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Abstract 

Bacteriophages are considered to be the most abundant and potentially the most diverse form of 

life on earth. Phage receptor binding proteins (RBPs), which allow phages to specifically target 

their host bacteria, consequently represent a massive diversity of bacterial targeting proteins. 

These RBPs can bind to bacteria with strong affinity and show considerable resistance to 

proteases and detergents.  In recent years, a number of new technologies have been developed 

for pathogen detection through the attachment of RBPs to surfaces or beads. This thesis 

describes new techniques that take advantage of these proteins that act as surrogate antibodies. 

Recent years have seen a resurgence in bacteriophage research, often in the form of phage 

therapy, due to the recent rise in antibiotic resistance. However, bacteriophage RBPs remain 

difficult to identify based on homology alone due to their considerable diversity. While these 

proteins share a trimeric structure, they can be very dissimilar on the sequence level. In order to 

further exploit the use of RBPs, I have developed an assay for discovering RBPs using phage 

genome expression libraries and protein screens to identify binding partners that recognize the 

host bacterium. Briefly, the phage DNA is sheared and ligated into an expression library, this 

library is transferred to a nitrocellulose membrane where the colonies are induced to express the 

inserts, the cells are then lysed and the membrane is probed with the host bacteria. When the 

Salmonella enterica serovar Typhimurium phage P22 was screened using this assay, Gp9 was 

the only RBP discovered, confirming previous predictions that this is the sole RBP encoded by 

this phage. I then examined the Escherichia coli O157:H7 typing phage 1 using this assay and 

identified a previously undescribed RBP, Gp145. This general approach has the potential to 

assist in the identification of RBPs from other relevant bacteriophages. 
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 In previous studies the bacteriophage P22 RBP has also been shown to be able to reduce 

colonization of S. Typhimurium in chickens. In order to exploit this finding further, the protein 

was expressed in plants with the aim of creating an inexpensively produced selective 

antimicrobial feed. An elastin like polypeptide (ELP) tag was added to the P22 RBP to increase 

expression of the protein in Nicotiana benthamiana. This thesis demonstrates that the RBP 

containing plant extract was capable of capturing S. Typhimurium on a nitrocellulose membrane, 

and moderately reducing the ability of S. Typhimurium to colonize chickens. 

RBPs bind bacteria with high affinity, to make use of this trait in a diagnostics-based platform, 

the cellulose binding module CBM9, that enables proteins to bind to paper, was added to Gp9 

and Gp145. The N-terminally tagged Gp9 and Gp145 constructs were spotted on paper and are 

able to capture S. Typhimurium and E. coli O157:H7, respectively on paper. Gp145 was further 

characterized and shown to bind to the lipopolysaccharide of E. coli O157:H7 and interestingly 

also binds to S. Typhimurium, likely through a protein receptor. 

Taken together, these results demonstrate that RBPs represent an exciting new technology for 

microbial detection and treatment which are inexpensive, easy to use and readily scalable. 
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1.1 General information on bacteriophages 

Bacteriophages are the most abundant organisms with an estimated 10
30

 - 10
31

 virions on earth 

(Suttle, 2005) and therefore have considerable diversity, possibly even as great as their hosts 

(Rohwer, 2003; Casjens, 2008; Ignacio-Espinoza et al., 2013). Phages reproduce by infecting 

bacterial cells and subverting the genetic machinery of those cells to create progeny phages. In 

order to accurately identify their hosts prior to infection, phages encode specific receptor binding 

proteins (RBPs) that allow them to discriminate between different strains of the same species 

(Casjens and Molineux, 2012). For the last 3 billion years, phages have co-evolved with their 

hosts and are considered to be one of the main drivers of bacterial evolution, in fact, the 

development of DNA may have been a product of the arms race between early cellular life and 

their viruses where the viruses began using DNA as a modified nucleic acid instead or RNA to 

avoid the host nucleases and eventually the cells also began using it since it is a more stable 

genetic material (Forterre et al., 2013). Another aspect of the bacteriophage-bacteria coevolution 

is the constant alteration of bacteria surface glycans which cover the surface of bacteria and are 

easily altered. These glycans, like lipopolysaccharide (LPS), may have evolved to mask other 

less changeable epitopes on the surface of the bacteria such as proteins which also act as phage 

receptors. However, the bacteriophages have counter evolved which has resulted in the 

generation of phage glycan binding RBPs spanning an immense range of glycan diversity with 

binding affinities comparable or better than those of most antibodies (Singh et al., 2011). The 

utilization of these proteins and glycan binding RBPs is the topic of my research. 

1.1.1 The discovery of bacteriophages 
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The discovery of bacteriophages, like many other scientific discoveries throughout history has 

involved several researchers working independently and is controversial due to independent 

discoveries. 

The story of the discovery of bacteriophage begins with Ernest Hanbury Hankin who in 1896 

found that water filtered from the Ganges and Jumna rivers had antimicrobial properties that 

worked against Vibrio cholerae (Sulakvelidze et al., 2001). Gamaleya, a Russian biologist 

noticed something similar in his studies on Bacillus subtilis two years later (Sulakvelidze et al., 

2001). However, neither of these researchers followed up on these findings or hypothesized that 

the cause may be viruses so the full discovery and study of bacteriophage would not begin until 

the work of Fredrick Twort and Félix d’Herelle. 

Frederick Twort discovered that filtrates from cultivations of glycerinated calf vaccinia could 

create glassy areas on micrococci that would spread to other colonies of micrococci. At the time 

he believed viruses could be cultured and was looking for a medium to grow them, Twort 

thought the phenomena he observed may be caused by extremely small bacteria (Twort, 1915). 

However, he did not fully appreciate what he was looking at and did not understand that viruses 

were obligate parasites, while he did acknowledge that the phenomenon could be caused by a 

virus he believed that viruses were likely a much simpler form of life that pre-existed bacteria 

and so should be able to grow on sterile media if he could find the right media for growth. 

Unfortunately, Twort had to discontinue his studies because of a lack of funding (Twort, 1915; 

Sulakvelidze et al., 2001). 

While working in North Africa, Félix d’Herelle discovered an anomaly that caused clear spots on 

coccobacillus, at the time he was using a coccobacillus to infect locusts in order to control them 

and he first noticed the clear spots on lawns of the bacterium (Duckworth, 1976). Later, when he 
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began to study dysentery in cavalry soldiers in France, he discovered the same types of spots on 

lawns of the shiga bacillus (d’Herelle, 1917). He found that if he filtered cultures with the clear 

spots and spread the filtrate on a pure culture that culture too would produce the spots, moreover 

the cultures with the filtrate added did not cause disease in guinea pigs or rabbits. He went on to 

discover the filtrates from a recovering patient were able to kill the bacteria that had infected the 

patient. He concluded that he had discovered a virus that infected bacteria (d’Herelle, 1917; 

Duckworth, 1976).  

1.2.2 Important discoveries from bacteriophage 

Bacteriophages are some of the simplest organisms known, so it is no surprise that several major 

discoveries in molecular biology were dependent on the use of bacteriophage. Seymore Benzer 

was one of the first to realize that advantages of using bacteriophage. His rII system used the 

bacteriophage T4 to make discoveries about the nature of genes. Benzer crossed various mutants 

in the rII gene of T4 and was able to discover deletions (Nomura and Benzer, 1961) and point 

mutations in the genes (Benzer, 1961), this system was also used by Francis Crick to determine 

that the genetic code was in triplicate (Crick et al., 1961). 

Hershey and Chase used bacteriophage to show that DNA was the carrier of genetic information. 

They did experiments by labelling bacteriophage with either 
35

S or 
32

P to label either the protein 

or the DNA, respectively. They discovered the DNA was injected into the bacterial cells and 

concluded that it was the genetic material since it was being used to create new virions (Hershey 

and Chase, 1952). 

Bacteriophages have also been used to develop important technologies for molecular biology, for 

instance, the bacteriophage T4 was analyzed in the first major experiment using sodium dodecyl 

sulfate -polyacrylamide gel electrophoresis SDS-PAGE. Laemmli used SDS-PAGE to separate out 
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all the proteins in radiolabelled T4 virions. He was also able to observe cleavage of some of the 

polypeptides in T4 by pulse labelling infected cells with 
14

C and by taking samples at different 

times. This enabled him to see that certain peptides would be cleaved during the infections cycle 

before lysis of the cells (Laemmli, 1970). 

Sanger also employed bacteriophages in the development of his sequencing technique, the first 

sequenced genome was from φX174, a single stranded DNA genome which is 5,375 nucleotides. 

The same study also showed that two sets of genes were encoded by the same region using 

different reading frames (Sanger et al., 1977). Furthermore, Sanger sequencing was developed 

using T4 DNA polymerase on phage φX174 (Sanger and Coulson, 1975). 

1.2.3 Phage therapy  

Beginning with d’Herelle there has been interest in utilizing bacteriophages as antimicrobials in 

order to treat infections. In 1919, d’Herelle first began to experiment using bacteriophage as a 

treatment for dysentery (Summers, 1999). D’Herelle’s initial experiments were successful as 

were experiments using phages to treat staphylococcal infections (Bruynoghe and Maisin, 1921). 

Several different companies began to manufacture and sell phage cocktails as therapeutics, but 

the results were inconsistent. With the development of antibiotics, the Western world abandoned 

phage therapy and almost all phage research focused on molecular biology research where 

bacteriophage proved extremely useful. However, in Eastern Europe research on phage therapy 

continued, particularly in Georgia at the Eliava Institute. d’Herelle worked at the institute briefly, 

but left after his host and founder of the institute, Giorgi Eliava was executed in one of Stalin’s 

purges (Sulakvelidze et al., 2001). Phage therapy continued to be researched and used in Eastern 

bloc countries until the end of the cold war when it received renewed interest from Western 

researchers who were looking for ways of treating antibiotic-resistant bacterial pathogens. Today 
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there is considerable interest in the West as a number of groups and companies are trying to 

utilize phages as an accepted part of Western medicine (Kutter et al., 2015). 

1.1.4 Cheese industry – disadvantages 

Bacteriophages also play a role in the cheese production industry. Since lactic acid bacteria 

(LAB) are necessary to decrease the pH in the fermentation culture, any contamination by phage 

that infect LAB can have a serious effect on the batch, often causing a downgrading of product 

quality (Marcó et al., 2012). Since bacteriophages are ubiquitous, it is impossible to completely 

eliminate phage from the environment, so cheese producers resort to a number of different 

strategies to reduce the incidence of phage contamination in their fermentation cultures. These 

strategies include reducing the opportunity for phage contamination through factory design 

rotation and improvement of starter cultures (Marcó et al., 2012). The fermentation industry is 

the main area where bacteriophages are viewed as an impediment to human activity. 

1.1.5 Bacteriophages and their life cycle - lytic vs lysogenic 

Bacteriophages have two main life cycles, the lytic and the lysogenic. The lytic cycle is the 

simpler of the two, the phage injects its genetic material into the host cell and then takes over the 

host cell’s machinery and often destroys the host’s DNA. The virion controlled cell will produce 

bacteriophage through a genetically regulated sequence that results in progeny phage being 

completed at the same time the cell is lysed by phage produced holins and endolysins. 

The lysogenic cycle is not used by all phage, in fact, its existence was controversial in the early 

years of phage research and was not proven until 1950 (Lwoff and Gutmann, 1950; Kutter and 

Sulakvelidze, 2005). In this cycle, the phage genetic material is injected into the host, but instead 

of taking over the host cell’s machinery, the genome of the phage is incorporated into the host 

genome (Herskowitz and Hagen, 1980; Calendar, 2006). It is also possible for the phage genome 
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to exist as a plasmid outside the host genome as is the case with phage P1 of Eschrichia coli 

(Lobocka et al., 2004). The phage DNA is then replicated and inherited along with the rest of the 

host’s genome by each of the daughter cells. The genome of a phage within the host genome is 

called a prophage and this condition can continue indefinitely, though usually the phage genome 

will become activated and the phage will enter the lytic cycle (Calendar, 2006). Prophages can 

carry genes that are beneficial to the host and can change the O-antigen of the infected cell 

(Allison and Verma, 2000; Bondy-Denomy and Davidson, 2014). A prophage can also grant the 

host cells immunity from infection by other phages that are closely related to the prophage 

through genetic regulation (Oppenheim et al., 2005; Bondy-Denomy and Davidson, 2014). 

Bacteriophages can also exist in a host cell and be secreted, as in the case of the filamentous 

phages, without ever killing the cell (Marvin, 1998). 

1.1.6 Types of phage 

Table 1.1 Types of phage 

Family Order Genetic 

Material 

Morphology Members Model 

Bacteriophage      

Myoviridae Caudoviridae  Linear 

dsDNA 

Contractile Tail 1312 T4 

Siphoviridae Caudoviridae Linear 

dsDNA 

Long 

noncontractile tail 

3262 λ 

Podoviridae Caudoviridae Linear 

dsDNA 

Short 

noncontractile tail 

771 T7 

Plasmaviridae  Circular 

dsDNA 

Lipid envelope, no 

capsid 

5 L2 

Microviridae  Circular 

ssDNA 

Cubic symmetry 38 φX174 

Corticoviridae  Circular 

dsDNA 

Two protein shell 

with a lipid bilayer 

3 PM2 

Tectiviridae  Linear Outer protein 19 PRD1 
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dsDNA capsid surrounding 

lipoprotein vesicle 

Leviviridae  Linear 

ssRNA 

Cubic symmetry 38 MS2 

Cystoriridae  Linear 

dsRNA 

Lipid envelope 3 Φ6 

Inoviridae  Circular 

ssDNA 

Helical symmetry 66 fd 

Archeal Viruses      

Sphaerolipoviridae  dsDNA Lipoprotein 

envelope, rodlike 

shape 

  

Fuselloviridae  dsDNA Lemon shape, short 

spikes 

  

Lipothrixviridae Ligamenvirales Linear 

dsDNA 

Helical rodlike 

shape 

  

Rudiviridae Ligamenvirales Linear 

dsDNA 

Helical rigid rod   

 

Bacteriophages are among the most diverse organism on earth. The majority of bacteriophages 

discovered so far are double-stranded DNA tailed phages belonging to the order Caudovirales. 

However, there are several other phage families and it is believed that all bacteria have multiple 

phage predators. 

The Caudoviridae 

The most prevalent group of bacteriophage is the Caudovirdae which consists of three families: 

the Myoviridae, the Siphoviridae and the Podoviridae. These are known as the tailed phages and 

all have a head-like isosahedral capsid which contains the double stranded DNA and a tail. The 

tail of these phages consists of a tube, a baseplate, the injection machinery and the RBPs. These 

phages typically have a primary and secondary receptor (eg. T4), but some only utilize a single 

receptor (eg. P22, Lambda). Phages will often bind with lower affinity to the surface of the 
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bacterial cell until they identify the secondary receptor at which point they will begin the DNA 

ejection process (Kutter and Sulakvelidze, 2005). 

Myoviridae 

The Myoviridae are distinguished by their contractile tail which acts like a syringe to penetrate 

the bacteria membranes/cell wall and eject their DNA. The Myoviridae have some of the largest 

genomes of any viruses, with some as large as 500 kb (Hatfull and Hendrix, 2011). The tail has 

two tubes, an inner tube which does not contract, but is surrounded by an outer tube which does 

contract. The contraction of the outer tube or sheath pushes the inner tube through the bacterial 

through the cell envelope. Contraction of the outer tube is initiated by conformational changes to 

the baseplate caused by the binding of the RBP to the host cell (Leiman and Shneider, 2012). 

The myoviridae phages are among the most studied phages and they include T4. 

Siphoviridae 

The family Siphoviridae have a long noncontractile tail and represent 60% of the known phages 

on earth (Davidson et al., 2012). Siphoviridae tails are made of the tail tube protein which is 

bound to the capsid by the tail terminator protein. The tail tube is often a hexamer of the tail tube 

protein and its length is regulated by the tape measure protein. The tails of Siphoviridae have a 

tail tip complex which can be a very narrow tip or a wider baseplate (Davidson et al., 2012). 

Upon binding of the RBPs to the host cell, a channel is created between the two membranes to 

allow the DNA to pass through. The phages T5 and Lambda are the two major phage 

representatives that are investigated in the Siphoviridae family. 

Podoviridae 
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The Podoviridae are the short-tailed phages, and like the Siphoviridae they also have 

noncontractile tails. Podoviridae phage often have receptor binding proteins that have an 

enzymatic activity to degrade either the LPS O-antigen repeat or the capsule in order to bring the 

phages closer to the host surface where they can eject their DNA into the host. Unlike the tails of 

Siphoviridae and Myoviridae, the tails of Podoviridae are assembled directly on the capsid 

instead of being assembled separately and then attached (Casjens and Molineux, 2012). 

Non-tailed phages 

Plasmaviridae 

The only well-studied phage in this family is the Acholeplasma phage L2. The virions are 50-125 

nm in diameter and have a lipid-protein membrane. The genome, composed of dsDNA, is 12 kb 

and encodes 15 ORFs including 4 structural proteins. The lipid component comes from the host 

cell membrane. This virus exists as a prophage in the genome and reproduces by budding 

(Maniloff et al., 1994).  

Microviridae 

The Microviridae are a family of ssDNA phage which have icosahedral capsids. The model 

organism for this family of phages is the E. coli phage φX174. The capsids of these phages are 

composed of a coat protein F which from 12 pentamers and each of these pentamers is decorated 

with a pentamer of protein G which is the major spike protein responsible for host recognition 

and attachment (Doore and Fane, 2016). 

Corticoviridae 
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The only known corticoviridae phage currently known is PM2 which was isolated from coastal 

waters in the 1960s (Espejo and Canelo, 1968). It has a circular 10 079 bp dsDNA genome 

contained within a protein rich membrane which is itself contained within a protein capsid. The 

capsid is decorated with the P1 spike protein which is responsible for host recognition and 

attachment. The virion is 57 nm in diameter and the genome contains 17 ORFs. The virions are 

released from the Pseudoaltermonas host by lysis (Poranen et al., 2015). There is evidence from 

metagenomics analysis that more of these phages are present in the oceans. 

Tectiviridae 

Tectiviridae are similar to Corticoviridae in structure, both have outer protein capsids which 

surround a protein rich lipid membrane. Also, both have a protein capsid that is decorated with 

spike proteins responsible for host recognition and attachment. However, Tectiviridae have 

linear genomes instead of the circular genomes of the Corticoviridae. Tectiviridae have been 

found to infect both Gram-positive and Gram-negative hosts and can be lytic or lysogenic 

(Poranen et al., 2015). The model organism for this family is PRD1. 

Leviviridae 

Leviviridae have ssRNA genomes and resemble polioviruses (Ackermann, 2009). Leviviridae are 

composed of two genera: Levivirus and Allolevivirus and these two groups differ in genome 

length, 3.5 vs. 4.2 kb and in the proteins that comprise the capsid (Calendar, 2006). The virions 

have no envelope and have an icosahedral shell. They infect the host by utilizing the F-pilus to 

get their RNA into the host cell (Calendar, 2006). 

Cystoviridae 
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Cystoviridae phages have a dsRNA genome contained within two protein capsid shells which are 

contained within a lipid envelope. The lipid envelope contains spike proteins which recognize 

and attach to the host. These phages use their envelopes to fuse with the bacterial membrane as a 

mechanism of infection. The model organism for this family is φ6, and it has three linear RNA 

fragments for its genome which encode for 14 proteins (Poranen et al., 2015). 

