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Abstract

Bacteriophages, viruses that specifically infect bacteria, may be considered as structurally simplistic
protein-based vehicles for ferrying nucleic acid cargo. Since phages cannot infect nor replicate
within human cells, they can be used for non-viral gene delivery. The filamentous phage M13 is
a single-stranded DNA phage that co-exists with its host after infection. M13 possesses several
attractive characteristics for gene delivery: 1) high titres of phage progeny, 2) capsid proteins
amenable to display of foreign peptides to modify tropism, 3) a simple, well-characterized genome
that is easy to genetically modify, and 4) a flexible, theoretically limitless transgene cargo capacity.
Although non-viral vectors may be safer than vectors derived from infection-competent human
viruses, they overall suffer from a lack of efficacy due to the absence of innate pathways for
mammalian cell uptake and gene expression. Bacterial sequences in conventional gene transfer
plasmids and in phage genomes often consist of elements only necessary for amplification in a
prokaryotic background, and as such, are superfluous in the mammalian cell. These problematic
elements include antibiotic resistance genes, which can disseminate antibiotic resistance, and CpG

motifs, which are inflammatory in animals and can lead to transgene silencing.

We examined how M13 could be improved as a gene delivery vector by removing its phage backbone
in conjunction with phage display of a cell-specific targeting ligand. As a proof of principle, a
mammalian transgene cassette was flanked by isolated initiation and termination elements of the
phage origin of replication. Phage proteins provided in trans by a separate helper phage would
replicate only the cassette, without any bacterial or phage backbone. Helper phage rescue of
“miniphagemids” from these split origins was equal to, if not greater than, isogenic “full phagemids”
arising from intact origins. However, helper phage efficiency appears to be highly dependent on
host background, as striking differences in phagemid:helper composition were observed between

different host bacterial strains.

To examine their capacity for gene delivery, we produced mini and full phagemid particles encoding
the luciferase reporter transgene cassette and displaying a cell-specific targeting ligand, the
epidermal growth factor (EGF). Across cell lines expressing the EGF receptor (EGFR), the display
of EGF was the single greatest factor affecting transgene expression, underlining the necessity of
targeting receptor-mediated endocytosis for efficient phage uptake. Importantly, smaller vector

size was associated with improved transgene expression both for purified single-stranded phagemid
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DNA and phagemid virion particles. The display of cell-specific targeting ligands improves
cellular internalization while the miniaturized phagemid vector improves intracellular localization
and evades immune-induced transgene silencing. As single-stranded DNA transfects poorly in
mammalian cells, we also set out to construct a double-stranded phage gene transfer vector.
We were able to demonstrate helper phage-mediated rescue of double-stranded phagemid DNA.
Production of a double-stranded phagemid was highly inefficient, but we identified several key

areas for further investigation and improvement.

Overall, we characterized the production and function of a novel set of targeted transgene delivery
vectors based on the filamentous phage M13. Its capacity for the display of a cell-targeting ligand in
combination with the straightforward miniaturization of its genetic cargo showcases the flexibility
of M13 as a gene delivery tool with immense therapeutic potential. Altogether, these advancements

can further increase the efficiency of M13 phage-mediated gene transfer.
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Chapter 1

Introduction

1.1 Gene therapy

Gene therapy strives to treat disease through the delivery, transcription, and translation of
exogenous genes for therapeutic effect. As the nature of the effect is dictated by the choice of
transgene, gene therapy has innumerable applications. To date, over 3000 indications have been
addressed by gene therapy clinical trials, the majority of which (>65%) were cancer diseases [1].
Additionally, over 3000 gene therapy clinical trials have been reported to date, 130 of which were

initiated in 2020 alone.

A myriad of diverse gene delivery vector types are under investigation or currently in use. Out of 22
gene therapies that have been approved worldwide as of 2020, 7 were viral, 7 were ribonucleic acid
(RNA) (including antisense RNA), 2 were deoxyribonucleic acid (DNA), and 6 were recombinant
cell therapy [2].

Efficacious gene transfer depends on the exogenous transgene bypassing both inter- and intra-
cellular barriers to penetrate into a cell’s nucleus where gene expression can occur (Figure 1.1).
The success of any gene therapy is wholly dependent on the ability of the delivery vehicle, known
as the vector, to navigate these barriers. Depending on the route of administration, a vector
first requires transport across the skin, the respiratory system, or the digestive system. The
most common route is needle injection, either into dermal or muscular tissue or directly into the
bloodstream |3, 4]. Other forms of delivery, including nasal sprays or oral capsules are under rapid
development. In the blood, a vector must avoid clearance by the reticuloendothelial system (RES)
and other immune cells, or aggregation with serum proteins and other blood components. To
impart therapeutic effect, the transgene must bypass the plasma membrane and enter a cell; this
is generally mediated by endocytic, phagocytic or pinocytic mechanisms which would force the
vector into the endolysomal compartment. After endosomal escape, some gene therapies may be
effective in the cytoplasm, but nuclear translocation is generally necessary for transcription of the

transgene into functional products.
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Figure 1.1: Barriers to gene delivery. Once inside the body, gene delivery vectors must bypass several
barriers to achieve gene transfer. 1) Serum nucleases that can break down DNA, 2) clearance
by the reticuloendothelial system, 3) aggregation by serum proteins, 4) extravasation across
the endothelial membrane, 5) uptake by target cells, 6) translocation across cell to nucleus,
including escape from the endosomal pathway, 7) import across the nuclear membrane.
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1.1.1 Viral gene therapy

Most gene transfer vectors that reach clinical trial are recombinant human viruses (Figure 1.2),
such as adenovirus (542 trials to date) and retrovirus (528 trials). In particular, the adenoviral
associated virus (AAV) has received increasingly more attention as a vector (263 trials) due to its
lack of pathogenicity [5]. AAV infection can only be established in the presence of a helper virus
(either adenovirus or herpesvirus), so it has emerged as a highly safe and efficacious viral vector [6].
Many different RNA and DNA-encoding viruses have been investigated for gene transfer overall [7].
Their natural tropism for human cells and high transduction efficiency make viruses highly capable
as gene delivery vectors. In general, viral gene transfer vectors are typically rendered deficient of
replicative genes for safety [8]; in their place, a transgene is inserted. In some indications, retaining
the ability to replicate can be more useful, for example, in oncolytic viral therapy [9]. Even so, a
number of dangerous disadvantages have plagued development of viral vectors since their first use

decades ago.

adenovirus (542)

retrovirus (528)

plasmid DNA (463)

, lentivirus (326)
viral

unknown (295)

e‘ AAV (263)
_ = vaccinia virus (138)
non-viral —— lipofection (126)
= HSV (101)
unknown viral combinations (75)
both other viral (67)

poxvirus (64)

RNA transfer (59)
bacteria (58)

other non-viral (56)
both (19)

Figure 1.2: Types of vectors in gene therapy clinical trials. The majority of vectors that reach
clinical trial are viral, making up 75% of all represented vectors. Out of 3180 total trials, 19
pair a viral vector with either DNA or RNA (“both”). AAV: adeno-associated virus, HSV:
herpes simplex virus. Data is from Gene Therapy Clinical Trials Worldwide, November 2021
(https://www.abedia.com/wiley) [1].

In retroviral vector production, two laboratories have reported spontaneous recombination events
between the producer cell line and the retroviral vector: this is a dangerous safety concern as it
enables the uncontrolled production of replication-competent retrovirus [10-12|. In gene therapy
clinical trials for X-linked severe combined immunodeficiency (X-SCID) [13, 14], retroviral vector
integration into the genome led to insertional mutagenesis and, consequently, onset of leukemia-like

disorders. This manifested in four of nine treated patients in one trial [15, 16] and one patient

3


https://www.abedia.com/wiley

CHAPTER 1. INTRODUCTION

in another trial [17]. In another clinical trial for orinithine transcarbamylase (OTC) deficiency,
severe immunotoxicity from the adenoviral vector resulted in the tragic death of 18-year-old Jesse

Gelsinger [18]. His death prompted serious questions regarding the state of the field [18-20].

More recently, onset of thrombosis with thrombocytopenia and anti-platelet antibodies has been
linked to two adenoviral COVID-19 vaccines. This condition, termed vaccine-induced immune
thrombotic thrombocytopenia (VITT), was hypothesized to arise from adenovirus-mediated immune
interactions [21]. Also recently, a clinical trial evaluating the delivery of the myotubularin-1 gene
to treat X-linked myotubular myopathy using AAV was halted due to the deaths of four trial
patients [22]. This has prompted concerning questions regarding the previously well-accepted
safety profile [23] of AAV for gene transfer [24, 25].

Due to their high prevalence in nature, pre-existing immunity against many of the common viral
vector serotypes has developed across the globe [26, 27]. Pre-existing immunity to adenovirus
serotype 5 (Adb) was associated with increased risk of human immunodeficiency virus (HIV)
acquisition in men after vaccination with an Adb-vectored HIV vaccine [28, 29|. Even aside from
immunotoxic effects, immune clearance of the vector can dramatically inhibit gene transfer efficacy
and prohibit repeated administration of a viral vector [30, 31]. Furthermore, genetic cargo capacity
is dictated by the relatively inflexible capsid size of the virus, potentially limiting what genes a viral
vector may transfer. In general, high immunogenicity, risk of insertional mutagenesis, as well as
the possibility of recombination into replication-competent viruses are dire safety concerns for viral

vectors, while pre-existing immunity and cargo capacity are limiting efficacy concerns [32].

1.1.2 Non-viral gene therapy

Alternatively, there are gene transfer vectors not based on human viruses: non-viral vectors.
Non-viral vectors encompass all other types of vectors not originating from human viruses. Broadly
speaking, a non-viral vector is a combination of nucleic acid material (DNA or RNA) that may
have some sort of protective vehicle to bypass barriers to transfection (Figure 1.1). Both nucleic
acids are used in gene therapy strategies, but the focus of this thesis will be on the transfer of

DNA, although the transfer of RNA is also an area of immense therapeutic potential.

The DNA molecule is a polymer of two complementary chains of nucleotides coiled together in a
helical conformation [33|. The nucleotide is the monomeric base unit; each nucleotide contains one
of four nitrogenous bases (A: adenine, G: guanine, T: thymine, or C: cytosine) covalently linked to
a deoxyribose saccharide unit and a phosphate group. As such, each DNA strand is comprised of a
sequence of nucleotides covalently linked through a sugar-phosphate backbone. Hydrogen bonding
between corresponding base pairs (A with T, C with G) of two complementary DNA strands forms
the double-stranded (ds) DNA helix. The genetic sequence thus defines the set of instructions for

downstream RNA and protein production.
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The negative charge from the phosphate backbone of DNA can promote interactions with serum
proteins, inviting destruction by serum nucleases and/or RES clearance [34]. A large charged
macromolecule like DNA cannot easily extravasate across the blood vessel [35] nor cross the
phospholipid bilayer of the cell (Figure 1.1). Spontaneous uptake of DNA by cells has been
observed in vitro, albeit at very low frequency [36]. Uptake seems primarily mediated by endocytic
mechanisms as confocal microscopy has shown exogenous DNA within the endosomal compartment.
DNA exhibits a half-life between 50 and 90 min once in the cytoplasm, as measured in HeLa and
COS cells [37]. Diffusion does not appear to play a large role in the cytoplasmic movement of
internalized DNA; in fact, DNA longer than 2000 bp shows little to no diffusion at all [38]. Nuclear
translocation in the cytoplasm is primarily mediated by active transport along the microtubule
network [39]. Inclusion of protein nuclear localization signals (NLSs) [40] or nucleotide DNA
nuclear targeting sequences (DTSs) [41, 42] is associated with vastly improved nuclear uptake,

mediated by existing active nuclear import mechanisms [39, 43].

Non-viral methods of gene delivery can be divided into two major categories: physical methods
that force exogenous DNA into cells, or chemical methods that encapsulate the material to assist
its endocytic uptake and endosomal escape [4, 32, 44]. Physical methods such as needle injection,
jet-injection, or electroporation can deposit DNA directly into the cytoplasm of cells, bypassing
several barriers to entry altogether [4]. The most common non-viral gene transfer strategy to date
has been direct injection of plasmid DNA in 463 clinical trials (Figure 1.2). Methods such as
electroporation have been shown to enhance uptake over simple injection [45]. However, physical
methods of gene transfer tend to be restricted in use due to tissue accessibility and the capacity

for tissue damage; as such, they are generally not suitable for systemic gene delivery [4].

In contrast, chemical gene delivery carriers encompass a broad range of cationic polymers that
can negate the negative charge of the phosphate backbone of DNA and mediate interactions with
the cell membrane [4]. A common popular reagent is the cationic lipid, which typically consists
of a hydrophobic domain linked to a positively charged head group. Cationic lipids are typically
formulations of a mixture of cationic and neutral lipids that can encapsulate negatively charged
DNA. Upon mixing, cationic lipids condense nucleic acids into complexes of cationic lipid and
nucleic acid (lipoplexes), which can then fuse with the cell membranes to facilitate cellular uptake
and mediate endosomal escape. Gene transfer using such reagents is commonly referred to as
“lipofection”, which is now the gold standard for transfection. Lipid nanoparticles comprised of a
mixture of cationic and neutral lipids have also shown great promise as DNA carriers. Similarly,
cationic polymers can form “polyplexes” with DNA for enhanced cell uptake and processing.
Non-viral gene transfection has been additionally demonstrated using a rapidly growing array of

different cationic polymers and other materials such as gold, carbon, and chitosan [46].

For the most part, non-viral gene delivery is episomal and has not generally been associated
with insertional mutagenetic events [47, 48|. Non-viral gene delivery methods are also not as

immunogenic as viral vectors and therefore boast a much stronger safety profile [4]. Neither
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anti-nuclear nor anti-DNA antibodies have been observed after repeated administrations of plasmid
DNA in vivo [49]. Without the limitations of a capsid shell, non-viral gene transgene vectors also
do not have any genetic capacity limits. Despite these safety advantages, the main hurdle facing
non-viral gene vector development is low transfection efficiency, especially in comparison to viral
vectors [4, 44|. Viruses have evolved to efficiently enter a cell, escape the endosomal compartment,
and enter the nucleus; but non-viral gene transfer strategies must incorporate solutions to each

obstacle de novo.

1.1.3 Gene transfer of plasmid DNA

Non-viral gene therapies encompasses many forms of DNA, but the most common and most
well-studied DNA vector is purified bacterial plasmid DNA. The plasmid is a circular covalently
closed (CCC) dsDNA molecule typically amplified in bacteria. It is comprised of two major
components: the expression cassette encoding the gene of interest and regulatory elements, and
the prokaryotic backbone necessary for amplification and maintenance of that plasmid (Figure 1.3).
The backbone includes elements such as a bacterial origin of replication (ori) and an antibiotic
resistance selective marker [34]. Potential horizontal gene transfer of the ori and antibiotic resistance
marker risks dissemination of replicative plasmid and antibiotic resistance in the environment |50,
51]. Regulatory bodies discourage the use of such selection markers in plasmid therapeutics and

recommend non-antibiotic methods of selection for clinical use [50].

antibiotic

resistance

Figure 1.3: Schematic of a gene transfer plasmid. A plasmid is a closed circular double-stranded
DNA vector. For expression in mammalian cells, an expression cassette (black) typically
contains the transgene (orange) with all necessary regulatory elements. It must also have a
prokaryotic backbone (blue) that contains a bacterial origin of replication (lavender) and an
antibiotic resistance marker (green) for amplification in bacterial cells.
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Despite their rarity [47, 48], recombination events between plasmid and chromosomal DNA can
still occur [45]. In such an event, vector integration could still lead to insertional mutagenesis
and, potentially, oncogenesis. Using a quantitative gel purification assay [52], the rate of plasmid
integration into the chromosome was measured by several groups. Briefly, DNA isolated from
treated tissues is subjected to pulsed-field gel electrophoresis to separate high molecular weight
(HMW) genomic DNA from free episomal vector [47]. After multiple rounds of purification, any
remaining associated vector DNA is assumed to have integrated; the HMW DNA is then probed
by quantitative PCR (qPCR) to quantify vector presence. Using this method, the amount of
genome-associated plasmid DNA from simple muscular injection was observed to be between 1 and
30 copies/ng DNA [45, 47, 48]. From these results, Ledwith et al. (2000) calculated a “worst-case”
gene mutation frequency on the order of 107? mutations per gene, which is well below their

estimated basal frequency of gene-inactivating mutations: 2 x 1076 [47, 53].

Wang et al. (2004) observed that supplementing injection with electroporation greatly increased
the gene transfer rate (up to 38-fold); however, it also increased the amount of genome-associated
vector to 700-980 copies/ng DNA, which was more than 40-fold greater than injection without
electroporation [45]. Even the higher corresponding gene mutation frequency still fell below the
estimated spontaneous frequency of gene-inactivating mutations, suggesting that vector integration
is not as high a concern for plasmid-based gene transfer. However, it is expected that gene transfer
rates will improve alongside new advances in non-viral technology; as such, plasmid integration

rates may consequently continue to climb and may become a problem in the future.

While anti-DNA antibody production is not associated with DNA gene transfer, it has been
well-documented that foreign DNA can induce inflammatory responses [54-56]. What differentiates
mammalian genomes from bacterial is the frequency of the cytosine-guanine dinucleotide (CpG).
CpG motifs occur at an expected frequency assuming random base utilization in bacterial genomes
(1 in 16 bases), but far more rarely in vertebrate genomes (1 in 50-60 bases) [57-59]. Furthermore,
the cytosine in these CG pairs is almost always methylated in vertebrates [59], but tends to be
unmethylated in bacteria. As a characteristic of “non-self” DNA, CpG motifs are a pathogen-
associated molecular pattern (PAMP), one of many motifs recognized by pattern recognition

receptors (PRRs) of the innate immune system [60-62].

The Toll-like receptor (TLR) 9 mediates innate immunity against DNA containing unmethylated
CpG motifs (CpG-DNA). As a member of the TLR family of membrane glycoproteins, TLR9 is
characterized by its leucine-rich repeat (LRR) [63] and Toll/interleukin-1 receptor homology (TIR)
domains [64]. Highly abundant in plasmacytoid dendritic cells (pDCs) and B cells, TLR9 is both
necessary and sufficient for CpG-mediated immunostimulation [65, 66]. CpG immunostimulation
strongly resembles a T helper lymphocyte (Th)-mediated immune response, specifically that of
Thl [36, 67, 68]. Recognition of CpG-DNA by TLR9 stimulates the TLR /interleukin (IL)-1R
signalling pathway, ultimately activating both nuclear factor (NF)-xB and mitogen-activated
protein kinase (MAPK) pathways 36, 55].
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Upon binding to CpG-DNA in the endosomal compartment [69], TLR9 recruits TIR-domain-
adaptors such as the myeloid differentiation primary-response protein (MyD) 88 at its cytoplasmic
TIR domain [61, 70, 71]. Through the MyD88-dependent signalling pathway [71, 72|, the MAPKK
kinase (MAPKKK) TGF-p-activated kinase (TAK) 1 and interferon regulatory factors (IRFs) 7 are
phosphorylated and activated [73-76]. TAK1l-mediated phosphorylation of IxkB and MAPK kinase
(MAPKK) 6, in turn, activate NF-xB and MAPKs respectively [62, 70]. The MAPK signal cascade
activates activator protein (AP) 1. Transcription factors NF-xB, AP1, and IRF7 mediate the
inflammatory response against CpG motifs through upregulating expression of pro-inflammatory
genes [36, 77|. Overall, the immune response against CpG-DNA is characterized by stimulation of
immune cells, including B cells, dendritic cells (DCs), natural killer (NK) cells, and Th cells [36,
78]; and production of cytokines, such as IL-6, IL-12, tumour necrosis factor a (TNF-«), interferon
(IFN)-a, IFN-3, and IFN-.

CpG-DNA stimulates B cell proliferation [79] and increases the expression of cell surface receptors
such as the major histocompatibility complex (MHC) class II. B cells were also demonstrated to
have increased production of IL-6, IL-12, and IgM [80]. DC differentiation and maturation is also
stimulated, as evidenced by increased cell surface expression of MHC II and expression of a cluster
of differentiation (CD) associated with mature DCs, CD83 [81]. Specifically in pDCs, activated
IRF7 induces expression of type 1 IFNs [82]. CpG motifs are thought to indirectly activate NK and
Th1 release of release of IFN-vy through cytokine production from other cells [36]. As a result of
CpG immunostimulation, transgene expression may be silenced, prohibiting long-term expression in
DNA gene therapies [83, 84]. Removal or separation of the bacterial backbone from the transgene
has been shown to avoid transgene silencing [58, 85, 86]. In some contexts, however, CpG-
immunostimulation may be useful and even desirable. For example, CpG oligodeoxyribonucleotides

have shown great promise as adjuvants in vaccine applications [87, 88|.

Overall, the conventional plasmid imparts low gene expression efficiency due to its prokaryotic
backbone and has the potential for insertional mutagenesis due to its closed circular structure.

Alternatives to the conventional plasmid structure should and have been investigated.

1.1.4 DNA minivectors

Gene transfer with vectors devoid of the bacterial backbone, or DNA “minivectors” [50, 89|,
presents a better alternative to plasmids for non-viral transgene delivery. Minicircle vectors are
produced through directed excision of a eukaryotic transcription unit from a parent plasmid using
site-specific recombinases [90, 91]. This produces a minimized CCC dsDNA molecule containing
only the gene expression cassette. Farly reports of minicircle production were generated using A
integrase [92, 93]. Since then, minicircles have also been produced with P1 Cre recombinase [94],
ParA resolvase [95, 96|, or ¢C31-integrase [97, 98]. To generate minicircles, a gene expression
cassette flanked by recombinase target sites is encoded on a parent plasmid carrying bacterial

amplification elements. Induction of recombination activity at the target sites produces multiple
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species: minicircles, miniplasmids containing backbone elements, minivector intermediates, and
residual parent plasmid. A purification step is generally required to separate minicircle DNA from

parent plasmid and other byproducts.

Ministring vectors are similarly produced through recombination, but generate dsDNA linear
covalently closed (LCC) vectors instead of circular [99]. Linear minivectors such as the ministring
may avoid the risk of insertional mutagenesis. Integration of a linear vector into a chromosome
results in a double-stranded DNA break (DSB) that activates cell death pathways in both
prokaryotic [99] and eukaryotic systems [100], thus removing cells with integrated plasmids from
the proliferating cell population. Nafissi et al. (2014) demonstrated much reduced integration
frequencies with LCC minivectors in comparison to CCC vectors [100]. Another LCC minivector,
closed-ended linear duplex (CELiD) DNA, incorporates inverted terminal repeat (ITR) elements
from AAV and can therefore be replicated using the AAV Rep protein in insect cells [101]. A
number of other notable linear gene delivery minivectors have also been produced through in vitro
methods, such as a minimalistic immunologically defined gene expression (MIDGE) vector [102],
micro-linear vector (MiLV) [103], and DoggyBone [104].

While minivector technology is very promising, its unique nature has led to some bottlenecks
in its manufacture [91]. Choice of recombinase has had great impact on minivector production.
For minicircles, ParA resolvase |95] has shown the highest recombination efficiency (99.5%),
while X integrase [92] and P1 Cre recombinase have the lowest (60%) [105]. For ministrings, Tel
protelomerase may have greater recombination efficiency than TelN [99]. Removal of contaminating
plasmid and miniplasmid byproducts from the minivector product has also been challenging as
they all share the same structural and chemical properties. The inclusion of endonuclease target
sites on the plasmid backbone for digestion of plasmid and miniplasmid products in vivo prior
to extraction greatly improved minicircle purity [98, 106]. Affinity chromatography has been
investigated as an attractive option for purification of minicircles and ministrings due to its high

efficiency, cost-efficiency, and overall simplicity of usage [91, 107, 108|.

Minivectors overall confer greater, more durable gene expression than their isogenic plasmid
counterparts |86, 97, 100, 109]. Elimination of bacterial elements like the antibiotic resistance
marker, the ori and CpG motifs improves safety and prevents immunostimulatory transgene
silencing [97]. The smaller size afforded by losing the backbone (>2kb of DNA [110]) also improves
transfection and general utility. Shorter DNA can also better resist shear forces for better synergy
with many physical methods of gene delivery. For example, minivectors less than 1200 bp were
better able to survive nebulization for aerosolized gene delivery [111]. More minivector molecules
are present per unit mass than plasmid molecules, increasing bioavailability and permitting high
dosing [110]. Their shorter length is also correlated with greater vector mobility [38]; short DNA
can more easily diffuse into the perinuclear space, increasing nuclear uptake. For already lengthy
transgene cassettes, minivector delivery may be necessary as the additional bulk of a prokaryotic

backbone could prohibit its nuclear translocation and subsequent gene expression.
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1.2 Bacteriophage for gene delivery

Safety concerns exist with viral vectors, as do efficacy concerns with non-viral vectors. As might
be expected, there does not yet exist a “perfect” gene delivery vector. Therefore, explorations
into alternative vehicles for gene transfer are important as they may lead to greater innovation
within the gene delivery space. Existing biological systems are a reservoir of untapped gene
transfer mechanisms [112]. From mammalian systems, modified whole cells or exosomes have been
investigated for their capacity for gene transfer [113|. Prokaryotic systems also hold much promise;
microorganisms within the commensal microbiota already symbiotically coexist within humans.
“Bactofection”, the use of bacteria for transgene delivery, has also been successfully demonstrated

with a number of bacterial strains [112].

Of particular interest from the prokaryotic world is the bacteriophage (phage), a virus that
specifically infects bacteria [114]. The most abundant entity on Earth, bacteriophages are prevalent
across the globe and within the human microbiome, where they number at least 10'? viral particles
per gram feces [115, 116]. Without any intrinsic tropism for eukaryotic cells and an inability to
replicate within them, the phage is considered a non-viral gene delivery vector despite being a
virus itself. In fact, a phage particle may be considered as a simplistic proteinaceous coat around
a nucleic acid core when applied to the human body: a promising foundation for a gene transfer
vector. As they are relatively easy to genetically modify, they present an appealing option for

non-viral gene delivery.

Several key characteristics further increase the appeal of phages as biotechnology products. Phage
are generally inexpensive to manufacture in large quantities as they replicate in bacterial culture,
which has been highly amenable to scale-up. They exhibit good stability in the face of a number
of environmental factors, including pH and temperature [117-120]. As they are amenable to
desiccation, phage vectors may also be inexpensive to store long-term [121]|. Taken together, the
genetic flexibility, robust stability, and amenability to scale-up make the bacteriophage a promising

candidate for gene transfer applications.

1.2.1 Filamentous bacteriophage

The filamentous phages (Inoviridae) are long non-lytic viruses that primarily infect Gram-negative
bacteria [122]. These phages do not lyse their hosts; after infection, progeny continuously bud out
from the infected host over the course of the infected bacterium’s lifetime. Although they are not
lysed, the burden of phage production slows the growth of infected E. coli cells in comparison to
uninfected cells; hence, parasitized E. coli can be visually identified on a lawn of infected bacteria
as turbid plaques, zones of reduced growth. The most well-characterized of the filamentous phages
are the F-specific filamentous phages (Ff phages), three almost identical filamentous phages that
specifically infect E. coli: {1, fd, and M13. First discovered in sewage samples in the 1960s [123-125],

studies on the Ff phages have since contributed to numerous advances in molecular biology [126].
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These phages are the basis of common modern cloning vectors [127-130] and of phage display,
which is the decoration of phage capsid proteins with foreign peptides [131]. The focus in this
thesis will be phage M13, but the three Ff phages share 98% sequence identity and have been
studied interchangeably [122, 132, 133].

Phage M13 is comprised of a circular closed single-stranded (ss) genome (6407 nucleotides [134])
encoding 11 gene products, 5 of which are capsid proteins (Figure 1.4). The genes are numbered
[-XI and denoted by the prefix “g” (ex: gIII), while their products are denoted by the prefix “p”
(ex: pllI). Of note, gX is an in-frame coding region contained entirely within gII. Similarly, gXI is

an in-frame coding region contained entirely in gl.

f1 ori

gX
M13
gXI (6407 bp) v
gV
glX

gVill

Figure 1.4: Genome map of bacteriophage M13. Bacteriophage M13 encodes 11 genes on its
genome (6407 nt). Genes gX and gIX are contained entirely within and in-frame of gIT and
gl, respectively. The non-coding intergenic region between gIV and glII contains signalling
structures for phage replication and packaging.

Proteins pll and pX are involved in the amplification of the replicative factor (RF), the circular
dsDNA episomal form of the phage genome. The replicative protein pIl (410a.a.) is necessary
and sufficient for rolling circle amplification of the filamentous phage genome [135]. Identical to
the last 111 residues of pII, pX (111a.a.) also regulates replication. The DNA binding protein
pV (87 a.a.) sequesters amplified single-stranded viral genome molecules for phage assembly [136].
Proteins pI (348a.a.), pXI (108 a.a.) and pIV (405 a.a.) mediate assembly and export of progeny
phage, along with the capsid proteins (plIl, pVI, pVII, pVIII, and pIX) that coat the extruding
phage genome as it exits the cell [137].
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Structure of bacteriophage M13

The M13 phage particle is long and rod-like in shape (Figure 1.5). Approximately 2700 copies of
the major coat protein pVIII (50 a.a.) wrap around the ssDNA core to form the vast majority of
the tubular protein coat [138]. Each pVIII unit is comprised of a hydrophilic N-terminal domain
oriented externally in the virion particle and a positively charged C-terminus facing inwards in
the virion particle to interact with the packaged phage DNA [132, 139, 140]. These domains are
connected by a hydrophobic connecting domain. Copies of pVIII are arranged in a right-handed
helix held together by interactions between the hydrophobic domains of overlapping copies of
pVIII [141-143]. At one end of the tube is a blunt cap comprised of 3-5 copies each of minor
coat proteins pVII (32a.a.) and pIX (32a.a.) [144]. Both pVII and pIX are quite small and
hydrophobic [145] with charged surface-exposed N-termini. The other end is a protruding cap of 5
copies each of pIII (406 a.a.) and pVI (112a.a.) [144]. The plII protein mediates infectivity, while
pVI stabilizes and anchors plll to pVIII and the rest of the protein coat [146, 147]. Comprised
of three functional domains, pIII is anchored to pVI via a C-terminal domain (CT), while two

N-terminal domains (N1 and N2) mediate attach to host cell receptors.

The filament-like phage particle measures approximately 7nm in diameter while its length is
essentially dictated by the size of its genome; for wildtype M13, this is approximately 900 nm [148,
149]. Virion length is simply proportional to genome length so no theoretical limit exists on the
amount of DNA an M13 phage particle can package. In practice, the physical limits encompass a
large range: from microphage variants about 50 nm long carrying as little as 221 nt of DNA [150,
151] to larger highly unstable “polyphage” particles almost 20 pm in length packaging approximately
ten phage genome copies or over 60 knt of DNA [152].
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Figure 1.5: Structure of bacteriophage M13. The circular closed single-stranded genome (6407 nt)
is surrounded by approximately 2000 copies of pVIII. At one end, pVII and pIX pentamers
form a blunt cap. At the other end, a protruding cap is formed by pIIl and pVI pentamers.
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1.2.2 Lifecycle of bacteriophage M13

Adsorption and entry. The Ff phages primarily infect F™ E. coli, E. coli that carry the
fertility factor (F-factor). This is an episome that encodes genes for conjugation, which is a form
of horizontal gene transfer through a pilus. The pilus is a tubular protein structure that directly
connects two bacterial cells through which transfer of genetic material can occur [153]. M13
infection begins with phage attachment to an extended F-pilus [154], specifically mediated by N2
domain binding to the pilus tip [155, 156]. Upon pilus retraction (Figure 1.6), phage particles are
brought into close contact with the host cell surface [154]. Binding of N2 to the pilus activates an
unfolding reaction, exposing the N1 domain in plIII which contains binding sites for the cell surface
receptor complex, TolA-C [157, 158|. Initial attachment to the pilus is not absolutely required for
successful infection: M13 phage uptake has been demonstrated in F~ bacteria in the presence of
Ca?" ions or polyethylene glycol (PEG), albeit at a lower frequency [159]. On the other hand, Tol
proteins are necessary: tol@, tolR, or tolA mutants are resistant to filamentous phage infection [160,
161]. Conversely, a mutant lacking its pIII pilus-specific N2 domain can actually infect F~ E. coli
better than wild-type [158]; this is attributed to the exposure of N1 in pIII, which is normally only
released after pilus-N2 binding.

The Tol proteins (TolA, TolQ, TolR) are membrane proteins that associate with a number of
other membrane proteins, including Pal and OmpF [147, 162, to mediate cell functions including
membrane assembly [163] and macromolecule transport [164, 165]. These proteins are also
implicated in the uptake of group A colicins, plasmid-borne toxins produced by other competing
bacteria [166]. The Tol proteins localize within adhesion zones, which are contact sites between the
inner and outer membranes where they are physically closer. Tol proteins thereby bridge the inner
and outer membranes across the periplasmic space and the peptidoglycan [167]. The N1 domain
of pIIT interacts specifically with TolA [132]. TolA (421 a.a.) is comprised of three domains: TolAl:
the N-terminal domain that anchors in the inner membrane and interacts with TolQ and TolR;
TolAII: a domain spanning the periplasm; and TolAIIl: a C-terminal domain that can interact
with the outer membrane [162, 165].

As the phage nears the cell surface, the N1 domain of pIII binds TolAIIl. Coat disassembly begins
as the phage breaches the cell envelope. The plIl and pVIII coat proteins from the infecting
phage particle have been observed to insert into the inner membrane [168-170]. In studies with
biotinylated M13 phage, virions were visualized penetrating the cell in two steps. First they entered
the outer membrane and migrated across the periplasmic space, an event characterized by the
swelling of the periplasm [171]. Next, virions moved past the inner membrane as coat proteins
were deposited. Although the precise mechanism of how the infecting phage deposits its genome in
the cytoplasm remains unknown, it is believed to function similarly to Tol-mediated uptake of
colicins [172]. TolR and TolQ function together as a motor, using the proton motive force to drive
TolA-mediated active transport across the cell envelope [163, 173-175]. The process from initial

pilus attachment to cell penetration can occur within 20s at 30 °C [176].
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Figure 1.6: Lifecycle of the filamentous phage M13. The lifecycle of phage M13 can be broadly
broken down into six steps: 1) M13 binds to the extended pilus via its minor coat protein,
plIl. Retraction of the pilus brings the phage in contact with Tol proteins, through which it
can enter the cell. 2) Upon cell entry, the plus ssDNA genome is converted into a dsDNA
replicative form (RF) as host machinery synthesize the complementary minus strand using
it as a template. 3) Phage genes are expressed. 4) The RF is replicated through a rolling
circle mechanism of amplification, initiated by binding of phage protein pIl. 5) Once pV levels
increase and outcompete replication proteins, they bind a free viral plus strand and prepare it
for export. 6) The phage particle is extruded as coat proteins assemble around the exported
DNA molecule at the membrane.
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Minus strand synthesis. Before phage replication can proceed, the single-stranded viral plus
strand must be converted to a double-stranded episome, the RF (Figure 1.6). The complementary
minus strand is synthesized by host proteins using the plus strand as a template [177]. Both minus
strand synthesis and phage replication are initiated within the intergenic region (IR), located
between positions 5769-5909 in the M13 plus strand (Figure 1.4), according to the sequence first
described by Beck and Zink [134]. Also known as the f1 functional origin (f1 ori), it contains several
stretches of palindromic sequences that form secondary structures recognized by both phage and
host replicative machinery. The structure of the f1 ori has been extensively characterized and five
hairpin loop structures have been identified [178, 179] as cis-acting sites for phage protein function
(Figure 1.7): A) immediately downstream of gIV is the packaging signal (PS) that mediates phage
assembly and export, B-C) two hairpins flank the minus strand origin where host polymerases
begin minus strand synthesis, D) another hairpin contains the pII nicking site as well as signals
for replication termination, and E) immediately after is another hairpin containing plI signals for

replication initiation.
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Figure 1.7: Secondary structure of the fl1 functional origin on the viral plus strand. Hairpin
structures are formed by palindromic sequences, with several of particular importance. From
5" to 3', beginning immediately downstream of gIV: A) packaging signal, B) binding site for
RNA polymerase, C) binding site of RNA primer synthesis, D) location of pII nicking site, E)
binding site for pIl. As indicated by the black arrow, pIl nicks at a site within the overlap of
the termination and initiation domains to initiate new strand synthesis, which proceeds as
indicated by the hook arrow. Sequence and secondary structure domains from [178-180].

To synthesize the minus strand, F. coli RNA polymerase binds to the minus strand origin in the
f1 ori (Figure 1.7C). It generates a 20nt RNA primer complementary to a stretch of nucleotides
(positions 5736 to 5717 on the plus strand) of the minus strand [179, 181]. Extension from this
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primer by E. coli DNA polymerase III results in a relaxed, closed double-stranded molecule (RF
type IV) that is acted upon by DNA gyrase to generate a supercoiled RF molecule (RF type
I) [182]. After establishment of the supercoiled dsDNA episome, the newly synthesized minus
strand of the RF serves as a template for phage gene expression (Figure 1.6). Expression of the

replication protein plI is required before further phage replication can occur.

Expression of phage M13 genes. Mapping of the phage genome has revealed at least eight
promoter sites [183, 184] and approximately three terminator sites [185-187]|, two of which are
dependent on the transcriptional terminator Rho. Activity of six promoters (preceding genes II,
II1, IV, V, X, and VIII) have been positively confirmed in vivo while two promoters (preceding gl

and VI) have been identified in vitro, although not clearly demonstrated in vivo [184].

The M13 genome can be divided into two separate transcriptional domains that exhibit vastly
differing levels of transcription activity [186, 188]. These two domains are separated by the IR
on one side and a Rho-independent transcription terminator immediately downstream of gVIII
(Figure 1.4), known as the “central terminator” [185], on the other side. Eleven polycistronic
messenger RNA transcripts are generated between the two domains; they range in size between
370-2000nt and in half-life between <2-10min [187-190]. No transcript spans across either
the central terminator nor the IR [186]. The host endoribonuclease RNase E is implicated in

post-transcriptional processing of these phage transcripts [189, 191].

Within the highly transcribed region beginning downstream of the IR are gll, gX, gV, gVII, and
gVIII [187]. Of the six transcripts arising from this domain, nearly all encode gVIII, and the
majority also encode gV [186]. Furthermore, transcripts containing gV and gVIII have been
observed to be more stable than all other transcripts [189, 192]. As might be expected, these genes
encode the proteins required in the greatest abundance for phage production. In contrast, only
one transcript encodes the entirety of gII [189, 190|, making it the least abundant of the highly
transcribed transcripts [186, 189).

The second less active domain starts immediately downstream of the central terminator and ends
at the IR [187]. It encompasses the other five genes: gIII, gVI, gI, gXI, and gIV. Both gIII and
gVI are always on the same transcript, which follows as their gene products act in a stoichiometric
fashion. The inclusion of gl and gXI in a glIIl — gXI transcript mostly appears to be a result of
RNA polymerase read-through of a weak Rho-dependent terminator signal within gl [187, 193]. A
separate promoter preceding gIV independently drives its expression [187], although a rare longer
transcript encoding all genes in this domain (gIII-gIV) has been observed [186, 187]. Transcription
termination of this second domain appears to be mediated by a Rho-dependent terminator within
the IR, although RNA polymerase can read through this terminator. Rho-dependent termination
generally produces RNA transcripts with 3’ ends within the PS (Figure 1.7A) of the IR in vivo [194].
However, transcripts terminating at hairpins C, D, or E have been observed (Figure 1.7). It is

believed that the strong secondary structure within the f1 ori most likely interferes with RNA
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polymerase processivity, leading to transcription cessation independent of Rho. Overall, differential
expression of the 11 viral genes arises from a complex interplay of disparate transcriptional patterns

of otherwise very simple transcription products.

During gene expression, both pIIl and pVIII are actually expressed as precursor molecules with N-
terminal signal peptides that are cleaved upon translocation and insertion into the membrane [169,
195-197]. In fact, all the coat proteins and assembly proteins localize to the inner and outer
membranes after gene expression [168, 198, 199]. Localization of these morphogenetic proteins
to the membranes is dependent on the host E. coli Sec translocation system [200]|, whereas
translocation of pVIII and plIl occur in a SecA-independent manner and instead depend on
YidC proteins. Although none of pVI, pVII, or pIX have a signal sequence, these minor coat
proteins are small and hydrophobic and it is likely their long hydrophobic domains are what
enable their membrane insertion [145|. The accumulation of phage coat proteins — particularly the
numerous copies of major coat protein pVIII — in the infected cell membrane alters its phospholipid

composition and reduces its capacity for pili formation [195].

Replication. M13 replication (Figure 1.6D) proceeds through rolling circle amplification of
the RF to generate more double-stranded RF'. This process is initiated by phage protein pIl and
carried out by host replicative machinery. The f1 ori is both necessary and sufficient for f1 phage

replication as it contains the binding site for plIl.

A nicking-closing enzyme with topoisomerase I-like activity [178, 182], pII initiates replication in
two steps specifically at the f1 ori of the plus strand of a supercoiled RFI substrate [178]. First,
plI binds to a core sequence approximately 15 bp long just downstream of its nicking site in the
RF (Figure 1.7D-E) [201]. The E. coli integration host factor (IHF) binds to AT-rich replication
enhancer domains approximately 50 and 100 nucleotides downstream [202]. Although not necessary,
phage replication proceeds poorly in the absence of IHF. Interestingly, compensatory mutations in
pll can overcome ITHF-dependency. It is hypothesized that IHF activity within the f1 ori forms
supportive secondary structures, analogous to its role in the replication of another E. coli phage,
bacteriophage A [202]. Binding of pII precedes RF DNA duplex melting, facilitating pII-nicking of
a liberated single-stranded viral plus strand [203].

Next, replication is initiated when pll cleaves between the thymine and adenine of its nicking
site [182] within the signalling hairpin loops [178]. The supercoiled RFT is therefore converted into
a relaxed, nicked circular intermediate (RF type II) [204]. After nicking, pII remains covalently
bound to the released 5 hydroxyl end of the nick [205]. The released 3'-hydroxyl end of the
released plus strand is elongated by host DNA polymerase III and accessory proteins to synthesize
a new plus strand using the minus strand as a template [206]. Replication proceeds through a
rolling circle mechanism. Elongation by DNA polymerase III proceeds unidirectionally as host
Rep helicase and DNA binding protein I displace the original plus strand [204, 206—208]. Each

round of replication terminates with pll nicking-closing activity again, in this case, re-circularizing
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the displaced single plus strand of DNA and releasing it (Figure 1.7D). The displaced plus strand
is again converted to RF by host polymerases, while DNA gyrase supercoils the newly synthesized,
relaxed CCC RFIV into RFI [182].

Replication of phage DNA builds a pool of RFs, which can be detected as early as five minutes after
infection [209]. As phage expression proceeds, levels of the DNA binding protein pV accumulate in
the cytoplasm, where they compete with replication proteins to bind available ssDNA (Figure 1.6).
Regulation of phage DNA synthesis also appears to be partially mediated by pX. Overexpression
of pX leads to the complete cessation of phage DNA synthesis [210], while overexpression of pII
leads to conversion of all phage ssDNA to RF dsDNA. The DNA binding protein pV also regulates
phage replication; it has been observed that pV represses translation of pIl and pX [211, 212] and,
at high concentrations, inhibits DNA polymerase I and II [213].

Newly synthesized plus strands are sequestered for phage progeny export instead of further
replication approximately 11 min after the start of infection, evidenced by both a detectable pool
of cytoplasmic ssDNA and viable phage progeny at this point [209]. Levels of pV at this point
reach approximately 500 molecules per cell, and continue to increase to approximately 2 x 10°
molecules roughly 20 min after infection [212]. It is the ratio of pV to DNA in the cytoplasm
that determines whether replicative intermediates will produce further double- or single-stranded
DNA |214]. The pV phage protein is absolutely required for synthesis of progeny phage [215]. In
the absence of functional pV, small dsDNA molecules approximately a quarter of the size of the
wildtype fl genome accumulate in the cell. The production of this species is most likely due to

rising levels of single-stranded intermediates not stabilized by pV binding [216].

The binding protein pV [217] functions as a homodimer [217, 218] and was long thought to non-
specifically and cooperatively bind to available ssDNA nucleotides [214, 219, 220|. It binds at a ratio
of approximately 4 nucleotides per protein monomer [221], or approximately 8 pV dimers per helical
turn of bound DNA [221, 222|. Later studies demonstrated pV does exhibit some selective binding
affinity; for example, it binds better to deoxyribonucleotides over ribonucleotides [223]. Dimers
assemble onto DNA cooperatively, mediated through inter-dimer electrostatic interactions [224].
The pV dimer also exhibits sequence specificity: the repression of phage replication by pV occurs
through pV sequence-specific binding of a motif present in the gl mRNA leader sequence, thereby
preventing its translation [225, 226]. This 16-mer sequence (5-GUUUUUGGGGCUUUUC-3') 227,
228] is bound by pV both as DNA or RNA [225, 226]. Oliver et al. (1999, 2000) discovered
that this sequence can form a tetraplex structure, where single-stranded regions emerge from
central guanine quartet [225, 226]. Two pV dimers are thought to bind to two of the DNA strands
emerging from one side of the G-quartet, with two dimers symmetrically binding to the other two
strands on the other side. Such structures may serve as nucleation sites for pV-DNA binding,
whereupon subsequent pV binding continues through cooperative dimer-dimer interactions. Similar
stem-loop structures are present in the mRNA leader sequences of other genes also potentially
translationally regulated by pV [228] (gl, glI, gIII, gV, and gX). More recently, other 58-mer DNA
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motifs were also found to be preferentially bound by pV [228]: these form stem-loop structures with
large loops of unpaired nucleotides “enclosed” by one or more hairpins. Like the G-quartet motif,
this stem-loop structure is thought to be the nucleation site for initial pV-DNA binding, before
cooperative assembly of pV units saturate the molecule [228|. Similar structures were prevalent

throughout the fd genome [228], further supporting the nucleation hypothesis.

Upon pV binding, the viral genome collapses into a rod-like form, leaving the PS (Figure 1.7A) in
the f1 ori exposed [229]. The nucleoprotein complex forms a left-handed superhelical molecule
with a pitch of 1.9 A [221]. The absence of pV binding at the f1 ori may result from weaker affinity
for the duplex secondary structures present in the region [122, 223|. This newly displaced plus

strand is now sequestered and not converted to an RF for further replication.

Assembly and export. Coat proteins are localized to the membrane prior to assembly [196, 199,
230, 231]. In addition to the capsid proteins localized in the inner membrane, three morphogenetic
phage proteins that participate in the assembly and export of filamentous phage progeny are also
localized here: pl and pIX are localized in the inner membrane, and pIV, a secretin, is localized in
the outer membrane (Figure 1.6) [232]. Together, pl, pXI, and pIV form a transmembrane channel,
through which phage progeny DNA is ultimately exported [233].

Phage assembly is dependent on the presence of a functional PS, which is recognized by pl [234, 235].
In the absence of this cis-acting signal in the phage genome, assembly proceeds at approximately
0.1% the normal rate [234] although mutations in gl can compensate for a missing PS. A key
characteristic of the PS is the hairpin loop, a double-stranded DNA structure left uncoated by pV
and therefore available for assembly machinery to bind [223, 235]. Part of the PS is conserved
between Ff phage and a more distant filamentous phage, Ike [234]: this palindromic sequence can

form a tight hairpin, and might also be bound in a sequence-specific manner.

Through its large N-terminal cytoplasmic domain, pl binds the PS signal of the phage nucleoprotein
complex [236]. At the inner membrane, pl complexes with pXI, which itself comprised of the
C-terminal 108 residues of pI [200, 237|. While pI has been shown to mediate interactions between
other substrates, the role of pXI appears to be more structural [238|. Both pl and pXI interact
with a pIV multimeric complex via short C-terminal periplasmic domains [239, 240|. Like other
secretins, pIV forms the bulk of a multimeric channel in the outer membrane [240]. Comprised of
approximately fifteen identical subunits, the large aqueous channel interacts with inner membrane
proteins pl and pXI through N-terminal domains that project into the periplasmic space [239,
240.

Together, the pI-pXI-pIV complex forms a preinitiation complex to phage assembly (Figure 1.8).
Through their interactions in across the periplasm, the complex bridges across the inner and
outer membranes [241] in the host cell as an adhesion zone. Between 150-300 such preinitiation

complexes are synthesized in an infected cell [152, 241].
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Figure 1.8: Assembly and export of progeny filamentous phage. Phage proteins pl, pXI, and pIV
form a transmembrane channel across the outer and inner membranes of the host cell. Upon
binding the packaging signal of the pV-coated viral plus strand, pl displaces pV proteins.
The association of the pI-pXI-pIV complex with minor capsid proteins pVII and pIX and
host factor theoredoxin initiates coating by pVIII units and phage extrusion out of the cell.

The cytoplasmic host factor thioredoxin is also required [242]. Rather than its canonical role as
a reductase, theoredoxin appears to function as a structural component for two different E. coli
phages: it is part of the M13 phage assembly complex, and also part of the T7 phage polymerase
complex [243-245]. The association of phage DNA, thioredoxin, and minor coat proteins pVII
and pIX at the preinitiation complex forms the initiation complex [239], where phage assembly
begins (Figure 1.8). The host factor theoredoxin may cooperate with pl in displacing pV for
pVIII during the phage assembly process, which is analogous to its role in T7 DNA polymerase
processivity [244-246]. Upon binding to the phage DNA, pI mediates interactions between the
DNA, pVII, and pIX, and also displaces units of pV. Phage assembly requires both ATP and the
proton motive force [239, 247]; this may be mediated by pI ATPase activity [240].

Proteins pVII and pIX also bind to the PS to form the blunt end cap [199]. Since pIX has more
basic residues than pVII, interactions between the capping proteins and phage DNA are thought
to be mediated more by pIX; mutations in pIX are more also likely to compensate for a missing
PS [138, 234]. Approximately five copies each of pVII and pIX and pVIII assemble as part of
the initiation complex in the inner membrane [138]|. An assembled phage extrudes from the cell
surface blunt end first [248]; in the final virion, the phage genome is oriented such that the PS
aligns with the pVII-pIX cap. Coating by membrane pVIII units proceeds simultaneously as the
phage molecule is translocated through the pIV pore. The major coat protein undergoes major
conformational change as it moves out of the membrane into the elongating phage particle [138,
249|. However, the first five copies of pVIII in complex with pVII and pIX in the membrane most

likely retain their membrane conformation [138].
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When the end of the DNA is reached, terminal cap proteins plIl and pVI bind last and terminate
the assembly [152]. Prior to capping, plII and pVI form a pre-termination complex in the
membrane that docks to the extruding phage filament through recognition by either the assembly
proteins or the incomplete pVIII tube [250]. Rakonjac et al. (1999) proposed that binding of this
pre-termination complex to the extruding phage filament induces conformational changes in the
plII CT domain that releases the capped phage particle from the membrane. At this terminus,
interactions between the cap proteins plll and pVI again necessitate a different conformation for
some units of pVIII [138].

If no plII or pVI proteins are available, another unit length of DNA is added and the elongation
process continues. Although the PS is required to initiate phage assembly, elongation of additional
DNA does not require another PS. In a normal phage population, approximately 5% of progeny
phage particles have been observed to encapsulate multiple genome molecules [152, 234|. Phage
production is very proficient: up to 1000 progeny phage per cell can be released approximately an

hour after infection [251].

Phage progeny cannot be produced without the major coat protein pVIII, although the coat
protein itself can sustain a number of mutations without impacting coat incorporation or phage
viability [139]. In contrast, progeny assembly and extrusion can carry on in spite of deficiencies in
any of the minor coat proteins, albeit rather inefficiently. In the absence of pIIl, release of progeny
phage from the cell is very inefficient: only approximately 2.5 x 10~7 infective particles are released
per cell compared to 700 per cell in the presence of plIII [152, 252]. Instead, longer noninfective
polyphage particles equivalent in size to ten “normal” length phage particles are extruded and
mostly remain associated with the cell membrane rather than dissociate into the medium [152].
The release of viable phage progeny into the environment is correlated to the levels of pIll in the
infected cell [152]. Similarly, deficiencies in pVI [152] and in the other minor capsid proteins (pVII,
or pIX) [199, 253] also produce low levels of long polyphage particles. Without pIII or pVI, capping
of the completed phage particle cannot occur so extruded filaments mostly remain tethered to the
cell membrane. Production of normal length phage particles is dependent on sufficient cellular

concentrations of functional minor coat proteins.

