
 
 

 

 

Antimicrobial proteins for human 

health 

 

 

Nahom Ahferom Berhane 

 

Thesis submitted to the 

Faculty of Graduate and Postdoctoral Studies 

in partial fulfillment of the requirement for 

the MSc degree in 

Cellular and Molecular medicine 

 

 

Department of Cellular and Molecular Medicine 

Faculty of Medicine 

University of Ottawa 

 

 

 

 

© Nahom Ahferom Berhane, Ottawa, Canada, 2018



ii 
 

Authorization 
 

 

 

 

 

 

 

 

 

 

 



iii 
 

Abstract 
 

Bacteria are one of the largest causes of human disease, with millions of deaths every year 

attributed to bacterial infections, and they have become more difficult to tackle with the 

widespread emergence of antibiotic resistance. In this thesis, I describe my studies that pursued 

two approaches: one focus was on using antimicrobial histones as an alternative to treatment 

for antibiotic resistant bacteria; in another approach the recombinant version of an eggshell 

cuticle protein was expressed and purified for testing against food-safety pathogens.  

One major pathogen that is contributing to this challenge of antibiotic resistance is 

Staphylococcus aureus. The methicillin-resistant strain of S. aureus leads to increased hospital 

stays and increased mortality in patients. The impact of such pathogens is worsened when 

bacteria form surface-attached aggregates known as biofilms. Development of new approaches 

to eradicate antibiotic- resistant biofilms will benefit human health. This study looked at an 

alternative method to eradicate bacteria compared to traditional antibiotics. Histones with 

antimicrobial activity were extracted from chicken blood and tested against methicillin-

sensitive and methicillin-resistant strains of Staphylococcus aureus biofilm (MSSA and MRSA). 

The histone mixture completely eradicated both strains in biofilm form at relatively low 

concentrations. In addition, the histone mixture also displayed fast kill kinetics against 

planktonic forms of the two strains. Finally, the interaction of the histone mixture with the 

bacterial membrane in MRSA biofilms was observed by scanning electron microscopy (SEM). 

Bacteria treated with the histone mixture showed clear morphological changes, including pore 

formation and cell collapse. Therefore, the histone mixture purified from chicken red blood 



iv 
 

cells could prove to be a good alternative to traditional antibiotics for protection against 

antibiotic-resistant strains of bacteria in their planktonic and biofilm forms. 

Reduction of food-borne illness is another important aspect in the promotion of human health. 

A significant contributor to food-borne illness is contaminated table eggs. The unfertilized egg 

can be contaminated by a variety of pathogens including Salmonella spp. and Bacillus spp. The 

egg is protected by the eggshell which is traversed by respiratory pores that are normally 

covered by a cuticle plug to restrict pathogen entry. This cuticle consists of several proteins 

including ovocaxlyin-32 (OCX-32). OCX-32 has a large number of naturally occurring haplotypes 

due non-synonymous single nucleotide polymorphisms (SNPs). In this study, the goal was to 

express five of the most common haplotypes of OCX-32 in Escherichia coli and purify the 

recombinant protein for assay of its antimicrobial activity. Five constructs that contain the 

cDNA of common OCX-32 haplotypes (A, B, C, D, and O) with a histidine tag at the C-terminus 

were generated. The constructs were subcloned into pGEX4T-1 vector which encodes 

Glutathione-S-transferase (GST) upstream of the multiple cloning site. My study developed 

methods to optimize the expression conditions, and to increase the solubility of the 

recombinant protein. Various expression strains of E. coli and solubility buffers were tested. In 

addition, the construct was subcloned into a plasmid containing the small ubiquitin-like 

modifier (SUMO) fusion tag; the solubility of the new SUMO-OCX-32 haplotype A recombinant 

fusion protein was evaluated. The best results were obtained by slow dialysis refolding of 

denatured SUMO-OCX-32 fusion protein. This recombinant protein showed almost complete 

solubility with minimal precipitation and was tested against the egg-related pathogen, Bacillus 
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cereus. Unfortunately, the SUMO-OCX-32 recombinant protein did not inhibit growth of B. 

cereus.  

In my studies reported in this thesis, two very different approaches were taken. A histone 

mixture was isolated from an abundant starting material, which proved to be highly effective 

and promising in the eradication of S. aureus biofilms at relatively low concentrations. 

Alternatively, expression of a soluble recombinant protein for functional activity assay was very 

challenging and required the optimization of a number of methods to prepare soluble protein 

for testing. One of the methods tested proved effective in obtaining large amounts of soluble 

protein. However, further developmental work will be essential to determine if this approach is 

a viable strategy in acquiring functional protein. 
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General introduction 
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1.1 Bacterial structure and impacts in human health  

 

Bacteria are amongst the most numerous organisms in the world, with an estimated 107-109 

species, of which less than 100 are known human pathogens (Schloss and Handelsman, 2004). 

Bacteria can be classified into two major classes according to their structure: Gram-positive and 

Gram-negative.  Gram-positive bacteria retain Gram stain due to their thick peptidoglycan layer 

and contain surface protein such as lipoteichoic acid (LTA) that can interact with the immune 

system (Akira, 2001). Gram-positive bacteria result in many common infections such as otitis 

media (Streptococcus pneumoniae), skin infections (Staphylococcus aureus) and necrotizing 

fasciitis (Streptococcus pyogenes). Gram-negative bacteria do not retain the Gram stain after 

washing and contain an outer membrane layer over a thin peptidoglycan layer. These bacteria 

contain surface proteins  known as lipopolysaccharides (LPS) which can act as an endotoxin 

through the Lipid A component (Ramachandran, 2014). Gram-negative bacteria are implicated 

in many infections such as the water borne illness, cholera, transmitted by Vibrio cholerae. 

Other examples include food borne bacteria such as E. coli that can result in diarrhea and other 

symptoms as well as the sexually transmitted Neisseria gonorrhoeae which is responsible for 

the disease gonorrhea (NIH, 2016).  

Bacteria are one of the largest causes of human illness worldwide, with the Gram-positive 

Clostridium difficile alone leading to about 14,000 deaths per year in the United States 

according to the Centers for Disease control and Prevention (CDC) (CDC, 2013b). Prevalence of 

certain bacterial disease such as diarrhea, which are caused by various Gram-negative bacteria 

such as E. coli and Campylobacter jejuni, can be attributed to poor levels of sanitation leading to 
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increased infant mortality (Gavazzi et al., 2004). Other bacterial infections such as methicillin-

resistant Staphylococcus aureus (MRSA) have become more problematic in hospital settings 

where resistance to established antibiotics is prevalent (CDC, 2016b). According to the CDC, 

antibiotic resistance adds an extra $20 billion per year to the US healthcare system and leads to 

23,000 deaths per year (CDC, 2013a, 2013b). Thus, infectious diseases remain a major problem 

worldwide, whether the issues arise due to inadequate sanitation for treatable infections or 

through the healthcare setting for antibiotic resistant infections.  

Another major problem associated with bacteria is food safety. There are about 4 million cases 

of food-related illness each year in Canada, which include major pathogens such as E. coli, 

Salmonella spp., and Listeria spp. (CFIA, 2013). These contaminants affect many food products 

including red meat, poultry, eggs, dairy, and seafood. Salmonella alone causes 88,000 illnesses 

and 17 deaths per year in Canada, while E. coli O157:H7 causes 12,800 illnesses and 8 deaths 

(Public Health Agency of Canada, 2016). The problem of ensuring food safety is challenging due 

to the widespread nature of bacterial contamination. 

This thesis will focus on two topics of infectious antibiotic resistant bacteria affecting human 

health, as well as protection of the egg from food-safety pathogens. Chapter 2 looks at 

methicillin-sensitive and resistant strains of Staphylococcus aureus affecting human health 

directly through antibiotic resistance, as well as via formation of biofilms. The study focused on 

antimicrobial histone mixture isolated from chicken erythrocytes as a possible treatment 

against these pathogenic bacteria. Chapter 3 focuses on bacterial pathogens affecting food 

safety, mainly Bacillus cereus. This section of the project emphasized the protection of egg 
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sterility by investigating the antimicrobial activity of haplotype of an eggshell cuticle protein, 

Ovocaxlyin-32.  

1.2 Antibiotic resistance            

Antibiotic resistance is the major reason that various bacteria are re-emerging as a health 

problem in recent years. This has been due to overuse of antibiotics in agriculture as well as 

improper usage in humans, including over-prescription, and incomplete dosages. Bacteria 

acquire resistance mostly through horizontal transfer, mutations or conjugative transposons in 

their chromosomes (Neu, 1992). This resistance to a growing number of antibiotics leads to 

higher mortality rates as well as extra costs in healthcare (Health Canada and Public Health 

Agency of Canada 2014). In recent years, there have been problems with pathogens such as 

Neisseria gonorrhoeae, which has shown resistance to last resort antibiotics in at least 10 

countries including Canada (WHO, 2017).Neisseria gonorrhoeae, along with Clostridium difficile 

and Carbapenem-resistant Enterobacteriaceae, are considered urgent threats according to the 

CDC (CDC, 2017a). Another pathogen of major concern is the Gram-positive bacterium 

Staphylococcus aureus, with the CDC classifying it as serious threat; it is associated with 11,285 

deaths per year in the US (CDC, 2017a). This pathogen rapidly acquired resistance to β-lactam 

antibiotics such as penicillin in the 1940s, which forced the development of a semi-synthetic 

antibiotic version, methicillin, to combat the problem in the 1960s (Lyon and Skurray, 1987). 

However, methicillin-resistant Staphylococcus aureus (MRSA) emerged widely in the 1980s 

(Neu, 1992). The methicillin-resistant strain of S. aureus, compared to the methicillin-sensitive 

strain, leads to longer hospital stays as well as increased mortality rates (Lodise and McKinnon, 

2007). In Canadian hospitals, there has been a 17-fold increase in MRSA infections between 
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1995-2007 (Simor et al., 2010). The methicillin-resistant strain can cause skin infections as well 

as lung infections. In addition, the pathogen can be problematic in hospital settings leading to 

central line-associated bloodstream infections and pneumonia (Centers for Disease Control and 

Prevention, 2016). 

Moreover, there has been a large decrease in the rate of discovery of new antibiotics over the 

last few decades, with a 56% reduction in new Food and Drug Administration (FDA) approved 

antibiotics comparing 1998-2002 to 1983-1987 (Conly and Johnston, 2005). This decline in 

research into new antibiotics has been attributed to the nature of antibiotics which are only 

taken until the infection clears and then completely stopped (Conly and Johnston, 2005). Thus, 

pharmaceutical companies face difficulty in recovering R & D investment, compared to other 

pharmaceuticals. In addition, when a new class of antibiotics with potent activity is approved, 

they are often not used widely in order to save them for a last resort treatment (Conly and 

Johnston, 2005). This further decreases the incentives for companies to develop new 

antibiotics, particularly for new classes of antibiotics with novel bacterial targets.  

1.3 Bacterial Biofilms 

Antibiotic resistance is further exacerbated in surface aggregates of bacteria. Such aggregates 

are known as biofilms and consist mainly of a matrix of Extracellular Polymeric Substance (EPS) 

that is highly hydrated. The EPS contains polysaccharides, proteins and extracellular DNA 

(Flemming et al., 2007). The matrix make up to 90% of the mass of the biofilm and is 

responsible for bacterial adhesion to a surface (Flemming and Wingender, 2010). The rest of 

the mass is made up of the microbes themselves. Other functions of the EPS include, but are 

not limited to, aggregation of bacterial cells and cohesion of biofilms; it can also serve as a 
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nutrient source (Flemming and Wingender, 2010). Motile bacteria encased in biofilms move in a 

different manner, and their growth is slower than their planktonic counterparts (O’Toole et al., 

2000). The change in their type of movement is due to expression of a gene that regulates pili 

instead of the regular flagellar gene. For example, Pseudomonas aeruginosa uses pili type IV 

when it is in biofilm form to move along a surface in a twitching motion, in contrast with 

flagellar motion when in planktonic form (O’Toole et al., 2000). The pili type IV also helps late 

colonizers, as these bacterial cells climb over the existing biofilm and settle on the top (Høiby et 

al., 2010). 

In addition, bacterial metabolism in biofilms becomes heterogeneous, leading to slower activity 

within the interior of the biofilm compared to cells in the outer zones (Ciofu et al., 2017). 

