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ABSTRACT

Production of protegrin-1 with a matrix metalloproteinase/elastase cleavage
site and its therapeutic potential for skin wound infections
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University of Guelph, 2017

Advisor:
Dr. Julang Li

Antibiotic-resistant infections are medically concerning due to their difficulty to control
and associated rates of mortality. Methicillin-resistant Staphylococcus aureus (MRSA) is a drugresistant microbe and a prominent cause of skin wound infections. Protegrin-1 (PG-1) is an
antimicrobial peptide with a broad spectrum of activity against bacteria, including antibioticresistant strains, and therefore possesses promising therapeutic potential. A previous study
demonstrated that PG-1 successfully reduced inflammation in mice with chemically-induced
colitis. The current study sought to generate proform PG-1 (ProPG) for more efficient activation
at sites of tissue inflammation using a recombinant approach. An MMP cleavage site was
introduced into ProPG to allow for the more efficient release of mature PG-1 during skin
inflammation. The expression vector was constructed and introduced into expression host Pichia
pastoris. Fermentation parameters were optimized and efficient ProPG secretion was confirmed
by Western blot. Future studies will verify ProPG therapeutic potential for combatting MRSA skin
infections.
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1. INTRODUCTION
Microbial drug-resistance is a growing public health concern around the world.
Agricultural practices that utilize antibiotics for non-clinical purposes at subtherapeutic levels, as
in-feed prophylactics and growth promoters, have driven the selective pressure for antibioticresistance. Genetic plasticity and rapid replication times of microbes further complicate this
dilemma (1). Zoonotic transmission of bacterial strains unsusceptible to modern antibiotics may
incite infections in humans only treatable with earlier, less-well-developed forms of antibiotics
that may have higher associated toxicities (2). Methicillin-resistant Staphylococcus aureus
(MRSA) is one example of a gram-positive bacterium that has developed drug resistance, often
multi-drug resistance. Nosocomial and community-acquired MRSA infections have dramatically
increased over the years with MRSA responsible for more than half of the nosocomial infections
requiring treatment in hospital intensive care units (3). Skin and soft-tissue infections are
commonly caused by MRSA and can lead to sepsis and necrotizing fasciitis in otherwise healthy
adults inside and outside of healthcare settings (Figure 1.1) (4, 5). It was revealed that 57 % of
individuals with MRSA infections were not prescribed an appropriate antibiotic therapy in
accordance with results from antibiotic susceptibility tests of MRSA isolates (4). Greater risks of
mortality are associated with MRSA than methicillin-susceptible Staphylococcus aureus (MSSA),
prompting the need for therapeutic alternatives to antibiotics.
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Figure 1.1. Chronic skin ulcers infected with MRSA on an elderly patient.
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Antimicrobial peptides (AMPs) are thought to be an alternative to traditional antibiotics.
Evolving widely throughout the Animalia, Plantae, and Fungi kingdoms, AMPs protect hosts from
a broad spectrum of microbes. Having evolved alongside hosts, pathogens have pushed hosts to
develop AMPs, also known as host defence peptides (HDPs) in eukaryotes, as defence strategies.
In higher vertebrates, HDPs are an integral part of the innate immune system and are potent
antimicrobials and immunomodulators between the innate and adaptive immune responses.
Cathelicidins are a family of HDPs of particular interest as potential antibiotic replacements as
their rapid microbicidal mode of action is distinct from those of conventional antibiotics, lessening
the formation of resistance. These cationic amphiphiles cause debilitating pores to form in anionic
microbial cell membranes, releasing cellular contents and destroying microbes.
Cathelicidins are pre-formed as precursor molecules and stored in innate immune effector
cells until they are required. Proform cathelicidins do not possess antimicrobial activity as the
small C-terminal antimicrobial domain is constrained by the N-terminal cathelin domain, separated
by a proteolytic processing site. For example, protegrin-1 (PG-1), one of five porcine cathelicidins,
is stored in its precursor state within cytoplasmic neutrophil granules. Once the innate immune
system has been triggered by an invader, neutrophils are recruited to the site of infection where
they extravasate from the nearest blood vessel into the surrounding tissue to degranulate, releasing
the contents of their granules. Degranulation releases proform protegrin-1 into the tissue
simultaneous to the release of neutrophil elastase, the enzyme required for processing the cleavage
site between the cathelin and antimicrobial mature PG-1 domains (Figure 1.2). Separating cathelin
from the mature PG-1 domain permits its microbicidal action. PG-1 has been well characterized
in vitro and in vivo although studies have often focused on the mature PG-1 domain, often
neglecting to describe the bioactivity of the cathelin propiece or entire propeptide in vivo. Recently,
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the cathelin propiece has been reported to also have immunomodulatory functions (E. Huynh,
unpublished, 4). These discoveries suggest that the therapeutic benefits of PG-1 may be further
bolstered by inclusion of the cathelin domain and potentially the entire PG-1 precursor.

4

Figure 1.2. Basic linear structure of porcine protegrin-1. The cathelin propiece must be cleaved
by neutrophil elastase for the antimicrobial domain to allow antimicrobial activity.
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To quantify the therapeutic potential of the whole PG-1 proform (ProPG), we set out to
recombinantly produce this eukaryotic peptide for topical application in a MRSA-challenged, full
excisional murine skin wound model. As PG-1 derives much of its antimicrobial nature from its
structural conformation, an expression host able to produce biomolecules with post-translational
modifications was required. The methylotrophic Pichia pastoris (P. pastoris), an organism
generally regarded as safe (GRAS) and an established recombinant protein expression host in
industry, was selected for this task (4, 5).
Cutaneous injuries are repaired in a complex coordination of inflammation, proliferation,
angiogenesis, re-epithelialization, and tissue regeneration and remodeling (9). Matrix
metalloproteinases (MMPs) are involved in tissue remodeling and are expressed in various cell
types, including wound-adjacent dermis, granulation tissue, and migrating keratinocytes (10). The
topical application of mature PG-1 has been evaluated in burn wounds (11), but to facilitate
activation of the PG-1 propeptide in skin wounds, the native neutrophil elastase processing site
between the cathelin and mature antimicrobial domains was redesigned to incorporate an
additional matrix metalloproteinase (MMP) cleavage site. MMPs have temporally-distinct
expression patterns at sites of cutaneous injury where different MMPs are more or less abundant
at different stages of healing (12). MMP-3-deficient mice have been shown to have impaired skin
wound repair processes (13), demonstrating the importance of MMPs in skin healing and
supporting the inclusion of an MMP cleavage sequence in recombinant proform PG-1 (rProPG).
In this study, we recombinantly produced a ProPG variant, rProPG, utilizing P. pastoris.
The native processing site of ProPG was adjusted to include a cleavage site designed for wide
MMP selectivity in addition to its native selectivity for neutrophil elastase. rProPG was generated
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to evaluate its potential to stimulate tissue repair and prevent infection in skin wounds when
applied topically.
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2. LITERATURE REVIEW
2.1

Antibiotic resistance and infection control concerns

Intensification in animal production has led to livestock housed in close quarters,
facilitating disease spread and morbidity. Alongside these contemporary housing practices in the
agricultural sector, antibiotics have increasingly been administered to animals at subtherapeutic
levels in water and food as prophylactics. Subtherapeutic dosages in feed may not pass the
threshold required for therapeutic effects to be observed clinically, but generally still exceed the
minimum inhibition concentration (MIC) of gut microbes (14). Table 2.1 identifies diseases
frequently incurred by different livestock species that are quelled by antimicrobial microsupplements in feed.
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Table 2.1. Types of disease occurrences lowered by the addition of subtherapeutic antimicrobials
in North American feeds. (15–29)
Livestock

Controlled diseases

Associated pathogens

Poultry

Mycoplasmosis
Pasteurellosis
Psittacosis
Necrotic enteritis

Mycoplasma gallisepticum
Pasteurella multocida
Chlamydophila psittaci
Clostridium perfringens

Antibiotics in feed

Penicillin
Fluoroquinolone
Avilamycin
Flavophospholipol
Bacitracin
Virginiamycin
Streptomycin
Sulfasuxidine
Chlortetracycline
Oxytetracycline

Common drug classes

Β-lactams
Fluoroquinolones
Glycopeptides
Ionophores
Lincosamides
Macrolides

Swine

Dysentery
Proliferative enteropathy
Mycoplasma pneumonia
Infectious atrophic rhinitis

Escherichia coli
Lawsonia intracellularis
Mycoplasma hyopneumoniae
Pasteurella multocida

Penicillin
Lincomycin
Erythromycin
Tylosin
Avilamycin
Bacitracin
Carbadox
Virginiamycin
Tetracyclines

Oligosaccharides
Phospholipols
Polypeptides
Quinoxalones
Streptogramins

Cattle

Shipping fever pneumonia
Liver abscesses
Footrot

Pasteurella haemolytica
Fusobacterium necrophorum
Dichelobacter nodosus
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Monensin
Tylosin
Avilamycin
Bacitracin
Virginiamycin
Tetracyclines

Sulfonamides
Tetracyclines

Not only do biocidal feed additives prevent disease but livestock producers also profit from
selling a greater number of healthy animals or animal products to market. The subtherapeutic
addition of antimicrobials in feed has been demonstrated to have growth promoting effects. The
first research group to demonstrate this was Moore et al. (1946) who conducted chick feeding trials
to quantify the growth effects of select antibiotics.
Growth advantages provided by antimicrobials in feed change as animals progress from
one life stage to another. Generally, a minimum of a 3 – 8 % increase in body weight is seen across
all life stages with a 3 % increase in feed efficiency (11, 12). Biocides in feed make animal
production more cost effective for both producers and consumers by reducing disease and boosting
growth. Without these feed additives, producer costs would increase along with the price of meat
for consumers. Further to this, the ethical argument could be made that if a food-producing animal
is suffering from an infectious disease that is treatable through the application of antimicrobials,
producers may have an obligation to treat the disease with the appropriate antimicrobial and
prevent further disease or transmission amongst herds through other disease-prevention strategies.
While antibiotics are included in feed for their ability to reduce morbidity and mortality rates in
livestock and potentiate growth rates, this practice is not without consequence.
Of global health and food safety concern is the rise in microbial antibiotic-resistance.
Approximately 54 % of emerging infectious diseases arising globally between 1940 and 2004 were
due to drug-resistant bacteria (32). In 2008, infectious diseases were ranked the third highest cause
of death in the United States of America, and second cause of death globally, despite the wide
availability of antibiotics (1). Selective pressure for microbes to develop resistance is propelled by
the subtherapeutic use of antibiotics in agriculture (33, 34, 36). Strains of gram-positive and gramnegative drug-resistant organisms have been identified in food animals and animal products, even
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more alarming as zoonotic transmission of antimicrobial-resistant organisms has been reported
(20, 23). For example, humans in close contact with veal calves treated with antibiotics were more
likely to test positive for carriage of MRSA (38). Epidemiological concerns are amplified as hosts
infected with antibiotic-resistant bacteria face greater mortality risks compared to hosts infected
with antibiotic-susceptible bacteria (13, 14, 23). While growth benefits are still taken advantage of
by livestock producers, regulatory bodies around the world are distinguishing between which
antibiotics may be used for agricultural purposes and which are reserved for human and companion
animal medicine (Table 2.2).
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Table 2.2. Intended benefits from drug inclusion in animal feed.

Class of
antibiotic
Ionophores

Specific
examples
Monensin
Salinomycin

Β-lactams

Penicillin

Tetracyclines

Chlortetracycline
Oxytetracycline

Sulfonamides

Sulfasuxidine
Streptomycin

Streptogramins

Virginiamycin

Macrolides

Erythromycin
Tylosin
Kitasamycin

Polypeptides

Bacitracin

Glycopeptides

Avoparcin
Vancomycin
Teicoplanin
Flavophospholipol
Flavomycin
Carbadox
Olaquindox

Phospholipols
Quinoxalones

Oligosaccharides

Avilamycin

Benefits in feed
· Increased energy and amino
acid availability
· Improved nutrient utilization
· Permeabilizes bacterial cell
membranes
· Inhibits gram-positive cell wall
synthesis
· Increases feed efficiency
· Disrupts protein synthesis;
broad spectrum
· Increases feed efficiency
· Increases feed efficiency
·Alters vitamin synthesis of gut
flora
· Disrupts gram-positive protein
synthesis
· Disrupts gram-positive protein
synthesis
· Reduces enterobic nitrogen
metabolism
· Enhances feed utilization
· Inhibits gram-positive cell wall
synthesis
· Inhibits gram-positive cell wall
synthesis
· Inhibits gram-positive cell wall
synthesis
· Interferes with DNA stability
and synthesis in bacterial
anaerobes
· Disrupts gram-positive protein
synthesis
· Reduces enterobic nitrogen
metabolism
· Enhances feed utilization
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Medical
Use
No
No

References
(14, 16)

Yes

(14, 17, 38)

Yes
Yes

(17, 19, 38)

No
Yes

(18, 38)

Yes

(19)

Yes
Yes
No

(14, 19, 39, 40)

No

(14)

No
Yes
Yes
No
No
Yes
Yes

(14)

Yes

(14, 40)

(14)
(14)

The correlation between occurrences of microbial antibiotic-resistance and infection rates
caused by these resistant microbes has been further exacerbated by the healthcare community,
especially through the overuse of broad spectrum antibiotics in patients (43). Further, an improper
course of antibiotics were prescribed to the majority of patients faced with drug-resistant infections
as the causative agents were either unsusceptible to prescribed therapies or only susceptible to a
drug at concentrations near the top of its therapeutic range (4). Drug prescriptions incongruent
with microbial antibiotic susceptibility results pressures pathogens into further developing
resistance and further reducing treatment options. Microbes may develop resistance mechanisms
that render them insusceptible to a single drug or to an entire class of drugs, i.e. β-lactamases and
efflux pumps (44). Such infections were formerly only seen in healthcare settings but have now
spread to communities as evidenced by the rise in community-acquired cases. The exposure of
individuals to antibiotics and antibiotic-resistant bacteria within their community may make them
more prone to carrying antimicrobial-resistant bacteria than if antibiotics were administered
directly to them (45).
Wounded skin epithelium compromises an important physical barrier in the innate immune
system and provides opportunity for infection. The type of wound, immune status, and carrier state
of an individual are determinants for infection risk (46). Antibiotic-resistant infections are harder
to treat and often result in fewer therapeutic options. Patients with antibiotic-resistant bacterial
infections tend to remain in hospital for longer, creating more burden on the healthcare system and
increasing costs (11).
Staphylococcus aureus (S. aureus) strains that are resistant to methicillin tend to have
multidrug-resistance to β-lactams and other drug classes (14, 18, 29). Vancomycin is the drug of
choice for dealing with MRSA but strains are becoming increasingly resistant to glycopeptides
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antibiotics such that the treatment of an infection with vancomycin cannot be guaranteed (49).
Therefore, alternatives to modern antibiotics must be investigated to control the growing problem
of MRSA infections in hospitals and communities.