Inoviridae 

Inoviridae are ssDNA filamentous phages, they have circular genomes. They are very long, up to 

3700 nm with their length corresponding to their genome size. The capsids are made of 

thousands of copies of the major capsid protein. These viruses do not lyse their hosts but instead 

establish a chronic infection where the virions are secreted from the host cell (Székely et al., 

2016). These phages are represented by the fd phage which is almost identical to the M13 and f1 

phages, best known for their use in phage display. These phages use a minor capsid protein PIII 

found on the end of the phage to bind to their hosts (Calendar, 2006). The CTX phage, which 

carry the cholera toxin, are also a part of this group.  

1.1.7 Phage-like machines 

In addition to phages themselves, several types of molecular machines with structural and 

functional relatedness to phages exist, such as the type VI secretion system (T6SS) (Pukatzki et 

al., 2007), pyocins (Michel-Briand and Baysse, 2002) and gene transfer agents (GTA) (Lang et 

al., 2012).  

T6SSs are bacterial secretion systems with homology to T4 phage tails, the apparatus assembles 

inside the bacterial cell and ejects proteins out of the cell. The T6SS has been found in 25% of 

sequenced Gram-negative bacteria (Salomon and Orth, 2015) with the best-studied examples of 
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these coming from Vibrio cholerae and Pseudomonas species. This system is sometimes used as 

a virulence mechanism, but seems to be more often used as an antimicrobial weapon 

(Unterweger et al., 2012; Sana et al., 2016). 

R-type pyocins are proteinaceous bacterial killing entities naturally expressed by Pseudomonas 

species and that share ancestry with phages (Michel-Briand and Baysse, 2002). These “headless 

phages” kill bacteria by puncturing the cell membrane and dissipating membrane potential 

(Michel-Briand and Baysse, 2002). Recent cryo-EM-generated atomic models of the P. 

aeruginosa R2 pyocin have provided unparalleled insights into the membrane-puncturing 

mechanism (Ge et al., 2015). Pyocin host specificity is imparted by phage-like RBPs, which can 

be swapped with phage RBPs to change the host killing range of the particles (Williams et al., 

2008; Scholl et al., 2009; Gebhart et al., 2015). For example, a Clostridium difficile RBP-pyocin 

fusion was recently shown to specifically prevent intestinal colonization of mice by C. difficile 

spores, which are typically impervious to intervention (Gebhart et al., 2015). Overall, pyocin-

RBP fusions represent a highly effective means of utilizing phage RBPs as antibacterial homing 

devices.  

GTAs are phage-like particles that package portions of the bacterial chromosome and inject that 

DNA into a subsequent target cell. Each of these machines is comprised of proteins with 

homology to bacteriophages, which in some cases also includes their RBPs. Interestingly, GTAs 

have been found to be encoded in the genome of diverse species: Rhodobacter capsulatus, 

Desulfovibrio desulfuricans, Brachyspira hydysenteriae and Methanococcus voltae (Lang et al., 

2012). Strangely however, the capsids of these phage-like particles are too small to contain all of 

the genes which encode the GTA, meaning that GTAs cannot transfer their own genes to 

organisms, in fact, the DNA that is packaged into the GTA appears to be random. 
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1.1.8 Methods of phage resistance by bacteria 

Bacteriophages are the primary predators of bacteria and because of this, bacteria have evolved a 

number of ways to counteract infection by phages.  

The first and most obvious method of stopping phage infection is to simply avoid being infected 

by the phage in the first place. This can be achieved by either blocking or altering the phage 

receptor. Altering the receptor to avoid phage binding is an established tactic which is used for 

both protein and carbohydrate receptors (Drexler et al., 1989; Zaleski et al., 2005). Cells have 

also been found to produce proteins that block the receptors of their phage predators (Labrie et 

al., 2010). Bacteria will also use extracellular polysaccharides to restrict access of the phage to 

the cell surface and some bacteriophages have evolved depolymerases to counter this (Born et 

al., 2014). Numerous phages will also alter their own receptor when they enter the lysogenic 

phase in order to stop another related phage from entering the cell (Bondy-Denomy and 

Davidson, 2014). 

Another method of countering bacteriophage infection is having restriction-modification (R-M) 

systems digest the phage DNA after it enters the host cell. Bacteria will methylate their DNA 

which is not cleaved by the R-M system, however, the phage DNA which is not modified will be 

cleaved upon entry into the cell (Labrie et al., 2010).  

The clustered regularly interspaced short palindromic repeats (CRISPR) are a newly discovered 

mechanism of bacteriophage resistance. Briefly, CRISPRs consist of short regions of 

bacteriophage or plasmid DNA, these sections of DNA are used by the CRISPR-associated 

proteins to target any DNA that matches that sequence. Bacterial cells acquire new sections of 

DNA from incoming extracellular DNA giving the bacterial or archaeal cell a form of an 
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adaptive immune system (Garneau et al., 2010). For a review on this topic see Sorek et al. 

(Sorek et al., 2013). 

1.1.9 Receptor binding proteins 

The phage must first bind to the target cell through either a protein or carbohydrate receptor 

(Lindberg, 1973) and often recognizes both a primary and secondary receptor on the host cell.  

RBPs are found at the ends of phage tails and are responsible for the specific binding to these 

receptors (Garcia-Doval and van Raaij, 2013). Receptor binding proteins are the host recognition 

factors of phages. They are also responsible for properly orienting the phage on the host cell, 

which must occur prior to a successful infection. These proteins can be called tailspikes, tail 

fibres or spike proteins, depending on the phage. Due to their diversity in host-binding 

specificity, RBP genes often cannot be recognized in a sequenced genome based solely on 

homology to already characterized RBPs (Kropinski et al., 2011). Known phage RBPs have been 

shown to be very stable proteins, displaying high resistance to proteases and detergents, which 

are often found in their native environments such as the animal gut. This stability is attributed to 

the fact that RBPs are often rich in β-structures. The intertwined beta-helix architecture of phage 

P22 trimeric tailspike protein serves as the classic example of RBP spatial arrangement (Singh et 

al., 2012). Thus, the high stability, specificity, and ease of overexpression make RBPs excellent 

alternatives to antibodies and ideal tools for the development of new diagnostic technologies. 

A modular nature is common among phage RBPs. Typically, the N-terminus serves to connect 

an RBP to the phage head while the C-terminus is responsible for protein multimerization, 

receptor binding, and occasionally glycosidase activity (Danner et al., 1993; Stummeyer et al., 

2005; Casjens and Molineux, 2012; Born et al., 2014; Javed et al., 2014; Schwarzer et al., 2015). 

The N- and C-terminal domains of the Salmonella enterica serovar Typhimurium phage P22 
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TSP (Gp9) were crystallized separately in the 1990s (Steinbacher et al., 1994; Steinbacher et al., 

1997). However, in 2014, Seul et al. introduced a single amino acid change (Y108W) to create a 

more rigid linker region between the N- and C-termini, enabling a full-length TSP to be 

crystallized for the first time (Seul et al., 2014). This modular nature of phage RBPs adds to their 

exploitation potential, as working with smaller proteins can simplify recombinant expression and 

characterization. For example, crystallization of the E. coli phage phi92 RBP (EndoN92) was 

facilitated by generating the protein without the N-terminus once it was established that this 

domain was not required for glycan binding or hydrolysis (Stummeyer et al., 2005; Schwarzer et 

al., 2015). 

Of added benefit, phage RBPs have evolved in the presence of the bacteria they recognize, which 

commonly live in harsh environments such as the mammalian intestine, soil, and water, so these 

RBPs tend to be resistant to conditions frequently responsible for antibody degradation. This 

robustness makes phage RBPs ideal for use as “surrogate antibodies” in diagnostics and 

therapeutics. As will be shown in chapter 3, phage RBPs are readily amenable to recombinant 

expression in both E. coli and plants (Miletic et al., 2016), pointing toward a role for RBPs as 

accessible tools for glycan analysis. Many RBPs are also capable of cleaving the 

oligosaccharides they bind, further contributing to their value (Schulz et al., 2010; Born et al., 

2014). 

Phage host range is dictated by RBPs, which frequently recognize bacterial polysaccharides such 

as LPS, e.g. S. Typhimurium phage P22 (Figure 1.1) (Steinbacher et al., 1996); capsular 

polysaccharides (CPS), e.g. Campylobacter phage F336 (Sørensen et al., 2012) and teichoic 

acids, e.g. Listeria phages A511 (Habann et al., 2014), A118 and P35 (Bielmann et al., 2015). 

Additionally, phage RBPs can be protein-specific (Mutoh et al., 1978; Drexler et al., 1991), but 
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protein-specific RBPs will not be discussed. RBPs can also bind much smaller epitopes, such as 

the O-methyl phosphoramidate moiety decorating most Campylobacter jejuni CPS (Sørensen et 

al., 2012). 

1.2 Proteins and organisms used in these studies 

1.2.1 RBPs from Caudoviridae 

RBPs come in two forms, tailspikes and tail fibres. Tail fibres are long and thin while tailspikes 

shorter and thicker (Figure 1.1). 

 

Figure 1.1: Tailspikes and tail fibres. A) Full length P22 Gp9 from 2XC1 (Seul et al., 2014). B) 

The T4 Gp37 C-terminal domain (785-1026) from PDB 2XGF (Sergio G Bartual et al., 2010).  
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Among both tailspikes and tail fibres the head binding domains, towards the N-termini, tend to 

share homology, however, the C-termini which are responsible for host attachment are very 

diverse. 

1.2.2 P22 TSP 

The S. Typhimurium P22 phage belongs to the Podoviridae family of dsDNA phages bearing 

short non-contractile tails. Its trimeric RBP (Gp9) is called a tailspike protein (TSP) and 18 of 

these TSP molecules are located at the tip of the phage tail. Each 69-kDa P22 TSP monomer 

binds to the repeating α-D-mannose-(1,4)-α-L-rhamnose-(1,3)-α-D-galactose O-antigen of the 

bacterial LPS, and also has endorhamnosidase activity capable of cleaving the polysaccharide to 

assist in phage binding to the bacterial surface (Gemski and Stocker, 1967; Iwashita and 

Kanegasaki, 1976; Steinbacher et al., 1996). The first 106 amino acids make up the N-terminal 

domain of the P22 RBP and are responsible for connecting the RBP to the phage head. 

Consequently, these amino acids can be removed without influencing the binding or enzymatic 

activity of the RBP (Miller et al., 1998). The C-terminal domain is responsible for protein 

trimerization (Steinbacher et al., 1994) as well as for binding and degrading the LPS 

(Steinbacher et al., 1994). This protein has been studied in great detail in order to understand the 

nature of P22-LPS interactions, thus making the P22 RBP an ideal choice for proof-of-principle 

studies used in this thesis.  

The P22 phage TSP binds to three common LPS O-antigen serotypes of S. Typhimurium, 

accommodating variations in glucosylation and deoxysugar modification (abequose, tyvelose or 

paratose) (Figure 1.2). In contrast, the deoxysugar branch is the main target for antibody 

recognition, thus defining the serotype (Steinbacher et al., 1996). In fact, the first crystal 

structure of an antibody-carbohydrate complex was reported for a Fab fragment (Se155-4) bound 
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to the S. Typhimurium O-antigen (Cygler et al., 1991). A novel proxy protein electrospray 

ionization mass spectrometry technique compared Se155-4 versus P22 TSP binding to two O-

antigen repeats of S. enterica Typhimurium and demonstrated similar association constants: (4.3 

± 1.0) x 10
5
 M

-1
 and (2.9 ± 0.9) x 10

5
 M

-1
, respectively at 25ºC (Santoso et al., 2010; El-Hawiet 

et al., 2012). The crystal structures of the P22 TSP bound to O-antigen repeats of S. enterica 

serovars Typhimurium and Enteritidis (serotypes B and D1 respectively) have long been 

available (Steinbacher et al., 1996), and the crystal structure of the P22 TSP bound to the third 

O-antigen type from S. enterica serovar Paratyphi A (serotype A) was recently described 

(Andres et al., 2013).  

P22 related tailspikes can also be found on Myoviruses; the Det7 tailspike is an example from 

this family This tailspike shares 50% homology to the P22 TSP and also binds to LPS of its S. 

Typhimurium host (Walter et al., 2008).   
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Figure 1.2: Salmonella bacteriophage P22 – a model system for understanding phage-glycan 

binding protein interactions. (A) Cryo-EM of phage P22 from Tang et al. (2011) (Tang et al., 

2011). Phage P22 exhibits 6 tail spikes, each comprised of a homotrimer of tailspike proteins 

(TSPs). The intertwined -helix architecture of the trimeric P22 TSP serves as a classic example 

of RBP spatial arrangement (Casjens and Molineux, 2012). On P22 virions, 6 of these TSP 

trimers are located on the phage tail tip, and each monomer (69 kDa) binds to two repeats of the 

Salmonella O-antigen, which is composed of repeating -D-mannose-(1,4)--L-rhamnose-(1,3)-

-D-galactose, with variations in the -(1,4)-linked D-glucose at the D-galactose and the 3,6-

dideoxyhexose that is linked -(1,3) to mannose. (B) The full-length P22 TSP was fit into the 7.8 

Å resolution cryo-EM map of the P22 virion. The receptor binding portion of the TSP-Y108W 

trimer fit into the map (Tang et al., 2011), while the linker region and particle-binding domain 

were distorted for best fit into the map. The coordinates for the O-antigen phage receptors were 

taken from PDB entry 1TYU (shown as spheres). The P22 TSP structure originally appeared in 

Seul et al. (2014) (Seul et al., 2014), and is reproduced with permission. (C) Structure of the 

Salmonella O-antigen repeat with the possible dideoxy sugars (Tyv: tyvelose, Par: paratose, and 

Abe: abequose). Figure taken from Simpson et al. 2015 (Simpson et al., 2015). 

1.2.3 Well studied tail fibres  

There are also several well-studied tail fibres, the T4’s Gp37 is a particularly, well studied tail 

fibre. The T4 Gp37 has homology to the lambda tail fibre (George et al., 1983; Michel et al., 

1986) and the lambda tail fibre can be switched into the T4 tail to alter the host range (Montag et 

al., 1989). Gp37 attaches to the outer membrane porin protein C and LPS while lambda attaches 

to LamB, a maltose transport protein. Both of these proteins have highly conserved histidines 

that in Gp37 coordinate iron ions (Sergio G Bartual et al., 2010).  The T4 short tail fibre, Gp12, 



 

21 
 

also has structural homology to Gp37 however it binds to LPS inner core and has a zinc ion 

coordinated by six histidines (Thomassen et al., 2003). All of these proteins have a homotrimeric 

beta-helical like structure. Expression of Gp37 requires two chaperones, Gp57 which acts as a 

general chaperone for tail fibres in T4 (Hashemolhosseini et al., 1996) and Gp38 which is a 

specific chaperone for Gp37 (Bartual et al., 2010). The crystal structure of the T4 short tail fibre 

was partially solved in 2003 (van Raaij et al., 2001a; Thomassen et al., 2003) and a fragment of 

the long tail fibre was solved in 2010 (Sergio G Bartual et al., 2010), whereas the full structure 

of the P22 TSP has been solved (Seul et al., 2014) and the structure of the binding domain bound 

to the ligand has also been solved (Steinbacher et al., 1996). As a result, there is considerably 

more known about tailspikes than about tail fibres. 

T7 gp17 is an LPS binding tail fibre with a pyramid like structure (Garcia-Doval and van Raaij, 

2012). While this protein formed a beta-helical structure and SDS-resistant trimers it does not 

bear close homology to T4 tail fibres, demonstrating the diversity in this family of proteins.  

1.2.4 RBPs can be altered to change host range 

Phages are also capable of altering their host range over successive generations (Kiem et al., 

2004), as demonstrated by the Bordetella phage BPP-1, which alters its RBP specificity at a high 

frequency by a reverse transcriptase-based mechanism analogous to that of antibodies (Liu et al., 

2002). Alternatively, some phages fine-tune their host range by simultaneous expression of 

multiple different RBPs. For example, Schwarzer et al. (2012) demonstrated that phage phi92 

encodes a multivalent tail apparatus made of at least 4 different RBPs (Schwarzer et al., 2012). 

This “Swiss army knife” binding apparatus allows the phage to infect polysialic acid-

encapsulated, poly(α-1,4-glucuronic acid-α-1,4-N-acetylglucosamine)-encapsulated and non-

encapsulated strains of E. coli. This phage can also infect 19 different Salmonella serovars, 
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containing distinct O-antigens, with similar infection efficiencies (Schwarzer et al., 2012). 

Exploiting host range-expanding strategies of phages could be useful in antimicrobial 

therapeutics, where resistance development is a concern. 

The cytoviridae phage phi6 has also been shown to alter its host range mostly through mutations 

in it RBP (Ferris et al., 2007). The high mutation rate associated with its RNA-based genome 

allow it to exploit new niches by infecting closely related pseudomonas species.  

1.2.5 Glycosidase activity  

In addition to glycan binding activity, many phage RBPs degrade cell surface glycans in order to 

access the cell membrane following host recognition (Drulis-Kawa et al., 2012). This includes 

the P22 TSP, which has endorhamnosidase activity that allows it to cleave between the 

rhamnose-galactose backbone of S. Typhimurium LPS (Iwashita and Kanegasaki, 1976; 

Steinbacher et al., 1996). Additionally, exopolysaccharides (EPS) produced by some bacteria as 

a means of protection, particularly in biofilms, can be degraded by phage-encoded EPS 

depolymerases. For instance, the phage L1 RBP (DpoL1) cleaves the galactose backbone of 

amylovoran, the EPS structure produced by the potato blight pathogen Erwinia amylovora (Born 

et al., 2014). A recent example of a unique RBP-attributed glycosidase involves sialic acid 

polymer (polySia) degradation. E. coli phage K1F encodes EndoNF, the first characterized phage 

endosialidase that cleaves α-2,8 linked polySia (Stummeyer et al., 2005). Recently, Schwarzer et 

al. (2014) discovered another endosialidase, EndoN92 from phage phi92, which is capable of 

cleaving the alternating 2,8 and -2,9 linked polySia in E. coli K92 CPS (Schwarzer et al., 

2015). Moreover, when incubated at a 25-fold higher concentration, EndoN92 cleaved the 

Neisseria meningitidis serogroup C 2,9 linked polySia CPS homopolymer, making it the first 

example of an α-2,9-specific endosialidase.  
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1.2.5 Endolysins as phage recognition proteins 

Over the past decade, several studies have described the antimicrobial use of endolysins, which 

are peptidoglycan hydrolases that enable phages to lyse host cells after infection (for a 

comprehensive review, see (Schmelcher et al., 2012). Endolysins from phages infecting Gram-

positive bacteria typically contain a C-terminal cell wall binding domain with specificity for 

surface glycans such as N-acetylglucosamine- or choline-modified teichoic acids, and an N-

terminal peptidoglycan-cleaving domain which possesses endopeptidase, N-acetylmuramoyl-L-

alanine amidase, N-acetyl-β-D-muramidase, or N-acetyl-β-D-glucosaminidase activity 

(Schmelcher et al., 2012). While there has been a great deal of research into Gram-positive-

specific endolysin treatments, few endolysins can pass through the Gram-negative outer 

membrane (Morita et al., 2001). This was recently addressed by attaching a cationic peptide to 

the endolysins to facilitate their transport through the LPS layer (Briers et al., 2014). These 

constructs, called Artilysins, reduced Pseudomonas aeruginosa and Acinetobacter baumannii 

cell numbers by 4-5 orders of magnitude in vitro and were effective in a Caenorhabditis elegans 

model in vivo  (Briers et al., 2014). 

The Cell wall Binding Domains (CBDs) of endolysins bind strongly to the Gram-positive cell 

wall and have been tagged with GFP to label their target cells (Loessner et al., 2002). The CBDs 

can bind with higher affinity than antibodies (Loessner et al., 2002) and they also can possess 

greater specificity that antibodies (Schmelcher et al., 2010). CBDs have been attached to 

magnetic beads to selectively capture Listeria strains (Kretzer et al., 2007), even out of raw milk 

(Walcher et al., 2010). They have also been used as components of electrochemical sensors 

(Tolba et al., 2012).  