Therefore, the interior bacteria tend to be more anaerobic while the faster growing bacteria on 

the outside are aerobic.  This can affect the efficacy of antibiotics directed against these 

biofilms. For example, β-lactams, aminoglycosides and fluoroquinolones are not effective 

against bacteria growing in a low oxygen environment (Bjarnsholt et al., 2013). Thus, bacteria in 

biofilm form can be more resistant to antibiotics by 100-1000 fold when compared to 

planktonic bacteria (Høiby et al., 2010). Therefore, treatment is very difficult, especially when 

the growth occurs in medical devices such as catheters, prosthetic heart valves and orthopaedic 

devices (Stewart and Costerton, 2001). In many cases, the only way to completely eradicate the 

biofilm becomes removal of the device. As a result, many antibiotic options are not available 

when treating chronic biofilm infections. Therefore, the discovery of alternative antibacterial 

solutions for treating biofilms is a priority. 
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1.4 Cationic antimicrobial peptides  
 

One alternative to traditional antibiotics is antimicrobial peptides, which are constituents of the 

natural innate defence system found in many organisms (eg. LL-37 in humans, indolicidin in 

cattle, and magainins in amphibians have been identified) (Brogden, 2005). These belong to a 

major class of compounds known as cationic antimicrobial peptides (CAMPs). Such peptides 

interact strongly with the negatively charged head groups of bacterial membranes, including 

phosphatidyl serine, phosphatidyl glycerol and phosphoethanolamine, through electrostatic 

interactions, as opposed to the neutral head groups that predominate in eukaryotic 

membranes (Zasloff, 2002; Band and Weiss, 2015). Through similar electrostatic interactions, 

CAMPs can bind to the major outer membrane component of Gram-negative bacteria, 

lipopolysaccharides (LPS) (Matsuzaki, 1999). They also have similar interaction with lipoteichoic 

acid (LTA), a major constituent of the Gram-positive cell wall (Scott et al., 1999). CAMP peptides 

also contain hydrophobic residues which can allow them to enter the lipid bilayer (Brogden, 

2005). In addition, CAMPs act as host immunomodulation compounds without direct effect on 

the bacteria (Peschel and Sahl, 2006). Some CAMPs such as nisin can directly bind to bacterial 

receptors, such as lipid II which is important in peptidoglycan synthesis, in addition to forming 

specific pores (Yeaman and Yount, 2003; Sass et al., 2008). Therefore, nisin inhibits 

peptidoglycan synthesis, which can explain why it is more active against Gram-positive bacteria 

(Yeaman and Yount, 2003; Sass et al., 2008).  It is thought that bacteria have more difficulty in 

developing resistance to such molecules since changes in the fundamental properties of their 

membrane would be required. CAMPs such as magainins from the skin of African clawed frog 

and buforin from the stomach lumen of the Asian toad display broad-spectrum antimicrobial 
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activity in vitro versus various pathogens such as E. coli., Salmonella typhimurium, 

Streptococcus pyogenes, Bacillus subtilis, and Staphylococcus aureus ( Zasloff, 1987; Zasloff et 

al., 1988; Kim et al., 2000; Park et al., 2000). The type of interaction of such peptides with the 

cell membrane depends on the ratio of peptide molecules to lipids in the membrane of the 

bacteria. At high peptide concentrations, the peptides bind in a perpendicular manner to the 

membrane bilayer and form pores. At lower ratio of peptide to lipid, the peptide molecules 

insert into the bilayer directly, becoming inactive but leading to physical thinning of the bilayer 

(Brogden, 2005). In addition to bacterial membrane damage or insertion, CAMPs can also 

reduce  bacterial viability through inhibition of nucleic acid synthesis, inhibition of proteases or 

inhibition of protein synthesis (Kawasaki and Iwamuro, 2008).   

1.5 Histones 
 

The class of antimicrobial peptides with positive charges also includes histones. Histones are 

major components of the nucleosome that are organized in an octameric fashion and function 

to package DNA. Histones structures are also dynamic since they can be modified in many ways 

such as lysine methylation or acetylation to change levels of access to DNA during transcription 

(Zentner and Henikoff, 2013). Histones isolated from calf thymus were first shown to have 

antimicrobial activity (Hirsch, 1958). The study looked at lysine rich histone A and arginine rich 

histone B. Histone B fraction showed antimicrobial activity against diverse bacteria including E. 

coli K12, Klebsiella pneumoniae C, S. typhimurium, S. aureus and P. aeruginosa (Hirsch, 1958).  

Histones with antimicrobial activity have since been isolated from various sources such as 

shrimp, fish, frogs as well as mammals (Kawasaki and Iwamuro, 2008). They share many 

characteristics of CAMPs such as an overall positive charge and amphipathic α-helical structures 
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(Zasloff, 2002). Histones are also a large component of neutrophil extracellular traps (NETs) that 

form when neutrophils release their granule contents, including histones and cytoplasmic 

proteins, at the site of infection (Brinkmann and Zychlinsky, 2012). NETs are part of the innate 

immune response, as neutrophils respond to pathogens such as S. aureus and E. coli by trapping 

them and preventing the spread of infection (Brinkmann and Zychlinsky, 2012). 

Histones can be isolated from any nucleated cell. Non-mammalian vertebrate erythrocytes 

contain a nucleus, unlike fully differentiated mammalian erythrocytes, which lose their nucleus 

after final maturation (Schwartz and Stansbury, 1954). This feature permits mammalian RBCs to 

squeeze through the smaller capillary beds found in the mammalian vascular system. 

Mammalian red blood cells are biconcave in overall shape, while nucleated erythrocytes from 

avian, amphibian, fish, and reptile species are biconvex (Cohen, 1982; Götting and Nikinmaa, 

2015). Therefore, nucleated RBCs from blood of these vertebrates can be a good source for the 

purification of histones. One convenient source is chicken blood, which is normally an abattoir 

waste product, from which up to 50mg of histones per 200ml of blood can be prepared 

(Peterson and Hansen, 2008). Histones isolated from chicken nucleated erythrocytes contain 

H2A, H2B, H3 and H4 as core histones in addition to the linker histones, H1 and H5 (Rose-

Martel et al., 2017) (Figure 1). This histone mixture displays broad-spectrum antimicrobial 

activity against both Gram-positive and Gram-negative bacteria (Rose-Martel and Hincke, 

2014). This histone mixture also binds to lipoteichoic acids (LTA) of Gram-positive bacteria and 

lipopolysaccharides (LPS) of Gram-negative bacteria (Rose-Martel and Hincke, 2014). In the first 

section of this study (Chapter 2), we investigated a defined histone mixture (H1, H2A, H2B, H3, 

H4 and H5), extracted from chicken RBCs, as a biofilm eradication compound against both 



10 
 

methicillin-sensitive and methicillin-resistant species of S. aureus. In addition, the kinetics of 

bactericidal activity of the histone mixture against planktonic forms of the two strains was 

investigated. Lastly, the mechanism of the histone effect on the bacterial surface when encased 

in biofilm EPS was studied through scanning electron microscopy. 
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Figure 1. 15% SDS-PAGE analysis for histone mixture extracted from chicken erythrocytes. The 
densitometry for each of the bands is also shown. Figure adapted from Figure 1 of Rose-Martel 
et. al 2017.  
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1.6 Importance of the pathogen-free table egg 
 

The chicken egg is a major food product with a rich nutritional content, including proteins, 

cholesterol, essential fatty acids as well as vitamins and minerals. It is a widely consumed food 

in Canada with per capita consumption of 238.8 eggs per year (AAFC, 2017). Compared to egg 

white, the yolk provides higher amounts of nutrition in most categories except for potassium, 

magnesium and sodium (Iannotti et al., 2014). Structurally, the avian egg consists of several 

layers starting with the innermost yolk, albumen, eggshell membranes, mammillary cone layer, 

palisades, vertical crystal layer and cuticle (Hincke et al., 2012). The eggshell is traversed with 

thousands of respiratory pores that permit  gaseous exchange of metabolic oxygen and carbon 

dioxide associated with the developing embryo (Sparks and Board, 1984). The respiratory pores 

are covered by a plug of cuticle material,  which constitutes the uncalcified outermost layer of 

the eggshell (Hincke et al., 2012).  

Eggshell formation is a strictly controlled process during the passage of a forming egg along the 

length of the oviduct. The yolk is first formed in the ovary and progresses through the 

infundibulum to acquire the vitelline membrane which surrounds it. The albumin is deposited 

as the forming egg passes through the magnum, followed by the assembly of the eggshell 

membranes in the white isthmus segment. The eggshell membranes become the foundation 

upon which eggshell mineralization occurs. The final process of mineralization occurs in the 

uterus where the mammillary cones, palisade layer, vertical crystal layer and the cuticle are 

sequentially deposited (Hincke et al., 2012; Rose-Martel and Hincke, 2017).  The mineralization 

process takes place in the uterine fluid during about 20h (Gautron et al., 2001). The acellular 

environment of the uterine fluid contains the inorganic components of the eggshell as well as 
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the precursors of eggshell matrix. The protein profile of the uterine fluid varies according to the 

stage of eggshell formation, with egg white proteins such as ovalbumin and ovotransferrin at 

higher concentration in the initiation phase, whereas lysozyme, ovocleidin-17, ovocalyxin-21, 

ovocalyxin-32, ovocalyxin-36, and ovocledin-116 are enriched at the growth stage (Dominguez-

Vera et al., 2000). The cuticle material is finally deposited during the terminal phase of 

mineralization. Finally, the egg is expulsed from the vagina (oviposition) (Hincke et al., 2012).  

The chicken egg contains innate physical and chemical barriers at every layer to protect the 

embryo from pathogens (Rose-Martel and Hincke, 2017). Unlike the rest of the eggshell, the 

cuticle is not completely mineralized; its outer layer is non-mineralized, and the inner layer 

contains hydroxyapatite-containing vesicles (Rose-martel et al., 2012). The non-mineralized 

outer layer contains mainly proteins as well as polysaccharides and lipids (Rose-Martel and 

Hincke, 2017). The cuticle of the chicken eggshell has a thickness between 0 and 10µm (Rose-

martel et al., 2012). Eggs laid with incomplete cuticle have an increased vulnerability to 

bacterial penetration (Bruce and Drysdale, 1994). Another function of the eggshell cuticle is to 

control water movement by forming a plug which blocks the mouth of each respiratory pore 

and restricts the loss of water from the egg interior. This also prevents water uptake that could 

transfer bacteria to the interior when eggs are stored in cooler humid conditions (Bruce and 

Drysdale, 1994; Wellman-Labadie et al., 2008). Proteomics studies have demonstrated that the 

most abundant cuticle proteins include: ovocalyxin-32 (OCX-32), ovocalyxin-36 (OCX-36), 

ovocalyxin-25(OCX-25), ovocleidin-116, clusterin, and lysozyme C  (Rose-martel et al., 2012). 

The function of some of these proteins have already been studied. For example, OCX-36 

possesses antimicrobial activity against Staphylococcus aureus and exhibits significant dose-
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dependent binding of E. coli O111:B4 lipopolysaccharide (LPS) (Cordeiro et al., 2013). OCX-25 

has sequence similarities to Kunitz-like protease inhibitor, which is predicted to display  

antimicrobial activity by inhibiting bacterial proteases (Rose-martel et al., 2012). Lysozyme C is 

found in both the outer eggshell as well as the cuticle (Wellman-Labadie et al., 2008). Lysozyme 

C has antimicrobial activity against Gram-positive food-borne bacteria such as Clostridium 

botulinum and Listeria monocytogenes (Hughey and Johnson, 1987).  Ovocleidin-116 is found 

abundantly in the palisades and plays a role in eggshell mineralization (Dunn et al., 2009). The 

palisade layer contains more than 500 proteins, including ovocleidin-116, ovocleidin-17, 

osteopontin, ovocalyxin-36, ovocaxlyin-21 and clusterin (Hincke et al., 2012). Ovalbumin, 

lysozyme, ovotransferrin, ovocalyxin-36 and clusterin are among  the proteins found in the 

mammillary cones and the eggshell membranes (Rose-Martel et al., 2012; Ahmed et al., 2017).  

Chicken eggs are a key feature in the development of therapeutics such as the growth of viruses 

used in vaccines. For example, the flu vaccine against seasonal influenza is grown in fertilized 

eggs, to prepare both the inactivated vaccine and the live attenuated vaccine. Eggs are injected 

with the virus which is allowed to replicate and then later harvested (CDC, 2016a). The chicken 

egg is also useful since its yolk contains large amounts of IgY immunoglobulin (Marcq et al., 

2013). The hen produces these specific antibodies to protect the chick against environmental 

pathogens. The hen is injected with specific antigens in order to produce large quantities of 

specific IgYs that are deposited in the egg yolk. The whole yolk, or the purified IgY fraction can 

be used in feed for passive immunization of other animals (Marcq et al., 2013). Therefore, due 

to the economic, nutritional and health benefits of the chicken egg, it is very important to have 

an egg that is reliably free of pathogens. 
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Egg contamination is a common cause of food poisoning, with 1.02 million cases of Salmonella 

infections estimated in the US every year (Scallan et al., 2011). The egg and especially the yolk is 

a source of nutrients that support bacterial growth; consequently, if a contaminated egg is not 

cooked properly, it can lead to food poisoning. There are two possible routes for egg 

contamination by Salmonella. Bacterial colonization within the hen oviduct can occur prior to 

the egg acquiring the eggshell (vertical transmission). These bacteria originate within 

reproductive system of the contaminated chicken or migrate from other organs (Berrang et al., 

1999). This mechanism allows more efficient colonization of the yolk compared to other 

possible routes of infection. Infection can also occur immediately after oviposition (egg 

expulsion from the body of the hen) before the cuticle hardens on the freshly laid egg 

(horizontal transmission). Such contamination can be due to bacteria from the alimentary canal 

contaminating the cloaca, the orifice which is the common endpoint of the digestive, 

reproductive and urinary tracts (Keller et al., 1995). Horizontal transmission from 

environmental bacteria can also occur. This may arise due to contaminated feces and other 

particles on the surface where the eggs are deposited after laying (Gantois et al., 2009). 

Salmonella and other pathogens found in feces and in the egg production environment may 

penetrate the eggshell through microcracks on the shell surface, or through the eggshell 

respiratory pores that span the entire eggshell (Hincke et al., 2012). The penetration of 

pathogens can be enhanced when there is a temperature difference between the body 

temperature of the hen (42⁰C) and the environment. This differential temperature after the egg 

is laid creates a negative pressure across the eggshell, where contraction of the egg contents 

pulls surface moisture and bacteria into the interior (Berrang et al., 1999).  The cuticle covers 
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these pores and can protect against pathogen entry. Commercial eggs for human consumption 

in North America, Australia and Japan are washed to remove surface contamination (Gole et al., 

2014). The washing process damages the cuticle layer and may contribute to Salmonella 

contamination if drying and storage is not conducted appropriately. The amount of total cuticle 

proteins present on washed eggs was found to be about 1/3 of unwashed eggs (Rose-martel et 

al., 2012; Kulshreshtha et al., 2018). However, washing does not reduce the thickness of the 

cuticle uniformly over the eggshell surface. While the problem of contamination in the 

production environment has been greatly reduced by implementation of stricter policies for egg 

producing facilities, contamination can still occur during egg washing and food processing 

(Patrick et al., 2004). Other pathogens that have been detected in eggs include Staphylococcus 

spp., Pseudomonas spp., Bacillus spp., Micrococcus spp., and Escherichia spp. Gram-negative 

bacteria are more commonly found in the interior of decaying eggs, whereas Gram-positive 

bacteria can tolerate the dry exterior environment of the egg (Board and Tranter, 1986). Thus, 

an intact cuticle and eggshell are dramatically important barriers to reduce bacterial 

penetration. 
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Figure 2. Eggshell structure in cross-section view with major components labelled. Adapted 
from Figure 4 of Hincke et al. 2012.  

