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Abstract
M13 is a filamentous virus which has received recent attention as a component for device and

material applications. M13 phages have measurements of approximately 6 nm in width and 900 nm in
length. M13 is composed of the coat proteins, plll, pVI, pVII, pVIII, pXI, of which, the most abundant
coat protein, pVIII is present in approximately 2700 copies. In order to further develop M13 as a well-
characterized nano-scale scaffold, azide-containing M13 phages capable of bioorthogonal reactions
were produced. The approach taken in this work was to metabolically incorporate the unnatural amino
acid L-azidohomoalanine into the pVIIl major coat protein of M13. The positioning of L-
azidohomoalanine was accomplished using site-directed mutagenesis and the characterization of several
M13 mutant strains was carried out. For L-azidohomoalanine incorporation, appropriate media
conditions had to be developed and tested. It was found that having both L-methionine, and its
analogue, L-azidohomoalanine, in growth media was required to obtain both high M13 vyields and L-
azidohomoalanine incorporation. Two bioorthogonal approaches to labelling the resultant M13-azide
constructs were examined: the modified Staudinger ligation and the strain-promoted azide-alkyne
cycloaddition reaction. Bioconjugation of M13-azide phages with 5(6)-carboxytetramethylrhodamine, a
fluorescent dye molecule, resulted in an estimate of 340 reactive azide groups per phage for the best
mutant constructs, A9M and S13M. Transmission electron microscopy confirmed that the architecture
of M13 mutant strains developed here were not impacted by bioconjugation of biotin to M13-azide
constructs.

Considerable work has been carried out on the plll minor coat protein of M13 as the functional
handle of M13. Rather than be used in place of the methodologies currently used for manipulation of
M13, the methods examined in this thesis work are expected to be complementary to those approaches.
This is expected to expand upon to methodologies by which researchers currently manipulate and

organize structures on the nano-scale.
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1. Chapter 1 - Introduction

1.1 Bionanotechnology

Nanotechnology involves finely manipulating structures at the nano-scale allowing for diverse
designs and introduction of a greater variety of chemical functionalities for the fabrication of novel
devices (1). Bionanotechnology uses biomolecules such as proteins and DNA as key components in these
technological applications. One particular reason for their usefulness is that biomolecules can be
manipulated very precisely through molecular biological methods. Some important biotechnological
applications that are actively under study include the development of sensors, vehicles for drug delivery
and novel ways of producing energy (2-4). "Bottom-up fabrication" is an approach where smaller
components come together into a larger structure. As an approach, bottom-up fabrication schemes, while
complex and challenging, offer better control over the function and properties of more sophisticated
devices (1). Utilizing biological molecules as nano-scale scaffolds are an available toolset to make these
approaches work.

In particular, virus-based scaffolds have generated intense interest as technological components.
Among the viruses that have been used in nanotechnology are cowpea mosaic virus, tobacco mosaic virus
and bacteriophage M13, each with unique architectures (5). The filamentous virus M13, for example, has
found use in the fabrication of nano-wires (6, 7), functional materials (8-11), and novel approaches to
device fabrication for new solar cells and piezoelectric batteries (9, 10, 12). Utilizing bacteriophage M13
as a material has several advantages including that its structure is well-studied and it can be easily
manipulated by altering its genome. M13 is composed of several coat proteins that can be engineered
separately from each other, allowing multi-valency. The self-assembly of M13 phages is an efficient
process that occurs in the absence of harmful organic solvents, making this a green approach to device
design (10). Virus-based scaffolds, as an active area of research, will ultimately give engineers and

chemists new tools to work with on the nano-scale.



1.2 Bacteriophage M13 biology

1.2.1 Bacteriophage M13 structure

M13 is a filamentous bacteriophage of the Ff bacteriophage family that is specific for bacteria
that contain the fertility factor (F-factor) (13). The F-factor is a plasmid that encodes for pili, filamentous
structures used by the bacterium to seek other bacteria for conjugation which is the transfer of genetic
material. Additionally, these pili are used by Ff bacteriophages as a receptor to initiate infection (14). This
requirement makes M13 infection specific to F-factor containing bacteria. Bacteriophage M13 has a well-
defined architecture that is 6 nm in width and has variable length that is dependent upon the amount of
single-stranded DNA encapsulated inside M13 (Figure 1.1) (13). For wild-type (Wt) M13 the typical

length is 900 nm (15).

B 0, SR <

Figure 1.1: Transmission electron microscopy (TEM) image of bacteriophage M13. The inset shows a fibre diffraction
structure determined for the packing M13 coat protein pVIII. The structure came from PDB:1I1FJ (16). The micrograph
was produced at the University of Waterloo, Department of Biology TEM facility by Anton van der Ven.

Bacteriophage M13 is made up of five different coat proteins that encapsulate its single-stranded
circular DNA genome (13). As a result of its very stable structure, M13 is tolerant to heat up to 90 °C, and
can resist non-ionic detergents, various proteases, pH changes, and high salt concentrations (17). The four
minor coat proteins, plll, pVI, pVII and plX, are all present in five copies per phages (Figure 1.2). The
coat proteins are arranged on assembled M13, such that plll and pVI are at the opposite pole as pVII and

pIX. Spanning the space between is the major coat protein pVIII which is present in approximately 2700



copies and helically arranged around the viral DNA (16). The other genes in the M13 genome that do not

encode for coat proteins, encode other proteins necessary for the M13 replication cycle (15).

O—— pIII 42609 Da === pIX 3681 Da
<> pVI 12350 Da ==mmm pVII 3630 Da
== pVIII 5240 Da —— ssDNA 6408 Da

Figure 1.2: Cartoon structure of fd filamentous phage. Image from (18).

1.2.2 Bacteriophage M13 replication cycle

M13 replication has been most well-studied in Escherichia coli. While not truly lysogenic, M13
is able to replicate episomally without lysis of its host bacterium. Infected E. coli are able to continuously
extrude M13 phages resulting in some of the highest yields of any phage at up to 10*® plague forming
units (pfu) per mL of culture (15). Infection of E. coli by M13 starts with binding to the tip of the F-pili
which periodically extend and retract, bringing the bound M13 virus close to the bacterial outer
membrane (15, 19). The second receptor recognized by plll is the TolA complex which is bound by M13
in the periplasm of the bacterium (Figure 1.3). This binding event is essential for release of M13 into the
cell (20). The major coat protein pVIII inserts into the inner membrane at this time and the M13 single-

stranded DNA genome is injected into the cell (21).
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Figure 1.3: Cartoon representation of Ff bacteriophage replication. The image is from (15).

The ssDNA M13 genome is recognized as a substrate by host DNA polymerases and the negative
strand is synthesized to produce the double-stranded replicative form of M13 DNA. The M13 protein pll
synthesizes additional positive copies of the M13 genome. Using the replicative form of M13 DNA, the
host's translational enzymes synthesize the additional proteins required for M13. The proteins pl, plV and
pXI form a membrane-spanning pore through which the M13 assembles and extrudes (Figure 1.3). The
cytosolic protein pV binds to single-stranded positive M13 DNA guiding it to this pore complex. As it is
extruded, the phage coat proteins assemble around the DNA template. When the end of the DNA is
reached, the phage is capped by proteins plll and pVI (15).

1.2.3 M13 Phage Display

Phage display is a very powerful technique whereby peptides with affinity for a particular

molecule or material can be discovered. Early examples of phage display were done on coat protein plll,

where a peptide fragment from the restriction endonuclease EcoRI was inserted between two domains on



plll (22). Later this technique demonstrated that epitopes fused with plll were recognized by antibodies
and did not impair M13 function (23). This technique has also been extended to the display of peptides on
the exposed regions of pVIII and pVI (24). By having a library of billions of clones of M13 with
randomized displayed peptides one can isolate only those that have affinity for a particular target and
through DNA sequencing identify the peptide (Figure 1.4). The key to this technology is that infectivity
of the phages remains intact after isolating, allowing for subsequent infection of bacteria and
amplification of those clones followed by DNA sequencing (24). One of the limitations of phage display
is that it is most effective with short peptides. As the length of the randomized peptide increases, the
number of possible permutations of a single peptide of fixed length cannot be represented in a library of 1

billion clones (24).

_.;%é J_}%\—} D;%@ Library of M13 clones bearing

randomized displayed

; ; ; ; [‘j peptides

Immobilized

¢ Wash target

M13 clones able to bind the
'j target enrich subsequent bio-

¢ Remove Phage panning Steps

J 00§

Propagate Phage

¢ The identity of the affinity peptide
is determined by DNA sequencing
of the M13 clone

Figure 1.4: A generic overview of bio-panning. Some of the M13 phages bind with various affinities to the target. After,
non-specifically bound phages are washed away, the more tightly-bound phages are eluted to re-infect E. coli. Several
rounds of amplification using increasingly harsh conditions enrich the phage pool in one or more clones that interact with
the target.



The process of bio-panning is not limited to finding interactions with biological targets. Phage
display has been used to great effect as a technique to discover peptides that have affinity for materials as
well. Phage display libraries have been used to find new peptide motifs that bind specifically to carbon
nanotubes (CNTSs) for example (25, 26). Additionally, peptides that can bind to semi-conductor materials
have also been discovered using this technique (27). The power of phage display to find peptides bearing
affinity for particular targets comes from the diversity of the phage library population itself. Given
appropriate selection conditions, phage display has been suggested as something that can outcompete
rational design given that a library of phages are sufficiently diverse (24).

1.2.4 M13 pVIII major coat protein

The most abundant coat protein of M13 is the major coat protein pVIIl. The protein pVIII is
synthesized as pro-pVIII, a 73 amino acid protein with an N-terminal signal sequence to direct it to the
bacterial cell membrane (15). At the cell membrane it is cleaved to mature pVIII by leader peptidase, an
endogenous E. coli membrane protein (28). Mature pVIII is 50 amino acids long and has three major
structural domains: residues 1-20 consist of an amphipathic region, residues from 21-39 compose a
hydrophobic transmembrane (TMB) region, and residues 40-50 compose the DNA-binding region
(Figure 1.5). The amphipathic region is composed of a solvent-exposed face and an alanine-rich face
responsible for hydrophobic interaction between other pVIII in assembled M13 (29). There is strict
conservation found in the C-terminal region that is responsible for binding to DNA (29). Mutagenesis
studies on pVIII have demonstrated that it is overall highly tolerant to mutations. A minimalist pVIII was
constructed where all amino acids except for 9 amino acids were mutated to alanine and retained the
ability to incorporate into M13 (30). This demonstrates flexibility and opens up some possibilities for

making necessary mutations to M13.
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Figure 1.5: Structure of pVII1 from M13. The surface potential was generated using the vacuum electrostatics function in
PyMol (The PyMOL Molecular Graphics System, Version 1.3 Schrddinger, LLC). Blue and red represent positive and
negative surface potentials respectively. Based on PDB: 11FJ (16).

Modification of pVIII has led to interesting applications of M13 in technology and materials
science. For example, by genetically engineering M13 to position an exposed tyrosine residue onto pVIlII
followed by chemical modification, Murugesan et al. were able to create photo-responsive nanowire-like
structures (11). Extra glutamate residues have been introduced to pVIII to better bind Ag” particles
electrostatically. These M13 phages were then cross-linked and used to create fibres with antibacterial
properties due to the presence of silver (31). Using the same negatively charge M13 mutant, binding of
gold nanoparticles (AuNPs) increased light absorption in a dye-sensitised solar cell that used M13 as a
template structure in the fabrication (12). Utilizing pVIII gives the advantage of thousands of available
functional groups per M13 phage and, in combination with the filamentous geometry of M13, has allowed
for these novel applications.

1.3 Protein expression with unnatural amino acids

Unnatural amino acids (UAAS) are amino acids which exist outside of the 20 canonical amino

acids. Reasons for expanding the genetic code to include UAAs include their use as probes to study
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protein structure, as bioorthogonally-reactive labels for protein modifications, and to change protein
properties, such as enhancing fluorescence in green fluorescent protein (32-36). UAA incorporation is
accomplished by manipulating the translational machinery of the microorganism. This is accomplished in
two ways typically: (i) through site-specific UAA incorporation where an infrequently used codon is
repurposed or (ii) by residue specific incorporation, where an UAA utilizes an existing amino acid codon.

1.3.1 Site-specific unnatural amino acid incorporation

One approach to placing a UAA into a protein is through site-specific incorporation. The typical
approach is to introduce an amber stop codon (TAG) in the DNA that codes for the residue position of
interest. Normally, this would result in a truncated protein at that position by recognition of the stop
codon by prokaryotic release factors (37). By having an UAA attached to suppressor-tRNA instead, a
full-length protein is produced with an UAA at that position only (38). These early studies on site-specific
incorporation relied on synthesizing the UAA-tRNA in vitro and also carrying out protein translation in
vitro. Normally, attachment of amino acids to tRNA is accomplished by amino acyl tRNA synthetases
(AARS; Figure 1.6). This limitation was overcome by engineering an orthogonal AARS from yeast that
catalysed attachment of an UAA to yeast suppressor tRNA (39). Site-specific UAA incorporation was
later applied to incorporation of UAAs into M13 proteins utilizing an orthogonal AARS/tRNA pair from
Methanococcus jannaschii to allow phage display which could utilize an expanded amino acid code
including a number of tyrosine analogues (40). An obvious strength to using this approach is that one can
precisely position the UAA using an amber stop codon. Some of the drawbacks to this approach include
truncated protein products that can occur when the orthogonal suppressor tRNA fails to compete with
release factor-1 (41). Despite the strengths of this approach, it can often involve extensive modifications

to the host microorganism, and the translational machinery.
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Figure 1.6: Schematic for charging amino acids (AA) onto transfer-RNA (tRNA). Adenosine triphosphate (ATP) is
reacted to adenosine monophosphate (AMP) and pyrophosphate (PPi) during the AARS catalysed reaction.

1.3.2 Residue-specific unnatural amino acid incorporation

Residue-specific incorporation of UAAs utilizes the host microorganism's translational
machinery, unlike site-specific incorporation where orthogonal AARS are introduced. Methionyl-tRNA
synthetase (MetRS) in particular is applicable to this approach due to its apparent flexible active site (42).
If an UAA is close enough in structure and chemistry to a canonical amino acid, it can be charged onto
tRNA by the corresponding AARS (35, 43, 44). Well-known methionine analogues that are documented
to incorporate into proteins in place of methionine include L-difluoromethionine (Dfm), L-
trifluoromethionine  (Tfm), L-Azidohomoalanine (Aha), L-homopropargylglycine (Hpg), L-
homoallylglycine (Hag), L-allylcysteine (Ac) and L-selenomethionine (SeMet) are (Figure 1.7) (32, 35,
44-47). Dfm and Tfm are useful as sensitive °F nuclear magnetic resonance (NMR) probes for proteins
(32, 45). On the other hand, analogues such as Aha and Hpg provide useful reactive chemical handles to
proteins (35, 44, 48). In comparison to Hpg, Aha is a more desirable analogue given that a wider number
of chemical reactions can be carried out with it including both Cu(l)-catalysed and Cu(l)-free

cycloadditions which are well-known click chemistry tools (49-51).