1.2.6 P22 bacteriophage 
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P22 is a member of the Podoviridae family of phages, it is a lysogenic phage with a lambda like 

DNA arrangement, which is worth noting since lambda is a member of the Siphoviridae family. 

P22 was initially discovered as a lysogen of S. Typhimurium LT22 and was initially named PLT-

22, but this was later shortened to P22 (Zinder and Lederberg, 1952). The phage attracted interest 

because it was the first phage capable of transducing DNA between bacteria (Zinder and 

Lederberg, 1952). P22 binds to the LPS of S. Typhimurium and injects its 42 kb genome. It must 

then enter either the lytic or the lysogenic cycle. If P22 enters the lytic cycle, it will take over the 

host cell and produce between 300-500 phage particles in approximately one hour (Calendar, 

2006). If the phage enters the lysogenic cycle, the DNA will become incorporated into the 

genome of the host and passed onto all the daughter cells. The decision whether to enter into the 

lytic or lysogenic cycle seems to be dependent on the multiplicity of infection (MOI) with higher 

MOI favoring lysogeny (Levine, 1957).  

P22 only requires LPS for DNA injection, however, the while the RBP binds to the O-antigen 

DNA injection will not occur unless the LPS is attached to lipid A (Andres et al., 2010). The 

phage ejects the proteins gp7, gp16 and gp20 along with the DNA during the ejection process 

(Israel, 1977) These proteins are thought to form a conduit through the cell envelope to the 

cytoplasm. Gp26 is the tail needle responsible for penetrating the cell envelope and also serves as 

a plug, containing the phage DNA inside the capsid and is a homotrimeric fibre (Olia et al., 

2007). 

The P22 tail machine is a three megadalton complex consisting of 12 copies of Gp1, the portal 

protein, which form a ring at the base of the capsid (figure 1.2). Twelve copies of Gp4 are 

attached to the bottom of the Gp1 ring and 6 copies of Gp10 attach to the base of the Gp4 ring. 
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Three copies of Gp26 block the portal by inserting into the center of the ring complex and 6 

trimers of Gp9 are attached to the copies of Gp10 on the outside of the ring (Lander et al., 2009).  

1.2.7 E. coli O157 typing phage 1  

The E. coli typing phage 1 is a phage that was isolated in 1987 and first used as a typing phage 

for E. coli O157:H7 (Ahmed et al., 1987). The phage is T4 like and has an 88.5 kb genome 

(Cowley et al., 2015), for comparison, the T4 phage genome size is 169 kb. This phage not been 

studied in great detail, which was one of the reasons it was selected for the studies described in 

this thesis. It is known that this phage is a myoviridae and thus has a long contractile tail. This 

phage also has tail fibres instead of tail spikes like T4. 

1.2.8 Salmonella enterica serovar Typhimurium 

Salmonella is a Gram-negative nonspore-forming gamma proteobacterium. It belongs to the 

Enterobactericae family along with E. coli. Salmonella was first discovered in 1885 by Theobald 

Smith and Daniel Elmer Salmon, while Smith was the actual discoverer of the bacterium, 

Salmon took credit and Salmonella was named after him (Fabrega and Vila, 2013). The genus is 

divided into two species, S. enterica and S. bongori. S. enterica is divided into 6 sub-species with 

Typhimurium being one. Non-typhoidal Salmonella is estimated to cause one million foodborne 

illnesses in the United States, with 19,000 hospitalizations and 380 deaths every year (Painter et 

al., 2013). Salmonella has been linked to 50% of produce related bacterial foodborne outbreaks 

in Canada (Kozak et al., 2013). S. Typhimurium has five pathogenicity islands two of which, 

SPI1 and SPI2, encode type three secretion systems (Marcus et al., 2000). Salmonella species 

can also be classified based on the O and H antigens (LPS and flagella respectively). S. 

Typhimurium is an invasive pathogen which uses its first type three secretion system T3SS-1 to 

cause cytoskeletal rearrangements in the host cell and internalization of the bacterium (Fabrega 
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and Vila, 2013). The bacterium is then contained within a Salmonella Containing Vacuole (SCV) 

where the second T3SS is required for the replication of S. Typhimurium inside the SCV (Hensel 

et al., 1995; Ochman et al., 1996). 

S. Typhimurium is usually a commensal in avian species and is commonly found in chicken meat 

(Revolledo et al., 2006; Chambers and Gong, 2011). It has also been shown in numerous studies 

to be able to contaminate produce by internalizing in plant tissues (Deering et al., 2012). The 

bacteria can invade the plant tissues through natural openings like stomata or damaged tissues, or 

they can be brought into the tissues along with contaminated water (Deering et al., 2012). 

1.2.9 Escherichia coli O157:H7 

E. coli was first isolated by Theodor Escherich in 1885. It is a Gram-negative gamma 

protobacterium. Most E. coli are commensals in humans and because they are easy to grow and 

work with, as a result E. coli has become the best-understood organism in the world. However, 

there are strains of E. coli that are pathogenic including Enterohemorrhagic E. coli (EHEC). 

EHEC produces two different Shiga toxins, which are bacteriophage derived AB5 toxins that act 

to halt protein synthesis in the target cell (Saxena et al., 1989). Both of these shiga toxins bind to 

globotriosyl ceramide (galactose-α-1-4-galactose-β-1-4-glucosyl ceramide) (Waddell et al., 

1988). EHEC causes hemorrhagic colitis and hemolytic uremic syndrome in humans and while 

there are other serotypes associated with EHEC, O157:H7 is the most important. E. coli 

O157:H7 causes 63,000 foodborne illnesses in the United States, 2,100 hospitalizations and 20 

deaths every year (Painter et al., 2013).  

Commonly found in cattle guts since they lack the receptor for the shiga toxin, cows are 

asymptomatic carriers and are a common source of E. coli O157:H7 contamination (Lim et al., 

2010). Like S. Typhimurium, E. coli O157:H7 is commonly transmitted to humans through 
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produce and is able to invade into plant tissues using the same mechanisms (Deering et al., 

2012).  

1.3 Current state of research 

1.3.1 Past uses of receptor binding proteins 

It has been appreciated for some time that phage RBPs can be viewed as surrogates to antibodies 

in traditional assays such as ELISA. However, recently our lab has demonstrated that in addition 

to being attractive reagents for diagnostics, RBPs can be used as therapeutics against bacterial 

pathogens since the oral administration of recombinant P22 RBP reduces S. Typhimurium 

colonization of the chicken ceca and bacterial spread to the liver and spleen (Waseh et al., 2010). 

As expected, P22 RBP is resistant to chicken cecal proteases and is also capable of agglutinating 

S. Typhimurium cells and reducing their motility in vitro (Waseh et al., 2010), showing similar 

agglutination levels as antibodies recognizing the S. Typhimurium LPS (Sigurskjold et al., 1991; 

Cygler et al., 1991; Waseh et al., 2010). P22 RBPs and anti-LPS antibodies also have 

comparable binding affinities as determined by a recently developed proxy protein electrospray 

ionization mass spectrometry-based assay, which has shown binding affinities that agree with the 

results of a previously published fluorescence-quenching assay (El-Hawiet et al., 2012). Our 

recent developments in RBP immobilization onto chips used in surface plasmon resonance (SPR) 

spectroscopy analysis of binding interactions (Naidoo et al., 2012) and magnetic microbeads 

further demonstrate the utility of phage RBPs (Singh et al., 2011; Poshtiban et al., 2013). These 

techniques have been used to develop rapid pathogen detection tools based on the S. 

Typhimurium phage P22 RBP and on the newly identified C. jejuni phage NCTC 12673 RBP-

like protein, Gp047 (Kropinski et al., 2011; Tay et al., 2012; Singh et al., 2012; Javed et al., 

2013). 
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1.3.2 Current methods of bacterial detection 

Conventional methods of testing for bacteria in foodstuffs involves the growing of bacterial 

colonies using selective media (Mandal et al., 2011). These techniques can take several days due 

to the need to grow the cultures. Because of this delay, the contamination of food products may 

not be discovered until it has already arrived in consumers’ homes. There is considerable interest 

in developing faster techniques (Singh et al., 2013; Poshtiban et al., 2013) including using 

immunomagnetic beads (Chapman and Ashton, 2003), SPR (Leonard et al., 2004) and 

quanitative polymerase chain reaction (Wolffs et al., 2006), but so far none have attained the 

same specificity and sensitivity of the more traditional methods. 

1.3.3 Production of therapeutic proteins in plants 

Protein production in plants has become an important technology for the overexpression of 

proteins (Hellwig et al., 2004; Ahmad et al., 2010). The benefits of using plants for production 

generally revolve around cost since it is simple to create large biomass with plants, production is 

easily scalable and the infrastructure to grow plants is abundant. Plant protein production also 

offers a ready delivery method in the case of vaccines and therapeutic proteins/peptides; this 

technology has been termed molecular pharming (Stoger et al., 2014). Antibodies have been 

produced in plants since the late 1980s (Hiatt et al., 1989) and insulin was first produced in a 

transgenic plant in 1998 (Arakawa et al., 1998; Nykiforuk et al., 2006). Bacteriophage proteins 

have also been produced in plants in the past, T7 RNA polymerase has been transformed into 

tobacco and rice creating an inducible expression system in those organisms (Nguyen et al., 

2004). The site-specific recombinase Cre from the P1 phage has been cloned into and expressed 

in Nicotiana benthamiana creating a genetic tool for use in that organism (Kopertekh et al., 

2004). Phage lysins have also been produced in plants; the lysin PlyGBS from the Streptococcus 
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phage NCTC 11261 was expressed in the chloroplasts of N. tabacum (Oey et al., 2009). Not only 

was this lysin shown to accumulate in great abundance in the chloroplasts, it was also very 

stable. A bactericidal assay also showed that the plant extract’s total soluble protein was 

effective in killing Streptococcus pyogenes (Oey et al., 2009). 

1.4 Objectives of these studies 

1.4.1 Objective 1: Develop an assay to rapidly identify receptor binding proteins from 

bacteriophages without available genome sequences 

Bacteriophage RBPs are not always identifiable by looking for homology to known RBPs in the 

genome. In order to overcome this difficulty, I developed an assay for discovering RBPs using 

phage genome expression libraries and protein screens to identify binding partners that recognize 

the host bacterium. When phage P22 was screened using this assay, Gp9 was the only RBP 

discovered, confirming previous predictions that this is the sole RBP encoded by this phage. I 

then examined the E. coli O157:H7 typing phage 1 (ECTP1) in our assay and identified a 

previously undescribed RBP, Gp145. This general approach has the potential to assist in the 

identification of RBPs from other bacteriophages (Simpson et al., 2016). 

1.4.2 Objective 2: Utilize plant produced RBPs as a therapeutic to reduce S. Typhimurium 

colonization in chickens. 

Previous studies have shown that the P22 TSP Gp9 is able to reduce the colonization of S. 

Typhimurium in chicken ceca and reduce the spread of this bacterium to the liver and spleen 

(Waseh et al., 2010). However, purifying this protein and administering it to chickens is too 

costly to be used in agriculture. To overcome this difficulty, we cloned gp9 into Nicotiana 

benthamiana to utilize the benefits of plant protein expression. This also had the advantage of 
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creating a convenient oral administration route for the protein since the plants could be feed to 

chickens without any further purification or processing. An elastin-like polypeptide tag was 

added to the P22 RBP in order to increase expression. The RBP containing plant extract was 

found to bind to S. Typhimurium and demonstrated minor reduction in S. Typhimurium 

colonization of chickens (Miletic et al., 2016).  

1.4.3 Objective 3: Attach a cellulose binding module to RBPs to demonstrate that this is an 

inexpensive and effective detection technology. 

Detection of pathogenic bacteria remains an important area of research since the best way to deal 

with infectious diseases is to stop the organisms from coming into contact with people in the first 

place. In order to create an inexpensive technology to detect bacteria, the RBPs Gp9 from P22 

and Gp145 from ECTP1 were tagged with the cellulose binding module (CBM). CBM9, is a 

protein tag that binds to β-D-Glcp-(1-4)-β-D-Glcp and is isolated from Thermotoga maritima 

(Notenboom et al., 2001). This module is commonly used as a tag that will allow proteins to bind 

to paper. This tag, when attached to the N-terminus of the Gp9 or Gp145, is able to capture S. 

Typhimurium or E. coli O157:H7 respectively, on paper much better than the RBP alone. 

Moreover, the CBM-Gp9 construct is able to capture S. Typhimurium from natural sources like 

ceca. 

1.4.4 Final statement 

Taken together the studies shown in this thesis demonstrate that bacteriophage RBPs are a useful 

and versatile tool with tremendous potential for exploitation as both therapeutics and diagnostics.  
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2.1 Introduction 

Bacteriophage receptor binding proteins (RBPs) have recently been developed into a number of 

tools that make use of their high specificity and robustness (Singh et al., 2012). These 

technologies include diagnostics involving RBPs bound to surfaces (Singh et al., 2009) or to 

beads (Tay et al., 2012; Poshtiban et al., 2013) for the selective capture of bacteria. Moreover, 

RBPs have also been employed as therapeutics that reduce specific bacterial colonization in vivo, 

either alone (Waseh et al., 2010) or as part of a larger molecular machine (Ritchie et al., 2011). 

As diagnostics, RBPs offer several advantages over other technologies, such as antibodies, 

including greater stability, ligand specificity, and affinity even against carbohydrate epitopes 

which are not typically recognized effectively by most antibodies (Novotny et al., 2013; 

Simpson et al., 2015). The importance of developing technologies for the rapid identification of 

pathogens cannot be understated, as food contaminated with bacterial pathogens presents both a 

public health concern and a serious financial liability for producers. Also, rapid methods of 

bacterial detection can help surmount challenges in diagnosing bacterial agents of disease prior 

to progression and/or spread of the infection. RBPs therefore represent a highly versatile, 

effective and much-needed technology for bacterial pathogen detection. 

Phages recognize their hosts through RBP binding to a specific receptor on the host cell surface. 

RBPs are also responsible for properly orienting the phage onto the host cell, which must occur 

prior to a successful infection (Casjens and Molineux, 2012). These proteins can be called 

tailspikes, tail fibres or spike proteins. Due to their diversity in host-binding specificity, RBP 

genes often cannot be recognized in a sequenced genome based solely on homology with already 

characterized RBPs (Kropinski et al., 2011), since even if the phage RBPs share structural 

homology, they do not tend to share sequence homology (Freiberg et al., 2003; Barbirz et al., 
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2008). Known phage RBPs have been shown to be very stable proteins, displaying high 

resistance to proteases and detergents. These properties are inherent to phage RBPs, presumably 

since these proteins have evolved to be functional in harsh native environments such as the 

intestinal tract. On a molecular level, this stability is generally attributed to the fact that RBPs are 

often trimers rich in β-structures that are intertwined in a β-helical architecture. The phage P22 

trimeric tailspike, Gp9, serves as a classic example of RBP spatial arrangement (please refer to 

Figure 2.4B) (Singh et al., 2012). Overall, the high stability, specificity, and ease of recombinant 

overexpression make RBPs excellent alternatives to antibodies and ideal tools for the 

development of new diagnostic technologies. 

In addition, RBPs are not limited to phages, but can also be found as components of phage-like 

molecular machines such as pyocins (Michel-Briand and Baysse, 2002) and gene transfer agents 

(GTAs) (Lang et al., 2012). Pyocins, also known as headless phages, bind to a target cell and 

create a channel across the membrane(s), disrupting the transmembrane potential and killing the 

cell (Ge et al., 2015). These machines are currently being exploited as antibacterial agents and 

have had their target range altered by substituting different RBPs with their host recognition 

moieties, giving known pyocins novel target ranges (Gebhart et al., 2015). GTAs are non-

replicative phage-like particles that package portions of the bacterial chromosome and inject that 

DNA into a neighboring target cell (Lang et al., 2012). Both of these machines rely on their 

RBPs for binding to and identification of their host, and thus present other natural reservoirs for 

proteins of this class. 

Considerable research has been done on RBPs, especially the P22 RBP, which has been used as a 

model for understanding protein folding and phage infection (Casjens and Molineux, 2012). 

However, to date there is no rapid method for identifying phage RBPs, even within sequenced 



 

45 
 

genomes, although, lambda has been shown to be a useful tool for annotating phage genomes. 

This is a result of the fact that RBPs are difficult to identify based on homology, since RBPs 

each bind to distinct receptors. As well, phage DNA has been shown to be challenging to 

sequence, likely as a result of hyper-modification of the phage DNA bases (Warren, 1980), 

further contributing to challenges associated with RBP identification. In order to overcome these 

difficulties, we developed a method to rapidly identify RBPs in the absence of sequence 

information. We generated E. coli gene expression libraries expressing randomly sheared 

fragments of phage DNA and then screened these libraries for colonies producing a gene product 

able to bind to the host organism. We tested this technique with two phages: Salmonella enterica 

serovar Typhimurium phage P22, which belongs to the Podoviridae family, and E. coli O157:H7 

typing phage 1, belonging to the Myoviridae family (Ahmed et al., 1987; Cowley et al., 2015). In 

both cases, the tailspike or putative tail fibre was successfully identified using the screen and all 

identified genome fragments contained coding regions for putative RBPs. Together these results 

demonstrate the utility of an assay for accurate RBP identification from phages belonging to two 

of the three major families of tailed phages.  

2.2 Materials and methods  

2.2.1 Strains and phages 

The bacteriophage P22 and its propagating strain S. Typhimurium ATCC 19585 were obtained 

from the American Type Culture Collection. The E. coli O157:H7 typing phage 1 and its 

propagating strain C-8299-83 were obtained from the Félix d’Herelle Centre. 

2.2.2 Construction of gene expression libraries  
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Phage DNA was extracted using the Phage DNA Isolation Kit (Norgen Biotek Corp) according 

to the manufacturer’s instructions. The phage DNA was then nebulized using a nebulizer kit 

(Invitrogen). Briefly, 10 µg DNA was diluted in 1 ml of shearing buffer (10% glycerol, 10 mM 

Tris, 1mM EDTA, pH 8) and nebulized under 10 psi of nitrogen gas for 30 seconds. The sheared 

DNA was precipitated overnight at -20°C in isopropanol, 40 μg/ml glycogen and 0.3 M sodium 

acetate (pH 4.8) and then blunt-end repaired using T4 DNA polymerase (Thermo Scientific) 

according to the manufacturer’s instructions. The DNA fragments were precipitated again in 

isopropanol and then ligated into the EcoRV site of pET30a using T4 DNA ligase (NEB). Next, 

20 ng of pET30a was ligated with 50 ng, 100 ng or 200 ng of sheared phage DNA in a 20 µl 

reaction volume overnight at 16 °C, and the ligation mixture was transformed into chemically 

competent Top10 cells (Invitrogen). The resulting colonies were then screened for the presence 

of inserted DNA into pET30a. If at least 2/10 verified plasmids contained inserts between 1 kB 

and 3 kB, the entire library was plated out for single colonies, pooled together and plasmid DNA 

was extracted using a plasmid mini prep kit (Thermo Scientific). The library was then 

transformed into E. coli BL21 (DE3) cells. 