2.2

Current proposed strategies to combat antibiotic resistance

As traditional antibiotics typically target distinct effectors in microbial pathways,
pathogens may re-route these pathways around the susceptible point or modify the effector such
that it can no longer be targeted. Discontinuing the inclusion of antibiotics in animal feeds may
remove some selective pressure for resistance development but existing adaptations may persist.
Research into the enhancement of current antibiotic potency and delivery is underway to battle
antibiotic-resistance, as is the search for antibiotic replacements.
Strengthening drug-target interactions at the surface of bacterium can overcome alterations
in bacterial receptors designed to escape antibiotic subjugation. The minimum inhibitory
concentration (MIC) of a drug is influenced by the binding strength between the microbial target
and itself; as the mechanical force between a drug and its intended target increases, the MIC
decreases (50). Ndieyira et al. (50) examined the binding ability of vancomycin to vancomycinsusceptible receptors (VSR) and vancomycin-resistant receptors (VRR) and found that at 3 µM,
vancomycin was able to only bind VSR and not VRR. Under the same conditions, oritavancin, a
lipoglycopeptide antibiotic with a similar chemical structure to vancomycin, bound both VSR and
VRR with a strength 11,000 times stronger than vancomycin. Oritavancin (0.03 µg/mL) is 16- to
32-fold more efficacious against MRSA isolates than vancomycin (1 µg/mL) in vitro (51). As
vancomycin is the drug of last resort against MRSA, these results are promising for the
development of oritavancin for clinical use. If current antibiotics can undergo structural
14

modification to permit stronger drug-target interactions or an increase in the number of
intermolecular bonds, antimicrobial-resistance mechanisms may be overwhelmed for the present
until new microbial adaptations are developed.
Antibiotic delivery systems have also been explored as opportunities to surmount antibiotic
degradation via microbial enzymes. Methicillin-resistance in S. aureus is conferred by the
production of β-lactamases that target the methicillin β-lactam ring. Of the same β-lactam drug
class and susceptible to β-lactamases, penicillin was stabilized in the presence of MRSA-produced
β-lactamases when bound to polyacrylate nanoparticles and had identical MICs of 2 µg/mL against
MSSA and MRSA (52). Gold nanoparticles functionalized with amoxicillin had biocidal activity
against MRSA at 16 µg/mL and reduced host cytotoxicity compared to the amoxicillin control
which was unable to inhibit MRSA growth (53). Bacterial drug delivery systems may also offer
additional solutions to drug-resistance in microbial pathogens (54).
The search for novel antibiotic molecules has not proved to be fruitful and reverting to
early antibiotics holds two challenges: higher risk of host cytotoxicity and formation of microbial
resistance if use is not strictly limited to situations of last resort. AMPs may have the potential to
work around these challenges as they have been protecting hosts from pathogenic microbes over
the course of host-microbe evolution. With diverse modes of action different from antibiotics and
broad biocidal activities, AMPs may be attractive alternatives to antibiotics.

2.3

Antimicrobial peptides: Cathelicidins

Cathelicidins are a family of host defence peptides (HDPs) that play important roles in the
innate immune systems of hosts and are involved in the coordination between innate and acquired
immune responses. Plants, insects, and higher vertebrates generally possess at least one distinct
15

member of the cathelicidin family (20, 21). Species differ in the cathelicidin members they express
and the combinations of them, theorized to be a result of variation in selective pressures derived
from pathogen exposure throughout evolution.
Most members of the cathelicidin family are synthesized as large propeptides and
processed by specific proteases, releasing an N-terminal cathelin domain and a C-terminal active
antimicrobial domain. Cathelin domains are highly evolutionarily conserved among vertebrates
whereas antimicrobial domains are diverse in sequence, length, structure, and biocidal activity.
Generally, cleaved cathelin propieces are anionic at physiological pH, opposite to their mature
antimicrobial counterparts that are usually 12-100 amino acids in length, with an overall positive
charge at physiological pH (57). Secondary and tertiary structures may be α-helical, linear and
proline-rich, or disulfide bridge-stabilized β-hairpins. Structures are dependent on the occurrences
of hydrophilic and hydrophobic regions within the mature cathelicidin domains.
Antimicrobial activities of cathelicidins have been studied at length in vitro against
different microorganisms and parasites. Gram-negative and gram-positive bacterial growth
inhibition assays with human cathelicidin, LL-37, demonstrated the ability of the propeptide and
active domain to prevent gram negative growth however, only the mature LL-37 possessed
antimicrobial activity against gram positive S. aureus (58). The biological functions of cathelin
domains require further investigation although it has been suggested that they may inhibit
endogenous enzymes from degrading processed mature antimicrobial domains (41, 42). Pazgier et
al. (58) found that the human cathelin domain was unable to inhibit neither bacterial growth nor
cysteine proteases at 60 µM. However, these results conflict with previous findings that the human
cathelin domain is antibacterial against E. coli, MRSA, and S. epidermidis between 16 µM and 32
µM, and is capable of inhibiting the human cathepsin L protease (59).
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Cathelicidins are predominantly expressed in mammalian leukocytes and stored in
cytoplasmic granules as prepropeptides until the innate immune system triggers degranulation and
cathelicidin activation (20, 23). Degranulation exposes precursors and cleaved domains to
intracellular and extracellular proteases that may result in the early termination of beneficial antiinfection activity. Mature cathelicidins may extend their pharmacokinetic action through the
incorporation of uncommon residues that may provide an escape from unspecific proteolytic
degradation. Monobrominated tryptophan decreases susceptibility of hagfish cathelicidin-related
molecules to proteases while proline, occurring at a standard level in the majority of mature
cathelicidins, provides mammalian cathelicidins with resistance to serine proteases (60).
Microbicidal action is derived from the biochemical and structural characteristics of the
mature form of cathelicidins. These cationic peptides are able to electrostatically bind to negatively
charged microbial membrane moieties such as lipopolysaccharide, lipid A, and lipoteichoic acid
(61). Amphipathic mature domains may then integrate into and ultimately disrupt microbial
membranes (62). Examination of the porcine cathelicidin (protegrin-1) influence on a lipid bilayer
patch revealed the formation of finger-like projections around the perimeter of the patch after 5
min and nanoporous structures appeared after 15 min when the bilayer was fully destabilized at a
concentration of 2 µg/mL of PG-1 (63). Visualization of porous structures within the interior of
the lipid bilayer patch suggests that PG-1 may exert its antimicrobial effects through membrane
pore formation and perturbance of microbial homeostasis. Further, ion leakage and membrane
potential decay was observed in E. coli after a 1 min exposure to 25 µg/mL of PG-1 suggesting
between 10 and 100 membrane pores had formed within (64). Structural studies of porcine
protegrins have indicated that their shape is important for antimicrobial activity. Five distinct
protegrins have been identified in swine, protegrin-1 to -5. Protegrin-1 has been best studied and
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was found to have the strongest biocidal action when in its native β-sheet conformation and was
found to be tolerant of salt, displaying only minor reductions in antimicrobial capacity under
physiological salt concentrations (44, 48). Linear protegrin-1 analogs maintained some of their
antimicrobial activity, which was further improved when alanine residues replacing the native
cysteine residues were instead replaced with other residues that promote a β-sheet/β-hairpin
conformation (44, 47).
Host cytotoxicity must be considered in the development of new antimicrobials. Members
of the cathelicidin family have generated much interest as potential therapeutic agents given their
broad spectrum of activity and membrane-disrupting function, making it more difficult for
microbes to develop resistance strategies against them. Microbial cell membranes are
preferentially targeted for attack by cathelicidins due to their distinctive lipid molecules, overall
negative charge, and greater fluidity than that of mammalian cells. PG-1 potency is heightened in
low-cholesterol membrane conditions and decreases as cholesterol content increases (67). This
protective effect of cholesterol in mammalian cell membranes may be due to an interference with
the electrostatic attraction between PG-1 and host cell membranes as well as reducing host cell
membrane flexibility (68). Cathelicidins exhibit cytotoxicity towards mammalian cells at
concentrations multiple-folds higher than the low micromolar concentrations required for
pathogens (61).
Endogenous to swine, PG-1 is one of five porcine protegrins that have a conserved cathelin
domain and are invariant in 12 out of 19 residues (Table 2.3). Two intrachain disulfide bonds
stabilize the β-hairpin conformation between C6 and C15, and C8 to C13 (Figure 2.1) (21, 33).
Evolved sequence differences have altered the spectrum of activity of each protegrin analog
providing swine with a formidable arsenal of innate immune effectors. Proform PG-1 is found in
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porcine neutrophil granules and when released at a site of infection, neutrophil elastase unleashes
the antimicrobial PG-1 active domain from the propiece (70). PG-1 is of particular interest as an
alternative therapeutic agent given its rapid microbicidal activity against gram-negative and grampositive bacteria, including antibiotic-resistant bacteria, fungi, protozoa, cancer cells, and
enveloped viruses at micromolar concentrations (22, 23, 31, 32).
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Table 2.3. Homology of proform porcine protegrins. Conserved regions are shaded in grey. The four, disulfide bridge-forming cysteines are underlined
in bold. Positively charged residues in the antimicrobial domain are red while purple denotes hydrophobic residues. All porcine protegrins have
amidated C-terminals.
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Figure 2.1. Structural diagrammatic of the antimicrobial domain of protegrin-1. Residues
homologous with other porcine protegrins are outlined in black with dashed lines representing the
two disulfide bridges between conserved cysteine residues. Positively charged residues in the
antimicrobial domain are red while purple denotes hydrophobic residues. The C-terminal amide
group in protegrin-1 is consistent with protegrins 2-5.
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2.5

In vitro therapeutic potential of protegrin-1

Antimicrobial characteristics of mature PG-1 have been well defined against numerous
clinically relevant pathogens. Support for its development as an alternative therapeutic to
antibiotics stems from its ability to sustain antibacterial function at a low physiological pH range
at sites of inflammation (73). Miyakawa et al. (74) tested the antimycobacterial activity of mature
PG-1 at a pH of 4.0 but did not observe activity against Mycobacterium tuberculosis until the pH
increased to 5.0; optimal killing occurred at pH 6.0. The salt tolerance of mature PG-1 compliments
its pH tolerance as inflammation develops at wound sites along with exudate. Mature PG-1
maintains potency against gram-positive and gram-negative bacteria at high salt concentrations
(150 mM NaCl) and while in the presence of serum (48, 49). Additionally, gram-negative and
gram-positive bacteria were not able to establish resistance to PG-1 after repeated sub-culturing in
the presence of PG-1 at a concentration of half the MIC per respective pathogen (76). This relates
to the rapid biocidal action of PG-1 and the difficulty involved in adapting anionic components of
microbial membranes to resist PG-1 attack.
Interestingly, membrane-bound proteins, in addition to membrane lipids, may be partly
responsible for the affinity of mature PG-1 to bacteria. McGwire et al. (77) investigated the
parasiticidal nature of PG-1, they discovered that PG-1 was effective against both life stages of
Trypanosoma brucei (T. brucei), the deadly cause of sleeping sickness in humans, despite a
complete shift in surface coating from one life stage to the other. The procyclic form that develops
in tsetse flies sheds its superficial protein coating during the transition into the human bloodstream
where a new surface coat is expressed to avoid innate immune activation in its new host. However,
the glycosylphosphatidylinositol anchors that bind surface proteins to the parasite’s anionic
membrane may contribute to the parasite-PG-1 electrostatic attraction and biocidal activity.
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Antiparasitic drugs used to treat T. brucei infections have started to become ineffective due to
resistance and are often cytotoxic to the host. These findings not only suggest the therapeutic
potential of PG-1 as an anti-parasitic agent, but continue to highlight its ability to overcome
multidrug resistant microbes.
PG-1 antiviral activity follows a different mechanism of action from its antibacterial and
antiparasitic membrane disruption. Inhibition of Dengue virus replication was accomplished at
non-cytotoxic concentrations (12.5 µM) of PG-1 up to 72 hr after infection (78). Dengue NS2BNS3 serine protease, required for cleaving viral polyprotein into structural and non-structural
components, was disrupted by PG-1 through competitive inhibition (78). As viruses are obligate
intracellular parasites and Dengue requires host ribosomes to translate its single stranded viral
RNA into the polyprotein, this finding suggests that PG-1 may enter mammalian cells to inhibit
the NS2B-NS3 serine protease without causing cell death at non-cytotoxic concentrations. PG-1
has further been shown to have antiviral activity against HIV (human immunodeficiency virus),
another enveloped virus (79).
While mature PG-1 has been demonstrated to have an anti-cancer effect in a dose- and
time-dependent fashion (72), mammalian host cells are less susceptible to mature PG-1 than
microbial cells due to the protective effects of cholesterol and the short half-life of mature PG-1
(40, 41). Table 2.4 provides a summary of the promising spectrum of PG-1 biocidal activity in
vitro with MICs comparable to antibiotics.
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Table 2.4. Minimum inhibitory concentrations of PG-1 against clinical pathogens in vitro.