1.2.3 Applications of bacteriophage M13

Since their discovery, Ff phages have contributed to numerous advances in molecular biology [254].
The simplistic biochemical and physical structure of the phage make it attractive as a nanomate-
rial [255], with support for chemical conjugation of functional moieties [140, 256]. Development of
a number of cloning vehicles and techniques were prompted from investigations of the phage [127].
Arguably its most well-known and important contribution is its role in the development of phage
display [257].
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Bacteriophage M13 peptide display

As the initial model for phage display by George Smith in 1985 [131], the filamentous phage
has cemented itself as an integral workhorse in molecular biology. A diverse range of peptide
moieties has been displayed on filamentous phage, with innumerable applications: peptides [131],
antibody fragments and/or whole antibody domains [258-260], cDNA libraries [261, 262], scaffolding
proteins [263], and whole enzymes [257, 264]. Phage display libraries can also be constructed for

biopanning, a screening and enrichment process for the discovery of novel peptide moieties.

While all the coat proteins of M13 have shown some capacity for peptide display [257, 264], the
two most common sites of display are pIIl and pVIII. M13 phage display can be homogeneous,
in which every copy of the capsid protein contains the translational fusion, or heterogeneous if
both wild-type and fusion capsid proteins are incorporated into the phage particle. The display
peptide sequence must be incorporated in-frame into one of the coat protein genes. Smith (1993)
developed a classification system for display vectors according to the arrangement of the coat protein
genes [265] (Figure 1.9). As only a single type of coat protein form is used in an homogeneous
display system, it can be represented using a single Arabic numeral [257, 265]: for example,
Type 3 vectors display glll::peptide fusions, while Type 8 vectors display pVIIIL::peptide fusions.
Homogeneous phage display can be less stable if the foreign peptide is large enough to disrupt
phage structure [249]. Hence, heterogeneous display is particularly important for the display of
larger proteins (>100 residues).

Another common approach is the usage of a phagemid, which is a plasmid that carries an f1 ori
for M13-mediated replication and assembly, to encode a copy of the fusion peptide for display.
Separately, a helper phage then encodes all other phage genes, including the wild-type capsid
proteins. For homogeneous display, the helper phage must completely lack the gene for the coat
protein of choice so that only phagemid-encoded fusion coat proteins are available [252, 266]. For
heterogeneous display, helper phage-derived wild-type coat proteins compete with the phagemid-
derived fusion coat protein to generate mosaic progeny virion particles. Smith denotes this dual
vector system as a sum to represent gene separation on different genomes [257, 265]: for example,
a Type 3 + 3 system is constructed from one wild-type pIll from the helper and one fusion plII
from the phagemid (Figure 1.9). The phagemid DNA is preferentially packaged over helper phage
DNA [267]. Isolated phage particles will therefore encode the gene corresponding to the displayed
ligand. It is this simple yet powerful linkage of genotype (as encoded on the packaged phagemid)
to phenotype (the function derived from the displayed peptide) that enables rapid screening of
vast genetic libraries for ligands of interest [268-270].

Alternatively, a second copy of the fusion gene may be inserted alongside the wild-type copy [257,
258, 271]. This also leads to assembly of mosaic progeny phage, but both genes are encoded on
one vector. Since a single genome bears both copies of the gene, this system is represented by two
Arabic numerals indicating the gene [257, 265]. For example, a Type 33 vector encodes both a
wild-type glII and glIII::peptide fusion on one genome.
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Figure 1.9: Phage display systems. This schematic shows three M13 display systems using pIII as a

model. In Type 3 display, only one copy of gllI is available, leading to homogeneous display
of the fusion peptide. In Type 33, two cis copies of gIII are available, leading to heterogeneous
display, but encapsulation. In Type 3+3, two trans copies of gIII are available, again leading
to heterogeneous display.
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Display on pIII. The display of exogenous peptides through in-frame translation fusion was
first demonstrated on the minor coat protein plII in filamentous phage f1 [131]. As with all the
coat proteins, pllIl inserts into the inner membrane of E. coli with its C-terminus exposed in the
cytoplasm and its N-terminus facing outwards towards the periplasm [197, 272]. Its localization
to the inner membrane is mediated by the signal peptide on its N-terminus; N-terminal fusions
must therefore be inserted downstream of this signal peptide. Upon cleavage of the signal peptide,
the fused peptide will then be exposed to the periplasm. Display has been demonstrated in
multiple domains of pIIl, including at both termini [257]. The highly exposed amino terminus
has substantial capacity for the incorporation of a broad range of peptides and proteins [249], but
is not an ideal site for the incorporation of cytoplasmic proteins [273-275]. Display of proteins
on the C-terminal end of pIII has been investigated as it is exposed in the cytoplasm [275, 276].
Interestingly, modifications to the plll localization signal and introduction of other bacterial

localization tags have enabled N-terminal fusion of otherwise incompatible proteins [274].

Overall there are only five copies of plll in each virion and all of them share the same physical
space (Figure 1.5). Type 3 display, that is, pentavalent pIII display is best suited for shorter
peptide sequences [257|. However, phage assembly may not be possible with pentavalent display of
larger proteins as this would lead to steric hindrance. Instead, Type 33 or Type 3+3 systems can
facilitate pIII monovalent display of larger proteins [257, 265, 274, 277]. Most concerningly, inserts
in plII can interfere with the infection process [131] since pIII mediates phage adsorption to host
cell receptors. However, insertions of very small peptides may not have any effect on infectivity.

Hence, heterogeneous display can additionally retain phage infectivity.

Despite some of its limitations, pIIl remains a very common site for display due to the ease of
fusion introduction and the large existing body of pIII display vectors [249, 278|. Display on pIII
has been combined with display on other coat proteins as well, including pVIII [279-282] and
pIX or pVII [282-284]. Dual display enables functional complementation between two displayed
moieties. Display of fibrinogen-binding or streptavidin-binding peptides on pVIII (“capture-
peptide”) facilitated phage capture in combination with the display of the actual library peptide
of interest (“assay-peptide”) on a different coat protein (plII or pVIII) [281]. Similarly, another
Type 3 + 88 system enabled pVIII-mediated immobilization or visualization of phage particles
in combination with pIII display of targeting peptides [280]. Fusion of His-tags to pIX allowed
immobilization of phage particles, where plII display could bind peptides of interest [283, 284].
Lgset et al. (2011) developed helper phages with one of several fusion tags (FLAG-, His-, or
AviTag) fused to the N-terminus of pVII [282] for phage immobilization in tandem with with a
phagemid encoding a display peptide of interest. This system therefore enables heterogeneous
display on either pIII (Type 3 + 7) or pVIII (Type 8 + 7) in combination with homogeneous pVII
display.
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Display on pVI. As part of the same protruding cap of M13, pVI anchors plll to the rest
of the protein coat and is also present in five copies. However, display on pVI has not been as
thoroughly studied as pIII [285-288]. Only C-terminal display has been explored as it is exposed
to the surface, while its hydrophobic N-terminal is buried in the virion particle [138]. The exposed
C-terminal end of pVI has more potential for the display of cDNA libraries as cDNA stop codons
would not prematurely end pVIII expression and phage assembly [262, 287]. Jespers et al. (1995)
constructed a plasmid and phage combination (Type 6 + 6) for pVI monovalent display of a cDNA
library [285], but observed lower display levels than with pIII. Other groups also demonstrated
that pVI could display functional proteins from ¢cDNA libraries [287, 288|. Additionally, Jespers et
al. observed that pVI may confer improved display of certain proteins with C-terminal biological
activity over pIII display [285|. Thus far, pVI display remains more limited in use in comparison

to the other coat proteins.

Display on pVIII. Use of the pVIII coat protein as a site for display is highly attractive [289—
291] since it is present in more than 2700 copies per virion. As with pIII, display on both the N-
terminus [290] and C-terminus [292, 293| have been demonstrated. Although the pVIII C-terminus
is buried within the virion coat, it can tolerate some degree of fusion, albeit less efficiently than
the surface-exposed N-terminus [293]. However, because of the dense packing of the small 55a.a
protein, it can only accommodate homogeneous display of sequences approximately 6-10 residues
long [290]. On the other hand, heterogeneous pVIII display of even very large proteins does not
appear to disrupt phage assembly so long as some wild-type pVIII proteins are available [277,
294|. It is believed that the five or so pVIII units at each end of the virion particle are less
tolerant of insertions due to the differences in their conformation. These pVIII units must stabilize
connections between the pVIII coat with the minor proteins; hence, they are thought to be more
structurally integral than the rest of the core pVIII coat. Overall, only a small selection of short
epitopes in pVIII appear to be absolutely necessary for coat assembly and phage function [290,
292, 295|. Four epitopes have been positively identified: three small hydrophobic epitopes (near
both termini and the protein core) and one positively-charged epitope near the C-terminus [139,
148, 292]. The hydrophobic epitopes mediate packing of pVIII units to assemble the virion coat,
while the charged epitope mediates pVIII-DNA binding. So long as these epitopes are unmodified,
pVIII appears highly tolerant of large changes in sequence and structure [139, 292, 294, 296|.

Expanding even further upon heterogeneous pVIII display, Malik et al. (1997) produced “double
hybrid” display phage by combining three copies of gVIII in a Type 8 + 88 system: two copies in
fusion with different display peptides and one wild-type [297]. This can lead to the production of

highly heterogeneous phage coats, which can support a diverse range of applications.

Display on pVII and pIX. The last two minor coat proteins pVII and pIX form the blunt end
cap of M13; both proteins are fairly small and hydrophobic, but have surface-exposed N-termini as

potential sites for display. N-terminal display on pVII and pIX have been explored through several
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systems [285, 298-302|. C-terminal display is not thought possible as these ends of both proteins
are buried in the virion particle. Similarly with pIII and pVI, only up to five copies of each protein
are available which can limit the applicability of the displaying virion. Display on pVII or pIX has
thus far seen usage in the construction of biopanning libraries where such a limitation does not
apply. Gao et al. (1999) demonstrated a combinatorial “7/9+7/9” display of antibody heavy- and
light-chain variable regions respectively [303]. The close proximity of the two fusion coat proteins
enabled heterodimeric formation of a functional antibody Fv region. Antibody fragment libraries
could also be constructed using only pIX (Type 9 + 9) [304] or only pVII (Type 7) [300, 302]
display. Both pVII and pIX tolerate fusions of proteins up to 50 kDa [302].

To date, all coat proteins of M13 have demonstrated the capacity for display of a broad, diverse
range of proteins. In general, the coat proteins insert into F. coli inner membranes such that their
N-termini face the periplasm, while their C-termini are cytoplasmic. This does place a constraint
on the conformations of the fusion proteins, although a number of methods to overcome this
constraint have since been demonstrated [138, 274|. For monovalent or otherwise low valency
displays, minor coat proteins plIl, pIX, and pVI can all tolerate even fairly large N-terminal fusions.
The display of cDNA libraries may be better suited on pVI as it can accommodate C-terminal
fusions, although plIII also has this capacity. For higher valency displays, the major coat protein
pVIII has exhibited great flexibility, although the displayed peptide must either be very small or
otherwise the display be heterogeneous. Since its inception, phage display has played a large role
in both drug and druggable target discovery 257, 278, 305], and can functionalize the displaying

virion towards almost any application.

M13 cloning vectors

Single-stranded DNA production. Aside from phage display, filamentous phages have also
been instrumental as cloning vehicles and have precipitated a number of inventions that remain
staples of research laboratories around the world to this day [126]. As the phage genome itself is
single-stranded, filamentous phage M13 was useful as workhorse for the production of ssDNA [267].
Notably, a number of commonplace cloning vectors were developed based on work with filamentous
M13 [306, 307|. Messing and his colleagues incorporated multiple endonuclease recognition sites (a
polylinker) within lacZ«. The inclusion of this into the IR of M13 gave rise to cloning vectors (the
M13mp vectors, including notable examples M13mp18 and M13mp19) and enabled blue-white
screening for M13-mediated propagation [308].

Development of universal primers for M13mp vectors enabled their use in DNA sequencing [309,
310]. Messing pioneered the technique of shotgun sequencing [311, 312]: multiple fragments were
cloned in M13mp vectors, which could then be sequenced in parallel using an M13 universal primer.
These sequences were stitched later together in silico. This was demonstrated using the genome of
the cauliflower mosaic virus [126]. Later, the pUC series of plasmids (including notable examples

pUC18 and pUC19) were developed containing the polylinker from M13mp7 and both a high copy

26



CHAPTER 1. INTRODUCTION

origin of replication (pMB1) and an 1 ori [129, 307]|. The inclusion of the pMB1 ori enabled highly
efficient production of dsDNA [313]. Infection with phage then enabled the efficient production of
ssDNA from the same vector through the f1 ori.

To improve the propagation of M13-derived vectors, Messing and his colleagues also generated a
series of F. coli strains that are now routinely employed for the maintenance of phage and supercoiled
plasmids [308]. Among them, JM109 and JM110 are recombination-deficient (recA), making them

ideal hosts for plasmid amplification while avoiding recombination-induced mutations.

Phagemids. As the fl ori is necessary and sufficient for both pll-mediated replication and
pl-mediated extrusion, it can be integrated into any plasmid vector for phage-mediated replication
of the vector independent of its plasmid origin; such plasmids are known as phagemids [314]. Helper

phages are needed to amplify phagemids as they provide necessary phage proteins in trans.

Any of the Ff phages or their derivatives can be used as a helper phage; however, the f1 ori present
on the phage genome naturally competes with the origin on the phagemid for replication and
assembly. Hence, phagemid lysates will contain both helper phage and phagemid [315]. Enea
and Zinder (1982) generated “interference-resistant” f1 phage mutants with gII mutations that
enabled superior replication; derivatives of these mutants have been useful as helper phages [316].
Vieira et al. (1987) constructed M13KO7, now a common helper phage, for the production of
single-stranded DNA from phagemids [267]. M13KO7 (Figure 1.10) is a derivative of phage M13
with the origin of replication from pl5a and a kanamycin resistance gene from Tn903 inserted
into the Aval site (5825) of the IR. The insertion of these elements interrupts the structure of the
f1 ori. When a phagemid vector is present, phage replicative proteins will replicate the intact

phagemid f1 ori instead. Meanwhile, the plasmid ori enables replication independent of pll.

gV

M13KO7 2Vl
gIX
gVl

(8669 bp)

Figure 1.10: Map of helper phage M13KO7. The helper phage M13KO7 is almost identical to the
wild-type M13 phage, with one notable difference. Its IR is interrupted by a plasmid origin
of resistance and a kanamycin resistance marker.

27



CHAPTER 1. INTRODUCTION

Similarly, the IR in M13KE (based on M13mp19) is interrupted by the insertion of lacZ«, again
leading to deficient self-replication in the presence of a wild-type uninterrupted f1 ori [271].
Additionally, M13KE has two endonuclease recognition sites integrated within the N-terminal
region of glIl, making it very easy to clone N-terminal glII fusions. Other display-specific helper
phages have been developed: for example, two gllI-deficient helpers, R408d3 [252], and CT [317],
were developed for the propagation of plll display libraries. As these phages are unable to
contribute wild-type pllIl, all progeny phage must exhibit homogeneous multivalent display of a
plIII fusion library peptide.

Other efforts have resulted in the production of helper plasmids without any f1 ori sequences at
all [318]. Helper plasmids by Chasteen et al. (2006) carried a plasmid origin of replication (plba)
similarly to M13KO7. The production of phage progeny carrying phagemid DNA was demonstrated

successfully using this system while avoiding a large degree of helper plasmid self-packaging.

Interestingly, genome integration of phage genes has been attempted [318, 319] but without success.
Likely, single copy gene expression is insufficient for successful phage replication. Filamentous
virion production results from a complex interplay that is highly dependent on stoichiometric
balance between phage products. This is perhaps best exemplified by the transition from phage
amplification as dsDNA RFs to assembly and extrusion of ssDNA phage, which is governed by the
accumulation of pV. Single-stranded DNA will be converted to double-stranded RF by plI if pV
levels are inadequate or if pII levels are too high [210]. On the other hand, a high pV:RF ratio may
halt conversion to RF such that phage replication can no longer progress and the cell is cured of
M13 infection. Overall, it appears that phage copy number is paramount to good phage production.
In particular the phagemid:helper ratio is dependent on phagemid DNA outcompeting the helper
for assembly, but not at the expense of helper-driven phage gene expression. Hence, development of
helper phage deficient in self-replication and/or self-packaging is crucial for phagemid propagation

and maintenance.

1.2.4 Mammalian gene transfer by M13

M13 does not have any natural tropism for human cells and, as such, functions as proteinaceous
carrier of genetic material. Display of peptides on the capsid surface enable targeting and uptake
by human tissues. Although already well-established as a platform for discovery of cell-selective

peptides in the 1990s, it was unclear if phages could serve as gene delivery vectors [320].

M13 biodistribution varies widely depending on the displayed organ-specific ligand; indeed, phage
display libraries have been instrumental in the discovery of such targeting ligands [270, 321-324].
Investigations of untargeted versus targeted phage in mice demonstrated rapid (4min) phage
distribution in the blood compartment of tissues of administration, and tissue extravasation by
24h [325, 326|. Clearance by the RES appears to be the major factor impacting its biodistribution.
A majority of phages can be cleared by the RES within 90 min of administration; however, cell

uptake and tissue extravasation could occur in as little as 30 min [326]. Shortly after administration,
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phages were shown to accumulate mostly in the liver [325, 326], but clear over time. Targeted and
untargeted filamentous phage are more likely found in the lungs, spleen, and kidneys. Intriguingly,
M13 targeted to the brain has even demonstrated the ability to cross the blood-brain barrier [321,
327]. This capability was hypothesized to be, at least partially, due to its rod-like shape able to

bypass cell barriers better than globular vectors of similar mass.

Phage uptake by cells through macropinocytosis and phagocytosis is a readily common phe-
nomenon [328, 329| even without the display of cell-specific targeting ligands. The rate of phage
uptake appears to be both tissue and phage species-dependent [328]. Phages internalized via
macropinocytosis have been to shown to transcytose across epithelial layers, as demonstrated with
T4 [330]. Transcytosis of a phage of Salmonella enterica serovar Typhimurium [331] has also been

demonstrated in models in vitro.

However, the display of a cell-targeting ligand can also facilitate the phage’s uptake by exploiting
receptor-mediated endocytosis. Internalization of ligand-displaying phages by targeted cells was
shown to occur within 30 min in mice [326]. Uptake of ligand-displaying phage is specific to the
ligand-receptor interaction and confers cell-specificity to the displaying phage particle [326, 332,
333]. Non-targeted M13 were observed to internalize primarily via clathrin-coated endocytosis and
macropinocytosis in epithelial cells such as HeLa in vitro, but via caveolae-mediated endocytosis in
an endothelial cell line like HDMEC [334]. The phage is also internalized through the mechanism
conferred by the displaying peptide. Phage displaying peptides containing the Arg-Gly-Asp (RGD)
motif, for example, are targeted to cells that over-express av-integrins and robustly internalized
via clathrin-coated receptor-mediated endocytosis [289, 335]. In contrast, phage displaying cell-
penetrating peptides (CPPs) such as the TAT peptide from HIV-1 could internalize via clathrin- or
caveolae-mediated endocytosis [336]. The displayed peptide also determines the intracellular route
internalized phage follow. For example, tracking of internalized TAT-displaying phages showed
they were routed for lysosomal degradation within 2h of administration. In contrast, display of a
different CPP (3D8 VL) facilitated escape into the cytosol.

The flexibility enabled by phage display suggests that M13 — and perhaps other viruses — can
be modified for targeted gene delivery into mammalian cells. As they are naturally predators
of bacteria, bacteriophages do not have any intrinsic mechanisms for optimally transducing
eukaryotic, much less mammalian, cells [337, 338|. Internalized filamentous phage have been
tracked to the endosomal compartment where they are eventually trafficked to lysosomes [334]. In
vitro experiments have shown that while 100% of cells internalized phage displaying a targeting
ligand, only up to 10% expressed the transgene [339-341]. Display of a targeting ligand improved
phage internalization 100-fold over non-displaying phage, but only increased gene expression
threefold. This suggests other barriers still prevent optimal gene transfer by phages. Larocca et
al. (1999) demonstrated that phage gene delivery improved upon the addition of chloroquine, an
endosomal disrupter, which highlights this important barrier to phage-mediated gene transfer [333].

Phage escape from the endosomal compartment is therefore necessary for gene delivery.
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In the case of filamentous phages, although they are readily internalized, they do have a major
disadvantage compared to other viruses and gene transfer vectors: they encode single-stranded
DNA. In general, dsDNA performs better for mammalian gene transfer [342]. Gene expression
does not start until approximately 48 h post-transfection, after endosomal escape, nuclear import,
and conversion to dsDNA. Self-complementary sequences have been introduced in M13 to improve
mammalian M13 gene delivery [343|. Alternatively, phage gene delivery supplemented with DNA-
damaging agents also improve gene transfer, likely through accelerated second strand synthesis

initiated through DNA repair mechanisms [344].

Despite its shortcomings, however, cell-targeted M13-mediated gene delivery has been docu-
mented [333, 344-350], with transfection efficiencies up to 40%. Filamentous phage M13 presents
a novel method for gene transfer with much flexibility and potential from its large capacity for

capsid decoration and ease of genetic manipulation.

1.2.5 Immunity against bacteriophages

In general, bacteriophage are highly immunogenic particles foreign to animal hosts and therefore
cleared rapidly in the regardless of the presence of their bacterial hosts [351, 352]. The major route
of phage clearance in the body is the RES [353, 354|. B cells have also been implicated in phage
clearance, but this may be specific to certain phage species [355]. More specifically, filamentous
phages may be cleared by the RES within 90 min after administration [326]. The rapid mammalian
removal of phage is likely mediated through the recognition of PAMP motifs in coat proteins.
As such, alterations of coat proteins have led to the isolation of phage particles capable of RES

evasion and prolonged systemic circulation [356, 357].

Although phage modulation of both the innate and adaptive immune responses has been well-
documented [354, 358], much still remains unclear. Within the body, phages primarily reside
alongside their natural hosts; as such, immunomodulatory effects from “natural” phages are pri-
marily exerted from within the gastrointestinal tract [358]. Phages may have potent potential
for immunomodulation [359] through the maintenance of gut homeostasis in the intestinal micro-
biome [360, 361]. Translocation of phage outside of the gut into the bloodstream (“phagemia”)
has been observed on numerous occasions [352, 362, 363]; but their circulation does not appear
to be harmful. Within the gut, the virome exerts antimicrobial effects against host bacteria,
driving competition between bacterial species and expanding ecological niches [364, 365]. Thusly,
predator-prey dynamics shape and support diversity in the commensal microbiota, which in
turn modulates their interactions with gut immune cells [366, 367]. It is believed that the gut
virome may modulate gut immunity indirectly through this regulation of the gut microbiome [365],
particularly since the virome may be dominated by nonlytic phages rather than lytic [368, 369].
However, the adherence of lytic virions to gut mucosal surfaces has been demonstrated to protect
against bacterial invasion [370] and, in this way, directly contribute to gut innate and adaptive

immunity [367].
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Some phages like T4 are able to interact with immune cells through motifs present in their
capsid proteins [360, 371|. Both anti- and pro-inflammatory effects have been attributed to
phages, although these reports have been conflicting [358, 372, 373]. As phages amplify within
bacterial hosts, phage preparations run a risk of bacterial debris carryover, which are highly
immunostimulatory in their own right. In particular, lipopolysaccharide (LPS) has well-documented
immunostimulatory effects [374, 375]; as such its presence may alter any immunomodulatory effects
of bacteriophage preparations [359]. This can be an advantage in vaccine or cancer immunotherapy
applications, however; for example, the use of LPS was used to enhance phage-mediated tumour
destruction [376]. Conflictingly, phages of E. coli and Staphylococcus aureus have also been shown
to inhibit LPS-mediated inflammation [377, 378|. Van Belleghem et al. (2019) demonstrated
upregulation of both anti-inflammatory and pro-inflammatory cytokines from administration of
highly purified phages both with and without LPS [373]. Another major mechanism by which
phage appear to reduce inflammation is through the clearance of infecting bacteria in the host and

therefore removal of the immune response against bacteria [358, 359].

Immunity against M13. Adaptive immunity against M13 is primarily mediated through
pVIII, which comprises most of the phage surface, and the partially exposed pIII [351|. Antibody
responses are restricted to the exposed N-terminal twelve residues of pVIII [379] and the N-terminal
domains of pIII [380, 381]. Removal of pIII N-terminal regions can decrease the immunogenicity of
circulating M13 because the number of available phage-specific immunodominant epitopes would
be reduced [380]. Filamentous phages have been demonstrated to activate Th cells, including Th1,
Th2, and Th17 [382, 383|, and generate cytotoxic T lymphocyte (CTL) responses through MHC I
and II presentation [384, 385].

Immune activation against M13 appears to be dependent on TLR signalling (specifically through
MyD88) 376, 386, 387|, leading to upregulation of pro-inflammatory cytokines such as TNF-a,
IL-6, and IL-1 [376]. Murine studies have showed strong IgG antibody responses against M13, also
dependent on MyD88 [388|. Indeed, induction of immune responses against displayed antigenic
peptides was found to be abolished in the absence of TLR9 expression [386]. TLR9 signalling
activates inflammation pathways in response to intracellular bacterial or viral DNA through the
recognition of CpG motifs [65]. Activation of TLR9 signalling by M13 most likely occurs through
recognition of CpG motifs present in the phage genome [387, 389]. This has been supported with
the demonstration of co-localization of TLR9 receptors with M13 particles in late endosomes [387].

As such, innate immunity against M13 appears to be primarily induced after cell uptake.

M13 display of antigenic peptides has been heavily explored both to elucidate mechanisms of the
immune system and for the development of novel vaccine strategies [351, 380]. The display of
antigenic peptides can evoke strong adaptive immune responses without the need for adjuvanting,
including T cell responses and antibody production against the displayed peptide [380, 390-394].
Specifically, the display of Th peptides derived from HIV or human cytomegalovirus (CMV) were
able to elicit CD4™ T cell responses [394, 395]. Display of epitopes from Candida albicans also
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induced potent Th-mediated immune responses [382, 383, 396, 397|. Cytotoxic T cell responses
are also induced through the display of immunogenic peptides on M13 [386, 395, 398|. Strong
antibody responses against typically weakly antigenic peptides can be elicited using M13 as the
display platform [399]. As a highly immunogenic particle able to activate both innate and adaptive

immune responses, M13 can be an excellent model antigen [381].

Overall, however, phages have been repeatedly demonstrated to be safe in clinical trials despite
their immunomodulatory properties [400-403]. Our understanding of the phage immune response
is still an evolving process, but it is clear that phages hold immense promise as modulators of

biological processes.
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Chapter 2

Project hypotheses and objectives

2.1 Project rationale

Bacteriophage-mediated gene delivery holds much potential. Phage particles are simplistic protein
particles that protect DNA cargo easily functionalized by phage display of cell-specific ligands
to target uptake into specific tissues. Presence of the f1 functional origin (f1 ori) is sufficient to
direct M13-mediated replication of any vector, which is referred to as a phagemid [314]. Thus, a
mammalian transgene vector can be easily propagated and encapsulated into M13 virion particles.
However, a number of intracellular barriers still need to be overcome for successful gene transfer by
phages. It is now well-known that bacterial DNA can detrimentally reduce transgene expression
both due to cytosine-guanine dinucleotide (CpG)-mediated inflammatory silencing and excess DNA
bulk impacting nuclear import |38, 83]. Therefore, its presence on a phagemid vector may very

well contribute to the lack of transgene expression efficiency by filamentous bacteriophages.

In the f1 ori, only the loops near the pll nicking site and the domain downstream of it are necessary
for the initiation of replication (Figure 2.1). Only the loop containing the pll nicking site and the
domain immediately upstream are necessary for the termination of replication. So long as the pll
nicking site is maintained, these domains can function more or less independently of each other.
Therefore, separation of the initiation and termination signals can enable replication of only DNA

between the two replication signals [208], producing smaller phage variants [150].

Dotto et al. (1984) previously produced chimeric phagemids with two phage origins in the same
orientation [178]. Replication began at the initiation domain of one fl ori and terminated at
the termination domain of the next, resulting in the amplification of the DNA between the two
signals. Later, Short et al. (1988) demonstrated pIl-mediated propagation of a sequence of their
choice when flanked with these domains [319]. They further demonstrated that these domains

were sufficient for excision and propagation of an intact phagemid from the A genome.
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Figure 2.1: Sequences of the terminator and initiator domains of the f1 origin. The nicking
site is indicated (*) and is found in the overlapping region. Reprinted from ref. [319] with
permission.
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We propose the use of these separated f1 ori domains to flank a mammalian transgene expression
cassette, isolating it from the bacterial backbone. By doing so, we hope to direct phage replicative
and assembly machinery to produce phagemid gene delivery vectors lacking bacterial backbone. In
other words, we propose the construction of “miniphagemid” vectors. Another major constraint
of phage M13 is its single-stranded (ss) nature [342-344|, necessitating the extra step of ssDNA
synthesis prior to gene expression in mammalian host cells. Single-stranded viral vectors have
demonstrated excellent gene transfer efficacy, which demonstrates the potential for single-stranded
phagemid vectors for gene delivery [404]. The introduction of dsDNA regions within phagemid
vectors was shown to improve gene expression of filamentous DNA in mammalian cells [343]. If
the entirety of a double-stranded transgene cassette could be assembled into a filamentous phage
virion particle, we postulate that it could lead to vastly improved phage-delivered gene expression.
These projects, as depicted in Figure 2.2, will contribute to the advancement of the filamentous

phage M13 as a mammalian gene delivery vehicle.
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Figure 2.2: Overview of the project aims in this thesis. As indicated, each chapter implements a step
in the construction and application of a set of novel hybrid targeted M13 gene transfer vectors.
In the top branch, we first aim to construct a system for the production of a single-stranded
M13-mediated DNA minivector (Chapter 3). This minivector can be encapsulated into a
tissue-targeted phage virion (Chapter 4), which we evaluate for gene delivery in mammalian
cells (Chapter 5). In the bottom branch, we further expand the platform to demonstrate
production of a double-stranded DNA minivector (Chapter 6).
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2.1.1 Hypotheses

A single-stranded DN A miniphagemid: Flanking a transgene expression cassette with
separated initiation and termination regions of the filamentous replication origin will enable
production of a miniaturized phagemid (“miniphagemid”) without any bacterial backbone, packaged
into a filamentous phage virion (Figure 2.3). Helper phage proteins will package a vector with a
split origin with less efficiency than the wild-type origin. However, a miniphagemid will transfect
more efficiently into mammalian cells than a “full” phagemid that retains the entirety of the

bacterial backbone. These hypotheses pertain to the top branch of Figure 2.2.

A double-stranded DNA miniphagemid: Encoding both the sense (+) and antisense (—)
sequences of a transgene cassette between separated fl1 ori domains will enable production of a
double-stranded miniphagemid (Figure 2.4). Not only will this miniphagemid vector not retain
any bacterial backbone, the complementary sequences will bind and form a linear covalently-closed
double-stranded vector, packaged into a filamentous phage virion. These hypotheses pertain to the

bottom branch of Figure 2.2.
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Figure 2.3: Proposed mechanism of single-stranded miniphagemid production. Based on
existing knowledge of the lifecycle of M13 and how it interacts with its genomic signalling
structures, here is a schematic depicting how single-stranded miniphagemid production could
occur: 1) A precursor plasmid encoding a transgene cassette flanked by the separated f1 ori
domains will be introduced into a susceptible host cell for replication, alongside a helper
phage. Thus, two DNA species are present in the cell. 2) Phage gene expression will occur,
enabling pII-mediated replication of the transgene cassette. 3) A third DNA species will be
introduced, the replicative factor containing only the transgene cassette and the reconstituted
f1 ori (“RFx”). 4) Phage replication continues as pV sequesters single-stranded miniphagemid
DNA to the cell membrane. 5) Progeny phage carrying the miniphagemid are extruded from
the cell.
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Figure 2.4: Proposed mechanism of double-stranded miniphagemid production. Based on
existing knowledge of the lifecycle of M13 and how it interacts with its genomic signalling
structures, here is a schematic depicting how double-stranded miniphagemid production could
occur: 1) A precursor plasmid encoding a both complementary sequences of a transgene
cassette flanked by the separated fl1 ori domains will be introduced into a susceptible host
cell for replication, alongside a helper phage. Thus, two DNA species are present in the
cell. 2) Phage gene expression will occur, enabling pIl-mediated replication of the entire
sense-antisense cassette. 3) A third DNA species will be introduced, the replicative factor
containing only the sense-antisense region and the reconstituted f1 ori (“RFx”). 4) Phage
replication continues as pV sequesters the plus strand to the cell membrane, during which it
may self-anneal to form a linear covalently closed (LCC) double-stranded miniphagemid. 5)
Progeny phage carrying the miniphagemid are extruded from the cell.
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2.1.2 Project aims

The overall aim of this thesis is to characterize the production and efficiency of miniaturized

filamentous M13 phagemids for gene delivery in mammalian cells.

To evaluate the hypotheses, the project is broken down into the following objectives.

e Chapter 3: Construction and characterization of miniaturized phagemids from precursor

plasmids encoding mammalian gene cassettes flanked by separated domains of the f1 ori.

— Precursor plasmids with wild-type f1 ori and split f1 ori will be contrasted in their

ability to produce phagemid virion particles.
e Chapter 4: Characterization and construction of helper phages.

— As a proof of principle, a cell-specific display peptide (the epidermal growth factor) will
be incorporated into the helper phage to generate targeted virion particles in a Type 3
display system.

— A novel helper phage without a packaging signal will be assessed for its ability to

package phagemid particles without packaging its own genome.

e Chapter 5: Characterization of the ability of miniaturized phagemids to deliver gene cassettes

to mammalian cell lines in vitro.

— Gene expression as a result of phage transfection will be assessed by luciferase activity
across different cell lines: kidney (HEK-293T), cervical (HeLa), colon (HT-29), and
lung (A549, MRC-5).

— Phage displaying a targeting ligand (epidermal growth factor) will be compared to
phage not displaying any targeting ligand.

— The addition of a cationic lipid transfection reagent will be assessed for its capacity to
improve phage transfection.

— The cytotoxicity of the phage lysates will be assessed in a representative cell line (HeLa).

e Chapter 6: Construction and characterization of precursor vector with both sense (+) and
antisense (—) sequences of a gene expression cassette for phage-mediated production of a

linear dsDNA miniphagemid.

— Since the proposed vector encodes large inverted repeats, its construction will be carried
out in an E. coli strain deficient in recombination.
— The precursor plasmid will be characterized in its ability to produce double-stranded

phagemid virion particles.
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Chapter 3

M13-mediated assembly of a
single-stranded DNA minivector

phagemid

3.1 Introduction

Viruses such as the filamentous bacteriophage M13 exist as inert virions outside their host cell, E.
coli. In order to propagate, M13 needs to infect a bacterial host, replicate within the cell, and
finally assemble phage progeny that then extrude from the cell. Its simplistic genome encodes all
eleven proteins necessary for these activities, which are controlled by signalling structures within
a short non-coding intergenic region (IR). A phagemid is a plasmid that contains the only the
sequences within the IR, also known as the f1 functional origin (f1 ori). A conventional plasmid
with both a plasmid origin and a phage origin, the phagemid can be replicated by filamentous
phage machinery independent of its plasmid origin [314, 315]. However, these elements provide no
benefit for mammalian gene transfer applications. The prokaryotic backbone which is necessary
for amplification and maintenance in a bacterial host is rich in unmethylated cytosine-guanine
dinucleotide (CpG) motifs that are known to inhibit transgene expression in mammalian cells [83].
It furthermore contains an antibiotic resistance marker that can disseminate antibiotic resistance
into the environment [50]. In this chapter, we aim to produce miniaturized phagemids, which lack
the superfluous and potentially immunostimulatory genetic material for improved gene transfer in

mammalian cells.

3.1.1 Replication of filamentous phage M13

Upon infection, the M13 genome is converted to a dsDNA episomal replicative factor (RF),
whereupon phage gene expression occurs. Both replication of filamentous phage DNA and assembly

of phage virion particles are directed by key signalling structures within the non-coding IR, of the
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phage genome, located between gIV and gII. It has long been established which of the hairpin
loops within this f1 ori are necessary for replication and assembly [208]. The domain containing
cis-acting elements to initiate replication begins with hairpin loops C-E (Figure 3.1) that comprise
the site of action for the phage replication protein, plII [319]. The domain further encompasses the
region directly upstream of gII where the host integration host factor (IHF) is hypothesized to
bind and participate in phage replication [202]. The main factors governing M13 phage replication
are the interactions between pll and host replicative machinery with f1 ori structures. Replication
is initiated by pll-mediated cleavage at the hairpin loop [182, 205|, and continues unidirectionally
along the genome, terminating when it reaches the pll cleavage site again [206]. Single-stranded
episomes are later sequestered for assembly into progeny phage and extruded out of the cell over

the course of the bacterium’s lifetime.
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Figure 3.1: The M13 functional origin contains binding regions for phage and host machinery.
From left to right, immediately downstream of gIV: A) packaging signal, B) RNA polymerase
recognition signal, C) site for primer synthesis, D-E) site for pll recognition and cleavage.
E. coli integration host factor binds within enhancer regions downstream of loops D and
E (red). The Aval site is indicated. The termination-specific domain is indicated in teal,
initiation-specific in red, and regions participating in both in black.

The introduction of the f1 ori fragment into any vector backbone confers upon it the ability
to be packaged into phage, which has been exploited for the production of single-stranded (ss)
DNA [267, 308|. Such a vector is referred to as a “phagemid”. Since the phagemid itself does
not encode any phage proteins, a helper phage is necessary to provide proteins in trans. The
helper phage M13KO7 has a defective origin of replication, but it is not completely deficient in
self-replication and assembly [267]. Insertion of a plasmid origin and a kanamycin resistance marker
in the Aval site separates the hairpin loops from the binding site for host E. coli IHF (Figure 3.1).
Phage replication generally proceeds poorly without IHF activity [202]; hence wild-type f1 ori are
replicated preferentially over the M13KO7 genome.
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Filamentous virion production results from a complex interplay that is highly dependent on
stoichiometric balance between phage products. This is perhaps best exemplified by the transition
from phage amplification as double-stranded RFs to assembly and extrusion of single-stranded
phage. This transition is governed by accumulation of pV [214, 219, 220]. If there is an insufficient
pV:RF ratio, single-stranded intermediates are converted to double-stranded RF before they can
be sequestered by pV [214]. On the other hand, if there is too much pV:RF, no ssDNA conversion
to dsDNA RF may take place so phage replication ceases and the cell is cured of M13 infection.
Thus, phage copy number is paramount to good phage production. In the case of phagemids, the
phagemid:helper ratio depends on the phagemid outcompeting the helper for assembly, without

losing helper-provided phage gene expression.

Dotto et al. (1981) demonstrated that M13-mediated replication of a vector could initiate and
terminate from two distant cis f1 ori regions on the same vector [208], resulting in a chimeric
phage progeny population. Phage progeny all contained only one origin each, and contained only
the sequences between the flanking origins. Short et al. (1988) leveraged this ability of the M13
replication system by isolating the sequences necessary for initiation and termination, then flanking
a desired sequence for amplification within the separated domains [319]. They demonstrated that
the f1 ori could be reconstituted by rescuing a phagemid vector that was inserted into the A

genome.

3.1.2 Rationale and hypothesis

In this chapter, we describe the construction of a precursor vector encoding a mammalian transgene
cassette flanked by the separated signalling domains. Our aim was to generate DNA minivectors,
deficient in bacterial or phage genetic sequences, that can be used for gene delivery in mammalian
cells. As the transgene is encoded between the separated domains of the f1 ori, pll-mediated
replication was hypothesized to excise and re-circularize the transgene cassette, thereby separating
it from the plasmid backbone (Figure 3.2). Here, we evaluated if minivectors containing only the

transgene cassette can be assembled from such precursors using the helper phage M13KO7.

We evaluated the production of mini or “full” phagemids arising from precursor plasmids carrying
a split or wild-type fl1 ori and quantify the resultant phage progeny. We hypothesized that the
wild-type f1 ori present on the backbone of our wild-type phagemid controls would be preferentially
replicated and packaged over the helper phage itself. The split origin in the miniphagemid
precursors separates the sequences known only to participate in the initiation of replication from
those known only to participate in the termination thereof. As such, it was hypothesized that
production efficiency of miniphagemid progeny would be less efficient due to the extra requirement
for forming a recombinant RF (RFx) prior to phage assembly. Although we expect less efficient
replication of the split f1 ori than from the wild-type ori, the high titres normally expected from

phage M13 purification may overcome this disadvantage.
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Figure 3.2: Production and purification of miniphagemid DNA. The schematic depicts an overview
of miniphagemid production within the host cell. 1) The host cell is transformed by the
precursor plasmid encoding a region of interest between the separated M13 START and
STOP domains. 2) After infection with a helper phage, phage protein expression can occur.
3) Rolling circle amplification generates a recombinant replicative factor (RFx) from the
plasmid that reconstitutes the f1 ori and loses the plasmid backbone. 4) The phage ssDNA
binding protein pV sequester single-stranded minivector and prevents further amplification.
5) Assembly proteins extrude progeny phage particles encapsulating the minivector.
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3.2 Materials and methods

Strains and vectors. FE. coli K-12 strains were used in the generation of all constructs. E. coli
JM109 was the host for plasmid amplification and purification unless otherwise specified. Bacterial

strains are listed in Table 3.1, plasmids in Table 3.2, and phages in Table 3.3.

Table 3.1: Bacterial strains used in the characterization of miniphagemids

Strain Genotype Source
/ + q _
IM109 F traD36-proABi lacl? lacZAM15/ A(lac-proAB) endA1l NEB
glnV44 thi-1 el4™ recAl gyrA96 relAl hsdR17
F/ traD36 proAB™ lacl? lacZAM15 Tn10/ lac endA1l . .
XL1-Blue glnV44 thi-1 recAl gyrA96 relAl hsdR17 Agilent Technologies
F/ zzf::Tn10(TcR) proAB™ lacl? lacZAM15/ A(lac-proAB)
ER2738 thi-1 gIlnV44, A(hsdS-mcrB)5, thuA2 NEB
NEB: New England BioLabs
Table 3.2: Plasmids used in the characterization of miniphagemids
Plasmid Genotype Source

pGL2-SS-CMV-GFP-SS

pGL2-Promoter (GN: X65326.2) cmu-gfp
replaced SV40-luc, ApR

pGL3-Basic (GN: U47295.2) c¢mo inserted in

gift, Mediphage
Bioceuticals Inc.

pGL3-CMV BelIl-HindIIl, ApR gift, Dr. N. Oviedo
pBluescript IT KS-+ wild-type f1 ori, pUC ori, Ap® [405]
pBR322 ApR, TcR [406]
pBluescript IT KS+, ¢mo-gfp inserted in )
pSW9 BamHI-EcoRI, ApR This study
pBluescript II KS+, c¢mu-luc inserted in .
pSW10 Kpnl, ApR This study
pM13ori split f1 ori inserted in pUCH7 (Genbank .
Accession No. Y14837.1), ApR This study
pM130ri2 pM13ori, Bsal cut site replaced with Sphl, This study
ApR
pM13ori2.cmvgfp pM13ori2, cmu-gfp inserted in EcoRI-Pacl This study
pM13ori2.cmvluc pM13ori2, cmu-luc inserted in EcoRI-Kpnl This study
. pM13ori2.cmvgfp, TcRfrom pBR322 inserted .
pM13ori2.cmvgfp-tet into Kpnl This study
PSW9-tet pSW9, TcRfrom pBR322 inserted into Smal This study

GN: GenBank Accession No.
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Table 3.3: Phages used in the characterization of miniphagemids

Phage Genotype Source
M13 wild-type CGSC #13587
M13KO7 M13, p15a ori, Tn903 (Km?®) NEB
M13KE M13, Kpnl and Eagl target sites in glII NEB
full-(gfp) emu-gfp, from precursor pSW9, Apt This study
mini-(gfp) cmo-gfp, from precursor pM13ori2.cmvgfp This study
full-(luc) from precursor pSW10, Ap® This study
mini-(luc) from precursor pM13ori2.cmvluc, ApR This study
mini-(gfp-tet) from precursor pM13ori2.cmvgfp-tet, TcR This study
full-(gfp-tet)  from precursor pSW9-tet, TcR This study

CGSC: Coli Genetics Stock Center NEB: New England BioLabs

Media and buffers. All media and buffers were prepared according to recipes in Appendix A,
unless otherwise specified. Bacterial strains were cultured in Luria-Bertani (LB) liquid medium,
while plaque assays were carried out in top agar. Phage lysates were purified and stored in
Tris-NaCl (TN) buffer. Where indicated, phage lysates were concentrated with polyethylene glycol
(PEG).

Design and construction of a precursor vector for miniphagemid production. The
precursor vector backbone pM13ori was designed based on the regions identified by Short et
al. [319]. A polylinker was designed in Snapgene 5.3 (https://www.snapgene.com/) and flanked
by the separated regions (M13 START upstream and M13 STOP downstream) (Figure 3.3).
The entire cassette was synthesized and subcloned into pUC57 to construct pM13ori (Genscript
Inc, Piscataway, USA). The Bsal site present within the ampicillin resistance marker (bla) was
replaced with Sphl through insertional mutagenesis with primers Bsal-Sphl-F and Bsal-SphI-R to
construct pM13ori2 (Table 3.4). This was to accommodate potential Bsal-dependent Golden Gate
assembly [407, 408] in the future.

Table 3.4: Primers for vector construction

Primer Template Sequence (5" — 3/)!
Bsal-Sphl-F pM13ori GCATGCCACGCTCACCGGCTC
Bsal-Sphl-R pM13ori GCGGTATCATTGCAGCACTG
EcoRI-luc-F cmu-luc GAATTCCCAGATATACGCGTTGAC
Kpnl-luc-R emu-luc GGTACCCTGCAGATCCTTATCGATTTTACCAC

Kpnl-tet-F  pBR322 (4325..1835) GGTACCAAATAGGCGTATCACGAGGC
Kpnl-tet-R  pBR322 (4325..1835) GGTACCGTTACTGATGATGAACATGCC

! Underlined nucleotides indicate primer overhang with endonuclease target site as indicated in primer name.
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M13 START

MCS
pM13ori2 ‘

(2461 bp)

M13 STOP

Figure 3.3: The regions required for initiation (M13 START) and termination (M13 STOP) were inserted
into a pUC5H7 backbone, separated by a polylinker, to generate pM13ori2.

Construction of a precursor vector for mini or full phagemid production. To construct
precursor vectors for miniphagemid production, reporter gene cassettes (green fluorescent protein
(GFP) and luciferase) were subcloned into the polylinker of pM13ori2. These reporters serve as
stuffer sequences of different lengths (approximately 2kb versus 2.5kb) in this proof of principle,
and can laterbe used to evaluate phage-mediated gene transfer. To construct precursor vectors for
“full” phagemid production, reporter gene cassettes were subcloned into the same wild-type f1 or:
backbone: pBluescript 1T KS+-.

The expression cassette cmu-gfp from pGL2-SS-CMV-GFP-SS was subcloned directly into the
EcoRI-Pacl sites (Genscript Inc) to generate pM13ori2.cmvgfp (Figure 3.4A). The expression
cassette cmu-gfp was then liberated from pM13ori2.cmvgfp by digestion with EcoRI and BamHI
(New England BioLabs, Ipswich, USA). The phagemid pBluescript II KS+ was similarly digested.
Purified digested fragments were ligated with T4 DNA ligase (New England BioLabs), then selected
on LB agar supplemented with ampicillin to generate pSW9 (Figure 3.5A).

Separately, the expression cassette cmo-luc was amplified by polymerase chain reaction (PCR) from
the source plasmid pGL3-CMV using primers EcoRI-CMVluc-F and Kpnl-CMVluc-R (Table 3.4),
which added EcoRI and Kpnl target sites on either side of the amplified fragment. The vector
backbone, pM13ori2, was digested with EcoRI and Kpnl for ligation with the similarly digested
purified PCR product to generate pM13ori.cmvluc (Figure 3.4B). The EcoRI-cmov-luc-Kpnl PCR
product from above was also used for subcloning into pBluescript II KS to generate pSW10
(emu-luc) (Figure 3.5B).
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Figure 3.4: Maps of miniphagemid precursors. Reporter genes gfp (A) and luc (B) under the control
of the universal promoter, CMV, were inserted between M13 START and M13 STOP in

pM13ori2. A Tc® fragment from pBR322 was inserted downstream of cmuv-gfp to generate

the third construct (C).

f1 ori pMB1 ori 1 ori

pSWO-tet
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(6903 bp)
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Figure 3.5: Maps of phagemid controls. Reporter genes gfp (A) and luc (B) under the control of
the universal promoter, CMV, were inserted into the polylinker of the phagemid backbone
pBluescript II KS-+, which itself has an f1 ori. A Tc® fragment from pBR322 was inserted

downstream of cmuv-gfp to generate the third construct (C).
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Construction of longer phagemid expression cassettes. To examine the impact of length
on miniphagemid production, a 1884 bp fragment from pBR322 (containing the tet gene for Tcl)
was inserted into precursor plasmids encoding cmuv-gfp. The fragment was amplified by PCR from
pBR322 using primers Kpnl-tet-F and Kpnl-tet-R (Table 3.4), which added Kpnl target sites.
For insertion into the miniphagemid precursor vector pM13ori2.cmvgfp, both the vector and the
purified PCR product were digested with Kpnl. The blunt PCR product was also inserted into Smal
cut site of pSW9. Respective insert-vector pairs were ligated and selected on LB agar supplemented
with ampicillin and tetracycline. The purified final constructs were pM13ori2.cmvgfp-tet (cmuv-gfp,
tet), and pSWO9-tet (cmo-gfp, tet). Both TcR constructs are approximately 2kb larger than their
non-TcP counterparts (Figures 3.4 and 3.5).

Phage amplification. Figure 3.6 depicts the overall workflow for production and purification of
phage, phagemids, and RF DNA. A fresh colony of the host carrying the phagemid precursor plasmid
was first inoculated into rich media and incubated at 37°C with aeration until slightly turbid
(0.01 < Agpp < 0.4). The culture was then infected with helper phage M13KO7 and returned to the
same conditions for an additional 1-1.5h. It was then supplemented with kanamycin (70 pg/mL)
and returned to the same conditions overnight. The next day, the culture was centrifuged (8000 x g,
10 min) to separate the bacterial pellet containing RF from the supernatant containing the phage

lysate.

precursor heloer
plasmid p
S\
=c—=¢
S
transformation l l infection

‘_ host E. coli

lysate
— phagemid extraction mini-
phagemid
cell pellet
» plasmid extraction

precursor
plasmid

Figure 3.6: Workflow of miniphagemid production and purification. The schematic depicts the
overall workflow for the production and purification of a phagemid lysate and phagemid RF
DNA from a precursor plasmid and helper phage.
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Purification of phage lysate. After removal of the cell pellet, the phage lysate was further
purified through a 0.45 pm filter to remove residual bacterial debris. Filtered lysate was concentrated
through precipitation with PEG: 1/5 of the lysate volume was added in PEG, and the mixture
was incubated at 4 °C for at least 2h. The lysate was then centrifuged at 12000 x g for 15 min at
4°C to separate the PEGylated phage (pellet) from media (supernatant). The pellet was then
re-suspended in a smaller volume of ice-cold TN buffer and a second PEG precipitation was carried
out to further concentrate the phage. PEG-precipitated phage suspensions were treated with
DNase I (Promega, Madison, USA) to remove any extraneous phage or bacterial DNA in the
sample [409, 410]. The concentrated phage lysate was stored at 4 °C.

Purification of the double-stranded RF and single-stranded miniphagemid DNA.
Episomal RF dsDNA were extracted from the pellet with the Monarch Plasmid Miniprep Kit (New
England Biolabs). Phagemid DNA were extracted from the phage lysate through phenol-chloroform
extraction. Phenol was added to PEG-concentrated phage lysate (1:1, v/v) and mixed by vortexing.
After centrifugation for 5min at 4 °C, the top aqueous layer was extracted. This layer was then
extracted again with an equivalent volume of phenol:chloroform twice, and chloroform once. Finally,
the phagemid ssDNA was precipitated overnight with 100% ethanol at —80°C. The precipitated
DNA was washed with 70% ethanol, dried, and re-suspended in RNase and DNase-free water.

Quantification of phagemid and RF DNA. Extracted DNA was analyzed on a NanoDrop
2000 to determine concentration and purity. Extracted RFs were linearized through digestion
with BamHI and visualized via agarose gel electrophoresis (AGE), while phagemid ssDNA was
visualized directly via AGE without digestion.

