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Abstract
Increasing rates of antibiotic resistance coupled with a lack of antibiotics in the
developmental pipeline for problematic Gram-negative pathogens means that
alternative approaches to antibiotic development are urgently required. One alternative
approach that has been suggested is to utilise colicin-like and lectin-like bacteriocins,
which are narrow-spectrum, proteinaceous antibiotics produced by bacteria for
intraspecies and intragenus competition. Bacteriocins have evolved to efficiently cross
the outer membrane of Gram-negative bacteria through the parasitisation of active
nutrient uptake pathways and show exceptional potency, targeting DNA, rRNA, tRNA,
peptidoglycan synthesis or the cytoplasmic membrane. This thesis is designed to
provide ‘proof of concept’ that these bacteriocins can be developed into useful
therapeutics. The S-type pyocins and a lectin-like pyocin, produced by Pseudomonas
aeruginosa, were chosen due to the increasing threat multi-drug resistant P. aeruginosa
poses to community and healthcare settings and due to the inability of current therapies
to eradicate this bacterium from the lungs of cystic fibrosis (CF) sufferers.
This thesis details the discovery of two novel classes of pyocin: lectin-like pyocins and
colicin D-like pyocins. The lectin-like pyocin L1 is shown to utilise the common
polysaccharide antigen (CPA) of P. aeruginosa lipopolysaccharide as a cell surface
receptor, a completely novel mechanism for colicin-like and lectin-like bacteriocins.
This CPA-binding also explains the unusual genus-specific activity of this class of
bacteriocin. The novel colicin D-like pyocin, pyocin SD2 and the previously
characterised pyocins, S2 and S5, are also shown to bind the CPA, demonstrating the
widespread use of this novel mechanism. This thesis also explores the efficacy of
pyocins in a murine model of P. aeruginosa lung infection. Pyocins S2, S5, AP41 and
L1 are all shown to be highly effective in reducing bacterial load and affording
protection in a lethal P. aeruginosa model of acute pneumonia when delivered directly
to the lung. All pyocins tested in vivo displayed a potency that was comparable to, or
greater than tobramycin, an antibiotic routinely used to treat P. aeruginosa infection in
CF patients. This thesis increases the repertoire of candidate pyocins for therapeutic
development, generates an understanding of how these protein antibiotics work and
demonstrates their effectiveness in vivo, all of which are essential for their therapeutic
development.
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bp – Base pair
CDC - Centers for Disease Control and prevention
CF – Cystic fibrosis
CFTR – Cystic fibrosis transmembrane conductance regulator
CFU – Colony forming unit
CPA – Common polysaccharide antigen
CRE – Carbapenem resistant Enterobacteriaceae
dH2O – Distilled water
DMSO - Dimethylsulfoxide
DNA – Deoxyribonucleic acid
DTT - Dithiothreitol
EPS - Extracellular polymeric substance
ESBL - Extended-spectrum !-lactamase
FDA – Food and Drug Administration
gDNA – Genomic DNA
GNA – Galanthus nivalis agglutinin
H2O2 - Hydrogen peroxide
HMDS - Hexamethyldisilazane
IM – Inner membrane
INDEL – Insertion or deletion
IPTG – Isopropyl-!-D-thiogalactopyranoside
ITC – Isothermal titration calorimetry
IUTD – Intrinsically unstructured translocation domain
IV – Intravenous
Kan – Kanamycin
kDa – Kilodalton
LB – Lysogeny broth
LLB – Lectin-like bacteriocin
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LPS – Lipopolysaccharide
mAb – Monoclonal antibody
MCC - Mucociliary clearance
MDR – Multi-drug resistant
MEX – Membrane efflux
MIC – Minimum inhibitory concentration
MMBL – Monocot mannose binding lectin
MRSA - Methicillin-resistant Staphylococcus aureus
NCBI - National Center for Biotechnology Information
NMR – Nuclear magnetic resonance
OD600 – Optical density at 600 nm
OM – Outer membrane
ORF – Open reading frame
PBP – Penicillin binding protein
PBS – Phosphate buffered saline
PBST - PBS with 0.01% Tween
PCR – Polymerase chain reaction
PDB – Protein data bank
PDR – Pan-drug resistant
PSE - Carbenicillin hydrolysing !-lactamases
RMSD – Root mean square deviation
RND – Resistance-nodulation-cell division
SAXS – Small angle X-ray scattering
SCV – Small colony variant
SDS-PAGE – Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
SEC – Size exclusion chromatography
SEM – Scanning electron microscopy
SNP – Single nucleotide polymorphism
TBDT – TonB dependant transporter
TBE - Tris/Borate/EDTA buffer
TLC - Thin-layer chromatography
UTI – Urinary tract infection
UV - Ultraviolet
WHO – World Health Organization
XDR- Extensively-drug resistant
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Chapter 1

Introduction

Anybody who has been seriously engaged in scientific work of any kind
realises that over the entrance to the gates of the temple of science are
written the words: 'Ye must have faith.'
– Max Planck
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CHAPTER 1. INTRODUCTION

1.1 The threat of antibiotic resistance
“Antibiotic resistance is happening in every region of the world and has the
potential to affect anyone, of any age, in any country” – WHO report 20141
Since the discovery of penicillin over 80 years ago antibiotics have saved countless lives
and have contributed to increased life expectancy2. The golden era of antibiotic discovery
spanned the 1930s to the mid 1960s and in this time 14 novel classes of antibiotic were
approved for human use, many of which are still in use today3. However, the development
of antibiotic resistance threatens the continued efficacy of these extraordinary compounds.
Infections caused by bacteria resistant to one or more classes of antibiotic are now
common, with multi-drug resistant (MDR) bacteria causing around 400,000 infections and
25,000 deaths in Europe every year4. Infections in humans caused by antibiotic resistant
bacteria often fail to respond to treatment, resulting in prolonged illness, greater risk of
death and increased costs for the healthcare provider.

1.1.1 Microorganisms that pose the greatest threat
A report published in 2013 by the Centers for Disease Control and prevention (CDC) on
antibiotic resistance threats in the United States of America (U.S.), classified drug resistant
bacteria based on the level of threat that they pose5. Two out of the three bacteria listed
with the highest threat level of ‘urgent’ are Gram-negative (third is Clostridium difficile).
These are drug-resistant Neisseria gonorrhoeae and carbapenem-resistant
Enterobacteriaceae (CRE). Enterobacteriaceae are now the leading cause of hospitalacquired infection in England (0.9% of all hospital patients), due to a fall in the rates of
methicillin-resistant Staphylococcus aureus (MRSA) infections (0.1% of all hospital
patients) and Clostridium difficile infections (0.4% of all hospital patients)6. Extendedspectrum !-lactamase (ESBL) producing Enterobacteriaceae were included on the list of
microorganisms with a threat level of ‘serious’. As carbapenems are the last resort
treatment for ESBL-producing Enterobacteriaceae infections, CRE infections are
extremely worrying. Out of the 11 microorganisms listed with a threat level of ‘serious’,
seven are Gram-negative, including MDR Pseudomonas aeruginosa. Gram-negative
bacteria have high levels of intrinsic resistance to a wide range of antibiotics due to the
production of multi-drug efflux pumps, acquisition of resistance determinants and the
presence of a highly impermeable outer membrane (OM) (see Section 1.2.2 for further
2
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details). This problem is amplified as no novel classes of antibiotic active against Gramnegative bacteria have been brought to market in recent years.

1.1.2 Lack of drugs to treat Gram-negative infections
There has been an underwhelming amount of successful research into discovering and
developing novel antimicrobials in the last 50 years7. Most newly launched antibiotics
have been analogues of existing drugs, with only five novel classes of antibiotic approved
for human use during this time3. Worryingly, none of these five classes are active against
Gram-negative bacteria. This means that quinolones, the first of which were licensed in
1968, were the last novel antibiotic class developed against Gram-negative bacteria8.
During this decline in antibiotic discovery and research the problem of antibiotic resistance
has continued to rise, resulting in a global crisis.

1.1.3 Overuse and misuse of antibiotics

“There is the danger that the ignorant man may easily under dose himself and
by exposing his microbes to non-lethal quantities of the drug make them
resistant." – Alexander Fleming, Nobel lecture, 1945.
The problems caused by the misuse of antibiotics have been apparent since the outset of
widespread antibiotic use. However, these remarkable drugs have been, and continue to be,
taken for granted, with misuse and overuse in the areas of farming and healthcare
expediting the development of resistance9. The use of sub-therapeutic concentrations of
antibiotics to boost the growth of livestock has been common farming practice since the
1950s. In 1970 the Food and Drug Administration (FDA) linked the use of antibiotics as
growth promoters to the emergence of antibiotic resistant bacteria in the human
population10. However, it was not until 2006 that the European Union (E.U.) banned the
use of all antibiotics for this purpose11. Although there is continued evidence that using
antibiotics in this manner promotes antibiotic resistance, the use of antibiotics as growth
promoters in livestock is still practiced in many parts of the world, including the U.S.
Additionally, over 50 million courses of antibiotics are prescribed every year in the UK
and it is estimated that up to half of these prescriptions are unnecessary9. The availability
of over-the-counter antibiotics in many countries and poor patient compliance with
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antibiotic treatment regimes are also major factors contributing to the rise in antibiotic
resistance12.

1.2 Pseudomonas aeruginosa
Pseudomonas aeruginosa is a Gram-negative, rod shaped, facultative anaerobic bacterium
of the class Gammaproteobacteria. P. aeruginosa has simple nutritional requirements, an
impressive metabolic versatility, produces multiple virulence factors and secondary
metabolites and has inherent tolerance to a wide variety of potentially lethal factors, such
as temperature and antibiotic treatment13. These factors contribute to P. aeruginosa being
ubiquitous in the environment and enable it to inhabit diverse niches, including soil, water,
plants and the tissues of animals, including humans14.

1.2.1 P. aeruginosa infections
P. aeruginosa is an opportunistic human pathogen that can infect almost any part of the
body. P. aeruginosa infections may be complicated, can lead to severe illness and can be
life-threatening. P. aeruginosa can infect: the respiratory tract (pneumonia),
gastrointestinal tract (enterocolitis, diarrhea, enteritis), urinary tract (cystitis), central
nervous system (meningitis), bloodstream (sepsis), skin (ecthyma gangrenosum, burn
wounds), ears (otitis externa and media), eyes (keratitis, endophthalmitis) and bones and
joints (osteomyelitis)14. P. aeruginosa infections are most common in hospitalised patients
and patients with a compromised immune system. However, healthy people can develop
mild illness, especially after contact with contaminated water; Pseudomonas dermatitis,
also known as “hot tub rash” is most commonly caused by P. aeruginosa15.
In 2013 there were an estimated 51,000 health-care associated P. aeruginosa infections in
the U.S. (approximately 8% of all healthcare-associated infections), resulting in
approximately 440 deaths5. P. aeruginosa is the most common organism associated with
burn wound infections16, the second most common organism (most common Gramnegative organism) associated with nosocomial and ventilator associated pneumonia
(approximately 22% of all infections)17,18, the second most common cause of catheterassociated urinary tract infections (UTIs) (approximately 11% of all infections)17 and is
also the leading cause of morbidity and mortality in patients with cystic fibrosis (see
Section 1.2.1.1).
4
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1.2.1.1 Cystic fibrosis and P. aeruginosa infection
Cystic fibrosis (CF) is one of the most common life limiting, inherited, single gene
disorders in the Western world, affecting approximately one in 2,500 people19. CF results
from mutations in the cAMP regulated chloride channel encoded by the cystic fibrosis
transmembrane conductance regulator (CFTR) gene. The CFTR protein creates a
transmembrane channel that is responsible for chloride/bicarbonate ion (Cl-/HCO3-)
transport at the apical surface of epithelial cells, meaning many organs are affected by
mutations in the CFTR gene. The most notable clinical manifestations of CFTR mutations
are disease of the respiratory, gastrointestinal and reproductive tracts, with respiratory
failure brought on by chronic bacterial infection accounting for greater than 90% of all
deaths in the CF population20. The devastatingly high prevalence of pulmonary disease is
due to clogging of the airways by a layer of thick, dehydrated, nutrient-rich mucus (that
creates an ideal habitat for bacterial growth and persistence) and reduced mucociliar
clearance (MCC). Chronic infection and concomitant inflammation causes damage to the
epithelial surface of the lungs, reducing airway flow and decreasing pulmonary function to
critical levels. Ultimately lung transplantation may be necessary. However, the donor
supply is short and the benefits of transplantation are often short-lived21.
Chronic P. aeruginosa infection accounts for the majority of morbidity and mortality in CF
patients with the median predicted survival age for CF suffers being 43.5 years in 201222.
Figure 1-1 and Figure 1-2 show the most prevalent bacterial species that inhabit the CF
lung and how the prevalence of each species changes throughout the course of adulthood.
Early infection with P. aeruginosa typically involves non-mucoid, motile P. aeruginosa,
which can be eradicated if treatment is instigated at the onset of infection. In teenage years
intermittent P. aeruginosa infection becomes an established chronic infection and by early
adulthood over 60% of patients have a chronic P. aeruginosa infection. Chronic P.
aeruginosa infection is associated with a rapid decline in lung function, a reduced quality
of life, frequent hospitalisation and reduced survival. Therefore, delaying the onset of
chronic P. aeruginosa infection is essential for a good prognosis. Figure 1-2 also highlights
the high percentage of patients (approximately 20%) that have MDR P. aeruginosa
infections.
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Figure 1-1 Lung infections in cystic fibrosis patients in the UK, 2012 &
Data gathered from 8,794 CF patients for the UK Cystic Fibrosis registry annual data
report 201222. Data for intermittent P. aeruginosa infections is not shown. The trend for
intermittent P. aeruginosa infection is: approximately 25% in young children, with a peak
in early teenage years (26.8%) and a decline in adulthood as chronic P. aeruginosa
infection develops. Image adapted from the Cystic Fibrosis Registry annual data report
201222.

Figure 1-2 Lung infections in cystic fibrosis patients in the US, 2012
Data gathered from patients with CF who received care at Cystic Fibrosis Foundationaccredited centers in the U.S. for the Cystic Fibrosis Foundation patient registry 2012
annual data report23. **MDR-P. aeruginosa is multi-drug resistant P. aeruginosa. *P.
aeruginosa includes people with MDR-P. aeruginosa. ‡ MRSA is methicillin-resistant S.
aureus. ¥ S. aureus includes people with MRSA. Image adapted from the Cystic Fibrosis
Foundation patient registry 2012 annual data report23.
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The natural resistance of P. aeruginosa to many common antibiotics, and its ability to
acquire resistance to others, has resulted in limited treatment options for P. aeruginosa
infections. Surveillance and early detection of P. aeruginosa infection plays an important
role in CF care and has had a significant impact on the prevalence of P. aeruginosa
infection in both adult and pediatric populations in the last decade22. Table 1-1 lists the
most common antibiotics currently used to treat P. aeruginosa infection in CF patients
alongside the mechanisms of resistance that hinder their efficacy (see Section 1.2.2. for
more details). Inhaled antibiotics are routinely used in the treatment of CF lung infection,
both alone and in combination with oral and intravenous (IV) antibiotics. The advantage of
inhaled therapy is that high doses can be delivered directly to the site of infection, while
reducing systemic exposure and toxicity frequently seen with the long-term use of IV or
oral antibiotic therapy. The first inhaled antibiotic approved by the FDA in 1998 for use
with CF patients was tobramycin, an aminoglycoside24. Inhaled tobramycin is now the
drug of choice for treatment of P. aeruginosa infection in CF patients22,23. However, the
appearance of aminoglycoside resistance over the last decade is limiting the use of this
antibiotic and is extremely concerning for physicians25. Inhaled tobramycin and other
aminoglycoside treatments were used with approximately 33.5% of patients with chronic
P. aeruginosa infection in 201222 (65.7% in the U.S.23), demonstrating the importance of
this class of antibiotic. Colistin, a polymyxin, recently re-emerged as a ‘last-line of
defense’ treatment for MDR Gram-negative bacteria26. This class of antibiotic was
discovered in the 1960s. However, prescription was stopped due to the severity of the side
effects, namely nephrotoxicity, and the availability of less toxic alternatives. In 2012 over
43% of patients with chronic P. aeruginosa infection in the UK were treated with inhaled
colistin or colistin solution22. The prevalence of colistin treatment in CF patients is an
indicator of the large number of MDR P. aeruginosa infections in this patient population
and reports of colistin resistant P. aeruginosa isolates indicate that this last line of defence
may be failing27.
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P. aeruginosa resistance mechanisms
Protein synthesis inhibitors

Bind to the 30S
ribosomal
subunit

Aminoglycosides

Bind to the 30S subunit
and cause increased
error rates in protein
synthesis

Efflux pumps

Antimicrobial inactivation

Outer membrane
permeability

Target
modification

MexXY - OprM

Acetylation, adenylation or
phosphorylation by aminoglycoside
modifying enzymes

LPS modifications
prevent cell surface
binding

Methylation of 16S
rRNA

-mycin (Streptomyces)
Tobramycin, Amikacin

-micin (Micromonospora)
Gentamicin

Nucleic acid inhibitors
DNA gyrase
inhibitors

Fluoroquinolones

Inhibit bacterial cell
division by preventing
separation of replicated
DNA

Ciprofloxacin
Ofloxacin

MexAB - OprM,
MexCD - OprJ
MexXY - OprM
MexEF - OprN

Point mutations in
DNA gyrase genes

Cell envelope targeting antibiotics
Carbenicillin*
Ticarcillin
Piperacillin

Penicillin’s
(Extended spectrum)

Carbapenems
!-lactams
3rd/4th generation
Cephalosporins
(Extended spectrum)

Inhibit the formation of
peptidoglycan crosslinks in the bacterial
cell wall

Monobactams

Detergent-like
antibiotics

Polymyxins

Doripenem
+
Imipenem
Meropenem
Ceftazidime*
Cefepime

MexAB - OprM
MexXY - OprM
MexCD - OprJ
MexEF - OprN§

Aztreonam*

Hydrophobic tail causes
membrane damage

Colistin

+

No efflux systems are
known for this antibiotic

Labile to
hydrolysis but
weak inducers of
ampC
Stable to
hydrolysis but
strong inducers of
ampC
Labile to
hydrolysis but
weak inducers of
ampC
Labile to
hydrolysis but
weak inducers of
ampC

Carbenicillin !lactamases,
ESBLs, oxacillinases,
Metallo-!-lactamases
Metallo-!-lactamases

Loss of OprD

ESBLs, Extendedspectrum
oxacillinases,
Metallo-!-lactamases

Limited cases of
modifications to
Penicillin Binding
Proteins (PBPs).

ESBLs, Extendedspectrum
oxacillinases
LPS modifications
prevent initial lipid A
interactions

Table 1-1 Antibiotics used in the treatment of P. aeruginosa infection, including mechanisms of action and resistance
* Not extruded by MexXY-OprM or MexCD-OprJ. + No known efflux systems. § Carbapenems only. ampC - chromosome-encoded !-lactamase.
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1.2.2 Multi-drug resistant P. aeruginosa
In common with many bacterial pathogens, there is an increasing prevalence of multi-drug
resistance in P. aeruginosa28. Definitions have been created to characterise the different
patterns of resistance found in healthcare-associated, antimicrobial-resistant bacteria. MDR
is defined as: acquired non-susceptibility to at least one agent in three or more
antimicrobial categories. Extensively-drug resistant (XDR) is defined as: non-susceptibility
to at least one agent in all but two or fewer antimicrobial categories, and pan-drug resistant
(PDR) is defined as: non-susceptibility to all agents in all antimicrobial categories29. Of the
51,000 health-care associated P. aeruginosa infections reported in the U.S. in 2013, more
than 13% were classed as MDR5. In a study of 1,971 P. aeruginosa isolates collected from
patients in 32 medical centers across the U.S. during 2011 and 2012, 15.7% were classified
as MDR, 8.9% were classified as XDR and 1 isolate (0.05%) was classified as PDR30.
Although the percentage of PDR P. aeruginosa isolates in this study was low, the
occurrence of essentially untreatable P. aeruginosa infections is extremely concerning. All
known mechanisms of antibiotic resistance, namely intrinsic, acquired and adaptive, can be
displayed by P. aeruginosa. Intrinsic resistance is imparted by low OM permeability,
expression of multi-drug efflux pumps and the natural occurrence of chromosomally
encoded antibiotic degrading enzymes (!-lactamases). Acquired resistance results from the
transfer of genetic elements encoding resistance genes, the accumulation of mutations in
antibiotic targets and mutations in genes or regulators that affect intrinsic resistance
mechanisms. Finally, adaptive resistance occurs when changing environmental conditions
lead to increased resistance, e.g. P. aeruginosa growing in a biofilm.

1.2.2.1 Outer membrane permeability
P. aeruginosa is intrinsically resistant to many antimicrobial agents due to inherently low
levels of OM permeability; it is estimated that the P. aeruginosa OM is 10- to 100-fold less
permeable to small hydrophilic molecules, such as antibiotics, than that of Escherichia
coli31. To cross the P. aeruginosa OM some antibiotics use porin channels, such as the
carbapenem-specific porin OprD32,33. The loss of OprD, resulting in OM impermeability to
carbapenems, plays an important role in imipenem resistance34 (Table 1-1). In a study of
80 !-lactam resistant P. aeruginosa isolates from CF patients in France, OprD was lost in
53.8% of isolates due to frame shifting or nonsense mutations in the oprD gene35. The
aminoglycoside and polymyxin antibiotics do not use porin channels to cross the OM.
Instead they promote their own uptake by binding to lipopolysaccharide (LPS) on the cell
9
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surface32,36. This destroys the permeability barrier of the OM and allows entry of the
antibiotics into the cell. OM impermeability to these antibiotics arises from changes in the
structure and composition of the P. aeruginosa OM. These include changes to the LPS Oantigen, reduction in cell envelope Mg2+ and Ca2+ contents and the covalent addition of 4amino-L-arabinose to phosphate groups within the lipid A and core oligosaccharide
moieties of LPS27,37.