Pathogen
Staphylococcus
aureus
Staphylococcus
epidermidis
Enterococcus
faecalis
Escherichia
coli
Haemophilus
ducreyi
Pseudomonas
aeruginosa
Mycobacterium
tuberculosis
Candida albicans
Trypanosoma
brucei (procyclic)
Human
immunodeficiency
virus
Dengue virus
serotype-2

MIC (ug/mL)

Type

PG-1

Gram positive

2.9

Gram positive

1.3

Gram positive

Antibiotic
(Vancomycin)

3.4
(Vancomycin)

Reference
(11)

2.2

(11)

1.4

---

(11)

Gram negative

6.3

---

(66)

Gram negative

0.6-5.0

---

(80)

Gram negative

1.6

---

(11)

Neither gram positive nor
gram negative

5

---

(74)

Fungi

4.4

(Not susceptible to
fluconazole)

(11)

Parasite

25

---

(77)

Virus

1.6

Virus

27

24

(Azidothymidine)

0.0018

(79)

---

(78)

2.6

In vivo therapeutic potential of protegrin-1

PG-1 has therapeutic potential in cases of local or systemic infection. As demonstrated by
the variety of administration routes tested, PG-1 can be efficacious in many areas of the body and
against many infectious agents or chemically-induced disease (Table 2.5). PG-1 biological activity
in vivo has been primarily demonstrated for the mature domain. Steinberg et al. (76) demonstrated
the antibacterial capacity of mature PG-1 in immunocompetent and immunosuppressed mice. As
cathelicidins have been reported to have therapeutic immunomodulatory and immunostimulatory
roles in infection (81), it is interesting to see that mortality rates in leukopenic mice infected with
vancomycin-resistant Enterococcus faecium declined from 87 % to only 33 % after a single
intravenous injection of mature PG-1 at 2.5 mg/kg (76). A shortage of leukocytes not only means
that important effector cells of the innate immune system are missing, but that any HDPs they
express would be in short supply as well. Therefore, the findings by Steinberg et al. (76) suggest
that exogenous PG-1 can effectively protect hosts without reliance on an intact innate immune
system or synergistic effects with HDPs (82).
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Table 2.5. Therapeutic dosages of PG-1 administered in murine models challenged with clinically
relevant pathogens or chemically induced inflammation.
Route of PG-1
administration

Therapeutic
dosage

Topical

1-100 µg

Intradermal injection

1-100 µg

4.5 x 106

Intraperitoneal

0.5 mg/kg

(76)

Intravenous

3.2 x 107

Intravenous

5 mg/kg

(76)

Intravenous

1.4 x 109

Intravenous

2.5 mg/kg

(76)

Intraperitoneal

1 x 106

Intraperitoneal

5 mg/kg

(77)

---

---

Intragastrical

10 mg/kg

(E. Huynh,
unpublished)

Microbe

Inoculation route

Inoculum CFU

Pseudomonas
aeruginosa

Topical

1 x 106

Pseudomonas
aeruginosa

Intraperitoneal

Staphylococcus
aureus
Vancomycinresistant
Enterococcus
faecium
Trypanosoma
brucei
(bloodstream)
(Chemicallyinduced colitis)

References
(11)
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Ectopic expression of PG-1 proform had a protective effect on transgenic mice when
challenged with Actinobacillus suis, a gram-negative pathogen, as mice were more resistant to
infection than wildtype counterparts (83). This indicates that an increase in cathelicidin availability
can provide a better defence against infection for a host (55). Intragastric administration of ProPG,
cathelin, or mature PG-1 were found to reduce weight loss and improve clinical signs in mice with
chemically-induced colitis. In this model, E. Huynh (unpublished) found that ProPG had greater
protective effects than either cathelin or mature PG-1 as ProPG was not only able to reduce the
gross severity of induced colitis but could modulate the immune system to decrease
proinflammatory mediators (TNFα, COX-2) while increasing expression of epithelial tissue repair
mediators (trefoil factor 3 (TFF3)). Mature PG-1 also decreased COX-2 and increased TFF3
expression while cathelin did not (E. Huynh). These findings together show a therapeutic effect of
ProPG on epithelium in the respiratory and gastrointestinal tracts, respectively.

2.7

Protegrin-1 as a therapeutic agent in skin wound infections

ProPG modulates respiratory and intestinal epithelial repair through bacterial clearance and
immune regulation, pointing to the possibility of a similar effect in cutaneous wounds.
Steinstraesser et al. (11) demonstrated a bactericidal effect from mature PG-1 in burn wounds
inoculated with a sulphadiazine-resistant Pseudomonas aeruginosa; however, no immunological
studies were performed. It was found that application of PG-1 to burn wounds significantly
reduced the bacterial load in wound tissue compared to the acetic acid carrier control. Interestingly,
there was no significant dose-dependent response observed in bacterial clearance at PG-1 dosages
from 1 to 100 µg. The route of administration affected PG-1 bactericidal efficacy as P. aeruginosa
was significantly more reduced in burns given PG-1 intradermally compared to topically.
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However, this may be due to the molecular environment at the surface of the burn site as proteases
may be more abundant and available to degrade small proteins such as PG-1 than they are
intradermally. Burn wound exudate may also impede the effect of topical PG-1 application as
exudates tend to force topicals away from deeper sites of infection. Optimizing protegrin-1 for
topical application would be advantageous over intradermal injections for ease of application,
direct assault on infectious agents, and stimulation of healing processes from within the site of
injury.

2.8

Production of protegrin-1 in vitro

There exist two main methods of peptide production, chemical synthesis and recombinant
production through use of an expression host. Each method has its associated benefits and
limitations. Nanoengineering peptides and peptide polymers through chemical synthesis generates
proteins of a known purity and concentration but is noted to be economically impractical for long
proteins, perhaps only feasible for peptides < 10 kDa (34, 45, 46). Additionally, subpar or irregular
post-synthesis modifications may affect peptide bioactivity which might negate its appeal
altogether (86). PG-1 antimicrobial potency is dependent on its biochemical and structural features
such as β-sheet folding and cysteine-cysteine disulfide bridges. Taken together with ProPG (14
kDa) size, production via chemical synthesis would be costly and perhaps unpractical given current
recombinant production options.
Heterologous protein expression systems have been implemented in a variety of hosts with
AMPs previously expressed in bacteria, plants, and yeast (61, 62). Expression hosts may
intrinsically provide post-synthesis and post-translational modifications that more closely
resemble biological peptides. Production costs will be dependent on the type of recombinant host
28

but host limitations and protein characteristics must be considered. Constraints on expression
levels, recombinant protein yields, imperfect post-translational modifications, proteolysis of
desired products, and toxicity towards expression hosts are examples of limitations to consider.
Select AMPs exhibit higher biocidal activity when expressed in P. pastoris compared to E. coli
(72).

2.9

Recombinant peptide production in Pichia pastoris

Methylotrophic P. pastoris has been established as a recombinant protein expression host
in academic and industrial operations (5, 6). This species of yeast is considered biologically safe
and is able to accumulate great biomass for higher exogeneous protein yields either intracellularly
or extracellularly in culture supernatant (88). P. pastoris has been employed to produce a growing
number of biomolecules with post-translational modifications for various applications (72). A
variety of commercial expression vectors featuring inducible or constitutive promoters are
available (89).
The methanol-inducible alcohol oxidase I (pAOXI) promoter controls expression of
enzymes for metabolism of methanol as a carbon source (90). There are three levels of methanol
utilization phenotypes in P. pastoris: the wildtype phenotype is able to rapidly consume methanol,
the methanol utilization slow (MutS) phenotype consumes methanol at a slower pace, and the last
phenotype, methanol utilization minus (Mut-), is not able to grow if methanol is the sole carbon
source (90). pAOXI was optimized for the tight methanol-induced regulation of P. pastoris
recombinant protein expression systems. Transcription factor binding sites within pAOXI were
deleted or duplicated to adjust levels of transcriptional activity; the most powerful mutant pAOXI
achieved greater than 160% of wildtype pAOXI activity (91).
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As a critical metabolic enzyme in glycolysis and gluconeogenesis, glyceraldehyde-3phosphate dehydrogenase is constitutively expressed under the regulation of the pGAP promoter
when yeast are provided a carbon source of glucose or glycerol (7). Mutagenesis of pGAP lead to
the generation of a mutant pGAP promoter with 19.6-fold greater activity than the wildtype (8).
pGAP has been less widely used in heterologous protein expression due to its constitutive nature
and potential for heterologous proteins to exert a cytotoxic effect against P. pastoris, impeding
biomass accumulation and protein yield. However, exogenous proteins are expressed at
comparable levels under pGAP and pAOXI (92). Figure 2.2 highlights pAOXI- and pGAPregulated heterologous protein expression patterns in culture.
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Figure 2.2. Protein expression under the control of P. pastoris promoters AOXI or GAP.
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The choice of promoter in P. pastoris-recombinant protein expression systems not only
affects protein production but influences fermentation time and media compositions depending on
the required fermentation strategy. This may limit immediate downstream applications and impact
downstream purification steps. For example, utilization of pAOXI requires that methanol be added
to the culture media to initiate protein production. Unmetabolized methanol and potentially
harmful methanol metabolites would occur in the supernatant. Employment of pGAP in place of
pAOXI would eliminate the need for methanol in media and the limitations on direct supernatant
application upon removal of yeast. Akhtar (unpublished) produced 0.79 ± 0.01 g/L of recombinant
ProPG (rProPG) in the 1 L bioreactor with pAOXI as the promoter. It is our goal to surpass this
rProPG concentration under the control of pGAP to explore expression differences and create a
more streamlined process from fermentation vessel to therapeutic application in vivo.

2.10

Altering protegrin-1 maturation location through cleavage site redesign

Recombinant peptide production allows for the manipulation of cDNA sequences to
introduce protease cleavage sites that may extend peptide range, half-life, and place of action in a
host. MMPs are a large family of zinc-dependent proteases that display a variety of substrate
specificities and are important in tissue remodeling (12). Wound-adjacent dermis, granulation
tissue, and migrating keratinocytes all express MMPs (8, 10). Keratinocyte migration is facilitated
by MMPs in the re-epithelialization of skin wound beds (93). Angiogenesis is an integral part of
wound healing, in which MMPs function by degrading extracellular matrices and regulating
vascular smooth muscle cell migration and proliferation (94). Considering their extensive
biological roles in vivo, MMP expression is tightly regulated in coordination with tissue inhibitors
of metalloproteinases (TIMPs). Both protein families have the highest abundance at sites of
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inflammation and during the granulation stage of healing as identified in a normal rat excisional
skin wound model (12). Inhibition of MMPs has been shown to delay mouse wound healing and
MMP-3-deficient mice with excisional skin wounds experience slower repair (10, 47). Adams et
al. (95) demonstrated the therapeutic potential of fusion proteins with multiple introduced MMPcleavable linker sites between each fused peptide ex vivo with inflammatory fluids. Fusion proteins
may provide a longer half-life to joined peptides by increasing size and providing a folding shelf.
This was observed in mouse transforming growth factor β1 (TGF-β1) fused C-terminally via
multiple MMP-1/MMP-3 cleavage site linkers to a latency associated peptide (LAP) (96).
Introducing a widely-selective MMP cleavage site into ProPG may extend PG-1
therapeutic range and allowing the mature PG-1 to be released more effectively in the inflamed
area. Wildtype ProPG contains a porcine neutrophil elastase processing site between the Cterminal cathelin domain and N-terminal mature PG-1 domain, which is cleaved at areas of
infection after neutrophils degranulate, stimulating PG-1 antibacterial activity (32, 43). Placement
of an MMP cleavage site N-terminal to the natural elastase processing site may help ensure rProPG
is cleaved more efficiently when applied topically to injured tissue, to fight infection and promote
healing.
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3. RATIONALE AND RESEARCH OBJECTIVES
With growing concerns regarding the development of microbial resistance to traditional
antibiotics, animal-derived AMPs offer a promising alternative. Recent preliminary data on the
immunoprotective role of pig ProPG using a chemically-induced colitis mouse model revealed the
potential for ProPG to have a dual function: infection prevention and the promotion of wound
healing through modulation of inflammation and cell migration. It is unknown if ProPG has similar
protective effects in skin wound repair processes. Since treatment options for MRSA-infected
wounds are both limited and a large draw on the governmental healthcare budget, novel therapies
for cutaneous repair could be developed through the exploration of exogenous PG-1 behaviour in
skin (11, 80, 81). It is hypothesized that protegrin-1 with a restructured cleavage site can be
produced in recombinant yeast (P. pastoris), allowing more efficient and targeted release of mature
PG-1 at the injured site for future topical applications in skin wound healing.

Objective 1. Clone recombinant Pichia pastoris to express and secrete PG-1 with a redesigned
cleavage site for MMPs and including the native elastase site.

Objective 2. Optimize P. pastoris fermentation to maximize heterologous PG-1 yield and
confirmation of the functionality of the inserted MMP-3 site.

Objective 3. To perform pilot studies to establish a mouse excisional skin wound MRSA infection
model.

34

4. MATERIALS AND METHODS
4.1

Construction of P. pastoris expression vectors

4.1.1 Open reading frame syntheses

Expression vectors were constructed for mature PG-1 (MatPG) (60 bp) and proform PG-1
(ProPG) (412 bp) based on their published cDNA sequences (Accession number:
NM_001123149.1; National Center for Biotechnology Information (NCBI), US National Library
of Medicine; Bethesda, Maryland, USA). Each open reading frame (ORF) was synthesized and
codon optimized for P. pastoris by ATUM (Newark, California, USA) (Figure 5.1). MatPG was
purchased in the final pD915 P. pastoris pGAP expression vector from ATUM (USA). ProPG was
ordered in a pJ201 shuttle vector (ATUM; USA) and subsequently cloned into the final pD915
expression vector. pD915 contains an alpha-factor secretion signal derived from Saccharomyces
cerevisiae that facilitates recombinant protein secretion in P. pastoris and is driven by the GAP
promoter. Vectors were provided in dry-state and were reconstituted in nuclease-free water
(Thermo Fisher Scientific; Whitby, Ontario, Canada) according to ATUM (USA) guidelines.

