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Summary

Phage display, a powerful polypeptide display technology, affords the rapid
identification of peptides and proteins that interact with a target of interest.
The aims of the project were the phage display identification of peptides
that interact with a druggable target in a brain disorder (glioblastoma
multiforme) and the identification of peptides that serve as targeting
vectors for brain delivery. Validation studies were undertaken to qualify
the use of a cyclic-7mer peptide phage library against targets including
streptavidin and paracetamol chosen as examples of a large complex and
small simple molecule, respectively. With the aim of identifying peptide
phages that bind to the luminal surface of brain microvasculature, a
primary in-vitro porcine model of the blood-brain barrier (BBB) comprising
primary brain capillary endothelial cells was established and characterised.
An in-vivo phage display was undertaken in the rat with the aim of
identifying peptide sequences that mediated translocation across the BBB
into brain grey matter. A 7-mer cyclic peptide was identified with sequence
AC-SYTSSTM-CGGGS that enhanced the uptake of phages into brain grey
matter by 4-fold compared to control wild-type phages. This peptide may
serve as a novel targeting vector for the delivery of a therapeutic cargo to
the brain. Caveolin-1 was identified as a potential new therapeutic target
in in-vitro models of grade IV astrocytomas (glioblastoma multiforme), with
siRNA knockdown of caveolin-1 associated with reduced glioma cell
proliferation and invasiveness. With the caveolin-1 scaffolding domain (aa
81-101 in the caveolin-1 protein) as a target, an in-vitro peptide phage
selection was undertaken and identified a series of peptides that bind the
scaffolding domain with high affinity. These peptides will serve as a
template for the development of low molecular weight peptidomimetics
that inhibit caveolin-1 function. In conclusion, the studies in this thesis have
demonstrated the utility of phage display in experimental therapeutics of

brain disorders.
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1.1 CNS disorders

With an ageing population disorders of the brain and central nervous
system (CNS) are increasingly prevalent[1, 2]; estimates suggest that one in
every three individuals will suffer some brain disorder during their life[3].
Disorders of the CNS vary greatly in their epidemiology and aetiology but
include CNS tumours, neuroAIDS, amyloidoses (Alzheimer’s; prion disease),
neurodegenerative diseases (Parkinson’s; Huntingdon’s; drug or alcohol
abuse) and mood disorders (anxiety; depression; bipolar disease). Despite
the increasing prevalence of CNS disorders, the rate at which new
therapeutic entities for their treatment reach the market is significantly
slower than for peripheral disorders[4]. This has been as a consequence of
a poor understanding of many diseases of the brain and the blood-brain
barrier (BBB), which restricts significant diffusional access to the brain.
Classically, CNS drug discovery programs have concentrated either on the
rational design of small lipophilic molecules that would be predicted on the
basis of structure to result in a therapeutic response or the high-
throughput functional screening of vast chemical libraries. In recent years
however the molecular dissection of various central disorders has resulted
in a shift in focus towards therapeutic biomacromolecules such as peptides,
proteins, antibodies and nucleic material. For example various clinical trials
are underway investigating amyloid-8 immunotherapy with IgG for the
treatment of Alzheimer’s disease[S]. However access to the brain of these
biologics is even more problematic than for small molecules because of the

limiting nature of the BBB.
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Phage display is a powerful combinatorial technology for the display of
polypeptides on the surfaces of bacteriophages. Phage display libraries
that are comprised of many billions of phages each displaying a unique

polypeptide, show gre ljty for the discovery of peptides and antibodies

that target increase residency time at a tissue and as

scaffolds” for dug discoyéry. The research that follows in subsequent
chapters d theSis has been driven by an interest in utilizing phage
display technology as a component in experimental therapeutics aimed at
brain disorders. Specifically, to discover peptides that may promote
macromolecule traversal across the BBB or to address issues surrounding
the discovery of novel peptide brain therapeutics, particularly for gliomas

(grade iv astrocytomas) within which a target protein, caveolin-1, has been

identified for modulation.

1.2 Astrocytomas

Tumours of the central nervous system essentially fall into two categories,
primary and secondary. Secondaries that originate from a primary tumour
growing within the periphery are the most common CNS tumour type and
are generally treated via surgical resection and chemotherapy directed

against the primary tumour itself.

Primary brain tumours are subdivided into neuroepithelial tumours that
arise from astrocytes or oligodendrocytes, the so-called glial tumours, or

tumours arising from meningeal, germ or lymphatic tissue[6, 7]. Glial
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tumours are the most abundant primary tumour type in the brain of which
astrocytomas are the most common with estimates suggesting ~ 75% of all
neuroepithelial tumours are astrocytomas. Histologically, gliomas can be
distinguished as astrocytic, oligodendroglial or a heterogeneous mixture
known as oligoastrocytomas. The grading of astrocytomas follows
histological staging and is based on a four-tiered scheme established by the
World Health Organisation[8-10] in 1993 that essentially reflects severity

of disease from a benign to highly aggressive phenotype (see Table 1.1).

Table 1.1 Worid Health Organization classification of astrocytomas.

WHO Qlassification Common nomenclature

Grade 1 Pilocytic astrocytoma

Grade 2 Diffuse or low-grade astrocytoma
Grade 3 Anaplastic (malignant) astrocytoma
Grade 4 Glioblastoma multiforme

The staging is associated with a number of histological features that include
nuclear atypia, mitotic activity, angiogenic capacity and pseudopalisading
necrosis, a feature specific to gliomas that is a particularly poor prognostic
factor[7, 11]. Gliomas graded as 3 or 4 are exceptionally aggressive with
median survival rates of 2-3 years and 9-12 months respectively[12].
Despite radical surgical resection combined with radio- and chemo-
therapies 5-year survival rates for grade IV gliomas are reported to be 3%
at best. The majority of gliomas arise in the frontal lobe[13] with computed
tomography (CT) generally revealing distortion of lateral and third brain
ventricles with significant displacement of both middle and anterior
cerebral arteries. Factors that may indicate poor prognosis include

advanced age, neurological deficits at presentation and partial surgical
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resection due to the diffuse yet extensive (centimetres) infiltration of
astrocytoma cells into healthy brain parenchyma that surrounds the
tumour site. It remains a complex challenge to affect complete surgical
resection without introducing severe neurological deficits. Surgical
resection combined with radiotherapy and concurrent treatment with the
chemotherapeutic agent temozolomide, an oral alkylating agent that
methylates DNA, modestly extends life in grade 4 astrocytomas by 2-3
months compared to resection with radiotherapy alone, and is now the
preferred treatment regimen in grade 4 astrocytomas[14]. The
implantation of biodegradable polymer wafers impregnated with alkylating
agents such as carmustine (Gliadel™) directly into the surgical cavity
created when a tumour is excised has also proven relatively effective
extending life by around 2 months[15], however significant migration of
glial tumour cells often extends beyond the application area of wafers. It
remains patently clear that there is a pressing need to design new
treatment modalities and delivery systems to target high-grade
astrocytomas since 6-month disease free progression has stalled at 31% in

grade 3 tumours and < 15% in grade 4 tumours([16].

Gliomas share a number of features with non-brain cancers including
invasion, angiogenesis, self-directed proliferation, evasion of apoptosis and
avoidance of immune surveillance[17]. Whilst astrocytomas show
significant heterogeneity, there appear to be a number of genetic anomalies

that are common to grade 3 and 4 tumours. Grade 3 tumours show marked
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anomalies in the retinoblastoma-associated cell-cycle regulatory pathways
particularly mutations and deletions in the cyclin-dependent kinase
inhibitor p16INK4A/CDKNZ2A and in the retinoblastoma susceptibility locus
1 (pRB1), as well as overexpression of cyclin- dependent kinase 4 (CDK4)
and human double minute 2 (HDM2)[17, 18]. Chromosome 10, which
houses tumour-suppressor phosphatase and tensin homolog (PTEN), is
commonly deleted when grade 3 astrocytomas transform to grade 4[19]. In
addition overexpression in a number of signal transduction pathways leads
to uncontrolled cellular proliferation, survival and invasion. These
pathways are generally associated with tyrosine kinases under the control
of growth factors such as epidermal growth factor (EGF), platelet derived
growth factor (PDGF), vascular endothelial growth factor (VEGF),
hepatocyte growth factor/scatter factor (HGF/SF), caveolin and insulin-like

growth factor (IGF)[19].

1.3 The Blood-Brain barrier

The blood-brain barrier serves to protect the central nervous system from
potentially harmful endogenous and xenobiotic molecules[7, 20]. As a
corollary it also shields the brain from therapeutic agents that may be
effective in treating a wide variety of CNS disorders[7]. Whilst anatomically
the BBB is comprised of endothelial cells that line brain microvasculature,
the intimate association of astrocytes, pericytes and neuronal cells with the
| endothelia significantly modifies its functionality. It is clear that a highly

restrictive paracellular pathway at the BBB significantly limits brain
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infiltration to all but those drugs with physicochemical properties that
afford the ready penetration of lipophilic cell membranes or those drugs
that exploit endogenous active transport pathways that include solute
carriers or endocytic pathways. Whilst it is apparent that the density of
endocytic vesicles at the BBB ranks amongst the lowest reported for
different endothelial cell types[21], endocytosis at the BBB is a critical
pathway that mediates the uptake of nutrients essential for normal brain
function and provides significant communicative links to the periphery. A
number of strategies to exploit these pathways have already been explored
using a diverse set of delivery vectors that includes hormones[22, 23],
cytokines[24], cell penetrating peptides[25-27], transferrin and transferrin
receptor antibodies (reviewed in [20, 28, 29]), nanoparticles[30-32], toxins
and products of micro-organisms[20]. Whilst the field is still in its infancy
with, to date, no delivery vector reaching the market, impressive results are
beginning to accumulate and there is much excitement that these strategies
will eventually provide a generic platform for the delivery of significant
concentrations of chemotherapeutics as well as other CNS active drugs to

their site of action in the brain.

1.4 Caveolae and caveolin

Caveolae, the predominant vesicle type at the BBB[33], were
morphologically identified in the early 1950s by transmission electron
microscopy[34, 35] and were first described as ‘little caves’ - vesicular

invaginations of the plasmalemma 50 - 100 nm in diameter. It was later
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recognised that caveolae also exist as highly-organised microdomains on
the plasmalemma that are morphologically indistinguishable from ‘normal’
membrane[36]. Early references to these domains classified them as a
subset of lipid rafts but this definition has been rescinded in recent years
with evidence that certain probes localize to caveolae microdomains but
not to lipid rafts[36, 37]. The relationship between the different forms of
caveolae is not clearly understood and even within the same cell type
caveolae may be morphologically diverse. Whilst caveolae are found on the
surface of a wide range of cells they are particularly enriched on capillary
endothelia, fibroblasts, adipocytes type I pneumocytes and muscle cells of
all divisions i.e. cardio-, skeletal- and smooth- muscle cells. Caveolin-1 (22
KDa), the first product of the caveolin gene family to be identified[38, 39], is
the major structural and functional element of caveolae. Although caveolin-
1 is the signature biochemical marker within caveolae, the domains are
similarly enriched in cholesterol, sphingomyelin and glycosphingolipids
giving rise to detergent resistant areas of the plasmalemma. Further, a rich
variety of cell surface receptors localise to caveolae domains and may

initiate endocytic processes upon binding of their cognate ligand(s).

