodinger, Inc., New York, NY, 2009). There are several processing steps to
perform a docking study on Glide5.7, which include protein and ligand preparation, receptor
grid generation and finally the ligand docking. The conformations of QNZ and the ZINC

database were further processed using the LigPrep application on Maestro (Maestro, version
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5.6, Schrodinger, Inc., New York, NY, 2009). Their isomers and tautomers were generated
using default parameters. The ionisation states were generated at a default pH of 7 + 2 and the
partial atomic charges were assigned using the OPLS 2005 force field. The INFLpdb
structure that was identified as the target for QNZ through the blind docking was prepared
using the Protein Preparation Wizard on Maestro (Maestro, version 5.6, Schrodinger, Inc.,
New York, NY, 2009). A pre-processing step using default parameters preceded the
hydrogen bond assignment using PROPKA. A restrained minimisation step was performed
using the OPLS 2005 force field. The residues included in the 2 binding sites identified on
the NF-«xB/IxBa complex were specified to generate the grid file, using the Receptor Grid
Generation application on Glide (Binding site 1: GLN29/p65, GLN220/p65, LYS221/p65;
Binding site 2: PHE142/IxkBa and TYR351/p50). Default parameters were maintained on the

Glide SP docking protocol which was used to carry out the docking calculations.

23 QNZ Results

2.3.1 QNZ Similarity Search

The Tanimoto Coefficient was evaluated to measure similarity. The TanimotoCombo score
(maximum score of 2) generated by VROCS is the sum of the individual ShapeTanimoto
(volume) and ColourTanimoto (functional group similarity) scores (C. Sotriffer, 2011). The
Tanimoto score generated on Pipeline Pilot is based on the 2D molecular descriptor, the
ECFP_4 fingerprint and may have a maximum similarity score of 1 (Y. Hu et al, 2009),

which is described in more detail in Chapter 1, section 1.2.1.

The TanimotoCombo scores obtained from VvROCS were evaluated and over 1000
compounds that were 50% or more similar to QNZ were retrieved. The top-ranking
compound retrieved by both VROCS and Pipeline Pilot was ZINC32089624 (Figure 2) with a
TanimotoCombo and Tanimoto score respectively of 1.46 and 0.71. Furthermore, it was the
only compound identified by vROCS that possessed a quinazoline ring. The compound
ZINC32089624 (Figure 2) was previously reported in literature as part of a quinazoline series
of NF-«xB inhibitors, that had in vitro antitumor activity with an ICso value of 12nM in human
Jurkat cells (M. Tobe et al, 2003). A large majority of the remaining compounds possessed a

5- and 6- membered ring system with varying lengths of alkyl chains and side chain
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substituents attached to them. The top 20 hits identified from the 3D vVROCS similarity search
are included in Appendix 1, Table 2.

Figure 2: The compound ZINC32089624 was identified as the top ranking compound on
vROCS and Pipeline pilot, with a similarity score of 1.46 and 0.71 respectively.

The compounds identified on Pipeline Pilot using the ECFP_4 search methodology resulted
in a fewer number of compounds (63) with a 50% or greater similarity to QNZ. The 2™ top
ranking compound retrieved on Pipeline Pilot was ZINC32089602 (Figure 3), with a
Tanimoto score of 0.68, was also identified to be part of the series of quinazoline inhibitors of
NF-«kB reported in literature (M. Tobe et al, 2003). ZINC32089624 is more potent than
ZINC32089602, which had a higher ICso value of 8271nM in human jurkat cells (M. Tobe et
al, 2003).

Figure 3: The compound ZINC32089602 was identified on Pipeline Pilot and ranked the 2™

most similar compound to QNZ with a Tanimoto score of 0.68.

The top 20 compounds identified from the 2D Pipeline Pilot similarity search are shown in

Appendix 1, Table 3.
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2.3.2 QNZSBVS

2.3.2.1 Blind Docking Calculations

The binding site of QNZ had to first be identified in order to perform the SBVS. Blind
docking was performed on the different crystal structures of the NF-kB pathway proteins,
with each of the inhibitors identified including QNZ, JSH-23 and BAY11-7085. A cluster
analysis on AutoDockTools4 allowed for the identification of clusters that were highly
populated, for each inhibitor. The binding scores obtained at each populated binding site were
further ranked after the focused docking calculations performed on Glide5.7 (E. Kellenberger
et al, 2004). The binding energies obtained from the blind docking performed with each

compound on each structure are tabulated in Table 2 below.
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Table 2: A table of the binding energies obtained from the blinding docking calculation
performed for each compound on the different NF-kB crystal structures. A cluster analysis was
performed on AutoDockTools4 to determine the highly populated clusters at the 10 million
energy evaluation. The binding energies obtained at each cluster from the focused docking
calculations performed using GlideS.7 are shown in red. The cluster that obtained the lowest

binding energy identified on GlideS.7 for each ligand was selected as the final binding site (bold

typeface). LBE = Lowest Binding Energy (kcal/mol).

Structure Compounds
INFLpdb QNZ (kcal/mol) JSH-23 (kcal/mol) BAY11-7085 (kcal/mol)
100runs/5 million LBE=-4.25 LBE=-4.63 LBE=-5.88

evaluations

100runs/10 million

evaluations

LBE=-5.64/-7.070

LBE=-6.52/-7.568

LBE=-7.55/-5.150

Cluster analysis at
100runs/10 million

evaluations

Cluster 1: -5.64/-7.070
Cluster5: -4.94/-6.342
Clusterl6: -3.76/-5.972

Cluster1:-6.52/-7.568
Cluster4:-5.28/-4.901

Clusterl:-7.55/-5.155
Cluster20:-5.63/-3.182

1VKX.pdb-p50

100runs/5 million

evaluations

LBE=-5.12

LBE=-5.22

LBE=-5.56

100runs/10 million

evaluations

LBE=-5.97/-6.663

LBE=-4.17/-3.967

LBE=-3.72/-5.102

Cluster analysis at
100runs/10 million

evaluations

Cluster 1: -5.97/-6.663
Cluster25:-5.33/-6.844

Cluster1:-4.17/-3.967
Cluster2:-5.78/-7.382

Cluster1:-3.72/-5.102
Cluster2:-5.62/-3.446

1VKX.pdb-p65

100runs/5 million

evaluations

LBE=-4.48

LBE=-5.14

LBE=-5.35

100runs/10 million

evaluations

LBE= -4.60/-5.582

LBE=-4.74/-6.622

LBE=-4.88/-3.622

Cluster analysis at
100runs/10 million

evaluations

Cluster 1: -4.60/-5.582
Cluster4:-5.14/-5.663
Cluster10:-4.92/-5.591

Cluster1:-4.74/-6.622
Clusterd:-3.57/-4.044

Cluster1:-4.88/-3.622
Cluster2:-5.88/-4.050

3BRT.pdb

100runs/5 million

evaluations

LBE=-5.19

LBE=-5.33

LBE=-54
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100runs/10 million LBE=-5.07/-4.994 LBE=-5.89/-7.238 LBE=-5.89/-5.218
evaluations

Cluster analysis at Cluster 1: -5.07/-4.994 Cluster1:-5.89/-7.238 Cluster1:-5.89/-5.218
100runs/10 million Cluster2:-5.33/-5.340 Cluster16:-5.2/-5.168 Cluster2:-5.46/-4.943
evaluations Cluster5:-5.33/-3.919

The refined binding energies obtained from the focused docking calculations performed on
Glide5.7 (shown in red in Table 2) were evaluated to identify the final binding site for each
compound. The binding site for JSH-23 was predicted to be between the p65 subunit and
IxBa subunit, shown in Figure 4 below. It is in close proximity to the p65 Nuclear
Localisation Signal (NLS) region which directs the nuclear translocation of the p65 subunit.
JSH-23 is reported in literature to inhibit the nuclear translocation of the p65 subunit without
inhibiting the degradation of IkBa (H. Shin et al, 2005; A. Kumar et al, 2011; D. Kesanakurti
et al, 2013), which would suggest that it either binds directly to the p65 subunit or to the
NF-«kB/IkBa complex. This hypothesis would be plausible considering the binding site
identified for JSH-23 in this study. On the other hand, despite reasonably poor binding
energies obtained from the blind docking for BAY 11-7085, its binding site was identified on
the NEMO subunit of the IKK complex (Figure 4). The relatively high binding energies of
BAY11-7085, compared to the other binding energies obtained for the other compounds may
suggest that an alternative binding site may exist. The reported mechanism of action of
BAY11-7085 indicates that it may bind to the IKK complex which inhibits the
phosphorylation of IkBa without affecting the constitutive phosphorylation of IkBa (J. W.
Pierce et al, 1997; C. L. Scaife et al, 2002; R. Tiwary et al, 2010) and despite correlating with
our findings, it is still possible that BAY11-7085 may bind to either the IKKa or IKKf

subunits which were not included in the blind docking calculations performed (Figure 4).
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Figure 4: A simplified representation of the NF-kB signalling pathway. Briefly, NF-xB
activation is achieved by the phosphorylation of the IkBa subunit by the IKK complex. The
IxkBa subunit is subsequently ubiquitinated for proteasomal degradation. This allows for the
nuclear translocation of the NF-kB (p65/p50) complex, where it binds to its target genes. The
diagram illustrates the complexes on which the lowest energy binding sites for QNZ, JSH-23
and BAY11-7085 were identified. The protein data bank numbers of the crystal structures, on

which the blind docking was performed, are also indicated on the figure.

The predicted binding site identified in this study for QNZ, binding site 1 (AG = -7.070
kcal/mol), is in a hydrophobic pocket formed by the IkBa PEST region and p65. The p65
phosphorylation site at Serine (Ser) 276 is in close proximity to the binding site. The
predicted binding mode of QNZ, suggests that the lipophilic end, the phenoxy phenyl region,
is buried in the hydrophobic pocket formed by IxBa PEST region with the electron dense
quinazoline core forming hydrogen bonds with the polar side chains of the Glutamine (Gln)
29 and Glutamine (Gln) 220 residues on the p65 subunit (Figure 5). The sidechain hydroxyl
group of GIn29 forms a hydrogen bond with the amine group on the alkyl chain of QNZ. The
polar Lysine (Lys) 221 residue on the p65 subunit was predicted to form m-cation interactions
with the phenyl aromatic ring. The hydrophobic portion of QNZ is nestled in the hydrophobic

pocket whereas the quinazoline core is solvent exposed and lies in the hydrophilic region.
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Figure 5: The binding site 1 identified for QNZ on the NF-kB/IkBa crystal structure (1NFL.pdb)
(left). The binding site is formed between the PEST domain of IxBa and the p65 subunit. The
hydrophobic portion of QNZ is buried in the pocket formed by the PEST domain of IxBa and
the quinazoline core is exposed to the solvent (top right). The predicted binding interactions at
site 1 include hydrogen bonds between the side chains of GIn29 and GIn220 residues on the p65
subunit and the amino group on the quinazoline core and the alkyl amino group of QNZ

(bottom right).

Bearing in mind that a different binding site on the same structure was identified for JSH-23,
the binding energy of QNZ was determined at this site. A lower binding energy for QNZ was
obtained at the JSH-23 binding site (binding site 2), with a binding energy of -8.168 kcal/mol.
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The predicted binding pose of QNZ in the binding site 2 pocket (Figure 6), shared similar
binding interactions as JSH-23, forming a hydrogen bond between the backbone hydroxyl
group of the Phenylalanine (Phe) 142 residue on the IxkBa subunit and the amino group on the
alkyl chain of QNZ. Furthermore, n-n stacking interaction between the Tyrosine (Tyr) 351

residue on the p50 subunit and the quinazoline core were predicted (Figure 6).

Figure 6: The binding site 2 identified for JSH-23 on the NF-kB/IxBa crystal structure
(INFIL.pdb), between IkBa and p50 subunit (left). QNZ was found to bind at this binding site
with a lower binding energy compared to the binding energy obtained at binding site 1. The
hydrophobic portion of QNZ is buried in the pocket formed by IkBa and p50 and the
quinazoline core is exposed to the solvent (top right). The binding interactions include a
hydrogen bond between the backbone hydroxyl of the Phel42 residue on the IxBa subunit and
the alkyl amino group of QNZ.
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2.3.2.2 Focused Docking Calculations

The focused docking calculations were performed using Glide 5.7, where the docking score
or Glide score was considered when evaluating the docking calculations. QNZ was included
in the docking calculations to allow for a comparison of binding energies to those obtained
for the compounds in the ZINC database. There was no similarity of compounds identified

with low binding energies between binding sites 1 and 2.

The docking calculations revealed a lower binding energy with the ZINC compounds at site 1
compared to site 2. The binding energies obtained from the compounds identified by the 2D
similarity search were comparably similar to those compounds obtained from the 3D
similarity search. At both binding sites, the ZINC compounds had lower binding energies
than QNZ, which theoretically suggest that they would have better in vitro binding affinities,
although there is reportedly a poor correlation between experimental and predicted binding

affinities (R. Kim et al, 2008).

The compounds from the SBVS were classified as good, intermediate and poor binding
compounds relative to QNZ, based on their predicted binding energies. This classification
was performed to determine if any correlation existed between the predicted binding energies
from the docking calculations and the in vitro activity data, and was performed despite the
poor correlation reported in literature (R. Kim et al, 2008). Final compounds were selected
for procurement based on their commercial availability, binding scores and chemical
tractability. A total of 21 compounds identified from the docking calculations were procured

for in vitro screening (Appendix 1, Table 4).

2.4 QNZ Discussion

It was evident through the similarity search performed, that the ZINC database did not have a
sufficient number of quinazoline containing compounds. A maximum similarity of
approximately 70% was achieved for the highest scoring compound in the ZINC database.
The correct identification and ranking of the top 2 scoring compounds by the 2D similarity
search, which form part of the SAR series reported in literature (M. tobe et al, 2003), may
support the preference of 2D descriptors over 3D descriptors (V. Venkatraman et al, 2010; M.
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Thimm et al, 2004; J. Bajorath, 2002). The compounds that were scored with a poor
similarity had a striking commonality of the presence of a sulphonamide group. The
sulphonamide group was either placed as a substituent at the terminal aromatic group or on

the alkyl chain (Appendix 1, Table 2 and 3).

The correlation of the binding sites identified for the control compounds with the
experimental data reported in literature, instilled confidence in the blind docking calculations.
The blind docking methodology allowed for the consideration of the different proteins
involved in the NF-kB pathway and also took into consideration the different conformational
states of the NF-kB subunits, p65 and p50. This was with the exception of IKKa and IKK},
having not being included due to the unavailability of a suitable human crystal structure.
Interestingly the binding site of QNZ on the p50 subunit which was reported by K. C. Tsai et
al, 2009 was also identified in the blind docking performed in this study. This binding site
was not as populated as other binding sites and as it had a comparably higher binding energy
to the other more populated binding sites; it was not included in this study. Taking into
consideration that these findings are not confirmed by experimental assays, this does not rule

out the possibility of QNZ binding at this site.

The binding sites that were identified for QNZ are located on or near areas on the
NF-xB/IxBa structure that have been described in literature as suitable ‘hot spots’ or residues
that are important for, and contribute to, the binding energy at the protein-protein interface
(S. Bergqvest et al, 2008). The first hot stop is described as the ‘PEST hot spot’, which
includes the PEST domain and the surrounding region making contact with the dimerization
domain of the p65 subunit (S. Bergqvest et al, 2008). This is the same region found to be the
energetically most favourable binding site for QNZ through the blind docking, binding site 1.
Bergqvest et al, 2008 report that the deletion or mutation of the actual PEST domain of IkBa
(residues 276-287) decreased binding of IkBa to p65 by 500 fold. Taking this into account, it
can be postulated that the binding of QNZ results in an increased binding interaction between
IxBa and p65, keeping the complex tightly bound together. Furthermore, binding site 1 is in
close proximity to the p65 phosphorylation site, Ser276, which when phosphorylated by
Protein Kinase A (PKA) increases the transcriptional activity of p65 (T. Okazaki et al, 2003;
P. Arun et al, 2009; A. Spooren et al, 2010; R. Moreno et al, 2010). Taking this into
consideration, it could be hypothesised that binding of QNZ may confer inhibition by
inducing a conformational change that masks the Ser276 phosphorylation site, keeping the

complex bound together. The second hot spot identified by S. Bergqvest et al, 2008, is
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located between the p65 NLS region and the 1% ankyrin repeat of IkBa, which is in close
proximity to binding site 2 or the JSH-23 binding site. In its natural state, the 1% ankyrin
repeat of IkBa is reported to sequester the NLS of p65, maintaining the inactive conformation
and keeping it localised in the cytoplasm. The binding studies reported in literature indicate
that mutating the specific residues 305 and 321 in the p65 NLS region, significantly
weakened the binding interactions of the NLS which would support the disassociation of
IxBa from the p65 NLS. (S. Bergqvest et al, 2008). Considering that JSH-23 was found to
bind here and that it’s reported mechanism of action results in the decreased nuclear
localisation of p65, it would suggest that binding of JSH-23 strengthens the interactions,
keeping the complex intact. This may imply that QNZ has a similar effect upon binding.