2.2.3 Screen for identification of receptor binding protein-encoding genes  

E. coli BL21 (DE3) cells containing the phage genomic expression library described above were 

plated for isolated colonies (150 to 200 colonies per plate) on LB containing 25 µg/ml 

kanamycin (Figure 2.1). A nitrocellulose membrane cut to fit each plate was placed on top of the 

colonies, gently pressed down and removed after 5-10 sec. Membranes were then placed colony 

side up on LB (25 µg/ml kanamycin + 0.4 mM IPTG) agar plates and incubated overnight at 

30°C for induction of protein expression. The colony lifts were then incubated colony side up for 

1 h at room temperature on top of a similarly sized Whatman filter paper that was pre-saturated 
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with bacterial protein extraction reagent (B-PER, Thermo Scientific) containing 1x protease 

inhibitor cocktail (Roche), DNAse I (1 U/ml) (Thermo Scientific) and lysozyme (500 µg/ml) 

(Sigma). The colony lifts were blocked for 1 h in 5% skim milk (Difco), washed in PBST, and 

remnants of lysed colonies were then gently wiped off using a Kimwipe. The membranes were 

then exposed to UV light for 15 min to kill any remaining intact E. coli cells. The lifts were 

incubated overnight in 500 mM NaCl at 4°C and then incubated in a suspension of the host 

organism at 10
8
 CFU/ml in blocking solution for 30 min at room temperature with gentle 

shaking. The membranes were then washed 3 X 10 min in PBST, dried by dabbing with a paper 

towel and then placed colony side up on LB agar plates. Plates were incubated overnight at room 

temperature to allow bound bacterial cells to grow into visible colonies on the membrane. The 

colonies that appeared on the membranes were matched to their corresponding colonies on the 

master plates containing the original E. coli expression library and the corresponding colonies 

were patched to a new plate. Patched colonies were used in a subsequent colony lift and carried 

through a second round of the assay to confirm the results. The genomic expression library 

colonies that demonstrated a positive result in the second round were grown up, frozen down and 

the inserts in the plasmids were sequenced. 
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Figure 2.1 Overview of RBP discovery assay. A flowchart and graphical representation 

summarizing the methodology used to discover new phage receptor binding proteins. 

2.2.4 Imaging of colony lifts with green fluorescence protein (GFP) expressing S. 

Typhimurium 

Since it is difficult to photograph bacterial colonies growing on nitrocellulose membranes, 

colonies of E. coli BL21 (DE3) containing either the empty vector (pET30a) or plasmid 

expressing the Gp9 insert 16155-19050 that was identified in this study (pET30a-Gp9) were 

subjected to the assay conditions and then probed with S. Typhimurium expressing GFP (pWM 

1007 (Miller et al., 2000)) to generate a visual image of the assay. After overnight growth, the 

membranes were imaged with a FujiFilm FLA-5000 system using the 473 nm laser at 400 V for 

excitation and LPB (Y510) filter for emission.  
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Figure 2.2 Image of colony lift. A) Fluorescent image of GFP expressing S. Typhimurium 

growing on a nitrocellulose membrane. B) The master plate of the colony lift showing E. coli 

colonies from the empty vector control (pET30a) on the left and E. coli colonies expressing the 

positive insert (16155-19050) from the assay on the right.. 

2.2.5 Protein modelling 

All putative RBPs were sent to the Phyre2 server for protein modeling 

(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) (Kelley et al., 2015). Table 1 shows 

the top result for each of the genes discovered in the assay and all results with a confidence 

greater than 90%. 

2.3 Results 

The S. Typhimurium phage P22 library produced seven unique gene fragments that bound to S. 

Typhimurium. All fragments contained an intact copy of the known tailspike gene, gp9. 

Approximately 5700 colonies were screened, with 70% containing inserts. Eleven positive 

colonies were obtained, all of which contained the known tailspike gene gp9, and 7 of these 

http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
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contained unique inserts. All inserts were in the correct orientation for expression from the 

vector promoter (Figure 2.3A). 

  

Figure 2.3 Alignment of sequenced fragments from positive colonies compared to GenBank 

annotated sequences. A) The inserts identified in this study following screening of the P22 

phage genomic library are shown alongside the corresponding portion of the phage P22 genome. 

Ant encodes the antirepressor associated with the prophage switch from lysogenic to lytic mode, 

gp9 encodes the known P22 phage tailspike protein and gtrC encodes the O-antigen conversion 

glucosyltransferase. All inserts discovered using the assay contained gp9. The numbers 

correspond to the location in the P22 phage genome BK000583.1. B) The inserts identified in 

this study following screening of the E. coli O157 typing phage 1 library are shown alongside the 
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corresponding portion of the phage 1 genome. All inserts contained the unknown genes 

ECTP1_00145, ECTP1_00146 and ECTP1_00147. ECTP_00145 was predicted to be a tail fibre 

by protein modelling. ECTP1_00146 is in between ECTP1_00147 and ECTP1_00145 and is 

unmarked in the figure. The numbers correspond to the location in the phage ECTP1 genome 

KP869100.1 

The E. coli O157:H7 typing phage 1 library produced six unique gene fragments that bound to E. 

coli O157. Approximately 4000 colonies were screened, with 30% containing inserts. Eight 

colonies showed positive binding, with 6 of these containing unique inserts. All inserts were in 

the correct orientation for expression from the vector promoter (Figure 2.3B). The observed 

difference in the percentage of vectors containing inserts, as compared to the P22 phage library, 

is likely due to using cleaner DNA when the P22 library was constructed.  

Table 2.1 Results of Phyre analysis of the putative ECTP1 RBPs isolated from the assay. 

Protein Phyre Prediction   Identity Confidence 

ECTP1_00144 Baseplate structural 

protein Gp10 (T4 

phage) 

Receptor binding tip 

Gp37 (T4) 

19% 

 

27% 

99.2% 

 

99.1% 

ECTP1_00145 Baseplate structural 

protein Gp10 (T4) 

Receptor binding tip 

Gp37 (T4) 

Short tail fibre Gp12 

(T4) 

43% 

 

35% 

16% 

100% 

 

99.9% 

98.9% 
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ECTP1_00146 Restriction 

endonuclease 

100% 28% 

ECTP1_00147 Restriction 

endonuclease  

20% 56.3% 

ECTP1_00148 Baseplate structural 

protein Gp6 

12% 94.2% 

All inserts contained the genes ECTP1_00145-00147. ECTP1_00146 and ECTP1_00147_were 

both predicted with low confidence to be restriction endonucleases. ECTP1_00145, which when 

translated and submitted to Phyre2 analysis was modeled to have homology to the Gp37 tail fibre 

from the T4 phage and to the baseplate protein Gp10 from T4. ECTP1_00144 and 

ECTP1_00148 were also submitted to the Phyre server, but while ECTP1_00144 was also 

predicted to be a tail fibre, it was only isolated in one insert. Even then, this protein was isolated 

together with ECTP1_00145, so it is unlikely that ECTP1_00144 is the RBP in this case (Table 

2.1). Since Gp37 is the known RBP for T4, we further compared Gp37 and ECTP1_00145 

(Figure 2.4) and found limited homology between the two. BlastP analysis showed 36% 

sequence identity between Gp37 and ECTP1_00145 over 23% sequence coverage, with an E-

value of 6e
-29

 (Figure 2.4A). Interestingly, most of the homology was at the C-terminal end of 

the proteins, the region known to be involved in receptor binding in Gp37. However, the Gp37 

domain responsible for binding, between amino acids 931 and 966 (Bartual et al., 2010), was 

less conserved with ECTP1_00145. The difference in this particular region may be indicating 

that the two proteins have different receptors. Interestingly, the 14 histidine residues found in this 

region, which form pairs needed for iron coordination, were all conserved but one in 

ECTP1_00145 (indicated by asterisks in Figure 2.4A). Although only the 24.6 kDa binding tip of 

the full 109.2 kDa Gp37 protein has been crystallized, other putative Gp37-like tail fibres have 
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been described that more closely resemble ECTP1_00145 in size and sequence (Table 2.2). As 

expected, there was even less homology between T4 Gp37 and P22 Gp9, with 35% identity over 

19% sequence coverage and an E-value of 0.12. These differences are further reflected in the 

crystal structures of the proteins (Figures 2.4B and 2.4C). This lack of homology between the 

two proteins used in this assay demonstrates the capacity of the assay to identify very different 

RBPs, in this case a tailspike and a tail fibre which are encoded by two separate families of tailed 

phages.  

 

 

Figure 2.4 Alignment and structure of RBPs detected in this study. A) BlastP alignment of 

phage T4 Gp37 receptor binding tip (785-1026 from 1026 amino acids in the full length protein), 

and the corresponding homologous region of ECTP1_00145 (128-317 from 391 amino acids), 
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showing conserved amino acids in light grey and identical amino acids in dark grey. Histidines 

involved in iron coordination are marked with an asterisk.  B) Protein structure of the T4 Gp37 

receptor binding tip trimer (785-1026, PDB ID: 2XGF) (Bartual et al., 2010). C) Protein 

structure of the P22 Gp9 trimer (PDB ID: 2XC1) (Seul et al., 2014). 

Table 2.2 Blastx analysis of ECTP1_00145 

Description Max 

score 

Total 

score 

Query 

cover 

E value Ident Accession 

putative tail fibre 

protein GP37 

[Escherichia phage 

wV8] 

731 731 99% 0 100% YP_002922865.1 

putative tail fibre 

protein [Escherichia 

phage HY02] 

721 721 99% 0 98% AIK67887.1 

capsid and scaffold 

protein [Escherichia 

phage EC6] 

711 711 99% 0 97% YP_009151296.1 

tail fibre protein 

[Escherichia phage 

vB_EcoM-VpaE1] 

575 575 99% 0 78% YP_009147343.1 

tail fibre protein 

[Escherichia phage 

vB_EcoM_AYO145A] 

574 574 99% 0 78% AKC04905.1 

putative tail fibre 

protein [Escherichia 

phage JH2] 

555 555 99% 0 76% AGR48475.1 

long tail fibre protein 

[Salmonella phage 

HB-2014] 

551 551 99% 0 75% YP_009146321.1 
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putative tail fibre 

protein 

[Staphylococcus phage 

SA1] 

550 550 99% 0 75% YP_009168663.1 

tail fibre protein 

[Salmonella phage 

Mushroom] 

547 547 99% 0 76% AJF40589.1 

tail fibre protein 

[Salmonella phage 

SBA-1781] 

546 546 99% 0 76% AFU63437.1 

putative tail fibre 

protein GP37 

[Salmonella phage 

FelixO1] 

545 545 99% 0 76% NP_944921.1 

putative tail fibre 

protein [Enterobacteria 

phage UAB_Phi87] 

534 534 99% 0 77% YP_009150171.1 

putative tail fibre 

protein [Escherichia 

phage phiSUSP2] 

505 505 99% 9.00E-

175 

70% ALH47185.1 

baseplate wedge 

subunit and tail pin 

[Citrobacter phage 

Moogle] 

498 498 99% 8.00E-

172 

68% YP_009145700.1 

tail fibre protein 

[Citrobacter phage 

Michonne] 

493 493 99% 7.00E-

170 

68% AKU44009.1 

putative tail fibre 

protein [Escherichia 

phage phiSUSP1] 

486 486 99% 2.00E-

167 

68% ALH47055.1 

tail fibre protein 

[Erwinia phage 

phiEa104] 

295 295 99% 6.00E-

93 

47% YP_004327045.1 



 

56 
 

putative tail fibre 

protein [Erwinia phage 

phiEa21-4] 

294 294 99% 2.00E-

92 

47% YP_002456092.1 

tail fibre [Erwinia 

phage vB_EamM-M7] 

279 279 99% 9.00E-

87 

45% AEJ81298.1 

Putative tail fibre 

protein [Erwinia phage 

phiEa116] 

278 278 99% 3.00E-

86 

44% CCA66288.1 

putative tail fibre 

protein [Salmonella 

phage FSL SP-010] 

478 478 68% 6.00E-

166 

86% AGF88729.1 

putative tail fibre 

protein [Salmonella 

phage FSL SP-107] 

478 478 67% 7.00E-

166 

86% AGF89440.1 

phage tail fibre protein 

[Escherichia coli] 

110 110 55% 9.00E-

23 

39% WP_001613294.1 

hypothetical protein 

WR17_12490 

[Escherichia coli] 

104 104 55% 4.00E-

22 

36% KLH27863.1 

phage tail protein 

[Escherichia coli] 

106 106 55% 1.00E-

21 

37% WP_032250185.1 

phage tail protein 

[Escherichia coli] 

103 103 55% 1.00E-

20 

39% WP_024216547.1 

phage tail fibre protein 

[Escherichia coli] 

103 103 55% 2.00E-

20 

39% WP_001559528.1 

phage tail protein 

[Escherichia coli] 

103 103 55% 2.00E-

20 

39% WP_053881948.1 

phage tail protein 

[Escherichia coli] 

103 103 55% 2.00E-

20 

39% WP_047088576.1 
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phage tail protein 

[Escherichia coli] 

103 103 55% 2.00E-

20 

39% WP_040090438.1 

hypothetical protein 

[Escherichia coli] 

102 102 55% 2.00E-

20 

39% WP_038820201.1 

gp37, tail fibre 

[Enterobacteria phage 

SV14] 

100 100 50% 7.00E-

21 

35% CAA91919.1 

gp37 long tail fibre 

distal subunit 

[Enterobacteria phage 

vB_EcoM-VR7] 

104 104 50% 1.00E-

20 

37% YP_004063946.1 

putative tail fibre 

protein [Escherichia 

phage phiSUSP2] 

117 117 48% 1.00E-

24 

39% ALH47186.1 

putative tail fibre 

protein [Escherichia 

phage phiSUSP1] 

113 113 48% 2.00E-

23 

38% ALH47056.1 

hypothetical protein 

[Escherichia coli] 

109 109 47% 4.00E-

24 

41% WP_038428222.1 

putative tail fibre 

protein 

[Staphylococcus phage 

SA1] 

119 119 47% 2.00E-

25 

43% YP_009168664.1 

putative tail fibre 

protein [Salmonella 

phage HB-2014] 

117 117 47% 8.00E-

25 

43% YP_009146322.1 

putative tail fibre 

protein 

[Enterobacteriaphage 

UAB_Phi87] 

113 113 47% 2.00E-

23 

42% YP_009150170.1 

tail fibre protein 

[Citrobacter phage 

112 112 47% 2.00E-

23 

41% AKU44008.1 
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Michonne] 

tail fibre protein 

[Citrobacter phage 

Mordin] 

112 112 47% 2.00E-

23 

41% ALA06874.1 

tail fibres protein 

[Salmonella phage 

SBA-1781] 

111 111 47% 6.00E-

23 

41% AFU63436.1 

tail fibres protein 

[Salmonella phage 

SPT-1] 

111 111 47% 6.00E-

23 

41% AFU63552.1 

Putative tail fibre 

protein [Salmonella 

phage FelixO1] 

110 110 47% 2.00E-

22 

41% NP_944923.1 

tail fibre protein 

[Salmonella phage 

Mushroom] 

109 109 47% 2.00E-

22 

41% AJF40588.1 

hypothetical protein 

AN659_02340 

[Enterobacter cloacae 

subsp. cloacae] 

107 107 29% 2.00E-

23 

56% KPQ85085.1 

short-chain fatty acid 

transporter 

[Escherichia coli] 

106 106 29% 3.00E-

23 

57% AHM43535.1 

hypothetical protein 

UH30_23970 

[Escherichia coli] 

104 104 29% 7.00E-

23 

56% KJA01516.1 

phage tail fibre repeat 

family protein 

[Escherichia coli 

P0304816.12] 

103 103 29% 2.00E-

22 

53% ENF33961.1 

short-chain fatty acid 

transporter 

[Escherichia coli] 

104 104 29% 2.00E-

22 

53% WP_024208059.1 
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hypothetical protein 

ABF63_18835 

[Enterobacter cloacae] 

104 104 29% 2.00E-

22 

52% KLQ77673.1 

phage tail fibre repeat 

family protein 

[Escherichia coli] 

104 104 29% 3.00E-

22 

53% WP_001620747.1 

hypothetical protein 

SS01_22115 

[Enterobacter cloacae] 

104 104 29% 3.00E-

22 

52% KJO25483.1 

short-chain fatty acid 

transporter 

[Escherichia coli] 

101 101 29% 3.00E-

22 

53% WP_024246402.1 

hypothetical protein 

[Escherichia coli] 

108 108 29% 3.00E-

22 

56% WP_044081857.1 

phage tail fibre repeat 

family protein 

[Escherichia coli 

2730350] 

105 105 29% 7.00E-

22 

53% ENA86895.1 

phage tail protein 

[Escherichia coli] 

107 107 29% 7.00E-

22 

53% WP_047090223.1 

phage tail fibre repeat 

family protein 

[Escherichia coli 

P0304816.7] 

103 103 29% 9.00E-

22 

53% ENF61429.1 

phage tail protein 

[Escherichia coli] 

106 106 29% 1.00E-

21 

53% WP_042969324.1 

short-chain fatty acid 

transporter 

[Escherichia coli] 

103 103 29% 1.00E-

21 

53% KLH91524.1 

hypothetical protein 

SS19_06215 

[Enterobacter cloacae] 

102 102 29% 1.00E-

21 

52% KJL56021.1 
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hypothetical protein 

SR76_12125 

[Enterobacter cloacae] 

101 101 29% 2.00E-

21 

51% KJP72894.1 

phage tail fibre repeat 

family protein 

[Escherichia coli 1-

392-07_S4_C3] 

99.4 99.4 29% 3.00E-

21 

54% KEN81314.1 

hypothetical protein 

LI66_16940 

[Enterobacter cloacae] 

100 100 29% 4.00E-

21 

51% AJB84181.1 

hypothetical protein 

SG79_17960 

[Enterobacter cloacae] 

100 100 29% 4.00E-

21 

51% KJX44172.1 

phage tail fibre repeat 

family protein 

[Escherichia coli 2-

005-03_S1_C3] 

100 100 29% 4.00E-

21 

54% EZK13318.1 

hypothetical protein 

ABF71_22225 

[Enterobacter cloacae] 

100 100 29% 5.00E-

21 

51% KLQ26844.1 

phage tail fibre repeat 

family protein 

[Escherichia coli 2-

156-04_S3_C1] 

100 100 29% 6.00E-

21 

53% KDW02205.1 

phage tail protein 

[Escherichia coli] 

105 105 26% 5.00E-

21 

57% WP_032191999.1 

phage tail protein 

[Escherichia coli] 

105 105 26% 6.00E-

21 

57% WP_000108489.1 

phage tail protein 

[Escherichia coli] 

105 105 26% 6.00E-

21 

57% WP_052923054.1 

phage tail protein 

[Escherichia coli] 

104 104 26% 6.00E-

21 

57% WP_054626495.1 
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phage tail fibre repeat 

family protein 

[Escherichia coli 1-

182-04_S4_C2] 

100 100 26% 6.00E-

21 

56% EZJ42148.1 

side tail fibre protein 

from bacteriophage 

origin [Escherichia 

coli HM605] 

101 101 26% 7.00E-

21 

56% EIL71065.1 

phage tail fibre repeat 

family protein 

[Escherichia coli 

2846750] 

97.8 97.8 26% 9.00E-

21 

56% EMZ59450.1 

phage tail fibre repeat 

family protein 

[Escherichia coli 

BCE032_MS-12] 

101 101 26% 9.00E-

21 

56% ENB38924.1 

long tail fibre protein 

p37 [Shigella flexneri 

K-315] 

102 102 26% 9.00E-

21 

56% EIQ21292.1 

tail protein 

[Escherichia coli] 

104 104 26% 1.00E-

20 

56% WP_033550501.1 

hypothetical protein 

[Escherichia coli] 

104 104 26% 1.00E-

20 

56% WP_001534332.1 

hypothetical protein 

[Escherichia coli] 