4.1.2 Cleavage site redesign for recombinant ProPG

rProPG featured a redesigned cleavage site to allow for enzymatic activation by either
MMPs (amino acid sequence IVPLSMIA) or elastase (EVQGV) to increase activation potential in
skin wounds (Figure 5.1). Wildtype protegrin-1 contains a cleavage motif specific for porcine
neutrophil elastase (Figure 5.2B). This native elastase cleavage site was maintained to ensure
rProPG is cleaved in vivo, releasing mature protegrin-1 from the cathelin domain to allow
antimicrobial activity and modulate tissue repair. N-terminal to the native cleavage motif, a
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redesigned MMP cleavage motif was introduced. This addition is postulated to broaden PG-1 in
places of action in the body and make it more suitable for maturation in cutaneous tissues upon
trauma and/or infection as a variety of MMPs are expressed at different stages of wound healing
(12). Preferred cleavage sequences of MMPs have been previously reported (99) (Table 5.3). It
has been noted that amino acid substitution in substrates at different cleavage motif positions
typically only effect MMP selectivity marginally (100). Substrate residue sequences could
therefore be manipulated for broad selectivity amongst MMP family members, provided proline
was in the third position (P3) and either leucine or methionine was located at P1ʹ for broad
spectrum proteolysis (100). Based on these reports, the final MMP cleavage site was chosen by
including residues most preferred by MMPs in each cleavage motif position, with a focus on MMP3 as MMP-3-deficient mice have been shown to experience delayed skin wound repair processes
(13). Finally, characteristics of the theoretical cleavage products were calculated with the Peptide
Property Calculator (Innovagen; Lund, Sweden) before cloning to ensure that the active PG-1
domain released by MMP cleavage would have an isoelectric point and charge at a pH of 7
comparable to the active PG-1 domain released by proteolytic elastase (Table 5.4). These are
important considerations given the putative mechanism of action of mature wildtype protegrin-1;
a cationic peptide attracted to negatively charged bacterial membranes at a density great enough
to cause pore formation, destroying the microbes (46, 47). The redesigned sequence for MMP and
elastase proteolysis of rProPG was IVPLSMIAEVQGV (Figure 5.1).

4.1.3 Competent E. coli DH5α production
Escherichia coli (E. coli) DH5α were made to be competent as described (101). Briefly, an
overnight culture was prepared in 20 mL of Luria-Bertani (LB) medium (Sigma Aldrich; Oakville,
36

Ontario, Canada) and incubated 16 hr (250 rpm, 37 °C). Cells were diluted into 500 mL of LB and
allowed to reach the early exponential growth phase (optical density at 600 nm (OD600) = 0.3-0.4
A). Cells were pelleted by centrifugation at 1000 x g for 10 min at 4 °C before resuspension in 50
mL of ice-cold transformation and storage solution (per 100 mL: 93 mL LB (Sigma Aldrich;
Canada), 10 g polyethylene glycol (Sigma Aldrich; Canada), 2 mL of 1.0 M Mg2+, 5 mL DMSO
(Thermo Fisher Scientific; Canada), pH 6.5). 400 µL aliquots were made in 1.7 mL Eppendorf
tubes and stored at -80 °C. Transformation efficiency was calculated using pUC19 (100 pg/µL;
Invitrogen; Carlsbad, California, USA) and the following formula:
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠
𝑇𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 (𝜇𝐿)
×
𝜇𝑔
𝑉𝑜𝑙𝑢𝑚𝑒 𝑝𝑙𝑎𝑡𝑒𝑑 (𝜇𝐿)
(𝑃𝑙𝑎𝑠𝑚𝑖𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ( ))(𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝𝑙𝑎𝑠𝑚𝑖𝑑(𝜇𝐿))
𝜇𝐿

Competent E. coli DH5α used in subsequent transformations had a transformation efficiency of
1.5 x 106 CFU/µg DNA.

4.1.4 pJ201 shuttle vector transformation
Competent E. coli DH5α were heat-shocked into accepting the pJ201 shuttle vector
(ATUM; USA) containing the codon-optimized rProPG cDNA for P. pastoris and a kanamycin
resistance element (Appendix A). Transformed E. coli maintained high level plasmid replication
under the selective pressure of 25 µg/mL kanamycin (Sigma Aldrich; Canada). For bacterial
transformation, 100 µL of competent cells were mixed with 2 µL of plasmid (40 ng) and left on
ice for 10 min. Heat from a 42 °C water bath was applied for 45 seconds, shocking the cells and
facilitating plasmid uptake. Cells were immediately put on ice for 2 min to allow for recovery and
to reduce cell damage. 900 mL of LB media (Sigma Aldrich; Canada) was added to the

37

transformed E. coli without antibiotic. Cultures were shaken at 250 rpm while incubated for 1 hr
at 37 °C. Cells were plated (150 µL) on LB agar (1 % tryptone (Sigma Aldrich; Canada), 0.5 %
yeast extract (Sigma Aldrich; Canada), 1 % NaCl (Thermo Fisher Scientific; Canada), 1.5 % agar
(Sigma Aldrich; Canada)) with 25 µg/mL kanamycin (Sigma Aldrich; Canada) and incubated
overnight at 37 °C for transformant colony growth.

4.1.5 PCR amplification of ProPG ORF

Liquid cultures of pJ201-ProPG (ATUM; USA) transformants were grown overnight in 3
mL of LB (1 % tryptone (Sigma Aldrich; Canada), 0.5 % yeast extract (Sigma Aldrich; Canada),
1 % NaCl (Thermo Fisher Scientific; Canada)) supplemented with 25 µg/mL kanamycin (Sigma
Aldrich; Canada). Plasmids were isolated (EZ-10 Spin Column Plasmid DNA Minipreps Kit; Bio
Basic Canada) to serve as PCR templates in the amplification of the ProPG ORF. Primers were
designed to complement the pD915 vector backbone (ATUM; USA) and the ProPG ORF while
reinforcing the SapI restriction enzyme cut site (5ʹ end of ligation site: sense: 5ʹ-GCTCTTC(N1)3ʹ, anti-sense: 3ʹ-CGAGAAG(N4)-5ʹ; 3ʹ end of ligation site: sense: 5ʹ-(N4)GAAGAGC-3ʹ, antisense: 3ʹ-(N1)CTTCTCG-5ʹ) (New England Biolabs; Whitby, Ontario, Canada) required for
ligation into pD915. The following primers were used for PCR (20 pmol/primer): sense: 5ʹ–
GAAGCTCTTCTATGAAAAGAGAGGCCGAAGCTC–3ʹ,

anti-sense:

5ʹ–

ACGGCTCTTCTACCCCCTTACCTTCCTACGCAA–3ʹ, where SapI restriction sites are
italicized. Selection of a non-proofreading DNA polymerase, Taq DNA polymerase (Thermo
Fisher Scientific; Canada), was necessary to retain the single 3ʹ-terminal adenosine overhangs at
either end of the PCR amplicon for downstream thymidine-adenosine (TA) cloning. Amplification
was carried out using a T3 Thermocycler (Biometra; Gottingen, Germany) with the lid heated to
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104 °C to prevent sample evaporation. 35 cycles of denaturing (94 °C, 30 s), annealing (55 °C, 30
s), and extension (72 °C, 30 s) steps were carried out. The final elongation step lasted for 10 min
at 72 °C. The negative control reaction was identical to the ProPG amplification reaction except
no pJ201 template was added, only nuclease-free water in its place. Resulting PCR products were
run on a 1 % agarose (Sigma Aldrich; Canada) DNA gel in sodium borate (SB) buffer (0.008 %
NaOH (Thermo Fisher Scientific; Canada), 0.047 % boric acid (Thermo Fisher Scientific;
Canada), pH 8.2) at 135 V for 30 min to verify the presence of the product at the correct size.

4.1.6 PCR amplicon ligation into intermediate pGEM-T plasmid

ProPG ORF PCR products were ligated into the pGEM-T plasmid (pGEM-T Easy Vector
System I; Promega; Madison, Wisconsin, USA) for high-level propagation in E. coli DH5α.
Shortly after PCR amplification, ligation reactions were set up to prevent loss of the single 3ʹterminal adenosine overhangs on ProPG amplicons. Ligation reactions were supplied T4 DNA
ligase (Promega; USA) and proceeded according to manufacturers’ instruction (Promega; USA).
Reactions incubated overnight (16 hr) at 4 °C to produce the greatest number of successful
ligations. Constructed pGEM-T plasmids with ProPG cloned into the multiple cloning site via
T/A-overhangs were transformed into competent E. coli DH5α and selected for with LB (1 %
tryptone (Sigma Aldrich; Canada), 0.5 % yeast extract (Sigma Aldrich; Canada), 1 % NaCl
(Thermo Fisher Scientific; Canada)) containing ampicillin (100 µg/mL) (Sigma Aldrich; Canada).
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4.1.7 ProPG gene excision from pGEM-T
SapI (recognition site: sense: 5ʹ-GCTCTTC(N1)-3ʹ, anti-sense: 3ʹ-CGAGAAG(N4)-5ʹ)
(New England Biolabs; Canada) excised the ProPG ORF from isolated (EZ-10 Spin Column
Plasmid DNA Minipreps Kit; Bio Basic Canada) pGEM-T (Promega; USA) at 37 °C overnight.
Excision products were visualized on a 1.0 % agarose (Sigma Aldrich; Canada) DNA gel under
UV light to confirm. A separate 1.0 % agarose (Sigma Aldrich; Canada) DNA gel was subjected
to electrophoresis such that ProPG fragments would remain intact for extraction (EZ-10 Spin
Column DNA Gel Extraction Kit; Bio Basic Inc.; Canada) after only a brief exposure for
identification of band location under long-wave UV light.

4.1.8 Ligation into final GAP vector

Gel extracted ProPG ORF was cloned (type II) into the pD915 P. pastoris expression vector
backbone from ATUM (Newark, California, USA) (Figure 5.2). Ligation between the ProPG
overhangs (sense: 5ʹ-ATG-3ʹ, anti-sense: 5ʹ-ACC-3ʹ) and the linear pD915 overhangs (sense: 5ʹGGT-3ʹ, anti-sense: 5ʹ-CAT-3ʹ) occurred at a ratio of 3:1 involving exposure to T4 DNA ligase
(Promega; USA) overnight at 16 °C. Plasmids were heat-shocked into competent E. coli DH5α
and positive transformants were selected for with 25 µg/mL zeocin (Gold Biotechnology; St.
Louis, Missouri, USA) on low salt Luria-Bertani (LB) agar (2 % agar (Sigma-Aldrich; Canada), 1
% tryptone (Bio Basic Canada; Markham, Ontario, Canada), 0.5 % yeast extract (Bio Basic
Canada), 0.05 % sodium chloride (Thermo Fisher Scientific; Whitby, Ontario, Canada)) plates.
Colonies appeared after 18-20 hr of incubation at 37 °C. Zeocin-containing media and plates were
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always kept out of direct light and aluminum foil was used to completely cover plates in storage
(4 °C) as zeocin is a light-sensitive antibiotic.

4.1.9 Expression vector sequence confirmation

Restriction enzyme digestions provided preliminary sequencing diagnostics. SwaI
(recognition site: 5ʹ-ATTTAAAT-3ʹ) (New England Biolabs; Whitby, Ontario, Canada) and BsrGI
(recognition site: 5ʹ-TGTACA-3ʹ) (New England Biolabs; Canada) were selected for their unique
restriction sites within the pD915 vector backbone or ProPG ORF, respectively. E. coli
transformants were cultured overnight in 3 mL of low-salt LB (1 % tryptone (Bio Basic Canada;
Canada), 0.5 % yeast extract (Bio Basic Canada), 0.05 % sodium chloride (Thermo Fisher
Scientific; Canada)) with 25 µg/mL zeocin (Gold Biotechnology; USA). Isolated plasmid DNA
(EZ-10 Spin Column Plasmid DNA Minipreps Kit; Bio Basic Canada) from each transformant
served as the substrate for three different restriction enzyme reactions. The first reaction would
determine if the pGAP vector was present through linearization with SwaI at 25 °C. The second
reaction would determine if the ProPG ORF was present through linearization with BsrGI at 37
°C. The third reaction would determine the ligation status of the pGAP vector and ProPG ORF
with both SwaI and BsrGI at 25 °C. Restriction products were visualized on a 0.8 % agarose (Sigma
Aldrich; Canada) gel with RedSafe nucleic acid stain (10 µL/100 mL agarose solution) (iNtRON
Biotechnology; South Korea) under UV light. DNA fragment sizes were evaluated against the
HighRanger 1 kb DNA ladder (Norgen Biotek; Thorold, Ontario, Canada). Sequencing
confirmation was performed at the AAC Genomics Facility (University of Guelph, Ontario,
Canada) using an anti-sense primer complementary to the pD915 AOX transcriptional terminator
(5ʹ-CTCAGGCAAATGGCATTCTGACATCCTC-3ʹ) (Integrated DNA Technologies; Coralville,
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Iowa, USA). Returned sequences were inspected via the Basic Local Alignment Search Tool
(BLAST) (National Center for Biotechnology Information, US National Library of Medicine;
Bethesda, Maryland, USA) and identity confirmed.