Caveolae and caveolin maintain a diverse set of functions that are still being
uncovered but they clearly play a significant role in vesicular transport,
homeostasis of cholesterol, compartmentalisation of signal transduction
events and modulation of tumour growth, invasion and aggressiveness (for

detailed reviews see [40-43]).
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Chapter 1

1.5.1 Phage Display

Phage display is a powerful combinatorial screening technology for the
study of protein-protein, protein-peptide or protein-nucleic acid
interactions. The filamentous bacteriophage readily accepts relatively
sizeable insertions of additional genetic material into the genome that
results in the display of foreign proteins or peptides as fusions with
bacteriophage coat proteins. Phage libraries that contain a repertoire of
many billions of clones each displaying a unique protein or peptide can be
subjected to an affinity selection process against a target of interest. Those
phage clones that display a protein that strongly interacts with the target
can be recovered and amplified for further rounds of selection before the
direct link between genotype and phenotype is exploited to identify the
protein or peptide displayed. The initial invention of phage display was
described in 1985 by George Smith of the University of Missouri in the
seminal manuscript “Filamentous fusion phage: novel expression vectors
that display cloned antigens on the virion surface”[45]. Little could George
Smith have envisaged the power and application of phage display as a
combinatorial screening technique for the exploration of protein-protein
interactions or to probe and characterize a diverse set of biological and

inert surfaces.
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1.6 Phage Biology

1.6.1 Phage Structure

The filamentous phages f1, fd and M13 are part of the Inoviridae family of
bacteriophages, belonging to the Inovirus genus and are characterized by
semi-flexible filamentous virions with helical symmetry. Filamentous
phages belong to the Ff class of organisms that infect Escherichia coli that
harbour the F plasmid and whose surface therefore are decorated with
multiple copies of the F-pilus. The genomes of M13, f1 and fd have been
sequenced in their entirety and share approximately 98% homology[46-48]
and unlike other members of the Ff phage class do not kill the host
organism during their replicative life-cycle but slow the rate of
multiplication by 25 - 50%[49, 50]. The physical dimensions of filamentous
phages put them on the nano scale (6.5nm x 930nm) with a molecular
weight of approximately 16.3 MDa and they are composed of as much as
87% protein by mass. Essentially the filamentous phages are comprised of
a covalently closed circle of single stranded DNA some 6400-nucleotides in

length housed in a protein capsid cylinder (see Figure 1.2).

11
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Chapter 1

The capsid is composed of approximately 2700 copies of the 50-amino acid
major coat protein pVIII which are oriented at a 20° angle from the lateral
axis of the virion, overlapping to form an uninterrupted a-helix[51] with
only the last five amino-terminal residues (46-50) exposed at the surface
resulting in significant resistance of pVIIl to protease digestion[52].
Residues 10-13 of the carboxy-terminus form the inner wall of the protein
cylinder with four positively charged lysine residues within this region
interacting with the negatively charged sugar-phosphate backbone of the
ssDNA[53, 54]. pVIIl monomers are held together through interactions
between the residues that connect the amino and carboxy terminals of

pVlll and form a stable inner core.

At one terminus of the phage are approximately 5 molecules each of pVII
and plX, two of the smallest ribosomally translated proteins thought to
exist. Both their structure and arrangement at the blunt end of the phage
remain unclear although efforts to model these proteins are underway [55,
56). At the opposite end of the virion are approximately five copies each of
plll and pVI that account for around 2% of the phage length (10-16 nm).
Whilst the structure and arrangement of pVI remains elusive plll has been
extensively characterized. In electron micrographs of the phage particle,
plll is seen to emanate at the ‘pointy’ end of the virion and is exposed on

the surface as small ‘knots’ [57].
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The coat protein plil is the one most commonly utilised for display
purposes and is comprised of three domains designated CT, N1 and N2
linked to each other by glycine rich spacers[58]. The 68-residue N1 domain
is essential for bacterial infection, directing the phage ssDNA into the
bacterial cytoplasm and for the insertion of coat proteins into the bacterial
membrane ready for subsequent phage assembly. The N2 domain (130
residues) is responsible for binding to the bacterial F-pilus and thus
initiates the infection process via formation of disulphide bridges between
the phage and the bacterial cell[59, 60]. The surface exposure of these two
domains makes them susceptible to protease digestion that renders the
virion non-infectious[57, 61). The carboxyl terminus CT (150 residues)
which resides within the viral particle anchors plll and helps mediate

assembly termination and release of phage virions from the bacterial cell.

1.6.2 Phage Genome

Filamentous phage are particularly well suited for the display of foreign
proteins since their genome tolerates relatively significant insertions of
genetic material into non-essential regions, coat proteins can be modified
without loss of infectivity, phage virions are stable to a wide range of
environmental conditions including proteases[62], non-aqueous media[63],
temperature and pH[45, 64] and since their propagation does not kill the
bacterial hos}phage can be produced in large quantities (~1x1012 virions

per ml). The ~ 6400 nucleotide phage genome contains nine genes

encoding eleven proteins and a major non-coding region termed the
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intergenic region (Ig) which is the site of origin for the synthesis of (+) and
(-) complementary strands of phage DNA. The Ig region also contains a
packaging signal (PS) that is essentially a seeding point around which the

capsid is assembled.

The genes are arranged around the circular ssDNA according to their
function in the phage life-cycle: proteins translated from genes Il, X and V
direct replication of the phage genome, genes VII, IX, VIII, III and VI encode
the capsid proteins whilst genes I, XI and IV encode proteins that are
involved with the phage assembly process in the bacterial cell membrane.
Transcription, which proceeds counter clockwise using the (-) strand of the
dsDNA intermediary of viral DNA replication begins at gene II. Differences
in both promoter and ribosome binding strength and accessibility divide
the genome into two transcription regions, the infrequently transcribed
(genes III - IV) and the frequently transcribed (genes II - VIII). A weak
termination signal (Rho-dependent) preceding gene 1 is transcription
limiting whilst overlapping transcripts from multiple promoters and
multiple RNA processing events increase the abundance of RNAs for genes
closest to the terminator thus resulting in high levels of pV and pVII],
proteins required in the greatest abundance. Whilst there are few regions
of the genome that do not encode a protein, antibiotic resistance cassettes
can be inserted into the Ig region or between gene VIII and III but care must

be taken not to disturb promoter or terminators as there is a precise
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balance that must be maintained to allow production of phage virions

without killing the bacterial host.

1.7 Phage Lifecycle

1.7.1 Infection

All filamentous phage utilize small hair like appendages on bacteria called
pili as receptors for infection and whilst phage can infect cells that lack pili,
the process is highly inefficient with estimates suggesting infection is 4-5
orders of magnitude less efficient than pilus mediated infection[65].
Infection is initiated when the N2 domain of plll binds the tip of the
pilus[59, 60]. The low copy number of pili per bacterial cell (up to 12 per
cell[66]) means infection proceeds more efficiently with high multiplicity of
infection and when there is high bacterial cell density. After the initial
binding step, the pilus mechanically retracts[67, 68] drawing the plIl
terminus of the phage (pointy end) into the bacterial periplasm. It remains
to/'elucidated whether the retraction is a response to phage binding or is
part of the inherent retraction-assembly cycling of bacterial pili. Binding of
N2 to the pilus appears to displace N1 from its normal interaction with N2
where it subsequently interacts with domain 3 of the bacterial protein TolA
that extends into the periplasm from the bacterial cytoplasm[69, 70]. The
precise molecular mechanism of the subsequent stages of infection remain
to be fully elucidated however it is clear that there is some form of
depolymerisation of the phage proteins pVIII, pVII and plX, directed by Tol

Q R and A which are essential for phage infection[65, 69], followed by
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Chapter 1

1.7.2 Replication

After the phage (+) strand translocates into the bacterial cytoplasm,
bacterial RNA and DNA polymerases mediate the production of the (-)
strand. A bacterial topoisomerse 11 converts the dsDNA to a negatively
charged, covalently closed supercoil designated the Replicative Form (RF)
the (-) strand of which serves as a template for mRNA transcription which
is then translated into the various phage proteins. pll cuts the (+) strand of
the RF in the intergenic region yielding a primer that is elongated by
bacterial DNA polymerase using the (-) strand as template. The original (+)
strand is displaced as rolling-circle replication proceeds and is rejoined to
form a circular ssDNA by pll. The (+) strand is then re-converted to the
supercoiled RF by RNA and DNA polymerases and topoisomerase II as
previously described. RF production continues thus until a critical
threshold of pV is reached above which pV dimers form and bind (+) strand
DNA physically preventing conversion to RF. Replication subsequently
favours synthesis of the (+) strand. The interaction of pV-dimers with
ssDNA collapses the circular strand into an 800 x 8 nm rod-like structure
comprised of ~800 pV dimers and a single ssDNA molecule[71-74] which is
the substrate for assembly of phage virions. The ssDNA is not entirely
enclosed by the pV dimers with both terminal hairpins left uncoated,
presumably because pV do not bind dsDNA such that the packaging signal,

around which phage assembly occurs, is exposed[75].
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1.7.3 Assembly

Those phage proteins not engaged in the cytoplasmic replication of the
phage genome are synthesized and inserted into the cytoplasmic or outer
membrane of the bacterial host[56]. Filamentous phage assembly is
essentially a secretory process, assembly occurs within the cytoplasmic
membrane and phages are extruded from the bacterial cell as they are
assembled. Both plll and pVIII are synthesised with an amino terminal
signal peptide attached that directs insertion into the cytoplasmic
membrane. The signal peptide is cleaved leaving the proteins to span the
cytoplasmic membrane with their carboxy-terminals in the cytoplasm and
amino-terminals in the periplasm. The remaining capsid proteins (pVI, pVII
and pIX) are synthesized without signal peptides and the mechanism of
membrane insertion and protein orientation is uncertain. Whilst pVI is
hydrophobic and theoretically has three membrane spanning regions, pVII
and pIX probably only have a single membrane spanning region[76].
Assembly only proceeds when the five capsid and three assembly proteins
are present, there is a proton motive force, ATP and a bacterial

Thioredoxin[77, 78]. The process is divided into five stages:

1. Preinitiation: characterized by the formation of an assembly site that
is visible in electron micrographs as a close apposition of the
cytoplasmic and outer membranes that resembles bacterial

adhesion zones[79]. These are thought to be mediated by the
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interaction of plIV oligomers in the outer membrane channel with pl
and pXI on the cytoplasmic membrane to form a closed pore.

. Initiation: in this step, pVII and pIX along with the first collection of
pVIIl oligomers interact with the PS to form the blunt end of the
phage particle directed by the assembly helper protein pl. Although
the exact details and order of association with PS remains unclear, it
does appear that this initial assembly results in a conformational
adjustment to pl allowing it to interact with the periplasmic
terminus of pIV causing the channel to open and accept the
developing phage assembly[80, 81]. The insertion of the phage into
the open pore is essential in preventing ‘bacterial bleed’ which
would lead to cell death. Mutations in pVII and pIX have been noted
which results in the formation of an open pore that allows entry of
foreign material into the cell and escape of bacterial elements from
the cell which together results in growth inhibition[79].

. Elongation: successive replacement of pV dimers with pVIII results
in phage elongation and translocation across the cytoplasmic and
outer membranes. Two interactions occur during this process: the
cationic carboxy-terminals of pVIII interact with the sugar-
phosphate backbone of the DNA and the central regions of pVIII
interact with each other to ‘seal’ in the DNA.