Quantification of phage lysates. The populations of helper and recombinant phagemids
within each phage suspension were quantified through SYBR Green quantitative PCR (qPCR).
Calibration curves for quantifying phage were constructed using external standards: M13KE RF
(7222 bp; New England BioLabs) for helper phage, pGL2-SS-CMV-GFP-SS (5257 bp; Mediphage
Bioceuticals) for gfp-encoding target phage, and pGL3-CMV (5678 bp) for luc-encoding target
phage. Primers specific to a region within gV of M13KO7 [409] were used to amplify helper phage.
Primers targeting a region within gfp or luc were designed to amplify gfp- or luc-encoding phage
(Table 3.5). To generate each calibration curve, 10-fold serial dilutions of each external control

were prepared (107! to 1078) as template for the PCR reaction.

To prepare the phage particles for PCR, the lysates were denatured by heat for 100 °C for 15 min to
isolate phage DNA [409]. Ten-fold serial dilutions of each cleared lysate were prepared as template
for the PCR reaction. As the phage lysates were of unknown concentration, dilution series of
each were amplified through qPCR. For PEGylated lysates, dilutions in the range 1073-107° were
examined, while for non-PEGylated lysates, 1071-1073.
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Table 3.5: Primers for qPCR to quantify phagemid and helper phage

Primer Amplicon Sequence (5" — 3')

g5-F gV CACCCTTCATCTGTCCTCTTT
g5 R gV CGACCTGCTCCATGTTACTTA
ofp-F ofp  CAAGATGAACAGCACCAAAGG
ofp-R ofp  CGAAGTGGTAGAAGCCGTAG
luc-F luc GCGCGGAGGAGTTGTGTT

lue-R luc TCTGATTTTTCTTGCGTCGAGTT

Each 10 pL PCR reaction was prepared using 5 pLi of PowerUp SYBR Green Mix (Thermo Fisher
Scientific, Waltham, USA), 1 pL each of 500 nM primer (forward and reverse), 2 uLi of template,
and 1 pL of dH,O. PCR cycling conditions were as follows: 50 °C for 2 min, 95 °C for 2 min, followed
by 40 cycles at 95°C for 15s and 60 °C for 1 min. Next, the melt curve was set for 1 cycle at 95°C
for 158, 60 °C for 1 min, and 95 °C for 15s. PCR reactions were run in triplicate on the StepOne
Plus Real-Time PCR system (Applied Biosystems, Waltham, USA). The quantification cycle or

threshold cycle number (Cq) for each reaction was recorded and used in subsequent analysis.

Conversion from the mass of dsDNA to the number of genome copies is given by

stze

ge = (m“‘” % 6074 + 157.9) % (6.02 x 10%), (3.1)

where gc is the concentration of phage genome copies in genome copies/nL, mass is the mass
of the dsDNA standard in g/pL, and size is its length in bp [409]. Phage concentrations are
estimated from their respective calibration curve. First, the C, values from each exogenous control
are plotted against the log of the known concentrations for each concentration in the dilution series.

Linear regression produces a familiar equation of the form
Cq=mz+b (3.2)

where Cg is the measured threshold cycle number, m is the slope,  is the base-10 log of the

concentration in ge/pL and b is the x-intercept. PCR amplification efficiency is given by
E=10"""—1. (3.3)
Subsequently, virion concentration V' can be estimated simply by
V =10 » 2 (3.4)

where multiplication by 2 adjusts for the estimation of single-stranded products (gc¢/pL) from
dsDNA standards. Only Cq measurements within the bounds of the calibration curve were used to

calculate phage concentration.
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Quantification of viable phage through plaque and colony assay. A plaque assay was
conducted to quantify viable phage. Plaque and colony assays were all using ER2738, a fast-growing
F' strain that is recommended for the production of filamentous phage (New England BioLabs).
First, the appropriate dilution to generate countable (10-300) plaques was determined through
a spot plate. Briefly, 200 nL. of early log-phase E. coli ER2738 was mixed with 3mL top agar
supplemented with 5 mM MgSO,, then poured on a pre-warmed LB agar plate. Separately, phage
lysates were serially diluted in TN buffer, then 5 pL of each phage lysate dilution were spotted
onto the top agar. Plates were incubated overnight at 37 °C and analyzed the next day. The lowest
dilution that generated distinct plaques on the bacterial lawn was selected to generate full plates
for plaque assay. For the full plaque assay, the same procedure was followed except that the entire
volume of diluted phage was added directly to the volume of bacterial culture prior to the addition
of top agar and pouring. The titre was determined from the mean of three counts and expressed

as plaque forming units (PFU) per millilitre.

A colony assay was conducted to quantify the ability of infectious helper phage to confer antibiotic
resistance. As with the plaque assay, the appropriate dilution to generate countable (10-300)
colonies was determined through a spot plate. First, 100 pL aliquots of serially diluted phage
lysates were prepared in TN buffer. 100 pL of early log-phase E. coli ER2738 was added to each
aliquot, and incubated at 37°C for 0.5h. 5ul of each aliquot was spotted on LB agar plates
supplemented with kanamycin. Dried plates were incubated overnight at 37 °C and analyzed the
next day. For full plates, the same procedure was followed except that the entire dilution volume
(200 pL) was spread on an LB agar plate supplemented with kanamycin. The titre was determined

from the mean of three counts and expressed as colony forming units (CFU) per millilitre.

Prediction of phagemid secondary structure. To further ascertain differences between
the phagemid constructs, rudimentary secondary structure prediction was performed. Centroid
secondary structures of miniphagemids, phagemids, and phages were predicted using Vienna
RNAfold 2.5.0 [411, 412], using available DNA thermodynamic parameters [412, 413].

Statistical analysis. All statistical analyses were performed using Python (with the packages
NumPy [414], Pandas [415, 416], SciPy [417], scikit-bio [418], and statsmodels [419]). Values are
reported as means of n independent experiments with uncertainty reported as the standard error
of the mean (SEM). Statistical hypothesis tests were evaluated using one-way ANOVA, followed
by the Tukey range test for multiple comparisons. Values of p < 0.05 were considered statistically

significant; in some cases, values of p < 0.1 are noted and discussed.

The phagemid fraction was determined as the concentration of target phagemid divided by the
total virion concentration, expressed as percentages. As compositional data [420], they have a fixed
constant sum constraint (100%). In order not to violate this constraint, the data were transformed
using an isometric log ratio transformation before performing statistical analyses. Data were then

transformed back to percentages for reporting.
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3.3 Results

The initiation and termination regions of the fl ori, as identified by Short et al. [319], were
synthesized and inserted into a pUCSH7 backbone to create the base precursor plasmid, pM13ori2.
Transgene cassettes expressing different reporter genes were subcloned into the polylinker of
pM13ori2: cmuv-gfp (2.1kb) to generate the minivector phage particle (“miniphagemid”) mini-(gfp),
and cmu-luc (2.6kb) to generate mini-(luc). They were also cloned into the phagemid vector,
pBluescript IT KS+, which was used as our wild-type f1 ori control, to generate “full” phagemid
particles full-(gfp) and full-(luc), respectively.

3.3.1 Production of single-stranded DN A minivector phagemids

We investigated the ability of helper phage M13KO7 to rescue a new recombinant replicative
form (RFx) from a split origin precursor plasmid (Figure 3.6). Purified RF dsDNA was linearized
with BamHI and visualized via AGE (Figure 3.7). RF DNA isolated from cells infected with
wild-type M13 or helper phage M13KO7 alone resolved to their respective genome sizes: 6.4kb
and 8.7kb. Two expected RF DNA species were present in helper-infected cells transformed by
pBluescript II KS+: the helper phage genome and the phagemid (3kb). In cells transformed by the
miniphagemid precursor, pM13ori2.cmvgfp, a single band corresponding to the expected plasmid
size (4.5kb) was observed after BamHI digestion. An additional DNA species was present only in
the presence of helper phage and was the expected size for the RFx molecule (2.6 kb).

©) ® ® ®

Mr control helper wild-type f1 ori split f1 ori Mr
(kb) (wild-type M13) (M13KO7) (pBluescript) (pM13o0ri.cmvgfp) (kb)

+helper " +helper

Figure 3.7: Helper phage M13KO7 produces recombinant RFx species from miniphagemid
precursor. Double-stranded RFs were linearized with BamHI and visualized on AGE. From
left to right (uncut, followed by BamHI-cut): 1) wild-type M13 only (6.4kb), 2) helper
M13KOT7 alone (8.7kb), 3) pBluescript IT KS+ (3kb) alone or with helper, 4) pM13ori.cmvgfp
(4.5kb) alone or with helper. Arrows indicate bands of interest: yellow (helper genome), red
(plasmid), blue (recombinant RF: RFx). Mr: 1 kb ladder (FroggaBio).
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We next examined purified phagemid ssDNA via AGE without digestion (Figure 3.8), noting that
ssDNA runs at approximately half the expected size of the respective dsDNA. For wild-type M13
(6.0knt) and helper phage alone (8.7 knt), a single ssDNA band was observed in each lane. For
M13KO7-assembled pBluescript II KS+, a single band was observed that corresponded to the
expected phagemid size (3 knt).

Alongside pM13ori2.cmvgfp, we also constructed an intermediate precursor with a 1kb gfp fragment
stuffer sequence. Two distinct phage species were purified as ssDNA: the larger band corresponded
to the expected size of helper phage M13KO7, while the smaller band corresponded to the expected
size of the miniphagemid. There were three bands from mini-(gfp) that were the expected sizes
for the helper genome, the precursor plasmid (4.5knt), and a third band corresponding to the
expected size of recombinant miniphagemid. As we were able to observe miniphagemid production
from pM13ori2.cmvgfp, we discontinued experiments with the stuffer precursor in favour of the

full emwv-gfp cassette.
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(A) Yield of ssDNA from phagemid lysates (B) Visualization of ssDNA from phagemid lysates

Figure 3.8: Single-stranded miniphagemid DNA isolated from phage lysates. A) Purified ssDNA
was quantified on Nanodrop and compared across different phagemids. B) The ssDNA was
also visualized on AGE, alongside a dsDNA ladder. The ssDNA runs at approximately
half its expected dsDNA size. From left to right, lysates were prepared from: 1) wild-type
M13 (6.4knt), 2) M13KO7 alone (8.7knt), 3) pBluescript II KS+ (3knt), 4) pM13ori2
with an approximately 1kb fragment of gfp inserted, 5) pM13ori2.cmvgfp (plasmid: 4.5 knt,
miniphagemid: 2.2knt). Arrows indicate bands of interest: yellow (helper genome), red
(plasmid or full phagemid), blue (recombinant miniaturized phagemid). Mr: 1 kb ladder
(FroggaBio).
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The yield of single-stranded DNA from the phage lysate was comparable across both wild-type and
split ori (Figure 3.8). No significant difference was observed in the yield of ssDNA arising from a
split f1 ori compared to an “intact” one for emv-gfp, although more full-(luc) ssDNA was produced
than mini-(luc). Intriguingly, the ssDNA yield appeared greater for the luc-encoding phagemids
than gfp-encoding, under the same growth and extraction conditions. However, assessment of
yield based on ssDNA mass biases towards larger molecules. Conversion from mass to number
of molecules shows that the ssDNA yields are actually comparable: 2.116 x 103 for mini-(gfp),
1.077 x 10*3 for full-(gfp), 4.322 x 10'3 for mini-(luc) and 4.088 x 10*3 for full-(luc).

3.3.2 Production efficiency of mini and full phagemids

We next quantified the helper phage and target phagemid particles resulting from rescue of a split
origin versus intact. DNA quantification approaches such as qPCR are highly accurate methods
for enumerating viral genomes, which is equivalent to counting the number of virion particles
since every virion encapsulates one phage genome [421-423]. To estimate phage concentration,
calibration curves were generated from a dilution series of each exogenous plasmid control: M13KE
(gV), pGL2-SS-cmv-gfp-SS (gfp), and pGL3-cmv (luc). Representative calibration curves are
presented in Figure 3.9. Lines of best fit were estimated using linear regression; values of R? for
each fit were above 0.99. PCR amplification efficiency was calculated using Equation (3.3); in
general, PCR efficiencies within 0.9-1.1 were considered acceptable. Representative amplification

plots, melt curves, and multicomponent plots for the three amplicons are in Appendix C.
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Figure 3.9: Calibration curves to estimate phage concentration. Representative calibration curves
are shown for each amplicon, as measured from qPCR of exogenous dsDNA controls: M13KE
(gV), pGl2-ss-cmv-gfp (gfp), pGL3-cmv (luc). The equation for each line of best fit, the
R? value, and PCR efficiency are reported. Data points represent the mean of 3 technical
replicates.
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We further contrasted concentrations determined through qPCR against those determined through
plaque assay and colony assay (Figure 3.10). Since M13KO7 encodes a selectable marker, it is
possible to quantify M13KO7-infected cells that gain resistance to kanamycin. We compared the
titre of plaque or colony forming units as estimated against the concentrations of total and helper
phage only as estimated by qPCR. For clarity, the quantification by plaque or colony assay is
reported as the phage titre, with units PFU or CFU per volume, as it refers to the number of
viable or infectious phage. In contrast, quantification by qPCR is reported with units of genome

copies (gc) per volume.
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Figure 3.10: Plaque titre estimated by plaque or colony assay compared to qPCR. The titre
of viable phage was assessed by plaque or colony assay in XFU/mL where “X” represents
“plaque” (P) or “colony” (C), respectively. This was compared to the total estimated phage
concentration or helper phage concentration only (genome copies/mL) as estimated by qPCR.
Error bars represent SEMx2, n = 3. The * and *x above the bars indicate differences at
significance levels p < 0.05 and p < 0.1, respectively, relative to helper phage concentration
per lysate.

As a control, we performed both assays and qPCR on a commercial stock of M13KO7 with a known
titre of 108 PFU/mL. Since no phagemid was present, total virion and helper concentrations were
identical. For our control, M13KO7, the plaque assay estimated 8 x 10® PFU/mL, the colony
assay estimated 9.7 x 107 PFU/mL, and qPCR estimated 4.0 x 10 gc/mL. The qPCR-estimated
concentration over-estimated the phage titre compared to the manufacturer’s reported titre and
both the plaque and colony assays (p < 0.05). Interestingly, the plaque assay also over-estimated

the phage titre compared to the manufacturer’s reported titre.
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For the heterogeneous lysates comprised of both phagemid and helper, we observed the opposite
behaviour. The plaque and colony assay-estimated titres were not significantly different from each
other, but were both greater than the qPCR-estimated virion concentration. The qPCR-estimated
helper concentration of the mini-(gfp) lysate was statistically significantly lower than the titre
as estimated by colony assay (p < 0.05). In contrast, the qPCR~estimated helper concentration
of the full-(gfp) lysate was statistically significantly lower than the titre as estimated by plaque
assay (p < 0.05). It was also lower than the colony assay-estimated titre, but this was above the
significance level (0.05 < p < 0.1).

Total virion concentration (including both helper and target phagemid) are reported in Table 3.6.
Both helper and target phagemid species were highly abundant across all PEGylated samples, with
no phage species present at concentrations below 108 gc/pL. No significant difference in overall

yield was observed.

Table 3.6: Comparison of phage yield from mini and full phagemids

Total virion concentration (x 108 gc/pL)?

Cassette mini full
cmu-gfp 38.49 + 19.82 4.36 +1.32
cmu-luc 45.51 +13.72 25.87 +16.80

! Uncertainty reported as SEMx2, n = 3.

Figure 3.11 summarizes the estimated virion concentration for each phagemid and helper phage
per lysate in the top panel. In the bottom panel, the fraction that the target phagemid comprises
of the overall lysate is shown as a percentage for each sample. The composition of phage lysates
were observed to differ depending on the encoded cassette and whether the origin was split or
intact. The phagemid fraction decreased between the mini and full lysates for each respective
transgene: mini-(gfp) comprised 99.7% of the lysate while full-(gfp) comprised 73.2%. Similarly,
mini-(luc) comprised 42.4% while full-(luc) comprised only 5.8%. Differences in composition were
all statistically significant (p < 0.05), except for the difference between full-(gfp) and mini-(luc)
(0.05 < p<0.1).

M13KO7 appeared to preferentially package itself over the c¢mu-luc phagemids, but packaged
cmu-gfp encoding phagemids over itself. A potential factor influencing the target phagemid:helper
ratio may be cassette length or phagemid length. The cmuv-luc transgene cassette is longer than
the cmuv-gfp cassette and, of course, the full phagemids are longer than their mini counterparts.
The shortest phagemid, mini-(gfp) (2.5knt), was rescued with near complete efficiency; helper
phage comprised less than 1% of the final lysate. Similarly, a dramatic decrease in packaging
efficiency was observed between the longest phagemid, full-(luc) (5.9knt) and its mini-counterpart
(mini-(luc) at 3.1knt). However, while full-(gfp) (5knt) is longer than mini-(luc), full-(gfp) was
packaged with comparable or better efficiency (0.05 < p < 0.1).
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Figure 3.11: Composition of phage lysates encoding either cmv-gfp or cmuv-luc. Above, the
concentration (gc/uL) of each phage species (target phagemid or helper) in each lysate
is presented. Below, the proportion of the target phagemid is shown as a percentage of
the total phage population. Error bars represent SEMx2, n = 3. The xx above the bars
indicates a difference at significance level p < 0.1.

3.3.3 Production efficiency of a longer miniphagemid precursor

We sought to investigate the potential link between phagemid production efficiency and phagemid
length further by constructing a third set of phagemids (Figure 3.12). The insertion of a 2.5kb
fragment from pBR322 (which encodes tet) downstream of cmu-gfp in pM13ori2.cmvgfp generated
pM13ori2.cmvgfp-tet (Figure 3.4). The same fragment was also inserted into the wild-type ori
phagemid, pSW9, to generate pSW9-tet, as a full phagemid control (Figure 3.5). The length of
this final emu-gfp-tet cassette was approximately 3.9kb. The predicted length of the recombinant
gfp-tet miniphagemid would be approximately 4.4 knt, which is longer than the luc miniphagemid
(3.1knt). The length of full-(gfp-tet) would be approximately 6.9knt, the longest of all the
phagemid constructs in this work. Susceptible F. coli were transformed by a gfp-tet miniphagemid
precursor or wild-type ori control, then infected with helper phage M13KQO7 for production of
RF DNA and phage. Of note, cultures of 10 mL were used in the preparation of RF, ssDNA, and
phage, in contrast to 0.5 L previously (Figure 3.11).
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Figure 3.12: A fragment from pBR322 is inserted into the gfp phagemid vectors. A-1) One

EcoRI cut site precedes the cmu-gfp cassette on backbone vectors, pM13ori2.cmvgfp and
pSW9. A-2) Insertion of the pBR322 fragment downstream of this cassette introduces
a second EcoRI cut site. B) EcoRI digestion of the new constructs (+tet) releases the
2.1kb e¢mu-gfp fragment, leaving another 4.2kb or 4.8 kb, respectively. Mr: 1 kb ladder
(FroggaBio).
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Table 3.7: Comparison of phage yield across different phagemid cassettes

Total virion concentration (x 10% gc/pL)?

Cassette mini full

cmu-gfp 5062.13 4 6562.92 3372.98 +1276.59

cmu-luc 0.71 £ 0.68 207.71 £ 413.69
cmu-gfp-tet  860.52 + 902.79 305.38 £+ 313.02

! Uncertainty reported as SEMx2, n = 3.

Overall virion concentrations may be found in Table 3.7; intriguingly, this set exhibits far more
variability than yields under earlier culture conditions (Table 3.6). The total virion concentration
of full-(gfp) significantly increased during these culture conditions compared to the previous
conditions, while the total concentration of mini-(luc) significantly decreased (p < 0.05). Overall

yield was not found to differ significantly between lysates in this cohort.

Mr  mini (gfp-tet)  full (gfp-tet) Mr gfp gfp-tet luc

(kb) +HP +HP (kb)  mini full mini full mini full

Figure 3.13: M13KO7 produces miniphagemids from cmuv-gfp-tet precursors. On the left,
double-stranded RFs isolated from bacterial pellets transformed with a (gfp-tet) precursor
plasmid are linearized with Pacl. On the right, single-stranded phagemid DNA was isolated
from (gfp), (gfp-tet), and (luc) phage lysates. From left to right: 1) pM13ori2.cmvgfp-tet
(6.4kb) with/without helper M13KO7 2) pSW9-tet (6.9kb) with/without helper M13KO7;
3) mini-(gfp), full-(gfp), 4) mini-(gfp-tet), full-(gfp-tet), 5) mini-(luc), full-(luc). Arrows
indicate bands of interest: yellow (helper genome), red (plasmid or corresponding full
phagemid), blue (recombinant RF: RFx, or miniphagemid). Mr: 1 kb ladder (FroggaBio).
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Examination of Pacl-linearized RF DNA on AGE revealed faint bands approximately around the
sizes of the expected RFx, although bands of other sizes are also visible (Figure 3.13). Production
of the miniphagemid mini-(gfp-tet) and its wild-type ori counterpart full-(gfp-tet) was observed by
visualizing purified phagemid ssDNA alongside that of the mini and full phagemids for the other
two cassettes, cmv-gfp and cmu-luc. Single-stranded DNA was observe to run at approximately
half the size expected for its dsSDNA counterpart, when referring to a double-stranded ladder.
Helper phage genome was visible across all lanes for purified ssDNA, indicated by yellow arrows
in Figure 3.13. Distinctive bands corresponding to the miniphagemids and full phagemids were
also observed, marked by blue arrows. However, full-(luc) showed multiple bands, indicating some

recombinant secondary species present in the lysate.

Quantification of (gfp), (luc), and (gfp-tet) phagemid lysates also revealed high ratios of mini-(gfp)
and full-(gfp) phagemid to helper phage and much lower ratios of mini-(luc) and full-(luc), which is
consistent with Figure 3.11 (Figure 3.14). The mini-(gfp) (96.9%) and full-(gfp) (93.0%) phagemid
fractions were higher than both their (gfp-tet) and (luc) counterparts (p < 0.05). Under these
culture conditions, no significant difference was observed between the mini and full phagemid
fractions for cmuv-gfp (p > 0.05). The mini-(gfp-tet) phagemid comprised 39.2% of its lysate and
the full-(gfp-tet) comprised 41.5%. The cmu-luc phagemids again comprised the smallest fractions:
16.7% for mini-(luc) and 16.1% for full-(luc). Although the length of the cmuv-gfp-tet cassette was
much longer than cmw-luc, no significant difference was observed between their lysate compositions
(p > 0.05).
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Figure 3.14: Composition of phage lysates encoding one of cmv-gfp, cmv-luc, or cmuv-gfp-
tet. The proportion of the target phagemid is shown as a percentage of the total phage
population. Error bars represent SEM x2, n = 3. The * above the bars indicates a difference
at significance level p < 0.05.
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3.3.4 Secondary structure analysis of miniphagemid DNA

Figure 3.15 compares the effect of either the cassette itself or the entire phagemid length to the
resulting fraction of target phagemid in the lysate. A slight trend emerged when examining the
effect of the length of the gene cassette only on the resulting phagemid fraction than phagemid
length; no trend was apparent when comparing total phagemid length to phagemid fraction.
Interestingly, a larger degree of spread was noticeable for larger phagemids. However, the length
of the transgene cassette is not likely the key influencing factor as both cmuv-gfp-tet phagemids
are packaged with a comparable phagemid:helper ratio as the cmv-luc phagemids. Instead, the

differences could be attributed to the composition of the transgene cassette.
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Figure 3.15: Target phagemid proportion over cassette or phagemid size. The proportion of
target phagemid in the total lysate is examined over the size of the transgene cassette (left)
and the phagemid (right). Three replicates per lysate are represented individually.

We examined the sequences of the transgenes and phagemids themselves to assess potential
influences on phagemid replication and assembly. The differences in cassette length have already
been described: cmwv-gfp = 2.1kb, cmv-luc = 2.6kb, and cmuv-gfp-tet = 3.9kb. Miniphagemids
share the same precursor backbone (pM13ori2) while their wild-type f1 ori counterparts share a
pBluescript IT KS+ backbone. The plasmid backbones have 49% and 50% GC content, respectively.
The cassettes share many elements, including the same c¢cmv promoter, polyA sequence, and SV40
enhancer elements. GC content per cassette was found to be 54%, 46%, 56%, respectively. The

constructs do not exhibit major differences in base composition.

Next, we examined potential secondary structures of the single-stranded miniphagemids (Fig-
ure 3.16) in comparison to the genomes of wild-type M13 and helper phage M13KO7 (Figure 3.17).
Secondary structures were predicted using RNAfold [411, 412]; the ensemble centroid secondary

structures [424] are depicted. Colours represent base-pair probability; the colours of the unpaired
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nucleotides indicate the probability of being unpaired. The length of the M13KO7 genome exceeded
the maximum limits accepted by the RNAfold webserver, so this structure was generated locally
without a base-pairing probability colour key. Sequences and dot-bracket notation of the centroid
structures may be found in Appendix D. Unpaired regions are predicted with medium or low
probability across all three miniphagemid structures. A large region of unpaired nucleotides is
predicted in wild-type M13; smaller unpaired regions are predicted in M13KO7. Similarly, several
large regions of unpaired nucleotides predicted in both mini-(gfp) and mini-(gfp-tet); these regions
were identified as part of the gene sequences for gfp and tet. Small unpaired regions were observed

in mini-(luc); these regions were identified as part of luc.

(A) mini-(gfp)

1
[ h |

(B) mini-(luc) (C) mini-(gfp-tet)

Figure 3.16: Predicted secondary structures of miniphagemids. The predicted centroid structure
of the recombinant single-stranded phagemid molecules were produced using RNAfold [411].
Black arrows indicate some larger unpaired regions, while cyan arrows indicate the f1 ori.
Colours denote base pairing probabilities.
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(A) M13

(B) M13KO7

Figure 3.17: Predicted secondary structures of M13 and M13KO7. The predicted centroid
structures of wildtype M13 (B) and helper phage M13KO7 (B) were produced using
RNAfold [411]. Black arrows indicate some larger unpaired regions, while cyan arrows
indicate the f1 ori. Colours denote base pairing probabilities.
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3.4 Discussion

In this chapter, we demonstrated that helper phage M13KO7 was able to act upon a split f1
ori present on a double-stranded plasmid precursor to generate a recombinant RFx molecule
that is assembled into a miniphagemid phage particle. Through examination of multiple plasmid
precursors carrying different transgene cassettes, we characterized the rescue efficiency of M13KO7

for these phagemids.

3.4.1 Miniphagemids can be produced from a split origin of replication

The visualization of the RFx molecule in M13KOT7-infected cells carrying pM13ori2.cmvgfp
demonstrated the ability of a helper phage to rescue phagemids from a split origin, which is
consistent with observations reported in literature [208, 319]. Phage lysates were pre-treated with
DNase prior to ssDNA extraction as free DNA, whether from lysed bacteria or malformed phage
particles, contaminated agarose gels with smears. Upon examination of ssDNA through AGE,
bands corresponding to the helper phage genome were observed in the lanes with our split origin
phagemids, but not pBluescript II KS+. Our results initially suggested that the helper phage
M13KO7 replicates the wild-type fl ori preferentially over the split f1 ori. Quantification of
the ssDNA from phage lysates showed that yield was not impacted by whether the phagemid
carried a split or intact f1 ori (Figure 3.8) and instead, depended more on the choice of transgene

cassette.

Visualization of ssDNA purified from phage lysates revealed some bands that could correspond to
the precursor plasmid (Figures 3.8 and 3.13). Free DNA can be present in phage preparations due
to cell lysis or malformed phage particles [409]. Phage preparations from which single-stranded
DNA were extracted were not treated with DNase, which may explain the additional DNA species
visible through AGE [409, 410].

Additionally, although we refer to our separated origin as “split”, all structures necessary for phage
amplification are present. Consequently, an intact packaging signal is also present on the phagemid
precursor plasmid so they are available for assembly into progeny phage as well. Therefore, some
encapsulated plasmid may be present in the lysate. However, we expect this fraction to be negligible
as double-stranded DNA molecules are much less likely to interact with pV, a key controller in
the M13 lifecycle, or the assembly proteins. Likewise, no bands corresponding to double-stranded
pBluescript II KS+, wild-type M13, nor M13KO7 have been observed, although all will have a
functional packaging signal (PS) (Figure 3.8).

3.4.2 Quantitative PCR is a robust method for phage quantification

Nucleic acid methods of quantification are commonly used for the detection and enumeration of
many viral species in both research and healthcare diagnostics [409, 421, 425-427|. Quantitative

PCR is a very common type of nucleic acid quantification, where the accumulation of amplicon can
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be measured in real time by the use of DNA-intercalating fluorescent dyes such as SYBR Green, or
probes such as TagMan. Methods such as qPCR quantify based on the number of genome copies
and would therefore include free DNA, degraded particles, or otherwise non-infective virions [428].
This is in contrast to quantification methods such as the plaque assay [429], which quantifies phage

based their infectivity.

For enumeration of bacteriophage M13, SYBR Green was reported to be more sensitive than
TaqMan [409]; since the viral abundance in our samples was unknown, we cautiously proceeded
with SYBR Green. From our results, we saw that both helper and target phagemids were highly
abundant; even the least abundant phage species was found to number at least 10 genome copies
per microlitre (Table 3.6). In future similar studies, TaqMan PCR may prove preferable to SYBR as

multiplexing would allow the simultaneous quantification of multiple phage species per run.

We wished to assess the accuracy of the qPCR method to quantify M13 lysates by comparing to
plaque and colony assays (Figure 3.10). The plaque assay quantifies the number of viable M13 in
a sample by their ability to infect susceptible host F. coli and generate zones of clearing, where
infected F. coli grow more slowly. These turbid plaques indicate the number of plaque forming
units in a sample. The colony assay operates in a similar manner: infected E. coli are only able to
grow on LB agar supplemented with kanamycin if infected with M13KO7, which encodes a KmP
marker. Kanamycin-resistant colonies therefore indicate the number of colony forming units that

that have taken up helper phage specifically.

Phage titres and qPCR virion concentrations can only be equal if one plaque or one colony forming
unit arises from one infection event by a single virion particle. Hence, infection of a cell by a
phagemid particle alone was not expected to result in plaque formation nor colony formation. A
phage particle encapsulating a phagemid retains all factors necessary for cell entry. However, the
phagemid does not contain any phage genes necessary for replication nor the Km® marker so it
would be unable to replicate on its own. Helper phage must also infect the same cell in order
for phage gene or Km® expression to occur. As such, plaques should arise from cells that were
infected by both phagemid and helper as well as cells infected only by helper. Similarly, Km®
colonies should arise from cells infected by both phagemid and helper as well as those only infected
by helper. We therefore expected that phage titres would be closer to qPCR concentrations of

helper phage only, rather than the total virion concentrations.

High variability has been documented in infectivity-based assays, which arises from inherent
differences in bacterial growth parameters, and variability between plate pouring and spreading
techniques, among other factors [422, 423, 430]. Overall, there was generally good agreement
between the plaque and colony assays in this study. The mean plaque assay titre of our control,
M13KO7, was approximately 8-fold greater than the manufacturer’s reported titre while the qPCR
estimated concentration was about 40-fold or a magnitude greater. Relative to the plaque assay,
the qPCR estimate was approximately 5-fold greater. Altogether, the fold discrepancies between

the three methods are consistent with discrepancies reported in literature [409, 428].
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The phagemid lysates were pre-treated with DNase prior to enumeration in order to reduce
contaminating free bacterial DNA or other DNA not encapsulated within intact phage particles [409,
410]. For our heterogeneous phage populations, the infectivity-based assays overall resulted in
higher estimated phage titres than qPCR. This was surprising, as the presence of residual non-
infective virions was expected to result in higher phage concentration estimations through gPCR
compared to assays based on infectivity. In the case of full-(gfp), the phage titre as estimated by
plaque assay is approximately 10-fold greater than the helper concentration as estimated by qPCR,
while it is almost 2000-fold greater for mini-(gfp). This was inconsistent with the results comparing
titres of M13KO7 alone [409, 428]. Helper phage concentrations may be under-estimated in gPCR
when in the presence of phagemid. Alternatively, the colony and plaque assays may over-estimate
helper titre when in the presence of phagemid. The high variability of infectivity assays does
preclude any conclusions without further investigation; it would be interesting to investigate both

possibilities in future studies.

Both the plaque and colony assays are laborious procedures requiring 1-2 days before analysis [409,
422, 423|. In comparison, qPCR can differentiate between multiple phage species in a single
experiment and requires only 2-6 h, but it is generally more expensive and requires more specialized
equipment. Neither the plaque assay nor the colony assay can differentiate between different
phage species within the same sample. Other validated methods for phage enumeration have been
reviewed [422, 423], but many of these also require specialized equipment (ex: flow cytometry,
NanoSight), are also laborious and time-consuming (ex: transmission electron microscopy), and not
all can differentiate between heterogeneous phage populations. On the whole, the gPCR method
for enumeration is highly sensitive, reproducible, and faster than the standard infectivity assays.
For phages such as the miniphagemid vectors generated here, qPCR is furthermore a superior
quantification method in the absence of a screening or selection marker as multiple viral species

can be identified from the same lysate.

3.4.3 Miniphagemids are preferentially assembled over full phagemids

High phage yields were associated with both cmu-luc lysates initially (Table 3.6), although there
was large variability between two culturing conditions (Tables 3.6 and 3.7). The major differences
in these two sets of data may arise from the manner of preparation: they differed in culture volume
(0.5L versus 10mL) and the former lysates were precipitated with PEG. M13 production can vary
considerably depending on inherent variability of the host cell and culturing environment, and
changes in culturing volume and culture vessel can impact yield [431]. Future phagemid production

will also need to take this into account.

We hypothesized that the intact fl1 ori on our wild-type phagemid controls (pSW9, pSW10,
pSW9-tet) would be preferentially replicated and packaged over the helper phage genome. The
split origin (pM13ori2.cmvgfp, pM13ori2.cmvluc, pM13ori2.cmvgfp-tet) was hypothesized to be

less efficiently processed as the intact f1 ori first needs to be formed. Indeed, significant differences
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were observed in the production of target phagemids by the helper phage M13KO7. Consistent
with observations by Short et al. [319], however, the split ori was actually not observed to impact
overall yields nor compromise phagemid production. In fact, full phagemids comprised a smaller
fraction of lysates than their mini-counterparts (Figures 3.11 and 3.14). We observed that the
helper phage preferentially assembled itself over a cmu-luc-encoding phagemid, regardless if the
origin of the target phagemid was split or wild-type Figure 3.11. It was initially hypothesized that
this was due to the increased overall phagemid length, as previous studies have observed a decrease
in phage titre for longer phagemids [315]. Poor conversion of large phagemids (5-10kb) from
intracellular RF to extracellular phage-encapsulated DNA has been observed. To investigate this,
a longer transgene cassette was constructed through the introduction of a pBR322 fragment into
the cmu-gfp cassette, leading to a final cassette size of 3.9kb and final phagemid size of 4.4 knt. If
phagemid length did affect production efficiency, mini-(gfp-tet) and full-(gfp-tet) (6.9 knt) would
be more poorly rescued than mini-(luc) (3.1knt) and full-(luc) (5.9knt).

The mini and full-(gfp) phagemid fractions were much higher than their (luc) and (gfp-tet)
counterparts. No significant difference in lysate composition was observed between the (luc) and
(gfp-tet) phagemids despite their large differences in phagemid length. Notably, greater variance
in composition was observed for both full-(luc) and full-(gfp-tet) under the culturing conditions
in this study. When examining the effect of cassette or the phagemid length on phage lysate
composition, the cassette length may exert a greater effect than overall phagemid length although
the effect is not strong (Figure 3.15). However, only three cassettes were examined. Hence, it may
not be the length of the cassette, but rather the composition of transgene cassette. We did not
find any significant differences in the overall base composition of the three transgene cassettes:
as they all share the ¢mv promoter and other non-coding elements, the differences in resultant
rescue efficiency may arise from the sequences of the coding regions (gfp, luc and gfp, tet). Indeed,
examination of the predicted secondary structures of the three miniphagemids (gfp, luc, and

gfp-tet) led to a new hypothesis.

Phage production is governed by interactions with three main phage proteins during key steps
during the infection lifecycle: 1) pIl interaction with the fl1 ori, 2) pV coating of the ssDNA
molecule, and 3) pl interaction with the packaging signal. A key step between M13 replication and
phage particle assembly is pV coating of free ssDNA M13 intermediates. As pV preferentially binds
single-stranded DNA, the formation of double-stranded domains may impact its ability to coat the
molecule. We therefore examined possible secondary structure formation by the single-stranded
miniphagemids. We chose to examine the entire miniphagemid structure itself instead of the
transgenes in isolation in order to assess potential interactions between the transgenes and the

phagemid backbones.

Prediction of nucleic secondary structure is more robust for RNA [432] than DNA, although many
common and publicly available tools for RNA structure prediction also accept DNA sequences [411,

433| with some caveats. Firstly, only secondary structure of single-stranded nucleic acids can be
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predicted. Secondly, structure prediction is less reliable and more computationally expensive for
longer sequences. The ViennaRNA webserver accepts RNA (and DNA) sequences up to 7500 nt
for some analyses [411, 434]. Predicted structures should be corroborated with empirical evidence
and cannot be considered definitive. Nevertheless, the differences between the three predicted
structures may offer some insight into how M13 phage proteins may interact with our different

miniphagemids.

The centroid secondary structures were selected for comparison between the three miniphagemids
for (gfp), (luc), and (gfp-tet). These structures were compared to the predicted centroid structure
for wild-type M13 and M13KO7. Briefly, the centroid secondary structure is one that minimizes
the base pairing distance over the entire Boltzmann ensemble of possible structures; it describes
the “central tendency” of the ensemble [424]. The Boltzmann ensemble encapsulates all possible
secondary structures, each one weighted by its probability [435]. The base pairing distance is a
measure of how many base pairs differ between one predicted structure and the next; by minimizing
this value, the ensemble centroid best represents all sampled structures [424, 436]. Because the
ensemble centroid represents the entire ensemble, it is not equivalent to any single structure; thus,

the centroid structure may not truly represent the molecular structure in reality.

Visual inspection of the predicted secondary structure indicates that the largest differences between
each of the miniphagemids appear to be the unpaired regions. The centroid structure for wild-type
M13 predicted a large unpaired region (Figure 3.17); some smaller unpaired regions were also
in the centroid structure of M13KO7. Since there is a preference for pV binding to ssDNA,
the presence of unpaired regions is likely necessary for efficient coating and sequestering after
amplification. It is also well accepted that shorter phagemid sequences are rescued better than

longer sequences [315].

Given that 1) predictive algorithms like RN Afold are optimized for folding RNA, 2) these algorithms
are not as accurate as comparative sequence analysis with experimentally-confirmed structures,
and 3) the centroid structure describes the central tendency of all possible structures and therefore
may not accurately describe a real existing structure, we offer the following hypothesis. There is
not likely not a stringent requirement for single-strandedness so long as f1 ori signals are accessible.
As the ssDNA intermediates of the phagemid and M13KO7 compete for pV coating, cmov-luc
phagemids may fare poorly because they are both long and tend towards more secondary structure
in comparison to the helper phage. Single-stranded phagemids not maintained by pV coating will
be converted back to duplex forms. The cmwv-gfp and cmu-gfp-tet phagemids fare better, especially
the cmu-gfp phagemid because of its short length and sufficient exposure of single-stranded DNA.
We therefore postulate this is why they are more likely to be exported for assembly and extrusion
as progeny phage. This aligns with the observations from Levinson et al. who also postulated
the same bottleneck for large phagemids [315]: either insufficient phagemid ssDNA are stabilized
for assembly or the phagemid ssDNA cannot compete with helper phage ssDNA for assembly

resources.
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Other groups have observed that regions within gIV upstream of the PS (roughly 86 bp of the
tail end of gIV) may include signals that enhance genome packaging [315, 437], although other
investigations of the f1 ori do not include this region [179, 180]. Hence, inclusion of this region
in gV in phagemids may improve their assembly. The helper phage M13KO7 was selected for
its optimal production of phage progeny (exhibited through high ssDNA production) and high
phagemid:helper packaging ratio [267]. Intriguingly, for longer phagemid particles, Levinson et al.
found that using wild-type M13 as the helper led to the best phagemid:helper ratio [315]. Short et
al. found the IR1 helper phage superior to M13KO7 for phagemid rescue from lambda ZAP, but
concluded that the high efficiency of the split origin lent itself to the use of any helper [319]. The
IR1 helper phage differs in a mutation within pIl, which could enhance rolling circle amplification
of split origin precursors. A combination of different helpers in tandem with different phagemids

depending on phagemid length or other characteristics may reveal unpredicted synergies.

3.4.4 Summary

In this chapter, we demonstrated the replication and assembly of a miniphagemid from a precursor
plasmid encoding a transgene of interest flanked by separated regions of the M13 fl ori. We
observed that assembly of a recombinant miniphagemid from a split f1 or: was superior to assembly
of the same transgene cassette in a backbone containing a wild-type f1 ori. Overall, the high titres
of M13 do compensate for low production of any of the phagemids under study. For example,
although full-(luc) comprises only a small fraction of a PEGylated phage lysate, well over 10%

virions are present.

For a given transgene, a shorter phagemid sequence may be assembled more efficiently; however,
this effect appears to be transgene-dependent. The specific transgene sequence may interfere
with phage replication and packaging to a greater extent than phagemid length. We propose
that greater tendency towards secondary structures within a phagemid sequence may lead to an
inability to efficiently convert from double-stranded RF to a single-stranded form, which precludes

phage particle assembly and extrusion.
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Chapter 4

Construction and characterization of
helper phages derived from M13KO7

4.1 Introduction

In Chapter 3, we showed the successful assembly of miniphagemids, which do not contain any
prokaryotic backbone aside from the short f1 functional origin (f1 ori). Phagemid replication and
assembly into filamentous phage particles can only occur if phage proteins are present from another
source, generally referred to as the helper. This helper phage must provide the full complement
of phage genes required for replication, assembly, and extrusion [267, 315, 316|. In order to use
virion-encapsulated miniphagemid for mammalian gene transfer, the incorporation of targeting
peptides can facilitate cellular uptake in a tissue-specific manner. In this chapter, we construct
a helper phage displaying a cell-specific targeting ligand, which would allow the production of
phage particles targeting mammalian cells. As we have demonstrated how the phagemid can be
optimized for mammalian gene delivery production, we now further investigate how the helper

phage can be modified to improve phagemid rescue.

4.1.1 Phage display

Peptide fusion into the helper phage and/or phagemid allows for a diverse combination of peptide
display, which is useful for extending phage function and peptide library screening [257]. In tandem
with gene insertions in the phagemid, peptide display can be paired with gene transfer for a
myriad of gene transfer applications. Present in five copies in the capsid, the coat protein pIII
is the most common site for peptide display. Display on plIl can be accomplished in number
of ways (Figure 4.1): if the only source of plIII is from the helper, this results in homogeneous,
multivalent plll display or a Type 3 display. If the phagemid encodes a competing glII, a pool of
chimeric pIII molecules compete for assembly into the phage particle, leading to heterogeneous

display (Type 3+3). Translational fusion of peptides to both the N- and C-termini of pIII has
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been demonstrated [249, 257, 276]. The coat protein pIII mediates infectivity while it is part of
the phage capsid structure [122]. After infection and coat disassembly, pIII units are localized
to the cell membrane where they participate in phage assembly by capping off extruding phage
particles. Protein fusions to plll, particularly to its N-terminus, must therefore avoid disruption of
its functions outside and within the cell. Despite these limitations, plIl remains a popular site
for peptide display, due to the accessibility of the protein to the environment and its ability to

accommodate large fusions [249, 257].
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Figure 4.1: Display systems of M13. This schematic shows two M13 display systems using pllI as a
model. In Type 3 display, only one copy of gllI is available, leading to homogeneous display
of the fusion peptide. In Type 343, two trans copies of glII are available, instead leading to
heterogeneous display.

4.1.2 Helper phage manipulation

While helper phage is necessary to supply phage structural, replicative, and assembly proteins,
both a helper phage and phagemid contain the full f1 ori. As such, both helper and phagemid
are substrates for the phage replicative protein, pll, which initiates and terminates rolling circle
amplification during the phage lifecycle [178]. Interference by the helper generally reduces the
overall yield of phagemid particles [267, 315] and can overtake phage progeny production. Work

on reducing interference from the helper has proven fruitful, giving rise to an array of different
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helper phages [316], including the helper phage M13KO7 [267]. The insertion of the transposon
Tn903 into the Aval site of M13mpl interrupts the f1 ori, creating an origin that is less efficiently
replicated by pll. To counteract this, Tn903 carries the plasmid pl5a origin of replication, enabling
M13KO7 to replicate without complete dependence on pll. As a helper, M13KO7 provides phage
proteins necessary for high amplification and production of phagemid progeny while contributing

less of its own progeny.

The f1 origin of another helper phage, M13KE, is interrupted by the insertion of lacZ «, preferentially
amplifying a phagemid with a wild-type f1 ori if one is present. Moreover, M13KE easily facilitates
N-terminal fusions to pIII through the incorporation of two endonuclease target sites within the
N-terminus of gIII [438|. The polylinker within lacZa also accommodates direct insertion of genetic
sequences. M13KE is therefore suitable as either a Type 3 (one copy of gIII) or Type 3+3 (two
trans copies of glII) display system in tandem with a phagemid (Figure 4.1). It can also support a
Type 33 display (two cis copies of glII).

4.1.3 Escherichia coli host strains for the propagation of M13

A number of common laboratory F. coli strains have been frequently used in the propagation
of M13 and production of single-stranded (ss) DNA [439, 440]. They include strains from
the Messing laboratory [308, 312| (for example: JM109), XL1-Blue [439, 441], TG1 [439], and
NM522 [442].

Messing and colleagues constructed a number of E. coli strains for the propagation of M13 cloning
vectors [308, 312|. Of them, JM109 is a recombination-deficient (recA) strain commonly used for
plasmid purification. XL1-Blue is another common recA host for M13 [261, 319, 443] and often used
in applications requiring stable propagation of plasmids. They both have very similar published
genotypes (Table 4.1); the biggest difference is a TcR® marker through Tnl0 insertion in the F’
episome in XL1-Blue. Both carry the gyrA96 mutation, where gyrA encodes for the GyrA subunit
of DNA gyrase. DNA gyrase has been implicated in homology-dependent, RecA-independent
deletions; the gyrA96 mutation gives resistance to nalidixic acid and stabilizes the cloning of

repetitive DNA [444] without adversely impact supercoiling of plasmid DNA [445].

In contrast, NM522 and TG1 are both recombination-competent strains often used for the
propagation of filamentous phage. NM522 is hsd A5 derivative of 71-18, a (lac-pro) strain of
E. coli [446], commonly used for the production of single-stranded DNA. TG1 is commercially
available from a number of companies (Lucigen, Agilent, Antibody Design Laboratories, GoldBio)
for the generation of phage display libraries [447]. It is also closely related to CSH50, a fairly
well-known strain which used to be distributed by the Cold Spring Harbor Laboratory to research
laboratories [439, 448] and was frequently used in M13 studies.
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4.1.4 Rationale and hypothesis

In Chapter 3, we characterized the ability of helper phage M13KO7 to rescue miniaturized
phagemids from precursor plasmids with a split origin in comparison to full phagemids with
wild-type origins. Here, we constructed a derivative of M13KO7 for Type 3 display of a mammalian
ligand, the epidermal growth factor (EGF), for use in mammalian cell targeting. When used
as a cell-specific targeting ligand, EGF recognition by its cognate receptor has been shown to
enable phage internalization into mammalian cells, which can then enable phage-mediated gene
transfer in a tissue-specific manner [347]. Mono- and multivalent display of EGF has previously
been demonstrated on M13 [347, 449-451], although EGF-displaying helper rescue of phagemid
has not been thoroughly investigated. The effect of EGF on phage infectivity has also not been
deeply investigated. However, if phage are able to infect, then pIIl::EGF fusions are not expected
to adversely impact replication. We hypothesized that display of EGF on the helper would not

impact phagemid:helper ratios for either full or mini phagemids.

Additionally, we describe the construction of another derivative of M13KO7 that deletes the
packaging signal (PS) directly downstream of gIV. Deletion of the PS would prohibit phage genome
interaction with phage assembly complexes, thereby preventing extrusion of the helper; the loss of
PS has been linked to reduced phage particle production [452]. We hypothesized that the absence
of a PS on the helper should lead to preferential extrusion of phagemid progeny over the helper

and improve the phagemid:helper ratio.

Strain selection. Based on recommendations from Green and Sambrook [439], we selected six
common or commercially available laboratory strains to assess phagemid rescue by M13KO7 and
M13SW8. 1) JM109 [308] and 2) XL1-Blue [441] are often used for plasmid and M13 propagation.
3) ER2738 [442, 453] is a derivative of NM522 with a Tc® marker present on its F/ episome [442]
and commercially sold as a host for M13 phage display (New England BioLabs, Lucigen, Amid
Biosciences). 4) The NEB Turbo strain from New England BioLabs is notable for its rapid growth
rate and good plasmid yield; its genotype bears resemblance to TG1, which was also recognized for
its rapid growth [447]. 5) Stbl4 is derived from Stbl2 [454], which itself is a derivative of JM109;
both strains were developed for applications with large repeats of DNA or large plasmids that are

normally unstable in E. coli strains [455]. 6) DHba [456] was included as our F~ control.

DHb5a, and Stbl4 are both recombination-deficient, like JM109 and XL1-Blue. Conversely, ER2738
and NEB Turbo are both fast-growing recA™ strains. Specifically, New England BioLabs reports
NEB Turbo colony growth in as little as 6 h and plasmid preparation after 4h [457]|. Similarly
to XL1-Blue, both ER2738 and Stbl4 are resistant to tetracycline by way of a Tn10 insertion
in the F episome. As the helper phages, phagemids, and miniphagemid replicative factor (RF)
species all share the same f1 ori (~500bp), recombination events may occur; therefore, Stbl4d was

investigated for potentially improved plasmid/phagemid maintenance.
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4.2 Materials and methods

Strains and vectors. F. coli K-12 strains were used in the generation of all phage and plasmid
constructs. F. coli JM109 was the host for plasmid amplification and purification unless otherwise

noted. Bacterial strains are listed in Table 4.1, plasmids in Table 4.2, and phages in Table 4.3.

Media and buffers. All media and buffers were prepared according to recipes in Appendix A,
unless otherwise specified. Bacterial strains were cultured in Luria—Bertani (LB) liquid medium,
while plaque assays were carried out in top agar. Phage lysates were purified and stored in
Tris-NaCl (TN) buffer and concentrated with polyethylene glycol (PEG), as indicated.

Construction of an M13KO7 derivative capable of display on pIII. MI13KE has endonu-
clease target sites in gIII that simplify N-terminal peptide fusions [438], while M13KO7 contains
the plasmid p15a ori and a Km® marker [267]. The gIII from M13KE was inserted into the
helper phage M13KO7 using Gibson assembly in order to generate a helper phage that could
easily take on N-terminal pIII fusions while retaining the p15a ori. In M13KE, glIIl was amplified
using primers, gIII-F and gIII-R (Table 4.4). The M13KO7 backbone was amplified with primers
extending outward from its glII region: M13KO7-F and M13KO7-R. PCR products were assembled
using NEBuilder HiFi DNA Assembly Master Mix (New England BioLabs) then transformed, and
selected on LB agar supplemented with 25 g kanamycin. The purified final construct, M13SW7

(Figure 4.2A), was transformed into an F™ E. coli strain for further characterization.