:N}_{ o WA o HN 0 /iN)%O
o /—Ho' o F o
HiC—S N=N=N HC// F>THS
Methionine Aha Hpg Dfm
HN O N 0 H:'B_/{’ HN 0
} } S o F o
/—>_/< o) JJ_(O /—>—{
HyC—Se H,C— e J F>VFS
SeMet Hag Ac Tfm

Figure 1.7: Chemical structures of methionine analogues.

The catalytic efficiencies of MetRS with Hpg and Aha as substrates are at least two orders of
magnitude less than that of methionine. Since methionine will be the preferred substrate for MetRS, the
use of methionine auxotrophs of E. coli, strains of E. coli that have a genetic block in the biosynthetic
pathway to methionine, is necessary for this type of incorporation (35). Additionally, it has been found
that over-expession of MetRS helps with incorporation of the UAA in proteins (42). With this in mind,
methionine also needs to be mostly removed from any bacterial growth media for successful
incorporation of these analogues. Additionally, while an AARS may only recognize a subset of
analogues, its active site can be mutated to accept a wider range of substrates as was demonstrated with
leucyl-tRNA synthetase (52). Residue specific UAA incorporation offers a powerful technique to modify
a protein without extensively modifying the translational machinery of the host organism.

1.4 Bioconjugation strategies with unnatural amino acids

1.4.1 Azide-alkyne [3+2] cycloaddition

The most chemically flexible methionine analogue to incorporate is Aha. It is capable of several
different reactions of varying biocompatibility. Likely the least biocompatible of these is the Cu(l)-
catalyzed [3+2] cycloaddition (CuCCA) due to the tendency of Cu(l) to induce oxidative stress in the
cellular environment (53). Recent insight into the role of Cu(l) in the mechanism of the CuCCA reaction

though, may lead to future improvements to this chemistry (54). The product of this ligation is a triazole
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linking two groups together (Figure 1.8) (55). Two main approaches to generate Cu(l) are commonly
seen: (i) in situ generation of Cu(l) and (ii) direct addition of Cu(l) as CuBr, (56). In situ generation of
Cu(l) has been successful for labelling RNA and protein. In this approach a Cu(l) ligand is necessary to
accelerate the reaction as well as a reducing agent, such as ascorbate, to reduce Cu(ll) to Cu(l) (56).
Additionally, direct addition of CuBr has been used to post-translationally label a protein with a
biologically relevant sugar molecule (57).
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Figure 1.8: Generic reaction scheme for Cu(l)-catalyzed [3+2] cycloaddition. Tris(3-hydroxypropyltriazolylmethyl)amine
(THPTA) is a Cu(l) ligand. Reaction conditions are from (56).

1.4.2 Modified Staudinger ligation

The modified Staudinger ligation is another type of ligation chemistry that can be done with Aha-
labelled protein and a triarylphosphine (58). The mild conditions of this reaction have allowed it to be
used with success in labelling live mammalian cells (Figure 1.9). In that study, a biotinylated-phosphine
was conjugated to an azide-labelled glycoprotein in a mammalian cell membrane. A drawback noted by
the authors was that the triarylphosphine itself did not dissolve well in water. To address this, the authors
used polyethylene glycol (PEG) to link biotin to the phosphine (50). Recently a traceless Staudinger
ligation has been introduced as a technique that can join two peptides, leaving only an amide bond (59).

While the Staudinger ligation effectively and specifically reacts with azides, the inability to greatly
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improve the kinetics of the reaction motivated Bertozzi and coworkers to try different approaches to

bioorthogonal labelling using strained cyclooctynes (60).
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Figure 1.9: Reaction scheme for the modified Staudinger ligation. Reaction conditions from (50).

1.4.3 Strain-promoted azide-alkyne cycloaddition

The Cu(l)-free strain-promoted azide-alkyne cycloaddition (SPAAC) reaction is similar to the
Staudinger ligation in terms of biocompatibility and specificity. The SPAAC approach utilizes a strained
cyclooctyne to drive the reaction forward (Figure 1.10). Early approaches to using the SPAAC reaction
to label biomolecules utilized 3-alkoxy-cyclooctynes which reportedly react with a similar rate to the
modified Staudinger ligation (61). The mild conditions for this reaction were suitable for labeling live
mammalian cells with quantum dots (62). Improvements to reaction rate and water solubility inspired a
series of related compounds for SPAAC reactions. Aza-dibenzocyclooctynes have been reported to have
better water solubility and increased reaction rates (Figure 1.11) (51). Given the mild conditions and
specificity, either the Staudinger ligation or the SPAAC reaction are expected to be compatible with

labelling viruses with incorporated azides.

. PBS, pH 7.3
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Figure 1.10: Reaction scheme for Cu(l)-free SPAAC reaction. Reaction conditions from (62).
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Figure 1.11: Generic reaction scheme for Cu(l)-free SPAAC reaction with aza-dibenzocyclooctyne reagents.
PBS=phosphate buffered saline. Reaction conditions are from (51).

1.5 Research goals

Given the recent technological applications of bacteriophage M13, the research described here
involves expanding upon the conjugation capabilities of M13. The usefulness of M13 as a tool for
nanotechnology comes partially from its filamentous structure, which lends itself to the formation of well-
structured thin films and matrices (9, 12). Also important is the ability to separately manipulate each of
the five coat proteins of M13 through genetic modification. In this way one can controllably engineer
affinity for biological and inorganic components onto M13.

There has been very little research involving the incorporation of azides into pVIIIl. Work done
with UAA incorporation into M13 has been reported for the minor coat protein plll though (63). For
example, UAA incorporation was combined with phage display in order to expand the sequence
possibilities when bio-panning (40). Similarly, phage display using an Hpg-encoded library has been
applied to optimizing the substrate for a palladium-mediated cross coupling reaction (64). Expanding
upon the idea of multi-valency as a key aspect of a good nano-scale molecular scaffold, in this research,
the incorporation of Aha into the pVIII major coat protein via residue specific UAA incorporation was
explored. Since Aha offers a highly specific handle to M13 via the azide functional group, one could
carry out bioconjugation reactions without cross-reactivity.

First, bacteriophage M13 had to be engineered in order to accommodate Aha at a position that
was rationally designed. This would involve the production of a series of mutants that placed methionine
residues at positions of better solvent-accessibility on pVIIl. The viability of these mutants was assessed

and confirmation that Aha could incorporate into pV1Il was obtained. The resulting engineered M13-Aha
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phages were then characterized for their reactivity and capability as nano-scale scaffolds with small

molecules and larger inorganic particles as case examples.
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2. Chapter 2 - Materials and Methods

2.1 Growth Media

Unless specified, any buffers or growth media used in this thesis work were prepared using
distilled, de-ionized water (ddH,O). Growth media was either sterilized by autoclaving or by filtration
through a 0.2 micron filter.

2.1.1 Luria Broth

Luria Broth (LB) was used for the routine growth and maintenance of E. coli strains and M13
phages (Table 2-1). Tetracycline was used at a final concentration of 8 ug/mL for the growth of
tetracycline-resistant bacteria in liquid media. Kanamycin was used at a final concentration of 50
pg/mL for the growth of kanamycin-resistant bacteria in liquid media. Solid LB media was prepared by
dissolving 15 g/L agar into liquid media and pouring into plastic Petri plates after autoclaving. For top
LB agar 7.5 g/L agar was dissolved into LB media autoclaved. For the growth of tetracycline-resistant
bacteria on solid media tetracycline was used at a final concentration of 12 pug/mL. For the growth of

kanamycin-resistant bacteria on solid media kanamycin was used at a final concentration of 20 pg/mL.

Table 2-1: Growth media protocols.

Media Components

Luria Broth Media 1 % peptone (w/v)
0.5 % yeast extract (w/v)
1 % NaCl (w/v)

M9 Minimal Media 40 mM Na,HPO,
22 MM KH,PO,
60.7 mM NaCl
75.7 mM (NH4),SO,
The following were added after autoclaving
individually:
1 mM MgSO,
0.1 mM CacCl,
2 g/L D-glucose
The following was added after passing
through a 0.2 micron filtration membrane:
0.1% thiamine.HCI (w/v)
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2.1.2 M9 minimal media

M9 minimal media (MOMM) was used as a defined media for producing M13 phages in
different concentrations of L-methionine or for the incorporation of L-azidohomoalanine (Aha;
Bachem, Torrance, USA). Solid MOMM was prepared by dissolving 15 g/L agar into liqguid MOMM
and pouring into plastic Petri plates after autoclaving. The following L- amino acids were added to
further supplement the MOMM (concentration in parentheses as pg/mL): Phe (50), Lys (50), Arg (125),
Gly (10), Val (35), Ala (42), Trp (20), Thr (35), Ser (420), Pro (230), Asn (48), Asp (52), GIn (730),
Glu (935), Tyr (18), lle (40), Leu (40), His (50) and Cys (50).
2.2 Bacterial strains

2.2.1 E. coli K12 ER2738

This strain was purchased from New England Biolabs (New England Biolabs, Whitby, Canada)
and used for the growth and maintenance of M13 and M13 mutants. This strain was also used for the
mutagenesis of M13 DNA and other molecular biology work. The strain E. coli K12 ER2738 is a
FhuA2 wversion of E. coli NM522 (65). The genotype of E. coli K12 ER2738 s
F' proA*B™ lacl® A(lacZ)M15/ A(lac-proAB) gInV thi-1 A(hsdS-mcrB)5 FhuA2.

2.2.2 Generation of E. coli methionine auxotroph strains

E. coli K12 MetA

This strain is a AmetA780.:kan knock-out mutant of E. coli K12 ER2738. This strain was
produced via a P1,; transduction with DNA from JW3973-1 (Sex: F- Chromosomal markers: A(araD-
araB)567, AlacZ4787(::rrnB-3), A, rph-1, AmetA780::kan, A(rhaD-rhaB)568, hsdR514) from the Coli
Genetic Stock Center (CGSC) (66).

In short, an overnight culture of JW3973-1 grown in LB media with 50 pg/mL kanamycin was
diluted 100-fold into LB with 15 mM MgCl,, 5 mM CaCl, and 0.1% (w/v) glucose and grown for 1
hour at 37°C with shaking. To 5 mL of this culture, 100 puL of P1,; phage was added. Lysis was

observed at about 2 hours into the infection, noted by slight clearing of turbidity. A few drops of
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chloroform were added to completely lyse cells. Chloroform was removed and the sample was pelleted
at 15000 g for 2 minutes to remove cell debris and the supernatant was retained overnight at 4 °C.

A 2 mL overnight culture of E. coli K12 ER2738 grown in LB media with 8 pug/mL tetracycline
was centrifuged at 3200 g for 2 minutes. The pellet was resuspended in 400 yL of LB with 100 mM
MgSQO, and 5 mM CacCl,. Three reactions were set up: 1) 100 pL of undiluted P1,; lysate and 100 pL
ER2738, 2) 100 pL 1:10 diluted P1,; lysate and 100 puL ER2738, and 3) 100 uL P1,; lysate and 100 uL
LB media. These were incubated for 30 minutes at 37 °C. Then 200 pL of 1 M sodium citrate (pH 5.5)
and 1 mL LB were added and incubated at 37 °C for 1 hour. Cells were pelleted by centrifugation at
3200 g for 5 minutes and resuspended in 200 pL 1 M sodium citrate (pH 5.5) and 1 mL LB. Last, 200
pL of cells were spread-plated onto LB agar plates with 20 pg/mL kanamycin and 12 pg/mL
tetracycline. Single colonies were picked and re-streaked twice more to remove P1,; by dilution. The
final isolates were stored at -80 °C in 20% glycerol LB and will be referred to as ER2738 MetA. The
success of the transduction was determined by spread plating ER2738 MetA onto MOMM agar plates
and adding a few crystals of L-methionine to one side of the plate. Additionally, retention of the
bacterial F* genotype was confirmed by spot plating 10 pL of M13 onto a lawn of ER2738 MetA.

E. coli K12 MetE

This strain is a AmetE774.:kan knock-out mutant of E. coli K12 ER2738. This strain was
produced via a P1,; transduction with DNA from JW3805-1 (Sex: F- Chromosomal markers: A(araD-
araB)567, AlacZ4787(::rrnB-3), A-, rph-1, AmetE774::kan, A(rhaD-rhaB)568, hsdR514) from CGSC
(66).

The P1,; transduction was carried out as above and the resulting strain was characterized as
above. This mutant will be referred to as ER2738 MetE.
2.3 Generating mutant M13 strains

2.3.1 M13.5125. Strain

Naturally occurring methionine residues at positions -5 and 28 (mature pVIIl numbering) of

pVIII protein of M13 were mutated to leucine. M13KE (New England Biolabs, Whitby, ON, Canada)
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was the starting plasmid for these mutations. Site-directed mutagenesis of M-5L and M28L were
carried out sequentially using the forward and reverse primers in Table 2-2. The site-directed
mutagenesis reactions were set up using the component concentrations as described in Table 2-3. To
carry out 13 rounds of site-directed mutagenesis, the temperatures and times indicated in Table 2-4
were used. To initiate the reaction Pfu polymerase (ThermoScientific, Ottawa, Canada) was added once

the temperature of the thermal cycler had reached 95 °C.

Table 2-2: Summary of primer sequences used for site-directed mutagenesis of M13KE. Primers were purchased from
Sigma-Aldrich (Sigma-Aldrich, Oakville, Canada).

Primer name Primer Sequence
5’-GTT GCT ACCCTCGTTCCG CTGCTG TCTTTC GCT GCT
M-5L forward GAG-3’
M-5L reverse 5’-CTC AGC AGC GAA AGA CAG CAG CGG AAC GAG GGT
AGC AAC-3’
5’-ATC GGT TAT GCG TGG GCG CTG GTT GTT GTC ATT GTC
M28L forward GGC-3’
M28L reverse 5’-GCC GAC AAT GAC AAC AAC CAG CGC CCACGC ATA
ACC GAT-3’
5’-GGT GAC GAT CCC GCA AAAATGGCCTTT AACTCCCTG
A9M forward c-3°
5’-GCA GGG AGT TAAAGG CCATTT TTG CGG GAT CGT CAC
A9M reverse C-3’
5’-GCA AAA GCG GCC TTT AAC ATG CTG CAA GCC TCA GCG
S13M forward ACC-3’
5’-GGT CGC TGA GGC TTG CAG CAT GTT AAAGGC CGCTTT
S13M reverse TGC-3’
A16M forward 5’-GGC CTT TAACTC CCT GCA AAT GTC AGC GAC CGA ATA
TAT CGG-3’
AL6M reverse 5’-CCG ATATAT TCG GTC GCT GAC ATT TGC AGG GAG TTA
AAG GCC-3’

Table 2-3: Site-directed mutagenesis reaction mixture for M-5L and M28L mutations.