. Pretermination: in this penultimate step the membrane embedded
plll-pVl complex is incorporated onto the terminal end of the

developing virion[82]. In the absence of plll, the developing phage
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particle remains anchored to the cell membrane giving opportunity
for packaging of extra copies of the phage genome to yield
polyphage which detach when plll becomes available[83]).

5. Termination: release of the phage is mediated through a
conformational change in the 150 residue CT domain of plll and
more specifically a 121 residue subdomain starting at the carboxy-
terminus is responsible for release of stable virions. A shorter 93-
residue sequence affords release of the phage particle but results in

avirion that is unstable to detergents.

1.8 Coat proteins used for display

Since the interaction of capsid proteins during assembly largely involves
the hydrophobic regions that span the membrane, theoretically any protein
or peptide attached to the periplasmic terminus of the capsid protein
stands a reasonable chance of being displayed. Of course this is true only if
it can be translocated across the cytoplasmic membrane and it does not
hinder any of the processes during assembly. The first example was
demonstrated by George Smith who fused EcoRI fragments to the amino-
terminus of the plll capsid protein[45]. These phages could be selected
from a pool of phages in which they were the minority clones by affinity-
purification against an EcoRI antibody adsorbed to culture plastics. The
EcoRI displaying phages remained infective and could be amplified in E.
coli. Iterative rounds of selection or panning as it has been termed

significantly enriched for the EcoRI displaying phage. Whilst all of the five
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capsid proteins have been used to display peptides or proteins their
relative success and utility is variable. Display on the minor coat proteins
pVIII and pIX[84] as well as pVI has been reported[85] but in the main
successful display has primarily been achieved via fusions with plll and

pVIIL

1.8.1 pill and pVill display

Historically, plll has been the most widely utilised capsid protein for
display. Whilst display is limited to five copies of the peptide or protein per
virion, large inserts do not appear to interfere with the assembly process
although the larger the displayed protein the less infectious the phage
virion becomes[45]. Generally, the genetic material encoding the peptide or
protein is inserted in the phage genome between the signal sequence and
the start of the N1 domain, although foreign proteins have been inserted
between N1 and N2 and between N2 and CT[86]. Insertion at these
alternate sites generally leads to a significant reduction in infectivity due to
steric hindrance of the interaction of N1 and N2 with the pilus. Display
between N1 and N2 is however particularly advantageous when protease
resistant peptides are required since cleavage of the displayed peptide will

render the phage particle non-infectious[86, 87].

The inherently greater number of pVIII proteins on the virion surface offers
the opportunity to display many more units of foreign protein per phage

particle. Insertion of small DNA sequences encoding 6-8 residues between
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the pVIIl signal peptide and the amino terminal coding region leads to
display on virtually all copies of pVIII (~2700)[88-90]. However larger
inserts are not well tolerated presumably because the resulting phage
assembly will not fit through the pIV channel or pVIII is not efficiently
translocated to the bacterial membrane[56], in such cases a ‘phagemid’

system is required[91, 92].

The classification of phage vectors (see Table 1.3), as described by George
Smith[93], is essentially based on the coat protein used for display, whether
the protein is displayed on all copies of the capsid protein and whether the

recombinant protein is encoded by the phage genome or plasmid

(phagemid).
Table 1.3 Classification of phage display systems (adapted from [94]).
Vector type Coat protein All or some copies of Phage or Phagemid
coat protein display
Type3 pill All Phage
Type 8 pvill All Phage
Type 33 pill Some Phage
Type 88 pvlil Some Phage
Type 3+3 plll Some Phagemid
Type 8+8 pvill Some Phagemid

The expression characteristics of the displayed polypeptide is largely
determined by the parental phage used in the library for example a wild-
type phenotype (M13KE) whose genome is intact save for the coat protein
gene which is altered for display, a neutered phage that is propagated as a
plasmid under antibiotic selection (f88-4) and a true phagemid (pComb3)
that only carries the encoded polypeptide, the gene for the coat protein

used for display and a phage origin of replication.
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1.9 Wild-type phage vector M13KE

The studies conducted in this thesis have utilized Type 3 display with the
M13KE vector. In many ways this is the simplest phage display ve&or since
the function of the wild-type parent phage is largely maintained. The
genetic information encoding the protein to be displayed is inserted into
the region of the genome that encodes the carboxy terminus of the coat
protein’s leader sequence and the amino terminus of the mature capsid
protein. This leads to display at the amino terminal of the capsid protein.
Whilst this vector can be used to produce type 8 vectors, as previously
described displayed peptides will by necessity be very short (6-8 residues).
M13KE can be utilized to display large proteins such as scFV and Fab
fusions but are almost exclusively used to produce plll libraries displaying
peptides up to 30 amino-acids in length[95]. Larger proteins probably
interfere with insertion of plll into the membrane for assembly, reduce
infectivity through steric hindrance of the plil-pilus interaction and are

more susceptible to both protease degradation and misfolding.

M13KE, derived from M13mp19[96, 97], contains a lacZ gene that produces
blue plaques on plates containing S-Bromo-4-chloro-3-indolyl-B-D-
galactoside (X-gal) and isopropyl-p-D-thiogalactopyranoside (IPTG). Kpnl
and Eagl restrictions sites in gene Il make it easy to splice the recombinant
peptide gene into the vector. M13KE clones amplify to quite significant
titers of 1013-1014 virions.ml-! without antibiotic selection and generate RF

DNA in sufficient quantities in liquid culture to afford DNA sequencing of
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the genome to allow identification of the displayed peptides. Unfortunately,
libraries derived from MI13KE are invariably contaminated with
vanishingly small quantities of the wild-type parent phage (no Kpnl or Eagl
restriction site; clear plaques on IPTG/X-gal plates) which, in the absence of
a well defined target interaction, may overcome the library population with
successive selection rounds due to an advantageous infectivity since plll is
not occupied with displayed peptide. That said, M13KE has excellent
infectivity with nearly 100% of the phage selected in any given round
amplified in bacterial culture assuming they are infected at the correct
multiplicity of infection. This is particularly critical in early rounds of
panning where a given clone is represented with a low frequency in the
library population. For example the commercially available New England
Biolabs Ph.D.™-C7C library contains 1.28 x 10° unique clones and a panning
study utilizes 2 x 101! phage virions such that each clone is present at a
frequency of ~ 160. Clearly if the recovery of a given clone is only 1% in the
first round of panning this represents a single copy of the clone - using

M13KE phage ensures this single copy will be amplified.

1.10 Applications of phage display

The studies conducted in this thesis that involve phage display are based on
the New England Biolabs Ph.D.™ peptide libraries and therefore the
remainder of this introduction will discuss the applications and limitations

of peptide libraries and more specifically Type 3 vectors i.e. a peptide
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expressed on each of the five copies of plll, in the identification of peptides

that interact with a given target.

1.10.1 Applications of phage display in disease therapeutics

The aim of many phage display selection projects is to derive a peptide that
interacts with a druggable target to affect a therapeutic response. One
advantage of phage libraries is that they can be used to investigate several
orders of magnitude more entities than a chemical library that is limited to
a few thousand clones. Unfortunately, affinity selection strategies in phage
display are generally not designed to select for clones that elicit a biological
response as a result of a binding interaction. More generally it is simply the
binding event itself that is the intended outcome. As a result further
selection is often required to identify those clones within the binding
population that meet some user defined requirement such as activity as an
agonist[98-100] or antagonist[101-103]. Bonetto and co-workers[104] for
example isolated a series of 31 peptides that bound melanocortin-1
receptor and subsequently assessed their capacity to stimulate the
receptor. Among the 31 peptides investigated, they found two peptides
were weak agonists (ECsp 11 - 16 uM), two peptides were strong agonist

(ECso 14 - 25 nM) and one peptide was a partial antagonist (ICso 36 uM).

Whilst to date no phage derived product has reached market, there are a
number of clinical trials currently being undertaken using peptides derived

from phage display: DX-88 (Ecallantide) from Dyax Corp is a highly specific
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and potent inhibitor of kallikrein (Ki ~ 20 - 40 pM)[105-107]. Kallikrein is a
key molecule in the regulation of inflammatory and blood clotting
processes and plays a role in a number of autoimmune and inflammatory
conditions. Dyax have successfully completed phase 3 trials of DX-88 in the
treatment of hereditary angiodema (HAE) and phase I/II trials for the
prevention of blood loss in on-pump coronary artery bypass graft (CABG)
surgery; Compstatin (Potentia Pharmaceutics Inc) [108, 109], a cyclic
13mer peptide originally identified from phage display, is a selective and
potent inhibitor (Ka ~ 0.13 uM) of C3 protein in the complement cascade
and will shortly enter clinical trials for the treatment of age-related macular
degeneration. The development of Compstatin benefited from a
multidisciplinary optimisation of the binding affinity of the original peptide
to C3 through chemical, biophysical, and computational approaches; CIBG-
300 (Center of Genetic Engineering and Biotechnology, Havana), is an
inhibitor of Protein kinase CK2 phosphorylation. Overexpression of CK2
has been shown to be both oncogenic and tumorigenic. Early phase clinical
trials of CIGB-300 have shown 75% of volunteers with microinvasive or
preinvasive cervical cancers experience a significant reduction in lesion

volume and 19% of the volunteers exhibited complete histological

regression [110].

Despite these promising reports, the role of peptides as drugs in their own
right is still in its infancy primarily because delivery and pharmacological

issues such as poor oral stability and rapid degradation generally limit their

27



Chapter 1

use. An exciting solution to these issues is to identify peptides that interact
with a target and then design low molecular weight peptidomimetics from
these lead peptides through in-silico molecular modelling and molecular
dynamics. Hao and co-workers[111] have identified cyclic 7mer peptides to
Cysteine-rich intestinal protein 1 (CRIP1), a biomarker for the early
detection of breast, cervical and pancreatic cancers, that bind with modest
affinities (kd ~ 30-60 uM). The lead candidate peptide was molecularly
modelled and docked with CRIP1. Using the resultant data, the peptide was
re-engineered in-silico to improve the docking. The resultant amino-acid
sequence was synthesized and its binding affinity characterized. The Kq was
found to be ~ 2.6 uM, a 10-fold greater affinity than the initial lead peptide.
Extending these in-silico modelling simulations may afford the rational

design of low molecular weight peptidomimetics based on the initial

peptide.

1.10.2 Applications of phage display in drug delivery

Phage display is routinely employed to identify polypeptides that bind to
cell surface receptors and proteins for the purpose of enhancing drug
delivery to a particular tissue type. This is feasible because vascular beds in
normal and pathological conditions are highly specialised landscapes that
can be mapped using phage display technologies[112-115]. Whilst the
selected polypeptides may not be entirely specific for a particular organ or
tissue type they may prove useful in delivering therapeutic concentrations

of a drug or a gene to its site of action. A variety of phage display selection
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techniques can be used to identify targeting or homing polypeptides. If the
identity of a surface receptor or epitope of interest is known and it can be
purified or recombinantly expressed then it can be attached to a support
and selected against in-vitro. The receptor is either immobilised on a solid
support or exposed to phage library in a soluble form with subsequent
capture via an affinity tag. Many examples of these techniques can be found
in the literature against a staggering diversity of targets too numerous to
mention here but are covered in detail in a number of excellent review

articles[44, 116-120].