Interestingly, lower predicted binding energies were obtained for ZINC32089602 and
ZINC32089624 at binding site 1 compared to binding site 2, which may suggest their
preference for binding at site 1. This is unlike for QNZ, which obtained a lower binding
energy at binding site 2. A comparison of the binding interactions at both binding sites
reveals a greater number of predicted binding interactions at binding site 1 (Figure 7), which
would explain the lower binding energies obtained. An interesting observation is the different
binding pose predicted for QNZ compared to the other inhibitors at both binding sites. The
predicted binding pose or orientation of QNZ at the binding site 2 (Figure 8), indicates that
the lipophilic region, the phenoxy phenyl moiety, is completely buried in the binding pocket,
unlike at binding site 1 where it is solvent exposed (Figure 7). This may suggest the presence
of increased hydrophobic interactions which may explain the lower binding energy obtained
at this binding site. It has been reported in literature that optimised hydrophobic interactions,
including hydrogen bonding, efficiently stabilises a ligand which leads to an increase in

binding affinity and drug efficiency (R. Patil et al, 2010).
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Figure 7: The binding interactions predicted at binding site 1 for QNZ (top left), ZINC32089624
(top right) and ZINC32089602 (bottom). The red lines represent m-cation bonds; the purple
solid lines represent back-bone hydrogen bonds; the green lines represent m-m stacking
interactions. The grey shaded circles represent areas of the ligand that are exposed to the
solvent. The predicted binding energies at the binding site 1 and the experimental ICs values

reported in literature are depicted (M. Tobe et al, 2003).
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Figure 8: The binding interactions predicted at binding site 2 for QNZ (top left), ZINC32089624
(top right) and ZINC32089602 (bottom). The red lines represent m-cation bonds, the purple
solid lines represent back-bone hydrogen bonds; the green lines represent m-m stacking
interactions. The grey shaded circles represent areas of the ligand that are exposed to the
solvent. The predicted binding energies at the binding site 2 and the experimental ICs, values

reported in literature are depicted (M. Tobe et al, 2003).

The successful identification of the binding site for QNZ was followed by the docking
calculations of the compounds in the ZINC dataset. Overall, the binding energies obtained at
sites 1 and 2 with the ZINC database compounds were comparable, within a range of -8 to -9
kcal/mol. The selection of the top-ranked compounds for in vitro screening was hampered
due to their commercial unavailability. Therefore, the final selection of good scoring

compounds was derived from further down the list of the top-ranked compounds.
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2.5 Methodology of the vHTS performed with Pentamidine

2.5.1 2D Similarity Search

The Discovery studios ‘Find similar molecules by fingerprints’ protocol on Pipeline Pilot was
used to conduct the similarity search for Pentamidine (Accelrys Software Inc., Discovery
Studio Modeling Environment, 4.5, San Diego: Accelrys Software Inc., 2007). The input
ligands included the filtered ZINC database and the reference ligand, Pentamidine. The
minimum similarity was set to 0.50 and the Tanimoto coefficient was selected with a
pre-defined property of the ECFP 4 fingerprint. The top 2000 compounds that scored a

minimum similarity of 0.50 were retained for the SBVS.

2.5.2 3D Similarity Search

The Zinc database was filtered and the 3D generation of the conformation was performed for
Pentamidine, as described above (section 2.2.2). The simple run on the ROCS interface was
employed to perform the 3D similarity search for Pentamidine (ROCS, OpenEye Scientific

Software, Inc., Santa Fe, NM, USA, www.eyesopen.com, 2010). Default parameters were

maintained for the inputs, where the colour force field was kept at the default Implicit Mills-
Dean. The structure data file for Pentamidine and the 3D conformations of the filtered ZINC
database were uploaded for screening. The number of best hits to retain was increased to

1000 compounds.

2.5.3 Docking Calculations on GlideS.7

The methodology for the docking calculations used for Pentamidine was much simpler than
that used for QNZ. This was primarily due to the crystal structure of the human DAO enzyme
found in complex with Pentamidine (3HILpdb) (A. P. McGrath et al, 2009). To validate the
binding site and docking parameters, Pentamidine was removed and re-docked to determine

if the same binding orientation and interactions could be achieved with Glide5.7 (Glide,
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version 5.7, Schrodinger, Inc., New York, NY, 2009). Pentamidine was included in the
docking calculations to allow for a comparison of the predicted binding scores to those

obtained for the compounds in the ZINC database.

The conformations of Pentamidine and the ZINC database were further processed using the
LigPrep application on Maestro (Maestro, version 5.6, Schrodinger, Inc., New York, NY,
2009). Their isomers and tautomers were generated using default parameters. The ionisation
states were generated at a default pH of 7 + 2 and partial atomic charges were assigned using
the OPLS 2005forcefield. The 3HIL.pdb structure was prepared using the Protein Preparation
Wizard on Maestro (Maestro, version 5.6, Schrodinger, Inc., New York, NY, 2009). A
pre-processing step using default parameters preceded the hydrogen bond assignment using
PROPKA. A restrained minimisation step was performed using the OPLS 2005 force field.
The Receptor Grid Generation application on Glide5.7 was used to identify the binding site
by selecting the ligand, Pentamidine, in the 3HILpdb structure. The Glide SP docking
protocol was employed to carry out the ligand docking calculations. Pentamidine was
removed from the 3HIL.pdb file in order to perform the docking calculations with the

compounds contained in the ZINC database. Default parameters were maintained.

2.6 Pentamidine Results

2.6.1 Pentamidine Similarity Search

The similarity search performed on Pipeline Pilot identified compounds with a maximum
Tanimoto score of 0.5625 or a 56% similarity to Pentamidine (Figure 9). Pipeline Pilot
retrieved 30 compounds with a 50% or more similarity to Pentamidine. The top 20 scoring
compounds identified from the 2D similarity search are tabulated in Appendix 1, Table 5.

None of the compounds identified had a bis-benzamidine moiety similar to Pentamidine.

A total number of 675 compounds that were 50% or more similar were identified from
VROCS and the maximum TanimotoCombo similarity score was 1.146, which translates to a
57% similarity to Pentamidine. None of the compounds identified had a bis-benzamidine
moiety that was similar to Pentamidine, although varying lengths of the alkyl chain between

aromatic moieties was a common feature (Figure 9). The 20 top scoring compounds
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identified from the vROCS similarity search are tabulated in Appendix 1, Table 6. Consistent
with the aims of this study to perform a hierarchical screening, the top scoring compounds of

50% or greater similarity were selected to perform the SBVS.

Figure 9: The compound ZINC43711503 was identified from the 3D similarity search with the
highest TanimotoCombo score of 1.146 and compound ZINC49375918 identified from the 2D
similarity search with a Tanimoto score of 0.5625. Both compounds lack the bis-benzamidine

moiety, compared to Pentamidine.

2.6.2 Pentamidine SBVS

The docking calculations were performed using the Glide5.7 SP docking protocol.
Pentamidine was re-docked in the DAO crystal structure to validate the docking calculation
parameters. A RMSD was calculated of the crystal structure pose of Pentamidine and of the
re-docked pose to be 1.25A (Figure 10), which indicated the regeneration of the crystal

structure conformation.
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Figure 10: The DAO crystal structure in complex with Pentamidine (left). The electrostatic map
potential illustrates the negatively charged buried binding pocket, thought to interact with the
positively charged substrates (A. P. McGrath et al, 2009). The re-produced Pentamidine pose
(shown on the right in line view) overlaid on the crystal structure pose (in stick view and

yellow). The RMSD was 1.2525A, which was considered an acceptable value.

Pentamidine assumes a ‘horse-shoe’ conformation which is consistent with the pose reported
in the crystal structure (A. P. McGrath et al, 2009) (Figure 10). Certain key interactions
reported in literature include, a hydrogen bond to the conserved Aspartic acid (Asp) 373
residue. The Asp373 residue reportedly forms the base of the catalytic site in the DAO
structure, which when bound to an inhibitor; it inhibits the natural substrates from accessing
the catalytic site. Consistent with the binding interactions observed in the crystal structure,
the hydrogen bond between Pentamidine and the Asp373 residue was re-produced. The
second buried amidine group is predicted to form a hydrogen bond with the carboximide
group of the Asparagine (Asn) 460 residue and the trihydroxyphenylalanine quinone (TPQ)
cofactor (Figure 11). The DAO crystal structure is reportedly modelled in the ‘on-copper’
conformation, which is the inactive conformation of the enzyme, where the TPQ cofactor
coordinates a copper ion in the active site, which effectively blocks the access of the natural
substrate molecule to the active site (A. P. McGrath et al, 2009). The predicted interaction of

Pentamidine with the TPQ cofactor is plausible since other inhibitors such as 2-hydrazino-
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pyridine, have been shown to interact with the TPQ cofactor where they mimic the formation
of the Schiff base intermediate and inhibit the natural substrate molecule from accessing the
active site. This interaction between the TPQ cofactor and Pentamidine was not modelled in
the crystal structure of DAO in complex with Pentamidine (A. P. McGrath et al, 2009). None
of the ZINC compounds were predicted to interact with the TPQ cofactor. The Aspartic acid
(Asp) 186 residue, has been identified as the key residue responsible for substrate specificity
and reportedly interacts with the natural ligands such as histamine and putrescine as well as
other potent inhibitors of DAO. Pentamidine does not form this interaction with the
conserved Asp186 residue compared to other inhibitors as it lacks a positively charged group
on the central linker (A. P. McGrath et al, 2009). This explains the reduced potency of
Pentamidine compared to other DAO inhibitors despite the fact that Pentamidine does not
fully occupy the active site of the enzyme (A. P. McGrath et al, 2009). Instead, due to its
increased length, it is able to form a hydrogen bond between the amidine group that extends
out of the active site and the Serine (Ser) 380 residue of DAO. The hydrogen bond between
the solvent exposed amidine group and Ser380 was not re-produced but instead the amidine
group was predicted to form a hydrogen bond with the carboxyl group of the Tryptophan
residue (Trp) 376 (Figure 11). Other interactions reported in the crystal structure include n-n
stacking interactions between the buried amidine group and Tyrosine residue (Tyr) 371 and
the Tryptophan (Trp) 376 residue of DAO (A. P. McGrath et al, 2009). The re-produced
docking pose predicted a m-m stacking interaction between the buried phenyl ring and the
Tyr371residue of DAO. Figure 11 below, depicts the binding interactions of Pentamidine
obtained from the re-docking of Pentamidine in the DAO crystal structure along with the top
scoring compounds from the docking calculations. The compound ZINC22536415 was
identified from the 2D similarity search, which obtained a binding energy higher than

Pentamidine.
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Figure 11: The predicted binding interactions of Pentamidine (left), ZINC22536415 (right) and
ZINC12111655 (bottom) obtained from the docking calculations performed on GlideS.7. The
key interaction with the Asp373 residue at the catalytic base is made with both Pentamidine and
the compound ZINC12111655, which was identified from the 3D similarity search. The
compound ZINC22536415, identified from the 2D similarity search did not form the key
interaction with Asp373, which may be reflected in its predicted high binding energy. All
compounds including Pentamidine were not predicted to form a hydrogen bond with the
conserved residue Asp186, which is responsible for the increased binding affinity and ligand

specificity (A. P. McGrath et al, 2009).

The compounds identified from the 2D similarity search were predicted to have higher
binding energies compared to Pentamidine and the compounds identified from the 3D
similarity search. Their docking poses reveal that they don’t form a hydrogen bond with the
conserved residue Asp373, which forms part of the catalytic base (A. P. McGrath et al, 2009)

which may be a consequence of their higher binding energies. As can be seen in Figure 11,
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the interaction with the Aspl86 residue, which is reported to be responsible for ligand
specificity and increased binding affinity is absent in all predicted docking poses, including
Pentamidine. The final compounds selected for in vitro screening were identified based on
their commercial availability, binding scores and chemical tractability. A total of 14
compounds identified from the docking calculations were procured for in vitro screening

(Appendix 1, Table 7).

2.7 Pentamidine Discussion

No compounds were identified with the benzamidine moiety, which may be seen as a
limitation of the ZINC database. A maximum similarity of approximately 57% was achieved
with both the 2D and 3D similarity search methods. A larger number of similar compounds to
Pentamidine were identified from the 3D similarity search method compared to the 2D

similarity search method.

There was confidence in the docking protocol employed in this study based on the acceptable
RMSD of less than 2A, between the crystal structure pose of Pentamidine and the pose
obtained from the re-docking of Pentamidine (R. A. Friesner et al, 2004; Z. Li et al, 2013).
None of the compounds that were procured for in Vvitro screening were seen to interact with
the conserved residue Asp186, which was identified to be responsible for substrate specificity
and also responsible for the increased potency of other inhibitors of DAO (A. P. McGrath et
al, 2009). Despite this, contact with the Asp373 residue of the catalytic base of DAO was
made with the compounds, which would suggest that an inhibitory action is most likely to
occur (A. P. McGrath et al, 2009). The compounds identified from the 2D similarity search
were not predicted to interact with the Asp373 residue of DAO. Furthermore, these
compounds were predicted to have higher binding energies compared to Pentamidine and the
compounds from the 3D similarity search, which may be a consequence of not interacting

with the catalytic base of DAO.

Compounds that had good, intermediate and poor docking scores were identified for in vitro
screening. As with QNZ, the selection of the top-ranked compounds for in vitro screening
was hampered due to their commercial unavailability. Therefore, the good scoring

compounds were derived from further down the list of top-ranked compounds.
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2.8 Conclusion

A hierarchical screening consisting of a ligand based and structure based virtual screening
was performed for QNZ and Pentamidine on the ZINC database. A blind docking protocol
was performed on the NF-«kB proteins to identify the energetically most favourable binding
site of QNZ. This revealed 2 potential binding sites for QNZ on the NF-kB/IxBa complex,
which correlated with 2 ‘hotspots’ previously reported in literature. The SBVS performed on
the DAO crystal structure revealed that the ZINC compounds did not form a binding
interaction with the conserved Aspl86 residue of DAO but despite this they do form an
interaction with the catalytic base of the DAO enzyme. A total number of 35 compounds
were procured for in vitro testing in ovarian, renal and prostate cancer cell lines, described in

Chapter 4.
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Chapter 3: Virtual Screening of the NCI Database

3.1 Introduction

A chemo-informatic, knowledge driven virtual screening approach was used to screen the
NCI database. In light of the ZINC compounds displaying no in vitro activity, the knowledge
driven approach included only a ligand-based virtual screening of the NCI database (Figure
1). This comprised of a detailed analysis of the SAR data available in literature for both QNZ
and Pentamidine. Utilising chemo-informatic tools, an analysis of the SAR data enabled us to
identify which virtual screening methods would be most beneficial to perform in order to
obtain similar inhibitors to QNZ and Pentamidine (Figure 1). A validation of the 2D and 3D
similarity search protocol was performed in order to assess the accuracy of the screening
protocols utilised on Pipeline Pilot and VROCS, respectively. The Receiver Operating
Characteristic (ROC) curve analysis was used to assess the computer algorithm’s ability to
discriminate between active and inactive compounds (N. Triballeau et al, 2005). Hence, the
sensitivity (the ability of a test to identify actives) and specificity rates (the ability of a test to
discard inactives) of an algorithm are useful parameters that were calculated to determine this

(N. Triballeau et al, 2005).

Figure 1: The aims of the virtual screening performed on the NCI database.
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The limited amount of SAR data extracted from literature on the quinazoline inhibitors of
NF-xB (M. Tobe et al, 2003; M. Tobe et al, 2003; L. Xu et al, 2013), allowed for the
summary of the key structural features based on the QNZ chemical scaffold and their
influence on activity. The summarised SAR guided the selection of compounds identified
from the 2D and 3D similarity search, which was performed as previously described in
Chapter 2. A ligand-based pharmacophore virtual screening was performed for QNZ, which
consisted of developing several pharmacophores to test the hypothesis of which structural
features, on the QNZ scaffold, were necessary and important for activity. A total of 4

pharmacophores were manually constructed and used to virtually screen the NCI database.

Without performing a SBVS, a binding hypothesis of Pentamidine in the AdoMet-DC
enzyme was generated to provide insights not only into the binding pose of Pentamidine but
also on possible ligands that may act similarly to Pentamidine. To date, there is no literature
reporting on the inhibitory binding interactions of Pentamidine in the human AdoMet-DC
enzyme, a more relevant and key therapeutic target in the polyamine biosynthetic pathway
(A. Paasinen-Sohns et al, 2000; D. T. Koomoa et al, 2009; J. L. Ekstrom et al, 1999). The
docking hypothesis generated, suggests that the benzamidine moieties and the ether oxygens
of Pentamidine are involved in the binding interactions with the AdoMet-DC enzyme. Taking
this into consideration, developing a pharmacophore model was not considered as defining
the linker region seen in Pentamidine would be subjective. This was further substantiated by
considering the variability in length of the ethyl chain and side chain substituents of the other
known inhibitors of the AdoMet-DC enzyme (U. Regenass et al, 1992; U. Regenass et al,
1994; J. Stanek et al, 1993; I. Jarak et al, 2011).