Site-directed mutagenesis components (50 UL reactions)

39 pL ddH,0

5 yL 10x Pfu buffer with MgSO, (ThermoScientific, Ottawa, Canada)
1 pL 10 mM dNTP

2 UL 5 pmol/uL each forward/reverse primer

2 pL of ~10 ng/pL template

1 pL of 2.5 U/uL Pfu polymerase
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Table 2-4: Thermal cycler settings for site-directed mutagenesis reactions.

Site-directed mutagenesis thermal cycler settings

Stage Cycles Temperature Time
1 cycle 1 95°C 30 sec
2 cycle 2-12 95°C 30 sec
55°C 1 min
68 °C 8 min
3 cycle 13 68 °C 10 min

The finished site-directed mutagenesis reactions were digested with 1 puL of FastDigest Dpnl
(ThermoScientific, Ottawa, Canada) for 1 hour at 37 °C. After digestion, competent E. coli ER2738
were transformed with the M-5L mutant DNA. To 100 pL of competent ER2738 cells, ~40 ng of DNA
was incubated on ice for 30 minutes. These were then heat-shocked at 42 °C for 2 minutes and then
recovered on ice for 5 minutes. Next, 1 mL of LB media was added and tubes were incubated for 45
minutes at 37 °C with shaking. Then, 500 L of this outgrowth was mixed with 200 puL mid-log (Aswo ~
0.6) ER2738 E. coli and 3 mL melted LB top agar (7.5% agar). These plates were grown overnight at
37 °C and plaques were counted the following day. Single plaques were amplified by scrapping into a
1:100 diluted overnight culture of E. coli ER2738 and growing at 37 °C for 4.5 hours. The cells were
pelleted by centrifugation at 3200 g for 5 minutes and processed using GeneJET Plasmid Miniprep kit
(ThermoScientific, Ottawa, Canada) as per the manufacturer's instructions to obtain purified M13
dsDNA. The resulting M13-containing supernatant was stored at -20 °C in 50% glycerol. Successful
mutation was confirmed by DNA sequencing (Mobix Lab, McMaster University, Hamilton, Canada).

The above procedure was repeated for M28L using the resulting M13KE-pVIlly.5. as a starting
point. The resulting M13KE plasmid had the mutations M-5L and M28L both present and is denoted
M13KE-pVIl .58, -

2.3.2 Construction of single methionine M13 mutants.

A series of single methionine mutants (pVIllagw, pVIllsizv and pVillaem) were then
constructed. M13KE-pVIllys0e, described in section 2.3.1, was the starting point for the single

methionine mutants. Site-directed mutagenesis was carried out using the forward and reverse primers as
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indicated in Table 2-2. The site-directed mutagenesis components for these mutations included
dimethyl sulfoxide (DMSO) as described (Table 2-5). Each of these mutants were transformed into E.
coli K12 ER2738 as described above in section 2.3.1. Successful transformants were selected for by
plaque formation and the dsSDNA was obtained as described in section 2.3.1. The resulting plasmids are
denoted MI13KE-pVIlagy, MI13KE-pVillgzy, and ML13KE-pVIlaey respectively. Sequences of

plasmids were confirmed by DNA sequencing (Mobix Lab, McMaster University, Hamilton, Canada).

Table 2-5: Site-directed mutagenesis reaction mixture for A9M, S13M and A16M mutations.

PCR conditions with DMSO (50 pL reactions)

37.75 uL ddH,0

1.25 pL 100% DMSO

5 pL 10x Pfu buffer with MgSO, (ThermoScientific, Ottawa, Canada)
1 pL 10 mM dNTP

2 yL 5 pmol/uL each forward/reverse primer

2 pL of ~10 ng/pL template

1 pL of 2.5 U/uL Pfu polymerase

2.4 Growth of M13 strains
2.4.1 M13 gquantification
M13 was quantified by determining titre in plaque forming units (pfu) per mL. This was
accomplished using an overlay plating method. Mid-log phase E. coli ER2738 were mixed with melted
LB top agar (7.5% agar) which was poured over top of an LB agar (15% agar) plate with 12 pg/mL
tetracycline. Once the overlay was solidified, 10 uL of diluted phages were spotted onto the plate. After
growing overnight at 37 °C, zones of turbidity (clearing) were considered a single pfu.
2.4.2 Comparative growth of M13 strains
An overnight culture of E. coli ER2738 grown with 8 ug/mL tetracycline was diluted 100-
fold into LB media and then infected with 10° pfu/mL of the M13 strain. Phages were amplified for 4.5
hours at 37 °C, at which point the E. coli ER2738 were removed by centrifugation at 3200 g for 5
minutes. Phages were diluted into 1x phosphate-buffered saline (1x PBS; 10 mM Na,HPQO,, 1.8 mM

KH,PQO,4, 137 mM NaCl, 2.7 mM KCI, pH 7.4) before spot-plating as described in section 2.4.1 to

20



obtain a titre. Titre of M13 strains were compared with Wt M13 to obtain a measure of comparative
growth.

Similarly, in testing the ability of these M13 strains to produce under methionine-limited
conditions, an overnight culture of ER2738 MetE grown with 8 pug/mL tetracycline was diluted 100-
fold in LB media and grown until an Agy of 1 at 37 °C. At this time, the cells were pelleted by
centrifugation at 3200 g for 5 minutes, and washed once with M9 media salts (40 mM Na,HPQ,, 22
mM KH,PO,4, 60.7 mM NaCl, 75.7 mM (NH,),SO,). The cells were again pelleted by centrifugation at
3200 g for 5 minutes and resuspended in the final M9 media solution with a defined quantity of L-
methionine or Aha. At this point, the culture was infected with 10° pfu/mL of M13 strain and grown for
4.5 hours with shaking at 37 °C. The E. coli were removed by centrifugation at 3200 g for 5 minutes
and the phage-containing supernatant was assayed to determine the titre as in section 2.4.1.

2.4.3 Small scale purification of M13 phages with Aha

Incorporation of Aha into M13 used media-shift expression, adapted from the method
described by van Hest et al. (44). An overnight culture of E. coli ER2738 MetE grown with 8 pg/mL
tetracycline was diluted 100-fold into 25 mL LB media and grown until mid-log phase (Aspo=1) at 37
°C with shaking. The media was exchanged as described above in section 2.4.2. The final concentration
of L-methionine in the media was 235 pM, and for Aha incorporation, 10 mM Aha was also included.
L-cysteine and L-methionine were freshly added to the media, and not stored in solution as described in
section 2.1.1, to limit air oxidation of the sulfur. These cultures were infected with 10° pfu/mL of the
M13 strain and grown for 4.5 hours at 37 °C. E. coli ER2738 MetE were removed by centrifugation and
the top 20 mL of the supernatant was retained. To the supernatant was added 5 mL of 20%
PEG8000/2.5M NaCl to precipitate the phages overnight at 4 °C. The precipitated phages were pelleted
by centrifugation at 12000 g for 15 minutes. The pellet was gently resuspended in 1 mL of sterile 1x
PBS and then precipitated for an additional 15 minutes on ice after adding 200 pL of 20%
PEG8000/2.5M NaCl. Phages were pelleted at 15000 g in a microcentrifuge for 10 minutes. The
supernatant was removed and the pellet retained. The pellet was resuspended in 200 pL of 1x PBS by

21



gentle pipetting. If the solution was cloudy, it was centrifuged at 15000 g for an additional 1 minute and
the supernatant containing solubilised phages was retained.
2.5 ESI mass spectrometry of intact M13 phages

Intact M13 phages could be directly analyzed by electrospray ionization (ESI) mass
spectrometry. M13 was exchanged into ultra-pure (18 MQ-cm resistivity) water using a Pall Nanosep®
10 kDa MWCO column and concentrated to approximately 1x10* pfu/mL (approximately 40 uM of
pV I subunits). This was further diluted to about 1 uM of pVIII subunits in appropriate solvent for the
ESI MS. ESI-TOF spectra were run in 1:1 H,O:MeCN 0.2 % formic acid on a Micromass Q-TOF
Ultima Global (Waters, Milford, Mass., USA) equipped with a nano ESI source. Additionally, a
ThermoScientific Q-Exactive Orbitrap equipped with an ESI source was also used to collect spectra. On
this instrument, spectra were run in 1:1 H,0:MeOH 0.1 % formic acid due to better stability of total ion
count on the instrument. Raw spectrum deconvolution was carried out using MassLynx™ 4.0 Global
software for data obtained on the Micromass Q-TOF, and using Xcaliber™ 2.2 SP1.48 for data
obtained on the Q-Exactive.
2.6 Strain-promoted azide-alkyne cycloaddition with M13-Aha

M13 strains grown with Aha as described in section 2.4.3 were reacted with 5(6)-
Carboxytetramethylrhodamine-PEG,4-aza-dibenzocyclooctyne (DIBAC-TAMRA,; Click Chemistry
Tools, Scottsdale, AZ, USA). A stock solution of DIBAC-TAMRA was prepared as a 5 mM stock in
100% DMSO and was stored at -20 °C. Additionally, M13 strains grown with Aha were reacted to
biotin-PEG;-aza-dibenzocyclooctyne (DIBAC-bioin; Click Chemistry Tools, Scottsdale, AZ, USA). A
stock solution of DIBAC-biotin was prepared as a 5 mM stock in 100% DMSO and was stored at -20
°C.

For DIBAC-TAMRA labelling, M13 phages (1x10*° pfu/mL) were reacted with 30 pM

DIBAC- TAMRA (Click Chemistry Tools, Scottsdale, AZ, USA) in 1x PBS buffer for 24 hours at

23°C. For DIBAC-biotin labelling, M13 phages (1x10™ pfu/mL) were reacted with 30 pM DIBAC-
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biotin (Click Chemistry Tools, Scottsdale, AZ, USA) in 1x PBS buffer for 24 hours at 23°C. Excess
label was removed by spin filtration using a Pall Nanosep® 10 kDa MWCO column (Sigma-Aldrich,
Oakville, Canada) and washing with 1x PBS. Spin filtration was carried out as per the manufacturer’s
protocols and repeated for a total of 3 washes with 500 pL 1x PBS. Absorbance spectra of TAMRA-
labelled M13 were read on a SpectraMax M5 spectrophotometer (Molecular Devices, Sunnyvale, CA,
USA) scanning from 240-650 nm.
2.7 Modified Staudinger ligation with M13-Aha

M13 strains grown with Aha as described in section 2.4.3 were reacted via the modified
Staudinger ligation using EZ-link® phosphine-PEG;-biotin (TAP-biotin; ThermoScientific, Ottawa,
Canada). A stock solution of TAP-biotin was prepared as a 10 mM stock in 100% DMSO and was
stored at -20 °C.

For TAP-biotin labelling, M13 phages (1x10™ pfu/mL) were reacted with 30 pM TAP-biotin
(ThermoScientific, Ottawa, Canada) in 1x PBS buffer for 24 hours at 37 °C. Excess label was removed
by spin filtration using a Pall Nanosep® 10 kDa MWCO column (Sigma-Aldrich, Milwaukee, WI,
USA) and washing with 1x PBS. Spin filtration was carried out as per the manufacturer’s protocols and

repeated for a total of 3 washes with 500 pL 1x PBS.
2.8 Transmission electron microscopy of M13 phages

Sample grid preparation was adapted from Ploss, M. and Kuhn, A. (67). M13 samples at 10°
pfu/mL in ultra-pure (18 MQ-cm resistivity) water (MQH,0) were deposited onto a carbon-formvar
coated 400 mesh grid (Canemco-Marivac, Gore, Canada) for 1 min followed by 0.1% bovine serum
albumin (BSA) in Tris-buffered saline (TBS; 50 mM tris(hydroxymethyl)aminomethane, 150 mM
NaCl) for 10 minutes. Excess BSA was blotted off and 20 pL of a 1:10 dilution of 0.15 mg/mL 5 nm
streptavidin-coated gold nanoparticle (SA-AuUNP) solution (Cytodiagnostics, Burlington, Canada) was
added to the grid for 30 minutes. After two washes with MQH,0, the grid was stained for two minutes

using 1% uranyl acetate (a generous gift from Dr. Dale Weber, Department of Biology, University of
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Waterloo). M13 phages were imaged at 60kV using a CM10 Philips microscope modified with an
Advanced Microscopy Techniques image capturing CCD camera (Department of Biology, University
of Waterloo). When counting AuNPs associated per M13 only phage particles that could be identified

as a single assembly were counted. These excluded cases were multiple phages were entwined together.
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3. Chapter 3 - Development of strains and media conditions for Aha
incorporation

3.1 Introduction

Recent approaches to developing new nanotechnologies have utilized viruses as scaffolds to
allow manipulation and the organization of components at the nano-scale. The goals of this research were
to engineer bacteriophage M13 as a nano-scale scaffold capable of facile modification and further develop
it for use in technological applications. Through the course of this research, this was accomplished by
utilizing residue specific incorporation of the unnatural amino acid (UAA), L-azidohomoalanine (Aha),
into the pVIIl major coat protein of bacteriophage M13. Aha is an azide-containing analogue of
methionine and its incorporation would allow the display of azide functional groups organized along the
length of M13. Azide functional groups can be chemically reacted bioorthogonal to other commonly
employed chemistries used to label protein scaffolds and would increase the number of different
compounds that could be controllably loaded onto the surface of M13.

In order to achieve Aha incorporation into pVIII, two main goals needed to be met initially. First,
residue specific incorporation of UAAS relies on the use of auxotrophic bacterial strains. This had to be
engineered to be auxotrophic for methionine and also capable of infection by M13. Second, the media
growth conditions had to be developed and assessed to balance good yields of M13 with high levels of
Aha incorporation. Incorporation of Aha was successfully accomplished and the samples produced here
were suitable for further analysis to determine their reactivity via azide specific chemistries.

3.2 Developing methionine auxotrophic bacterial strains

The bacterial strains developed for this project were prepared using a P1,; transduction (68). The
goal was to transduce one of the knocked-out methionine biosynthesis genes from the donor strains,
JW3973-1 or JW3805-1 E. coli, into an F' containing strain designed for M13 amplification (Figure 3.1).
In JW3973-1 and JW3805-1 the biosynthesis genes that were knock-outs were metA and metE
respectively. In their respective strains, these genes were knocked out by insertion of a kanamycin-
resistance gene into the open reading frame of E. coli K-12 (66). Tetracycline resistance is conferred by
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the F' factor present in the recipient strain, ER2738 E. coli (New England Biolabs, Whitby, ON, Canada).
Therefore, successful growth of the recipient strains after transduction on solid media containing both
kanamycin and tetracycline confirmed presence of the knocked-out gene and the F' plasmid both
respectively in the engineered strains. The presence of the F’ plasmid was essential to ensure that the

resulting engineered strain could be infected by M13.