Table 4.1: Bacterial strains used in the construction of helper phages

Strain Genotype Source
/ + q _
IM109 F traD36.proAB_ lacl? lacZAM15/ A(lac-proAB) endAl NEB
gInV44 thi-1 el4™ recAl gyrA96 relAl hsdR17
F~ ¢80 A(lacZYA-argF)U169 endAl thi-1 recAl gyrA96
DH5a relAl hsdR17(ry, mi() phoA supE44 CGSC 712384
/ —+ q
XL1-Blue F’ traD36 proAB™ lacl? lacZAM15 Tnl0/ lac endAl Agilent Technologies

glnV44 thi-1 recAl gyrA96 relAl hsdR17

F’ proAB™ laclq lacZAM15 Tn10/ endA1l glnV44 thi-1
Stbl4 recAl gyrA96 relAl A(lac-proAB) mecrA Invitrogen
A(mcrBC-hsdRMS-mrr) A~ gal

F’ zz£:Tn10(TcR) proABT lacl? lacZAM15/
A(lac-proAB) thi-1 glnV44, A(hsdS-merB)5, thuA2

F’ traD36 proAB™ lacl? lacZAM15/ A(lac-proAB)
NEB Turbo glnV44 thi-1 galE15 galK16 R(zgh-210::Tn10)TetS endA1l NEB
fhuA2 A(mcrB-hsdSM)5(ry, my)

ER2738 NEB

NEB: New England BioLabs  CGSC: Coli Genetics Stock Center
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Table 4.2: Plasmids used in the construction of helper phages

Plasmid Genotype Source

pGL2-Promoter (GN : X65326.2) cmu-gfp gift, Mediphage
replaced SV40-luc, Ap® Bioceuticals Inc.

pGL3-Basic (GN: U47295.2) c¢cmv inserted in
BellI-HindIII, ApR

pBluescript 1T KS+ wild-type f1 ori, pUC ori, Ap® [405]

pGL2-SS-CMV-GFP-SS

pGL3-CMV gift, Dr. N. Oviedo

egf in translation fusion to gpD from A in

pPL451-gpD::cef pPL451 (GN: AB248919.1) [458]
SWO pBluescript II KS+, ¢muv-gfp inserted in Chapter 3
P BamHI-EcoRI, ApR
pBluescript II KS+, ¢mu-luc inserted in
pSW10 Kpnl, ApR Chapter 3
pM13ori2.cmvgfp pM13ori2, cmu-gfp inserted in EcoRI-Pacl Chapter 3
pM13ori2.cmvluc pM13ori2, cmu-luc inserted in EcoRI-Kpnl Chapter 3
GN: GenBank Accession No.
Table 4.3: Phages used in the construction of helper phages
Phage Genotype Source
M13 wild-type CGSC #13587
M13KO7 M13, pl15a ori, Tn903 (KmR) NEB
M13KE M13, Kpnl and Eagl target sites in glII NEB
M13SW7 M13KO7, gIII from M13KE This study
MI13SW7-EGF M13SW7, egf from pPL451-gpD::egf This study
M13SW8 M13KO7, PS removed, Km® This study
full-(gfp) cmu-gfp, from precursor pSW9, Apt Chapter 3
fullegs-(gfp) emu-gfp, from precursor pSW9, pIII::EGF, ApR This study
mini-(gfp) cmu-gfp, from precursor pM13ori2.cmvgfp Chapter 3
miniegr-(gfp)  emu-gfp, from precursor pM13ori2.cmvgfp, pIII::EGF  This study
full-(luc) from precursor pSW10, Ap® Chapter 3
fullegs-(luc) from precursor pSW10, plII::EGF, ApR This study
mini-(luc) from precursor pM13ori2.cmvluc, Ap® Chapter 3
miniegs-(luc)  from precursor pM13ori2.cmvluc, pIII:EGF, ApR This study

CGSC: Coli Genetics Stock Center NEB: New England BioLabs
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Figure 4.2: Maps of modified display helper phages. The endonuclease sites for insertion of
egf:: GGGS (Kpnl and Eagl) are indicated.

Table 4.4: Primers for phage construction

Primer Amplicon  Sequence (5" - 3/)!
TTTTTTTGGAGATTTTCAACGTGAAAAAATTATTATTCGCA
oIII-F oIl
ATTCC
CCCAAAAGAACTGGCATGATTTAAGACTCCTTATTACGCAG
oITI-R gl o

M13KO7-F MI13KO7 GTTGAAAATCTCCAAAAAAAAGGC
M13KO7-R  M13KO7 TCATGCCAGTTCTTTTGGG
GGTACCTTTCTATTCTCACTCTAATAGTGACTCTGAATGTC

Kpnl-egf-F egf oC?
Eagl-egf-R egf CGGCCCAAGAACCACCACCGCGCAGTTCCCACCAC?
gIV-R glV GGCTCGCTACAGGGCGCGTACH

ATAATGGCTAATCCCACAGGCCGCCAGTTCCGCTGGCGGC
ATTTTGCCAGGAAGATACTTAACAGGGH

Tn903-F Tn903

! Underlined nucleotides indicate primer overhang. 2 Italicized nucleotides indicate gIII leader sequence.
3 Italicized nucleotides indicate the GGGS linker. *Italicized nucleotides indicate spacer.
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Construction of EGF-displaying phages. EGF was inserted in the N-terminus of plIII
after the peptide leader sequence, via a GGGS (Gly-Gly-Gly-Ser) linker, commonly used to join
components of fusion proteins [459]. Primers were designed to amplify egf (Table 4.4) from
pPL451-gpD-EGF [458, 460]. In the forward primer (Kpnl-egf-F), the gIII leader sequence and
Kpnl target site were part of the 5’ primer overhang. In the reverse primer (Eagl-egf-R), the
linker and the Eagl target site were part of the 3’ overhang. The amplified PCR fragment and the
M13SW7 genome were digested with Kpnl and Eagl (New England BioLabs). Purified digested
fragments were ligated with T4 DNA ligase (New England BioLabs), transformed, then selected
on LB agar supplemented with kanamycin to generate M13SW7-EGF (Figure 4.2B).

Phage amplification and purification. First, a fresh colony was inoculated in 2X YT
supplemented with MgSO,, and incubated at 37°C with agitation until slightly turbid (0.05
< Agoy < 0.4). Helper phage was then added to a titre of approximately 10® PFU/mL and
returned to the same conditions for another 1.5h. The culture was then supplemented with
kanamycin (70 pg/mL) and returned to the same conditions overnight. The next day, the culture

was centrifuged (8000 x g, 10 min) to separate the bacterial pellet from the supernatant.

The supernatant containing the phage lysate was further purified through a 0.45um filter to
remove residual bacterial debris. Filtered lysate was concentrated through precipitation with PEG:
1/5 of the lysate volume was added in PEG, and the mixture was incubated at 4 °C for at least
2h. The lysate was then centrifuged at 12000 x g for 15 min at 4 °C to separate the PEGylated
phage (pellet) from media (supernatant). The pellet was then re-suspended in a smaller volume
of ice-cold TN buffer and a second PEG precipitation was carried out to further concentrate the
phage. PEG-precipitated phage suspensions were treated with DNase I (Promega, Madison, USA)
to remove extraneous phage or bacterial DNA [409, 410], then stored at 4 °C.

Purification of the double-stranded RF and single-stranded miniphagemid DNA.
Episomal double-stranded (ds) RF were extracted from a cell pellet with the Monarch Plasmid
Miniprep Kit (New England BioLabs). Phagemid DNA were extracted from the phage lysate
through phenol-chloroform extraction. Phenol was added to PEG-concentrated phage lysate (1:1,
v/v) and mixed by vortexing. After centrifugation for 5min at 4 °C, the top aqueous layer was
extracted. This layer was extracted again with an equivalent volume of phenol:chloroform twice,
and chloroform once. Finally, the phagemid ssDNA was precipitated overnight with 100% ethanol
at —80 °C. The precipitated DNA was washed with 70% ethanol, dried, and re-suspended in RNase

and DNase-free water.

Quantification of phagemid and RF DNA. DNA was analyzed using the NanoDrop 2000 to
determine concentration and purity. Extracted RFs were linearized with BamHI and visualized
via agarose gel electrophoresis (AGE), while phagemid ssDNA was visualized directly without

digestion.
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Dot blot of EGF-displaying helper phage. To qualitatively confirm EGF display, a dot blot
was performed with M13SW7-EGF and purified recombinant EGF (Thermo Fisher Scientific).
Serial dilutions of recombinant EGF and M13SW7-EGF were spotted onto nitrocellulose membrane
and left to dry. The membrane was then blocked with 4% bovine serum albumin (BSA) buffer.
Anti-EGF monoclonal mouse antibody (Thermo Fisher Scientific) was applied, followed by a
secondary horseradish peroxidase (HRP)-conjugated anti-mouse antibody. The blot was visualized

with a colorimetric HRP substrate (Thermo Fisher Scientific).

ELISA of EGF displaying helper phage. To further confirm EGF display, a semi-quantiative
enzyme-linked immunosorbent assay (ELISA) was performed, also with M13SW7-EGF and purified
recombinant EGF. 96-well plates were coated with capture anti-EGF monoclonal mouse antibody
and blocked with 4% BSA buffer. Serial dilutions of recombinant EGF and M13SW7-EGF were
applied to the coated wells. Detection anti-EGF and anti-M13 antibodies were applied. Following
the addition of streptavadin-HRP and HRP substrate (Thermo Fisher Scientific), absorbances

were measured at 450 nm.

Construction of a self-packaging deficient helper phage. The PS immediately downstream
of gIV was deleted in M13KO7. Since the PS functions as the gIV transcriptional terminator, a short
terminator sequence was incorporated in its stead [461]. The well-characterized Rho-independent
trp terminator [462, 463] was selected based on its short length as it was easily integrated into
a primer overhang. The genome of M13KO7 was amplified using primers starting at the 3’ end
of gIV, gIV-R, and beginning within the Tn903 fragment, Tn903-F (Table 4.4). The amplified
fragment was purified and ligated with T4 DNA ligase (New England BioLabs), transformed into
DHb5q, then selected on LB agar supplemented with kanamycin. The final construct, M13SW8

(Figure 4.3), was transformed into an F* E. coli strain for further characterization.

plba

trp trm =55t 56y, Vv
M13SW8 &
gVl

(8224 bp) gIx
gVill
glv

Figure 4.3: Map of modified non-packaging helper phage. Helper phage M13SW8 has the trp
terminator instead of its original terminator and PS downstream of gI'V.
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Assessment of helper phage-assembled phagemid viability through infectivity assays.
Both infectivity assays were conducted using ER2738, a fast-growing F " strain that is recommended
for the production of filamentous phage (New England BioLabs). To quantify the degree of helper
self-packaging, plaque assays were performed comparing the infectivity of M13SW8 and M13KO7.
First, the appropriate dilution to generate countable (10-300) plaques was determined through
a spot plate. Briefly, 200 nLi of early log-phase E. coli ER2738 was mixed with 3 mL top agar
supplemented with 5mM MgSO,, then poured on a pre-warmed LB agar plate. Separately, phage
lysates were serially diluted in TN buffer, then 5pnL of each phage lysate dilution were spotted
onto the top agar. Plates were incubated overnight at 37 °C and analyzed the next day. The lowest
dilution that generated distinct plaques on the bacterial lawn was selected to generate full plates
for plaque assay. For the full plaque assay, the same procedure was followed except that the entire
volume of diluted phage was added directly to the volume of bacterial culture prior to the addition

of top agar. The titre was expressed as plaque forming units (PFU) per millilitre.

A colony assay was conducted to quantify the ability of infectious helper phage to confer antibiotic
resistance. Cells were first transformed by either the helper M13KO7 or M13SWS8. They were
then also transformed with pBluescript II KS+, which carries the f1 origin and confers Ap®. A
culture of cells with both the helper phage and target phagemid vector was grown overnight in
2X YT supplemented with MgSO,, kanamycin, and ampicillin. Phage lysates were purified from
these cultures the next day and concentrated through PEG precipitation. These phage lysates
were incubated with early log-phase E. coli ER2738 (Agop ~ 0.4) and spotted on LB agar plates
supplemented with ampicillin, kanamycin, or both. For full plates, the same procedure was followed
except that the entire dilution volume (200 pL) was spread on an LB agar plate supplemented
with ampicillin, kanamycin, or both. The titre was expressed as colony forming units (CFU) per

millilitre.

Comparison of helper phage activity across E. coli strains. A range of E. coli host
backgrounds were examined for their effect on helper phage productivity: JM109, XL1-Blue,
STLB4, NEB Turbo, ER2738, and DH5a. Strains were transformed with one of two kanamycin-
resistant helper phages: M13KO7 (PS present), or M13SW8 (PS deleted). Lysogens were then
transformed with one of two phagemid precursor plasmids: pSW9 (intact ori), or pM13ori2.cmvgfp
(split ori). To produce phagemid particles, strains harbouring both helper and precursor plasmid
were inoculated into 2X YT liquid medium supplemented with kanamycin and ampicillin. Cultures

were incubated overnight at 37 °C with agitation.

Quantification of phage species. The populations of helper and recombinant phagemids
within each phage suspension were quantified through SYBR Green quantitative PCR (qPCR).
Calibration curves for quantifying phage were constructed using external standards: M13KE RF
(7222 bp; New England BioLabs) for helper phage, pGL2-SS-CMV-GFP-SS (5257 bp; Mediphage
Bioceuticals) for gfp-encoding target phage, and pGL3-CMV (5678 bp) for luc-encoding target
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phage. Primers specific to a region within gV of M13KO7 [409] were used to amplify helper phage.
Primers targeting a region within gfp or luc were designed to amplify gfp- or luc-encoding phage
(Table 4.5). To generate each calibration curve, 10-fold serial dilutions of each external control
were prepared (107! to 1078) as template for the polymerase chain reaction (PCR) reaction. To
prepare the phage particles for PCR, the lysates were denatured by heat for 100 °C for 15 min to
isolate phage DNA [409]. Ten-fold serial dilutions of each cleared lysate were prepared as template
for the PCR reaction. As the phage lysates were of unknown concentration, dilution series of
each were amplified through gPCR. For PEGylated lysates, dilutions in the range 1073-107° were
examined, while for non-PEGylated lysates, 1071-1073,

Each 10 pL PCR reaction was prepared using 5 pLi of PowerUp SYBR Green Mix (Thermo Fisher
Scientific, Waltham, USA), 1 pL each of 500 nM primer (forward and reverse), 2 uLi of template,
and 1 pL of dH,0O. PCR cycling conditions were as follows: 50 °C for 2 min, 95 °C for 2 min, followed
by 40 cycles at 95°C for 15s and 60 °C for 1 min. Next, the melt curve was set for 1 cycle at 95°C
for 158, 60 °C for 1 min, and 95 °C for 15s. PCR reactions were run in triplicate on the StepOne
Plus Real-Time PCR system (Applied Biosystems, Waltham, USA). The quantification cycle or

threshold cycle number (Cq) for each reaction was recorded and used in subsequent analysis.

Table 4.5: Primers for qPCR to quantify phagemid and helper phage

Primer Amplicon Sequence (5" — 3')

g5-F gV CACCGTTCATCTGTCCTCTTT
g5-R gV CGACCTGCTCCATGTTACTTA
ofp-F ofp  CAAGATGAAGAGCACCAAAGG
ofp-R gfp  CGAAGTGGTAGAAGCCGTAG
luc-F luc GCGCGGAGGAGTTGTGTT

luc-R luc TCTGATTTTTCTTGCGTCGAGTT

Conversion from the mass of dsDNA to the number of genome copies is given by

ge = (mass X 607.4 + 157.9) % (6.02 x 10%3), (4.1)
Size

where gc is the concentration of phage genome copies in genome copies/pl, mass is the mass
of the dsDNA standard in g/pL, and size is its length in bp [409]. Phage concentrations are
estimated from their respective calibration curve. First, the Cq4 values from each exogenous control
are plotted against the log of the known concentrations for each concentration in the dilution series.

Linear regression produces a familiar equation of the form
Cq=mz +b (4.2)

where Cg is the measured threshold cycle number, m is the slope, = is the base-10 log of the

concentration in gc/nL and b is the x-intercept.
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PCR amplification efficiency is given by

E=10""7"—-1. (4.3)

Subsequently, virion concentration V' can be estimated simply by
V =10 x 2 (4.4)

where multiplication by 2 adjusts for the estimation of single-stranded products (gc/pL) from
dsDNA standards. Only C, measurements within the bounds of the calibration curve were used to

calculate phage concentration.

Statistical analysis. All statistical analyses were performed using Python (with the packages
NumPy [414], Pandas [415, 416], SciPy [417], scikit-bio [418], and statsmodels [419]). Values were
reported as means of n independent experiments with uncertainty reported as the standard error
of the mean (SEM) or standard deviation (SD), as indicated. Statistical hypothesis tests were
evaluated using one-way ANOVA, followed by the Tukey range test for multiple comparisons.
Values of p < 0.05 were considered statistically significant; in some cases, values of p < 0.1 are

noted and discussed.

Phagemid fractions were determined as the concentration of target phagemid divided by the total
virion concentration, expressed as percentages. As compositional data [420], they have a fixed
constant sum constraint (100%). In order not to violate this constraint, the data were transformed
using an isometric log ratio transformation before performing statistical analyses. Data were then

transformed back to percentages for reporting.

4.3 Results

First, M13SW7 was constructed by replacing the gIIl in M13KO7 with the display-accommodating
glII from M13KE. The targeting ligand EGF was then inserted in-frame and the ability of this
ligand-displaying helper (M13SW7-EGF) to replicate and assemble mini and full phagemids
encoding cmu-gfp was investigated. Next, a derivative of M13KO7 deficient of its packaging signal
was constructed (M13SWR8). The ability of this helper phage to rescue phagemid was characterized

across multiple E. coli strain backgrounds.

4.3.1 Construction of a helper phage vector displaying EGF

Construction of M13SW7 proceeded through Gibson assembly of M13KE-derived glIII (1.4kb)
and the M13KO7 backbone without gIII (7.3kb); fragments were amplified from their respective
genomes (Figure 4.4A). Two endonuclease target sites (Kpnl and Eagl) are present in M13KE-
derived glIl. Kpnl does not cut M13KO7; instead, M13KO7 contains a unique BstBI cut site
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within its the pl5a ori, which is not present in M13KE. To verify successful Gibson assembly,
putative M13SW7 clones were digested with Kpnl-BstBI and visualized via AGE (Figure 4.4B). In
their respective lanes, BstBl-linearized M13KO7 and Kpnl-linearized M13KE ran at their expected
genome sizes: 8.7kb and 7.2kb. M13SW7, having both cut sites, was expected to show two bands:
4.9kb and 3.8kb. Several putative clones exhibited this pattern (Figure 4.4), confirming the

successful construction of M13SW?7.

Mr @ @

(kb) M13KO7 93

Mr
(kb) M13KO7 MI13KE putative M13SW7

(A) Products for assembly (B) KpnlI-BstBI digestion of putative M13SW7

Figure 4.4: Construction of a recombinant helper phage from M13KO7 and M13KE. A)
Lanes show PCR products for Gibson assembly: M13KO7 backbone (7.3kb) and M13KE
gIIT (1.4kb). B) Lanes show products digested with Kpnl and BstBI. From left to right:
M13KO7 (8.7kb) and M13KE (7.2kb), 3 putative M13SW7 clones (4.9kb, 3.8kb). Mr: 1 kb,
FroggaBio.

Next, the targeting ligand EGF was amplified by PCR to include a GGGS linker (egf::GGGS)
for insertion into the Kpnl-Eagl sites of M13SW7. Phage tolerance of the fusion was assessed by
plaque assay of PEGylated lysates (Table 4.6). M13SW7-EGF titres were comparable to those
of its parents, M13KO7 and M13KE, as well as wild-type M13. Thus, the EGF fusion did not
impede phage infectivity.

Results summarized in Figure 4.5 confirm the genetic insertion of egf::GGGS between Kpnl and
Eagl, and display of EGF on the M13SW?7 virion. Successful insertion of the fusion was verified
through PCR (Figure 4.5B). Without insertion, the expected amplicon size was 54 bp; if inserted,
the expected amplicon size was 228 bp, which was confirmed through PCR and visualized via
AGE. Display of the peptide was also verified through immunoassays: both through an ELISA
(Figure 4.5A) and dot blot (Figure 4.5C). Signal was detected for M13SW7-EGF and not M13SW?7,
confirming the presence of the EGF ligand.
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Table 4.6: Phage titre of the EGF-displaying helper phage

Phage Titre (x10'® PFU/mL)!
M13 0.31 4+ 0.06
M13KO7 1.90 4+ 0.12
M13KE 0.12 £ 0.02
M13SW7 3.43+1.73
MISWT7-EGF 2.75+1.04
! Uncertainty reported as SEMx2, n = 3.
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(A) ELISA of EGF-displaying helper phage

(B) PCR of insertions in gIII
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(C) Dot blot capturing EGF display on helper phage

Figure 4.5: EGF display is confirmed on recombinant helper phage. A) ELISA of the putative
EGF-displaying helper is compared to non-displaying helper. Error bars represent SD, n = 3.
B) The glIII Kpnl-Eagl region was amplified by PCR and visualized via AGE. From left to
right: 1) M13KO7 (negative control, no amplification), 2) M13KE (54 bp), 3) M13SW7 (54 bp),
4) M13SW7-EGF (228 bp), Mr: Low Molecular Weight Ladder (New England BioLabs). C)
A dot blot comparing dilutions of recombinant human EGF (control, top) to dilutions of
M13SWT7-EGF (bottom). As a positive control, the antibody was spotted directly on the
membrane, alongside M13SW7 (negative control, no display) and PBS.
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4.3.2 Characterization of EGF-displaying helper performance

We next examined the ability of M13SW7-EGF to assemble phagemid from split and wild-type
origins. We compared the overall yield as well (Table 4.7) as the phagemid:helper ratios between
M13SW7-EGF and M13KO7 (Figure 4.6). Yield of fulleg-(luc) was highest overall; in fact, yields
from lysates prepared using M13SWT7-EGF tended to be greater than those prepared with M13KO7,
but not always to a significant degree. As observed previously (Chapter 3), the emuv-gfp encoding
phagemids were produced at a higher phagemid:helper ratio than cmuv-luc. However, no significant
difference in phagemid compositions was observed between the use of M13KO7 or M13SWT7-EGF
as the helper. Both mini-(gfp) and miniees-(gfp) comprised the largest fractions of their lysates,
followed by full-(gfp) and fullege-(gfp). Similarly, both mini-(luc) and miniegs-(luc) were also rescued
to a greater extent better than full-(luc) and fulleg-(luc), which comprised the smallest fractions
of their lysates. Overall, the display of EGF did not affect the helper phage’s ability to rescue

mini or full phagemids.
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Figure 4.6: Composition of EGF-displaying phage lysates. At the top, the concentration (gc/pL)
of each phage species (target phagemid or helper) in each lysate is presented. Below, the
phagemid fraction of each phage species is shown as a percentage of the total phage population.
Error bars represent SEMx2, n = 3.
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Table 4.7: Comparison of phage yield from the EGF-displaying helper

Total phage concentration (x 10% gc/nL)!

mini full
Cassette —EGF +EGF —EGF +EGF

cmu-gfp 38.49 +19.82 8.56 + 0.33 4.36 £1.32 54.56 + 10.84
cmu-luc 4551 +£13.72  118.81 £39.42 25.87£16.80  819.78 £430.10

! Uncertainty reported as SEMx2, n = 3.

4.3.3 Construction of a helper phage vector without a packaging signal

Another helper phage was derived from M13KO7; here, the PS downstream of gV was removed
and replaced with a Rho-independent terminator to generate M13SWS8. PCR amplification of the
region between gIV and the plba ori would result in a 386 bp (Figure 4.7). In M13SW8, deletion
of the region should result in amplification of a 169 bp band. Bands at the expected sizes were

observed, confirming the construction of M13SWS8.

Mr
(bp) MI13KO7 putative M13SW8

L ) ) W

——

Figure 4.7: The PS is deleted in M13KO7 to create M13SWS8. On top, the region between gIV
and the plba ori in M13KO7 is shown. Nucleotides identified as part of the PS loop are
underlined. Primers for mutagenesis and relevant features are depicted. Below, PCR products
of this region are visualized via AGE. From left to right: M13KO7 (386 bp), putative M13SW8
clones (169 bp). Mr: Low Molecular Weight ladder (New England BioLabs).
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M13KO7 and M13SWS8 phage were propagated in ER2738 alone and in presence of pBluescript 11
KS+. Figure 4.8A shows plaque formation by spots of M13KO7 lysate on a lawn of ER2738, but
no plaques even at low dilutions for M13SW8. Notably, attempts to extract ssDNA from M13SW8
lysates were unsuccessful. The absence of plaque formation and ssDNA in the lysate suggest no
M13SWS8 phage production.

Next, lysates of pBluescript 1T KS+ phagemid assembled by M13KO7 or M13SW8 were incubated
with susceptible ER2738. The infected cultures were spotted onto LB agar supplemented with
ampicillin (Figure 4.8B) or ampicillin and kanamycin (Figure 4.8C). Ampicillin resistance arose by
cell uptake of Ap® pBluescript phagemid particles; single colonies could not be discerned even at
high dilutions (107%), indicating a high phagemid titre from both helpers. Kanamycin resistance
also emerged by cell uptake of Km® M13KO7 or M13SW8 helper phage particles. However, no
ApRKmP® colonies were visible past the 107° dilution spot for the M13SW8-packaged lysate. In
comparison, single colonies could not be discerned for the M13KO7-packaged lysate, indicating
much higher concentration of M13KO7 in the phagemid lysate compared to M13SWS8.

©

M13KO7

M135W8

Figure 4.8: Helper phage M13SW8 is deficient in self-packaging. The top row shows the helper
phage M13KO7, while the bottom row shows M13SW8. A) Helper phage lysates were spotted
onto a lawn of susceptible E. coli ER2378 (Km® and Ap®). B) After incubation with the
helper phage, infected ER2738 were spotted onto LB agar supplemented with kanamycin. C)
After incubation with helper phage-packaged pBluescript II KS+ (Ap®), infected ER2738
were spotted onto LB agar supplemented with kanamycin and ampicillin.

Titres determined from helper phage or helper-rescued pBluescript lysates show similar results
(Table 4.8). While the lysate generated from M13SW8-rescue of pBluescript exhibited a tenfold
higher Ap® colony titre than M13KO7-rescued lysate (3.00 x 104 versus 4.37 x 10'® CFU/mL), the
KmP® colony titre was much lower. Indeed, the Km® colony titre (helper phage) is seven orders of
magnitude lower than that of the Ap® (phagemid) in the M13SW8-rescued lysate. In comparison,
the Ap® and KmP® colony titres are much more similar when M13KO7 is the helper.
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Table 4.8: Phage titres from a helper deficient of its packaging signal

M13KO7? M13SWs!
Phage only
PA 3.16 x 1013 £ 0.42 x 1013 —
CA (Km) 2.61 x 10" £ 0.32 x 104 —
pBluescript IT KS+
CA (Ap) 4.37 x 1013 £ 0.58 x 1013 3.00 x 101 £ 1.15 x 1014
CA (Km) 4.43 x 1013 4 0.29 x 10'3  3.93 x 107 + 0.24 x 107

CA (Ap/Km) 4.53 x 1013 £ 0.68 x 101 3.94 x 107 £ 0.32 x 107

! Uncertainty reported as SEMx2, n = 3.  PA: Plaque assay (PFU/mL).
CA: Colony assay (CFU/mL), antibiotic indicated in parentheses.

4.3.4 Rescue efficiency of a helper phage deficient in self-packaging

We next compared the efficiency of M13KO7 and M13SWS8 in the production of mini-(gfp)
and full-(gfp) across six strains that represent common laboratory strains for plasmid or M13
propagation [439, 440]. The five F" strains were JM109, XL1-Blue, Stbl4, NEB Turbo, and
ER2738; an F~ control, DH5«, was also compared. Each strain was transformed by the mini
phagemid precursor pM13ori2.cmvgfp or the full phagemid plasmid (pSW9) and either M13KO7
or M13SWS8 to act as the helper. Phagemid fractions for each lysate are reported in Figure 4.9

while total phage concentrations are given in Table 4.9

B mini, M13KO7 B full, M13KO7 B mini, M13SW8 E full, M13SW8
*

h
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80 1
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Percent phagemid (%)
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JM109 XL1-Blue Stbl4 Turbo ER2738 DH5«

Figure 4.9: Composition of lysates packaged by PS-deficient helper phage. The proportion of
packaged target phagemid (either mini-(gfp) or full-(gfp)) is shown as a percentage of the
total phage population, as produced by either M13KO7 or M13SW8 across 6 different E. coli
strains. Error bars represent SEM x2, n = 3. The % above the bars indicates a difference at
significance level p < 0.05.
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Total phage titres rescued by M13KO7 did not differ significantly across strains; however a higher
total phage titre was observed in M13SWS rescue of full-(gfp) in JM109 when compared to all
other strains (p < 0.05). Both M13KO7 and M13SW8 were able to rescue phagemid in DHb5«,
despite the lack of an F’ episome. In NEB Turbo, M13SW8-rescue of mini-(gfp) was detected, but
the phagemid comprised only 0.04% of the lysate, with a concentration of 1.35 x 10% gc/uL. In
contrast, the helper phage comprised the vast majority of the lysate at 4.19 x 107 gc/pL. The
best-performing strains were JM109 (mini and full phagemids comprising 93.3% and 96.7% of
their respective lysates) and ER2738 (90.5%-99.9%).

Table 4.9: Comparison of phage yield by two helper phages across different strains

Total phage concentration (x 10% gc/uL)!

M13KO7 M13SW8

Strain full mini full mini
JM109 5.24 +6.92 2.334+0.94 8.33 & 5.88 5.08 +£0.42
XL1-Blue 6.61 4+ 5.38 2.324+0.72 2.78 +1.34 1.29 +1.10
Stbl4 11.77 £ 7.24 13.93 £+ 10.56 8.96 + 6.68 0.80 £0.80
Turbo 1.10 £ 0.68 1.01 £0.08 0.42 +£0.20 0.78 £0.76
ER2738 6.85 £ 5.18 1.38 = 0.70 3.85+4.24 0.69 £0.36
DHb5« 14.72 +£16.36 17.47 £+ 33.16 55.38 +94.10 1.10 £ 1.16

! Uncertainty reported as SEMx2, n = 3.

M13KOT7 performed better than M13SW8 in XL1-Blue (55.0%—79.0% versus 37.4%—25.7%), Stbl4
(92.5%-98.5% versus 40.7%-41.1%) and NEB Turbo (43.6%-68.0% versus 0.04%-3.78%). Within
JM109, ER2738, and DH5a, M13KO7 and M13SW8 performed more similarly. Interestingly,
M13SWS8 performed better than M13KO7 in ER2738 for one phagemid: the proportion of full-(gfp)
was greater than when rescued with M13KO7 (99.9% versus 90.6%). Differences were statistically
significant (p < 0.05).

Purified RF DNA linearized by BamHI was also visualized via AGE (Figure 4.10). In JM109
specifically, the mini-(gfp) RFx band as processed by M13SW8 was much brighter than that
of M13KQO7. This was correlated with an increase in the phagemid:helper ratio, although the
difference was not statistically significant (0.05 < p < 0.1). In DH5«, pM13ori2.cmvgfp appears
to be completely lost, processed by M13KO7 to RFx. This was correlated with a very high
phagemid:helper ratio (97.2%). In comparison with RF DNA isolated from JM109, purified RF
DNA from other strains also shows bands around the 1-2 kb range; these bands appear similar
in size to single-stranded full-(gfp) or mini-(gfp) species (Chapter 3). Presence of these bands
is weak in the two strains associated with higher phagemid:helper ratios, JM109 and Stbl4, but
very strong in the worst-performing strains, XL1-Blue and NEB Turbo. In XL1-Blue and NEB
Turbo, bands around 4 kb are also visible in the M13KO7-mini-(gfp) and M13KO7-full-(gfp) lanes,

respectively.
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Across all strains, M13SW8 rescue of full-(gfp) also appears to produce another extraneous 3 kb
band. This band is not present when the helper phage is M13KO7 in JM109, but occurs in all
other strains. It also does not appear to manifest from the rescue of miniphagemids by M13SWS8,

only during the rescue of full phagemids.
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Figure 4.10: PS-deficient helper phage produces recombinant RF (RFx) across 6 E. coli
strains. BamHI-digested RF DNA was extracted from cells carrying either pSW9 (full) or
pM13ori2.cmvgfp (mini) with helpers M13KO7 or M13SW8. Top: 1) JM109, 2) Stbl4, and
3) XL1-Blue. Bottom: 4) ER2738, 5) NEB Turbo, and 6) DH5a. Arrows indicate bands
of interest: yellow (helper genome), red (plasmid or corresponding full phagemid), blue
(recombinant RF: RFx). Mr: 1 kb ladder (FroggaBio).
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4.4 Discussion

4.4.1 Display of EGF does not impact phage infectivity nor rescue of mini or
full phagemids

EGF has been successfully displayed on pIII, in both N-terminal [347, 449-451] and C-terminal
fusions [347]. Consistent with this body of work, we observed no impact from M13 pIII display of
EGF on phage viability (Table 4.6), nor ligand recognition by its cognate antibody (Figure 4.5).
In fact, the M13SW7 and M13SW7-EGF titres were among the highest of the group under the

current study conditions.

The displayed peptide totaled 57 residues in length when including the linker. In general, plII can
tolerate pentavalent display of peptides up to approximately 50 residues long. Display of longer
peptides generally decrease display valency; large proteins including antibody fragments are only
possible through monovalent display on pIII [257]. Thus, the inclusion of a flexible linker helps to
avoid steric hindrance; the GGGS linker used here is the most common form of flexible linker used

to join components of fusion proteins [459].

The display of EGF was not expected to impact phagemid rescue as pllIl has no role in the
replication phase of the phage lifecycle. Quantification of phage lysates by qPCR showed higher
titres with the EGF-displaying helper than the non-displaying, although this was only significant
for fullegs-(luc). In general, M13SWT7-EGF performed as well as M13KO?7, its non-displaying parent,
in the production of both mini and full phagemids. Lysate compositions were consistent with those
obtained with the non-displaying parent: again, efficiency of phagemid production is dependent on
the phagemid-encoded transgene. Overall, these results demonstrate the viability of a pIII display
helper system for the packaging of phagemids [347, 451].

4.4.2 Removal of the packaging signal greatly reduces helper phage self-
packaging

The self-packaging deficient helper phage M13SW8 was constructed by deleting a ~500 bp region
containing the filamentous PS between gIV and the p15a ori in M13KO7. Termination of gIV gene
expression is dependent on a Rho-dependent terminator near or within the PS signal [194]; however,
Rho-independent termination of the gIV transcript has also been documented [187, 194]. It is
believed that the strong secondary structure within the f1 ori can halt transcription independent
of Rho. Replacement of the PS with a ¢rp terminator did not appear to impact phagemid rescue,
as M13SW8-rescued pBluescript lysates were viable and able to confer ampicillin resistance to

susceptible Ap® cells (Figure 4.8).

Levinson et al. (1984) postulated that a low phagemid rescue from a helper phage resulted
from ssDNA helper intermediates outcompeting phagemid intermediates for pV processing and
assembly [315]. Therefore, we hypothesized that removal of the helper phage PS would decouple

helper phage replication from assembly and extrusion. We would expect to see accumulation
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of ssDNA helper intermediates within the cell, which would convert back to duplex RF, and a
reduction in helper phage virions in the final lysate. Accumulated helper RF molecules could serve

as more templates for phage gene expression, which may further improve phagemid yield.

Spot plates of M13SW8 on ER2738 showed no visible plaque formation even at low dilution
(Figure 4.8). However, kanamycin resistance was still transferred to cells after incubation with a
pBluescript lysate using M13SWS as the helper. Still, titres of Km® phage were much lower when
compared to cells infected by the M13KO7-mediated pBluescript lysate (Table 4.8). This indicates
that loss of the PS does reduce helper self-packaging to a large extent. Despite the absence of
plaque formation and the lack of ssDNA from the phage lysate, M13SW8 infection still occurs in
the presence of phagemid. Together, this suggests that M13SW8 phage extrusion only occurs when
a functional PS is present. Single-stranded M13SW8 molecules may simply be assembled into
extruding pBluescript particles. Although the PS is required to initiate assembly, phage particle
elongation with additional DNA molecules does not appear to have this requirement [152]. In wild-
type phage populations, approximately 5% of phage progeny encapsulate multiple genomes [152,
234]. Based on the titres of Ap® and Km® phage from M13SW8-mediated rescue of pBluescript,
M13SWS8 comprises less than 1% of the lysate.

Hence, we postulate that virion production of the PS-deficient helper phage may manifest pri-
marily as multi-length virion particles co-extruded with PS-proficient phagemids. Moreover, the
accumulation of unextruded phage genome within the cell may serve as more template for greater

phage gene expression.

4.4.3 Choice of host background greatly impacts helper phage efficiency

We next contrasted M13SW8 and M13KO7 helper activity on cmuv-gfp encoding phagemids across
an array of different host backgrounds. At minimum, F-specific filamentous phages (Ff phages) have
the capacity to infect any Gram-negative bacteria that express cell-surface TolA [159]. However,
for more robust filamentous infection, F™ E. coli capable of pilus formation are necessary. Overall,
M13 phage replication places an enormous metabolic burden on the infected host; in addition, the
presence of the precursor phagemid further increases the metabolic strain. Both the phagemid
and phagemid precursors under investigation have the high copy number ColE1 origin (300-500
copies/cell) [464] while the p15a ori present on the helper phages M13KO7 and M13SWS8 is medium
copy (10 copies/cell). In wild-type M13 infection, the maximal RF copy number has been observed
to reach approximately 30-50 molecules per cell [465]. As high levels of episomal DNA must
be continually maintained, a suitable host should be both proficient in the propagation of large
plasmids and be susceptible to Ff phage infection. Additionally, both the helper and phagemid
have plasmid origins so phage re-transduction or re-infection may not be necessary for phagemid
production. We sought to investigate this using DHb«, an F~ strain, as the absence of the fertility
factor and lack of pili formation should prohibit infection or re-infection by M13 progeny during

production.
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From a head-to-head comparison, the host background more strongly impacted phagemid production
than the choice of helper phage (Figure 4.9). Total phage yield was also strain-dependent (Table 4.9).
Note that cells were transformed by helper phage RF DNA in this study instead of being directly
infected as in Chapter 3. This was because M13SWS virions could not be isolated for infection.
However, no difference in helper phage activity was observed between these two methods of DNA

delivery.

Overall, JM109 was the best-performing strain, with few to no byproducts in its RF extraction
and a high phagemid:helper ratio. While the ER2738-M13SW8 combination was better at rescue
of full-(gfp), its ability to rescue mini-(gfp) was highly variable. ER2738 is a recA™ strain and
examination of RF products (Figure 4.10) shows multiple DNA species in the cell. This suggests
that phagemid processing may activate host recombination pathways, producing other DNA species

during infection. Accordingly, recA~ hosts should be preferred over recA™.

However, inactivation of recA has been found to be insufficient to completely eliminate undesired
recombination. Another recA host, Stbl4 has been recommended for the propagation of unstable
inserts or large repetitive sequences [466]. Such sequences are difficult to maintain in E. coli as
the potential for genetic rearrangement between repetitive regions are homology-dependent and
RecA-independent [455]. Stbl4 is a derivative of Stbl2, which itself is a derivative of JM109/J5,
a JM109 clone found to stably maintain the simian immunodeficiency virus (SIV) genome [454].
Stbl2 was constructed by introducing mutations in JM109/J5 to enable cloning of methylated DNA.
As of this writing, the published genotypes of Stbl4 (Appendix B) and Stbl2 [454| do not reveal
any mutations that explain their prowess in the maintenance of unstable recombination-prone
plasmids. However, the entire genome sequence for Stbl4 was very recently published [466], which

may soon shed more light on these strains.

M13KO7-mediated rescue of both the mini and full phagemids were comparable to that of JM109;
however, M13SW8 performed much more poorly. M13SW8 performance was similarly poor in
the other recA strain, XL1-Blue, but better in the recA F~ strain, DH5a. It is possible that
RecA-independent homologous recombination [455] may be impacting phage replication when
intracellular levels of helper genome are high due to the lack of phage extrusion, although it is
unclear why this occurs in Stbl4 and XL1-Blue but not JM109. We postulate some potential

reasons below.

Plasmid nicking may adversely impact phagemid rescue. In contrast to JM109, the
recA strain XL1-Blue performed poorly despite their genotypic similarities. Both XL1-Blue
and NEB Turbo were poor hosts for miniphagemid processing by both M13KO7 and M13SWS,
which may be related to plasmid nicking by endonuclease A (endA). While all six strains under
investigation carry the endA mutation, it has previously been observed that nicking and subsequent
plasmid degradation can still occur in some endA backgrounds [467]. A head-to-head comparison

of multiple E. coli strains found that supercoiled plasmid DNA was mostly retained in some
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endA strains like JM107 and DH5a (99% retention), but was lost in others like NEB Turbo and
XL1-Blue (77% and 82% retention) [445]. It may be possible that, despite being genotypically
absent of endonuclease A, some endA strains still exhibit plasmid nicking activity through other

compensatory mutations.

Nicking of supercoiled duplex RF DNA releases DNA gyrase-imposed torsion, leading to a circular
relaxed form. Unsupercoiled phage genome is not a template for phage gene expression [204]. This
may negatively impact some phage proteins such as pVIII and pV, which are normally required
in very large amounts. Random nicks may interfere with DNA polymerase processivity during
rolling circle amplification. If the nick is in the minus strand, it would impede DNA polymerase
processivity; if the nick is on the positive strand, no ssDNA intermediate would be formed. In
either case, no daughter RF would be produced. On the whole, uncontrolled random nicking of
RFs may impede RF amplification and phage gene expression. Because host backgrounds which
are not truly deficient of endonuclease A appear to be poor hosts for replication of plasmid DNA,

this might explain the poor performance of XL1-Blue and NEB Turbo.

Accumulation of M13SW8 RF may reduce phage gene expression. A 3kb band also
appears in RF DNA isolated from helper-full-(gfp) combinations (Figure 4.10). Curiously, this is
the size of pBluescript II KS+, the backbone of pSW9. It may be possible that deletion of the cmuv-
gfp cassette is occurring in the presence of M13SWS, but this is unlikely in recombination-deficient
hosts such as Stbl4, JM109, XL1-Blue, and DH5a. Alternatively, accumulation of M13SW8 due to
its lack of PS may lead to pll-mediated generation of smaller DNA intermediates independently of

host recombination pathways.

Spontaneous formation of “miniphages” has been previously observed with infection of filamentous
phages at high multiplicity of infection (MOI) [235, 468]. These miniphages primarily consist
of the intergenic region between gIV and gll: in M13SWS, this region is approximately 2.7 kb
long. Although we predicted that helper phage accumulation could increase the level of phage
gene products, miniphage conversion would instead reduce the pool of available templates. Since
miniphages lack all elements of the phage genome aside from the f1 ori, they cannot be a template
for phage gene expression. Instead they would compete for phage resources alongside phagemid
molecules. Fortunately, observations of miniphages show that they are generally outcompeted by
their full phage counterparts [235]. However, prolonged rates of conversion from intact helper
genome to miniphage could eventually suppress gene expression and reduce overall phagemid
processing. Strains with potentially strong miniphage presence (XL1-Blue, NEB Turbo, and DH5«)

correspondingly show reduced phagemid:helper ratio.

AGE analysis also showed multiple bands not consistent with the expected RF sizes, particularly
in XL1-Blue and NEB Turbo. The smaller 1-2kb bands correspond to the expected sizes of
single-stranded mini-(gfp) and full-(gfp). Bands of approximately 4kb can also be seen, which
are most likely the helper phage ssDNA intermediates. The strains with some of the highest
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phagemid:helper lysate ratios, JM109 and Stbl4, show very little ssDNA presence in purified RF.
Accumulation of phagemid ssDNA intermediates occurs when the helper phage is M13SW8 across
all strains, and also occurs strongly when the helper is M13KO7 in XL1-Blue and NEB Turbo. The
presence of these intermediates suggests that pll-mediated phagemid amplification and conversion
to RFx occurs readily with a PS-deficient helper. High ssDNA retention in the cell suggests these
molecules are not efficiently assembled into phage progeny after replication nor converted into more
dsDNA RFs. These results imply that the rate of assembly and extrusion is inadequate for the
amount of ssDNA intermediates. Efficient phage assembly requires a substantial number of pVIII
to coat the extruding phage particle. Low levels of pVIII may be due to insufficient supercoiled
helper phage template, whether from helper phage genome conversion to miniphages or conversion

to circular relaxed forms of RF.

Earlier, we postulated that M13SW8 presence in the phage lysate may be primarily driven by
co-encapsulation with extruding phagemid. This may be true in optimal host backgrounds such as
JM109. In some strains, M13SW8 comprises the majority of the phage lysate (specifically, XL1-
Blue, NEB Turbo, and Stbl4), which appears inconsistent with this hypothesis. The accumulation
of large amounts of M13SWS8 product may drive recombination events between phagemid and
helper, possibly reconstituting the PS in the helper at the expense of the phagemid. Furthermore,
these three strains were also under heavier metabolic burden due to the presence of antibiotic
resistance markers on their F/ episomes [445]. With the phagemids (Ap®) and the helper phages
(Km?®), the burden of protein production may reduce overall fitness in these strains. It has been
suggested that metabolic burden is generally more due to increased protein production rather than
DNA (specifically plasmid) maintenance [445, 469].

On the whole, choice of host strain background may be the main driving factor of optimal
miniphagemid production over choice of helper phage. The recA, gyrA, endA host, JM109, was the
best overall host for phagemid production. Mutations such as recA and gyrA reduce occurrences
of homology-dependent recombination events. These mutations are likely more important for
propagation of larger phagemids (>10kb). We observed that although the F’ episome may not be

strictly required, its presence may help improve phage yield.

Other E. coli strains may also be attractive as potential hosts. The strains under evaluation were
all derivatives of E. coli K12; investigation of strains derived from other wild-type strains may
reveal other genetic factors that can influence M13 phagemid rescue. HB101 [470], for example,
is a cross between F. coli K12 and B. Another interesting strain to investigate may be Stbl3, a
recA derivative of HB101 [471| with similar properties to Stbl4. A further example is Machl, a
fast-growing strain similar to NEB Turbo, which is derived from E. coli W [472]. Yau et al. also
reported runaway plasmid replication (up to 2708 copies of a 5.8 kb plasmid) without any decrease
in growth rate in E. coli strains TG1, HB101, and MG1655 [445]. All three of these strains may

be of particular interest to increase overall phage yield.
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4.5 Summary

In this chapter, we modified M13KO7 to display a mammalian cell-specific ligand, EGF. The
resulting phage, M13SW7-EGF, maintained comparable infectivity to its parent phages and was

able to process split origin precursor plasmids into miniphagemids as efficiently as M13KO7.

We further modified M13KO7 to delete its PS to reduce helper phage contamination in the
phagemid lysates and examined the capacity of both helper phages across six E. coli hosts. A recA
background may be beneficial for plasmid maintenance, but is insufficient to prevent formation of
other DNA species, as we saw with the production of an unidentified 3 kb band. Nevertheless, recA
strains performed as well as, if not better than, recA™ strains, indicating that their slower growth
rate did not impact phage production. Poor helper performance was associated with high recovery
of ssDNA intermediates from the cell pellet, which may be a result of insufficient assembly and
extrusion. This may be related to breakthrough plasmid nicking in endA backgrounds, thereby
reducing levels of supercoiled ds RF DNA.

Taking our results together, we found that the PS-deficient helper phage does improve the
phagemid:helper ratio. The effect is more pronounced in a recA, endA strain such as JM109.
Overall, JM109 and M13SWS8 appear to be the best strain-helper combination for miniphagemid
production. In some cells, we postulate that accumulation of M13SW8 genomes may actually
reduce phagemid production. This may arise due to helper phage genome conversion into miniphage
elements, which are comprised only of the phage origin and do not contribute to phage gene
expression. While this did not appear to adversely impact the phagemid:helper ratio in JM109,

other strains fared more poorly.

In essence, RF and RFx production do not appear to be the limiting factor; rather, the rate of
ssDNA intermediate uptake by phage assembly complexes may be the bottleneck. Disruptions to
phage gene expression may negatively affect phagemid assembly if cellular levels of pV and coat
protein pVIII cannot keep up with the amount of ssDNA strand production. This is consistent
with our results from Chapter 3, and underscores the complexity of the interplay between phage

gene expression and the transition from RF amplification to phage assembly.
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Chapter 5

Transfection of a targeted miniphagemid

particle in mammalian cells

5.1 Introduction

Chapters 3 and 4 resulted in the construction of miniphagemid virions which display epidermal
growth factor (EGF). This ligand binds to the epidermal growth factor receptor (EGFR) overex-
pressed in many cancers and represents a promising target for cancer gene therapy [473-476]. The
display of EGF enables our phage to specifically target cells expressing its cognate receptor for
cell uptake and gene transfer applications. In this chapter, we quantify the ability of these phage

particles to infect mammalian cells with and without the EGF receptor.

5.1.1 Phage gene delivery

Bacteriophages do not possess intrinsic tropism for mammalian cells; thus, they can function as
simplistic proteinaceous carriers of genetic material for gene transfer applications. However, this is
a double-edged sword. Although there is no danger of unregulated phage replication in mammalian
cells, phages also have no means by which to transduce cells. In order to successfully transfer
exogenous genetic material, a gene transfer vector must overcome a number of major cellular
barriers: 1) bypassing the plasma membrane to enter the cell, 2) navigation across the cytoplasm,

and 3) bypassing the nuclear envelope to enter the nucleus.

The most common gene transfer vectors are modified mammalian viruses [2, 7], which exhibit
natural tropism for human cells and have evolved mechanisms to bypass these cellular barriers
to gene transfer. Hence, they exhibit high transduction efficiency, although a number of safety
concerns limit their usage. Specifically, high immunogenicity, risk of insertional mutagenesis, and
the possibility of recombination into replication-competent viruses are some serious safety concerns

that have been raised regarding viral vectors [10, 14, 19, 32].

95



CHAPTER 5. TRANSFECTION OF A TARGETED MINIPHAGEMID

Non-viral methods of gene transfer incorporate other means of bypassing cellular barriers for
gene transfer independent of mammalian viruses. Traditionally, in vitro non-viral transfection of
cell cultures has been accomplished primarily using chemical transfection reagents that mediate
transport across cell membranes [4, 477|. In general, these chemical reagents tend to be positively-
charged lipids or polymers that interact with the negatively-charged phosphate backbone of nucleic
acids [4, 46]. However, these transfection reagents can be prohibitively expensive and cannot target

to specific tissues; functionalization requires additional covalent linkage [477].

As phages cannot enter nor replicate within mammalian cells, they may be considered as non-viral
gene transfer vectors. To overcome their lack of tropism, display of a cell-targeting ligand can
facilitate cellular uptake by exploiting receptor-mediated endocytosis. Through the targeting of cell-
surface receptors, internalization of ligand-displaying phages can occur in a cell-specific manner [326,
333, 347]. While uptake of non-targeted phage can occur [329, 334, 477], ligand-directed endocytosis

appears to be more robust and can confer tissue specificity [339, 347].

The choice of ligand determines the mechanism of internalization. Display of a cell-specific ligand
generally exploits clathrin-coated receptor-mediated endocytosis for cell entry [329]. However, the
ligand-displaying phage then becomes trapped in the endosomal compartment; without any means
of escape, it will eventually be routed to lysosomes for degradation. Additionally, a DNA molecule
encapsulated by phage proteins needs to be exposed and available for transcription. Interestingly,
the harsh conditions of the endolysosomal compartment, such as low pH, may aid in the separation
of the phage protein coat from the DNA. As such, endosomal entry may, in fact, be necessary for
phage-mediated gene transfer. Endosomal escape is a known bottleneck for non-viral gene transfer
strategies [478, 479]. Traditional polymeric chemical transfection reagents can mediate endosomal
escape via the proton sponge effect [478, 480]: within the acidic environment of the endosome,
increasing protonation of the amine groups in cationic polymers such as polyethylenimine (PEI)
results in an influx of counter-ions. The consequent osmotic swelling is thought to lead to rupture

of the endosome and release of polymer-DNA complexes into the cytoplasm.

Upon endosomal escape, the DNA molecule still cannot confer any downstream effect without the
transcription machinery within the nucleus; hence, it must be able to bypass the nuclear envelope.
A number of strategies have evolved for increased nuclear import, such as the inclusion of protein
or nucleotide localization tags [40, 42]. DNA minivectors, which are reduced in size compared to
their plasmid equivalents due to the removal of bacterial backbone elements, have shown improved

nuclear localization from increased nuclear diffusion [38|.

Here, we evaluate M13 miniphagemid particles in the delivery of mammalian transgenes based on
the following three factors: 1) the display of a cell-specific ligand to improve internalization, 2)
complexation with a cationic polymer to improve endosomal escape, and 3) the absence of the
prokaryotic backbone. As a proof of principle, we constructed phagemid particles displaying the
EGF as the cell-specific ligand and encoding mammalian transgene cassettes that express the

reporters luciferase (¢mov-luc) and green fluorescent protein (GFP) (cmuw-gfp) in Chapter 4.
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5.1.2 EGFR as a model for receptor-mediated cell internalization of phage

EGF binds to the epidermal growth factor receptor Erbl (EGFR), a member of the ErbB/HER
family [481]. The ErbB/HER family are among the most well-studied in the receptor tyrosine
kinase (RTK) superfamily of cell surface signal receptors [482, 483|. Aside from EGFR, members
also include ErbB2 (Her2/Neu), ErbB3 (Her3), and ErbB4 (Her4) [483]. All are transmembrane
receptors (170-180kDa) with similar structure: an extracellular cysteine-rich domain for ligand
binding, a transmembrane domain, and a cytoplasmic tyrosine kinase domain [481|. The ErbB/HER
family of receptors play important roles in the regulation of cellular homeostasis, proliferation, and
differentiation [476, 481, 482|. Overexpression of EGFR and other ErbB/HER family members
has been implicated in many cancers, including breast, lung, colon, pancreatic, prostate, liver, and
kidney [473, 474]. As EGFR signalling modulates tumour growth, the receptor is a promising
candidate for anti-cancer therapies [475, 476|. Tyrosine kinase inhibitors and anti-EGFR monoclonal
antibodys (mAbs) have been approved for the treatment of non-small cell lung cancer (NSCLC),

colorectal cancer, and head and neck cancers [475, 484, 485].

