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Abstract
Proteins and smaller peptides perform a wide variety of functions within living
organisms making them an attractive field of study in biomedical research generally
and cancer research in particular. Many proteins serve as cell cycle regulators and
gene expression modulators through their interaction with other proteins; the
overwhelming majority of molecular interactions in cell biology rely on proteinprotein interaction for their mode of action. In the last couple of decades several
powerful techniques have been developed that use protein or peptide based
ligands to target cancer cells in increasingly more efficient and potent
chemotherapies. Despite these advances the fundamental steps in protein
engineering have remained largely the same and off-target effects are still common
in so called ‘gold standard’ chemotherapies. This thesis is divided into five chapters.
The first chapter will begin by compiling relevant literature covering aspects of
current practices in protein engineering, cancer with a particular focus on triple
negative breast cancer and DNA damage and the G-quadruplex secondary
arrangement of DNA. Chapters Two, Three and Four report the body of my research
where I describe a radically new approach to the way we produce proteins of
interest that utilizes a shear stress induced refolding mechanism, new ways to
deliver therapeutic proteins as well as addressing a need to focus on the physical
structure of proteins and oncogene associated proteins. Finally, Chapter Five will
offer concluding remarks and suggest possible future directions for the research
presented in this thesis.
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Currently, recombinant overexpression of proteins in bacterial hosts often
results in misfolded or aggregated proteins that isolate into inclusion bodies.
Bacterial recombinant overexpression of proteins is a fast way to produce large
quantities of biologically active proteins and a crucial step to making biomedically
useful proteins commercially viable. However, protein aggregation experienced
during production drastically reduces yields and increase the time taken to produce
the final active form of a desired protein. Conventional methods to correct
misfolded proteins are time intensive and produce large volumes of chemical
waste. We have addressed these problems in Chapter 2 with a novel method that
implements shear stress to rapidly refold proteins from inclusions while
simultaneously reducing bio- waste.
The use of proteins in anticancer treatments has been a steadily growing
field of interest in laboratories around the world. Because of the very specific
binding nature of proteins they have been suggested as a possible solution to
systemic toxicity side effects observed in many chemotherapies. In Chapter 3 we
describe the use of synthetic peptide that interferes with the functioning of the
Engrailed 1 transcription factor to inhibit cancer cell proliferation in a potently
specific manner. Furthermore, we show an enhanced effectiveness of our so called
‘iPep’ when delivered in a poly(glycidyl methacrylate) nanoparticle formulation and
later explore this nanoplatform’s ability to act as a co-delivery system in
conjunction with other industry standard chemotherapeutic molecules.
The focus of the fouth chapter in this thesis is concerned with
understanding the unique four-stranded G-quadruplex DNA structure and its

xviii

implications in tumourigenesis. When certain guanine (G) rich sequences occur in
DNA they can form what is called a G-quadruplex, a planar assembly of nonWatson-Crick base pairing that are over-represented in regulator genome regions
and oncogenes. G-quadruplexes reduce DNA stability which is believed to increase
mutagenicity. Identifying these structures has led to a desire to design small binding
molecules that could bind to G-quadruplex structures, stabilizing them and down
regulate oncogene expression and procancer signalling. To do this we must
understand the structure of a binding pocket to then create an analogous binding
molecule. A monoclonal single chain antibody, BG4, has been shown to have a high
affinity and specificity for the intramolecular G-quadruplex structures but its exact
3-dimensional structure has yet to be solved. We attempted to crystallise
recombinant BG4 and in doing so have identified ways to improve yield and certain
conditions more prone to sustaining a complete crystal structure of BG4.
The fifth and final chapter of this thesis will briefly summarise the major
finding of each of the previous chapters. It will then go on to offer means to
improve our understanding of the conclusions drawn from the research presented
by way of experimental observations or proposed future work. Collectively, this
thesis explores the many important roles proteins play in aberrant cell cycling, in
particular, as it relates to cancer and how we can inhibit tumour formation. This
research, combined with further studies could drastically reduce the costs
associated with production of chemotherapeutics, offers a new, more efficient
alternative anticancer drug while also guiding our comprehension of the next wave
of protein-DNA based chemotherapeutic ligands.
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CHAPTER 1
Introduction and literature review

When considering their chemical and physiological behaviour, proteins are by far
the most structurally and functionally sophisticated of all biological molecules. This
is not surprising when we realise proteins constitute most of a cell’s dry mass.
Proteins are necessary for a wide range of cellular functions, including both
chemical catalysis and structural integrity. For example, enzymatic proteins provide
chemical catalysis and membrane proteins form channels and pumps to regulate
cellular import and export. Proteins may serve as signal integrators that relay signal
cascades, or even act as moving parts for tiny molecular machinery, such as kinesin
or topoisomerase. Proteins can even form highly specialised structures, like
antibodies or hormones, which are biochemically active throughout entire body
systems. It comes as no surprise then that the characterisation and use of proteins
in modern science spans all disciplines of research.

The observed functional diversity among proteins is due to both innate
protein structure, as well as environmental factors. The amino acid sequence of a
protein molecule determines its three-dimensional conformation, as noncovalent
interactions between different regions of a polypeptide chain stabilise its folded
structure. Amino acids possessing hydrophobic side chains tend to cluster within
the interior of the molecule, while localised hydrogen-bond interactions between
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neighbouring peptide bonds give rise to secondary α helices and β sheets. Larger
tertiary globular structures, known as domains, containing ~40-350 amino acids
also direct behaviour; but this does not mean large proteins are rigid materials.
They contain precisely engineered moving parts whose mechanical actions couple
with a specific chemical event. The coupling of chemistry and movement is what
gives proteins their extraordinary capacity to carry out cellular activities. Protein
binding interactions display great specificity, in that a protein’s active site often
binds a very few number of molecules. The ability for a protein to selectively bind a
ligand with high affinity is dependent on the formation of numerous weak forces,
including noncovalent bonds, hydrogen-bonds, electrostatic attraction and van der
Waals’ forces, in addition to hydrophobic interactions. This type of bonding means
a single protein can participate in multiple reactions without being consumed in the
process.

For the above reasons, proteins are an incredibly attractive group of
molecules to study. In this chapter I will review current literature surrounding the
usefulness of proteins in modern biomedical sciences. First, the methodologies
used to engineer and harvest proteins will be discussed. Secondly, I will discuss the
application of proteins as therapeutic molecules against cancer cells and tumours,
with particular focus placed on triple negative breast cancers. Thirdly, the
important roles that protein-DNA interactions play in newly emerging cancer
research will be addressed in the context of unique G quadruplex structures. Finally,
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this chapter will conclude with a summary of the ideas and formulation of the
research aims of this thesis.

1.1 Laboratory production of protein
The isolation and purification of a single desired protein from cells is a difficult
process. Unlike genomics, there is no standard protocol for protein expression. A
common approach to proteomic analysis incorporates five essential steps: 1)
biological extraction; 2) separation, from non-protein elements like lipids and
nucleic acids; 3) precipitation, to separate crude extracts from bulk protein; 4)
chromatography, either by ion-exchange, hydrophobic interactions or size
fractionation by which the target protein is removed from the bulk protein; 5)
tailored use of a precise “affinity” matrix to yield large amounts of high purity
target protein. This is achieved by exploiting properties unique to the target protein
during each of the five phases. This has led to protein purification to be referred to
as “more of an art than a science”.

There are three common approaches to protein expression. These are
recombinant overexpression, cell-free expression, and artificial bio-conjugation. As
each technique possesses its own inherent advantages and disadvantages, the
choice of expression system will affect purity, yield volume, and time costs, more
than any other step in the process of harvesting proteins 1. The most widely used
technique is recombinant protein expression. This technique employs living cells as
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factories to build protein constructs based on supplemented genetic templates.
Synthetic DNA vectors are transfected into cells where they are transcribed and
translated, producing large volumes of the desired protein. High yields, low time
costs, and ease of scalability, make this methodology the most widely spread of all
protein expression systems2,3.

Cell-free protein expression is another type of in vitro protein synthesis.
Here, translation-compatible whole cell extracts including RNA polymerase,
regulatory protein factors, ribosomes, transcription factors, and transfer RNA
(tRNA) are supplemented with specific gene nucleotides and cofactors to synthesise
small amounts of proteins within a few hours4-6. Although yields are considerably
smaller, this method allows rapid synthesis in conditions free of proteolytic
degradation while enabling easy protein labelling without the need of cell
cultures7,8. Finally, scientists can artificially synthesise proteins via chemical
crosslinking reactions. Often described as bio-conjugates, proteins are covalently
bonded to each other or modified via labelling at specific sites to produce small
volumes of highly pure, short, and unnatural proteins9,10. This is a prohibitively
expensive process that is usually restricted to peptides or proteins that are toxic to
express in biological systems. Alternatively, bio-conjugation is also used for labelling
reactions with significant degrees of difficulty associated with site specificity11.

With low yields and high costs plaguing the cell-free and crosslinking
methodologies, researchers routinely turn to recombinant protein expression
4

systems to express proteins of interest. Under individually optimised conditions
that suit each protein of interest, the relative purity and rapid production of larger
volumes created by recombinant protein expression make it the only viable solution
to mass production of affordable protein therapies.

1.1.1 Recombinant protein expression
Industrial scalability is one of the major hurdles that drug designers must overcome
if their drug is to become widely available. This is the major advantage of
recombinant protein expression systems. The advent of recombinant DNA
technology allowed scientists to effectively express desired genes inside foreign
cells. Today, recombinant proteins produced for industrial, agricultural,
environmental, and pharmaceutical purposes, represent a $160 billion global
market12. Recombinant protein expression was hailed as the solution to sourcing
rare and expensive proteins required for modern scientific research. As protein
recombination became standardised, researchers began exploring the way in which
the choice of host cell influenced both the quality and quantity of protein produced.

Recombinant protein expression in mammalian cells yields biologically
active protein bestowed with all its necessary posttranslational modifications. It
must be noted, however, that this method is synonymous with long cultivation
times, low volumetric yields, and requires expensive bioreactors and consumables
cost12,13 . In contrast, bacterial cultivation is faster, less expensive, and yields high

5

cell densities associated with higher protein production rates. Unfortunately, the
recombinant protein produced by bacteria such as Escherichia coli, frequently yields
inactive protein that collects as aggregates called inclusion bodies, which must be
further processed to be useful. All of these properties have a great impact on
production costs. Each protein must go through thorough optimisation to
determine which avenue is most tailored to the highest volumetric yield. With
speed and volumetric yield being the biggest draw to recombinant expression and
bacterial systems being the most effective host to achieve these features, it is the
most frequently used expression system in laboratories.

1.1.1.1 Bacterial recombinant protein expression
Production of an inactive protein isolated in inclusion bodies can be a considerable
drawback of bacterial recombinant expression. The recovery of proteins is laborious
and expensive; however, when recovery of correctly folded protein is possible, it is
often preferable over other means of harvesting proteins. Protein isolation into
inclusion bodies does present some advantages, such as a high degree of purity of
target protein aggregates and an increased protection against proteolytic
degradation. Until recently, inclusion bodies were thought to be inert to in vivo
dissolution. In 2001, Carrió and Villaverde described a process to successfully
overturn inclusion body protein inactivity14. The ability to recover protein activity
caused a shift towards E.coli bacterial systems, and away from expensive eukaryotic
expression systems. This meant that isolated recombinant proteins could regain
function through robust refolding techniques: direct dilution, dialysis, and size
6

exclusion chromatography, are just a few examples of such methods 15-17. Despite a
wide variety of techniques that exist to recover inclusion body protein, problems
still persist. These methods commonly require large volumes of refolding media
(typically 1-10 litres per mg of desired protein) which prevents up-scaling and nonspecific separation (or poor separation) from different folding intermediates
limiting sample purity12.

1.1.1.2 Protein refolding: Industry versus nature
The recovery of inclusion bodies generally results in a soluble protein lacking its
native conformation, which affects or even prevents action entirely. Once
solubilised, proteins must then undergo further processing in conditions that favour
formation of native conformation. However, this is not always possible as energy
barriers may be too great to allow intermediate structures to return to native state.
These limitations reflect the differences between laboratory and natural means of
folding and refolding proteins. Natural protein folding is driven by intramolecular
interactions between amino acids, while hydrophobic intermolecular interactions
are responsible for aggregates. This difference in adhesive vs cohesive forces is
what drives protein folding intermediates as amino acids have not been allowed to
bury hydrophobic moieties as they would naturally18. Figure 1-1 provides a
description of the comparative pathways that new translated proteins can follow
while inside the cell as they transition through intermediates to their native
conformation.
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Figure 1-1. Schematic representation of protein refolding in E.coli. Displayed above are the various
progressions a newly translated protein can cycle through during transition from an intermediate
conformation to native conformation. (1) Newly translated nascent polypeptide emerging from the
ribosome is met by local DnaJ (J) chaperone molecule. This binding encourages polypeptide chain
recognition by DnaK (K) co-chaperone. (2) DnaK-DnaJ form a complex that shields hydrophobic
sequences in the polypeptide preventing undesired intermediate interactions while also critically
19
amplifying ATP conversion in co-chaperones . This is important as binding and release of protein
substrates occurs in ATP-dependent manner. (3) Further binding of GrpE nucleotide exchange factor
may force structural changes into native conformation in one reaction. Alternately, multiple cycles
of GrpE release and binding may be required (4). This is On Pathway protein refolding cascade.
Should GrpE cycling fail correct folding a secondary Off Pathway exists through the GroEL-GroES
chaperonin system (shown in red).(5) The barrel shaped GroEL-GroES complex further isolates the
protein folding environment and facilitates isomerization of compacted proteins trapped in
intermediate conformations. Protein released from the GroEL-GroES chaperonin may still be unable
to achieve native conformation. In these cases the protein enters the proteolysis pathway (6) for
20
cellular recycling or an aggregate(7) formation is released that will later undergo proteolysis .
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In nature, cells have evolved molecular machinery to assist protein folding
and prevent hydrophobic conformational pitfalls from forming: otherwise known as
chaperone proteins. Chaperones are a conserved feature among all phylogenetic
kingdoms. An example of one such class of chaperone molecules are chaperonins
(particularly GroEL-GroES in E. coli). Chaperonins are able to reverse protein
aggregation, and refold proteins by lowering the thermodynamic energy required 21.
Measurements of the large activation energy of unfolding actin protein models
have recorded free energy change occurring at approximately 80 KJ mol -1. This sort
of in vivo chaperone assisted refolding is essential for any protein greater than 100
residues in length. When GroEL binds its substrate protein, GroES, ATP hydrolysis is
triggered leading to unfolding of misfolded protein 20. This is followed by ATPdependent binding of the GroES complex and target protein refolding inside a
chaperonin basin21.

Two critically important features must be noticed in the mechanism of the
GroEL-GroES chaperonin system – protein unfolding happens via mechanical means
and the target protein is shielded during transitioning through partially folded
intermediate conformations. These two steps are important because they are two
primary processes that laboratory science has failed to recreate when devising ways
to improve protein folding following recombinant expression. Laboratory science
can direct folding in protein structures using thermal energy, chemical energy, and
even physical energy when using pressure, but attempts at creating a feasible way
to redirect folding with mechanical means is too expensive for routine applicability.
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If refolding proves too difficult, it is generally recommended to return to expression
in a mammalian cell system. Considering the potential advantages that bacterial cell
lines offer with respect to total volumetric yield per dollar, it is no surprise that
most methodologies would rather focus on optimising bacterial vectors and deal
with recovery troubleshooting later. For this reason, only physical and chemical
techniques that seek to improve protein yields in bacterial cell lines will be
discussed from here on.

1.1.1.3 Important considerations during protein recovery
The most important physical variable shaping protein refolding yields is
temperature22,23. Temperature effects protein folding in two ways – speed of
folding and tendency to aggregate during intermediate folding states. Each protein
has a limited temperature range that sustains a stable structure. Low temperatures
are generally agreed to support productive folding and suppress hydrophobic
aggregation. The slow total kinetic energy associated with low temperatures also
decreases the folding rate, subsequently increasing the time needed for
renaturation23. For this reason, studies focusing on altering temperatures have little
universal application or scope for industrial up-scaling.

Altering pressure can also be used as an important variable to exploit larger
yields. Robinson and colleagues showed that once disassembled, protein
monomers can retain native-like structure when exposed to hydrostatic pressure up
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to 5k bar. They also showed that high pressure, to a limit of 3k bar, were capable of
disrupting oligomeric structures24 and even dissolve inclusion body aggregates25,26.
Together, these findings recognise critical pressure ranges that can be harnessed to
specifically disrupt intermolecular forces without undesired insult to intramolecular
forces.

The aforementioned techniques disrupt intermolecular forces to release
monomers and restore protein nativity and solubility. However, there are alternate
approaches to solving the same problem. The addition of solubilising tags to
proteins is a common means to promote soluble expression when using bacterial
vectors. Popular examples of solubilising tags include glutathione s-transferase
(GST), maltose binding protein (MBP), small ubiquitin-like modifier (SUMO), and Nutilizing substance A (NusA)27. Expressions using these tags do improve
solubilisation in fused protein targets, but can still result in reduced overall protein
yield and the added complication of potentially needing to remove the tag
afterwards.

Too often the benefits of the above recovery strategies occur at a cost to
the inherent advantages bacterial over-expression offers. Additional post
expression processing results in time or cost-efficiencies being nullified. Many
investigators will simply ignore solubility issues altogether and instead purposefully
drive the protein into the inclusion body in favour of maximising target protein
yields. Subsequently, the inclusion body must be solubilised and refolded. Existing
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in vitro strategies for protein refolding can do this by direct dilution into refolding
buffers,15,28 dialysis to slowly remove denaturants16,22 and size exclusion
chromatography (SEC) or hydrophobic interaction chromatography (HIC)18,29,30. Each
of these methodologies share a common approach – the target protein is isolated
as amorphous aggregates or as amyloid-like fibrils that can be unfolded from their
current kinetically trapped state into a higher energy transition state. In doing so,
the protein can potentially fold into its desired proper native state restoring
functionality for future application (Figure 1-2)31.

Figure 1-2. Protein folding in the folding funnel model. At the top of the schematic are unfolded
proteins in an energy landscape rich in free-energy. Unfolded proteins follow the free energy surface
in the irregular funnel shape. When partially folded proteins fall into the lower energy crevasses
31,32
they become kinetically trapped and form protein aggregates . Molecular chaperones in
prokaryotic and eukaryotic cells can return misfolded and aggregated molecules to a higher free33-35
energy state. This allows the protein to refold to reach the native state conformation
. Figure
31
adapted from .

12

1.1.2 Protein unfolding by applied shear stresses
Earlier I discussed how cells use physical energy to unfold protein aggregates with
GroEL chaperone proteins, and how high hydrostatic pressure can be used to alter
protein secondary structures in vitro. Of particular importance to this thesis is the
capacity for high shear stresses to denature or alter protein secondary and tertiary
structures. In chapter two of this thesis I investigate the controlled application of
these forces by a unique table top device to solubilise inclusion bodies created
during recombinant protein expression. Shearing forces are commonly observed as
a by-product during many biotechnologies such as centrifugation, fractionation, and
cell lysis36-38. Shear forces exist within a liquid medium as fluids move along a
stationary boundary with respect to the liquid. This is represented simplistically in
Figure 1-3.

Figure 1-3. Three dimensional representation of a section of fluid under shear stress (τ). The liquid
in this system is moving to the right, relative to the stationary boundary (bottom of image). When
the velocity gradient from the stationary boundary to the mobile boundary is linear, shear stress is
𝐹
defined by τ = , where A is the area that force F is applied.
𝐴
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Previous shear force investigations using insulin39 and recombinant human
growth hormone (rhGH)40 have been able to quantify the shear stress levels
required to unfolded and aggregate these proteins. Hill et al. have additionally
reported high shear stresses capable of inducing amyloid formation in βlactoglobulin41. Likewise, the controlled use of high hydrostatic pressure has been
demonstrated to both denature proteins and refold misfolded substrates. When
this force is fine-tuned with respect to the amount and duration of shear stress, it
can encourage unfolding and proper refolding to native state without the need for
complicated pressurized systems.

1.1.2.1 Application of the Vortex Fluid Device
While at The University of Western Australia, Professor Colin Raston developed a
low-cost benchtop device called the Vortex Fluidic Device (VFD). VFD uses microthin film fluids to apply controlled levels of shear stress in both a confined and
continuous flow environment (Figure 1-4). The VFD was initially developed to
exfoliate graphite42 and hexagonal boron-nitride43, however, the applied shear
forces within the VFD have been shown to overcome the van der Waals interactions
between carbon layers, without damaging the monolayers produced by processing.
Subsequent studies have demonstrated the VFDs ability to disassemble hydrogenbonded p-phosphonic acid calix[5]arene via reversible dissociation of non-covalent
bonds44. In Chapter 2 of this thesis we characterise the VFDs application of shear
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stress to successfully unfold protein aggregates as a means to address recovery
issues and improve bacterial expression of large proteins.

Figure 1-4. Illustrative representation of the Vortex Fluid Device (VFD). A 16 cm long glass tube
with diameter 10 mm is inclined at a 45º angle. The fluid filled tube is spun at high speeds, forcing
the sample the spread out along the walls of the glass into microfluidic films (0.2 – 1.2 mm for
volumes of 1 ml) indicated by the red lines. Films thickness is dependent upon rotation speed and
45
angle of incline .

1.2 Protein-protein interactions and human disease therapies
Alongside examining the ways in which we produce important proteins of interest,
this thesis also seeks to explore novel protein therapies for the treatment of cancer.
Before delving into this discussion, it would be pertinent to review some of the
many roles proteins in particular dysfunctional proteins errors can contribute to
human disease.

Aberrant protein interactions are frequently the root of human diseases.
Specific protein interactions have been identified across nearly all disease systems,
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including the papilloma virus, cervical cancer, bacterial infections, and
neurodegenerative disease. By identifying where and how protein failures produce
disease, we can design therapeutic approaches for correcting, and hopefully curing,
human diseases as they arise.