1.2.2.2 Efflux pumps
Efflux pumps are ubiquitous among Gram-negative and Gram-positive bacteria and are
transport systems that extrude antibiotics and other toxins from the bacterial cell38. In P.
aeruginosa there are several tripartite efflux pumps belonging to the resistance-nodulationdivision (RND) family that utilise the proton motive force as an energy source39. The three
components of these systems include a cytoplasmic transporter protein (e.g. MexB), an
OM channel protein (e.g. OprM) and a membrane fusion protein to link the two membrane
proteins with the extracellular space (e.g. MexA). The best-characterised membrane efflux
(Mex) systems in P. aeruginosa are MexAB - OprM, MexCD - OprJ, MexXY - OprM and
MexEF - OprN, although 12 have been identified genetically33,39,40. These four systems
have been characterised as being multi-drug efflux pumps, meaning that they extrude more
than one class of antibiotic. Table 1-1 shows the range of antibiotic classes that these
efflux pumps can extrude, for example MexXY - OprM can confer resistance to
aminoglycosides, fluoroquinolones and !-lactams39. This is problematic as overexpression
of one efflux pump by antimicrobial treatment can result in resistance to other classes of
antibiotics, which could hinder the concept of using combinations of antimicrobials as
treatments. In P. aeruginosa, efflux pump systems are chromosomally encoded and give
intrinsic and acquired antibiotic resistance to the bacterium38. Hyperexpression of efflux
pumps has been found in clinical MDR isolates and can be brought about by mutations in
regulatory genes or promoter regions34. In the study of 80 !-lactam resistant P. aeruginosa
isolates from CF patients in France, a high proportion of the isolates (88.8%) were found to
overexpress one or more active efflux systems, with 6.25% overexpressing three efflux
systems simultaneously35. Overexpression of MexAB - OprM (45%) and MexXY - OprM
(81.25%) systems were most common, although MexEF - OprN (8.75%) and MexCD OprJ (2.5%) over producers were identified35. Unfortunately, there are few efflux pump
inhibitors approved for either clinical or veterinary use owing to their toxicity towards
eukaryotic cells41.
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1.2.2.3 Modification of antibiotic targets
Antibiotic resistance can result from modifications or mutational changes in antibiotic
targets that can maintain their physiological role after modification or mutation. In P.
aeruginosa this is most commonly encountered with the quinolones, where modification of
DNA gyrase occurs through the accumulation of point mutations in specific regions of the
gyrA/gyrB genes (corresponding to the enzymes active site and quinolone binding site)34.
Modification of the aminoglycoside binding site on 16S rRNA, via methylation, results in
aminoglycoside resistance in P. aeruginosa42. The genes encoding the rRNA methylases
responsible for this are carried on plasmids, allowing for horizontal transfer and
distribution of this resistance mechanism among bacterial populations42. In a limited
number of cases, resistance to !-lactam antibiotics has been caused by the modification of
penicillin binding proteins (PBPs), which catalyse the formation of peptidoglycan
crosslinks in the bacterial cell wall and are the targets of !-lactam antibiotics34. A recent
study also showed that P. aeruginosa undergoes a rapid en masse transition from normal
rod shaped cells to viable, cell wall defective spherical cells when treated with !-lactams
from the widely used carbapenem and penicillin classes43. This spherical phenotype can be
seen in Gram-negative bacteria harboring mutations in PBP244. However, when the
antibiotic is removed, the entire population of spherical cells quickly reverts back to the
normal bacillary form suggesting an adaptive response rather than the acquisition of
specific mutations43.

1.2.2.4 Production of antibiotic-modifying enzymes
P. aeruginosa has an inducible, chromosome-encoded AmpC !-lactamase, which ruptures
the amide bond of !-lactam rings and renders several !-lactam antibiotics inactive e.g.
penicillins, cephalosporins and monobactams34 (Table 1-1). AmpC is located in the
periplasm and is produced in low quantities45. However, production can increase 100- to
1000-fold in the presence of inducing !-lactam antibiotics (especially imipenem), which
select for mutations that lead to the hyperproduction of AmpC34. Unfortunately, AmpC
activity is not inhibited by the !-lactamase inhibitors used in clinical practice, for example
clavulanic acid, sulbactam and tazobactam46. The horizontal acquisition of genes coding
for secondary !-lactamases, such as carbenicillin hydrolysing !-lactamases (PSE),
extended-spectrum !-lactamases (ESBL), metallo-!-lactamases and (extended spectrum)
oxacillinases, is a major contributor to the resistance of P. aeruginosa to !-lactam
antibiotics34. These enzymes, in combination, confer resistance to all classes of !-lactam
11
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antibiotics: (extended-spectrum) penicillins, monobactams, (extended-spectrum)
cephalosporins and carbapenems (Table 1-1). The activity of ESBL enzymes can be
inhibited by clavulanic acid and tazobactam, although most of the other enzymes cannot be
inhibited by these compounds34. In the study of 80 !-lactam resistant P. aeruginosa
isolates from CF patients in France, 61.3% of isolates over expressed AmpC and 13.8%
had acquired secondary !-lactamases35.
Aminoglycoside modifying enzymes act on specific sites of aminoglycoside antibiotics
causing acetylation via aminoglycoside acetyltransferase, adenylation via aminoglycoside
nucleotidyltransferase or phosphorylation via aminoglycoside phosphotransferase, which
decreases the binding affinity of the modified antibiotics to the target in the bacterial cell34.
This is the major mechanism of aminoglycoside resistance in P. aeruginosa and these
enzymes are plasmid encoded allowing for the efficient transfer of resistance genes34.

1.2.2.5 Biofilm mode of growth
P. aeruginosa is a model organism for biofilm formation and the biofilm mode of growth.
Biofilms are surface-attached, bacterial aggregates enclosed within a self-produced, threedimensional matrix of extracellular polymeric substances (EPS)47. The matrix itself is
constituted of proteins, nucleic acids, polysaccharides and lipids, all of which give a robust
structure to the biofilm48. Biofilms are a predominant form of growth for bacteria in the
environment and are central to the pathogenesis of many chronic bacterial infections49. The
best characterised of these is chronic P. aeruginosa lung infection in patients with CF50.
Biofilms can also form on inserted medical equipment such as catheters and endotracheal
tubes, contributing significantly to the problems of catheter-associated UTIs and ventilatorassociated pneumonia51,52. The difficulty in treating chronic biofilm-mediated infections is
largely due to the increased antibiotic resistance of bacteria growing in the biofilm state,
relative to the planktonic state, which has been shown to be 10- to 1000-fold higher53. Due
to the varied biochemical environments present in spatially distinct regions of biofilms,
biofilm cells differ in terms of their transcriptional profiles when compared to each other
and to planktonic cells. The broad spectrum, non-mutational resistance exhibited by
biofilms, although not fully elucidated, can be attributed to several factors53. Physical
exclusion of antibiotics by EPS has been proposed, as well as accumulation of secreted
antibiotic degrading enzymes at the cell surface due to the presence of EPS47.
Dysregulation of genes, mainly by quorum sensing, may result in the upregulation of
12
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efflux pumps and other antibiotic resistance determinants47. The production of antibiotic
sequestering periplasmic glucans, which prevent antibiotics reaching their sites of action,
have been shown to be important factors in high-level biofilm-specific antibiotic
resistance53. Also a higher proportion of persister or non-dividing cells in biofilms likely
contribute to the recalcitrance of biofilms to antibiotic treatment54. Horizontal transfer of
antibiotic resistance genes between heterogeneous bacterial populations also promotes the
persistence of infection by maintaining an enhanced antibiotic resistance within the
biofilm55.
1.2.3 Host adaptations
Several studies have followed the progression of P. aeruginosa infections in patients with
CF over the course of many years and have demonstrated phenotypic and genotypic
changes in P. aeruginosa over time56-61. Due to the constant onslaught of antimicrobial
assault in the CF lung, adaptation of P. aeruginosa to antimicrobial resistant phenotypes,
via the mechanisms outlined in Sections 1.2.2.1 to 1.2.2.5, is very common61-63. In
particular the evolution of highly antibiotic resistant small colony variants (SCVs) is
associated with chronic P. aeruginosa infection64-66. The switch from a non-mucoid
phenotype to a mucoid phenotype is also linked to the CF environment, where the
production of alginate protects cells from the host immune system67,68. Other immuneevading strategies used by P. aeruginosa include the loss of flagella and pili and down
regulation of other virulence mechanisms such as the type III secretion system69,70. LPS on
the cell surface of Gram-negative bacteria is a highly immunogenic structure and
modifications of LPS, including altered lipid A and O-antigen are frequently noted in
chronic P. aeruginosa infections71-75. P. aeruginosa can simultaneously produce two types
of O-antigen in the same cell: the common polysaccharide antigen (CPA), which is
predominantly a homopolymer of D-rhamnose and the O-specific antigen, which contains a
heteropolymeric repeating unit that varies widely among strains76,77. The CPA is produced
by the majority of, but not all, P. aeruginosa strains and elicits a relatively weak antibody
response78,79. The exact biological function of the CPA is not fully known; however, it has
been suggested that the CPA may play an important role in adherence of P. aeruginosa to
human airway epithelial cells76. The O-specific antigen on the other hand is highly
immunogenic, eliciting strong antibody responses76. For this reason, a gradual repression
of expression of O-specific antigen results in the CPA and alginate becoming the major
surface antigens of P. aeruginosa in the CF lung79.
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1.2.3.1 Iron acquisition by P. aeruginosa
Iron acquisition by P. aeruginosa is vital for establishing both acute and chronic lung
infections in vivo80. P. aeruginosa must compete with its host for iron that is tightly bound
to host proteins, e.g., ferritin, transferrin, lactoferrin and hemoglobin60. For this reason P.
aeruginosa has several iron uptake systems, including the high-affinity pyoverdine system
(Fe3+), the low-affinity pyochelin system (Fe3+), the Feo system (Fe2+), the Has and Phu
systems (heme) and the Fec system (ferric citrate)60. The best studied of these systems are
the pyoverdine and pyochelin systems, which use the two chemically unrelated
siderophores pyoverdine and pyochelin to sequester and solubilise Fe3+ from the
environment and deliver it to the cytoplasm of the bacterial cell via specific TonBdependant OM receptor proteins81. When inside the cell, the iron is released from the
ferrisiderophores in order to reach its targets. The ability of pyoverdine to successfully
compete with transferrin for host iron and its presence in sputum samples from the lungs of
CF patients indicates that it is an essential virulence factor of P. aeruginosa82,83. There are
three different pyoverdine molecules, which differ in the peptide chain attached to the
conserved chromophore, and these molecules utilise three different OM receptors; namely
type I, II and III ferripyoverdine receptors (FpvAI, FpvAII and FpvAIII). Iron-bound
pyoverdine also acts as a signaling molecule, up-regulating exotoxin A, endoprotease,
ferripyoverdine receptors and pyoverdine itself. Iron-bound pyochelin utilises the
ferripyochelin receptor, FptA60.
Studies have shown that iron availability plays a role in the resistance of P. aeruginosa to
antibiotics84,85. The administration of FDA-approved iron chelators in addition to
antibiotics have shown promising results in the treatment of P. aeruginosa infection and
suggest that targeting iron acquisition for future antimicrobial drug development could
have potential86.

1.2.4 Murine models of P. aeruginosa lung infection
Due to the complex nature of P. aeruginosa lung infection and the adaptations P.
aeruginosa undergoes in the CF lung, it is difficult to establish a murine model of chronic
P. aeruginosa lung infection that is representative of the CF disease state. Frequently,
acute models of pneumonia in non-genetically modified mice are used due to ease of use,
speed and cost. The acute model generates severe intrapulmonary inflammatory responses,
acute sepsis and rapid death within hours of administration87. Although repeated exposure
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to sub-lethal doses of P. aeruginosa can cause significant lung pathology in this model,
permanent chronic infection cannot be established and infection-induced lung pathology is
resolved over time87. Therefore, this model has major differences when compared to
human CF lung disease.
Chronic models of P. aeruginosa lung infection, lasting more than one month, can be
achieved when bacteria are imbedded in an immobilising agent such as agar, agarose or
seaweed alginate and administered using intratracheal instillation87. This model has similar
properties to the human clinical situation, including persistence of the inoculum, formation
of microcolonies, adaptation of P. aeruginosa to an alginate positive phenotype and lung
pathology resembling that of CF patients with advanced chronic pulmonary disease and
pronounced airway inflammation87,88. These attributes, which make the chronic model
more representative of the CF disease than the acute model, are good for evaluating the
effectiveness of novel therapies87. However, the low bacterial burden, the low percentage
of infected mice weeks after challenge and mortality due to surgery are drawbacks to this
model, meaning large animal numbers are required to achieve statistical significance when
testing novel therapies87. Additionally, the bacterial strain used to establish the chronic
infection has a significant impact on mortality rates, clearance rates and the establishment
of infection, meaning that this model is not generally as amenable to studies using a
diverse range of P. aeruginosa isolates87.
There have been several CF mouse models developed, including CFTR knockout mice and
mice harboring "F508, G551D and other CFTR mutations87. In general, CF mice do not
mimic the human CF disease, due to the expression of alternative (non-CFTR) chloride
channels in mice. However, they do develop significantly more severe pathogen-specific
lung pathology in comparison with non-CF mice and differ in terms of their inflammatory
response during chronic P. aeruginosa infection87. Chronic P. aeruginosa lung infection in
CF and non-CF mice does not differ significantly in terms of bacterial burden or
phenotypic adaptation of the bacteria. Therefore, this model may be better suited for
investigating novel anti-inflammatory therapies rather than antibiotic treatment. Despite
some limitations, these models provide valuable resources to mimic the initial and
progressive bronchopulmonary infection typical of CF patients and are routinely used for
the pre-clinical validation of novel therapies89-92.
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1.3 Colicins, pyocins and lectin-like bacteriocins
1.3.1 Bacteriocin overview
Bacteriocins are structurally, functionally and ecologically diverse, ribosomallysynthesised, proteinaceous toxins produced by bacteria for intra- and inter-species
competition93. These antimicrobial compounds are generally bactericidal and are released
into the extracellular space to kill closely related bacteria that would otherwise compete for
nutrients. The natural abundance of bacteriocins is remarkable; they have been discovered
in all major lineages of bacteria and some members of archaea93-95. Although they provide
the producing organisms with an ecological advantage over their most likely competitors
there is a considerable biosynthetic cost for the producing strain. This trade-off between
bacteriocin production and metabolic cost to the cell results in varied distribution and
frequency of bacteriocins among bacterial populations and generates bacteriocinproducing, sensitive and resistant strains96. Within species there have been multiple
bacteriocins discovered (there are over 30 bacteriocins produced by E. coli97) and the
diversity between these bacteriocins in terms of size, cytotoxic activity, killing spectrum
and immunity mechanisms highlights the importance of these microbial defense systems.
Bacteriocins range from small peptides, produced mainly by Gram-positive bacteria, to the
large phage-tail like R- and F- type pyocins produced by P. aeruginosa98,99 (Table 1-2).
The killing range of bacteriocins can vary from very narrow (species-specific) to very
broad (killing both Gram-positive and Gram-negative bacteria) and killing can occur
through many different mechanisms93. Colicins, produced by E. coli, are the most widely
studied bacteriocins from Gram-negative bacteria and will be discussed in detail in the
following section, along with the pyocins of P. aeruginosa and lectin-like bacteriocins.
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Table 1-2 Bacteriocins of Gram-negative bacteria

Type
Colicins

Description
Soluble
Heat- and protease- sensitive

Colicin-like

Soluble

(Including S- type pyocins)

Heat- and protease sensitive

Size (kDa)
10 to 75
20 to 84

Soluble
Lectin-like

Heat- and protease sensitive Predicted

28 to 32

carbohydrate binding properties
Nuclease- and protease-resistant rodPhage tail-like (R and F
pyocins)

like particles resembling
bacteriophage tails

> 80

R = rigid, contractile rod
F = flexuous, non-contractile rod

Microcins

Heat- and protease resistant peptides

< 10

1.3.2 The colicins of E. coli
Colicins are large protein antimicrobials, ranging in size from 29 kDa (colicin M) to 75
kDa (colicin D). They are extremely efficient, narrow-spectrum toxins with minimum
inhibitory concentrations (MICs) in the nM – pM range97. Colicins have a domain structure
that delineates receptor binding, translocation and cytotoxic functionalities, which allow
these large antimicrobials to parasitise nutrient uptake systems, traverse the cell envelope
of sensitive bacteria and exert their cytotoxic effects. Colicins have a common domain
architecture where the translocation domain (T-domain) is located at the N-terminus of the
protein, the receptor-binding domain (R-domain) is located centrally and the cytotoxic
domain (C-domain) is located at the C-terminus. There are more than 20 known colicins,
which utilise different cell surface receptors, different secondary receptors (or
translocators), different translocation systems (Tol-system or TonB-system) and different
cytotoxic mechanisms97 (Table 1-3), and as such there is no one model to describe how
colicins bind, translocate and kill sensitive cells. The sections below will discuss the
different receptor binding, translocation and cytotoxic mechanisms used by colicins with
regards to the limited structural information available.
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1.3.2.1 Structure
The crystal structures of colicins have been invaluable in proposing mechanisms of colicin
import. Crystal structures have been solved for colicins E3, Ia, M, N, B and S4100-105
(Figure 1-3). Colicins E3 and Ia are highly elongated while the others are more compact.
Four out of these six colicins are pore-forming toxins (colicins Ia, N, S4 and B) and as
such share a high degree of structural homology in their cytotoxic domains, which form 10
!-helix bundles. However, the diversity in the R- and T-domains of these four proteins is
remarkable. Two out of the five structures (colicins E3 and Ia) have a prominent coiledcoil R-domain (100 Å for colicin E3 and 160 Å for colicin Ia) that is predicted for all Etype colicins. The unusual dimensions of the coiled-coil R-domains are of functional
significance and will be discussed in Section 1.3.2.2. Colicins B and N have R-domains
that consist of a long single helix (74 Å for colicin B and 63 Å for colicin N), colicin M has
a compact helical R-domain and colicin S4 is unique in that it has two nearly identical Rdomains that form the arms of the overall Y-shaped structure.
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Table 1-3 Colicins of E. coli: receptors, translocation systems,
cytotoxic activities and size
Primary

Secondary

Translocation

Cytotoxic

receptor

receptor

system

activity

A

BtuB

OmpF

Tol

Pore former

63

B

FepA

-

Ton

Pore former

55

D

FepA

-

Ton

tRNase

75

E1

BtuB

TolC

Tol

Pore former

57

BtuB

OmpF

Tol

DNase

Colicin

E2, E7,
E8, E9
E3, E4,
E6

Size (kDa)

62, 61,
68, 60

BtuB

OmpF

Tol

rRNase

58, 59,
58

E5

BtuB

OmpF

Tol

tRNase

58

Ia, Ib

Cir

Cir

Ton

Pore former

69, 70

K

Tsx

OmpF

Tol

Pore former

60

Inhibition of

M

FhuA

-

Ton

peptidoglycan

29

synthesis

N

LPS

OmpF

Tol

Pore former

40

S4

OmpW

OmpF

Tol

Pore former

54

10, 5

Tsx

TolC

Ton

Pore former

53, 53

- Unknown

This collection of structures encompasses both group A and group B colicins that utilise
the Tol-system and the TonB-system, respectively, for translocation into the cell. The Tdomain structures differ between colicins and consist of !-sheet, helix and loop structures.
The T-domains of most colicins also contain intrinsically unstructured translocation
domain (IUTD) regions at their N-terminus that have been shown to contain TolA, TolB or
TonB binding regions and are predicted to thread through porins in the OM and interact
with the translocator proteins TolA, TolB or TonB106,107 (see Section 1.3.2.3). The IUTDs
are not present in the colicin crystal structures (Figure 1-3).
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Figure 1-3 Ribbon diagrams of colicin crystal structures
(a) Colicin B (PDB accession number 1RH1; resolution 2.50 Å). (b) Colicin Ia (PDB
accession number 1CII; resolution 3.00 Å). (c) Colicin S4 (PDB accession number 3FEW;
resolution 2.45 Å). (d) Colicin N (PDB accession number 1A87; resolution 3.10 Å). (e)
Colicin M (PDB accession number 2XMX; resolution 1.67 Å). (f) Colicin E3 (PDB
accession number 1JCH; resolution 3.02 Å). Blue = T-domain, green = R-domain, purple
= C-domain, for all structures and yellow = immunity protein. Structural homology is
present in the C-domains (purple) of the pore-forming colicins (a – d), while the R- and Tdomains of these structures differ to a high degree. The extended coiled-coil R-domains
of colicins Ia (b) and E3 (f) show structural similarity in terms of their unusual length and
colicins B (a) and N (d) have similar R-domains with single #-helices.
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1.3.2.2 Receptor binding
The receptor binding and translocation functionality of colicins serves to transfer them
from the extracellular environment to their site of action inside the periplasm or cytoplasm
of sensitive bacteria106,107. Colicins use two types of OM receptor: a high affinity receptor
and a secondary receptor or translocator. The interaction of colicins with their high affinity
receptors is tight, i.e. the Kd of the colicin E3 R-domain binding to BtuB is 0.9 ± 0.2
nM108. High affinity receptors include: the TonB-dependant transporters (TBDTs) BtuB,
Cir, FepA and FhuA, OmpW of unknown function, Tsx a nucleoside-specific transporter
and LPS107 (Table 1-3). Approximately 75% of the high affinity receptors utilised by
colicins belong to the TBDTs. These proteins naturally transport nutrients, including
siderophores, vitamin B12, nickel complexes and carbohydrates into the bacterial cell81
(TonB dependant uptake of substrates will be discussed in detail in section 1.3.2.3).
TBDTs are 22-stranded !-barrel proteins that span the OM and which have an inserted
plug domain (of approximately 160 residues) that occludes the barrel pore and acts as a
permeability barrier against the import of large foreign molecules81. It was initially thought
that colicin binding would cause the plug domain to exit the pore and that the colicin
would pass in an unfolded state through the !-barrel pore into the periplasm. This was
thought plausible due to the size of the unplugged !-barrels pores: approximately 25 Å "
35 Å for Cir and approximately 28 Å " 37 Å for BtuB, measured between backbone
atoms81. However, crystal structures of the R-domains of colicins E3 and Ia bound to their
receptors BtuB and Cir, showed that the plugs occluding the !-barrel pores remained
unmoved108 (Figure 1-4). The crystal structures of these complexes, with the R-domains
positioned at an angle of approximately 45° to the membrane plane, suggested an
alternative mechanism for colicin E3 and Ia translocation and also helped to explain the
involvement of additional OM proteins in the cytotoxic activity of some colicins107.
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Figure 1-4 Ribbon diagrams of the R-domains of colicins E3 and Ia
bound to their outer membrane receptors BtuB and Cir
(a) Structure of the complex between BtuB and the colicin E3 R-domain (PDB accession
number 1UJW: resolution 2.75 Å). BtuB is coloured pink and cyan (plug domain) and the
R-domain of colicin E3 is coloured green. (b) View of (a) from above. (c) Structure of the
complex between Cir and the colicin Ia R-domain (PDB accession number 2HDI;
resolution 2.50 Å). Cir is coloured cyan and pink (plug domain) and part of the R-domain
of colicin Ia is coloured green. (d) View of (c) from above. The 45° orientation of the Rdomain to the membrane plane can be seen for both colicins. Also noted is the presence
of the unmoved plug domains, which occlude translocation of the colicins.
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Secondary receptors, used to translocate colicins across the OM, have been identified for
most colicins (exceptions include colicins B, D and M). Once bound to high affinity
receptors, colicins search the OM landscape for these secondary receptors via lateral
diffusion, facilitated by the 45° orientation of the R-domain to the membrane plane. This
‘fishing pole’ mechanism only applies to the colicins with elongated, mainly helical
structures. Colicin Ia uses a pair of the same receptor Cir, with initial binding occurring
through the R-domain and binding to a second Cir occurring presumably through an as yet
unidentified Cir binding site in the T-domain109. The general diffusion pore OmpF and the
efflux protein TolC are common secondary receptors used for colicin translocation
(discussed in detail in Section 1.3.2.3). OmpF was initially thought to be the primary and
secondary receptor of colicin N, mimicking colicin Ia and Cir. However, it was recently
shown that the colicin N R-domain binds to the LPS of sensitive strains (recognising both
glucose and heptose sugars) as its primary receptor (Kd - 2 µM)110. Binding of colicin N to
this specific LPS moiety close to the membrane surface, which is known to form a
complex with OmpF, may orientate colicin N for translocation via OmpF and negate the
need for an extended coiled-coil R-domain (Figure 1-3). Colicin N is the first, and as of
yet, only colicin shown to utilise LPS as a cellular receptor.