An initial sub-structure search on the benzamidine moiety was performed and the limited
number of compounds retrieved was indicative of the expected results that would be obtained
from a similarity search. Taking this into consideration, a similarity search was not performed
for Pentamidine. Bearing in mind that Pentamidine has been reported in literature to have
many targets, including the minor groove of DNA and various other protein targets such as
the serine protease enzymes (V. A. Johnson et al, 1976; S. J. Kempin et al, 1977), it was
decided to consider the chemical space of these other protein targets. The serine-protease
enzymes involved in the coagulation cascade, such as the Factor Xa and VII enzymes have
been reported to be inhibited by Pentamidine (V. A. Johnson et al, 1976; S. J. Kempin et al,
1977; B. Gabriel et al, 1998; R. A. Shirk et al, 2007) and by compounds that contain a
2-aminopyridine functional group (V. Pandya et al, 2012; P. B. Choudhari et al, 2013; M.
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Feroci et al, 2014; H. Nishida et al, 2002). A substructure search on the 2-aminopyridine
functional group was performed to investigate if compounds containing this moiety exhibited

similar inhibitory action towards the enzymes of the polyamine biosynthetic pathway.

In this chapter, the methodology used to screen the NCI database is further described in more
detail. The SAR hypothesis generated on the quinazoline inhibitors of NF-kB and the docking
hypothesis of Pentamidine in the AdoMet-DC crystal structure are discussed further in more

detail.

3.2 Methodology of the LBVS performed with QNZ

3.2.1 Preparation of the NCI Database

The structure information for approximately 265242 compounds was downloaded from the

NCI website (http://cactus.nci.nih.gov/download/nci/index.html). Taking into consideration

that the NCI database contains compounds that have been previously tested for in vitro
activity, it was not filtered with the OpenEye drug like filter (Filter, OpenEye Scientific
Software, Inc., Santa Fe, NM, USA, www.eyesopen.com, 2010).

3.2.2 Generation of Ligand and Database Conformations

In preparation for the 3D similarity search and pharmacophore search, conformations of QNZ
and the NCI database compounds were generated using Confgen, an application in the
Schrodinger suite (ConfGen, version 5.6, Schrodinger, Inc., New York, NY, 2009). The
standard protocol on ConfGen was selected and default parameters were maintained. The fast
search protocol was utilised, where conformers are considered redundant at a threshold of an

RMSD of 1A (K. S. Watts et al, 2010). The input and output structures were minimised.
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3.2.3 Analysis of SAR Data from Literature

The SAR data for QNZ collected from literature included the series of quinazoline analogues
generated by M. Tobe et al, 2003. An analysis of the data revealed that activity was mainly
driven by log P and molecular weight and not by specific protein-ligand interactions. This
was apparent when a graph of activity versus log P and molecular weight was plotted, where
a general trend of increasing activity with increasing log P and molecular weight was

observed (Figure 2).

Figure 2: A graph of Log P vs molecular weight vs the in vitro activity (DG) of the quinazoline
analogues obtained from literature (M. Tobe et al, 2003) (M. Tobe et al, 2003). A general trend
of increasing activity with increasing molecular weight and log P was observed. The colour

coding represents the predicted atomic Log P (SlogP) values for each analogue.

Further analysis of the SAR data revealed that a methoxy to phenoxy substitution on the
terminal phenyl group, resulted in an unexpectedly low increase of activity of approximately
9 fold (M. Tobe et al, 2003), which substantiated the hypothesis that activity was not driven
by specific binding interactions. A summary of the SAR data of the quinazoline inhibitors of
NF-kB was generated to help guide the selection of compounds for in vitro testing and in
formulating the hypothesis for the pharmacophore VS (Figure 3) (M. Tobe et al, 2003; M.
Tobe et al, 2003).
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Figure 3: A summary of the SAR data of the quinazoline inhibitors of NF-kB extracted from
literature (M. Tobe et al, 2003; M. Tobe et al, 2003). The structural features and substitutions

which lead to increased activity are highlighted in the diagram.

3.2.4 Receiver Operating Characteristic (ROC) Curve Validation

As mentioned previously, the ROC curve analysis was performed to assess how good the
protocols implemented on vVROCS (ROCS, OpenEye Scientific Software, Inc., Santa Fe, NM,

USA, www.eyesopen.com, 2010) and Pipeline Pilot (Accelrys Software Inc., Discovery

Studio Modeling Environment, 4.5, San Diego: Accelrys Software Inc., 2007) were at
discriminating between the active and inactive compounds in a dataset (N. Triballeau et al,
2005). The guidelines used to perform a ROC curve analysis were reported by N. Triballeau

et al, 2005 and are summarized in table 1 below.
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Table 1: The protocol used to perform the ROC curve analysis as defined by N. Triballeau et al,
2005.

STEP OBJECTIVE

1) Choice of activity cut off Activity cut off to ensure relevance and

usefulness of computer test

2) Selection of a suitable sample of actives | Include SAR on relevant target for assessment

and inactives compounds

3) VS performed on the sample molecules | Evaluation of compounds with known activity

by computer test

4) ROC curve plotting and analysis & | Evaluate performance of computer algorithm

statistical evaluation with and define selection threshold.

The selection of a suitable sample of actives and inactives compounds was identified by
considering the SAR data available in literature on quinazoline inhibitors of NF-kB (M. Tobe
et al, 2003; M. Tobe et al, 2004). Taking into account that activity was driven by the
physicochemical properties of the quinazoline series, the SAR data was analysed in a more
representable and informative approach by clustering the data according to Log P, log P and
molecular weight, the ECFP_4 fingerprint and by structure. This assisted in identifying the
similarities between the compounds to select a representative sample of actives and inactives
to perform the ROC curve validation. Within each cluster, the compounds with activity
within the range of 1-1000nM were assigned as active and those with an activity in the range
of 1000-10 000nM or greater, were assigned as inactive. These activity cut-off values ensured
that the activity cliffs within the series of quinazoline inhibitors were assigned as inactive
compounds. The ‘ROC curve’ protocol was selected on Discovery Studios to validate the 2D
similarity search (Accelrys Software Inc., Discovery Studio Modeling Environment, 4.5, San
Diego: Accelrys Software Inc., 2007). The 3D similarity search was validated using the
‘ROCS validation run’ on vVROCS (ROCS, OpenEye Scientific Software, Inc., Santa Fe, NM,

USA, www.eyesopen.com, 2010). Default parameters were maintained. A ROC curve was

generated for each cluster, with both the 2D and 3D protocol and a statistical validation was
performed to ensure that a relationship between the structure and activity actually existed and
was not due to chance (N. Triballeau et al, 2005). The randomisation trials were performed

four times, due to time restraints, using the same protocols on Pipeline Pilot and vVROCS, to
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generate the ROC curves. The sensitivity and specificity of the computer test performance on

each cluster was calculated.

3.2.5 2D Similarity Search

The Discovery Studios ‘Find similar molecules by fingerprints’ protocol on Pipeline Pilot
was used to conduct the similarity search (Accelrys Software Inc., Discovery Studio
Modeling Environment, 4.5, San Diego: Accelrys Software Inc., 2007). The input ligands
included the NCI database and the reference ligand included QNZ. The minimum similarity
was set to 0.50 and the Tanimoto coefficient was selected with a pre-defined property of the
ECFP_4 fingerprint. The ECFP_4 fingerprint describes both the identity and connectivity of
an atom in a molecule and searches for similar descriptors within a diameter of 4 bonds

radiating from each heavy atom (D. Rogers et al, 2010; Y. Hu et al, 2009).

3.2.6 3D Similarity Search

A simple run on the ROCS interface (VROCS) was employed to perform the similarity search
on the NCI database (ROCS, OpenEye Scientific Software, Inc., Santa Fe, NM, USA,

www.eyesopen.com, 2010). Default parameters were maintained for the inputs, where the

colour force field was kept at the default Implicit Mills-Dean. The SDF for QNZ (query) and
the 3D conformations of the NCI database were uploaded for screening. The number of best

hits to retain was increased to 1000 compounds.

3.2.7 3D Pharmacophore Generation

The aim of the pharmacophore screening was to test the hypothesis of which structural
features on the QNZ scaffold are crucial for biological activity. Therefore, the
pharmacophores were manually generated using the Discovery Studios ‘Create
pharmacophore manually’ protocol on Pipeline Pilot (Accelrys Software Inc., Discovery

Studio Modeling Environment, 4.5, San Diego: Accelrys Software Inc., 2007). The structural
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features that were selected on the QNZ scaffold to generate the 4 pharmacophore hypothesis

are depicted in Figure 4, below.

Figure 4: The manual pharmacophores generated on Discovery Studios, based on the QNZ
scaffold. The first pharmacophore (top left) identifies all the features of QNZ including the 2
hydrogen donors (pink), the aromatic moieties (orange) and the positively charged nitrogen
(red). The second pharmacophore (top right) tests the importance of the terminal aromatic of
the phenoxy phenyl moiety. The third pharmacophore (bottom left) excludes the aromatic
moiety on the quinazoline core and the fourth pharmacophore (bottom right) excludes the
positively charge atom on the quinazoline core. The phenoxy phenyl aromatic ring was omitted

from the third and fourth pharmacophore, based on its poor calculated binding efficiency.

The first pharmacophore identified all the moieties on the QNZ scaffold hypothesised to be
important for activity. The second pharmacophore hypothesis excluded the second aromatic
group of the phenoxy phenyl moiety, as it was predicted to have a low binding efficiency
calculated on Glide5.7. This was further substantiated by the SAR data reported in literature,
which indicated a higher ICso value for the compounds that possessed a functional moiety,
other than a lipophilic group, at this position (M. Tobe et al, 2003; M. Tobe et al, 2003). The
third pharmacophore excluded the aromatic moiety on the quinazoline core and the fourth
pharmacophore excluded the positively charged group on the same quinazoline core.

Locational constraints were added to define the relative location of these features.
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3.2.8 3D Pharmacophore Virtual Screening

The conformations of the NCI database were uploaded on the Discovery Studios Server,
using the ‘Build 3D Database’ protocol (Accelrys Software Inc., Discovery Studio Modeling
Environment, 4.5, San Diego: Accelrys Software Inc., 2007). Default parameters were
maintained. Each pharmacophore was used to screen the 3D database using the ‘Search 3D
Database’ protocol on Discovery Studios (Accelrys Software Inc., Discovery Studio
Modeling Environment, 4.5, San Diego: Accelrys Software Inc., 2007). The NCI database

was selected and default parameters were maintained.

3.3 QNZ Results

3.3.1 QNZ ROC Curve Validation

The area under the curve (AUC) was determined for both the 2D and 3D similarity search
protocols on Pipeline Pilot and vROCS, respectively. The specificity (true negative rate) of
the 2D and 3D similarity search protocols, performed with each cluster was calculated using

the equation below.
Specificity (Sp) = number of true negatives (TN) / sum of TN + false positives (FP

The calculated specificity of a test is the percentage of true inactives being selected and

discarded and can be summarized as

Sp = Ndiscarded inactives/ Ntotal inactives

The specificity of a test can range between 0-1 and a value closer to O indicates a high
specificity which indicates that a test is better at discarding in active compounds (N.

Triballeau et al, 2005).

The sensitivity (true positive rate) of the 2D and 3D similarity search protocols, performed

with each cluster was calculated using the following equation below:

Sensitivity (Se) = number of true positives (TP) / sum of TP + false negatives (FN)
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The calculated sensitivity of a test is the percentage of true actives being selected by the test

and can be summarized below

Se = Nselected active/ Ntotal actives

Similarly the sensitivity of a test can range from 0-1, where a high sensitivity is closer to 0. A
high sensitivity is indicative of a test that is able to select actives from the inactive

compounds (N. Triballeau et al, 2005).

The AUC, sensitivity and specificity obtained with each cluster using the 2D ROC curve
protocol on Discovery Studios, are summarised in Table 2 below. The datasets, ROC curves

and randomisation ROC curves, for each cluster can be found in Appendix 2.1.

Table 2: A summary of the results obtained from the 2D ROC curve validation performed on

Discovery Studios. The number of active and inactive compounds in each dataset is denoted.

Cluster No. of | No. of in | AUC Se Sp Statistical
actives actives significance

ECFP_4 22 22 0.711 0.818 0.681 No

Log P 15 13 0.855 0.70 0.444 No

Log P & |7 6 0.762 0.50 0.714 No

Mw

Structure | 28 23 0.860 0.821 0.304 No

A higher AUC indicates a higher probability that the test can discriminate between active and
inactive compounds (N. Triballeau et al, 2005). The ROC curves generated with each cluster
on the 2D similarity search protocol on Discovery Studios, all have good AUC but none of
the clusters were found to have a statistically significant relationship between structure and
activity (Table 2). The AUCs obtained for each cluster on the 3D similarity search protocol
implemented on VROCS, are poor with the exception of the Log P and molecular weight

cluster, although it failed to achieve statistical significance (Table 3).
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Table 3: A summary of the results obtained from the 3D ROC curve validation performed on

vROCS. The number of active and inactive compounds in each dataset is denoted.

Cluster No. of | No. of in | AUC Se Sp Statistical
actives actives significance

ECFP_4 22 22 0.566 0.454 0.454 Yes

Log P 15 13 0.630 0.733 0.307 Yes

Log P & |7 6 0.944 1 0 No

Mw

Structure | 28 23 0.463 0.428 0.652 No

The ECFP_4 and Log P clusters were the only two clusters that had a statistically significant
relationship between structure and activity. The ECFP 4 cluster had an equal trade-off
between sensitivity and specificity. The Log P cluster has a sensitivity of approximately 73%
and a specificity of 30%, which would suggest that the 3D similarity search protocol is better
able to select actives than discard inactive compounds. This can be interpreted as the
computer test having a reasonably high false negative rate. The datasets, ROC curves and

randomisation ROC curves for each cluster can be found in Appendix 2.1.

3.3.2 QNZ Similarity Search

The 2D similarity search performed on Pipeline Pilot identified a total number of 8
compounds that had a quinazoline core. Despite this similarity to QNZ, these compounds
were not ranked with the highest Tanimoto score. On Pipeline Pilot, the Taminoto coefficient
was used to measure similarity which is described in Chapter 1, section 1.3.1. A maximum
Tanimoto score of 1 can be obtained. The overall highest Tanimoto score obtained on
Pipeline Pilot was 0.453, which is approximately 45% similarity to QNZ (Figure 5). The top
scoring quinazoline compound, which is also depicted in Figure 5, had a Tanimoto score of
0.431. The remaining compounds had 5- and 6- membered ring systems with varied lengths
of alkyl chains, with an aromatic moiety attached to them. From the final selection of top
ranking compounds, a total of 8 compounds were available and requested from the NCI for in

vitro testing, which can be found in Appendix 2.2, Table 1.
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Figure 5: The top scoring compound, NCS100126 (left) and the top scoring quinazoline
containing compound, NSC403389 (right), identified from the 2D similarity search. Their

Tanimoto scores are 0.453 and 0.431, respectively.

The 3D similarity search performed on VROCS identified a fewer number of
quinazoline-containing compounds compared to the 2D similarity search. On vROCS, a
TanimotoCombo score (maximum score of 2) is calculated to measure similarity and is based
on the sum of the individual ColourTanimoto (functional group similarity) and
ShapeTanimoto (volume) scores, described in Chapter 1, section 1.2.1. The 4 compounds
identified with a quinazoline core were also not assigned with the highest similarity by
VROCS. The highest TanimotoCombo score obtained was 1.246, which is approximately
62% similar to QNZ (Figure 6). The top scoring quinazoline containing compound had a

Tanimoto Combo score of 0.964 which is approximately 48% similar to QNZ (Figure 6).

Figure 6: The top scoring compound, NSC204382 (left), and the top scoring quinazoline
containing compound, NSC403396 (right), identified from the 3D similarity search. Their

TanimotoCombo scores calculated on vVROCS were 1.246 and 0.964, respectively.

The assignment of a lower TanimotoCombo score for the compound NSC403396 (Figure 6),
maybe explained by the colour force field employed on VROCS. The default Implicit

Mills-Dean force field utilises a simple pKa model at a pH of 7, where it identifies anions,
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cations, donors and acceptors independently of their already assumed protonated or
deprotonated states (OpenEye Scientific Software, 2013,

https://docs.eyesopen.com/rocs/usage.html#color-force-field). Therefore, the guanidine group

of NSC403398 may be preferentially protonated instead of the quinazoline core. This may
further be substantiated by the calculated ColourTanimoto score obtained for NSC403396
(0.416) which was lower than the top scoring compound NSC100126 (0.536), which would
suggest that the predicted chemical feature similarity of QNZ and NSC403398 was not
optimal compared to NSC100126. The remaining compounds identified from the 3D
similarity search consisted of 5- and 6-membered ring systems with a phenyl ethyl aromatic

moiety attached to them.

A cluster analysis, based on the ECFP_4 fingerprint and on Log P and molecular weight, was
performed with the compounds identified from the 3D similarity search. This and the
summarised SAR were used to visually analyse and select compounds for in vitro screening.
A total of 7 compounds were available from the NCI, which are tabulated in Appendix 2.2,
Table 2.