 

 

 

 

 

 

 

 

 

 



18 
 

1.7 Ovocalxyin-32, an eggshell cuticle protein 
 

Ovocalyxin-32 (OCX-32) is one of the most abundant cuticle proteins and is also found in the 

vertical crystal layer as well as the outer palisade layer (Gautron et al., 2001). It is encoded by 

the Gallus gallus (chicken) gene, RARRES1 (NCBI, 2017). OCX-32 has 32% amino acid identity 

with its human ortholog, retinoic acid receptor-responsive gene (TIG1) (Gautron et al., 2001). 

Due to its abundance in the cuticle, OCX-32 has been proposed as a potential candidate to 

defend against invading pathogens.  

OCX-32 also possesses  partial amino acid sequence similarity to latexin (an inhibitor of 

carboxypeptidase A activity) (Hincke et al., 2003). In previous work, it was shown that 

recombinant Glutathione S-tranferase-OCX-32 inhibits bovine carboxypeptidase A activity. In 

addition, GST-OCX-32 also significantly inhibited the growth of Gram-positive Bacillus subtilis at 

100 µg/ml, compared to the GST negative control (Xing et al., 2007). Therefore, it was proposed 

that through its role as a peptidase inhibitor, OCX-32 may serve as an antimicrobial protein by 

inhibiting bacterial proteases. This is important since peptidases such as metallopeptidases 

found in bacteria have key roles in the life cycle of bacteria;  finding new ways of targeting and 

inhibiting these peptidases could be one approach to control bacterial pathogens (Supuran, 

2012). In addition, proteases can boost  the pathogenicity of bacteria by improving its survival 

capacity in the infected host through breakdown of immunoglobulins and components of the 

complement system in the host (Maeda and Yamamoto, 1996; Travis and Potempa, 2000).  

As many as 28 total single nucleotide polymorphisms (SNPs) have been identified within the 

OCX-32 gene. Of these, 21 are within the exons and 18 are non-synonymous (Fulton et al., 
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2012a). SNPs that are associated together within the same exon allow the identification of 

haplotypes through complete or partial linkage disequilibrium. OCX-32 polymorphisms have 

been correlated with egg weight, puncture score and other factors that are important egg 

production variables, although differences in cuticle properties were not assessed or reported 

(Fulton et al., 2012a).  

1.8 Protein expression and refolding 
 

The most common protein expression system that is currently used is Escherichia coli, which is 

very low-cost to maintain and grow, as well as to produce at very high cell density (Rosano and 

Ceccarelli, 2014). In addition, E. coli is one of most thoroughly studied organisms with its full 

genome published in 1997 (Blattner et al., 1997). Many lab and pathogenic strains of this 

bacterium are currently in widespread use in laboratories. Thus, it is a good candidate system 

for heterologous expression of proteins. However, E. coli also has a major drawback due to 

absence of any post translational modification machinery. In addition, production of a 

heterologous protein in large quantities can lead to sequestration of the recombinant protein in 

inclusion bodies (Hannig and Makrides, 1998). These bodies are made up of insoluble protein 

and contain the over-expressed protein of interest in relatively pure form.  The over-expressed 

protein is in aggregated form and can be separated from the rest of the soluble bacterial 

proteins through cell lysis and centrifugation to harvest inclusion bodies in the pellet. However, 

during inclusion body purification, insoluble contaminants may also be present such as outer 

membrane proteins, which can be removed using low concentration chaotropic agents and 

detergents following cell lysis (Vallejo and Rinas, 2004). Purified inclusion bodies are soluble in 

high concentrations of chaotropic agents such as urea and guanidine hydrochloride. However, 
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expressed proteins from inclusion bodies then need to be effectively refolded to obtain native 

protein for subsequent activity assays. 

 A major problem during refolding is formation of aggregates due to non-native disulfide bond 

formation between cysteines that can be intermolecular or intramolecular, the latter of which 

is usually the rate-limiting step (Okumura et al., 2011). Thus, reducing agents are required to 

inhibit the formation of non-native disulfide bridges. The reducing agents are usually removed 

from the solution before final refolding steps to allow the native disulfide bonds to form. The 

addition of oxidized and reduced glutathione during refolding can be beneficial, as the oxidized 

form can act as oxidizing agent in forming disulfide bonds while the reduced glutathione acts as 

reducing agent that can break non-native disulfide bonds, leading to disulfide shuffling that 

permits correct protein folding (Okumura et al., 2011). In addition, the intermediate step 

between denatured and native protein heavily favors the aggregated state. This is especially the 

case where the starting concentration of protein is relatively high. In terms of kinetics, the 

correct folding towards native protein is first order reaction while the misfolding reaction is 

second order or higher. Thus, the aggregated state tends to be favored. Due to this issue, the 

starting concentration of protein needs to be as low as possible. However, a limitation for using 

very low concentration of protein can be the requirement of vast amounts of dialysis buffer to 

get any useful amounts of protein (Okumura et al., 2011).  

In the second section of the thesis (Chapter 3), I describe my project to express and purify 

recombinant GST-OCX-32 fusion proteins representing the 4 most prevalent haplotypes (A-D) of 

ovocalyxin-32, as well as the originally described variant (O) (Fulton et al., 2013; Xing et al. 

2007) (Figure 3). Several methods were evaluated to increase the solubility of the expressed 
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protein including changes in bacterial expression strain and an alternative protein tag. The 

expressed protein was refolded using both on-column refolding and dialysis to evaluate 

whether speed of denaturant removal affects protein solubility. Potential antimicrobial activity 

of a purified recombinant protein was tested against a food-safety pathogen, B. cereus.  
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Figure 3. Protein sequence for the OCX-32 constructs used in the study. Construct O 
corresponds to the recombinant protein initially purified by (Xing et al., 2007). The 6xHis 
sequence is encoded at the C-terminus (red text) while the N-terminus shows the last 10 
residues of the glutathione S-transferase(GST) tag. The highlighted residues were obtained by 
site directed mutagenesis (Mutagenex Inc.) and correspond to the various haplotypes arising 
from non-synonymous SNPs (Fulton et al., 2012b). Asterisk (*) indicates stop codon.  
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Figure 4. The vector used for expressing the OCX-32 haplotypes which are inserted between 
BamHI and EcoRI sites. Note the GST encoded sequence on the top right which flanks the N 
terminus of the OCX-32 cDNA. The ampicillin resistance gene is in orange. Figure adapted from 
BVTech Plasmid, 2017. 
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1.9 Hypothesis and objectives 
 

Hypothesis 1: The histone mixture extracted from chicken erythrocytes is a source of 

antimicrobial molecules that are effective against antibiotic-resistant bacteria. This hypothesis 

was tested by comparing histone activity against methicillin-sensitive and resistant 

Staphylococcus aureus species. 

Objectives: (1) Determine the minimum biofilm eradication concentration of histone mixture 

against methicillin-sensitive and resistant Staphylococcus aureus. (2) Assess the biocidal activity 

of the histone mixture against planktonic methicillin-sensitive and resistant Staphylococcus 

aureus by using kill kinetics assays. (3) Observe possible interaction of the histone mixture with 

the bacterial membrane using scanning electron microscopy, to determine a possible 

mechanism of action. 

Hypothesis 2: Naturally occurring haplotypes of ovocalyxin-32 have differences in antimicrobial 

activity.  

Objectives: (1) Optimize the expression conditions of recombinant ovocalyxin-32 in E. coli. (2) 

Purify soluble protein following over-expression of the protein. (3) Test antimicrobial activity 

against the food pathogen, Bacillus cereus.  

1.10 Outline of the thesis 
 

The first part of the thesis (Chapter 2) will describe my role in the investigation of the 

antibiofilm activity of histone mixture extracted from chicken erythrocytes. My focus was to 

determine the minimum biofilm eradication concentration (MBEC), and study kill kinetics 
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against planktonic forms of methicillin-sensitive and resistant Staphylococcus aureus. In 

addition, I investigated the histone mixture interaction with the bacterial membrane, as 

assessed by scanning electron microscopy.  

The second part of the thesis (Chapter 3) will report my work to optimize the expression and 

purification of soluble recombinant ovocalyxin-32 in E. coli. My main focus consisted of 

investigating issues of solubility using different refolding methods, as well as various expression 

strains of E. coli, in addition to testing alternative protein fusion partners. 

The final part of thesis (Chapter 4) is a general discussion describing the importance of 

developing novel antimicrobial agents that are effective against antibiotic – resistant against 

proteins. Moreover, I discuss the difficulties faced in heterologous expression of recombinant 

proteins in the bacterial expression system. 
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Chapter 2 

A Histone mixture from chicken erythrocytes 

inhibits Methicillin-resistant and methicillin-

sensitive Staphylococcus aureus biofilms 

 
(The results in this chapter have been published in Scientific reports in April 2017 under “Histones 
from Avian Erythrocytes Exhibit Antibiofilm activity against methicillin-sensitive and methicillin-
resistant Staphylococcus aureus).  
Rose-Martel, M., Kulshreshtha, G., Berhane, N.A., Jodoin, J. and Hincke, M.T. (2017) Histones from Avian 
Erythrocytes Exhibit Antibiofilm activity against methicillin-sensitive and methicillin-resistant 
Staphylococcus aureus.  Scientific Reports, 2017 Apr 5; 7: 45980. doi: 10.1038/srep45980. 
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1. Materials and methods 

1.1 Histone mixture extraction 

The first part of the thesis focuses on utilizing histone mixture from chicken erythrocytes to be 

used as an antimicrobial agent against antibiotic resistant bacteria. The following protocol was 

developed in a previous study (Rose-Martel and Hincke, 2014). Blood was collected from white 

rock chickens that were euthanized at a local slaughterhouse in accordance with Canadian Food 

Inspection Agency (CFIA) regulations. The blood was immediately mixed with 1.5mg/ml EDTA. 

The collected whole blood was centrifuged, and the erythrocytes pelleted. The erythrocytes 

were washed with PBS. The red blood cells (RBC) from 100ml of blood were lysed with total of 

1L of hypotonic lysis buffer (10mM Tris-HCl, 1mM KCl, 1.5mM MgCl2, 1mM DTT pH 8.0) for 1h 

at 4⁰C. The sample was centrifuged at 10,000 x g for 10min at 4⁰C and resuspended in 

hypotonic lysis buffer. Following 3-4 rounds of resuspension in lysis buffer, the hemoglobin and 

other soluble proteins were removed. The absence of hemoglobin was verified through spectral 

scan of samples from each round of centrifugation (300-500nm). The pellet from the final round 

was resuspended in 400ml of 0.4N H2SO4 and agitated for 1h at 4⁰C. Following complete re-

suspension in the acid, the histones were precipitated by addition of 133ml 100% 

trichloroacetic acid (TCA) drop-wise (Fisher Scientific). The mixture was incubated at 4⁰C for 1h 

and centrifuged to pellet the precipitated histones at 16,000xg for 10min at 4⁰C. The histones 

were washed with cold acetone three times and finally centrifuged at 16,000xg for 5min at 4⁰C. 

The histone pellet was dissolved in 100ml of sterile water and passed through 3kDa MWCO 

Amicon ultra centrifugal unit (Millipore Sigma). Following filtration, the retained protein was 

freeze dried overnight using a VirTis BenchTop Freeze dryer (SP Scientific).  
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1.2 Determination of minimum biofilm eradication concentration  

MSSA (ATCC 6538) and MRSA (ATCC 29247) were obtained from Centre for Research and 

Environmental Microbiology, University of Ottawa (CREM). 

Single colonies were taken from LB agar plates and grown in LB broth overnight at 37⁰C and 

250rpm. The overnight culture was regrown in 1:50 dilution in LB broth until exponential phase 

was obtained (OD600=0.2). The bacteria were pelleted and resuspended in LB broth to obtain 

105 – 106 CFU/ml. 150 µl of the culture was plated on MBEC plate containing pegs on the lid and 

grown for 24h at 37⁰C and 100rpm (Innovotech). The biofilm on the lid of plate was washed in 

96-well plate containing PBS pH 7.4. The lid was immersed in 96-well plate containing 200µl 

histone mixture dissolved in sterile water pH 7.4, kanamycin, and sterile water for 2h at 37⁰C 

and 100rpm. The histone mixture concentration was determined using the bicinchoninic 

acid (BCA) assay (Pierce, Thermofisher). The biofilm on the pegs was washed twice in PBS as 

described above. The peg-laden biofilms were immersed in the wells of a 96-well plate 

containing 200 µl of LB broth and sonicated for 10min to dislodge any bacteria. The lid with 

pegs was replaced with a sterile lid and the LB plate was incubated for 24h with continuous 

shaking and measuring absorbance at 600nm every 30min using an Eon microplate 

spectrophotometer (BioTek). Serial dilutions of uninhibited control were used to generate 

standard curves. The standard curves were used to calculate log bacterial inhibition for each 

histone concentration.  
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1.3 Time kill kinetics for planktonic MSSA and MRSA 

Bacteria were grown until exponential phase as described in section 2.2. After centrifugation, 

the bacterial pellet washed in PBS, and finally re-suspended in PBS pH 7.4. The bacteria were 

diluted in PBS to obtain 105 – 106 CFU/ml and incubated at a 1:1 ratio (100µl total) with 

increasing concentrations of histone mixture at 37⁰C and 200rpm. Indolicidin was a positive 

control for inhibition, at its previously determined minimum inhibitory concentration. Sterile 

water was used as a negative control for inhibition. The bacteria were incubated for various 

durations (0, 5, 22.5, 45, 90, 180 min) and plated in 96-well plates. LB broth (100µl) was added 

to each well after the incubation periods and the plates were monitored for 16h with 

continuous shaking and measuring of absorbance at 600nm every 30min using Eon microplate 

spectrophotometer (BioTek). Serial dilutions of uninhibited control bacteria generated standard 

curves used to calculate the CFU/ml values. Each trial had their own independent standard 

curve.  