Homoserine

JW3973-1 X‘ metA

O-Succinylhomoserine

‘ metB

Cystathionine

‘ metC

Homocysteine

JW3805-1 x‘ metE, metH

Methionine

Figure 3.1: Methionine biosynthesis pathway in E. coli (69). The two steps in the pathway that were knocked-out are
highlighted with red with the associated strain designation that contained that knock-out.

The E. coli strains developed here will be referred to as ER2738 MetA where metA was knocked-
out and ER2738 MetE where metE was knocked-out. Further confirmation of gene knock-out was
obtained by culturing each strain on minimal media lacking methionine and observing whether a growth
phenotype could be restored in the presence of methionine. ER2738 MetA was able to grow in the
absence of methionine which indicated that this strain was able to synthesize its own methionine. MetA
encodes homoserine o-succinyltransferase which catalyzes the synthesis of o-succinyl homoserine from
L-homoserine as a starting metabolite (70). This is an early step in the methionine biosynthesis pathway

and further transformations lead to the biosynthesis of methionine. It was not expected that this strain
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would be able to grow without methionine. Knock-outs of this gene were reported to be unable to grow in
M9 minimal media (71). The possibility of a revertant is unlikely since the strain was able to grow on
both tetracycline and kanamycin and therefore should have had the knocked-out gene present as well as
the F' factor. It may be possible that an unanticipated compensatory mutation occurred that allowed for
functional methionine biosynthesis.

The other strain developed, ER2738 MetE, was unable to grow on minimal media plates in the
absence of methionine. MetE encodes for the cobalamin-independant homocysteine transmethylase which
is the final step in methionine biosynthesis. This enzyme catalyses the synthesis of methionine from
homocysteine in the absence of the cofactor cobalamin. An additional gene, metH, encodes for
methionine synthase, a cobalamin-dependant version of the enzyme, which catalyses the same step in the
pathway (72). Future modifications to the growth media should avoid the addition of cobalamin to the
culture to prevent synthesis of methionine down this alternate pathway. Since control over the pool of
methionine available to the E. coli translates to better experimental controllability for UAA incorporation,
it was important that the generated organisms were truly auxotrophs of methionine. Therefore, only the
strain ER2738 MetE was used for further experiments since it was clear that this strain was unable to
synthesize its own source of methionine.

3.3 Developing bacteriophage M13 mutant strains

A series of pVIII mutants of M13 were constructed using site-directed mutagenesis. The necessity
of engineering these mutants was in anticipation of the possibility that pVIllyr would be unsuitable for
incorporation of Aha based on the previous work by Sarah Borg (73). This was also evident when looking
at a fibre diffraction structure of fd phage which shows assembled pVIII coat proteins (16). It was
expected that Met28 on mature pVIllyr would be poorly exposed to the solvent (Figure 3.2). This was
further supported by the low solvent accessible surface area predicted by Marvin et al. at Met28 (74). If
Aha were incorporated at Met28 on pVIllyr the low solvent accessibility would likely result in poor
reactivity of the azide. Since Aha is known to replace methionine in residue specific UAA incorporation

experiments, one can control the position of the azide on pVIII through better positioning of methionine
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residues (44). Therefore, in anticipation of this accessibility problem, Met28 on pVIllyr was re-
positioned. The option to specifically move a functional residue highlights one of the major advantages of
using proteins in building more complex nano-materials. Atom scale controllability is possible through

genetic modifications to the DNA sequences encoding a particular protein.

Figure 3.2: Fibre diffraction structure of fd phage highlighting a single pVI11 subunit with Met28 highlighted. The
PDB:1IFJ structure of fd bacteriophage is shown (16).

In order to maintain better control and simplify the analysis of the M13 constructs, the mutants
were designed to only have a single methionine residue. The existing methionine in pVIllyy at position
Met28 was mutated to leucine. The residue at Met-5 of pro-pVIII was also mutated to leucine despite not
being present after pro-pVI1I cleavage by leader peptidase. The start codon methionine at the N-terminus
of pro-pVIII was not mutated to avoid issues with translation. This methionine-less mutant was termed
pV 1506 and was the starting point for a series of single methionine mutants that have re-positioned the
methionine residue (Figure 3.3). The single methionine mutants were designed with solvent accessibility
of the re-positioned methionine, and ultimately of the newly introduced azide group from Aha, in mind.

The model by Marvin et al. was again used to predict where an engineered methionine residue might be
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more exposed (16, 74). The positions at Ala9, Serl3 and Alal6 appeared to be on the external side of the
alpha-helical pVIII (Figure 3). Methionine was introduced individually at each of these positions to

generate pVIlagm, pVIllsiam and pVillaeym Single methionine pVIIE mutants as outlined in the methods.

Figure 3.3: Fibre diffraction structure of fd phage highlighting a single pVI11 subunit with residues that were mutated to
methionine highlighted in purple. The PDB:11FJ structure of fd bacteriophage is shown (16).

Due to the nature of the single-stranded DNA primers used for site-directed mutagenesis at
positions A9M, S13M and A16M of pVIII special consideration was needed. In particular, for S13M and
A16M mutations, the primers used had the possibility of self-dimerization and the formation of hairpin
structures that might compete with annealing of the primers to the M13 DNA template (Figure 3.4A).
Using the standard site-directed mutagenesis conditions no product was detected for S13M or A16M
mutations. The addition of 2.5% DMSO resulted in the formation of amplified mutant DNA seen at 8.3
kbp (Figure 3.4B). The length of the M13 genome is 7.7 kbp, but due to the product being formed as
nicked, circular DNA it was not expected to run true to its length. In the case of A9M, some product was
detected in the absence of DMSO, but yields were greatly improved after the addition of DMSO. The

likely role of DMSO is in reducing secondary DNA structure formation in the primers and template by
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disrupting intra-strand re-annealing (75). While the focus of this research was not on molecular biological
methods, in relation to engineering M13, this kind of information is useful for future modifications to the

N-terminal region of pVIII.

A B
S13M

Potential hairpin

5' GCAARAGCGGCCTTTAACATGCTGCARGCCTCAGCGACC 37

Self-complementarity

5' GCAARAGCGGCCTTTARCATGCTGCAAGCCTCAGCGACC 30
3' CCAGCGACTCCGAACGTCGTACAATTTCCGGCGAARRCG 5
5' GCAARAGCGGCCTTTARCATGCTGCAAGCCTCAGCGACT 30
3t CCAGCGACTCCGARCGTCGTACAATTTCCGGCGARAACG 5'
Self-complementarity
5'  GGCCTTTAACTCCCTGCRAATGTCAGCGACCGAATATATCGG 3'
3' GGCTATATAAGCCAGCGACTGTAAACGTCCCTCAATTTCCGG 5 8.3 kbp
5' GGCCT...GACCGAATATATCGG 30
3t GGCTATATAAGCCAG. . . TCCGG 5 DMSO: - + - + - +

ASM S13M Al6M

Figure 3.4: Site-directed mutagenesis of single methionine mutants. (A) Predicted secondary structures of primers used in
site-directed mutagenesis reactions using OligoCalc (76). (B) A 1% agarose gel of the products of 13 rounds of
QuikChange® site-directed mutagenesis on M13KE DNA (7666 bp) stained with ethidium bromide. The "*-"indicates
absence of DMSO and the "'+" indicates the presence of 2.5% DMSO.

3.4 Growth properties of M13 mutants

The viabilities of the engineered M13 strains were tested by comparing the titre of phages at 4.5
hours of amplification with Wt M13 amplification. Titre is a measure of the number of infective M13
particles and is quantified in units of plaque forming units (pfu). The ability of mutant pVI1I to assemble
into M13 phages and the ability of these mutant M13 to re-infect E. coli are tested together using this
approach. The mutations of M28L or M-5L individually resulted in similar decreases in phage viability at
3.0 and 3.4-fold decreases respectively (Figure 3.5). The combination of the two mutations, M-5/28L, did
not have a viability that was significantly lower than either mutation individually at 3.7-fold less than Wt
M13. It was surprising that the mutation M-5L had such an impact on the viability of M13 given that it
does not actually change the mature pVIII protein sequence. The viability lost might indicate processing

difficulties of the pVIII pro-peptide to mature pVIII. It is unlikely that the affected step was cleavage of
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pro-pVIII by leader peptidase though. At the Met-5 position, methionine can be replaced by any amino
except for proline based on consensus sequences recognized by leader peptidase (28). Furthermore it was
determined in over-expressed pVIII that cleavage of pro-pVIII to mature pVIII was 100% when Met-5
was mutated to leucine (77). In a randomized mutagenesis study, mutations of M28L were sometimes
found accompanied by mutations of Val31 to either leucine or alanine (29). For future modifications to
improve M13 strains engineered here, this additional mutation might make for a more viable construct.
Starting from the pVIlly.s08. mutant, several single methionine mutants were constructed. The
mutations that were done were A9M, S13M and A16M. The mutation of AL6M caused a significant 7.0-
fold decrease in viability compared to Wt M13 (Figure 3.5). The mutation of alanine to methionine has
the potential to be disruptive given their differing sizes. It is likely that the further from the N-terminus
that methionine is introduced; the more likely it is to interfere with the overlapping of adjacent pVIII
subunits and disrupt tertiary structure. This might explain why the A9M or S13M mutations did not also
result in further losses of viability. They are both further away from the region of pVIII that is involved in

inter-subunit interactions.
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Figure 3.5: Comparative growth of M13 mutants. The viabilities were measured at the quantity of M13 produced after
4.5 hours of amplification in ER2738 E. coli as the host bacteria. Results shown are from at least triplicate (n=3) data.
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The purified M13 mutants were analysed by SDS-PAGE. Tricine SDS-PAGE was used to resolve
the smaller coat proteins such as pVIII (78). The molecular weights of two of the M13 coat proteins could
be clearly identified from this type of analysis. The major coat protein, pVIII ran at 7.8 kDa on the gel
(Figure 3.6). The band with the next greatest intensity ran at 40 kDa. This most likely corresponded to
plll coat protein which has a calculated mass of 43 kDa (79). The additional band seen at 60 kDa might
also be plll, which has been reported to run at a higher apparent molecular weight and so it was not
unexpected to also see a band at 60 kDa. It has been suggested that plll running at 60 kDa is due to a
glycine-rich region in its sequence (80). None of the other coat proteins, pVI, plX and pVII, were clearly
identified on the gel. Given that there are many copies of pVIII per M13 phage, visualizing the major coat
protein from solubilised M13 phages was quite effective. All pVIII mutants ran similarly on Tricine SDS-

PAGE as compared to Wt pVIII. This was expected given that only point mutations were introduced but

was confirmed regardless.
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Figure 3.6: Tricine SDS-PAGE of Wt M13 and mutants grown under rich media conditions. The standard run was
Precision Plus Protein™ Dual Xtra Standards (Bio-Rad, Hercules, CA). The gel was stained with Coomassie G250.

32



3.5 Developing growth conditions for Aha incorporation into M13

The growth of the methionine-auxotrophic strain ER2738 MetE was tested under different media
conditions. In M9 minimal growth media, the cells were provided with defined resources for growth:
glucose as a carbon source and ammonium sulfate as a nitrogen source. This use of chemically defined
media was essential so that methionine in the growth media could be a controllable parameter for
developing the conditions for residue specific UAA incorporation. The simplest case and starting point
was to grow ER2738 MetE in M9 minimal media with only methionine present as a supplement. The
growth rate of ER2738 MetE with 340 pM methionine was slow with a doubling time of 90 minutes
(Figure 3.7A). It was anticipated that the growth rate could be improved by introducing a supplement of
the other 19 amino acids. Introducing these additional resources decreased the doubling time to 45
minutes. Since the addition of an amino acid supplement enhanced the growth of ER2738 MetE so well, it

was included in all future modifications to the growth media.
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Figure 3.7: ER2738 MetE growth properties in minimal media conditions. Growth of ER2738 MetE was monitored by
following the absorbance at 600 nm of the culture. (A) ER2738 MetE grown in M9 minimal media containing 340 uM
methionine with and without the addition of an amino acid supplement of the other 19 naturally-occurring amino acids.
(B) ER2738 MetE growth in M9 minimal media with different combinations of methionine and Aha as indicated in the
legend.

Next, the effect of adding Aha to the culture media on ER2738 MetE growth was tested. Three
conditions were used in these experiments: (i) Growth in minimal media with amino acid supplement and
340 UM methionine, (ii) growth with amino acid supplement where Aha and methionine were added to

the growth media in equal quantities at 340 UM, and (iii) growth in minimal media with amino acid
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supplement and 340 uM Aha only. Under condition i, the doubling time was 45 minutes for growth with
methionine only (Figure 3.7B). Under condition ii, ER2738 MetE grew as well as it did under condition i
with a doubling time of 45 minutes. At 340 UM methionine it seemed that 340 UM Aha does not disrupt
the growth of E. coli ER2738 MetE. This may have been the result of the low Aha concentrations that
were tested early on. Similarly it was found that 2.8 mM Aha did not greatly decrease the growth of E.
coli MTD123 when grown in combination with methionine (81). The ability of Aha to support the growth
of ER2738 MetE on its own was tested as an extreme case. In condition iii, it was clear that 340 uM of
Aha alone cannot support growth of ER2738 MetE. Since it was evident that ER2738 MetE would not
grow well with Aha alone, the methionine requirements for M13 production were explored next.

First, ER2738 MetE was grown to mid-log phase growth in rich LB media before exchanging it
into defined M9 media with differing methionine concentrations. At this point, the culture was infected
with M13 and phage growth was monitored. At 340 uM methionine, M13 produced exponentially over
the course of 21 hours reaching a final yield of 1.6x10" pfu/mL (Figure 3.8A). At a methionine
concentration of 34 uM the production of M13 was no longer detected. This was surprising given that the
concentration was only decreased by 10-fold and replication of M13 appeared to be completely abolished.
Lastly, M13 was unable to produce in the presence of 2 mM Aha only. As with ER2738 MetE growth,
M13 replication required methionine in combination Aha to obtain a detectable increase in titre.