104 104 26% 1.00E-

20 

56% WP_021563149.1 

short-chain fatty acid 

transporter 

[Escherichia coli] 

104 104 26% 1.00E-

20 

56% WP_000104716.1 

phage tail fibre repeat 

family protein 

[Escherichia coli 

2872000] 

101 101 26% 2.00E-

20 

55% EMV62153.1 
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phage tail fibre repeat 

family protein 

[Escherichia coli 

BCE030_MS-09] 

102 102 26% 4.00E-

20 

56% ENB28302.1 

phage tail protein 

[Escherichia coli] 

102 102 26% 4.00E-

20 

56% WP_053889027.1 

phage tail fibre protein 

[Escherichia coli] 

102 102 26% 4.00E-

20 

56% WP_032287570.1 

phage tail fibre repeat 

family protein 

[Escherichia coli 3-

073-06_S4_C3] 

102 102 26% 4.00E-

20 

56% KDZ79081.1 

phage tail protein 

[Escherichia coli] 

102 102 26% 4.00E-

20 

56% WP_053902476.1 

phage tail fibre repeat 

family protein 

[Escherichia coli 3-

073-06_S4_C1] 

102 102 26% 4.00E-

20 

56% KDU34276.1 

hypothetical protein 

[Escherichia coli] 

97.1 97.1 26% 4.00E-

20 

52% WP_001624807.1 

short-chain fatty acid 

transporter 

[Salmonella enterica 

subsp. enterica serovar 

Infantis] 

99 99 26% 8.00E-

20 

55% KNB28030.1 

hypothetical protein 

KV39_06595 

[Escherichia coli] 

95.1 95.1 26% 8.00E-

20 

52% KGA87659.1 

hypothetical protein 

AE17_01327 

[Escherichia coli UCI 

58] 

95.9 95.9 26% 8.00E-

20 

52% KDG89942.1 
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short-chain fatty acid 

transporter 

[Escherichia coli] 

96.7 96.7 26% 9.00E-

20 

50% KFH78014.1 

hypothetical protein 

[Escherichia coli] 

99 99 26% 1.00E-

19 

53% WP_016233435.1 

prophage tail fibre 

domain-containing 

protein [Escherichia 

coli K71] 

99 99 26% 1.00E-

19 

53% KRR57681.1 

hypothetical protein 

Q457_17870 

[Escherichia coli 

ATCC BAA-2196] 

96.3 96.3 26% 1.00E-

19 

50% ETI74864.1 

short-chain fatty acid 

transporter 

[Escherichia coli 

O26:H11 str. 2010C-

4819] 

95.5 95.5 26% 1.00E-

19 

50% EZG56210.1 

phage tail protein 

[Escherichia coli] 

100 100 26% 1.00E-

19 

50% WP_045894452.1 

short-chain fatty acid 

transporter 

[Escherichia coli 

O123:H11 str. 2009C-

3307] 

95.5 95.5 26% 1.00E-

19 

50% EZE17057.1 

phage tail protein 

[Escherichia coli] 

100 100 26% 1.00E-

19 

54% WP_040234776.1 

2.4 Discussion 

Receptor binding proteins are the components used by phages for host recognition and 

attachment. Previously, we along with other groups have shown that there are several 

applications for RBPs, both as therapeutics and as diagnostics (Waseh et al., 2010; Singh et al., 
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2012). However, in order to advance the usage of these technologies, a method for the timely 

identification of RBPs is necessary. This research describes a method for the discovery of RBPs 

from phages that does not depend on sequencing or bioinformatic comparison. Briefly, phage 

DNA is extracted, fragmented, ligated into an expression vector, transformed into E. coli and 

then transferred to a nitrocellulose membrane where recombinant proteins are overexpressed. 

The membrane is then probed for binding to the phage host bacterium.  

This assay allows for the discovery of RBPs based on their ability to bind to a host bacterium, 

and thus represents an improvement over previous methods for identifying RBPs based on 

homology to already known RBPs or on genome synteny, since the latter methods prohibit the 

discovery of truly novel and unrelated RBPs. Phenotypic screens have been used in the past to 

discover phage proteins, including discovery of phage lysins from both isolated phages and from 

metagenomic samples (Schmitz et al., 2008). It may eventually be possible to utilize DNA from 

an environmental sample to search for RBPs that originate from phages that cannot be 

propagated under laboratory conditions, which would help elucidate the characteristics of these 

phages. However, we acknowledge that the current form of this assay is limited by the fact that 

the target bacteria must be culturable on agar plates and if a chaperone is necessary for RBP 

folding, that chaperone must be located in close proximity to the RBP in the phage genome. To 

circumvent the need to culture the target organism, future studies could use this method in 

combination with other detection methods, such as antibodies, to distinguish host bacteria bound 

to the nitrocellulose membranes. Interestingly, we noticed that all of the inserts discovered in the 

assay had the same orientation in the vector, suggesting that they were utilizing the vector 

promoter. However, protein expression most likely involved the native ribosome binding sites of 
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the individual genes, as opposed to that of the vector, since the inserts were found to be 

translated in different frames.  

To date, we have not utilized this assay for species beyond the Enterobactericae, but due to the 

wealth of proteins from other species that have been expressed in E. coli, which includes RBPs 

(Arutyunov et al., 2014), it is likely that this assay will be amenable to RBP discovery from 

phages targeting other species. For example, E. coli BL21(DE3) has been used in the past for 

over-expression of Gram-positive phage tailspikes (Smith et al., 2005). It is possible that a 

Bacillus subtilis expression system might facilitate the identification of RBPs from Gram-

positive phages, but this has yet to be assessed. An in vitro expression system is also an 

alternative technology that may produce superior results with some phages, such as those whose 

gene products are not readily expressed in E. coli. 

This assay may also have utility beyond identifying phage RBPs. For instance, both GTAs and 

pyocins have RBPs, which could be detected by this assay if a library of GTA or pyocin DNA 

were generated. This would provide both a novel source of bacterial binding proteins and a 

means of better characterizing these molecular machines. Relatedly, RBPs identified in this assay 

could be used to alter the target of pyocins or whole phages. 

RBPs are some of the most biotechnologically relevant proteins encoded in phage genomes, as 

they have evolved to specifically and effectively bind bacterial hosts. As well, RBPs represent 

the most dynamic proteins encoded by most phages, as constant evolutionary arms race 

dynamics between phages and bacteria over time lead to a strong selection for new variants 

(Ferris et al., 2007). RBPs encompass a considerable diversity of binding targets, making them 

attractive in commercial exploitation and important for understanding the lifecycle of any phage. 
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Over the last decade, phage research has exhibited a resurged interest, especially in the area of 

phage therapy. However, the fact still remains that phages, and particularly the bacterial 

receptors they recognize, need to be well characterized and carefully chosen in order to ensure 

the success of phage therapy strategies. Therefore, rapid RBP identification and careful 

characterization of RBP-receptor interactions is a logical and promising avenue to develop in 

order to help move this field forward. 
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3.1  Introduction  

The human intestine is a complex microbial ecosystem where hundreds of species of bacteria 

have adapted to live and grow. A mutualistic relationship has evolved benefiting the health of the 

host while providing an optimal habitat for microflora to thrive (Guarner and Malagelada, 2003)  

However, some of these bacteria are pathogenic, causing a wide array of intestinal pathologies. 

Salmonella enterica is a Gram-negative enteropathogenic bacterium that is widely prevalent and 

is one of the primary causes of foodborne illness in humans. There are roughly 1.4 million 

nontyphoidal salmonellosis cases each year in North America, causing approximately 25% of all 

hospitalizations due to foodborne illness (Mead, 1999). S. enterica serotype Typhimurium also 

referred to as S. Typhimurium, causes gastroenteritis characterized by diarrhea, vomiting and 

abdominal pain and is showing the emergence of multidrug resistant strains (Su et al., 2004; 

Chen et al., 2013). Poultry and eggs are a major source of infection, but other sources such as 

vegetables, fruits, nuts, sprouts, leafy greens, roots, and beans have been reported (Rodrigue et 

al., 1990; Hammack, 2011). In chickens, Salmonella is found throughout the digestive tract 

(Fanelli et al., 1971) and the rupturing of intestinal contents during evisceration can readily 

contaminate poultry meat. For instance, Salmonella has been isolated from 33% of raw chicken 

breasts sampled from retail grocery stores in Ontario, Canada (Cook et al., 2012).  

Antibiotic use has led to the emergence of antibiotic-resistant Salmonella strains. In 2013, 17% 

of typhoidal Salmonella isolates from Canadians were resistant to ciprofloxacin and 41% of 

Salmonella Heidelberg infections were resistant to at least one antibiotic
 1

. This growing concern 

has provoked research into alternative methods for controlling bacterial outbreaks. Considerable 

                                                           
1
 http://healthycanadians.gc.ca/alt/pdf/publications/drugs-products-

medicamentsproduits/antibiotic-resistance-antibiotique/antimicrobial-surveillance-

antimicrobioresistanceeng.pdf  
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research into using bacteriophage therapy to treat or prevent bacterial infections progressed in 

Eastern Europe and the former Soviet Union during the latter part of the 20
th

 century and could 

potentially be reconsidered as a viable alternative to antibiotics (Sulakvelidze et al., 2001). Lytic 

bacteriophages are host-specific, self-replicating, and virtually nontoxic making them attractive 

alternatives to control bacteria such as Salmonella and bacteriophages have been shown to 

reduce Salmonella colonization in chickens (Goode et al., 2003; Atterbury et al., 2007). Despite 

these successes, this therapy is not without drawbacks. Bacteriophages are host-specific requiring 

diagnosis of the pathogen before the phage is administered (Waseh et al., 2010). Phages can also 

carry harmful genes and can potentially transfer these genes to the bacteria, increasing virulence 

(Skurnik and Strauch, 2006). As a result, there has been interest in the use of phage proteins such 

as endolysins (Roach and Donovan, 2015) as tools for the specific targeting of bacteria and the 

exploitation of phage receptor binding proteins for use in diagnostics and engineered phage-

derived killing machines (Singh et al., 2012; Simpson et al., 2015). Unexpectedly, Waseh et al. 

have demonstrated that the P22 phage tailspike protein alone is effective in controlling 

Salmonella colonization and spread in chickens, presumably through its binding capability 

(Waseh et al., 2010). These tailspike proteins are highly stable homotrimers that form the short 

tail of the bacteriophage and bind to the O-antigenic repeating units on the outer membrane 

lipopolysaccharide (Baxa et al., 1996). The tailspike protein Gp9 from the P22 bacteriophage can 

recognize several serovars of Salmonella including S. Typhimurium, S. Paratyphi A, and S. 

Enteritidis. A shortened version of Gp9 has been shown to agglutinate S. Typhimurium, inhibit 

bacterial motility and reduce colonization in the chicken gut (Waseh et al., 2010). Therefore, this 

protein has the potential to act as an effective pre-slaughter feed additive to reduce Salmonella 

contamination in chickens.   
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Plant bioreactors have been growing in acceptance as feasible production platforms for 

therapeutic proteins, as they are highly scalable and can be established with little upfront cost 

(Fischer et al., 2012). Protein drugs expressed in plant tissue are thought to be protected from 

digestive enzymes by the plant cell wall (Kwon and Daniell, 2015), and are especially useful for 

veterinary applications where regulations allow administration of unpurified or partially purified 

extracts (MacDonald et al., 2015). For example, leaf tissue can be harvested, lyophilized, and 

orally administered in capsules or suspended in a slurry removing costs associated with protein 

purification, administration, and cold-storage (Kolotilin et al., 2014). As higher eukaryotic 

organisms, plants can introduce post-translational modifications required for complex 

recombinant proteins. Despite these benefits, protein yield remains a major factor limiting the 

widespread adoption of plant bioreactors for commercial protein production. Consequently, 

several approaches are currently being used to increase protein accumulation in plants. Proteins 

can be targeted to different subcellular compartments such as the endoplasmic reticulum (ER), 

the chloroplasts, and the apoplast using signal and transit peptides (Conley et al., 2009). This is 

because each subcellular compartment has a unique biochemical environment, protease content 

and physical size which influence protein accumulation levels (Streatfield, 2007; Pillay et al., 

2014). Additionally, peptide tags can be fused to recombinant protein to increase accumulation. 

For example, fusion tags such as elastin-like polypeptides (ELPs) and hydrophobin I (HFBI) can 

increase recombinant protein accumulation levels, and have also been used to purify proteins 

from plant extracts (Conley et al., 2011).   

The goal of this project was to transiently produce the truncated version of Gp9 in N. 

benthamiana by targeting the protein to the chloroplasts, to the ER, or to the ER fused with an 

ELP or HFBI tag. The activity of plant-produced Gp9 was then tested by examining its ability to 
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bind to S. Typhimurium. Lastly, plant tissue containing Gp9 was orally administered to chicks 

inoculated with S. Typhimurium to determine if this plant produced therapeutic has the potential 

to limit Salmonella colonization.   

3.2  Materials and methods  

3.2.1  Gene cloning   

The truncated version (encoding amino acids 109-666) of the endorhamnosidase mutant of gp9 

(as described in Waseh et al., 2010) was codon optimized for plant expression and synthesized 

by Biobasic Inc. (Markham, Ontario). Gp9 was recombined into the previously constructed 

pCaMGate expression vectors using the LR reaction of Gateway® technology (Invitrogen, 

Thermo Fischer Scientific, Waltham, U.S.A.), courtesy of Dr. Andrew Conley of Agriculture and 

Agri-Food Canada, London Ontario. Recombinant pCAMGate vectors were transformed in E. 

coli XL1-Blue using the Gene Pulser II system (Bio-Rad Laboratories Inc., Hercules, U.S.A,) 

and PCR screening using gene-specific primers (Forward primer:  

CGTTAGGTGTAGGTTTTGGTATGGATGGT, Reverse primer:  

CCGGCAACAGGATTCAATCTTAA) was conducted to screen for positive transformants 

containing the correct insert. Plasmid DNA was isolated from positive colonies and transformed 

into electro-competent A. tumefaciens EHA105 cells. Electroporated A. tumefaciens cells were 

spread on yeast extract broth (YEB) plates containing 50 µg/ml kanamycin and 10 µg/ml 

rifampicin and incubated for two days at 28°C.  

3.2.2  Transient expression in N. benthamiana plants  

Suspensions of A. tumefaciens carrying Gp9 or A. tumefaciens carrying the post-transcriptional 

gene silencing suppressor p19 from Cymbidium ringspot virus (Silhavy et al., 2002), were 

incubated overnight at 28°C with shaking at 250 rpm until an optical density at 600 nm (OD600) 
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of 0.5- 1.0 was reached. Cultures were then centrifuged at 6000 x g for 30 min and resuspended 

to an OD600 of 1.0 in Gamborg’s solution containing 3.2 g/l Gamborg’s B5 with vitamins, 20 g/l 

sucrose, 10 mM MES (pH 5.6) and 200 µM acetosyringone. Cultures were then incubated at 

room temperature with gentle agitation for one hour. An equal volume of A. tumefaciens culture 

containing Gp9 was combined with A. tumefaciens culture carrying p19 and Gamborg’s solution 

to give a total A. tumefaciens OD600 of approximately 0.67. These suspensions were used to 

infiltrate 7-8 week old N. benthamiana plants grown in a growth room under 16 hour light/8 hour 

dark conditions at 21-22°C with 55% humidity, and receiving roughly 100 µmol/photons m
-2

s
-1

 

of light. A 3 ml syringe was used to infiltrate the A. tumefaciens suspensions through the stomata 

of the abaxial leaf epidermis of N. benthamiana. After infiltration, plants were returned to the 

growth chamber for up to six days.   

3.2.3  Tissue collection and protein extraction  

Four biological replicates were used in all experiments and consisted of four plants sampled as 

follows: two leaf disks/leaf (7 mm diameter) were collected from three infiltrated leaves of each 

plant and pooled. Tissue was flash frozen in liquid nitrogen and stored at -80°C until use. For 

protein extraction, tissue was homogenized twice in 30 second pulses using a TissueLyser 

(Qiagen, Venlo, Netherlands) and total soluble proteins were extracted in 200 µl of plant 

extraction buffer (PEB) containing 1X phosphate-buffered saline (PBS), 0.1% (v/v) Tween-20,  

2% (w/v) polyvinylpolypyrrolidone (PVPP), 100 mM ascorbic acid, 1 mM 

ethylenediaminetetraccetic acid (EDTA), 1mM of phenylmethanesulfonylfluoride (PMSF) and 1 

µg/ml leupeptin. Total soluble protein (TSP) concentration for each sample was determined 

using the Bradford assay (Bradford, 1976). For electrophoresis under non-reducing conditions, 

protein samples were stored in a 5% SDS, 250 mg/ml glycerol, 0.1 mg/ml bromophenol blue, 
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0.16 M Tris/HCl sample buffer (Seckler et al., 1989) to better visualize protein trimerization. 

Samples were frozen at -80°C until use.  

3.2.4  Western blotting and gel staining  

Pooled sample extracts and individual replicates were immunodetected against a standard curve 

of known amounts of cellulose binding domain (CBD) synthetic protein standard (synthesized by 

Genscript, Piscataway, USA) or purified Gp9-ELP to accurately quantify protein accumulation 

levels. Samples were either boiled for ten minutes or not boiled and loaded onto a Bio-Rad 

MiniProtean® TGX™ Precast 4-20% (w/v) polyacrylamide gradient gel. Separated proteins 

were transferred to polyvinylidene difluoride (PVDF) membranes and blocked overnight in a 5% 

(w/v) skim milk powder in TBS-T (Tris-buffered saline-Tween 20) blocking solution.  

Membranes were incubated with a 1:5000 dilution of mouse anti-c-Myc antibody (Genscript,  

A00864, Piscataway, USA) or a 1:8000 dilution of rabbit polyclonal anti-Gp9 antibody 

(Kropinski et al., 2011). Membranes were washed and incubated with a 1:5000 dilution of goat 

anti-mouse or anti-rabbit secondary antibody conjugated with horseradish peroxidase (HRP), and 

visualized with the GE Healthcare Life Sciences (Little Chalfont, UK) ECL Prime Western 

Blotting Detection Reagent. Recombinant protein was quantified by image densitometry using 

Totallab TL100 software (Nonlinear Dynamics, Durham, USA). For staining of separated 

proteins, gels were washed for 5 minutes in water and stained for 1 hour with GelCode™ Blue 

stain reagent (Thermo Fischer Scientific, Waltham, U.S.A.) at room temperature. Gels were then 

destained using three 5-minute washes with water and imaged.  

3.2.5  Protein purification  

Gp9-ELP and Gp9-HFBI proteins were purified using a c-Myc tag purification kit from MBL 

International Corporation MBL (3305, Woburn, USA) according to the manufacturer’s 
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instructions. Purified protein was stored at -80°C until use. The E. coli produced His6-Gp9 was 

purified as described by Waseh et al., 2010.  

3.2.6  Gp9 and Gp9-ELP adherence to S. Typhimurium  

S. enterica serovar Typhimurium (ATCC19585) was purchased from the American Type Culture  

Collection (Manassas, VA) and grown under aerobic conditions at 37°C on Lysogeny Broth (LB) 

agar plates. The strain used in the adherence assay was transformed with the pWM1007 plasmid 

(Miller et al., 2000) which expresses the green fluorescence protein (GFP) and grown on LB 

supplemented with 25 μg/ml kanamycin.   