1.4 Scanning electron microscopy 

Bacteria were grown in the same protocol as section 2.2. Instead of growing biofilm in pegs, the 

adjusted bacterial suspension in LB (250 µl) was pipetted into the wells of a48-well plate that 

contained filter membranes (0.22 µm pore size, MilliporeSigma). The plate containing the filters 

were incubated for 24h at 37⁰C and 150 rpm. The LB broth was removed, and the filters were 

rinsed with PBS to remove planktonic bacteria. Histone mixture dissolved in water (128 µg/ml) 

was added to the filters, with sterile water alone as a negative control (300µl). The filters were 

incubated for 2h at 37⁰C and 100rpm. The histone mixture was removed, and the sample was 

rinsed twice with PBS as described above. The filters were removed from the 48-well plate, 
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placed in small glass flasks, and fixed with 5% glutaraldehyde in 0.1M sodium cacodylate, pH 7.5 

(VWR) at 4⁰C overnight. The glutaraldehyde was aspirated, and the filters were dehydrated 

using ethanol washes of 20, 40, 60, 80, 90, 95 and twice in 100% for 10 min each. The filter 

membranes were chemically dried using 1:2 hexamethyldisilizane (HMDS):100% ethanol, 2:1 

and 100% HMDS for 10min each, followed by air drying overnight. The next day, the filters were 

gold coated and visualized using a Tescan Vega-II XMU VPSEM instrument (Nano Imaging 

Facility, Carleton University, Ottawa). 

1.5 Statistical analyses 

Statistical analysis was done using Student’s T-test to analyze significance for log inhibition of 

biofilm bacteria with various concentrations of histone mixture. Student’s T-test was also used 

to determine statistical significance between MIC and MBEC values of histone mixture 

treatment against planktonic and biofilm forms of the two strains.   

For the time kill kinetics, the data distribution was analyzed using MINITAB 17 (PA, USA). Data 

showing normal distribution were compared using ANOVA. Tukey’s test was used to compare 

the differences between least square means. Standard deviation (SD) was reported with the 

mean values. A p value of ≤ 0.05 was necessary for statistical significance. 

2. Results 

2.1 Minimum biofilm eradication concentration and log inhibition for MSSA and MRSA  

Following acid extraction of histone mixture, mature biofilms were challenged with serially 

diluted concentrations of histones and monitored for an additional 24h. For MSSA, the histone 

mixture showed large increases in lag time at 8 and 16 µg/ml histone mixture, indicating 
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bacterial growth inhibition (Figure 5). The biofilm was completely eradicated at 32 µg/ml 

histone mixture or higher. The methicillin-resistant strain showed similar susceptibility, with 8 

and 16 µg/ml histone mixture showing inhibited growth curves compared to untreated control, 

and complete eradication at 32 µg/ml (Figure 6).  Three trials were performed; the MBEC for 

MSSA was determined to be 21±5 µg/ml while the MBEC for MRSA was 23±5 µg/ml (Table 1). 

These MBEC values were significantly higher than the previously determined minimum 

inhibitory concentrations (MICs) for planktonic forms of the two strains. MSSA had a MIC of 6±1 

µg/ml and MRSA had a similar MIC of 8±2 µg/ml (Rose-Martel and Hincke, 2014) (Table 1). 

Sterile water was used as a control for uninhibited growth and kanamycin 2mg/ml was used as 

a positive control for inhibition. All MBEC experiments were done using 3 biological replicates, 

as well as 3 technical replicates for each trial. The MBEC curves shown are representative 

curves from one trial of each strain (Figures 5 and 6). 

MSSA biofilms were significantly inhibited at 8 µg/ml (p ≤ 0.002) (Figure 7). At 32 µg/ml and 

higher, there was no bacterial growth detected (>9 log10 reduction compared to untreated 

bacteria). MRSA showed significant inhibition at 16 µg/ml of histone mixture (p ≤ 0.0001) 

(Figure 7). At 32 µg/ml and higher, MRSA showed no bacterial growth (>5log10 reduction 

compared to untreated bacteria). Thus, the MRSA shows more resistance at lower 

concentration of histones (8 µg/ml) while both strains show similar susceptibility at higher 

concentrations.  
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Table 1. Minimum inhibitory concentration (MIC) values of histone mixture against 
methicillin-sensitive and resistant S. aureus (Rose-Martel and Hincke, 2014). Minimum biofilm 
eradication concentration (MBEC) values of histone mixture against MSSA and MRSA. The 
results are average of 3 independent trials in triplicate (average ± SD).  

 MIC (µg/ml) MBEC (µg/ml) 

MSSA 6±1 21±5 

MRSA 8±2  23±5 
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Figure 5. Dose-dependent growth inhibition of Methicillin-sensitive Staphylococcus aureus 
(MSSA) biofilm by increasing concentrations of histone mixture. The histones were dissolved 
in sterile water pH 7.4 which was also used as a negative control. Kanamycin was used as a 
positive control for inhibition. Error bars represent the standard deviation of technical replicate 
values. 
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Figure 6. Dose-dependent growth inhibition of Methicillin-resistant Staphylococcus aureus 
(MRSA) biofilm by increasing concentrations of histone mixture. The histones were dissolved 
in sterile water pH 7.4 which was also used as negative control for inhibition. Kanamycin was 
used as a positive control. Error bars represent the standard deviation of technical replicate 
values. 
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Figure 7. Inhibition of MSSA and MRSA biofilms by the histone mixture. The inhibition values 
are based on 3 trials, each in triplicate and n=3. On the abscissa, 0 indicates incubation with 
negative control (sterile water pH 7.4). *, p≤0.002 compared to negative control. +, p≤0.0001 
compared to negative control.  
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2.2 Kill kinetics for planktonic MSSA and MRSA treated with histone mixture 

The kill kinetics for inhibition of planktonic MSSA growth showed about 0.5 log10 reduction with 

5 min incubation at the minimum inhibitory concentration (8 µg/ml). However, this reduction 

was much faster at 2XMIC (1.5 log10 reduction) and at 4XMIC (~3.5 log10 reduction) for histones 

at 5 min incubation (Figure 8). There was stronger growth reduction with 22.5 min incubation 

at 1XMIC of histones showing ~1 log10 reduction and higher concentrations of histones showing 

almost complete inhibition (5.5 to 6 log10 reduction, p ≤ 0.001) (Figure 8).  Following 45 min 

incubation, 2XMIC or higher showed full inhibition of MSSA and no growth during subsequent 

monitoring for 16 h. Indolicidin was used as a positive control for inhibition, with its MIC 

determined to be 16 µg/ml (data not shown). The kill kinetics was much faster for MRSA against 

histone mixture, showing >2 log10 inhibition at 5 min incubation for 1XMIC (8 µg/ml) and higher 

concentrations showing bactericidal effects (>3 log10 reduction) within 5 min (Figure 9). 

Indolicidin was used as positive control of inhibition with the MIC determined to be 32 µg/ml 

(data not shown). Incubation with indolicidin led to large reduction for both strains within 5 min 

(5.5 to 6 log10, p ≤ 0.001). All the experiments were done in 3 biological replicates, with three 

technical replicates in each trial.  
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Figure 8. Time Kill kinetics for planktonic MSSA treated with histone mixture. The bacteria 
were also treated with sterile water pH 7.4 as a negative control. Indolicidin was used as a 
positive control, with its MIC determined in a prior experiment (16 µg/ml).  
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Figure 9. Time Kill kinetics for planktonic MRSA treated with the histone mixture. Bacteria 
were treated with sterile water pH 7.4 as a negative control for inhibition. Indolicidin was used 
as a positive control, with its MIC determined in a prior experiment (32 µg/ml). 
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2.3 Effect of histone mixture on MRSA bacterial surface 

The effect of the histone mixture on the bacterial surface of methicillin-resistant 

Staphylococcus aureus (MRSA) was determined using scanning electron microscopy. Bacterial 

biofilms were grown on filter membranes and treated with histone mixture, or with sterile 

water as a negative control. The water-treated bacteria displayed smooth surfaces with no 

visible damage. MRSA treated with 128 µg/ml histone mixture showed clear morphological 

changes. Bacteria treated with histone mixture showed signs of blebbing as well as pore 

formation, collapse and indentations on the surface (Figure 10). Thus, the histone mixture 

appears to be directly affecting the bacterial membrane.  

 

 

 

 

 

 

 

 



40 
 

 

Figure 10. Scanning electron microscopy of MRSA biofilms. A) and B) 5000X and 40 000X 
magnification of bacteria treated with negative control (sterile water pH 7.4). C), D) and E) show 
40 000X magnification of MRSA treated with 128 µg/ml histone mixture. C) arrow indicates 
pore on the surface of the bacteria. D) arrow indicates indentation. Figure reprinted from 
supplementary Figure 4 (Rose-Martel et al., 2017). 
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Chapter 3 

Expression and purification of recombinant 

Ovocalyxin-32 for antimicrobial testing 
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1. Materials and methods 

1.1 Ovocalxyin-32 fusion protein constructs 

The second part of the thesis focuses on expressing and purifying five haplotypes of an eggshell 

cuticle protein, ovocalyxin-32, as away of protecting human health by increasing the natural 

antimicrobial defence of the egg. The five haplotypes of OCX-32 were subcloned into the pGEX-

4T-1 vector. The vector contains an ampicillin resistance gene and encodes bacterial 

glutathione S-transferase (GST) upstream of the multiple cloning site (Figure 4). Thus, the final 

construct contained GST in the same reading frame as the N-terminus of the protein. In 

addition, a 6xhistidine tag was added prior to the stop codon, also in the same reading frame as 

the inserted cDNA (OCX-32). Each plasmid was purified using Qiagen plasmid miniprep kit and 

submitted for sequencing in order to verify the construct sequence at the DNA Sequencing 

Facility, StemCore, Ottawa Hospital Research Institute. The recombinant protein is 468 amino 

acids in length (~58kDa predicted size), including the GST, mature OCX-32 and 6xHis-tag (Xing et 

al., 2007; Pierce Protein Methods, 2017). The recombinant protein (50kda band) from all five 

haplotypes were also ran on pre-cast 4-12% Bis-Tris protein gels (Invitrogen). The bands were 

sent for proteomics analysis at the Quebec Genomics Center (Laval, QC). The proteomics 

analysis displays the full construct including the N-terminal GST, OCX-32 insert with all SNPs and 

the C-terminal histidine tag (Figure S1).  

1.2 Optimization of expression for OCX-32 fusion protein 

A single colony of E. coli BL-21 pLysS containing OCX-32-6xHis construct within pGEX-4T1 

expression plasmid (Figure 4) was picked from an LB agar plate containing 100μg/ml of 

ampicillin and grown overnight in 3ml of LB broth (containing 100μg/ml ampicillin) in a 37°C 
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incubator at 250rpm. The overnight culture strain was grown in at 37°C and 250rpm in 100mL 

of LB broth with ampicillin for plasmid selection. When the bacterial suspension reached 

exponential growth phase (OD600= 0.5), six samples of 3mL culture were aliquoted and IPTG 

induction was tested at increasing concentrations (0, 0.1mM, 0.5mM, 0.75mM, 1mM). The 

cultures were grown for an additional 3 hours. Then 1ml aliquot of each culture was centrifuged 

at 13,000xg for 10 min for a preliminary evaluation for successful expression. The bacterial 

pellets were dissolved in 5% SDS and protein concentration was determined using the 

bicinchoninic acid (BCA) assay (Pierce, Thermofisher). Western blotting after transfer to 

nitrocellulose was performed with either anti-OCX-32 (1:5000, 1 hr) or anti-GST (Abcam) 

(1:5000, 1 hr) polyclonal antibodies, following separation by 12.5% SDS-PAGE, to confirm the 

expression of the GST-OCX-32 fusion protein. The Spectra™ Multicolor Broad Range 

Protein Ladder (Thermofisher) was used. 

Blots were incubated with goat anti-rabbit secondary antibody (1:5000, 30 min) (Promega) and 

visualized through chemiluminescence with Western Lighting Plus-ECL (PerkinElmer). The anti-

OCX-32 antibody was a gift from our collaborator at the French National Institute for 

Agronomic Research (INRA), Dr. Joël Gautron. The optimization protocol was repeated at 

various incubation times (1, 3, 6, 12, 18h) as well as at different induction temperatures (15, 22, 

30°C). In each case, the other variables were kept constant. The final optimal conditions were: 

0.5mM IPTG concentration, induction for 6h at 15°C. 

1.3 His-tag purification using on-column refolding  

The inclusion body purification protocol was developed by our collaborator at College of Animal 

Science and Technology, China Agricultural University, Yahui Gao and Dr. Zhuo-Cheng Hou. The 
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nickel affinity binding protocol is based on the manufacturer instructions from GE Healthcare 

Life sciences HiTrap™ Chelating HP (GE Healthcare Life Sciences, 2017).  