3.3.3 QNZ Pharmacophore Virtual Screening

The four pharmacophores generated were used to screen the NCI database. No compounds
were retrieved from the virtual screening performed with Pharmacophore 1 and 2.
Pharmacophore 4 retrieved compounds that overall had better fit values than the compounds
retrieved by the Pharmacophore 3 hypotheses. The fit value is calculated in Discovery Studio
and consists of a geometrical fitting of the pharmacophore hypothesis to the compounds in
the database. A higher fit value indicates a good overlay between the pharmacophore features

and those identified on a compound.

The compounds retrieved from the pharmacophore virtual screening were structurally diverse
and did not contain a quinazoline core. A visual analysis of the compounds overlaid on their
respective pharmacophores was performed to identify compounds for in vitro screening,
alongside considering their respective fit values. Furthermore, the compounds were visually
analysed to determine if they contained the appropriate functional groups hypothesised to
lead to increased activity (Figure 3). Those compounds that were excluded either did not

contain the appropriate functional groups or they did not form a good overlay with the
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pharmacophore locational constraints. A total of 4 compounds resulting from the
pharmacophore 3 and 10 compounds identified from the Pharmacophore 4 virtual screening,
were requested from the NCI. The structures and fit values of these compounds can be found

in Appendix 2.2, Figure 1 and Figure 2.

3.4 QNZ Discussion

The chemoinformatic, knowledge driven virtual screening approach entailed a detailed
analysis of the SAR data from literature. This led to the hypothesis that activity of the
quinazoline analogues, including QNZ, was not driven by specific molecular interactions but
instead by molecular weight and Log P. Furthermore, the hypothesis was consistent with the
SAR data, which revealed that a lipophilic or bulky substitution at the phenylethyl aromatic
ring would result in increased activity. In addition, the hypothesis also correlated with the
predicted binding pose of QNZ in the binding sites identified through the blind docking
described in Chapter 2. It was predicted that the lipophilic phenoxy moiety of QNZ was
buried in the hydrophobic pockets of the binding sites identified, which suggests that

increasing the lipophilic interactions in this region may result in increased activity.

The results obtained from the ROC curve validation were considered relatively poor and a
consequence of the limited SAR data available in literature. The SAR data was limited in
terms of the structural diversity of the analogues and the size (number of compounds) of the
datasets used to perform the ROC curve analysis. It is recommended that datasets (of active
and inactive compounds) should contain equal numbers of structurally diverse compounds,
which would provide a comprehensive coverage of the chemical space regarding the SAR of
a particular target (N. Triballeau et al, 2005). Nevertheless, a cluster analysis on the ECFP_4
fingerprint and Log P and molecular weight was still performed on the compounds identified

from the virtual screening.

The 2D and 3D similarity search methods performed on the NCI database, did not retrieve a
large number of quinazoline containing compounds. A larger number of quinazoline
containing compounds were identified by the 2D methodology compared to the 3D, which
may support the general preference for 2D descriptors (V. Venkatraman et al, 2010; M.
Thimm et al, 2004; J. Bajorath, 2002).
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The pharmacophore hypothesis aimed at rationalising the summarised SAR and took into
consideration the important features that were identified (Figure 3). The pharmacophoric
features of QNZ which were identified include the 2 hydrogen bond donors, 3 hydrophobic
aromatic groups and 1 positively charged atom. These features differed from a previously
reported pharmacophore developed from the same SAR data that was considered in this study
(K. C. Tsai et al, 2009). The common feature pharmacophore, developed by K.C. Tsai et al,
2009, consisted of 1 hydrogen bond acceptor, 1 hydrophobic aromatic group and 3
hydrophobic groups. A common feature pharmacophore hypothesis is highly dependent on
the training set (known actives) used to identify their common pharmacophoric features. The
contents of the training set, in terms of the number of active compounds and their chemical
diversity, play an important role in the final outcome of a common feature pharmacophore
hypothesis (S. Y. Yang, 2010). The influence of the dataset used to generate a common
feature pharmacophore hypothesis has been previously established, where using slightly
different training sets on the same biological target produces a different pharmacophore
hypothesis, regardless of whether or not the same programme was used to generate the
pharmacophore (S. Y. Yang, 2010). Although, a common feature pharmacophore has had
many successes (D. Schuster et al, 2006; A. Arooj et al, 2013), it was not an appropriate
method considering the aims of this study. Furthermore, the quality of the SAR data obtained
from literature was viewed as a limiting factor to produce a robust common feature

pharmacophore.

3.5 Methodology of the LBVS performed with Pentamidine

3.5.1 Analysis of SAR Data from Literature

A major limitation in obtaining a sufficient and relevant amount of SAR data from literature
on Pentamidine was experienced. The limitation arose in obtaining SAR that originated from
cancer cells lines, with the added complexity of whether or not their activity was derived
from cell-based assays versus target-based assays. Regardless of these limitations, SAR data
extracted from literature on inhibitors of AdoMet-DC and DAO enzymes, which were
derived from human cell and target based assays, were analysed (U. Regenass et al, 1992; U.

Regenass et al, 1994; J. Stanek et al, 1993; 1. Jarak et al, 2011). A cluster analysis based on
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the ECFP_4 fingerprint, molecular weight and Log P, Log P and structure was performed,
which revealed that Pentamidine did not share any of the similarities to the other derivatives.
This was apparent as Pentamidine was clustered on its own, which furthermore ruled out the
possibility of performing the ROC curve validation along with the obtaining insightful

information on the SAR, to assist in selecting compounds for in vitro screening.

3.5.2 Docking of Pentamidine in the AdoMet-DC Enzyme

In order to assist in identifying similar compounds to Pentamidine, a docking hypothesis of
Pentamidine in the AdoMet-DC crystal structure was generated (3HOW.pdb) (S. Bale et al,
2009). The ligand in the 3HOW.pdb file was removed and the protein structure was prepared
using the Protein Preparation Wizard on Maestro (Maestro, version 5.6, Schrodinger, Inc.,
New York, NY, 2009), retaining the water molecules found in the PDB file. A pre-processing
step using default parameters preceded the hydrogen bond assignment using PROPKA. A
restrained minimisation step was performed using the OPLS 2005 force field to ensure that
the hydroxyl side chains were properly orientated. This improved on the possible steric
clashes and the structure was further restrained to the default RMSD tolerance (0.3A)
compared to the original protein coordinates. The Receptor Grid Generation application on
Glide5.7 (Glide, version 5.7, Schrédinger, Inc., New York, NY, 2009) was used to identify
the binding site by selecting the ligand, 5’-deoxy-5’-(dimethylamino)-8-methyladenosine
(DMAMA), in the original 3HOW.pdb structure. The residues in the active site (Glu247,
Phe223, Phe7 and Glu67) were further minimised with explicit water molecules using the
MacroModel application on Maestro, to suitably re-orientate the water molecules in the
binding pocket. The side chains of the serine residues (Ser229 and Ser66) and the histidine
residue (His243) were rotated in order to maximise their interactions with the ether oxygens
in the linker chain of Pentamidine. Furthermore, the Cysteine residue (Cys226) was
deprotonated to maximise its interaction with the protonated amidine group of Pentamidine.
The Glide XP docking protocol was employed to carry out the ligand docking calculations,
which in addition to the empirical scoring function applies large desolvation penalties to top
ligand poses by assessing the explicit water molecules. Furthermore, Glide XP is able to
identify structural motifs that significantly contribute to binding affinities, such as the

formation of a m-cation interaction (R. A. Friesner et al, 2006). The ligand, DMAMA, was

76



removed from the 3HOW.pdb file before docking Pentamidine. Default parameters were

maintained. (Docking hypothesis was performed with the assistance of Dr Alexander Alex).

3.5.3 Sub-structure Search

A sub-structure search is based on an exact sub-structure or functional group that is
hypothesised to be responsible for a desirable property or increased activity. It differs from a
2D or 3D similarity search in that a sub-structure search includes a predefined group, which
is retrieved from a database (S. S. Ji et al, 2015). The sub-structure search was performed on
Discovery Studios, using the ‘Align to selected substructure’ protocol (Accelrys Software
Inc., Discovery Studio Modeling Environment, 4.5, San Diego: Accelrys Software Inc.,
2007). Default Parameters were maintained. The sub-structures, benzamidine and 2-
aminopyridine were drawn using ChemBioDraw Ultra 14, which were saved in a structure

data file format.

3.6 Pentamidine Results

3.6.1 Pentamidine Docking Hypothesis in AdoMet-DC Crystal Structure

The binding hypothesis of Pentamidine in the AdoMet-DC crystal structure reveals that
Pentamidine does not fully occupy the binding site which may account for its low potency,
compared to the other inhibitors of AdoMet-DC (D. E. McCloskey et al, 2009). The amidine
group of the buried benzamidine moiety of Pentamidine is predicted to form hydrogen bonds
with the charged Cysteine (Cys) 226 residue. The second buried amidine group, which is
charged, is predicted to form a hydrogen bond with the main chain carbonyl group of the
Phenylalanine (Phe) 7 protein residue (Figure 7). The amidine group of the benzamidine
moiety that is solvent exposed is predicted to form 2 hydrogens bonds to the Serine (Ser) 66
and Glutamic acid (Glu) 67 residue side chains (Figure 7). The ether oxygens are predicted to

interact with conserved water molecules in the binding site.
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Figure 7: The predicted binding interactions of Pentamidine in the human AdoMet-DC crystal
structure (3HOW.pdb). The buried amidine groups of Pentamidine form hydrogen bonds with
the Phe7 and Cys226 hydrogen bonds (hydrogen bonds shown in red). The solvent exposed
amidine group of Pentamidine forms hydrogen bonds with the sidechains of Ser66 and Glu67

residues of the AdoMet-DC enzyme.

3.6.2 Pentamidine Sub-structure Search

The substructure search for the benzamidine moiety retrieved only 3 compounds from the
NCI database, none of which were available from the NCI for in vitro testing. A total of 11
compounds retrieved from the 2-aminopyridine sub-structure search were obtained from the

NCI, which can be found in Appendix 2.2, Figure 3.

3.7 Pentamidine Discussion

An analysis of the SAR data obtained from literature, regarding Pentamidine and other

inhibitors of the human AdoMet-DC and DAO enzymes proved futile. None of the analogues
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shared similar properties to Pentamidine and therefore no informative conclusions could be

derived from the SAR data obtained from literature.

The binding hypothesis of Pentamidine in the human AdoMet-DC crystal structure mimics
the key interactions of other AdoMet-DC inhibitors that have been identified in literature (S.
Bale et al, 2009; D. E. McCloskey et al, 2009). The substrate analogues and inhibitors of
AdoMet-DC reportedly have a sulfonium atom which has been shown to be essential for
ligand binding and inhibition. SAR studies reveal that replacing the sulfur atom with a
nitrogen atom that is charged at a physiological pH also confers inhibition. Importantly, the
compounds that do not have a charged group or a sulfur atom in this position do not inhibit

the AdoMet-DC enzyme (S. Bale et al, 2009) (Figure 8).

Figure 8: The structure of 5'-deoxy-5'-(dimethylsulfonio) adenosine (MMTA) (left) and
DMAMA (right). The sulfonium atom in MMTA and the positively charged nitrogen atom in
DMAMA are found to be critical for inhibition of the AdoMet-DC enzyme. Compounds that do
not possess a sulfur atom or charged atom at this position are found to not inhibit the AdoMet-

DC enzyme (S. Bale et al, 2009).

The role of the positively charged atom is thought to align the ligand in the favourable syn
conformation and aid in the formation of the key m-cation interaction (S. Bale et al, 2009).
The m-cation interaction has been identified to be responsible for ligand specificity, but also
acts to stabilise the syn conformation of the ligand (S. Bale et al, 2009). The crystal structure
of DMAMA in complex with the AdoMet-DC enzyme indicates that the ribose forms 2
hydrogen bonds with the Glutamic acid (Glu) residue 247. The positively charged nitrogen
atom of DMAMA is at a favourable distance to stack between the Phe7 and Phe223 residues

and forms the m-cation interaction, that stabilises DMAMA in the syn conformation (S. Bale
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et al, 2009; D. E. McCloskey et al, 2009) (Figure 9). The conformation of Pentamidine in the
binding hypothesis generated indicates that the buried benzamidine moiety stacks between
the Phe7 and Phe223 residues. This would allow the charged amidine group to form a -
cation bond with Phe7, although a hydrogen bond formation is predicted (Figure 9). The
prediction that the stabilising m-cation interaction is not formed may be consistent with the
reduced potency of Pentamidine, compared to the other inhibitors of AdoMet-DC enzyme (D.
E. McCloskey et al, 2009). Furthermore, it may be hypothesised that the large number of
rotatable bonds in Pentamidine may not allow for the formation of the stabilising m-cation
interaction, as such, the increased conformational entropy may contribute to the reduced
binding affinity of Pentamidine. In addition, Pentamidine is reported in literature to have poor
in vitro and in vivo permeability compared to other diamines, which may contribute to the
reduced potency of Pentamidine compared to the other inhibitors of AdoMet-DC (S. Yang et
al, 2014). The second amidine group of the buried benzamidine moiety is predicted to form a
hydrogen bond with the Cys226 residue, which is unlike the compounds co-crystallised with
the enzyme (S. Bale et al, 2009). It may be hypothesised that this amidine group is not
necessary for binding affinity, in addition to the amidine group of the benzamidine moiety
that is solvent exposed. The second amidine group that is solvent exposed is predicted to
form a hydrogen bond with the side chains of Glu67 and Ser66. The interaction of the ether
oxygens with the water molecules is plausible, as other inhibitors of AdoMet-DC have also
been found to interact with conserved water molecules in the active site, stabilising their

hydrogen bond complement (S. Bale et al, 2009; D. E. McCloskey et al, 2009).
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Figure 9: The predicted binding interactions of Pentamidine in the AdoMet-DC crystal
structure (left; hydrogen bonds shown in red) and the binding interaction of DMAMA
co-complexed with the human AdoMet-DC crystal structure (3HOW.pdb) (right; hydrogen
bonds shown in red) (S. Bale et al, 2009). The functional moieties of Pentamidine are not all
predicted to interact with the enzyme and furthermore the stabilising ©-cation interaction was
not predicted (left). This may account for the reduced potency of Pentamidine compared to

other inhibitors of the AdoMet-DC enzyme (S. Yang et al, 2014).

A total of 11 compounds were identified from the 2-aminopyridine substructure search, for in
vitro screening. The virtual screening workflow for Pentamidine was limited and without
resorting to procuring any compounds from commercially available databases, it was

concluded with the sub-structure search performed on the NCI database.

3.8 Conclusion

A chemo-informatic, knowledge driven virtual screening of the NCI database, consisting of a
ligand based virtual screening was performed for QNZ and Pentamidine. The analysis of
SAR data available in literature for QNZ, resulted in a summary of the key structural features
and furthermore led to the hypothesis that activity of QNZ and the quinazoline analogues is

driven by lipophilic interactions and not by specific molecular interactions. Four
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pharmacophore hypotheses were developed to test the importance of the structural features of
the quinazoline inhibitors of NF-kB hypothesised to be important for activity. A binding
hypothesis of Pentamidine in the human AdoMet-DC crystal structure was generated, which
indicated the key interactions that Pentamidine may form with the enzyme. A total number of
41 compounds were requested from the NCI database for in vitro testing in ovarian, renal and

prostate cancer cell lines, described in Chapter 4.
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Chapter 4: Biological Screening Assays

4.1 Introduction

In the modern drug discovery process, the in vitro screening of compound libraries generally
comprises of a primary and secondary screen (M. Hughes et al, 2012; A. M. Burger et al,
2014). The primary screen is performed to rapidly identify actives at a previously assigned
cut-off value while the secondary screen aims to independently confirm the activity of the
active compounds and to investigate the mechanism of action, which is quite frequently built

upon throughout the drug discovery process (M. Hughes et al, 2012).

Assay development for compound screening is considered an important aspect as it serves to
substitute clinical efficiency in the early stages of the drug discovery process (A. S. Verkman,
2003; J. Major, 1998). There are mainly 2 types of assays that are utilised in the primary and
secondary biological screening, which includes the cell-based and target-based assays. As
mentioned in Chapter 1, section 1.4, cell-based assays include the whole-cell assays and
target-based assays are performed on the purified protein target (V. Khurana et al, 2015; A.
M. Burger et al, 2014). In anticancer drug discovery, cell-based assays are favoured over the
target-based assay, as the former are able to provide preliminary information on compound
permeability and stability, when used with appropriate controls (A. M. Burger et al, 2014; R.
Zang et al, 2012; E. A. Martis et al, 2011; E. C. Butcher et al, 2004). Cell-based assays were
utilised in this study, to maintain consistency with previously reported work in literature on
the parental compounds, QNZ and Pentamidine (L. F. Zerbini et al, 2011; L. F. Zerbini et al,
2014).