Five hundred nanograms of the E. coli produced His6-Gp9, BSA or plant-produced Gp9-ELP 

were spotted onto hole punch sized pieces of nitrocellulose membranes and then blocked for 1 

hour in 5% skim milk in PBS with 0.05% Tween (PBS-T). The membranes were then probed 

with 10
8 

cfu/ml of GFP-expressing S. Typhimurium in 5% skim milk PBS-T. The disks were 

washed 3 times for 5 minutes in PBS-T and were then placed onto LB agar plates with 25 μg/ml 

kanamycin and allowed to grow at room temperature overnight, followed by growth at 37°C for  

8 hours.The disks were imaged with a FujiFilm FLA-5000 system using the 473nm laser at 400V 

for excitation and LPB (Y510) filter for emission. Fluorescence intensity was measured using the 

MultiGauge version 3.0 software.   

3.2.7  Animal studies  

Animal studies were carried out in accordance with the protocol approved by the Animal Care 

and Use Committee at the University of Alberta following the procedure described by Waseh et 

al., (2010). Each group contained 5-8 SPF leghorn birds (Poultry Research Facility, University of 

Alberta) that were provided with feed and water ad libitum and were randomly tested for the 

presence of Salmonella on the day of hatch by plating cloacal swabs onto selective Oxoid 
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Brilliance Salmonella agar (Oxoid, Ontario, Canada). In all cases no Salmonella colonies were 

observed after 24 h of incubation at 37°C. Chickens were orally gavaged with 300 μL PBS 

containing 10
7
 colony forming units (CFU) of S. Typhimurium the next day and then gavaged 

with 35 mg lyophilized and powdered leaves resuspended in 300μl of PBS at 1 h, 18 h and 42 h 

post-infection. The chickens were culled at 47 h post-infection and the collected cecal contents 

were serially diluted and plated onto Oxoid Brilliance Salmonella agar. Salmonella CFU were 

counted after the agar plates were incubated for 24 h at 37°C.  

3.2.8  Statistics  

Minitab® 17 statistical software (Minitab Ltd., Coventry, UK) was used to perform statistical 

analysis on the Gp9 accumulation data. A one-way analysis of variance (ANOVA) was 

performed with a Tukey test on the mean Gp9 accumulation levels for each day of the time 

course. P < 0.05 was considered significant. A two-tailed student T-test was performed on the 

data from the chicken experiment. P < 0.05 was once again considered significant.  

3.3  Results  

3.3.1  Gp9 transient expression in N. benthamiana  

The Gp9 tailspike gene was cloned into pCaMGate expression vectors (Pereira et al., 2014) 

targeting the ER, the ER fused with an ELP tag (ER-ELP), the ER fused with a HFBI tag 

(ERHFBI), or the chloroplasts (Figure 3.1). Constructs were then agroinfiltrated along with the 

gene silencing suppressor, p19 (Silhavy et al., 2002), into the leaves of N. benthamiana plants. 

Plants were monitored over the course of 6 day(s) post-infiltration (dpi). Young, upper leaves 

infiltrated with the ER-targeted constructs turned a slight yellow green color but otherwise the 

phenotypes remained unchanged. Leaf tissue samples were collected from 3 to 6 dpi and 
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analyzed for Gp9 accumulation via Western blot using a c-Myc antibody specific for the C-

terminal Myc peptide found in all constructs (Figure 3.2A).  Gp9 targeted to the ER was faintly 

visible, running higher than predicted (Figure 3.1C), and no bands were visible for the 

chloroplast-targeted Gp9. Conversely, Gp9-ELP and Gp9-HFBI were readily detected, and faint 

bands were observed for both the ELP and HFBI fused constructs migrating above 150 kDa 

which could represent potential trimers. Smaller bands ranging in size between 25-50 kDa were 

also observed in the Gp9-ELP and Gp9HFBI samples which most likely correspond to Gp9 

degradation products since they are absent from the p19 negative control lane (Figure 3.2A). 

Interestingly, when immunoblots were probed with an anti-Gp9- antibody, a strong band slightly 

under 75 kDa was observed for ER-targeted Gp9, and a somewhat fainter band was seen in the 

chloroplast-targeted Gp9 (Figure 3.2B). Bands potentially representing dimers and trimers were 

also observed for all four proteins, as well as smaller bands that may represent Gp9 degradation 

products. It is interesting that the smaller bands observed in the Gp9-ELP and Gp9-HFBI are of a 

different size when detected with the two antibodies. The protein band migrating between 37.5 

and 50 kDa may be a plant protein as it appears faintly in the p19 lane, while the band running 

between 50 and 75 kDa may represent a degradation product of Gp9.  This band is present in all 

samples, and it may represent the N-terminal portion of the protein detected with the Gp-9-

specific antibody, while the smaller band running between 25-37 kDa on the blot detected with 

the c-Myc antibody might represent the C-terminal portion of the protein. The low abundance of 

Gp9 on blots probed with the c-Myc antibody also imply that the c-Myc tag is cleaved off Gp9, 

or is inaccessible to the antibody.  
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C 

Figure 3.1: Expression cassettes for Gp9 transient expression in N. benthamiana. A) A 

schematic representing the gene constructs targeting the endoplasmic reticulum (ER) or the 

chloroplasts. Two of the cassettes targeting the ER also contain sequences coding for an 

elastinlike polypeptide (ELP) or a hydrophobin (HFBI) tag with a linker (L). Expression and 

targeting elements incorporated into the expression vectors are: the double-enhanced 35S 

Construct  Predicted full length 

size 

Predicted size 

without c-Myc tag 

Predicted size 

without C-terminal 

fusions 

ER 67 65.33 65.33 

ER-ELP 78.47 76.8 65.33 

ER-HFBI 74.78 73.63 65.33 

Chloroplast 66.52 65.33 65.33 
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cauliflower mosaic virus promoter (2X35S); tCUP translational enhancer from tobacco; tobacco 

Pathogenesis-Related-1b signal peptide (PR1b) and the KDEL ER retrieval tetrapeptide; 

nopaline synthase terminator (nosT); and Xpress and c-Myc tags for detection and purification. A 

sequence coding for the RuBisCo small subunit transit peptide (rbcS) was used for targeting to 

the chloroplasts. B) A zoomed-out schematic of the constructs in the T-DNA. LB and RB are the 

left and right borders of the T-DNA sequence. nptII codes for neomycin phosphotransferase 

conferring resistance to kanamycin, driven by a nopaline synthase promoter (nosP) and 

terminator (nosT). Schematic represents the same constructs in A) with different N-terminal 

fusions (NTFs) and C-terminal fusions (CTFs). Schematics are not to scale.  C) Predicted 

molecular weights of Gp9 constructs (values are in kilodaltons (kDa)) 
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Figure 3.2: A time course of Gp9 accumulation levels in Nicotiana benthamiana. A)  

Immunoblots of total soluble protein (TSP) extracted from N. benthamiana leaf tissue infiltrated 

with gp9 constructs targeting the ER, the chloroplasts, or the ER fused to an ELP tag (ER-ELP) 
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or fused to a hydrophobin tag (ER-HFBI). Four plants were infiltrated with each construct. 

Tissue was sampled from infiltrated leaves from 3 to 6dpi. Equal volumes of TSP from each of 

the four replicates were pooled, and 20 µg was loaded per well. Immunoblots were probed with 

A) an anti-c-Myc antibody or B) an anti-Gp9 antibody. p19: TSP from plants infiltrated with p19 

serving as a negative control.   

3.3.2  Gp9 accumulation in N. benthamiana   

Since more protein was detected using the anti-Gp9-antibody, this antibody was used to 

accurately quantify Gp9 accumulation via densitometry analysis. For the purpose of protein 

quantitation, only bands representing the full length Gp9 monomer were quantified.  

Immunoblots using individual replicates revealed that Gp9 accumulation increases from the 3rd 

dpi, peaks on day 4 or 5, and subsequently decreases (Figure 3.3). ER-targeted Gp9 accumulated 

in significantly higher amounts than the other proteins reaching on average of 1.64 ± 0.09% of 

total soluble protein (TSP) on day 5. When recombinant protein accumulation is calculated in 

terms of micrograms of Gp9 per gram of fresh leaf weight (FLW), Gp9 accumulates to an 

average of 235.01 ± 21.12 µg/g of FLW on day 4 (Figure 3.3B). The presence of either the ELP 

or HFBI tag appears to significantly decrease Gp9 accumulation on 3-5 dpi (P<0.05). Gp9-ELP 

accumulates on average to 0.98 ± 0.05% of TSP on day 5 or 135.86 ± 25.56 µg/g of FLW on day 

4, roughly 0.6 times or 1.7 times less, respectively, than when unfused. The presence of the 

HFBI tag caused Gp9 to accumulate in even lower amounts on average to 0.79 ± 0.09% of TSP 

(0.48 times less) or 116.49 ± 16.29 µg/g of FLW (2 times less) on day 4. Gp9 accumulated 

significantly less when targeted to the chloroplasts compared to ER-targeted proteins on days 4 

and 5 (P < 0.05). Accumulation reached an average of 0.21 ± 0.01% of TSP or 28.45 ± 1.65 µg/g 

of fresh leaf weight on the fifth dpi.  
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Figure 3.3: Quantification of Gp9 accumulation in N. benthamiana over 3, 4, 5, and 6dpi. 

Quantification was performed on total soluble protein extracts from infiltrated N. benthamiana 

tissue using a standard curve of known amounts of purified Gp9-ELP. Gp9 was targeted to the 

ER, the chloroplasts, or the ER fused to an ELP tag (ER-ELP) or fused to a hydrophobin tag 

(ER-HFBI). Immunoblots were probed with an anti-Gp9 antibody. Accumulation levels of Gp9 

shown as A) a percentage of total soluble protein (TSP) or B) in μg per g of fresh leaf weight 

(FLW). Error bars represent the standard error of the mean value of four biological replicates. 

Treatments which do not share a letter are significantly different (P < 0.05) as determined by a 

one way ANOVA and the Tukey test.  

3.3.3  Gp9 purification and characterization  

Gp9 polypeptides are found in monomeric, dimeric, and trimeric intermediates before forming 

the stable, native trimer (Benton et al., 2002). The trimeric intermediate species or protrimer 
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consists of associated subunits which have not completely folded forming a transient, less-stable 

precursor to the trimer (Goldenberg and King, 1982). We successfully purified Gp9-ELP using a 

c-Myc-tag purification kit (Figure 3.4A) and decided to investigate if purified Gp9-ELP is 

present in either of these states by avoiding complete denaturation (unheated sample) and by 

avoiding reducing agents such as dithiothreitol (DTT) in the sample buffer to keep the disulfide 

bonds oxidized (unheated, no DTT). While most of the Gp9-ELP was found in the monomeric 

form when it was reduced and denatured, there was very little monomer present when heat 

denaturation was omitted. Instead, an intense band was observed below 250 kDa, which 

corresponds to the expected size for the 215 kDa trimer (Figure 3.4A, B). Higher banding was 

observed when samples were electrophoresed under non-reducing conditions (Figure 3.4B). Gp9 

contains eight cysteine residues and has disulfide bonds while existing as a protrimer, despite the 

fact that all are reduced during conversion to the native trimeric state (Robinson and King, 1997). 

Consequently, bands running above 250 kDa could represent the protrimer intermediate running 

slower than the trimer. Generally, an oxidizing environment is needed for trimer folding due to 

the presence of the disulfide bonds in the protrimer, yet increasing concentrations of DTT 

increases the conversion of protrimer to trimer (Robinson and King, 1997). Even larger bands 

were visualized and could represent higher-order multimers or aggregates (Altschul et al., 1997).  

Our results suggest that Gp9 is present in the stable trimeric form when purified and is expected 

to remain functional to some degree.  
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Figure 3.4: Purified Gp9-ELP is found in higher molecular weight protein complexes. 

Purified Gp9-ELP was electrophoresed under the following conditions: in sample buffer 

containing DTT and heat-denatured by boiling for 10 minutes, in sample buffer containing DTT 

with no heat denaturation, or in sample buffer without DTT and no heat denaturation. The plant 

extract containing Gp9-ELP was also loaded as a positive control in sample buffer containing 

DTT and heat-denatured by boiling for 10 minutes. Twenty microliters of extract from plants  
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587  infiltrated with p19 were used as a negative control. Gels were either coomassie stained 

(A) or 588  immunodetected (B) using an anti-c-Myc antibody.  

3.3.4  Gp9-ELP binding to S. Typhimurium   

To determine if the plant produced Gp9 can bind to S. Typhimurium, 500 ng of purified Gp9ELP 

was spotted onto a nitrocellulose membrane, blocked and then probed for 1 hour with 10
8
 cfu/ml 

of GFP expressing S. Typhimurium. BSA and E. coli-produced Gp9 were used as negative and 

positive controls, respectively. Gp9-ELP was able to bind S. Typhimurium at similar levels as the 

E.coli-produced Gp9 as measured by fluorescence (Figure 3.5) suggesting that the plant-

produced protein is functional.  

 

Figure 3.5: S. Typhimurium binding activity to plant produced Gp9-ELP A) The E. coli 

produced His6-Gp9 (62 kDa) and the tobacco produced Gp9-ELP (82 kDa) both react with anti-

Gp9 antibodies. B) Either 500 ng of His6-Gp9, BSA or Gp9-ELP protein were spotted onto 
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nitrocellulose and then probed with 10
8 

cfu/ml GFP-expressing S. Typhimurium and allowed to 

grow overnight. Two biological replicates were done, each with three technical replicates in 

each. One representative image and densitometry analysis is shown.  

3.3.5  The effect of oral administration of Gp9-ELP on Salmonella colonization.   

Due to the demonstrated binding activity of Gp9-ELP, we investigated the effects of orally 

administering plant tissue containing Gp9-ELP on Salmonella colonization in chicks. The chicks 

were orally gavaged with 35 mg of resuspended plant tissue containing 7.7 μg Gp9-ELP 1, 18 

and 42 hours after gavaging with S. Typhimurium. Chicks were culled 47 h after bacterial 

infection and the Salmonella CFU in the cecal contents were enumerated (Figure 3.6). Gp9-ELP 

showed approximately 1-log reduction in S. Typhimurium colonization compared to the 

untreated control birds (P=0.058). These results are promising considering plant leaves were fed 

directly to the birds without further purification, and each dose contained much less Gp9-ELP 

compared with the Waseh et al. (2010) study where a dose consisted of 30 μg of purified Gp9.  
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Figure 3.6: Treatment of S. Typhimurium infected chickens with Gp9-ELP. SPF leghorn 

chickens were orally gavaged with PBS or S. Typhimurium as indicated. One hour later (and at 

18 and 42 h), two of the groups were orally gavaged with N. benthamiana extracts with or 

without Gp9-ELP, while the control groups received PBS. Chickens were fed 7.7 µg of Gp9-ELP 

per dose. Salmonella colonization levels of the chicken ceca were determined 47 h post infection. 

The median is shown for each group and p-values were determined for the plant-fed groups in 
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comparison to the S. Typhimurium group. The arrow represents the detection limit of the 

experiment.  

3.4  Discussion  

This study demonstrated that the receptor binding domain of the P22 bacteriophage tailspike 

protein, Gp9, could be transiently expressed in N. benthamiana at reasonable levels and is able to 

bind to S. Typhimurium. The results presented here suggest that the correct choice of antibody 

for protein detection is essential to accurately quantify recombinant protein accumulation. When 

probing with an antibody specific to a C-terminal Myc tag, Gp9 appeared to accumulate to the 

highest levels when fused to an ELP or HFBI tag reaching 33.2 μg/g or 20 μg/g of FLW, 

respectively, supporting the hypothesis of this study that these fusion tags would increase 

accumulation levels (Patel et al., 2007; Conley et al., 2009; Joensuu et al., 2010). These results 

were expected as ELP and HFBI tags promote the formation and distribution of protein bodies 

(PBs) which are thought to protect recombinant protein from hydrolysis and protease cleavage 

(Conley et al., 2011; Saberianfar et al., 2015).   

However, probing with a Gp9-specific antibody gave contrasting results. When the Gp9-specific 

antibody was used for immunodetection, unfused ER-targeted Gp9 displayed about 50% more 

accumulation than the ELP and HFBI fusions. This result was unexpected, and suggests that Gp9 

is stable in N. benthamiana and the additional ELP or HFBI tags do not increase protein stability 

further.  Indeed, ELP tags have negligible effects on already high accumulating proteins such as 

GFP (Conley et al., 2009).  It appears that the addition of an ELP or HFBI tag actually decreases 

Gp9 accumulation when targeted for retrieval to the ER of N. benthamiana and this should be 

investigated in future studies. These results also imply that the c-Myc tag is partially cleaved or 
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inaccessible causing us to underestimate Gp9 accumulation levels when detecting with an anti-c-

Myc tag antibody. It is possible that the ELP and HFBI tags protect the c-Myc tag from cleavage, 

possibly through protein body formation, and therefore the fusion constructs were able to be 

detected with the c-Myc antibody. However, when probing with the Gp9 antibody the ER and 

chloroplast constructs produce a slightly higher banding pattern than expected if the cMyc is 

indeed cleaved off (Figure 3.2; Figure 3.1C). It can be postulated then that these proteins may 

fold into a conformation that makes the c-Myc inaccessible. Regardless, as many recombinant 

proteins are designed to have tags for easy detection, these results are a cautionary note on the 

limits of short tags, and that perhaps both N- and C-terminal tags might be used to improve 

chances of accurate quantitation, while protein-specific antibodies are most probably the best 

option if available. Our constructs also contain an N-terminal Xpress tag (Figure 3.1), however 

commercially available antibodies have not detected any recombinant protein in crude extracts. 

(unpublished).  

Gp9 also accumulated in the chloroplasts, but to a lower level than when targeted to the secretory 

pathway. Generally, chloroplast targeting is a promising strategy for increasing recombinant 

protein accumulation (Hyunjong et al., 2005). Nevertheless, some proteins do not accumulate 

well when targeted to these organelles. For example, one study described lower accumulation 

levels of zeolin, a chimeric storage protein, when targeted to the chloroplasts compared to the 

ER. A visualized degradation pattern of zeolin provided evidence for protein degradation in the 

chloroplasts (Bellucci et al., 2007). On the other hand, Oey et al. were able to express a phage 

lysin protein in tobacco chloroplasts with accumulation levels reaching 70% of TSP (Oey et al., 

2009). This protein was produced by transforming the plastid genome and the gene was codon 

optimized for plastid expression. The phage lytic protein was shown to be extremely stable in the 
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plastids, which is understandable as phages have evolved substantial resistance to bacterial 

proteases. By analogy, the Gp9 should be stable in the plastids, and therefore it is possible that 

the protein is unable to efficiently translocate into the chloroplasts. Therefore, future work could 

focus on transforming the plastid genome of N. tabacum for high level, stable expression of Gp9 

without having to rely on chloroplast protein import.  

Like the full length Gp9, shortened versions lacking the amino acid N-terminus domain maintain 

the stability and enzymatic activity of the full length parent proteins (Miller et al., 1998). To the 

best of our knowledge, this is the first study to transiently express this truncated protein in plants.  