1.3.2.3 Translocation
Colicins are divided into two groups, A and B, depending on whether they use the Tolsystem or the Ton-system, respectively, to accomplish cellular import. These systems are
naturally involved in maintaining membrane integrity in E. coli (Tol system) and in
transducing energy from the inner membrane (IM) to effect substrate uptake through
TBDTs (TonB system)81,111. The Tol system comprises the IM proteins TolQ and TolR, the
IM anchored periplasm-spanning protein TolA, the periplasmic protein TolB and the
lipoprotein Pal (Figure 1-5). The TonB system comprises the IM anchored periplasmspanning protein TonB and two IM proteins, ExbB and ExbD, with extended periplasmic
domains (Figure 1-5). During colicin translocation, the IUTDs of colicins thread through
the OM protein pores and interact with components of the import machinery via specific
binding epitopes in the IUTD, termed Tol- or TonB-boxes. Crystal structures obtained for
a complex of OmpF and peptide segments of the IUTDs of colicins E3 and E9 demonstrate
this threading mechanism102,103 (Figure 1-6). Immuno-extraction of a colicin E3, BtuB and
OmpF OM complex further demonstrated the involvement of OmpF in colicin passage
through the OM112. Different colicins interact with different components of the Tol system
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and some colicins bind to more than one component. Colicins A, E1 and N interact with
the TolA protein; colicins A, E3, E7 and E9 interact with the TolB protein; and colicins A
and E3 interact with TolR97. These interactions again highlight the diversity in colicin
translocation mechanisms adopted by different colicins.
The TonB system and TBDTs interact via a TonB-box at the amino terminal of the TBDT
when a substrate binds. Energy is then transduced from the IM via the interactions of TonB
with ExbB and ExbD to import the substrate81,113 (Figure 1-5). As mentioned above some
colicins also possess TonB boxes that are essential for active translocation and subsequent
killing. For colicin Ia, the TonB-box in its IUTD and the TonB box on Cir (TBDT) are
both required for killing. However, it is not known if a single copy of TonB energises the
whole translocation process or whether two separate copies of TonB are required. The
energy transduced from both the TonB and Tol-systems are predicted to translocate
colicins across the OM where they subsequently insert into the IM or cross it by an
unknown mechanism (exception is colicin M that acts in the periplasm). However, it still
remains to be determined whether the whole colicin is pulled through the OM protein pore
into the periplasm or if only the C-domain (after cleavage) is translocated into the
periplasm. Both scenarios have their problems and one scenario may not describe the
mechanism for all colicins97.
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Figure 1-5 Mechanism of colicin E3 binding and translocation
Colicin E3 binds to its high affinity OM receptor BtuB then uses the ‘fishing pole’ technique
to search the OM landscape for its secondary receptor OmpF via lateral diffusion,
facilitated by the 45° orientation of the R-domain to the membrane plane108. Binding to
OmpF occurs through an OmpF binding site in T-domain of colicin E3114. The IUTD of
colicin E3 (blue dots) then threads through one of the OmpF pores and interacts with the
TolB component of the import machinery via TolB specific binding epitopes in the
IUTD107,108,112. It is not known whether the whole colicin is pulled through the OM protein
pore into the periplasm or if only the C-domain (after cleavage) is translocated into the
periplasm. Structure of the complex between BtuB and the colicin E3 receptor-binding
domain (PDB accession number 1UJW: resolution 2.75 Å). BtuB is coloured pink and
cyan (plug domain) and the R-domain of colicin E3 is coloured green. Colicin E3 Cdomain = purple, T-domain = blue and immunity protein = yellow (PDB accession number
1JCH; resolution 3.02 Å). Crystal structure of the OmpF trimer (gold) with an inserted Nterminal segment of the colicin E3 IUTD (represented as blue sticks). Two !-strands
representing residues Y40-T49 and L55-Q66 on OmpF have been removed to show the
inserted colicin segment more clearly (PDB accession number 2ZLD: resolution 3.00 Å).
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Figure 1-6 Colicin translocation: directed epitope delivery across the
E. coli outer membrane through the porin OmpF
Crystal structures of one of the trimeric OmpF pores (gold) with an inserted N-terminal
segment of (a) colicin E3 IUTD and (b) colicin E9 IUTD (represented as blue sticks). Two
!-strands representing residues Y40-T49 and L55-Q66 on OmpF have been removed
from both (a) and (b) to show the inserted colicin segments more clearly. ((a) PDB
accession number 2ZLD: resolution 3.00 Å). ((b) PDB accession number 3O0E: resolution
3.01 Å).
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1.3.2.4 Cytotoxicity
Once colicins have traversed the OM they can act in the periplasm to inhibit peptidoglycan
synthesis, enzymatically degrade RNA or DNA in the cytoplasm or form pores in the IM97
(Table 1-3). Insertion of the C-terminal pore-forming domain of colicins into the IM
results in membrane damage, leakage of intracellular compounds and cell death115. The
mechanism by which the C-domain of pore-forming colicins inserts into the IM is not
clear. However, in vitro experiments suggest this process occurs spontaneously without
further interaction from host proteins115. The structural similarity in the C-domain of the
four pore-forming colicin crystal structures (Figure 1-3a - d) suggests that these colicins all
act in the same manner.
Nuclease-type colicins target genomic DNA (DNases), 16S rRNA (rRNases) or tRNAs
(tRNases)97. DNase colicins, also known as H-N-H endonucleases, randomly degrade
DNA to cause cell death. The 34 amino acid H-N-H motif in DNase colicins resembles a
distorted zinc finger of two !-strands and an #-helix, with a single metal ion sandwiched
between them. The physiological metal ion of colicin DNases is debated, as these can
readily bind Mg2+, Ca2+ and several first row transition metals97. The choice of metal ion
can influence substrate specificity. For example, colicin E9 bound to Ni2+, Co2+ or Cu2+
preferentially cleaves single-stranded DNA, colicin E9 bound to Mg2+ or Ca2+
preferentially cleaves double-stranded DNA and colicin E9 bound to Zn2+ is not active116.
Unlike DNase colicins, RNase colicins do not require metal ion cofactors. rRNase colicins
inhibit protein synthesis by targeting the 30S subunit of the bacterial ribosome, cleaving
16S rRNA towards the 3’ end between nucleotides A1493 and G149497. Colicins of this
type include E3, E4 and E697. tRNase colicins of which there are two, colicins D and E5,
cleave single phosphodiester bonds in the anticodon loops of specific tRNAs. For colicin
E5 these include the tRNAs for histidine, asparagine, tyrosine and aspartic acid and for
colicin D these include the four isoaccepting arginine tRNAs117. Colicins D and E5,
although they both cleave specific, albeit different, types of tRNA share no sequence
identity and appear to have evolved similar activities independently106,107.
Colicin M is the only colicin to act in the periplasm, where it cleaves the pyrophosphate
bond between C55 isoprenoid and the murein precursor102. This inhibits murein and Oantigen biosynthesis, which results in cell lysis and death.
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1.3.2.5 Immunity
Immunity proteins are required to protect colicin-producing strains from both endogenous
and exogenous colicin. For pore-forming colicins the immunity protein only needs to
protect the producing cell against the action of exogenous colicin, since the polarity of the
transmembrane potential is opposite to that required to open the pore. Therefore, immunity
proteins for pore-forming colicins reside in the IM where they either prevent channel
opening or block the channel once it has opened115. Nuclease colicins require the immunity
protein to protect producing cells from both endogenous and exogenous colicin. Therefore,
nuclease colicins are synthesised and released from cells as heterodimeric complexes with
their immunity protein118. Nuclease-specific immunity proteins are typically around 10
kDa and inactivate colicins by binding to their C-domains. This binding either occurs
directly at the nuclease active site, where it mimicks substrate RNA119 (tRNase colicins E5
and D) (Figure 1-7), or at an exosite adjacent to the active site, with inhibition likely being
the result of steric and electrostatic occlusion of the substrate118. The interaction of
nuclease colicins with their specific immunity proteins show some of the highest affinities
known for protein-protein interactions: Kd - 2.4x10-14 M for the E9-Im9 complex and
1.4x10-14 M for the E3-Im3 complex118. As nuclease colicins are released from producing
cells in complex with their immunity proteins, the immunity protein must dissociate from
the colicin in order for it to kill sensitive cells. With such tight binding between these two
proteins this may be an energy dependant process118. However, the mechanism by which
this occurs, and the point at which this occurs in the receptor binding/translocation process,
remains unknown.
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Figure 1-7 Inhibition of the colicin D tRNase domain by the tRNAmimicking immunity protein
Complex between the C-domain of colicin D (purple) and its immunity protein ImD (yellow)
showing (a) structural elements and (b) essential catalytic active site residues and
residues essential for the inhibitory effect of the immunity protein. Neither component
shows structural homology to known RNases or their inhibitors (PDB accession number
1V74: resolution 2.00 Å).
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1.3.3 The S-type pyocins of P. aeruginosa
P. aeruginosa produces three classes of pyocin: R- and F-type pyocins, which resemble
bacteriophage tails, and S-type pyocins that resemble colicins. The combination of R-, Fand S-type pyocins makes P. aeruginosa one of the most prolific bacteriocin-producing
Gram-negative bacteria, with over 70% of strains producing at least one pyocin98. The Stype pyocins of P. aeruginosa (listed in Table 1-4) are chromosomally encoded, range in
size from 289 amino acids to 777 amino acids and, like colicins, can be divided into
domains that correlate with the multiple steps involved in killing98. Unlike colicins, the
predicted ordering of these domains is reversed for the T-domain and the R-domain for the
majority of pyocins. Several pyocins also have a domain of unknown function located
between the N-terminal R-domain and the central T-domain.
Table 1-4 Pyocins of P. aeruginosa: receptors, activities and size

Pyocin

Receptor

S1

-

S2

FpvAI

S3

FpvAII

S4

FpvAI

S5

Cytotoxic

Size (kDa)

Reference

DNase

66

120

DNase

74

121

81

122

tRNase

81

123

FptA

Pore former

56

123

S6

-

rRNase

-

124

AP41

-

DNase

84

125

32

126

activity

DNase (non
HNH)

Inhibition of

M

-

peptidoglycan
synthesis

- Unknown
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1.3.3.1 Pyocin regulation
The expression of pyocins and colicins is inducible upon DNA damaging treatment and is
dependant on RecA, a DNA repair protein88,110. The most common agents used to induce
pyocin and colicin production in the laboratory are ultraviolet (UV) light and mitomycin C.
However, there are other chemical agents or stress conditions that can induce colicin and
pyocin production88,110. For pyocins and colicins, the presence of a mutagenic agent
increases expression of the recA gene. The effect of activated RecA is then to stimulate
autocleavage of the repressor protein LexA in E. coli, allowing transcription of the colicin
operon, or to cleave the repressor protein PrtR in P. aeruginosa (Figure 1-8). Cleavage of
PrtR by RecA liberates the expression of the activator PrtN, which then binds to P-boxes
upstream of the pyocin gene and induces transcription of the pyocin operon (Figure 1-8).
The LexA-box system has been found in every colicin operon studied so far and the P-box
system has been identified for pyocins S1, S2 and AP4198,127. Transcription of pyocin S5 is
upregulated by H2O2 - induced oxidative stress and is not activated by PrtN (due to a lack
of P-box elements upstream of the pyocin S5 operon)123. Colicins have lysis genes located
immediately downstream of the colicin genes, which are transcribed as an operon along
with the immunity protein gene if present. Pyocins do not have lysis genes encoded nearby
and the mechanism by which pyocins are secreted from producing cells is unknown.
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Figure 1-8 Model of pyocin regulation
(a) Organisation of the pyocin operon. (b) Organisation of the colicin operon. The genes
are represented by arrowheads. P-boxes and LexA-boxes are indicated as blue and
green boxes respectively. Pim (immunity promoter) and T (transcription terminators) are
indicated by arrows. (c),(d) After DNA-damaging treatment (lightening bolt), RecA is
activated (glowing). (e) In non-inducing conditions, expression of colicin genes is
repressed directly by LexA. (f) Activated RecA stimulates autocleavage of LexA and
allows expression of the colicin genes. (g) In non-inducing conditions, expression of
pyocin genes is repressed indirectly by PrtR. (h) Activated RecA cleaves PrtR, which can
then no longer inhibit transcription of prtN (that encodes the pyocin transcriptional
activator PrtN), therefore, allowing expression of the pyocin genes. Image adapted from
Michel-Briand et al. and Cascales et al.97,98.
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1.3.3.2 Structure
One pyocin structure has been solved to date. The crystal structure of pyocin M shares
structural similarities with colicin M, namely a short N-terminal T-domain, followed by a
central globular #-helical R-domain and a C-domain incorporating a half !-barrel fold114
(Figure 1-3). Early characterisation of pyocins S2 and AP41, using analytical
ultracentrifugation and gel filtration to estimate their molecular weights and shapes,
suggested that these pyocins have elongated structures like those of colicins E3 and
Ia121,125. Like colicins, pyocins are predicted to be structurally diverse. Therefore, further
structural characterisation of pyocins would be extremely useful.

1.3.3.3 Receptor binding
Like colicins, pyocins utilise TBDTs as OM receptors and like colicins B, D, M and Ia,
these receptors are involved in iron uptake124. Pyocins S2 and S4 bind the type I
ferripyoverdine receptor FpvAI, pyocin S3 binds the type II ferripyoverdine receptor
FpvAII and pyocin S5 binds the ferripyochelin receptor FptA128-131. The OM receptors for
pyocins S1, S6, AP41 and M have not been identified. However, it is known that pyocin
S1 sensitivity is independent of the ferripyoverdine receptor produced and that pyocin
AP41 sensitivity is increased under iron limiting conditions. Only primary receptors have
been identified for pyocins, no secondary receptors or translocators have been identified.
Pyocins S2 and AP41 are suggested to have elongated structures similar to colicin
E3121,125, which would indicate that a secondary receptor was likely due to the orientation
of binding and the proposed ‘fishing pole’ mechanism for colicins.

1.3.3.4 Translocation
Little is known about the translocation of pyocins into sensitive cells. Pyocin AP41 is
predicted to utilise the Tol system, similar to many colicins, as introduction of the tolQRA
genes in a pyocin AP41 tolerant mutant restored killing by AP41132. Pyocins S2, S3, S4
and S5 are predicted to utilise the TonB system for translocation due to their binding to
TBDTs. However, colicins A and E1-E9 bind the TBDT BtuB and use the Tol system for
translocation, so this assumption may not be valid.
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1.3.3.5 Cytotoxicity and immunity
The majority of characterised pyocins are nuclease-type pyocins. Pyocins S1, S2, S3 and
AP41 have a DNase activity, pyocin S4 has a tRNase activity and pyocin S6 has an rRNase
activity. Pyocins S1 and S2 are almost identical in their C-domains (six nucleotides
difference resulting in two amino acids difference) and share 60% amino acid identity with
the C-domain of pyocin AP41124. Similar to the DNase colicins, the DNase pyocins, S1, S2
and AP41, have a conserved H-N-H endonuclease motif. However, pyocin S3, although a
DNase pyocin, does not have this motif and its C-domain shares very little sequence
identity (< 30%) with those of pyocins S1, S2 and AP41124. Immunity proteins from
pyocins S1, S2 and AP41 share homology (approximately 44% to 99%) as they protect
homologous H-N-H nuclease domains, whereas the pyocin S3 immunity protein shares
little homology98. Pyocins S1 and S6 are almost identical in their R- and T-domains, with
their C-domains differing to alter nuclease activity124. The other RNase pyocin is pyocin
S4, which has an almost identical R-domain to pyocin S2. The C-domain of pyocin S4 is
similar to the tRNase colicin E5 (31% amino acid identity), while sharing little homology
with the tRNase colicin D124. The only pore-forming pyocin identified to date is pyocin S5,
which shares greater than 75% amino acid identity between amino acids 217-307 with the
unknown domain of pyocin S2 (amino acids 207- 312) and less than 30% homology in the
other domains98. The C-domain shares 30% amino acid identity with that of colicin Ia and
is predicted to be structurally homologous to colicins Ia, B, S4 and N. Pyocin S5, like the
pore-forming colicins, does not form a complex with its cognate immunity protein prior to
release123. Pyocin M, as mentioned previously, is structurally and functionally
homologous to colicin M, which degrades lipid II in the periplasm and inhibits
peptidoglycan synthesis126. Colicin M has an associated immunity protein that is anchored
in the periplasmic side of the cytoplasmic membrane. However, no genes encoding a
homologous immunity protein for pyocin M have been discovered in P. aeruginosa.

1.3.4 Lectin-like bacteriocins
Lectin-like bacteriocins (LLBs) share structural and sequence homology with monocot
mannose-binding lectins (MMBLs) from plants6,133-136. They are similar to colicins and
pyocins in that they are large proteinaceous toxins (29 kDa - 32 kDa) that are heat and
protease sensitive and are produced by several species of !- and $-Proteobacteria:
Pseudomonas putida (putidacin L1 or LlpABW), Pseudomonas syringae (LlpAPss642),
Pseudomonas protegens (LlpA1Pf5), Xanthomonas citri pv. malvacearum (LlpAXcm761) and
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Burkholderia cenocepacia (LlpABcAU1054)6,135-137. The most distant of these LLBs share less
than 30% amino acid sequence identity, with homology mainly focused around the MMBL
carbohydrate-binding motifs and the MMBL-stabilising tryptophan triads. Unlike colicins
and pyocins, LLBs display a genus-specific killing activity rather than a species-specific
activity. The molecular basis of this unusual genus-specific activity has not been explained
and the mechanism by which these bacteriocins exert their antimicrobial effects also
remains unknown.
Lectins are a structurally and evolutionarily diverse class of proteins produced widely by
prokaryotes and eukaryotes and are defined by their ability to recognise and bind
carbohydrates. This binding is generally highly specific and mediates a range of diverse
functions, including cell-cell interaction, immune recognition and cytotoxicity138,139.
MMBLs represent a structurally conserved lectin subclass, of which the mannose-binding
Galanthus nivalis agglutinin (GNA) was the first to be characterised131,132,115. The
characteristic MMBL-fold consisting of a three-sided !-prism with three highly conserved
tryptophan (W) residues that act to stabilise the MMBL-fold is shown in Figure 1-9140,141.
Each MMBL domain contains three mannose-binding sites with the conserved sequence
QxDxNxVxY (with x, any amino acid)142. In each binding pocket glutamine (Q), aspartic
acid (D), asparagine (N) and tyrosine (Y) bind to a mannose molecule through a network
of four hydrogen bonds, while valine (V) interacts with mannose through a hydrophobic
interaction141. Motif degeneracy in MMBL proteins suggests that some sugar-binding sites
on MMBL domains may be inactive, as is the case for curculin, a taste-modifying protein
from the fruits of Curculigo latifolia143 (Figure 1-9c). Structural and biochemical analysis
of MMBLs has shown that they are generally translated as a single polypeptide chain
containing tandem !-prism domains that are then proteolytically processed into monomers.
Most plant MMBLs are constructed from two to four identical or homologous domains,
stabilised by strand exchange and %-stacking144, although some are monomeric or have a
tandem domain structure. While originally identified in monocots like G. nivalis or Allium
sativum, it is now recognised that proteins of this class are distributed widely throughout
prokaryotes and eukaryotes, including fungi, slime molds, sponges and fish where they
have evolved to mediate diverse functions134,141,144.
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Figure 1-9 The characteristic MMBL-fold consisting of a three-sided !prism
Individual domains are shown in different colours. (a) Homodimeric GNA from G. nivalis.
The dimer is formed through a swap of the C-terminal !-strands, indicated by the black
arrows (one !-strand within each !-sheet is not depicted as a !-strand due to dual
conformation of an amino acid within the structure preventing automatic assignment).
(PDB accession number 1JPC: resolution 2.00 Å). (b) MMBL from A. sativum. This lectin
is encoded as a tandem consisting of two very similar MMBL domains, but after synthesis
is cleaved to produce an apparent domain-swapped heterodimer (PDB accession number
1KJ1: resolution 2.20 Å). (c) Heterodimeric curculin from Curculigo latifolia lacking
mannose-binding capacity (PDB accession number 2DPF: resolution 1.50 Å).
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1.3.4.1 Structure and domain organisation of lectin-like bacteriocins
A phylogenetic analysis of the MMBL domains present in eukaryotic and prokaryotic
proteins assigned the LLB MMBL domains to a new bacterial clade within the MMBLcontaining protein family135. Structural analysis of putidacin L1, the first bacterial MMBL
protein to be discovered and characterised, revealed a rigid, tightly-interconnected
structure containing tandem !-prism domains stabilised by conserved tryptophan triads and
a C-terminal !-hairpin extension133 (Figure 1-10a). This extension, not present in plant
MMBLs, makes extensive contacts through hydrophobic and hydrogen bonds with both !prism domains (the N-terminal domain and the C-terminal domain). Both !-prism domains
adopt folds very similar to MMBL domains from plant lectins. However, the N-terminal
domain contains three additional secondary structure elements: a three-turn #-helix and
two additional !-strands. Despite the structural additions to the MMBL-fold of the Nterminal domain of putidacin L1, the common core more closely resembles plant MMBLs
than the C-terminal domain (RMSD of 1.35 Å for the N-domain with the GNA, compared
to 1.82 Å for the C-domain)133. The orientation of the MMBL domains of putidacin L1 to
each other is different to that observed in canonical MMBL lectin dimers, such as the GNA
or the MMBL from A. sativum (Figure 1-10). Given the extensive structural homology
between the LLBs and plant lectins it seems likely that these bacteriocins have evolved
directly from plant lectins and from an evolutionary perspective are unrelated to the
colicin-like bacteriocins.
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Figure 1-10 Domain organisation and structure of putidacin L1
(a) The domain structure (N-domain = green, C-domain = pink and C-terminal extension =
yellow) and the position of the MMBL motifs (potentially active binding sites in blue and
inactive ones in faded colours) are shown alongside the naming conventions for these
motifs. Image adapted from Ghequire et al.133. (b) Structure of putidacin L1 in complex
with Met-mannose (represented as black sticks). Colour coding as for (a) (PDB accession
number 3M7J: resolution 2.26 Å). (c) Homodimeric GNA. Individual domains are shown in
different colours (PDB accession number 1JPC: resolution 2.00 Å). Comparison of
structures (b) and (c) shows differences in the orientation of domains in relation to each
other, with the GNA showing a high degree of symmetry.
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1.3.4.2 Determinants for the activity and specificity of lectin-like
bacteriocins
Although full assignment of function to the N-terminal domain, C-terminal domain and Cterminal extension has not been achieved for LLBs, previous work by Ghequire et al.
demonstrated that all three regions are required for killing susceptible cells133. Sequence
alignments of LLBs from Pseudomonas spp. showed that surface-exposed carbohydratebinding motifs (QxDxNxVxY) in the C-terminal domain (C1 and C2) were well
conserved, whereas these motifs were less conserved in the N-terminal domain133. The
sites IC and IN (Figure 1-10a) were shown to be involved in forming inter-domain contacts
in LLBs and IC and IIN have very poorly conserved QxDxNxVxY motifs. Recent work by
Ghequire et al. on the characterisation of putidacin L1 showed that inactivation of the C1
carbohydrate-binding motif had the most dramatic effect on activity, while inactivation of
sites C2 and N1 lead to a synergistic reduction in activity133. Crystal soaks of putidacin L1
with methyl-#-D-mannopyranoside, the disaccharide Man#(1-2)Man or the
pentasaccharide GlcNAc!(1-2)Man#(1-3)[GlcNAc!(1-2)Man#(1-6)]Man showed
carbohydrate binding in the C1 site only (Figure 1-10) and Kds for these proteincarbohydrate complexes were in the range from 2 mM to 46 mM133. This suggests that a
carbohydrate ligand other than mannose may be the preferred substrate; however, an
extensive search for high-affinity carbohydrate binding through the use of glycan arrays
failed to detect high-affinity carbohydrate binding for putidacin L1133. Site C2 of putidacin
L1 was involved in crystal packing interactions and the ability of mannose to occupy the
C2 site could not be determined from the crystal structure.
Although no carbohydrate binding capabilities were attributed to the N-terminal domain of
putidacin L1, this domain was shown to engender target specificity through the
construction of putidacin L1 - LlpA1Pf5 chimeric proteins and assessment of the differential
activity of the chimers against two target strains, diagnostic for putidacin L1 and LlpA1Pf5
specific killing133. Only constructs retaining the original N-terminal domains gave rise to
inhibition of the cognate indicator strain. The nature of this target specificity has not yet
been elucidated and the overlapping activity spectrum of LLBs with very little sequence
homology in their N-terminal domains remains unexplained. It is possible that the Nterminal domains of LLBs have acquired a function other than carbohydrate binding,
which is the case for the MMBL-related curculin143 (Figure 1-9c). Assignment of a
dedicated function to the two MMBL domains in LLBs is consistent with phylogenetic
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analysis of individual LLB domains, which unveiled a clustering of the N-terminal LLB
domains distinct from clustered branches with C-terminal domains134.
Sequence alignment of the C-terminal extensions of LLBs showed that these regions are
the most variable sections among LLBs, both in primary sequence and in length133.
Although they are required for the killing of susceptible cells, it has not been determined
whether their role is simply stabilisation of the MMBL domains or if they have a direct
role in activity. Despite an understanding of the structure and host range of LLBs, the
mechanisms by which these bacteriocins target susceptible strains and exert their
antimicrobial effects remain unknown.