The E. coli BL21 pLysS culture was grown with the same protocol as section 2.2. The induction 

was conducted at the optimal conditions: 0.5mM of IPTG for 6h, 15⁰C. Following induction, the 

bacterial pellet was harvested by centrifugation and re-suspended in 20mM Tris-HCl, pH 8. The 

suspension was sonicated for 3 cycles of 15s with 30s pauses at 4°C using 120W, 20kHz with an 

Ultrasonic Processor (Fisher Scientific) at 40% amplitude. The suspension was then centrifuged, 

and the pellet was re-suspended in 3ml of 2 M urea, 20 mM Tris-HCl, 0.5 M NaCl, 2% Triton™ X-

100 pH 8.0 per 100ml of starting culture and sonicated as above. After one round of washing 

with urea and another round lacking urea, the pellet was re-suspended in 5ml of 20 mM Tris-

HCl, 0.5 M NaCl, 5 mM imidazole, 6 M guanidine hydrochloride (GnHCl), 10 mM 2-

mercaptoethanol (BME), pH 8 (resuspension buffer). This suspension was stirred for 90min at 

room temperature, centrifuged at 16,000xg, 15min, 4⁰C to remove remaining undissolved 

particles, and the supernatant was then filtered through a 0.22 μm filter (MilliporeSigma). A 

1ml resin HiTrap Chelating column (GE healthcare life sciences) was prepared by washing with 

10ml of distilled water and then charged with 0.5ml of 0.1M NiSO4. The column was 

equilibrated with 10ml of resuspension buffer at 1ml/min. Next, 5ml of the protein sample 

dissolved in re-suspension buffer was loaded at 1ml/min onto the column. It was then washed 

with 10ml of resuspension buffer. The buffer was changed to 10ml of wash buffer (20 mM Tris-

HCl, 0.5 M NaCl, 20 mM imidazole, 1 mM oxidized and 2 mM reduced glutathione, 6M urea pH 

8.0). The column was then successively washed with 10ml each of wash buffer containing 5, 4, 

3, 2, 1 and 0 M urea at flow rate of 1ml/min to refold the bound protein. The protein was then 
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eluted by 5ml of 20 mM Tris-HCl, 0.5 M NaCl, 50 mM imidazole, pH 8. The imidazole 

concentration in the buffer was increased to 100mM, 200mM and 250mM (5ml each) at a flow 

rate of 1ml/min. For each elution buffer, 1ml fractions were collected for a total of 20 fractions. 

The entire process was conducted at room temperature. 

1.4 Bacterial transformation procedure 

Plasmid DNA (pGEX4T-1) containing the GST-OCX-32 construct was extracted from an 

overnight culture of E. coli BL21 cells using a Qiagen miniprep kit according to the 

manufacturer’s protocol. The insert in the purified plasmid DNA was sequenced to confirm the 

correct sequence of OCX-32 haplotypes. Other strains of E. coli were transformed with the 

purified plasmid (RIL, Rosetta or Origami 2). The transformation used 100ng of DNA to 

transform 50µl of chemically competent bacteria (RIL, Rosetta or Origami 2). The cells were 

incubated on ice for 30min and then heat shocked by incubating at 42⁰C for 30s, followed by 

cooling on ice for 2 min. The cells were added to 950µl of LB broth with no antibiotic and 

incubated at 37⁰C and 220 rpm for 1h. They were then plated on LB agar containing 

appropriate antibiotic: 50µg/ml chloramphenicol and 100µg/ml ampicillin for RIL and Rosetta, 

12.5µg/ml tetracycline and 100µg/ml ampicillin for Origami 2. The plates were incubated 

overnight at 37⁰C.  

1.5 Solubility testing of induced recombinant protein 

Overnight cultures were grown from a single colony in 3ml LB broth containing the 

appropriate antibiotic(s). The next day, 25ml of LB broth was inoculated with 500 µl of the 

overnight culture and grown until OD600 = 0.5. The bacteria were induced with 0.5mM IPTG and 
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incubated for 6h at 15⁰C and 250rpm. The bacteria were aliquoted into 1ml fractions and 

centrifuged and the resuspended in 100 µl of BugBuster Master Mix (MilliporeSigma) diluted in 

several buffers (Table S1). The BugBuster mix contains BugBuster protein extraction reagent as 

well as benzonase and lysozyme. Bacteria were gently rocked for 10min at 4⁰C and a 30 µl 

sample was taken as total cell lysate. The rest of the sample (70 µl) was centrifuged and both 

soluble and insoluble fractions retained. Samples were analyzed by SDS-PAGE as well as 

Western blot to monitor recombinant protein presence in each fraction.  

1.6 Protein tag change through plasmid subcloning 

Following purification of plasmid DNA (pGEX4T-1) containing the GST-OCX-32 insert, 1 

µg of plasmid the DNA was digested using 10 units each of BamHI-HF and SalI-HF for 1hr at 

37⁰C (New England Biolabs). The same amount of purified target plasmid (pSMT3) containing 

6xHis-SUMO was also digested with the same enzymes (Figure 11). The insert and digested 

target plasmid were isolated from agarose gel and purified using Qiagen Gel extraction kit. The 

insert and plasmid were ligated using 1 Weiss U of T4 DNA ligase in 5:1 ratio of insert to plasmid 

(Thermofisher). The ligated DNA was transformed into DH5α cells (Thermofisher) following 

same protocol as section 2.4. A colony of transformed DH5α cells was grown and the plasmid 

DNA was purified using Qiagen plasmid miniprep kit; and the presence of the insert was verified 

by PCR and sequenced using pSMT3 primers (Table S2) to confirm the sequence of the open 

reading frame (ORF) and OCX-32 construct sequence with expected SNPs. The DNA sequencing 

was performed at the DNA Sequencing Facility, StemCore, Ottawa Hospital Research Institute. 

GoTaq Green Master mix (Promega) was used for the PCR amplification with manufacturer’s 

suggested protocol PCR conditions and volumes (Promega, 2017). The new construct was 
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transformed into the desired expression bacterial strain (E. coli Origami 2 or Rosetta) through 

heat shock following same protocol as section 2.4.  
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Figure 11. Schematic depiction of OCX-32 construct in pSMT3 plasmid. The plasmid contains 
cDNA encoding small ubiquitin-like modifier (SUMO) along with OCX-32 gene inserted between 
the BamHI and SalI sites of the multiple cloning site. Plasmid was donated by Dr. Jean-François 
Couture, BMI, University of Ottawa.  
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1.7 His-tagged recombinant protein purification in denaturing conditions 

Insoluble recombinant protein from inclusion bodies under denaturing conditions was 

purified using a HiTrap Chelating column (GE Healthcare Life Sciences) charged with 0.1M 

NiSO4. The column was equilibrated in 6M GnHCl, 20mM Tris-HCl, 0.5M NaCl, pH 7.0 for 10 min. 

The sample was dissolved in 5ml of 6M GnHCl and applied to the nickel affinity column at a flow 

rate of 1ml/min. The column was washed with 5mL of the same buffer. Following this, the 

column was washed with the same buffer and then with 6M GnHCl, 20mM Tris-HCl, 0.5M NaCl, 

50mM imidazole, pH 7. Finally, the column was eluted with 6M GnHCl, 20mM Tris-HCl, 0.5M 

NaCl, 250mM imidazole, pH 7.  

1.8 Dialysis Procedure 

In order to obtain a recombinant protein that was soluble under native conditions, the 

guanidine hydrochloride concentration was decreased by dialysis. Typical procedures were as 

follows: 1ml of protein dissolved in 6M Gn HCl, 20mM Tris-HCl, 0.5M NaCl pH 7 was placed in a 

dialysis tubing (FisherBrand 6-8 kDa MWCO) with ~20% of the bag’s total volume being filled 

with air. The dialysis bag was first placed in a 200ml solution of 5M GnHCl, 0.5M NaCl, 20mM 

Tris-HCl, 1mM reduced glutathione, 0.1mM oxidized glutathione, 0.5mM BME, 0.2mM 

Ethylenediaminetetraacetic acid (EDTA), pH 7. The dialysis was performed at 4°C. After a 

minimum of 3 hours at each concentration, the dialysate was replaced with a 200ml solution of 

the same composition, but with reduction of the concentration of GnHCl by 1M at each stage, 

until reaching 2M. The dialysate was diluted with a solution containing the same components, 

except for GnHCl, to dilute the concentration of denaturant slowly. Typically, the solution was 

diluted by adding buffer at a rate of 0.2-0.4 mL/min using an EP-1 Econo Pump (Biorad), such 
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that a 1M change in GnHCl would take a minimum of 8 hours. All the dialysis steps were 

completed in the cold room (4⁰C).   

After observing the effects of EDTA and BME on bacterial growth, the dialysate was changed in 

later experiments to reduce the EDTA concentration from 0.2mM to 0.02mM and completely 

remove BME in the final stages of dialysis. For SUMO-OCX-32 refolding, the same protocol was 

used, with 0.02mM EDTA, and with removal of BME from the dialysis buffer after GnHCl 

reached 1M. 

1.9 Protein quantification 

The purified protein was quantified using SDS-PAGE analysis with bovine serum albumin (BSA) 

standard. The stock BSA standard (2mg/ml) was from the BCA assay kit (Thermofisher), which 

was further diluted known quantities of BSA were loaded on the gel, as well as the soluble 

protein and the resolubilized pellet following dialysis. The samples were run for 50min at 200V 

and stained with 0.25% Coomassie Brilliant Blue G-250 Dye. Following gel drying, the intensity 

of the bands was measured by densitometry using ImageJ software version 1.51 (National 

Institutes of health). The densitometry result for the BSA standards was used to create a 

standard curve and linear regression was performed. The protein quantities in the soluble and 

insoluble protein following dialysis were calculated by interpolating from the standard curve.  

1.10 Determination of Minimum inhibitory concentration (MIC) through broth microdilution 
assay 

Staphylococcus aureus (ATCC 6538), Bacillus cereus (ATCC 11778), Salmonella enterica serovar 

Enteritidis (ATCC 31194) were a kind gift from University of Ottawa’s Centre for 
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Research on Environmental Microbiology (CREM).  

Bacteria were grown on an LB agar plate overnight at 37°C. A single colony was selected and 

grown in 3ml of LB broth overnight at 250rpm and 37°C. The overnight culture was then diluted 

1/50 in 25ml LB broth and incubated at 37°C in a 250rpm shaker until it the exponential growth 

phase was achieved (OD600=0.2). Next, 3ml of culture was pelleted and washed in 3ml of PBS 

(pH 7.4) and finally re-suspended in a concentration of 105 CFUs/mL in PBS. The final CFU was 

determined empirically for each bacterial species by colony counts in LB agar. The purified OCX-

32 fusion protein was serially diluted in buffer (usually 0.5M NaCl, 20mM Tris-HCl, 1mM 

reduced glutathione, 0.1mM oxidized glutathione, 0.5mM BME, 0.2mM EDTA, pH 7). After 

observing antibacterial effect of EDTA and BME, the buffer contained 0.02mM and no BME in 

later experiments. Next, 50 µl of the serially diluted protein was mixed with 50µl of the 

bacterial dilution containing 105 CFUs/mL in PBS. When the purified concentration of OCX-32 

was very low (<50µg/ml), the ratio was increased to 150µl:50µl protein to bacteria with all 

controls also modified in the same manner (150 µl: 50µl buffer to bacteria). The mixture was 

incubated at 37°C, 200rpm for 3 h. Following the incubation, 100 µl of the mixture was loaded 

on 96-well microplate in triplicate and 100µl of LB broth was added to each well. The 

microplate was incubated overnight (18 h) at 37°C at 206 oscillations/min with monitoring 

every 30 min at 600nm for growth in an EON microplate reader (BioTek). For positive control of 

inhibition against S. aureus and B. cereus, chicken histone H5 was used at their minimum 

inhibitory concentration (Jodoin, 2017).  
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2. Results 

2.1 Optimization of expression conditions 

For the optimization of protein expression, my initial focus was to work with the supernatant 

after bacterial cell lysis to avoid a refolding step that would be necessary if using urea or 

guanidine hydrochloride to extract insoluble protein from inclusion bodies. This was done to 

obtain a fully folded and fully functional protein without the use of strong denaturants (6M 

urea or 6M GnHCl), since we assumed that soluble recombinant protein in the supernatant was 

properly folded and functional.  

A potential problem was degradation of the recombinant protein when expression was induced 

at 37⁰C. In order to troubleshoot this possibility, 3ml of bacterial culture were grown overnight 

at 37⁰C, as described above, and induced with 0.5mM IPTG at several lower temperatures: 

15⁰C, 22⁰C and 30⁰C (Figure 12). In the Western blot using anti-GST, the intensity of the 

immunoreactive 50kDa band was higher in the supernatant obtained after expression at 15⁰C 

compared to higher induction temperatures including 22⁰C and 30⁰C (Figure 12). The intensity 

of the lower molecular weight bands (assumed to be degradation products) was also lower in 

the 15⁰C incubated sample, compared to the higher temperatures (22 and 30⁰C). In addition, 

the concentration of IPTG was tested to optimize protein expression, using 0.1, 0.25, 0.5 or 

1mM. The Western blot labelled with anti-OCX-32 antibody showed that induction with 0.5 mM 

IPTG led to the expression of highest intensity of soluble protein at 50kDa (Figure 13). The 

intensity of lower molecular weight bands for all IPTG concentrations tested were very similar.  

Another tested condition for optimization of the expression conditions was induction time. 