4.1.10 Electrocompetent P. pastoris production
Competent P. pastoris X-33 (wildtype; Invitrogen; Carlsbad, California, USA) and MutS
(Invitrogen; USA) strains were prepared for electroporation according to (102). Briefly, each P.
pastoris strain was cultured overnight in 5 mL of YPD (2 % glucose (Thermo Fisher Scientific;
Canada), 2 % peptone (Bio Basic Canada), 1 % yeast extract (Bio Basic Canada)) (30 °C, 250
rpm). Inoculum was diluted the following day to an OD600 of 0.15-0.20 A in 50 mL of YPD. Yeast
were grown to an OD600 of 0.8-1.0 A at 30 °C while shaking at 250 rpm for harvest. An absorbance
of 0.9 was reached after 3-4 hr. The culture was aliquoted into 15 mL centrifuge tubes and spun
down at 800 rpm, room temperature, for 10 min to garner soft cell pellets and the supernatant was
decanted and discarded. Cell pellets were resuspended in 9 mL of ice-cold, filter sterilized BEDS
solution (10 % bicine (10 mM, pH 8.3) (Sigma Aldrich; Canada), 3 % ethylene glycol (Thermo
Fisher Scientific; Canada), 5 % dimethyl sulfoxide (Thermo Fisher Scientific; Canada), 1 M
sorbitol (Thermo Fisher Scientific; Canada)) and 1 mL of filter sterilized dithiothreitol (100 mM)
(Sigma Aldrich; Canada). The cell suspension was incubated for 5 min at 100 rpm in a 30 °C
shaking incubator and again centrifuged at 800 rpm for 5 min to collect cells at room temperature.
Finally, pellets were resuspended in 250 µL of BEDS solution and aliquoted into 50 µL volumes.
Electrocompetent cell aliquots were wrapped in 2 layers of paper towel to protect from freezing
too rapidly at -80 °C.
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4.1.11 Electroporation of P. pastoris X-33 and MutS strains

Plasmids were isolated from E. coli transformants (EZ-10 Spin Column Plasmid DNA
Minipreps Kit; Bio Basic Canada) and linearized with SwaI (New England Biolabs; Canada)
overnight at 25 °C. Phenol-chloroform was used to extract the linearized plasmid DNA from the
restriction enzyme digestion at a 1:1 volume ratio. Further purification and DNA concentration by
ethanol precipitation followed with the end DNA pellet resuspended in 10 µL of nuclease-free
H2O (Thermo Fisher Scientific; Canada). Competent P. pastoris X-33 (wildtype; Invitrogen; USA)
and MutS (Invitrogen; USA) strains were put on ice in preparation. In an electroporation cuvette
with a gap width of 2.0 mm (BTX; San Diego, California, USA), 100 µL of electrocompetent cells
were combined with approximately 2-5 µg of linearized plasmid DNA. After incubating the
cuvette on ice for 2 min, a 1500 V pulse was applied with an Electro Cell Manipulator 399 (BTX;
USA). Ice-cold recovery media, 1.0 mL of 0.5 M sorbitol in YPD (2 % glucose (Thermo Fisher
Scientific; Canada), 2 % peptone (Bio Basic Canada), 1 % yeast extract (Bio Basic Canada)), was
immediately added and the cuvette was incubated at 30 °C in a shaking incubator for 1 hr.
Transformed P. pastoris were plated on YPD agar plates (2 % agar (Sigma-Aldrich; Canada), 2 %
glucose (Thermo Fisher Scientific; Canada), 2 % peptone (Bio Basic Canada), 1 % yeast extract
(Bio Basic Canada)) with doubling zeocin (Gold Biotechnology; USA) concentrations for
multicopy integrant selection (250, 500, 1000 µg/mL). Plates were incubated for 3 days at
temperatures between 26-30 °C until colonies appeared. Transformant plates were wrapped in
aluminum foil and stored at 4 °C.
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4.2

P. pastoris transformant selection

Transformant P. pastoris colonies grown on YPD agar-zeocin plates were screened for
MatPG and ProPG secretion. Colonies were inoculated into 1.0 mL of YPD and grown over 72 hr
in a shaking incubator (30 °C, 250 rpm). Samples collected at 24 hr intervals were dot blotted to
confirm the presence of MatPG or ProPG. 3.0 mL cultures were prepared in BMGY (1 % yeast
extract, 2 % peptone, 100 mM KH2PO4 at pH 6.0 (Thermo Fisher Scientific; Canada), 1.4 % yeast
nitrogen base (Sigma-Aldrich; Canada), 0.00004 % biotin (Difco; Canada), 1 % glycerol (Thermo
Fisher Scientific; Canada)) to quantify MatPG and ProPG secretion levels amongst GAP
transformants and between AOXI transformants cultured alongside as controls. AOXI cultures were
washed and transferred into BMMY medium (1 % yeast extract, 2 % peptone, 100 mM KH2PO4
at pH 6.0 (Thermo Fisher Scientific; Canada), 1.4 % yeast nitrogen base (Sigma-Aldrich; Canada),
0.00004 % biotin (Difco; Canada), 1 % methanol (Sigma-Aldrich; Canada)) after 24 hr of growth
to induce expression by replacing glycerol content with methanol (103). GAP transformants
producing MatPG or ProPG on par with AOXI transformants or above were selected for
downstream applications. All samples collected at 24, 48, and 72 hr were centrifuged at 11,000
rpm for 3 min to allow for supernatant to be preserved separately from cell pellets. Each sample
component was stored at -80 °C before analysis. Confirmed transformants were streaked onto YDP
agar plates (2 % agar (Sigma-Aldrich; Canada), 2 % glucose (Thermo Fisher Scientific; Canada),
2 % peptone (Bio Basic Canada), 1 % yeast extract (Bio Basic Canada)) with 100 µg/mL zeocin
(Gold Biotechnology; USA) to ensure the absence of contaminants. Colonies were picked for
glycerol stock formation (600 µL of overnight inoculum, 500 µL of sterile 50 % glycerol) and
stored at -80 °C. Glycerol stocks were prepared in duplicates for each positive GAP transformant
and stored separately.
44

4.3

Recombinant protegrin-1 production

GAP transformant ProPG production was optimized in the BioFlo/CelliGen 115 Benchtop
Bioreactor (New Brunswick Scientific; Edison, New Jersey, USA). Transformant cultures were
inoculated from colonies less than a month old on YPD agar plates (2 % agar (Sigma-Aldrich;
Canada), 2 % glucose (Thermo Fisher Scientific; Canada), 2 % peptone (Bio Basic Canada), 1 %
yeast extract (Bio Basic Canada)) and added to 50 mL of YPD (2 % glucose, 2 % peptone, 1 %
yeast extract) 24 hr before the start of fermentation (3.0-12.0 A600). The bioreactor was autoclaved
with 1.0 L of fed-batch phase media (Table 5.2) and held at 30 °C with the pH adjusted to 5.0 with
NH4OH (Thermo Fisher Scientific; Canada). The bioreactor was inoculated with 50 mL of
overnight transformant culture at 0 hr estimated fermentation time (EFT). Agitation was set to a
lower limit of 250 rpm and an upper limit of 700 rpm to maintain a dissolved oxygen (DO) content
of 20 %. The aeration rate was fixed at 5.0 L/min and antifoam A (Sigma-Aldrich; USA) was
added as required. Air and water supply was sustained throughout the fermentation at 10 psi and
no higher. At approximately 24 hr EFT a sharp increase in DO signaled the initiation of the
glycerol-fed batch phase (Table 5.1). For the remainder of the fermentation, a glycerol feed (50 %
(v/v) glycerol (Thermo Fisher Scientific; Canada)) with PTM1 trace mineral salts (12 mL/L
glycerol) (0.0002 % biotin (Difco; Canada), 0.006 % CuSO4·5H2O (Sigma Aldrich; Canada),
0.00009 % KI (Sigma Aldrich; Canada), 0.003 % MnSO4·H2O (Sigma Aldrich; Canada), 0.0002
% Na2MoO4·2H2O (Acros Organics; New Jersey, USA), 0.00002 % H3BO3 (Thermo Fisher
Scientific; Canada), 0.0005 % CoCl2 (Thermo Fisher Scientific; Canada), 0.0422 % ZnSO4·7H2O
(Sigma Aldrich; Canada), 0.065 % FeSO4·7H2O (Thermo Fisher Scientific; Canada), 0.005 %
H2SO4 (Thermo Fisher Scientific; Canada)) was applied at a rate of 15 mL/L/hr. The vessel
temperature was lowered to 26 °C at 40 hr EFT to facilitate recombinant protein expression and
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secretion. Fermentation was ended between 72-96 hr EFT. Vessel contents were centrifuged for 1
hr at 2500 rpm and 4 °C for supernatant-cell separation. The recombinant peptide-containing
supernatant was carefully decanted into 500 mL containers and stored at -20 °C.

4.4

Protein sample preparation and rProPG cleavage

Lyophilized synthetic mature PG-1 (BioMatik; Cambridge, Ontario, Canada) and proform
PG-1 (LifeTein; Somerset, New Jersey, USA) peptides were reconstituted in 10 mM acetic acid
and diluted with sterile Milli-Q water to a working concentration of 160 ng/µL or 50 ng/µL,
respectively. Due to the high isoelectric point of mature PG-1 (pI = 10.66), reconstitution involved
the supplementation with 0.1 % bovine serum albumin (BSA) (Sigma Aldrich; Canada) for the
reduction of non-specific adsorption to plasticware. These peptides (approximately 95 % pure)
were employed as standards for Western blot quantification and antimicrobial activity assessment.
rProPG in fermentation supernatant was concentrated 7.2X by ultracentrifugation using a nominal
molecular weight limit of 10 kDa (Amicon Ultra-15 Centrifugal Filter Unit; Millipore Sigma;
Darmstadt, Germany). The concentrate was then desalted with PBS (0.008 % NaCl (Thermo Fisher
Scientific; Canada), 0.0002 % KCl (MP Biomedicals, LLC.; Ohio, USA), 0.00144 % Na2HPO4
(Thermo Fisher Scientific; Canada), 0.00024 % KH2PO4 (Thermo Fisher Scientific; Canada), pH
7.4). Recombinant mouse MMP-3 (BioLegend; San Diego, California, USA) was permitted to
activate through self-cleavage in 1 mM p-aminophenylmercuric acetate ((Sigma Aldrich; Canada)
and TCN buffer (50 mM Tris, 10 mM CaCl2, 150 mM NaCl, 0.05 % Brij-35, pH 7.5 (BioLegend;
USA)) over the course of 16 hr at 37 °C. rProPG concentrate was similarly diluted to 47.0 µg/mL
in TCN buffer. 2 µg of activated mouse MMP-3 and 2 µg of rProPG were combined and cleavage
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progressed for 30 min, 2 hr, and 24hr at 37 °C before reactions were terminated. Cleavage samples
were stored at -80 °C before Western blot analysis.

4.5

Dot blots and Western blots

20 µL dot blot supernatant samples were distributed directly onto a prepared PVDF
membrane with 0.45 µm sized pores (BioRad; Mississauga, Ontario, Canada) and allowed to dry
in an oven at 37 °C for 5-10 min. 15-25 µL of ProPG (14 kDa) Western blot samples were loaded
into a 11 % SDS polyacrylamide gel and electrophoretically transferred to a 0.45 µm PVDF
membrane (BioRad; Canada). rMatPG (2.1 kDa) and the synthetic mature PG-1 standard could
not be visualized on an 11 % SDS-PAGE. A Novex NuPAGE 4-12 % Bis-Tris gel (Thermo Fisher
Scientific; Canada) was used to resolve rMatPG and mature PG-1 samples before transferring to a
PVDF 0.45 µm membrane (BioRad; Canada). Reduced samples were prepared according to the
Novex manual (Thermo Fisher Scientific; Canada). Electrophoretic protein transfers were
performed using a Trans-Blot Turbo blotting system (BioRad; Canada). rProPG and proform PG1 standards were transferred under the BioRad Mixed Molecular Weight program set at 25 V, 1.3
A, for 14 min. rMatPG and mature PG-1 standards transferred under the same conditions except
at a current of 1.0 A. Membranes were blocked in blocking buffer (5 % skim milk powder, 0.3 %
Tris, 0.8 % NaCl, 0.02 % KCl, 0.1 % Tween 20) for 1 hr. After three 10 min washes in TBSTween (0.3 % Tris, 0.8 % NaCl, 0.02 % KCl, 0.1 % Tween 20), membranes were incubated in
1:1000 polyclonal rabbit anti-cathelin primary antibody (BioMatik; Cambridge, Ontario, Canada)
overnight at 4 °C. The wash cycle was repeated three more times before incubating the membranes
in 1:2000 horseradish peroxidase conjugated anti-rabbit IgG secondary antibody (Cell Signaling
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Technology; Danvers, Massachusetts, USA) at room temperature for 1 hr. An ECL Plus Western
blotting system (BioRad; Canada) was used to visualize dots and bands.