More recently selections have been made in-vitro on normal and malignant
cell cultures. This strategy has the advantage that prior knowledge of the
identity of a receptor on the cell surface need not be known. Subtractive
selection strategies where library is exposed first to normal cells or
malignant cells not associated with the primary tumour before exposure to
primary malignant cells aids the identification of polypeptides specific for
the tumour cell of interest. Hong and Clayman[121] used a 12-mer peptide
library to screen in-vitro human head and neck squamous cell cancers
(HHNSCC) and identified a peptide sequence that internalizes into
HHNSCCs but not human prostate carcinoma, astrocytoma or human colon
carcinoma cell lines; the peptide translated to the in-vivo environment with
fluorescent labelled peptide observed to accumulate in tumour tissue
implanted in mice. Similarly identified peptides have been reported for

tumours associated with the liver[122, 123], colon[124], prostate[125] and
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stomach[126]. It is of course not just malignancies that can be targeted in
this way, normal cell cultures are amenable to selection processes as well
and significant efforts have been invested in isolating peptides that may
cross biological barriers. Unfortunately, cellular internalisation of
macromolecules is not a simple issue and intracellular delivery remains a

complex challenge.

Many researchers forego in-vitro selections and inject a phage library
directly into animal models. In common with selections against in-vitro cell
cultures in-vivo phage display does not require a pre-existing knowledge of
a receptor to be targeted but affords an unbiased and internally controlled
selection process that identifies phage-displayed peptides that home to a
particular tissue. Essentially, a phage library is injected into the animal and
allowed to circulate for sufficient time to ensure adequate exposure of
vascular beds to phages. A saline perfusion is often used to remove phages
remaining in the circulation before the tissue of interest is extracted and
the phages within it recovered. Peptides have been identified in this way
that home to a range of normal and diseased tissues including heart[127],
kidney[114], lung[128], skin[129], pancreas[130], gastro-intestinal
tract[131-134], uterus[135), adrenal gland[135], prostate[136],
breast[137] and adipose tissue[138]. Researchers have sought to extend
the utility of in-vivo phage display derived peptides to monitor disease
progression. A recent report[139] used phage display identified peptides to

monitor the progression of a pancreatic cancer model from a benign to a
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metastatic stage. RIP1-Tag2 is a transgenic model of islet cell carcinoma
and the research group hypothesised that the vasculature in pre-malignant
lesions differs significantly from an established tumour. By undertaking
phage selection processes at each stage of tumour progression the group
were able to isolate stage specific peptides that differentiated between the
vasculature of pre-malignant angiogenic islets and established tumour.
Further, a number of the peptides identified selectively homed to

pancreatic tumours but not tumours growing under the skin.

It may prove possible to use phage libraries to isolate patient specific
peptides either by using excised pathological tissue as target or by
intravenous administration of peptide phage libraries directly into the
patient. Some pioneering work has already been conducted in this
field[113] where a cancer patient on life-support but with no brain stem
activity was injected with a 7-mer cyclic phage library and after 15 minutes
circulation time bone marrow, white adipose, skeletal muscle, prostate and
skin tissue was biopsied. A number of identical tripeptide motifs were
found to accumulate in all tissues analysed but some tripeptide motifs were
found to home to a single tissue. These data reflect current knowledge that
certain vascular markers are ubiquitously expressed whilst others are

tissue-specific.
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1.10.3 Phage therapy

So far this introduction has been concerned with utilizing phage virions
solely as vectors for the selection of polypeptides that interact with target.
However, it would be imprudent to ignore the potential uses of phage as
therapeutics in their own right. Phage therapy entered the public
consciousness in 1925 with the publication of the Pullitzer prize winning
novel Arrowsmith by Sinclair Lewis[140]. The book culminates with the
discovery of a phage that kills bacteria responsible for the pathogenesis of

bubonic plague.

The origins of phage therapy probably date to the late 19t century with the
observation of a heat labile, filterable antibacterial that killed Vibrio
cholerae in the Jumna and Ganges rivers[141]; two years later, the same
effect was observed for Bacillus subtilis. The exact identity of this
antibacterial remained elusive however until 1915 when Frederick Twort
observed a glassification of micrococci on standard agar culture plates and
suggested this was the result of some form of acute infectious disease[142].
Felix d’'Herelle[143] coined the term plaque to describe this glassification
or as we now interpret it a clearing of a bacterial lawn that indicates
bacterial infection with phages. D’Herelles observation that patients who
recover more rapidly from dysentery and typhoid have higher faecal phage
titers paved the way for the commercialization of bacteriophage

preparations through the Societe Francaise de Teintures Inoffensives pour
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Cheveux (The French Society for Safe Hair Colouring or L'Oreal as it is

known today)[144].

Whilst other companies including Eli Lilly became involved in the
commercialization of phage products, the advent of modern antibacterial
therapy in the 1930s all but bankrupted the science of phage therapy
although the Eliava Institute of Bacteriophage, Microbiology and Virology in
Thblisi, Georgia continued and continues to invest in the development of
phage therapies[145]. Antibiotic resistance has led to a resurgent interest
in research and development of phage therapeutics and at least eight
commercial enterprises are involved in the development of clinically
relevant phage medicines. Most phage, have a specific affinity for only a
small group of bacteria predicated by the interaction of phage components
(such as plll on M13) with bacterial surface receptors. Upon interaction,
the viral DNA is translocated into the bacterial cell for transcription where
lytic or lysogenic replication may occur. Lytic phages replicate and
assemble and then ‘burst’ from the host cell resulting in cell death. This is
the result of hydrophobic pore formation by holins that allow access of
lysins and endolysins to the petidoglycans in the bacterial membrane[146,
147). In the lysogenic lifecycle, bacteriophage DNA becomes integrated in
the host bacterium’s genome. This newly generated material termed a
prophage is replicated during cell division. The lysogenic lifecycle is shifted

to a lytic one when exposed to some external trigger, such as UV radiation.
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Lytic phage are in many ways an ideal antibacterial agent - they are target
specific and the > 1 x 108 species of phage probably means there is a phage
therapeutic for every bacterial species, they kill bacteria rapidly and
amplify at the site of infection and are relatively inexpensive to produce.
Further, the FDA recognize that humans ingest vast quantities of phages on
a daily basis and tacitly accept that they are safe for oral
administration[148]. It is perhaps topical administration however that has
seen the most interest with the application of cocktails of phage to chronic
wounds either as simple suspensions or incorporated into some form of
dressing system such as a biodegradable polymer infused with phage and
antibiotics [149]. The systemic administration of phage therapeutics is
complicated by an inadequate knowledge of the pharmacokinetic and
pharmacodynamic properties of most phage species with many studies
indicating that the timing of administration is critical for infection
control[150, 151]. Attaching phage display derived peptides that target
particular organs to a therapeutic phage through recombinant techniques
may afford site-specific delivery of the phages and negates some of the
pharmacokinetic issues associated with phage therapy. Recent reports
suggest that phages, which are naturally immuno-stimulatory[152, 153],
may also be useful as vaccine delivery vehicles either by vaccinating with
phages displaying the antigen[118, 154] or by utilizing phages to deliver a

DNA expression cassette integrated into the phage genome[152, 155-157].
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1.11 Scope of thesis

The increasing prevalence of CNS and brain disorders has intensified the
requirements for novel therapeutic and targeting entities. Peptides are
increasingly finding utility as novel therapeutics to treat a wide range of
diseases and disorders and have also shown promise in enhancing
macromolecular drug transport across biological barriers. Phage display
libraries afford the rapid identification of peptides that interact with a
target of interest and may find significant utility in addressing issues
surrounding drug discovery and drug delivery. Therefore, the research that
follows in this thesis is driven by an objective to explore the relevance of
phage display identified peptides as experimental therapeutics in brain

disorders.

The objective in Chapter 2 was in-house validation of a commercially
available cyclic 7mer peptide phage display library. The library was
validated against two molecules, streptavidin and paracetamol.
Streptavidin is a large macromolecule routinely used to ensure the integrity
of a phage library and as such the amino acid sequences of peptides that
bind streptavidin have been widely reported. Paracetamol (4-AAP) is a low
molecular weight species with two closely related structural isomers.
Paracetamol is a simple model but represents a difficult target since it is
comprised of few functional groups for peptide interaction. Nevertheless it
provides a system in which to examine the capacity of phage display to

isolate peptides that distinguish between very small structural variations.
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Chapter 3 details the establishment and characterization of a BBB model
comprised of primary porcine brain microvascular capillary endothelial
cells. The phenotypic characteristics of the model were compared to
primary rat and a variety of immortalized BBB cell lines as well as
published in-vivo data. The established model along with two immortalized
BBB cell lines from mouse and rat origins were exposed to phage library in
an effort to identify peptides that would bind to brain microvasculature to

increase the residency time at the BBB in-vivo.

Chapter 4 expands upon the phage display work in chapter 3, seeking to
identify peptides that mediate, in a sequence specific manner, the in-vivo
traversal of phages across the BBB. Rats were injected with phage library
and, after a brief circulation time to allow displayed peptides to direct
phages into the brain, the brains were excised, white matter and capillaries
depleted and the phages in the brain parenchyma recovered and examined.
The capacity of identified peptides to mediate traversal across the BBB was
explored by co-injecting rats with peptide phages and insertless phages and
determining subsequent tissue distribution profiles. Finally a
physiologically based pharmacokinetic model was designed to

contextualize the in-vivo data.

The objective of chapter 5 was to examine the role of caveolin-1 in the
induction of an aggressive phenotype within in-vitro models of
glioblastoma multiforme (grade iv astrocytoma); overexpression of

caveolin-1 has been observed to positively correlate with an aggressive
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phenotype in a variety of cancers. The expression levels of caveolin-1 and a
series of downstream signalling markers were examined in four human
glioblastoma multiforme cell lines. Subsequently, the effects of siRNA
knockdown of caveolin-1 and inhibition of key molecules (mTOR and ERK)
in the caveolin-1 signalling pathway, on invasion and proliferation were

determined.

Given that overexpression of caveolin-1 in glioblastoma multiforme
appears to drive an aggressive phenotype and that the actions of caveolin-1
are primarily mediated through a caveolin scaffolding domain (CSD) within
caveolin-1, in chapter 6, peptides were identified via phage display that
bind CSD. The binding of identified peptides to CSD was further

characterized by enzyme linked immunosorbant assay.
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2.1 Introduction
2.1.1 General principles of phage display panning studies

The objective of any phage display selection process is to reduce the initial
phage library (10° unique clones represented by 100 - 200 copies of each
clone) to a small population of phages that have an increased ‘suitability’
for a user defined requirement such as a binding interaction, a targeting
moiety, agonism or antagonism of a biological or chemical event etc[1].
After the initial selection, the phages are amplified in a bacterial host such
that each clone in the population is now represented by many millions of
copies. These amplified phage clones can then be subjected to iterative
rounds of selection to further enrich the pool for those phage clones that
are the ‘fittest’ for the chosen criterion. A generalised panning experiment

is detailed in Figure 2.1.
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may nevertheless show moderate affinity for target. In the first round of
selection yield is important with the need to avoid discarding clones
through overly stringent selection conditions and thus losing clones that
interact with target[1, 2]. In later rounds of selection increasing stringency
helps to remove from the population those phages that only moderately
interact with the target. There is an upper limit to stringency that is defined
by a background level of phage ‘contamination’ that will survive a selection
process even when there is no interaction with target. With successive
selection rounds a point is approached where all the clones in the
population interact with the target with roughly the same affinity and
further rounds of panning result in a shift in selection pressure towards
factors such as expression levels of the displayed peptide or infectivity of
the virion, both of which may result in relatively weaker candidates being
selected. This is exemplified in type 3 libraries where the displayed peptide
may sterically hinder interaction of pllI with the bacterial pilus such that it
will be amplified at a reduced rate. Such clones will therefore be
represented as a lower proportion of the binding population even when the
displayed peptide has greater affinity for target than other clones in the

population.