Induction times of 1, 3, 6, 12 and 18h were tested at 15⁰C with 0.5mM of IPTG. There was 
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significantly more soluble GST immunoreactive protein present after 18h of incubation 

compared to the rest of the incubation times (Figure 14) (p<0.05). However, the Western blot 

indicated that 18h incubation also had more degradation which produced a 40kDa band 

detected with anti-GST antibody. Induction time of 6h led to higher amounts of degradation 

products compared to 1h and 3h but lower than 18h incubation. All the Western blots for 

induction times were performed 3 times and the average intensity was taken using Image 

Studio Lite Version 5.2. Statistical analysis was done using one-way ANOVA and the Tukey 

method. Therefore, the optimum conditions for the expression of immunoreactive GST-OCX-32 

were: 0.5mM of IPTG, induction at 15⁰C for 6h. 
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Figure 12. Western blot analysis of protein expression at various incubation temperatures 
following induction. A) Western blot for 2μg of protein supernatant expressed under different 
temperatures and in the presence (Ind) or absence (Un) of 0.5mM IPTG. The bands were 
labelled with anti-GST antibody. B) densitometry results for the 50kDa band comparing 
incubation temperatures.  
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Figure 13. Western blot analysis of protein expression for various IPTG concentrations. A) 
Western blot labelled with anti-GST for 2μg of protein supernatant expressed for 3h at 15⁰C 
using increasing concentrations of IPTG. B) Densitometry results for the 50kDa band comparing 
IPTG concentrations. 
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Figure 14. Western blot analysis of protein expression for various incubation times following 
induction. A) Western blot labelled with anti-GST for 2μg of protein supernatant expressed 
using 0.5 mM IPTG induction at 15⁰C for various time points. B) Densitometry results for the 
50kDa band comparing induction times. Asterisk (*) indicates significant (p≤ 0.05, n=3) different 
from all other induction times. No other induction times were significantly different. 

 

 

 

 

 

 

 

 

 

 

 



57 
 

2.2 On-column refolding 

The GST-OCX-32 recombinant protein haplotype A was over-expressed in E. coli BL21 pLysS and 

the inclusion bodies purified as described in section 2.3. Inclusion bodies were dissolved in 

denaturing buffer (6M GnHCl, 20mM Tris-HCl, 0.5M NaCl, pH 7.0). The recombinant His-tagged 

protein was retained by nickel affinity column, and renatured while bound by reducing the urea 

concentration in a step-wise wash approach. This produced a concentration of 0.9µg/ml to 

47.7µg/ml of purified recombinant protein from 200ml bacterial culture (Figure 15). The 

refolded protein was tested against a common egg pathogen, Salmonella enterica serovar 

Enteritidis by broth microdilution assay (described in section 2.10). However, the high imidazole 

concentration (200mM) in the elution buffer itself inhibited bacterial growth (Figure S2). The 

assay tested increasing imidazole concentrations (0, 50, 100, 200 and 250mM) in the elution 

buffer. The imidazole could not be removed from the purified protein using various methods 

that were tested, without losing the protein. These methods include: PD-10 desalting column 

(GE healthcare), buffer exchange through Vivaspin protein concentrator (GE healthcare) and 

amicon ultra-centrifugal filters (MilliporeSigma) (data not shown). The protein was no longer 

present after these various approaches that aimed to remove imidazole from the buffer.  

Following on-column refolding, a large amount of recombinant protein could be subsequently 

eluted from the nickel affinity column under denaturing conditions. We assumed that this 

protein was precipitated during “on-column refolding” and retained on the column (Figure 16). 
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Figure 15. SDS-PAGE analysis for elutions of GST-OCX-32 haplotype O and B from on-column 
refolding. Lanes 1-4 show known amounts of bovine serum albumin (BSA) used for calculating 
standard curve. Lanes 6-9 show various purification batches for haplotype O and B.  
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Figure 16. Coomassie Blue stained SDS-PAGE (12.5%) to evaluate elution of GST-OCX-32 under 
denaturing conditions from nickel affinity column. BC: Protein sample before applying to the 
nickel affinity column. Lanes 2-10: 1 mL fractions collected from elution of the column with 6M 
GnHCl and 250mM imidazole  
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2.3 Evaluation of change in expression strain 

Several E. coli strains were evaluated: E. coli BL21 pLysS (initial strain), E. coli BL21 CodonPlus 

RIL, E. coli BL21 Rosetta (DE3), and E. coli Origami 2 (DE3). The RIL and Rosetta strains provide 

more copies of tRNA genes that were assumed to be a limiting factor in producing heterologous 

protein. Lysis of E. coli RIL bacteria following induction showed no recombinant GST-OCX-32 in 

the supernatant by SDS-PAGE (Figure 17). The pellet following lysis showed a large band at 

50kDa (Figure 17). This was also confirmed through Western blotting with anti-GST (Figure S4). 

When the expression system was changed to Rosetta, the same results were obtained, (Figure 

18, Figure S3). The final expression strain that was tested, E. coli Origami 2, had mutations in 

glutathione reductase and thioredoxin reductase that have been found to increase disulfide 

bond formation. This strain showed similar results to RIL and Rosetta, with only insoluble 

recombinant protein (Figure 19). The SDS-PAGE images only show buffers 1-4. The rest of the 

buffers evaluated (5-10) showed the same results for all strains tested with only insoluble 

recombinant protein detected (data not shown). 

 

 

 

 



61 
 

 

Figure 17. Coomassie Blue-stained SDS-PAGE (12.5%) solubility analysis for E. coli RIL (1ml 
cultures) transformed with GST-OCX-32 haplotype A construct. The solubility testing was done 
using BugBuster protein extraction reagent mixed with various buffers (Table S1). The bacteria 
were induced with 0.1mM IPTG at 15⁰C for 6h. Total: the total lysate before centrifugation, 
Super: supernatant following centrifuging of the total lysate, pellet: the pellet following 
centrifugation and dissolved in SDS. 
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Figure 18. Coomassie Blue-stained SDS-PAGE (12.5%) solubility analysis for E. coli Rosetta 
(1ml cultures) transformed with GST-OCX-32 haplotype A construct. The solubility testing was 
done using BugBuster protein extraction reagent mixed with various buffers (Table S1). The 
bacteria were induced with 0.1mM IPTG at 15⁰C for 6h. Total: the total lysate before 
centrifugation, Super: supernatant following centrifuging of the total lysate, pellet: the pellet 
following centrifugation and dissolved in SDS. 
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Figure 19. Coomassie Blue-stained SDS-PAGE (12.5%) solubility analysis for E. coli Origami 2 
(1ml cultures) transformed with GST-OCX-32 haplotype A construct. The solubility testing was 
done using BugBuster protein extraction reagent mixed with various buffers (Table S1). The 
bacteria were induced with 0.1mM IPTG at 15⁰C for 6h. Super: supernatant following 
centrifuging of the total lysate, pellet: the pellet following centrifugation and dissolved in SDS. 
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2.4 Evaluation of fusion partner change to Small ubiquitin-like modifier (SUMO) 

The cDNA for haplotype A OCX-32 was inserted into pSMT3 plasmid containing 6xHis-SUMO 

and successful ligation was confirmed using agarose gel electrophoresis following PCR 

amplification using SUMO primers designed using NCBI primer design tool (Figure 20), (Table 

S2). The ‘no insert’ control containing only the pSMT3 plasmid showed the expected size of 

218bp, whereas the amplicon with insert was 1001bp (Figure 20). The expected full-length 

sequence and correct reading frame for expression were also confirmed by DNA sequencing of 

the insert (data not shown). The ligated plasmid amplification was done in DH5α cells and the 

purified plasmid was transferred to an expression strain, E. coli Rosetta, for solubility testing. 

The solubility testing using various buffers and BugBuster mix showed no protein in the 

supernatant while a large amount of insoluble protein at the predicted size for SUMO-OCX-32 

recombinant protein was detected (Figure 21).  
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Figure 20. 2% agarose gel analysis for PCR samples for OCX-32 insert ligated into pSMT3 
plasmid, no insert control positive control and no template negative control. The samples 
were amplified using GeneAMP PCR System 2400 (PerkinElmer) using pSMT3 primers designed 
using primer designing tool NCBI (Table S2).  
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Figure 21. Coomassie Blue-stained SDS-PAGE (12.5%) solubility analysis for E. coli Rosetta 
(1ml cultures) transformed with SUMO-OCX-32 haplotype A construct. The solubility testing 
was done using BugBuster protein extraction reagent mixed with various buffers (Table S1). The 
bacteria were induced with 0.1mM IPTG at 15⁰C for 6h. Super: supernatant following 
centrifuging of the total lysate, pellet: the pellet following centrifugation and dissolved in SDS. 
Uninduced: 1ml culture without IPTG induction, lysed with Bugbuster mix and centrifuged.  

 

 

 

 

 

 

 

 

 



67 
 

2.5 Dialysis refolding for GST-OCX-32 

Protein purification using nickel affinity chromatography and refolding while bound to the 

column had very low yield (Figure 15). SDS-PAGE analysis of the protein subsequently eluted 

from the nickel affinity column under denaturing conditions showed large amounts of protein 

(Figure 16). Thus, the denatured recombinant protein was partially purified using the nickel 

affinity column and eluted without refolding. The denatured protein was slowly refolded using 

dialysis and showed a yield of 18.8% soluble with disulfide shuffling reagents including 20mM 

Tris-HCl, 0.5M NaCl, 0.1mM oxidized glutathione, 1mM reduced glutathione, 0.2mM EDTA, 

0.5mM BME pH 7 (B1) (Figure 22). The soluble protein was tested against the Gram-positive S. 

aureus at concentrations up to 29.4 µg/ml and, paradoxically, showed faster growth of bacteria 

as the concentration of OCX-32 increased. The solubilizing buffer (B1) alone showed the highest 

bacterial growth inhibition (Figure S5). The components of the buffer were tested to find the 

constituent that was affecting growth. B1 with no EDTA (B2) showed the most similar growth 

compared to 20mM Tris-HCl, 0.5M NaCl alone (data not shown). When refolding dialysis was 

repeated using B2, the protein yield was 9.2% soluble with 8.18 µg/ml concentration in the 

supernatant (Figure 23). This recombinant protein was tested against Gram-positive Bacillus 

cereus and showed no dose-dependent inhibition of growth displayed by increase in lag time 

(Figure S6). The final OD600 after 18h of monitoring showed a trend of dose-dependent 

inhibition of bacterial numbers with the highest concentration tested (6 µg/ml) displaying the 

lowest final absorbance (Figure S6). Different EDTA concentrations were tested to increase the 

yield of purified soluble recombinant protein without a non-specific effect on bacterial growth. 

Various concentrations of EDTA were added to dialysis buffer B2 (0-0.2mM EDTA) and tested 
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against B. cereus. From the concentrations tested, 0.02mM of EDTA was the highest that 

showed no inhibition of bacterial growth (Figure S7). Thus, the concentration of EDTA in the 

dialysis buffer was reduced to 0.02mM (B3). The GST-OCX-32 recombinant protein was refolded 

using B3 as a final buffer and showed a yield of 21.5% soluble with 30.8 µg/ml in the 

supernatant (Figure 24). The antimicrobial activity of this soluble refolded protein was tested 

against B. cereus and it showed a slight decrease in lag time (increase of bacterial growth) 

compared to negative controls (B3) and PBS (Figure 25). There was no difference in lag time 

between the two concentrations of GST-OCX-32 tested (11.55 µg/ml and 23.11 µg/ml) while 

their final OD600 showed slight a dose-dependent decrease (Figure 25).  
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Figure 22. SDS-PAGE analysis for dialysis refolding of GST-OCX-32 haplotype A. The refolded 
protein at lane 9 (supernatant) was solubilized in 20mM Tris-HCl, 0.5M NaCl, 0.1mM oxidized 
glutathione, 1mM reduced glutathione, 0.2mM EDTA, 0.5mM BME pH 7. The pellet (lane 8) 
following dialysis was resolubilized in 6M guanidine hydrochloride, ethanol precipitated and 
finally solubilized in loading buffer. Lane 1-6 show known amounts of bovine serum albumin 
(BSA) used for calculating the standard curve. 
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Figure 23. SDS-PAGE analysis for dialysis refolding of GST-OCX-32 haplotype A. The refolded 
protein at lane 9 (supernatant) was solubilized in 20mM Tris-HCl, 0.5M NaCl, 0.1mM Oxidized 
Glutathione, 1mM reduced glutathione, 0.5mM BME pH 7 (No EDTA). The pellet (lane 8) 
following dialysis was resolubilized in 6M guanidine hydrochloride, ethanol precipitated and 
finally solubilized in loading buffer. Lane 1-6 show known amounts of bovine serum albumin 
(BSA) used for calculating the standard curve. 
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Figure 24. SDS-PAGE analysis for dialysis refolding of GST-OCX-32 haplotype A. The refolded 
protein at lanes 8 and 9 (supernatant) was solubilized in 20mM Tris-HCl, 0.5M NaCl, 0.1mM 
oxidized glutathione, 1mM reduced glutathione, 0.02mM EDTA, 0.5mM BME pH 7. The pellet 
(lane 10) following dialysis was resolubilized in 6M guanidine hydrochloride, ethanol 
precipitated and finally solubilized in loading buffer. Lane 1-6 show known amounts of bovine 
serum albumin (BSA) used for calculating the standard curve. 
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Figure 25. Time-dependent growth of Gram-positive B. cereus under different conditions and 
at 2 concentrations of GST-OCX-32 haplotype A. PBS, pH 7.4 was used as negative control of 
inhibition as well as buffer B3 (0.02mM EDTA). Histone H5 at 5.3 µg/ml was used as positive 
control for inhibition. 
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2.6 SUMO-OCX-32 dialysis refolding and antimicrobial activity test  

Haplotype A 6xHis-SUMO-OCX-32-6xHis recombinant protein was overexpressed using E. coli 

Rosetta cells. Following solubilization of the protein from inclusion bodies using GnHCl, the 

recombinant OCX-32 was partially purified by nickel affinity chromatography under denaturing 

conditions. The denatured protein was refolded using dialysis by slowly diluting out the 

denaturant (Figure 26). The protein had a soluble yield of 98.5% and a final concentration of 

763.0 µg/ml (total volume of 1ml refolded), according to densitometry analysis of the 42kDa 

band (Figure 27). The purity of the protein was 78.7% according to densitometry analysis 

comparing the 42kDa band with the total protein in the lane (Figure 26). Following purification, 

the SUMO-OCX-32 was tested against B. cereus to ascertain the presence of antimicrobial 

activity. The protein did not show any bacterial growth inhibition (increase in lag time) 

compared to control (Figure 28). For the assay, 4 µg/ml to 128 µg/ml were tested. This 

antimicrobial activity assay was repeated 3 times and showed similar results.   
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Figure 26. SDS-PAGE analysis for dialysis refolding of SUMO-OCX-32 haplotype A. The refolded 
protein (supernatant) was in a final dialysis buffer consisting of 20mM Tris-HCl, 0.5M NaCl, 
0.1mM oxidized glutathione, 1mM reduced glutathione, 0.02mM EDTA, pH 7.0. The pellet 
following dialysis was resolubilized in 6M guanidine hydrochloride, ethanol precipitated and 
finally solubilized in loading buffer. E2 (BD) shows the starting material eluted from nickel 
affinity column under denaturing conditions, which was subsequently refolded by dialysis.   