4.6

Bacterial growth inhibition assay

The minimum inhibitory concentration of cleaved ProPG against MRSA was identified
according to the antimicrobial assay previously described (104). Adjustments were made to
accommodate MRSA; uncleaved ProPG and ampicillin (0.05 mg/mL) were used as controls. In
summary, MRSA was inoculated into 3 mL of TSB (3 % trypticase soy broth (Sigma Aldrich;
Canada)) and incubated overnight at 37 °C to be used the next day. Filter sterilized, cleaved rProPG
concentrate from fermentation supernatant was suspended in 20 mM sodium phosphate buffer (1
M NaH2PO4 (Thermo Fisher Scientific; Canada) mixed with 1 M Na2HPO4 (Thermo Fisher
Scientific; Canada) until pH reached 7.0) with a constant volume maintained at 96 µL in 1.7 mL
Eppendorf tubes. Overnight MRSA inoculum was diluted to an OD600 of 1 A and further diluted
1:100 in TSB. 4 µL of dilute bacterial culture was dispensed into each cleaved rProPG reaction
tube for a final volume of 100 µL. Experimental and control tubes were incubated for 4 hr at 37
°C without shaking to allow for bactericidal action to occur. After incubation, 50 µL were taken
from each reaction tube, serially diluted to 1:100 in 20 mM sodium phosphate buffer, and spread
on TSA (3 % trypticase soy broth (Sigma Aldrich; Canada), 2 % agar (Sigma Aldrich; Canada))
using 4-6 sterile glass beads per plate. Plates were left at 37 °C for 18 hr to allow colonies sufficient
time to reach an easily observable size. Colony numbers from each plate were recorded.
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4.7

Excisional skin wounding

CD-1 IGS female mice were obtained from Charles River Laboratories (St. Constant,
Quebec, Canada) and allowed to acclimate to their new surroundings (Central Animal Facility,
University of Guelph; Guelph, Ontario, Canada) for a week after delivery. Groups of 4 mice were
housed in cages with a 12 hr day-night cycle and provided food and water ad libitum. All animal
studies and experimental procedures were approved by the University of Guelph Animal Care
Committee and animals were handled according to the Canadian Council on Animal Care
guidelines. Excisional skin wounds were created as described (88, 89). Mice were 10 weeks of age
with an average body weight of 26.5 g. Before wounding, mice were subjected to 5 % isoflurane
inhalant (Fresenius Kabi Canada; Toronto, Ontario, Canada) in 100 % oxygen (1 L/min flow rate)
for induction into the surgical plane and anesthesia was maintained at 2-2.5 % isoflurane. Fur was
clipped at a single, midline dorsal wound site (Oster Golden A5, blade size #40; Oster; Brampton,
Ontario, Canada) and the underlying skin and surrounding area was sterilized. One 8 mm diameter
full-excisional skin wound including the panniculus carnosus layer was made on each mouse with
an 8 mm disposable biopsy punch (Integra LifeSciences Services; Saint Priest, France) and sterile
surgical scissors. Buprenorphine (Champion Alstoe Animal Health Inc.; Whitby, Ontario, Canada)
was administered subcutaneously at 0.05 mg/kg with 0.4 mL of 0.9 % NaCl saline solution before
recovery from anesthesia. Non-impregnated OPSITE post-surgical film was applied over wounds
to avoid opportunistic infection but were removed by all mice within 2 hr of recovery. Cranialcaudal and lateral wound diameters were measured daily with digital calipers (Mastercraft;
Vonore, Tennessee, USA) for 7 days. Diameters were confirmed with ImageJ 1.48v (National
Institutes of Health; USA) software analysis of wound photographs (Figure 3.19). Percentage
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wound closure was calculated individually for each diameter measurement at all time points as
follows:

% 𝑤𝑜𝑢𝑛𝑑 𝑐𝑙𝑜𝑠𝑢𝑟𝑒 =

𝑊𝑜𝑢𝑛𝑑 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝐷𝑎𝑦 0 − 𝑊𝑜𝑢𝑛𝑑 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝐷𝑎𝑦 𝑋
𝑥 100%
𝑊𝑜𝑢𝑛𝑑 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝐷𝑎𝑦 0

Mice were euthanized by CO2 asphyxiation on day 7 after measuring wound sites. The
experimental timeline is summarized in Figure 5.14.

4.8

Bacterial preparation for skin wound inoculation

A 3 mL overnight culture of MRSA in TSB (3 % trypticase soy broth (Sigma Aldrich;
Canada)) was diluted in 50 mL of fresh TSB to a starting OD600 of 0.05 A for growth curve studies.
Flasks were agitated at 250 rpm and incubated at 37 °C. Samples of 100 µL were analyzed for
optical density and plated on TSA (3 % trypticase soy broth (Sigma Aldrich; Canada), 2 % agar
(Sigma Aldrich; Canada)) every 30 min. This was continued until OD600 readings began to plateau
at approximately 5 hr. Samples spread on TSA plates were incubated for 18 hr overnight at 37 °C
and resulting colonies were quantified. It was found that 30 min of growth was sufficient for a
bacterial concentration of 2.8 x 108 CFU/mL as calculated according to:
𝐶𝐹𝑈
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑥 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
)=
𝑚𝐿
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑝𝑙𝑎𝑡𝑒𝑑

Wound inoculum was prepared from a 50 µL aliquot and cells were pelleted by centrifugation at
1000 x g room temperature for 15 min. Culture supernatant was carefully discarded to avoid
disturbing the pellet. Bacteria were resuspended in sterile PBS (0.008 % NaCl (Thermo Fisher
Scientific; Canada), 0.0002 % KCl (MP Biomedicals, LLC.; USA), 0.00144 % Na2HPO4 (Thermo
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Fisher Scientific; Canada), 0.00024 % KH2PO4 (Thermo Fisher Scientific; Canada), pH 7.4) and
serially diluted 1:10 for final MRSA concentrations of 1 x 104, 1 x 105, 1 x 106 CFU/µL for
administration to mouse wounds in 10 µL volumes. A total of 1 x 105, 1 x 106, and 1 x 107 CFU
were applied to the three experimental groups composed of 4 mice each.

4.9

MRSA infection model

16 mice were housed in groups of 4 in microisolator cages, and supplied food and water ad
libitum. Each group was randomly selected to receive a different dosage of MRSA (0, 1 x 105, 1 x
106, or 1 x 107 CFU) to determine at which dosage a localized skin wound infection would result
(107–112). Mice were wounded as per section 2.7 on day 0. 105-107 CFU of MRSA in 10 µL of
PBS (0.008 % NaCl (Thermo Fisher Scientific; Canada), 0.0002 % KCl (MP Biomedicals, LLC.;
USA), 0.00144 % Na2HPO4 (Thermo Fisher Scientific; Canada), 0.00024 % KH2PO4 (Thermo
Fisher Scientific; Canada), pH 7.4) were inoculated into skin wounds the day after surgery (day
1). One group received 10 µL of PBS without bacteria as a vehicle control. After each application,
mice were separated for 5 min or until PBS +/- bacterium had been absorbed by the wound site.
Grooming attempts were thwarted until mice were placed back in their original cages.
Measurements were completed once daily with wounds monitored three times daily for any gross
indication of infection (Figure 5.19). Health checks were performed once every 3 days (Figure
5.14).
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4.10

Blood sample collection

Immediately after euthanasia, cardiac blood samples of approximately 1 mL were taken
from each mouse to test for bacteremia. Sterile 0.5 M ethylenediaminetetraacetic acid (EDTA)
(Thermo Fisher Scientific; Canada) was used to coat collection syringes and tubes to prevent
coagulation and the possible masking of bacterial cells. The needle was removed from the syringe
before depositing blood into 1.7 mL Eppendorf tubes coated with, and containing, 10 % 0.5 M
EDTA (Thermo Fisher Scientific; Canada) to minimize cell rupture from shearing forces. Blood
samples were stored at -80 °C before 100 µL aliquots were taken and plated on TSA (3 % trypticase
soy broth (Sigma Aldrich; Canada), 2 % agar (Sigma Aldrich; Canada)) plates. MRSA streaked
onto a TSA plate and incubated for 18 hr at 37 °C served as the positive control. Blood from the
uninfected group served as negative controls.
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5. RESULTS
5.1

Cloning ProPG- and MatPG-producing strains of P. pastoris
Recombinant P. pastoris X-33 and MutS strains were generated for the heterologous

production of porcine protegrin-1 in both its proform (rProPG) and mature form (rMatPG). cDNA
sequences obtained from NCBI were codon optimized for P. pastoris (Figure 5.1) and ligated into
the pDexpress expression vector, pD915 (Figure 5.2A). The wildtype protegrin-1 ORF (Figure
5.2B) was modified to include an MMP cleavage site N-terminal to the native elastase cleavage
domain in the rProPG ORF (Figure 5.2C). The GAP promoter and α-factor mating secretion signal
sequence were included in the pD915 vector backbone upstream of the ORF to facilitate
constitutive expression and secretion, respectively, of recombinant protegrin-1 forms (Figure 5.2C,
D) in fermentation supernatant. Ligation of rProPG into pD915 was verified by diagnostic SwaI
and BsrGI restriction enzyme digests (Figure 5.3). Vector sequencing isolated plasmid from E.
coli ligation reaction transformants, with the anti-sense primer complementary to the pD915 AOX
transcriptional terminator (5ʹ-CTCAGGCAAATGGCATTCTGACATCCTC-3ʹ), provided further
confirmation of ligation at a per-bp resolution. Henceforth, the rMatPG-pDexpress expression
vector will be referred to as GAP:MatPG and the rProPG-pDexpress expression vector will be
referred to as GAP:ProPG.
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T PG-1

CAGGCCCTCAGCTACAGGGAGGCCGTGCTTCGTGCTGTGGATCGCCTCAACGAGCAGTCCTCGGAAGCTAATCTC

PP PG-1

CAAGCCTTGTCCTATAGAGAAGCAGTCCTGAGAGCAGTAGATAGATTGAACGAACAAAGTAGCGAAGCTAATTTG
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TACCGCCTCCTGGAGCTGGACCAGCCGCCCAAGGCCGACGAGGACCCGGGCACCCCGAAACCTGTGAGCTTCACG
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AAACAGTGTGTGGGGACAGTCACCCTGGATCAGATCAAGGACCCGCTCGACATCACCTGCAAT------------
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Figure 5.1. Wildtype PG-1 (WT PG-1) cDNA sequence compared to the P. pastoris-optimized PG-1 (PP PG-1)
nucleotide sequence with the amino acid sequence of recombinant ProPG (rProPG). The introduced MMP
cleavage site is shown in red and the native elastase cleavage site is shown in blue.
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A

B
C
D

Figure 5.2. Expression vector construct for heterologous protegrin-1 production in P. pastoris.
(A) General diagrammatic of the pD915 vector backbone. Wildtype protegrin-1 ORF (open
reading frame) (B) was restructured to include an MMP cleavage domain N-terminal to the native
elastase site in the recombinant proform design (C). ORF also indicates the positioning of rMatPG
ORF (D) in the pDexpress expression vector.
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Figure 5.3. Restriction enzyme verification of rProPG ligation into pD915. Plasmid isolates from
E. coli transformants were digested with SwaI (A), BsrGI (B), or both (C). Digestion with SwaI
linearized the vector construct from its unique cut site, confirming the presence of the pD915
backbone as the single band ran at the expected size for linearized pD915-rProPG (A). The
presence of rProPG cDNA was similarly verified by its unique BsrGI restriction cut site and single
band of expected size (B). Incubating the vector with both SwaI and BsrGI simultaneously
confirmed the proper ligation of pD915 and rProPG as two bands appeared indicating that two
enzyme cuts had occurred (C). Norgen’s HighRanger 1 kb DNA ladder was used for reference.
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5.2

Recombinant P. pastoris selection

To generate recombinant protegrin-1 at the large-scale, P. pastoris transformants were
screened for expression at the small-scale first. Transformants were grown in the presence of
increasing zeocin concentrations (250, 500, 1000 µg/mL) to select for transformants that had
taken-up and integrated our expression vector into their genome. A total of 348 P. pastoris
transformants (252 GAP:MatPG and 96 GAP:ProPG) were screened and 73 were found to secrete
recombinant peptides (33 GAP:MatPG and 40 GAP:ProPG). Samples were collected over 3 days
at 24 hr intervals and partitioned into supernatant and cell pellet. The presence of MatPG and
ProPG were tested for in transformant supernatant samples over the course of the trial (Figure
5.4A, B). Cell pellets were lysed and dot blots revealed they contain either MatPG or ProPG but
at much lower levels than that of the supernatant, suggesting yeast secretion pathways were not
overloaded (data not shown).
In order to select the top transformants for bioreactor fermentation optimization and
confirmation of expression, Western blots were performed on the supernatant from shake flask
trials. Figure 5.5 is a representative Western blot showing the secretion of rProPG by the
GAP:ProPG transformants in supernatant after small scale fermentation. The final three
GAP:ProPG transformants chosen for fermentation were E10, C8, and E3 given they were the top
producers of rProPG in shake flask trials. Comparisons of ProPG expression levels from
GAP:ProPG and AOXI:ProPG transformants should not be made here as the shake flask medium
had not been optimized for protein expression regulated by pGAP. This comparison would be best
made at the large scale after optimization of bioreactor medium for both promoters.
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Interestingly, MatPG could not be detected from shake flask nor fermentation supernatant
when expressed under the GAP promoter (Figure 5.6). Fermentation fed-batch media were
modified but still did not garner detectable levels of rMatPG (Appendix B).
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A

B

Figure 5.4. Small scale P. pastoris expression screening for rMatPG (A) and rProPG (B)
production. 48 hr supernatant samples were tested from 56 GAP:MatPG and 48 GAP:ProPG
transformants. PC denotes positive control, either purified mature PG-1 (A) or proform PG-1 (B).