Previously, truncated tailspikes have been expressed in E. coli, isolated and shown to reduce  

Salmonella colonization in the chicken GI tract.  It is believed that the tailspikes bind to 

Salmonella and retard its motility and binding capability (Waseh et al., 2010). Consequently, 

plant-produced Gp9 has the potential to serve as a prophylactic to control Salmonella. These 

proteins can potentially be added to chicken or other livestock feed, reducing contamination and 

reducing infections in humans. While the plant produced Gp9 did not yield statistically 

significant results in the chicken experiment, the results are indeed promising We were able to 

purify Gp9-ELP using a Myc column and were therefore able to show that Gp9-ELP exists as a 

trimer and remains active by binding to S. Typhimurium. However, it is still possible that the 

ELP tag could alter Gp9 conformation in vivo, influencing activity and future work could focus 

on non-fused Gp9. In vitro, ELPs have been reported to reduce protein activity compared to 

nonfused proteins (Shamji et al., 2007; Kaldis et al., 2013). It is possible that the physiological 

temperature of chickens could influence the solubility of Gp9-ELP. ELPs undergo a reversible 

phase transition from soluble to insoluble aggregates when heated past a certain transition 

temperature. However, this transition temperature can be manipulated by the altering the number 
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and/or the residue composition of the peptide repeats in order to adjust the solubility of Gp9ELP, 

thus allowing for better therapeutic efficacy at physiological temperatures (Hassouneh et al., 

2012). Furthermore, it is likely that the 1 log reduction in Salmonella colonization observed in 

this study compared to the 2 log reduction in the Waseh et al. (2010) study is due to the lower 

Gp9 dose administered to the birds (30 μg of purified His6-Gp9 versus 7.7 μg Gp9-ELP in 35 mg 

of lyophilized plant tissue per dose) as well as the fact that the Gp9-ELP protein is contained 

within plant cells and thus the chicken’s gut digestive enzymes need to digest through the plant 

cell wall in order to release the protein. In the previous study, it was shown that if the first dose 

was delivered at 18 hours instead of 1 hour post-infection, the benefits of the treatment were less. 

In our study, the protein would be released from the plant tissue sometime after the treatment is 

administered, so it is possible that this delay is partially responsible for the lower reduction in 

infection. Future studies will compare administration of higher levels of Gp9 protein and 

providing the feed throughout the experiment in order to more closely resemble the natural 

conditions in which this protein would be used.   

One of our goals in this study was to demonstrate that Gp9 could be directly administered while 

in minimally-processed plant tissue, without having to rely on taxing purification and 

formulation techniques.  It can be postulated that purified Gp9 may better reduce Salmonella 

colonization in chickens as previously reported (Waseh et al., 2010). However, there is a slight, 

albeit non-significant, reduction in S. Typhimurium CFUs when wild type plant tissue was 

administered alone. This suggests that some innate factor in the plant tissue slurry is influencing 

Salmonella colonization and that administering Gp9 while in unprocessed plant material serves 

as a functional advantage rather than a hindrance. While future work should mainly focus on 
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increasing Gp9 accumulation in N. benthamiana, this study serves as another successful example 

of engineering plant factories for the production of a functional therapeutic.  
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Chapter 4 

Characterization of the Escherichia coli typing phage 1 receptor binding protein Gp145 

and the capture of Salmonella Typhimurium and E. coli O157:H7 on paper using cellulose 

binding module tagged receptor binding proteins 
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4.1 Introduction 

Bacteriophages (phages), the viruses that infect bacteria, are the most abundant form of life on 

earth with up to an estimated 10
31

 phage particles (Suttle, 2005). These phages attach to their 

host bacterium through receptor binding proteins (RBPs) which recognize and attach to either a 

protein or a carbohydrate epitope on the surface of the bacterium (Simpson et al., 2015). In the 

family Caudoviridae these RBPs come in two forms, tailspikes and tail fibres, tailspikes are 

broader in their structure and often have an enzymatic activity which allows them to cleave their 

carbohydrate receptor. Tail fibres have a much narrower structure but can also recognize either 

proteins or carbohydrates (Simpson et al., 2016). In the past RBPs have been used to capture 

bacteria on surfaces (Singh et al., 2009) or on beads (Poshtiban et al., 2013), they have also been 

used as therapeutics in chickens to reduce Salmonella enterica serovar Typhimurium 

colonization in the cecum as well as stopping the spread of S. Typhimurium to the liver and the 

spleen (Waseh et al., 2010). Moreover, we have recently shown that this protein can be produced 

in plants while still retaining its activity (Miletic et al., 2016). We also have developed a new 

method to discover RBPs without the need for sequencing (Simpson et al., 2016). 

One of the best studied phages is P22, a member of the Podoviridae family of phages. P22 

recognizes its S. Typhimurium host by first binding to the lipopolysaccharide (LPS) and then 

injecting its 42 kb genome followed by entering into either the lytic or the lysogenic cycle. If P22 

enters the lytic cycle, it will take over the host cell and produce between 300-500 phage particles 

in approximately one hour (Calendar, 2006). Due to this ability of P22 to destroy the host cell, 

intact phages are not optimal for use in detection platforms. The trimeric RBP (Gp9) is the P22 

tailspike protein and 6 of these tailspike trimers are located at the tip of the phage tail. Each 

69kDa P22 Gp9 monomer binds to the repeating α-D-mannose-(1,4)-α-L-rhamnose-(1,3)-α-D-
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galactose O-antigen of the S. Typhimurium LPS, and also has endorhamnosidase activity 

resulting in cleavage of the polysaccharide to assist in phage binding to the bacterial cell surface 

(Gemski and Stocker, 1967; Iwashita and Kanegasaki, 1976; Steinbacher et al., 1996) at which 

point it injects its DNA which then takes over the host cell. In these studies, we use a modified 

version of the P22 RBP which has the first 106 amino acids, comprising the head binding 

domain, removed and a mutation, D392E, that removes the endorhamnosidase activity and 

increases the binding affinity.  

In an earlier study, we identified Gp145 as the RBP for the E. coli O157:H7 typing phage 1 

(ECTP1) (Simpson et al., 2016). Gp145 bears homology to the T4 tail fibre Gp37 (Simpson et 

al., 2016) which is a particularly well studied tail fibre that attaches to both the outer membrane 

porin protein C and LPS of E. coli K12. Both Gp145 and Gp37 have highly conserved histidines 

that in Gp37 coordinate iron ions (Bartual et al., 2010).  The T4 short tail fibre, Gp12, also has 

structural homology to Gp37 however it binds to LPS only and has a zinc ion coordinated by six 

histidines (Thomassen et al., 2003). All of these proteins have a homo-trimeric beta helical-like 

structure. 

Creating protein fusions is an excellent way to give proteins new applications.  The carbohydrate 

binding domain, also known as the cellulose binding module, CBM9, is a protein tag that binds 

to β-D -Glcp-(1-4)-β-D -Glcp and is isolated from the C-terminus of xylanase 10A from 

Thermotoga maritima (Notenboom et al., 2001). This module is commonly used as a tag that 

allows proteins to bind to paper (Hong et al., 2008; Oliveira et al., 2015). Increasingly the CBM 

tag is getting attention as a useful fusion peptide to immobilize proteins to an affordable 

substrate.  A cellulose binding module has been used in the past to attach phage proteins such as 

T4 lysozyme to paper, creating an antimicrobial wound dressing (Abouhmad et al., 2016). The 
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tag is also used because of cellulose’s low non-specific binding which allows for more selective 

purification of recombinant proteins (Terpe, 2003). 

This study focuses on two common pathogens, S. Typhimurium and E. coli O157:H7. S. 

Typhimurium is a common foodborne pathogen; this Gram-negative non-spore forming gamma 

proteobacterium belongs to the Enterobactericae family along with E. coli. A commensal in 

avian species, S. Typhimurium is commonly found in chicken meat as a contaminant from the 

butchering process (Revolledo et al., 2006; Chambers and Gong, 2011). Estimates place non-

typhoidal Salmonella as the annual cause of one million foodborne illnesses in the United States, 

with 19,000 hospitalizations and 380 deaths (Painter et al., 2013). In Canada, Salmonella has 

been connected with half of produce related bacterial foodborne outbreaks (Kozak et al., 2013). 

This is likely due to its ability to contaminate produce by internalizing in plant tissues, entering 

either through natural openings like stomata, through damaged tissues or they being brought into 

the tissues along with contaminated water (Deering et al., 2012).  

Enterohemorragic E. coli (EHEC) is a serious human gut pathogen which causes hemorrhagic 

colitis and hemolytic uremic syndrome in humans.  EHEC halts protein synthesis in the target 

cell using two different AB5 toxins known as Shiga toxins (Saxena et al., 1989). E. coli 

O157:H7 is believed to cause 63,000 foodborne illnesses in the United States, 2,100 

hospitalizations and 20 deaths every year (Painter et al., 2013). Cattle are asymptomatic carriers 

and are a common source of E. coli O157:H7 as their guts lack the receptor for the shiga toxin 

(Lim et al., 2010). E. coli O157:H7 is commonly transmitted to humans through produce, and is 

able to invade into plant tissues using the same mechanisms as S. Typhimurium (Deering et al., 

2012).  
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This study further characterizes the newly identified E. coli O157:H7 RBP, Gp145, revealing 

that it binds to the O antigen of the LPS and that it is also capable of binding to S. Typhimurium. 

We created a fusion protein with Gp145 and with the P22, Gp9 to CBM9 which we then used to 

capture E. coli O157:H7 or S. Typhimurium, respectively, on paper from different suspensions.  

4.2 Materials and methods 

4.2.1 Bacterial strains and protein constructs 

The His-Gp9 construct was acquired from Waseh et al. (Waseh et al., 2010). His-CBM-Gp9 was 

synthesized by Bio Basic Lot UA64, it was cloned into the pET30a vector. 

The His-Gp145 construct was created using Vent polymerase, the forward primer 5’-

GCTGGTGGTACCATGGCAGTAGGTGAAATTCAAATTAGTGCC-3’ and the reverse 

primer 5’-GGCGCTAAGCTTTTAAGCTGTTCTCTGCCACACATACACTACAAAAG-3’ to 

clone the gene out of the plasmid containing the gene from the library from Simpson et al 2016 

(Simpson et al., 2016). The gene was ligated using T4 DNA ligase (Thermo Scientific) into the 

pET30a vector at the KpnI and HindII restriction sites of the vector. 

His-CBM-Gp145 was created by cloning out the CBM module from His-CBM-Gp9 using the 

forward primer 5’-TCTATAGATCTAATGGTGGCGACCGCGAAATATGGC-3’ and the 

reverse primer 5’-AATTAAGGTACCGGATCCTCCTCCTCCGG-3’ and then ligated into the 

construct using the BglI and KpnI restriction sites. 

E. coli O157:H7 C-8299-83, O157:H7 A8188-B3 and ECTP1 were acquired from the Félix 

d’Herelle Reference Center. E. coli O157:H7 C-8299-83 is the propagating strain for ECTP1 and 

was used for propagation, plaque assays, far Westerns and ELISAs, however we were unable to 

create a Green Flourescent Protein (GFP) producing version of this bacterium so E. coli 
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O157:H7 A8188-B3 was used instead for the capture of E. coli on paper, ECTP1 infect both 

strains.  S. Typhimurium ATCC 19585 was originally acquired from the American Type Culture 

Collection. Both E. coli O157:H7 C-8299-83 and S. Typhimurium were transformed with 

pWM1007 (Miller et al., 2000) through electroporation in order to make these bacteria 

fluorescent. 

4.2.2 Protein expression and purification 

His-Gp9 and His-Gp145 were transformed into chemically competent E. coli BL21(DE3) and 

grown at 37°C to an OD600 of 0.5 and then induced with 0.1 mM IPTG for 3 hours. The cultures 

were centrifuged, resuspended in IMAC A (30mM imidazole, 1M NaCl in 1x Phosphate 

Buffered Saline (PBS) pH 7.4) with Complete Tablets (Roche) and lysed with a French press at 

14000psi. The protein was purified out of the lysate using a Ni-NTA (Qiagen) column, the buffer 

IMAC A was used for washing and IMAC B (same as IMAC A except with 500 mM imidazole) 

was used to elute the protein. The proteins were then cleaned on a PD-10 desalting column (GE 

Healthcare Life Sciences) according to manufacturer’s instructions. Both CBM-Gp9 and CBM-

Gp145 were expressed and purified the same way as unfused proteins above except the induction 

period was 2 hours instead of 3. 

4.2.3 Protein stability assay 

In order to test the stability and protease resistance of Gp145, 5µg of the protein was boiled for 

10 minutes in the presence of 1% sodium dodecyl sulfate (SDS) and 0.8% β-mercaptoethanol 

(BME) or left unboiled in the same buffer. Gp145 was also incubated with 1 µg of trypsin, 

chymotrypsin or proteinase K for 1 hour at 37°C in 100 mM Tris, 10mM CaCl2 at a pH of 8 in 

order to determine its level of protease resistance. BSA was treated with the same conditions as a 

control. 
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4.2.4 ELISA  

The ELISAs were performed using Corning Costar 96 well assay plates. Bacteria were 

resuspended in PBS at an OD600 of 0.5, 100 µL was incubated overnight in each well at 4°C, the 

wells were blocked with 200 µL of 5% skim milk in PBST, the wells were probed with 100 ng of 

the Gp145 and then with a 1:1000 dilution of His-probe-(H3)-HRP form Santa Cruz 

Biotechnology. The ELISA was developed using TMB (Cell Signaling Technologies) and 

stopped with 2 M H2SO4. The wells were then measured at 450 nm. 

4.2.5 Plaque assay 

Fifty µL of an overnight culture of S. Typhimurium or E. coli O157:H7 was added to 5 mL of 

0.6% LB molten agar (55°C) and then poured on 1.5% LB agar plates. Once the agar was 

solidified, 10 µL of either P22 or ECTP1 at 10
8
 pfu/mL was spotted on the plate, these spots 

were allowed to dry and the plates were incubated at 37°C overnight. 

4.2.6 Far Western 

Overnight cultures of bacteria were resuspended in PBS at an OD600 of 0.5. These samples were 

boiled in SDS loading buffer with β-mercaptoethanol for 10 minutes and either treated with 

proteinase K (Thermo Scientific) overnight at 55°C or frozen. The samples were separated on a 

12% SDS-PAGE and run at 150 V for 80 minutes. The gel was transferred to a PVDF 

membrane, which was then blocked in 5% skim milk in PBST, follow by incubation in 100 

ng/mL of His-Gp145 in 5% skim milk followed by a 1:1000 dilution of His-probe-(H3)-HRP in 

skim milk. The membrane was developed using Western Lightning Plus-ECL (PerkinElmer) and 

photographed using a ChemiDoc MP (BioRad). 

Silver staining was done using the Tsai-Frasch method (Tsai and Frasch, 1982). 
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4.2.7 Capturing bacteria on paper  

Hole punch sized pieces of blotting paper 703 (VWR) were incubated with 20 µg of CBM-Gp9, 

CBM-Gp145, Gp9, Gp145 or no protein at all, in 50 µL of PBS for 30 min, the papers were then 

washed 3x with PBS and blocked for 1 hour with 10% BSA, washed 3x with PBS and then 

incubated for 30 min with 100 cfu of GFP expressing S. Typhimurium for the Gp9 constructs, or 

100 cfu of GFP expressing E. coli O157:H7 for the Gp145 constructs. Afterwards, the papers 

were washed 3x in PBS and placed on LB-Kn agar plates overnight at 37°C. After overnight 

growth, the membranes were imaged with a FujiFilm FLA-5000 system using the 473 nm laser 

at 400 V for excitation and LPB (Y510) filter for emission. 

This same experiment was repeated using chicken cecal contents diluted in PBS at a 1:1 

ratiowith a GFP expressing S. Typhimurium at a concentration of 10
6
 cfu/ml.  

GFP expressing S. Typhimurium was added to 50 mL of buffered peptone water at a 

concentration of 10
8
, 10

6
, 10

4
 or 10

2
 cfu/mL and incubated with a commercially purchased 

chicken breast for 1 hour at room temperature. The washings from the chicken breast were 

incubated with CBM-Gp9 attached to blotting paper as above. 

4.3 Results 

4.3.1 Gp145 is SDS and protease resistant.   

Gp145 was able to retain its Oligomeric state in the presence of SDS, only after boiling for 10 

minutes did it begin unfold into its monomeric form. Moreover, when treated with trypsin or 

chymotrypsin, the protein was only partially degraded. Even in the presence of proteinase K, 

Gp145 showed resistance to degradation. BSA however, showed no difference between the 
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boiled and unboiled samples, but the protease treated samples were completely degraded (Figure 

4.1). 

 

 

Figure 4.1 SDS-PAGE gel of protein degradation. Five ug of purified His-Gp145 or BSA was 

either boiled for 10 minutes, left unboiled in SDS loading dye with BME or treated with 1 µg of 

trypsin, chymotrypsin or proteinase K for 1 hour at 37°C. The MW of His-Gp145 is 45 kDa and 

the MW of BSA is 69 kDa. 

4.3.2 Gp145 binds to E. coli O157:H7 and S. Typhimurium but not to APEC or DH5a.  

An ELISA was performed testing whether Gp145 could bind to S. Typhimurium, E. coli 

O157:H7, avian pathogenic E. coli (APEC) O78 or E. coli DH5α. It was discovered that Gp145 
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could bind to both E. coli O157:H7 and S. Typhimurium. Gp145 was also able to bind to 

proteinase K treated E. coli O157:H7 but not to proteinase K treated S. Typhimurium. The 

protein was unable to bind to either APEC O78 or to E. coli DH5α regardless of whether or not 

the cells were treated with proteinase K (Figure 4.2 A). Plaque assays performed using the whole 

phage showed that ECTP1 cannot lyse S. Typhimurium despite the fact that Gp145 can bind to it 

(Figure 4.2 B). 
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Figure 4.2 (A) An ELISA of the binding range of Gp145. Absorbance at 450nm of ELISA 

probed with His-Gp145 and α-His-HRP and developed with TMB and H2SO4.  Wells were 

coated with S. Typhimurium, E. coil O157:H7, E. coli DH5α or APEC either untreated or treated 

with proteinase K (pk). Error bars indicate standard error, n=3. (B) Plaque assay of P22 and 

ECTP1 on E. coli O157:H7 and S. Typhimurium. P22 forms plaques on S. Typhimurium, but 

not on E. coli O157:H7. Likewise, ECTP1 forms plaques on E. coli O157:H7, but not on S. 

Typhimurium.  

4.3.3 Gp145 binds to LPS in E. coli O157:H7 but not in S. Typhimurium.  

In order to characterize the receptor of Gp145, whole cell lysates of S. Typhimurium, E. coli 

O157:H7, E. coli DH5α and APEC were run on a 12% SDS-PAGE gel and transferred to a 

PVDF membrane. A far Western was performed using His-Gp145 and α-His-HRP antibodies. A 

signal was visible around the 15 kDa marker which is where the LPS inner core is likely migrate, 

this signal was also found in the proteinase treated E. coli O157:H7 lane indicating that the 

receptor in E. coli O157:H7 is not a protein. No signal was visible at any molecular weight in 

either of the S. Typhimurium lanes.  As expected, there was also no visible signal in any of the E. 

coli DH5α or APEC lanes (Figure 4.3). 
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Figure 4.3 Far Western and coomassie stained membrane showing Gp145 binding. Left, 

far-Western of whole cell lysates using His-Gp145 and α-His-HRP as probes, pk denotes 

proteinase k treatement of the sample. Middle, coomassie stain of the same membrane showing 

complete degradation of all the proteins in the proteinase k treated samples. Right, silver stain of 

proteinase k treated samples. 

4.3.4 CBM-Gp9 and CBM-Gp145 form SDS resistant species.  

Like their parent proteins CBM-Gp9 and CBM-Gp145 form multimeric structures that are 

resistant to SDS but become monomers by boiling in SDS (Figure 4.3). Both proteins appear 

slightly above their predicted size, 82 kDa for CBM-Gp9 and 64 kDa for CBM-Gp145.  
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Figure 4.4 SDS resistance of CBM constructs. CBM-Gp9 (left) and CBM-Gp145 (right) were 

run on a SDS-PAGE gel either with or without boiling in SDS. Both unboiled samples appear at 

a much larger molecular weight than the boiled samples. 

4.3.5 CBM-Gp9 captures S. Typhimurium and CBM-Gp145 captures E. coli O157:H7 on 

paper.  