2.1.2 Affinity selection
Phage display libraries can be screened or ‘panned’ against a diverse range
of molecules and surfaces including peptides, proteins, nucleic acid

material[3, 4], cells[5-7], tissues[8, 9], whole organisms[10-13] and low
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molecular weight entities[14, 15]. Irrespective of target, by far the most
common selection pressure utilised in the screening of library against
target is the affinity of a given polypeptide displayed on the phage clone for
a target molecule. A generalised schematic of a phage panning procedure
can be seen in Figure 2.1. Essentially the target is exposed to the phage
library for a period of time to allow interaction between the displayed
peptide and target. Those phage clones with an affinity for the target
(usually a tiny proportion of the parent library) are captured on the surface
of the target and those that do not bind or have limited affinity for the
target are washed away. The bound phage are recovered into solution using
an elution strategy that may include non-specific disruption of phage-target
bonds (e.g. low pH washes)[16] or a specific elution with either excess free
target or with a cognate ligand(s) for the target[17-20]. In each case, the
eluate contains a sub-population of phage clones from the original library
that have an increased affinity for the target. The eluted phages, which
remain infective, are subsequently amplified in the host bacterium to afford
iterative rounds of panning to further enrich for the highest affinity
binders. After 3-4 rounds of selection, the phage clones in the final eluate
are propagated on a clonal basis before the relevant coding region in the

viral DNA is sequenced to determine the peptide displayed.

2.1.3 Target presentation
The majority of phage display panning experiments are designed against

targets immobilised to a solid support such as derivatised or activated
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polystyrene surfaces, activated dextrans, epoxide beads, paramagnetic
beads, nitrocellulose membranes, derivatised biosensor chips or permeable
beaded agarose gels. A variety of techniques have been employed to affect
this immobilisation including cross-linking of -NHz, -SH or -CHO to
modified or activated surfaces, non-covalent adsorption to a hydrophobic
surface, attachment through a molecular tag such as biotin, GST or His(6)
which bind their cognate binding partner and capture of IgG-Fc fusions to

anti-Fc antibody (Table 2.1).

Table 2.1 Example immobilization matrices used for target presentation in phage binding
selections.

Capture Matrix Immobilization mechanism Issues

Maxisorp (Nunc) Non-specific adsorbance Matrix binders

Covalink (Costar) Cross-linking of -SH, -CHO or  Matrix binders, limited
-NH: to activated surface capacity

Oxirane acrylic beads Cross-linking of -NH; or -SH Matrix binders

(Sigma) to epoxide

Biosensor chip (Biacore, Cross-linking of -SH, -CHO or  Matrix binders, limited

QCM) -NH:; to modified dextran capacity

Avidin coated plates/beads Capture of biotinylated target  Peptidergic biotin

(Promega, Nunc) via avidin-biotin interaction binders

Ni?* or antibody (His)e interaction with Ni2*or  Ni2* or antibody

plates/beads (Qiagen) antibody binders; (His)¢ binders

Panning methodologies against immobilised target are generally classified
as one- or two- step selection procedures. In one-step selections the phage
library is directly exposed to immobilized target whilst in two-step
selections the target, fused to an affinity tag, is initially exposed to the
library in a solution or suspension phase, then in a second step, the phage-
target-tag complex is reacted with a surface decorated with a molecule that

captures the complex via the attached affinity tag. Two-step selection
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generally results in considerably lower yields but favours monovalent
interactions and selections based on binding affinity and kinetics rather

than avidity where multiple peptide copies interact with target[21-24].

2.13.1 Elution

After washing away non-binding and weakly binding phage clones with a
detergent buffer, the binding phage must be recovered for amplification.
Non-specific elution strategies seek to weaken phage-target interactions,
exploiting, without loss of infectivity, the robustness of the phage particle to
a wide-range of conditions including extremes of pH, temperature and
exposure to proteases[1]. Alternatively, the binding phage clones may be
competitively eluted with excess free target or specifically eluted with a
cognate ligand[17-20], the latter is particularly effective when the target is
presented within a crude mixture of related or unrelated ‘contaminants’
since the ligand will displace only those phages that bind the target.
However, careful consideration of binding kinetics must be given when
using competitive ligand elution since it is a two-stage process requiring
first the spontaneous dissociation of the phage clone from target followed
by occupation within the target by the competitive ligand. Clearly, each
process will have its own kon/Kor with typically a reduction in Kor for the
phage clone an indicator of increased affinity for target. If the incubation
period with the competitive ligand is too short, those phage clones with

highest affinity will not be eluted. Conversely, a long incubation time will
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not discriminate between high and low affinities since essentially all the

binding clones will be displaced.

Whilst it would seem logical that directly adding bacterial host cells to the
phage-target-support complex would be the optimal recovery strategy, it is
apparent that only 1-10% of the clones recovered by elution are recovered
by direct bacterial infection[1]. As the iterative panning rounds are
completed, the progress of affinity selection can be quantitatively
monitored with techniques such as enzyme-linked immunosorbant assay,

surface plasmon resonance[25] or quartz crystal microbalances.

2.1.4 Technology validation

In preparation for panning studies against targets involved in the
pathobiogenesis of glioma and for the discovery of peptides that cross the
BBB to deliver novel therapies into the brain, a series of phage display
studies were designed to validate the phage library and phage selection
strategies. Two targets were utilised for this preliminary validation
exercise, streptavidin a 53 KDa tetrameric protein and 4-acetamidophenol
(4-AAP; paracetamol) a low molecular weight species. Some consideration
will now be giving to the selection of these targets and issues of panning

against them.

2.14.1 Streptavidin
Streptavidin is a ~ 53 KDa tetrameric protein purified from the bacterium

Streptomyces avidinii. The incredible high affinity of the vitamin biotin
T —
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(244 Da) for streptavidin (Kd ~ 10-14 M)[26] has intrigued researchers for
many years and the interaction has found application in a diverse range of
biomedical and biotechnological fields[27]. Through technologies such as
phage display, streptavidin has also proven particularly amenable to the
discovery of peptide ligands that interact with the biotin binding
pocket[28-30]. The ready crystallisation of apostreptavidin (streptavidin
without biotin bound) and complexes of streptavidin with biotin or
streptavidin with novel peptide ligands[30], has made streptavidin an ideal
model for the exploration of the structural determinants of high affinity
peptide-ligand pairs. The availability of a diverse range of streptavidin
derivatised supports coupled with the knowledge of linear and cyclic
peptide sequences that bind streptavidin[28, 31] makes the molecule an
ideal starting point to examine new libraries and to test selection strategies

before panning against the desired target.

2142 4-AAP

Peptides that bind low molecular weight organic species would have
significant application in such areas as therapeutics, biosensing and
neutralisation and sensing applications in the environmental and chemical
sciences. However, the scientific literature only has a few accounts of
phage-peptide interactions with non-proteinaceous low molecular weight
targets[32-34]. The slow progress in identifying peptides that bind low
molecular weight species either from phage display or other combinatorial

peptide technologies is largely associated with complex issues of
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immobilising the low molecular weight entity without chemically
occupying one of the limited recognition groups on the molecule itself. To
overcome these issues, it was hypothesised that insoluble complexes of a
molecule could be panned against and then manipulated with the insoluble
complexes washed and, together with binding phages, captured by
centrifugation techniques. The advantage of this approach should be that
the surface of the molecule is entirely exposed with no functional groups
occupied or lost through attachment to a surface, affinity tag or carrier
protein. The disadvantage is that peptide-phage may not bind the molecule

once in solution.

The molecule 4-acetamidophenol (molecular weight 151.17 Da) was
chosen as the low molecular weight target because it is a relatively simple
molecule with two structural isomers (Figure 2.2) 2- and 3-
acetamidophenol (2-AAP; 3-AAP) that differ only in the orientation of the

hydroxyl group around the benzene ring.

Lo 00 A,

4-hydroxyphenyl)acetamide N-(2-hydrox nyl)acetamide N-(3-hydroxyphenyl)acetamide
M 4-aoemmdq)i1:enol gawgz:edopbemﬂ 3-acetamidophenol
Paracetamol

Figure 22 Structure of 4-acetamidophenol and its isomers 2-acetamidophenol and 3-
acetamidophenol.

As secondary objectives to panning against 4-AAP, isolating a peptide that

can discriminate 4-AAP from 2-AAP and 3-AAP would serve as proof of
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principle for a new panning strategy against insoluble complexes. Further,
such a peptide may be of practical value since 4-AAP, the most commonly
administered analgesic in the UK, accounts for more than 70,000 cases of
overdose annually and 15% of all drug related poisoning deaths[35]. A
peptide that binds 4-AAP may therefore find utility for diagnostic sensing

or as a therapeutic antidote in its own right.

215 Objectives

In this section of the thesis a series of discrete phage display panning
strategies were employed to identify cyclic peptide(s) that bind to
streptavidin and to the low molecular weight organic species 4-AAP. In
streptavidin panning studies, streptavidin was immobilised on both a solid
plastic support and on paramagnetic beads. Functionality of identified

peptides was investigated using ELISA.

In the case of 4-AAP, occupancy of one of the limited functional groups on
the molecule, through attachment to a solid support, was avoided by
panning against insoluble complexes of 4-AAP. To further enrich for high
affinity 4-AAP binders, a deletion step to remove peptide phage that bound
the isomers 2-AAP and 3-AAP was also included. The functionality of
identified peptide phage particles that bind 4-AAP was examined with
respect to altering the diffusion capacity of 4-AAP and with respect to
attenuating the cellular toxicity of 4-AAP in an in-vitro hepatocyte cell

model.
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" The chapter is divided into two sections, one for streptavidin with specific
materials and methods, results and discussion and one for 4-AAP with
specific materials and methods, results and discussion. A section detailing

general phage methods precedes the specific sections.

22 Materials & Methods — Phage Display

2.2.1 Materials

Sodium chloride (NaCl); magnesium chloride (MgCl2); IPTG; X-gal; nuclease
free water; propan-2-ol; sodium bicarbonate (NaHCO3); and ethanol were
obtained from Fisher Scientific (Loughborough, UK). Tween 20 was
obtained from Amersham (Little Chalfont, UK). Agarose was obtained from
Bioline (London, UK). Big dye v3.1 and 5x sequencing buffer were obtained
from Applied Biosystems (Warrington, UK). Luria-Bertani (LB) broth; LB
agar; bovine serum albumin (BSA); Trizma (Tris-HCI); tetracycline;
dimethyl formamide; sodium azide (NaN3s); glycine-HCl and PEG-8000 were
obtained from Sigma-Aldrich (Dorset, UK). SuperBlock™ blocking buffer

(guaranteed biotin free) was obtained from Pierce (Northumberland, UK).