The primary assays in anticancer drug discovery are fundamentally aimed at establishing the
activity and cytotoxicity of a compound (A. S. Narang et al, 2009). From the several
cytotoxicity assays available, the 3-(4, 5-dimethylthiazol-2-yl) 2, 5 diphenyl tetrazolium
bromide (MTT) assay is preferred in anticancer drug discovery as it can be used on
metabolically active cells (T. L. Riss et al, 2013; T. Mosmann, 1983). The MTT assay was
performed in this study as it is a well-established, rapid and precise colorimetric method
which is based on the reduction of a water soluble yellow tetrazolium salt into insoluble

formazan crystals, by the mitochondrial dehydrogenases (T. Mosmann, 1983). Any active
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hits that have been identified and prioritized from the primary screen are further investigated
in the secondary screen.

As mentioned previously, the aim of the secondary screening assays are to independently
confirm the activity of the active compounds identified from the primary screen, in addition
to investigating the mechanism of action of the compounds (M. Hughes et al, 2012). Cell
proliferation assays are used to generate a dose-response curve, which indicates the 1Cso
value. A dose response curve relays information on both the efficiency and toxicity of a
compound. A further comprehensive analysis of the dose response curve could determine
whether a compound has an effect on its potential target in a stoichiometric manner so as to
eliminate the possibility of non-specific binding (J. P. Hughes et al, 2011). Further
experiments to determine the selectivity and specificity of a compound are included in the
secondary screen (M. Hughes et al, 2012). In addition to the luciferase assay, mechanism
elucidation is further supported by molecular assays such as real time PCR (qPCR), which

are commonly used to investigate signalling pathways (S. Hoelder et al, 2012).

In this chapter, the in vitro screening assays performed on the 76 compounds that were
identified from the virtual screening performed on the ZINC and NCI databases (Chapter 2
and 3) are described. The primary screen, consisting of the MTT proliferation assay, was
performed on prostate, renal and ovarian cancer cells lines to rapidly determine the cytotoxic
activity of the compounds. The secondary screening assays were performed to independently
confirm the activity of the active compound NSC727152, where a dose-response curve was
generated. In addition, the mechanism of action of the most potent compound identified,
NSC727152 was determined. The luciferase reporter cell assay and qPCR were performed
with this compound, to determine if it acted similarly as the parental compound, QNZ, by

inhibiting the transcriptional factor NF-xB in cancer cells.

4.2 Primary Screening Assays

The MTT assay, described above, is an established assay that is routinely performed in our
laboratory to determine the in vitro activity of compounds. To facilitate the identification of
active compounds, a more robust screening was performed, which included performing the

MTT assay at a higher concentration range of between 1-1000uM. The MTT assay was
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performed in prostate, renal and ovarian cancer cell lines and was repeated for

reproducibility.

4.2.1 Materials and Methods

4.2.1.1 Cell Lines

The human renal cancer cells, which includes the kidney epithelial carcinoma cell line
(A498) was obtained from the American Type Culture Collection (ATCC) (Rockville, MD).
The human renal clear cell (RCC4-) line is deficient of von Hippel-Lindau (VHL) tumour
suppressor gene. The RCC4 plus vector (RCC4+) is encoded on the pcDNA3-VHL plasmid,
conferring the VHL gene product with neomycin resistance (S. Turcotte et al, 2008) and both
RCC4 cell lines were gifted by Professor Sharon Prince, University of Cape Town, South
Africa. The ovarian cancer cell line OVCAR3, which is derived from an ovarian
adenocarcinoma, is considered a suitable model to study drug resistance and hormonal
therapy and was obtained from the American Type Culture Collection (ATCC) (Rockville,
MD). PC-3 and DU145 are both derived from prostate cancer that has metastasized to the
bone. PC-3 is a grade IV, adenocarcinoma that is characterized as aggressive. DU-145 is a
human epithelial carcinoma cell line. Both cell lines were obtained from the American Type

Culture Collection (ATCC) (Rockville, MD)

4.2.1.2 Cell Culture Maintenance

RCC4 and DU-145 cell lines were grown in Dulbecco’s Modified Eagle Medium (DMEM)
(Gibco, Life Technologies, USA). The A498 cell line was grown in Minimum Essential
Medium (MEM) (Gibco, Life Technologies, USA). The OVCAR3 and PC-3 cell lines were
grown in Roswell Park Memorial Institute-1640 (RPMI-1640) medium (Sigma-Aldrich, ST
Louis, USA). All media was supplemented with10% fetal bovine serum (FBS) (Biochrom
AG, Berlin) and penicillin (5000pg/ml)/streptomycin (500pg/ml) (Lonza, Walkersville MD,
USA). The RCC4 media was supplemented with an additional 0.5mg/mL G418 (Gibco) to
maintain for neomycin selectivity. Cells were maintained throughout in this supplemented

media, referred to as complete media. The cells were incubated at 37°C, 5% CO; in a
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humidified atmosphere. The medium was changed every 1 to 2 days, and the cells were

sub-cultured every 2 to 4 days, or when 90% confluent.

4.2.1.3 Sub-culturing Cells

Cells in a 100mm culture dish were washed with 1xphosphate buffered saline (PBS) pH 7.4
(137mM NaCl, 2.7mM KCI, 4.3mM Na2HPO4-7H20, 1.4mM KH2PO4) and the PBS was
aspirated off. Cells were trypsinised in 1 ml 0.05% Trypsin/EDTA (Gibco, Life
Technologies, USA) and once they had detached, the trypsin-EDTA was inactivated by
adding 5 ml of complete media. Cells were re-suspended and re-plated in a clean 100mm

culture dish in complete media at a dilution of 1:7.

4.2.1.4 Freezing and Thawing

A confluent dish of cells was trypsinized and neutralised with complete medium, followed by
centrifugation to remove cells from the trypsinization solution. Cells were suspended in 3 ml
of pre-chilled freezing medium (70 % culture medium, 20 % FBS and 10% dimethylsulfoxide
(DMSO) and transferred into cryotubes, which were stored at -80°c.

To thaw cells, the frozen cell suspension was quickly thawed in a 37°C water bath and
transferred to a tube containing Sml of complete growth medium. Cells were pelleted by
centrifugation at 400xg for 2 min at 4°C, were re-suspended in 10ml complete media and
added to a 100 mm culture dish. Cells were incubated at 37°C, 5% CO- in a humidified

atmosphere.

4.2.1.5 Drugs and Inhibitors

Pentamidine isethionate salt (CAS 140-64-7) and QNZ (CAS 545380-34-5) were purchased
from Sigma (Sigma Aldrich, Inc). The ZINC database compounds were purchased from the
suppliers annotated on the website, with the most affordable supplier being identified. The

NCI compounds were ordered through the online system on the NCI website.

91



All compounds were stored according to supplier’s instructions upon arrival and were
dissolved in DMSO, as a stock solution. Pentamidine was dissolved in molecular grade water
(Gibco, CA, USA). The stock solutions were further aliquot into smaller volumes of working
stocks to preserve stability between successive freeze-thaw cycles. The dissolved compounds
were stored at -20°c. The molecular mass and purity of all the compounds was determined by
LC/MS/MS, prior to commencing with the screening assays. Insufficient quantities were

obtained from vendors to confirm their structures by Nuclear Magnetic Resonance (NMR).

4.2.1.6 MTT Assay

All cell lines except for DU-145 were plated at a concentration of 5 x 10° cells per well in a
96 well culture plate, at a final volume of 100ul per well. Due to the faster proliferation rate
of DU-145 cells they were plated at a concentration of 3 x 103 cells per well. Cells were
incubated overnight at 37°C, 5% COg, in a humidified atmosphere, prior to drug treatment to
allow for attachment. The next day, in a separate 96 well culture plate serial dilutions of each
drug were performed in quadruplets along the divided length of the culture plate. The media
from the 96 well plates containing the cells was aspirated and replaced with 100ul of each
dilution in quadruplets. Cells were incubated at 37°C, 5% CO., in a humidified atmosphere.
After 24 hours 10ul of MTT (0.0IM in PBS) (Sigma-Aldrich, Steinheim, Germany) was
added and the cells were incubated for 4 hours at 37°C, 5% COa», in a humidified atmosphere.
After 4 hours, 100ul of solubilisation buffer (0.01 M HCI; 10% SDS) was added and the cells
were further incubated for 16-18 hours at 37°C, 5% COa, in a humidified atmosphere. After
18 hours, the absorbance of the solubilised tetrazolium salt was read at 595nm using a plate

reader.

4.2.1.7 Solubility Enhancement Techniques

It was visible that certain compounds had precipitated out of solution upon adding them to
the DMSO or culture media (Table 1 and 2). Solubility enhancement techniques were
employed with these compounds such as the use of co-solvent, surfactants and increasing the
temperature of the media in an effort to increase solubility (A. Chaudhary et al, 2012).
Firstly, the effect of ethanol, polysorbate 80 or tween 80 and N, N,-Dimethylformamide

(DMF) on cell proliferation was determined to establish an ICso concentration or a tolerable

92



concentration for the cancer cell lines. The compounds that precipitated out of DMSO were
further dissolved in water and ethanol. Those that failed to solubilise in either of the solvents,
were excluded from the primary screen. Repetitive trails were performed to solubilise the
compounds in the culture media with the addition of minimal volumes of either the
surfactants or co-solvents. Furthermore, samples were incubated at 50°c, in a sonicating
water bath to aid in the dissolution of the compound. These techniques did not visibly
improve on the solubility. The adjustment of the pH was not considered an option, as the

culture conditions for cell maintenance required that they are kept at a pH of 7.

4.2.2 Results

4.2.2.1 Compound Solubility

The solubilisation techniques were employed on the compounds that were found to be
insoluble in the culture media. Although the solubilisation techniques did not visibly improve
on the solubility of these compounds, they were still included in the primary screening, to
determine if they had activity at a lower concentration. These compounds are listed in Table

1 and 2 found in Appendix 3.1.

4.2.2.2 ZINC Database

The following results include those of the primary screening performed on the compounds
identified from the ZINC database. All compounds were screened from a starting

concentration of 1000uM.

4.2.2.2.1 Pentamidine

A total of 17 compounds were identified from the ZINC database and tested for in vitro
activity in the renal cancer cell line, A498. None of the compounds inhibited cell proliferation
in vitro after 24 hours treatment. The MTT proliferation graph of the compound
ZINC44920378 is depicted in Figure 1 below, which serves as an example for the rest of the
inactive compounds. The MTT proliferation graphs of the remaining compounds are included
in Appendix 3.2. Pentamidine was used as a positive control and was confirmed to have an

ICso value of approximately 15uM in A498.
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A498 Cell Proliferation 24 hrs

m ZINC44920378

m Pentamidine

Concentration (uM)

Figure 1: The MTT proliferation graph of ZINC44920378 in A498 renal cancer cell lines, 24
hours post-treatment. Pentamidine was used as a positive control. DMSO 0.1% was used as a
vehicle control. Data shown represents mean = S.D. of three independent experiments

performed in duplicate. OD = absorbance.

The compounds that were insoluble in culture media were included in the primary screening
to determine if they were active at a lower concentration. They were confirmed to be inactive

and their MTT proliferation graphs are included in Appendix 3.2.

4.2.2.2.2 QNZ

The effects of the 21 compounds identified from the ZINC database on the proliferation of
cancer cells were determined in prostate (DU-145 and PC-3) and ovarian cancer cell lines
(OVCARD3) after 24 hours of treatment. No compounds identified from the ZINC database
were found to inhibit the in vitro cell proliferation of prostate and ovarian cancer cells. The
compound QNZ was not included as a positive control in these assays, although it reportedly

has an ICso value of 11nM, in human Jurkat T cells (M. Tobe et al, 2003).
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ZINC31948986 24 hr Cell Proliferation

DMSO 0.1%
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Figure 2: The MTT proliferation graph of ZINC31948986 24 hour post-treatment in DU-145,
PC3 and OVCARS3 cancer cell lines. DMSO 0.1% was used as vehicle control. Data shown

represents mean + S.D. of four independent experiments performed in duplicate. OD =

absorbance.

The proliferation graph of the compound ZINC31948986 is depicted in Figure 2 above and
serves as an example of the results obtained for the rest of the inactive compounds, whose
MTT proliferation graphs are included in Appendix 3.3. The insoluble compounds were
included in the primary screen to rule out activity at a lower concentration. None of these

compounds were confirmed with in vitro activity and their data is included in Appendix 3.3.

4.2.2.3 NCI Database

The following results include those of the primary screening performed on the compounds
identified from the NCI database.

4.2.2.3.1 Pentamidine

The 11 compounds identified from the 2-aminopyridine substructure search performed on the
NCI database were screened for in vitro activity in the renal cancer cell lines A498, RCC4+

and RCC4-. None of the compounds inhibited the in vitro cell proliferation of the cancer
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cells. The MTT proliferation graph of the compound NSC383 is depicted in Figure 3 below
and serves as an example for the rest of the inactive compounds. The MTT proliferation
graphs of the remaining compounds are included in Appendix 3.4. The insoluble compounds

were also included in the primary screening and their graphs are included in Appendix 3.4.
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4.2.2.3.2 QNZ

The 30 compounds identified from the NCI database were tested for the in vitro inhibition of
cell proliferation in prostate and ovarian cancer cell lines. Four (4) hits with in vitro activity
in both prostate and ovarian cancer cell lines were identified. The compounds that
precipitated out of the culture media could not be re-solubilised and did not show any activity

at a lower concentration (data shown in Appendix 3.5).

The active hit NSC52075 was identified from the 2D similarity search that was performed in
Chapter 3, section 3.2.5. The cell lines DU-145 and PC-3 showed sensitivity towards
NSC52075 with an ICso value of 63uM and 507uM, respectively, after 24 hours of treatment
(Figure 4). The other active hits include NSC727152 and NSC676169, which were identified
from the virtual screening performed with the third pharmacophore hypothesis. The
compound NSC329254 was identified from the virtual screening performed with the fourth
pharmacophore hypothesis, both described in Chapter 3, section 3.2.8. Only DU-145 cells
were sensitive towards NSC676169 with an ICso value of 112uM (Figure 5). DU-145 and
OVCARS3 cell lines were sensitive towards NSC329254 with an ICso value of 137uM and
343uM, respectively (Figure 6). All 3 cancer cell lines showed sensitivity towards
NCS727152 with an ICso value of 8uM in DU-145, 24uM in PC-3 and 7uM in OVCAR3
(Figure 7). Only the compound NSC727152 was considered for the secondary screening
assays as it had most potent ICso value in all 3 cell lines. The compound QNZ was not
included as a positive control in these assays, although it reportedly has an ICso value of

11nM, in human Jurkat T cells (M. Tobe et al, 2003).
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Figure 4: The MTT proliferation graph of NSC52075 after 24 hours treatment in PC-3 and
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Figure 6: The MTT proliferation graph of NSC329254 after 24 hours treatment. 0.2% DMSO
was used as a vehicle control. Data shown represents mean £ S.D. of 4 individual experiments

performed in duplicate. OD = absorbance.

NSC727152 Cell Proliferation

1.4
1.2
1 e = -
£
5 0.8
a
T T - T
o 06
004— m PC-3
0.2 - B OVCAR3
0 - m DU-145
O O N WLWLULWLWLWLWLWOMLWL®MT-WOOWON OO NLL W LW KL
o AN AN AN AN AN AN ANANNOOASLSNOT OO O O R
mMNO®OmMmmMmaoIRmdnNxodHE Lo
daRNoOmoadgoomanovwmnmad 3T o
cMoRNXYTNTdonNKNodll IR
ST a0 NLONmAdoo0o0 I8 F
cOfS T o000 0o RERS
;000090986 Sgaonh o
©O 0o oo oo =}

Concentration (uM)

Figure 7: The MTT proliferation graph of NSC727152 after 24 hours treatment. 0.2% DMSO
was used as a vehicle control. Data shown represents mean + S.D. of 4 individual experiments

performed in duplicate. OD = absorbance.
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4.2.3 Discussion

4.2.3.1 Pentamidine

A total of 25 hits identified from both the ZINC and NCI databases were tested for in vitro
activity in renal cancer cell lines. None of the compounds were confirmed to inhibit the in

vitro cell proliferation of the renal cancer cells at a starting concentration of 1000uM.

There are several possibilities which may account for the inactivity of the compounds, the
most logical being that the compounds simply did not display whole-cell activity. This is a
plausible explanation considering that none of the compounds identified from the ZINC
database possessed a bis-benzamidine functional moiety similar to Pentamidine. Although a
number of successful virtual screening studies are reported in literature (C. H. Chuang et al,
2015; H. Park et al, 2012; G. Cozza et al, 2006), the methodological limitations of a
computational programme’s ability to accurately predict the dynamic process of

ligand-protein binding remains a major limiting factor (B. K. Shoichet, 2004).