1.3.4.3 Lectin-like bacteriocin regulation and release
LLBs are chromosomally encoded and similar to pyocins and colicins, putidacin L1
expression is increased upon exposure to UV light and is RecA dependant135. However,
sequence analysis of the upstream region of putidacin L1 did not reveal any obvious
transcription factor binding sites or a putative P-box. Other environmental stress response
pathways were shown to be involved in controlling expression of putidacin L1, although
the exact mechanisms were not elucidated145.
Little is known regarding how LLBs are released from producing cells and as with the
pyocins of P. aeruginosa, there are no lysis genes associated with LLBs. However, LLBs
from Xanthomonas spp. (LlpAXcm761) and Burkholderia spp. (LlpABcAU1054) are produced
with a cleavable Sec secretion recognition sequence that likely directs these proteins to the
extracellular environment124,128. Such a signal sequence appears to be lacking in LLBs
from Pseudomonas spp. The presence of this sequence in some LLBs and not others
suggests that alternative export routes may be involved in the release of LLBs.
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1.3.5 Pyocins as therapeutics
Bacteriocins from Gram-negative bacteria, and the pyocins of P. aeruginosa in particular,
are suited to therapeutic development for a number of reasons. They are a source of readymade antibiotics that are extremely potent (as low as pM affinity) and are amenable to
protein engineering98. The modular composition of pyocins means that chimeric pyocin
proteins can be constructed that contain R-, T- and C-domains from different pyocins,
broadening the number of therapeutic candidates. This technique was used with pyocins S2
(T- and C-domains) and S5 (central R-domain) to identify the R-domain of pyocin S5 and
was also demonstrated with pyocins S1 and AP41130,146. The modular composition and
conserved toxin activity of pyocins and colicins means that active pyocin/colicin chimeras
can also be constructed147, in which the R- and T-domains of the chimera determine
specificity. Another advantage of pyocins is that they are narrow-spectrum antibiotics,
which would allow the preservation of a normal gut microbiota during treatment. This is
becoming increasingly important as microbial imbalances in the natural gut flora have
been suggested to play a role in a range of chronic diseases such as inflammatory bowel
disease, diabetes, obesity and rheumatoid arthritis148-151. The inability of antibiotics to kill
bacteria in a biofilm is a limiting factor in the successful treatment of a range of chronic
infections, including P. aeruginosa infection in the CF lung. However, pyocin S2 is active
against dividing, non-dividing and biofilm cells making it useful against a range of clinical
infections152. The problem of bacteria acquiring resistance to new antibiotics is one that
will not be easily overcome. However, using a combination of pyocins, each targeting
different cell surface receptors and possessing different cytotoxic activities, would reduce
the chances of acquired pyocin resistance being a problem. The increased biological cost to
bacteria to generate resistance to a combination of bacteriocins is one of the great strengths
in developing bacteriocins as therapeutics.
Little work has been carried out on the use of colicin-like and lectin-like bacteriocins as
therapeutics. Studies have looked at the use of colicin-producing E. coli strains and
competition between these strains and non bacteriocin producing strains to prevent
bacterial colonisation and biofilm formation in vitro on catheters and in vivo in the guts of
cows153,154. For the pyocins of P. aeruginosa a cell therapy approach for the treatment of P.
aeruginosa has been investigated. In these studies attenuated E. coli strains were designed
to sense and eradicate planktonic and biofilm P. aeruginosa cells through the release of
pyocins. These systems sensed the presence of P. aeruginosa via the P. aeruginosa41
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specific quorum sensing molecule AHL 3OC12HSL, produced pyocin S5 or chimeric
pyocin S3/colicin E3 for killing P. aeruginosa and used the lysis gene from colicin E7 or
the flagellar secretion tag FlgM to allow release of the pyocins155,156. Although interesting,
the use of E. coli to deliver pyocins is a massive limitation for clinical applications, such as
treating P. aeruginosa lung infection. The use of recombinant pyocin for the treatment of
P. aeruginosa infection in an insect model has been demonstrated152. Pyocin S2 was shown
to be highly active in an invertebrate Galleria mellonella larvae model of P. aeruginosa
infection and was capable of protecting larvae against a lethal P. aeruginosa infection. In
addition, pyocin S2 was not overtly toxic to the insect host152. Recombinant pyocin S2 was
also shown to be highly potent in vitro against both mucoid and non-mucoid clinical
isolates of P. aeruginosa growing in the biofilm state and was considerably more effective
than aztreonam and tobramycin152.

1.4 Aims
The overall aim of this thesis is to demonstrate the potential of pyocins as novel
therapeutics for the treatment of P. aeruginosa lung infection. This aim will be achieved
by:
1) Discovering novel pyocins
-

The discovery of novel pyocins will broaden the number of candidates for
therapeutic development and could increase the spectrum of P. aeruginosa
strains that a pyocin ‘cocktail’ therapy would be active against.

2) Characterising known and novel pyocins
-

The characterisation of pyocins will generate a better understanding of how
they target and kill P. aeruginosa. This information is extremely important for
the development of pyocins as therapeutics.

3) Testing pyocin efficacy and toxicity in vivo in a murine model of acute
P. aeruginosa lung infection
-

The in vivo animal testing of pyocins is a key step in demonstrating their
therapeutic potential, as the efficacy and toxicity of colicin-like and lectin-like
bacteriocins has not been widely studied in vivo.
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No amount of experimentation can ever prove me right; a single experiment
can prove me wrong.
– Albert Einstein
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2.1 Chemicals, growth media and strains
2.1.1 Chemicals
All chemicals used in this thesis were of analytical grade and were purchased from
Sigma-Aldrich, Fischer Scientific or Melford unless otherwise stated.

2.1.2 Growth media
Lysogeny broth (LB), King’s B medium and minimal media were prepared in dH2O
using the recipes shown in Table 2-1, adjusted to pH 7.5 and sterilised by
autoclaving. For the preparation of solid media, 15 g L-1 of agar was added to the
media prior to autoclaving.
Table 2-1 Media recipes (components per litre)
Lysogeny broth

King’s B medium

Minimal medium

10 g Tryptone

20 g Peptone mixture

6.8 g Na2HPO4

5 g Yeast

1.5 g K2HPO4

3 g KH2PO4

10 g NaCl

1. 5 g MgSO4

0.5 g NaCl

10 ml glycerol

1 g NH4Cl
2 ml glycerol
1 mM MgSO4 §
100 µM CaCl2 §

§ Sterile micronutrient components are added after the media has been autoclaved

2.1.3 Strains
The strains used in this study are described in Table 2-2.
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Table 2-2 Strains used in this study
Strain

Genotype or relevant
characteristics

Reference or source

P. aeruginosa
PAO1
wzm-G01::ISphoA/hah
wzt-E12::ISphoA/hah
fpvA-H02:: ISlacZ/hah
E2
E2-M4
E2-M11
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15
P16
P17

Clinical isolate, burn wound
PAO1wzm mutant
PAO1wzt mutant
PAO1fpvA mutant
Environmental isolate, plant
Pyocin L1 tolerant mutant
Pyocin L1 tolerant mutant
Clinical mucoid isolate, young
CF patient
Clinical mucoid isolate, young
CF patient
Clinical mucoid isolate, young
CF patient
Clinical mucoid isolate, young
CF patient
Clinical mucoid isolate, young
CF patient
Clinical isolate, young CF
patient
Clinical isolate, young CF
patient
Clinical isolate, young CF
patient
Clinical isolate, young CF
patient
Clinical isolate, young CF
patient
Clinical isolate, young CF
patient
Clinical isolate, young CF
patient
Clinical isolate, young CF
patient
Clinical isolate, young CF
patient
Clinical isolate, young CF
patient
Clinical isolate, young CF
patient
Clinical isolate, young CF
patient

40
157
157
157
158
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
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Strain
P18
P19
PA14
PA7
PA62
MSH10
MSH3
C763
C1334
C1426
C1433
J1385
J1532
GRI1
YH5

Genotype or relevant
characteristics
Clinical isolate, young CF
patient
Clinical isolate, young CF
patient
Clinical isolate, burn wound
Clinical isolate, non-respiratory
Environmental isolate, soil
Environmental isolate, Mount
St. Helens
Environmental isolate, Mount
St. Helens
Clinical isolate, CF patient
Clinical mucoid isolate, CF
patient
Clinical isolate, CF patient
Clinical mucoid isolate, CF
patient
Clinical isolate, CF patient
Clinical mucoid isolate, CF
patient
Clinical isolate, CF patient
Clinical mucoid isolate, CF
patient

Reference or source

This study
This study
159
160
161
158
158
161
161
161
161
162
162
This study
This study

P. syringae
pv. tomato DC3000
pv. tomato NCPPB 1107
pv. tomato NCPPB 2563
pv. tomato NCPPB 3160

isolated from Solanum
lycopersicum

BCCM

isolated from Solanum
lycopersicum

NCPPB

isolated from Solanum
lycopersicum

NCPPB

isolated from Solanum
lycopersicum

NCPPB

isolated from Avena sativa

BCCM

isolated from Cucumis sativus

BCCM

pv. coronafaciens LMG
5060
pv. lachrymans LMG
5456*

46

CHAPTER 2. MATERIALS AND METHODS

Genotype or relevant
characteristics

Strain

pv. maculicola LMG 2208 isolated from Brassica oleracea
pv. morsprunorum
LMG2222*
pv. syringae LMG1247*

Reference or source
BCCM

isolated from Prunus
avium

BCCM

isolated from Syringa vulgaris,
type strain

BCCM

pv. syringae LMG 5082*

isolated from Zea mays

BCCM

pv. syringae LMG 5084*

isolated from Pyrus communis

BCCM

E. coli

DH5#

F-, "80dlacZ#M15, # (lacZYAargF) U169, deoR, recA1,
endA1, hsdR17(rk-,
mk+), phoA, supE44, $ thi-

Invitrogen

1, gyrA96, relA1
BL21(DE3)pLysS

F- ompT hsdSB (rB-mB-) gal
dcm (DE3) pLysS (CamR)

Invitrogen

Unless stated, strains are non-mucoid

2.2 Maintenance and growth of bacteria
2.2.1 Storage of bacteria
One millilitre aliquots of frozen bacterial stocks were made by adding 500 µl of
glycerol to 500 µl of an overnight LB culture and storing in cryo tubes at -80°C.

2.2.2 Growth of bacteria
All strains were inoculated into LB or onto agar plates with the appropriate
antibiotics. When required, ampicillin was added at 100 µg ml-1, kanamycin was
added at 50 µg ml-1 and irgasan was added at 25 µg ml-1. Cultures were propagated
from a single colony and grown at 37°C with shaking at 180 rpm.
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2.3 Molecular techniques
2.3.1 Preparation of bacterial genomic DNA
Bacterial cells were pelleted from 1 ml of overnight LB cultures grown at 37°C.
Genomic DNA (gDNA) was extracted using the Qiagen QIAamp DNA Mini kit
(Qiagen, UK), as per the manufacturers instructions. DNA was resuspended in 200
µl of distilled water and stored at 4°C until required.

2.3.2 Preparation of plasmid DNA
Bacterial cells were pelleted from 5 ml of overnight LB cultures grown at 37°C.
Plasmid DNA was extracted using the Qiagen QIAprep Spin Miniprep kit (Qiagen,
UK), as per the manufacturers instructions. DNA was resuspended in 40 µl of
elution buffer (10mM Tris-HCl, pH 8.5) and stored at 4°C until required.

2.3.3 Oligonucleotide primers
Oligonucleotide primers were synthesised by Eurofins MWG Operon and used to
amplify DNA by PCR as described in Section 2.3.4. Primers used in this study are
listed in Table 2-3. For pyocins SD2 and AP41 primers were designed to introduce
an NdeI site at the start of the pyocin gene and an XhoI site in place of the stop
codon of the immunity protein gene. For pyocin L1 the XhoI site was in place of
the stop codon of the pyocin gene.

2.3.4 Polymerase chain reaction
A typical PCR used 1 µl PFU turbo (Agilent, UK) with 0.2 µM forward and reverse
primers, 100 ng genomic DNA and 100 µM dNTP mix in a final volume of 50 µl.
For colony PCR, a small amount of a bacterial colony was diluted in 25 µl of water
and heated at 96°C for 2 min. Cell debris was pelleted by centrifugation, 5 µl of
supernatant was added to 95 µl of water and 1 µl of this was added to the PCR
reaction. The standard PCR protocol used in this study is shown in Table 2-4. If
initial conditions did not yield the desired product the reaction was optimised by the
inclusion of 5 - 10% dimethylsulfoxide (DMSO) and variation of the annealing
temperature.
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Table 2-3 Primers used in this study
Name

Pyocin L1 F

Pyocin L1 R

Restriction
enzyme site
NdeI

XhoI

Sequence 5’ to 3’

Producing
strain

ACAGATCATATGAAGTCTCCAAAC

P.

AAAAGGAGG

aeruginosa

ACAGATCTCGAGGACCACGGCGCG

C1433

CCGTCGTGGATAGTCGTGGGGCCA
A

Pyocin AP41 F

NdeI

ACAGATCATATGAGCGACGTTTTT
GACCTTGG

Pyocin AP41 R

XhoI

ACAGATCTCGAGGCCAGCCTTGAA
GCCAGGG

Pyocin SD2 F

NdeI

Pyocin SD2 R

XhoI

FpvAI F

-

P.
aeruginosa
C763

TGTCAACATATGGCTGTCAATGAT

P.

TACGAACC

aeruginosa

TGTCAACTCGAGTATGTATTTATAT

P17

TCTTTCAATAGATCACTC
ATGCCAGCACCACACGGTCTC

P.
aeruginosa

FpvAI R
Pyocin SD2
Immunity F
Pyocin SD2
Immunity R

NdeI
XhoI

Pyocin
SD2_G157 F

-

ACAGATCATATGAGCATGGAAATG

P.

ATAGATATTGCAAAG

aeruginosa

ACAGATCTCGAGTATGTATTTGTAT

P17

TCTTTCAATAAATCACTCAGA
-

GAGTACAGGAAGCTAAGAAGTAC
GC

Pyocin
(mutagenesis)

PAO1

CCGTATGTCGGTACTGGAATGCAG

(mutagenesis)
SD2_G157 R

GAAGTCCCAGCGAGTGCTGAAC

-

GCGTACTTCTTAGCTTCCTGTACTC

-

CTGCATTCCAGTACCGACATACGG
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Restriction

Name

Sequence 5’ to 3’

enzyme site

P.
aeruginosa
PAO1

PBP2 F

NdeI

TGGTGGCGCATATGTACCACCTG

PBP2 R

HindIII

GCGGTCGAAGCTTCTGTTCAAGGG

-

CGCCTAGCGTTTCAGGGAGCTGGC
AACCTAGTGATCTATC

-

-

GATAGATCACTAGGTTGCCAGCTC
CCTGAAACGCTAGGCG

-

-

GATAGAGCAGTAGTGCAAGAGGCT
GGAAATTTTGTTATCTACAAAG

-

-

CTTTGTAGATAACAAAATTTCCAG
CCTCTTGCACTACTGCTCTATC

-

Pyocin L1_C1 F
(mutagenesis)
Pyocin L1_C1
R (mutagenesis)
Pyocin L1_C2 F
(mutagenesis)
Pyocin L1_C2
R (mutagenesis)

2.3.5 PCR mutagenesis
Constructs to express the pyocin L1 mutants D150A, D180A, D150A/D180A
double mutant and full length pyocin SD2 were created using the QuikChange Site
Directed Mutagenesis kit (Stratagene) as per manufacturers instructions, utilising
pETPyoL1 and pETPyoSD2 as templates.
Table 2-4 Standard PCR protocol
Step

Temperature (°C)

Duration (s)

Initial denaturing

95

120

Denaturing*§

95

30

Annealing*§

58

30

Extension*§

72

60 / kb

Final Extension

72

600

Hold

4

-

* Steps repeated for 30 cycles for amplification PCR
§

Steps repeated for 18 cycles for PCR mutagenesis
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2.3.6 Agarose gel electrophoresis
For a 0.8% w/v agarose gel, 0.8 g of agarose was added to 100 ml 1 x
Tris/Borate/EDTA (TBE) buffer. The agarose was dissolved by heating before
GelRED gel stain (Cambridge Biosciences, UK) was added 1:10,000 and the gel
poured into the gel tray to set. The appropriate volume of 6x loading buffer (10 mM
Tris-HCl (pH 7.6), 0.03% bromophenol blue, 60% glycerol, 60 mM
ethylenediaminetetraacetic acid (EDTA)) was added to DNA samples prior to
loading and the gel was run at 200 mA for 45 min. The 1 kb+ size marker (New
England Biolabs Inc (NEB), UK) was used to determine the size of sample bands
and gels were visualised using an UVIpro gold Uvitec transilluminator (Uvitec,
UK).

2.3.7 Restriction enzyme digest
A typical digest reaction consisted of 1 µg of DNA, 2.5 µl of 10x restriction
enzyme digestion buffer and 10 U of restriction enzyme. The reaction was made up
to 25 µl using distilled water before being mixed and incubated at 37°C for 1 h. The
products were resolved by agarose gel electrophoresis.

2.3.8 DNA gel purification
Bands of interest excised from agarose gels were purified using the Qiagen Gel
Extraction Kit (Qiagen, UK), as per the manufacturers instructions. The purified
DNA was eluted into 40 µl of elution buffer (10mM Tris-HCl, pH 8.5) and stored at
-20°C.

2.3.9 Ligation reaction
Ligation reactions contained 50 - 150 ng of digested plasmid, with the insert added
at a 1:1 and 1:3 molar ratio (plasmid:insert), 10x DNA ligase buffer and 5U of T4
DNA ligase (NEB, UK) in a total volume of 15 µl. The reaction was incubated at
room temperature overnight and then used in transformation reactions.
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2.3.10 Transformation of E. coli
Five microlitres of ligation reaction or 1 µl of plasmid was added to 50 µl of
chemically competent E. coli BL21(DE3)pLysS or DH5# cells and incubated on
ice for 30 min. Cells were then heat shocked at 42°C for 45 s before recovering on
ice for 5 min. Five hundred microlitres of LB was added to the cells and incubated
at 37°C for 1 h with shaking. The cells were then plated onto LB agar plates
containing ampicillin or kanamycin and incubated overnight at 37°C.