Figure 5.5. Western blot confirmation of rProPG expression from the selected transformants. 16.7
µL of small scale fermentation supernatant from each of the indicated samples was loaded into
their respective lanes for Western blot analysis. AOXI:ProPG transformant #44 served as the
internal culture supernatant control. Production driven by pAOXI was induced with methanol after
24 hr. E3, C8, and E10, selected GAP:ProPG transformants, constitutively expressed rProPG over
72 hr. WT, supernatant from wildtype P. pastoris X-33 72 hr culture supernatant served as negative
control. S, 50 ng of synthetic proform PG-1 standard. M, Precision Plus Protein Dual Colour
Standards (Bio-Rad) was used for the reference marker.
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Figure 5.6. rMatPG undetected in fermentation supernatant when expressed under the control of
pGAP. The black box highlights the expected detection region for rMatPG from transformant
shake flask supernatant samples. S, mature PG-1 synthetic standards were used for positive
controls at 160 and 320 ng. WT, negative control wildtype X-33 fermentation supernatant did not
contain rMatPG. M, Novex Sharp Pre-stained Protein Standard (Thermo Fisher Scientific) was
used for the reference marker.
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5.3

Optimizing bioreactor conditions for ProPG generation

Recombinant protegrin-1 production was transitioned into a 3 L bioreactor from 50 mL
mock fermentation shake-flask cultures. Fermentations with recombinant protein expression
driven by pAOXI are typically split into three phases: 1) fed-batch and 2) glycerol-fed phases for
biomass accumulation, and 3) methanol induction for protein expression. Unlike this procedure,
constitutive pGAP fermentations require only two phases: 1) fed-batch and 2) glycerol-fed phases
for simultaneous biomass accumulation and protein expression. Various media compositions and
fermentation conditions reported in the literature to be optimized for protein expression controlled
by pGAP were explored (Table 5.1) (88). Supernatant aliquots extracted from the fermentation
vessel were analyzed for rProPG content through Western blots and quantitated against a gradient
of ProPG standards (Figure 5.7). Of the 3 fermentation media recipes tested, the fermentation
medium optimized in our lab (Table 5.2) for protein expression under pAOXI (E. Huynh,
unpublished) yielded the highest amounts of rProPG regulated by pGAP. pH was adjusted slightly
from 5.5 to 5.0 according to Maurer et al. (88), to improve yeast heterologous protein production
efficiency. This optimized procedure was followed for each of the three selected GAP:ProPG
strains (E10, C8, and E3). E10 produced 1.17 ± 0.12 g/L of rProPG. Conversely, AOXI:ProPG
transformant #44 produced 0.79 ± 0.01 g/L (N. Akhtar, unpublished), significantly lower than
pGAP controlled production (two-tailed t test, p-value = 0.0376, df = 4). While production
controlled by pAOXI and induced with methanol resulted in the peak and initial decline of protein
concentration around 48 hr fermentation time, so did pGAP-controlled protein production after 72
– 88 hr.
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Table 5.1. Fermentation protocol optimization for maximum rProPG generation. Each
fermentation trial differed in media content or vessel conditions as outlined to improve rProPG
expression and secretion efficiency. Tables specifying the media recipe for each trial are referenced
below the trial number. Efficiency was measured by dividing the peak rProPG concentration by
the fermentation culture optical density (per 100 A at 600 nm) to ensure rProPG was being
produced by yeast at the highest level possible. All trials were conducted with transformant E10
and trial 3 was repeated three times. The average ProPG concentration is shown (*).

Fermentation
Trial/Date
1
(Table 3.2)

2
(Appendix C)

3
(Table 3.2)

4
(Appendix C)

5
(Appendix C)

Day 0

Day 1

Inoculate
(30 °C, pH 5.5)

Glycerol feed

Inoculate
(30 °C, pH 5.0)

Glycerol feed

Day 2

Day 3

Day 4

[ProPG]

Efficiency
[ProPG]/OD600

32.7 mg/L

14.43 mg/L/100A

87.9 mg/L

82.89 mg/L/100A

1.17 g/L*

276.04
mg/L/100A

164.6 mg/L

151.83
mg/L/100A

8.16 mg/L

8.16 mg/L/100A

AM
PM
AM
PM
AM
PM

26 °C starts
Inoculate
(30 °C, pH 5.0)

Glycerol feed

AM
PM

26 °C starts
Inoculate
(30 °C, pH 5.0)

Glycerol feed

AM
PM

26 °C starts
Inoculate
(30 °C, pH 5.0)

Glycerol feed
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Figure 5.7. Western blot to quantify rProPG fermentation content against a standard curve. #1-4
represent different fermentation trials. Samples were serially diluted to ensure loaded protegrin-1
would fall within the boundaries of the curve. AOXI:ProPG transformant #44 fermentation aliquot
was run for comparison. 50, 100, 200, and 400 ng of chemically synthesized proform PG-1
standards were used to form the curve. Precision Plus Protein Dual Colour Standards (Bio-Rad)
was used for the reference marker (M).

Table 5.2. Bioreactor medium composition (1 L) to achieve optimal ProPG yield from
recombinant P. pastoris. Recipe from (E. Huynh, unpublished, 74).
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5.4

Concentrating and desalting fermentation supernatant

Expression of rProPG in high-density fermentations did not reach a level great enough to
allow direct topical application of the fermentation product to skin wounds. Furthermore,
fermentation medium contains high salt concentrations that may inhibit cleavage enzymes as well
as cause a stinging sensation if applied to an open skin wound. High salt concentrations were found
to impede human β-defensin 3 antimicrobial activity at 150 mM against E. coli and S. aureus
whereas physiological salt concentrations restored antimicrobial activity against S. aureus (114).
To mitigate these concerns, rProPG concentrates were desalted against the same 10 kDa membrane
in sterile PBS. Total recovery of initial rProPG content was 85.5 % and 77.6 % from 10 kDa
ultracentrifugation attempts #1 and #2, respectively. Attempt #1 resulted in rProPG concentrated
5.7-fold and attempt #2 was concentrated 7.2-fold (Figure 5.8). The same ultracentrifugation
protocol was implemented except for using 3 kDa membranes to concentrate rProPG. After two
concentrating and desalting attempts (4.5X and 5.3X, respectively), it was found that rProPG was
concentrated to lesser extent than when a 10 kDa filter membrane was employed.
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Figure 5.8. Ultracentrifugation of fermentation supernatant for rProPG concentration and
desalting. Nonconcentrated GAP:ProPG fermentation supernatant (O) was ultracentrifugated with
a 10 kDa membrane, forcing the separation of supernatant moieties based on size. 1, filtrate
included moieties less than 10 kDa in size; 2, concentrate retained moieties larger than 10 kDa
such as rProPG (14.3 kDa). PBS was added to concentrate-containing ultracentrifugation units to
reduce salt as per manufacturer’s instruction. 3, desalting filtrate contained molecules less than 10
kDa and a detectable amount of rProPG content. 4, desalted concentrates containing 5.7X and 7.2X
more rProPG than starting supernatant. Proform PG-1 standards of 100 ng and 200 ng were
included as positive controls. M, Precision Plus Protein Dual Colour Standards (Bio-Rad) was
used as the reference marker.
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5.5

ProPG cleavage with mouse MMP-3

To confirm that the inserted MMP cleavage site in rProPG is functional, rProPG was
cleaved in vitro and cleavage products were evaluated for antimicrobial activity against MRSA.
We postulated that inclusion of an MMP cleavage site between the cathelin and mature protegrin1 domains would facilitate the efficacy of rProPG applied topically in vivo. MMPs are present and
able to perform multifunctional roles in the successful repair of cutaneous injuries, particularly
during inflammation and tissue remodeling stages (10, 12, 52, 53, 54, 76, 77). The introduced
MMP cleavage site (IVPLSMIA) was constructed such that a large proportion of MMP-type
effectors could recognize and cleave between the serine and methionine residues, releasing the
mature antimicrobial domain (Table 5.3) (63, 64). Recombinant mouse MMP-3 was selected for
cleavage studies as it putatively targets our designed cleavage site and its importance in normal
skin wound repair has been previously demonstrated in MMP-3-deficient mice (Figure 5.9) (13).
Table 5.4 shows the isoelectric point (pI) and net charges of wildtype and MMP site-inserted
rProPG and the MatPG cleaved by MMP-3 and elastase, respectively. As we can see, the pI and
net charges of wildtype and recombinant ProPG are identical. However, there is a slight decrease
in both pI and net charge in the resultant MMP-3-cleaved MatPG. These two indices have
previously been suggested to relate to the antimicrobial activity of PG-1 (38, 39). While rProPG
MMP-3 cleavage products have been demonstrated to have antimicrobial activity (Figure 5.10), it
will be of interest to determine if the MMP-3-cleaved MatPG has a comparable MIC to the
elastase-cleaved MatPG.
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Table 5.3. Selection of a broadly targeted MMP cleavage domain for inclusion in rProPG based
on the top three preferred amino acids at each cleavage motif position of well-known MMPs as
reported by (99). Cleavage occurs between motif positions P1-P1ʹ. X denotes no preference for an
amino acid at the specified position in the substrate cleavage site.





ʹ
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ʹ

ʹ

Figure 5.9. Western blot demonstrating the structural cleavage of rProPG (14.3 kDa) after
incubation with mouse MMP-3 for 30 min, 2 hr, and 24 hr. MMP-3 + rProPG denotes experimental
cleavage samples where the cleavage product containing the N-terminal cathelin domain has an
expected size of 11.3 kDa without the MatPG domain (3.0 kDa). rProPG control samples have the
same initial rProPG concentration as cleavage samples and were mixed with assay buffer without
MMP-3. WT, wildtype fermentation supernatant served as the negative control. M, Sharp Prestained Protein Standards (Novex) reference marker.
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Table 5.4. Wildtype protegrin-1 compared to recombinant and cleaved forms. Amino acid
sequences for the propiece (blue), native elastase cleavage site (red), MMP-3 cleavage site
(yellow), and mature peptide (green) are shown. Peptide size, isoelectric point, and net charge at a
neutral pH were calculated by Innovagen’s Peptide Property Calculator (Lund, Sweden).
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Figure 5.10. rProPG cleavage products obtained after a 24 hr incubation with recombinant mouse
MMP-3 displayed antimicrobial properties against MRSA. A, MRSA cultured in sodium
phosphate buffer provided the negative control. B, no antimicrobial activity of uncleaved rProPG
was identified against MRSA. C, complete clearance of MRSA was observed with the addition of
ampicillin to bacterial cultures (0.05 mg/mL). D, culturing MRSA in the presence of antimicrobial
rProPG cleavage products was also sufficient for complete bacterial clearance.
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5.6

Wound healing in untreated CD-1 mice

Before being able to test the remedial abilities of rProPG in vivo, the feasibility of a
quantitative skin wound mouse model had to be investigated first. We explored the potential of a
full-excisional skin wound in female CD-1 mice; however, few studies exist that have examined
skin wound healing in this mouse stock (117). Since differences in wound contraction rates exist
between mouse strains and stocks, this necessitated the need to establish a baseline for cutaneous
repair in female CD-1 mice. Six, 10-week old females each received one 6-mm-diameter full
excisional skin wound along the dorsal midline at the hips. Daily wound measurements indicated
that there was an early wound expansion stage between day 0 and 1 before contraction began. This
pattern was observed along both the cranial-caudal (Figure 5.11) and lateral axes (Figure 5.12)
despite each mouse having a variable rate of healing. On day 1, the wound on mouse #3 had
expanded 71.3 % along the dorsal midline while mouse #6 only experienced 16.5 % expansion, a
4.3-fold difference between individuals. Day 7 saw less variation, potentially attributable to scab
formation (Figure 5.13). It was encouraging that no signs of infection were noted over the course
of the trial, suggesting the mice were robust enough to ward off potentially confounding
opportunistic pathogens.
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Figure 5.11. Full-excisional skin wound contraction percentiles for individual mice across the
cranial-caudal axis. The trial was terminated on day 7.

Figure 5.12. Full-excisional skin wound contraction percentiles for individual mice across the
lateral axis. The trial was terminated on day 7.
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Figure 5.13. Representative scab after 7 days of healing. The trial was terminated on day 7 as
wounds were almost fully healed and scabs may have concealed re-epithelialization occurring
below in the wound bed potentially giving false healing measurements if the trial continued beyond
this point.
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5.7

Wound healing in bacterially-challenged CD-1 mice

MRSA is a major causative agent in nosocomial infections and emerging in communityacquired wound infections (3). To study remedial effects of rProPG applied to MRSA-infected
skin wounds, an infection model was required. Although mice in the 6 mm-wound feasibility
model all experienced a large variation in healing by contraction, sixteen 10-week old CD-1 mice
were subjected to 8 mm-diameter skin biopsies for excisional skin wound creation to extend
healing time and potentially dampen variability. Mice were challenged with 1 x 105, 1 x 106, and
1 x 107 CFU, or received an equal volume of sterile PBS as vehicle controls on day 1; the
experimental timeline is provided (Figure 5.14). MRSA inoculum was prepared for in vivo wound
dosing after growth curve studies were performed to ensure the appropriate number of CFU were
administered (Figures 5.15, 5.16). After 30 min, a culture with an OD600 of 0.094 A consistently
produced 2.8 x 108 CFU. Wound measurements along the dorsal (Figure 5.17) and lateral axes
(Figure 5.18) were recorded daily and wounds were observed for signs of infection. Closure along
the cranial-caudal axis followed the trend previously observed in 6 mm-wounded mice however,
contraction patterns differed between mouse trials as 8 mm wounds did not become enlarged
before contracting. Variability between and within experimental groups made it difficult to discern
any dosage-effect. Vehicle control group 4 was expected to have the fastest contraction rates and
group 3 was expected to have the slowest given those mice had higher bacterial loads applied to
wounds. MRSA-challenged mice did not show gross signs of localized infection at the wound site
and there were no significant differences in repair rates compared to controls (Figure 5.19). Health
check results did not meet the criteria for wound infection either as normal body weights were
maintained throughout the course of the trial. The average weight of all mice at day 0 was 26.7 g;
the average weight of all mice at day 6 was 26.6 g, with no significant differences between groups
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(Figure 5.20). Post-euthanasia cardiac blood draw samples revealed no systemic infection (Figure
5.21).
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Figure 5.14. Timeline of in vivo wounding experiments +/- MRSA challenge. Excisional skin
wounds were created on day 0 at 6 mm (wounding trial) or 8 mm (bacterial challenge trial) in
diameter. MRSA was topically applied on day 1 in 10 µL of PBS. X, health checks were performed
on days 3 and 6. Wound diameters were monitored daily. Mice were euthanized on day 7.
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Figure 5.15. Growth curve of MRSA for wound inoculum preparation. Optical density was read
at a 600 nm wavelength. Six replications were performed and terminated after growth began to
plateau.