For example, papilloma virus infections initially cause benign epithelial
lesions that can result in cervical cancer46,47. The virus relies on viral E2 proteins to
successfully segregate and replicate their episome into daughter cell nuclei. This is
achieved by a C-terminal viral DNA binding region48 and an N-terminal
transactivation domain49. E2 proteins target cellular Brd4 proteins in host cells to
attach to mitotic chromosomes and ensure the virus plasmid is passed onto
daughter cells. Brannon et al. realised this and overexpressed the C-terminal E2
binding region of the Brd4 protein, blocking E2 binding and viral transmission to
daughter cells50. Through the characterisation of protein-protein interactions, a
promising target for therapeutics against papilloma viral infections and cervical
cancer has been developed.

Protein-protein interactions can also be responsible for bacterial pathogen
infections. For instance, Gram-positive bacteria hijack a host cell’s internalisation
machinery via surface fibronectin-binding proteins (FnBPs). This occurs when
intrinsically disordered repeat sequences in the FnBPs bind fibronectin and adopt a
β-sheet conformation within two of the fibronectin domains forming a ‘tandem βzipper’ that facilitates bacterial invasion of the host cell 51. The tandem β-zipper
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protein interaction has been observed in many bacterial species including those
that lead to endocarditis, scarlet fever and Lyme disease51-53. This suggests a
common mechanism of bacterial invasion and offers a broad application for
therapeutics that target or inhibit zipper formation.

Huntington’s disease is one of several neurodegenerative disorders whose
precise etiology is not entirely known. The disease is characterised by N-terminal
expansion of ubiquitous huntingtin (htt) protein. This expansion contains additional
glutamine residues in polyQ regions of proteins, prompting it to be referred to as a
polyQ disease. This aberrant expansion causes insoluble aggregates to deposit in
the brain and htt to self-assemble into β-sheet conformations similar to amyloid54.
While the protein aggregates themselves are not cytotoxic, they can sequester
healthy htt proteins depriving cells of their critical function relating to transcription
regulation, anti-apoptotic effects and neuronal development55. This sequestering
effect was thought to be the cause of the Huntington’s disease, until the mid-1990s
when the specific polyQ-htt associated protein (HAP-1) was identified as a binding
partner for aggregated htt. This finding suggested that neuropathology may be due
to interactions between polyQ-htt and other proteins and not simply protein
deficiency56.

These instances of protein involvement in human disease highlight the
importance of protein functioning to the cell. Studying protein interactions is
important not only for our understanding of the cause of disease, but also when
designing therapies to combat them in the future. High binding affinity for very
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select targets make proteins widely effective drugs. These inherent properties
address precise problems that are currently commonplace in many cancer therapies
and may offer solutions to many of the side effects that continue to trouble cancer
treatment.

1.2.1 Protein’s role in cell cycling
When considering the many facets of disease and cancer progression, no
characteristic is more defining than the state of unregulated cell cycling and
division. No single error in the cell cycling process will be wholly responsible for
cancer development, however. Normal cell division is controlled by proteins at
many separate levels, and a sum of errors are accrued over time that lead to a cell
becoming cancerous. There are many different instances in which protein failure
can occur during the cell cycle that can lead to disease. This is why treating cancers
is so difficult.

A simple model of cell division is to divide it into two stages of activity:
mitosis and interphase. Mitosis is where the cell is actively engaged in nuclear
division, and can be further broken down into stages of prophase, metaphase,
anaphase, and telophase. The cell spends most of its time in interphase, which
includes the DNA replication required before cell division. Interphase can also be
viewed in sequential sub-phases namely, G1, S, and G2 phases. The S phase of
interphase importantly includes the process of DNA replication which if
unsuccessful or incomplete can lead to disease including cancer. The transition
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through each phase of the cell cycle occurs in orderly manner under the strict
regulation of cellular proteins. This process, and the important proteins involved, is
described in Figure 1-5. In this regard, complex interrelated protein functions
ensure cell viability and mortality, and are often the cause of diseased states.

Figure 1-5. Cell cycle progression and major regulatory proteins. Mitogenic signals activate
complexes of cyclins and cyclin-dependent kinases (CDKs) promoting progression from G1 phase into
S phase. Progression occurs by targeted phosphorylation (P), shown here in the retinoblastoma
protein (RB). Hyperphosphorylation of targets attenuates growth-suppressive properties and leads
to activation of transcription factors. Upregulating CDK inhibitors (INK4 and CIP/KIP families) cause
growth-inhibitory signals to antagonize G1–S progression. Cyclin–CDK complexes also control
progression through S phase and from G2 phase into mitosis (M phase). Various other proteins, such
as Polo-like kinase 1 (PLK1) and Aurora kinases (Aurora A and Aurora B) also take part in regulating
cell cycle progression. Some cells exit their cell cycle and enter a temporary or permanent cell cycle
arrest (G0 phase). When DNA damage is sensed specialized proteins trigger cell cycle arrest. If cell is
in G1 phase this occurs via checkpoint kinase 2 (CHK2) and p53. Cells in S or G2 phase trigger arrest
via CHK1. Positive regulators denoted by purple ovals. Blue ovals denote negative regulators. P in
57
dashed circle indicates dephosphorylation . Reprinted from Nature Reviews Cancer, 17, Otto T,
Sicinski P. Cell cycle proteins as promising targets in cancer therapy. 2017 Feb;17(2):93., with
permission from Nature Publishing Group.

1.2.2 Understanding cancer
To understand where protein therapies can intervene in cancer cell survival, we
must first understand the many factors that contribute to a cell becoming
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cancerous. The term cancer describes a group of diseases that derive from single
aberrant cells that are capable of affecting any region of the body. At its core,
cancer is the result of dynamic changes in the genome of a cell and its progeny. This
group of diseases can affect parenchymal and stromal cells alike and is
characterized by six distinct biological ‘hallmarks of cancer’. These distinct and
complimentary hallmarks include: sustained proliferative signalling, growth
suppression evasion, cell death resistance, replicative immortality, self-induced
angiogenesis, metastasis and invasion.

Figure 1-6. The Hallmarks of Cancer as described by Hanahan and Weinberg. The illustration
presents the original six hallmark capabilities that cancer cells must acquire to successfully
58
continue their pathogenesis . Reprinted from Cell, 144/5, Hanahan D, Weinberg RA. Hallmarks
of cancer: the next generation. 2011 Mar 4;144(5):646-74., with permission from Elsevier

When these capabilities are obtained collectively in a well-recognised
multistep development, the resulting pathology is called cancer. Imperative to this
definition is the notion that a normal cell can evolve progressively towards a
neoplastic state. Through successive gains of these cell capabilities, human tumour
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pathogenesis occurs leading to malignant cancers. It is important to note that the
neoplastic tumours that arise from sustained cell proliferation are more than
circumscribed cell masses. They are complex heterogeneous tissue with multiple
marked cell types including tumour-associated stroma and importantly cancer stem
cells contributing to the clouding of a clear target.

To understand what distinguishes cancer cells from normal cells is to
recognise where disease begins and healthy tissue ends. With the seemingly
incalculable number of cancer types, it could be argued that searching for the
answer to treatment through the diseases’ aetiology would only serve to add
further layers of complexity. Instead, by recognising the many ways in which cancer
cells correct regular cell behaviour to display the above hallmarks, we devise a
bottom-up approach. This way, therapeutics could be applied to a multitude of
cancers rather than one strain.

1.2.2.1 Breast cancer and triple-negative breast cancer
Breast cancer is the most common cancer affecting women worldwide, and the
second most common cancer overall. Breast cancers represent 25% of all cancers in
women and 12% of cancers worldwide. Breast cancer is a heterogeneous disease,
divisible into variable numbers of subtypes. The complexity in categorising these
diseases begins with whether to recognise disease by clinical subtypes or by
etiological subtypes. Clinical taxonomy represents grouping breast cancer subtypes
with similar presentation, prognosis, and prediction, while etiological subtyping
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reflects grouping diseases that share a common set of causes 59. The clinical system
translates to a ‘personalised’ or ‘precision medicine’ view to optimise therapeutic
management, whereas an etiological approach takes a more parsimonious view of
breast cancer. This method of subdivision begins with all breast cancer being
derived from one of two main cell types of origin and then creates a hierarchal
ordering from disease progression60,61. This reporting is more concerned with
designing and testing of new tailored drugs than understanding precise origins of
disease and so will proceed with the clinical taxonomic system of subtyping breast
cancer.

With the incidence of breast cancer so high, a concerted global effort has
been mounted to fight the disease, with particular focus directed towards selfexamination and early recognition. These highly successful public awareness
campaigns have meant most of the estimated 15,270 Australian women annually
diagnosed with breast cancer will survive their diagnosis. Early identification and
disease education programs have meant 89% of women will go on to meet the
important five-year survival milestone if given access to treatment.

Triple-negative breast cancers (TNBC) are a subtype of hyper aggressive
malignancies found in ~15% of breast cancer cases. TNBC is said to be a diagnosis
by exclusion characterised by a lacking of surface estrogen receptors (ER),
progesterone receptors (PgR), and human epidermal growth factor receptor-2
(HER2). This morphology means TNBC fail to respond to conventional endocrine
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and anti-HER2 therapies that are routinely the first course of treatment in breast
cancer chemotherapy62,63. Typically TNBCs are high-grade tumours64 with
approximately 70% of molecular profiling identifying a basal-like profile that is
synonymous with malignancy and targeting problems in many cancers65.

The large proportion of TNBC that belong to the basal-like breast cancer
(BLBC) subtype are characterised by p53 and BRCA1 mutations66. These are tumour
suppressing genes that control cell cycling and DNA repair. When considered
together these characteristics of TNBCs create a very diverse and complex disease
profile. This complexity has led to some to consider TNBC to be a heterogeneous
entity, not a single disease but rather a heading for additional tumour types 67. The
simple lack of consensus when it comes to defining TNBCs has no doubt contributed
to the maze of solutions currently being proposed to fight the disease’s varied
features.

1.2.2.2 Feature of triple-negative and basal-like breast cancer
From a practical perspective three of the five prominent features needed to refer to
a tumour as a TNBC are in reality observable absences in cells. This has directed
most research to focus on the two gene mutations most synonymous with TNBC –
BRCA1 and p53 mutations - as the starting point when designing discrete and
objective drugs.

Cancers with BRCA1 germline mutations will often simultaneously present
as triple-negative breast cancers as well as basal-like breast cancers. The term
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basal-like describes a cancer cell subtype expressing genes associated with the
normal basal cell; a non-luminal myoepithelial layer of the breast duct and
lobules68,69. Gene mutations that produce basal-like phenotypes include basal
cytokeratins 5, 14 and 17, endothelial growth factor receptor (EGFR), HER1 along
with common myoepithelial markers like caveolins (CAV) 1 and 2, c-kit, and Pcadherin, and are frequently associated with poor-prognosis in breast cancers70-72.
Most BLBCs are TNBCs in that they are routinely hormone-receptor negative yet,
additional overlapping features are also observed. These include high grade (3+),
ductal carcinomas, high mitotic count, medullary-like histology, EGFR expression,
TP53 mutations, and HER2 negativity. This pattern of development is similarly
found in tumours possessing BRCA1 mutations without being wholly TNBC or BLCBs
leading to the pattern being termed ‘BRCAness’73. The BRAC1 gene encodes at least
three known proteins: p220, Δ11b, and IRIS74. Little is known about the function of
Δ11b and IRIS other than an implied involvement in DNA replication noticeable in
certain oncoprotein behaviours75,76. The import functions of p220 are more widely
recognised as tumour suppression proteins in breast and ovarian cancers 77-79.
Several studies of mutant variants of p220 have identified a multitude of DNA
repair functions within basal-like and TNBC associated genes. Cells expressing
mutant p220 fail to repair collapsed replication forks80,81, retain cross-linking
errors82, and promote new mutagenicity in bases81.

Shared patterns of gene expression suggests BRCA1 dysfunction most likely
plays a role in BLBC and TNBC which has drawn significant research attention within
the TNBC community. The intimate association between BLBCs and TNBCs has led
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to the two terms being used interchangeably (and a growing acceptance of
BRCA1ness by proxy). A schematic of the many features shared by these separate
definitions is shown in Figure 1-7.

Figure 1-7. Shared features of triple-negative, basal-like and BRCA1-associated breast cancers.
Abbreviations: AR, androgen receptor, BLBC, basal-like breast cancer; ER, estrogen receptor; PgR,
67
progesterone receptor; TNBC, triple-negative breast cancer . Reprinted from Nature reviews Clinical
oncology, 7/12, Carey L, Winer E, Viale G, Cameron D, Gianni L. Triple-negative breast cancer:
disease entity or title of convenience?. 2010 Dec;7(12):683, with permission from Nature Publication
Group.

The multiple cellular pathways affected by the BRCA1 gene has meant
substantial efforts to link sporadic BLBCs and BRCA1 dysfunction have been made
to create a cohesive disease profile for TNBCs. The therapeutic implications of such
a connection would mean these ‘undruggable’ tumours becoming susceptible to
chemotherapy and other DNA repair targeting agents like poly (ADP-ribose)
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polymerase (PARP) inhibition83,84. Unfortunately, despite considerable efforts, little
success has been made towards a deliverable BRCA1 targeted drug.
The tumour suppressor protein p53 would have to be the most studied
tumour associated protein. A mutation in p53 been observed in some form in
almost every cancer type85. An initial error in early reporting led to p53 to be
considered the product of oncogene expression for almost 10 years. Now, p53 is
recognised as a naturally functioning wild-type p53. This shift occurred through
incremental identification of p53 mutations that cause both loss in wild-type
function and neomorphic gain of functions that result in tumour development. The
reoccurring prevalence of p53 errors across cancers made it a broadly attractive
target in many early therapeutic strategies. p53’s consistent association with
aggressive and metastatic breast cancers has maintained steady interest in the
protein despite disappointing results.

TP53 is the most commonly mutated gene among human cancers 86.
Phenotypes vary with differing mutations. Nonsense or frameshift mutations
usually produce loss of function87 leading to reduced tumour suppression and early
onset tumours. More common missense mutations, in contrast, frequently result in
a single substituted amino acid in DNA-binding regions and produce higher
functioning mutant proteins. These gain of function mutations create a distinct
mutant protein that functions as a dominant negative inhibitor over any remaining
wild-type p5388. Mouse models of this kind of p53 mutant create added treatment
complications by dampening drug responses designed to restore wild-type p53.
Other p53 mutations will prevent DNA binding in target gene promoters only to
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have indirect effects on genes through transcription factors interactions occurring
with mutants and not wild-type p5389-91.
The hallmarks of TNBC – enhanced aggressive invasion and metastases
coupled with broad drug resistance – are certainly (at least in part) a consequence
of gain of function p53 mutant expression. Therapeutic targeting of p53 mutants
have yielded varied degrees of success. Since p53 mutants interfere with multiple
cellular pathways in such varied ways, their initial attractiveness is being
foreshadowed by complexity. Interesting evidence for p53 mutants dampening
restorative therapies88 is only made more puzzling by recent studies that point to
retention of wild-type p53 can be deleterious to therapeutic responses in breast
cancers92. The clear role of p53 in TNBC makes it a tremendously appealing target
when designing treatment strategies, however, with new pathway integrations still
being discovered it would seem to be another strategy troubled by downstream
side effects.

1.2.2.3 Current treatment strategies for TNBC
Patients currently being diagnosed with TNBC face an overall poor prognosis owing
primarily to their tendency to relapse with distant aggressive metastases. When
compared to other subtypes of breast cancers, TNBCs have a higher prevalence
towards diagnosis as an ‘interval cancer,’ because detection occurs 12 months after
an initial negative mammographic screening. TNBC patients initially present with
large primary tumours with low lymph-node association that are primarily
responsive to non-specific anticancer treatments. A short disease free period is
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then followed by rapid progression of distance recurrences. This signature
sequence of events describes the common pattern of TNBC disease progression 93.
Furthermore, despite a strong prevalence for distant metastasis, local tumour
recurrences are only marginally increased compared to other tumour type
progressions. This suggests TNBCs retain radiation sensitivity, a theory consistent
with the observation that basal-like and BRCA1-associated tumours are responsive
to DNA-damaging agents84.

The poor patient prognosis currently associated with TNBCs come primarily
from their tendency to relapse with distant metastasis. This indicates a distinct
need for new effective therapies tailored for the TNBC phenotype. Target receptor
deficiency has meant nonspecific chemotherapy is the mainstay of present patient
treatments. These chemotherapies are effective in disease remission and trends in
developments of these chemotherapies will most likely yield preferential benefits
for this subtype of breast cancers94.

Nonspecific cancer treatments focus on DNA repair and rapid proliferation
targeting for a drug’s mode of actions. Neoadjuvant studies show TNBC/BLBCs to be
particularly responsive to taxane based chemotherapies. It is worth noting that in
TNBCs and BLBCs there is higher instance of pathological complete response (pCR)
to such chemotherapies when compared with other breast cancer subtypes.
Unfortunately, overall survival remains worse in patients who fail to achieve a full
pCR94. Additionally, TNBCs do not show increase sensitivity to taxanes when
observed in a metastatic setting despite high proliferation rates and TP53
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mutations. This example of learned drug resistance in TNBC is not an isolated one,
contributing to the reputation of being an ‘undruggable’ breast cancer.

Other studies have suggested cyclophosphamide, methotrexate and 5fluorouracil - so called CMF regimens to be more effective means of drugging
TNBCs95. These antimetabolite chemotherapies produce greatest potency in TNBCs.
One study found TNBCs to be 14% more responsive to CMFs than HER2+ tumours
and 25% more than luminal tumours96. These improved CMF responses, however,
have been isolated to basal-like TNBCs only, with no benefit observed in non-BLBCs
and the data is restricted to neoadjuvant studies97.

In vitro and in vivo data analysis of tumours with BRCA1 pathway
dysfunction have shown an increased sensitivity to DNA crosslinking agents such as
platinum compounds. In one retrospective study of initial treatments for BRCA1
mutations across breast cancers 83% of patients who received a cisplatin only
therapy had pCR while fewer than 25% displayed the same on other regimens 98.
Another study compared therapies across neoadjuvant and advanced disease
settings in TNBCs. Their findings showed response rates in TNBCs to platinum-based
neoadjuvant chemotherapy were 32% greater than other tumour types (88% versus
51%) and 10% greater in advanced settings (41% versus 31%)99. The complexity and
uncertainty of TNBCs has meant promising new developments in drug efficiency are
often confined to isolated niches within the TNBC family. Drugs potent to one
subtype will then yield results equal to, or only marginally better than, nonspecific
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therapies for other TNBC types. A gold standard umbrella treatment for all
TNBC/BLBCs still eludes scientists today.

Nanoparticle therapeutics are a new treatment modality gaining popularity
in cancer as a whole. The unique chemical properties associated with nanoparticles
can show enhanced potency, improve targeting and increase cellular uptake via
avenues inaccessible by larger conventional drugs100. The small scale has meant a
shift to short peptide sequences rather than whole proteins and may potentially
produce similar advancements in TNBC therapies.

1.2.3 Peptides in nanomedicine
Historically, anticancer pharmaceuticals made from peptides have mostly been
used as construct polyvalent vaccines or hormones directed against G-protein
couple receptors (GPCRs)101,102. This is predominantly owing to their faster
clearance and lower affinity when compared to antibodies and or larger ligands.
Ongoing research in multiple therapeutic lines of monoclonal antibodies (mAbs)
and larger protein ligands continued to return to two major limitations: poor
tumour delivery – a product of size hindering passive diffusion across capillary
membranes, and dose-limiting toxicity – where nonspecific uptake in the
reticuloendothelial system and by the liver results in hepatic and bone marrow
cytotoxicity103,104. Today these limitations are still challenging progress and mAbs
are largely relegated to antiangiogenic family of drugs with luminal targets for
mode of action105,106. A new wave of thinking now focuses on peptides over larger
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macromolecules. By their very nature, being smaller than larger protein
macromolecules, peptides do not encounter the two aforementioned blockades in
their path to becoming a viable anticancer drug. Noticing this, modern cancer
researchers are preferring to address the previously perceived limitations of larger
proteins and exploit peptide advantages rather than have to once again answer the
inevitable size and toxicity issues of macro-proteins.

The movement to smaller peptide based therapies quickly revealed
advantages outweighing their failings. In one instance, researchers used an
antibody-mimicking peptide (3kDa) that demonstrated greater tumour penetration
and targeting capacity (despite a binding affinity best reported to be one tenth of
the parent antibody) which also participated in rapid renal clearance in in vivo mice
modelling107. Together these results could circumvent the liver and bone marrow
toxicity associated with traditional mAb-anticancer therapies. The excitement
attributed to the advantages of peptide, including potency, low toxicity and
specificity (not to be confused with affinity), must come humbly as we also consider
their short-comings. Poor stability, digestive susceptibility, and short half-lives, are
all hurdles that researchers routinely meet when working with peptides.

In August 2012, the FDA approved Linaclotide (sold as Linzess or Constella) a
peptide drug delivered orally. Linaclotide’s cysteine rich sequence allow for three
disulphide bridges which bestow enough stability to allow it to be taken orally.
Despite its intended use in the relief of constipation and irritable bowel syndrome,
and not as a cancer antagonist, this does serve as proof that peptide drugs can
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complete all phase trials and become viable drugs for human consumption.
Moreover, Linaclotide is not a single occurrence. With advances in phage display
libraries peptide substrates are commonly incorporated into design strategies for a
host of drugs including anticancer.

Developments in the recent decade have made nanoparticles a powerful
tool in drug delivery. Their multifunctional nature offers answers to barriers that
traditional pharmaceuticals have failed to overcome. The combination of peptide
specificity with nanoparticle deliverability as emerging drug platforms has served to
strengthen their inherent advantages and alleviates their disadvantages. This new
technology is very diverse and this review will focus on peptides as drug carriers
and peptides as targeting ligands.