A prerequisite to performing a successful 3D ligand-based or structure-based virtual
screening is the accurate generation of the ligand and protein side chain conformations (S.
Subramaniam et al, 2008; J. Bajorath, 2002; A. S. Reddy et al, 2007). Conformational search
algorithms have improved dramatically to generate realistic and energetically favourable
conformations, as using an inappropriate conformation will have detrimental effects in any
downstream application (B. K. Shoichet, 2004; K. S. Watts et al, 2010). A major limitation
still encountered in generating bioactive conformations is the associated computational cost
and the large number of conformations that may be generated, increasing with the number of
rotatable bonds contained in a ligand or protein (B. K. Shoichet, 2004; K. S. Watts et al,
2010). An additional complexity in generating the correct bioactive conformation arises in
the correct assignment of protonation and tautomer states (B. K. Shoichet, 2004; J. C. Shelley
et al, 2007). This is especially important in the case of ligands contained in a database, where
bioactive conformations obtained from crystal structures are not available to be used as a
reference to measure the accuracy of the generated conformation (S. Subramaniam et al,
2008; J. Bajorath, 2002). It may be hypothesised that energetically unfavourable
conformations of the compounds contained in the ZINC and NCI database were predicted,
which would result in inaccurate measures of the 3D similarity and binding affinities

predicted in this study. In addition, this would result in the inaccurate predictions of the
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binding orientation of the compounds at a physiologically relevant pH, which may not be
conducive for binding to the reportedly narrow asymmetrical cone-shaped channelled
conformation of the active site of the DAO enzyme. This may be a plausible explanation
despite the predicted binding interaction between the ZINC compounds and the Asp373
residue of the catalytic base of the DAO residue. (A. P. McGrath et al, 2009). In addition, it
could further be hypothesised that the incorrect protonation and tautomer states were
predicted for the compounds in the ZINC and NCI database, taking into consideration that
they possessed suitable amine groups that could interact with the negatively charged residues

that line the active site of the DAO enzyme (A. P. McGrath et al, 2009).

Although incorporating protein flexibility in a virtual screening study increases the chances
of a producing a reliable prediction of the binding affinities, it may be a difficult task to
define the flexible protein residues in addition to being computationally exhaustive (S.
Subramaniam et al, 2008; M. A. Lill, 2011). This is mainly due to the fact that the protein
flexibility induced upon ligand binding may not only involve flexibility in the protein side
chains but also in the main chain and loop regions of the protein and therefore would require
prior knowledge on the bioactive protein and ligand conformations (M. A. Lill, 2011; M.
Fischer et al, 2014). Taking this into consideration, protein flexibility was not included in the
SBVS performed for QNZ and Pentamidine, which may be viewed as a limitation in this
study. Although the inclusion of the different crystal structures of the NF-kB subunits in the
blind docking performed in this study, namely p65/p50 either bound to IkBa or DNA, was

considered to account for the observed conformational change.

Another limitation associated with computational tools is the correct scoring and ranking of
ligands predicted to be active. The complex and dynamic process of ligand-protein binding,
results in various parameters that need to be accounted for in scoring functions, which
includes the solvation, enthalpic and entropic effects (B. K. Shoichet, 2004; D. B. Kitchen et
al, 2004). These energies are very large and complex to calculate, which remains a bottle
neck associated with accurately predicting binding affinities and ranking compounds
accordingly (D. B. Kitchen et al, 2004; B. K. Shoichet, 2004). Although more robust scoring
functions that utilise thermodynamic integration methods have been developed to address
these short-comings, they are computationally expensive and still do not accurately account
for a number of entropic effects which influence molecular recognition (D. B. Kitchen et al,
2004; B. K. Shoichet, 2004). Molecular Dynamic (MD) simulations have recently been

developed to circumvent most of the limitations associated with LBVS and SBVS tools (S.
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Subramaniam et al, 2008). Computational algorithms utilised in MD simulations are
considerably more advanced and therefore are computationally more expensive. MD
simulations are able to simulate a ligand-protein docking in its natural environment, to the
atomic level (S. Subramaniam et al, 2008) and are frequently performed to refine docking

calculations.

As mentioned previously, one of the advantages of a cell-based assay is that a preliminary
indication of the compounds physicochemical properties, namely the solubility and
permeability may be obtained (A. M. Burger et al, 2014). It was visually evident that a
number of compounds identified from the sub-structure search performed on the NCI
database were insoluble in the culture media. The solubility enhancement techniques
employed were not sufficient to achieve solubility, therefore it can be said that these
compounds were not present at an ideal concentration to interact with their biological targets

and illicit the desired pharmacological response (J. P. Hughes et al, 2011).

In the case of this study, the protein targets (NF-xkB and the enzymes of the polyamine
biosynthetic pathway) are cytosolic proteins, where NF-kB may further translocate into the
nucleus (A. Oeckinghaus et al, 2009; A. E. Pegg, 2009). Therefore cell membrane permeation
must be achieved by the compounds, in order to interact with their respective targets. Taking
into consideration that Pentamidine has a reportedly lower permeability compared to other
diamines, it may be hypothesised that the soluble compounds had poor permeability and
therefore were not able to permeate the cell membrane (S. Yang et al, 2014). In addition, it
may be hypothesised that inaccurate predictions of Log P values for the compounds
contained in the ZINC databases were obtained, which may explain the inefficiency of the
drug-like filter that was applied to exclude these compounds with undesirable Log P values.
An alternative assay to determine the in vitro inhibition of the enzymes in the polyamine
biosynthetic pathway would include the use of purified enzymes in a target-based assay. The
use of a target-base assay would eliminate the factors that influence cell-based assays such as
permeability and those discussed below (J. P. Hughes et al, 2011; A. M. Burger et al, 2014).
Several studies reported in literature have demonstrated the use of target-based assay to
determine the in vitro activity of the series of analogues derived from Pentamidine (A.

Puckowska et al, 2012; J. Stanek et al, 1993; U. Regenass et al, 1992).

Another factor that may influence the activity of compounds in a cell-based assay is the

expression levels of the biological targets (Z. Zhang et al, 2012). It is reported in literature,
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that cell lines may express the targets in low concentrations, requiring the over-expression of
these targets (Z. Zhang et al, 2012). Furthermore, cell lines may acquire different
characteristics when maintained in culture for several passages (K. Oostdik et al, 2009).
Although every attempt was made to ensure that optimal tissue culture techniques were
maintained in this study, it would be difficult to disregard the hypothesis that the expression
levels of the target proteins in the cell lines used were not optimal. Other limitations that may
influence cell-based screening assays include the non-specific binding to cellular proteins and
media components such as BSA. Furthermore, a compound’s stability may be compromised
under differing pH and temperature conditions, which may either result in the chemical
modification of the compound or in the formation of aggregates, which may contribute to

their inactivity (L. Di et al, 2009).

Having said that, the MTT assay has been previously validated and commonly used in our
laboratory, under the same conditions and parameters used in this study (J. D. Paccez et al,
2015). Taking this into consideration and the fact that positive and negative controls were
used, any questions on the integrity and quality of the screening assay was confidently ruled
out. This may further substantiate the hypothesis that the observed inactivity of the

compounds is a consequences of the factors described above.

4232 QNZ

The hits identified from the ZINC and NCI database were tested for in vitro activity using the
MTT assay. A total of 51 compounds were tested for cytotoxic activity in prostate and
ovarian cancer cell lines. Of these compounds, 4 compounds identified from the NCI
database were found to possess in Vvitro activity. In addition to the physicochemical properties
of the ZINC and NCI compounds contributing to their inactivity, the other possibilities
described above in section 4.2.3.1, may also account for the inactivity of the compounds

identified from the virtual screening performed for QNZ.

In retrospective analysis it was revealed that the ZINC compounds identified from the SBVS
performed on the NF-«kB complex did not have the appropriate functional groups and/or
substituents that were hypothesised to be necessary for activity as described in Chapter 3 and

depicted in Figure 8A below. Furthermore, a large proportion of the compounds identified
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from the ZINC and NCI database did not have a quinazoline core similar to QNZ. The
compounds that did possess a quinazoline core include ZINC31948986 and NSC2075, where
the former had no in vitro activity and the latter had in vitro activity in both DU-145
(ICs0=63uM) and PC-3 (ICs50=507uM) cancer cell lines (Figure 8B).

Figure 8: A) The hypothesised SAR of the quinazoline inhibitors of NF-kB taken from literature
(M. Tobe et al, 2003) (M. Tobe et al, 2003). B) The compounds identified from the virtual
screening performed that possessed a quinazoline core. The compound ZINC31948986 was
confirmed to have no in vitro activity whilst NSC52075 had in vitro activity in the micro-molar

range.

The compound ZINC31948986 lacked a functional group substituent at the Ri position,
compared to the compound NSC52075, which had an electron withdrawing, chlorine atom at
this position (Figure 8). Consistent with the SAR data reported in literature an electron
withdrawing group, such as chlorine at the R position results in reduced activity compared to
QNZ (M. Tobe et al, 2003), which possesses an electron donating group NHo, at this position.
This finding substantiates the hypothesis that an electron donating group such as NHb», if not
any functional moiety, at the R position is necessary to illicit biological activity (Figure 8).

Furthermore, it may be hypothesised that the terminal alkyl amino group on NSC52075 leads
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to increased solubility compared to the sulphonamide group on ZINC31948986, which may
also account for its activity (Figure 8B). Interestingly, the active compound NSC52075 was
identified by the 2D similarity search which may add to the argument that 2D descriptors are
more reliable and effective for identifying similar compounds than 3D descriptors (V.

Venkatraman et al, 2010; M. Thimm et al, 2004; J. Bajorath, 2002).

The pharmacophore search was performed on the NCI database with the aim of rationalising
the summarised SAR extracted from literature. Four pharmacophores were developed to test
the SAR hypothesis and of these only 2 pharmacophores were able to retrieve compounds
from the NCI database. Two active compounds, NCS727152 (DU145, ICs50=8uM; PC-3,
ICs50=24puM; OVCAR3, IC50=7uM) and NCS616769 (DU145, ICs0=112uM), were identified
from the pharmacophore model based on the third hypothesis which determined the
importance of the aromatic moiety on the quinazoline core (Figure 9). These compounds had
lower ICso values than the compound NCS329254 (DU145, ICso=137uM; OVCAR3,
1C50=343uM), which was identified by the fourth pharmacophore model, which determined

the importance of the charged atom on the quinazoline core (Figure 9).

Figure 9: The compounds identified from the pharmacophore VS performed on the NCI
database and shown overlaid on their respective pharmacophores. All three compounds were

confirmed to inhibit the in vitro cancer cell proliferation, in the micro-molar range.
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Based on the ICso values of the compounds identified from the pharmacophore VS, the basic
nitrogen on the quinazoline core is more important for increased activity than the aromatic
ring of the same core. Due to not having retrieved compounds from the virtual screening
performed with pharmacophores 1 and 2, further conclusions from the hypothesis could not
be made. Despite this, literature suggests that the 2 hydrogen bond donors and the lipophilic
moiety at the R» position are important for activity (Figure 8) (M. Tobe et al, 2003; M. Tobe
et al, 2003).

All the compounds, for both QNZ and Pentamidine, procured from the ZINC database were
selected based on good, intermediate and poor binding scores. This was performed with the
aim of establishing any correlation between the binding scores and the ICso value obtained
from the biological assays. No correlation could be established as all the compounds were
observed to have no in vitro activity, albeit literature suggests that a poor to no correlation

exists between the 2 parameters (P. Tuffery et al, 2012; Q. V. Vuong et al, 2013).

4.3 Secondary Screening Assays

The secondary assays were performed with the aim of independently confirming or validating
the active compounds identified in the primary screen and to elucidate a possible mechanism
of action (M. Hughes et al, 2012). The assays serve to determine the selectivity and
specificity of a compound, alongside the use of orthogonal assays that are performed to

discern between a false positive and a true hit (N. Thorne et al, 2010).

This section of the chapter describes the assays used to confirm the molecular mechanism of
action of NSC727152, which is hypothesised to be similar to QNZ, by acting as an inhibitor
of the transcription factor NF-kB. This was performed by determining the effect of
NSC727152 on the promoter activity of genes that are regulated by NF-kB, such as IL-6 and
the consensus sequence kB promoter (L. F. Zerbini et al, 2004). The inhibitory effect on
NF-«B target genes was confirmed by determining the effects upon NSC727152 treatment on
the mRNA expression of the Growth Arrest and DNA Damage (GADD) 45 o and y genes
and IL-6. The GADD45a and GADDA45y genes, in addition to the IL-6 gene have been
reported to be to be regulated by NF-kB in cancer cells (T. A. Libermann et al, 1990; L. F.
Zerbini et al, 2004; L. F. Zerbini et al, 2005; L. F. Zerbini et al, 2003; M. Karin, 2009).
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4.3.1 Materials and Methods

4.3.1.1 RNA Isolation

RNA was isolated from the cell cultures using the RNeasy Mini kit, as per manufacturer’s
instructions. Briefly, 10ul B-mercaptoethanol (B-ME) was added for every 1 ml Buffer RLT
used. Cells were scrapped using a cell scrapper and the lysate was collected in an eppendorf.
Lysates were stored at -80°C, if not used immediately. The cell lysate was then transferred
into a QIAshedder spin column and centrifuged at full speed for 2 minutes. An equal volume
of 70% ethanol was added to the lysate and mixed by pipetting. The lysate was transferred to
an RNeasy spin column and centrifuged for 15 seconds at 8000 x g. To wash the membrane
500ul of buffer RW1 was added and centrifuged for 15 seconds at 8000 x g. Three
consecutive washes with Buffer RPE were performed, to ensure that no ethanol was carried
over. Finally, 50ul of RNase-free water was used to elute the RNA in a clean eppendorf. The
concentration of the RNA was measured using a nanodrop before storing samples at -80 °c
until further use. The quality of the RNA was determined through the 260/230 nm and

260/280 nm absorbance ratios.

4.3.1.2 cDNA Synthesis

Conversion of mRNA to cDNA was performed using the Roche Transcriptor First Strand
cDNA synthesis kit, following manufacturer’s instructions. Briefly, 1pg template mRNA, 1ul
oligo-DT and dH>O up to 13ul, were added together and incubated for 10 minutes at 65°C, 60
minutes at 4°C, 5 minutes at 85°C and finally 5 minutes at 4°C. Reaction buffer, dNTPs,
RNA inhibitor and reverse transcriptase were added to give a final volume of 20ul and
incubated for 10 minutes at 25°C, 60 minutes at 50°C followed by 5 minutes at 85°C to

inactivate the reverse transcriptase. The cDNA was stored at -20°C until needed.
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4.3.1.3 Quantitative real-time PCR

q-PCR was performed as described previously (L. F. Zerbini et al, 2003). Briefly, one
microliter of cDNA and 20uM of the respective forward and reverse primers were added to a
mixture of 1X SYBR® FAST qPCR master mix and made up to a final volume of 20ul with
molecular grade water (Sigma-Aldrich, Germany). This was added to a low-profile 96 well

cell culture plate (SPL Life Sciences, Korea).

The conditions for PCR were: 1 cycle of 5 minutes at 94°C; 45 cycles of 30 seconds at 95°C,
1 cycle of 30 seconds at 56°C, and 1 cycle of 30 seconds at 72°C. Melting curve genotyping:
15 seconds at 95°C, 2 minutes at 65°C, 97°C (continuous acquisition, 5 acquisitions per °C)
was then performed. For each run, the human glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used to normalize each sample and the primers for GAPDH were also used to
quantify the amount of cDNA in a reference sample. A single point from a human GAPDH
serial dilution performed previously was used as a reference sample for the absolute
quantification of the amplified DNA i.e. gene expression based on a standard curve. All of
the samples were run in triplicate and the final presentation of the data expressed as a ratio of
the gene of interest to GAPDH. The Primers and their melting points are shown in Table 1,

below.

Table 1: The qPCR primer sequences and their melting temperatures.

Primer Sequence Melting
temperature
GADDA45a 5-GCCTGTGAGTGAGTGCAGAA-3' 50%

5-ATCTCTGTCGTCGTCCTCGT-3'

GADDA458 5’- GAAGATCTCTATGACGCTGGAAGAGCTCGT-3" | 50°
5" GAAGGTACCTCAGCGTTCCTGAAGAGAGAT 3’

GADDA45y 5-CTGCATGAGTTGCTGCTGTC-3' 50°
S"TTCGAAATGAGGATGCAGTG-3'

IL-6 5’-GGGAACGAAAGAGAAGCTCT-3 50%
5’-ACCAGAAGAAGGAATGCCCA-3’

GAPDH 5’-CAAAGTTGTCATGGATGACC-3’ 50°

5’-CCATGGAGAAGGCTGGGG-3°
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4.3.1.4 Luciferase Constructs

The luciferase constructs were previously designed and described elsewhere (L. F. Zerbini et
al, 2004). The full length human IL-6 promoter was inserted into a pxp2 reporter gene
construct containing the luciferase gene. Similarly the pxp2-kB construct was designed using

a kB consensus sequence promoter (L. F. Zerbini et al, 2004).

4.3.1.5 Transient Transfection

DU-145 cells were plated at a concentration of 1.5 x 10° cells per well and incubated at 37°C,
5% CO2 in a humidified atmosphere, overnight. The transfection of the luciferase constructs
in DU-145 cells was performed using the Invitrogen lipofectamine PLUS transfection Kkit,
following the manufacturer procedures. Briefly, 750 ng of DNA was added to 500ul DMEM
media only, to which 1.5ul of the PLUS reagent was added and incubated at room
temperature for 5 minutes. 4.5ul of the lipofectamine LTX reagent was added to the DNA
mixture and incubated at room temperature for a further 30 minutes. The DNA/lipofectamine
mixture was added drop wise to the cells and incubated for 4 hours at 37°C, 5% CO: in a
humidified atmosphere. After 4 hours the media was changed to complete media and

incubated over night at 37°C, 5% CO2 in a humidified atmosphere.