It was important that the minimum methionine requirements for M13 amplification were
determined. Ideally, one would only use the minimal amount of methionine required for M13
amplification such that Aha would still have a reasonable chance of incorporation into pVIII over
methionine. Over the range of 340 to 34 uM methionine tested, M13 yields were drastically reduced from
1x10* pfu/mL at 340 pM methionine to no measured increase in titre at 34 uM methionine (Figure
3.8B). Additionally, at a concentration at or below 170 pM methionine, it was found that increasing the
growth period from 4.5 hours to 21 hours actually resulted in a decrease of M13 yield overnight. It is
possible that decrease of titre overnight was due to depletion of methionine. For Aha incorporation
experiments, a concentration of 235 pM was estimated as a suitable concentration of methionine that
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would allow for both amplification of M13 as well as allow Aha to have an increased chance at

incorporation over methionine.
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Figure 3.8: M13 replication under differing M9 minimal media conditions. M13 growth was monitored by spot-plating
serial dilutions and measuring phage titres. (A) M13 amplification with defined methionine concentrations and Aha alone.
Results were from triplicate (n=3) data. (B) M13 amplification with defined methionine concentrations in order to
determine the minimal methionine requirements for phage amplification. Results were from a single trial (n=1).

Using M9 media conditions that now included an amino acid supplement and a defined
methionine concentration, the impact of Aha incorporation on M13 amplification was examined. A high
concentration of 10 mM Aha was chosen to increase the chances of its incorporation into M13 coat
proteins. A two-way analysis of variance using different M13 mutants and presence of Aha as the two
variables indicated that both the mutant used and the presence of Aha both had a significant effect on the
yield of M13 obtained (Figure 3.9; p<0.05). Between all M13 strains, the addition of 10 mM Aha
decreased the yield of M13 obtained. Also, in contrast to the results where M13 strains produced similar

yields in rich LB media, here pVIllagw M13 and pVIlly.s0s. Were produced in the highest yields.
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Figure 3.9: M13 replication in the presence of Aha. ER2738 MetE was grown to mid-log phage and exchanged into media
containing 235 uM methionine, either with or without the addition of 10 mM Aha. Titre was determined by spot-plating
serial dilutions of M13 at 4.5 hours of growth. Results were from at least triplicate (n=3) data.

Two cases can be considered to explain the decrease in M13 yield when grown with 10 mM Aha:
(i) the incorporation of Aha into M13-encoded proteins directly hinders their normal function, or (ii) the
incorporation of Aha into endogenous E. coli proteins resulted in slowed growth of the host followed by
slowed replication of M13. In the first case, destabilization of pVIII in particular was likely not the reason
for the observed decrease in yield. A 6.1-fold decrease in M13 yield was observed even for pVIlly.sps.
M13 grown with 10 mM Aha. This mutant contained no methionine residues, with the exception of the
start codon methionine, with which Aha could replace. This does not rule out whether the incorporation of
Aha into any of the other proteins produced by M13 caused a decrease in M13 yield (Table 3-1). A
combination of the above two scenarios likely accounts for the decrease in M13 yield. From a practical
point of view, a 2- to 4.4-fold decrease in titre following the addition of 10 mM Aha still yielded

appreciable amounts of M13 for further study.
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Table 3-1: Number of methionine residues in proteins encoded by the M13 genome.

M13 protein Number of Met* Amino acids (% Met)
pl 3 348 (0.86)
pll 6 410 (1.46)

plll 9(8) 424 (1.89)
plV 6 426 (1.41)
pV 2 87 (2.30)
pVI 1 112 (0.89)
pVII 2 33 (6.06)
pVIIH 3(1) 73 (4.11)
pIX 2 32 (6.25)
pX 3 111 (2.70)
pXI 1 108 (0.93)

*Number in parentheses indicates methionine residues after endogenous protease cleavage.

In other studies, high percentages of UAA incorporation could be obtained by switching the
expression strain into media containing only the UAA of interest (32, 35, 44, 45, 82). In these approaches,
the auxotroph E. coli strain had the gene for the protein of interest encoded into an expression vector. At
the time of media exchange, an inducer of expression such as isopropyl p-D-1-thiogalactopyranoside
(IPTG) was added and protein collected afterwards had levels of incorporation as high as 100% (32).
With M13, this kind of approach was found unsuitable, as neither the host ER2738 or M13 could produce
well in the complete absence of methionine. Since the strain pVIllaem M13 produced poorly when grown
with 10 mM Aha, it was not pursued further. Both pVIllagw and pVlllsism Were produced in adequate
yields and could be concentrated for further analyses.

3.6 Aha incorporation determined by mass spectrometry

The actual incorporation of Aha into the pVIII coat protein of M13 was assessed through ESI
mass spectrometry (MS). Intact M13 phages were applied directly without prior denaturation for analysis
of the pVIII major coat protein by ESI-MS. Since pVIII is present in 540-fold excess to the other M13
coat proteins (plll, pVI, pVII and plX), it is readily detected over those proteins on the mass spectra. For
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each of the M13 strains tested, the peaks which were expected on the mass spectra include those
corresponding to pVIII with methionine incorporated (pVI111-Met) and pV1Il where methionine had been
replaced by Aha (pVIII-Aha). The average molecular mass of Aha is 144 g/mol and the average
molecular mass of methionine is 149 g/mol. It was therefore expected that the mass of pVIII where Met
had been replaced by Aha would be 5 Da less. The theoretical masses predicted for pVIII-Met and pVIII-

Aha peaks are summarized in Table 3-2.

Table 3-2: Summary of expected masses of mutant pVII11 proteins.

M13 strain Expected mass of pVIII-Met (Da) Expected mass of pVIII-Aha (Da)
WT 5238.0 5235.0
M-5/28L 5220.0 N/A
A9M 5280.1 5275.1
S13M 5264.1 5259.1

M13 pVlllagw samples that were grown in the absence or presence of 10 mM Aha were run on
ESI-TOF MS. There was a consistent deviation of 1 Da for all peaks and their expected masses. The
major peak was observed at 5279 Da and corresponded to the theoretical mass of pVIllagu-Met (Figure
3.10). A secondary peak was observed at 5274 Da. This corresponded well with the theoretical mass of
pV 19w Where Aha has been incorporated in place of methionine (Table 3-2). A number of adducts were
observed in addition to the pVIlliagy-Met and pVIllagu-Aha peaks. Most of these could be identified as
common ion adducts such as K* or acetonitrile (Figure 3.11). The +16 Da peak likely corresponded to the
formation of methionine sulfoxide (pVII1-MetSO). A9AM M13 grown in the absence of Aha had a major
peak at 5279 Da, but no peak at 5274 Da. This indicated that for pVIllaem, Aha incorporation occurred
only when M13 was amplified in 10 mM Aha. Also of note, the incorporation of Aha was not 100% as
the majority of signal on the spectrum came from pVIll gu-Met. The intensity of the pVIllagy-Aha peak

was 10.2% of the pVIlaou-Met peak.
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Figure 3.10: Deconvoluted ESI-TOF mass spectrum of pVI115gy run on a Waters Q-TOF instrument. The raw spectrum
was deconvoluted using MassLynx™ 4.0 Global software with a resolution of 0.5 Da.
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Figure 3.11: Deconvoluted ESI-TOF mass spectrum of pVI11 gy grown in 10 mM Aha and run on a Waters Q-TOF
instrument. Commonly seen adducts on ESI-TOF MS of M13.

M13 pVlllsay that was grown in the absence or presence of 10 mM Aha was analyzed using
ESI-TOF MS. The major peak was observed at 5262.5 to 5263 Da (Figure 3.12). A peak detected at
5258.5 Da corresponded well with the theoretical mass of pVIII where Aha has been incorporated in
place of methionine (Table 3-2). The pattern of ion adduct formation was similar to that seen for
pVIllaom Where peaks likely corresponding to K* and acetonitrile were identified. S13M M13 grown in
the absence of Aha had a major peak at 5263 Da, but no clear peak at 5258 Da to indicate Aha
incorporation. These spectra showed that for M13 pVllls;3yv, Aha incorporation occurred when M13 was
produced in the presence of 10 mM Aha. Some oxidation of methionine was observed with this mutant as
well, perhaps suggesting solvent accessibility of methionine at residue position Met13. As with pVIlagum,
the incorporation was not 100% as the major signal on the spectrum came from pVllls;zy-Met. The

intensity of the pVIllsiav-Aha peak was 13.4% of the pVIlls;su-Met.
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Figure 3.12: Deconvoluted ESI-TOF mass spectrum of pVIllsi3y run on a Waters Q-TOF instrument. The raw spectrum
was deconvoluted using MassLynx™ 4.0 Global software with a resolution of 0.5 Da.

Wt M13 was also grown in the absence or presence of 10 mM Aha and was analyzed using ESI-
TOF MS. The major peak was seen at 5236.5 to 5237 Da which corresponded to the theoretical mass of
pVIllwr which is 5238 Da (Figure 3.13). In the sample grown in the presence of 10 mM Aha, a
secondary peak was seen at 5232.5 Da which corresponded to what would be expected for Aha to replace
methionine in pVIII (Table 3-2). This indicated that for Wt M13, Aha can replace methionine at the
Met28 position. The pVIII-Aha peak was 11.3% of the pVIII-Met peak in this sample. Unlike with
pVIllaom and pVlillsisy, the methionine sulfoxide peak at +16 Da was not clearly seen here. This would
be consistent with the prediction that Met28 is not very accessible to the solvent and not as readily
oxidized. The secondary peak corresponding to pVIII-Aha was also notably absent from the sample
grown in the absence of Aha. These results were consistent with Aha incorporation into pVIllyr under 10

mM Aha growth conditions.
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Figure 3.13: Deconvoluted ESI-TOF mass spectrum of pVIll,t run on a Waters Q-TOF instrument. The raw spectrum
was deconvoluted using MassLynx™ 4.0 Global software with a resolution of 0.5 Da.

The control strain, M13 pVIlly.50s., Was also grown in the presence or absence of 10 mM Aha
and run on ESI-TOF MS. Given the lack of any methionine on mature pVIlly.spg., it was expected that
both samples produced with and without Aha would have similar mass spectra. With the exception of
extra noise in the 10 mM Aha spectra likely due to the lower concentration of that sample, the two spectra
were very similar (Figure 3.14). For the pVIllys2e. Samples the major peaks were seen at 5218.5 to 5219
Da and corresponded to the theoretical mass of pVIly.s.s -Met which was 5220 Da. In the sample grown
in the presence of 10 mM Aha there was no secondary peak at -5 Da that might correspond to the
incorporation of Aha. This control strain indicated that incorporation of Aha, and the appearance of a -5
Da peak on the spectra, can be attributed to replacement of methionine with Aha present on pVIlagum,

pVlsianm and Wt M13 strains.
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Figure 3.14: Deconvoluted ESI-TOF mass spectrum of pVIl1y.sg. run on a Waters Q-TOF instrument. The raw
spectrum was deconvoluted using MassLynx™ 4.0 Global software with a resolution of 0.5 Da.

In summary, analyses of the mass spectrometry results show that the media growth conditions
developed for residue specific UAA into M13 here could be used to incorporate an azide on pVIII of
M13. In each of Wt, pVIllagw and pVIllsizy M13 samples that were grown in the presence of Aha, pVIlI-
Aha was detected in each of their mass spectra. The masses of these peaks were in agreement with the
mass of pVIII where a single methionine residue had been replaced by Aha with no other modifications
occurring. The pVIII-Aha species was not detected in any of the spectra where M13 was grown in the
absence of Aha. Furthermore, pVIlI-Aha was not detected for the pVIlly.s25. Mutant even when grown
with 10 mM Aha. This was consistent with there being no methionine residues on pVIly.sg. .

Between the WT, pVIliagm and pVilisay strains, the relative intensities of the pVIII-Aha peak to
the pVI1II-Met peak in the spectra were 10-13%. It is important to be careful in assuming that the relative

intensities on a mass spectrum correspond to the relative amounts in the actual sample. For example,
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when one chemical species within a mixture ionizes more readily than other compounds it will give a
much higher signal on the spectrum and reduce the signal from other analytes. Experimentally, it has been
shown that reducing the flow rate also reduces suppression effects (83). Since the two molecules pVIII-
Aha and pVIII-Met are very similar, and a nano ESI source was used for these experiments one would
expect the comparison to be more accurate in this case. A dye-labelling approach was used as well to
estimate the incorporation efficiency of Aha into pVIII. Lastly, the presence of methionine sulfoxide seen
in the mutants pVIllagm and pVillsiaw serves as a clue suggesting that methionine at this position was
more solvent-accessible, and therefore, more susceptible to oxidation. From these results, one can
conclude that the conditions developed here that Aha has successfully replaced methionine in a
percentage of pVIII subunits. The exact percentage of pVIlI-Aha subunits and their distribution along the

length of M13 are examined in the following chapter.
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4. Chapter 4 - M13-Aha characterization and bioconjugation reactions

4.1 Introduction

Bacteriophage M13 was engineered to display azides onto the pVIII major coat protein through
residue specific unnatural amino acid (UAA) incorporation. After confirmation of Aha incorporation by
using mass spectrometric analyses, the reactive properties of these azide-bearing M13 phages were then
examined. It was anticipated that the M13 strains A9M and S13M, where methionine had been
repositioned, would react more completely than Wt M13. This was due to the prediction that Aha would
be more exposed if it replaced methionine at positions A9M and S13M on pVIII.

First, reaction with a small dye molecule was done to explore the extent to which these
engineered M13 mutants could be reacted. This would include quantifying how many dye molecules
could be loaded onto the M13-Aha constructs produced. Additionally, the nature of the dye would allow
calculation of the labelling efficiency and therefore the ability to obtain an estimate of how many pVIII-
Aha there were per phage. The prior mass spectrometry results indicated that a large proportion of pVIlI
subunits still had methionine incorporated over Aha. In addition to utilizing the dye molecule to
characterize these M13 constructs, it would also demonstrate the modification capabilities of M13-Aha.
For example, M13 has been used to produce photo-responsive materials or potential new imaging agents
using modifications with small molecules (11, 84).

Second, M13 was labelled with gold nanoparticles (AuNPs), specifically utilizing the pVIlI-
incorporated azide, so that the spatial distribution of pVIlI-Aha along the length of M13 could be
visualized by transmission electron microscopy (TEM). It was hypothesized that pVIII-Aha subunits
would be evenly distributed amongst pVI11-Met subunits in the assembled M13 phage and that the spatial
organization of the tethered AuNPs would reflect that. In addition to characterizing the M13 mutants, this
approach would also explore the capability of this platform to organize larger components such as
inorganic particles. This would be important to demonstrate since many device and biosensor applications

employ noble metal nanoparticles (85). As a specific example, M13 has been used as a scaffold in dye-
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sensitised solar cells utilizing plasmonic AuNPs bound non-covalently to more negatively charged pVIII
mutants (12). Expanding upon these applications of M13 by fabricating a system that can be modified
orthogonally utilizing azide-specific chemistries is expected to open up additional possibilities for
utilizing M13 as a multi-valent device component.
4.2 Absorbance spectroscopy of M13 phages

The initial approach to testing the reaction capabilities of the M13-Aha constructs was to react
them with a dye that could be easily monitored. Ideally, if one knows the concentration of M13 and the
guantity of dyes covalently reacted to it, one could obtain an estimate of how many pVIII-Aha subunits
are present on each M13 particle. For this to be successful, M13 should be easily quantifiable from its
absorbance spectra such that both dye absorbance values and M13 absorbance values are taken from the
same spectrum to be used for labelling efficiency calculations. From previous research, bacteriophage
M13 can be quantified by measuring its absorbance at 269 nm and subtracting the non-specific
absorbance at 320 nm. The extinction coefficient for M13 originally came from the work of Berkowitz
and Day using dry masses of M13 phages (86). A different form of this extinction coefficient can be
found in equation 1 which relates M13 titre to absorbance which will be used here (87-89). While
proteins normally absorb maximally at 280 nm, assembled M13 phages have considerable contribution to
their absorbance from encapsulated DNA, which is reflected in the broadness of the M13 peak.