1.2.4 Peptides as nanodrug carriers
Translocation through the plasma membrane of cells is one of the foremost hurdles
that many drugs must conquer. Larger drugs and ionized drugs struggle particularly
with plasma protein adherence issues108. One solution to this problem has been
found in the cell-penetrating peptide (CPP). The earliest description of a CPP came
in 1988 from the appreciation of the trans-activating transcriptional activator (TAT)
of the human immunodeficiency virus 1. Interestingly, the discovery was reported
independently by two laboratories in the same year109,110. Over half a decade later
the third helix of a homeodomain transcription factor isolated from Drosophila
revealed the antennapedia peptide (Antp) to be a CPP and another example of CPPs
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derived from naturally occurring proteins111. The usefulness of CPPs meant
synthetic or chimeric CPPs soon began to appear. 1998 marked the arrival of
transporin (TP), a chimera produced by fusing the galanin neuropeptide with a
sequence of 14 amino acids isolated from wasp venom mastoparan 112. A third
group of CPPs exist, the wholly synthetic CPPs of which the polyarginines are the
most abundant113. Whichever of the three categories one belongs to, CPPs have
proven passage across the plasma membrane of various cargos to occur with
relative ease. This is true even for cargos with molecular weights considerably
larger than their own114. Many anti-cancer drugs seek to correct a damaged gene,
and must first be up taken by cells unaltered. Covalently decorating nanoparticles
with CPPs is a relatively easy process that can ensure internal delivery of a
nanoparticle’s payload and an attractive reason to include peptide conjugation in
TNBC nanodrugs.

1.2.5 Engrailed 1 targeting for peptide technology in TNBC
Promising response by TNBCs to conventional cancer chemotherapies are often
hindered by rapidly acquired resistance to treatment, followed quickly by
recurrence and metastatic disease115. Recent studies have attributed highly
selective overexpression of the Engrailed 1 (EN1) transcription factor (TF) to play a
significant role in the drug resistance acquired by basal-like TNBCs116. Large-scale
studies of breast carcinomas have also implicated TFs to be a primary force behind
oncogenesis in BLBCs. In particular, aberrant expression of many developmental
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homeodomain (HD) containing TFs have been identified as drivers of cancer
initiation, recurrence, and resistance.

The EN1 TF is particularly overexpressed in basal-like and triple negative
tumours. In human embryology, the two paralogs (members of the homeobox gene
family) EN1 and EN2 control central nervous system development, and their
expression is largely silenced in mature cells117. EN1 is expressed by neuronal
progenitor cells to grow and maintain the pool of dopaminergic neurons. Such
prosurvival activity is thought to promote resistance to apoptotic insults
experienced during cell adulthood118. This belief has prompted knockdown study of
EN1 using short hairpin RNA (shRNA) which triggered potent and selective cell
death (mediated by caspase-3 activated apoptosis) while atypical overexpression in
normal cells stimulated survival pathways and conferred resistance to
chemotherapeutic agents. Furthermore exogenous overexpression via EN1 cDNA
prompted reprogramming in breast epithelial cells towards a long-lived stem celllike phenotype116.

Recognising this function and conserved pattern of overexpression has
encouraged researchers to find new ways to exploit the EN1 TF as a possible target
for treatment of BL and TNBCs. Targeting TFs is not a novel idea but due to their
relatively small molecular binding pockets (when compared to other cancer targets
like tyrosine kinase receptors) this has proved difficult in practice, leading to a belief
that they are “undruggable”. Agents have be developed that target various levels in
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the transcriptional pathway which include DNA binding by TFs, protein-protein
interaction interrupters and epigenetic alterations119. Examples of transcription
pathway interrupting drugs have been summarised in Table 1-1.

Table 1-1. Different transcriptional targeting agents and their level of action 119.
Action
Targeting binding of transcription
factors to gene-specific
promoters

Targeting Agent
DNA-binding small
molecules
Polyamides
Transcription factor (TF)
decoys

Targeting protein-protein
interactions involved in
transcription regulation

Peptide mimetics and
stapling peptides
Small molecules
targeting proteinprotein interactions

Epigenetic interventions in
transcription

DNMT inhibitors
HDAC inhibitors
HMT inhibitors

Artificial transcription factors for
gene-specific transcription
regulation

Zinc finger proteins

Example
Mithramycin
Antracyclines
N-methylpyrroles
N-methylimidazole
Double strand or hairpin
single strand
oligodeoxynucleotides
S3-M2001 (STAT3
mediated transcription
inhibitor)
SAH-p53-8 (p53
activator)
Myc-MAX
P53-MDM2
5-azactidine &
Decitabine
SAHA & VPA
BIX-01294 & Dot1
MASPIN
VEGFA

DNMT-DNA methyltransferases: HDAC-Histone deacetylases: HMT-Histone methyltransferases: VEGFAvascular endothelial growth factor-A

Peptides pose a promising answer to the size restricted binding problem
synonymous with TFs. Now that scientists can chemically synthesise peptides for
high sequence specificity on a large scale, peptide drugs development is a staple of
modern drug development especially in cancer chemotherapy. Past uses for
peptides have mainly focused on improving drug delivery efficiency in an effort to
reduce side effects rather than using them as a primary mode of action in drug
therapy120. Peptides used as drug carriers, cancer associated protein-targets and
ligand-targeting peptide are just a few examples of the many and varied ways
35

peptides have been incorporated into new drug designs. Another emerging
application for peptides is as so-called interfering peptides that work via
competitive-inhibition. Interference peptides disrupt complex formation or
dimerisation of oncogene TFs. By displacing an oncogenes native TF, these
interference peptides search out binding partners to influence transcription and
alter expression. In 2013, the Blancafort laboratory proved that it was possible to
design an interference peptide which they called iPep that would effectively inhibit
the EN1 oncogene expression in BLBC cells116. In chapter three of this thesis we
explore the use of this novel small molecule iPep as a potent and highly selective
potential therapeutic agent for use against TNBCs.

1.3 Protein-DNA interactions
The heart of this thesis is reporting the myriad roles protein interactions can play in
improving cancer disease treatment. Improvements in protein engineering and
drug specificity by highly selective protein-protein interactions have been
addressed (or more correctly peptide-protein interactions). Now protein-DNA
interactions, and how they can be incorporated into new disease therapies, will be
investigated. Pertinent to the fourth chapter of this thesis is the interaction of
proteins with DNA and the ways these interactions can be altered to affect cell
viability on a pre-transcriptional level.
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Cancers arise when genomic DNA is damaged and the processes that ensure
DNA maintenance by proteins fail. Identifying regulatory sequences in DNA and
deciphering the mechanisms by which they act has to date proved a great
challenge. Knowledge of the locations within the genome that allow DNA-binding
for proteins in the nucleus should identify and define the nature of transcriptional
regulatory systems in cells. Simply cataloguing the many oncogenic promoter or
enhancer regions of genes does not address the reason behind the inherent
mutagenicity of these sequences. Unusual DNA structures occurring in guanine rich
sequences, called G-quadruplexes (G4s), have recently been identified to
concentrate in gene regulatory regions of the genome associated with oncogenic
potential121. The non-canonical structure of G4s ‘weakens’ the gene and is thought
to underlie mutagenicity. By targeted stabilisation of these structures using DNAbinding proteins, new chemotherapies can disrupt oncogenes and suppress tumour
growth122-124.

1.3.1 Characterising protein-DNA interactions
Having identified G4s as a target, the next step is to identify site specific features
that will allow a DNA-protein binding. Identifying these features can lead to
proteins selectively interacting with quadruplex DNA while ignoring native DNA.
There are many methodologies that aid in our understanding of protein-DNA
interactions. Recently, chromatin immunoprecipitation (ChIP) has become a
particularly powerful tool for researchers. Generally, the first step in ChIP is to treat
living cells with a cross-linking agent (commonly formaldehyde) to fix proteins to
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their DNA substrate inside cells. Chromosomes are then extracted, fragmented,
specific sequences purified (usually with aid from specific antibodies), and the
protein-DNA

association

can

be

determined

by fluorescent labelling125.

Conventional ChIP examines a limited number of binding sites that are
subsequently amplified to detect protein-DNA sites throughout millions of gene
sequences when combined with microarray technologies126,127. ChIP is particularly
useful because it directly examines protein-DNA interaction in living cells with the
added benefit of results having direct physiological relevance. However, these
results are limited somewhat by a reliance on specific antibodies to detect proteins
and in many cases such antibodies do not exist.

Alternate protein-DNA characterisation methods using naked DNA
fragments in vitro fail to observe proteins interacting with compact DNA as it would
exist as chromatin with all its distinct properties. Other techniques, such as DNA
adenine

methyltransferase

identification

(DamID),

induce

localised

DNA

methylation at binding sites inside cells to report location in lieu of highly specific
antibodies. Although, Dam-fusion proteins currently identified for use often have
distinct properties similar to those of the endogenous protein and critically lack the
physiologically relevant data of ChIP128. Therefore, to accurately characterise
specific locations for protein-DNA binding targets as they truly exist in vivo we must
concede that specific antibodies currently represent the best avenue when
designing novel drug strategies.
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1.3.1.1 Structural importance of protein-DNA binding sites
Oncogene mutations occur frequently in promoter and enhancer regions of genes
but another overrepresented site for oncogenic mutagenicity is in regions coding
for transcription factors. This is unsurprising when considering the required
activation of transcription to convert DNA to RNA in the process of expressing a
gene. To understand the molecular basis of genomic-binding site for therapeutic
antibodies we can look to another class of DNA-binding protein; transcription
factors. An ever-growing number of transcription factors are being recognised as
oncoproteins when their direct DNA-binding sites undergo mutant alterations.
Examples include MYC/MAX, E2F/p130/p107, WNT/TCF4 and p53129-133. In
characterising the precise binding site structure with the protein-DNA interaction of
these transcription factors, researchers can reverse engineer complimentary drugs
with high specificity for in vivo DNA targeted therapies.

A crucial aspect of gene expression regulation is the recognition of specific
DNA sequences by specific proteins. Structural examinations have clearly shown no
one-to-one correspondence between amino acids and DNA bases, rather their
interactions are broadly distributed in space. Simply put, the same pair may interact
via a wealth of different geometries. This makes understanding the precise manner
by which proteins recognise target sequences within a genome very unpredictable.
Data has shown some amino acids to have a higher preference for certain bases.
For example, Asn is frequently found to interact with A and Lys with G134,135
nitrogen bases, which does suggest a framework for predicting interaction could
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exist. However, we also know transcription factor proteins usually bind a family of
related sequences within a genome and regulate multiple genes136,137 which seems
to be in contradiction of such a rule of protein-DNA interface. The ambiguity of
recognition is expanded upon further by protein’s ability to tolerate various base
mutations within protein-DNA interactions.

Protein-DNA interactions are not limited to amino acid-DNA base interfaces
but also include indirect recognition. This is observable when base mutations
occurring in sequence regions that are not in direct contact with amino acids affect
binding affinity138-140. These indirect interactions are thought to be the result of
proteins recognising DNA sequences via water-mediated contacts, sequence
dependent geometries and/or binding-induced DNA distortion (flexibility). Such
interactions have been determined experimentally by observed changes in
conformation energy readouts in both protein and DNA141 following binding as well
as altered specificity amongst distinct major and minor groove conformations142.
With so many different forces driving direct and indirect binding during DNAprotein interactions scientists cannot rely on simple amino acid and DNA base
sequences alone when beginning to design therapeutic molecules. Fluorescent
labelling is an easy way determine protein binding - once binding is confirmed, the
protein’s physical structure should be determined by X-ray crystallography to
wholly characterise the binding pocket. The structural information gained from this
method can allow subsequent alteration to potentially improve binding affinities or
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identify analogous molecules for conjugation to deliver the best possible
chemotherapy.

1.3.2 Understanding G-quadruplex DNA
The structure of DNA is most commonly thought of as a duplex molecule, with two
complementary strands of polynucleotides held together by Watson-Crick base
pairing. Certain guanine (G) rich DNA sequences can form four-stranded structures
called G-quadruplexes (G4s). G4s are stacked associations of G-quartets that
arrange into planar assemblies of four Hoogsteen-bonded guanines. G-quartets
arise through the interaction of guanines on single (intramolecular) or multiple
(intermolecular) nucleic acid strands143. Knowledge of G-quartets and quadruplex
structures actually precedes the DNA double-helix structure by 50 years. Yet, the
nature of these G aggregates was only elucidated in the 1960s when fibre
diffraction studies at a polynucleotide helix level became possible144.

The somewhat serendipitous nature of discovery of the G-quartet by Gellert
et al in 1962 hinged on a brief observational notes included in a 1910 publication by
Ivar Bang145 where he reported that concentrated solutions of guanylic acid formed
a gel. Gellert and colleagues had also observed that “concentrated solutions
(25.0mg/ml) of guanylic acid (GMP) at pH 5 are extremely viscous” and, if cooled
form a “clear gel”. Importantly, this paper revealed the structural basis for the G4
phenomenon lay in G-tetrad formations driving the assembly of four-stranded
helixes by guanine-rich oligonucleotides. The next major breakthrough in the
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recognition of G4s came in 1982 when Sen and Gilbert showed single stranded DNA
containing short guanine-rich motifs were capable of self-associating at
physiological conditions146. In that publication, Sen and Gilbert recognised that the
thermodynamic stability of G4s was cation-dependent, and correctly proposed that
complexes were held together by Hoogsteen base-pairing between guanine
residues. They identified guanine-rich sequences in immunoglobulin switch regions,
gene promoters, and chromosomal telomeres. Additionally G4 structures were
implicated in cancer development as possible reasons for precancerous cell
behaviour including non-allelic homologous recombination. This prediction would
later be confirmed at the beginning of the new millennium when G4 structural
instability was linked to endogenous and induced mutagenicity within the genome
and their tendency to concentrate in replication promoter and enhancer regions, as
well as telomere caps147,148.

1.3.2.1 Diversity amongst G-quadruplexes
The stacking of tetrads produces structures with an appearance reminiscent of
duplex DNA with regular rises and twist between planes that form a right-handed
helical structure143 (Figure 1-8.)
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B

C

Figure 1-8. Schematic representation of guanine base structures. (A) The arrangement of guanine
bases in the G-quartet, shown together with a centrally placed metal ion. Hydrogen bonds are
shown as dotted lines, and the positions of the grooves are indicated. (B) Three dimensional space
filling model of G-quartet. (C) The poly(dG) four-fold, right-handed helix.

There is a great diversity in G4 topology, which arises from various
permutations in strand number, direction, loop size, and loop sequence143 (Figure
1-9). When the four bases of a G-quartet belong to the same DNA strand, the
resulting G4 structure is called an intramolecular G-quadruplex or monomer.
Stacking between quartets belonging to two separate strands are then called
intermolecular G-quadruplexes, dimers and four stands are logically tetramers149.
Intramolecular G4s are more stable, rapidly forming structures. This is contrasted
by slower forming tetramer structures150. The quick monomer formation times
leads to topology variations occurring both within, and between, distinct G-rich
sequences151-154. It remains unclear to what degree different conformations affect
binding and targeting of G4s, although, it is only logical that it must play some role.
This would be particularly important when accounting for steric hindrance in G4
targeting ligands that rely predominantly on pi stacking interactions for binding.
What can be concluded is that regions containing four G bases can spontaneously
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form G-quartets with ease and can then form G4s. These potential quadruplexforming sequences are especially abundant in genomic regions synonymous with
cancer progression.

A

B

Figure 1-9. Arrangement of G-quartets and the varied G-quadruplex topologies. (A) Schematic
+
representation of guanines into G-quartets (blue rhomboid) with central metal cation (M ). (B)
Stacking of quartets to form intramolecular (left) and intermolecular (right) G-quadruplexes. Arrow
directions denote direction of the respective DNA strands. The intermolecular arrangements shown
(left-right) on the top line are parallel, anti-parallel and hybrid dimer topologies. The same tetramer
155
variants of topologies are reflected in the bottom line of schematics . Reprinted from Nature
Reviews Genetics, 13/11, Bochman ML, Paeschke K, Zakian VA. DNA secondary structures: stability
and function of G-quadruplex structures. 2012 Nov;13(11):770, with permission from Nature
Publication Group.
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1.3.2.2 How G-quadruplexes contribute to cancer progression?
It has been noticed that such G-rich motifs with the potential to be quadruplexforming (PG4s) are over-expressed in regulatory regions of the human genome.
These include, but are not limited to, promoter regions of genes involved in
replication, oncogenes, introns, untranslated regions, and at the 3’ end of telomeric
DNA156-163. An important consequence of G4-DNA formations is an increased risk of
DNA breakage caused by their obstruction of DNA polymerase. This comes with an
additional increased risk of non-allelic homologous recombination during DNA
replication147,148,164,165. Genome wide molecular profiling of G4-DNA within whole
DNA extracted from human B lymphocytes reveal a strong association with
oncogenes, tumour suppressors, and somatic copy-number alterations related to
cancer development166. A proto-gene is a normal gene which, when altered by
mutations, becomes an oncogene contributing to tumorigenesis. When a protogene contains PG4s in their promotor region they are particularly susceptible to go
on to form cancer. Examples of this have been shown in the c-MYC, BRCA1, BRCA2,
VEGF, HIF-1, Ret, KRAS, bcl-2, c-Kit, PDGF-A, c-Myb, hTERT, HER2 and TP53 genes166170

. With such a strong connection between observable G4 DNA structures and

oncogene progression, it comes as no surprise that new G4 targeting drugs are of
great interest to cancer researchers.

1.3.2.3 G4 Targeting therapeutics and ligands
The intrinsic mutagenicity of G4s likely plays a crucial role in tumorigenesis, and this
makes targeting G4s an attractive strategy in fighting cancer. This has justifiably
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lead to designing small molecules that stabilise G4 conformations and trap
quadruplexes in cellular DNA. These small molecules have the effect to downregulate oncogene transcription, promote telomere disruption and induce growth
arrest in cancer cells122,123,171. In the design of novel anti-cancer therapeutics that
target G4s, a general consensus exists that the best mode of action for these
molecules should be to stabilise quadruplex structures. Stabilisation inside G4s
comes mostly via pi-pi stacking and electrostatic interactions which means ligand
binding occurs on the external surface at the G-quartet level. This is most
commonly achieved by incorporating flat aromatic molecules into ligand design
with the intended purpose to increase quadruplex structure selectivity over duplex
structure. Based on their nature of cationic stabilisation, there are four broad
categories of quadruplex ligands: (1) amine appendage in situ protonating
molecules, (2) N-methylation of an aza-aromatic moiety, (3) central metal ion, and
(4) non-canonical ligands124.

At the core of most G4 ligand designs is the incorporation of a large flat
aromatic region prone to pi stacking that must also possess reasonable water
solubility. The usual way to ensure both hydrophobic and hydrophilic characteristics
around an aromatic core is to introduce a protonated sidearm (in many cases amine
groups). An early example is a disubstituted acridine member called BSU6039
whose binding is directed by hydrophobic-pi-stacking of its aromatic core. This
stacking is assisted by electrostatic interactions between two protonated sidechains
and the grooves of associating quadruplexes172. This structure was later optimised
with three sidechains and named BRACO-19. The alteration meant a 31 fold binding
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preference quadruplex DNA vs duplex DNA and was shown to be a potent
telomerase inhibitor (IC50-TRAP =115nM)158. With pi-stacking still dominating the
binding behavior of G4 ligands many other variants of this class went in other
directions to improve potency and increased the size of their aromatic core. The
PIPER ligand is characterised by a broader hydrophobic core and this structure
meant a 42-fold preference for quadruplex binding. This did however, come at the
cost of telomerase inhibition which was a modest IC50 of 20uM173.

Alternate design pathways, beyond quaternization of amine sidechains via in
situ protonation have been exploited in the form of N-methylated ligands. This
category of G4 binding ligands are characterized by very high binding affinities,
efficient telomerase inhibition, and often result in down regulation of oncogenes
(such as c-myc and k-ras). Despite promising results, this family of ligands is often
plagued with poor or even non-selective DNA binding174 which has no doubt
contributed to the reduced frequency of reporting. It is worth noting that a few
small molecule derivative structures have emerged with improved selectivity that
have even displayed synergistic action with the staple anti-cancer agent Taxol175 but
levels of non-G4 binding remain comparatively high.

Deviating further from the classical organic G4 ligands is a group of metalloorganic complexes that attach to G4s cationic central channel. These molecules
arrange around a central metal cation flanked by aromatics. When the central
metal is positioned over the cation channel of accessible G4s it optimizes stacking
interactions. This type of G4 ligand has two major advantages over its counterparts
47

– synthetic ease of formation and very promising G4 binding affinity. Like the other
categories metallo-organic ligands have been shown to be good G4 stabilisers and
modest telomerase inhibitors but by far and away it is their binding affinity and
selective preference that makes them an attractive field to expand. One report was
even capable of citing an impressive 10 000-fold quadruplex vs duplex DNA
selectivity with their Mn(III) based polyphyrin complex176.

Natural ligands, or non-canonical ligands, are a developing division of G4
stabilising agents. Telomestatin is a stand out molecule in this category. Its
polyheteroaromatic 24-ring structure greatly stabilises G4s and appears to be one
of the most selective quadruplex ligands. The most exciting feature of telomestatin
is a complete absence of duplex DNA affinity and exceptional telomerase inhibition
(IC50-TRAP =5nM). The perfect macrocyclic shape of this natural molecule has even
been shown to stabilise G4s in salt-deficient conditions124. Where Telomestatin and
other similar non-canonical ligands fall by the way side is preparation and limited
solubility. The complex pathway to formation does not lend itself to large-scale
preparation177. Without the creation of new cost effective pathways to prepare
these molecules, in a plasma soluble form, their value as G4 targeting anti-cancer
agents is significantly reduced.