4.3.1.6 Luciferase Gene Reporter Assay

The next day after transfection or when the transfected cells had reach a confluency of
70-80%, they were trypsinised and plated in 96 well culture plates at a concentration of 3 x
10° cells per well and incubated overnight at 37°C, 5% CO- in a humidified atmosphere.
After 24 hours they were treated with the serial dilutions of NCS727152, at a starting
concentration of 32uM. Appropriate controls were included such as a blank that contained no
cells except for media, the drug in media only and the luciferase reagent. After 6 hours,
50ul’s of the media was removed from each well and replaced with 50ul of the ONE-glo
(Promega) luciferase lysis buffer. Culture plates containing the luciferase lysis buffer were
kept in the dark before transferring 100ul of the media to an opaque plate that was read using

a microplate luminometer (Veritas™ Microplate Luminometer, Turner Biosystems).
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4.3.2 Results

4.3.2.1 Dose Response Curve of NSC727152 in Prostate and Ovarian Cancer Cell
Lines

The activity of the most potent compound NSC727152 was re-confirmed before proceeding
with the secondary assays described. A dose-response curve was generated to identify its ICso
value. The dose response curve is also used to determine the potency of the compound at
inhibiting in vitro cell proliferation, in the different cancer cell lines. Figure 10 below
illustrates the dose response curves obtained for NSC727152 in DU-145, PC-3 and OVCAR3

cancer cell lines.

The data from two independent experiments performed in quadruplet, were combined for
analysis on the statistical programme GraphPad Prism Windows version 5.01 (GraphPad
Software, San Diego California, USA). A sigmoidal dose response curve (variable slope) and
the non-linear regression were used to analyse the data. The ICso values obtained from the
androgen-independent prostate cancer cell lines, suggest that NSC727152 has a more potent
effect in DU-145 (ICso = 8.7uM) cell line compared to the PC-3 cell line (ICso = 24.7uM).
The ovarian cancer cell line, OVCAR3, was equally sensitive to NSC727152 as the DU-145
cell line, which obtained an ICso of 7.2uM (Figure 10).
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Figure 10: The dose response curves of NSC727152 in DU-145, PC3 and OVCAR3 cancer cell
lines after 24 hours treatment, generated on Prism 4.2. The compound demonstrated varying
potencies in the different cancer cell lines, being most potent in the ovarian cancer cell line,
OVCARS3. Data shown represents mean = SD of 4 independent experiments performed in

duplicate.

4.3.2.2 The Effect of NF-kB Inhibition with NSC727152 on the Expression of
GADD450 and GADD45y in Prostate Cancer Cells

The constitutive activation of NF-kB has been previously reported to allow cancer cells to
escape programmed cell death. Furthermore, the NF-kB mediated cell survival has been
shown to be completely dependent on the repression of GADD45a and GADD45y and not
GADDA45p. Conversely, it has also been reported that the inhibition of NF-kB results in the
up-regulation of GADD450 and GADD45y mRNA expression (L. F. Zerbini et al, 2004). The
effect of NSC727152 on the expression of GADD45a and GADD45y was determined, to
elucidate if NF-kB was being inhibited. As seen in Figure 11, the expression of GADD45a
and y were up-regulated at the mRNA level, in DU-145 cancer cells 6 hours after treatment
with NSC727152. In PC-3 cells, the significant up-regulation of both GADD45a and
GADDA45y mRNA was observed 6 hours post-treatment with NSC727152 (Figure 12). These
results are consistent with reported findings and suggest that NSC727152 inhibits NF-kB.
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Figure 11: Real-time PCR analysis of mRNA expression of GADD45a and y expression in
DU-145, 6 hours after treatment with NSC727152. A) GADD45a and B) GADD45y (statistical
significance p<0.05). Each RNA was normalised to GAPDH. GADD45a and 7 expression levels

are shown as a fold induction over the DMSO 0.1% control.

Figure 12: Real-time PCR analysis of GADD45a and y expression in PC-3 cells after 6 hour of
treatment with NSC727152. A) GADDA45a (statistical significance p<0.06) and B) GADD45y
(statistical significance p<0.01). Each RNA was normalised to GAPDH. GADD45a and vy

expression levels are shown as a fold induction over the DMSO 0.1% control.

4.3.2.3 To Determine the Effect of NF-kB Inhibition with NSC727152 on the
mRNA Expression of IL-6

The constitutive activation of NF-kB and AP-1 transcription factors has been reported in
literature to mediate the aberrant up-regulation of IL-6 mRNA expression in both PC-3 and
DU-145 cancer cell lines (L. F. Zerbini et al, 2004). The IL-6 mRNA expression is reportedly
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elevated in hormone independent prostate cancer cells DU-145 and PC-3 compared to
hormone dependent prostate cancer cell line LNCap and is believed to be one of the factors
which promotes the progression of cancer (L. F. Zerbini et al, 2004). The inhibition of NF-xkB
has been previously reported to drastically reduce the expression of IL-6 mRNA in hormone
independent cancer cell lines (L. F. Zerbini et al, 2004). After 6 hours of treatment with
NSC727152, the expression of IL-6 in both androgen independent cancer cell lines was

reduced by approximately 0.6 fold (Figure 13).

Figure 13: Real-time PCR analysis of IL-6 expression after 6 hour treatment with NSC727152.
A) In DU-145 and B) PC3 cancer cells. Each RNA was normalised to GAPDH IL-6 expression

and levels are shown as a fold induction over the DMSO 0.1% control.

4.3.2.4 The Down-regulation of IL-6 mRNA Expression Correlates with its
Reduced Rromoter Activity

This laboratory and others have previously used the luciferase reporter assay to establish the
binding role of NF-«xB on the IL-6 promoter region (L. F. Zerbini et al, 2004; T. A.
Libermann et al, 1990). Through site directed point mutations of the NF-kB and AP-1
regulatory elements, a decrease in the IL-6 promoter activation was observed, further
substantiating the activator and binding roles of NF-xB and AP-1 (L. F. Zerbini et al, 2004).
The activation of the IL-6 promoter by the constitutively activated NF-kB and AP-1
transcription factors and the concomitant up-regulation of IL-6 mRNA expression, have been
implicated in the progression of prostate cancer from a hormone dependent state to a
hormone independent state (L. F. Zerbini et al, 2004). The inhibition of NF-kB in DU-145
and PC-3 cancer cell lines has been previously reported to result in the reduced promoter

activity of the IL-6 gene (L. F. Zerbini et al, 2004). To determine if the reduced mRNA
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expression of IL-6 correlated with the IL-6 promoter activity, the promotor activity of the
IL-6 gene was measured. Approximately, a 25% reduction of the IL-6 promoter activity was
observed after 6 hours of treatment with NSC727152 at a concentration of 32uM in DU-145
cells (Figure 14). To further validate the inhibition of NF-kB by NSC727152, the promoter
activity of the consensus sequence kB promoter activity in DU-145 cells was measured. The
reduced promoter activity that was observed after 6 hours treatment at a concentration of

4uM was approximately 25%, confirming the inhibition of NF-kB (Figure 14).

Figure 14: The transcriptional activity of A) the consensus sequence kB promoter B) the IL-6
promoter in DU-145 prostate cancer cells after 6 hours treatment with NCS727152 and DMSO
0.1% control. Data shown represents mean +/- SD of 3 individual samples. Luciferase activity is

shown as a fold induction of the parental vector, pxp2, shown on the left (blue bars).

4.3.3 Discussion

The in vitro evaluation of NSC727152 was confirmed to inhibit cancer cell proliferation in a
dose-dependent manner, in hormone independent prostate cancer cell lines including PC-3
and DU-145 and in the ovarian cancer cell line, OVCAR3. Further analysis in normal

prostate and ovarian cell lines would be required to determine its selectivity for cancer cells.

A literature search has revealed that a closely related analogue to NSC727152, known as
Tachpyridine (Figure 15) has been reported to have in vitro anti-tumour activity and is
currently in pre-clinical trials (J. Turner et al, 2005). Tachpyridine acts as a metal chelator
that binds divalent metals such as Fe?", Zn**, Cu**, Ca**, Mg?" and Mn?" and is reported to be
more cytotoxic to cancer cells than other metal chelators such as the commercially available
Desterrioxamine (DFO) (R. Zhao et al, 2004). Tachpyridine has been reported to arrest

cancer cells in the G2/M phase of the cell cycle in the absence or presence of p38, a mitogen-
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activated protein kinase, where it activates check point kinases in the cell cycle and sensitises
cells to radiation therapy, resulting in the apoptosis of cancer cells (R. D. Abeysinghe et al,
2001; R. Zhao et al, 2004). Studies reported in literature have shown that the overexpression
of the Bcl-xl, a transmembrane mitochondrial protein that acts as a tumour suppressor or
pro-survival protein, abrogates the effects of Tachpyridine (B. T. Greene et al, 2002).
Furthermore, inhibition of caspase 9, a pro-apoptotic protein, results in cell survival, which
confirms the mitochondrial apoptotic pathway induced by Tachpyridine (B. T. Greene et al,
2002).

Figure 15: The structures of Tachpyridine (left) and the analogue NSC727152 (right).
NSC727152 was identified in this study to have anti-tumour activity by inhibiting NF-kB, at a

low micro-molar concentration.

Most iron chelators arrest cells in the Gi-S phase and the different mechanism of action of
Tachpyridine is thought to be due to its Cu** and Zn** chelating activity (J. Turner et al,
2005). Compounds that are capable of neutralising reactive oxygen species (ROS) such as
chelators or metal chelators that contain a dithiocarbamate functional group and thiol
derivatives as well as several other agents have been reported to inhibit NF-xB at high micro
molar concentrations (C. K. Sen et al, 1996). Interestingly, Tachpyridine has not been
reported in literature to inhibit NF-kB, neither has its effects on genes that are regulated by
NF-kB, such as the GADD45 proteins or IL-6, been investigated.

NF-kB has for a long time been identified as an attractive chemotherapeutic target due to its

constitutive activation in many types of cancers including prostate and ovarian cancer where
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it plays a key role in the development and progression of the disease (L. F. Zerbini et al,
2004; X. Dolcet et al, 2005; C. D. Chen et al, 2002; M. Karin, 2009). NF-kB is reported in
literature to be responsible for the multidrug resistance observed in anticancer chemotherapy,
further substantiating it as key therapeutic target (S. Papa et al, 2004; L. F. Zerbini et al,
2004). It is a transcriptional factor that has been studied extensively and has been found to
bind directly to DNA and activates genes that work together to promote cancer cell growth.
This is evident by the relationship between NF-kB and the GADD45 proteins, along with its
activator role in the transcription of the IL-6 gene (L. F. Zerbini et al, 2004; L. F. Zerbini et
al, 2003).

The induction of GADD450a and GADD45y has been shown to lead to the inhibition of cell
growth and apoptosis of cancer cells (L. F. Zerbini et al, 2004), but the role of GADD458 in
response to NF-kB inhibition or activation is still not fully understood but is believed to
either enhance or repress apoptosis depending on the stimulating factor and the pathway that
it may activate (E. De Smaele et al, 2001; A. Amanullah et al, 2003). Taking into
consideration the conflicting role of GADD458, the effects of NSC727152 on GADD45p3
were not investigated. This study has demonstrated that the in vitro inhibition of NF-kB by
NSC727152 results in the reduced cell proliferation of ovarian and prostate cancer cells.
Furthermore, it was demonstrated that inhibition of NF-kB mediated by NSC727152 resulted
in the up-regulation of GADD45a and GADD45y mRNA expression.

In response to the inhibition of NF-kB, the upregulation of the GADD45 proteins have been
previously shown to interact with the upstream kinase, mitogen-activated protein kinase
kinase 4 (MEKK4), which activates both p38 and JNK, leading to apoptosis or inhibition of
cell growth (L.F. Zerbini et al, 2005; M. Takekawa et al, 1998; M. Gupta et al, 2006).
Although this analysis was not within the scope of this study, findings in literature indicate
that iron chelators such as DFO have also been found to result in apoptosis of cancer cells by
activation of the Mitogen-Activated Protein Kinase (MAPK) pathway (Y. Yu et al, 2011).
The induced iron depletion was found to significantly increase the phosphorylation of JNK
and p38 MAPKSs, resulting in the phosphorylation of the downstream targets p58 and ATF-2.
Taking this into consideration, it would be interesting to investigate if the upregulation of the
GADDA45 proteins induced by treatment with NSC727152 could result in apoptosis by
activating the MAPK pathway.
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Furthermore, the GADD45 proteins play an important role in cell cycle regulation (R. E.
Tamura et al, 2012), where the upregulation of the GADD45 proteins in colorectal cancer
cells with wild-type p53 function (a tumour-suppressor protein) was found to arrest cells in
the G2/M phase of the cell cycle, independent of p38 kinase activity (M. Vairapandi et al,
2002; R. E. Tamura et al, 2012). This was found to be a consequence of the inhibition of the
cdc2/cyclin Bl complex by all the GADD45 proteins, where GADD45a and B were
identified to disrupt the complex and not GADD45y (M. Vairapandi et al, 2002; R. E.
Tamura et al, 2012). This was an interesting finding considering that Tachypyridine, the
closely related analogue of NSC727152 is also reported to arrest colorectal and ovarian
cancer cells in the Go/M phase of the cell cycle. The G2/M cell cycle arrest observed in
colorectal and ovarian cancer cell lines was found to be independent of p53 (R. D.
Abeysinghe et al, 2001; R. Zhao et al, 2003). More importantly, the cytotoxic effects of
Tachypyridine were observed in cell lines with both mutant and normal p53 (R. Zhao et al,
2003). In addition, Tachypyridine was found to sensitise only cancer cells and not normal
cells to ionising radiation (J. Turner et al, 2005). It would certainly be interesting to
investigate the effect of NSC727152 on the cell cycle, especially considering that
NSC727152 induces an upregulation of the GADD45 proteins.

As mentioned previously, the constitutive activation of the IL-6 gene in hormone independent
prostate cancer cell lines, which is mediated by NF-kB, plays a pivotal role in the progression
of prostate cancer (L. F. Zerbini et al, 2003). IL-6 is thought to play a key role in driving the
progression of prostate cancer from an androgen dependant prostate cancer to an androgen
independent prostate cancer, which is more aggressive and associated with a higher death rate
(L. F. Zerbini et al, 2003). This substantiates NF-kB as an attractive therapeutic target, as it
binds directly on the IL-6 promoter region. In this study, the inhibition of NF-kB by
NSC727152 resulted in the down-regulation of IL-6 mRNA expression and the reduced
promoter activity of IL-6. The inhibition of NF-kB was further corroborated by investigating
the effect of NF-kB binding on the kB consensus sequence promoter, which consistently
resulted in the reduced promoter activity. The luciferase assay was performed to provide a
preliminary indication of the effects of NSC727152 on the NF-kB promoter activity. Further
experiments such as chromatin immunoprecipitation and/or EMSA gel shifts are necessary to
better determine and substantiate the inhibitory effects of NSC727152 on the binding activity
of NF-xB.
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It is noteworthy that these studies reported in literature were conducted under different
experimental conditions, using different cell types and taking into consideration the
conflicting accounts reported in literature, it would be necessary to confirm these hypothesis

under the same experimental parameters utilised in this study.

4.3.4 Conclusion

In conclusion, the in vitro activity of the four hits identified from the NCI database virtual
screening was confirmed in prostate and ovarian cancer cell lines. The most potent of the 4
compounds, NSC727152 was shown to inhibit NF-kB activity, which resulted in the down
regulation of IL-6 mRNA, the reduced promoter activity of the IL-6 gene and the consensus
sequence kKB promoter. Furthermore, as a consequence of the inhibition of NF-kB by
NSC727152, an up-regulation of both GADD45a and GADD45y mRNA in prostate cancer

cell lines was observed.
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Chapter 5: Summary and Conclusions

5.1 Summary

This study demonstrated that vHTS 1is a useful alternative to HTS in the identification of
active compounds from large compound databases in a timely and cost-effective manner (S.
Subramaniam et al, 2008). A virtual screening of the ZINC and NCI databases was performed
to identify similar compounds to QNZ and Pentamidine. Several SBVS and LBVS
techniques were utilised to identify a selected number of compounds for in vitro screening.
The compounds were screened for cytotoxic activity in prostate, ovarian and renal cancer cell
lines. Four compounds resulting from the LBVS performed for QNZ on the NCI database
were confirmed to have in vitro activity. Furthermore, the most potent compound,

NSC727152, was shown to inhibit NF-kB similarly to its parental compound, QNZ.