2.3.11 Plasmids
The plasmids used in this study are described in Table 2-5.
Table 2-5 Plasmids used in this study
Plasmids
pET21a

pET15b

pET30a

pETPyoL1
pETPyoL1_C1

pETPyoL1_C2

pETPyoL1_C1/C2

Characteristics
Ampr, cloning/expression
vector, T7 promoter, Cterminal His6Tag
Ampr, cloning/expression
vector, T7 promoter, Nterminal His6Tag
Kanr, cloning/expression
vector, T7 promoter, Nterminal His6Tag
771 bp XhoI/NdeI
fragment in pET21a
As pETPyoL1 with
aspartate 150 mutated to
alanine
As pETPyoL1 with
aspartate 180 mutated to
alanine
As pETPyoL1 with
aspartate 150 and 180
mutated to alanine

Reference or source
Novagen

Novagen

Novagen

This study
This study

This study

This study

pETPyoS2

2334 bp XhoI/NdeI
fragment in pET21a

This study

pETPyoS5

1497 bp XhoI/NdeI
fragment in pET15b

This study
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Plasmids

Characteristics

Reference or source

pETPyoAP41

2609 bp XhoI/NdeI
fragment in pET21a

This study

pETPyoSD2

2263 bp XhoI/NdeI
fragment in pET21a

This study

pETPBP2

1842 bp HindIII/NdeI
fragment in pET30a

This study

2.4 Microbiology
2.4.1 Overlay spot plate method
Soft agar overlay spot plates were performed using the method of Fyfe et al.163.
One hundred and fifty microlitres of test strain culture (Table 2-2) at OD600 = 0.6
was added to 6 ml of 0.8% soft agar and poured over an LB agar plate. Five
microlitres of purified bacteriocin or bacteriocin containing solution, at varying
concentrations, was spotted onto overlay plates and incubated for 24 h at 37°C.
Clear zones indicate killing.
Pyocin production of P. aeruginosa strains was assessed via the overlay spot plate
method. In brief, 2 µl of the test strain culture (adjusted to OD600 = 0.6) was spotted
onto an LB agar plate containing mitomycin C (0.75 µM) and incubated overnight
at 37°C. The cells were lysed using chloroform and the chloroform allowed to
evaporate before 50 µl of the indicator strain culture (adjusted to OD600 = 0.6) was
added to 5 ml of soft agar (0.8% agar in distilled water) and poured over the LB
agar plate (containing the lysed cells). Plates were incubated overnight at 37°C
before the diameter of inhibition zones was measured.
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2.4.2 Antibiotic sensitivity assays: minimum inhibitory concentration
The minimum inhibitory concentration (MIC) of antibiotic required to inhibit the
visible growth of P. aeruginosa isolates was determined using a method described
by the British Society for Antimicrobial Chemotherapy164. The MIC assay was
carried out using serial dilutions in a 96 well plate with two-fold dilutions.
2.4.3 Bactericidal activity assay in liquid culture
Cells at a middle-log phase were adjusted to an OD600 = 0.6. One millilitre aliquots
of the cells were mixed with pyocin SD2 at 0.3 mg ml-1. The mixtures were
incubated at 37°C with a shaking at 180 rpm for 30 min, 60 min, 90 min and 180
min. The OD600 was recorded at each time point and the cell aliquots from each
time point were used for colony forming unit (CFU) counting.

2.5 Microscopy
2.5.1 Scanning electron microscopy
P. aeruginosa E2 was grown to an OD600 = 0.6 before pyocin L1 (500 µM) or
aztreonam (70 µM) was added and the sample grown at 37°C with shaking for 2 h
or 4 h. The samples were fixed for 1 h in 2.5% glutaraldehyde/0.1 M sodium
cacodylate buffer and rinsed with 0.1 M sodium cacodylate buffer (3x 5 min).
Droplet suspensions were laid down on poly-L-lysine coated cover slips for 30 min
to allow samples to adhere before samples were fixed for 1 h in 1% osmium
tetroxide. Samples were then washed (3x 10 min) in distilled water and treated with
1% uranyl acetate stain for 1 h in the dark. Samples were dehydrated through a
series of ethanol soaks (30, 50, 70, 90%, 2x 5 min each), followed with absolute
ethanol soaks (4x 5 min). Finally, samples were soaked in hexamethyldisilazane
(HMDS) (2x 5 min) and left overnight to dry. Samples were mounted on aluminium
pin stubs using double-sided carbon conductive tape and quick drying conductive
silver paint. The samples were sputter coated with a 20 nm layer of gold palladium
using a Polaron SC515 SEM coating system and viewed on a JEOL6400 SEM at 10
kv. Images were captured using Olympus Scandium Soft Imaging System
(Olympus, Germany).
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2.5.2 Fluorescence microscopy
Analysis of bacterial viability upon pyocin L1 treatment was performed using the
LIVE/DEAD BacLight Bacterial Viability Kit L7007 (Invitrogen, UK). P.
aeruginosa E2 was grown to an OD600 = 0.6 before pyocin L1 (500 µM) was added
and the sample grown at 37°C with shaking for 2 h or 4 h. Five milliliters of
cultures were harvested by centrifugation at 5000 g for 10 min. Cells were
resuspended in 20 ml sterile phosphate buffered saline (PBS), incubated at room
temperature for 30 min and harvested again as before. This was repeated twice with
the final resuspension in 10 ml PBS before samples were normalised to an OD600 =
0.3. For staining, manufacturers instructions were followed. In brief, equal volumes
of fluorescent dye and anhydrous DMSO were mixed and used to stain the washed
cells. Samples were mixed thoroughly and incubated in darkness at room
temperature for 15 min before 15 µl was trapped under a glass coverslip on a
microscope slide and the excess fluid removed. Slides were analysed on a Zeiss M1
Axioskopp microscope (Zeiss, UK) at x40 magnification (using GFP and RFP
channels for SYTO9 and propidium iodide stains respectively) using Volocity
software (PerkinElmer, UK) to capture images and count live versus dead
cells. SYTO9 penetrates both intact and damaged membranes whereas propidium
iodide only penetrates damaged membranes, subsequently counteracting the
SYTO9 stain.

2.6 SDS-PAGE and silver staining
Samples were mixed 4:1 in sample buffer (62.5 mM Tris-HCl pH 6.8, 2.5% sodium
dodecyl sulfate (SDS), 0.002% bromophenol blue, 0.7135 M (5%) !mercaptoethanol, 10% glycerol), boiled at 95°C for 10 min and 15 µl loaded onto a
sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE) of the appropriate size
(typically 12% or 18% gels). Broad range protein markers (2 - 212 kDa, NEB, UK)
or broad range ColourPlus Prestained protein markers (10 - 230 kDa, NEB, UK)
were used throughout. SDS-PAGE gels were stained using Coomassie stain (500
ml dH2O, 400 ml methanol, 100 ml acetic acid, 0.5 g Coomassie blue R250) and
destained with destain solution (500 ml dH2O, 400 ml methanol, 100 ml acetic
acid) or banding patterns were visualised using the SilverQuest Silver Staining Kit
(Invitrogen, UK), as per manufacturers instructions.
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2.7 Isolation and identification of pyocin L1
Strain C1433, identified as producing S-type pyocin(s) in the colony antagonism
agar overlay assay (inhibition zones > 2 cm), was grown in LB broth for 20 h and
used to inoculate 5 L of LB. Expression of pyocins was induced by the addition of
0.75 µM mitomycin C to the 5 L culture (OD600 = 0.6) and incubation at 37°C for
18 h. The supernatant was collected by centrifugation of the sample for 30 min at
8656 g and mixed at 4°C for 45 min with ammonium sulphate (404 g L-1) to
precipitate the proteins present, which were then pelleted by centrifugation at 8656
g for 30 min. The pellet was resuspended in 50 mM Tris-HCl, 20 mM NaCl, 1 mM
dithiothreitol (DTT) and 1 mM EDTA (adjusted to pH 7.5), and a cocktail of
protease inhibitors (Roche, Germany) before being transferred to dialysis
membrane (Spectra/Por, UK) and dialysed for 18 h in 5 L of the buffer stated
above. The sample was further dialysed in fresh buffer for 3 h. Cell debris was
removed by centrifugation for 20 min at 8656 g and 4°C. Pyocins were purified
using a 100 ml anion exchange column packed with DE52 preswollen
microgranular DEAE-cellulose (Whatman, UK) and a 100 ml cation exchange
column packed with CM52 preswollen microgranular CM-cellulose (Whatman,
UK), both equilibrated in 50 mM Tris-HCl, 20 mM NaCl, pH 7.5. Bound proteins
were eluted using a 20 mM – 1 M NaCl gradient. Remaining contaminants were
removed by gel filtration chromatography using a Superdex 75 26/60 column (GE
Healthcare) equilibrated in 50 mM Tris-HCl, 50 mM NaCl, pH 7.5. Fractions from
gel filtration chromatography were analysed by SDS–PAGE, the gel washed in
dH2O overnight to remove SDS and the pyocin L1 band identified by the presence
of a killing zone around the band in an overlay killing assay.

2.8 Recombinant protein overexpression and purification
2.8.1 Pyocins S2, SD2, S5 and AP41
Pyocins S2, SD2, AP41 (C-terminal His6-tag) and S5 (N-terminal His6-tag) were
overexpressed from E. coli BL21(DE3)pLysS carrying the corresponding plasmids
(Table 2-5). For each pyocin, 5 L of LB broth was inoculated (1:100) from an
overnight culture and cells were grown at 37°C in a shaking incubator to an OD600
= 0.6. Protein production was induced by the addition of 1.0 mM isopropyl !-D-156
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thiogalactopyranoside (IPTG) and cells were grown at 37°C for a further 4 h before
harvesting by centrifugation. Cells were resuspended in 20 mM Tris-HCl, 500 mM
NaCl, 5 mM imidazole, pH 7.5, lysed using an MSE Soniprep 150 (Wolf
Laboratories, UK) and the cell debris separated by centrifugation. The cell-free
lysate was applied to a 5 ml His Trap column (GE Healthcare, UK) equilibrated in
20 mM Tris-HCl, 500 mM NaCl, 5 mM imidazole, pH 7.5, and the pyocin was
eluted over a 5 - 500 mM imidazole gradient. Pyocin containing fractions were
identified by SDS-PAGE, pooled, dialysed overnight into 50 mM Tris-HCl, 200
mM NaCl, pH 7.5 and remaining contaminants removed by gel filtration
chromatography on a Superdex S200 26/60 column (GE Healthcare, UK)
equilibrated in the same buffer. The proteins were concentrated using a centrifugal
concentrator (Vivaproducts, US) with a molecular weight cut off of 5 kDa and
stored at -80°C.

2.8.2 Pyocin L1, pyocin L1 mutants and PBP2
Pyocin L1 was overexpressed from E. coli BL21(DE3)pLysS carrying the plasmid
pETPyoL1. This protein had a C-terminal His6-tag with an RRRAVV linker
between the protein and the His6-tag. The construct without the linker present
produced inactive protein. Five litres of LB broth was inoculated (1:100) from an
overnight culture and cells were grown at 37°C in a shaking incubator to an OD600
= 0.6. Protein production was induced by the addition of 0.3 mM IPTG and cells
were grown at 22°C for a further 20 h and harvested by centrifugation. Cells were
resuspended in 20 mM Tris-HCl, 500 mM NaCl, 5 mM imidazole (pH 7.5), lysed
using an MSE Soniprep 150 (Wolf Laboratories, UK) and cell debris removed by
centrifugation. The cell-free lysate was applied to a 5 ml His Trap column (GE
Healthcare, UK) equilibrated in 20 mM Tris-HCl, 500 mM NaCl, 5 mM imidazole,
pH 7.5 and pyocin L1 was eluted over a 5 - 500 mM imidazole gradient. Pyocin L1
containing fractions were identified by SDS-PAGE, pooled, dialysed overnight into
50 mM Tris-HCl, 200 mM NaCl, pH 7.5 and remaining contaminants removed by
gel filtration chromatography on a Superdex S75 26/60 column (GE Healthcare,
UK) equilibrated in the same buffer. The purified protein was concentrated using a
centrifugal concentrator (Vivaproducts, US) with a molecular weight cut off of 5
kDa and stored at -80°C. Pyocin L1 mutants were purified as described above.
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PBP2 was overexpressed and purified as described above with the omission of the
gel filtration chromatography purification step.

2.9 Isolation of pyocin L1 tolerant mutants
A 1.5 ml culture of P. aeruginosa E2 (OD600 = 0.6) was centrifuged and
resuspended in 100 $l of LB, to which purified pyocin L1 (280 µM) was added.
The culture was grown for 1 h, plated onto a LB agar plate containing pyocin L1
and incubated for 20 h at 37°C. Isolated colonies were identified as P. aeruginosa
by 16S rRNA as previously described165. Mutants were then subject to phenotypic
characterisation and genome sequencing as described in Section 2.10.1.

2.10 Genome sequencing and analysis
2.10.1 Whole genome sequencing and analysis
The genomes of P. aeruginosa E2 and derived pyocin L1 tolerant mutants (E2-M4
and E2-M11) were sequenced at the Glasgow Polyomics Facility, generating
paired-end reads on an Illumina MiSeq Personal Sequencer. Reads were mapped to
the previously sequenced parent genomes of P. aeruginosa E2161 using the CLC
genomics workbench, MAUVE and RAST to create an ordered annotated genome.
The CLC genomics workbench was used for genome comparisons and the
identification of SNPs/INDELs.

2.10.2 Bioinformatic identification of bacteriocins – BLAST search
The amino acid sequences of the following bacteriocins were used as queries to
search for novel pyocins in P. aeruginosa genomes: Colicins E1-E9, A, B, D, K, M,
N, S4, 10, 5, Ia and Ib, pyocins S1-S5, AP41 and M and lectin-like bacteriocins
putidacin Ll, LlpAPss642, LlpA1Pf5, LlpAXcm761 and LlpABcAU1054. The bacteriocin
sequences used as queries were obtained from the National Center for
Biotechnology Information (NCBI) database. The Basic Local Alignment Search
Tool (BLAST) within the CLC genomics workbench program was used to identify
regions of genome sequence with homology to know bacteriocins. The open
reading frames (ORFs) for these putative pyocin sequences were translated to

58

CHAPTER 2. MATERIALS AND METHODS

protein and aligned to the known bacteriocin sequences to determine the level of
homology.
Accession numbers: Colicin A (EWY55070.1), colicin B (KDM69014.1), colicin D
(KFD73529.1), colicin K (WP_021579872.1), colicin M (AIF77713.1), colicin N
(EIH44698.1), colicin S4 (CAB46008.1), colicin 10 (EZE01137.1), colicin 5
(CAA61102.1), colicin Ia (CDU32501.1), colicin Ib (CAA25505.1), colicin E1-E9
(KDZ47427.1, YP_002221664.1, KFJ78091.1, CAA45167.1, AHK10569.1,
AAA23080.1, AAA98054.1, WP_004915319.1, CAA31104.1), pyocin S1
(Q06583.2), pyocin S2 (CDO80194.1), pyocin S3 (CAA54958.1), pyocin S4
(NP_252555.1), pyocin S5 (NP_249676.1), pyocin AP41 (BAA02196.1), pyocin M
(4G76_A), putidacin Ll (AAM95702), LlpAPss642 (ZP_07263221), LlpA1Pf5
(YP_258360), LlpAXcm761 (AAM35756.1) and LlpABcAU1054 (ABF75998).

2.11 LPS purification and isolation of LPS-derived
polysaccharide
Lipopolysaccharide (LPS) was purified from 1 L cultures of P. aeruginosa strains
as described previously, with modifications including the omission of the final
trifluoroacetic acid hydrolysis and chromatography steps166. Cells were grown for
20 h at 37°C, pelleted by centrifugation at 6000 g for 20 min and resuspended in 50
mM Tris-HCl, pH 7.5 containing lysozyme (2 mg ml-1) and DNase I (0.5 mg ml-1).
Cells were lysed by sonication and the cell lysate was incubated at 20°C for 30 min
before EDTA was added to a final concentration of 2 mM. An equal volume of
aqueous phenol was added and the solution was heated at 70°C for 20 min, with
vigorous mixing. The solution was then cooled on ice for 30 min, centrifuged at
7000 g for 20 min and the aqueous phase extracted. Proteinase K was added to a
final concentration of 0.05 mg ml-1 and dialysed for 12 h against 2x 5 L dH2O. LPS
was pelleted by ultracentrifugation at 100,000 g for 1 h, resuspended in dH2O and
heated to 60°C for 30 min to remove residual proteinase K activity. LPS-derived
carbohydrates were isolated by heating LPS in 2% acetic acid for 1.5 h at 96°C.
Lipid A was removed by centrifugation at 13,500 g for 3 min followed by
extraction with an equal volume of chloroform. The aqueous phase was then
lyophilised.
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2.12 Western blotting
Purified LPS from wild-type and mutant samples was resolved by electrophoresis
on 12% SDS-PAGE gels. LPS was transferred onto nitrocellulose membranes using
an ECL Semi-dry Transfer Unit (Amersham, UK) at 50 mA for 2 h. The membrane
was blocked for a minimum of 1 h in 30% skimmed milk (Marvel, UK) in PBST
(PBS with 0.01% Tween 20). Neat monoclonal antibody (mAb) N1F10 (CPA
specific) was applied for 1 h at room temperature with shaking and unbound
antibody removed with 3x 15 min PBST washes. The membrane was then
incubated with the secondary antibody (alkaline phosphatase-conjugated goat antimouse Fab2) for 1 h at room temperature with shaking, before washing to remove
any excess secondary antibody. The blots were developed using SIGMAFAST
BCIP/NBT tablets (Sigma Aldrich, UK).

2.13 Lipid II cleavage assay
A modified version of the assay described by Barreteau et al. was used for lipid II
hydrolysis assays126. Assays were carried out in 100 mM Tris-HCl, 150 mM NaCl,
0.2% n-dodecyl-D-maltoside and 20 mM MgCl2 with 5 µg of lipid II (Bacterial Cell
Wall Biosynthesis Network, UK) and 5 µg of pyocin L1 (and/or pyocin M as a
positive control) at 30°C for 0 - 120 min. Reaction products were separated by thinlayer chromatography (TLC) on LK6D silica gel plates with 2-propanol:ammonium
hydroxide:water (6:3:1) as the mobile phase. Staining of the TLC plates with 20%
phosphomolybdic acid solution in ethanol followed by heating gave a band
corresponding to lipid II with an Rf of 0.7, as reported previously126.

2.14 Small angle X-ray scattering
Small angle X-ray scattering (SAXS) was carried out on the X33 beamline at the
Deutsches Elektronen Synchrotron (DESY, Hamburg, Germany). Data were
collected on samples of pyocin in the range of 0.5 - 5 mg ml-1. Buffer was read
before and after each sample and an average of the buffer scattering was subtracted
from the sample scattering. The data obtained for each sample was analysed using
PRIMUS167, merging scattering data at low angles with high angle data. The pair
distance distribution function, p(r), was obtained by indirect Fourier transform of
the scattering intensity using GNOM168. A Guinier plot (ln(I) vs S2) was used to
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calculate the radius of gyration, Rg, of the pyocins. Ab initio models of the proteins
in solution were built using DAMMIF169, averaged with DAMAVER170 and
overlaid with available crystal structures using SUPCOMB171. The Rg-based
dimensionless Kratky plot is based on I(0) and Rg derived from Guinier analysis172.
See Table 2-6 for definitions.
Table 2-6 Summary of SAXS terminology
I or I(S)

Intensity of scattered radiation

I(0)

Intensity at zero scattering angle

S

Scattering angle

p(r)

Pair distance distribution function

Rg

Radius of gyration

Dmax

Maximum diameter of the protein in
solution
Length

r

2.14.1 Examples of SAXS data interpretation

Figure 2-1 Interpretation of a Guinier plot
Guinier plots of a protein over a range of concentrations can determine if the
protein is monomeric or an aggregate in solution. Guinier plot of an ideal solution
of a protein (blue), a solution with aggregates/attractive interactions showing a
curve upwards at low angles (purple) and a solution with repulsive interactions
showing a curve downwards at low angles (green). This figure is adapted from
Blanchet et al.173.

61

CHAPTER 2. MATERIALS AND METHODS

Figure 2-2 Interpretation of a Pair-distance distribution plot
Pair-distance distribution plot of a solid sphere (blue), long rod (green) and
dumbbell (purple). The shape of the pair-distance distribution plot can give
information on the shape of the protein. The X-intercept represents the Dmax of the
particle, which is the maximum diameter of the protein in solution Figure adapted
from Svergun et al.174.

Figure 2-3 Interpretation of a normalised Kratky plot
The dimensionless Kratky plot illustrated above should show for most globular
compact particles, a clear maximum value of 1.104 for SRg at "3 (represented by
the black lines) regardless of particle size, composition and concentration.
Deviations from this, where the peak shifts right, suggests a protein has structured
domains linked by flexible segments with no specific three-dimensional
organisation. Purple represents an intrinsically disordered protein showing the
classic hyperbolic plateau. Blue represents a globular protein with a peak maxima
of 1.104 at "3. Green represents a flexible protein with a peak maxima > "3.
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2.15 1H-15N HSQC NMR
NMR chemical shift perturbation analysis of sugar binding by pyocin L1 was
carried out at 305 K. Fast-HSQC spectra were recorded using 15N labelled pyocin
L1 (0.1 - 0.2 mM) and unlabelled ligands, D-rhamnose and D-mannose (100 mM),
on a Bruker AVANCE 600 MHz spectrometer175. Protein samples were prepared
with and without the sugars present and volumes were exchanged at fixed ratios,
keeping the protein concentration unchanged. The spectra were processed with
Topspin and analysed with CCPNmr analysis176.