An advance in G4-stabilising-ligand based chemotherapy has been observed
in small molecules that target the loops and/or grooves of G4-DNA rather than
terminal ends. By doing so, these ligands interact on secondary structural level to
increase binding affinity and prioritize G4-DNA specifically over duplex DNA143.
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Triarylpyridines represent a class of compounds that interact with G4-DNA in just
such a way. Intramolecular interactions between a host of triarylpyridines
analogues and G4s (measured by Förster Resonance Energy Transfer (FRET) melting
assays) show a stabilisation effect on DNA. Subsequent MTT assays using these
analogues revealed significant cytotoxicity in HeLa cell lines when compared to
other benchmark G4-DNA ligands123.

An abundance of proteins have been reported to interact G4-DNA in an in
vitro setting. Helicases such as BLM, WRN and FANCJ are able to recognize and
unwind G4-DNA156. Nucleolin has also been shown to be a G4-DNA stabilizing
protein. The mechanisms of nucleolin action begins following binding to G4-DNA in
the c-myc promoter and result in reduced gene transcription 178. An important
recent breakthrough in engineering G4-targeting proteins has come from work at
Cancer Research UK, Cambridge Institute when they designed a G4 structurespecific antibody called BG4179. In their comprehensive study Biffi et al. used a
phage display library of 2.3 x 1010 different single chain antibody clones180 to
identify BG4 as the best hit for G4s among the selected binders. ELISA assays
showed nanomolar affinity for intra and intermolecular G4s (Kd = 0.5-1.6 nM and
2.0 nM respectively) with no observable binding in RNA hairpins, single-stranded, or
double-stranded DNA. BG4 binding was also found to be competitively selective
when incubated in up to a 50-fold excess with various competitors including: yeast
tRNA, double-stranded poly (GC)n or poly (AT)n and hairpin RNA. BG4 has been used
to quantitatively visualise G4 DNA in human cells and M phase trapped human
chromosomes. It continues to be used in an effort to map precise locations of G4
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structures genome wide but the highly selective, low nanomolar affinity ranges
suggest the binding pocket of BG4 is a near perfect model to begin designing
therapeutic small molecules that treat cancers by G4 targeting. With BG4 having
only been engineered in 2007, its distinct physical structure has not yet been solved
by X-ray chromatographic analysis of its crystallised form. This is precisely the
challenge I seek to address in the original research presented in the fourth chapter
of this thesis.

1.4 Summary
Protein based drugs are a very effective and attractive class of therapeutic
molecule. Despite extensive research efforts, comprehensive cures for many types
of cancers still do not exist. TNBC is one such subtype of cancer that is currently
treated with courses of non-specific chemotherapy that have wide spread systemic
effects and high rates of recurrences. Proteins are a multifunctional class of
molecules that perform highly specialized jobs in living cells. Fundamental
properties like substrate specificity, high binding affinities, potency in physiological
conditions, ease in manufacturing and target diversity make protein therapeutics a
robust candidate for a targeted treatment of TNBCs.

When designing efficient drug therapies against highly specific diseases like
TNBC, strategists often ignore cost as a variable for consideration. It is evident from
the literature that recombinant protein expression is the most industrially scalable
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means of harvesting therapeutic proteins. Though not without drawbacks, the
considerably faster and higher yields resulting from recombinant expression lend
them to widespread distribution of protein drugs with which cell-free or synthetic
methodologies cannot compete. In trying to maximize these two advantages,
researchers should look to employ bacterial hosts during recombinant expression.
Though this methodology is usually not suitable for larger protein expressions and
is associated with a considerable amount of yield either being insoluble or
misfolded, there are means to recover imperfect proteins. Many of the current
methods are time consuming processes which reduce the advance of this method
to simple large volumetric yields. Shear forces between fluids have been shown to
alter protein structures and direct folding. Our laboratory possesses a unique
machine called the Vortex fluid device (VFD) that uses shear forces to rapidly and
gently synthesize nanomaterials. Through controlled application of the shear forces
within the VFD we may be able to refold proteins lost during the recombinant
bacterial expression process. By doing this we can drastically cut costs associated
with production of therapeutic proteins so the research field can greatly expand
and keep chemotherapy cost down for patients.

Current chemotherapy treatment of TNBC is nonspecific and could actually
be a contributing factor to the many drug resistant recurrences observed in TNBC
patients. Literature is still debating over what precisely defines a TNBC due to the
complex gene expression profile of the disease. Many TNBC gene mutations have
overlapping and complimentary effects which has led to inconsistencies in disease
profile which has hindered our ability to identify targets and produce a TNBC
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specific chemotherapy. Nanoparticle therapies have been shown to improve drug
outcomes of several drugs while also adding a degree of multi-functionality not
otherwise exhibited by different formulations of a drug. Taking the active portions
of a therapeutic protein and reducing them into a peptide deliverable by
nanoparticle appears to be a promising option for novel TNBC therapies. Previously
peptide based drugs have been cleared fast and have low target affinity in vivo.
When combined with multi-functionable nanoparticles these problems have been
silenced. We have a therapeutic interference peptide (iPep) that is a potent killer of
cancers cells. It does this by interfering with the Engrailed 1 (EN1) gene
transcription factor. The EN1 gene is selectively overexpressed in TNBC which
makes it a selective target to be treated with nanoparticles containing iPep as a
comprehensive solution to TNBC.

Special guanine rich sequence regions of DNA can form non-Watson-Crick
structures called G-quadruplexes (G4). G4s have been reported to occur more
frequently in regulatory regions of the genome and particular oncogenes which
suggests an involvement in oncogenesis. G4 structures are less stable than
traditional DNA structures and this weakness is thought to be an underlying reason
behind DNA damage leading to the cancerous state. The unique shape of G4s
create added complications when designing DNA-binding proteins that target G4s
as an anticancer therapy. While G4s are not identical in structure, a G4 specific
antibody has been created that is able to bind any structural variant. The antibody,
BG4, shows highly preferential binding to G4 over duplex DNA in its current role as
a fluorescence reporter for G4 locations in genomic DNA. The highly selective
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binding observed between BG4 and G4 could make an excellent mode of binding
for G4-targeting cancer therapies. While the sequence and activity of BG4 is known,
its physical structure and binding pocket have not been revealed by X-ray
crystallography. By successfully solving the structure of BG4 we can go on to design
complimentary binding agents. Such agents could be useful in targeted
chemotherapies or incorporate analogous existing structures to mimic the selective
binding of the antibody.
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CHAPTER 2
Shear-stress-mediated refolding of proteins from aggregates and inclusion bodies

Abstract
Recombinant protein overexpression of large proteins by bacterial cells typically
results in insoluble and misfolded proteins forced into inclusion body aggregates.
Inspired by the natural processing of cellular chaperonins, we report a novel
process using applied mechanical energy as shear stress within thin fluid film
vortices. This technique is capable of unfolding substrate protein aggregates as well
as isolating proteins away from misfolded intermediates. The shear forces
successfully refolded boiled hen egg white lysozyme, recombinant hen egg white
lysozyme, and recombinant caveolin-1. In addition, studies with the much larger
protein, cAMP-dependent protein kinase A (PKA) also allowed refolding when shear
stress was applied in a site-specific manner. The following methods reported
require <5 minutes to recover protein activity which is >100-times faster than
traditional methods using overnight dialysis and Hens egg white lysozyme (HEWL)
expressed in inclusion bodies proved capable of refolding to 82% of its active
conformation. The findings here have numerous application to industrial and
research associated protein expression as they can significantly shorten refolding
times, lower cost and reduce total waste streams associated with conventional
practices.
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Introduction
Recombinant protein expression currently occupies a market share in excess of
$160 billion of world biotechnology tradings1.

When compared with other

expression systems such as mammalian cells, protein expression that occurs in
yeast or Escherichia coli cell lines has been heavily favoured by laboratories because
of rapid growth, low consumable costs and higher yields2,3.

This preference

however, does not extend to overexpression of larger proteins in bacterial systems
as they typically results in aggregates forming as isolated inclusion bodies 4-6. Once
isolated to inclusion bodies the process of recovering correctly folded protein is
tedious and expensive by conventional methods7. Most often these methods for
refolding proteins incorporate time consuming multi-day dialysis that has the added
drawback of producing large volumes of waste solutions (anywhere from 1-10 litres
per mg of desired protein)8.

When expressing high value proteins, such as G-protein-coupled receptors
or therapeutic antibodies, laboratories can apply extensively optimized mammalian
or insect cell lines, media and bioreactors in lieu of dialysis-based recovery
protocols. Such methods are only used when the perceived reward is great enough
as these methods of recombinant protein overexpression are very costly.
Ultimately, recovery of native conformation protein from inclusion bodies of
misfolded protein intermediates from both bacterial and mammalian cell lines is a
challenge for industrial scale production because of their inefficiency. Because of
this, new methods that can maximise the output and application of bacterial overexpression could revolutionise industrial and research protein production.
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2.1

Materials and methods

Buffers Listed in Tables 2-1 and 2-2

Table 2-1. Expression conditions of recombinantly expressed proteins.

Protein

Expression Expression [IPTG]
time (h)
temp (ºC) (M)

Hen egg white
4
lysozyme

37

1

Caveolin-Δ
TM

3

37

0.5

HIV gp41

8

22

0.5

His-PKA

5

37

1

Lysis Buffer
50 mM NaH2PO4, 500 mM NaCl,
10 mM imidazole, 1 mM HALT
protease inhibitor (Pierce), 10
mM 2-mercaptoethanol, pH 8.0
50 mM tris-HCl, 10 mM NaCl, 5
mM EDTA, 100 mM PMSF, pH
8.0
50 mM NaH2PO4, 300 mM NaCl,
10 mM 2-mercaptoethanol, 1
mM HALT protease inhibitor, pH
8.0
50 mM NaH2PO4, 500 mM NaCl,
10 mM imidazole, 1 mM HALT
protease inhibitor, 10 mM 2mercaptoethanol, pH 8.0

Table 2-2. Purification conditions of recombinantly expressed proteins. The protein target used for
ELISA binding studies HIV gp41, was purified under non-denaturing conditions.

Denaturing
Buffer
20 mM tris, 10
Hen egg white UNOsphere
mM NaCl, 8 M
lysozyme
S (BIO-Rad)
urea, pH 7.8
50 mM tris, 50
Ni-NTA
mM
Caveolin-Δ TM
(Bio-Rad)
NaCl, 8 M urea,
pH 8.0
Protein

HIV gp41

His-PKA

Resin

Ni-NTA

-

Ni-NTA

20 mM
NaH2PO4, 500
mM NaCl, 6 M
guanidine-HCl,
pH 7.0
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Binding/wash Buffer

Elusion
Buffer

20 mM tris, 10 mM
NaCl, 8M urea, pH 7.8

Wash
buffer, 400
mM NaCl

50 mM tris-HCl, 300
mM NaCl, 10 mM
imidazole, 0.2% Na
azide, 8M urea, pH 8.0
50 mM NaH2PO4, 300
mM NaCl, 10 mM 2mercaptoethanol, 20
mM imidazole, pH 8.0
50 mM NaH2PO4, 300
mM NaCl, 1 mM
imidazole, pH 7.0

Wash
buffer, pH
4.0
Wash
buffer, 250
mM
imidazole
Wash
buffer, 500
mM
imidazole

2.1.1 Expression and purification of HEWL, caveolin-Δ TM and HIV gp41
Hen egg white lysozyme (HEWL), caveolin-Δ TM and HIV pg41 were overexpressed
in cultures of BL21 E. coli via induction with isopropyl β-D-1-thiogalactopyranoside
(IPTG, 1 mM). The 1 L culture volume was centrifuged at 6000 rpm and the bacterial
pellet collected. The pellet was reconstituted in lysis buffer with the aid of wand
sonication in 30 s continuous bursts with 1 min cooling on ice for eight cycles (20
watts). HEWL and caveolin-ΔTM, were purified under denaturing conditions, and
HIV gp41 was purified under non-denaturing conditions. Specific expression and
purification conditions for each protein are outlined in Table 2-1 and 2-2,
respectively. The egg whites were obtained from chicken eggs, and diluted 2:3 in
PBS, heat-treated at 90 °C for 20 min, and dissolved in 8 M urea overnight at 4 °C.
Cleavage of the His6 tag attached to HIV gp41 was achieved with Tobacco Etch Virus
protease, which was subsequently removed by immobilized metal affinity
chromatography (IMAC). All protein concentrations were determined by Pierce
bicinchoninic acid assay kit.

2.1.2 Protein refolding and determination of native state conformation
Commercial, lyophilized HEWL protein purchased from Sigma was reconstituted in
PBS as ‘active’ HEWL sample. Recombinantly expressed HEWL was pre-treated by
1:100 rapid dilution in PBS, and then refolded using a Vortex Fluid Device (VFD). All
samples were treated at room temp (22 °C) within a 16 cm long, 10 mm diameter
glass test tube. Experiments conducted in confined mode set the VFD to a 45° tilt
angle containing a fluid volume of 1 ml, spun at 5 krpm, unless otherwise specified.
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When operating in continuous mode, experiments were conducted by flowing the
rapidly diluted protein through the inlet port to the base of the sample at a flow
rate of 0.1 ml/min. Caveolin-ΔTM VFD refolding was performed in confined mode (1
ml, 5 krpm, 22 °C). During control testing, caveolin-ΔTM was also refolded using
conventional dialysis over 4 days (1:500, 50 mM Tris-HCl, 1 mM EDTA, 4 °C, pH 8.5).
Circular dichroism spectra of HEWL were collected immediately following VFD
refolding in PBS (20 nm/min, 4 accumulations), and caveolin-ΔTM were collected in
10 mM sodium phosphate, pH 7.5 (10 nm/min, 8 accumulations). All lysozyme
activity assays used the Invitrogen brand EnzChek kit after rapid dilution from
denatured protein solution into PBS (1:100) according to manufacturer’s
instructions, except for one deviation where the 37 °C incubation time was reduced
from 30 to 10 min. Lysozyme activity was interpolated by least-square regressions
fit of lysozyme standards to a Michaelis-Menten curve (𝑣 =

𝑉𝑚𝑎𝑥 [𝑆]
𝐾𝑚+[𝑆]

+ 𝑐) with

Prism 6 software (GraphPad, Figure 2-2). After 1:100 rapid dilution into PBS, protein
solution contains 80 mM urea, 0.2 mM Tris and 4 mM NaCl. Lysozyme activity with
various levels of urea, Tris, and NaCl was determined to verify that the assay was
not affected (Figure 2-6). Purified caveolin-ΔTM from the inclusion body were
diluted 1:5 in 10 mM sodium phosphate, pH 7.5 and then briefly dialyzed prior to
VFD treatment (1:100 volume, 1 h, 4 °C) for circular dichroism spectra.

2.1.3 ELISA binding assays
The dose-dependent ELISA was conducted by coating HIV gp41 (100 μl of 10 μg/ml
in 50 mM sodium carbonate pH 9.6 for 4 h at 4 °C) on a Nunc Maxisorp 96-well
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microtiter plate. After removing the coating solution, a blocking solution of 0.2%
non-fat milk in PBS was applied. Caveolin-ΔTM, anti-His mouse monoclonal
antibody (Sigma, H1029), and anti-mouse HRP-conjugated polyclonal antibody
(1:2000, Sigma, A5906) were diluted in 100 μl PT buffer (1:1000, PBS, 0.05% Tween20) and incubated for 1 h at 4 °C including four wash steps using PT buffer (200 μl).
The ELISA was developed by the addition of 1% w/v o-phenylenediamine
dihydrocholoride in citric acid buffer (0.02% w/v H2O2, 50 mM citric acid, 50 mM
Na2HPO4, pH 5.0), and the absorbance of the solution was measured at 450 nm
using a microtiter plate reader.

2.1.4 Shear stress-mediated refolding of IMAC resin-bound His-PKA
The catalytic subunit of PKA was overexpressed in BL21 E. coli with an N-terminal
His6 tag by induction with IPTG (1 mM). This experiment utilized the residual pellet
from a 12 L culture, a waste product more typically discarded. After dissolution in
lysis buffer, sonication was applied as described above. His-PKA was then
denatured in 6 M guanidine-HCl, 20 mM sodium phosphate, 500 mM NaCl and
incubated with Bio-Rad Ni2+- charged Profinity IMAC resin for 2 h at room
temperature (1 ml of a 1.72 mg/ml His-PKA to 50 μl or 250 μl bed volume IMAC). A
control experiment used uncharged IMAC resin instead. The IMAC-His-PKA solution
was then diluted to 1 M guanidine-HCl with binding buffer containing 1 mM
imidazole, or with the elution buffer containing 500 mM imidazole as a control. This
diluted solution was immediately treated in the VFD (1 ml, 5 krpm, 20 min). After
transferring to a 1.5 ml eppendorf tube, the resin was washed by aliquoting 1 ml
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wash buffer, inverting the tube three times, and centrifuging the tube at 2000 x g
for 2 min to separate the beads from the supernatant. This process was repeated
two additional times before elution with elution buffer containing 500 mM
imidazole. For protein quantification only, samples containing 500 mM imidazole
were diluted 1:100 in wash buffer to prevent residual imidazole from interfering
with the BCA assay. PKA activity was determined by monitoring substrate depletion
in an NADH enzyme-linked assay at 340 nm (300 μl assay volume, 10 mM ATP, 0.5
mM NADH, 1 mM phosphoenolpyruvate, 0.0153 U/μl lactate dehydrogenase,
0.0269 U/μl pyruvate kinase, 0.67 mM kemptide, 100 mM MOPS, 9 mM MgCl2, pH
7.0). Kemptide was synthesized by solid-phase peptide synthesis. All other reagents
were purchased from Sigma-Aldrich.

2.2

Results

2.2.1 Modelling thin film fluid dynamics in the vortex fluid device
To accurately estimate the shear forces exerted on proteins during VFD directed
folding the fluid behaviour in the VFD was modelled across various rotational
speeds. Our modelling applies the solution of Couette flow which describes the
laminar flow of viscous fluid in the space between two parallel plates, when one of
which is moving relative to the other9,10. This flow is driven by the viscous drag
force acting on the fluid and the applied pressure gradient parallel to the plates.
The velocity of the solution, Vθ, is a function of the radius, r (Figure 2-1A). The
boundary conditions for the liquid film interfaces are defined as follows. The inner
air-liquid interface at r = R1 slips due to discontinuity in viscosity, and results in
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𝑑𝑣

vanishingly low shear stress ( 𝑑𝑟𝜃 = 0). At the outer liquid-glass interface, the noslip boundary dictates that the velocity of the liquid at r = R2 matches that of the
inner wall of the glass tube (𝑣𝜃 = 𝑅2 • Ω), where Ω is the angular velocity of the
tube. The resulting velocity profile is a nonlinear function of the form:

𝑣𝜃 = 𝐴𝑟 +

𝐵
𝑟

Where

𝐴=

Ω
𝑅2
1 +1
𝑅2
2

and

𝐵=

Ω𝑅12

𝑅2
1 +1
𝑅2
2

From this velocity profile, shear stress can be calculated as:

𝜏𝑟𝜃 = 𝜇𝑟

𝜕 𝑣𝜃
( )
𝜕𝑟 𝑟

where 𝜇 is the viscosity of water at 20 °C. At a speed of 5 krpm, the calculated shear
stress ranges from 0.53 to 0.56 Pa (Figure 2-1B). These values of shear stress are
similar to the requirements previously reported for protein unfolding 11.
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A

B

Figure 2-1. In vitro protein refolding with the vortex fluid device (VFD) generates shear flow inside
thin fluid films. (A) Schematic of the VFD with the insert representing a two-dimensional slice of the
rotating tube across the axis of rotation. The radius of the tube, R2, is 5 mm, and the thin fluid film
12
thickness, δ, has been previously measured (not shown to scale) . The velocity of the solution, vθ,
increases from the inner surface of the film to match the velocity of the tube, Ω. (B) Shear stress
calculated as a function of rotational speed (rpm) and radius from the centre of the tube.

2.2.2 Refolding denatured hen egg white lysozyme from egg whites
Experiments were conducted using native hen’s egg white lysozyme taken from
fresh eggs. These experiments determined whether the shear forces of the VFD
were able to refold denatured HEWL in a non-homogenous protein solution. Egg
whites were separated from the yolk, diluted in PBS and heat-treated at 90 ºC for
20 minutes. The hard-boiled egg white was dissolved in 8 M urea, rapidly diluted
and then passed through the VFD at the rotational speeds and times shown in
Figure 2-3. The Bicinchonic acid assay was then used to determine total protein
concentrations – 44 µg/ml. Recovery of HEWL activity was then determined by
lysozyme activity assay (Figure 2-2). Our results showed that refolding of HEWL
within the native egg white at 5 krpm was able to recover activity after as little as
2.5 minutes of spin time and continued shear forces unfolds the protein. To yield
optimal HEWL refolding, VFD processing time was found to be 5 minutes at 5 krpm
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(Figure 2-3A). These results were used to establish the parameters for lysozyme
refolding by VFD.

Standard
U
25
12.5
6.25
3.12
1.5625
0.78125
0.390625
0

RFU/min
0.201
0.163
0.071
0.040
0.019
0.017
0.013
0.012

Michaelis-Menton + C
Best-fit-values
Vmax
Km
C
Vmax
Km
C
Degrees of Freedom
R square
Absolute Sum of Squares

0.4187
0.25.92
0.003201
0.1.28
14.46
0.008513
5
0.9735
0.001024

Figure 2-2. Wild-type lysozyme activity interpolated by least-squares regression curve. Relative
fluorescence units per minute were fitted to standardized lysozyme activity assayed using the
EnzChek Lysozyme Activity kit (Invitrogen) to a Michaelis-Menten model, plus background with
Prism 6 software (GraphPad). All assays were conducted in 96-well black opaque microtiter plates,
100 μl reaction volumes, with 10 min incubation at 37 °C.