Ayeg — A X 6 %X 1016
[M13] — ( 269 320)
Nbp

(1)

In equation 1, [M13] refers to the concentration of M13 bacteriophages in virions/mL. A,g and
Az are the absorbance values at 269 and 320 nm respectively where Aogy represents the absorbance due
to M13 phages and the Aasy is used to correct for non-specific absorbance. The extinction coefficient is
dependant up the number of base pairs (bp) in the genome (Npp). In the mutant M13 strains, no additions
or deletions were carried out, and so the value for Ny, was 7666 bp, which is the size of the parent vector,
M13KE (NEB, Whitby, ON, Canada). The constant 6 x 10 can be derived from the extinction

coefficient of 3.84 mg™ cm ™" mL for fd phage by Berkowitz and Day and additional fd phage
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measurements summarized by Day and Wiseman (86, 90). The units of this constant are "mL™" virions -

bp".

4.2.1 Troubleshooting of M13 non-specific absorbance

During the procedure for preparing concentrated M13-Aha stocks, the initial approach was to
carry out PEG8000 precipitation of M13 phages followed by centrifugation and fully retain the pellet,
which contained precipitated phages as per standard methods (91). The resulting M13-Aha stocks in 1x
phosphate-buffered saline (PBS) were cloudy with an insoluble white precipitate. This precipitate will be
referred to as the insoluble fraction. After removing this insoluble fraction by briefly centrifuging, one
could recover fully soluble M13 phages from the supernatant. The resulting supernatant was confirmed to
contain M13 phages by spot-plating M13 on plate colonies of E. coli. Titres as high as 10** pfu/mL were
observed in this fraction. Removing the insoluble precipitate was necessary in order to properly
characterize the M13 constructs and to solve the issues seen initially with the negative control reactions
with M13-Aha M-5/28L.

The insoluble fraction obtained from PEG precipitation was run on Tricine SDS-PAGE and was
compared to what was recovered in the soluble fraction of the M13 preparation. In addition to producing
zones of turbidity on bacterial lawns, the supernatant fraction clearly contained M13 phages from the
banding pattern seen on the Tricine SDS-PAGE gel. The pVIII band could be clearly seen at 7.5 kDa and
was enriched in comparison to the pellet fraction (Figure 4.1A). For plll, the bands at both 37 and 53 kDa
are near what was expected for minor coat protein plll. The banding pattern from the soluble fraction
closely matched what was seen in section 3.4. The insoluble fraction produced a smear of protein when
run on Tricine SDS-PAGE. In addition to contaminating proteins there were also phage-associated peaks
seen in the insoluble fraction. In particular, a strong band seen at 37 kDa in the pellet fraction might
correspond to plll and suggests that some M13 phages are lost during this extra purification step.

The absorbance spectra of the insoluble and soluble fractions were also compared. One thing that
was clearly noticeable in the insoluble fraction absorbance spectra was a high amount of non-specific

absorbance and the M13 peak was not well-defined (Figure 4.1B). In comparison, the soluble fraction
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had a M13 peak that was well-defined and the non-specific absorbance was largely reduced. The
absorbance from M13 could be clearly seen from the broad peak with a very shallow maximum at 261
nm. This extra clean-up step was required for producing a higher quality phage preparation with less

contaminating material, and was used in preparing subsequent M13 stocks for dye-labelling experiments.
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Figure 4.1: Comparison of pellet and supernatant fractions after removing insoluble particles from the final M13 phage
stock. (A) Tricine SDS-PAGE of soluble and insoluble fractions from A9M M13 phage preparation stained with
Coomassie R250. (B) Absorbance spectrum of soluble and insoluble fractions in 1x PBS.

4.2.2 M-5/28L. M13 control reaction for dye-labelling experiments

The dye that was chosen to serve as a label for attachment to M13-Aha was 5(6)-
carboxytetramethylrhodamine (TAMRA). TAMRA has an absorbance maximum at 556 nm and shoulder
below 556 nm (Figure 4.2A,B). This shoulder is a characteristic of the TAMRA spectrum (92). The
chemistry that was utilized to react with M13-Aha was the strain-promoted azide-alkyne cycloaddition
(SPAAC) which utilizes an aza-dibenzocyclooctyne (DIBAC) reactive group (Figure 4.2C). This was
developed by Bertozzi and colleagues for facile and mild external labelling of live cells (61). Unlike the
Cu(l)-catalysed cycloaddition, the SPAAC reaction can be carried out in the absence of Cu(l). This allows
conjugation reactions with Cu(l)-sensitive components such as live cells or quantum dots (61, 93). The
two dibenzo- moieties were found to increase the kinetics of this reaction, and the nitrogen in the ring
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structure was found to increase water solubility (51). M-5/28L M13 was used as a control since it was
shown in section 3.6 not to incorporate Aha. Therefore any background absorbance or unexpected side

reactions could be corrected for or avoided before testing A9M and S13M M13 strains.
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Figure 4.2: Dye-labelling conditions for the SPAAC reaction with M13-Aha. (A) Structure and mass of DIBAC-TAMRA
which was used to label M13-Aha. (B) Absorbance spectrum of DIBAC-TAMRA in 1x PBS (10 mM Na,HPO,, 1.8 mM
KH,PO,, 137 mM NacCl, 2.7 mM KCI, pH 7.4). (C) Reaction scheme for SPAAC labelling of pVII1 subunits.

As alluded to in section 4.2.1, it was essential to include an additional purification step to remove
the insoluble material from M13 preparations before using them as a reagent in SPAAC reactions. Prior to
the inclusion of this extra purification step, DIBAC-TAMRA labelling of pVIlly.ss. produced dubious
results. When pVlllyse Was reacted with DIBAC-TAMRA without first removing the insoluble
fraction, this negative control reaction suggested that a high degree of labelling had occurred. Equation 2
was used to estimate the concentration of M13 phages after reaction with DIBAC-TAMRA from the
absorbance spectrum. Since DIBAC-TAMRA also absorbs at 269 nm, equation 1 was modified to

consider contribution from the absorbance of the dye at 269 nm to avoid over-estimating the

49



concentration of M13 phages. The correction factor (CF) was estimated from the absorbance spectrum of
DIBAC-TAMRA and calculated as the fraction DIBAC-TAMRA absorbance at 269 nm over its
maximum absorbance at 556 nm (A,se/Asss). The value of CF was estimated to be 0.65.

Argg — Ascg X CF — A X 6 x 1016
M13] = (A269 — Asse 320)
Npp

(2)

Equation 3 was used to equate the concentration of M13 viruses to pVIII subunits. From the
estimated concentration of M13 in viruses/mL ([M13]), one could determine the molarity of pVIII
subunits ([pV111]). The value used for the number of pVIII subunits per phage was 2700 pVIII per M13
virus (15).

2700 pVIII 1000 mL 1 mol M13

X X 3
M13 L 6.02 x 1023 M13 G)

[pVIII] = [M13] x

The labelling efficiency was defined as the number of dye molecules per pVIII subunit, expressed
as a percentage (equation 4). The extinction coefficient (g4e) of 65000 M™cm™ was used for TAMRA
(94). Subtracting Asqy Was done to correct for non-specific absorbance to avoid over-estimating the

labelling efficiency.

Asse — A
labelling ef ficiency = (556—590) %X 100% (4)

Eqye X [pVIII]

Using equations 2-4, it was estimated that there was a 6.4% labelling efficiency (Figure 4.3A).
A labelling efficiency of 6.4% was too high to be explained as reaction with the minor coat proteins, pllil,
pVI, pVII or pIX. If all 65 of the methionine residues on the minor coat proteins of a single M13 phage
were solvent-accessible and only those residues reacted with DIBAC-TAMRA, that would only account
for a maximum of 2.4% labelling efficiency. Realistically, the contribution from minor coat protein
labelling would be less than this since not all of those residues would be solvent-accessible and the
incorporation efficiency of Aha was not 100%. Additionally, since M-5/28L M13 grown in the absence of
Aha also had a high TAMRA signal, it seemed likely that the presence of the dye in these samples was

not due to the reaction of DIBAC-TAMRA with any azides present in M-5/28L M13.
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Figure 4.3: Troubleshooting the control reaction for the SPAAC reaction with DIBAC-TAMRA and M-5/28L. (A) The
resuspended pellet from PEG precipitation was directly reacted with DIBAC-TAMRA. M13 M-5/28L at 10" pfu/mL was
reacted with 30 uM DIBAC-TAMRA for 24 hours. Unreacted DIBAC-TAMRA was removed by fractionation using a
Pall Nanosep® 10 kba MWCO column and the absorbance of the retained M13 phages were read in 1X PBS. (B) M13
phages collected from PEG precipitation were further purified by centrifuging for at 15000 g for 1 min and retaining the
supernatant. This supernatant containing soluble M13 phages was reacted as described above.

Removing the insoluble fraction prior to reaction with DIBAC-TAMRA greatly reduced the
absorbance at 556 nm in the M-5/28L M13 spectrum after reaction (Figure 4.3B). This suggests that the
post-reaction removal of the dye by spin filtration was more successful at removing un-reacted DIBAC-
TAMRA. After improving the M13 sample preparation, the labelling efficiency of M13 M-5/28L grown
in 10 mM Aha was reduced to a 1.3 £ 0.9% labelling efficiency. Similarly, for M-5/28L M13 prepared in
the absence of Aha, the estimated labelling efficiency was 1.1%. The TAMRA absorbance detected for 10
mM Aha M-5/28L M13 sample likely corresponded to a combination non-specifically bound dye and dye
that had reacted to the minor coat proteins of M13. Importantly, troubleshooting this control reaction was
an essential step in developing the correct approach to sample preparation prior to SPAAC reaction. By
using M-5/28L to troubleshoot this reaction, one can be more confident that contribution to absorbance
due to non-specifically bound dye or contaminants are reduced in the A9M and S13M samples.

4.2.3 Coupling of M13 strains to DIBAC-TAMRA using the SPAAC reaction

The two engineered M13 strains, A9M and S13M, along with Wt M13 were reacted with
DIBAC-TAMRA after replication in the presence of 10 mM Aha. The reaction was carried out over 24

hours using the conditions outlined in section 2.6. The reaction was terminated by removal of DIBAC-
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TAMRA using a Pall Nanosep® 10 kDa MWCO column (Sigma-Aldrich, Milwaukee, WI, USA) to
fractionate the products. As the Nanosep® column contains a membrane that has a 10 kDa size exclusion
pore size, it was expected that M13 phages, which are ~12.6 MDa (estimated from coat-proteins only),
would not be filtered through and the smaller DIBAC-TAMRA would be removed effectively. To control
for non-specifically bound dye and to ensure that the wash steps adequately removed unreacted dye, M13
phages grown in the absence of Aha were also reacted with DIBAC-TAMRA and given the same clean-
up treatment on these spin-filtration membranes.

In comparing the spectra of post-reacted samples of AAM M13 and S13M M13, grown either in
the presence of 10 mM Aha or without Aha, it was apparent that the post-reaction removal of DIBAC-
TAMRA was sufficient to remove the bulk of the non-reacted dye (Figure 4.4A,B). In comparison, the
A9IM and S13M M13 that were grown in the presence of Aha did have a strong TAMRA peak that
remained after washing. Using equations 2-4 for labelling efficiency, the strains A9M and S13M were
reacted equally well at 14 + 2 % and 13 + 2 % labelling efficiencies respectively (Table 4-1). This

corresponded to approximately 360 dye molecules reacted to each M13 phages scaffold.
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Figure 4.4: Normalized absorbance spectra of M13 strains reacted with DIBAC-TAMRA via SPAAC reaction. Reactions
were carried out as described in the Methods. (A) A9M M13 grown in either 0 or 10 mM Aha post-reaction. (B) S13M
M13 grown in either in 0 or 10 mM Aha post-reaction. (C) Wt M13 grown in either in 0 or 10 mM Aha post-reaction. (D)
M-5/28L M13 grown in either in 0 or 10 mM Aha post-reaction.

Wt M13 was also reacted with DIBAC-TAMRA after amplification with 10 mM Aha. The
TAMRA-associated absorbance peak at 556 hm was much smaller in comparison to the M13 absorbance
peaks than either A9M or S13M preparations (Figure 4.4C). Wt M13 was labelled significantly less at 5
+ 1% labelling efficiency. While Met28 on pVIlly+ was predicted to have low solvent-accessibility, M13
has some flexibility in solution (95). It is possible that the flexibility of M13 allowed a percentage of
azides to be exposed enough for reaction with DIBAC-TAMRA. From labelling M13 strains with
fluorescent dye, the necessity of repositioning the methionine residue was apparent. A9M and S13M both
were labelled significantly better than Wt M13 suggesting better solvent-accessibility of the azide in those
mutants. Lastly, the absorbance spectra for M-5/28L M13 after reaction with DIBAC-TAMRA were not
very different from each other, regardless of whether M-5/28L was prepared with Aha (Figure 4.4D). In
order to increase the accuracy of the dye-labelling estimates, the labelling efficiency measured for M-
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5/28L was subtracted from the labelling efficiencies for A9M, S13M and Wt M13 to correct for non-
specific dye absorbance and reaction with the minor coat proteins detected in the negative control (Table
4-1). Therefore, a more conservative estimate of the number of azide functionalities presented on each

M13-Aha particle was approximately 340 azide groups per M13.

Table 4-1: Summary of labelling efficiencies of DBCO-TAMRA dye to pVII1-Aha mutants. Errors are shown as standard
deviation.