 



75 
 

 

Figure 27. SDS-PAGE analysis for dialysis refolding of SUMO-OCX-32 haplotype A. The refolded 
protein (supernatant) was in a final dialysis buffer consisting of 20mM Tris-HCl, 0.5M NaCl, 
0.1mM oxidized glutathione, 1mM reduced glutathione, 0.02mM EDTA, pH 7.0. Different 
volumes of the supernatant (Lanes 8-10) were loaded to avoid saturation for densitometry. 
Lane 1-6 show known standards of bovine serum albumin (BSA) used for calculating the 
standard curve. 
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Figure 28. Dose-dependent growth inhibition of Gram-positive B. cereus bacteria versus 
SUMO-OCX-32 haplotype A. PBS pH 7.4 was used as negative control for inhibition. Post-
dialysis buffer B4 (0mM BME) and fresh buffer B4 (0mM BME) were also evaluated as buffer 
controls. Histone H5 at 5.3 µg/ml was used as positive control for inhibition.  
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Supplementary 
 

 

Figure S1. Proteomics analysis for all 5 haplotypes of 50kDa GST-OCX-32 recombinant protein 
band. Yellow highlights indicate exclusive unique peptides. Green highlights on methionine 
residues indicate oxidation. Green highlights on asparagine and glutamine indicate 
deamidation.  
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Figure S2. Dose-dependent effect of imidazole on Salmonella enterica serovar Enteritidis 
growth.  
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Figure S3. Western blot analysis labelled with anti-GST antibody for E. coli Rosetta solubility 
test with various buffers (Table S1). The outlined bands are the expected size for GST-OCX-32 
recombinant protein. Total = total lysate prior to centrifuging, Super = supernatant following 
centrifugation of the lysate, Pellet= insoluble pellet following centrifugation of the lysate.  
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Figure S4. Western blot analysis labelled with anti-GST antibody for E. coli RIL solubility test 
with various buffers (Table S1). The outlined bands are the expected size for GST-OCX-32 
recombinant protein. Pellet= insoluble pellet following centrifugation of the lysate, Super = 
supernatant following centrifugation of the lysate.  
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Figure S5. Time-dependent growth of Gram-positive S. aureus bacteria in presence of GST-
OCX-32 haplotype A. The GST-OCX-32 was dissolved in 0.5M NaCl, 20mM Tris-HCl, 1mM 
reduced glutathione, 0.1mM oxidized glutathione, 0.2mM EDTA, 0.5mM BME, pH 7 (B1). This 
buffer was used as negative control of inhibition along with PBS pH 7.4. 
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Figure S6. Time-dependent growth of Gram-positive B. cereus bacteria in presence of GST-
OCX-32 haplotype A. The GST-OCX-32 was dissolved in 0.5M NaCl, 20mM Tris-HCl, 1mM 
reduced glutathione, 0.1mM oxidized glutathione, 0.5mM BME, pH 7 (B2). This buffer was used 
as negative control of inhibition along with PBS pH 7.4. Histone H5 was used as positive control 
of inhibition. 

 

 

 

 

 

 



83 
 

 

Figure S7. Effect of EDTA on B. cereus growth. The increasing EDTA concentrations in dialysis 
buffer (0.5M NaCl, 20mM Tris-HCl, 1mM reduced glutathione, 0.1mM oxidized glutathione, 
0.5mM BME, pH 7) were evaluated PBS pH 7.4 was used as a negative control for inhibition.  
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Table S1. Buffers used for Bugbuster mix 

1. 50mM NaPi, 500mM NaCl, 5m, 10% glycerol, 1% Triton pH 7 

2. 50mM Tris, 500mM NaCl, 10% glycerol, 1% Triton pH 7 

3. 50mM HEPES, 500mM NaCl, 10% glycerol, 1% Triton pH 7 

4. 50mM MES, 10% glycerol, 1% Triton pH 6.5 

5. 1X PBS, 10% glycerol, 1% Triton pH 7 

6. 50mM Tris, 150mM NaCl, pH 7 

7. 50mM HEPES, 150mM NaCl, pH 7 

8. 50mM Tris, 500mM NaCl, 10% glycerol, pH 7 

9. 50mM HEPES, 500mM NaCl, 10% glycerol, pH 7 

10. 50mM HEPES, 300mM NaCl, 10% glycerol, pH 7 
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Table S2. Nucleotide sequence of PCR primers used for DNA sequencing and verification of 
ligation. The PCR samples were denatured for 2min at 95⁰C followed by 30 cycles of 30s at 
95⁰C, 30s at 60⁰C, and 30s at 72⁰C. Finally, it underwent final extension for 5min at 72⁰C. 

 Forward Reverse 

 pGEX4T1 primer (GST) GGGCTGGCAAGCCACGTTTGGTG CCGGGAGCTGCATGTGTCAGAGG 
pSMT3 primer (SUMO) GCGTTCGCTAAAAGACAGCG AGGCTCTAGATTCGAAAGCGG 
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General Discussion 
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The Canadian poultry industry was worth $4.2 billion in 2016, with egg production accounting 

for $1.04 billion. Table eggs are the largest portion of the egg market at 73% with processed 

egg products representing the rest. Canadian per capita consumption was 238.8 eggs per year 

in 2016, which was a 2.7% increase from previous year. In addition, Canada exported $21.7 

million worth of processed eggs in 2016 (AAFC, 2017). The poultry industry also includes broiler 

chickens grown for consumption. In Canada, the per capita consumption of chicken meat was 

32.5kg in 2016. In addition, Canada also exported a total of 134.1 million kg of chicken products 

in 2016 alone (AAFC, 2017). Therefore, the poultry industry is a significant component of the 

dietary health of Canadians and of the Canadian economy. 

Antimicrobial proteins from broiler chickens  

One consequence of the size of the poultry industry is that it also produces large amounts of 

waste products. According to the environmental protection agency (EPA), blood from chicken 

processors accounts for their largest pollutant that enters the waste water treatment (EPA, 

2002). Finding economical usages for blood from chicken processors could be very valuable 

since there are often imposed surcharges based on quantities of pollutants that enter the waste 

water (Garcia et al., 2016). This aspect was one component of our rationale to extract histones 

from chicken red blood cells. These RBCs are different from blood products of other livestock, 

since poultry RBCs are nucleated. Histones are well known to have antimicrobial activity and 

active histones or histone fragments have been isolated from various organisms such as 

mammalian, amphibian  and fish species (Kawasaki and Iwamuro, 2008). In my study, the 

histones were tested against antibiotic-resistant and antibiotic-susceptible S. aureus, in both 

planktonic and biofilm forms (MRSA and MSSA). The project had several goals including: 



88 
 

determining the biofilm eradication concentration of the histone mixture against MSSA and 

MRSA, assessing the expression levels of AMP resistance genes that are upregulated in 

response to CAMPs, determining the kill kinetics of histone mixture against planktonic form of 

the two strains, and gaining insight into the mechanism histone bactericidal activity. For 

example, our study looked at several genes such as the dlt operon which induces D-alanylation 

of teichoic acids and vraFG which acts similarly to ABC transporter system to export the pore 

forming CAMPs such as histones (Rose-Martel et al., 2017). In my part of the project, the main 

goals were to assess the biofilm eradication concentration of the histones against MSSA and 

MRSA, to determine kill kinetics of the histone mixture against planktonic MSSA and MRSA, and 

to determine the interaction of histones with bacterial surfaces using SEM. The extracted 

histone mixture completely eradicated mature biofilms for the two strains (MSSA and MRSA) at 

relatively low concentrations (MSSA= 21±5 µg/ml, MRSA=23±5 µg/ml), compared to other 

CAMPs such as indolicidin, CAMA (cecropin (1-7)–melittin A (2-9) amide) and nisin that have 

MBEC values of 512, 5120, and 640 µg/ml, respectively, against MRSA (Mataraci and Dosler, 

2012). The histone MBEC values for both strains were significantly higher than the previously 

determined MIC values for planktonic forms (Rose-Martel and Hincke, 2014). However, the 

MBEC to MIC ratio was not as high as similar cationic antimicrobial peptides such as indolicidin 

and nisin. These CAMPs are much less active against biofilm MRSA with 40 to 80-fold higher 

MBEC compared to MIC (Mataraci and Dosler, 2012). Similarly, traditional antibiotics also show 

very high biofilm eradication concentrations compared to their MIC for planktonic bacteria. For 

example, the P. aeruginosa biofilm inhibitory concentration is 256 μg/ml for the 

piperacillin/tazobactam combination compared to 4 μg/ml for planktonic bacteria (Moskowitz 
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et al., 2004). S. aureus shows a similar phenomenon with vancomycin; its MBEC is >256 μg/ml, 

versus a MIC of 1 μg/ml for its planktonic form (LaPlante and Mermel, 2009). In addition, we 

saw a significant reduction in growth at concentrations much lower than the MBEC (p ≤ 0.002). 

MSSA was significantly reduced at histone mixture concentrations comparable to its MIC (8 

µg/ml vs MIC of 6±1 µg/ml). MRSA showed significant reduction at 16 µg/ml or 2XMIC (p ≤ 

0.0001). Therefore, the histone mixture shows very strong activity against biofilms of both 

strains of S. aureus at concentrations that are similar to their MICs. Therefore, the histone 

mixture retained its activity even in the presence of the extracellular polymeric substance (EPS) 

in which the bacteria were embedded, that would hinder antibiotic penetration. 

In order to determine the kinetics of biocidal activity of the histone mixture against planktonic 

MRSA and MSSA, time kill curves were performed. Another CAMP, indolicidin, was used as a 

positive control for inhibition. The histone mixture showed the most activity against MRSA, in 

that it eliminated >2 log10 of bacteria within 5 min at 1xMIC. MSSA showed lower susceptibility 

to the histones with only 0.5 log10 reduction in 5 min at the same concentration (1xMIC). 

Therefore, the resistance mechanism of the MRSA strain to methicillin is not protective against 

the histones mechanism of bacterial cell death. Indolicidin activity at 1XMIC was even more 

rapid with 5 min incubation leading to a ~6 log10 reduction in both strains. This may be due to 

the small size of indolicidin (13 aa) or its increased proportion of hydrophobic residues (38% 

tryptophan and 23% proline) compared to the average histones composition (16 kDa and 28-

45% hydrophobicity) (Falla et al., 1996; Rose-Martel et al., 2017). Therefore, the kill kinetics 

study on planktonic MSSA and MRSA showed that histones can rapidly inhibit bacterial growth 

(within 5 min of exposure), with MRSA showing the greater susceptibility. 
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CAMPs mainly interact with bacteria through surface interactions such as pore formation or 

physical thinning of the cell membrane (Brogden, 2005). The histone mixture from chicken 

erythrocytes has been previously shown to interact with Gram-positive LTA as well as Gram-

negative LPS (Rose-Martel and Hincke, 2014). Thus, a possible mechanism of action for the 

histone mixture against S. aureus is bacterial membrane damage. The MRSA biofilm was 

visualized using scanning electron microscopy to identify visible damage on the bacterial 

surface. The bacterial cells encased in the biofilm appeared smooth and fully spherical when 

treated with sterile water. The bacteria incubated with 128 µg/ml histones showed numerous 

amounts of bacterial surface damage, such as signs of blebbing, pore formation as well as cell 

collapse. As predicted, the histones affect the bacterial membranes similarly to other CAMPs 

such as LL-37 and magainins (Brogden, 2005).  

Overall, the histone mixture from chicken erythrocytes has shown potent activity against 

biofilm forms of MSSA and MRSA. This can be very beneficial in future treatments due to the 

increased prevalence of antibiotic resistance of many pathogens as well as the difficulty in 

treating mature biofilms. In addition, a possible mechanism was studied through how the 

histone mixture affects the bacterial surface. The bacteria showed clear signs of damage 

following exposure to histones. Thus, one possible mechanism of histones affecting biofilm 

could be membrane damage, which could provide a point of entry for histone molecules to 

cause internal cell damage. Moreover, the kinetics of biocidal activity against planktonic S. 

aureus showed that there is significant reduction of bacteria within 5 min of exposure to the 

histones. Therefore, the histone mixture from chicken RBCs showed eradication activity at 

relatively low concentrations compared to other CAMPs that require >100µg/ml to completely 



91 
 

eradicate biofilms. Therefore, our data demonstrates that histones may become a good 

alternative to conventional antibiotics in treating antibiotic-resistant strains of S. aureus in both 

planktonic and biofilm forms.     