2.2.3 Refolding recombinant hen egg white lysozyme from inclusion bodies
The VFD successfully refolded recombinantly expressed, reduced HEWL from BL21
E. coli bacterial cultures. Cell pellets were reconstituted in lysis buffer containing 2mercaptoethanol, purified, then urea-denatured and rapidly diluted in PBS at a
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1:100 ratio (Table 2-1). 1 ml of recombinant HEWL [44 µg/ml] was immediately
transferred into the VFD tube and spun at 22 ºC and 5 krpm for 5 minutes. Circular
dichroism spectra of the VFD-refolded protein showed characteristic curves of
alpha helical secondary structure from lysozyme isolated from inclusion bodies. CD
spectral analysis of identical HEWL samples demonstrated partial recovery of
secondary structure after VFD processing when compared to native lysozyme
(Figure 2-3B). Protein activity assay of lysozyme following VFD processing were used
to determine functional yield. Under the conditions specified above, the so-called
‘confined mode’ of VFD processing, recombinant HEWL recovered 82% of its
activity. As expected HEWL isolated from inclusion bodies that did not undergo VFD
processing did not show any lysozyme activity.

The VFD has a second modality capable of operating under continuous flow
(Figure 3-3D). This approach delivers additional sample through an inlet at the
cylinder base. A 50 ml sample was added at a flow rate of 0.1 ml/min. The method
demonstrated significant recovery of HEWL activity and even slightly exceeded
recover from the confined mode with >85% of activity restored after this scalable,
high volume application. This continuous flow mode is scalable for industrial
applications.
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Figure 2-3. Structure and functional analysis of hen egg white lysozyme (HEWL) processed by VFD.
(A) Recovered lysozyme activity per mg protein after VFD processing of boiled egg white (90 ºC, 20
min) at fixed VFD speed (5 krpm) for 5 min refolding time. The size of the solid red circle is relative to
the clear, blue circle as a fraction of lysozyme activity recovered from hard-boiled egg whites
following VFD induced refolding. The inset depicts 40% v/v egg white in PBS with and without 90 °C
heat treatment. (B) CD spectra of recombinantly expressed, reduced, and denatured HEWL before
(grey) and after (red) VFD refolding. (C) Lysozyme activity per mg protein after VFD refolding of
recombinantly expressed HEWL. Here, VFD treatment of purified, active lysozyme does not
adversely affect activity. Percentages quoted at top show activity recovered compared to wild-type.
Error bars indicate standard deviation (n = 3). (D) Schematic diagram of VFD. In continuous flow
mode, the protein solution is fed through a thin line metal tube to the bottom of the sample tube.

2.2.4 Applying shear stress to refold recombinantly expressed caveolin-ΔTM
After successfully refolding denatured lysozyme in both complex (native egg white)
and simple (purified recombinant protein) environments, we sought to replicate
such refolding in other protein models. Our focus shifted to refolding the protein
caveolin-1. Caveolin-1 was chosen because it represents a protein that traditionally
requires an especially large amount of processing time by conventional methods

75

(typically four days of dialysis). The variant used has had the transmembrane
domain removed (caveolin-ΔTM). The protein was recombinantly expressed and
the inclusion bodies purified under denaturing conditions. Purified caveolin-ΔTM
was diluted and underwent rapid dialysis for 1 h to lower urea concentrations. The
protein underwent VFD treatment for 0, 10, or 30 min at 5 krpm at a concentration
of 186 µg/ml. CD spectra curves of the VFD-treated caveolin-ΔTM showed a distinct
minima at 208 nm, which is indicative of α-helical secondary structure (Figure 24A)13. Following VFD processing there was pronounced decrease in the protein
solution turbidity, a mark of VFD induced solubilisation and refolding of partially
aggregated proteins (Figure 2-4B). Later, binding studies of the refolded caveolinΔTM to HIV glycoprotein 41 (gp41), a known caveolin binding partner 14,15, were
conducted via ELISA assay. VFD processing significantly restored protein function,
evident by binding to gp41 (Figure 2-4C).
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A

B

Untreated
10 min, VFD

30 min, VFD
96 hr, dialysis

Figure 2-4. Determination of secondary
structure and functional activity of caleolinΔTM after VFD treatment. (A) Circular
dichromism (CD) spectra of caleolin-ΔTM after
VFD induced refolding and conventional
dialysis. (B) Turbidity of caveolin-ΔTM,
measured by the fractional absorbance at 600
nm compared to the untreated sample also at
600 nm. The arrow indicates absorbance of
caveolin-ΔTM following 4-days of dialysis. (C)
Dose-dependent binding of unprocessed,
processed, and conventionally refolded
caveolin-ΔTM to HIV gp41 determined by ELISA.
Although some binding occurs without VFD
treatment, caveolin-ΔTM binds with greater
affinity after VFD refolding. Error bars indicate
standard deviation (n = 3).

C

2.2.5 Recovering kinase activity from PKA by attachment to IMAC beads
Initial experiments using the VFD to refold large-sized protein failed to replicate the
results obtained with smaller proteins like lysozyme and caveolin. At first, tests
using the catalytic domain of protein kinase A (PKA) (42 kDa), a significantly bulkier
protein than HEWL (14 kDa) or caveolin-ΔTM (17 kDa), were unable to refold
inclusion body protein following similar protocols. An altered protocol was devised
to focus shear stress on the N-terminus of His-tagged PKA by way of Ni2+ charged
immobilized metal affinity chromatography (IMAC). The IMAC-His-PKA complex was
subsequently subjected to VFD shear stresses (1 ml, 0.2 – 1 mg/ml). After VFD
77

processing the His-PKA that had been separated from IMAC resin was able to
recover 69% of kinase activity (Figure 2-5A). Negative control experiments with
identical conditions, but with uncharged IMAC resin, lower charged resin volumes,
or 500 mM imidazole to block the Ni2+-His6 tag interaction, showed only low levels
of kinase activity (Figure 2-5A). It is worth noting that remaining His-PKA eluted
from the IMAC resin with imidazole yielded considerably less active protein (Figure
2-5B).

Figure 2-5. Facilitating VFD refolding of PKA by pre-binding to IMAC resin. 1.7 mg PKA was preincubated with 250 or 50 μl IMAC resin in 6 M guanidine-HCl prior to dilution to 1 M guanidine-HCl
and VFD treatment. (A) PKA was removed by a low imidazole (1 mM) wash buffer. PKA activity per
μg of protein measured by nicotinamide adenine dinucleotide (NADH) enzyme-linked assay and
shown as percentage of wild-type PKA. Consumption of ATP by active PKA results in consumption of
NADH by lactate dehydrogenase. The NADH levels were monitored in this assay by absorbance at
340 nm. Negative control experiments were performed with low quantities of resin, 500 mM
2+
imidazole, or resin lacking Ni (uncharged) during IMAC incubation. (B) PKA activity per μg of protein
of elution fractions following VFD treatment. Steps performed on elution fractions were identical to
wash fractions. Error bars indicate standard deviation (n = 3).
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The results presented in this chapter identify that protein refolding using VFD
processing requires optimization for each protein. Buffers, protein concentration,
and processing time were optimized for HEWL, caveolin-ΔTM, and PKA. It appears
that complex protein mixtures (like those in the boiled egg whites used) recover
folded proteins from inclusion bodies less efficiently when compared to simple
solutions. The mechanical energy of the VFD could be misdirected into the other
>96% of proteins present in natural egg whites.

We report here a new paradigm in laboratory recombinant protein
expression. We have applied shear force to drive rapid equilibration of protein
folding. This kind of reaction has long been recognised in nature by cell chaperonins
but has never before been accomplished in biochemistry. The VFD also mimics
chaperonin function to avoid reaggregation through cage-like isolation during
refolding but instead relies upon shear forces of rapidly rotating thin fluid films to
maintain protein separation16,17.
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2.3

Discussion

The results reported in this chapter offer a significant contribution to the way we
will approach recombinant overexpression of proteins in the future. We describe a
paradigm-shifting new method that offers considerable advantages over
conventional approaches to protein refolding. The VFD-mediated refolding can be
considered to be an important advancement in green chemistry protocols as it
represents a method that requires much smaller solution volumes of approximately
1% of the volumes necessary for conventional dialysis. Secondly, our novel protocol
alters a key step in protein production to occur >100-times faster than the industry
standard of overnight dialysis while simultaneously improving protein production
by as much as >1000-fold for proteins such as caveolin. Our method distinguishes
itself from others by the use of the VFD, which utilizes high shear forces in thin fluid
films to direct protein refolding. The VFD-mediated shear force is a low-energy,
inexpensive form of processing that has proven applicable to many different
protein models.
We have presented VFD-mediated protein folding in four different systems.
Our data has shown the VFD to be highly successful at restoring function to
recombinantly expressed smaller proteins such as hens egg white lysozyme isolated
from inclusion bodies as well as caveolin-Δ TM. When applied to larger-sized
proteins the VFD encountered initial difficulties at restoring the catalytic domain of
PKA protein. We hypothesized that to correctly refold the full-length PKA in vitro we
must mimic the cellular folding process more closely. Rather than trying to refold
the entire PKA protein at once we focused shear stress on the N-terminus of His-
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tagged PKA by immobilisation on Ni+2-charged immobilised metal affinity
chromatography (IMAC) beads. Cells do this in nature when the nascent
polypeptide is able to fold while the N-terminus extrudes from the ribosome. This
adjustment proved successful and we were able to recover 69% of the protein’s
kinase activity. We also recognised that VFD folding is most effective when directed
towards purified protein samples. VFD folding in complex protein mixtures appears
to share the force across all the protein present. When testing a mixture of boiled
egg whites the mechanical energy of the VFD was not solely directed to the
lysozyme content of the egg white and instead spread throughout the other
proteins present in solution.
The advantages of VFD refolding expose new possibilities to increase protein
yields for recombinantly overexpressed proteins in simple cell lines. The VFD has
proven capable of untangling complex mixtures, insoluble inclusion bodies and
aggregates. The potential for VFD-mediated refolding to be incorporated into
laboratory standards could be seen when used with high concentration of a
chemical inducer such as IPTG. Such a combination would drive overexpressed
proteins into insoluble inclusions that can then be harvested after VFD processing
to give an overall increase in yield. Conventional approaches seek to avoid inclusion
bodies through painstaking optimization of growth conditions and specialised cell
lines. This comes at the expense of larger yields as well as protein purity.
The continuous flow mode of the VFD easily allows for process up-scaling to
accommodate much larger volumes of solutions. We offer a path to lower financial
costs and shorter timelines required to refold inactive proteins that are conducive
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to an industrial scale.

The use of mechanical shear forces to drive chemical

reactions is a relatively new endeavour and this chapter has highlighted the need to
understand and harness shear forces to achieve rapid equilibrium of protein
folding. Our methods could certainly be expanded to a wide-range of applications in
research and manufacturing.
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CHAPTER 3
Sensitizing basal-like breast cancer to chemotherapy using nanoparticles
conjugated with interference peptide

Abstract
Basal-like breast cancers are a highly aggressive malignant subtype of breast cancer
that are associated with very poor prognosis. Typically, these cancers are high grade
‘triple negative’ tumours that express no oestrogen receptors, progesterone
receptors, or Her2 proteins. Commonly, these cancers may initially respond
positively to first-line treatment only to become highly resistant to standard
chemotherapy later in a metastatic setting. The Engrailed 1 (EN1) transcription
factor plays an important role in the development of basal-like breast cancer drug
resistance through highly selective overexpression of the gene homeobox. In this
chapter we propose a novel use of poly(glycidyl methacrylate) nanoparticles,
decorated with poly(acrylic acid), that facilitate the dual delivery of docetaxel and
our own interference peptide (iPep) designed specifically to block, or inhibit, EN1
(EN1-iPep). EN1-iPep is shown to be highly selective in inducing apoptosis in basallike cancer cells with negligible effects in non-neoplastic human mammary
epithelial cell lines. Additionally, treatment with EN1-iPep results in a highly
synergistic interaction with docetaxel to inhibit cancer cell growth. By incorporating
these two pharmacological agents in a single nanoformulation, we have produced a
greater anticancer efficiency than current nanoparticle-based therapies clinically
used today.
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Introduction
Triple negative breast cancers (TNBC) are hyper-aggressive malignancies observed
in approximately 15% of all breast cancer diagnoses. They are recognised clinically
and phenotypically by their lack of key cell receptors; oestrogen, progesterone, and
the human epidermal growth factor receptor-2 (Her2)1,2. As a consequence, TNBCs
fail to respond to conventional endocrine and anti-HER2 therapies when treating
breast cancer. Currently, there are no approved therapies tailored against TNBCs.
With no tumour receptor to target, patients with TNBCs often undergo non-specific
chemotherapy after initial diagnosis, followed by an adjuvant chemotherapy using
varied compounds such as taxanes, platinum agents, and PARP inhibitors 3. TNBCs
most often belong to the basal-like subtype characterised by the presence of P53
and BRCA1 mutations4. Basal-like tumours initially respond positively to
chemotherapy, however, in a metastatic setting they exhibit drug resistance and
tumour relapse similar to what is observed in TNBCs.
An important feature of basal-like breast tumours is the aberrant
overexpression of the Engrailed 1 (EN1) transcription factor. EN1 overexpression
promotes proliferation, metastasis, and protects basal-like tumours against
apoptosis; thus increasing drug resistance5. Previously, our laboratory has
demonstrated that the selective knockdown of EN1 induces potent capase-3
apoptosis and a sensitisation in basal-like breast cancer cells to chemotherapy5. This
discovery means that a target may exist for new selective therapies against basallike breast cancers in the form of selective EN1 activity inhibitors. Previously,
transcription factors (like EN1) have been thought of as ‘undruggable’ targets due
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to their small molecular binding pockets. The Blancafort laboratory has designed an
interference peptide (iPep) small enough to interrupt the transcription factor
behaviour of the EN15. The EN1-iPep inhibits transcription by binding EN1 and in
doing so, prevents it from binding its partner molecules and DNA.
Docetaxel (DTX) is a member of the taxoid group of anticancer agents and is
routinely used in the treatment of metastatic breast cancers6. Taxanes arrest cell
cycling through the promotion and stabilisation of microtubule assembly during Sphase, leading to apoptosis7. New formulations of nanoparticle-based cargo
delivery of DTX have produced promising results, demonstrating greater antitumoural effects with reduced off-target effects when compared to free drug
delivery in both in vitro and in vivo models. The same effect has been demonstrated
with doxorubicin - another staple drug used to treat metastatic breast cancers8-11.
Another advantage of nanoparticle drug delivery is a greater systemic circulation
half-life. The BRCA1 mutation, a hallmark of basal-like breast cancer, has now been
recognised to be an important predictive factor for drug resistance. To date, most
drug regimens have been heavily reliant on neoadjuvant therapies to address
resistance to docetaxel treatment and most chemotherapies approaches12. These
have produced limited success.
Here in this chapter, we report the use of poly(acrylic-acid)-decorated
poly(glycidyl methacrylate) nanoparticles. These nanoparticles encapsulate
docetaxel and electrostatically assemble EN1-iPeps creating a dual delivery
platform against basal-like breast cancer. We demonstrate the efficiency of this
approach to sensitise basal-like breast cancers to chemotherapy. Using systemic
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assessment of individual agents, we demonstrate high synergism in our
combinatorial approach, and superior anticancer efficacy when compared to
alternate clinical nanoparticle-based treatments.
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3.1

Materials and methods

3.1.1 Synthesis and functionalisation of nanoparticles
Poly(glycidyl methacrylate (PGMA) (Mw = 454 270, PDI = 1.79) was synthesised
using a free-radical polymerization process. Glycidyl methacrylate was dissolved in
MEK and the reaction heated to reflux under an inert atmosphere using 2,2′azobis(2-methylpropionitrile) as an initiator. PGMA mixture was cooled, then
precipitated in methanol and collected by filtration. PAA-PGMA-DTX nanoparticles
were prepared according to a modified protocol described previously13. 100 mg
PGMA and 15 mg docetaxel were dissolved in a 1 : 3 mixture of chloroform and
MEK. 6 ml of the mixture was added dropwise into an aqueous solution of Pluronic
F-108 (1.25% w/v, 30 ml) under vigorous stirring. The emulsion was homogenised
with a probe-type ultrasonicator set at 4 WRMS for 1 min. Organic solvents were
removed from the emulsion under reduced pressure. The solution was centrifuged
at 3000 x G for 45 min to remove large aggregates. The supernatant was further
centrifuged at 20 000 x G (15 min) to isolate nanoparticles from excess surfactant.
Nanoparticles were resuspended in 10 ml of PAA solution (100 mg ml −1, pH 9.0),
assisted by short periods of ultrasonication at 4 WRMS. The suspension was stirred
at 70 °C overnight to conjugate PAA to the PGMA nanoparticles. The resultant
nanoparticles were centrifuged and resuspended in PBS immediately before use.
EN1-iPeps, both active and mutant, were electrostatically attached to PGMA-PAA
nanoparticles by incubation at room temperature in PBS (pH 8.0) overnight.
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3.1.2 Characterisation of nanoparticles
Hydrodynamic size and zeta potential was measured using a Zetasizer Nano ZS
(Malvern Instruments). Nanoparticle stability was assessed in an environment
analogous to the in vivo physical environment. This meant PAA-PGMA-DTX and
EN1-iPep-PAA-PGMA-DTX nanoparticle, size, polydispersibility index (PdI), and zeta
potential, were determined in the presence of BSA, resuspended in PBS. Fourier
transform infrared spectroscopy (FT-IR) determined chemical characterisation of
DTX-NPs. FT-IR of PGMA nanoparticles containing DTX shows a peak at 710 cm −1
characteristic of DTX.

3.1.3 Determination of docetaxel loading in nanoparticles
PAA-PGMA-DTX nanoparticles were lyophilised and weighed before suspended in
methanol (1 ml). The suspension was vortexed regularly over 1 h to assist in the
dissolution of encapsulated docetaxel. The nanoparticles were removed via
centrifugation (14 000 x G, 15 min) with the supernatant containing the dissolved
free drug, analysed using RP-HPLC. Measurements were performed on a Waters
2695 separation module with Waters 2489 UV/Vis detector (determination λ = 232
nm) using reverse phase isocratic elution (methanol : water, 70 : 30; 1.5 ml/min−1 )
through a C18 column (150 × 4.60 mm, 5 µm, 25 ± 5 °C). The measurements were
compared against a standard curve done in identical run conditions. Docetaxel
loading in the PAA-PGMA-DTX nanoparticles was calculated with the following
formula:
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𝐷𝑜𝑐𝑒𝑡𝑎𝑥𝑒𝑙 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 % (𝑤 ⁄𝑤 )
=

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑑𝑜𝑐𝑒𝑡𝑎𝑥𝑒𝑙 𝑤𝑖𝑡ℎ𝑖𝑛 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
× 100
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

3.1.4 Docetaxel release from nanoparticles
Docetaxel release was quantified according to the method described in Singh et,
al14. Nanoparticles (1.00 ml, 7.26 mg ml−1 ) were placed in a dialysis membrane (Mw
cutoff 100 KDa) and dialysed against a sink solution (15 ml) containing either PBS or
PBS + 1% w/v Tween 80 in a water bath at 37 °C. Aliquots (10 ml) were drawn from
the sink solution at each time point, freeze dried, extracted with methanol (200 µl),
and quantified by HPLC (isocratic elution with 70 : 30 methanol/water; C18 column,
150 × 4.60 mm, 5 µm, 25 °C; retention time ∼10 min). At each time point, 10 ml
fresh solution was added to the sink to maintain flux conditions.

3.1.5 Cell culture
The T11 basal-like breast cancer cell line was derived from the murine basal-like
breast tumour of a p53−/− Brca1−/− BALB/c mouse15,16. The basal-like breast cancer
cell line SUM149 and the normal breast epithelium cell line MCF10A were
purchased from Asterand (Detroit; MI, USA) and the American Type Culture
Collection (Manassas; VA, USA), respectively. T11 and SUM149 were cultured in
RPMI and DMEM-F/12 (Life Technologies; VIC, Australia) medium respectively. Both
media were supplemented with 10% foetal bovine serum (Life Technologies) and
1% penicillin/streptomycin (Life Technologies). MCF10A were cultured in a DMEM90

F/12 supplemented with 10% horse serum, 20 ng ml−1 EGF, 0.5 µg ml−1
hydrocortisone, 10 mg ml−1 insulin, 100 ng ml−1 cholera toxin and 1% penicillin/
streptomycin (Life Technologies).

3.1.6 Cell viability and assessment of apoptosis
To assess the selective activity of EN1-iPeps, T11, SUM149 and MCF10A cells were
treated with EN1-iPepact and EN1-iPepmut for 24 h at concentrations up to 50 µM. To
assess the efficacy of EN1-iPep nanoparticles as compared to the commercial
chemotherapeutic Abraxane® (paclitaxel-albumin nanoparticles), T11 cells were
treated with different concentrations of uncoated DTX nanoparticles (without EN1iPep; blank), EN1-iPepact-DTX nanoparticles and Abraxane® at up to 0.5 mg/ml−1 of
nanoparticles, equivalent to a range of EN1-iPep up to 36.3 µM, for 24 and 48 h.
Cell viability for the aforementioned experiments was assessed using the CellTiterGlo assay according to the manufacturer’s protocol (Promega; NSW, Australia).
Luminescence was measured using the EnVision 2012 Multilabel Reader
(PerkinElmer; Waltham, MA, USA). IC50 of EN1- iPeps against the various cell types
were calculated using the Graphpad Prism 6 statistical package.
Apoptosis was assessed by means of immunofluorescence visualization of
cleaved-caspase 3 positive cells. T11 and SUM149 cells were treated with active or
mutant EN1-iPep at 50 µM for 8 h. Following treatments, cells were fixed with 4%
paraformaldehyde for 20 minutes, washed twice with PBS, blocked with blocking
solution (5% fetal bovine serum, 0.3% Triton X-100 in PBS) for 1 h, incubated with
the anti-cleaved caspase 3 primary antibody (1 : 500 dilution; Cell Signaling
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Technology, QLD, Australia) in blocking solution overnight and further incubated
with an anti-rabbit secondary Alexa Fluor 488-conjugated antibody (Cell Signaling
Technology, QLD, Australia). Nuclei were stained with Hoechst 33258. The
percentage of positive cleaved-caspase 3 cells was determined by counting green
fluorescent cells versus total cells using a fluorescent microscope (Olympus IX71).