Strain Labelling efficiency (%) Corrected labelling efficiency (%)
A9M 14 £2 132

S13M 13£2 12+2

WT 51 4+1

M-5/28L 1.3+09 n/a

4.2.4 Estimation of quantity of pVII1-Aha subunits per M13 bacteriophage

In the ideal case, one would like to directly relate the labelling efficiency for M13-Aha constructs
to the number of pVIII-Aha subunits per phage. This required the assumption that DIBAC-TAMRA
reacted to completion with available pVIlI-Aha subunits. If the reaction does not go to completion, then
estimating the number of pVIII-Aha subunits per phage from the dye labelling efficiencies would result in
an underestimate of the degree of Aha incorporation. To assess the reaction progress of M13-Aha
constructs with DIBAC-TAMRA at 24 hours of reaction, the mutant strain A9M M13 was analysed by
mass spectrometry following labelling with DIBAC-TAMRA. At this point, it was found that while A9M
and S13M both handled well, A9M typically produced in higher yields when grown with 10 mM Aha and
so it was used for this analysis.

In the A9M M13 prepared in the absence of Aha, there were no peaks on the mass spectrum that
one might expect for reaction to DIBAC-TAMRA. The major peak was seen at 5280 Da and
corresponded to the expected mass of pVIII-Met (Figure 4.5A). Additionally, there were no pVIII-Aha
peaks at 5275 Da which reflected the absence of Aha in that sample. In the A9M phages prepared with
10 mM Aha, there was a peak on its mass spectrum that corresponded well with what was expected for
covalent attachment of DIBAC-TAMRA to pVIliagu-Aha (Figure 4.5B). The expected mass of DIBAC-

TAMRA is 937.07 Da and pVIllagu-Aha had a mass of 5275 Da. Therefore, the expected MW of a pVIII-
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TAMRA conjugate was 6212 Da. The peak 6212 Da in the mass spectrum was attributed to the formation
of a pVIII-TAMRA conjugate. As highlighted in the inset, the pVIII-Aha peak largely disappeared among
the background signal indicating that the pVI1I1-Aha subunits reacted to near completion over the 24 hour
reaction (Figure 4.5B; inset). Therefore, for A9M M13, the labelling efficiency determined above was

likely a good approximation of how many pVII1I subunits had Aha incorporated.
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Figure 4.5: Deconvoluted mass spectra of A9M M13 phages reacted with DIBAC-TAMRA as described in the Methods.
(A) A9M phages were grown in the absence of Aha and reacted with DIBAC-TAMRA. (B) A9M phages grown with 10
mM Aha were reacted with DIBAC-TAMRA. The insets magnify the section of each spectrum from 5250 to 5320 Da.

In an UAA incorporation study previously reported with adenovirus, a "pulse”-labelling type
approach was used where completely methionine-deficient and Aha-containing media was added for 6
hours post-infection, followed by growth in methionine-containing media. In this adenovirus paper, their
reported levels of incorporation efficiency were estimated at 10 % incorporation using Aha at 32 mM

(48). In contrast to M13, adenovirus has a lytic life cycle in which the host cell dies in the process of
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releasing viruses (96). This type of labelling approach differed greatly from that which was required with
this thesis work. One of the requirements for M13 replication was satisfying growth of the E. coli host
with a combination of Aha and methionine, since unlike adenovirus, M13 does not lyse its host
bacterium. This was confirmed in section 3.5 where no increase in M13 yield could be detected during
4.5 hours of replication without methionine.

While the addition of methionine to the growth media was necessary for M13-Aha production, it
may also function as an additional tool for fine-tuning of Aha incorporation in M13. One of the major
steps in residue specific UAA incorporation is charging the Aha onto tRNA by methionyl-tRNA
synthetase (MetRS). For Aha, the k./K, for the methionyl-tRNA synthetase is 1/390 of that for
methionine (35). By adjusting the availability of methionine and Aha in the growth media, which are both
competing for MetRS, the relative quantities of Aha-tRNA and methionyl-tRNA might be controlled.
This then would be expected to define the incorporation efficiencies using ER2738 MetE as the host stain.
The ability to pre-determine or control the number of azides per M13 phage would be very useful. If one
were using M13-Aha as a scaffold for a particular component in a device, one would be interested in
testing a range of component concentrations to optimize device function for example. This approach
might enable such fine-tuning of M13-Aha to be done.

Alternatively, there has been research done regarding a series of MetRS mutants that are capable
of incorporation of a different azide-containing UAA, L-azidonorleucine (Anl). Some of the MetRS
mutants constructed by Tanrikulu et al. had 3.2-fold preference for Anl over methionine (97). Since the
M13-Aha constructs in this thesis work have already been designed to incorporate Aha in place of
methionine, construction of an E. coli ER2738 strain that expresses one of the Anl-MetRS could be
applied to the same M13 mutants. Given the preference of these MetRS mutants for Anl, one might be
able to increase the incorporation efficiency of azides into pVIII of M13. This would require changes to
the media conditions such that Anl was present instead of Aha and might result in more complete azide-

labelled M13 phages.
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4.3 Transmission electron microscopy of M13 phages

4.3.1 Construction of pVIII-biotin M13 phages via the modified Staudinger ligation

In order to visualize the distribution of pVIlI-Aha subunits along the length of M13, biotin-M13
constructs were prepared. The initial approach to labelling M13-Aha phages with biotin was to utilize the
modified Staudinger ligation (58). The reactive moiety used in this reaction is a triarylphosphine (TAP)
conjugated to a PEG-linker and biotin (Figure 4.6A). The reaction conditions used were similar to the
SPAAC reaction (Figure 4.6B). Also of note, unlike the SPAAC reaction, there is a loss of nitrogen gas
and methanol, and gain of water during this reaction. Therefore, when analysing the mass spectra of post-
reacted products, one must consider a loss of 42 Da resulting in an overall net gain of 750.92 Da to the
pVIlI-Aha mass of 5275 Da. The expected mass of a pVIII-biotin conjugate produced this way would be

6025.9 Da.
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Figure 4.6: Biotin-labelling reagent for modified Staudinger ligation. (A) Structure and mass of TAP-biotin which was
used to label M13-Aha. (B) Reaction scheme for the modified Staudinger ligation for labelling of pVI11 subunits with
biotin.
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M13 A9M grown either in the absence or presence of 10 mM Aha was reacted via the modified
Staudinger ligation with TAP-biotin. The mass spectrum of A9M without Aha had a major peak present
at 5279 Da which likely corresponded to pVIII-Met as seen previously (Figure 4.7A). The signal
appearing at 5295.5 Da was likely methionine sulfoxide formation (+16 Da). Additionally, a peak was
seen at 5916 Da which may have corresponded to an adduct of 637 Da. Given that an ionic species of
similar mass was seen when flushing the instrument with solvent only, this likely corresponded to a
contaminant. The mass spectrum of A9M produced in the presence of 10 mM Aha had a major peak
present at 5279 Da which likely corresponded to pVIII-Met (Figure 4.7B). The contaminant at +637 Da
to the primary peak was again seen here. A peak at 6025 Da corresponded closely to the expected mass of
pVIlI-Aha reacted to TAP-biotin via the modified Staudinger ligation. This suggested that pV111-Aha was
conjugated to biotin, although the signal was low at 4.8 % of the pVIII-Met signal. Additionally, unlike
with the SPAAC reaction, pVIII-Aha was detected in this spectrum at 5274.5 Da after reaction. The

intensity of the pVIlI-Aha signal was approximately 5.2 % of the pVIII-Met signal.
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Figure 4.7: Deconvoluted mass spectra of A9M M13 phages reacted with DIBAC-TAMRA as described in the Methods.
(A) A9M phages were grown in the absence of Aha and reacted with DIBAC-TAMRA. (B) A9M phages grown with 10
mM Aha were reacted with DIBAC-TAMRA. The insets magnify the section of each spectrum from 5250 to 5320 Da.

It seemed likely that while pVIII-Aha does react via the modified Staudinger ligation, over 24
hours, it does not react to completion. This was evidenced by the presence of both a pVIlI-biotin and
pVIlI-Aha peaks on the spectrum. One issue that has been noted with the modified Staudinger ligation is
the slow reaction kinetics and propensity for air oxidation of the reagents (60). Given longer periods of
time, the TAP-biotin reagent might react to completion. Alternatively, one could compensate for the low
second-order rate constant by increasing the reactant concentrations (60). In the case of M13-Aha, this
would require additional scale-up of culture size. Overall, while this approach may be feasible, the
SPAAC reaction utilizing the DIBAC reactive group was found to be more suitable for labelling of M13-

Aha constructs.
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4.3.2 Construction of pVIII-biotin M13 phages via the SPAAC

The SPAAC reaction was also applied to the visualization of the distribution of Aha along the
length of M13 by TEM. DIBAC-biotin was reacted to Aha-M13 strains and then labelled samples were
visualized on TEM (Figure 4.8). As was done in section 4.2, the reaction was terminated by removal of
DIBAC-biotin. The DIBAC-biotin conjugates have a PEG linker of approximately 22 A to facilitate
binding of streptavidin. Streptavidin-conjugated gold nanoparticles (SA-AuNPs) were bound non-
covalently to the biotin-conjugated M13 phages. In this way the positioning of pVIII-Aha subunits could

be visualized indirectly based on where the AuNPs bind.
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Figure 4.8: Biotin-labelling conditions for the SPAAC with M13-Aha. (A) Structure and mass of DIBAC-biotin which was
used to label M13-Aha. (B) Reaction scheme for SPAAC labelling of pVII1 subunits with biotin.

Electrospray ionization mass spectrometry (ESI-MS) confirmed that DIBAC-biotin was
covalently bound to A9M and S13M pVIlI-Aha as expected, but could not be detected for Wt M13.
Unlike the mass spectra obtained from the Waters Q-TOF ESI-TOF instrument in section 3.6, these
spectra were obtained on a ThermoScientific Q-Exactive Orbitrap instrument equipped with an ESI

source. The higher resolution of this instrument allowed the exact masses of pVIII mutants to be
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determined and so when predicting the theoretical masses of different pVIII mutants, monoisotopic
masses had to be considered. This is the mass calculated for a peptide or protein assuming all amino acids
were composed of the lightest isotopes for each atom.

A9M M13 amplified with Aha and reacted to DIBAC-TAMRA was analysed using ESI-MS
results. The expected mono-isotopic mass of A9M was 5276.79 Da. This corresponded well with the
primary peak at 5276.8 Da (Figure 4.9). Methionine sulfoxide formation of pVIII-Met was observed at
5292.8 Da in this sample. At 6021.1 Da there was a peak that corresponded to the expected mass of the
pVIlI-biotin conjugate. No pVIII-Aha peak was detected in this spectrum at -5 Da to the primary peak.
This spectrum clearly indicated that A9M M13-Aha was covalently reacted to DIBAC-TAMRA and the
lack of a pVIII-Aha peak suggested a low amount of un-reacted pVII1-Aha in the sample.
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Figure 4.9: Deconvoluted mass spectrum of A9M-Aha reacted with DIBAC-biotin via the SPAAC reaction. This spectrum
was obtained utilizing a FisherScientific ESI-orbitrap instrument.

61



S13M M13 amplified with Aha and reacted to DIBAC-TAMRA was analysed by ESI-MS. The
expected mono-isotopic mass of S13M was 5260.80 Da. This corresponded well with the primary peak at
5260.8 Da (Figure 4.10). Methionine sulfoxide formation was observed in this sample at 5276.7 Da. At
6005.1 Da there was a peak that corresponded to the expected mass of the pVIlI-biotin conjugate. No
pVIlI-Aha peak was detected in this spectrum at -5 Da to the primary peak. As with A9M, this spectrum
clearly indicated that S13M M13-Aha was covalently reacted to DIBAC-TAMRA and that there was a

low amount of unreacted pVII1-Aha remaining.
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Figure 4.10: Deconvoluted mass spectrum of S13M-Aha reacted with DIBAC-biotin via the SPAAC reaction. This
spectrum was obtained utilizing a FisherScientific ESI-orbitrap instrument.

Wt M13 amplified with Aha and reacted with DIBAC-TAMRA was analysed by ESI-MS. The
expected mono-isotopic mass of Wt pVIII was 5235.74 Da. This corresponded well with the primary peak
at 5235.7 Da (Figure 4.11). Methionine sulfoxide formation was observed in this sample at 5250.7 Da.
No peaks were observed that might be attributed to a pVIlI-biotin conjugate. As well, pVIII-Aha was
detected in this spectrum at 5229.7 Da. Unlike either A9M or S13M, Wt M13 did not appear to have
reacted with DIBAC-TAMRA. One possibility was that a percentage of pVIII-Aha subunits did react, but

was not detected in the mass spectrum due to low abundance in the sample.

63



5234.7288

100
90-
80+
70+
60
3 .
S 50
b= -
[ =
2 40+
© =
30
20
10—
0 T T T T T T T
0 1000 2000 3000 4000 5000
mass
Xtract Masses Table
Monoisotopic Mass|  Sum Intensity Numbesrt;)tfeCharge Average Charge Delta Mass
5234.729 2709839 4 5.38 0
5272.674 452520.7 4 5.9 37.9451
5229.722 213084.8 3 5.59 -5.0069
5276.71 94007.57 2 5.24 41.9807
5250.735 88728.52 3 5.89 16.0066
5287.656 29179.62 2 6.35 52.9271
5267.69 29057.72 2 5.78 32.9611
5648.913 19681.5 1 6 414.1844
5314.658 19608.38 1 6 79.9287
5219.732 11151.09 1 5 -14.9968
5235.733 8635.51 1 8 1.0042

4.3.3 Distribution of pVIII-Aha subunits along the length of M13 phage strains
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Figure 4.11: Deconvoluted mass spectrum of Wt pVI111-Aha reacted with DIBAC-biotin via the SPAAC reaction. This
spectrum was obtained utilizing a FisherScientific ESI-orbitrap instrument.

After reacting DIBAC-biotin with the different M13-Aha constructs, the phages were prepared
for TEM analysis by incubating them with bovine serum albumin (BSA) followed by SA-AuNPs on a
copper formvar grid. The BSA was used to block the areas of the grid where there were no M13 phages
and thereby prevent non-specific binding of AuNPs. This approach was done with success by Ploss, M.
and Kuhn, A. to visualize M13 with Au-labelled antibodies (67). The formvar grids were stained with

uranyl-acetate, an electron dense negative stain, which allows proteins that are not normally visible by




TEM to be imaged. In negative staining, the areas where there is an exclusion of dye allow electrons to
pass through more easily allowing protein to be visualized (98). Since the AuNPs themselves are electron
dense, they are easily visualized without staining.

A9IM M13 grown in the absence of Aha was prepared for TEM analysis as described above with
SA-AuUNPS. The phages were visualized as ~1 um filamentous particles of lighter colour on the TEM
micrograph (Figure 4.12). SA-AuNPs were visualized as ~8 nm in diameter dark circles in the TEM
micrograph. The white particles that can be seen spotting the image are likely the BSA that was used to
block the grid. On average there were approximately 3-4 SA-AuNPs seen associated with each A9M
phage. These were likely associated non-specifically with the phages as DIBAC-biotin was not expected

to react with this sample.
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Figure 4.12: TEM micrograph of A9M M13 grown in the absence of Aha. This sample was reacted with DIBAC-biotin as
outlined in the methods. The sample was prepared on a copper formvar grid which was blocked with BSA prior to stain
with SA-AuNPs and 1% uranyl acetate. The white arrow shows a SA-AuNP.