222 Phage library

The Ph.D.™-C7C cyclised 7-mer disulphide constrained peptide-phage
library (New England Biolabs, Hitchin, UK) was used for all panning
experiments. This library represents 1.2 x 10° unique genotypes encoding
random cyclised peptides fused to the pllI coat protein of the filamentous

phage M13. The general motif of the displayed peptide is NAC-XXXXXXX-
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CGGGSC where X7 represents a unique 7-mer peptide, the two cysteine

residues cyclise the peptide and GGGS is a short amino acid spacer that

links the peptide to the N terminus of the phage plll coat protein.

Phage display media and solutions

LB Medium: 10 g Bacto-Tryptone, 5 g yeast extract, 5 g NaCl, ddH20
tolL.

IPTG/X-gal: 1.25 g IPTG, 1g X-gal in 25 ml dimethyl formamide.
LB/IPTG/Xgal Plates: LB medium + 15 g.L-1 agar. Autoclave, cool to
~ 60°C and add 1 ml IPTG/X-gal. Aseptically dispense into 90 mm
petri dishes (12 ml per dish). Store plates at 4°C in the dark.
Agarose Top: 10 g Bacto-Tryptone, 5 g yeast extract, 5 g NaCl, 1 g
MgCl2.6H20, 7 g agarose. Autoclave, dispense into 50 ml aliquots.
Store solid at room temperature, melt in microwave as needed.
Tetracycline Stock: 20 mg.ml-! in ethanol.

Blocking buffer: 0.1 M NaHCOs (pH 8.6), 5 mg.ml! BSA, 0.02%
NaNs.

TBS: 50 mM Tris-HCl (pH 7.5), 150 mM NacCl.

TBS-T: TBS + 0.1% v/v Tween or TBS + 0.5% v/v Tween.

Glycine elution buffer: 0.2 M Glycine-HCI (pH 2.2), 0.1% w/v BSA.
PEG/NaCl: 20% w/v polyethylene glycol-8000, 2.5 M NaCl.

lodide Buffer: 10 mM Tris-HCI (pH 8.0), 1 mM EDTA, 4 M Nal.
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2.2.4 Maintenance of the bacterial host used for phage propagation

The male specific coliphage M13 readily propagates in the ER2738 (F;
TetR) strain of E. coli which is supplied by New England Biolabs with the
Ph.D.™C7C library. The F plasmid within ER2738 houses a mini-transposon
that confers tetracycline resistance affording the selection of E. coli colonies
that express the F-pilus when cultured using selective medium. In all phage
studies detailed in this thesis M13 were propagated within cultures
inoculated from tetracycline doped LB agar plates streaked with glycerol
stocks of ER2738. Plates were streaked at the beginning of the week,
inverted and incubated at 37°C overnight and then stored at 4°C wrapped

in parafilm; plates were discarded after 7 days.

2.2.5 Phage amplification and purification

Fourteen hours before phage propagation, a single colony of ER2738 was
picked from ER2738 streak plates and deposited in 10 ml of LB broth and
incubated at 37°C for 14 hrs. A 2 ml aliquot of the culture was then added to
18 ml of LB broth in a 250 ml Erlenmeyer flask and the phage to be
propagated was added to this culture. The flask was sealed with aluminium
foil and incubated for 4.5 hours at 37°C with gentle orbital shaking (150
rpm). The amplified culture was transferred to a 50 ml centrifuge tube and
centrifuged at 7500g (15 mins; 4°C). The supernatant was collected in a
fresh 50 ml centrifuge tube and re-centrifuged. The upper 90% (18 ml) of
this second supernatant was aspirated and transferred to a fresh 50 ml

centrifuge tube containing 3ml PEG/NaCl; this solution was incubated for 1
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hr at 4°C after which a precipitate was observed. The solution was then
centrifuged at 7500 g (15 mins; 4°C) and the supernatant discarded. The
tube was briefly re-centrifuged (1 min) and residual supernatant aspirated.
The phage pellet was suspended in 1 ml TBS and the phage re-precipitated
through addition of 200 ul of PEG/NaCl (1 hour; 4°C). The precipitate was
pelleted by centrifugation (14,000 g; 10 mins; 4°C) and the supernatant
discarded; after a 1 min re-centrifugation, residual supernatant was
discarded. Finally, the phage pellet was suspended in 200 ul of TBS
containing 0.02% NaN3 and stored at 4°C for up to 1 month after which any
unused material was transferred to 50% glycerol stock and stored at -80°C

for up to 2 years.

2.2.6 Phage plaque formation assay

Phages in amplified stocks and panning elutions were quantified using
bacterial titration. Phages were serially diluted (1:10) in LB broth (108 -
1011 for amplified stocks; 10! - 104 for eluates) before 10 ul was
transferred to 190 ul of ER2738 (ODe¢oo ~ 0.5) and incubated at room
temperature for 5 mins. A 3 ml aliquot of molten agarose top was dispensed
into a 15ml centrifuge tube (one tube for each serial dilution) and the phage
culture added. After gentle mixing, the molten agarose top was carefully
poured onto pre-warmed LB-agar plate containing IPTG/X-gal; plates were
inverted and incubated overnight at 37°C and then inspected for phage
numbers. Library phage are derived from M13mp9 and carry the LacZa

gene producing blue colonies in the presence of IPTG/X-gal, insertless
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phages, used in some studies detailed in the thesis, appear as clear plaques

on IPTG/X-gal plates.

2.2.7 Gene sequencing

The linkage of genotype with phenotype in phage display was exploited to
identify the amino-acid sequence of the displayed peptide. Essentially,
phages were amplified on a clonal basis, DNA extracted and subjected to
PCR amplification followed by automated dye-labelled dideoxynucleotide
sequencing to determine the DNA sequence encoding the displayed

peptide.

2.2.7.1 Phage plaque amplification and DNA extraction

Using a sterile 1 ml pipette tip, individual plaques of phages were picked
from phage titer plates bearing < 100 colonies. Each harvested plaque was
deposited into 3ml of a culture of ER2738 (OD600 ~ 0.5); all phages within
a szg@lggpamted) plaque have the same genome and‘hr;x-c:w < Z\Q'Lk
displéythe//sam/epgptide.After cultures were incubated for 4.5 hours (37°C,
150 'rpm orbital shaking), 1 ml of supernatant was dispensed into a
microcentrifuge tube. The E. coli were pelleted (14,000g, 10 mins, 4°C) and
the supernatant aspirated and added to a fresh microcentrifuge tube
containing 200 ul of PEG/NaCl. Phages were precipitated for 10 minutes at
room temperature and then pelleted by centrifugation (14,000g, 10 mins,
4°C). The supernatant was discarded and the phage pellet suspended in 100

ul iodide buffer and 250 ul of ethanol. A 10 min incubation at room
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temperature precipitates phage ssDNA leaving the phage protein coat in
solution. The DNA was pelleted by centrifugation (14,000 g, 10 mins, 4°C)
and then briefly washed in 180 pl of 70% ethanol. Finally the DNA was

suspended in 30 ul of molecular grade H20.

2.2.7.2 PCR

A 5 pl aliquot of DNA obtained in 2.2.7.1 was added to a PCR tube
containing 0.30 ul Big Dye v3.1 (dye-labelled dideoxynucleotides), 2 ul 5x
sequencing buffer, 1.6 ul primer (1 pmolul?l; sequence
SCCCTCATAGTTAGCGTAACG3?) and 1.1 pul ddH20. Dye-labelled
dideoxynucleotides were incorporated and amplified using a PCR cycle
reaction comprising denaturation at 96°C for 30 sec, annealing at 50 °C for
15 sec, extension at 60°C for 4 mins repeated for a total of 31 cycles. Upon
completion of reaction, PCR product was precipitated with 90 ul of 70%
isopropanol (15 mins; room temperature) and then pelleted by
centrifugation (14,000g; 4°C; 30 mins). The pellet was washed 2x with 180
ul of 70% isopropanol and then dried briefly under vacuum. The DNA pellet
was sequenced on an ABI Prism 3100 Genetic Analyzer (Medical Genetics
department, Cardiff University or Biosciences department, Cardiff
University) and chromatograms were processed using 4Peaks (A.
Griekspoor and Tom Groothuis, mekentosj.com). A BLAST search of the
SWISSPROT  database  (http://www.ncbi.nlm.nih.gov/blast/)  was

performed to identify homologies between displayed peptides and known
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peptide sequences. Peptide sequence alignment was performed using

Clustal W using default settings (www.ebi.ac.uk/clustalw).

2.2.8 Statistical analysis

Statistical analysis was performed using Graphpad Prism (Graphpad
Software; California, USA). Results were expressed as mean * standard
deviation (SD) unless otherwise stated. Statistical significance between
multiple groups was assessed using a two-way ANOVA followed by a post
hoc Bonferroni test. Single group differences were determined using a one-
way ANOVA followed by Dunnett’'s post hoc. P < 0.05 was considered

significant.

23 Streptavidin Panning

23.1 Materials & Methods

23.1.1 Materials

Nunc Immobilizer™- streptavidin plates (Cat No 436014) were obtained
from Fisher Scientific (Loughborough, UK). Streptavidin paramagnetic

particles (SA-PMPs) were obtained from Promega (Southampton, UK).

2.3.1.2 Panning studies

To validate the use of the phage library in our laboratory a series of
panning studies were conducted against streptavidin. The literature has
reported peptides isolated from phage display libraries that bind
streptavidin[28] and a consensus motif appears to be the tripeptide motif

HPQ. Two strategies were employed to select peptides:
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* Strategy 1: Ph.D.™-C7C library exposed to streptavidin covalently
attached to a 96 well plate.
e Strategy 2: Ph.D.™-C7C library exposed to paramagnetic beads
coated in Streptavidin.
This was to determine whether selections against the same target

presented in different ways yielded the same or similar peptides.

Strategy 1: Non-specific binding sites were blocked by incubating
streptavidin coated wells with SuperBlock™ for 1 hour. After aspirating
blocking buffer and washing 6x with TBS-T (0.5%) the streptavidin target
was exposed to 2 x 1011 pfus of Ph.D.™-C7C. Following a 1 hr incubation at
room temperature on an orbital shaker (150 rpm), non-binding phages
were aspirated and discarded. The streptavidin was washed 10x with TBS-
T (0.5%) to remove those phages that bind with limited affinity. Phages
binding with higher affinity were eluted using 3x glycine elution buffer
washes. The elutions were either pooled (i.e. all three glycine elutions
combined) or only the third glycine elution was collected. In both cases the
phages in the elution were amplified, purified and titered as previously
described to serve as input into the next iterative panning round. A total of
three panning rounds were completed for each of the two experiments
after which a selection of colonies from the final panning round were gene

sequenced.

Strategy 2: 10 mg of SA-PMPs were dispensed into a microcentrifuge tube

and were washed 3x with 1 ml of TBS (pelleted using a neodymium rare
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earth magnet between washes). The SA-PMPs were then suspended in 100
ul of TBS containing 2 x 101! pfus of PhDC7C™ library. After a 1 hr
incubation (room temperature: 18 - 24°C; gentle rocking: 50 rpm) the SA-
PMPs were pelleted using a rare earth magnet and the supernatant
aspirated and discarded. The SA-PMPs were washed 10x with TBS-T (0.5%)
before being exposed to 3x 5 minute glycine elutions (200 uL) during which
the SA-PMPs were sonicated. The glycine elutions were neutralized, pooled
and amplified to serve as input into the next iterative panning round. A
total of three panning rounds were completed after which a selection of
colonies were randomly selected from the third glycine elution from round

three and gene sequenced.