The CBM-Gp9 constructs bound to blotting paper and were able to capture S. Typhimurium 

from PBS, diluted cecal contents and from buffered peptone water that had washed chicken 

breasts (chicken juices). The discs were able to capture S. Typhimurium from PBS with bacterial 

concentrations as low as 100 cfu out of 100 µL. Moreover, the paper was able to capture S. 

Typhimurium from cecal contents where the bacteria were at a concentration of 10
6
 cfu/mL 

(Figure 4.5 A). The protein bound to paper was also able to capture S. Typhimurium from 

chicken juices at concentrations as low as 100 cfu/ml (Figure 4.5 B). The CBM-Gp145 protein 

was also able to capture its target bacterium, E. coli O157:H7 at a concentration of 100 cfu in 

100 µl in PBS (Figure 4.5 C). 
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Figure 4.5 (A) S. Typhimurium captured from PBS and ceca. CBM-Gp9 was able to capture 

S. Typhimurium from PBS (10
3
 cfu/ml) and diluted ceca (10

6
 cfu/ml) better than Gp9 alone or 

paper alone. (B) S. Typhimurium captured from chicken washes. CBM-Gp9 capture of S. 

Typhimurium from water that had been used to wash raw chicken at bacterial concentrations of 

10
2
, 10

4
, 10

6
 and 10

8
 cfu/ml, and from buffered water that had not been incubated with chicken 

breasts.. (C) CBM-Gp145 captures E. coli O157:H7 from PBS. The CBM-Gp145, Gp145 and 

blocked paper capture of E. coli O157:H7 at a concentration of 10
3
 cfu/ml on paper. 

4.4 Discussion 
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Bacteriophage RBPs bind strongly and specifically to their host bacterium and these properties 

give them tremendous potential as diagnostic tools (Singh et al., 2012; Simpson et al., 2015). In 

this study, we further characterized the newly discovered RBP Gp145, a tail fibre from an E. coli 

O157:H7 infecting Myoviridae. The ability of this RBP to bind selectively to both E. coli 

O157:H7 and S. Typhimurium while not binding to DH5α or APEC O78 makes it a useful tool in 

detecting these human pathogens and shows that the protein has great potential for use as part of 

an alone or as part of a suite of species specific RBPs.  

Gp145 retains its monomeric form in the presence of SDS demonstrating the incredible stability 

of this protein which is consistent with what is seen with other already characterized RBPs 

(Goldenberg et al., 1982). Moreover, the resistance of this protein to trypsin, chymotrypsin and 

even proteinase K shows the considerable hardiness of this protein. While tail fibres are less 

studied than tailspikes, it is known that some tail fibres have protease resistance domains, T4’s 

Gp12 possess trypsin and chymotrypsin resistant domains (van Raaij et al., 2001; van Raaij et 

al., 2001) as does Gp37 (Bartual et al., 2010) these domains are often used in crystallization 

experiments.  

Gp145 is able to bind to proteinase k treated E. coli O157:H7 both in an ELISA and in a far 

Western, this indicates that its receptor is not a protein. Since, LPS is a dominant epitope on the 

surface of E. coli, is not susceptible to proteases, and often migrates close to the 10-15 kDa 

marker on an SDS-PAGE gel, it is likely the receptor of Gp145 is LPS. However, the far 

Western also does not show signs of laddering that is common with LPS due to the varying 

number of repeats of the O-antigen, perhaps indicating that Gp145 binds preferentially to the 

LPS core or to a single repeat of the O-antigen. While Gp145 is able to capture S. Typhimurium, 

it does not bind to any structures in either of the S. Typhimurium lanes in the far Western. It may 
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be that Gp145 binds to a three-dimensional epitope that is denatured by SDS-PAGE and Western 

transfer. Interestingly, ECTP1 does not infect S. Typhimurium despite binding to it, it may be 

that S. Typhimurium does not have the necessary primary/secondary receptor or it may have 

some other means of phage defense such as a restriction modification system or a CRISPR 

system (Fabre et al., 2012) that prevent infection. These results are consistent with T4’s Gp37 

which binds to LPS and a protein, OmpC, of E. coli K12. Gp145 appears to have two receptors, 

one is the LPS of E. coli O157:H7 and the other is likely a protein found on the outer membrane 

of S. Typhimurium. In the ELISA, Gp145 showed greater binding to the whole cells of E. coli 

O157:H7 compared to the proteinase K treated cells, this may be due to Gp145 binding to both 

the LPS as well as to an unidentified protein on the whole cells of E. coli O157:H7, this protein 

may be more abundant in S. Typhimurium resulting in higher binding to that bacterium. It may 

also be simply that the whole cells bound better to the bottom of the ELISA wells when 

compared to the proteinase K treated lysate resulting in more receptors being available for 

Gp145 to bind. 

Both CBM-Gp9 and CBM-Gp145 were expressed and active, although both protein preparations 

have an unknown band at 35 kDa. This contaminant may be a degradation product of the CBM 

fusion however the CBM portion of the peptide is 22 kDa and Gp9 and Gp145 are 60 kDa and 

41 kDa respectively so any degradation would have to occur within the RBPs, which are both 

extremely stable. In the future it may be best to create constructs with C-terminal His fusions, 

this was not done in these experiments because fusion tags on the C-terminus of Gp9 have 

interfered with binding in our experience, however we did see some activity with a C-terminal 

elastin-like polypeptide fusion in chapter 3, using a different expression system may also reduce 
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the problem. In the future all CBM fusions should be purified on a size exclusion column to 

remove any contaminants.  

CBM-Gp9 and CBM-Gp145 were able to capture S. Typhimurium and E. coli O157:H7 

respectively on paper. CBM-Gp9 was also effective is complex solutions such as chicken cecal 

contents and chicken breast washes that are more representative of actual samples that could be 

tested for this pathogen. Thus, these fusions proteins are a promising technology for the 

inexpensive detection of pathogens in produce. Future studies could attempt to enrich bacteria 

such as E. coli O157:H7 out of water by attaching the CBM fusions to a filter. Now that we have 

the capability to identify RBPs from different phages and fuse them to cellulose binding domains 

to anchor these proteins to paper, the possibilities for RBP exploitation are indeed exciting. 
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Chapter 5 

Conclusions and future directions 
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5.1 The importance of research 

Over the last decade, phage research has exhibited a resurged interest, especially in the area of 

phage therapy. One alternative to using the whole phage is to use select phage proteins in order 

to isolate specific features of a phage without having to deal with a whole organism, which may 

include unwanted features such as bacterial lysis invoking resistance development or transfer of 

pathogenicity genes.  Receptor binding proteins (RBPs) are some of the most biotechnologically 

relevant phage proteins, as they have evolved and continue to evolve to specifically and 

effectively bind their bacterial hosts. This constant evolutionary arms race dynamic between 

phages and bacteria over time leads to a strong selection for variant RBPs resulting in a 

considerable diversity of binding targets, making them attractive in commercial exploitation and 

important for understanding the lifecycle of any phage (Ferris et al., 2007). Utilizing phage 

RBPs as surrogate antibodies opens up a great amount of potential for improvement of existing 

diagnostic technologies as well as the development of new ones. The advantages of using RBPs 

include their greater stability and their superior ability to bind to carbohydrate receptors. 

Immobilizing RBPs on chips for use in surface plasmon resonance spectroscopy analysis of 

binding interactions (Naidoo et al., 2012) and to magnetic microbeads, we have further 

demonstrated the utility of phage RBPs (Singh et al., 2011).  

RBPs also have therapeutic applications, for instance, S. Typhimurium colonization of the 

chicken ceca, as well as the bacterial spread to the liver and spleen can be reduced by oral 

administration of recombinant P22 RBP (Waseh et al., 2010). Like most RBPs discovered so far, 

the phage P22 RBP is resistant to chicken cecal proteases, moreover, it agglutinates S. 

Typhimurium cells and reduces their motility in vitro (Waseh et al., 2010). The protein shows 

similar agglutination levels as antibodies recognizing the S. Typhimurium LPS (Sigurskjold et 
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al., 1991; Cygler et al., 1991; Waseh et al., 2010), but is capable of binding to a wider range of 

S. Typhimurium serotypes.  

However, the fact remains that phage RBPs and the bacterial receptors they recognize need to be 

well characterized and carefully chosen in order to ensure the success of any technology. 

Therefore, it is important to be able to rapidly identify and characterize RBPs. It is also necessary 

to be able to develop inexpensive methods to produce and deliver these therapeutics. Finally, 

affordable diagnostic platforms need to be created to be able to utilize these proteins as an 

affordable diagnostic. This thesis has attempted to achieve several of these goals through the 

development of an RBP discovery assay, the expression of RBPs in plants and the fusion of 

RBPs to the Cellulose Binding module (CBM9) tag allowing for the creation of an inexpensive 

diagnostic technology.  

5.2 Main conclusions  

Chapter 2 describes a method for the discovery of RBPs from phages that is independent of 

sequencing and bioinformatic tools. In this method, the phage DNA is extracted, fragmented, 

ligated into an expression vector, transformed into E. coli and then transferred to a nitrocellulose 

membrane where recombinant proteins are overexpressed. The membrane is then probed for 

binding to the phage host bacterium.  

Contrary to what was expected, the inserts appear to be using the vector promoter rather than the 

native phage promoter. However, protein expression most likely involves the native start codon 

of the individual genes, as opposed to that of the vector, since the inserts were found to be 

translated in different frames.  
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This assay allows for the discovery of truly novel and unrelated RBPs since the assay is based 

solely on the ability to bind to a host bacterium, thus it represents an improvement over previous 

homology or synteny based methods. A comparable assay has been published for the discovery 

of phage lysins from both isolated phages and from metagenomic samples (Schmitz et al., 2008). 

With this in mind, it seems likely that DNA from an environmental sample could be used to 

discover RBPs that originate from phages that cannot be propagated under laboratory conditions, 

which would help elucidate the characteristics of these phages. However, this assay is currently 

limited to phage of culturable bacteria and requires any chaperone to be in close proximity to the 

RBP in the phage genome. This method could be combined with other detection methods, such 

as antibodies or through the biotinylation of the bacteria, to detect bound organisms to the 

nitrocellulose membranes, circumventing the need to culture the target organism.  

This assay should be applicable for a phage that does not infect Enterobactericae since a wealth 

of proteins from other species have been expressed in E. coli including RBPs from Gram-

positive bacteria (Arutyunov et al., 2014) (Smith et al., 2005). Therefore, it is likely that this 

assay will be amenable to RBP discovery from phages targeting other species. We did attempt to 

repeat this assay using the Campylobacter jejuni phage NCTC 12673, however while the assay 

worked very well when using known RBP Gp047 constructs we had difficulty creating libraries 

with the phage DNA and the libraries that we did create did not discover any RBPs including 

Gp047 which we knew to be in the genome. It is possible that E. coli was unable to use the phage 

promoters in this case reducing the likelihood of a RBP being expressed in a random library. 

Chapter 3 shows that the P22 RBP can be transiently expressed in N. benthamiana at reasonable 

levels and is able to bind to S. Typhimurium. Interestingly, we discovered that Gp9 without 

either the Elastin Like Polypeptide (ELP) or Hydrophobin I (HFBI) tags accumulated at a higher 
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concentration than either ELP or HFBI tagged Gp9, it may be that the presence of a tag on the C-

terminus interferes with the folding of the protein, since the formation of the β-helical structure 

at the C-terminal region is critical for the correct folding of the protein (Weigele et al., 2005). It 

also seems likely that the c-Myc tag was degraded in the construct without the ELP or HFBI tags 

resulting in different amounts detected depending on whether the α-c-Myc or the α-Gp9 

antibodies were used. This study was the first time a phage RBP was expressed in plants. 

The plant extract was able to slightly reduce the colonization of S. Typhimurium in chickens 

when the protocol from Waseh et al. was used (Waseh et al., 2010), however we were unable to 

achieve as high a concentration of Gp9 in the plant extract as used in the previous study and so 

the reduction in colonization was also less and did not reach statistical significance. Another 

potential cause of the reduced effect we see may be the fact that the tailspikes are contained 

within the tissues of the plant delaying their release into the gut of the chicken, allowing the S. 

Typhimurium an opportunity to colonize the intestines before encountering the RBPs, in the 

previous study a delay in the administration of Gp9 greatly reduced the effect of the treatment 

and this may be what is occurring here. We were also unable to purify enough protein from the 

plants to use in the experiment but this would be an excellent future experiment to further this 

study. While these experiments were done with infiltrated leaves creating a line of Gp9 

expressing N. benthamiana would give enough plant matter to purify any desired amount of 

protein. 

Chapter 4 builds upon the previous work in chapter 2 by further characterizing the newly 

discovered RBP Gp145, a tail fibre from an E. coli O157:H7 infecting Myoviridae. Gp145 was 

able to bind to both E. coli O157:H7 and S. Typhimurium while not binding to E. coli DH5α or 

avian pathogenic E. coli O78, making it a useful tool in detecting the human pathogens. Gp145 
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was shown to be very stable in the presence of SDS, requiring boiling to dissociate it down to its 

monomeric form, similar to other known RBPs (Goldenberg et al., 1982). The protein was also 

resistant to trypsin, chymotrypsin, and proteinase K, this protease resistance is consistent with 

previous studies of tail fibres (Mark J. van Raaij et al., 2001; Mark J van Raaij et al., 2001; 

Bartual et al., 2010). 

Based on Gp145’s ability to bind to proteinase K treated E. coli O157:H7, it is most likely that 

the phage recognizes the LPS of that organism, however, in S. Typhimurium there is no binding 

by Gp145 to the proteinase-treated samples only to whole cells suggesting that Gp145 recognizes 

a three-dimensional protein structure on S. Typhimurium and possibly on E. coli O157:H7 as 

well. Interestingly Gp145’s binding range is different than the whole phage’s host range since 

ECTP1 does not infect S. Typhimurium. Screening the binding of Gp145 against an E. coli 

O157:H7 LPS mutant library could help to discover the carbohydrate residues that are 

recognized by Gp145, initially Gp145 was screened against a S. Typhimurium LPS mutant 

library but the results were inconclusive. A pull down could be used to discover the receptor in S. 

Typhimurium, this was done with E. coli O157:H7 but no obvious candidates for binding were 

discovered. If the receptor on S. Typhimurium were discovered, a mutant in E. coli O157:H7 

could be made to determine if that had any effect on binding. Once both receptors were found, 

the affinity of Gp145 for those receptors could be measured using surface plasmon resonance. 

Both of the CBM9 RBP fusions were able to capture their target bacterium on paper and CBM-

Gp9 was able to capture S. Typhimurium from chicken ceca and from washes of raw chicken. 

Further optimization of expression of both of these constructs is advisable for future work with 

these constructs. One method that has worked well with the mycobacterial binding RBP Gp10, is 
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to reduce the incubation temperature during expression, expressing the protein at 30°C or room 

temperature may yield better results. 

The bands that appear at around 35 kDa could be sent for identification through mass 

spectrometry to discover the point of breakage and the construct could be modified to alter the 

site of degradation.  

5.3 Future directions 

5.3.1 Engineering protease sensitive receptor binding proteins to become resistant to host 

proteases  

While phage RBPs are often stable in the environment in which the phage is naturally found, 

RBPs when expressed in isolation, may have reduced stability. Directed evolution has been used 

in the past to create robust enzymes for industrial applications (Turner, 2009); these same 

techniques could be used to make RBPs more stable under many desired conditions.  Directed 

evolution could be used to create mutant RBPs which would then be screened under conditions 

of stress that would be encountered in the target environment. The NCTC 12673 phage protein 

Gp047 which binds to the flagella of C. jejuni would work well in a proof-of-principle study. 

This protein has been shown to be able to bind to the majority of C. jejuni and C. coli species 

(Javed et al., 2013) making it useful for the detection of these pathogens, however, it is 

susceptible to degradation by trypsin and is unstable when fed to chickens (unpublished results). 

Directed evolution would be used to create a library of mutant versions of gp047 in E. coli, lift 

these colonies onto a membrane, induce expression of the mutant genes, lyse the cells and then 

incubate them with a diluted solution of chicken gut proteases (unable to digest the flagellar 

receptor). After several washing steps with protease inhibitors, the membranes would be 
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incubated with C. jejuni cells in order to determine which inserts encode proteins that are 

resistant to the proteases, since only Gp047 derivatives able to withstand the protease treatment 

would be able to bind to the bacterium. Candidate genes would then be used as the starting 

material to repeat the process using more concentrated protease solutions. DNA shuffling is an 

excellent technique to evolve the protein and is one of the most common techniques currently 

used for directed evolution (Stemmer, 1994; Crameri et al., 1998). This method could be used to 

create the library of mutant gp047genes, since this gene has a number of homologues in Genbank 

which can be used to shuffle the DNA with (Figure 5.1).  DNA shuffling creates a mutant library 

by creating short random fragments of several homologues of the gene of interest and then 

subjecting them to a partial PCR reaction to create mosaics of the target genes. These gene 

variants can then be ligated into a vector and expressed in E. coli. Once refined, this technique 

could be used to make RBPs resistant to other types of stresses that tend to denature proteins 

such as heat, pH, oxidation or heavy metals, providing a way to customize proteins for 

functionality under any given medically and/or industrially relevant condition. 

 

Figure 5.1 Schematic representation of campylobacter phage sequences with homology to 

NCTC 12673 Gp047. Homologues from phages NCTC 12678, NCTC 12669 and F336 were 

amplified and sequenced using primers specific for conserved regions of Gp047. Homology to 
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CPX, CP21, CP81, CP220, CPt10 and vB_CcoM-IBB was discovered using BLAST (Javed et 

al., 2013). 

5.3.2 Engineer receptor binding proteins to recognize desired receptors 

Bacteriophages have been shown to be able to naturally change RBP binding specificity to infect 

new hosts or to continue to infect hosts that have lost the previous phage receptor (ie developed a 

mechanism for resistance) (Meyer et al., 2012).The RBP of the E. coli phage Ox2 was shown to 

be able to change from protein to carbohydrate receptor specificity by changing as little as one 

amino acid (Drexler et al., 1991). Also, it was shown that a single amino acid change in the RBP 

from E. coli phage HK620 increased its cell-binding affinity 1000-fold (Broeker et al., 2013). 

One Bordetella phage, BPP-1, is known to use an error-prone reverse transcriptase to alter the 

nucleotide code of a hypervariable region of its RBP gene to expand its host range and to 

counter-evolve against changes in its host receptor (Liu et al., 2002). Bacteriophage have also 

been found to use multiple RBPs as a way to increase their host range (Schwarzer et al., 2012).  

Using a directed evolution approach to create a diverse RBP library and combining this 

technique with T7 phage display could emulate the process already found in nature to create 

RBPs that bind to a desired epitope. A similar technique has been developed to create custom-

binding antibodies, however, the use of this technique with RBPs is more promising because 

RBPs are more robust than antibodies and whole phage particles which are susceptible to 

environmental factors such as desiccation.  

Magnetic beads could be tagged with a desired polysaccharide or protein receptor and mixed 

with a library of mutant RBP-presenting T7 phages. The beads could then be washed and the 

phages would be eluted off and plated onto a lawn of E. coli to find phages that were able to bind 

to the receptor that was conjugated to the bead. This method has the benefits of being able to find 
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RBPs that bind to a target sugar or protein and also to select for high-affinity binding events if 

more stringent washing conditions are used to elute off low-affinity binding proteins. Also, just 

as with the protease-resistance assay, this assay allows for selection of RBPs that will bind in the 

environment in which they are to be used.  

5.4 Final remarks 

Bacteriophage RBPs are a promising technology with applications in both therapeutics and 

diagnostics. The discoveries made and technologies developed in this thesis expand on the 

knowledge of the useful proteins and open up new areas for their application and further 

discovery.  
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