A9M grown with 10 mM Aha was prepared for TEM analysis as described above with SA-
AUNPS. The M13 A9M phage particles can be seen decorated with SA-AuNPs (Figure 4.13). On average

there were 53-54 AuNPs per M13 phage particle. The AuNPs appeared to be evenly distributed along the
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length of the M13 scaffold rather than concentrated in a particular region. This suggests that pVIII-Aha
subunits themselves were evenly distributed along the length of M13. It is likely that this image gives an
underestimate as to how many pVII1-Aha subunits there were per bacteriophage.

A thin shell can be seen surrounding SA-AuNPs which was likely the conjugated streptavidin
(Figure 4.13). Including this shell, the particle size estimate for the SA-AuNPs was approximately 16 nm.
In comparison to the estimates from dye-labelling there were less SA-AUNPs per phage than expected.
One could consider several factors as to why there were less AuNPs seen bound per phage. Given the
relatively large size of the nanoparticles, there are likely steric limitations whereby binding of SA-AuUNPs
blocked adjacent particles from binding. A crude approximation using a simulated 16 nm sphere and
structure of M13 was used to approximate that 15-25 pVIII subunits may be blocked by SA-AuNP
binding (Figure 4.14). In addition to steric effects, electrostatic effects may also be a factor. Streptavidin
is reported to have a pl of 5-6 (99). Given that the SA-AuNPs were stored in 1x PBS at pH 7.4 and
diluted into water, it is possible that the conjugated SA were negatively charged and may have experience
some electrostatic repulsion. BSA in the blocking solution might also have blocked some pVIII-biotin
subunits. Lastly, in preparing these sample grids, M13-biotin constructs were fixed to the grid prior to the
addition of SA-AuUNPs. If only one side of M13-biotin phages were exposed to the SA-AuNP solution,

then only a fraction of pVIlI-biotin subunits would be expected to be labelled with AuNPs.
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Figure 4.13: TEM micrograph of A9M M13 grown with 10 mM Aha. This sample was reacted with DIBAC-biotin as
outlined in the methods. The sample was prepared on a copper formvar grid which was blocked with BSA prior to stain
with SA-AuNPs and 1% uranyl acetate. The white arrow shows a SA-AuNP.

180°

Figure 4.14: M13 segment with simulated 16 nm sphere. The structure file used comes from PDB:11FJ (16).

67



S13M grown in the absence of Aha was prepared for TEM analysis as described above with SA-
AUNPS. The length of the M13 particles were near the expected length at approximately 1 um (Figure
4.15). As was seen with A9M grown without Aha, there were few SA-AuUNPs seen associated with the
M13 particles. On average there were 2 SA-AUNPs seen associated per M13 phage and their interaction

with M13 was likely non-covalent and independent of biotin.
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Figure 4.15: TEM micrograph of S13M M13 grown in the absence of Aha. This sample was reacted with DIBAC-biotin as
outlined in the methods. The sample was prepared on a copper formvar grid which was blocked with BSA prior to stain
with SA-AuNPs and 1% uranyl acetate. The white arrow shows a SA-AuNP.

S13M grown with 10 mM Aha was prepared for TEM analysis as described above with SA-
AUNPs. The M13 S13M phage particles templated the organization of SA-AuNP successfully (Figure
4.16). The section of the TEM grid where this was imaged was not heavily stained with uranyl acetate.
Despite this, the outline of M13 particles were faintly visible and at an appropriate length of about 1 pm.
The SA-AuUNPs were very clearly visible due to the higher contrast of AuNPs with lightly stained regions
of the grid. On average there were 57-58 SA-AuNPs per M13 bacteriophage scaffold which was similar

to what was observed for A9M 10 mM samples. As with A9M, it was expected that the quantity of bound
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SA-AuUNPs underestimated the number of pVIII-Aha subunits per phage. This was again attributed to

steric limitations and the grid preparation conditions.
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Figure 4.16: TEM micrograph of S13M M13 grown with 10 mM Aha. This sample was reacted with DIBAC-biotin as
outlined in the methods. The sample was prepared on a copper formvar grid which was blocked with BSA prior to stain
with SA-AuNPs and 1% uranyl acetate. The white arrow shows a SA-AuNP.

As a control to confirm that binding of the SA-AuNPs was due to binding to pVIII-Aha subunits
that were reacted with biotin via the SPAAC reaction, the negative control mutant M-5/28L was grown in
10 mM Aha and also analysed by TEM. Even after growth in Aha, M-5/28L phages on average only had
5-6 SA-AUNPs in close proximity to each phage particle (Figure 4.17). The M-5/28L strain was expected
to be incapable of templating the organization of AuNPs. From the mass spectra previously obtained for
M-5/28L mutants in section 3.6, these constructs had no evidence of Aha incorporation into pVIII.

Therefore, this sample controlled for any binding of SA-AuNPs that could possibly occur in the absence
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of the SPAAC reaction with DIBAC-biotin. This control sample showed that binding of AuNPs to A9M

and S13M M13-Aha samples was indeed due to the azide specific conjugation with DIBAC-biotin.
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Figure 4.17: TEM micrograph of M-5/28L M13 grown with 10 mM Aha. This sample was reacted with DIBAC-biotin as
outlined in the methods. The sample was prepared on a copper formvar grid which was blocked with BSA prior to stain
with SA-AuNPs and 1% uranyl acetate. The white arrow shows a SA-AuNP.

Lastly, Wt M13 phages that had been grown in 10 mM Aha were reacted with DIBAC-biotin and
incubated with SA-AuNPs as described above. Surprisingly, the integrity of the M13 structure itself
appeared to be compromised by this treatment (Figure 4.18). M13 was normally observed to be fairly
linear on TEM images taken, with some flexibility and slight bending. Only limited flexibility is typically
expected for M13 phages (95). In these images the particles appeared to have a number of sharp bends
that might suggest disruption of M13 tertiary structure. As with the dye-labelling experiments, a
percentage of pVIII-Aha subunits on Wt M13 were apparently available for labelling. In this case,
labelling of pVIII at Met28 may have disrupted the usually stable interactions between pVIII monomers
resulting in these observed perturbations in structure. Since Met28 is near where pVIII subunits overlap,
having biotin attached there might have interfered with packing of subunits. Counting the number of SA-
AUNPs per Wt M13 in these samples was difficult due to inability to distinguish whether an observed
particle was a single phage, or several tangled together. Therefore, only phages that could be definitively
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identified as a single M13 particle were counted to determine an average AuNP-loading of 8 AuNPs per
Wt M13 bacteriophage. In agreement with the dye-labelling results, the number of AuNPs associated with
each Wt M13 particle was less than that observed for A9M or S13M constructs. Furthermore, since
modification at Met28 appeared to affect the tertiary structure of M13, the repositioning of methionine in
A9M and S13M was certainly required for engineering scaffolds that could be modified without

perturbations to their structure.
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Figure 4.18: TEM micrograph of Wt M13 grown with 10 mM Aha. This sample was reacted with DIBAC-biotin as
outlined in the methods. The sample was prepared on a copper formvar grid which was blocked with BSA prior to stain
with SA-AuNPs and 1% uranyl acetate. The white arrow shows a SA-AuNP.

In summary, the TEM results indicated definitively the capability of the M13-Aha constructs
engineered in this dissertation work to template the organization of inorganic molecules onto M13. The
distribution of the pVIlI-Aha were estimated to be even along the 1D length of M13 from these images.
The loading of SA-AUNPs relied on actual incorporation of Aha into pVIII, rather than just its presence in
the growth media, as indicated in the experiments with M-5/28L phages. The distributions of the number

of SA-AuNPs per phage were similar for A9M and S13M mutants (Figure 4.19). These distributions

71



were quite wide with the occasional outliers observed in the TEM micrographs with lower than expected
AuNPs bound. Rather than being due to lack of pVIII-Aha in those particles, it is possible that the TEM
grid preparation procedure used to prepare AuNP-templated M13 was not fully optimized. Some
examples of parameters that might be optimized to produce more uniformly templated M13 might include
incubation time with AuNPs, concentration of AuNP solution used and concentration of BSA used to
block the grid. In the M-5/28L control, the SA-AuNPs that were associated with the M13 particles were
likely non-specifically bound. Better optimization of TEM grid preparation might be expected to reduce
the non-specifically bound SA-AuNPs observed in this control. Overall, this was a successful

demonstration of the capabilities of these engineered constructs to organize and selectively bind large

particles.
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Figure 4.19: Histogram of the number of SA-AuNPs observed per M13 phage strain after reaction with DIBAC-biotin
and imaging by TEM. The strains used were (A) A9M (B) S13M (C) WT 10 mM Aha (D) M-5/28L 10 mM Aha samples.
The bars are expressed as frequencies of at least n=9 M13 particles counted per dataset. The legends in the figure indicate
whether the M13 phages were grown with 10 mM Aha.
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4.4 Summary of chapter

In developing a robust and modular scaffold one needs to be sure of the quantities of functional
groups present and of the structure of the scaffold itself. The structure of un-modified M13 has been well-
studied. In particular, the structural studies done by Marvin, D.A. are very detailed with respect to the
geometry, symmetry and packing of pVIII subunits in M13 (74). In the current research for this thesis, it
was confirmed that the overall structures of engineered mutants, A9M and S13M M13, were largely
unaffected by reaction via the SPAAC reaction. In addition, it was determined in this section that using
the growth conditions developed in this thesis work for Aha incorporation, one can achieve approximately
340 reactive azides groups per phage scaffold. It is expected that further optimization and
experimentation with Aha:methionine ratios could allow one to fine-tune the exact number of presented
azides for application of these scaffolds. The characterization of these M13-Aha scaffolds highlights the
importance of re-positioning the methionine residue on pVIIIL. In Wt pVIII both the degree of labelling
possible and the structure of the phage scaffold itself were negatively impacted by the position of Aha at
Met28. It is expected that utilizing the SPAAC reaction to label M13-Aha scaffolds will furthermore be
complementary and orthogonal to other commonly used M13 modifications including peptide fusions and

chemical reactions with the naturally occurring amino acids found in M13.
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5. Chapter 5 - Summary and future outlook

A series of E. coli ER2738 and M13 mutants were constructed in order to generate a phage
replication system capable of Aha incorporation into the pVIII coat protein. Of the E. coli mutants
constructed, only ER2738 MetE was found suitable as a host for M13 replication. The M13 mutants were
all very tolerant to the mutations made in this study. Mass spectrometry data was used to confirm
incorporation of Aha into Wt, A9M and S13M mutants. It was found that Aha could be incorporated into
10-11 % of pVIII subunits and that these displayed azides could specifically react via the strain-promoted
azide-alkyne cycloaddition (SPAAC) reaction. The Wt M13-Aha constructs reacted via the SPAAC
reaction to a lesser extent than either A9M or S13M, suggesting that availability of the azide at Met28
was low. This highlights the importance of repositioning the methionine residue on pVIII and the
construction of A9M and S13M strains.

Conjugation of either 5(6)-carboxytetramethylrhodamine or biotin via the SPAAC reaction to
M13-Aha constructs was also confirmed by analyzing mass spectrometric data. The Staudinger ligation
was not as suitable for labelling these M13-Aha constructs. At 24 hours of reaction, the modified
Staudinger ligation left a considerable amount of pVIII-Aha detected by analysis of the mass
spectrometric data. It is likely that a higher concentration of M13-Aha or longer reaction times would be
required for complete reaction via the modified Staudinger ligation. Neither of these requirements were
desirable and the SPAAC reaction was easily carried out as an alternative. Lastly, the spatial distribution
of pVIlI-Aha subunits were assessed indirectly by transmission electron microscopy. It was found that
pVI11-Aha subunits were evenly distributed along the length of M13. Additionally, it was found that there
was an upper limit to the number of 5 nm gold nanoparticles that could be loaded onto each M13 phage
due to steric and potential electrostatic considerations.

This thesis work is expected to provide the necessary information for use of these M13-Aha
constructs in either bionanotechnology, or synthetic biology applications. Importantly, this report

highlights the first instance of Aha incorporation into pVIII with bioorthogonal labelling capabilities.
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Therefore, it would be sensible for future work to explore the capabilities of dual-labelling of M13-Aha
constructs. It is expected that the azide-specific chemistry used to label Aha residues would be orthogonal
to reactions with lysine residues, or N-termini for example. The ability to prepare M13-Aha constructs
with plll-fusions would also be of interest. As specified previously in this dissertation, the ability to
separately engineer affinity peptides onto plll can be done by molecular biological methods. The only
foreseeable limitation to doing this might be that peptides engineered onto plll that contain methionine
might be impacted by global incorporation of Aha. This problem would only be expected to occur on a
case-by-case basis. The advantage of separately manipulating plll could be for the introduction of a motif
that has affinity for a particular type of inorganic surface or cell type, allowing M13-Aha to be directed to
a select area of interest. Labelling of pVIII-Aha via the SPAAC reaction could be carried out either before
or after such targeting.

While a solid framework for M13-Aha is described in this thesis, there is considerable room for
optimization. Areas for optimization can be distinctly separated into modifications to the host organism
and modification to the replication conditions. With regards to the host bacterium, previous work has
suggested that over-expression of methionyl tRNA synthetase (MetRS) can improve unnatural amino
acid (UAA) incorporation for Aha (35). By transforming MetRS encoded on an expression plasmid into
ER2738 MetE this could be accomplished. Furthermore, whether these M13 constructs might be applied
to incorporation of L-azidonorleucine (Anl) could also be explored. The reason for expanding the
approaches for engineering azide-bearing phages to include Anl are due to reports of mutant MetRS with
enhanced specificity to Anl (97). Using the A9M and S13M M13 mutants generated here, this approach
could result in higher azide content along the length of M13 constructs.

With the replication system described here with Aha, further optimization is still possible though.
A wider range of Aha concentration in the media has not been explored, and could be one avenue by
which incorporation efficiency could be increased. Experimentally examining the incorporation
efficiencies obtained at different Aha concentrations might allow construction of a standard curve. A
standard curve for Aha incorporation as a function of Aha concentration in growth media would be a
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valuable tool for researchers utilizing the M13-Aha constructs described here, as it would allow one to
engineer a known quantity of azide moieties onto M13. Overall, the construction of Aha-containing M13
bacteriophages was successfully accomplished in this research. It is expected that, as tool, these M13-Aha
will complement the applications of M13 to technology already under study and allow for novel

applications of M13 nano-scale scaffolds.
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