2.3.1.3 ELISA analysis of a streptavidin binding phage clone

A phage based ELISA was developed to quantitatively assess the interaction
of a streptavidin binding phage clone with a streptavidin coated surface. A
100 pl aliquot of TBS containing 1 x 1010 pfus of either streptavidin binding
phages or insertless phages was added to streptavidin coated wells of a 96
well microtiter plate; some wells had been exposed to a 10- or 100- fold
excess of biotin for 15 minutes prior to addition of phages. After 1 hr the
supernatant was aspirated and the wells washed 6x with TBS-T (0.5%). To
each well was added 200 pl of a 1:5000 dilution of HRP-anti-M13 mAb in
TBS-T (0.5%). After 1 hour, the wells were washed 3x with ddHz0 and then

exposed to 100ul of HRP substrate (o-phenylenediamine (OPD) in TBS).
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After 15 minutes the OPD was quenched with 50 pl of 2.5 M H2S04 and the

optical absorbance at 492 nm recorded.

23.2 Results
2.3.2.1 Analysis of phage recovery and peptide sequences in streptavidin
phage studies

Streptavidin was immobilised on two different supports for panning
experiments, a plastic 96 well microtiter plate (Strategy 1) and on
paramagnetic particles (Strategy 2). Figure 2.3 shows the recovery of
library phages from strategies 1 and 2 respectively. In both strategies a
significant enrichment for binding phages was observed with progressive
rounds of panning. In contrast, in strategy 1, in studies where library
phages were substituted for insertless phages, the number of insertless
phages recovered did not increase in progressive rounds. In strategy 1, two
experiments were undertaken where either the three glycine elutions were
pooled and amplified for input in the subsequent panning round, or glycine
elution 3 alone was amplified to serve as input in the subsequent panning
round. The results indicate that recovery is marginally greater when
amplifying glycine elution 3 (round 3) alone but the number of phages
recovered in each experiment is within the same order of magnitude and

therefore the difference has limited practical significance.
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Table 2.2 Sequences of displayed peptides identified in panning studies against streptavidin.

Sample name Sequence

Strategy1l

SA coated plastic support - pooled elutions
Glycine elution 3 (pooled sample) AC-GTHLHPP-CGGGS
Colony 1 AC-GTFIHPQ-CGGGS
Colony 2 AC-GTFIHPQ-CGGGS
Colony 3 AC-GSYWHPQ-CGGGS

SA coated plastic support - elution 3
Glycine elution 3 (pooled sample) AC-GTFIHPL-CGGGS
Colony 1 AC-GTFIHPQ-CGGGS
Colony 2 AC-GTFIHPM-CGGGS
Colony 3 AC-GSYWHPM - CGGGS

Strategy 2

SA-PMPs
Colony 1 AC-GSYWHPQ-CGGGS
Colony 2 AC-GSYWHPQ-CGGGS
Colony 3 AC-GTYFHPQ-CGGGS
Colony 4 AC-GSYWHPQ-CGGGS
Colony S AC-GSYWHPQ-CGGGS
Colony 6 AC-GNWIHPQ- CGGGS
Colony 7 AC-GSYWHPQ-CGGGS
Colony 8 AC-GSYWHPQ-CGGGS

2.3.2.2 ELISA analysis of a streptavidin binding peptide phage

Confirmation of the binding of peptide phage to strepatavidin was
undertaken using ELISA. Phages displaying peptide AC-GSYWHPQ-CGGGS,
identified in both strategies 1 and 2, or insertless phages were exposed to a
strepatvidin coated plate in the presence or absence of biotin. Figure 2.4
shows that the binding of AC-GSYWHPQ-CGGGS phages to streptavidin is
significantly greater than insertless phages (~ 85 fold greater) and that this
binding can be prevented by blocking streptavidin sites with excess biotin.
In contrast biotin does not affect the binding of insertless phages to

streptavidin.
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24 A4-AAP Panning

24.1 Materials & Methods

24.1.1 Materials

4-acetamidophenol; 2-acetamidophenol and 3-acetamidophenol were
obtained from Sigma-Aldrich (Dorset, UK). Acetonitrile (HPLC grade) and
Nucleopore track-etched polycarbonate filters (pore size 0.1ym; 13mm

diameter) were obtained from Fisher Scientific (Loughborough, UK).

2.4.1.2 Panning studies

The Ph.D.™-C7C library was used for all panning experiments against 4-AAP
and its structural isomers 2-AAP and 3-AAP. A schematic of the panning
experiments can be seen in Figure 2.5, with all panning conducted against

suspensions of insoluble complexes of 4-AAP, 3-AAP or 2-AAP.

The panning was divided into: (i) “Isolation strategy 1" involving four
rounds of panning against 4-AAP (rounds 1-4): undertaken with the
objective of isolating a pool of peptide phage library members that bind
with high affinity to 4-AAP. (ii) (rounds 5-6) “Isolation strategy 2" involving
an additional two rounds of panning: undertaken to delete from the 4-AAP
binding pool those phage also binding to the structural isomers 2-AAP and
3-AAP. The initial input to round 5 comprised phages from the final (39)
glycine elution step of panning round 4 from “Isolation strategy 1”. At the
end of each round in “Isolation strategy 2” a further panning against 4-AAP

as target was undertaken to augment the 4-AAP selection.
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wash. The 4-AAP binding phages wered with 3x 5 min 200 pl

glycine buffer elutions with the 4-AAP pelleted between each elution. The
third glycine elution, containing the highest affinity binders, was collected,
amplified and purified serving as input for the next iterative round of
panning. After four such rounds of panning within “Isolation strategy 1" an
aliquot of the 4% round binders (3™ glycine elution) were gene sequenced.
The remainder of the phage (3™ glycine elution) was amplified and served

as the input into “Isolation strategy 2”.

In “Isolation strategy 2" a total of 2 x 1011 pfus of phage from round 4 were
exposed to a suspension of 2-AAP (500 mg.ml-}; total volume 4ml) for 1 hr
at 37°C after which the isomer was pelleted and the supernatant,
containing 2-AAP non-binding peptide-phage, transferred to a suspension
of 3-AAP (500 mg.ml-; total volume 4ml) for 1 hr at 37°C. The 3-AAP was
subsequently pelleted and the supernatant, now containing phages that do
not bind either 2-AAP or 3-AAP, were transferred to a suspension of 4-AAP
(500 mg.ml-1; total volume 4ml) for 1 hr at 37°C. Following this, the 4-AAP
was pelleted, the pellet washed 6x with TBS-T (0.5%) and 3x low pH
glycine elutions completed with the third glycine elution collected and
amplified. A second panning round against 2-AAP, 3-AAP and 4-AAP was
repeated before gene sequencing to identify 4-AAP binding peptide

sequences.
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24.1.3 4-AAP permeability studies

The effect of a peptide phage isolated in the panning procedure upon the
diffusion of 4-AAP across a semi-permeable membrane was examined; this
was used as one functional endpoint to assess peptide phage binding to 4-
AAP. Permeability studies were conducted in 1 ml Franz cell diffusion
apparatus with the donor and receiver chambers separated by a semi-
permeable membrane (Nucleopore track-etched polycarbonate filters, 100
nm pore size). Phages were found to be incapable of penetrating this
membrane to any great extent - after 4 hrs less than 1 x 10 % of the phage
pfu loaded in the donor chamber (1 x 10! pfus) was able to penetrate to

the receiver chamber.

The study was initiated by adding 200 pul of a 4-AAP solution (100 uM in
TBS) into a Franz cell donor chamber either alone or with a binding peptide
phage PARA-061 that had been isolated in the 4-AAP phage panning
procedure (strategy 1 and 2); 4-AAP was pre-exposed to phages for 30
mins prior to loading. As a control, the effect upon 4-AAP diffusion of a non-
binding peptide phage clone, NB-062 (AC-HKSSPHQ-CGGGS; from panning
washings) was examined. The phage virions were incubated in a 1:1
stoichiometric ratio with 4-AAP molecules. Since each phage can display up
to five copies of the peptide, this equates to a maximum of 5 peptide copies
per 4-AAP molecule. At predetermined time points following the start of the
permeability experiment 200 ul samples of the receiver chamber were

collected and 4-AAP quantified by HPLC-UV. Receiver chamber sample
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volume was replenished with an equal volume of TBS. The cumulative
membrane transport of 4-AAP as a function of time was determined and the

apparent permeability coefficients (p) calculated using equation 2.1.

%‘:. =pxAxCo Equation 2.1

Where dM/dt represents the rate of change in cumulative mass of 4-AAP
transferred from donor - receiver, A represents the area of the Nucleopore
membrane (0.95 cm?) and Co is the original concentration of 4-AAP in the

donor chamber (100 uM).

24.1.4 HPLC quantification of 4-AAP

To determine 4-AAP and 3-AAP concentrations, HPLC-UV was undertaken
using a HP1050 HPLC system with a Varian Pursuit XRs analytical (Sum)
C18 (150 mm x 4.6 mm) column. Elution was performed with a mobile
phase of 50:50 acetonitrile:H20 at a flow rate of 1ml.min}; the injection
volume was 50 ul. The concentration of compounds was determined by UV
detection (wavelength 550nm) against linear (r2 > 0.99) calibration curves.
The limit of detection for each compound was ~ 2 uM. Calibration
standards in the range 2-100 uM were prepared for each compound and
run on each day of analysis. The relative standard deviation for within day
and between day precision was less than 10%. The accuracy was
determined by subtracting the measured concentration from its nominal

value; the mean relative error (M.R.E.) of the difference from theoretical

was less than 10%.
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2.4.1.5 In-vitro hepatotoxicity assays

As a second assessment of the functionality of the selected 4-AAP binding
peptide phage clone PARA-061, an examination was made of the in-vitro
modulation of 4-AAP induced hepatotoxicity. Preliminary in-vitro toxicity
studies were undertaken to determine the most efficient method of
monitoring 4-AAP toxicity and its attenuation in the hepatocarcinoma cell
line Hep3B. Appendix 1 details the growth characterisation of the Hep3B
cell line and investigations into the time and concentration dependent
hepatotoxicity of 4-AAP and its attenuation with the sulphydryl group
donor N-acetylcysteine (NAC) within Hep3B cells. These studies included
micrographic monitoring of confluent monolayers of Hep3B, MTT (3-(4,5-
dimethyethiazol-2-yl)-2,5-diphenyltetrazolium bromide) assessment of
mitochondrial dehydrogenase activity, measurement of lactate
dehydrogenase (LDH) leakage from the cell and determination of
intracellular levels of reactive oxygen species. All measures of toxicity
showed 4-AAP to be hepatotoxic in a time and concentration dependent

manner.

MTT, a colorimetric assay widely used to assess cell viability and
proliferation, distinguishes viable cells from non-viable through the
reduced activity of mitochondria in non-viable cells. Mitochondrial activity
is monitored through the reduction of the water-soluble yellow tetrazolium

salt MTT to an insoluble blue formazan salt. The method used was based on
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that first detailed by Mosmann et al [36] and later by Plumb et al[37] but

with modifications.