Increasing eggshell antimicrobial protection through selective expression of a cuticle protein 

Egg-associated infections are very serious in such a large industry, which includes table eggs 

and processed eggs that enter the market as baked goods, mayonnaise, various types of pasta 

and noodles etc. One of the most dangerous pathogens that affects eggs in the United States is 

Salmonella enterica serovar Enteritidis (CDC, 2017b). Since the avian egg is essential for 

reproductive success, it has many natural protective elements. The integrity of the eggshell, 

which is made up of multiple layers, is a key factor. The cuticle is the surface layer which is the 

first line of defence as well as protection against dehydration of the egg contents. The cuticle 

contains proteins including ovocalyxin-32 (Jonchère et al., 2010). One of the main goals of my 

project was to express and purify this protein which has previously been shown to have 

antimicrobial activity (Xing et al., 2007). Thus, I worked on expressing recombinant versions of 5 

haplotypes of the OCX-32 protein that are naturally occurring in commercial egg-laying flocks. 

The protein was expressed in E. coli and various purification methods were attempted. The 

largest barrier that I encountered was obtaining soluble protein, either due to the nature of E. 

coli as a protein expression system and its lack of post-translational modification, or due to the 

intrinsic nature of the recombinant protein. The original recombinant protein contained 

glutathione-S-transferase (GST) at the N-terminus. This tag was included to enhance solubility 

of the fusion partner and help with purification through binding with glutathione agarose 

(Costa et al., 2014). The recombinant protein also contained a histidine tag at the C-terminus of 
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the OCX-32 which served as another purification method through nickel affinity 

chromatography. This chromatographic method is based on immobilized metal ions, such as 

nickel or cobalt, that act as ligands to bind the imidazole ring in histidine residues; it is possible 

to enrich the protein up to 100-fold through a single pass (Pierce Protein methods, 2011).  

Many issues were explored to prepare soluble recombinant OCX-32. The expression conditions 

were first changed to produce as much protein as possible in the soluble fraction. This was 

done through optimizing the induction concentration, temperature, and time. This method 

showed that the IPTG concentration could be halved while retaining high expression levels. 

From the various concentrations tested, a mid-range concentration of 0.5mM showed highest 

amounts of induced protein even compared to 1mM. This approach also helped to minimize 

degradation of the target protein due to the effects of expressing a foreign protein in the 

bacteria. When bacteria are induced to produce such large quantities of non-essential protein, 

the limited bacterial resources cannot meet the demand and  the bacterial growth rate is 

decreased (Malakar and Venkatesh, 2012). This reduction in the growth rate  is most evident 

during the early exponential phase (Malakar and Venkatesh, 2012). Thus, for this study, the 

bacteria were not induced until they attained OD600 = 0.5, in order to allow bacteria to reach 

sufficient numbers without the burden of expressing large quantities of foreign protein. 

Through this optimization process, we found that a reduced induction temperature (15⁰C) 

allowed bacterial expression to progress slowly and with less degradation. This was compared 

to 22⁰C and 30⁰C. Lastly, incubation times were also optimized to produce as much protein as 

possible at the lower temperature without leading to degradation. Induction for long periods 

can be stressful for the bacteria due to hijacking of translation machinery and may even lead to 
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cell death. However, if the growth is not conducted for sufficient duration, the quantity of 

expressed protein can also suffer. Thus, a wide range of growth times were evaluated, ranging 

from 1h to 18h. The longest incubation period expressed the highest amount of protein. 

However, degradation was also clearly higher compared to shorter incubation periods. 

Incubation period of 6h showed highest protein expression with minimal proteolytic 

degradation compared to 12h and 18h. Therefore, in all subsequent experiments, the 

recombinant protein was expressed using 0.5mM IPTG for 6h at 15⁰C. 

Following optimization of protein expression, the quantity of soluble protein obtained was still 

too low to perform any antimicrobial activity assay. The majority of heterologous proteins are 

often packaged into inclusion bodies. This aggregation is even more probable when the protein 

being over-expressed contains multiple cysteine residues that require formation of disulfide 

bridges for native conformation (Butt et al., 2005). Inclusion bodies contain mostly the 

incorrectly folded protein and can form aggregates in the cytosol or the periplasmic space 

(Singh et al., 2015). The inclusion bodies can sometimes aggregate to such a large degree that 

they are visible under light microscope (Butt et al., 2005). These inclusion bodies present a lot 

of problems in terms of solubility of the expressed protein, since they often require 

denaturation to dissolve. However, they can also act as a form of purification step, since they 

are relatively easy to separate from the rest of the bacterial proteins through cell lysis and 

centrifugation. Other bacterial proteins that can co-precipitate with the inclusion bodies may 

require further washes, with low concentration of denaturant such as urea as well as 

detergents, to remove (Vallejo and Rinas, 2004).  Therefore, the conditions developed for the 

optimization process (15⁰C incubation for 6h with 0.5mM IPTG) were used to express 
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recombinant OCX-32 and purify it from the inclusion bodies. This allowed a much larger starting 

concentration of protein since most of the over-expressed protein was found to be aggregated 

into inclusion bodies. The inclusion bodies were washed, purified, and then fully dissolved in 

denaturing conditions. The soluble recombinant protein was bound to the metal ion affinity 

resin via its 6xhistidine tag. The protein refolding was attempted while the OCX-32 was bound 

to the nickel affinity column. This allowed some of the protein to be successfully refolded. 

However, the quantity of soluble protein obtained was very low and could not be pooled 

together from different batches due to protein losses during attempts to concentrate with spin-

filters. We assessed where protein was being lost, since the starting denatured protein 

quantities were >1mg/ml and the resulting soluble protein was <50µg from 200ml of starting 

culture. We found that the problem was precipitation within the metal ion affinity column; 

most of the protein was precipitating when the denaturant was removed within a relatively 

short time. Thus, the rate of removal of denaturant had to be much slower. The slower 

refolding would require much longer incubation periods and buffer volumes compared to 

producing soluble protein from the initial culture.  

In order to explore other avenues prior to committing to the slower refolding, we also assessed 

using an alternative bacterial expression strain to provide rare tRNAs that standard E. coli does 

not normally express. In addition, a strain that increases disulfide bond formation through 

mutations in two of its genes was evaluated. These strains would produce some fraction of the 

recombinant protein in soluble form and eliminate the need for denaturation. However, neither 

strategy produced the GST-OCX-32 recombinant protein in soluble form.  
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Thus, alternative methods were required to change the recombinant protein and force it into 

soluble fraction. Another protein tag, small ubiquitin-like modifier (SUMO), was tested in order 

to decrease the size of the tag and increase solubility. The small ubiquitin-like modifier (SUMO) 

tag is known to enhance solubility as well as stability of the fusion protein (Kong and Guo, 

2011). Following this change, the new recombinant protein was expressed in both E. coli 

Rosetta as well as Origami 2. However, even with the change in fusion partner, the SUMO-OCX-

32 recombinant protein was still aggregating in inclusion bodies. The only changes that were 

apparent compared to the GST-OCX-32 recombinant protein was that the new tag enhanced 

total expression levels and led to much higher recombinant protein quantities while using same 

culture conditions and starting amounts. Therefore, we had to resort to slower refolding of this 

protein extracted from inclusion bodies to obtain sufficient protein for antimicrobial activity 

assay.  

The above trials showed that the recombinant protein was not being solubilized even following 

changes to buffer, strain, and protein tag. Thus, the inclusion bodies were used to isolate 

recombinant protein. Following isolation of the inclusion bodies, a correct redox environment is 

required to form the correct disulfide bonds while the denaturant is removed. The redox 

environment can be provided by adding low concentrations of oxidized and reduced 

glutathione (Okumura et al., 2011).  The denaturant can be slowly diluted out using other 

methods instead of the step-wise reduction used in on-column refolding. However, the protein 

may precipitate in the intermediate folding steps due to non-native interactions between 

hydrophobic residues (Vallejo and Rinas, 2004). One way to remove the denaturant is through 

dialysis. The protein can be directly dissolved in the denaturant and then the concentration of 
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the denaturant is reduced through slow dilution. This can be a good method since the protein 

of interest is dissolved in larger volume and thus starting concentration is low, which minimizes 

aggregation. However, it can also have disadvantages since the protein will need to be re-

concentrated later for use in functional testing. In addition, the amounts of buffer used can be 

quite large. One alternative to this method is using dialysis tubing to retain the denatured 

protein while removing the denaturant by dialysis. This must be done slowly since the protein is 

much more concentrated in the dialysis bag than in the previous method of direct dilution. This 

approach of using dialysis bag was chosen going forward since it would eliminate the steps of 

re-concentrating the protein which can lead to further losses.  

The slow refolding through dialysis was first conducted using the original recombinant protein, 

GST-OCX-32-6XHis. In addition to denaturant, oxidized and reduced glutathione, the buffer also 

contained 0.2mM EDTA and 0.5mM BME. EDTA chelates divalent cations such as nickel which 

can leach from the affinity chromatography and lead to His-tag mediated aggregation. EDTA 

also chelates other trace divalent cations that could interfere with the refolding process. BME 

reduces any misfolded disulfide bonds, which are especially problematic in the early stages of 

the refolding. Following reduction of the denaturant within a brief period of hours (3-8h), the 

soluble protein obtained was still very low (<40µg). The protein precipitated heavily during the 

last stages of refolding. Small quantities of the soluble recombinant protein were however 

tested for antimicrobial activity. It was found that certain buffer components that enhanced 

refolding, such as EDTA, inhibited bacterial growth by themselves. Therefore, the EDTA 

concentration was reduced 10-fold. Following this change of EDTA, the refolded protein yield 

was similar: 18.8% compared 21.5%. This showed that more than 80% of our starting protein in 
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inclusion bodies were precipitating. Thus, it was evident that GST as a protein tag was not 

enhancing the refolding or solubility of the fusion partner. 

However, SUMO has been shown to enhance protein refolding without prior solubility 

enhancement in the absence of denaturant (Kong and Guo, 2011). Thus, the SUMO-OCX-32 

recombinant protein was denatured and refolded using dialysis. The new recombinant protein 

showed almost complete solubility (>98%) after diluting out the denaturant by dialysis. The 

higher solubility amounts could be due to the structure of the SUMO tag which has a 

hydrophobic core and hydrophilic surface that allows it to act as a detergent towards its partner 

(Butt et al., 2005; Kong and Guo, 2011).  This may indicate that the SUMO tag is enhancing 

protein solubility similar to its original role in eukaryotes as a chaperone in protein folding (Butt 

et al., 2005). The SUMO may act as a nucleation site for protein refolding similarly to ubiquitin 

and thus help the fusion partner to refold correctly (Khorasanizadeh et al., 1996). The refolded 

SUMO-OCX-32 recombinant protein was tested against a major food pathogen, Bacillus cereus. 

The rOCX-32 did not show antimicrobial activity against this pathogen when tested up to 

128µg/ml, possibly due to failure to retain activity following denaturation and subsequent 

refolding with improper disulfide bond formation. Thus, the buffer conditions could be affecting 

the refolded protein and preventing the formation of a correct native conformation. The 

haplotype that was tested could also have very low activity compared to the remaining 4 

haplotypes. Hence, in the future, it will be necessary to also test the antimicrobial activity of the 

remaining haplotypes following expression and refolding. If antimicrobial activity against 

antibiotic susceptible food pathogens is detected, OCX-32 will be tested against antibiotic 

resistant strains. This includes antibiotic resistant Salmonella serovars Typhimurium and 
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Enteritidis. If the protein provides potent activity, it could be exploited in therapeutic 

applications. Further purification of the refolded protein may also prove beneficial since it is 

currently only ~80% pure. The removal of other contaminants may increase the activity of our 

protein of interest. This could be done through nickel affinity chromatography and elution at 

various concentrations of imidazole to separate the different sized contaminants. It can also be 

done through size-exclusion chromatography (SEC) since the difference in molecular weight 

between the contaminants and the recombinant protein is sufficient (rOCX-32 = 42kDa vs main 

contaminants ≅ 30kDa). However, since this difference in size is lower than two-fold, multiple 

passes through the SEC would probably be required for necessary resolution. Moreover, the 

SUMO tag could be affecting the activity of the OCX-32, and could be removed using the 

internal cleavage site, Ulp1. The subsequent separation of the SUMO and OCX-32 moieties 

might prove challenging as both contain histidine tag. Therefore, SEC may be required or nickel 

affinity chromatography with range of imidazole concentrations for eluting out the two 

components. Alternatively, the expression construct could be redesigned to delete the N-

terminal His-tag associated with the SUMO. This would simplify separation of the tag from the 

target protein.  

Overall, the OCX-32 fusion protein shows great difficulty in solubilization even following 

changes in bacterial strain, protein tag, and using various buffers. The on-column refolding step 

was associated with a large amount of precipitation, which could be due to rapid decrease of 

urea or to changing from guanidine hydrochloride to urea. Slow refolding of the recombinant 

OCX-32 using dialysis showed some promise in terms of obtaining protein for antimicrobial 

activity testing. The dialysis refolding for SUMO-OCX-32 showed very high solubility (>98%) and 
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generated large quantities of protein in soluble form. However, the solubilized protein failed to 

show antimicrobial activity. This could have been due to (1) incorrect refolding which did not 

retain activity of the protein, (2) the haplotype tested does not have antimicrobial activity, (3) 

the SUMO or its constituent histidine tag affects the activity of ovocaxlyin-32. These possible 

issues would have to be tested in future studies. The cDNA for the remaining haplotypes will 

need to be ligated into the SUMO plasmid to express the different recombinant proteins. In 

addition, the SUMO tag could also be cleaved from purified recombinant protein using Ulp1 

protease to test the potential antagonistic effects of SUMO.  

In the studies reported here, two dramatically different approaches were taken. Isolation of an 

antimicrobial histone mixture from an abundant starting material proved to be highly successful 

and promising. On the other hand, expression of a soluble recombinant protein for functional 

assessment proved to be highly problematic and required great investment of time and energy 

to prepare a soluble protein for testing. Further developmental work will be necessary to 

determine if this approach is a viable strategy. 
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