3.1.7 Assessment of drug combination effect
The combined effect of doxorubicin and docetaxel with EN1-iPeps was assessed by
the median effect method17 proposed by Chou and Talalay, using the Compusyn
software. T11 cells were treated for 24 h with doxorubicin, docetaxel, and EN1iPepact, in non-constant ratios at doses up to 25 µM, 10 µM, and 10 µM
respectively. Cell viability was assessed using CellTiter-Glo as described previously.
This method determines the combination index (CI) between two agents. Additive,
antagonistic or synergistic interactions between two agents are indicated by CI = 1,
>1 or <1 respectively.

3.1.8 Confocal imaging
T11 cells were grown on 12 mm diameter glass coverslips and treated with
rhodamine B-conjugated blank, EN1-iPepact or EN1-iPepmut coated nanoparticles at
0.33 mg ml−1 in serum free media for 4 h. This concentration of nanoparticles
corresponds to the amount of EN1-iPepact attached to the nanoparticles calculated
experimentally to reach the IC50 (24 µM) when administered in T11 in a
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nanoparticle format. Cells were fixed with 4% paraformaldehyde and washed twice
with PBS. Nuclei and actin filaments were stained with 5 µg ml−1 Hoechst 33258 and
Alexa Fluor 488 phalloidin (Life Technologies) respectively for 20 min. Coverslips
were mounted on slides using Slowfade mounting media (Life Technologies). Slides
were visualised by confocal microscopy (Hoechst λex = 397 nm, λem = 400–468 nm;
Alexa Fluor 488 λex = 488 nm, λem = 497–546 nm; rhodamine B λex = 561 nm, λem =
579–676 nm; Leica TCS SP2).

3.1.9 Animal model and in vitro efficacy assessment of EN1-iPep nanoparticles
All animal experiments were performed in accordance with protocols approved by
the Animal Ethics Committee of The University of Western Australia. To simulate an
advanced model of basal-like breast cancer, T11 cells (2.5 × 104 cells) were
resuspended in serum free media and BD Matrigel Matrix High Concentration (BD
Bioscience, NSW, Australia) in a 1 : 1 ratio to a total volume of 100 µl and injected
subcutaneously into the flanks of 5 week old BALB/cJ females (Animal Resources
Centre, WA, Australia) using a 26G needle. Nine days after inoculation of cells,
tumours reached an average volume of 279 mm3. At this point, animals were
randomly assigned to one of four different groups. All animals received a total of 5
intratumoural injections every two days containing 2.5 mg of nanoparticles coated
with 0.5 mg EN1-iPep diluted in 100 µl of saline solution. The four treatments were:
blank nanoparticles with EN1-iPepmut or EN1-iPepact, and docetaxel nanoparticles
with EN1-iPepmut or EN1-iPepact. Width and length of tumours were measured every
day using a digital calliper and tumour volumes were calculated using the modified
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1

ellipsoid formula: 𝑉 = 𝑊𝑖𝑑𝑡ℎ2 × 2 𝐿𝑒𝑛𝑔𝑡ℎ. Animals bearing tumours >800 mm3
were humanely sacrificed.

3.1.10 Immunohistochemical analysis of tumours
Tumour tissue was fixed in 4% paraformaldehyde, washed 3 times in PBS and left in
70% ethanol. Tumours were embedded in paraffin and 5 µm sections were
prepared. For Haematoxylin/ eosin staining, slides were dewaxed, hydrated using a
decreasing solution bank of ethanol, stained with Gill’s haematoxylin, dehydrated
using 70% ethanol, stained with eosin, further dehydrated using 100% ethanol,
cleared using toluene and mounted in coverslips using Acrymount IHC mounting
media (McKinney, Texas, USA). Tumour cell apoptosis was determined in tissue
sections by TUNEL assay (In Situ Cell Death Detection Kit; Roche, VIC, Australia).

3.1.11 Statistical analysis
All in vitro experiments were performed in triplicate and repeated at least three
times. Results were averaged and the standard deviation (SD) or standard error of
the mean (SEM) was calculated as indicated in the figures. To determine statistical
significance, a two-tailed unpaired Student’s t test was used between 2 different
independent groups. * indicates p < 0.05, ** indicates p < 0.005 and *** indicates p
< 0.0005.
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3.2

Results

3.2.1 In vitro toxicity assays in normal and basal-like breast cancer cells treated
with EN1-iPeps
The specificity and efficiency of EN1-iPep to target basal-like breast cancer cells was
assessed using in vitro cell viability assays. The selectivity of EN1-iPep for basal-like
breast cancer cells over healthy breast cells was performed using comparative
results from CellTiter-Glo assay from T11 and SUM149 basal-like cell lines and the
normal breast epithelium cell line MCF10A. Cells were treated with increasing
concentrations of EN1-iPepact and EN1-iPepmut (0 – 50 µM) for 24 h and it was
observed that the EN1-iPepact induced cancer cell death in murine claudin-low T11
cells, derived from p53-/- transgenic mice, as well as the human basal-like SUM149
cells (Fig 3-1A and B). IC50 values for EN1-iPep in T11 and SUM149 cell lines were
9.26 µM and 13.02 µM respectively. The same induced cell death effect was not
observed in normal human breast epithelial cells (MCF10A) (Fig 3-1C).
An immunofluorescence assay was used to detect levels of cleaved capase-3
(a hallmark of apoptosis) in T11 and SUM149 cells treated with 50 µM of EN1iPepact and EN1-iPepmut for 8 h. The same conditions were also used for cell viability
assay to assess cell death percentages. The results showed that 50 µM of EN1iPepact induced predominantly caspase-3-dependent apoptosis (Fig 3-1D and E).
Immunofluorescence images of treated cells exhibited typical apoptotic features
such as nuclei condensation.
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Figure 3-1. In Vitro toxicity assays in normal and basal-like breast cancer cells treated with
EN1-iPeps. (A) Survival plot (%) of basal-like breast cancer cells (T11), (B) SUM149 and (C)
immortalised mammary epithelial (MCF10A) cell lines treated with increasing concentrations of
active and mutant form EN1-iPep for 24 hours. (D) Immunofluorescence assay showing cleaved
caspase-3 levels in T11 and (E) SUM149 cells treated with 50 µM of active and mutant form EN1iPeps for 8 hours. Percentages of cleaved caspase-3 positive cells and dead/alive cells shown to
the right. Student’s t-test *p < 0.05, **p < 0.005, ***p < 0.0005.
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3.2.2 Assessment of synergistic effects between docetaxel, doxorubicin and
EN1-iPeps
Given that our overarching aim is to sensitise TNBCs to chemotherapy, we set out
to examine the nature of how the EN1-iPepact would interact with existing
anticancer drugs. Two common chemotherapeutics used to treat metastatic breast
cancer are doxorubicin and DTX. Their interaction with the EN1-iPep was measured
using the median dose effect method in triple negative breast cancer cells (T11
cells)17. This method derives a combination index (CI) that is a valuable indication of
the nature of interactions between two agents. Synergistic effects were tested for
using T11 cells treated with increasing concentrations of DTX alone (0 – 10 µM),
doxorubicin alone (0 – 25 µM), EN1-iPepact alone (0 – 10 µM) and the respective
combined drug-iPep formulations for 24 h. Following treatment cell viability and
mortality (as a fraction affected) were determined by CellTiter-Glo (Fig 3-2). The CI
value, obtained with the Compusyn software, scored lower than 1 for all
combinations of DTX and EN1-iPepact tested, indicating a synergistic interaction
between these two agents. In contrast, the combination of doxorubicin and EN1iPepact resulted in an antagonistic effect (CI > 1). Based on these results, DTX was
selected for inclusion into the nanoparticle formulation.
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Figure 3-2. Determination of synergism between docetaxel, doxorubicin with EN1-iPep. (A) Left:

Survival plot (%) of T11 cells treated with different concentrations of DTX, EN1-iPepact and
the combination of both. Right: Combination index obtained for different fractions
affected. The solid line indicates the combination index calculated by the median dose
effect method. (B) Left: Survival plot (%) of T11 cells treated with different concentrations
of doxorubicin, EN1-iPepact and the combination of both. Right: Combination index plot.

3.2.3 Characterization of nanoparticles
The nanoparticle used in the current study consisted of a poly- (glycidyl
methacrylate) (PGMA) core. These nanoparticles were additionally functionalized
with rhodamine B (RhB) for confocal imaging. The DTX-loaded PGMA nanoparticles
were prepared using an oil-in-water emulsification process, which yielded
nanoparticles with a Z-average hydrodynamic diameter of 160.9 ± 0.8 nm (PDI:
0.08). Precise hydrodynamic size diameters and zetapotential surface charge of
each nanoparticle formulations are summarised in Table 3-1. Nanoparticles had 3%
(w/w) DTX drug loading determined using HPLC. PAA was covalently bound to the
DTX-loaded PGMA nanoparticles to provide an anionic surface suitable for
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electrostatic conjugation with the positively charged EN1-iPep. Binding efficiencies
(by mass ratio) of the EN1-iPepact and EN1-iPepmut to various nanoparticle
formulations are summarized in Table 3-2. Incubation of EN1-iPep with the
nanoparticles was monitored by a positive shift in the zeta potential (Fig. 3-3)
indicating successful attachment of the EN1-iPep on the nanoparticle surface. A
schematic representation of the EN1-iPep nanoparticle containing DTX has been
provided in Figure 3-4.

Table 3-1. Hydrodynamic diameter and zetapotential surface charge of different nanoparticle
formulations.

Nanoparticle Formulation
PGMA-DTX NPs

Size
135.3 nm

PdI
0.087

Zeta potential
-14.2 mV

PAA-PGMA-DTX NPs

167.9 nm

0.135

-34.2 mV

PAA-PGMA-DTX NPs + BSA

138.1 nm

0.092

-2.2 mV

EN1-iPep- PAA-PGMA-DTX NPs + BSA

162.4 nm

0.159

(not measured)

A

B

Figure 3-3. Zeta potential of PGMA nanoparticles and associated shifts following EN1-iPep
incubation with active and mutant form. (A) Zeta shifts with empty PGMA nanoparticles. (B) Zeta
shifts with DTX loaded PGMA nanoparticles.
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Table 3-2. Binding efficiencies (by mass ratio) of the EN1-iPepact and EN1-iPepmut to various
nanoparticle formulations.

Binding efficiency
(% mass)
16.8

Standard
deviation
± 2.5

EN1-iPepact PAA-PGMA-DTX

20.1

± 3.7

EN1-iPepact PAA-PGMA-RhB

14.2

± 1.7

EN1- iPepmut PAA-PGMA

16.2

± 1.6

EN1- iPepmut PAA-PGMA-DTX

23.6

± 0.4

EN1- iPepmut PAA-PGMA-RhB

22.7

± 1.8

Nanoparticle Formulation
EN1-iPepact PAA-PGMA

Figure 3-4. Schematic
representation of EN1-iPep
nanoparticles. (A) Schematic
representation of combined
therapeutic DTX, EN1-iPepact in
PAA-PGMA nanoparticle. (B)
Transmission electron microscopy
of DTX-loaded nanoparticles.
Scale bar provided = 100 nm.
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3.2.4 Internalization and in vitro effects of EN1-iPep-docetaxel chimeric
nanoparticles
To investigate the effect of EN1-iPep attachment on cellular association of our
nanoparticles, T11 cells treated with nanoparticles bearing either EN1-iPepact, EN1iPepmut, or no EN1- iPep (“blank”), were examined using confocal microscopy. To
achieve this, nanoparticles were modified by the addition of fluorescent rhodamine
B dye that facilitates visualisation. Figure 3-5A shows EN1-iPep decorated
nanoparticles efficiently associate with T11 cells. Similar imaging of T11 cells
treated with blank nanoparticles did not show any such association. A 43%
induction of apoptosis assessed by cleavage of caspase-3 was identified in T11 cells
treated with EN1-iPepact-decorated nanoparticles after 8 h but not in cells treated
with EN1-iPepmut or blank nanoparticles (Fig 3-5B).
Subsequent investigation demonstrated that EN1-iPep and DTX inhibited
cell viability when these agents were assembled in PGMA nanoparticles. In order to
test this, T11 cells were treated with increasing concentrations of PAA-PGMA
nanoparticles for 24 and 48 h (0 to 0.28 mg/mL−1). Nanoparticles were coated with
an equivalent concentration of EN1-iPep (act or mut), (0 to 75 µM). After the
treatments, the percentage of cell survival was determined by CellTiter-Glo and the
IC50 of formulations determined (Fig. 3-5C). The IC50 of nanoparticles bearing both
EN1-iPepact and DTX was 0.23 mg mL−1 (13.9 µM EN1-iPep equivalent) after 24 h
and 0.10 mg/mL−1 (6.03 µM) after 48 h. The combination of DTX and EN1-iPepact
was more potent than either component alone when delivered using nanoparticles.
Nanoparticles bearing EN1-iPepmut did not reach 50% cell mortality at 24 or 48 h
post-treatment regardless of DTX content.
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A

B

PAA-PGMA-RhB NPs EN1-iPepact-PAA-PGMA-RhB NPs EN1-iPepmut-PAA-PGMA-RhB NPs

C

Figure 3-5. Association and in vitro effects of EN1-iPepact-DTX nanoparticles. (A) Confocal
microscopy images of T11 cells treated for 4 hours with blank nanoparticles or with
nanoparticles coated with either EN1-iPepact or EN1-iPepmut. Rhodamine B tagged nanoparticles
appear red. Actin cytoskeleton appears green and nuclei appear blue. (B) Percentage of caspase3 positive cells after treatments for 24 hours by immunofluorescence. (C) Survival plots of T11
cells after treatments for 24 and 48 hours. Statistical analysis was performed with Student’s ttest. *p < 0.05, **p < 0.005, ***p < 0.0005.
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3.2.5 Anti-tumoural effect of EN1-iPep/DTX nanoparticles relative to clinically
approved Abraxane®
Abraxane® is currently the only taxane based nanoformulation approved by the
FDA for treatment of breast cancer. This nanoformulation has been proven to
improve patients’ response and delayed tumour progression in phase III trial18. We
investigated whether our nanoformulations were more potent than the current
industry standard Abraxane® in inducing cell death in basal-like breast cancer cell
lines. Viability assays by CellTiter-Glo in T11 cells treated for 24 h and 48 h across
varied concentrations of Abraxane® (0–0.28 mg/ml−1 ), and the same
concentrations of PAA-PGMA-DTX NPs and PAA-PGMA-DTX NPs coated with EN1iPepact. The concentrations of EN1-iPep in the last NPs ranged from 0 to 20 µM. We
observed a significantly more potent anticancer effect in our DTX-EN1-iPep
nanoparticles when compared to Abraxane®. Equivalent concentrations of both
nanoparticles showed our nanoparticles to be more efficient inducers of cell death
in T11 cells at both the 24 and 48 h time points (Fig 3-6).

Figure 3-6. Antitumoural effect of EN1-iPepact nanoparticles compared to clinically approved
Abraxane®. Survival plots (%) of T11 cells treated with DTX nanoparticles, DTX nanoparticles coated
with EN1-iPepact and Abraxane® for 24 and 48 hours at different nanoparticle concentrations.
Statistical analysis was performed with Student’s t-test. *p < 0.05, **p < 0.005, ns means not
significant.
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3.2.6 In vivo anti-tumour activity of EN1-iPep-PAA-PGMA nanoparticles
After establishing that our EN1-iPep nanoparticles were potent inhibitors of cancer
cell growth in an in vitro environment we then tested four different NP
formulations (Blank NPs coated with EN1-iPepmut, Blank NPs coated with EN1iPepact, DTX NPs coated with EN1-iPepmut and DTX NPs coated with EN1-iPepact) for
their in vivo ability to inhibit tumour growth. The model used was of mice
implanted with subcutaneous T11 tumour allografts using a model derived from
serial orthotopic transplantation of mammary tumours from a p53 null mouse into
a p53 wild-type syngeneic recipient15-18. This model uses animals with an intact
immune system while mimicking human claudin-low tumours of which the majority
are triple negative phenotypically. Tumour allografts were injected in the flank of
BALB/c mice and were treated via intratumoural injection of nanoparticle solution
in PBS (2.5 mg nanoparticles per injection) once tumours reached ∼300 mm3
(determined by digital callipers). Injections were performed every 2 days, with a
total number of 5 injections occurring (Fig 3-7A). The animal group treated with
DTX nanoparticles bearing EN1-iPepact showed a reduction in tumour growth at
the end of the treatment phase and exhibited the highest survival relative to the
other formulations (Fig 3-7B and C). In comparison, animals treated with
formulations containing no DTX and bearing EN1-iPepmut were the first group to
reach the endpoint. A particularly noteworthy observation for tumours treated with
EN1-iPepact nanoparticles was their marked inhibition between days 7 and 9, which
reached end point of the experiment at day 14 (p < 0.03).
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deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labelling (TUNEL) assay
demonstrated a significant increase (>50%) in apoptotic cells in the combinatorial
treatment (iPepact and DTX) relative to single treatments (25%) (p = 0.002 and 0.001
respectively) (Fig 3-8).

Figure 3-7. In vivo antitumour activity of EN1-iPepact nanoparticles. Antitumour activities of
various nanoparticle formulations in an allograft model of basal-like breast cancer in BALB/c mice.
Mice bearing T11 tumours (∼300 mm3) were treated with blank nanoparticles coated with EN1iPepmut, blank nanoparticles coated with EN1-iPepact, DTX nanoparticles coated with EN1-iPepmut
and DTX nanoparticles coated with EN1-iPepact (n = 5). (A) Treatment phase with the timing of the
injections indicated with black arrows. (B) Recurrence of tumour growth after cessation of
treatment. (C) Percent survival of mice treated with the four different nanoformulations.
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4.53 ± 2.28

.

25.26 ± 12.5

24.76 ± 7.66

53.06 ± 16.3

Figure 3-8. Representative H&E, Hoechst and TUNEL assay photos. Tumours treated with the
four nanoformulations and percentages of TUNEL positive cells obtained for each condition.
Statistical analysis was performed with Student’s t-test. *p < 0.05, **p < 0.005, ***p < 0.0005

Haematoxylin/eosin staining of the tumour sections demonstrated increased tissue
damage, and areas of intense necrosis, in tumours treated with nanoparticles
delivering both EN1- iPepact and DTX over the other treatment groups, which
correlated with the enhanced apoptosis in the double treatments. Our findings
indicate a benefit with the co-administration of DTX and EN1-iPepact in the
nanoparticle formulation, which delayed the progression and the recurrence of the
tumours post-administration.