The most well-known ligand of EGFR, EGF, is a polypeptide chain 53 amino acids long, derived
from cleavage of its precursor, prepro-EGF [486-488|. However, EGFR is also known to bind six
other ligands: transforming growth factor-a (TGF-«), heparin-binding EGF-like growth factor
(HBEGF), amphiregulin, betacellulin, epiregulin, and epigen [488]. All are members of the group I
EGF family [487] and share a cysteine-rich “EGF motif” that forms three structural integral
disulfide bonds [488|.

The endocytosis of EGFR has been thoroughly investigated and characterized; now, it serves as a
model for most other RTKs [489]. Upon ligand recognition, EGFR dimerizes, which activates the
cytosolic kinase domain of each unit to phosphorylate C-terminal tyrosine residues on the dimer
partner [490]. Autophosphorylation of the dimer opens docking sites for proteins with Src homology
2 (Shc2) or phosphotyrosine binding (PTB) domains, which then activate downstream signal
transduction pathways involved in cell proliferation, including mitogen-activated protein kinase
(MAPK) [481, 491, 492]. Specifically, phosphorylation proceeds rapidly and in a specific order,
beginning at the tyrosine in position 1173 (Tyr1173), then 1148, 1068, 992, 845, and 1045 [493,
494]. Dimerization can occur between different members of the ErbB/HER family; indeed, the
varied combinations of receptor dimers diversify the downstream signalling pathways activated
upon ligand binding. For example, Erb2 does not have a canonical ligand and only activates upon
forming heterodimers with other ErbB/HER family members [483].

Endocytosis of the bound EGF-EGFR complex appears to be activated by dimerization and has
been shown to occur independently of EGFR autophosphorylation [495|. The ligand-dimer complex
is internalized via clathrin-dependent or clathrin-independent endocytic pathways. Endocytosed
EGFR molecules may be recycled to the cell surface or directed to lysosomes for degradation,
depending on the receptor-ligand combination [496, 497]. EGF-EGFR complexes are primarily in-
ternalized via clathrin-coated endocytosis at low physiological concentrations of EGF [498, 499|. At
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high concentrations, EGF-bound receptor complexes are also internalized in a clathrin-independent
manner, whereby downstream ubiquitination mediates lysosomal targeting of endocytosed EGFR
dimers [489, 500]. In this way, EGFR protein levels are downregulated in a negative feedback
loop.

5.1.3 Rationale and hypothesis

Previously, we constructed miniaturized phagemids (Chapter 3) expressing reporter genes gfp
or [uc under control of the strong universal promoter ¢mwv in conjunction with multivalent EGF
display (Chapter 4). Here, we assess these hybrid targeted phage particles for their capacity for
mammalian gene transfer. Previous investigations into phage transfection found an increase in gene
transfer with the addition of chemical cationic transfection reagents [477]. Here, we compare the
delivery of phage virions alone or in combination with the commercial cationic polymer, TurboFect
(Thermo Fisher Scientific, Waltham, USA). We examine the ability of these miniphagemids and
their full phagemid counterparts to transfect mammalian cells using the well-characterized EGF

and its receptor as a model to assess phage uptake and transgene expression.

We hypothesized that the display of EGF would be necessary for phage uptake and transgene
expression in EGFR™ cell lines. To test this, we selected an array of epithelial cell lines in which
EGFR expression has been demonstrated: the cervical carcinoma epithelial cell line HeLa, the
colorectal carcinoma epithelial cell line HT-29, and the lung carcinoma epithelial cell line A549. We
also selected a non-epithelial cell line with endogenous EGFR expression, MRC-5 (lung fibroblast),
and an EGFR™ cell line, HEK293T, to compare the efficacy of gene transfer across different tissues.
We furthermore hypothesized that the miniphagemids would confer increased gene expression as
compared to their isogenic full phagemid counterparts. Their smaller size is expected to confer
improved cytoplasmic diffusion, while their lack of prokaryotic backbone reduces cytosine-guanine

dinucleotide (CpG)-mediated gene silencing.

5.2 Materials and methods

Strains and vectors. F. coli K-12 strains were used in the generation of all phage and plasmid
constructs. E. coli JM109 was the host for plasmid amplification and purification unless otherwise
noted. All bacterial strains and mammalian cell lines are listed in Table 5.1, plasmids in Table 5.2,

and phages in Table 5.3.

Maintenance of mammalian cell lines. Mammalian cell lines were maintained in tissue
culture plates (Thermo Scientific) at 37 °C in a humidified atmosphere with 10% CO,. All cells
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Thermo Scientific) supplemented
with 10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin/streptomycin.
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Table 5.1: Bacterial strains and mammalian cell lines used for transfection

Strain Genotype Source
/ + q _
IM109 F’ traD36 proAB lac{ lacZAM15/ A(lac-proAB) NEB
endAl glnV44 thi-1 el4™ recAl gyrA96 relAl hsdR17
Cell line  Description Source

HEK-293T embryonic kidney epithelial

HeLa uterus, cervix adenocarcinoma
MRC-5 lung fibroblast
HT-29 colon epithelial adenocarcinoma

A549 lung epithelial carcinoma

gift, Dr. M. Aucoin
gift, Serenity Bioworks
ATCC CCL-171
gift, Dr. J. Blay
ATCC CCL-185

NEB: New England BioLabs  ATCC: American Type Culture Collection
Table 5.2: Plasmids used for transfection
Plasmid Genotype Source

pGL2-Promoter (GN: X65326.2) cmu-gfp
replaced SV40-luc, ApR

pGL3-Basic (GN: U47295.2) cmuv inserted in

pGL2-SS-CMV-GFP-SS

pGL3-CMV BelII-HindIII, Ap®
W9 pBluescript IT KS+, ¢mo-gfp inserted in
P BamHI-EcoRI, ApR
pBluescript IT KS+, ¢mw-luc inserted in
pSW10 Kpnl, ApR
pM130ri2 pM13ori, Bsal cut site replaced with Sphl,
ApR

pM13ori2.cmvgfp pM13ori2, cmu-gfp inserted in EcoRI-Pacl
pM13ori2.cmvluc pM13ori2, cmwv-luc inserted in EcoRI-Kpnl

gift, Mediphage
Bioceuticals Inc.

gift, Dr. N. Oviedo

Chapter 3

Chapter 3

Chapter 3

Chapter 3
Chapter 3

GN: GenBank Accession No.
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Table 5.3: Phages used for transfection

Phage Genotype Source

M13KO7 M13, pl15a ori, Tn903 (KmR) NEB
M13SWT7-EGF  M13SW7, egf from pPL451-gpD::egf Chapter 4
full-(gfp) emu-gfp, from precursor pSW9, Apt Chapter 3
fullegs-(gfp) cmu-gfp, from precursor pSW9, pIIL::EGF, ApR Chapter 4
mini-(gfp) cmu-gfp, from precursor pM13ori2.cmvgfp Chapter 3
miniegr-(gfp)  emuv-gfp, from precursor pM13ori2.cmvgfp, pIII::EGF  Chapter 4
full-(luc) from precursor pSW10, Ap® Chapter 3
fullegs-(luc) from precursor pSW10, pIII::EGF, Ap® Chapter 4
mini-(luc) from precursor pM13ori2.cmvluc Chapter 3
miniegr-(luc)  from precursor pM13ori2.cmvluc, pIIL::EGF Chapter 4

NEB: New England BioLabs

Purification of DNA vectors and phage. Plasmids and double-stranded (ds) replicative
factors (RFs) were extracted and purified using the EZNA Endo-Free maxi-prep kit (Omega BioTek,
Norcross, USA). Phage and single-stranded (ss) phagemid DNA lysates as quantified in Chapters 3

and 4 were used for here for transfection.

Optimization of transfection of double-stranded plasmid DINA and single-stranded
phagemid DNA. The gene transfer capacity of the phagemid ssDNA was measured in compari-
son to plasmid dsDNA. Gene transfer was assessed in both the HEK293T (EGFR™) and HeLa
(EGFR™) cell lines as these were the representative cell lines for later EGF™ phage transfections.
HEK293T cells were seeded in 24-well plates (Thermo Fisher Scientific) at 1 x 10° cells/mL, while
HeLa cells were seeded at 5 x 10* cells/mL. The following day, 1 png of dsDNA or 2 g of ssDNA was
transfected into each well after complexing with commercial cationic polymer transfection reagent,
TurboFect (Thermo Fisher Scientific). The empty vector, pM13ori2, and helper phage M13KO7
alone, were also transfected as negative controls. Efficiency of gene transfer was assessed via the

Luciferase Assay System (Promega, Madison, USA) and reported as raw luminescence.

Optimization of transfection of single-stranded phagemid DINA and phage particles.
The capacity for gene transfer was assessed for both purified ssDNA and phage-encapsulated
phage over time in the HeLa cell line. Cells were seeded at 5 x 10 cells/mL in 24-well plates.
Phage particles were added to a final concentration of 5 x 107 virions/mL: mini-(luc), miniegs-(luc),
full-(luc), and fullegs-(luc). Phages were added alone or complexed with TurboFect. For the
purified phagemid DNA, pGL3-CMV and precursor plasmids, pM13ori2.cmvluc and pSW10, were
also transfected as positive controls. For the phagemid particles, helper phage alone was also
transfected as a negative control. Gene expression was assessed at 24, 48, 72, and 96 h via the

Luciferase Assay System (Promega) and reported as raw luminescence.
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Assessment of cell viability after exposure to phage particles. HeLa cells were seeded in
96-well plates (Thermo Fisher Scientific) at 5 x 10% cells/mL. The following day, EGF-displaying
(M13SW7-EGF) and non-displaying (M13KO7) phage were transfected into each well at concentra-
tions between 5 x 10 and 5 x 10'% virions/mL. As a negative control, dimethyl sulfoxide (DMSO)
was added at a concentration of 12%. Cell viability was assayed using 3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT) after 24 and 96 h. Conversion of MTT to formazan
was allowed to proceed for 1 h at 37 °C, at which point 100 uL. of DMSO was added to dissolve the
formazan. The absorbance of each well was taken at 492nm on a Varioskan LUX multimode plate
reader (Thermo Fisher Scientific). Cell viability was reported as a percentage of the difference
between the absorbances of each sample (Agample) and negative control (Ayegative) relative to the

absorbance of the untreated control (Axtc):

A — Anegati
viability = Samplz cgative » 100%. (5.1)
NTC

Localization of transfected phage particles. Phage particles displaying EGF (M13SW7-
EGF) or not displaying EGF (M13KO7) were purified and concentrated with polyethylene glycol
(PEG) in phosphate-buffered saline (PBS), then labeled with Alexa Fluor 488 (Thermo Fisher
Scientific). HeLa cells were seeded in 24-well plates at 5 x 10% cells/mL. The following day, labeled
phage particles and mini-(gfp) were transfected at 5 x 107 virions/mL. Wells were imaged 1, 6,
24, 48, 72, and 96 h after transfection. To image, cells were fixed with 4% para-formaldehyde and
permeabilized with 0.1% Triton-X. Nuclei were stained with 4’ 6-diamidino-2-phenylindole (DAPT)
and actin was stained with rhodamine phalloidin. Fixed cells were imaged on the EVOS FL Auto
Imaging System (Thermo Fisher Scientific) at 40X magnification using the DAPI (nuclei), red
fluorescent protein (RFP) (actin), and GFP (phage or expressed GFP) channels.

Transfection of phage in four EGFR™ cell lines. Cell lines were seeded at the following cell
densities in 24-well plates: 5 x 10% cells/mL (HeLa), 1 x 10° cells/mL (HEK293T, MRC-5, HT-29).
Phage particles were added to a final concentration of 5 x 107 virions/mL. Helper phage alone
(M13KO7) was transfected as a negative control. To assess the influence of a cationic polymer
transfection carrier, phage particles were also complexed with 2 uli of TurboFect. Transfection
was assessed by fluorescence microscopy on the EVOS FL Auto Imaging System (Thermo Fisher
Scientific) or quantified through luminescence (Luciferase Reporter Assay System; Promega) after
96 h. Luminescence was normalized against whole protein content, which was estimated via a
bicinchoninic acid (BCA) assay (Thermo Fisher Scientific). The efficiency of gene transfer was

reported as luminescence per 100 pg of whole protein content.

Semi-quantification of EGFR across cell lines. Presence of the EGF receptor across the
cell lines HEK293T, HeLa, HT-29, MRC-5, and A549 was visualized via Western blot. Cell lines
were propagated in 6-well plates until 80% confluency, at which point they were lysed. Denatured
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proteins were separated by size via sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), transferred to nitrocellulose membranes, and probed by an anti-EGFR rabbit mAb
(D38B1; Cell Signaling Technology, Danvers, USA). S-actin was used as a loading control (sc-
47778; Santa Cruz Biotechnology, Dallas, USA). Secondary antibodies conjugated to horseradish
peroxidase (HRP) (Pierce Goat H+L anti-rabbit mAb, Pierce Goat H+L anti-mouse mAb, Thermo
Fisher Scientific) were used for visualization with the chemiluminescent Pierce ECL Western
Blotting Substrate (Thermo Fisher Scientific). Images were captured using the iBright FL1500
Imaging System (Thermo Fisher Scientific) and analyzed using ImageJ.

Phosphorylation EGFR in HeLa. We examined if EGF-displaying phage particles were able
to activate EGFR. Activation of EGFR by EGF binding, as determined by phosphorylation of
the tyrosine residue at 1173, was visualized via Western blot. HeLa cells were treated with EGF™
Helper phage M13KO7, recombinant EGF (Thermo Fisher Scientific), or EGF™ M13SW7-EGF for
5 min prior to cell lysis. In addition, HeLa cells were also pre-treated with EGFR inhibitor gefitinib
(Cell Signaling Technologies) 2 h prior to addition of EGF and M13SW7-EGF. The Western blot
was performed using antibodies as outlined above, including the use of S-actin as a loading control.
Lysates were also probed for phosphorylated EGFR using a phospho-specific EGFR rabbit mAb
specifically against Tyr1173 (53A5, Cell Signaling Technology).

Statistical analysis. All statistical analyses were performed using Python (with the packages
NumPy [414], Pandas [415, 416], SciPy [417], scikit-bio [418], and statsmodels [419]). Values were
reported as means of n independent experiments with uncertainty reported as standard deviation
(SD) or standard error of the mean (SEM), as indicated. Statistical hypothesis tests were evaluated
using one-way ANOVA, followed by the Tukey range test for multiple comparisons. Values of

p < 0.05 were considered statistically significant.

5.3 Results

To assess if miniaturization of the phagemid cassette could improve gene transfer, purified mini
and full phagemid ssDNA and encapsulated phage particles were administered across multiple cell
lines. Phage particles displaying EGF were evaluated in contrast to phage without any display
for its effect on cellular uptake and subsequent gene transfer. Complexation with a commercial

cationic polymer transfection reagent was also evaluated.

5.3.1 Transfection of purified single-stranded miniphagemid DNA

To determine the optimal length of time for the assessment of ssDNA transfection, purified plasmid
dsDNA and phagemid ssDNA were transfected over period of 96h in a HeLa cell line (Figure 5.1).
As expected, purified plasmid dsDNA transfected well. As a negative control, the empty backbone
vector pM13ori2 was also transfected; similarly, pGL3-CMV (the source of the cmuv-luc cassette)
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was transfected as a positive control. No background luminescence was observed after transfection
with pM13ori2. Gene expression was also rapid: luciferase activity peaked approximately 24 to
48 h post-transfection. No significant difference was observed between any of the three plasmid
vectors. For purified ssDNA, the onset of gene expression was delayed and not as potent. Luciferase
activity peaked around 72 to 96 h; overall, gene expression as measured by luciferase activity was
approximately 100-fold lower for purified ssDNA compared to each plasmid counterparts. Notably,
transfection of purified mini-(luc) ssDNA was correlated with increased luciferase activity over
purified full-(luc) ssDNA.

24h

107 3

106 3
10° E
104 3

103 E

Raw luminescence (RLU)

102 3

10! 3

100 .
control control mini (ds) mini (ss) full (ds) full (ss)
(pGL3-CMV) (pM13ori2) precursor phagemid precursor phagemid

Vector

Figure 5.1: Gene expression of precursor vectors and purified phagemid DNA over 96 h.
HeLa cells were treated with 1pg of dsDNA purified plasmid DNA or 2 pg of ssDNA purified
phagemid DNA, respectively. DNA was complexed with TurboFect in all cases. Raw
luminescence was reported 24, 48, 72, and 96 h after transfection. Error bars represent SD,
n=3.

Next, purified ssDNA from mini-(luc) and full-(luc) lysates were transfected into HEK293T as
well as HeLa confirm ssDNA expression at 96h in another cell line (Figure 5.2). As expected,
no significant differences were observed between the plasmid vectors; furthermore, all plasmid
vectors performed comparably well across both HEK293T and HelLa. Purified dsDNA transfects
significantly better than ssDNA across both cell lines. Still, purified mini-(luc) ssDNA resulted in
higher gene expression than purified full-(luc) ssDNA, resulting in a ten-fold increase in expression
in HEK293T. Overall, ssDNA does appear to be a viable material for gene transfer, albeit at lower
efficiency than ds plasmid DNA. From these combined results, 96 h was chosen as the optimal

duration for sufficient ssDNA gene expression for analysis.
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Figure 5.2: Gene expression of precursor vectors and purified phagemid DNA in HeLa and
HEK?293T after 96 h. Cell lines HEK293T and HeLa were treated with 1png of dsDNA
purified plasmid DNA or 2pg ssDNA purified phagemid DNA, respectively. DNA was
complexed with TurboFect in all cases. Error bars represent SD, n = 3.

5.3.2 Optimization of phage particle transfection

We next examined luciferase activity after treatment with phagemid particles in the HeLa cell line
over time to see if gene expression followed the same patterns as purified ssDNA (Figure 5.3). Gene
expression from transfection of mini-(luc), miniegs-(luc), full-(luc), and fullege-(luc) was measured

based on luciferase activity, alongside helper phage alone as a negative control.

Peak luciferase activity was approximately ten-fold lower than the levels observed for the purified
phage ssDNA. This is likely due to the differences in number of molecules transfected. Transfection
of 211g of mini-(luc) ssDNA resulted in approximately 1 x 10° phagemid DNA copies available per
millilitre, roughly two orders of magnitude higher than the 5 x 107 phage transfected per millilitre
here. Due to practical constraints on phage volume, this concentration was selected to minimize
the volumes of required lysate. Quantification of lysates showed that full-(luc) and fullegs-(luc)
lysates in particular were mostly comprised of helper phage (Chapter 4), which we were unable to
separate away from phagemids at this time. Hence, in order to transfect equal amounts of cmuv-luc
encoding phage without transfecting exorbitant volumes of full phagemids, this amount was chosen

as a compromise.

We expected similar trends when transfecting phage particles as with purified DNA. Interestingly,
negligible luciferase activity was observed from transfection of the full phagemid without EGF
display; it was comparable to that of the negative control (helper only). In contrast, transfection
of the mini-(luc) phagemid did result in some luciferase gene expression. For both phagemids,

display of EGF dramatically increased gene expression, which is a strong indicator of the necessity
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of receptor-mediated cell internalization for phage-mediated gene transfer. Overall, we observed
increasing luciferase activity until the end of the analysis period at 96 h. Based on these results,

96 h was selected as a good timeframe to evaluate gene expression in other cell lines.
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Figure 5.3: Phagemid gene expression in HeLa over 96 hours. HeLa cells were treated with
5 x 107 phage/mL. Raw luminescence was reported 24, 48, 72, and 96 h after transfection.
Error bars represent SD, n = 3.

Alexa Fluor 488-tagged M13SW7-EGF (EGF*) or M13KO7 (EGF ™) were visualized at 1, 6, 24,
48, 72, and 96 h post-treatment in HeLa cells (Figure 5.4). The rightmost column also shows
fluorescence from GFP expression over the same timeframe after administration of miniegs-(gfp).
This phagemid was chosen as its cmu-luc counterpart previously showed the greatest luciferase
expression of all the phagemids (Figure 5.3). EGF-displaying phage were abundantly localized to
the cells within an hour of administration in a ligand-dependent manner, as the same cannot be
said for M13KO7. After 6h, EGF' phage accumulated around the nucleus, indicating successful

cell uptake and cytoplasmic translocation.

Considering the strong perinuclear localization, it is unclear if these particles have escaped the
endosomal compartment, as cytoplasmic phage particles are expected to diffuse throughout the
cytosol [336]. Alexa Fluor 488-tagged M13SWT7-EGF were detectable even after 96 h, although it
is unclear if the phage particles are still intact. Consistent with the results from our luciferase
assays, expression of GFP from miniege-(gfp) was not detectable until approximately 72h after
transfection. In contrast, few M13KO7 particles were detected even by 96 h. This speaks to the

strong influence of the cell-targeting ligand in both cellular localization and internalization.
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Phage localization

GFP expression

—EGF +EGF

Figure 5.4: Localization of EGF-displaying phage particles in HeLa cells. EGF' (M13SW7-EGF)
and EGF™ phage particles (M13KOT) were tagged with Alexa Fluor 488 (green). Phage were
delivered at 5 x 107 phage/mL, then fixed and stained at the indicated timepoints. Cell nuclei
were stained with DAPI (blue) while cell cytoskeletons were stained with rhodamine phalloidin
(red). Expression of GFP as encoded by miniee-(gfp) is also shown on the right (green).
Fluorescent non-displaying phage are indicated with white arrows. Scale bars represent
100 pm.
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Figure 5.5: Cell viability after vector administration. Purified DNA (A) and phage (B) were
administered to HeLa cells. Cell viability assessed through the MTT assay 24 and 96 h
post-transfection. A) The plasmid precursor pM13ori2.cmvluc (pDNA) and the corresponding
purified ssDNA of mini-(luc) (DNA) were transfected alongside the source plasmid pGL3
and the empty vector pM13ori2 as controls. B) Helper phage M13KO7 (no display) and
M13SW7-EGF (EGF display) were transfected alone or with TurboFect. Purified dsDNA
was transfected at 1pg/mL, ssDNA at 211g/mL, phage particles at 5 x 107 virions/mL. NTC:
no treatment control, TF: TurboFect. Error bars represent SD, n = 3.
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(B) Cell viability after increasing doses of phage at 96 h

Figure 5.6: Increasing phage dose does not decrease cell viability. The non-displaying helper
phage M13KO7 and EGF-displaying helper M13SW7-EGF were transfected alone or with
TurboFect. Phage were administered to HeLa cells at increasing concentrations between
5 x 105 to 5 x 10!? virions/mL. Cell viability was assessed via the MTT assay at 24h (A) and
96 h (B) after transfection. NTC: no treatment control, TF: TurboFect. Error bars represent
SD, n = 3.

We next examined if phage particles were cytotoxic in HeLa cells. Cell viability was assessed
using the MTT assay both 24h and 96 h after treatment with purified DNA or phage particles
(Figure 5.5). Phages both displaying EGF (M13SWT7-EGF) or not displaying EGF (M13KOT) were
assessed across a range of concentrations, between 5 x 105 and 5 x 10'° phage/mL (Figure 5.6).

As might be expected, no significant difference was observed in cell viability for all transfections
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with purified DNA from the untreated control. Although chemical transfection reagents such as
TurboFect can be cytotoxic at high concentrations, the amounts used in this study were insufficient

to adversely impact cell viability.

Neither the EGF™' nor the EGF~ phage decreased cell viability, whether or not in combination
with TurboFect. Indeed, there was generally no significant difference in cell viability observed
from increasing doses of EGF~ or EGF™ phage 24 h after treatment. However, there was a trend
towards increased cell viability (>100%) with EGFT phage, particularly between 5 x 10% and
5 x 10'° phage/mL 96 h after treatment. Intriguingly, for these doses of EGF-displaying phage, a
statistically significant increase in cell viability was observed as compared to the untreated control
both without and with TurboFect (p < 0.05).

Overall, however, cell viability was not found to be adversely impacted by phage administration
even at high concentrations of filamentous phage M13, regardless of EGF display. As 5 x 107
phage/mL was associated with cell viability on par with the untreated control, this concentration

was used for later transfection experiments.

5.3.3 Transfection efficiency of miniphagemid phage particles

The capacity of mini and full phagemids for gene transfer was compared across four cell lines
known to express EGFR: HeLa, HT-29, MRC5, and A549. Transfection was also performed in
an EGFR™ cell line, HEK293T. EGFR expression was verified via Western blot (Figure 5.7) and
relative levels of EGFR expression were reported using S-actin as the loading control. The EGFR™
cell lines appeared to have very similar levels of EGFR; differences were not significant. EGFR

expression in HEK293T was negligible, as expected.
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Figure 5.7: EGFR expression across cell lines as measured by Western blot. A) Cell lines HeLa,
HT-29, MRC-5, and A549 express EGFR, while HEK293T is negative for EGFR expression.
[B-actin was used as the loading control. The blot was repeated 3 times and a representative
blot is shown here. B) Relative to S-actin, the levels of EGFR expression are reported per
cell line. Error bars represent SD, n = 3.
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Gene expression was reported as luciferase activity per 100 pg whole protein content 96 h post-
transfection (Figure 5.8). The effects of the display of EGF and complexation with TurboFect
were assessed for both miniaturized and non-miniaturized phagemid particles. Fold differences in
luciferase activity from transfection of the mini and full phagemids generally showed an increase
in gene expression as a result of phagemid miniaturization (Table 5.4). More dramatically, fold
differences in luminescence between EGF-displaying and non-displaying counterparts generally

showed much larger increase in gene expression from the display of EGF (Table 5.5).

In general, luciferase activity was highest in HEK293T and HeLa. The biggest factor contributing
to increased gene expression was the display of the cell-specific ligand in the EGFR™ cell lines.
The miniaturized phagemid also conferred increased luciferase activity as compared to its full
counterpart. This increase in gene expression was statistically significant in combination with
the display of EGF and when complexed with TurboFect in cell lines HeLa, HT-29, and A549
(p < 0.05).

Table 5.4: Fold difference in luciferase expression between mini and full phagemids

Fold difference in gene expression (mini/full)!

EGF~ EGF*
Cell line —TurboFect +TurboFect —TurboFect +TurboFect
HEK293T 5.22 + 5.63 4.21 +3.79 2.03 £+ 2.59 1.78 £ 1.79
HeLa 002 0.51 +£0.12 1.98 £1.92 1.48 £0.37
HT-29 00 7.44 + 7.63 1.74 +£1.40 2.81 £ 0.67
MRC-5 0.52 +£1.04 00 0.43 +0.33 3.51+1.73
A549 00 00 3.20 = 0.05 2.08 +£0.18

! Uncertainty reported as SEMx2, n = 3. 2 Luminescence was below threshold for EGF~ full phagemid.

Table 5.5: Fold difference in luciferase expression between phage based on EGF display

Fold difference in gene expression (EGF*/EGF™)?

mini full
Cell line —TurboFect +TurboFect —TurboFect +TurboFect
HEK293T 11.73 £11.07 717+ 4.24 43.94 + 59.44 17.65 £ 10.54
HeLa 25.59 + 33.01 704.94 £ 351.36 002 261.37 £ 182.45
HT-29 00 00 00 00
MRC-5 00 5.73 £2.79 4.14 4+ 047 00
A549 00 9.96 + 3.34 00 00

! Uncertainty reported as SEMx2, n = 3. 2 Luminescence was below threshold for EGF~ phagemid.
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Figure 5.8: Luciferase gene expression of phage-delivered transgenes. Cell lines HeLa, HT-29,
MRC-5, A549, and HEK293T were treated with miniphagemids encoding cmuv-luc. The
display of the cell-specific ligand EGF was compared to phagemids without any display. Gene
expression is reported per 100 pg of whole protein content. The impact of the commercial
cationic polymer reagent, TurboFect, was also assessed. Error bars represent SD, n = 3. The
* above the bars indicates a difference at significance level p < 0.05.
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In the case of the EGFR™ control, HEK293T, mini-(luc) was correlated with increased luciferase
activity over full-(luc) when complexed with TurboFect (p < 0.05). However, the increase in
gene expression conferred by miniaturization of the phagemid was not statistically significant
in the absence of TurboFect in HEK293T. Interestingly, no statistically significant difference in
gene expression was observed between the mini and full phagemids when they displayed EGF in
HEK293T. Display of the EGF was associated with an increase in gene expression for fulleg-(luc)
over full-(luc) when complexed with TurboFect (p < 0.05), but this effect was not significant in
the absence of the cationic polymer. The display of EGF also did not lead to a significant increase
in luciferase activity for miniegs-(luc) over mini-(luc), interestingly. Moreover, the improvement
in gene expression conferred by EGF display when targeting this EGFR™ cell line was only

approximately twofold.

In contrast, display of a cell-targeting ligand was, as expected, much more impactful on resultant
gene expression if the cell line expressed the targeted receptor. Gene expression was maximally
700-fold greater in HeLa, and over 100-fold greater in HT-29 when the miniphagemid displayed
EGEF. Often, luciferase activity was below the threshold for detection after administration of full
phagemids that did not display EGF.

Miniphagemids performed better than their full counterparts only if the phagemid also displayed
EGF. The addition of TurboFect tended towards positive enhancement of gene transfer, but it
alone did not contribute a statistically significant difference in gene expression. Notably, variability
in gene expression was reduced when phages were complexed with TurboFect prior to treatment.
Overall, miniegs-(luc) complexed with TurboFect tended to perform better than fullegs-(luc) with
TurboFect across all cell lines (p < 0.05). More specifically, in A549, the difference was significant
regardless of the addition of TurboFect.

Additionally, cells transfected by minieg-(gfp) or fullegs-(gfp) were visualized by GFP fluorescence
96 h after transfection (Figure 5.9). Similarly, Figure 5.10 shows cells transfected by EGF™ phage.
Cells were all over 100% confluent at this stage. As expected, few cells exhibited any fluorescence
when transfected by phage without the targeting ligand. While some GFP fluorescence was
detectable across all cell lines, it was generally weak. Although consistent with our observations of
ssDNA-mediated luciferase expression (purified or phage-encapsulated), these results show that
phage-mediated transfection efficiency (number of cells transfected) may be poor overall although

the efficiency of gene expression per cell can be improved using miniaturized phagemids.
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Figure 5.9: GFP gene expression of EGF-displaying phage-delivered transgenes. Cell lines Hela,
HT-29, MRC-5, A549, HEK293T were treated with EGF-displaying mini or full phagemids
encoding cmu-gfp. Transfections were compared with or without the transfection reagent
TurboFect. Scale bars represent 200 pm.

113



CHAPTER 5. TRANSFECTION OF A TARGETED MINIPHAGEMID

mini-(gfp) full-(gfp)

—TurboFect +TurboFect —TurboFect +TurboFect

A549 MRC-5 HT-29 Hela

HEK-293T

Figure 5.10: GFP gene expression of phage-delivered transgenes. Cell lines HeLa, HT-29, MRC-5,
A549, HEK293T were treated with mini or full phagemids without any targeting ligands
encoding cmu-gfp. Transfections were compared with or without the transfection reagent
TurboFect. Scale bars represent 200 pm.
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5.3.4 Effect of the target receptor on phage-mediated transfection

Based on the results from the MTT assay (Figure 5.6), we next asked if the filamentous phage
particle displaying EGF was able to lead to receptor activation. Activation of the EGF receptor
stimulates signal transduction pathways involved in cell proliferation, which may be related to the

apparent increase in cell viability previously observed.

Canonically, ligand-EGFR is necessary for receptor dimers to autophosphorylate prior to inter-
nalization via clathrin-coated endocytosis. Figure 5.11 shows a Western blot of the HeLa cell
lysates after treatment with EGF~ or EGF™ phage in comparison with treatment with purified
recombinant EGF. Phosphorylation of the tyrosine at position 1173 occurs within minutes of EGF
binding and is one of the necessary steps for downstream signal transduction. EGF-mediated
activation of EGFR is also prevented when in presence of the RTK inhibitor, gefitinib [494]. As
seen in Figure 5.11, phosphorylated EGFR is detectable after treatment with EGF but not if cells
were pre-treated with gefitinib. In contrast, no phosphorylation is detected when treated with
EGF™ phage only in absence of gefitinib. Based on these results, EGF-displaying phage are likely
internalized through EGFR-mediated endocytosis, but this does not appear to lead to EGFR
phosphorylation.

+gefitinib
NTC MI13KO7 EGF MI13-EGF EGF  M13-EGF
e P T A — . - —
P-EGFR ; [P
B-actin

Figure 5.11: EGF-displaying M13 does not activate EGFR as measured by Western blot.
From left to right, untreated HeLa cell extracts were compared to cells treated with M13KO7
(no display), purified recombinant EGF (100ng/pL) or M13SW7-EGF (EGF display) for
5min prior to analysis. Additionally, cells were also pre-treated with the EGFR inhibitor,
gefitinib (10 uM), prior to treatment with EGF or M13SW7-EGF. From top to bottom, cell
lysates were probed for presence of EGFR or phosphorylated EGFR (Tyr1173). S-actin was
used as the loading control. Phage were added at 5 x 109 virions/mL. NTC: no treatment
control, M13-EGF: M13SWT7-EGF, P-EGFR: Tyr1173.
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5.4 Discussion

5.4.1 Display of a cell-specific ligand determines phage cellular uptake

The use of EGF as a cell-targeting ligand has been shown to improve the internalization of
filamentous phage in previous studies and consequently, improved gene transfer, both in vitro and
in vivo [333, 347, 450, 451]. Using the EGFR™ cell line, HeLa, we observed cellular localization of
phages within 1h of administration (Figure 5.4). Within 1 h, phages were likely already internalized
although we did not differentiate between surface-adhered or internalized phage. Upon ligand
binding, EGF-EGFR complexes can internalize within 15-20 min [501]. Others have observed
phage internalization within 10-60 min [328, 336, 358, 502]|. Our results appear consistent with

these previous findings.

In phage transcytosis studies, Nguyen et al. (2017) observed significant cytoplasmic translocation
by phage T4 within 2h [330]. Juxtanuclear localization was evident by 6h in several images,
as fluorescently-tagged phages particles were clearly seen surrounding the DAPI-stained nucleus
but not within it. Upon ligand binding, internalized EGFR complexes are routed to lysosomes
for degradation; therefore, EGFR-bound phage may be prone to accumulate within juxtanuclear
lysosomes, which positions them perfectly for subsequent escape and nuclear transport. Expression
of GFP was detectable by fluorescence microscopy after 72h, which is similar to results from
delivery of purified ssDNA. This suggests that the additional requirement of DNA separation
from the filamentous phage coat may not contribute as much of a hindrance to phage-mediated
gene transfer as previously thought. Indeed, the low luminal pH of juxtanuclear lysosomes can
contribute to phage coat shedding [503]. From these results, we assert that the two obstacles,
lysoendosomal escape and nuclear penetration, are the key bottlenecks to successful phage-mediated

gene transfer.

To assess the utility of EGF as the targeting ligand in this proof of principle, we evaluated target
receptor expression across the cell lines HeLa, HT-29, MRC-5, A549, and HEK293T (Figure 5.7).
As expected, we did not see endogenous expression of EGFR in HEK293T [504-506|. Relative to
HeLa, we found that EGFR levels in A549 and HT-29 were similar when normalized to the loading
control, S-actin. Elsewhere, HeLa, A549, and MRC-5 have all been reported to express moderate
levels of EGFR [505, 507-509]. More specifically, HeLa and A549 have been reported to have
similar endogenous levels of EGFR; Zhang et al. (2015) measured EGFR density in HeLa and
A549 to to be approximately 270 and 142 receptors per pm?; respectively [505]. Although both we
and others [508, 509] show endogenous EGFR expression in MRC-5, this has been contested by
other studies [510]. Chowdhury et al. (2014) reported MRC-5 to be in the same expression level
group as HeLa and A549 [509], which we similarly observed here. HT-29 has been reported to
have moderate to high levels of EGFR expression amongst colorectal cancer cell lines [511, 512],
although conflicting observations have been reported [513-516]. Our results show that HT-29
exhibits similar levels of EGFR in comparison to HeLa, MRC-5, and A549.
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While all the EGFR™ cell lines exhibited similar EGFR expression to HeLa, treatment with miniegf
or fullegr phagemids did not result in comparable levels of luc expression (Figure 5.8). Although
display of an EGFR-targeting ligand appeared necessary for gene transfer in many of the EGFR™
cell lines, it alone appears insufficient for high levels of transgene expression. The rate of phage
internalization is very much tissue-dependent; for example, Bichet et al. (2021) identified slow

uptake of different bacteriophages in several cell lines, including HT-29 [328].

On the other hand, robust luciferase expression was observed in HEK293T, which does not express
detectable levels of EGFR (Figure 5.8). In this cell line, although greater gene expression was
observed with the EGF-displaying phage, the difference in gene transfer imparted by EGF™ versus
EGF™ phagemids was not statistically significant. Regardless of EGF display, the miniaturized
phagemid was associated with greater luciferase activity: up to a 5-fold increase in luciferase activity
over its full counterpart (Table 5.4). In the absence of cell uptake mediated by ligand-receptor
interactions, filamentous phage have been observed to enter via caveolae-mediated endocytosis [334,
517]. Larger phage particles must enter via phagocytosis and macropinocytosis [329]. In the
absence of a target receptor, filamentous phage uptake in HEK293T is likely clathrin-independent,
but the specific endocytic mechanism remains unclear. The high rate of phage-mediated gene
transfer into HEK293T independent of a receptor-targeted ligand presents an exciting avenue for
further investigation. Overall, our results here are generally consistent with previous reports of

EGF-mediated improved phage internalization and subsequent gene transfer [450, 451, 518].

5.4.2 TurboFect may improve phage-mediated gene transfer

The combination of biological gene transfer vectors with so-called traditional chemical reagents
has been investigated on many occasions. We observed that even with the display of a cell-specific
ligand, luciferase activity was greater when complexed with a cationic polymer. This is consistent
with the observations of Donnelly et al. (2015), as they also found that the cationic polymer

transfection reagent PEI improved filamentous phage-mediated gene transfer [477].

In contrast to the work by Donnelly et al. [477], however, we did not observe a large increase in
phage-mediated gene transfer when complexed together with a cationic polymer. Of note, we
used a different cationic polymer, the commercial reagent TurboFect, not PEI. Additionally, the
amount of TurboFect used in this study was low, but greater amounts were likely to lead to greater
cytotoxicity. Donnelly et al. proposed that the complex of cationic polymer and phage were able to
better penetrate cell membranes, which would suggest these complexes bypass receptor-mediated
endocytic uptake altogether. Another possibility is that the polymer-phage complex can better
escape the endosomal compartment, perhaps through the proton sponge effect. The increase in
gene transfer due to TurboFect was only evident in conjunction with the display of the cell-specific
ligand in this study. TurboFect enhanced EGF-dependent gene transfer but did not appear to
permit EGF-independent gene transfer, thereby supporting the latter hypothesis. However, the use

of such reagents in vivo is highly undesirable as they can be toxic and expensive to scale up.
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Notably, all phage lysates in these transfection studies were purified and concentrated with PEG,
which is the most common approach to filamentous phage purification. Residual PEG is known to
remain in the phage lysate [519, 520], which actually may be an advantage for gene transfer. The
addition of PEG to chemical non-viral gene delivery vehicles is associated with improved cellular
uptake and intracellular translocation [521-523]. PEG has also been suggested to improve systemic
delivery of plasmid DNA [524, 525], as it can protect circulating DNA complexes from clearance

by blood serum components.

Investigation into combinations of other cationic polymer reagents with phage may more prove
fruitful; hence, it may be important to remove PEG as a confounding factor. It would be elucidating
to examine phage-mediated gene transfer with cationic polymers in the absence of PEG. A number
of different strategies for purifying filamentous phage have been investigated [520], including
ultracentrifugation, size-exclusion chromatography, and others. More recently, filamentous phage
have been further purified from PEG-precipitated lysates based on the isoelectric point of the
phage [430, 519, 520].

5.4.3 The single-stranded miniphagemid improves gene transfer

Both purified and phage-encapsulated miniphagemid DNA were correlated with greater luciferase
activity over their full phagemid counterparts. However, this increase in luciferase expression as
conferred by the miniaturized luc phagemid was generally only evident when the phage particles
also displayed EGF in EGFR-positive cell lines. This is to be expected as the phage must first be
taken up through receptor-ligand interactions in order for any benefits from improved cytoplasmic

trafficking can manifest.

Another benefit conferred by the smaller size of the phagemid particle may be more efficient inter-
nalization upon ligand-receptor binding. Clathrin-mediated endocytosis has been previously shown
to accommodate filamentous phage particles up to 900 nm in length [336], although clathrin-coated
vesicles are typically on the scale of 200nm [526]. In general, particles smaller than 500 nm are
more likely to be taken up through clathrin or caveolae-mediated endocytosis, while larger particles
are likely internalized through other mechanisms such as phagocytosis or macropinocytosis [527,
528|. Although long, their flexible rod-like structure enables filamentous phages to be compacted;
as such, they are more readily taken up alongside receptor-mediated clathrin or caveolae-mediated
endocytosis in contrast to other larger, more globular proteins and phages. This effect is therefore
likely enhanced by the short nature of the miniphagemid particles since filamentous phage length
is determined largely by the length of the encapsulated DNA molecule. The lengths of minieg-(luc)
and miniegs-(gfp) are less than half that of the wild-type M13 genome (2.5-3 knt versus 6.4 knt) so

the corresponding phagemid particles would be 400 nm or shorter.

While luciferase activity peaked around 72h for purified ssDNA, luciferase activity from the
delivery of minieg-(luc) was still increasing at 96 h post-transfection. Investigations into long-term

miniphagemid-mediated gene transfer in future time course studies could be very interesting.
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Furthermore, these phagemids displayed EGF on plll, which is present in five copies on one end of
the phage particle. Display of targeting ligands on the much more highly abundant pVIII may
improve the likelihood of ligand-receptor binding and further improve cell internalization and
subsequent gene transfer. This has been demonstrated in other phage-mediated gene transfer
applications using a different cell-specific ligand, RGD (arginine-glycine-aspartate) [529]. However,
pVIII cannot accommodate homogeneous display of the entire EGF peptide (53 residues); thus
either shorter EGFR-targeted peptides or the use of Type 88 or Type 8+8 display system for

heterogeneous display must be incorporated.

5.4.4 Internalization of EGF-displaying M13 does not activate EGFR

Despite the use of EGFR as an internalization target in multiple studies, activation of EGFR-
mediated signal transduction by EGF-displaying phage has not been deeply investigated. M13
is not believed to prohibit EGFR, dimerization, but it is unclear if it interferes with receptor
phosphorylation events. Larger molecules such as the monoclonal antibody cetuximab [530] have
been shown to internalize with EGFR as antibody-receptor complexes without triggering the
downstream signalling pathway [531]. Internalization of bacteriophage A displaying EGF was
demonstrated in HT-29 cells [458], also independent of signal transduction. In fact, EGFR-targeted
A phage were shown to reduce cell proliferation, which was believed to be due to antagonistic receptor
binding by the EGF-displaying A phage. It is suggested that cetuximab-EGFR, internalization is
mediated through macropinocytosis [531], which is also the likely mechanism of uptake for a large
phage particle such as A\. However, it is unclear if this may also be the primary mechanism by

which the rod-like filamentous phage M13 may be internalized.

A number of studies have demonstrated that ligand-induced EGF receptor dimerization is the
primary mechanism by which ligand-EGFR endocytosis occurs and that it occurs independently
of EGFR autophosphorylation [495, 532-534|. Although the cell viability results from our MTT
assay indicated a possibility for EGFR-induced cell proliferation in cells treated with EGF™
phage (M13SWT7-EGF), we did not observe autophosphorylation of EGFR after phage treatment.
EGFR phosphorylation is known to occur rapidly after ligand-binding; hence, we examined EGFR,
phosphorylation 5min after treatment (Figure 5.11). No phosphorylation was observed as a result
of EGF™ phage treatment, although phosphorylated EGFR was detected after purified EGF
treatment. We also examined cell lysates after treatment with EGF or M13SW7-EGF for 1h,
but did not observe any phosphorylation after either treatment. Since receptor-mediated phage
internalization is known to occur within 15 to 60 min, it is possible that phage-displayed EGF

requires longer than 5min (but less than 1h) to activate EGFR.

Interestingly, the use of filamentous phage with pIII display of EGF to perturb EGFR signalling
pathways has been reported [449|. Souriau et al. (1997) observed induction of c-fos serum response
element (SRE)-mediated transcription, a late event in the EGFR-stimulated pathway, triggered by
treatment of EGFR™ cells with EGF-displaying phage. It has been demonstrated elsewhere that
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SRE-mediated transcriptional activation can occur even in cells with kinase-defective EGFR [535].
This suggests alternative mechanisms to stimulate EGFR-mediated signal transduction separately
from the receptor’s kinase activity, which warrants further investigation in future studies with
EGF-displaying phage. Additionally, nonactivated EGF-EGFR complexes within intracellular
endosomes can still autophosphorylate and transduce signals intracellularly [536-538]. Endosomal
EGFR signalling was demonstrated by Wang et al. (2002) by treating cells with EGF in the
presence of a tyrosine kinase inhibitor and a EGFR recycling inhibitor, then removing both
inhibitors after EGF-EGFR internalization [537]. Thusly, downstream cell proliferation pathways
could be activated in the absence of cell surface EGFR phosphorylation. Overall, we showed that
EGF displayed on filamentous phage did not activate EGFR by way of phosphorylation of the
key tyrosine residue 1173, although this does not rule out endosomal EGFR signalling nor other

kinase-independent signal transduction.

5.4.5 Summary

Internalization of EGF-displaying phage was observed to lead to juxtanuclear localization, likely
via the lysoendosomal pathway. This was associated with vastly improved gene transfer in EGFR™
cell lines, particularly in HeLa, over phage that did not display a ligand. Although it is known that
endocytosis of the EGF receptor is generally precipitated by autophosphorylation and receptor

activation, it remains unclear if EGF-displaying filamentous phage leads to EGFR activation.

Overall, the display of a cell-specific targeting ligand greatly enhanced gene transfer due to ligand-
receptor endocytosis enabling the bypass of a significant obstacle to gene transfer: the plasma
membrane. Furthermore, complexation of phage particles with a cationic polymer also further
enhances gene transfer; we postulate this effect likely manifests by improving phage endosomal
escape. Future developments in bacteriophage gene delivery must address the need for endosomal
escape in order to increase intracellular phagemid bioavailability. Finally, reduction in phagemid
size through removal of the bacterial backbone was found to improve phage-mediated gene transfer,

likely by increasing cytoplasmic diffusion towards the nucleus.
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Chapter 6

M13-mediated assembly of a linear
covalently-closed double-stranded DNA

minivector

6.1 Introduction

In Chapters 3 and 5, we characterized the production of a single-stranded (ss) DNA minivector
phagemid (“miniphagemid”) encoding a mammalian transgene cassette and demonstrated their
capacity for gene transfer in mammalian cells. Although the filamentous bacteriophage M13
has been successfully used for gene transfer both in vitro and in vivo 326, 332, 347|, one major
disadvantage to its usage in gene delivery is its single-stranded nature [344|. In general, ssDNA
transfects more poorly compared to double-stranded (ds) DNA [338, 342]. Here, we propose to
construct a double-stranded miniaturized phagemid for gene delivery to mammalian cells. Using
the split origin system for minivector construction we previously characterized (Chapter 3), our
aim here is to produce a dsDNA miniphagemid that only encodes a mammalian transgene, without

any prokaryotic backbone.

6.1.1 Transfection of double-stranded DNA

The efficiency of gene transfer even by cell-targeted filamentous phages is around 10% [342, 344,
518|, which is lower than other double-stranded phages. Similarly to ssDNA eukaryotic viruses such
as the adenoviral associated virus (AAV), the M13 ssDNA molecule must be converted to a duplex
form prior to transcription, a rate-limiting step that is highly inefficient in mammalian cells [344,
539]. To overcome this disadvantage, the incorporation of some duplex structures has improved
M13-mediated gene transfer [339, 343]. The integration of inverted terminal repeats (ITRs) from
AAV was found to improve M13-mediated gene transfer [339, 340]; in AAV, these repeats form
hairpins that are thought to induce synthesis of the second strand. Upon infection, AAV is
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converted to a dsDNA episome induced by the hairpin secondary structure of its ITRs. Indeed,
phage transfection was dramatically superior in the presence of a genotoxic drug like camptothecin,
which increased transfection efficiency from 10% to 30-45% [344]. DNA damaging treatments
including camptothecin, ultraviolet (UV) irradiation, and heat shock have been associated with
increased transduction of both AAV [540] and M13 [344, 541]; it is postulated that the improved
gene transfer arises from increased second strand synthesis through the activation of DNA repair
mechanisms. Although it remains unclear if the introduction of AAV ITR elements induces the
formation of dsDNA M13 vectors in mammalian cells, Hajitou et al. (2006) showed the chimeric
phage vectors had increased stability, possibly through the formation of concatemers, and improved

gene expression [339].

Phagemid vectors with self-complementary regions encompassing only the promoter as well as
the entire transgene cassette were associated with superior gene transfer, without any observable
decrease in phage titre [343|. Prieto and Sanchez (2007) observed that even a partial duplex
region encompassing only the promoter was sufficient to improve gene expression. They postulated
that the double-stranded sequence upstream of the gene cassette could function as a primer
to stimulate polymerization of the downstream cassette or that binding of RNA polymerase
to the dsDNA promoter may be sufficient to induce transcription-coupled DNA repair, again,
stimulating polymerization of the downstream DNA sequence [343]. However, in these applications
of phage-mediated gene transfer, a prokaryotic backbone was still present in the delivered DNA

molecule.

6.1.2 DNA minivectors

It has been well-documented that foreign DNA, such as viral or bacterial DNA, will induce
inflammatory responses [54-56]. Prokaryotic DNA is rich in unmethylated cytosine-guanine
dinucleotides (CpGs) [59], which are a type of pathogen-associated molecular pattern (PAMP) and
are recognized by the innate immune system [60-62|. Abundant in the endosomal compartments
of plasmacytoid dendritic cells (pDCs) and B cells, the Toll-like receptor (TLR) 9 mediates innate
immunity against cell-internalized DNA containing unmethylated CpG motifs (CpG-DNA) [65, 66].
Recognition of CpG-DNA by TLR9 stimulates the TLR /interleukin (IL)-1R signalling pathway,
activates downstream inflammatory pathways [36, 55]: notably, nuclear factor (NF)-xB and
mitogen-activated protein kinase (MAPK)). The TLR9 signalling pathway is dependent on myeloid
differentiation primary-response protein (MyD) 88 [71, 72] to activate the MAPK signal cascade
and NF-xB-mediated transcription of pro-inflammatory genes [36, 77|. CpG immunostimulation
strongly resembles a T helper lymphocyte (Th)-mediated immune response, specifically that of
Thl [36, 67, 68]. It is characterized both by immune cell stimulation and cytokine production [36,
78]. CpG immunostimulation is thought to be a primary factor in the silencing of transgene
expression, which can prohibit long-term expression of exogenous DNA [83, 84]. Vectors absent in
prokaryotic backbones (“minivectors”) have shown improved transfection efficiencies and prolonged

gene expression [58, 85, 86].
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Double-stranded DNA minivectors [50, 89] lack the bacterial backbone present in conventional
plasmids. Minivectors are minimized double-stranded circular covalently closed (CCC) or linear
covalently closed (LCC) molecules containing only the gene expression cassette. As minivectors
are also much smaller than their isogenic plasmid counterparts, they exhibit improved cytoplasmic

diffusion [38], which can further improve gene transfer from improved nuclear translocation.

Circular minivectors (minicircles) are generated by using recombinases to excise the minivector
from a precursor plasmid; minicircle recombinase systems have included A integrase [92, 93], P1
Cre recombinase [94], ParA resolvase [95, 96|, or ¢C31-integrase [97, 98|. Recombination activity
at target sites on the precursor produces multiple species: minicircles, miniplasmids containing
backbone elements, minivector intermediates, and residual parent plasmid. A purification step is
required to separate minicircle DNA from residual parent plasmid and other byproducts. Similarly,
dsDNA linear ministring vectors are produced using different recombinase enzymes, but generate
LCC vectors instead of circular ones [99]. A number of LCC minivectors have also been produced
in vitro [102-104, 542, 543|, generally through capping of open linear dsDNA DNA molecules.
Linear minivectors offer a superior safety and transfection efficiency profile over their isogenic
plasmid and even their minicircle counterparts [100]. Recombination between a linear vector and
a chromosome results in double-stranded DNA break (DSB) that activates cell death pathways
in both prokaryotic [99] and eukaryotic systems [100], thus safely removing these cells from the

proliferating cell population.