2.16 Isothermal titration calorimetry
Isothermal titration calorimetry (ITC) experiments were performed on a VP-ITC
microcalorimeter (MicroCal, UK). For monosaccharide binding, titrations were
carried out at 299 K with regular 15 $l injections of ligands into 100 µM pyocin L1
at 300 s intervals. 50 mM D-rhamnose, D-mannose, L-rhamnose or GlcNAc were
used as titrants and reactions were performed in 0.2 M sodium phosphate buffer,
pH 7.5. D-rhamnose (>97%) was obtained from Carbosynth Limited (UK) and Dmannose and L-rhamnose (>99%) from Sigma-Aldrich (UK).
For O-antigen pyocin binding reactions, pyocins or pyocin variants were used as
the titrant at 45 µM, 100 µM, 110 µM or 150 µM with LPS-derived carbohydrates
dissolved at 1 mg ml-1 in the chamber. Reactions were performed in 0.2 M sodium
phosphate buffer, pH 7.5. For curve fitting the molar concentration of LPS-derived
CPA containing carbohydrate chains was estimated at 20 $M, based on an
estimated average molecular weight of 10 kDa for CPA containing polysaccharides
and estimating the percentage of total LPS represented by CPA containing
carbohydrates as 20% of the total by weight177. This value may not be accurate and
as such the stoichiometry implied by the fit is likely to be unreliable. However, the
use of this estimated value has no impact on the reported parameters of %H, %S and
Kd. For PBP2 binding reactions, pyocin L1 was used as the titrant at 275 µM with
PBP2 in the chamber (29 µM). Reactions were performed in 0.2 M sodium
phosphate buffer, pH 7.5. All samples were degassed extensively prior to the
experiments. Calorimetric data were calculated by integrating the area under each
peak and fitted with a single-site binding model with Microcal LLC Origin
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software. The heats of dilution for each titration were obtained and subtracted from
the raw data.

2.17 Crystallisation, data collection and structure solution
2.17.1 Crystallisation and data collection of pyocin L1
Purified pyocin L1 at a concentration of 15 mg ml-1 was screened for crystal
formation using the Morpheus and poly-&-glutamic acid polymer (PGA)
crystallisation screens (Molecular Dimensions, UK)178. Clusters of needle shaped
crystals grew in a number of conditions in each screen over 3 to 7 days; two
conditions from the Morpheus screen were selected for optimisation in 24 well
plates (1. 20% v/v ethylene glycol, 10% w/v PEG 8000, 0.03 M CaCl2, 0.03 M
MgCl2, 0.1 M Tris/Bicine [pH 8.5] and 2. 20% PEG 550 MME, 20% PEG 20k,
0.03 M CaCl2, 0.03 M MgCl2 0.1 M MOPS/HEPES [pH 7.5]). Clusters of needles
from these trays were mechanically separated, the un-soaked crystals were from
condition 1, while soaked crystals were from condition 2; un-soaked crystals were
looped and directly cryo-cooled to 110 K, D-mannose and D-rhamnose soaked
crystals were soaked for 2 - 12 min in artificial mother liquor containing 4 M Dmannose or 2 M D-rhamnose, before cryo-cooling to 110 K. X-ray diffraction data
was collected at Diamond Light Source, Oxfordshire (DLS) at beam lines i04, i04-1
and i24, automatic data processing was performed by Xia2 within the EDNA
package.
2.17.2 Structural solution and refinement of pyocin L1
A dataset from an unsoaked pyocin L1 crystal was submitted to the Balbes pipeline
along with the amino acid sequence for pyocin L1179. Balbes produced a partial
molecular replacement solution based on the structure of Galanthus Nivalis
agglutinin (GNA) (PDB ID = 1MSA). Initial phases from Balbes were improved
via density modification and an initial model was built using Phase and Build from
the Phenix package180. The model was then iteratively built and refined using
REFMAC5 and Coot 0.7181,182. Validation of all models was performed using the
Molprobity web server and Procheck from CCP4-i183,184. Structures of sugar soaked
pyocin L1 were solved by molecular replacement using Phaser, with sugar-free
pyocin L1 as the search model. Additional electron density corresponding to bound
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sugars was observed in both 2Fo-2Fc and Fo-Fc maps185. Sugars were fitted and
structures refined using Coot 0.7 and REFMAC5; with !-D-mannose (PDB ID =
BMA) best corresponding to the density in the D-mannose data. The density in the
D-rhamnose

data best corresponded to #-D-rhamnose, for which no PDB ligand

exists; a model for #-D-rhamnose was prepared by removing the oxygen from
carbon 6 of #-D-mannose and submitting the PDB coordinates to the Prodrg server,
which generated the model and modeling restraints186. The resultant #-D-rhamnose
was designated the PDB ID = XXR.

2.18 Galleria mellonella infection model
Virulence assays using Galleria mellonella larvae were performed as described
previously187. In brief, the injection site was swabbed with 70% ethanol to prevent
contamination, before 10 µl of overnight P. aeruginosa culture (strains in Table
2-2), diluted in sterile PBS to give a concentration of 1x107 CFU ml-1 to 1x108 CFU
ml-1, was injected into the right terminal pseudopod using a 50 µl Hamilton syringe
(Sigma-Aldrich, Dorset, UK). Larvae were incubated at 37°C until pyocins or
tobramycin were administered (concentrations indicated in individual experiments),
via injection into the left terminal pseudopod, 3 h post-infection. Groups of four or
five larvae were used for each experiment.

2.19 Animal experiments
All animal experiments were performed in accordance with the UK Animals
Scientific Procedures Act, authorised under a UK Home Office License and
approved by the animal ethical review committee of the University of Glasgow.
Animal studies were not randomised and blinding was not used in this study.
Project license number: 60/4361.

2.19.1 Mice
For all experiments six week-old, female, murine pathogen free C57/BL6 mice
weighing 15 – 21 g were used (Charles Rivers Laboratories, UK). All mice
received food and water ad libitum and were housed in groups (n = 6 or n = 3
depending on individual experiments) during the experiments. Sample size
calculations (unpaired t-test, p = 0.05) based on the mean and standard deviations
65

CHAPTER 2. MATERIALS AND METHODS

from preliminary data (not presented) were used to determine the sample size
required to achieve statistical significance
(http://www.biomath.info/power/ttest.htm)188. Mice were culled when required as
determined by a scoring system or culled at the pre-determined 24 h time point. The
scoring system assessed illness (mild/moderate/severe) based on whether the mice
were starey (poor condition of fur), hunched, lethargic or moribund. The maximum
overall score that resulted in a mouse being culled was seven (two for starey,
hunched and lethargic and one for moribund). However, if a mouse scored one for
moribund but did not score six in the other categories, it was still culled. Due to the
rapidity of acute P. aeruginosa infection in these mice, starey coats were not a good
indicator of illness, therefore, a score of two (one in hunched and one in lethargic)
was classed as mild, a score of three was classed as moderate and a score of four
was classed as severe.

2.19.2 Antimicrobial agents
Prior to the initiation of each experiment, a fresh stock solution of tobramycin
(Sigma Aldrich, UK) at 30 mg ml-1 was prepared in PBS (pH 7.3) (Thermo
scientific, UK) and filtered using a 0.2 µM syringe filter (Sartorius, UK). The
pyocins used in this study had contaminating LPS removed using 1 ml gravity flow
endotoxin removal columns (Thermo Scientific, UK). The removal of all LPS was
not confirmed and was assumed sufficient. Pyocin aliquots, stored at -80°C, were
filter sterilised using a 0.2 µM syringe filter (Sartorius, UK). Stock solutions of
pyocin were made at 3 mg ml-1 in PBS.
2.19.3 Histological examination of pyocin treated lungs
Female C57/BL6 mice, four mice per group, were given a total of 25 µl of pyocin
at 3 mg ml-1 via the intranasal route while under isoflurane anesthesia (5%
isoflurane in oxygen running at 3 L min-1). Mice were culled at 24 h by carbon
dioxide asphyxiation. A cannula was inserted into the trachea and lungs were fixed
in situ by gentle infusion of 10% formalin solution at a constant pressure for 2 min.
The lungs were then removed and placed in a container with more fixative.
Histology processing and hematoxylin and eosin (H&E) staining was carried out by
the Veterinary Diagnostic Services Laboratory within the School of Veterinary
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Medicine at the University of Glasgow. High-resolution whole slide images were
captured on the Leica SCN400 slide scanner and slides were scored blind by two
independent assessors for peribronchial infiltrate and alveolar involvement.
2.19.4 Murine model of acute P. aeruginosa lung infection
Female C57/BL6 mice (n = 6) were inoculated intranasally with a total of 25 $l of
bacterial culture containing approximately 1x107 CFU of the selected P. aeruginosa
strain (P8, P5, P17, PA01 or E2) while under isoflurane anesthesia (5% isoflurane
in oxygen running at 3 L min-1). Pyocins or tobramycin dissolved in PBS were
administered once via intranasal administration (total of 25 $l) at either 6 h preinfection or 1 h post-infection (30 mg ml-1 – 3 pg ml-1, concentration defined in
results for each individual experiment). Two different end-points were used in these
experiments with two groups of mice. To determine a reduction in the bacterial load
of the lungs compared to the untreated controls, all mice in the experiment were
culled by carbon dioxide asphyxiation at the same time, 4 - 6 h post-infection. To
establish whether mice could survive infection after pyocin or tobramycin
treatment, mice were monitored closely, culled by carbon dioxide asphyxiation
when required, as determined by a scoring system, or culled at the pre-determined
24 h time point. Uninfected mice treated with pyocins were used as controls in the
first series of experiments to ensure no adverse effects from pyocin treatment alone.
These controls were not included in later experiments as ethically there was no
rationale to include them once it was clear that the pyocins were not harmful. For
CFU determination, lungs were removed aseptically and kept on ice in 750 $l of
PBS until homogenised. The lungs were cut into small sections using scissors and
placed into a 1.5 ml eppendorf tube before being manually homogenised using a
small plastic pestle. The 750 $l of PBS used to store the lungs on removal from the
mouse was then added to the homogenised lung and the sample vortexed. Serial 10fold dilutions of the homogenised lungs (25 $l) were plated onto Pseudomonas
selective agar (20 g peptone, 1.5 g K2HPO4, 1.5 g MgSO4•7H2O, 10 ml glycerol, 15
g agar, 0.025 g irgasan per L) and incubated at 37°C for 24 h and then room
temperature for 24 h before colony counts were performed.
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2.19.5 Pyocin sensitivity assays: overlay spot plate method.
Soft agar overlay spot plates were performed using the method of Fyfe et al.163.
One hundred and fifty microlitres of test strain culture (both before infection and
recovered from the homogenised mouse lungs) at OD600 = 0.6 was added to 6 ml of
0.8% soft agar and poured over an LB agar plate before 5 µl of bacteriocin, lung
homogenate or blood, at varying concentrations, was spotted onto the plates and
incubated for 24 h at 37°C. Clear zones indicate cell death.

2.19.6 Statistical analysis
Due to the small sample sizes in this study (n = 6), all data was assumed to be nonparametric. A non-parametric Kruskal-Wallis test was used to test if samples were
likely to have originated from the same distribution. One-sided Mann-Whitney U
tests were then used to analyse the specific sample pairs for a statistically
significant difference. A Bonferroni correction was applied for multiple
comparisons. All mice, including outliers were included in the statistical analysis.
For all tests p < 0.05 was regarded as statistically significant.
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Structural and functional
characterisation of pyocin L1

The most exciting phrase to hear in science, the one that heralds new
discoveries, is not 'Eureka!' but 'That's funny...’
– Isaac Asimov
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3.1 Background
The last decade has seen the discovery of a new class of Gram-negative bacteriocins,
named lectin-like bacteriocins (LLBs). These interesting additions contain two
carbohydrate-binding domains of the monocot mannose-binding lectin (MMBL)
family6,133-136. LLBs from plant-associated pseudomonads e.g. P. putida (putidacin L1 or
LlpABW), P. syringae (LlpAPss642) and P. protegens (LlpA1Pf5) have been characterised and
have the ability to kill strains of a broad range of bacterial species within the genus
Pseudomonas, but are not active outside this genus6,135,136. Similarly LLBs from plantassociated Xanthomonas citri pv. malvacearum (LlpAXcm761) and Burkholderia
cenocepacia (LlpABcAU1054) have been characterised, which also have the ability to kill
various species within the genus of the bacteriocin producing strain6,137.
Sequence alignments of members of this class from Pseudomonas spp. show complete
conservation of two sugar binding motifs (QxDxNxVxY) on the C-terminal domain and
show nearly complete conservation of two sugar binding motifs on the N-terminal
domain133. Recent work by Ghequire et al. on the characterisation of putidacin L1 showed
these motifs to be important for cytotoxicity133. Mutagenesis of the first C-terminal motif
(C1) in the putidacin L1 sequence had the most dramatic effect on activity, while
mutagenesis of the second C-terminal (C2) and first N-terminal (N1) sugar binding motifs
lead to a synergistic reduction in activity. This study also demonstrated low-affinity
binding (2 mM – 46 mM) between putidacin L1 and a range of mannose containing
oligosaccharides, which suggests that mannose containing polysaccharides may not be the
physiological ligands for putidacin L1. Further work by Ghequire et al.133 demonstrated
that both the N- and C-terminal domains and the C-terminal extension of putidacin L1 are
required for activity and that the N-terminal domain designates strain selectivity.
Although LLBs have now been discovered in many species and information on the domain
architecture and contribution of specific structural elements to activity and specificity have
been demonstrated, little is known with regards to the molecular basis of their unusual
genus specific activity and their cytotoxic activity. In this chapter the discovery of a novel
member of this family from the opportunistic human pathogen P. aeruginosa is detailed.
This novel LLB, pyocin L1, is shown to utilise lipopolysaccharide (LPS) as a surface
receptor, specifically targeting the common polysaccharide antigen (CPA) that is a
homopolymer of D-rhamnose. Structural and biophysical analyses show that the C-terminal
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carbohydrate binding motifs are responsible for D-rhamnose recognition and that these
sites favour binding of this sugar over D-mannose. Further to this, phenotypic analysis of
pyocin L1 treated P. aeruginosa suggests that pyocin L1 targets the cell envelope.

3.2 Results
3.2.1 Experimental and bioinformatic pyocin search discovers a novel
lectin-like pyocin
To expand the repertoire of pyocins available for therapeutic development P. aeruginosa
isolates were screened for pyocin production. Thirteen P. aeruginosa strains were screened
for S-type pyocin production, using mitomycin C as an inducing agent, against a panel of
31 environmental and clinical P. aeruginosa isolates. A control in which no mitomycin C
was added was not used due to the scale of this screen. Of the 13 strains screened, the
genome sequences of two were available (PAO1 and PA14) and the genome sequences of
the other 11 were being assembled. Mitomycin C can induce both S-type pyocin
production and R- and F-type pyocin production. To differentiate between these pyocin
types, a killing zone diameter of & 2 cm was used to identify S-type pyocin killing. Testing
the difference in protease susceptibility is a more reliable way to verify the difference
between S-type (protease sensitive) and R- and F-type (protease insensitive) killing;
however, this was outside the scope of this preliminary screening assay.
Table 3-1 shows predicted S-type pyocin killing (red boxes) and killing with a diameter of
< 2 cm (vertical stripes), which varied greatly between strains. All 13 strains showed
killing activity with zone diameters < 2 cm (predicted to be R- or F-type pyocin killing);
however, less than half of the strains showed predicted S-type pyocin killing activity. Not
all pyocins are induced by mitomycin C i.e. pyocin S5, and the killing zone diameter used
to indicate S-type pyocin killing may be too large to incorporate all S-type pyocin killing,
resulting in the relatively low levels of S-type pyocin production reported.
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Table 3-1 Mitomycin C induced killing by select P. aeruginosa strains

Producing strains
PAO1

PA14

C1426

C1433

C763

C1334

J1385

J1532

E2

PA62

MSH3

MSH0

P17

0

0

19

32

6

0

29

19

23

0

0

0

0

PAO1
PA14
C1433
C1334
C1426
C763
J1532
J1385
E2
PA62
MSH3

Indicator strains

MSH10
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15
P16
P17
P18
P19
% S-killing
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Among strains with predicted S-type bacteriocin activity, strain C1433 killed the largest
percentage of indicator strains and was chosen for further studies to try and identify the Stype pyocin(s) produced. Strain C1433 was grown in 5 L of LB, pyocin production was
induced by the addition of mitomycin C and secreted proteins were precipitated out using
ammonium sulphate. This sample was then fractionated using both anion and cation
chromatography (pH 7.5) followed by size exclusion chromatography (SEC) using a
Superdex S75 26/60 column (GE healthcare, UK). After each purification step fractions
from every peak on the chromatogram were spotted onto a growing lawn of the sensitive
strain E2. In both anion and cation exchange chromatography, the unknown pyocin did not
bind to the column and was present in the flow through. Figure 3-1a shows the SEC
chromatogram after anion and cation exchange. Killing activity was confined to the peak
eluting between 180 ml and 190 ml. This peak was run on a 15% sodium dodecyl sulfate
polyacrylamide gel (SDS-PAGE) and showed six main bands ranging from approximately
40 kDa down to less than 10 kDa (Figure 3-1b). To identify the band corresponding to the
unknown pyocin an unstained gel was used in a soft agar overlay assay with strain E2. A
zone of killing was present and when overlaid with an identical Coomassie stained gel, the
band of interest was identified (Figure 3-1c). Mass spectrometry analysis of this band was
not carried out due to a technical issue with the instrument. However, at this time the
genome sequence of strain C1433 became available and a gene encoding a lectin-like
pyocin was identified with 31% amino acid identity to putidacin L1135. This 256 amino
acid pyocin, with a calculated molecular mass of 28,413 Da, was encoded by a 771 bp
gene located at position 6153715 to 6154482 on the C1433 genome. Since the molecular
mass of this encoded pyocin matched closely to that of the pyocin isolated from the
supernatant of C1433, the isolated pyocin was hypothesised to be a lectin-like pyocin,
which was named pyocin L1.
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Figure 3-1 Pyocin purification from P. aeruginosa strain C1433
(a) Pyocin purification from P. aeruginosa C1433 by SEC (Superdex S75 26/60 column),
post purification with anion and cation exchange chromatography. The column was
equilibrated in 50 mM Tris-HCl, 200 mM NaCl, pH 7.5. Killing was confined to the peak
eluting between 180 ml and 190 ml (indicated by black arrow). (b) SDS-PAGE gel of the
pyocin-containing peak identified in (a). (c) Soft agar overlay assay of an unstained gel,
positioned over a stained gel, showing killing by only one band at approximately 30 kDa.

Alignment of the pyocin L1 protein sequence with those of other LLBs from P. putida
(putidacin L1 or LlpABW), P. syringae (LlpAPss642), P. protegens (LlpA1Pf5), X. citri pv.
malvacearum (LlpAXcm761) and B. cenocepacia (LlpABcAU1054) showed that pyocin L1
contains three conserved QxDxNxVxY MMBL sugar-binding motifs and one partially
conserved motif6,135-137 (Figure 3-2). Two of the conserved motifs are located in the Cterminal MMBL domain (amino acids 106-224) and one in the N-terminal MMBL domain
(amino acids 1-105). The C-terminal QxDxNxVxY motifs are highly conserved in the
other LLBs, with only LlpAXcm761 lacking one C-terminal motif. In contrast the N-terminal
sugar-binding motifs are less well conserved with only LlpABcAu1504 possessing two fully
conserved QxDxNxVxY motifs (Figure 3-2).
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Figure 3-2 Sequence alignment of pyocin L1 and previously reported
MMBL-like bacteriocins
Pyocin L1 (P. aeruginosa), LlpABW (P. putida), LlpA1Pf5 (P. protegens), LlpAPss642 (P.
syringae), LlpABcAU1054 (B. cenocepacia) and LlpAXcm761 (X. citri pv. malvacearum)6,135-137.
Blue shading designates sequence identity within the conserved MMBL sugar-binding
motifs (pink boxes) and the conserved stabilising tryptophans.
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3.2.2 Cloning, purification and killing spectrum of pyocin L1
To determine the killing spectrum of pyocin L1, the pyocin L1 open reading frame (ORF)
was cloned into the pET21a vector, the protein expressed and then purified by nickel
affinity chromatography and SEC. Figure 3-3a shows a single peak for pyocin L1 and
SDS-PAGE analysis of the protein showed it to be a single dominant species (Figure 3-3b).
Purified pyocin L1 was tested for its ability to inhibit the growth of 32 environmental and
clinical isolates of P. aeruginosa using an overlay spot plate method on LB agar163. Under
these conditions, pyocin L1 showed killing activity against nine of the P. aeruginosa
strains tested (appendix Table B-1). Strain E2, an environmental isolate from a tomato
plant, for which the genome sequence is available161, and strain P8, a clinical isolate from a
cystic fibrosis (CF) patient, showed the greatest sensitivity to pyocin L1 with killing
observed down to concentrations of 27 nM and 7 nM, respectively. This killing spectrum
correlated with the killing spectrum observed for the pyocin L1 producing strain, C1433,
when pyocin production was induced using mitomycin C (Table 3-1). Recombinant pyocin
L1 also showed activity against five of the 11 P. syringae strains tested (P. syringae strains
shown in Table 2-2), although the effect was much weaker, with cell killing observed at
high $M concentrations.

Figure 3-3 Purification of recombinant pyocin L1
(a) Purification of pyocin L1 by SEC (Superdex S75 26/60 column), post-purification with
nickel affinity chromatography. Column equilibrated in 50 mM Tris-HCl, 200 mM NaCl, pH
7.5. This method gave highly purified pyocin L1. (b) SDS-PAGE gel (15%) of purified
pyocin L1 (size estimate closely matches that of recombinant pyocin L1 with linker and
His6-tag attached (30.1 kDa)) post-SEC (left) and protein ladder (right).
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3.2.3 The cytotoxic activity of pyocin L1 is targeted towards the cell
envelope
To gain insight into the mechanisms by which pyocin L1 may be exerting its cytotoxic
effect on P. aeruginosa the morphotypic changes in P. aeruginosa upon treatment with
pyocin L1 were investigated using scanning electron microscopy (SEM). P. aeruginosa
strain E2 was treated with pyocin L1 (500 µM) or aztreonam (70 µM) and imaged at 2 h
and 4 h post-treatment. Figure 3-4a shows untreated cells with the characteristic rod-shape
of P. aeruginosa and Figure 3-4b shows aztreonam treated cells with the characteristic
filamentation morphotype of monobactam treated P. aeruginosa189. After 2 h of pyocin L1
treatment, cells appear to aggregate and exhibit significant disruption of the cell envelope
(Figure 3-4c). By 4 h post-treatment cells adopt a rounded, spheroplastic morphotype,
suggesting significant degradation of their peptidoglycan sacculus (Figure 3-4d).