Figure 5.16. Growth curve of MRSA for wound inoculum preparation. Culture aliquots were
serially diluted in sterile TSB for colony numeration and CFU calculations the following day.
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Figure 5.17. Full-excisional skin wound contraction percentiles for mouse treatment groups (n =
4) across the cranial-caudal axis. Groups 1-3 were challenged with 1 x 105 CFU, 1 x 106 CFU, 1 x
107 CFU of MRSA, respectively. Group 4 received sterile PBS on day 1. No significant differences
in wound repair exist between treatment groups. The trial was terminated on day 7.

Figure 5.18. Full-excisional skin wound contraction percentiles for mouse treatment groups (n =
4) across the lateral axis. Groups 1-3 were challenged with 1 x 105 CFU, 1 x 106 CFU, 1 x 107
CFU of MRSA, respectively. Group 4 received sterile PBS on day 1. No significant differences in
wound repair exist between treatment groups. The trial was terminated on day 7.
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A

B

Figure 5.19. Bacterially-challenged mice did not experience a delay in skin wound repair. A,
mouse in the 1 x 107 CFU group after 8 mm biopsy punch on day 0 and upon euthanasia on day 7.
B, vehicle control mouse at day 0 and 7.

Figure 5.20. Mouse body weights were not significantly impacted by MRSA inoculum in wounds.
Groups 1-4 received 1 x 105 CFU, 1 x 106 CFU, 1 x 107 CFU, and sterile PBS, respectively.
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Figure 5.21. MRSA-challenged mice did not experience bacteremia as plated blood samples had
no bacterial colony formation. Groups 1-4 received 1 x 105 CFU, 1 x 106 CFU, 1 x 107 CFU, and
sterile PBS, respectively. MRSA from a glycerol stock was streaked to serve as a positive control.

80

6. DISCUSSION
One of the aims of this study was to compare recombinant protein expression between the
AOXI- and GAP-based heterologous protein production systems in the yeast, P. pastoris, using
rProPG as an example. Mellitzer et al. (113) identified trends between P. pastoris expression
systems that suggested that genes able to be expressed well under the AOXI promoter would also
be expressed well under the control of another promoter. Recently, interest in recombinant protein
production under pGAP has been mounting as a solution to the drawbacks associated with
production regulated by pAOXI. While originally the preferred P. pastoris promoter for its
strength and tight regulation by carbon source, pAOXI systems have begun to fall out of favor due
to their requirement for methanol induction. Given the volatile and flammable nature of methanol,
its inclusion in P. pastoris cultivation for heterologous protein production poses safety concerns
for members of industry as well as recipients of downstream applications. This is especially true
if recombinant proteins are intended for therapeutic use as methanol may reduce accumulated yeast
biomass by as much as 10 % through cell lysis and negatively impacts protein quality (74, 78).
The attraction of the GAP promoter further stems from its strength of constitutive
expression and small size. While wildtype pAOXI is a more powerful promoter than wildtype
pGAP, sequence mutagenesis has driven the expression potential of pGAP nearly 20-fold higher
(8). Additionally, at approximately half the size of pAOXI (960 bp), smaller expression vectors
have been synthesized with pGAP (477 bp) for genomic integration in yeast transformants,
potentially reducing the genomic instability imposed on transformants (3821 bp (pD912, ATUM)
versus 3376 bp (pD915, ATUM), respectively) (8). Thus, pGAP shows potential for replacing
pAOXI in heterologous protein production systems in P. pastoris dependent on differences in
obtained protein titers.
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Here, we successfully cloned P. pastoris to express and secrete rProPG and discovered that
constitutive heterologous protein expression regulated by pGAP outperformed the methanolinducible pAOXI system with rProPG yields of 1.17 ± 0.12 g/L and 0.79 ± 0.01 g/L, respectively
(p < 0.05). While the use of the GAP promoter allowed for the continuous accumulation of biomass
over the course of each fermentation trial, it required slightly more time to reach maximal rProPG
titers. The highest rProPG concentrations were achieved between 72-88 hr fermentation time using
pGAP and 48 hr when pAOXI was employed. Although recombinant protein harvest may be
delayed by 24-40 hr when continuously expressed with pGAP, an initial fermentation culture may
be partially harvested several times as batches from a continuous cultivation to compensate (119).
This would not be possible in an AOXI system as cytotoxic methanol metabolites would build up,
inhibiting biomass accumulation and promoting lysis of yeast cells.
Contrasting results have been reported regarding which promoter facilitates higher
recombinant protein production in yeast (120). Generally, expression levels are considered to be
additive based on each component in a heterologous protein production system, however, without
anti-P. pastoris activity and overloading of secretion pathways, there may still be room to further
optimize bioreactor protocols and media for each promoter (113). It would be desirable to produce
rProPG at a higher concentration than therapeutic dosages to minimize supernatant processing
steps before application to skin wounds in vivo. Although this would benefit industry, it is
important to note that therapeutic dosage is ambiguous here as dosage requirements will depend
on application type and the species of the intended recipients.
Our optimization strategies were directed to the bioreactor stage of recombinant protein
production as the pDexpress vector backbone and rProPG gene sequence had already been
commercially optimized for P. pastoris. While glycerol or glucose are eligible carbon sources for
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pGAP production systems, glycerol was investigated as the sole carbon source in pGAP regulated
fermentations as cultures fed glycerol were reported to have reached greater densities of P. pastoris
biomass with fewer by-product concerns than methanol-induced systems (120). This was
consistent between pGAP trials and the initial growth phase of pAOXI trials (before methanol
induction) to attain greater biomass accumulation for greater protein yields. PTM1 trace salts were
also included and replenished throughout fermentation trials with both promoter types although
only required for pAOXI driven protein expression (118). This was done to maintain any possible
additive advantage they may provide for higher rProPG titers with pGAP fermentations. In
particular, the PTM1 formulation utilized in our study included biotin, a non-salt component and
important cofactor in many yeast metabolic pathways that is also partly responsible for the proper
conformation of recombinant proteins (121). In the future, PTM1 trace salts may be replaced in
the pGAP heterologous protein expression system employed in this study to lower overall salt
content in fermentation supernatant. This would further contribute to the attractiveness of the
pGAP system given that there would be less salt to potentially encumber recombinant protein
function. However, to reduce risk of recombinant protein non-conformities, biotin may still be
required in fermentations.
Bioreactor conditions and fed-batch vessel media recipes were also explored during the
optimization of pGAP fermentations. A low pH was recommended for constitutive protein
production in many recipes to encourage protein expression without affecting biomass; however,
we chose a pH of 5.0 to allow for proper rProPG folding and greater antibacterial activity (47, 81,
83). At a cultivation pH of 5.0, the adjustment of supernatant to a physiological pH would be less
considerable than the adjustment from a lower fermentation pH, whereby the stability of rProPG
may be compromised. The influence of cultivation temperature was also examined during the
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optimization process as low temperatures during recombinant protein production alleviate yeast
metabolic stress and increase protein production rates (74, 82). After biomass is accumulated for
24 hr under the pAOXI system, the culture is induced with methanol for expression and the
temperature is reduced to accommodate this recombinant protein production. In the case of the
pGAP system, biomass accumulates with no end throughout the entire fermentation process. We
first tried to facilitate recombinant protein expression under the control of pGAP at a low, constant
temperature of 26 °C but found that not enough cell growth had occurred in the culture to produce
acceptable rProPG yields. The efficiency of P. pastoris rProPG production was measured by
dividing the maximum rProPG concentration achieved in a fermentation trial by the optical density
of the culture divided by 100 A (Table 5.1). Production efficiency values served as a gauge for
understanding the interplay between yeast culture density and the level of rProPG expression. A
low production efficiency suggested that yeast were concerting more energy towards increasing
cell number and less energy towards recombinant rProPG production; high production efficiencies
suggested the opposite. Applying the principle of pAOXI fermentations, the GAP:ProPG
transformant culture was permitted to grow at 30 °C for 24 hr before the temperature was lowered
to 26 °C for construct expression. This provided time for cells in the growth phase to accumulate
a

substantial

biomass

for

higher

rProPG

production

with

greater

efficiency.

Ethylenediaminetetraacetic acid (EDTA) was included in most media recipes to chelate free
calcium ions and reduce extracellular proteolytic degradation of recombinant rProPG as many
proteolytic enzymes require Ca2+ for activity (102, 103).
It was interesting that with the same GAP promoter, we could achieve expression of
rProPG at a high level but were not able to detect any rMatPG. Yeast extract and peptone were
supplemented in fed-batch media already containing EDTA to discourage proteolysis of rMatPG
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in supernatant given its small size; however, this did not rescue expression levels as rMatPG
remained undetectable. This finding may suggest that the pGAP system is more suitable for
expressing some recombinant proteins over others or that the optimal fermentation procedure for
one construct, may not be the optimal procedure for another (113).
Recombinant ProPG was designed to incorporate a broadly selective MMP cleavage site
proximal to the native elastase-processing site. This introduction of multiple cleavage sites enables
rProPG to be targeted by a variety of enzymes implicated in skin wound inflammation and repair,
which may ensure the functional activation of rProPG in a skin wound setting. Elastase is released
from neutrophil granules at the source in response to threats perceived by the host innate immune
system (126). The retained native elastase cleavage site in rProPG will act as a safeguard to the
host in the event of a systemic spread of infection from a wound site while the MMP cleavage site
allows MatPG to be released at the inflamed site.
We demonstrated the enzymatic processing of rProPG with recombinant mouse MMP-3.
To properly test whether our goal to design an MMP site cleavable by multiple members of the
MMP family has been accomplished, cleavage trials with other MMPs must be attempted to
determine the spectrum of selectivity possessed by the site. Once enzymatically processed, it is
pertinent to describe the antimicrobial activity of cleavage products. We previously found an MIC
of rProPG (with an enterokinase cleavage site) of 2 µg/mL for E. coli and 10 µg/mL for MRSA
(E. Huynh, unpublished). Given that our redesigned cleavage site allows for the putative release
of two variations of active peptide, depending on which cleavage site is processed (Table 5.4), the
MIC of each would require investigation as a reduced positive charge may significantly affect
therapeutic, anti-infection properties (61).
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The full excisional murine skin wound model we present in this study provided a more
quantitative approach to measuring cutaneous repair, however, our inability to achieve a localized
skin wound infection with MRSA in CD-1 mice hampered our ability to report on the in vivo
therapeutic bioactivity of rProPG. Splinting wounds may have prevented wound contraction such
that the slower process of re-epithelialization could be measured instead of the contraction at
wound edges while affording MRSA an infection opportunity of a longer duration (105). Further,
a splinted model would be more representative of healing in species that do not rely on skin
contraction for wound closure or do not have as great cutaneous elasticity as mice. Pigs (the
endogenous producers of PG-1), horses, and humans are examples of species that rely on reepithelialization over contraction for wound closure given that their taught skin is anchored heavily
to basal tissue layers (87, 108).
Another potential solution would be to use inbred mouse strains over the outbred CD-1
stock as their identical genetic backgrounds may reduce healing variation due to mixed genetic
profiles. As all members of an inbred strain are genetically identical, this may potentially
standardize injury response and rates of repair. Thus, a uniform phenotypic response to infection
may have been observed in a controlled environment given phenotypic variation (Vp) is jointly
accounted for by genetic (Vg) and environmental variations (Ve) (128). Since inbred strains are
isogenic, there is negligible genetic variation amongst inbred mice of the same strain (V g = 0).
Therefore, measuring phenotypic differences between inbred mouse treatment groups in a
controlled environment will more highly reflect treatment effects than measuring differences
between outbred mouse treatment groups. When using inbred strains, an interaction term between
the mouse genotype and treatment-type (Vg x Ve) may also be determined.
𝑉𝑝 = 𝑉𝑔 + 𝑉𝑒 + (𝑉𝑔 𝑥 𝑉𝑒 )
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Outbred stocks lack statistical power at small sample sizes whereas greater experimental
sensitivity with higher analytical power is gained from utilization of inbred strains (129).
Treatment groups containing fewer mice but across multiple strains may still further reduce the
number of animals required without sacrificing analytical power (130). Multi-strain experiments
may provide the best insight into the relationship of observed phenotypes and their genetic
underpinnings.
Despite reports of localized MRSA infections incited with bacterial loads falling within the
1 x 105 – 1 x 107 CFU range, no bacterial infection could be established in CD-1 mice. Mouse
body weights were monitored in case of a systemic infection but we were not able to achieve a
gross local infection. Higher MRSA dosages may be required as CD-1 mice have demonstrated
extreme robustness and resistance to bacterial infection after sexual maturation as observed. The
CD-1 IGS mice we obtained from Charles River Laboratories (Canada) naturally carry S. aureus.
Perhaps selecting cleaner mice that are not carriers of S. aureus would have better facilitated the
establishment of a localized MRSA wound infection. The importance of mouse carrier status has
been described in murine Salmonella enteritidis infections, where 1 x 106 bacterial cells were
required to kill a conventional mouse but only 10 cells caused death in germ-free mice (131).
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7. CONCLUSION
Immunomodulatory effects of both the PG-1 cathelin domain and mature antimicrobial
domain have been previously described although wound healing studies have predominantly
featured mature PG-1. Therefore, any therapeutic advantage that could be provided by the cathelin
domain would be missed without its inclusion. Here, we have demonstrated the potential for a
redesigned cleavage site between the cathelin and antimicrobial PG-1 domains to facilitate rProPG
maturation in vitro. Antimicrobial activity was observed from rProPG after mouse MMP-3
processing of the broad spectrum MMP cleavage site. Modifications to the full excisional skin
wound model presented are required for characterization of rProPG therapeutic effects in vivo but
in vitro results encourage future studies.
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9. APPENDIX

Appendix A. pJ201 shuttle vector plasmid map containing the cDNA sequence for rProPG.
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Appendix B. Fed-batch media tested during the optimization of the rMatPG fermentation
protocol. Peptone and yeast extract were added to prevent the proteolytic degradation of
rMatPG in supernatant given its small size (2.2 kDa).
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Appendix C. Fed-batch media (1 L) tested during the optimization of the fermentation
protocol for GAP:ProPG transformants.

103