While we demonstrated the utility of minimization of gene transfer phagemid DNA (Chapter 5),
these efforts were precipitated on CCC vectors of a single-stranded nature. Nevertheless, we were
able to observe an increase in gene transfer correlated with the miniaturization of the phagemid
vector. To investigate a dsDNA phagemid assembled by filamentous phage, we must first construct
a phagemid vector containing both complementary sequences of a transgene cassette on the same

DNA strand; in other words, we must first construct a plasmid with a large inverted repeat.

6.1.3 Cloning of inverted repeats in Escherichia coli

The success of molecular cloning in prokaryotic systems can be impaired by the activation of
host pathways involved in DNA replication or repair. Such pathways include 1) restriction
systems that cleave foreign DNA; 2) endo- and exonuclease degradation of DNA; 3) homologous or

non-homologous recombination; and 4) DNA repair mechanisms.

Indeed, F. coli strains most commonly employed for the propagation of plasmid DNA are deficient
in restriction systems. Notably, suppression of EcoKI restriction (hsdRMS) [544] and MrcA,
MrcBC, and Mrr (mrr and mer) [545] permit the introduction of foreign DNA. Mutation in
endA improves the quality of DNA plasmid extractions [546, 547]. Mutations in homologous
recombination and DNA repair pathways improve the stability of such vectors, and further allow

propagation of other unstable DNA species.
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In E. coli, the major mediator of homologous recombination is RecA (recA), which is involved in
the RecBCD, RecE, and RecF pathways of recombination [548, 549]. RecA catalyzes recombination

through the pairing of homologous strands of DNA and subsequent strand exchange.

RecBCD mediates the primary pathway for recombination in FE. coli; it operates in concert with
RecA, DNA polymerase I, single-stranded binding (SSB) proteins, and DNA gyrase, among other
Rec proteins [549, 550]. RecBCD is essential for the repair of DSB and is also a major player in
recombination processes involving free dsDNA ends: for example, conjugation, transduction, and
transformation [549]. Upon binding to a blunt dsDNA end, RecBCD exhibits helicase activity
to unwind the DNA. Through recognition of a xy motif (5-GCTGGTGG-3'), its nuclease activity
modifies the end to produce a 3’-ssDNA overhang [549, 551] upon which RecA can be loaded for

the catalysis of homologous alignment and strand exchange [552].

The RecF pathway is implicated in the DNA repair of lesions arising from UV damage or stalled
replication forks; it may also participate in recombination processes of dsDNA ends in the absence
of RecBCD [553, 554]. In place of RecBCD, RecQ) unwinds double-stranded DNA to enable
RecJ exonuclease activity in order to produce the 3-ssDNA overhang for RecA loading [555,
556]. RecE-mediated recombination is activated in recB, recC, sbcA mutants [557]. Acting on
dsDNA as a substrate, RecE exonuclease activity produces 3" overhangs [558, 559], which enables
RecT-mediated homologous DNA strand exchange and annealing [558, 560].

As RecA is the primary recombinase across these pathways [548, 549], recA is the primary target
for recombination silencing. Knockout of the RecBCD pathway by mutations in recB and/or recCD
can drastically reduce homologous recombination events in F. coli. RecF-mediated recombination
can be ablated by mutations in recA, although recF' and recJ are also notable targets. Importantly,
DNA gyrase has been implicated in plasmidic recombination [444], so mutations in gyrA are

important to prevent undesired plasmid sequence modification.

Large unstable episomal DNA molecules have given rise to other peculiarities. Repetitive sequences
in DNA are not well tolerated in either eukaryotes or prokaryotes and can form deleterious secondary
structures [561, 562|. Leach (1996) defined a DNA palindrome as a region of double-stranded
DNA with twofold rotational symmetry; self-complementarity in each strand permits intra-strand
base-pairing giving rise to hairpin or cruciform structures [562]. The formation of hairpins from
inverted repeats stalls replication in bacterial, yeast, and mammalian cells alike [561, 563], which
can lead to genomic rearrangements and inviability. Propagation of inverted repeats larger than
200-300 bp in rect hosts is limited and subject to deletion or inviability [562]|. Plasmids with such
regions are prone to deletion or rearrangements (444, 455|, as their palindromic nature activates
homologous recombination pathways [548]. The use of a central asymmetric region that lacks
self-complementarity to interrupt a DNA palindrome was found to improve stability in E. coli [564].
Warren et al. (1985) observed that the addition of a central asymmetric spacer with a minimum
length of 50 bp restored viability of otherwise nonviable DNA palindromes. A spacer greater than

150 bp was necessary for stable propagation.
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For the stable propagation and manipulation of large stretches of repetitive DNA, E. coli strains
have been developed with combinations of mutations in the following pathways: homologous
recombination (recA, recB, recJ), UV repair (umuC, uvrC), and restriction (hsd, mcr, mrr) [454,
565-568|. Mutations in genes involved in the RecBCD homologous recombination pathway (recA,
BC; recD, sbeB) improved the stability of repetitive DNA [566]. In particular, sbcC and sbcB
were implicated in the stability of DNA palindromes in the range of 500-1600 bp [565, 569]. It
has been shown that SbcCD causes lethal DSBs during replication of DNA palindromes [570]. A
quadruple combination of mutations in recB, recC, sbcC, recJ, and/or recN prevented deletion of
unstable mammalian DNA sequences [567]. The SURE E. coli strains (SURE and SURE2) are
deficient in recombination (recB, recJ, sbcC'), UV repair (vorC, umuC'), and restriction (mrcAB,
mrr, hsdRMS). Similarly, the Stbl E. coli strains (Stbl2 and Stbl4) are deficient in recombination
(recA) and restriction. A known disadvantage of using recombination-deficient E. coli strains is
their slower growth activity; however, we and others [445] have observed that some rec™ strains

can perform comparably to rec™ strains.

6.1.4 Rationale and hypothesis

Here, we construct and characterize a sense-antisense (SAS) precursor vector that contains both
the sense and antisense sequences of a transgene cassette approximately 2.0 kb in length, flanked by
the separated domains of the f1 functional origin (f1 ori). We hypothesized that the insertion of a
large inverted repeat could be stabilized through the use of a minimized spacer region (50 bp) in the
E. coli strain Stbl4. Propagation of large unstable repetitive DNA such as lentiviral and retroviral
sequences has been demonstrated in Stbl E. coli strains [454, 471|. Hence, it appears to be a
good strain for the cloning of a large inverted repeat. We hypothesized that during amplification,
the complementary regions of the released plus (+) strand can re-anneal to form a dsDNA LCC

minivector phagemid that can be assembled into progeny virions.

6.2 Materials and methods

Strains and vectors. FE. coli K-12 strains were used in the generation of all phage and plasmid
constructs. E. coli JM109 was the host for plasmid amplification and purification unless otherwise
noted. Phage propagation was carried out using materials and methods described Chapter 3. All
bacterial strains and mammalian cell lines are listed in Table 6.1, plasmids in Table 6.2, and phages
in Table 6.3.

Maintenance of mammalian cell lines. Mammalian cell lines were maintained in tissue culture
plates (Thermo Scientific, Waltham, USA) at 37 °C in a humidified atmosphere with 10% CO,. All
cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Thermo Scientific) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin /streptomycin.
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Table 6.1: Bacterial and mammalian cell lines used to assess double-stranded miniphagemid function

Strain ~ Genotype Source

F’ traD36 proAB™ lacl? lacZAM15/ A(lac-proAB) endAl

JM109 gInV44 thi-1 el4™ recAl gyrA96 relAl hsdR17

NEB
F’ proAB™ laclq lacZAM15 Tnl10/ endA1l glnV44 thi-1

Stbl4  recAl gyrA96 relAl A(lac-proAB) mcrA Invitrogen
A(mecrBC-hsdRMS-mrr) A~ gal

Cell line Description Source

HeLa  uterus, cervix adenocarcinoma gift, Serenity Bioworks

NEB: New England BioLabs

Table 6.2: Plasmids used in the construction of a double-stranded miniphagemid

Plasmid Genotype Source
pGL2-Promoter (GN: X65326.2) cmuv-gfp gift, Mediphage
pGL2-55-CMV-GFP-58 replaced SV40-luc, Ap® Bioceuticals Inc.
pM13ori2.cmvgfp pM13ori2, cmu-gfp inserted in EcoRI-Pacl Chapter 3
pJET1.2/blunt GN: EF694056.1 Thgﬁitljffliher
pJET1.2-cmvelp giel?T;p%{ cmo-gfp inserted into EcoRV This study
) pM13ori2.cmvgfp, second cmu-gfp .
pM13ori2.cmvgfp.SAS (L) inserted in HindTL BamHI This study
) pM13ori2.cmvgfp, second cmu-gfp .
pM13ori2.cmvgfp.SAS (NL) inserted in Hind[TLBamHI This study
PM130ri2.cmvefp. SAS (Gay  PMI3ori2.emvelp, second cmv-gfp This study

inserted via Golden Gate assembly

GN: GenBank Accession No.

Table 6.3: Phages used in the construction of a double-stranded miniphagemid

Phage Genotype Source
M13KO7  M13, pl5a ori, Tn903 (Km®) NEB
mini-(gfp) cmu-gfp, from precursor pM13ori2.cmvgfp Chapter 3

ds-mini-(gfp)  cmu-gfp — emu-gfp, from precursor pM13ori2.cmvgfp.SAS (L) Chapter 3

NEB: New England BioLabs
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Construction of a precursor vector with both sense and antisense transgene cassettes
using Golden Gate Assembly. Two approaches were taken to construct a SAS precursor
vector encoding inverted repeats of the mammalian transgene cassette, cmv-gfp (Figure 6.1). The
first was through Bsal-dependent Golden Gate Assembly and incorporated a small central region
absent of self-complementarity (50 bp). The “sense” plasmid pM13ori2.cmvgfp was used both as
the template and target destination vector. A Bsal recognition site within the Ap® marker of
the pM13ori2 backbone was previously mutagenized in Chapter 3. Both target destination vector
and the “antisense” cmuv-gfp cassette were amplified from pM13ori2.cmvgfp (Table 6.4) with Bsal
recognition sites in the primer overhangs. Digestion by Bsal and ligation by T4 ligase proceeded
within the same reaction using the Golden Gate Assembly kit (New England BioLabs, Ipswich,
USA) to generate the final construct pM13ori2.cmvgfp.SAS (GG), which is depicted in Figure 6.2B.
The ligation was transformed into Stbl4 and selected on Luria—Bertani (LB) agar supplemented

with ampicillin.

Table 6.4: Primers for Golden Gate assembly of a sense-antisense precursor

Primer Sequence (5" — 3/)!

cmvgfp-AS-F GTCGAAGGTCTCCAACCTCTTAATTAAGGAATGTGTGTC
cmvgfp-AS-R GTCGAAGGTCTCCACGAATTCCGTTACATAACTTACGG
M13ori-F GGCTACGGTCTCTTCGTCGTACGCGCCCTGTAGCG
M13ori-R GGCTACGGTCTCTGGTTGGAATGTGTGTCAGTTAGGGTGTG

! Underlined nucleotides indicate primer overhang. Italicized nucleotides indicate Bsal recognition site.

Construction of a precursor vector with both sense and antisense transgene cassettes
using traditional endonuclease digestion. A second approach used traditional restriction
and ligation, and incorporated a larger central region absent of self-complementarity by way
of the transit cloning vector pJET1.2 from the CloneJET PCR Cloning Kit (Thermo Fisher
Scientific). The emu-gfp cassette, including the Pacl site, from pM13ori2.cmvgfp was first inserted
into pJET1.2. The cassette was then excised from pJET1.2 using endonucleases BamHI and
HindIII, which included a 264 bp region of pJET1.2, referred to as the linker. Digestion of the
destination vector pM13ori2.cmvgfp (containing the “sense” cassette) was performed using the
same enzymes, both of which are located near the M13 STOP. The “antisense” fragment was then
ligated using T4 ligase into the digested pM13ori2.cmvgfp to construct the SAS precursor with
linker: pM13ori2.cmvgfp.SAS (L). The ligation was transformed into Stbl4 and selected on LB agar
supplemented with ampicillin. Additionally, the linker was later excised by digestion with Pacl to
construct a precursor variant without a linker: pM13ori2.cmvgfp.SAS (NL). Both constructs are

depicted in Figure 6.2.
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) Obtain construct with
Amplify fragments for Assemble! sense-antisense flanked by
Golden Gate assembly M13 START & M13 STOP

(A) Golden Gate strategy for construction of the SAS precursor vector

destination vector
(sense cmv-gfp)

+

Econg HindllI
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&—»((‘ +]

T - D
cmvgfp
Hindlll
) ) Obtain construct with
Cut antisense fragment Clone into target plasmid sense-antisense flanked by
from transit plasmid containing sense cassette M13 START & M13 STOP

(B) Traditional cloning strategy for construction of the SAS precursor vector

Figure 6.1: Two approaches to the construction of the sense-antisense precursor.

assemble the SAS precursor via Golden Gate, primers with Bsal cut sites within the primer
overhang were used to amplify the antisense fragment and the destination vector (containing
the sense sequence). Assembly proceeded through thermocycling to activate Bsal and T4
ligase activity in order to construct the final plasmid. B) To assemble the SAS precursor
via the traditional restriction and ligation approach, the cmuv-gfp cassette was first amplified
by PCR and inserted into a transit vector (pJET 2.1) to incorporate a HindIIl cut site
downstream of the cassette. The destination vector (containing the sense sequence) was then
digested with EcoRI and HindIIT as was the pJET1.2-cmv-gfp transit vector. Ligation with

T4 ligase would produce the final construct with a linker region from pJET1.2.
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Figure 6.2: Maps of sense-antisense miniphagemid precursors.
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Predicted maps of precursor

plasmids for the production dsDNA miniphagemids. An inverted repeat of the cmuv-gfp
cassette is inserted upstream of the M13 STOP. Both (B) and (C) show the same predicted
construct assembled through different methods, and (D) is the same construct as (C) with
the linker (pink) excised. GG: Golden Gate Assembly, L: pJET1.2 fragment (linker), NL: No

linker.
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Characterization of the putative sense-antisense precursor plasmid. Putative clones
were subjected to endonuclease digestion to verify construction. For the plasmid constructed
through Golden Gate Assembly, these enzymes were: Apal, EcoRI, Mfel, Mlul, Pacl (New England
BioLabs). For the plasmid constructed through traditional restriction and ligation, these enzymes
were: BamHI, EcoRI, HindIII (New England BioLabs). Digested products were visualized via
agarose gel electrophoresis (AGE).

Production and purification of phage. A fresh E. coli colony carrying the phagemid precursor
plasmid was inoculated into rich media and incubated at 37 °C with aeration until slightly turbid
(0.01 < Agoo < 0.4). The culture was then infected with helper phage M13KO7 to a titre of
1x 10® PFU/mL and returned to the same conditions for an additional 1-1.5h. It was supplemented
with kanamycin (70 pg/mL) and returned to the same conditions overnight. The next day, the
culture was centrifuged (8000 X g) to separate the bacterial pellet (replicative factor (RF) DNA)
from the supernatant (phage lysate).

After removal of the pellet, the phage lysate was purified through a 0.45 pm filter to remove residual
bacterial debris. Phage were precipitated with polyethylene glycol (PEG) and re-suspended in
Tris-NaCl (TN) buffer. Filtered lysate was concentrated through precipitation with PEG: 1/5 of
the lysate volume was added in PEG, and the mixture was incubated at 4°C for at least 2h. It
was then centrifuged at 12000 x g for 15min at 4°C to separate the PEGylated phage (pellet)
from media (supernatant). The pellet was then re-suspended in a smaller volume of ice-cold TN
buffer and a second PEG precipitation was carried out. PEG-precipitated phage suspensions were
treated with DNase I (Promega, Madison, USA) to remove any extraneous phage or bacterial
DNA in the sample [409, 410]. The concentrated phage lysate was stored at 4 °C.

RF dsDNA were extracted from the pellet with the Monarch Plasmid Miniprep Kit (New England
Biolabs). Phagemid ssDNA were extracted from the phage lysate through phenol-chloroform
extraction. Briefly, phenol was added to the PEGylated lysate (1:1, v/v) and mixed by vortexing.
After centrifugation for 5 min at 4 °C, the top aqueous layer was extracted. This layer was extracted
again with an equivalent volume of phenol:chloroform twice, and chloroform once. Finally, the
ssDNA was precipitated overnight with 100% ethanol at —80°C. The precipitated DNA was

washed with 70% ethanol, dried, and re-suspended in RNase- and DNase-free water.

Quantification of phagemid and RF DNA. Extracted DNA was analyzed on a NanoDrop
2000 to determine concentration and purity. Extracted RFs were linearized with BamHI and visu-

alized via AGE, while phagemid ssDNA was visualized directly via AGE without digestion.

Mung bean nuclease assay. Mung bean nuclease preferentially and nonspecifically digests
single-stranded DNA. We used it to confirm the form of DNA in phage lysates arising from the
SAS precursor vector. Purified DNA was subjected to mung bean nuclease (1 or 10 units) for 0.5

or 2h (New England BioLabs). Digested samples were then visualized via AGE.
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Optimization of SAS phage production and RF processing. Key parameters were in-
vestigated for their influence on the processing of the SAS precursor plasmid into a recombinant
RF (RFx). Phage production was performed as described above, except for modifications to
the parameters under investigation. The parameters were: optical density at time of infection
with helper phage, the multiplicity of infection (MOI) of helper phage, presence of phagemid
antibiotic (ampicillin) and/or helper antibiotic (kanamycin), and the duration of infection by helper
phage. As a baseline, cultures were infected with helper phage M13KO7 at Aggo = 0.02 to a final
concentration of 1 x 108 PFU/mL for 16 h before phage purification or RF extraction. Plasmids
and RFs were extracted and purified from cell pellets using the Monarch Plasmid Miniprep Kit
(New England Biolabs). RFx DNA was analyzed via AGE.

Separation of DNA species. The phage lysate arising from helper phage action on the
SAS precursor vector contained both ssDNA helper phage genome and double-stranded LCC
miniphagemid. Helper phage genome was separated from the dsDNA SAS minivector in the phage
lysate using hydroxyapatite (HAP) chromatography (Bio-Rad), according to the method described
by Fadrosh et al. [571, 572|. Briefly, the DNA mixture was incubated with 0.12M phosphate
buffer. The mixture was passed through hydrated HAP (Bio-Gel HTP hydroxyapatite) in an
open glass Econo-column (Bio-Rad) at 60°C. DNA was eluted from the column in fractions
of increasing phosphate concentration: 1) 0.12M (ssDNA), 2) 0.2M, and 3) 0.4M and 1.0M
(dsDNA). Phosphate buffer recipes can be found in Appendix A. Eluted fractions were extracted
using phenol:chloroform (1:1, v/v), followed by chloroform (1:1, v/v), and desalted using Amicon
Ultra Centrifugal Filter Devices (30,000 MWCO; Millipore, Billerica MA). Finally, nucleic acids
were precipitated overnight with 100% ethanol at —80 °C. The precipitated DNA was washed with
70% ethanol, dried, and re-suspended in RNase and DNase-free water.

Transfection of phage and purified DNA into HeLa. HeLa cells were seeded at 5 x
10% cells/mL in a 24-well plate. Purified double-stranded plasmid DNA was complexed with
TurboFect (Thermo Fisher Scientific) for 15 min prior to transfection. Transfection was visualized

by fluorescence microscopy on the EVOS FL Auto Imaging System (Thermo Fisher Scientific).

6.3 Results

A plasmid containing both the complementary sequences of a mammalian expression cassette
(ecmuv-gfp) flanked by separated domains of the fl1 ori was constructed. Two molecular cloning
approaches were investigated, resulting in the successful construction of the vector in F. coli Stbl4.
Helper phage M13KO7-mediated rescue of a double-stranded miniphagemid was then demonstrated
and investigated. The resulting lysate was subjected to HAP chromatography to isolate the LCC

double-stranded miniphagemid for downstream applications.
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6.3.1 Construction of a sense-antisense miniphagemid precursor

The construction of a plasmid with a large interrupted palindrome was evaluated with two sizes
of spacers. Through Golden Gate assembly, a linker approximately 50 bp long was incorporated,

while through traditional restriction and ligation, a 264 bp linker was incorporated.

Although assembly of products was viable, clones were unstable and prone to deletion or recom-
bination. As seen in Figures 6.3 and 6.4, a substantial deletion event was observed. This is
evidenced by differences in the observed sizes of restriction digestion products compared to their
expected sizes when visualized via AGE. Table 6.5 summarizes all the expected DNA fragment
sizes resulting from digestion of the destination/source plasmid and the predicted sequence of the
anticipated pM13ori2.cmvgfp.SAS (GG) construct. EcoRI digestion of pM13ori2.cmvgfp.SAS (GG)
was expected to result in two fragments: one 2.4kb containing the plasmid backbone and one
4.1kb containing both sense and antisense cassettes. While the 2.4 kb fragment was identified, the
other fragment was noticeably smaller than 4 kb, suggesting a deletion of at least 100 bp. Notably
EcoRI-Pacl digestion was expected to result in one fragment approximately 2.4 kb in size (identified
in Figure 6.3B-2) and two fragments approximately 2kb in size. Instead, one approximately 4 kb
fragment was identified. Similarly, in the digestion with Apal-Pacl, one fragment in the range of
1-1.5kb instead of 2x820 bp was identified. Based on the results in Figure 6.3, the linker Pacl site
did not appear to be present in the putative SAS clone.

Using endonucleases Mlul, Apal, and Mfel, we sought to narrow down where the deletion occurred.
Two recognition sites for each of these nucleases should be present in the SAS precursor; Mlul
cuts upstream of gfp, Apal cuts at the tail end of gfp, while Mfel cuts just upstream of the polyA
sequence (Figure 6.4A). Digestion with Mlul showed the expected fragment size spanning the
plasmid backbone (3.6 kb), but the fragment expected to contain gfp and the linker was smaller
than predicted (Figure 6.4B-2). Similarly, the 1.9kb Apal-Scal fragment containing the “sense”
cmu-gfp region was present after digestion of both the source vector and the putative SAS precursor

(Figure 6.4B-1).

However, the predicted 1.6 kb band corresponding to the linker region between Apal sites was
reduced in size; the deletion event occurred downstream of the gfp sequence. Finally, digestion with
Mfel again showed the fragment containing the backbone was as predicted, while the 1kb fragment
expected to contain the linker ran just above the 0.5kb ladder. Thus, one or multiple deletions
totalling approximately 200-500 bp occurred near (or likely at) the centre of the palindrome, also

resulting in the deletion of the Pacl site.
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Scal @ Scal

M13 START

M13 STOP
pM13ori2.cmvgfp
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pM13ori.cmvgfp.SAS (GG)
(6484 bp)

SV40 polyA
GFP Linker
Pacl
SV40 polyA
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(A) Indicated regions correspond to predicted fragment sizes (bp)
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————

(B) Endonuclease digestion products

Figure 6.3: The Pacl site may be deleted during Golden Gate assembly of the SAS precursor.

A) Schematics illustrating expected digestion products of interest from 1) the sense precursor,
pM13ori2.cmvgfp (V), and 2) the SAS precursor (SAS). Fragment sizes are listed in bp. B)
DNA fragments visualized via AGE as a result of digestion with: 1) Apal and Pacl, 2) EcoRI
and Pacl. Some SAS digestion products are smaller or larger than expected, as indicated in
yellow. Mr: 1 kb ladder (FroggaBio).
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Figure 6.4: Digestion with endonucleases narrows down missing region in SAS precursor. A)
Schematics illustrating expected digestion products of interest from 1) the sense precursor,
pM13ori2.cmvgfp (V), and 2) the SAS precursor (SAS). Fragment sizes are listed in bp. B)
DNA fragments visualized via AGE as a result of digestion with: 1) Apal and Scal, 2) Mfel,
Apal, or Mlul. Some SAS digestion products are smaller or larger than expected, as indicated
in yellow. Mr: 1 kb ladder (FroggaBio).
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Table 6.5: Expected fragment sizes from digestion of sense-antisense precursor (GQ)

Endonuclease(s) Sense vector fragments (bp)! SAS vector fragments (bp)?

Pacl 4480 6484
EcoRI 4480 4080, 2404
Apal-Pacl 3662, 818 4840, 824, 820
EcoRI-Pacl 2440, 2040 2404, 2046, 2034

Scal 4480 6484
Apal 4480 4840, 1644
Apal-Scal 2569, 1911 2929, 1911, 1644
Mlul 4480 3632, 2852
Mfel 4480 5424, 1060

! Predicted from sequence for pM13ori2.cmvgfp. 2 Predicted from sequence for pM13ori2.cmvgfp.SAS (GG).

The second approach to construct the SAS precursor vector was by way of a larger linker from
pJET1.2. By amplifying the cmwv-gfp cassette using a forward primer containing a BamHI site
in the overhang and the HindIII site in pJET1.2, the “antisense” cmwv-gfp could be inserted
downstream of its “sense” complement in a reverse orientation using the unique HindIII-BamHI
cut sites present upstream of the M13 STOP (Figure 6.1). Putative pM13ori2.cmvgfp.SAS (L)
clones were analyzed by digestion with EcoRI, HindIIl, and BamHI to assess if the antisense-
linker fragment inserted stably (Figure 6.5). The bands corresponded to the predicted sizes as
summarized in Table 6.6; in particular, the BamHI-HindIII fragment containing the antisense
insert was successfully excised back out of the final clone. Thus, construction of the sense-antisense

precursor plasmid, pM13ori2.cmvgfp.SAS (L) was confirmed.

Table 6.6: Expected fragment sizes from digestion of sense-antisense precursor (L)

Endonuclease(s) SAS vector fragments (bp)!

EcoRI-HindIII 4703, 2050
HindITI-BamHI 4451, 2302
EcoRI-BamHI 4352, 2401

! Predicted from sequence for pM13ori2.cmvgfp.SAS (L).

Next, we assessed if removal of the linker was viable. We obtained clones of pM13ori.cmvgfp.SAS
(NL) after Pacl digestion, ligation, and selection in Stbl4; however, transformation of Stbl4 with
purified (NL) plasmid was unstable. Figure 6.6 shows six random clones subjected to digestion by
EcoRI, BamHI, HindIII, or Pacl; all endonucleases were expected to cut once, except for HindIII
whose recognition site was in the removed linker. EcoRI consistently cut once, but multiple bands
were present in two clones when digested by BamHI. Instead, faint bands approximately 0.75-1kb
can also be seen after digestion with EcoRI or BamHI, indicating the prevalence of other DNA

species. Furthermore, the Pacl site appeared to have been lost in all clones.
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Figure 6.5: Construction of a SAS precursor plasmid. Putative clones were assessed by endonuclease
digestion. A) Schematics illustrating expected digestion products of interest from the SAS
precursor. Fragment sizes are listed in bp. B) DNA fragments visualized via AGE as a result
of digestion with: EcoRI-HindIII, HindIII-BamHI, or EcoRI-BamHI. The products are the
predicted size for pM13ori2.cmvgfp.SAS (L), confirming its construction. Mr: 1 kb ladder
(FroggaBio).
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Although the linker was removed from the (L) precursor plasmid in a separate step, this (NL)
plasmid was unable to propagate stably even in Stbl4. Overall, a plasmid containing a large inverted
repeat of a cmu-gfp cassette was constructed in Stbl4 using an intermediate spacer that linked the
two repeats together. Construction of the same vector without a linker via Golden Gate Assembly
was unsuccessful, likely due to the unstable conformation of two very close inverted repeats.
Notably, attempts to repeat the construction in strains such as JM109 were unsuccessful; however,

transformation with the constructed pM13ori2.cmvgfp.SAS (L) was viable and stable.

pM13ori2.cmvgfp.SAS (NL) clones *noncutter

Mr @ @ @ Mr

) 4w E B H* P uc E B H* P uc E B H* p (0

Figure 6.6: Removal of the central spacer destabilizes the sense-antisense plasmid. Stbl4 was
transformed with purified pM13ori2.cmvgfp.SAS (NL); six random clones were miniprepped
and subjected to digestion with enzymes cutting once (EcoRI, BamHI, Pacl); the noncutter
HindIII, was also used. From left to right for each clone, uc: uncut; E: EcoRI; B: BamHI;
H: HindIII; P: Pacl. A single band at 6.8 kb was expected in lanes E, B, and P; undigested
plasmid was expected in lanes uc and H. White arrows indicate lanes where multiple bands
were unexpectedly observed. Mr: 1 kb ladder (FroggaBio).
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6.3.2 Production of a recombinant RF from the sense-antisense precursor

We next infected cells carrying the pM13ori2.cmvgfp.SAS (L) precursor plasmid with helper phage
M13KO7 to evaluate if the sense-antisense cassette could be rescued by phage proteins. M13KO7-
mediated rescue and assembly of the CCC single-stranded cmuw-gfp miniphagemid was compared
to that of the putative LCC dsDNA miniphagemid (Figure 6.7). The predicted ds-mini-(gfp)
miniphagemid should be approximately 2.5 kb, which was indeed present in ssDNA purified from
phage lysates. Visualization via AGE, however, showed that a majority of the ds-mini-(gfp) lysate
was comprised of helper phage genome. In comparison, helper phage genome was not always
detectable via AGE in the mini-(gfp) lysate.

The RFx was predicted to be approximately 4.5kb (Figure 6.8). Both the RFx and ds-mini-(gfp)
products were present in the extracted dsDNA RF and the ssDNA phage lysate, respectively
(Figure 6.8B). From these results, M13KO7 did appear able to rescue a double-stranded mini-(gfp)
via the formation of the predicted RFx (Figure 6.8A), but tended to preferentially assembled its

own genome into phage progeny. This was expected as phage proteins exert optimal activity on
ssDNA.

Mr CCC ssDNA

(kb) mlnlphagemld LCC dsDNA mlnlphagemld

1111}

Figure 6.7: Helper phage M13KO7 can package a double-stranded miniphagemid. On the left,
CCC purified single-stranded miniphagemid was separated from helper phage genome via
AGE. On the right, putative LCC dsDNA miniphagemid was separated from helper phage
genome. A faint band can be seen in each lysate that corresponds to the expected size of the
double-stranded ¢mwv-gfp miniphagemid. Bands are indicated as helper genome (yellow) and
ds-mini-(gfp) (blue). Mr: 1 kb ladder (FroggaBio).
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(A) DNA species from helper rescue of the double-stranded LCC miniphagemid
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(B) RFx DNA (C) Phage lysate DNA

Figure 6.8: The SAS RFx is necessary for double-stranded miniphagemid production. A) The
schematic illustrates the species expected from helper phage rescue of a double-stranded LCC
miniphagemid from the SAS precursor vector: 1) Helper phage rescue from the precursor
plasmid forms 2) a double-stranded RFx with both the sense-antisense sequences. It undergoes
rolling circle amplification to form 3) an ssDNA species where the sense-antisense regions
anneal to form a dsDNA molecule for assembly into 4) a double-stranded LCC miniphagemid.
Double-stranded RF products (B) and single-stranded purified phagemid DNA (C) were
visualized via AGE. Bands are indicated as helper genome (yellow), precursor plasmid (red),
and RFx or ds-mini-(gfp) (blue). Mr: 1 kb ladder (FroggaBio).

To verify if the 4.5kb band in the phage lysate was indeed double-stranded in nature, it was
treated with mung bean nuclease (MBN), which preferentially cuts ssDNA. We expected that
helper phage genome and mini-(gfp) would be degraded after MBN treatment.
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Like plasmid DNA, both ds-mini-(gfp) (L) and (NL) were resistant to MBN treatment (Figure 6.9).
Even with 1 unit of MBN, all helper phage genome was degraded after 30 min, while the ds-
mini-(gfp) remained almost completely intact. Importantly, prolonged treatment with MBN even
degrades plasmid dsDNA, so it was expected that band intensity of the ds-mini-(gfp) would also
decrease. With prolonged or increased MBN treatment, the band size corresponding to the dsDNA
miniphagemid decreased. This is suspected to be due to the MBN-mediated removal of ssDNA
regions (the f1 ori and the linker). Thus, we have demonstrated that the split origin of the sense-
antisense precursor plasmid was a viable substrate for helper phage rescue of a double-stranded

miniphagemid.
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(A) Schematic drawings of the products treated with MBN

. mini-(gfp) . . LCC dsDNA
Mr @ plasmid @ ssDNA @ LCC dsDNA phagemid @ plasmid @ phagemid Mr
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MBN: 30 min MBN: 2h (10u)

(B) AGE of phage lysates treated with MBN

Figure 6.9: The SAS phage product is resistant to mung bean nuclease. Phagemid and plasmid
constructs (A) were subjected to digestion with MBN for 30 min or 2h and visualized via AGE
(B). Lysates were treated for 30 min with 1 or 10 units of MBN: 1) CCC plasmid dsDNA, 2)
CCC mini-(gfp) ssDNA phagemid, 3) putative LCC ds-mini-(gfp) phagemid (with or without
a linker). The blue boxes enclose the bands expected to be phagemid DNA. Lysates were
treated for 2h with 10 units of MBN: 4) plasmid DNA, 5) ds-mini-(gfp) phagemid (with or
without a linker). Mr: 1kb ladder (FroggaBio).
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6.3.3 Optimization of the production of a recombinant sense-antisense RF

Although helper phage rescue of a sense-antisense RFx was demonstrated, filamentous production
of a dsDNA progeny particle was not efficient. Thus, we examined if any parameters in the
production method for ds-mini-(gfp) could be modified to improve it (Figure 6.10). For this study,
we focused on the conversion of precursor sense-antisense plasmid to the recombinant RF, which is
one of the rate-limiting steps to phagemid rescue. Optimizations were carried out in JM109 as
RFx production was not detectable in Stbl4. Four parameters for phage production were evaluated
for their influence on production of the dsDNA miniphagemid: length of time from infection to
phage harvest, antibiotic selection for the precursor plasmid (ampicillin) and the helper phage

(kanamycin), optical density of the culture at time of infection, and MOI.
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Figure 6.10: Key parameters optimized in the production of a sense-antisense miniphagemid.
Parameters are indicated in this schematic of the overall workflow: 1) optical density
of the culture at time of infection, 2) multiplicity of infection (MOI), 3) the degree of
antibiotic selective pressure for the phagemid precursor or the helper phage, 4) duration of
infection. Molecular structures of kanamycin [573] and ampicillin [574] are reproduced from
PubChem [575].
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The optimal duration for infection appears to be 16-18 h, as we were unable to observe appreciable
amounts of RFx or ssDNA via AGE both when infection was stopped before 16 h and when it
proceeded beyond 18 h. RFx was detected in most lysates if infection was allowed to proceed for
16-18 h, but was never observed outside this range. This contrasts with the production of “typical”
CCC wild-type phage, which can be obtained after as little as 6 h [576].
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We next examined if we could optimize M13KO7 rescue of the sense-antisense cassette from the
precursor in order to generate the RFx. First, we examined if a higher culture optical density,
an indicator of the bacterial growth stage, had an effect on the RFx production. Purified RF
DNA was harvested from cultures carrying the SAS precursor plasmid infected by helper phage
at optical densities from Aggy = 0.022 to 0.094 (Figure 6.11), and Agoop = 0.562 (Figure 6.12).
Both undigested and BamHI-linearized DNA were visualized via AGE. We also examined RFx
production with or without antibiotic selective pressure (kanamycin) for the helper phage in
Figure 6.11. Notably, multiple extraneous bands of different sizes were detected; for example, a
band slightly larger than 1kb can be seen both in the uncut and cut lanes. These bands did not
correspond to any expected DNA species and, notably, were not produced in the absence of helper
phage. This may be indicative of recombination events stemming from replication from f1 ori, not

the plasmid origin of replication (or1).

(?(At:) 0.022 0.024 0.056  0.094 0.022 0.024 0.056  0.094 pDNA

Figure 6.11: Effect of optical density and helper antibiotic on SAS RFx conversion. Each
sample was infected by M13KO7 at the optical density indicated above the wells. Purified
RF DNA was run in pairs (undigested, BamHI-digested). Lysates on the left side were
prepared from cultures supplemented both kanamycin and ampicillin. Lysates on the right
side were not treated with kanamycin after addition of M13KO7. Arrows indicate bands of
interest: yellow (helper genome), red (plasmid), blue (RFx). Mr: 1 kb ladder (FroggaBio).

The brightest RFx band was associated with infection of culture at Agog = 0.056, when sup-
plemented with kanamycin; neither RFx production nor the presence of the helper phage were
observed in absence of kanamycin at these optical densities. This suggests that antibiotic selection
is required to maintain helper phage activity. However, Figure 6.12 showed strong bands correlating
to the M13KO7 genome even in absence of kanamycin when cultures were infected at Agog = 0.562.
Here, we observed that both ampicillin and kanamycin appeared dispensable when cells were in
late log phase upon infection. Unidentified DNA species were also present in both undigested and

digested samples, including the >1kb band.
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Figure 6.12: Effect of phagemid and helper antibiotic on SAS RFx conversion. All samples were
infected when Aggp = 0.562. Samples were loaded in pairs (undigested, BamHI-digested).
From left to right, media after infection contained 1) no antibiotic; 2) kanamycin only; 3)
ampicillin only; 4) both ampicillin and kanamycin. Arrows indicate bands of interest: yellow
(helper genome), red (plasmid), blue (RFx). Mr: 1 kb ladder (FroggaBio).
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Figure 6.13: Effect of antibiotic on SAS RFx conversion. All samples were infected when Aggg =
0.054. Samples on the left were digested with BamHI while the same undigested samples are
on the left. From left to right, media after infection contained 1) no antibiotic; 2) kanamycin
only; 3) ampicillin only; 4) both ampicillin and kanamycin. Arrows indicate bands of interest:
yellow (helper genome), red (plasmid), blue (RFx). Mr: 1 kb ladder (FroggaBio).
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Initial results (Figure 6.11) indicated that an optical density of approximately Aggpp = 0.05 appeared
to be better for RFx production. The impact of selective pressure against the phagemid precursor
vector was therefore evaluated at a low optical density (Agoo = 0.054) in contrast to a high optical
density(Agoo = 0.562) in Figures 6.12 and 6.13. Although helper phage genome was present even
in the absence of kanamycin, bands correlating to linearized RFx were distinctly fainter in samples
not supplemented with kanamycin; thus, maintenance of helper phage with antibiotic selection
appeared to be required for good processing of the sense-antisense precursor. On the other hand,
removal of ampicillin from the media did not appear to negatively impact RFx production; in fact,
the brightest RFx band (Figure 6.13) was from a culture supplemented with kanamycin but devoid

of ampicillin.

Next, we evaluated higher optical densities in Figure 6.14. Cultures were infected with M13KO7 at
Agoo = 0.505 or 0.605 to a final titre of 1 x 107 or 1 x 10® PFU/mL. Production of the RFx appeared
robust even when Aggy = 0.605, when cells may start entering stationary phase. The increase
in helper phage concentration also appeared to be correlated with improved RFx production,
particularly in the presence of kanamycin. However, we could not determine an optimal optical

density; RFx production was similar both around Aggg = 0.05 and Agpg = 0.6.

Mr @ @ @ @ @ @ @ Mr
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e —

Figure 6.14: Effect of antibiotic, optical density, and MOI on SAS RFx conversion. On the
left, samples were infected when Aggg = 0.503; on the right, when Aggo = 0.605. Samples
were loaded in pairs (undigested, BamHI-digested). When the culture reached Aggy = 0.503,
helper phage M13KO7 was added at a concentration of 1 x 107 PFU/mL without kanamycin
(1) and with (2); and at a concentration of 1 x 10 PFU/mL without kanamycin (3) and
with (4). When the culture reached Aggy = 0.605, helper phage M13KO7 was added at a
concentration of 1 x 107 PFU/mL without kanamycin (5) and with (6); and at a concentration
of 1 x 108 PFU/mL without kanamycin (7) and with (8). Arrows indicate bands of interest:
yellow (helper genome), red (plasmid), blue (RFx). Mr: 1 kb ladder (FroggaBio).
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Hence, we asked if it was the MOI that was defining factor. The MOI is defined as the number
of phage that infect per cell. Given the same phage concentration, a lower optical density
(where cell mass is low) results in a higher MOI; likewise, a higher optical density results in a
lower MOI. However, no pattern emerged from examining the MOI across Figures 6.11 and 6.14.
Specifically, we observed superior RFx production at A = 0.05, 0.5, and 0.6 when helper phage
added at 1 x 108 PFU/mL in the presence of kanamycin. This corresponds to MOIs of 430,
60, and 111, respectively; it does not appear that MOI is a major impact on RFx production,
although the absolute number of helper phage molecules may be. Aside from the duration
of infection, we observed that antibiotic selective pressure against the helper phage improved
precursor-RFx conversion, while phagemid antibiotic selective pressure after infection appeared to

be non-essential.

6.3.4 Hydroxyapatite chromatography separation of DNA species

Given the high degree of helper phage in the lysate, the dsDNA phagemid needed to be purified
prior to downstream applications. HAP chromatography has emerged as a robust method to
separate different forms of DNA [572, 577, 578]. A mock chromatography run was first performed
using a known mixture ssDNA and dsDNA to determine the efficacy of recovery (Figure 6.15).

For this mock run, 5ug each of purified ssDNA M13KO7 genome and dsDNA pM13ori2 were
combined. Fractions were eluted with 0.12M, 0.2M, 0.4 M, and 1.0 M phosphate buffer. The
0.4M and 1.0M fractions were combined in accordance with Fadrosh et al. (2011) [571]. DNA
purified from each fraction was visualized via AGE; DNA purity and concentration were assessed
by NanoDrop. The A260/280 ratios were in the range 1.87-1.92, which is within boundaries
for high-purity DNA [579]. On the other hand, A260/230 ratios were in the range 1.70-2.26,
which suggests possible contaminants that absorb strongly at 230nm. In the 0.12M fraction,
approximately 68% (3.4ng) of ssDNA was recovered. No DNA was detectable in the 0.2M
fraction. In the combined 0.4 M /1.0 M fraction, only 10% (approximately 0.5 pg) of the dsDNA
was recovered. Overall, despite the low recovery, separation of dsDNA species from ssDNA species

via HAP chromatography was confirmed in this study.

As the mock run was able to separate dsDNA from ssDNA, we followed by investigating the
utility of HAP chromatography in separating phage genomic ssDNA from ds-mini-(gfp) DNA
in consolidated phage lysates. SAS miniphagemid lysates were combined into two volumes for
separation via HAP chromatography. Fractions were eluted across four fractions of increasing
phosphate concentrations as detailed above [571], and visualized via AGE (Figure 6.16). The
A260/280 ratios ranged from 1.80 to 1.97, again an acceptable ratio for pure DNA [579]. The
A260/230 ratios ranged from 1.56 to 2.49; the low end is indicative of the presence of contaminants

that absorb strongly at 230 nm.
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Figure 6.15: Hydroxyapatite chromatography separates DN A forms. On the left, undigested
mixtures of ssDNA (M13KO7 genome) and dsDNA (pM13ori2 plasmid) are run together,
unseparated. After performing HAP chromatography, the 0.12M fraction contained the
ssDNA M13KO7 genome, the 0.2 M fraction would contain RNA if there were any, and the
combined 0.4 M/1.0M fraction contained supercoiled dsDNA pM13ori2. Mr: 1 kb ladder
(FroggaBio).

Approximately 307.9 pg and 129.2 pg of ssDNA was recovered for each 0.12 M fraction. However,
DNA was present in the 0.2 M fraction as well: in total, 59.8 ng and 18.9 ng were recovered per each
0.2M fraction. In the combined 0.4 M/1.0M fractions, 5.2 pg and 12.9 png of DNA was recovered

per fraction.

Upon visualization via AGE, the DNA recovered in the 0.2 M fractions appears to be primarily
ssDNA. The large amount of ssDNA per sample likely overwhelmed column capacity and was not
completely collected during elution with 0.12 M phosphate buffer. However, practically all ssDNA
was eluted with 0.12M and 0.2 M phosphate buffer, with little to none found in the 0.4 M /1.0 M
fractions. Additionally, a smaller band (approximately 2 kb) was visible alongside the expected
2.4kb dsDNA minivector band. Some smearing was visualized It is likely that this DNA species
was always present in the lysate, but at such low abundance that it was not detectable until after

concentration through HAP chromatography.
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Figure 6.16: Separation of the LCC dsDINA miniphagemid from ssDNA M13KO7 genome
using hydroxyapatite chromatography. A mixture of helper genome and LCC dsDNA
miniphagemid was subjected to HAP chromatography. The majority of ssDNA M13KO7
genome was recovered in the 0.12 M phosphate fraction, while the ds-mini-(gfp) miniphagemid
was recovered in the 0.4 and 1.0 M fractions. Due to the overwhelmingly large amounts of
ssDNA | some of it was also present in the 0.2 M fraction. Yellow boxes indicate helper phage
ssDNA while blue boxes indicate ds-mini-(gfp) DNA. Mr: 1kb ladder (FroggaBio).
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6.3.5 Transfection of HeLa using SAS

Lastly, we applied the HAP-purified ds-mini-(gfp) phagemid DNA to HeLa cells to assess their
capacity for transfection. Gene expression over 24 to 96 h was visualized by fluorescence of green

fluorescent protein (GFP) (Figure 6.17).
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Figure 6.17: GFP fluorescence was not detected from the LCC dsDNA miniphagemid. Trans-
fection of purified DNA was performed in HeLa cells. Gene expression was tracked via
visualization of GFP fluorescence at 24, 48, 72, and 96 h after transfection (left to right).
From top to bottom, transfection was performed with: 1) the empty vector pM13ori2 as a
negative control, 2) the source plasmid pGL2-SS-cmv-gfp-SS as a positive control, 3) the
precursor plasmid for mini-(gfp), 4-5) the SAS precursor plasmid (L) and (NL), 6) mini-(gfp)
ssDNA, and 7) SAS (L) miniphagemid DNA. Scale bars represent 200 pm.
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The ds-mini-(gfp) phagemid DNA was transfected alongside the empty vector, pM13ori2 as a
negative control and the source plasmid pGL2-SS-cmv-gfp-SS as a positive control. GFP expression
was then compared to transfection of the single-stranded mini-(gfp), and the SAS precursor
plasmids with and without a linker. As might be expected, strong GFP fluorescence was observed
for the plasmid vectors; however, both SAS precursor plasmids exhibited lower fluorescent intensity
per cell compared to pGL2-SS-CMV-GFP-SS and pM13ori2.cmvgfp. This is likely due to the
presence of the inverted repeats, as pM13ori2.cmvgfp.SAS (NL) additionally performed worse
than pM13ori2.cmvgfp.SAS (L). No GFP fluorescence was detected over the 96 h period from
ds-mini-(gfp), indicating it was unsuccessful as a gene transfer vector. In comparison, fluorescence

was detected from administration of ssDNA mini-(gfp) after approximately 72 h.

6.4 Discussion

6.4.1 A 4 kb DNA palindrome with a large central spacer is stable in Stbl4

We constructed a plasmid with a large interrupted DNA palindrome approximately 4 kb in size in
Stbl4, an E. coli strain designed for the cloning of unstable inserts [454, 466, 471]. We attempted
to insert a 2kb inverted repeat with a 50bp or a 267 bp central spacer region and found that
the larger linker was necessary for successful cloning of the inverted repeat in the Stbl4 host
background. Interruption of the palindrome with a central non-palindromic spacer appears to be
necessary for viable propagation, particularly with larger repeats [564]. Warren and Green (1985)
postulated that this spacer could be theoretically as small as 20 bp, but experimentally observed a
minimum requirement of 50 bp for viability and 150 bp for stability [564|. Plasmid-borne DNA
palindromes have been reported in host backgrounds highly deficient of recombination, including
Stbl2, and a number of combined rec and sbc mutants [562, 567, 569|. Consistent with these
observations, we were unable to clone the same inverted repeat with the large linker in JM109 nor
with a short linker in Stbl4. Our attempts with a short linker led to a high frequency of deletion

events of around 500 bp near the central region of the palindrome (Figures 6.3 and 6.4).

In contrast, deletion of the linker was viable and relatively more stable in Stbl4. We were able to
obtain pM13ori2.cmvgfp.SAS (NL) after Pacl-mediated excision of the linker, although we found
that the Pacl site was nonfunctional after ligation. Propagation of this perfect palindrome was
unstable and resulted in a high frequency of plasmid splicing in Stbl4, as evidenced by the presence
of small unidentified DNA species visible via AGE (Figure 6.6).

The stable propagation of such a large perfect palindrome has not yet been reported to our
knowledge. Plasmids with perfect palindromes 2.2kb long (2x1.1kb) or interrupted palindromes
500 bp long have been propagated in sbcC-deficient E. coli strains, but still with rearrangements or
deletion frequencies up to 50% [562, 580]. The dsDNA phagemid constructed by Prieto and Sanchez
separated two 1.7 kb repeats by a 180 bp central spacer in the phagemid backbone, pBluescript II
SK— [343]. Palindrome inviability appears partially dependent on SbcCD cleavage of palindromic
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secondary structure, leading to the formation of DSBs [581-583|. Replication of DNA palindromes
is susceptible to mutations from misalignment of the palindromic arms [584], which can induce
replication slippage. Replication-slipped mispairings can lead to deletions near the centre of

symmetry in a SbcCD-independent fashion [583].

Overall, the Stbl4 host background in conjunction with the large linker were sufficient to permit
the cloning and propagation of the large interrupted palindrome. Hosts with a combination of rec
and sbc mutations comprise another promising avenue for investigation. In particular, knockout
of sbeCD [567] and recF, which are implicated in the DNA palindrome instability and plasmidic
DNA recombination [554], may improve cloning. Importantly, we also found that although the
construction required a Stbl4 background, we were able to stably transform and propagate the
final construct pM13ori2.cmvgfp.SAS (L) into another recA strain like JM109.

6.4.2 A double-stranded miniphagemid vector can be assembled by M13

The helper phage M13KO7 can act upon the split origin of the sense-antisense precursor plasmid
to rescue a double-stranded miniphagemid. Both the production of the RFx (Figure 6.8) and the
ds-mini-(gfp) (Figure 6.7) were confirmed by AGE visualization of DNA bands at the predicted
sizes. The duplex nature of the ds-mini-(gfp) was further confirmed by its resistance to MBN
digestion (Figure 6.9). The decrease in size of the ds-mini-(gfp) after extensive MBN digestion is

attributed to loss of single-stranded loop regions at the covalent ends of the molecule.

Filamentous phage-mediated DNA replication is initiated by pIl binding at the fl1 ori, then
proceeds unidirectionally through rolling circle amplification. The plus strand is displaced by
a newly synthesized strand as DNA polymerase proceeds along the minus strand as a template
until the termination signal is reached [135]. Normally, the displaced strand is coated by SSB
proteins until a new complementary minus strand is synthesized or the plus strand is sequestered
from the replication process by pV coating. Since each single strand has a large region of self-
complementarity, hairpin and cruciform structure formation can prohibit these activities. It is
intriguing that the ds-mini-(gfp) molecule can be extruded through the assembly machinery at all;
this suggests both the pII binding region and the packaging signal (PS) are still accessible in the
f1 ori on a RFx with inverted repeats. Although pV is known to bind nonspecifically to ssDNA,
it also has some sequence specificity; in particular, it is known to bind to a 16-mer nucleotide
sequence (5-GUUUUUGGGGCUUUUC-3') [227, 228] both as an RNA or DNA sequence [225,
226]. Notably, this sequence forms a structure resembling a stem loop. More recently, 58-mer DNA
motifs constrained by hairpins were also found to be preferentially bound by pV [228]: again, large
loops of unpaired nucleotides are “enclosed” by one or more hairpin loops in a stem-loop structure.
It is believed that such stem-loop structures can serve as nucleation sites for pV-DNA [225, 226,
228|, whereby saturation of the DNA molecule occurs through cooperative dimer-dimer interactions
between pV units. Given that the sense-antisense is contains extraordinary amounts of secondary

structure, it would not be surprising if pV nucleation sites exist throughout the single-stranded
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RFx intermediate. Importantly, formation of the PS hairpins should be occurring in the SAS RFx
in order to facilitate ds-mini-(gfp) phagemid assembly and extrusion. However, we cannot discount
the possibility of PS-deficient dsSDNA miniphagemid simply assembling alongside helper genomes

into multi-genome progeny.

Production of the sense-antisense RFx is strongly correlated to strength of helper
phage presence. We examined if the replication and assembly process could be perturbed
by modifications to the phage production workflow outside of genetic engineering (Figures 6.11
to 6.14). As a baseline, we used the following parameters as a reference: M13KO7 helper phage
were added to a final concentration of 1 x 108 PFU/mL to a culture of susceptible cells carrying
the target phagemid and supplemented with ampicillin once the culture reached Aggg = 0.02. The

culture would then be supplemented with kanamycin, and infection proceeded for 16 to 18 h.