Figure 3-4 Scanning electron microscopy images of pyocin L1 treated
P. aeruginosa E2
(a) Untreated P. aeruginosa show the characteristic rod-shape of the bacterium. (b) P.
aeruginosa E2 treated with aztreonam (70 µM) show a filamented morphotype. (c) P.
aeruginosa treated with pyocin L1 (500 µM) for 2 h show aggregation and significant cell
blebbing (insert). (d) P. aeruginosa treated with pyocin L1 (500 µM) for 4 h show a
rounded, spheroplastic morphotype. White bars represent 5 µm and yellow bars represent
2 µm.
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Live/dead staining was performed with cells 2 h and 4 h post-pyocin L1 treatment using
the same samples as used for SEM analysis. Cells with intact membranes were stained
green with SYTO9 and cells with damaged membranes were stained red with the
propidium iodide dye. The ratio of living cells (green) to total cells (red and green) was
determined using LSM Image Examiner (Zeiss, UK) to give the percentage survival of the
pyocin L1 treated cells. These data showed that pyocin L1 treated cells were nonviable
(Table 3-2). The large disproportion between the percentage survival (deduced from
Live/Dead viability staining) and the CFU counts to estimate surviving cells, may be
explained by the aggregation of cells upon pyocin L1 treatment (Figure 3-4c). This
experiment was performed only once and was not repeated. In order to determine if pyocin
L1 is bactericidal (kills > 99.9% of cells in 24 h) further testing is required.
Table 3-2 Live/dead cell viability assay of pyocin L1 treated P.
aeruginosa E2 cells at 2 h and 4 h post-treatment
Number of
SYTO9
stained
bacteria +

Number of
propidium
iodide stained
bacteria +

4h

37.5

2.5

93.8

6.7x108

2h

18.6

7.4

71.5

1.6x106

4h

20.3

22

48.0

1.3x106

Treatment Duration
No
treatment
Pyocin L1
(500 µM)
Pyocin L1
(500 µM)
+

Survival Corresponding
(%)
CFU ml-1

Values are an average of four images

P. aeruginosa mutants lacking functional penicillin binding protein 2 (PBP2) show a
rounded phenotype, as do P. aeruginosa cells treated with !-lactam antibiotics that target
PBP2 e.g. doripenem190. To determine if pyocin L1 was binding PBP2, the PBP2 ORF
(with the transmembrane segment removed) from P. aeruginosa strain PAO1 was cloned
into pET30a and the protein purified by nickel affinity chromatography. The pyocin L1PBP2 interaction was analysed using isothermal titration calorimetry (ITC). No binding
was detected on titration of pyocin L1 into PBP2 (Figure 3-5a). Analytical size exclusion
chromatography was also used to determine if these two proteins interact (data not shown).
Data analysis showed no shifts in elution volume when the proteins were run individually
or as a mixture, again indicating no binding between the two proteins. Binding of pyocin
L1 to N-acetyl-D-glucosamine (or GlcNAc), a component of the bacterial cell wall, was
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also analysed using ITC. Again, no heats of binding were detected; indicating that pyocin
L1 does not bind GlcNAc (Figure 3-5b). The only pyocin known to disrupt the cell
envelope is pyocin M, which degrades lipid II in the periplasm and inhibits peptidoglycan
synthesis. Therefore, the ability of pyocin L1 to cleave lipid II was tested and visualised
using thin layer chromatography (TLC). Pyocin L1 was not able to cleave lipid II under the
conditions tested and was not able to inhibit the catalytic activity of pyocin M against lipid
II (data not shown), indicating that pyocin L1 and pyocin M have different cytotoxic
activities.

Figure 3-5 Pyocin L1 does not bind PBP2 or GlcNAc
(a) ITC binding isotherm of pyocin L1 (275 #M) titrated into PBP2 (29 #M). No saturable
binding isotherm was observed. (b) ITC binding isotherm of pyocin L1 (100 #M) titrated
into GlcNAc (10 mM). No saturable binding isotherm was observed. Reactions were
performed in 0.2 M sodium phosphate buffer, pH 7.5 at 299 K.

3.2.4 Pyocin L1 targets the common polysaccharide antigen of P.
aeruginosa lipopolysaccharide
To gain further insight into the bactericidal activity of pyocin L1, P. aeruginosa E2 was
subjected to high concentrations of recombinant pyocin L1 and mutants with greatly
increased tolerance to pyocin L1 were recovered (Figure 3-6a). The genomes of two of
these mutants E2(M4) and E2(M11) were sequenced and comparative analysis with the
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genome of wild-type E2 revealed a dinuclear deletion, C710 and T711, of the 1146 bp
wbpZ gene. This deletion was common to both mutants. wbpZ encodes a
glycosyltransferase of 381 amino acids that plays a key role in LPS synthesis, specifically
in the synthesis of the CPA191 (Figure 3-7).

Figure 3-6 CPA production correlates with pyocin L1 killing
(a) Inhibition of growth of P. aeruginosa E2 and tolerant mutants E2(M4) and E2(M11) by
pyocin L1, as shown by a soft agar overlay spot-test. Five microlitres of purified pyocin L1
(1.5 mg ml$1) was spotted onto a growing lawn of cells. Clear zones indicate cell death.
(b) Presence of the CPA on the surface of P. aeruginosa E2 and tolerant mutants E2(M4)
and E2(M11), visualised by immunoblotting with the CPA-specific monoclonal antibody
N1F10. (c) Inhibition of growth of P. aeruginosa PAO1 and transposon mutants
PAO1wzm and PAO1wzt by pyocin L1 (details as for a). (d) Presence of the CPA on the
surface of PAO1 and pyocin L1 resistant mutants PAO1wzm and PAO1wzt (details as for
b).

Most strains of P. aeruginosa produce two distinct LPS-types that differ in their O-antigen.
The CPA is predominantly a homopolymer of D-rhamnose and the O-specific antigen
contains a heteropolymeric repeating unit that varies widely among strains77. Consistent
with the mutation of wbpZ, production of the CPA, as determined by immunoblotting with
a CPA-specific monoclonal antibody192, in both E2(M4) and E2(M11) was reduced to
undetectable levels (Figure 3-6b). Visualisation of the LPS from these strains was
performed via silver staining and comparable quantities of LPS were shown to be present.
These observations suggest that pyocin L1 may utilise the CPA as a cellular receptor. To
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test this hypothesis further, two transposon insertion mutants of P. aeruginosa PAO1,
which is sensitive to pyocin L1, with insertions in the genes responsible for the transport of
the CPA to the periplasm, were obtained157. These two genes, wzt and wzm, encode the
ATP-binding component and membrane component of a CPA dedicated ABC
transporter77. Pyocin L1, which shows good activity against PAO1, showed no activity
against strains with transposon insertions in wzm and wzt (Figure 3-6c) and
immunoblotting with a CPA-specific antibody confirmed the absence of the CPA in these
pyocin L1 resistant strains (Figure 3-6d). Thus, the presence of the CPA on the cell surface
is required for efficient pyocin L1 killing.

Figure 3-7 Genetics of the CPA biosynthesis in P. aeruginosa
(a) CPA operon, annotated with the location of P. aeruginosa E2 tolerant mutant (M4 and
M11) deletions and PAO1 transposon insertion mutants. (b) Summary of the CPA
biosynthetic pathway. The functions of genes, which the mutation of induces pyocin L1
tolerance or resistance, are shown. * Indicates multiple steps.

To determine if the requirement for the CPA was due to a direct interaction with pyocin
L1, the pyocin L1-CPA interaction was analysed using ITC. Purified LPS from wild-type
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PAO1 and from the pyocin L1 resistant, PAO1wzm and PAO1wzt mutants (which produce
no CPA but do produce the O-specific antigen) was used. Titration of pyocin L1 into
isolated LPS-derived polysaccharides (a mixture of CPA and O-specific antigen containing
polysaccharides) from PAO1 gave rise to strong saturable exothermic heats of binding
(Figure 3-8a), whereas no binding was detected on titration of pyocin L1 into an equivalent
concentration of LPS polysaccharides from PAO1wzt, which produces the O-specific
antigen but not the CPA (Figure 3-8b). This experiment was repeated using the LPS
polysaccharides from P. aeruginosa E2 and tolerant mutant E2(M4) (Figure 3-8c and d).
Again saturable exothermic heats of binding were detected for the wild-type strain E2 and
no heats of binding were detected for the tolerant mutant E2(M4). These data show that
pyocin L1 binds directly to the CPA. Therefore, the CPA is likely to be a cellular receptor
for pyocin L1.
When investigating the presence of the CPA on the surface of sensitive and non-sensitive
strains of P. aeruginosa, by immunoblotting with a CPA-specific antibody, it was noted
that the pyocin L1 producing strain, strain C1433, produced the CPA (data not shown). As
the pyocin L1 producing strain was resistant to pyocin L1, ITC was used to determine if
pyocin L1 was capable of binding the CPA from the producing strain. Figure 3-9 shows
strong saturable heats of binding for the pyocin L1-CPA complex. This indicates that there
may be an immunity mechanism associated with pyocin L1; however, this could also
indicate that the presence of a secondary receptor, absent from C1433, is required for
killing or that the pyocin L1 target is not present or is mutated in strain C1433.
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Figure 3-8 Pyocin L1 binds strongly to the CPA from P. aeruginosa
PAO1 and P. aeruginosa E2
(a) ITC binding isotherm of pyocin L1 (150 #M) titrated into isolated LPS-derived
polysaccharide (1 mg ml$1) from wild-type P. aeruginosa PAO1. Strong, saturable heats
were observed indicative of a strong interaction. Data were fitted to a single binding site
model that yielded a Kd of 0.15 µM. (b) ITC isotherm of pyocin L1 (150 #M) titrated into
isolated LPS-derived polysaccharide (1 mg ml$1) from PAO1wzt. No saturable binding
isotherm was observed. (c) ITC binding isotherm of pyocin L1 (45 #M) titrated into isolated
LPS-derived polysaccharide (1 mg ml$1) from wild-type P. aeruginosa E2. Saturable heats
were observed indicative of a strong interaction. Data were fitted to a single binding site
model that yielded a Kd of 0.14 µM. (d) ITC isotherm of pyocin L1 (45 #M) titrated into
isolated LPS-derived polysaccharide (1 mg ml$1) from E2(M4). No saturable binding
isotherm was observed. Reactions were performed in 0.2 M sodium phosphate buffer, pH
7.5 at 299 K.
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Figure 3-9 Pyocin L1 binds strongly to the CPA from the pyocin L1
producing strain
ITC binding isotherm of pyocin L1 (150 #M) titrated into isolated LPS-derived
polysaccharide (1 mg ml$1) from P. aeruginosa C1433. Saturable heats were observed
indicative of a strong interaction. Data were fitted to a single binding site model that
yielded a Kd of 0.39 µM. Reactions were performed in 0.2 M sodium phosphate buffer, pH
7.5 at 299 K.

3.2.5 Pyocin L1 binds the monosaccharide D-rhamnose
The evolutionary relationships between LLBs and the originally identified mannosebinding members of this protein family, led to the assumption that carbohydrate binding of
polysaccharides by the LLBs was primarily mediated through binding of D-mannose at one
or more of their conserved QxDxNxVxY motifs. The recent structures of putidacin L1
bound to mannose-containing polysaccharides added weight to this idea, although
measured affinities between polysaccharides and putidacin L1 were weak (mM) and so
may not be physiologically relevant133. However, the strong interaction between pyocin L1
and the CPA is incompatible with this and suggests that D-rhamnose and not D-mannose is
the likely physiological substrate for the QxDxNxVxY carbohydrate binding motifs. To
determine the affinity of pyocin L1 for D-rhamnose and D-mannose, ITC was performed.
Titration of pyocin L1 into D-rhamnose gave rise to weakly saturable heats of binding
(Figure 3-10a) that were significantly larger than the heats observed on titration of pyocin
L1 into an identical concentration of D-mannose (Figure 3-10b). From this experiment a Kd
of 5 - 10 mM was estimated for the interaction of pyocin L1 with D-rhamnose, with weaker
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binding for D-mannose, Kd > 50 mM. Additionally, titration of pyocin L1 (100 µM) into
L-rhamnose

(50 mM) showed no detectable binding (data not shown).

Figure 3-10 ITC analysis shows pyocin L1 specificity for D-rhamnose
compared with D-mannose
(a) ITC binding isotherm of D-rhamnose (50 mM) titrated into pyocin L1 (100 #M). Weakly
saturable heats were observed, indicative of binding with modest affinity (Kd
approximately 5 - 10 mM). (b) ITC binding isotherm of D-mannose (50 mM) titrated into
pyocin L1 (100 #M). Very weak heats were observed, indicative of a very weak interaction
(Kd > 50 mM). Reactions were performed in 0.2 M sodium phosphate buffer, pH 7.5 at 299
K.

The interaction between pyocin L1 and D-rhamnose and D-mannose was also probed using
NMR with 15N labeled pyocin L1, monitoring changes to its 15N-heteronuclear single
quantum correlation (15N-HSQC) spectra on addition of D-rhamnose or D-mannose.
Inokentijs Josts conducted all NMR experiments and NMR data analysis presented in this
thesis. In the absence of added monosaccharide 15N-HSQC spectra of pyocin L1, which
should contain one crosspeak for each non-proline amide NH as well as peaks for the NH
groups in various side chains, were well resolved and dispersed, indicative of a folded
protein. Chemical shift perturbation, monitored by 15N-HSQC, allows the mapping of
changes to a protein that occur on ligand binding. Addition of either D-rhamnose or Dmannose up to a concentration of 100 mM did not give rise to large or global changes in
chemical shifts. On addition of D-rhamnose significant chemical shift changes were
observed for a discrete subset of peaks including some in the amide side chain region of
the spectrum, while changes of a smaller magnitude were observed on the addition of equal
concentrations of D-mannose (Figure 3-11a and b). Fitting the chemical shift changes that
occur on addition of D-rhamnose, for peaks showing strong shifts, to a single-site binding
model indicates a Kd for the pyocin L1-D-rhamnose complex in the range of 5 - 20 mM
(Figure 3-11 c-f). These data correlated well with the ITC sugar binding data, with low
mM binding of pyocin L1 to D-rhamnose and much weaker binding to D-mannose.
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Figure 3-11 1H-15N HSQC spectra of 15N-labelled pyocin L1 shows
pyocin L1 specificity for D-rhamnose compared with D-mannose
Titration of monomeric sugars into 15N-labelled pyocin L1, monitored using 1H-15N HSQC
NMR spectroscopy. (a),(b) Chemical shift changes specific to a small number of crosspeaks illustrates association of the sugars (a) D-rhamnose and (b) D-mannose with a
small subset of amino acids, which likely correspond to the residues within the binding
sites. Analogous changes are observed for both D-rhamnose and D-mannose titrations
indicating that the same sites on pyocin L1 are binding both sugars. A greater shift
magnitude is observed for peaks when D-rhamnose is titrated, indicating a greater affinity
towards this monosaccharide over D-mannose. Boxed regions include cross-peaks
visualised in (c) and (e) and used for chemical shift perturbation analysis as shown in (d)
and (f). (c),(e) Peak positions (ppm), which correspond to specific backbone amide
signals, change depending on sugar concentration (blue: no sugar, green: 60 mM, red:
100 mM). Perturbation of peak position, indicated by shaded triangles, is indicative of an
association between ligand and protein molecules in solution. (d),(f) Chemical Shift
Perturbation (CSP) values are plotted against D-rhamnose concentrations for the two
specific backbone amide signals shown in (c) and (e). CSP values for D-mannose are not
shown. Shifts within spectra were converted to CSP values using equation %ppm = "
[%&HN+(%&N*'N)2]. NMR experiments and data analysis were conducted by Inokentijs
Josts. Figure prepared by Inokentijs Josts.
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3.2.6 D-rhamnose and the CPA bind to the C-terminal QxDxNxVxY motifs of
pyocin L1
To definitively determine the location of the pyocin L1 D-rhamnose binding site(s) and the
structural basis of the D-rhamnose specificity of pyocin L1 attempts were made to
crystallise pyocin L1. Initial crystallisation screens and the optimisation of crystal
producing conditions were performed by myself. Rhys Grinter collected the diffraction
data, solved the crystal structure, carried out sugar soaks and built and refined the model.
Analysis of the crystal structure was carried out in conjunction with Rhys Grinter. Purified
pyocin L1 at a concentration of 15 mg ml'1 was screened for crystallisation conditions
using Morpheus and PGA crystallisation screens from Molecular Dimensions. Clusters of
needle shaped crystals grew in a number of conditions in each screen over three to seven
days and two conditions from the Morpheus screen were selected for optimisation. Crystals
in the optimised screens were either left unsoaked or were soaked with solutions
containing D-rhamnose or D-mannose. From these the X-ray structures of pyocin L1 with
bound D-mannose (PDB: 4LEA), D-rhamnose (PDB: 4LED) and in the unbound form
(PDB: 4LE7) were solved (Table 3-3).
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Table 3-3 Crystallographic data collection and refinement statistics
Data collectiona
Space group
Cell dimensions, a, b, c
(Å)

Sugar free form

D-rhamnose

soak

soak

Solvent content (%)
No. of unique observations
Multiplicity
Completeness (%)
Rmerge (%)
Rpim (%)b
Mean I/sigma (I)

C2221
53.41, 158.40,
147.67
36.42 - 2.09
(2.14 - 2.09)
56
37131 (2751)
4.8 (4.9)
99.0 (99.8)
7.2 (59.2)
4.1 (33.0)
14.3 (2.1)

Refinement statistics

Sugar free form

Rwork/Rfree (%)
No. of non-hydrogen
atoms
RMSD of bond lengths (Å)
RMSD of bond angles (°)
No. of waters
Mean/Wilson plot B-value
(Å2)
Ramachandran plot (%)c
Favoured/Allowed/Outliers

17.8/22.2

20.9/25.7

19.4/24.8

4505

4178

4138

0.02
1.96
344

0.015
1.63
95

0.013
1.70
27

40.2/33.8

54.2/43.6

65.9/59.1

97.2/2.2/0.6

97.4/2.2/0.4

96.6/3.0/0.4

4LE7

4LED

4LEA

Resolution (Å)

PDB identifier

C2221
52.99, 160.65,
150.57
54.99 - 2.37
(2.43 - 2.37)
55
26242 (1922)
4.4 (4.5)
99.1 (99.5)
5.9 (83.0)
3.4 (44.9)
19.0 (2.1)

D-mannose

D-rhamnose

soak

C2221
53.42, 162.1,
152.5
55.53 -2.55
(2.67 - 2.55)
56
22096 (2901)
5.5 (5.7)
99.9 (100.0)
7.1 (85.6)
3.3 (39.2)
13.3 (2.3)
D-mannose

soak

a Values in parentheses refer to the highest resolution shell
b Rpim = (hkl[1/(N - 1)]1/2(i|Ii(hkl) - <I(hkl)>|/(hkl(iIi(hkl)
c Percentages of residues in favored/allowed regions calculated by the program RAMPAGE
Table produced by Rhys Grinter

Analysis of the pyocin L1 structure shows, as predicted by sequence homology to MMBL
proteins, that pyocin L1 consists of two tandem !-prism domains connected by antiparallel
strands propagating from the end of each MMBL domain and lending a strand to the
reciprocal !-prism (Figure 3-12a). The strands contain a tryptophan residue, which forms
%-stacking interactions with two other tryptophans in the !-prism to stabilise the structure.
This interaction is conserved throughout MMBLs, with most members of the class utilising
it to form either homo- or heterodimers of single MMBL subunits. However, in pyocin L1,
as with putidacin L1, both domains are from a single polypeptide chain133. Other structural
elements are also common between the two bacteriocins, namely a C-terminal extension of
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around 30 amino acids and a two-turn #-helix insertion into loop 6 of the N-terminal
MMBL domain (Figure 3-12). There is a difference in the fold of the C-terminal
extensions of pyocin L1 and putidacin L1; this could be due to the presence of the His6-tag
on the C-terminal of pyocin L1 (N-terminal His6-tag for putidacin L1). The overall root
mean square deviation (RMSD) of backbone atoms for pyocin L1 and putidacin L1 is 7.5
Å, which is relatively high due to a difference in the relative orientation of the two MMBL
domains (Figure 3-12).
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Figure 3-12 Crystal structure of pyocin L1 reveals tandem MMBL
domains and two sugar-binding sites
(a) Ribbon diagram of the structure of pyocin L1 in complex with '-D-rhamnose; amino
acids 2-256. N-terminal domain (purple), C-terminal domain (orange), C-terminal
extension (red) and '-D-rhamnose (black sticks). Sugar-binding sites containing the
conserved QxDxNxVxY motifs are highlighted (blue) and are designated N1, C1 and C2
according to order of appearance in the primary sequence of the N- and C-terminal
domains, respectively (see Figure 1-10)(PDB accession number 4LED: resolution 2.37 Å).
(b) Structure of putidacin L1 in complex with methyl #-D-mannopyranoside (represented
as black sticks), N-terminal (green), C-terminal (pink), C-terminal extension (yellow) (PDB
accession number 3M7J: resolution 2.26 Å). The N-terminal domains of both proteins are
aligned to show the difference in the orientation of the C-terminal domains of these two
proteins.
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In contrast, the relative orientation of the tandem MMBL domains of pyocin L1 matches
those of the dimeric plant lectins very closely, with alignment of pyocin L1 with the
Galanthus nivalis agglutinin (GNA) (PDB: 1JPC) giving an RMSD of 4.81 Å. Comparison
of the respective N- and C-terminal domains from pyocin L1 and putidacin L1 show that
they possess very similar folds with RMSDs of 2.77 Å and 2.02 Å, respectively. The
higher value for the comparison of the N-terminal domains is due to the presence of a 2strand extension to !-sheet two of the putidacin L1 N-terminal MMBL domain, which is
absent from pyocin L1 and other MMBLs (Figure 3-12). To identify protein structures that
share a similar fold to pyocin L1, the pyocin L1 structure was submitted to the DALI
server. The DALI server searches the protein data bank (PDB) to identify proteins
structurally related to the query structure193. Significant structural homology was only
identified for putidacin L1 and other proteins previously characterised as containing an
MMBL fold such as the GNA.
MMBL dimers of plant origin often form higher order structures. However, small angle Xray scattering (SAXS) analysis of pyocin L1 showed it to be monomeric in solution
(Figure 3-13a). The SAXS analysis of pyocin L1 correlated well with the pyocin L1 crystal
structure, with a Dmax of 77.5 Å (Figure 3-13b) and a radius of gyration of 21.9 Å (Figure
3-13a), indicating a folded, globular particle in solution. An ab initio model of pyocin L1,
which was a good fit for the experimental scattering data () = 0.870) and crystal data () =
0.928), was generated using DAMMIF and shows the overall shape of pyocin L1 in
solution (Figure 3-13c - e). The normalised Kratky plot, which exhibits a maximum value
of 1.104 for SRg at *3 (Figure 3-13f) also indicates that pyocin L1 is a globular protein.
Inokentijs Josts carried out the SAXS experiments and the data analysis was performed by
myself.
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Figure 3-13 Small angle X-ray scattering of pyocin L1
(a) Guinier plot of scattering data indicates that the protein is monomeric in solution.
Radius of gyration is 21.9 Å. (b) Pair-distance distribution plot from experimental
scattering data for pyocin L1 suggests the protein is globular in solution (Dmax = 77.5 Å).
(c) Ab initio model of pyocin L1 computed with DAMMIF and overlaid with the crystal
structure (PDB accession number 4LED: resolution 2.37 Å). (d) Overlay of the
experimentally determined pyocin L1 SAXS curve (black points) with the scattering curve
computed with CRYSOL from the pyocin L1 crystal structure (purple line) produces a
good fit ((+=+0.928). (e) Overlay of the experimentally determined pyocin L1 SAXS curve
(black points) with the fit of the ab initio model (coral line), produces a good fit (( = 0.870).
(f) Normalised Kratky plot shows that pyocin L1 is globular in solution. Grey lines indicate
peak maxima of 1.104 at SRg = "3. SAXS experiments were carried out by Inokentijs
Josts.
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Electron density maps, derived from both D-mannose and D-rhamnose soaked crystals
showed clear density for sugars in sites C1 and C2 (Figure 3-14). The sugars refined well
in these densities at full occupancy, giving B-factors comparable to the surrounding protein
side chains. The canonical MMBL hydrogen bonds observed for both D-mannose and Drhamnose were the same: glutamine to O3, aspartic acid to O2, asparagine to O2 and
tyrosine to O4. In addition, O6 of D-mannose forms a hydrogen bond with Tyr169 in C1
and His194 in C2. As D-rhamnose is C6 deoxy-D-mannose, it lacks these interactions
(Figure 3-15). The fact that D-mannose forms an additional hydrogen bond is counterintuitive given that pyocin L1 has a significantly stronger affinity for D-rhamnose.
However, Val154, Val163 and Ala166 of C1 and Val184 and Ala191 of C2 form a
hydrophobic pocket to accommodate the C6-methyl group of D-rhamnose (Figure 3-16).