Hep3B cells were seeded in a 96 well plate at a density of 3x10* cells.cm-2
until 80% confluent. The cells were exposed to varying concentrations of 4-
AAP (5, 20 or 40 mM) or 3-AAP (1, 5, 10, 20 or 50 mM) * the sulphydryl
group donor N-acteylcysteine (NAC; 10 mM) for 5, 24 or 48 hours. At the
indicated time intervals, media was aspirated from each well and replaced
with 200 ul of fresh media. A 50 pl aliquot of MTT stock (2 mg.ml? MTT in
culture medium) was immediately added to each well. The plate was
wrapped in aluminium foil and incubated for 4 hours at 37°C. The media
was then aspirated and 200 ul of DMSO added to each well to permeabilise
the cell membrane and release the intracellular formazan dye. Immediate
addition of 25 ul of Sorensen’s glycine buffer (0.1M glycine; 0.1M NaCl; pH
10.5) fully solubilised the formazan dye. The absorbance was immediately
measured spectrophotometrically at 570 nm using an Anthos htll microtiter
reader. Background absorbance of DMSO controls was subtracted from
sample absorbance. Cells exposed to culture medium alone were used as
reference for 100% viability and to which all experimental variables were

compared.

MTT was used to assess the phage modulation of in-vitro hepatotoxicity and
was chosen over other measurements of hepatotoxicity (LDH leakage,

generation of reactive oxygen species and intracellular levels of
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glutathione) because the culture format in the MTT study means that
phages can be incubated in a physiologically relevant stoichiometric ratio
with 4-AAP. MTT assays were undertaken following a five hour incubation
of Hep3B cells with 40 mM 4-AAP in the presence or absence of the 4-AAP
binding peptide phage clone PARA-061, the non-binding peptide phage
cdone NB-062 or NAC (10 mM). The phage virions were incubated in a
1:100 stoichiometric ratio with 4-AAP molecules i.e. 1 peptide for every 20
4-AAP molecules; the phage numbers used reflects the maximum phage

pfus that can be obtained with amplification.

242 Results

2.4.2.1 Analysis of phage recovery and peptide sequences in 4-AAP studies
The details of the panning scheme to select peptide phages that bind 4-AAP
are outlined in Figure 2.5. The strategy enabled the selection of peptides
that specifically bound 4-AAP but not its isomers 2-AAP and 3-AAP. Prior to
panning studies, the solubility of 4-AAP and its isomers in the TBS panning
buffer was determined using HPLC-UV, the results of which confirmed that
500 mg of the respective isomer in 4ml TBS resulted in adequate formation

of insoluble complexes (data not shown).

Analysis of phage titer in “Isolation strategy 1" rounds 1-3 showed that the
percentage of phage input recovered in the 3 glycine elution progressively
decreased (Figure 2.6). However, at panning round 4 the phage recovered

in the 3 glycine elution showed a small relative increase of 20% compared
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to glycine wash 3 in round 3 (5000 pfus recovered cf 4000 pfus) suggesting
enrichment of a 4-AAP binding population. A sequential isolation strategy
was then adopted (“Isolation strategy 2*) to augment selection of 4-AAP
binding phage through the deletion of peptide-phage clones that also bound
the isomers 2-AAP and 3-AAP. In the initial round of panning in “Isolation
strategy 2" (round 5 of the overall scheme) with an input of 1x1011 pfus
from round 4 only 100 phage clones were recovered in the third glycine
elution. This dramatic reduction in recovery in round 5 is not unexpected
since the isomers only differ in the orientation of the hydroxyl and amide
groups on the benzene ring and one would not anticipate many peptide
sequences could distinguish this orientation. However, with an input of
1x1011 pfus into round 6, an enrichment in the population of 4-AAP specific
binders was evidenced by a 10-fold increase in recovered peptide-phage

clones in glycine elution 3 (Figure 2.6).
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Expressing the number of phage recovered in each glycine elution in
rounds 5 and 6 as a percentage of the total clones recovered in the
respective round (Table 2.3) shows enrichment for high affinity clones,
since in addition to an increase in the total number of phage recovered in
round 6, there is a significant increase in the percentage of total clones
recovered in glycine elutions 2 & 3 i.e. in round 5 the majority of clones
were recovered in glycine elution 1 (~ 86%) whilst in round 6 the majority

were recovered in glycine elutions 2 & 3 (~ 56% and 33.9% respectively).

Tabie 2.3 Phages recovered in rounds 5 & 6. Round 6 shows a two-fold increase in the total
number of phage recovered compared to round 5. In round 5 the majority of phages
recovered were in glycine elution 1. Conversely in round 6 an enrichment for high affinity
binders was observed in glycine elutions 2 & 3.

Total pfus 9% pfusrecovered % pfusrecovered 9% pfusrecovered

recovered in Glycine 1 in Glycine 2 in Glycine 3
Round 5 1400 85.7 7.1 71
Round 6 3100 9.7 56.45 339

After sequencing clones from round 4 (“Isolation strategy 1”) and round 6

(“Isolation strategy 2"), the sequence NAC-NPNNLSH-CGGGS®, designated

PARA-061, was identified in both strategies suggestive of its presence in
high copy number (Table 2.4). This sequence was taken forward for
functional evaluation. Whilst ClustalW analysis
(http://www.ebi.ac.uk/clustalw/) of clones from both isolation strategies
did not highlight any common motifs, analysis of their primary amino acid
sequences (Table 2.5) revealed the peptides to largely comprise
hydrophilic amino acid residues (47%) with asparagine, threonine, serine

and glutamine the most frequent.
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Table 2.4 Amino acid sequences of 4-AAP binding peptide-phage clones analysed on
completion of Isolation strategies 1 and 2.

Peptide sequences of phage clones Peptide sequences of phage clones

binding to 4-AAP with unknown binding to 4-AAP with 2-AAP and 3-AAP

isomer binding status isomer binding phage clones deleted

Isolation strategy 1, round 4 Isolation strategy 2, round 6

(Sample of five peptide phages,gndomly (Sample of twenty-one pepti es

selected from phage plagues) ' ) randomly selected phage plagkes) |

AC-NPNNLSH-CGGGS (PARA-061) - AC-NPNNLSH-C (PARA-061) A

AC-KNFTHTD-C - AC-RAPSQTV-CGGGS —

AC-TTASGAR-C AC-DGNSRTQ-CGGGS \

AC-TDLLPRH-CGGGS AC-TTLTKTF-CGGGS

AC-PTAPLHM-CGGGS AC-TLRSATA-CGGGS
AC-SHLHSPL -CGGGS ! ,
AC-ENTQKNS -CGGGS . .
AC - SQGRLGQ-CGGGS ! hleres ﬂ,
AC-DRNGSNA-CGGGS <

AC- SQHSSRS-CGGGS
AC-LNSHLQT -CGGGS
AC-RTTSDAL -CGGGS
AC- TSDWRLH-CGGGS
AC-WNQGMRA - CGGGS
AC -KQQMEPA-CGGGS
AC-VLHKGFQ-CGGGS
AC - SPWQHKN - CGGGS
AC-THSLTIQ-CGGGS
AC-ADKQTTL-CGGGS
AC-MHGDSAV-CGGGS
AC-NQPNIRH-CGGGS

Detailed analysis of the physicochemical properties of the round 6 peptides
(Table 2.5) shows they can essentially be separated into two distinct
groups - those with a pl between 6.7 and 8 (~ 48%) and those with a pl of
either 10.1 or 11 (~ 43%) indicating that the panning strategy employed
has led to the isolation of peptides with a bimodal pattern of

physicochemical properties.
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Table 2.5 Physicochemical properties of 4-AAP binding phage clones sequenced from round 6.
All the peptides sequenced are essentially hydrophilic and with the exception of peptide
sequence MHGDSAV, the sequences fall into two distinct physicochemical groupings, those
with isoelectric point (pl) of 6.7 - 8 and those with isoelectric points 0of 10.1 -11.

Sequence Net Charge pl Average Percentage
atpH7.0 hydrophilicity hydrophilic
residues

AC-MHGDSAV-CGGS -0.9 49 -0.1 29%
AC-ADKQTTL-CGGS 0 6.7 0.4 43%
AC-DGNSRTQ-CGGS 0 6.8 09 71%
AC-DRNGSNA-CGGS 0 6.8 09 71%
AC-RTTSDAL -CGGS 0 6.8 05 43%
AC-ENTQKNS - CGGS 0 6.9 09 86%
AC-KQQMEPA-CGGS 0 6.9 0.7 57%
AC-TSDWRLH-CGGS 0.1 78 0 43%
AC-NPNNLSH-CGGS 0.1 78 -0.2 57%
AC-LNSHLQT-CGGS 0.1 7.8 -05 43%
AC-THSLTIQ-CGGS 01 78 -0.6 29%
AC-SHLHSPL -CGGS 0.2 8 -0.6 29%
AC-TTLTXTF -CGGS 1 10.1 -0.4 14%
AC-VLHKGFQ-CGGS 11 10.1 -0.4 29%
AC-SPHQHKN-CGGS 1.1 10.1 0 57%
AC-RAPSQTV-CGGS 1 11 02 14%
AC-TLRSATA-CGGS 1 11 0 29%
AC-SQGRLGQ-CGGS 1 11 0.3 57%
AC-SQHSSRS - CGGS 1.1 11 0.6 86%
AC-WNQGMRA - CGGS 1 11 -0.3 43%
AC-NOPNIRH-CGGS 1.1 11 0.2 57%

MEAN 0.43 8.63 0.12 47%

A search of the SWISSPROT database with the BLAST search engine to
identify short nearly exact matches to known proteins and peptides did not
reveal any homologies of note. This is probably to be expected since a
literature search did not reveal any natural peptide or protein motifs

known to bind 4-AAP.

2A4.2.2 4-AAP permeability studies
To assess the capacity of the phage peptide clone PARA-061 to bind 4-AAP,
the permeability of 4-AAP across an inert semi-permeable membrane (0.1

um pore diameter) was determined following pre-incubation of the 4-AAP
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with the PARA-061 clone. The 4-AAP in solution was pre-exposed to PARA-
061 (stoichiometric ratio of one phage particle per 4-AAP molecule) for 30
mins after which the PARA-061/4-AAP solution was loaded into the donor
chambers of Franz cell diffusion apparatus. The permeability of 4-AAP
under these conditions was compared to the permeability of an equimolar
dose of 4-AAP alone, and the permeability of an equimolar dose of 4-AAP
pre-exposed to, and co-loaded with, phage clone NB-062. The diffusion of 4-
AAP was not rate-limited by the Nucleopore membrane (0.1 um pore size)
as evidenced by a similar 4-AAP permeability across Nucleopore
membranes with a 3 um pore diameter (data not shown). Figure 2.7 shows
that the control phage NB-062 had no effect (p > 0.05) on 4-AAP
permeability with 4-AAP permeability co-efficients of 77.05 + 4.49 and
76.87 + 4.56 x10-6 cm.s'1 when incubated respectively with and without NB-
062. However, when 4-AAP was exposed to the 4-AAP peptide-phage clone

PARA-061, the permeability coefficient was significantly redWOS)

to 59.54 + 3.38 x106 cm.s’! representing an approximate 20% reduction
compared to both 4-AAP alone and to 4-AAP exposed to NB<06
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