Figure 3-9. Peptide sequence of the EN1-iPepact and EN1-iPepmut. Peptides coloured red belong to
the sequence responsible for coding the cell penetrating and nuclear localization region. Peptides
coloured green are the hexamotif shared by the homeodomain superfamily of transcription factors.
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3.3

Discussion

The overarching aim of the experiments presented in this chapter was to devise a
novel drug formulation that could efficiently sensitise triple negative and basal-like
breast cancers to chemotherapy. To this end, we have successfully demonstrated
that our EN1 transcription factor-inhibiting peptide acts in a potent and cancer cell
specific manner that does not affect normal breast epithelium. The EN1-iPeps are
22-residue peptides derived from the EN1 transcription factor with the following
sequence: N-KKKRKVPLVWPAWVYCTRYSDR-C. This sequence corresponds to the
active form of the peptide, which carries anticancer properties in its EN1-iPepact
form. In the mutant (EN1-iPepmut) form, the two tryptophan residues at positions
10 and 13 were replaced by alanines (Fig. 3-8). The tryptophans are contained in a
highly conserved hexamotif, WPAWVY, which is shared by the homeodomain
superfamily of transcription factors. These two tryptophan residues are essential
for the interaction between EN1 and their binding co-factors (PBX1 and HOX
members) and DNA. Thus, the mutant form EN1-iPepmut did not affect either the
cancer model cells (T11 or SUM149) or the normal breast cells (MCF10A) owing to
the altered hexamotif. This is promising evidence that indeed transcription factors
can be targeted for use in anticancer treatments through this highly conserved
homeodomain hexamotif common to many basal-like breast cancers. The Nterminus of the peptide carries a cell penetration/nuclear localization sequence
(CPP/ NLS), KKKRV which is present in the Simian Virus 40 (SV40) large T antigen
and is necessary for the internalization of the peptide through plasma and nuclear
membranes.
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We can confidently attribute the hallmark features of induced apoptosis
seen in cells treated with EN1-iPepact due to EN1 transcription factor interference
and not simply due to foreign substances introduction into the cells. Previous
reports using EN1 and EN2 knockout mice confirm this assertion19-21.
3.3.1 Docetaxel and EN1-iPep synergy
The nanoparticles used in this chapter are a modified formulation of a previously
reported nanoparticle structure created in our lab in 2011 by Evans et, al22. In 2011
we reported that similar PGMA nanoparticles were capable of endocytosis into
neuronal cells via a charge-mediated affinity with cell membranes. Here the
negatively-charged cell membrane endocytosed PMGA nanoparticles were
decorated with the positively charged polymer polyethylenimine (PEI). In the
experiments presented in this chapter we demonstrated that nanoparticles made
of the same PMGA core, modified with PAA (a negatively charged polymer) and
then further modified with electrostatic addition of the EN1-iPepact (a positively
charged peptide) (monitored by a positive shift in the zeta potential in Fig 3-3) were
successfully up taken by T11 and SUM149 cell lines resulting in potent apoptosis.
The same result was observed in DTX loaded PAA-PGMA-NPs decorated with the
EN1-iPep. We attribute the successful cellular uptake to the EN1-iPep sequence
being rich in positively charged residues that facilitate electrostatic interactions
with anionic PAA and cell membranes. It should be mentioned that cellular uptake
is most likely aided by the SV40 cellular internalisation motif (which is particularly
rich in positive residues) present in the EN1-iPep. We also observed a lack of
internalisation in our nanoparticles decorated with the mutant form of the EN1-
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iPep, and our blank nanoparticles, which were not decorated with any variant of
iPep. In the latter case, this is most likely due to a repelling action between cell
membranes and the negative surface charge of the PAA on the nanoparticles.
Whereas for the EN1-iPepmut nanoparticles, we suggest that failure to internalise is
attributed to the substitution of negatively charged alanine residues reducing
electrostatic attraction. Because the alanine substitution occurs in the
homeodomain hexamotif, and not the cell penetrating region of the iPep sequence,
this suggests that the internalisation effect is dominated more by the surface
charge of our nanoparticles than the CPP region of the outer peptides decorating.
When we compared the efficiency of the combined delivery of free EN1iPepact and DTX to a single formulated nanoparticle delivery of DTX loaded EN1iPepact nanoparticles we found a significantly more potent apoptotic response.
Nanoparticles bearing EN1-iPepmut did not reach 50% cell mortality at 24 or 48 h
post-treatment regardless of DTX content. These results indicate that our
formulations were successfully delivered into basal-like breast cancer cells, and that
the EN1-iPep on the nanoparticle surface enhanced the effects of DTX in inhibiting
breast cancer cell growth. Similarly, other agents assembled in nanoparticles have
been used in order to enhance the therapeutic potential of chemotherapeutic
drugs such as antibodies, siRNAs or plasmid DNAs23-27. EN1 is only expressed in
dopaminergic neurons and in certain malignancies such as neuroblastomas 28 and
basal-like breast carcinomas16,29,30 which are highly enriched in stem cell-like
characteristics16,30,31 but not in normal breast tissue. EN1 expression in basal-like
breast cancers could explain their intrinsic multidrug resistance. Similar to our
work, some researchers attempted to abrogate the stem cell phenotype using
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plasmidic cDNA or special nanocarriers which lead to the sensitization of
glioblastoma and hepatic tumours to chemotherapeutic drugs such as
temozolomide27 and epirubicin32.
3.3.2 Anti-tumour effect of EN1-iPep/DTX NP vs Abraxane
Abraxane® consists of albumin-bound paclitaxel nanoparticles (130 nm in size) and
was approved in 2005 for the treatment of metastatic breast cancer. Other
paclitaxel nanoformulations are currently in phase II/III clinical trials, and one DTX
PEGylated nanoparticle formulation, NKTR-105® is still in its phase I clinical trial. We
observed that our DTX nanoparticles bearing EN1-iPepact were significantly more
potent in comparison with Abraxane® at both time points when used at an
equivalent nanoparticle concentration (Fig. 3-6).
It is important to note that the paclitaxel loading in Abraxane® is superior to
DTX loading in our DTX nanoparticles, 10% versus 3%. In the clinic, free DTX was
demonstrated to perform slightly better than free paclitaxel in metastatic breast
cancer patients when used at 100 mg m−2 and 175 mg m−2 respectively. Taking this
into account, we can conclude that our synthesised DTX nanoparticles are more
potent than Abraxane®33. The finding that our DTX nanoparticles performed better
than Abraxane® is of potential interest because of the improved potency in this
study and the high specificity of EN1-iPep for basal-like breast cancers over nonbasal breast cancer cell lines5 and normal cells (Fig. 3-1C). This data further
validates the concept that EN1-iPep could be used to decrease the dose and
potentially the off-target toxicity of current chemotherapeutic regimes.
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CHAPTER 4
Recombinant expression and crystallisation of G-quadruplex binding BG4
antibody

Abstract
Four-stranded G-quadruplexes (G4) DNA secondary structures have attracted
particular interest since they have been shown to concentrate in gene regulatory
regions within cells. Recently a structure-specific antibody, BG4, has been
engineered to visually quantify DNA G4s in human cells. The BG4 antibody binds G4
structures without any binding to regular Watson-Crick secondary structures. G4s
association with gene regulatory and oncogenic regions make them a logical target
for cancer therapy and the selective binding displayed by BG4 appears to be an
ideal mode of potential therapy binding. We have attempted to solve the three
dimensional structure of BG4 using molecular replacement modelling from
crystallized recombinant protein samples. Though unsuccessful in this goal we do
identify potential contamination sources for false positive crystals in the form of
bacterial Hfq proteins. We go on to describe where in our methodology such
contaminants could have gone undetected in the protocols used and offer solutions
to correcting these problems. We also present useful data for improving the
amount of protein yielded from each bacterial expression of BG4. Together, these
reports provide the first steps towards a successful methodology for the
recombinant expression, purification, and subsequent crystallization needed for
molecular replacement modelling to solve the three dimensional structure of the
BG4 antibody.
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Introduction
Building on observational reports from the 1960s and even as far back as 1910, the
now seminal work of Sen and Gilbert in 1988 showed that regions of DNA
sequences containing short guanine (G) rich motifs can self-assemble in distinct
four-stranded secondary structures we now know as G-quadruplexes1. Gquadruplexes were proposed to be involved in telomere association, recombination
and replication after it was noted that their structural stability was cationdependent and their thermodynamic viability reliant on physiological conditions.
Despite this early association it wasn’t recognised until later that G-quadruplexes
occur in abundancy in regulatory regions of the human genome2-10. Concentrating
in replication promoter regions, oncogenes and telomeric DNA, G-quadruplexes
began being considered as a possible target for anticancer chemotherapies. The
atypical shape created by G-quadruplexes obstructs DNA polymerase leading to an
increased risk of non-allelic homologous recombinant replication, DNA breakage as
well as being implicated in germline deletions. The intrinsic mutagenicity of Gquadruplex DNA has rationally led to a desire to design small molecules that could
stabilize the quadruplex conformation by trapping them in cellular DNA, downregulating oncogene transcription, promoting telomeric disruption and inducing cell
growth arrest in cancer cells11-15. There are some 370,000 identified G-quadruplex
motifs in the human genome with most research focused on describing their
location or structural orientations. In the process of mapping G-quadruplex
locations in the genome researchers have used a fluorescently-tagged antibody
(BG4) that binds to G-quadruplexes in vitro in a highly specific manner16. This result
is especially exciting because it demonstrates that G-quadruplexes are a viable
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structurally specific target when designing new anticancer therapies. What remains
to be understood is the precise nature of the binding between the BG4 antibody
and the G-quadruplex structure. In this chapter we have endeavoured to define the
currently unknown structure of the BG4 antibody using molecular replacement
modelling of crystals grown from recombinantly expressed BG4. In doing so we
have identified means to improve expression yields and identified pitfalls that can
occur in the purification and crystallization processes involved.
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4.1

Materials and methods

Buffers used during recombinant expression and purification of BG4 antibody
Table 4-1. Purification conditions of recombinantly expressed BG4 antibody. *elusion buffer had
no addition of protease inhibitor tablets.

Protein

Resin

BG4 antibody

Ni-NTA
(Bio-Rad)

Lysis Buffer
50 mM tris, 1M
KCl, 20 mM
imidazole, pH 8

Elusion Buffer*
50 mM tris, 250 mM
KCl, 500 mM imidazole,
pH 8

SEC Buffer
50 mM tris,
250 mM
KCl, pH 8

Table 4-2. Crystal screening conditions (Hampton Research). 96-well sitting drop vapour-diffusion
format via an Art Robbins Phoenix robot using concentrated protein samples plus 150 nl reservoir
solution equilibrated against 80 µL reservoir solution in 96-well format ARI LVR Intelli-Plate
(Hampton Research) at 293 ± 0.5 K.

Protein Sample
No.

Concentration

1

[4.5mg/ml]

2

3

Crystal Screen
Condition(s)

Positive Crystal
Condition

Crystal
Index

Nil
Nil

Crystal

Index

91. 0.2M NHHPO, 0.1M
Tris pH 8.5, 5.% v/v
(CH₃)₂CCH₂CHCH₃
Nil

PEG

Nil

[6.19mg/ml]

[9.65mg/ml]

Crystal

Crystal
4

[11.74mg/ml]

Crystal

Index
5

[23.4mg/ml]

Crystal
Index
PEG
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17. 0.2M Li2SO4•H2O,
0.1M Tris-HCl pH 6.5,
20% w/v PEG 4,000
18. 0.2M
Mg(CH3COO)4H20,
0.1M (CH3)2AsO2Na
•4H20 pH 6.5, 20% w/v
PEG 8,000
22. 0.2M (CH3)2AsO2Na
•3H20, 0.1M Tris-HCl pH
8.5, 30% w/v PEG 8,000
Nil
Nil
Nil
Nil

4.1.1 Recombinant expression and purification of BG4 antibody
4.1.1.1 Transformation of BL21 (DE3) cells
The BG4 antibody gene was sub-cloned into the pSANG10 plasmid and expressed in
BL21 (DE3) Escherichia coli (E. coli) cells. The BG4 plasmid (3.6 µl, ~30 ng/µl) was
added to of BL21 (DE3) cells (100 µl). Following a 20-minute incubation on ice, the
cells were heat shocked at 42oC for 45s. LB media (800 µl) was added and the cells
were incubated at 37oC for 45 minutes. The transformed cells were then plated on
kanamycin-treated LB-agar plates and stored overnight at 37oC.

4.1.1.2 Bacterial cell culture of BG4 antibody
A single colony was used to inoculate a pre-culture solution of kanamycin-treated
LB media (100 ml) and the culture was stored at 37oC overnight in an orbital shaker.
The pre-culture solution (1% v/v) was used to inoculate 2YT antibiotic-treated
media (1% w/v D-glucose, 50 mM Tris at pH 8.0). The culture was incubated at 37 oC
in an orbital shaker until the ∆OD600nm = 0.6. It was then induced with Isopropyl βD-1-thiogalactopyranoside (IPTG) (1 mM) and incubated overnight at 25oC in an
orbital shaker. Cells were harvested the following day, snap frozen and stored at 80oC.
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4.1.1.3 Cell lysis and BG4 purification via NiTA and size exclusion column
BG4 BL21 (DE3) culture pellet (harvested from collective yield of 6 x 500 ml main
cultures) was defrosted on ice for ~ 30 minutes. BG4 lysis buffer (40 ml, 50 mM tris,
1M KCl, 20 mM imidazole, pH 8) was added to pellets and re-suspended with
pipetting. It should be noted here that early binding buffers used during Ni 2+ affinity
columns contained 500 mM KCl, this was later increased to 1M KCl to improve
binding. The homogenous sample was passed through a cell cruncher (Emulsiflex C5
high-pressure homogeniser (Avestin)) with the lysate clarified by centrifugation at
20 K x G for 40 minutes at 4ºC and 0.22 µm filtration. The supernatant was loaded
onto a 1 mL Ni-NTA column (GE Healthcare) at a rate of 1 ml/min at 4ºC. BG4 was
eluted using a ten-column-volume imidazole gradient (25-500 mM). Relevant
elution fractions were collected and concentrated using a 10kDa centrifugal
concentration device (Amicon) centrifuged 4.5K x G. The concentrated fractions
were loaded in 5 ml injections onto HiLoad 16/60 Superdex 200 column (GE
Healthcare) developed with gel-filtration size exclusion (SEC) buffer at 1 ml min-1.
BG4 was again concentrated following gel filtration using 10 kDa molecular cut off
concentrators (4.5K x G) to a range of concentrations ([4.5mg/ml], [6.19mg/ml],
[9.65mg/ml], [11.74mg/ml] and [23.4mg/ml]) determined from absorption at 280
nm using an estimated absorption coefficient of 55600 M-1 cm-1. Purified BG4
antibody was snap frozen with liquid nitrogen for storage AT -80 ºC or ideally used
immediately in 96/24-well crystal trays.
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4.1.2 Cell culture and confocal microscopy of recombinantly expressed BG4
HEK-293T and MCF-7 cells were seeded at 1.5 and 2.5 × 105 cells per well
respectively in 6-well plates on top of poly-L-lysine coated glass coverslips
(ProSciTech) overnight. The cells were further incubated at 5% CO2, 37°C for 48 h.
The samples were incubated with cytoplasm removal buffer (20 mM HEPES-KOH,
20 mM NaCl, 5 mM MgCl2, 300 mM sucrose, 0.5% (v/v) NP-40, pH 7.9) for 20 min
before being fixed in 2% paraformaldehyde/PBS followed by permeabilization with
0.1% Triton-X100/PBS. Samples were then treated with 10 µM of GQC-05 (a highly
effective G4 stabilizing ligand) for 1 h17. Thereafter, all samples were blocked with
2% skimmed milk/PBS and subjected to standard immunofluorescence methods
with BG4, anti-FLAG (#2368, Cell Signaling Technology). Sections were imaged by
confocal microscopy (Nikon A1Si, Centre for Microscopy, Characterisation and
Analysis, The University of Western Australia). DAPI was imaged at λex 405 nm and
λem 450/25 nm. Images were captured at 120x magnification and the entirety of the
cell nuclei were imaged at 0.5 mm Z-plane intervals over 15 to 25 Z-sections. G4 foci
counts for samples were analyzed using the open-source image processing package,
FIJI. The Z-stack images were converted to a single-plane maximum intensity
projection (MIP) in order to accurately count the G4 foci. Thresholding was applied
using appropriate levels to the MIP of the red channel (with G4 foci) to further
reduce noise before doing an automated particle count using FIJI. G4 foci were
counted for each individual nucleus in the images.
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4.1.3 Crystallisation and X-ray data collection
Crystallisation space was explored using Index, PEG and Crystal screen (Hampton
Research) set up in 96-well sitting drop vapour-diffusion format via an Art Robbins
Phoenix robot as follows: 1 or 2 nL of concentrated protein solutions (See table 42) plus 150 nL reservoir solution was equilibrated against 80 µL reservoir solution in
96-well format ARI LVR Intelli-Plate (Hampton Research) at 293 ± 0.5 K. Clusters of
rod like crystals formed in condition No. 17, 18 and 22 of the crystal screen using a
stock BG4 solution concentrated to 11.74 mg/ml. A single large plate formed in
condition No. 91 of crystal screen using 6.19mg/ml BG4. 24-well hanging-drop
optimization was repeated in the 4 condition that produced crystals but failed to
yield crystals a second time. Crystals were first observed 4 weeks after screens
were prepared. All crystal conditions were negative when checked at the 3 week
mark and did not grow any larger after being first observed. Crystal clusters were
harvested and transferred to cryoprotection solution using a 0.02 mm nylon loop
[30% (w/v) glycerol in MilliQ water mixed in 1:1 ratio with respective well
crystallizing solution and pH] before flash-cooling with liquid nitrogen. Diffraction
experiments were carried out on the MX2 beamline at the Australian Synchrotron,
Melbourne, Victoria, Australia. Data were collected using X-rays of energy of 13 keV
(λ = 0.953 Å) and a crystal-to-detector distance of 250 mm (2.5 Å at the edge of an
ADSC Quantum 315r detector).
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4.1.4 Data processing and crystal structure solution
Data-collection and processing statistics are presented in Table 4-3. Data were
processed and scaled using XDS18 and AIMLESS19 respectively. A likely space group
of P6 was identified by AIMLESS. The L statistic analysis20 of cumulative intensity
distribution indicated apparent crystal twinning. Solvent-content analysis21
indicated the most likely asymmetric unit content to be approximately 2.5 at the
edge of plate. The self-rotation function was calculated with MOLREP22 using data
between 30.64 and 2.5 Å resolution with an integration radius of 14.12 Å Molecular
replacement calculations were carried out with MOLREP and crystallographic
refinement with REFMAC523.

4.1.5 Proteolysis stability assessment of BG4 antibody over time
In an effort to assess whether protein crystals were whole BG4 or smaller
fragments that had crystallised following partial digestion over time SDS-PAGE gels
were run with BG4 samples containing trypsin in 1:10 and 1:100 ratio solutions over
1 hr, 3 hrs and overnight time points. 9 µl of BG4 [12mg/ml] was added to 1 µl of
trypsin (1M) ~16 hrs, 3hrs, 1hr and immediately prior to being loaded onto gels. The
same process was repeated and then serial diluted once to yield the 1:100
proteolysis condition.
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4.2

Results

4.2.1 Expression and purification of BG4 antibody
Successful HisTrap column binding of BG4 was confirmed with SDS-PAGE (Figure 41(A)). Gels were run containing samples of the 8 elution fraction that were collected
along with samples of the cell lysate and NiTA column flow through. As expected,
the cell lysate is loaded with all the protein content of the bacterial cell. When we
compare this to the flow through of the HisTrap column we see missing bands
around the 80, 40 and importantly 30 kDa regions. These missing bands are seen in
the 8 fractions collected that were loaded onto the Superdex 200 column. Following
size exclusion column purification, gels reveal successful removal of the 80 kDa
protein and most of the 40 kDa protein (Figure 4-1 (B)). Very faint amounts of the
40 kDa protein proved very difficult to remove from solution. 0.22 µm syringe
filtration and via centrifugation did remove most of the remaining 40 kDa protein
but faint streaking is still visible in some samples. Importantly gels show
pronounced retention of BG4 antibody at 30 kDa marker.
To confirm that 30 kDa protein marker was the desired BG4 antibody,
functional immunoflurescence assays were performed in HEK-293T (Figure 4-1 (C))
and MCF-7 cell lines (Figure 4-1 (D)) and imaged under confocal microscopy.
Quantitative visualization of G4 foci are clearly present and consistent with
previous studies16.
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A

B

C

D

HEK-294T

MCF-7

Figure 4-1. Recombinant BG4 expression. Gel electrophoresis of BG4 elution fractions following
HisTrap column purification (A) and subsequent S200 size exclusion column purification (B). BG4
elusion fractions were on stain-free pre-cast polyacrylamide gel and imaged using ChemiDoc MP
system. Yellow square depicts presence of BG4 in HisTrap elution fractions, whereas the red
square shows purified and isolated BG4 after SEC. Visualisation of G-quadruplexes by BG4
binding in HEK-293T (C) and MCF-7 (D). Pink shows G4 loci were BG4 fluro tag has bound. Purple
is discrete cell nuclei after cell cytoplasm removal.
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4.2.2 Crystallization and X-ray data processing
From the three crystal conditions that successfully grew crystals, 4 individual
crystals were harvested and analysed at the Australian Synchrotron. Two crystals
from conditions number 17 and 18 were selected for X-ray structural analysis. The
large and atypically shaped plate crystal from well 91 using [6.19mg/ml] BG4 was
not sent for synchrotron analysis as it did not absorb UV light at 280 nm and was
therefore concluded not be protein. Of the four samples sent to the Australian
Synchrotron only one crystal belonging to well number 18 (BG4 [11.74mg/ml)]
produced a diffraction pattern (Figure 4-2 (A)).

A

B

Figure 4-2. Crystals of E.coli Hfq 4RCB hexamers. (A) rod-like crystals grown in 96-well sitting
drop vapour-diffusion crystal screen format (Hampton Research).The crystal shown here is the
same crystal the produced X-ray diffraction pattern at Australian Synchrotron. (B) Large plate
crystal grown in similar crystal screen conditions but failed to absorb UV light at 280 nm and was
excluded from further analysis.
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Using the data-collection strategy, protein crystals diffracted to beyond 2.99 Å,
producing a tightly spaced reflection pattern on the detector (Figure 4-3). Data
from the Australian Synchrotron was processed using AIMLESS function to reveal a
P6 space group with unit cell volume of 91826.72. A Matthews’ coefficient function
using the approximate molecular weight of 30 kDa returned no compatible results.
Troubleshooting, a second function was run this time using 1 kDa molecular weight
with the results summarised in Table 4-4. Importantly these results suggest the
content of the unit cell to be consistent with a protein of mass 7 kDa, far smaller
than the known 30.7 kDa of BG4.

Table 4-3. X-ray data-collection and processed statistics for crystal screen condition No.18

Protein crystal data-collection and processing statistics
Space group
P6
Unit-cell parameters (Å, º)
a = 61.28, b = 61.28, c = 28.23,
α = 90.00, β = 90.00, γ = 120.00
Molecules per asymmetric unit
7
Resolution (Å)
30.64-1.99
Measured reflections
47078
Unique reflections
4286
Completeness (%)
99.9
Multiplicity
11.0
‹I/σ (I)›
23.8
CC1/2
0.99
Rmerge (%)
0.08
Average mosaicity (º)
0.09
2
Wilson B factor (Å )
11.3
L statistic
No twinning
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Table 4-4. CCP4 Matthews function report using estimated molecular weight 1000 Da.