5.1.1. Virtual Screening of the ZINC Database

The hierarchical virtual screening of the ZINC database involved of performing a LBVS
followed by a SBVS from which good, intermediate and poor scoring compounds were
selected for in vitro screening. As there is no crystal structure of the NF-kB proteins in
complex with an inhibitor and the target of QNZ is not known, a blind docking protocol was
employed to identify the binding sites of QNZ on the NF-kB pathway proteins, in order to
perform the SBVS. Two putative binding sites of QNZ were identified on the NF-kB/IxBa
complex, which were found to be located in close proximity to two previously described ‘hot
spots’ in literature (S. Bergqvest et al, 2008). QNZ was predicted to have a lower binding
energy at the binding site 2, where the phenoxyphenyl moiety of QNZ is predicted to be
buried in the hydrophobic pocket formed between the p50/IkBa subunits (Chapter 2, section
2.3.2). None of the compounds identified from the docking calculations performed on the
NF-kB/IxkBa complex were confirmed to have cytotoxic activity at a starting concentration of

1000pM.

The docking calculations performed for Pentamidine were performed using the DAO crystal

structure (3HILpdb) (A. P. McGrath et al, 2009). An analysis of the binding interactions
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revealed that Pentamidine and none of the ZINC database compounds formed binding
interactions with the conserved residue Asp186 of the DAO enzyme. However, Pentamidine
and the ZINC compounds identified from the 3D similarity search did interact with the
Asp373 residue which forms part of the catalytic base of DAO, indicating that an inhibitory
action is likely to occur (A. P. McGrath et al, 2009) (Chapter 2, section 2.6.2). The binding
interactions made by the ZINC compounds were similar to those made by Pentamidine but
despite this, the ZINC compounds did not show in vitro cytotoxic activity at a starting

concentration of 1000uM in renal cancer cells.

5.1.2. Virtual Screening of the NCI Database

A chemo-informatic approach was employed for the virtual screening performed on the NCI
database. An analysis of available SAR data from literature was performed to determine the
most beneficial VS techniques to utilise in order to identify similar compounds to QNZ and
Pentamidine. Taking into consideration the SAR data extracted from literature for QNZ and

Pentamidine, only a LBVS was performed on the NCI database.

An analysis of the SAR data available in literature for QNZ (M. Tobe et al, 2003; M. Tobe et
al, 2003) resulted in the generation of 4 pharmacophore hypotheses, which aimed to
rationalise the importance of the different functional groups identified for activity.
Furthermore, the summarised SAR was utilised to select compounds with the desired

functional groups from the similarity search that was performed (Chapter 3, section 3.2.7).

As a consequence of having no relevant SAR data for Pentamidine, a 2-aminopyridine
substructure search was performed for Pentamidine. This was performed based on the
hypothesis that the 2-aminopyridine functional moiety may act similarly as the benzamidine
moiety of Pentamidine in conferring inhibitory effects on the enzymes of the polyamine
biosynthetic pathway. None of the compounds identified from the substructure search were
confirmed to have in vitro activity in renal cancer cells at a starting concentration of 1000uM.
In addition, a binding hypothesis of Pentamidine in the crystal structure of the human
AdoMet-DC enzyme was generated to characterise the binding orientation and interaction of
Pentamidine, to provide insights into the possible inhibitors of the AdoMet-DC enzyme. The
predicted binding pose of Pentamidine indicates that not all of the functional moieties of

Pentamidine are involved in binding interactions with the AdoMet-DC enzyme. Furthermore,
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the stabilising m-cation bond was not predicted in the binding interactions made between
Pentamidine and the AdoMet-DC enzyme (Chapter 3, section 3.6.1). The m-cation bond is
thought to stabilise the inhibitors in a favourable syn conformation leading to increased
potency (S. Bale et al, 2009; D. E. McCloskey et al, 2009). Therefore it was hypothesised that
the less favourable anti conformation was adopted by Pentamidine, which would account for
its reduced potency compared to the other inhibitors of AdoMet-DC (S. Bale et al, 2009; D.
E. McCloskey et al, 2009). In addition, the reportedly poor permeability of Pentamidine in
comparison to other diamines, may contribute to its low potency compared to other inhibitors

of AdoMet-DC (D. E. McClosky et al, 2009; S. Yang et al, 2014).

5.1.3. Biological Screening Assays

The biological assays were performed to confirm the activity of the hit compounds identified
through the virtual screening techniques performed. The cytotoxic activity of the compounds

was determined using the MTT cell proliferation assay.

Four novel hits identified from the LBVS performed for QNZ on the NCI database were
confirmed with in vitro cytotoxic activity, in the micro-molar range. Only one compound was
identified from the similarity search and the remaining three compounds were identified from
the pharmacophore virtual screening. The active compound identified from the similarity
search demonstrated the importance of a functional moiety at the R; position for activity
(Chapter 4, section 4.2.2.3.2). The compounds identified from the pharmacophore hypothesis
demonstrated the importance of the basic nitrogen on the quinazoline core over the aromatic
ring of the same core for increased activity (Chapter 4, section 4.2.2.3.2). The most active
compound NSC727152, was confirmed to have activity in the prostate cancer cell lines,
DU-145 (ICs0=8uM) and PC-3 (ICs50=24uM) and in the ovarian cancer cell line, OVCAR3
(ICso=7uM). Its mechanism of action was also confirmed to be similar to QNZ by acting as
an inhibitor of NF-kB (M. Tobe et al, 2003) (M. Tobe et al, 2003). Consistent with previously
reported data in literature, in response to the inhibition of NF-kB the compound NSC727152
was shown to induce an upregulation of the GADD45a and y mRNA expression and a
down-regulation of IL-6 mRNA expression (L. F. Zerbini et al, 2003; L. F. Zerbini et al,
2004). Furthermore, treatment with NSC727152 resulted in the reduced promotor activity of

the IL-6 and the consensus sequence kB promotors (Chapter 4, section 4.3.2).

129



5.2 Conclusions

In conclusion, a combination of SBVS and LBVS techniques were utilised to screen the

ZINC and NCI databases.

In the absence of a crystal structure of the NF-kB proteins in complex with an inhibitor, blind
docking was performed to identify the lowest energy binding site of QNZ. Two putative
binding sites were identified on the NF-kB/IkBa complex. The putative binding sites were
found to be located in close proximity to previously identified ‘hot spots’ on the NF-kB/IxBa
complex (S. Bergqvest et al, 2008). A binding hypothesis of Pentamidine in the AdoMet-DC
enzyme has provided possible reasons for the reduced potency of Pentamidine in comparison
to the other inhibitors of AdoMet-DC (D. E. McCloskey et al, 2009). The binding hypothesis
revealed that the ether oxygens and the benzamidine moiety are necessary for inhibitory

interactions made with the AdoMet-DC enzyme.

Biological assays were used to confirm the in vitro activity of the hits identified through the
virtual screening performed. The compounds confirmed with in vitro activity resulted from
the LBVS screening performed for QNZ on the NCI database. Taking into consideration the
ICso values of these active compounds, it can be concluded that the basic nitrogen on the
quinazoline core is more important for increased activity than the aromatic ring on the same
core. Furthermore, a functional group at the R; position is important for activity. The most
active compound, NSC727152, was confirmed to act similarly to QNZ by inhibiting NF-kB.
Consistent with the data reported in literature on the inhibition of NF-kB, an up-regulation of
the GADD45a and y mRNA expression and a down-regulation of IL-6 mRNA expression
was observed after 6 hours of treatment with NSC727152 in DU-145 and PC-3 cancer cell
lines. Furthermore, the reduced promotor activity of the IL-6 and the consensus sequence «B

promotors, confirmed the inhibitory effect of NSC727152 on NF-«kB in DU-145 cancer cells.
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5.3 Future Work

5.3.1 Validation of the Binding Sites Identified for QNZ through the Blind

Docking Calculations.

The validation of the predicted binding sites identified for QNZ on the NF-kB/IkBa complex
(Chapter 2, section 2.3.2.1) would be worthwhile, considering that they have been identified
to be in close proximity to previously described ‘hot spots’ (S. Bergqvest et al, 2008). There
are several approaches that may be used to confirm the binding sites of QNZ, including MD
simulations, which aim to accurately predict the dynamics and interactions between flexible
ligands and proteins and are commonly performed on the top docked calculations retrieved
from a SBVS (H. Alonso et al, 2006; E. R. Lindahl, 2006). MD simulations have become
invaluable in refining docking calculations in addition to providing a time-dependant,
dynamic understanding of the interactions between a protein and ligand in a solvent
simulating the natural environment (H. Alonso et al, 2006). MD simulations would be
beneficial to perform in order to confirm the putative binding sites identified for QNZ on the
NF-kB/IxBa complex before embarking on obtaining a crystal structure. The in vitro
verification of the predicted binding sites may be achieved by performing site directed
mutagenesis (S. Ekins et al, 2005). Site directed mutagenesis is commonly used to confirm
the ligand binding sites on a protein surface, by mutating protein residues hypothesised to be
important for ligand interaction (S. Ekins et al, 2005). The natural function and inhibition of
the protein is then confirmed to determine that the protein had still maintained its correct fold
and function despite the introduced mutations and to determine whether inhibition was
achieved or not with respect to the mutated residues (A. Guidmond et al, 2002; N. Vaidehi et
al, 2002). Correct protein folding and site directed mutagenesis may also be explored by
utilising MD simulations (S. Ekins et al, 2005; A. Alonso et al, 2006). The residues predicted
to interact with QNZ at both binding site 1 and 2, may be mutated to confirm their

importance in forming the binding interactions with QNZ.
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5.3.2 Binding Hypothesis of Pentamidine in the AdoMet-DC Crystal Structure

The aim of generating the binding hypothesis of Pentamidine in the human AdoMet-DC
crystal structure was to provide insightful information on the binding interactions and pose of
Pentamidine (Chapter 3, section 3.6.1). From the binding hypothesis it was evident that not
all of the functional moieties of Pentamidine formed binding interactions with the AdoMet-

DC enzyme (Figure 1).

Figure 1: The predicted binding interactions of Pentamidine in the human AdoMet-DC crystal
structure (3HOW.pdb) (S. Bale et al, 2009). The buried amidine groups of Pentamidine form
hydrogen bonds with the main chain carbonyl group of the Phe7 residue and the side chain of
the Cys226 residue (hydrogen bonds shown in red). The solvent exposed amidine group of

Pentamidine forms hydrogen bonds with the Ser66 and Glu67 residue sidechains.

The hydrogen bond formation between Pentamidine and the Cys226 residue of AdoMet-DC
is not observed with the other inhibitors of AdoMet-DC and therefore it was hypothesised
that this amidine group may not be necessary for activity (S. Bale et al, 2009). In addition, the
amidine group of the solvent exposed benzamidine moiety of Pentamidine is predicted to not
form binding interactions with AdoMet-DC. Therefore it may be hypothesised that this
moiety may also not be necessary for activity. Several series of analogues may be designed

based on this hypothesis by omitting the non-interacting solvent exposed amidine group of
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Pentamidine and/or the amidine that interacts with the Cys226 residue of AdoMet-DC
enzyme. Replacing these moieties with other functional groups to form increased interactions
with the AdoMet-DC enzyme may also be explored. Furthermore, analogues with a fewer
number of rotating bonds compared to Pentamidine may be designed to decrease the
conformational entropy hypothesised to contribute to the reduced potency of Pentamidine,
compared to other inhibitors of AdoMet-DC. This may allow for the analogues to adopt the
favourable syn conformation in the active site of the AdoMet-DC enzyme, which is
responsible for increased activity compared to the less favourable anti conformation
hypothesised to be adopted by Pentamidine (D. E. McCloskey et al, 2009). Furthermore,
analogues may be designed to include a suitably positioned positively charged group to
interact with the Phe7 residue to form the stabilising m-cation interaction. Literature suggests
that compounds without a positively charged group fail to inhibit the AdoMet-DC enzyme (S.
Bale et al, 2009; D. E. McCloskey et al, 2009).

5.3.3. Biological Assays to Determine the Inhibitory Effects of NSC727152 on
NF-xB

The inhibitory activity of NSC727152 towards the transcription factor NF-xB may be further
explored to determine the full potential of NSC727152 as an inhibitor of NF-kB. In response
to the inhibition of NF-kB, the upregulation of the GADD45 proteins has been previously
shown to interact with the upstream kinase, MEKK4, which activates both p38 and JNK,
leading to apoptosis or inhibition of cell growth (L.F. Zerbini et al, 2004; M. Takekawa et al,
1998; M. Gupta et al, 2006). Taking into consideration that other iron chelators such as DFO
have also been identified to induce the apoptosis of cancer cells via activation of the MAPK
pathway, it would be worthwhile to determine whether NSC727152 induces the apoptosis of
cancer cells (Y. Yuet al, 2011).

The GADD45 proteins play a central role in the cell cycle regulation, where their
up-regulation has been shown to arrest cancer cells in the G2/M phase of the cell cycle (R. E.
Tamura et al, 2012; M. Vairapandi et al, 2002). Tachpyridine, the closely related analogue of
NSC727152 is also reported to arrest colorectal and ovarian cancer cells in the G2/M phase of

the cell cycle. Taking into consideration that NSC727152 induced an up-regulation of the
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GADDA45 proteins, it would be interesting to determine the effect of NSC727152 on the cell

cycle regulation.

Copper and zinc chelators have been identified to inhibit key mediators of cancer progression
and migration such as the vascular endothelial growth factor, IL-8, IL-6 and NF-kB (Y. Yu et
al, 2006). IL-6 has been identified to play a pivotal role in the progression of prostate cancer,
contributing to its metastasis and angiogenesis (L. F. Zerbini et al, 2004; D. P. Nguyen et al,
2014) Taking into consideration that NSC727152 was shown to inhibit NF-xB in this study
resulting in the reduced expression of IL-6 mRNA and its promoter activity, further analysis
could include determining the effects of NSC727152 on the migration and invasion of cancer

cells.

Finally, the direct inhibitory effects of NSC727152 on NF-kB determined in this study by the
luciferase assays may be further substantiated by performing the chromatin
immunoprecipitation assay or the EMSA gel shift assay. This would substantiate the data that
NSC727152 binds directly to and inhibits NF-kB in prostate cancer cell lines.
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6.3 Appendix 3

6.3.1 Appendix 3.1: Compound Solubility

Table 1: The compounds identified from the ZINC database that were insoluble and
precipitated out of the culture media. The solubilisation enhancement techniques did

not improve the solubility of these compounds.

QNZ Pentamidine
ZINC43272460 ZINC02996814
ZINC52468283 ZINC48997508
ZINC49000199 ZINC09473369
ZINC08764584 ZINC15613510
ZINC47360766
ZINC12672314
ZINC31673334

Table 2: The compounds identified from the NCI database that were insoluble and
precipitated out of the culture media. The solubilisation enhancement techniques did

not improve the solubility of these compounds. The compounds denoted with an asterisk

include those that were excluded from the primary screen.

QNZ Pentamidine
NSC47789 NSC403345
NSC403389* NSC334433
NSC89534 NSC383
NSCI12155 NSC33415
NSC153792 NSC31592
NSC33353* NSC26282
NSC150427* NSC106207
NSC21105

NSC19136
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NSC214005
NSC106570
NSC204382
NSC33352

NSC205653
NSC630355
NSC94620

NSC181099
NSC658798
NSC50982*

6.3.2 Appendix 3.2: Biological Results of ZINC Compounds Identified for
Pentamidine

The MTT proliferation graph of ZINC compounds identified from the SBVS performed for
Pentamidine in Chapter2. The graphs below include the proliferation MTT assay, 24 hour
post-treatment in A498 cancer cell line. DMSO 0.1% was used as vehicle control. Data
shown represents mean + S.D. of four independent experiments performed in duplicate. OD =

absorbance.
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6.3.3 Appendix 3.3: Biological Results of ZINC Compounds Identified for QNZ

The MTT proliferation graph of ZINC compounds identified from the SBVS performed for
QNZ in Chapter 2 are depicted below. The graphs include the proliferation MTT assay, 24
hour post-treatment in DU-145, PC-3 and OVCAR3 cancer cell line. DMSO 0.1% was used
as vehicle control. Data shown represents mean + S.D. of four independent experiments

performed in duplicate. OD = absorbance.
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6.3.4 Appendix 3.4: Biological Results of NCI Compounds identified from
Pentamidine Substructure Search

The MTT proliferation graph of NCI compounds identified from the sub-structure search
performed for Pentamidine in Chapter 3. The graphs below include the proliferation MTT
assay, 24 hour post-treatment in A498, RCC4+ and RCC4- cancer cell line. DMSO 0.1% was

used as vehicle control. Data shown represents the mean + S.D. of four independent

experiments performed in duplicate. OD = absorbance.
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6.3.5 Appendix 3.5: Biological Results of NCI Compounds identified from QNZ LBVS

The MTT proliferation graph of NCI compounds identified from the LBVS performed for
QNZ in Chapter 3 are depicted below. The graphs include the proliferation MTT assay, 24
hour post-treatment in DU-145, PC-3 and OVCAR3 cancer cell line. DMSO 0.2% was used
as vehicle control. Data shown represents mean + S.D. of four independent experiments

performed in duplicate. OD = absorbance.
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