Overall, we observed that production of the ds-mini-(gfp) phagemid was more sensitive to pertur-
bations than production of the single-stranded mini-(gfp) (Chapter 3). The duration of infection
was limited to 16-18 h, for example. Between the parameters of optical density at time of infection,

the MOI, and antibiotic selective pressure, the latter was the most important.

In complex media such as LB, E. coli are thought to be in steady-state growth, commonly
referred to as the log phase, until approximately Aggg = 0.6 — 1.0. It has even been reported
that steady-state growth can stop much earlier, around Aggyp = 0.3 [585|, after which the growth
rate and cell mass gradually decrease. Therefore, we expected that infection by helper phage at
low optical density should be superior; pili, the adsorption sites for M13, are lost as cells enter
stationary phase [439]. The start of stationary phase, as indicated by the rise of intracellular
levels of stationary phase sigma factor (%), begins around Aggy = 0.5 [585, 586]. However, we
observed robust REFx conversion even when cells were infected between Aggg = 0.5 and 0.6, which is
indicative of sufficient pilus formation to support M13 infection even at this stage of growth. More
importantly, the presence of kanamycin was most strongly correlated with good RFx production
(Figures 6.11 to 6.14). A strong helper phage presence appears to be necessary to overcome the

inefficiency of processing the split origin around a DNA palindrome.

Although construction of the sense-antisense vector was only possible in Stbl4, not JM109, we
found that the reverse was true for phagemid rescue. In our previous work with Stbl4 (Chapter 4),
phagemid rescue was highly efficient with both a wild-type and split fl1 origin. However, RFx
production and ds-mini-(gfp) was not detectable in Stbl4 during this study; hence, we moved the
process to JM109. Phage-mediated replication of this phagemid particularly is adversely affected
in Stbl4 but the reason is unclear. Interestingly, Leach (1996) observed that stability of inverted
repeats in M13 was particularly poor [562]. Furthermore, palindrome-bearing plasmids are more
susceptible to rearrangements or deletion if present in high copy number [562]. Modifying the
plasmid origin, the helper phage origin, and/or the host strain background may lead to a more

suitable combination for double-stranded filamentous phagemid production.
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Our work here only scratches the surface of the highly complex interplay between phage proteins
and dsDNA substrates. Taking our results together, we have identified several areas for further
study. Firstly, strain background may have an even greater impact on the rescue of the double-
stranded miniphagemid than it did on single-stranded miniphagemids. Hence, investigation into
different strain backgrounds may prove fruitful. Secondly, robust helper phage presence appears
strongly correlated with good RFx production. Therefore, increasing MOI (i.e. increasing phage
concentrations) appears to be a promising line of inquiry. The strength of the antibiotic selective
pressure for the helper phage is another parameter that can be investigated more thoroughly.
Thirdly, the phagemid plasmid origin is high copy number, which may be contributing to palindrome
instability. The use of lower copy plasmids may be beneficial to increase palindrome stability,
although it is unclear what the impact on phagemid rescue would be. For helper phage rescue of
palindromic phagemids, switching the high copy origin (pMB1) and medium copy origin (pl5a)
of the SAS phagemid and helper phage may prove useful. In addition, we observed in earlier
studies that culture conditions can drastically alter resulting phage yield (Chapter 3). The results
here were based on 10 mL cultures; thus, it will become important to investigate how scaling up
may affect yield. In investigations of large-scale production of M13, growth medium and culture
pH were two important parameters that affected host cell health (and consequently, cell phage
output) [431, 587|. Presence of antibiotic reduced yield from the additional metabolic burden;
in these small-scale studies, we found that antibiotic selective pressure to maintain helper phage
levels important. Indeed, maintenance of plasmid, helper phage, and RFx subspecies likely all
contribute to substantial metabolic burden on host cells. Thus, the need to further balance SAS
precursor-RFx conversion adds another layer of complexity to scale-up, which will need to be

addressed for future applications of this technology.

6.4.3 HAP chromatography can purify ds-mini-(gfp) DNA

Purification of double-stranded products from ssDNA helper phage can be reliably accomplished
using hydroxyapatite [571, 572]. HAP has long been used to fractionate on the basis of DNA
composition [577, 588]. An important caveat is the amount of helper phage, as the large degree of
helper phage contamination in our lysates overwhelmed the capacity of the hydroxyapatite. Robust
column optimization is important, which may be difficult to achieve if sample composition is not
known ahead of time. In all our samples of recovered dsDNA, we observed a reduced A260/230
ratio, indicative of residual contaminants that absorb strongly at 230nm. This is most likely
phenol, as phenol:chloroform extraction was necessary to purify the fractionated DNA. Phenol
contamination was not apparent in fractions of purified ssDNA. Likely, the higher salt content in
the (up to 1.0 M phosphate buffer) dsDNA fractions impeded efficient purification. The recovery of
dsDNA was also much lower than that of ssDNA, which may also be related. On the whole, we were

able to use HAP chromatography to fully separate undesired ssDNA helper phage genome.
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Transfection of the ds-mini-(gfp) was inconclusive. While we were able to demonstrate
the production of a double-stranded DNA vector using filamentous phage M13, we were unable
to observe gene expression from its transfection in cells in vitro. We hypothesize this was most
likely related to the low A260/230 ratio as potential contaminants such as phenol will impair

transfection.

Another explanation for the lack of gene expression with the ds-mini-(gfp) may be imperfect
annealing of the two complementary sense-antisense sequences. Replication of inverted repeats is
prone to error, where replication slippage can lead to nucleotide mismatch [584]. Although the size
and duplex nature of the ds-mini-(gfp) molecule were as confirmed, debilitating point mutations
may have accrued during its replication. Transfection of both the interrupted palindromic cmwv-gfp
(L) and perfect palindromic (NL) plasmids showed qualitatively less fluorescence: GFP fluorescence
was observed in fewer cells and the fluorescence was also less intense per cell. Gene expression
from the (NL) plasmid was also worse in comparison to the (L) plasmid, which can be attributed
to the greater instability of the perfect palindrome. This is in line with previous observations of

the instability of inverted repeats in mammalian and bacterial cells [561].

6.4.4 Summary

Overall, we demonstrated that a phagemid vector carrying a large DNA palindrome could be
constructed if a sufficiently large central spacer region was present. We found that a central spacer
of 267 bp was superior to a 50 bp spacer for this size of palindrome. Although filamentous phage
M13 is a ssDNA phage, we were able to demonstrate helper phage-rescue of a dsDNA phagemid
DNA, confirmed by its resistance to MBN degradation. Furthermore, we were able to isolate the
dsDNA phagemid from helper phage genome in the resulting lysate using HAP. This lays the

groundwork for a novel phage-based gene transfer platform.
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Chapter 7

Conclusions and future directions

7.1 Conclusions

The genetic simplicity and flexibility of the filamentous bacteriophage (phage) M13 make it a
promising platform for mammalian cell targeting and gene transfer. Its capacity for phage display
simplifies tissue targeting by facilitating the display of any cell-specific ligand. As phages are
generally inexpensive to produce in large quantities, they are highly amenable to large-scale
manufacture as biopharmaceuticals. In this work, we constructed and characterized a novel phage

gene delivery vector platform and demonstrated its application in vitro.

In Chapter 3, we showed that a single-stranded (ss) miniaturized phagemid devoid of bacterial or
phage backbone could be produced when a mammalian gene expression cassette was flanked by
separated domains of the fl functional origin (f1 ori). Despite the split origin on the precursor
plasmid, M13KO7 was able to produce a recombinant RF (RFx) absent of the plasmid backbone
and assemble the minivector phagemid into progeny virions. Miniphagemid yields arising from a
split origin precursor plasmid were comparable, and even superior, to yields from phagemids with
intact wild-type origins. The efficiency of phagemid rescue by helper phage M13KO7 is known to
be dependent on length [315], but we further demonstrated that the sequence composition plays a

far more influential role.

Quantification of the phagemid and helper phage in the same lysate showed that miniphagemids
encoding cmuv-gfp were more efficiently packaged than isogenic non-miniaturized phagemids (“full”
phagemids) with a wild-type f1 ori. For other genetic cassettes, the phagemid:helper ratio was
far lower, although uncorrelated with total phagemid length. While phagemid rescue could be
very efficient for some transgenes, the final lysate still contained some degree of helper phage
contamination, which we were unable to separate from the target phagemids. Additionally,
phagemid:helper ratio was only evaluated across three mammalian transgene cassettes, limiting
the scope of the study. We postulated that secondary structure within the genetic cassette could

be the driving factor behind a preferential helper:phagemid ratio.
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Miniphagemid production was further characterized across different E. coli host backgrounds in
Chapter 4. In a head-to-head comparison of six E. coli strains, JM109 and Stbl4 appeared to
be the best strains for helper phage M13KO7-mediated rescue of miniphagemid virions, with
miniphagemid lysate compositions over 95%. Additionally, robust mini and full phagemid assembly
in DH5a showed that the F-factor was non-essential if the helper phage could be maintained via a
plasmid origin. Based on our results in these six strains, strong miniphagemid rescue appeared to

be correlated with hosts that had mutations in endA, recA, and gyrA.

Furthermore, the packaging signal (PS) was eliminated in M13KO7 in order to reduce extrusion
of the helper genome into the phage lysate. Phage without the PS (M13SW8) were unable to
form plaques on susceptible E. coli, but were still able to rescue phagemid with efficiency on
par to its parent phage. The removal of the PS dramatically reduced the number of infective
helper phage virions in the phage lysate, leading to a much improved phagemid:helper ratio.
Based on the results in this chapter, we postulated that the small level of PS-deficient helper
phage genomes still in the phage lysate may be co-extruded alongside phagemid molecules, or
that recombination events between the helper phage genome and phagemid in the cell could
reconstitute a wild-type PS. Analysis of replicative factor (RF) DNA also indicated that other
recombination events may be occurring in cells transformed by PS-deficient helper phage. The
presence of an unexpected DNA species in the RF DNA of many M13SWS8-rescued lysates was
suggestive of “miniphage” formation; these are recombination products believed to arise from phage
genome rearrangement whereby all genetic elements except for the phage origin are lost [589]. We
postulated that the high accumulation of unextruded helper phage genome could lead to miniphage
conversion. The propensity of accumulated helper phage to form miniphage remains a challenge

for this system.

Additionally, a helper phage was constructed to display the cell-specific targeting ligand epidermal
growth factor (EGF). This helper phage was used to assemble EGF™ mini and full phagemids
encoding cmu-gfp or cmwv-luc. In Chapter 5, these hybrid targeted phages were applied to
cells expressing the EGF receptor (EGFR) in order to assess their capacity for gene transfer.
Internalization of EGF-displaying phages in was confirmed in the EGFR™ HeLa cell line; display of
the cell-specific ligand dramatically improved gene transfer of phagemids. The EGF ligand was not
observed to activate phosphorylation of the EGF receptor prior to cellular internalization, although
this does not preclude later signal transduction, nor transduction independent of phosphorylated-
epidermal growth factor receptor (EGFR) [534, 537, 538].

Display of receptor-targeting peptides can therefore confer mammalian cell tropism to phage
particles; this overcomes one of the biggest obstacles to the use of phage as a genetic therapeutic
in an animal model. One caveat, however, is that the display of a receptor-targeted ligand alone
appears insufficient to ensure highly efficient gene transfer. Treatment of other cell lines with
similar levels of EGFR did not result in as high gene expression, although EGF display did

improve expression over non-displaying phage per cell line. Other cell-specific factors can impede
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the rate of phage uptake, the rate of nuclear penetration, the rate of gene transcription, or all
of the above [328|. Furthermore, the addition of a commercial cationic polymer transfection
reagent further improved phage-mediated gene transfer, which we postulated was related to
improved endosomal escape. While receptor targeting was the single largest factor influencing
successful gene transfer, miniaturization of EGF-displaying phagemids was also associated with an
increase in gene expression. Intriguingly, gene expression was demonstrated from both EGF' and
EGF™ miniphagemids in the EGFR™ cell line, HEK293T}; this shows that cell internalization of
filamentous phage can occur independently of ligand-receptor endocytosis, although the mechanism
is unclear. Based on the results in this chapter, the combination of a cationic polymer, cell-specific
targeting ligand, and miniaturization of the transgene-encoding phagemid was found to improve

phage-mediated gene transfer.

Finally, we sought to further advance the utility of M13 gene delivery by assembling a double-
stranded (ds) phagemid minivector in Chapter 6. Building upon the miniphagemid design from
Chapter 3, we constructed a sense-antisense (SAS) precursor plasmid in which a repeat of the
cmu-gfp gene cassette was inserted in reverse, such that both the sense and antisense sequences
were present on one DNA strand. Rescue of the phagemid from this SAS precursor demonstrated
the assembly and production of a dsDNA filamentous phagemid virion. While Stbl4 was a suitable
host for the production of single-stranded miniphagemid particles, we were unable to produce a
double-stranded equivalent. Consistent with our hypothesis in Chapter 3, an RF molecule with
direct inverted repeats is a poor substrate for the phage replication protein pIl. A major challenge
with this system will be the construction and maintenance of a stable palindrome precursor

plasmid.

Overall, the incorporation of two separated domains of the f1 ori is a straightforward improvement
over a single wild-type origin and results in high titres of miniphagemid gene transfer vectors. In
support of this platform, we constructed a backbone vector, pM13ori, which contains a polylinker
to accommodate cloning of other transgenes. The optimizations presented this work here establish
how filamentous phage gene delivery vectors can better overcome cellular gene transfer barriers,
including: bypassing the plasma membrane through receptor-targeted endocytosis, efficiently
navigating the cytosol through improved endosomal escape, and accessing nuclear transcriptional
machinery with the miniaturized phagemid structure. These explorations expand the utility of

bacteriophage M13 as a platform for the production of genetic therapies.

7.2 Future directions

A number of new hypotheses and new lines of inquiry have arisen from the results compiled in
the preceding chapters. These questions can form the basis of new research directions, which will

further advance the technology characterized in this work.
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7.2.1 Improving the efficiency of miniphagemid production

In Chapter 3, we investigated the utility of a split origin precursor plasmid for the generation of
miniaturized phagemid vectors encoding mammalian transgenes for gene transfer applications.
We hypothesized that good helper phage rescue of miniphagemid from a precursor plasmid was
dependent on secondary structure formation in the encoded sequence. As such, it would be useful to
examine a larger array of sequences where secondary structures, if present, have been characterized.
We found that phagemids encoding cmuv-gfp were assembled with great efficiency but the addition
of a tet fragment from pBR322 reduced M13KO7-mediated rescue drastically. Hence, it would
be beneficial to examine these elements in isolation: for example a comparison of miniphagemids
encoding portions of each genetic cassette. Importantly, the cmov-luc cassette was assembled with
very poor efficiency, although it shares a great number of features with the cmv-gfp and cmv-gfp-tet
cassettes. Quantification of M13KO7-rescued phagemids encoding isolated portions of the cmwv-luc
gene cassette could determine the problematic sequences that interfere with phage replication. The
hypothesized secondary structure should also be verified experimentally: DNA cruciform structures

can be visualized using atomic force microscopy, for example [590].

Furthermore, we showed the production of miniaturized phagemids as a proof of principle using
the helper phage M13KO7 across 6 E. coli host backgrounds, all of which were derived from F. coli
K12. Based on the results of ch:helper, other E. coli strains are also promising candidate hosts. In
particular, we suggested a recA host derived from FE. coli B, Stbl3. Notably, a study evaluating
strains for their capacity to propagate supercoiled plasmid DNA identified a phenomenon of
runaway plasmid replication in TG1, HB101, and MG1655 [445]. Plasmid copy number was much
higher than expected in these strains, which could be very beneficial from a production standpoint,
and may contribute to a much higher phagemid yield. A number of other helper phages and helper
plasmid vectors have been constructed by other groups [252, 316, 591|, including helper plasmids
completely devoid of the f1 ori [318]. The optimal host strain/helper phage combination has yet
to be identified.

7.2.2 Hybrid phage display applications

Functionalization of the phagemid particle via phage display has been applied by many groups to
extend the applicability of filamentous phage-mediated mammalian targeting. We demonstrated
plII display of an approximately 50 a.a. peptide for cell-specific targeting, which did not impact
infectivity. However, all the coat proteins of M13 have the capacity for display; as no coat protein
is involved in replication, it is not likely that fusion coat proteins would have any impact on
miniphagemid processing. It would be useful to explore combinatorial display; for example, a 388
or 38 + 8 system, whereby the helper phage has fusion pIIl and pVIII for multifunctional display.
Importantly, homogeneous pVIII display can only support very short peptides; for the display of
larger peptides, a second copy of wild-type gVIII should be present either on the phagemid or in
the helper phage for heterogeneous display.
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Indeed, plll display of EGF only presents five copies of the ligand per phage. A natural extension
of the work presented in this thesis would, therefore, be the generation of Type 8 or 88 helper
phages displaying many more copies of EGF to see this further improves gene transfer. As the
peptide is too large for homogeneous pVIII display, either shorter EGFR-targeting peptides [482]
or heterogeneous pVIII display must be used. Additionally, other cell-specific ligands should be
tested to better characterize cell-specific uptake of phage. Towards this goal, we have begun work
on the display of other peptides on M13SW7. In particular, we have successfully displayed a
different targeting peptide from the lung Ace2 receptor-targeting spike protein of the coronavirus
SARS-CoV-2. To further functionalize the hybrid miniphagemid particle, a combinatorial display
of a peptide for cell-targeting, another peptide for intracellular trafficking, and/or a peptide for

endosomal escape may prove superior.

We further investigated the pIIl display of an 11-residue highly cationic peptide that may improve
endosomal escape [592]. However, this fuses poorly in the N-terminal region of pIIl and drastically
impedes infectivity. This peptide may be best suited for C-terminal plII display, as it is exposed
to the cytoplasm whereas the N-terminus is exposed to the periplasm. Altogether, we envision a
multifunctional chimeric M13 phage particle encapsulating a miniphagemid gene delivery vector,
not only functionalized by the display of a cell-specific targeting ligand on pVIII, but also by the

display of other peptides to improve cell and nuclear penetration on other coat proteins.

7.2.3 Improved characterization of phage-mediated gene delivery

Our observations of miniphagemid gene transfer indicate that filamentous phage M13 internalization
is dependent on EGF-EGFR endocytosis, which is primarily mediated by clathrin. Many bacterio-
phages, including filamentous phages, can enter mammalian cells by both clathrin-dependent and
clathrin-independent pathways. Based on the results in Chapter 5, we propose alternative studies
to better understand the intracellular localization of phage over time. Internalized phage can
be quantified by lysing cells after phage uptake both through infectivity and DNA quantitation
assays, such as quantitative PCR (qPCR). Importantly, this can determine the proportion of
phage particles that remain intact within the cell. Additionally, visualization through confocal
microscopy, for example, can precisely show the intracellular location of phage particles. The
use of endocytic disruptive agents [527] such as inhibitors of clathrin (chlorpromazine), caveolae
(methyl-B-cyclodextrin), and endosome acidification (chloroquine) can also help shed further light

which pathway is used.

Here, a cell-specific targeted miniaturized phagemid particle complexed with a cationic polymer
transfection reagent appeared to be the best combination for phage-mediated gene transfer. To
better characterize the dynamics of the polymer-phage complexes, future studies can determine
particle size, through dynamic light scattering techniques or through visualization via scanning or
transmission electron microscopy. As advances in nanoparticle development have demonstrated

superior cell penetration and cell trafficking [593|, novel phage-nanoparticle formulations may be
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of interest. Since the phagemids under study were concentrated using polyethylene glycol (PEG),
separation of phage particles from PEG [430, 520] may be necessary to fully characterize the
interactions between phages and co-transfection agents. Given that M13 phagemid DNA is single-
stranded, the use of DNA damaging agents can drastically improve transfection efficiency [344]. A
combination of camptothecin (or other DNA damaging agent), cationic polymer, and cell-targeted

miniphagemid may therefore prove to be highly synergistic [344, 541].

Further characterization of phage-mediated EGFR activation. Although we suspect
filamentous phage displaying EGF activates the EGFR downstream signalling pathway, the results
were inconclusive. We were unable to observe autophosphorylation from the treatment of EGFR™
cells with EGF™ phage, but it has been reported that cell-surface phosphorylation of EGFR is not
the only means by which signal transduction can occur [534, 537, 538|. Thus, future work should
assess if gene transcription or other late events in EGFR-stimulated pathways, for example, can be

activated by EGF-displaying filamentous phage or EGF-displaying miniphagemids.

7.2.4 Improved characterization of double-stranded miniphagemid vectors

Construction of the SAS precursor plasmid and M13KO7-mediated rescue of the resultant dsDNA
phagemid are both highly inefficient processes. Notably, sbcCD mutations have been implicated
in impaired propagation of DNA palindromes [565, 567, 569, 594, 595| and recF in plasmidic
recombination. Hence, future SAS vector construction may benefit from the use of a strain such as
SURE or SURE2 [568|. A relatively large central spacer was necessary for the cloning of a direct
inverted repeat; however it would be fruitful to see if an sbcCD and/or recF host can support the

construction of a large perfect palindrome or and/or one with a smaller spacer.

We identified several areas of further study with regard to the production workflow in Chapter 6:
increased multiplicity of infection (MOI), assessment of a range of kanamycin concentrations, and
construction of a lower copy SAS precursor plasmid. As helper phage maintenance was vital to
robust production of the RFx, construction of a higher copy helper plasmid with a low or medium
copy SAS precursor plasmid would be interesting to explore. In addition, different complex media
formulations may also be viable. We did not observe major differences between preliminary tests in
Luria—Bertani (LB) versus 2x YT medium. However, other rich media including Terrific Broth [596],
Super Optimal Broth [597], and other plasmid production supporting media [598] may prove
fruitful [598, 599]. Along these lines, the use of a defined medium would help elucidate particular
metabolites vital to phagemid production. For example, Mg2+ ions are important for DNA
replication so supplementing cultures with Mg?™ improves phage production [600]. Furthermore,

elucidation of the entire metabolome could lead to better culture conditions.

Genetic manipulations can also improve helper phage action on the split origin. Firstly, we
previously postulated that genome copies of the M13SW8 helper phage we constructed in Chapter 4
accumulate intracellularly due to the removal of the PS. Although we further postulated that this
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also led to spontaneous miniphage conversion of the helper, it would still be interesting to see
how this helper and others perform in the rescue of the dsDNA phagemid. We also recommended
modifying the plasmid origins of the SAS precursor and the helper phage in order to assess
phagemid rescue with a high copy helper phage (ex: pMB1) and low copy phagemid precursor (ex:
pl5a). This could saturate the cell with helper phage genome copies and reduce the number of

palindromes available for recombination.

Given that pV overall binds poorly to dsDNA [214, 219, 220|, another avenue for improved extrusion
could be to increase the number of available pV proteins. This may be accomplished by increasing
the number of copies of gV in the helper phage genome, or by incorporating a stronger promoter.
Additionally, incorporation of multiple PS, while contributing to the overall number of repetitive

DNA sequences, may help the extrusion of dsDNA progeny phage.

Also, while we demonstrated the successful isolation of dSDNA miniphagemid from ssDNA helper
phage via hydroxyapatite (HAP) chromatography, this process can be optimized for improved
recovery of the double-stranded miniphagemid. Given the considerable amount of helper phage
genome in extracted ssDNA lysates, we propose the calibration of HAP against a range of increasing
ssDNA concentrations in order to determine to maximal capacity per column. The discovery
of other DNA bands upon agarose gel electrophoresis (AGE) visualization of the dsDNA HAP
fraction suggested extrusion of other DNA species. Thus, more thorough genetic characterization
of products from helper phage rescue of the dsDNA phagemid may prove informative. For example,
the resultant helper phage genomes, putative dsDNA phagemid, and the other byproducts we
observed via AGE should be sequenced to determine if point mutations did occur. Visualization of
products through techniques such as atomic force microscopy, including the SAS RFx, may better
demonstrate if inhibitory DNA cruciform structures are indeed forming. Secondary structure may

also be inferred from non-denaturing gel electrophoresis.
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Appendix A

Media and buffers

All media and solutions were sterilized by autoclaving, unless otherwise specified.

Media recipes are listed in Table A.1, while solutions are listed in Table A.2. Buffer solutions for
hydroxyapatite (HAP) chromatography are listed in Table A.3, as described by Andrews-Pfannkoch
(2010) [571, 572]. As needed, media were supplemented with 5 mM MgSO, to improve filamentous
phage replication and/or with antibiotics for plasmid or phage maintenance. Antibiotics were

used in the following concentrations, unless otherwise specified: ampicillin 100 ng/mL, kanamycin

25 ng/mL, tetracycline 10 pg/mL.

Table A.1: Media recipes

Name Recipe (1L)

LB broth 10 g tryptone, 5g yeast extract, 10 g NaCl, in deionized water”
2X YT broth 16g tryptone, 10 g yeast extract, 5g NaCl in deionized water”

LB agar liquid LB, 14 g agar, divide 25 mL per 100 mm petri dish

top agar liquid LB, 7g agar

- pH adjusted to 7

Table A.2: Solution recipes

Name Recipe pH

Tris-NaCl (TN) buffer 50mM Tris-Cl, 150 mM NaCl in deionized water 7.5

TBS-T buffer TN buffer, 0.1% (v/v) Tween 20 7.5

polyethylene glycol (PEG) solution 20% PEG-8000 (w/v), 2.5M NaCl in deionized —
water

blocking buffer 5% nonfat bovine milk in TBS-T -
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Table A.3: Hydroxyapatite chromatography buffer recipes

Buffer Recipe pH

1 M Monosodium Phosphate Stock!  119.98 g sodium phosphate monobasic, anhydrous — —

1M Disodium Phosphate Stock! 141.96 g sodium phosphate dibasic -

1M Phosphate Buffer Stock Solution equal volumes of 1M Mono- & Disodium Phos- 6.8
phate Stock

0.12M Phosphate Buffer? 30mL 1M Phosphate Buffer Stock, SDS & 6.8

EDTA3

0.18M Phosphate Buffer? 45mL 1 M Phosphate Stock, SDS, EDTA3 6.8

0.20M Phosphate Buffer? 50 mL 1 M Phosphate Stock, SDS, EDTA? 6.8

0.40M Phosphate Buffer? 100 mL 1M Phosphate Stock, SDS, EDTA3 6.8

1.0M Phosphate Buffer? 225 mL 1 M Phosphate Stock, SDS, EDTA3 6.8

! Final volume: 1L. 2Final volume: 250 mL. ®2.5mL 10% SDS, 5mL 0.5 M EDTA.
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Appendix B

Strains, plasmids, and phages

Bacterial strains, mammalian cell lines, plasmids, and phages used and/or constructed are summa-
rized in each chapter. Here, all strains (Table B.1), cell lines (Table B.2), phages (Table B.3), and

plasmids (Table B.4) across the entire work are summarized as a reference.

Table B.1: Bacterial strains

Strain Genotype Source
F' traD36 proAB™ lacl? lacZAM15/ A(lac-proAB) endAl
JM109 glnV44 thi-1 el4™ recAl gyrA96 relAl hsdR17 NEB
F~ ¢80 A(lacZYA-argF)U169 endAl thi-1 recAl gyrA96
DH5a relAl hsdR17(ry, mi() phoA supE44 CGSC 712384
/ -+ q
XL1-Blue F’ traD36 proAB™ lacl? lacZAM15 Tn10/ lac endAl Agilent Technologies

glnV44 thi-1 recAl gyrA96 relAl hsdR17

F’ proAB™ laclq lacZAM15 Tn10/ endA1l glnV44 thi-1
Stbl4 recAl gyrA96 relAl A(lac-proAB) mcrA Invitrogen
A(mcrBC-hsdRMS-mrr) A~ gal

F’" zz£:Tn10(TcR) proABT lacl? lacZAM15/

ER2738 A(lac_proAB) thi-1 glnV44, A(hSdS—mch)5, fhuA2

NEB

F’ traD36 proAB™ lacl? lacZAM15/ A(lac-proAB)
NEB Turbo glnV44 thi-1 galE15 galK16 R(zgbh-210::Tn10)TetS endA1l NEB
fhuA2 A(mcrB-hsdSM)5(r, my)

NEB: New England BioLabs  CGSC: Coli Genetics Stock Center
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Table B.2: Mammalian cell lines

Cell line  Description Source
HEK-293T embryonic kidney epithelial gift, Dr. M. Aucoin
HeLa uterus, cervix adenocarcinoma gift, Serenity Bioworks
MRC-5 lung fibroblast ATCC CCL-171
HT-29 colon epithelial adenocarcinoma gift, Dr. J. Blay
A549 lung epithelial carcinoma ATCC CCL-185

ATCC: American Type Culture Collection

Table B.3: Phages

Phage Genotype Source
M13 wild-type CGSC #13587

M13KO7 M13, pl15a ori, Tn903 (Km®) NEB

M13KE M13, Kpnl and Eagl target sites in gIII NEB
MI13SW7 M13KO7, gIII from M13KE Chapter 4
M13SW7-EGF  MI13SW7, egf from pPL451-gpD::egf Chapter 4
M13SW8 M13KO7, PS removed, Km® Chapter 4
full-(gfp) cmu-gfp, from precursor pSW9, Apt Chapter 3
fullegs-(2fp) cmu-gfp, from precursor pSW9, pIII::EGF, ApR Chapter 4
mini-(gfp) cmu-gfp, from precursor pM13ori2.cmvgfp Chapter 3
miniege-(gfp)  emu-gfp, from precursor pM13ori2.cmvgfp, pIII::EGF Chapter 4
full-(luc) from precursor pSW10, Ap® Chapter 3
fullggs-(luc) from precursor pSW10, pIII::EGF, Ap? Chapter 4
mini-(luc) from precursor pM13ori2.cmvluc Chapter 3
miniege-(luc)  from precursor pM13ori2.cmvluc, pIII:EGF Chapter 4
full-(gfp-tet)  from precursor pSW9-tet, Ap®, TcR Chapter 3
mini-(gfp-tet)  from precursor pM13ori2.cmvgfp-tet, TcR Chapter 3

ds-mini-(gfp)  emo-gfp-cmo-gfp, from precursor pM13ori2.cmvgfp.SAS (L) Chapter 6

CGSC: Coli Genetics Stock Center NEB: New England BioLabs
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Table B.4: Plasmids

Plasmid Genotype Source

pGL2-Promoter (GN: X65326.2) cmu-gfp gift, Mediphage

pGL2-55-CMV-GFP-58 replaced SV40-luc, Ap? Bioceuticals Inc.

pGL3-Basic (GN: U47295.2) cmw inserted  gift, Dr. N. Oviedo

pGL3-CMV in Belll-HindIII, ApR
pBluescript II KS+ wild-type f1 ori, pUC ori, Ap® [405]
pBR322 ApR, TcR [406]
pBluescript II KS+, emuv-gfp inserted in
pSW9 BamHI-EcoRI, ApR Chapter 3
pM13ori split f1 ori inserted in pUC57 (Genbank
Accession No. Y14837.1), ApR Chapter 3
pM130ri2 pM13ori, Bsal cut site replaced with Sphl, Chapter 3
ApR
pM13ori2.cmvgfp pM13ori2, cmu-gfp inserted in EcoRI-Pacl Chapter 3
pM13ori2.cmvluc pM13ori2, cmu-luc inserted in EcoRI-Kpnl Chapter 3
pM13ori2.cmvgfp-tet pM13ori2.cmvgfp, TcRfrom pBR322 Chapter 3
inserted into Kpnl
pSWO-tet pSW9, TcRfrom pBR322 inserted into Chapter 3
Smal
pJET1.2/blunt GN: EF694056.1 Thermo Fisher
Scientific
pJET1.2, cmu-gfp inserted into EcoRV
pJET1.2-cmvgfp site, ApR Chapter 6
. pM13ori2.cmvgfp, second cmuv-gfp inserted
pM13ori2.cmvgfp.SAS (L) i HindIILBamHI Chapter 6
) pM13ori2.cmvgfp, second cmu-gfp inserted
pM13ori2.cmvgfp.SAS (NL) in Hind[ILBamil Chapter 6
pM130ri2.cmvefp.SAS (GQ) pM13ori2.cmvefp, second cmu-gfp inserted Chapter 6

via Golden Gate assembly

GN: GenBank Accession No.
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Appendix C

Supplementary qPCR data

(A) Amplification Plot . (C)

Melt Curve

R EEEEEEEEEEEEEEEE
Cycle

Legend
PA 5 c o = -

( B) Multicomponent Plot

225,000

Derivative Reporter (R

200,000

175,000

150,000

Fluorescence

uuuuuu

840 89.0 740 790 84.0 89.0 94.0
121

Legend
{ A o lc o - Tarm:uerem.nra(;rCN;JS

Figure C.1: Amplification plot, multicomponent plot, and melt curve for the gV amplicon.
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Figure C.2: Amplification plot, multicomponent plot, and melt curve for the gfp amplicon.
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Figure C.3: Amplification plot, multicomponent plot, and melt curve for the luc amplicon.
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Appendix D

Supplementary RNAfold data

FEach miniphagemid sequence is followed by the sequence for secondary structure in dot-bracket
notation as output from RNAFold [434]. An unpaired base is denoted with a dot and base pairs

are denoted with opening and closing brackets.

Note that although the output sequences are RNA, the input sequences were DNA. RNAFold struc-

ture prediction was performed using DNA energy parameters, using the following command:

RNAfold -p -d2 --nolP --circ -P dna_parameters.par --noconv < sequence.fa

>centroid of phagemid mini-(gfp)
GGCCAUCGCCCUGAUAGACGGUUUUUCGCCCUUUGACGUUGGAGUCCACGUUCUUUAAUAGUGGACUCUUGUUCCAAACUGGAACAACACUCAACCC
UAUCUCGGGCUAUUCUUUUGAUUUAUAAGGGAUUUUGCCGAUUUCGGCCUAUUGGUUAAAAAAUGAGCUGAUUUAACAAAAAUUUAACGCGAAUUUU
AACAAAAUAUUAACGUUUACAAUUUAAAGAUAUCUCGAGCUUCGAAUUCCGUUACAUAACUUACGGUAAAUGGCCCGCCUGGCUGACCGCCCAACGA
CCCCCGCCCAUUGACGUCAAUAAUGACGUAUGUUCCCAUAGUAACGCCAAUAGGGACUUUCCAUUGACGUCAAUGGGUGGAGUAUUUACGGUAAACU
GCCCACUUGGCAGUACAUCAAGUGUAUCAUAUGCCAAGUACGCCCCCUAUUGACGUCAAUGACGGUAAAUGGCCCGCCUGGCAUUAUGCCCAGUACA
UGACCUUAUGGGACUUUCCUACUUGGCAGUACAUCUACGUAUUAGUCAUCGCUAUUACCAUGGUGAUGCGGUUUUGGCAGUACAUCAAUGGGCGUGG
AUAGCGGUUUGACUCACGGGGAUUUCCAAGUCUCCACCCCAUUGACGUCAAUGGGAGUUUGUUUUGGCACCAAAAUCAACGGGACUUUCCAAAAUGU
CGUAACAACUCCGCCCCAUUGACGCAAAUGGGCGGUAGGCGUGUACGGUGGGAGGUCUAUAUAAGCAGAGCUGGUUUAGUGAACCGUCAGAUCCGCU
AGCGCUACCGGUCGCCACCCUCGAGUCAUGAACUAGUGCGGCCGCCUGCAGGUGACCAGAUCUGAUAUCACUCGUACGCGUCUCGGCCGGCCACCAU
GGAGAGCGACGAGAGCGGCCUGCCCGCCAUGGAGAUCGAGUGCCGCAUCACCGGCACCCUGAACGGCGUGGAGUUCGAGCUGGUGGGCGGCGGAGAG
GGCACCCCCGAGCAGGGCCGCAUGACCAACAAGAUGAAGAGCACCAAAGGCGCCCUGACCUUCAGCCCCUACCUGCUGAGCCACGUGAUGGGCUACG
GCUUCUACCACUUCGGCACCUACCCCAGCGGCUACGAGAACCCCUUCCUGCACGCCAUCAACAACGGCGGCUACACCAACACCCGCAUCGAGAAGUA
CGAGGACGGCGGCGUGCUGCACGUGAGCUUCAGCUACCGCUACGAGGCCGGCCGCGUGAUCGGCGACUUCAAGGUGAUGGGCACCGGCUUCCCCGAG
GACAGCGUGAUCUUCACCGACAAGAUCAUCCGCAGCAACGCCACCGUGGAGCACCUGCACCCCAUGGGCGAUAACGAUCUGGAUGGCAGCUUCACCC
GCACCUUCAGCCUGCGCGACGGCGGCUACUACAGCUCCGUGGUGGACAGCCACAUGCACUUCAAGAGCGCCAUCCACCCCAGCAUCCUGCAGAACGG
GGGCCCCAUGUUCGCCUUCCGCCGCGUGGAGGAGGAUCACAGCAACACCGAGCUGGGCAUCGUGGAGUACCAGCACGCCUUCAAGACCCCGGAUGCA
GAUGCCGGUGAAGAAAGAGUUUAAACGGUAAAUAUAAAAUUUUUAAGUGUAUAAUGUGUUAAACUACUGAUUCUAAUUGUUUGUGUAUUUUAGAUGG
CCGGCUGAUCAUAAUCAGCCAUACCACAUUUGUAGAGGUUUUACUUGCUUUAAAAAACCUCCCACACCUCCCCCUGAACCUGAAACAUAAAAUGAAU
GCAAUUGUUGUUGUUAACUUGUUUAUUGCAGCUUAUAAUGGUUACAAAUAAAGCAAUAGCAUCACAAAUUUCACAAAUAAAGCAUUUUUUUCACUGC
AUUCUAGUUGUGGUUUGUCCAAACUCAUCAAUGUAUCUUACGAUCGCCCUUCCCAACAGUUGCGCAAUCCCGCCCCUAACUCCGCCCAGUUCCGCCC
AUUCUCCGCCCCAUGGCUGACUAAUUUUUUUUAUUUAUGCAGAGGCCGAGGCCGCCUCGGCCUCUGAGCUAUUCCAGAAGUAGUGAGGAGGCUUUUU
UGGAGGCCGGAGCGGAGAAUGGGCGGAACUGGGCGGAGUUAGGGGCGGGAUGGGCGGAGUUAGGGGCGGGACUAUGGUUGCUGACUAAUUGAGAUGC
AUGCUUUGCAUACUUCUGCCUGCUGGGGAGCCUGGGGACUUUCCACACCUGGUUGCUGACUAAUUGAGAUGCAUGCUUUGCAUACUUCUGCCUGCUG
GGGAGCCUGGGGACUUUCCACACCCUAACUGACACACAUUCCUUAAUUAAGUCGACAAGCUUGACGUCGGUACCGAGCUCGCCCGGGAUCCGUACGC
GCCCUGUAGCGGCGCAUUAAGCGCGGCGGGUGUGGUGGUUACGCGCAGCGUGACCGCUACACUUGCCAGCGCCCUAGCGCCCGCUCCUUUCGCUUUC
UUCCCUUCCUUUCUCGCCACGUUCGCCGGCUUUCCCCGUCAAGCUCUAAAUCGGGGGCUCCCUUUAGGGUUCCGAUUUAGUGCUUUACGGCACCUCG
ACCCCAAAAAACUUGAUUUGGGUGAUGGUUCACGUAGUG
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...................................................................................... ot
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>centroid of phagemid mini- (luc)

GGCCAUCGCCCUGAUAGACGGUUUUUCGCCCUUUGACGUUGGAGUCCACGUUCUUUAAUAGUGGACUCUUGUUCCAAACUGGAACAACACUCAACCC
UAUCUCGGGCUAUUCUUUUGAUUUAUAAGGGAUUUUGCCGAUUUCGGCCUAUUGGUUAAAAAAUGAGCUGAUUUAACAAAAAUUUAACGCGAAUUUU
AACAAAAUAUUAACGUUUACAAUUUAAAGAUAUCUCGAGCUUCGAAUUCCCAGAUAUACGCGUUGACAUUGAUUAUUGACUAGUUAUUAAUAGUAAU
CAAUUACGGGGUCAUUAGUUCAUAGCCCAUAUAUGGAGUUCCGCGUUACAUAACUUACGGUAAAUGGCCCGCCUGGCUGACCGCCCAACGACCCCCG
CCCAUUGACGUCAAUAAUGACGUAUGUUCCCAUAGUAACGCCAAUAGGGACUUUCCAUUGACGUCAAUGGGUGGACUAUUUACGGUAAACUGCCCAC
UUGGCAGUACAUCAAGUGUAUCAUAUGCCAAGUACGCCCCCUAUUGACGUCAAUGACGGUAAAUGGCCCGCCUGGCAUUAUGCCCAGUACAUGACCU
UAUGGGACUUUCCUACUUGGCAGUACAUCUACGUAUUAGUCAUCGCUAUUACCAUGGUGAUGCGGUUUUGGCAGUACAUCAAUGGGCGUGGAUAGCG
GUUUGACUCACGGGGAUUUCCAAGUCUCCACCCCAUUGACGUCAAUGGGAGUUUGUUUUGGCACCAAAAUCAACGGGACUUUCCAAAAUGUCGUAAC
AACUCCGCCCCAUUGACGCAAAUGGGCGGUAGGCGUGUACGGUGGGAGGUCUAUAUAAGCAGAGCUCUCUGGCUAACUAGAGAACCCACUGCUUACU
GGCUUAUCGAAAUUAAUACGACUCACUAUAGGGAGACCCAAGCUUGGCAUUCCGGUACUGUUGGUAAAGCCACCAUGGAAGACGCCAAAAACAUAAA
GAAAGGCCCGGCGCCAUUCUAUCCGCUGGAAGAUGGAACCGCUGGAGAGCAACUGCAUAAGGCUAUGAAGAGAUACGCCCUGGUUCCUGGAACAAUU
GCUUUUACAGAUGCACAUAUCGAGGUGGACAUCACUUACGCUGAGUACUUCGAAAUGUCCGUUCGGUUGGCAGAAGCUAUGAAACGAUAUGGGCUGA
AUACAAAUCACAGAAUCGUCGUAUGCAGUGAAAACUCUCUUCAAUUCUUUAUGCCGGUGUUGGGCGCGUUAUUUAUCGGAGUUGCAGUUGCGCCCGC
GAACGACAUUUAUAAUGAACGUGAAUUGCUCAACAGUAUGGGCAUUUCGCAGCCUACCGUGGUGUUCGUUUCCAAAAAGGGGUUGCAAAAAAUUUUG
AACGUGCAAAAAAAGCUCCCAAUCAUCCAAAAAAUUAUUAUCAUGGAUUCUAAAACGGAUUACCAGGGAUUUCAGUCGAUGUACACGUUCGUCACAU
CUCAUCUACCUCCCGGUUUUAAUGAAUACGAUUUUGUGCCAGAGUCCUUCGAUAGGGACAAGACAAUUGCACUGAUCAUGAACUCCUCUGGAUCUAC
UGGUCUGCCUAAAGGUGUCGCUCUGCCUCAUAGAACUGCCUGCGUGAGAUUCUCGCAUGCCAGAGAUCCUAUUUUUGGCAAUCAAAUCAUUCCGGAU
ACUGCGAUUUUAAGUGUUGUUCCAUUCCAUCACGGUUUUGGAAUGUUUACUACACUCGGAUAUUUGAUAUGUGGAUUUCGAGUCGUCUUAAUGUAUA
GAUUUGAAGAAGAGCUGUUUCUGAGGAGCCUUCAGGAUUACAAGAUUCAAAGUGCGCUGCUGGUGCCAACCCUAUUCUCCUUCUUCGCCAAAAGCAC
UCUGAUUGACAAAUACGAUUUAUCUAAUUUACACGAAAUUGCUUCUGGUGGCGCUCCCCUCUCUAAGGAAGUCGGGGAAGCGGUUGCCAAGAGGUUC
CAUCUGCCAGGUAUCAGGCAAGGAUAUGGGCUCACUGAGACUACAUCAGCUAUUCUGAUUACACCCGAGGGGGAUGAUAAACCGGGCGCGGUCGGUA
AAGUUGUUCCAUUUUUUGAAGCGAAGGUUGUGGAUCUGGAUACCGGGAAAACGCUGGGCGUUAAUCAAAGAGGCGAACUGUGUGUGAGAGGUCCUAU
GAUUAUGUCCGGUUAUGUAAACAAUCCGGAAGCGACCAACGCCUUGAUUGACAAGGAUGGAUGGCUACAUUCUGGAGACAUAGCUUACUGGGACGAA
GACGAACACUUCUUCAUCGUUGACCGCCUGAAGUCUCUGAUUAAGUACAAAGGCUAUCAGGUGGCUCCCGCUGAAUUGGAAUCCAUCUUGCUCCAAC
ACCCCAACAUCUUCGACGCAGGUGUCGCAGGUCUUCCCGACGAUGACGCCGGUGAACUUCCCGCCGCCGUUGUUGUUUUGGAGCACGGAAAGACGAU
GACGGAAAAAGAGAUCGUGGAUUACGUCGCCAGUCAAGUAACAACCGCGAAAAAGUUGCGCGGAGGAGUUGUGUUUGUGGACGAAGUACCGAAAGGU
CUUACCGGAAAACUCGACGCAAGAAAAAUCAGAGAGAUCCUCAUAAAGGCCAAGAAGGGCGGAAAGAUCGCCGUGUAAUUCUAGAGUCGGGGCGGCC
GGCCGCUUCGAGCAGACAUGAUAAGAUACAUUGAUGAGUUUGGACAAACCACAACUAGAAUGCAGUGAAAAAAAUGCUUUAUUUGUGAAAUUUGUGA
UGCUAUUGCUUUAUUUGUAACCAUUAUAAGCUGCAAUAAACAAGUUAACAACAACAAUUGCAUUCAUUUUAUGUUUCAGGUUCAGGGGGAGGUGUGG
GAGGUUUUUUAAAGCAAGUAAAACCUCUACAAAUGUGGUAAAAUCGAUAAGGAUCUGCAGGGUACCGAGCUCGCCCGGGAUCCGUACGCGCCCUGUA
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GCGGCGCAUUAAGCGCGGCGGGUGUGGUGGUUACGCGCAGCGUGACCGCUACACUUGCCAGCGCCCUAGCGCCCGCUCCUUUCGCUUUCUUCCCUUC
CUUUCUCGCCACGUUCGCCGGCUUUCCCCGUCAAGCUCUAAAUCGGGGGCUCCCUUUAGGGUUCCGAUUUAGUGCUUUACGGCACCUCGACCCCAAA
AAACUUGAUUUGGGUGAUGGUUCACGUAGUG
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CCoae ) e CCC o )DDDRODDEDDDEDEDDDDIDDDPDD NSO DDDDDD NN )
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>centroid of phagemid mini-(gfp-tet)

GGCCAUCGCCCUGAUAGACGGUUUUUCGCCCUUUGACGUUGGAGUCCACGUUCUUUAAUAGUGGACUCUUGUUCCAAACUGGAACAACACUCAACCC
UAUCUCGGGCUAUUCUUUUGAUUUAUAAGGGAUUUUGCCGAUUUCGGCCUAUUGGUUAAAAAAUGAGCUGAUUUAACAAAAAUUUAACGCGAAUUUU
AACAAAAUAUUAACGUUUACAAUUUAAAGAUAUCUCGAGCUUCGAAUUCCGUUACAUAACUUACGGUAAAUGGCCCGCCUGGCUGACCGCCCAACGA
CCCCCGCCCAUUGACGUCAAUAAUGACGUAUGUUCCCAUAGUAACGCCAAUAGGGACUUUCCAUUGACGUCAAUGGGUGGAGUAUUUACGGUAAACU
GCCCACUUGGCAGUACAUCAAGUGUAUCAUAUGCCAAGUACGCCCCCUAUUGACGUCAAUGACGGUAAAUGGCCCGCCUGGCAUUAUGCCCAGUACA
UGACCUUAUGGGACUUUCCUACUUGGCAGUACAUCUACGUAUUAGUCAUCGCUAUUACCAUGGUGAUGCGGUUUUGGCAGUACAUCAAUGGGCGUGG
AUAGCGGUUUGACUCACGGGGAUUUCCAAGUCUCCACCCCAUUGACGUCAAUGGGAGUUUGUUUUGGCACCAAAAUCAACGGGACUUUCCAAAAUGU
CGUAACAACUCCGCCCCAUUGACGCAAAUGGGCGGUAGGCGUGUACGGUGGGAGGUCUAUAUAAGCAGAGCUGGUUUAGUGAACCGUCAGAUCCGCU
AGCGCUACCGGUCGCCACCCUCGAGUCAUGAACUAGUGCGGCCGCCUGCAGGUGACCAGAUCUGAUAUCACUCGUACGCGUCUCGGCCGGCCACCAU
GGAGAGCGACGAGAGCGGCCUGCCCGCCAUGGAGAUCGAGUGCCGCAUCACCGGCACCCUGAACGGCGUGGAGUUCGAGCUGGUGGGCGGCGGAGAG
GGCACCCCCGAGCAGGGCCGCAUGACCAACAAGAUGAAGAGCACCAAAGGCGCCCUGACCUUCAGCCCCUACCUGCUGAGCCACGUGAUGGGCUACG
GCUUCUACCACUUCGGCACCUACCCCAGCGGCUACGAGAACCCCUUCCUGCACGCCAUCAACAACGGCGGCUACACCAACACCCGCAUCGAGAAGUA
CGAGGACGGCGGCGUGCUGCACGUGAGCUUCAGCUACCGCUACGAGGCCGGCCGCGUGAUCGGCGACUUCAAGGUGAUGGGCACCGGCUUCCCCGAG
GACAGCGUGAUCUUCACCGACAAGAUCAUCCGCAGCAACGCCACCGUGGAGCACCUGCACCCCAUGGGCGAUAACGAUCUGGAUGGCAGCUUCACCC
GCACCUUCAGCCUGCGCGACGGCGGCUACUACAGCUCCGUGGUGGACAGCCACAUGCACUUCAAGAGCGCCAUCCACCCCAGCAUCCUGCAGAACGG
GGGCCCCAUGUUCGCCUUCCGCCGCGUGGAGGAGGAUCACAGCAACACCGAGCUGGGCAUCGUGGAGUACCAGCACGCCUUCAAGACCCCGGAUGCA
GAUGCCGGUGAAGAAAGAGUUUAAACGGUAAAUAUAAAAUUUUUAAGUGUAUAAUGUGUUAAACUACUGAUUCUAAUUGUUUGUGUAUUUUAGAUGG
CCGGCUGAUCAUAAUCAGCCAUACCACAUUUGUAGAGGUUUUACUUGCUUUAAAAAACCUCCCACACCUCCCCCUGAACCUGAAACAUAAAAUGAAU
GCAAUUGUUGUUGUUAACUUGUUUAUUGCAGCUUAUAAUGGUUACAAAUAAAGCAAUAGCAUCACAAAUUUCACAAAUAAAGCAUUUUUUUCACUGC
AUUCUAGUUGUGGUUUGUCCAAACUCAUCAAUGUAUCUUACGAUCGCCCUUCCCAACAGUUGCGCAAUCCCGCCCCUAACUCCGCCCAGUUCCGCCC
AUUCUCCGCCCCAUGGCUGACUAAUUUUUUUUAUUUAUGCAGAGGCCGAGGCCGCCUCGGCCUCUGAGCUAUUCCAGAAGUAGUGAGGAGGCUUUUU
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UGGAGGCCGGAGCGGAGAAUGGGCGGAACUGGGCGGAGUUAGGGGCGGGAUGGGCGGAGUUAGGGGCGGGACUAUGGUUGCUGACUAAUUGAGAUGC
AUGCUUUGCAUACUUCUGCCUGCUGGGGAGCCUGGGGACUUUCCACACCUGGUUGCUGACUAAUUGAGAUGCAUGCUUUGCAUACUUCUGCCUGCUG
GGGAGCCUGGGGACUUUCCACACCCUAACUGACACACAUUCCUUAAUUAAGUCGACAAGCUUGACGUCGGUACCAAAUAGGCGUAUCACGAGGCCCU
UUCGUCUUCAAGAAUUCUCAUGUUUGACAGCUUAUCAUCGAUAAGCUUUAAUGCGGUAGUUUAUCACAGUUAAAUUGCUAACGCAGUCAGGCACCGU
GUAUGAAAUCUAACAAUGCGCUCAUCGUCAUCCUCGGCACCGUCACCCUGGAUGCUGUAGGCAUAGGCUUGGUUAUGCCGGUACUGCCGGGCCUCUU
GCGGGAUAUCGUCCAUUCCGACAGCAUCGCCAGUCACUAUGGCGUGCUGCUAGCGCUAUAUGCGUUGAUGCAAUUUCUAUGCGCACCCGUUCUCGGA
GCACUGUCCGACCGCUUUGGCCGCCGCCCAGUCCUGCUCGCUUCGCUACUUGGAGCCACUAUCGACUACGCGAUCAUGGCGACCACACCCGUCCUGU
GGAUCCUCUACGCCGGACGCAUCGUGGCCGGCAUCACCGGCGCCACAGGUGCGGUUGCUGGCGCCUAUAUCGCCGACAUCACCGAUGGGGAAGAUCG
GGCUCGCCACUUCGGGCUCAUGAGCGCUUGUUUCGGCGUGGGUAUGGUGGCAGGCCCCGUGGCCGGGGGACUGUUGGGCGCCAUCUCCUUGCAUGCA
CCAUUCCUUGCGGCGGCGGUGCUCAACGGCCUCAACCUACUACUGGGCUGCUUCCUAAUGCAGGAGUCGCAUAAGGGAGAGCGUCGACCGAUGCCCU
UGAGAGCCUUCAACCCAGUCAGCUCCUUCCGGUGGGCGCGGGGCAUGACUAUCGUCGCCGCACUUAUGACUGUCUUCUUUAUCAUGCAACUCGUAGG
ACAGGUGCCGGCAGCGCUCUGGGUCAUUUUCGGCGAGGACCGCUUUCGCUGGAGCGCGACGAUGAUCGGCCUGUCGCUUGCGGUAUUCGGAAUCUUG
CACGCCCUCGCUCAAGCCUUCGUCACUGGUCCCGCCACCAAACGUUUCGGCGAGAAGCAGGCCAUUAUCGCCGGCAUGGCGGCCGACGCGCUGGGCU
ACGUCUUGCUGGCGUUCGCGACGCGAGGCUGGAUGGCCUUCCCCAUUAUGAUUCUUCUCGCUUCCGGCGGCAUCGGGAUGCCCGCGUUGCAGGCCAU
GCUGUCCAGGCAGGUAGAUGACGACCAUCAGGGACAGCUUCAAGGAUCGCUCGCGGCUCUUACCAGCCUAACUUCGAUCACUGGACCGCUGAUCGUC
ACGGCGAUUUAUGCCGCCUCGGCGAGCACAUGGAACGGGUUGGCAUGGAUUGUAGGCGCCGCCCUAUACCUUGUCUGCCUCCCCGCGUUGCGUCGCG
GUGCAUGGAGCCGGGCCACCUCGACCUGAAUGGAAGCCGGCGGCACCUCGCUAACGGAUUCACCACUCCAAGAAUUGGAGCCAAUCAAUUCUUGCGG
AGAACUGUGAAUGCGCAAACCAACCCUUGGCAGAACAUAUCCAUCGCGUCCGCCAUCUCCAGCAGCCGCACGCGGCGCAUCUCGGGCAGCGUUGGGU
CCUGGCCACGGGUGCGCAUGAUCGUGCUCCUGUCGUUGAGGACCCGGCUAGGCUGGCGGGGUUGCCUUACUGGUUAGCAGAAUGAAUCACCGAUACG
CGAGCGAACGUGAAGCGACUGCUGCUGCAAAACGUCUGCGACCUGAGCAACAACAUGAAUGGUCUUCGGUUUCCGUGUUUCGUAAAGUCUGGAAACG
CGGAAGUCAGCGCCCUGCACCAUUAUGUUCCGGAUCUGCAUCGCAGGAUGCUGCUGGCUACCCUGUGGAACACCUACAUCUGUAUUAACGAAGCGCU
GGCAUUGACCCUGAGUGAUUUUUCUCUGGUCCCGCCGCAUCCAUACCGCCAGUUGUUUACCCUCACAACGUUCCAGUAACCGGGCAUGUUCAUCAUC
AGUAACGGUACCGAGCUCGCCCGGGAUCCGUACGCGCCCUGUAGCGGCGCAUUAAGCGCGGCGGGUGUGGUGGUUACGCGCAGCGUGACCGCUACAC
UUGCCAGCGCCCUAGCGCCCGCUCCUUUCGCUUUCUUCCCUUCCUUUCUCGCCACGUUCGCCGGCUUUCCCCGUCAAGCUCUAAAUCGGGGGCUCCC
UUUAGGGUUCCGAUUUAGUGCUUUACGGCACCUCGACCCCAAAAAACUUGAUUUGGGUGAUGGUUCACGUAGUG
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................................................. (€ O N I e 4 4 4 4 (
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................................ D3II222))) 0000 0000))) oo CCCCCCCC e CCCCC e
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>centroid of phage Mi13