Estimated molecular weight 1000.
Nmol/asym Matthews Coeff %solvent
P(1.99) P(tot)
_____________________________________________________________
1
15.30
91.97
0.00
0.00
2
7.65
83.94
0.00
0.00
3
5.10
75.90
0.00
0.00
4
3.83
67.87
0.01
0.03
5
3.06
59.84
0.09
0.13
6
2.55
51.81
0.32
0.35
7
2.19
43.78
0.44
0.38
8
1.91
35.74
0.13
0.10
9
1.70
27.71
0.00
0.00
10
1.53
19.68
0.00
0.00
11
1.39
11.65
0.00
0.00
12
1.28
3.62
0.00
0.00
_____________________________________________________________

As the Matthews function reveals the protein crystals could not be BG4
antibody, in order to assess which contaminating protein it could be, a search of the
PDB (protein data base) was conducted using the unit cell parameters obtained
from the diffraction experiments. Using the abc and αβγ parameters of the
resultant unit cell a match was found - 4RCB Hfq protein. PDB data belonging to
4RCB was run through a molecular replacement with MOLREP and a rigid body
refinement with REFMAC resulting in a 3D model with near perfect overlapping
electron density map indicating that the crystals were in fact crystals of Hfq.
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A

B

C

Figure 4-3. X-ray diffraction pattern from data set collected and resulting Hfq 3D model. (A)
Representative X-ray diffraction pattern (φ = 90º) obtained on MX2 beamline of Australian Synchrotron at
13 keV, diffracted to beyond 2.99 Å. (B) Photo take at Australian Synchrotron of Hfq crystal on puck loop.
(C) 3D model of Hfq hexamer made with rotation function calculate with MOLREP and a rigid body
refinement with REFMAC.
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4.3

Discussion

4.3.1 Recombinant expression and purification of BG4 antibody
Using a model protocol reported earlier by Biffi et, al.16 it has been shown that with
the addition of a fluorescent tag to the BG4 antibody we can successfully identify
G4 DNA through structure specific binding. Since the antibody is not commercially
available it had to be recombinantly expressed in E.coli using a method previously
developed in our laboratory. This method successfully observed protein via peak
absorbance (1349 mAU) at a concentration of 65% elution buffer. Elution fractions
collected from the corresponding peak were run on polyacrylamide gel and
displayed prominent 30 kDa bands indicative of BG4. The same 30 kDa band was
also observed in the column flow-through pointing to poor binding of the antibody
to the column. This poor binding was reflected in low yields in early expression
attempts. Early expressions produced in the range of 375-515 µg of protein per litre
of culture. By altering our laboratory protocol with an increased concentration of
KCl in our lysis buffer (used to load sample onto the column) from 500 mM to 1 M
KCl we were able to boost the amount of BG4 harvested from culture in the range
of 804-978 µg per litre of culture. One expression even yielded as much as 2.3mg/l.
Predictably, after this change the 30 kDa bands were no longer observable in our
column flow-through.
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4.3.2 X-ray data and Contamination
The processed data collected from the Australian Synchrotron reveal the crystals
grown to have a 6 fold line of symmetry with a unit cell volume of 91826.727.
Solvent content analysis of this crystal using a Matthews coefficient with an input
molecular weight equal to that of BG4 (30743.6 Da) was unable to return any data
for a protein of the that size. Together these results immediately excluded BG4
from being the protein that had crystallized in our test. In an effort to identify an
approximate size for a molecule that fit the X-rayed data a second Matthews
coefficient was run using 1000 Da molecular weight. The results indicated that each
asymmetric unit was occupied by a molecule approximately 7000 Da with a solvent
content percentage of 43.78%.
A search of the online PDB (Protein Data Bank) using the unit cell
dimensions returned for the P6 space groupings (a = 61.28, b = 61.28, c = 28.23,α =
90.00, β = 90.00, γ = 120.00) found E.coli Hfq 4RCB to fit our orientation model. A
MOLREP function test run through REFMAC produced a model with significant
overlapping electron density even correctly predicting location of internal water
molecules inside the crystal. These results conclusively indicate the crystal grown
was the E.Coli Hfq 4RCB a native E.Coli protein, a known contaminant in protein
crystallographic methods that use IMAC during purification24-26.
E.Coli Hfq is a host factor protein required for phage Qβ RNA replication.
The Hfq family of proteins range in size between 70 - 110 amino acid residues27-30.
Six crystallographic structures of 4 different Hfq protein expressed by E.coli have
published. Identified in 2015 the Hfq variant 4RCB has a molecular weight of
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7653.96 Da and length 71 amino acids arranged in a toroidal hexamotif.

A

conserved feature among Hfq protein members is their hexameric shape with a
central canal that is lined with six surface histidine residue 25 (Figure 4-4) that have a
high affinity for divalent cations (particularly Zn 2+ and Ni2+) present in metalchelating resins. Simultaneously each monomer possesses a C-terminal run of 24
histidine residues in each monomer31 cable of binding column resins in the same
manner as the central cluster. When considering E.coli proteins that bind metalchelating resins, a native His-tag along with the possession of surface exposed
clusters of histidine are two of the most frequently cited reasons for contamination.
Hfq contains both of these features and thus offers multiple sites for interaction
with metal-chelating resins.

Figure 4-4. 3D space filling structural model of Hfq hexamer with ribbon model inlay. (Left)
Complete hexamer toroid of functional Hfq protein. Each of the 6 monomer subunits have been
labelled. (Right) Magnified view of the hexamer central canal. 6 exposed histidine residues are visible.
25
Hfq may bind metal-chelating resin through this cluster of surrounding histidine residue . Reprinted
from Biochimica et Biophysica Acta (BBA)-General Subjects, 1760/9, Bolanos-Garcia VM, Davies OR.
Structural analysis and classification of native proteins from E. coli commonly co-purified by
immobilised metal affinity chromatography. 2006 Sep 1;1760(9):1304-13, with permission from
Elsevier.
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In addition to native sequence based avidity for column binding, another
functional property could also be responsible for Hfq co-purifying in the high
concentration. The Hfq protein has been extensively studied as a modulator of gene
expression via its binding to RNA28,32-35. Most of the studies focus on its binding to
sRNAs and mRNAs, identifying as many as 22 different sRNA sequences capable of
binding Hfq35. However, multiple studies have also observed Hfq protein binding
DNA albeit at a reduced rate than RNA36-38. This DNA binding behaviour could
contribute to Hfq copurifying in our tests. Gel analysis of our samples confirm BG4
binding to our column and we showed it functionally capable of binding DNA by
immunoflurescence assay. If the BG4 bound to our column were also bound to DNA
it could be offering an addition binding site for Hfq proteins as they pass through
the column. A study by Updegrove and colleagues in 2010 showed Hfq-DNA
interaction consist of multiple Hfq hexamers per DNAs complex (~500 bp in length).
The study additionally demonstrated a higher affinity for curved DNA than so called
mixed sequence DNA. This finding was supported by earlier reports from 1999 using
60 bp DNA duplexes37. It may be that this increased affinity to curved nucleic acid
structure is also applicable to the curved quadruplex exposed surfaces. Considering
that only a small amount of BG4-bound DNA could be capable of retaining several
Hfq hexamers this may well explain why our sample became contaminated.
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CHAPTER 5
Conclusion and future work

In this project, multiple applications of proteins as therapeutic agents were
designed and tested. These studies attempt to solve some of the problems
associated with the production, administration and targeting of drugs used in
chemotherapy treatment of aggressive cancers. While the primary focus is directed
to TNBCs much of the work has broader application for other cancer subtypes and
protein therapeutics as a whole. TNBCs are a highly aggressive metastatic form of
cancer that commonly become resistant to radiotherapy and experience frequent
recurrences even after surgical removal. Current TNBC chemotherapies lack
specificity which causes several systemic side effects for patients. When these
nonspecific chemotherapies do successfully reduce tumours the positive results are
all too often followed by multi-drug-resistant recurrences within five years. By
looking at DNA structure and gene expression profiles rather than cell surface
receptors it was thought that TNBC specific targets could be identified and
exploited for improved chemotherapy. Building from this belief, nanoparticle
delivery could be used to improve drug delivery and potency. In addition to novel
application of protein therapeutics this project also investigates new means to
produce high purity protein therapeutics, faster and by more cost effective
methodologies. In this chapter, the further consequences of each of the studies will
be discussed, speculation as to future research directions made, and a general
conclusion provided.
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5.1 Shear stress mediated refolding of proteins
We have presented a novel methodology for correctly folding proteins that
harnesses mechanical energies which occur between fluid layers within rapidly
rotating surfaces. This method distinguishes itself from existing methods that rely
on time consuming dialysis or, either chemical or thermal means to alter protein
structures. Recombinant protein overexpression is the most widely used method of
producing proteins for laboratory use. However, as laboratories continue to identify
new proteins for research interests they must optimize unique methodologies to
express and harvest these proteins. Each unique protocol aims to produce
biologically active forms of the new protein in large enough quantities to be useful
for testing. Most often this means expressing a protein in bacterial cell cultures that
typically result in insoluble and misfolded proteins. Our study has addressed this
problem with a unique table top device called the Vortex Fluid Device (VFD). The
VFD has been shown to take the protein inclusion bodies of three proteins; hens
egg white lysozyme, caveolin-ΔTM and cAMP-dependent protein kinase A (PKA),
and apply shear-stress in micrometre-wide thin fluid films to force unfolding of
substrate proteins while segregating samples away from misfolding intermediates.
The final protein product is a bio-active sample that is produced in only minutes at
a fraction of the cost of traditional harvesting methodologies. In addition to
reporting a single batch mode of operating, the VFD can also function in a
continuous flow setting that lends itself to industrial applications as well as a
laboratory table top device.
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In the set of experiments conducted using the VFD we modulated the
rotational speed of the tube container, the angle setting of the tube, the volume of
fluid in the tube and the time a sample spent at a rotational speed. My suggestion
for future development of this work is experimentation with the sample tubes
itself. Two logical alteration that can be made would involve varying the size and
surface material of the sample tubes. The VFD has the capability to receive sample
tubes of different diameters (that is other than the 10 mm sample tubes used in
this thesis). With the calculation of shear stresses offered in this thesis, future
studies could test variants of VFD folding that could allow harsher or softer forms of
folding should a protein require such processing. Secondly, the tubes used during
experimentations were all glass sample tubes. A modified tube material could be
developed to amplify or otherwise direct the intensity of shear forces beginning
between the fluid and the wall of the container. For instance, a modified surface
with a high contact angle, like a plastic or other polymer material, could enhance
the turbulent flow and thus the applied shear stresses. Similarly a textured coating
could be added to the inner surface of a sample tube to alter flow. These changes
to sample tubes could result in changes to shear forces and the fluid film
microenvironment. This could allow potentially greater control over protein
alterations using the VFD in later works.
The different proteins used in our experiments were chosen because they
were proteins of interest for other research conducted in our laboratory at the
time. This familiarity meant we had existing protocols for recombinant expression
and functional assays to aid our investigation of shear forces using the VFD.
Coincidently, the secondary structure of all the proteins was predominately random
137

coil or alpha helical motifs. None of the investigated proteins were principally beta
sheet in their secondary structure. Beta structure proteins represent a large
fraction of secondary structures found in proteins and future application of the VFD
technology should consider experiments using beta sheet proteins. The folding
properties of beta sheets are not well understood, especially in comparison to helix
or coil structures. Understanding of beta structure folding is difficult as attempts to
create isolated beta-hairpin peptides often result in aggregate formations1-4.
Refolding by VFD could potentially solve this problem via the same mechanism
described in inclusion body aggregates. The small, all beta sheet protein, CspA
would be an ideal protein to begin a future study. CspA is the major cold shock
protein in E. coli. Its structure is well studied along with its folding properties which
would aid data interpretation of VFD processed samples5-7. Interestingly, CspA
represents a general single-stranded nucleic acid-binding motif6. Studying the
behaviour of CspA in the VFD micro environment could pave the way for future
endeavours applying shear forces towards nucleic acids for altered binding
interactions.

5.2 Sensitizing basal-like breast cancer to chemotherapy using nanoparticles
conjugated with interference peptide
In this work, nanoparticles were prepared using a PGMA polymer core. The PGMA
nanoparticles were functionalised with RhB dye for in vitro imaging and covalently
bonded to a second polymer PAA to provide an anionic surface. The change in
nanoparticle surface charge was monitored with zeta potential and attachment was
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recorded by size increases determined by dynamic light scattering. The anionic
surface on the nanoparticles was used to facilitate electrostatic attachment of the
anticancer interference peptide iPep. The intention of this study was to test a
nanoparticle delivery system for the interference peptide iPep to confirm it as a
TNBC and BLBC specific drug. This aim was achieved. Successfully delivering a
nanoparticle formulation for iPep meant the study could expand to investigating
combined drug delivery. The established anti-cancer drug docetaxel (DTX) was
encapsulated using an oil in water emulsification process during preparation of the
polymer nanoparticles. The combined DTX-iPep-nanoparticles had a 3% (w/w) DTX
drug-loading that was confirmed by HPLC. DTX was chosen to be encapsulated
following the results of combination index test that yielded a combination index
score less than 1, indicating synergistic action with iPep.
In order to test the hypothesis that simultaneous nanoparticle delivery of
iPep and DTX would sensitise TNBC/BLBC and improve drug potency, as proposed in
the third chapter of this thesis, in vitro and in vivo cell viability tests were
conducted. In vitro cell viability, assessed by CellTiter-Glo, of the combination
nanoparticle drug therapy produced an IC50 value to be 0.23 mg/ml-1 after 24 h and
0.1 mg/ml-1 after 48 h. This combination was more potent than either component
alone when delivered by nanoparticle. When compared to equal concentrations of
the commercial gold stand drug Abraxane® the combined DTX-iPep-nanoparticles
was significantly more potent at both the 24 h and 48 h time points. This is in spite
of paclitaxel loading in Abraxane® being superior to DTX loading in our
nanoparticles (10% versus 3%). In vivo analysis of DTX-iPep-nanoparticles
performed in mice implanted with subcutaneous T11 tumour allographs.
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Nanoparticles solutions were delivered via 5 intratumour injection every 2 days. At
the end of the 14 day treatment cycle tumours treated with the combined
nanoparticle formulation showed the greatest growth reduction and highest
survival. Results were also compared to single drug nanoparticle administration and
mutant iPep as well as Abraxane® treatment and each time the DTX-iPepnanoparticles produced the most potent anti-cancer response. These findings are
highly significant as they demonstrate a novel therapeutic strategy for triple
negative and BLBCs that is both more potent and cancer cell specific than current
commercial standard therapies.
In identifying an appropriate drug partner to be delivered with the EN1-iPep
we examined two well-known anti-cancer agents DTX and DOX. DTX was chosen for
future development over DOX because as it was found to synergistically enhance
the action of iPep. In the same group of combination index testing we found DOX to
be antagonistic and inhibit iPep potency and was therefore abandoned as a delivery
partner for the EN1-iPep. One means to potentially improve the results obtained in
this study could be to investigate other drug candidates for co-delivery. This could
identify a more synergistic combined therapy while also importantly aid in the
understanding why DTX was found to be synergistic and why DOX was not. To
rationalise the observed synergist differences we must look more closely at each of
the agent’s mode of action. DTX induces apoptosis by binding microtubules present
during active mitosis phase in the cell cycle. This binding stabilizes microtubules and
prevents anaphase completion which tags the cell for apoptosis. Alternately, DOX
acts by DNA intercalation, preventing topoisomerase II progression, during cellular
transcription. Similarly the EN1-iPep interferes with EN1 gene transcription factor
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to prevent gene transcription which leads to apoptosis. We believe the synergy
observed between DTX and EN1-iPep occurred because they acted at different
stages of cell cycle. In this way DTX and EN1-iPep could act as a check system for
one another, where cells that first entered into transcription were targeted by EN1iPep, and those that escaped targeting and progressed into anaphase were targeted
by DTX to induce apoptosis. If this were true the lack of synergistic effect between
EN1-iPep and DOX is due to both drugs acting at the same phase in the cell-cycle. In
future work I would like to investigate the percentage of cell death that occurs
during different stages of cell-cycle progression. Using methods outlined by
Jackman and O’Conner, cell cultures can be synchronized in the G1, S, and M8. Once
synchronized I would repeat in vitro treatment of T11 cells with free EN1-iPep, with
free DTX and DOX. Cell treated with EN1-iPep and DTX should show two distinct
time points for reduction in cell survival during the S phase (EN1-iPep) and M phase
(DTX). In contrast, cells treated with EN1-iPep and DOX should experience the
majority of cell death during S phase. By comparing the percentage of cell death in
each synchronized cell population we can infer the relative amount of cell death
that is a result of each component of the combined drug delivery. This could direct
future work to using alternate anti-cancer drugs and allow for new formulations of
our existing combined drug to reflex necessary doses relative to component
potency.
It remains a point of interest that the findings from combination index tests
of EN1-iPep and DOX showed no enhanced effect on cell mortality than either
component delivered alone. We suspect this might be due to a comparatively
smaller proportion of DOX reaching the nucleus. Nuclear delivery of the EN1-iPep
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occurs readily in cells due to both a cell penetrating peptide (CPP) sequence and
nuclear localization sequence (NLS) present inside the peptide. In contrast, DOX
must enter the cell and then the cell nucleus down a concentration gradient. To
overcome this limitation we suggest future investigation into a conjugate form of
DOX-EN1-iPep delivery. Previous reports by Liang and Yang have seen improved
nuclear distribution and cell killing activity of DOX when conjugated to the wellknown cell penetrating peptide TAT9. Using similar methods could conjugate EN1iPep to DOX via amide bonding using NHS esters. A proposed reaction scheme is
outlined in Figure 5-1. This conjugate structure potentially improves on the TAT
conjugate by two means. Firstly the EN1-iPep is not simply acting as a CPP but also
a potent killer of drug resistant cancer cells. Secondly the EN1-iPep’s NLD can
further improve nuclear localization of DOX to improve potency.
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Figure 5-1. Reaction schematic for doxorubicin-EN1-iPep conjugation synthesis. 1, doxorubicin; 2,
succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC); 3, doxorubicin-SMCC; 4,
EN1-iPep; 5, doxorubicin-EN1-iPep conjugate.
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5.3 Recombinant expression and crystallisation of G-quadruplex binding BG4
antibody
The aim of this work was to crystallise the recently identified single-chain antibody
BG4. The BG4 antibody has been discovered to specifically bind all possible
structural conformations of G-quadruplex (G4) DNA. G-quadruplexes are highly
mutagenic unique DNA structures that form in G rich regions of human DNA that
concentrate in promoter regions, telomeric DNA and oncogenes. By crystallising
BG4 it was my intention to understand the nature of BG4 binding to G4s. This
information could then be used to design small molecules with analogues binding
pockets that could interfere with G4 stability in new anticancer therapies.
Unfortunately the ultimate goal of a solved crystal structure of BG4 was not
achieved. BG4 was successfully recombinantly expressed and yields improved upon
by enriching KCl concentrations in the lysis buffer used during purification. Initially
promising crystals were grown from a purified sample of BG4 that were later found
to be contaminated by traces of the E. Coli RNA binding protein Hfq 4RCB.
When reviewing the methodologies implemented in this study several
improvements could be made to aid future attempts to solve the crystal structure
of BG4. When the X-ray data collected from the Australian Synchrotron returned an
X-ray diffraction pattern incompatible with BG4 this was quite a shock. Until this
point 2D-PAGE gel analysis of the BG4 sample indicated we were using a highly
purified sample. Never did we notice any protein bands around the 7653.94 Da (the
molecular weight of Hfq) range. When assessing how this contaminant remained
undetected I recognised that methodologies used Mini-PROTEAN®TGX Stain-Free™
Precast Gels. These gels were preferred because they drastically reduce run times
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and imaging of gels to allow protein samples to be used fast and without the need
to freeze samples between analysis and use. The gels include unique trihalo
compounds that allow rapid fluorescent detecting when used with Bio-Rad stainfree imaging system Image Lab™. Crucially these trihalo compounds react with
tryptophan (W) residues in protein to image samples. This was not thought be a
problem as BG4 contains six W in its sequence and would therefore allow for
correct identification. Hfq contains 102 amino acid residues in it sequence, none of
which are W. The absence of W residues prevented Hfq from being detected during
purification and explains how it came to crystallise in the crystal screens.
Subsequently, future work is advised reverting to traditional Coomassie Brilliant
Blue staining protocols. This change will allow all proteins present in purified
samples to be detected and appropriate purification steps can then be added into
protocols to remove any contaminants in subsequent purified samples of BG4.
To successfully crystallize BG4, final protein samples must be concentrated
and highly purified. The methods used employ a BG4 plasmid containing a noncleavable His-tag that we used for purification with Ni+2 affinity columns. If the
plasmid were to be redesigned to incorporate a cleavable His-tag this may improve
sample purity. In the current protocol, protein collected from cell lysate is passed
through a Ni+2 ion affinity column and the His-tag attached to BG4 binds to the
column, separating the sample. However, any other protein containing strings of
histidine residues will also bind to the column. If a new BG4 with a cleavable His-tag
was expressed then the sample washed from the column could be mixed with a
protease enzyme to cleave the His-tag. Passing the sample through the Ni+2 affinity
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column a second time will bind any contaminating proteins with intrinsic histidine
rich regions to the column and allow a more purified sample of BG4 to be collected.
Another simple way to improve BG4 purity is by adding additional
chromatographic separation steps. The BG4 used for crystal screens in this thesis
went through two different chromatographic separations. These were Immobilized
Metal Ion Affinity (IMAC), and size exclusion chromatography (SEC). For a protein
the size of BG4 (~30 kDa) there are wide range of chromatographic media that can
be used during protein purification. Each method of chromatography separates
proteins according to different properties inherent to the protein of interest. With
each successive chromatography media the probability of any two proteins having
the same properties as a desired protein of interest decrease, thereby increasing
purity of desired protein in final sample. Following IMAC (using new BG4 with
cleavable His-tag) the collected protein sample could additionally undergo both Ion
Exchange Chromatography (IEX) and Hydrophobic Interaction Chromatography
(HIC). IEX exploits electrostatic interactions between oppositely charged proteins
according to their isoelectric point. By using a buffer with a greater pH than the pI
of BG4 the protein will gain a net negative charge and bind to a positively charged,
anion exchange resin. The current working buffer is adjusted to pH 8 and well
suited for use in IEX. This is because IEX buffers are most effective when within 0.5
– 1.5 pH units of the pI of the protein of interest. Using the online tool ProtParam
the theoretical isoelectric point of BG4 has calculated to 6.83, well within optimum
range for IEX. Additionally, HIC can be used to separate proteins by their degree of
hydrophobicity via Van der Waal interactions with column resins. HIC is a useful
intermediate purification method, particularly when following IEX. Hydrophobic
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interactions can be modified especially well by altering salt concentrations in
running buffers. High ionic strength buffers increase hydrophobic interactions
between protein residues and column resin. This is convenient when considering
the running buffer suited for both IMAC and IEX was also increase from 500mM to
1M KCl. Finally, SEC would be used as a final polishing step as it was in the work
presented earlier. Introducing additional chromatographic steps does significantly
affect the overall time-cost of production and potentially expose samples to protein
degradation. However high sample purity is key to successful protein crystallization
and must be addressed in future work. An increased amount of initial protein
should also be considered as successive chromatography will consume a small
amount of protein in each step.
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