AACGCUACUACUAUUAGUAGAAUUGAUGCCACCUUUUCAGCUCGCGCCCCAAAUGAAAAUAUAGCUAAACAGGUUAUUGACCAUUUGCGAAAUGUAU
CUAAUGGUCAAACUAAAUCUACUCGUUCGCAGAAUUGGGAAUCAACUGUUACAUGGAAUGAAACUUCCAGACACCGUACUUUAGUUGCAUAUUUAAA
ACAUGUUGAGCUACAGCACCAGAUUCAGCAAUUAAGCUCUAAGCCAUCCGCAAAAAUGACCUCUUAUCAAAAGGAGCAAUUAAAGGUACUCUCUAAU
CCUGACCUGUUGGAGUUUGCUUCCGGUCUGGUUCGCUUUGAAGCUCGAAUUAAAACGCGAUAUUUGAAGUCUUUCGGGCUUCCUCUUAAUCUUUUUG
AUGCAAUCCGCUUUGCUUCUGACUAUAAUAGUCAGGGUAAAGACCUGAUUUUUGAUUUAUGGUCAUUCUCGUUUUCUGAACUGUUUAAAGCAUUUGA
GGGGGAUUCAAUGAAUAUUUAUGACGAUUCCGCAGUAUUGGACGCUAUCCAGUCUAAACAUUUUACUAUUACCCCCUCUGGCAAAACUUCUUUUGCA
AAAGCCUCUCGCUAUUUUGGUUUUUAUCGUCGUCUGGUAAACGAGGGUUAUGAUAGUGUUGCUCUUACUAUGCCUCGUAAUUCCUUUUGGCGUUAUG
UAUCUGCAUUAGUUGAAUGUGGUAUUCCUAAAUCUCAACUGAUGAAUCUUUCUACCUGUAAUAAUGUUGUUCCGUUAGUUCGUUUUAUUAACGUAGA
UUUUUCUUCCCAACGUCCUGACUGGUAUAAUGAGCCAGUUCUUAAAAUCGCAUAAGGUAAUUCACAAUGAUUAAAGUUGAAAUUAAACCAUCUCAAG
CCCAAUUUACUACUCGUUCUGGUGUUUCUCGUCAGGGCAAGCCUUAUUCACUGAAUGAGCAGCUUUGUUACGUUGAUUUGGGUAAUGAAUAUCCGGU
UCUUGUCAAGAUUACUCUUGAUGAAGGUCAGCCAGCCUAUGCGCCUGGUCUGUACACCGUUCAUCUGUCCUCUUUCAAAGUUGGUCAGUUCGGUUCC
CUUAUGAUUGACCGUCUGCGCCUCGUUCCGGCUAAGUAACAUGGAGCAGGUCGCGGAUUUCGACACAAUUUAUCAGGCGAUGAUACAAAUCUCCGUU
GUACUUUGUUUCGCGCUUGGUAUAAUCGCUGGGGGUCAAAGAUGAGUGUUUUAGUGUAUUCUUUCGCCUCUUUCGUUUUAGGUUGGUGCCUUCGUAG
UGGCAUUACGUAUUUUACCCGUUUAAUGGAAACUUCCUCAUGAAAAAGUCUUUAGUCCUCAAAGCCUCUGUAGCCGUUGCUACCCUCGUUCCGAUGC
UGUCUUUCGCUGCUGAGGGUGACGAUCCCGCAAAAGCGGCCUUUAACUCCCUGCAAGCCUCAGCGACCGAAUAUAUCGGUUAUGCGUGGGCGAUGGU
UGUUGUCAUUGUCGGCGCAACUAUCGGUAUCAAGCUGUUUAAGAAAUUCACCUCGAAAGCAAGCUGAUAAACCGAUACAAUUAAAGGCUCCUUUUGG
AGCCUUUUUUUUUGGAGAUUUUCAACAUGAAAAAAUUAUUAUUCGCAAUUCCUUUAGUUGUUCCUUUCUAUUCUCACUCCGCUGAAACUGUUGAAAG
UUGUUUAGCAAAACCCCAUACAGAAAAUUCAUUUACUAACGUCUGGAAAGACGACAAAACUUUAGAUCGUUACGCUAACUAUGAGGGUUGUCUGUGG
AAUGCUACAGGCGUUGUAGUUUGUACUGGUGACGAAACUCAGUGUUACGGUACAUGGGUUCCUAUUGGGCUUGCUAUCCCUGAAAAUGAGGGUGGUG
GCUCUGAGGGUGGCGGUUCUGAGGGUGGCGGUUCUGAGGGUGGCGGUACUAAACCUCCUGAGUACGGUGAUACACCUAUUCCGGGCUAUACUUAUAU
CAACCCUCUCGACGGCACUUAUCCGCCUGGUACUGAGCAAAACCCCGCUAAUCCUAAUCCUUCUCUUGAGGAGUCUCAGCCUCUUAAUACUUUCAUG
UUUCAGAAUAAUAGGUUCCGAAAUAGGCAGGGGGCAUUAACUGUUUAUACGGGCACUGUUACUCAAGGCACUGACCCCGUUAAAACUUAUUACCAGU
ACACUCCUGUAUCAUCAAAAGCCAUGUAUGACGCUUACUGGAACGGUAAAUUCAGAGACUGCGCUUUCCAUUCUGGCUUUAAUGAGGAUCCAUUCGU
UUGUGAAUAUCAAGGCCAAUCGUCUGACCUGCCUCAACCUCCUGUCAAUGCUGGCGGCGGCUCUGGUGGUGGUUCUGGUGGCGGCUCUGAGGGUGGU
GGCUCUGAGGGUGGCGGUUCUGAGGGUGGCGGCUCUGAGGGAGGCGGUUCCGGUGGUGGCUCUGGUUCCGGUGAUUUUGAUUAUGAAAAGAUGGCAA
ACGCUAAUAAGGGGGCUAUGACCGAAAAUGCCGAUGAAAACGCGCUACAGUCUGACGCUAAAGGCAAACUUGAUUCUGUCGCUACUGAUUACGGUGC
UGCUAUCGAUGGUUUCAUUGGUGACGUUUCCGGCCUUGCUAAUGGUAAUGGUGCUACUGGUGAUUUUGCUGGCUCUAAUUCCCAAAUGGCUCAAGUC
GGUGACGGUGAUAAUUCACCUUUAAUGAAUAAUUUCCGUCAAUAUUUACCUUCCCUCCCUCAAUCGGUUGAAUGUCGCCCUUUUGUCUUUAGCGCUG
GUAAACCAUAUGAAUUUUCUAUUGAUUGUGACAAAAUAAACUUAUUCCGUGGUGUCUUUGCGUUUCUUUUAUAUGUUGCCACCUUUAUGUAUGUAUU
UUCUACGUUUGCUAACAUACUGCGUAAUAAGGAGUCUUAAUCAUGCCAGUUCUUUUGGGUAUUCCGUUAUUAUUGCGUUUCCUCGGUUUCCUUCUGG
UAACUUUGUUCGGCUAUCUGCUUACUUUUCUUAAAAAGGGCUUCGGUAAGAUAGCUAUUGCUAUUUCAUUGUUUCUUGCUCUUAUUAUUGGGCUUAA
CUCAAUUCUUGUGGGUUAUCUCUCUGAUAUUAGCGCUCAAUUACCCUCUGACUUUGUUCAGGGUGUUCAGUUAAUUCUCCCGUCUAAUGCGCUUCCC
UGUUUUUAUGUUAUUCUCUCUGUAAAGGCUGCUAUUUUCAUUUUUGACGUUAAACAAAAAAUCGUUUCUUAUUUGGAUUGGGAUAAAUAAUAUGGCU
GUUUAUUUUGUAACUGGCAAAUUAGGCUCUGGAAAGACGCUCGUUAGCGUUGGUAAGAUUCAGGAUAAAAUUGUAGCUGGGUGCAAAAUAGCAACUA
AUCUUGAUUUAAGGCUUCAAAACCUCCCGCAAGUCGGGAGGUUCGCUAAAACGCCUCGCGUUCUUAGAAUACCGGAUAAGCCUUCUAUAUCUGAUUU
GCUUGCUAUUGGGCGCGGUAAUGAUUCCUACGAUGAAAAUAAAAACGGCUUGCUUGUUCUCGAUGAGUGCGGUACUUGGUUUAAUACCCGUUCUUGG
AAUGAUAAGGAAAGACAGCCGAUUAUUGAUUGGUUUCUACAUGCUCGUAAAUUAGGAUGGGAUAUUAUUUUUCUUGUUCAGGACUUAUCUAUUGUUG
AUAAACAGGCGCGUUCUGCAUUAGCUGAACAUGUUGUUUAUUGUCGUCGUCUGGACAGAAUUACUUUACCUUUUGUCGGUACUUUAUAUUCUCUUAU
UACUGGCUCGAAAAUGCCUCUGCCUAAAUUACAUGUUGGCGUUGUUAAAUAUGGCGAUUCUCAAUUAAGCCCUACUGUUGAGCGUUGGCUUUAUACU
GGUAAGAAUUUGUAUAACGCAUAUGAUACUAAACAGGCUUUUUCUAGUAAUUAUGAUUCCGGUGUUUAUUCUUAUUUAACGCCUUAUUUAUCACACG
GUCGGUAUUUCAAACCAUUAAAUUUAGGUCAGAAGAUGAAAUUAACUAAAAUAUAUUUGAAAAAGUUUUCUCGCGUUCUUUGUCUUGCGAUUGGAUU
UGCAUCAGCAUUUACAUAUAGUUAUAUAACCCAACCUAAGCCGGAGGUUAAAAAGGUAGUCUCUCAGACCUAUGAUUUUGAUAAAUUCACUAUUGAC
UCUUCUCAGCGUCUUAAUCUAAGCUAUCGCUAUGUUUUCAAGGAUUCUAAGGGAAAAUUAAUUAAUAGCGACGAUUUACAGAAGCAAGGUUAUUCAC
UCACAUAUAUUGAUUUAUGUACUGUUUCCAUUAAAAAAGGUAAUUCAAAUGAAAUUGUUAAAUGUAAUUAAUUUUGUUUUCUUGAUGUUUGUUUCAU
CAUCUUCUUUUGCUCAGGUAAUUGAAAUGAAUAAUUCGCCUCUGCGCGAUUUUGUAACUUGGUAUUCAAAGCAAUCAGGCGAAUCCGUUAUUGUUUC
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UCCCGAUGUAAAAGGUACUGUUACUGUAUAUUCAUCUGACGUUAAACCUGAAAAUCUACGCAAUUUCUUUAUUUCUGUUUUACGUGCUAAUAAUUUU
GAUAUGGUUGGUUCAAUUCCUUCCAUAAUUCAGAAGUAUAAUCCAAACAAUCAGGAUUAUAUUGAUGAAUUGCCAUCAUCUGAUAAUCAGGAAUAUG
AUGAUAAUUCCGCUCCUUCUGGUGGUUUCUUUGUUCCGCAAAAUGAUAAUGUUACUCAAACUUUUAAAAUUAAUAACGUUCGGGCAAAGGAUUUAAU
ACGAGUUGUCGAAUUGUUUGUAAAGUCUAAUACUUCUAAAUCCUCAAAUGUAUUAUCUAUUGACGGCUCUAAUCUAUUAGUUGUUAGUGCACCUAAA
GAUAUUUUAGAUAACCUUCCUCAAUUCCUUUCUACUGUUGAUUUGCCAACUGACCAGAUAUUGAUUGAGGGUUUGAUAUUUGAGGUUCAGCAAGGUG
AUGCUUUAGAUUUUUCAUUUGCUGCUGGCUCUCAGCGUGGCACUGUUGCAGGCGGUGUUAAUACUGACCGCCUCACCUCUGUUUUAUCUUCUGCUGG
UGGUUCGUUCGGUAUUUUUAAUGGCGAUGUUUUAGGGCUAUCAGUUCGCGCAUUAAAGACUAAUAGCCAUUCAAAAAUAUUGUCUGUGCCACGUAUU
CUUACGCUUUCAGGUCAGAAGGGUUCUAUCUCUGUUGGCCAGAAUGUCCCUUUUAUUACUGGUCGUGUGACUGGUGAAUCUGCCAAUGUAAAUAAUC
CAUUUCAGACGAUUGAGCGUCAAAAUGUAGGUAUUUCCAUGAGCGUUUUUCCUGUUGCAAUGGCUGGCGGUAAUAUUGUUCUGGAUAUUACCAGCAA
GGCCGAUAGUUUGAGUUCUUCUACUCAGGCAAGUGAUGUUAUUACUAAUCAAAGAAGUAUUGCUACAACGGUUAAUUUGCGUGAUGGACAGACUCUU
UUACUCGGUGGCCUCACUGAUUAUAAAAACACUUCUCAAGAUUCUGGCGUACCGUUCCUGUCUAAAAUCCCUUUAAUCGGCCUCCUGUUUAGCUCCC
GCUCUGAUUCCAACGAGGAAAGCACGUUAUACGUGCUCGUCAAAGCAACCAUAGUACGCGCCCUGUAGCGGCGCAUUAAGCGCGGCGGGUGUGGUGG
UUACGCGCAGCGUGACCGCUACACUUGCCAGCGCCCUAGCGCCCGCUCCUUUCGCUUUCUUCCCUUCCUUUCUCGCCACGUUCGCCGGCUUUCCCCG
UCAAGCUCUAAAUCGGGGGCUCCCUUUAGGGUUCCGAUUUAGUGCUUUACGGCACCUCGACCCCAAAAAACUUGAUUUGGGUGAUGGUUCACGUAGU
GGGCCAUCGCCCUGAUAGACGGUUUUUCGCCCUUUGACGUUGGAGUCCACGUUCUUUAAUAGUGGACUCUUGUUCCAAACUGGAACAACACUCAACC
CUAUCUCGGGCUAUUCUUUUGAUUUAUAAGGGAUUUUGCCGAUUUCGGCCUAUUGGUUAAAAAAUGAGCUGAUUUAACAAAAAUUUAACGCGAAUUU
UAACAAAAUAUUAACGUUUACAAUUUAAAUAUUUGCUUAUACAAUCUUCCUGUUUUUGGGGCUUUUCUGAUUAUCAACCGGGGUACAUAUGAUUGAC
AUGCUAGUUUUACGAUUACCGUUCAUCGAUUCUCUUGUUUGCUCCAGACUCUCAGGCAAUGACCUGAUAGCCUUUGUAGACCUCUCAAAAAUAGCUA
CCCUCUCCGGCAUGAAUUUAUCAGCUAGAACGGUUGAAUAUCAUAUUGAUGGUGAUUUGACUGUCUCCGGCCUUUCUCACCCUUUUGAAUCUUUACC
UACACAUUACUCAGGCAUUGCAUUUAAAAUAUAUGAGGGUUCUAAAAAUUUUUAUCCUUGCGUUGAAAUAAAGGCUUCUCCCGCAAAAGUAUUACAG
GGUCAUAAUGUUUUUGGUACAACCGAUUUAGCUUUAUGCUCUGAGGCUUUAUUGCUUAAUUUUGCUAAUUCUUUGCCUUGCCUGUAUGAUUUAUUGG
AUGUU

O D B ) D b b I e CCCCC CCCC CCC Ol
DDDDDDDD I (CCCC e D)D) et (G M) e ))
YN IMINCC e (€O P € P O
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CCCnn. .. D)) CCCCCCC eI e )NV ..M (e DD I CCCCC. CCCCC.
................... (CCCEC T DRIIY ( CC RIS b D D IR C C C (ST DD DD D I ¢
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DDIFDD D J D B B 5 3 L PP 1)) (. (.. ...
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............................................................................. CCCCCeeIMN e
) M) e )ODDDRODDDEODDEDDDDDDEDD D D b B B B B
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D QPP CCCCCC CCC. CeccC
(U DDDDDIDD DI D D D ) I 3333)3)-033000000)0)) ... CCCC. ...
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.................................................................. CCCGCGaoD)))
A (G CC RO DD D D B (D b b B 3 L CCC.
RN DDD I € € € € I (CCC G I YD) MM

CCCCCCa e 3333)3))) CCCCCCCCCC..II3)0)) .. e D)ee DN DI DI e
L CCC OO ceceeeccc ... (G, (CCovanina. ) JIFPD ) ISP e, .
BRODDD D IS (GG D) ) 2)).)) . (G (L))
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D)) D) D)) ) ) ) ) ) e CCCCCC. (e
O (N P (P (PN (G (CCCC I € CUI DDEODDDD I CCCCCCConnn
........................................ )ODDRDORNNSNODDDEDDDDDDEDD EDDD NN IS DD RS DDDDD))
YN CCCCCCCCa e (v, )PP DDDEDDDDEDDDDDD I
............................... (GG P I I PP 1 ¢
(OOl )DDDDD NN D)) ) )
N (€ C I (€ CC I DDDD I D000 D D A
....... (N (P (S DDD D DD D ED D B B B € € € G N DD D I
CCCC CCCCCCCCeeeennnns 22000 ... CCCCC. . CCCCCCCCC.23)) 000300 -00))) v e e e e DDD DD
.................................................................. (CCCIND D) I § U
) I QP CCCCCCCennnnn
B (G )DDD IR I M) e ... )
M) e D)) ) ) ) e (€ C G
................................. )
.......................... GG b b I C ( C C T C CC SRS DD DD DD D D I
......................... CCC L CCCCCCCCCCe e eI ) o)) e (eI e
................................................................ CCCCCCae eI e
.................................................... CCCae ) e CCCCCCCedI NN N
........................... CCCCCCCCan . CCCCOCCCaCeCaaCeCCCC.223333333333333333333).03)) ....)
D)) ) ) CCCC CCCC Ol et )3
)DRIDPIR DD DD I CCC I € € € € € G CCCCCCCCCCCCC. .209000990000)) . (CCa e e
N (GO 33)2)))) CCCCCCCC oI e D (C
(GRS DD I (Gt DDD I L D)
.............. DD ) N (I € € € € € S S S I B B X o
......... CCCCCee e eI 0002000020000 (LG CCC (L 222300)0)000)) 20000000 ..0))
) IR, D)) ) CCCCCCae e
................................................... CCC Gl D) e DD D)
.................................. DDD DD D E

>centroid of phage M13K07

AACGCUACUACUAUUAGUAGAAUUGAUGCCACCUUUUCAGCUCGCGCCCCAAAUGAAAAUAUAGCUAAACAGGUUAUUGACCAUUUGCGAAAUGUAU
CUAAUGGUCAAACUAAAUCUACUCGUUCGCAGAAUUGGGAAUCAACUGUUACAUGGAAUGAAACUUCCAGACACCGUACUUUAGUUGCAUAUUUAAA
ACAUGUUGAGCUACAGCACCAGAUUCAGCAAUUAAGCUCUAAGCCAUCCGCAAAAAUGACCUCUUAUCAAAAGGAGCAAUUAAAGGUACUCUCUAAU
CCUGACCUGUUGGAGUUUGCUUCCGGUCUGGUUCGCUUUGAAGCUCGAAUUAAAACGCGAUAUUUGAAGUCUUUCGGGCUUCCUCUUAAUCUUUUUG
AUGCAAUCCGCUUUGCUUCUGACUAUAAUAGUCAGGGUAAAGACCUGAUUUUUGAUUUAUGGUCAUUCUCGUUUUCUGAACUGUUUAAAGCAUUUGA
GGGGGAUUCAAUGAAUAUUUAUGACGAUUCCGCAGUAUUGGACGCUAUCCAGUCUAAACAUUUUACUAUUACCCCCUCUGGCAAAACUUCUUUUGCA
AAAGCCUCUCGCUAUUUUGGUUUUUAUCGUCGUCUGGUAAACGAGGGUUAUGAUAGUGUUGCUCUUACUAUGCCUCGUAAUUCCUUUUGGCGUUAUG
UAUCUGCAUUAGUUGAAUGUGGUAUUCCUAAAUCUCAACUGAUGAAUCUUUCUACCUGUAAUAAUGUUGUUCCGUUAGUUCGUUUUAUUAACGUAGA
UUUUUCUUCCCAACGUCCUGACUGGUAUAAUGAGCCAGUUCUUAAAAUCGCAUAAGGUAAUUCACAAUGAUUAAAGUUGAAAUUAAACCAUCUCAAG
CCCAAUUUACUACUCGUUCUGGUGUUUCUCGUCAGGGCAAGCCUUAUUCACUGAAUGAGCAGCUUUGUUACGUUGAUUUGGGUAAUGAAUAUCCGGU
UCUUGUCAAGAUUACUCUUGAUGAAGGUCAGCCAGCCUAUGCGCCUGGUCUGUACACCGUUCAUCUGUCCUCUUUCAAAGUUGGUCAGUUCGGUUCC
CUUAUGAUUGACCGUCUGCGCCUCGUUCCGGCUAAGUAACAUGGAGCAGGUCGCGGAUUUCGACACAAUUUAUCAGGCGAUGAUACAAAUCUCCGUU
GUACUUUGUUUCGCGCUUGGUAUAAUCGCUGGGGGUCAAAGAUGAGUGUUUUAGUGUAUUCUUUCGCCUCUUUCGUUUUAGGUUGGUGCCUUCGUAG
UGGCAUUACGUAUUUUACCCGUUUAAUGGAAACUUCCUCAUGAAAAAGUCUUUAGUCCUCAAAGCCUCUGUAGCCGUUGCUACCCUCGUUCCGAUGC
UGUCUUUCGCUGCUGAGGGUGACGAUCCCGCAAAAGCGGCCUUUAACUCCCUGCAAGCCUCAGCGACCGAAUAUAUCGGUUAUGCGUGGGCGAUGGU
UGUUGUCAUUGUCGGCGCAACUAUCGGUAUCAAGCUGUUUAAGAAAUUCACCUCGAAAGCAAGCUGAUAAACCGAUACAAUUAAAGGCUCCUUUUGG
AGCCUUUUUUUUUGGAGAUUUUCAACGUGAAAAAAUUAUUAUUCGCAAUUCCUUUAGUUGUUCCUUUCUAUUCUCACUCCGCUGAAACUGUUGAAAG
UUGUUUAGCAAAACCCCAUACAGAAAAUUCAUUUACUAACGUCUGGAAAGACGACAAAACUUUAGAUCGUUACGCUAACUAUGAGGGUUGUCUGUGG
AAUGCUACAGGCGUUGUAGUUUGUACUGGUGACGAAACUCAGUGUUACGGUACAUGGGUUCCUAUUGGGCUUGCUAUCCCUGAAAAUGAGGGUGGUG
GCUCUGAGGGUGGCGGUUCUGAGGGUGGCGGUUCUGAGGGUGGCGGUACUAAACCUCCUGAGUACGGUGAUACACCUAUUCCGGGCUAUACUUAUAU
CAACCCUCUCGACGGCACUUAUCCGCCUGGUACUGAGCAAAACCCCGCUAAUCCUAAUCCUUCUCUUGAGGAGUCUCAGCCUCUUAAUACUUUCAUG
UUUCAGAAUAAUAGGUUCCGAAAUAGGCAGGGGGCAUUAACUGUUUAUACGGGCACUGUUACUCAAGGCACUGACCCCGUUAAAACUUAUUACCAGU
ACACUCCUGUAUCAUCAAAAGCCAUGUAUGACGCUUACUGGAACGGUAAAUUCAGAGACUGCGCUUUCCAUUCUGGCUUUAAUGAGGAUCCAUUCGU
UUGUGAAUAUCAAGGCCAAUCGUCUGACCUGCCUCAACCUCCUGUCAAUGCUGGCGGCGGCUCUGGUGGUGGUUCUGGUGGCGGCUCUGAGGGUGGU
GGCUCUGAGGGUGGCGGUUCUGAGGGUGGCGGCUCUGAGGGAGGCGGUUCCGGUGGUGGCUCUGGUUCCGGUGAUUUUGAUUAUGAAAAGAUGGCAA
ACGCUAAUAAGGGGGCUAUGACCGAAAAUGCCGAUGAAAACGCGCUACAGUCUGACGCUAAAGGCAAACUUGAUUCUGUCGCUACUGAUUACGGUGC
UGCUAUCGAUGGUUUCAUUGGUGACGUUUCCGGCCUUGCUAAUGGUAAUGGUGCUACUGGUGAUUUUGCUGGCUCUAAUUCCCAAAUGGCUCAAGUC
GGUGACGGUGAUAAUUCACCUUUAAUGAAUAAUUUCCGUCAAUAUUUACCUUCCCUCCCUCAAUCGGUUGAAUGUCGCCCUUUUGUCUUUAGCGCUG
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GUAAACCAUAUGAAUUUUCUAUUGAUUGUGACAAAAUAAACUUAUUCCGUGGUGUCUUUGCGUUUCUUUUAUAUGUUGCCACCUUUAUGUAUGUAUU
UUCUACGUUUGCUAACAUACUGCGUAAUAAGGAGUCUUAAUCAUGCCAGUUCUUUUGGGUAUUCCGUUAUUAUUGCGUUUCCUCGGUUUCCUUCUGG
UAACUUUGUUCGGCUAUCUGCUUACUUUUCUUAAAAAGGGCUUCGGUAAGAUAGCUAUUGCUAUUUCAUUGUUUCUUGCUCUUAUUAUUGGGCUUAA
CUCAAUUCUUGUGGGUUAUCUCUCUGAUAUUAGCGCUCAAUUACCCUCUGACUUUGUUCAGGGUGUUCAGUUAAUUCUCCCGUCUAAUGCGCUUCCC
UGUUUUUAUGUUAUUCUCUCUGUAAAGGCUGCUAUUUUCAUUUUUGACGUUAAACAAAAAAUCGUUUCUUAUUUGGAUUGGGAUAAAUAAUAUGGCU
GUUUAUUUUGUAACUGGCAAAUUAGGCUCUGGAAAGACGCUCGUUAGCGUUGGUAAGAUUCAGGAUAAAAUUGUAGCUGGGUGCAAAAUAGCAACUA
AUCUUGAUUUAAGGCUUCAAAACCUCCCGCAAGUCGGGAGGUUCGCUAAAACGCCUCGCGUUCUUAGAAUACCGGAUAAGCCUUCUAUAUCUGAUUU
GCUUGCUAUUGGGCGCGGUAAUGAUUCCUACGAUGAAAAUAAAAACGGCUUGCUUGUUCUCGAUGAGUGCGGUACUUGGUUUAAUACCCGUUCUUGG
AAUGAUAAGGAAAGACAGCCGAUUAUUGAUUGGUUUCUACAUGCUCGUAAAUUAGGAUGGGAUAUUAUUUUUCUUGUUCAGGACUUAUCUAUUGUUG
AUAAACAGGCGCGUUCUGCAUUAGCUGAACAUGUUGUUUAUUGUCGUCGUCUGGACAGAAUUACUUUACCUUUUGUCGGUACUUUAUAUUCUCUUAU
UACUGGCUCGAAAAUGCCUCUGCCUAAAUUACAUGUUGGCGUUGUUAAAUAUGGCGAUUCUCAAUUAAGCCCUACUGUUGAGCGUUGGCUUUAUACU
GGUAAGAAUUUGUAUAACGCAUAUGAUACUAAACAGGCUUUUUCUAGUAAUUAUGAUUCCGGUGUUUAUUCUUAUUUAACGCCUUAUUUAUCACACG
GUCGGUAUUUCAAACCAUUAAAUUUAGGUCAGAAGAUGAAAUUAACUAAAAUAUAUUUGAAAAAGUUUUCUCGCGUUCUUUGUCUUGCGAUUGGAUU
UGCAUCAGCAUUUACAUAUAGUUAUAUAACCCAACCUAAGCCGGAGGUUAAAAAGGUAGUCUCUCAGACCUAUGAUUUUGAUAAAUUCACUAUUGAC
UCUUCUCAGCGUCUUAAUCUAAGCUAUCGCUAUGUUUUCAAGGAUUCUAAGGGAAAAUUAAUUAAUAGCGACGAUUUACAGAAGCAAGGUUAUUCAC
UCACAUAUAUUGAUUUAUGUACUGUUUCCAUUAAAAAAGGUAAUUCAAAUGAAAUUGUUAAAUGUAAUUAAUUUUGUUUUCUUGAUGUUUGUUUCAU
CAUCUUCUUUUGCUCAGGUAAUUGAAAUGAAUAAUUCGCCUCUGCGCGAUUUUGUAACUUGGUAUUCAAAGCAAUCAGGCGAAUCCGUUAUUGUUUC
UCCCGAUGUAAAAGGUACUGUUACUGUAUAUUCAUCUGACGUUAAACCUGAAAAUCUACGCAAUUUCUUUAUUUCUGUUUUACGUGCUAAUAAUUUU
GAUAUGGUUGGUUCAAUUCCUUCCAUAAUUCAGAAGUAUAAUCCAAACAAUCAGGAUUAUAUUGAUGAAUUGCCAUCAUCUGAUAAUCAGGAAUAUG
AUGAUAAUUCCGCUCCUUCUGGUGGUUUCUUUGUUCCGCAAAAUGAUAAUGUUACUCAAACUUUUAAAAUUAAUAACGUUCGGGCAAAGGAUUUAAU
ACGAGUUGUCGAAUUGUUUGUAAAGUCUAAUACUUCUAAAUCCUCAAAUGUAUUAUCUAUUGACGGCUCUAAUCUAUUAGUUGUUAGUGCACCUAAA
GAUAUUUUAGAUAACCUUCCUCAAUUCCUUUCUACUGUUGAUUUGCCAACUGACCAGAUAUUGAUUGAGGGUUUGAUAUUUGAGGUUCAGCAAGGUG
AUGCUUUAGAUUUUUCAUUUGCUGCUGGCUCUCAGCGUGGCACUGUUGCAGGCGGUGUUAAUACUGACCGCCUCACCUCUGUUUUAUCUUCUGCUGG
UGGUUCGUUCGGUAUUUUUAAUGGCGAUGUUUUAGGGCUAUCAGUUCGCGCAUUAAAGACUAAUAGCCAUUCAAAAAUAUUGUCUGUGCCACGUAUU
CUUACGCUUUCAGGUCAGAAGGGUUCUAUCUCUGUUGGCCAGAAUGUCCCUUUUAUUACUGGUCGUGUGACUGGUGAAUCUGCCAAUGUAAAUAAUC
CAUUUCAGACGAUUGAGCGUCAAAAUGUAGGUAUUUCCAUGAGCGUUUUUCCUGUUGCAAUGGCUGGCGGUAAUAUUGUUCUGGAUAUUACCAGCAA
GGCCGAUAGUUUGAGUUCUUCUACUCAGGCAAGUGAUGUUAUUACUAAUCAAAGAAGUAUUGCUACAACGGUUAAUUUGCGUGAUGGACAGACUCUU
UUACUCGGUGGCCUCACUGAUUAUAAAAACACUUCUCAAGAUUCUGGCGUACCGUUCCUGUCUAAAAUCCCUUUAAUCGGCCUCCUGUUUAGCUCCC
GCUCUGAUUCCAACGAGGAAAGCACGUUAUACGUGCUCGUCAAAGCAACCAUAGUACGCGCCCUGUAGCGGCGCAUUAAGCGCGGCGGGUGUGGUGG
UUACGCGCAGCGUGACCGCUACACUUGCCAGCGCCCUAGCGCCCGCUCCUUUCGCUUUCUUCCCUUCCUUUCUCGCCACGUUCGCCGGCUUUCCCCG
UCAAGCUCUAAAUCGGGGGCUCCCUUUAGGGUUCCGAUUUAGUGCUUUACGGCACCUCGACCCCAAAAAACUUGAUUUGGGUGAUGGUUCACGUAGU
GGGCCAUCGCCCUGAUAGACGGUUUUUCGCCCUUUGACGUUGGAGUCCACGUUCUUUAAUAGUGGACUCUUGUUCCAAACUGGAACAACACUCAACC
CUAUCUCGGGACGGAUCGCUUCAUGUGGCAGGAGAAAAAAGGCUGCACCGGUGCGUCAGCAGAAUAUGUGAUACAGGAUAUAUUCCGCUUCCUCGCU
CACUGACUCGCUACGCUCGGUCGUUCGACUGCGGCGAGCGGAAAUGGCUUACGAACGGGGCGGAGAUUUCCUGGAAGAUGCCAGGAAGAUACUUAAC
AGGGAAGUGAGAGGGCCGCGGCAAAGCCGUUUUUCCAUAGGCUCCGCCCCCCUGACAAGCAUCACGAAAUCUGACGCUCAAAUCAGUGGUGGCGAAA
CCCGACAGGACUAUAAAGAUACCAGGCGUUUCCCCCUGGCGGCUCCCUCGUGCGCUCUCCUGUUCCUGCCUUUCGGUUUACCGGUGUCAUUCCGCUG
UUAUGGCCGCGUUUGUCUCAUUCCACGCCUGACACUCAGUUCCGGGUAGGCAGUUCGCUCCAAGCUGGACUGUAUGCACGAACCCCCCGUUCAGUCC
GACCGCUGCGCCUUAUCCGGUAACUAUCGUCUUGAGUCCAACCCGGAAAGACAUGCAAAAGCACCACUGGCAGCAGCCACUGGUAAUUGAUUUAGAG
GAGUUAGUCUUGAAGUCAUGCGCCGGUUAAGGCUAAACUGAAAGGACAAGUUUUGGUGACUGCGCUCCUCCAAGCCAGUUACCUCGGUUCAAAGAGU
UGGUAGCUCAGAGAACCUUCGAAAAACCGCCCUGCAAGGCGGUUUUUUCGUUUUCAGAGCAAGAGAUUACGCGCAGACCAAAACGAUCUCAAGAAGA
UCAUCUUAUUAAGGGGUCUGACGCUCAGUGGAACGAAAACUCACGUUAAGGGAUUUUGGUCAUGAGAUUAUCAAAAAGGAUCUUCACCUAGAUCCUU
UUAAAUUAAAAAUGAAGUUUUAAAUCAAUCUAAAGUAUAUAUGAGUAAACUUGGUCUGACAGUUACCAAUGCUUAAUCAGUGAGGCACCUAUCUCAG
CGAUCUGUCUAUUUCGUUCAUCCAUAGUUGCCUGACUCCCCGUCGUGUAGAUAACUACGAUACGGGAGGGCUUACCAUCUGGCCCCAGUGCUGCAAU
GAUACCGCGAGACCCACGCUCACCGGCUCCAGAUUUAUCAGCAAUAAACCAGCCAGCCGAUUCGAGCUCGCCCCGGGGAUCGACCAGUUGGUGAUUU
UGAACUUUUGCUUUGCCACGGAACGGUCUGCGUUGUCGGGAAGAUGCGUGAUCUGAUCCUUCAACUCAGCAAAAGUUCGAUUUAUUCAACAAAGCCG
CCGUCCCGUCAAGUCAGCGUAAUGCUCUGCCAGUGUUACAACCAAUUAACCAAUUCUGAUUAGAAAAACUCAUCGAGCAUCAAAUGAAACUGCAAUU
UAUUCAUAUCAGGAUUAUCAAUACCAUAUUUUUGAAAAAGCCGUUUCUGUAAUGAAGGAGAAAACUCACCGAGGCAGUUCCAUAGGAUGGCAAGAUC
CUGGUAUCGGUCUGCGAUUCCGACUCGUCCAACAUCAAUACAACCUAUUAAUUUCCCCUCGUCAAAAAUAAGGUUAUCAAGUGAGAAAUCACCAUGA
GUGACGACUGAAUCCGGUGAGAAUGGCAAAAGCUUAUGCAUUUCUUUCCAGACUUGUUCAACAGGCCAGCCAUUACGCUCGUCAUCAAAAUCACUCG
CAUCAACCAAACCGUUAUUCAUUCGUGAUUGCGCCUGAGCGAGACGAAAUACGCGAUCGCUGUUAAAAGGACAAUUACAAACAGGAAUCGAAUGCAA
CCGGCGCAGGAACACUGCCAGCGCAUCAACAAUAUUUUCACCUGAAUCAGGAUAUUCUUCUAAUACCUGGAAUGCUGUUUUCCCGGGGAUCGCAGUG
GUGAGUAACCAUGCAUCAUCAGGAGUACGGAUAAAAUGCUUGAUGGUCGGAAGAGGCAUAAAUUCCGUCAGCCAGUUUAGUCUGACCAUCUCAUCUG
UAACAUCAUUGGCAACGCUACCUUUGCCAUGUUUCAGAAACAACUCUGGCGCAUCGGGCUUCCCAUACAAUCGAUAGAUUGUCGCACCUGAUUGCCC
GACAUUAUCGCGAGCCCAUUUAUACCCAUAUAAAUCAGCAUCCAUGUUGGAAUUUAAUCGCGGCCUCGAGCAAGACGUUUCCCGUUGAAUAUGGCUC
AUAACACCCCUUGUAUUACUGUUUAUGUAAGCAGACAGUUUUAUUGUUCAUGAUGAUAUAUUUUUAUCUUGUGCAAUGUAACAUCAGAGAUUUUGAG
ACACAACGUGGCUUUCCCCCCCCCCCCCUGCAGGUCUCGGGCUAUUCUUUUGAUUUAUAAGGGAUUUUGCCGAUUUCGGCCUAUUGGUUAAAAAAUG
AGCUGAUUUAACAAAAAUUUAACGCGAAUUUUAACAAAAUAUUAACGUUUACAAUUUAAAUAUUUGCUUAUACAAUCUUCCUGUUUUUGGGGCUUUU
CUGAUUAUCAACCGGGGUACAUAUGAUUGACAUGCUAGUUUUACGAUUACCGUUCAUCGAUUCUCUUGUUUGCUCCAGACUCUCAGGCAAUGACCUG
AUAGCCUUUGUAGACCUCUCAAAAAUAGCUACCCUCUCCGGCAUGAAUUUAUCAGCUAGAACGGUUGAAUAUCAUAUUGAUGGUGAUUUGACUGUCU
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CCGGCCUUUCUCACCCUUUUGAAUCUUUACCUACACAUUACUCAGGCAUUGCAUUUAAAAUAUAUGAGGGUUCUAAAAAUUUUUAUCCUUGCGUUGA
AAUAAAGGCUUCUCCCGCAAAAGUAUUACAGGGUCAUAAUGUUUUUGGUACAACCGAUUUAGCUUUAUGCUCUGAGGCUUUAUUGCUUAAUUUUGCU
AAUUCUUUGCCUUGCCUGUAUGAUUUAUUGGAUGUU

B D B B ) I CCCCC CCCC. CCC CCCCCCCCCe e
DD I (CCCRCETRTDD DD D I (e D)) e )
DD DD D I D B B B COCCCCCa . CCCCCCCCC e
............... DD N (CN((NE ( ( ( (€€ CaaassasssasaRRRRRS DDDDDD DD D I ( (GRS )|
Y. 2)) . CCCCCCCeIMIMIND e )ODEODEDDDDDDD IS DDDD B B E (C
CCCC ... DD DD I 2333))) . CCCCCC .o 0II0)) ...
(G QI D)) e (€ C I D)
....... €T G D IS B I B b b B B PP
................ [ B B I I
................................................................................ CCCCCa .. .
CCCCCC 229992 . ) e I ) IIIIIIIIIID) e
........... R D DD DD DD D I b B B I
.................................................................... CCCCCCCCCCCCCCCC. €
.......... (€€ T (P ( T ( ( (R € C C GO R (GO b B I (€ € € G,
................... G B B B e ( C (S D2 2D P (C P (GG (I b
2333).333)) . CCCCCCCCCC o CCCCee e DEDDDEDDDINDDDDDDD I CCCCCCCCC oI ..
o (I B B B B (CCConnn. D))
...................... CEECEEND D) IO ) FENERRIEED D BT DD DD IS DD ED DD DD I
(ot .G CCCeeee. e D)) ) NN ...
DD D D D ) ) ) B T )02 CCCC (..ot
S DDEDDD D I )DDDDD IR )DDDDDDD IO DIEDDDDDDDDD D D B D b b B B B
QA M) CCCCC.o00))) e
.................................. [ e R ) ) B
.............. (G P ) ) I P
N (I C C C I (€ I CCCCCCCCCCCClannnnnn CCCCeIN C...n.
B QP CCCCCC. CCC. CCCC(C
....... NI e DD I
.......................... )
...................................................... M) GG D)D) e D)) (
(G CCCCETES DD DD IDD DD DD FI € € G R b 5 B 1 A
............. CCEEEES 3 ) ) N (T € C (T ¢ C (  C (P C C C P (R C (P € (
CCCCCC. ... 333333))) CCCCCCCCCCC .20 . DS DIDDDDINSEDDDEDDDD D DD DDDD NN qqqqer
- CCC OO e . CCCCCCCnannnnnn. (O )R (o CCCC. .
D)) (CC O € G D)D) e DDDD) FEA 3)))))) .. (CCC (G
33323309333 .00000))..00) . (CCCCa e )DDDDIDDDDD I CCCCCC. e
CCCC . O GO O (e e v nnnnns CCCCC . CCovnnnnn )DEDDDDD I CCCCCCCannn
........................................ D)) e 003300300000 0)) e ) ean2))) 2 )))))))
YN CCCCCCCCae e (€ CC I )DDDISDDDEDDDDEDDDDDD I
........... [ G 1 I I O ¢
CCCCCCCCCCConnnnnnn DDDDDD IR D)) ) ) ) e
................ I T (N (I ( (€ C € PN € € € € € € € € G
........................................ (G € € € I € €
....... (AR (e RRRRRSES DD EDDDDED DD D I € € € G D D)) R
R ( (€ (S C G PR DDDDDD DD I, CCCC e D)) e («(
(G ) ) (OO D) I (... )
DD N QPP CCCCCCCenannn.
B (G Moo )DDDDDD IS )DDDDDDD I (Covoe CCCCCCCCC. ..
e CCCCCE o) CCCCCCCenneeeeee DDDDDDDDDD I CCCC L CCCCCCCCCC. (e o (€
..................... D D D D D D D I B B B b B b I € G (G B B B
I GO CCCCCa .. O . e ))))IIND ...
) ) CCCCCCCannii e CCCCCCCC. €
GO e CCCCCCCCConnnnnnn CCC CCCCCCCECCCCCe
........................... CCCCCCCCCCC e e CCCC DD CCCCCCCa NN



APPENDIX D. SUPPLEMENTARY RNAFOLD DATA

D) CCCCCeCC. ... CCCCCCCCCCCCCCCCCCCCCCC.+23333333333333333333) .00 ..
RODDDIDD DD I CCCCCCCenn CCCCCCC COCOCC o COeeaae. cee. ceeeeeeee i, )))))
MM I e CCCCCCCCCCCCCC 2299999999900 . CCCCCeaaeae e
..... (e D D D ) ) ) ) N (G AT D D D D B b B e ) ) ) )
....................... CCEEEeeRRRRES D)D) SRS ¢ ( C (PR € € CCCORERaaD DD IS DD DD D)D)
23))).2))-209993).933) 000 - CCCCCCCns DDDDDDD NN DD D D D
N (R CC C I G G PN G C I )DDEODD IS DD D b B B R (et ).
......................... CCCCCCCCCCCCCCCCCllllla e elene e e Cllluniiaeeee eI e ((C
CCCCC s et (. .... )DDEDDDDDD I DD DDDDID DD I )
12333320000 . (... .. CCCC D) ) e DDDEDDDDD NN 2))))))
D)) CCCCCCCC OOl e e ... Covn s CCCCCCCCCennnnn s )
)DDDRODDDD I DDDD 2333333333320 CCCC(. .. .. )DDDD N U )
..... DD DD DD D N € € S S S D D D D B B B B B B
....... CCCCCa e e DI e200000000000)) e e e a2 220D 20000000)0))) oo 0D)) - ) ))))2))) (. (CC((.
S CCCERRD DD IS DD D)D) I D)) ) ) )
............................................. € € (P I
............................................... 2)033)) ) - CCCCCCCCCCCe - (O (O
................ (IO (O (O CC PN DD D IS D IS DD D X C C C d RN C ( ( ( R ( C C G O ¢
................... )OI N (CECCCE NS DD IO DDV DDDDIEDDDDDDDDDD D B F
.......... DI e I G 0D e ))) e
............. )DDDDRUDDD NN DOPPDEDDDDD IS DD DD REETEIES DDDD DD DD NI I (¢
GG I e (... D)) CCCCCCCcC

B M)l DDDDDD D D D I 23)2) . (. . n e M)
DDDDDDD I CCCCC ..M e I e (L CCCCCCC+22322000) .0 . (. ..0))) .
........... )DDIDDDD DD IR € ( ( (SR  CRRTRIN ( C C (GRS NS DD D) P ( ( C (SR N
(Covevinnnn D)) D) ) ) )
...... )D NN (GRS DD D IS DD DD D I DD D DD D DD DD RED DO BRI ID D)
DD DD 0D D B H CCCC . CCCCCaaCCCCe . e I CCCC
............................ CCCE D D D D B I S DD EP DD D DD D DD I CC G G (D B )|
)DDDDDEDDDDDDD DD D b I M) e N D))
........................................................................................ CCEDD)!

218



	List of Figures
	List of Tables
	List of Abbreviations
	Introduction
	Gene therapy
	Viral gene therapy
	Non-viral gene therapy
	Gene transfer of plasmid DNA
	DNA minivectors

	Bacteriophage for gene delivery
	Filamentous bacteriophage
	Lifecycle of bacteriophage M13
	Applications of bacteriophage M13
	Mammalian gene transfer by M13
	Immunity against bacteriophages


	Project hypotheses and objectives
	Project rationale
	Hypotheses
	Project aims


	M13-mediated assembly of a single-stranded DNA minivector phagemid
	Introduction
	Replication of filamentous phage M13
	Rationale and hypothesis

	Materials and methods
	Results
	Production of single-stranded DNA minivector phagemids
	Production efficiency of mini and full phagemids
	Production efficiency of a longer miniphagemid precursor
	Secondary structure analysis of miniphagemid DNA

	Discussion
	Miniphagemids can be produced from a split origin of replication
	Quantitative PCR is a robust method for phage quantification
	Miniphagemids are preferentially assembled over full phagemids
	Summary


	Construction and characterization of helper phages derived from M13KO7
	Introduction
	Phage display
	Helper phage manipulation
	Escherichia coli host strains for the propagation of M13
	Rationale and hypothesis

	Materials and methods
	Results
	Construction of a helper phage vector displaying EGF
	Characterization of EGF-displaying helper performance
	Construction of a helper phage vector without a packaging signal
	Rescue efficiency of a helper phage deficient in self-packaging

	Discussion
	Display of EGF does not impact phage infectivity nor rescue of mini or full phagemids
	Removal of the packaging signal greatly reduces helper phage self-packaging
	Choice of host background greatly impacts helper phage efficiency

	Summary

	Transfection of a targeted miniphagemid particle in mammalian cells
	Introduction
	Phage gene delivery
	EGFR as a model for receptor-mediated cell internalization of phage
	Rationale and hypothesis

	Materials and methods
	Results
	Transfection of purified single-stranded miniphagemid DNA
	Optimization of phage particle transfection
	Transfection efficiency of miniphagemid phage particles
	Effect of the target receptor on phage-mediated transfection

	Discussion
	Display of a cell-specific ligand determines phage cellular uptake
	TurboFect may improve phage-mediated gene transfer
	The single-stranded miniphagemid improves gene transfer
	Internalization of EGF-displaying M13 does not activate EGFR
	Summary


	M13-mediated assembly of a linear covalently-closed double-stranded DNA minivector
	Introduction
	Transfection of double-stranded DNA
	DNA minivectors
	Cloning of inverted repeats in Escherichia coli
	Rationale and hypothesis

	Materials and methods
	Results
	Construction of a sense-antisense miniphagemid precursor
	Production of a recombinant RF from the sense-antisense precursor
	Optimization of the production of a recombinant sense-antisense RF
	Hydroxyapatite chromatography separation of DNA species
	Transfection of HeLa using SAS

	Discussion
	A 4 kb DNA palindrome with a large central spacer is stable in Stbl4
	A double-stranded miniphagemid vector can be assembled by M13
	HAP chromatography can purify ds-mini-(gfp) DNA
	Summary


	Conclusions and future directions
	Conclusions
	Future directions
	Improving the efficiency of miniphagemid production
	Hybrid phage display applications
	Improved characterization of phage-mediated gene delivery
	Improved characterization of double-stranded miniphagemid vectors


	Letters of Copyright Permission
	References
	Media and buffers
	Strains, plasmids, and phages
	Supplementary qPCR data
	Supplementary RNAfold data