Figure 3-14 C-terminal MMBL-sugar binding motifs of pyocin L1 bind
D-rhamnose

and D-mannose

Electron density (at 1.3 )) with fitted stick model of pyocin L1 MMBL-sugar binding site C1
with: (a) D-rhamnose (XXR), (c) D-mannose (BMA), (e) no bound sugar, and sugar binding
site C2 with: (b) D-rhamnose, (d) D-mannose, (f) no bound sugar. For clarity, electron
density is clipped to within 1.5 Å of visible atoms. Image created by Rhys Grinter194.
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Figure 3-15 Hydrogen-bonding interactions between pyocin L1 MMBL
sugar-binding motif C1 and D-rhamnose and D-mannose
Hydrogen bonds between protein side chains with (a) D-rhamnose and (b) D-mannose are
shown; all distances are in Å. Image created by Rhys Grinter194.

Figure 3-16 Coordination of D-rhamnose in C1, C2 and N1 binding sites
of pyocin L1
(a) View of D-rhamnose coordination by binding site (a) C1, (c) C2 and (e) N1, from Drhamnose soak data. Core binding motif residues (blue) and additional residues
contributing to the pocket (white) are shown. Omit map density for D-rhamnose in binding
site (b) C1, (d) C2, (f) N1 calculated by refinement of data from D-rhamnose soaked
crystal with model built from unsoaked crystal. Density for all sites contoured to 0.15e/Å3.
Image created by Rhys Grinter194.
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Weak density was observed for both sugars at site N1. However, given the high
concentrations used in the soak and the overall low binding affinity of pyocin L1 for
monomeric sugars, it is unlikely that N1 represents a primary binding site for D-rhamnose
(Figure 3-16f). The partially conserved residues in site N2 form interactions with the Cterminal extension of the protein and, as such, are inaccessible. Weak density was also
observed adjacent to the binding site C1 of molecule B in both the soaks and in molecule A
of the D-rhamnose form. This density may correspond to a peripheral binding site utilised
in binding to the carbohydrate chain of LPS, as is observed in the structure of putidacin L1
bound to oligosaccharides137.
To test the idea that the observed binding of D-rhamnose to sites C1 and C2 is reflective of
CPA binding and that this binding is critical to pyocin L1 cytotoxicity, pyocin L1 variants
in which the conserved aspartic acids of the QxDxNxVxY motifs in C1 and C2 were
mutated to alanine, were constructed. The cytotoxicity of these mutants and their ability to
bind the CPA were established using spot plate assays and ITC and were compared to the
wild-type protein. Titrations with wild-type pyocin L1 and the D150A (C1) and D180A
(C2) variants were performed by titrating protein at a concentration of 100 µM into a
solution of LPS-derived polysaccharide (1 mg ml-1) from strain PAO1 (Figure 3-17). A Kd
of 0.15 (± 0.07) µM was calculated for the wild-type pyocin L1-CPA complex (Figure
3-17a). However, for both the D150A (C1) and D180A (C2) variants, affinity for the CPA
was reduced. For the pyocin L1 D180A-CPA complex a Kd of 1.52 (± 0.51) µM was
determined, a 10-fold increase in Kd relative to the wild-type pyocin L1-CPA complex
(Figure 3-17b). However, CPA binding to the D150A variant was severely weakened and
although heats of binding were still observed the Kd for this complex, which could not be
accurately determined, was likely greater than 500 µM (Figure 3-17c). For the double
mutant, in which both D150A and D180A mutations were present, no binding to CPA was
observed by ITC (Figure 3-17d). These data showed that both the C1 and C2 sugar binding
motifs are required for full CPA-binding; however, the C1 binding site is the major CPAbinding determinant.
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Figure 3-17 Binding of the CPA at the C-terminal sugar binding motifs,
C1 and C2, is critical to pyocin L1 cytotoxicity
ITC binding isotherms of (a) wild-type pyocin L1, Kd of 0.15 (± 0.07) µM. (b) D180A(C2),
Kd of 1.52 (± 0.51) µM. (c) D150A(C1), Kd of > 500 µM. (d) D150A/D180A(C1/C2) no
heats of binding, all at 100 #M, titrated into isolated LPS-derived polysaccharide (1 mg
ml$1) from wild-type P. aeruginosa PAO1. Data were fitted to a single binding site model.
Rhys Grinter purified the LPS used in this experiment and the ITC experiments were done
in collaboration. Reactions were performed in 0.2 M sodium phosphate buffer, pH 7.5 at
299 K.

The killing activity of these sugar-binding motif variants showed a good correlation with
their ability to bind the CPA. Both the D150A and D180A variants showed reduced
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cytotoxicity against PAO1 relative to wild-type pyocin L1. For the D150A/D180A variant
very low levels of cytotoxicity were observed (Figure 3-17).

Figure 3-18 Cytotoxic activity of wild-type and pyocin L1 variants
against P. aeruginosa PAO1
Spot tests to determine cytotoxic activity of wild-type pyocin L1 and pyocin L1 variants
against P. aeruginosa PAO1. Five microlitres of purified protein (starting concentration
400 #g ml$1 with 2-fold serial dilutions) was spotted onto a growing lawn of P. aeruginosa
PAO1. Clear zones indicate pyocin L1 cytotoxicity.

3.2.7 Pyocin L1 is active in vivo using the Galleria mellonella larvae
infection model
To determine if pyocin L1 treatment could afford protection against a lethal P. aeruginosa
infection in vivo, Galleria mellonella larvae (n = 8) were infected with approx 2.0x105
CFU of P. aeruginosa P8 and treated 3 h post-infection with 10 µl of pyocin L1 at 3.0 mg
ml-1. The ability of pyocins S2, S5 and AP41 to afford protection against a lethal P.
aeruginosa infection in vivo was also assessed and tobramycin, a frequently used antibiotic
in the treatment of P. aeruginosa lung infection in CF patients, was used for comparison
purposes. Phosphate buffered saline (PBS) was used for untreated controls. Larvae were
monitored every h for 14 h and at the end of the experiment, 24 h post-infection. Four
larvae from each group were killed 12 h post-infection, homogenised in 500 µl of PBS and
plated onto Pseudomonas selective agar to determine colony forming units (CFU) per
larvae (Table 3-4). The other four larvae in each group were monitored for time of death.
Larvae in the PBS treated control group died 12 h post-infection and pyocin L1, pyocin S5
and tobramycin treated larvae survived until the end of the experiment 24 h post-infection
(Table 3-4). Pyocin S2 and AP41 treated larvae died 14 – 24 h post infection. These
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results indicate that pyocins L1 and S5 are able to afford protection against a lethal P.
aeruginosa infection in vivo and although pyocins S2 and AP41 were able to reduce the
bacterial load at 12 h post-infection, they were not as effective as pyocins L1, S5 or
tobramycin in this model.
Table 3-4 Pyocins are able to afford protection against a lethal P.
aeruginosa infection in the Galleria mellonella larvae model
Time of
death

Pyocin
L1

Larvae
1
Larvae
2
Larvae
3
Larvae
4

survived
to 24 h
survived
to 24 h
survived
to 24 h
survived
to 24 h

Pyocin
S2
14-24 h
14-24 h
14-24 h
14-24 h

Pyocin
S5

Pyocin
AP41

Tobramycin

survived
to 24 h
survived
to 24 h
survived
to 24 h
survived
to 24 h

survived
to 24 h

survived to
24 h
survived to
24 h
survived to
24 h
survived to
24 h

12 h
14-24 h
14-24 h

P8
control
12 h
12 h
12 h
12 h

PBS
control
survived
to 24 h
survived
to 24 h
survived
to 24 h
survived
to 24 h

CFU/
larvae
Larvae
5

6.4x103

5.0x104

1.7x102

8.4x103

6.7x102

1.3x106

0

Larvae
6

1.2x103

1.3x104

8.5x102

3.5x103

3.5x103

8.0x107

0

Larvae
7

1.2x104

4.7x104

3.3x102

4.0x103

7.3x103

4.3x108

0

Larvae
8

8.4x103

2.5x105

0

7.3x103

1.7x103

1.3x108

0

Average
± SEM

7.0x103
±
2.2x103

9.0x104
±
5.4x104

3.4x102
±
1.8x102

5.8x103
±
1.2x103

3.3x103
±
1.5x103

1.6x108
±
9.4x107

0

All pyocins and tobramycin were administered at 3 mg ml-1
CFU/larvae determined 12 h post-infection (SEM – standard error mean)
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3.3 Discussion
This work demonstrates that pyocin L1 targets susceptible cells through binding to the
CPA component of LPS and that primary recognition of the CPA occurs through binding
of D-rhamnose at the conserved QxDxNxVxY sugar binding motifs of the C-terminal
MMBL domain. During this study it was also shown that the susceptibility of a number of
strains of P. syringae correlated with the ability of putidacin L1 to bind to LPS-derived
polysaccharides from these strains194. The binding affinity of putidacin L1 for D-rhamnose
was shown to be higher than for D-mannose and interestingly the killing spectrums, but not
the potencies, of pyocin L1 and putidacin L1 were identical for the P. syringae strains
tested. Although P. syringae O-antigens are diverse relative to the CPA of P. aeruginosa,
the incorporation of D-rhamnose in P. syringae LPS is widespread and seemingly almost
universal in strains of this species195,196. P. syringae pv. morsprunorum C28 has also been
shown to produce the D-rhamnose trisaccharide-repeating unit characteristic of the P.
aeruginosa CPA197. The data for both pyocin L1 and putidacin L1 indicate that Drhamnose containing O-antigens are utilised as surface receptors for LLBs from
Pseudomonas spp. This is an attractive hypothesis as the inclusion of D-rhamnose in the
LPS from members of this genus is widespread and could form an important component of
the genus-specific activity of this group of bacteriocins.
When the CPA binding by pyocin L1 was discovered, the use of the O-antigen as a
primary receptor differentiated the LLBs from other multi-domain bacteriocins, such as the
colicins and S-type pyocins, which utilise OM proteins as their primary cell surface
receptors106. Recently, colicin N was shown to utilise LPS as a cell surface receptor and
Chapter 4 of this thesis details the binding of pyocins S2, SD2 and S5 to the CPA of
sensitive P. aeruginosa strains. These recent discoveries make it clear that the utilisation of
LPS by bacteriocins is more widespread than previously thought. Interestingly, although
rhamnose is frequently a component of plant and bacterial glycoconjugates, such as the
rhamnolipids of P. aeruginosa198 and pectic polysaccharides of plant cell walls199, it is in
these cases that the L-enantiomer of this sugar is present. Although otherwise rare, Drhamnose is found frequently as a component of the LPS of plant pathogens and plant
associated bacteria such as P. syringae195-197, P. putida200, Xanthomonas campestris201 and
Burkholderia spp.202-204. However, it is a relatively rare component of the O-antigens of
animal pathogens such as E. coli, Salmonella and Klebsiella. It is interesting to speculate
that since D-rhamnose is a common component of the LPS of bacterial plant pathogens,
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that some of the many lectins produced by plants may have evolved to target D-rhamnose
as part of plant defence to bacterial pathogens.
The specificity and the potency of LLBs suggest that these protein antibiotics may be
useful in the treatment of chronic P. aeruginosa infections in humans. It is interesting to
note that P. aeruginosa, B. cepacia and Stenotrophomonas maltophilia, which are all CF
pathogens, produce D-rhamnose trisaccharide-repeating units, characteristic of the P.
aeruginosa CPA, as surface antigens74,78,197,203-206. The D-rhamnose binding capability of
LLBs would therefore be an extremely desirable attribute for therapeutics targeted against
CF lung infections, especially as the CPA has been shown to be the major LPS antigen of
P. aeruginosa during chronic lung infection in CF patients78. It has been suggested that the
maintenance of the CPA on the cell surface during chronic lung infection is due to its
reduced immunogenic properties, compared to the O-specific antigen, and its possible role
in attachment of P. aeruginosa to human airway epithelial cells76. This study provides data
on the in vivo activity of pyocins in a simple Galleria mellonella larvae infection model,
which highlights their potential for therapeutic development (see also Chapter 5 - Pyocin
activity in a murine model of acute Pseudomonas aeruginosa lung infection).
In addition to O-antigen recognition, additional factors, as yet to be determined, are also
important in strain and species specificity among the LLBs. Indeed, recent work from
Ghequire et al. showed through domain swapping experiments that for putidacin L1
(LlpABW) and the homologous LLB LlpA1Pf5 from P. protegens, species specificity is
governed by the N-terminal MMBL domain133. Thus, in view of these data and the data
presented in this chapter it seems likely that the C-terminal MMBL domain of this class of
bacteriocins plays a general role in the recognition of D-rhamnose containing O-antigens,
with the N-terminal domain interacting with species-specific factors and thus determining
the precise species specificity of these bacteriocins. Interestingly, during the writing of this
thesis, work by Ghequire et al. identified two pyocin L1 homologues, pyocins L2 and L3,
which harbour different strain specificities to each other and to pyocin L1207. These
pyocins also possess three conserved QxDxNxVxY motifs and one partially conserved
motif, indicating that their CPA-binding capabilities are intact. This discovery cements the
idea that additional factors are important in the strain specificity of LLBs. Additionally, the
non-susceptibility of the pyocin L1 producing strain C1433, even though pyocin L1 is
capable of binding the CPA on its surface, indicates that there may be an immunity
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mechanism associated with LLBs. However, without the identification of the cytotoxic
activity of LLBs it is difficult to speculate how an immunity mechanism may function.

3.4 Conclusions and future work
This chapter demonstrates that pyocin L1 targets susceptible strains of P. aeruginosa
through recognition of the CPA of P. aeruginosa LPS, which is predominantly a
homopolymer of D-rhamnose. Structural and biophysical analyses show that recognition of
the CPA occurs through the C-terminal carbohydrate-binding domain of pyocin L1 and
that this interaction is a prerequisite for efficient bactericidal activity. This work, along
with the discovery that D-rhamnose containing LPS is the physiologically relevant ligand
for putidacin L1 and the widespread inclusion of D-rhamnose in the LPS of members of the
genus Pseudomonas, explains the unusual genus-specific activity of LLBs. Although the
mechanism by which LLBs kill susceptible cells is still unknown, work in this chapter
indicates that pyocin L1 compromises the cell envelope and is bactericidal in nature.
Although these data narrow down possible cytotoxic mechanisms, the exact target of
LLBs, the requirement for them to be translocated into the cell and the involvement of
carbohydrate binding in cytotoxicity still remain to be determined.
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Chapter 4

Discovery and characterisation of a
novel family of colicin D-like pyocins

I was taught that the way of progress was neither swift nor easy.
– Marie Curie
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4.1 Background
In the 45 years since the characterisation of the first S-type pyocin, pyocin S1, there have
been a further seven S-type pyocins identified and characterised, including two in the past
two years120-126. Out of the eight characterised pyocins, the four most recently identified
pyocins, pyocins S4, S5, S6 and M, were identified using searches of genomic data with
sequences of known bacteriocins123,124,126. Bacteriocins from distantly related species
frequently share homologous cytotoxic domains (C-domain), whereas different
bacteriocins from the same species can share homologous receptor binding (R-domain),
translocation (T-domain) and C-domains97,98. This shared homology and domain
architecture is a trait of pyocin evolution and is extremely useful in identifying novel
bacteriocins bioinformatically.
Two major mechanisms contribute to the protein diversity seen among colicins and
colicin-like bacteriocins, namely diversifying recombination and diversifying
selection93,208. Diversifying recombination generates novel killing specificities through
domain shuffling to give combinations of R-domains, T-domains and C-domains that
allow the resulting colicins to exploit different receptors on the surface of target cells and
circumvent immunity protein-based resistance208. For example colicin B, a pore forming
colicin, shares extensive sequence homology in the R- and T-domains with colicin D,
which carries an unrelated C-domain that targets tRNA104. The pyocins of P. aeruginosa
also demonstrate recombination events with pyocin S2 (DNase) and pyocin S4 (tRNase)
sharing extensive sequence homology in their R-domains98. Pectocins M1 and M2, which
are produced by strains of the phytopathogenic genus Pectobacterium, have a receptor
binding domain derived from an iron-containing plant ferredoxin and a catalytic domain
homologous to colicin M209,210. These bacteriocins demonstrate the recombination of a
horizontally acquired host gene and an ancestral bacteriocin to generate an active
bacteriocin with the ability to parasitise an existing iron acquisition pathway in
Pectobacterium209,210.
Diversifying selection drives the evolution of novel immunity and killing functions of
colicins through strong positive selection208. This mode of evolution is responsible for the
diversity between the closely related DNase colicins E2, E7, E8, and E9. These colicins
share a high overall sequence identity (> 70%); however, they have elevated levels of
divergence at the immunity protein binding interface97 (comprised of the immunity gene
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and the immunity binding region of the colicin gene). A two-step process of mutation and
selection has been proposed for this whereby initially a mutation in the immunity protein
gene broadens the immunity function of the protein, which is then followed by a second
mutation in the colicin gene211. This pair of mutations produces a novel colicin that is no
longer recognised by the ancestral immunity protein, giving the producing strain an
advantage over the strain that produces the ancestral colicin and immunity protein211.
Diversifying selection has also been proposed as an important evolutionary mechanism in
the development of novel receptor-binding functions for colicin M and syringacin M,
which share no obvious sequence identity in their R-domains yet share structural similarity
in this domain212.
In this chapter the bioinformatic discovery of a novel class of colicin D-like pyocins from
P. aeruginosa is detailed. These three putative bacteriocins, pyocins SD1, SD2 and SD3,
share homologous cytotoxic domains with colicin D and homologous R-, T- and unknown
domains with pyocins S1, S2 and S3, respectively. Pyocin SD2 is shown to bind to P.
aeruginosa lipopolysaccharide (LPS), specifically targeting the common polysaccharide
antigen (CPA) that is a homopolymer of D-rhamnose and this binding is shown to be
important for the killing activity of pyocin SD2. Pyocins S2 and S5 are also shown to bind
the CPA, suggesting that the utilisation of LPS by pyocins is more widespread that
previously thought.
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4.2 Results
4.2.1 In silico pyocin search identifies novel colicin D-like pyocins
To search for novel pyocins, 11 newly sequenced P. aeruginosa genomes and P.
aeruginosa PAO1, PA14, PA7 and LESB58 genome sequences were searched for genes
with homology to known pyocins, colicins and lectin-like bacteriocins. This search was
carried out using the basic local alignment search tool (BLAST) in CLC genomic
workbench. Several known and putative novel pyocins were identified (Table 4-1).
Table 4-1 Pyocin BLAST search of selected P. aeruginosa strains
Strain

Pyocins present in

Accession number

strain+

(Pyocin + immunity protein)
NP_249841.1 + NP_249842.1,
WP_003148085.1 + WP_011666557.1,
WP_034073412.1 + WP_031655852.1
CAA54958.1 + CAA54959.1
WP_003148085.1 + WP_011666557.1,
WP_034073412.1 + WP_031655852.1
-

PAO1

S2, S4, S5

PA14

S3, S4, S5

PA7

SD3*

LESB58

SD2*

-

MSH3

SD2*

-

MSH10

SD2*

-

P17

SD2*

-

PA62

SD1*

-

E2

S3, M

J1532
non-mucoid progenitor
of strain J1385

S4, S5

J1385

S4, S5

C763

S1, AP41

C1334

SD2*

WP_003148085.1 + WP_011666557.1,
WP_034073412.1 + WP_031655852.1
BAA02201.1 + BAA02202.1,
BAA02196.1 + BAA02197.1
-

C1426
non-mucoid progenitor
of strain C1433

S5, L1

WP_034073412.1 + WP_031655852.1,
4LED_B

C1433

S5, L1

CAA54958.1 + CAA54959.1,
4G76_A
WP_003148085.1 + WP_011666557.1,
WP_034073412.1 + WP_031655852.1

WP_034073412.1 + WP_031655852.1,
4LED_B

* Denotes putative novel pyocin
+ Pyocins M and L1 do not have associated immunity protein genes
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Genes encoding three putative pyocins and associated immunity proteins were identified in
several genomes (Table 4-2). The killing domains of these putative pyocins shared
between 51% and 55% amino acid identity with the cytotoxic domain of colicin D and
between 30% and 32% amino acid identity with the colicin D immunity protein (Figure
4-1). Four of the six residues that have been shown to be critical for activity in colicin D
(K608, H611, S677 and W679) are conserved in the three putative pyocins (Figure
1-7b)117. The R-, T- and unknown domains of these three putative pyocins share significant
homology with those of pyocins S1, S2 and S3, respectively (Figure 4-1) resulting in the
designation of these putative pyocins as pyocin SD1, pyocin SD2 and pyocin SD3. A
recent review on pyocins identified pyocins SD2 and SD3 from the bioinformatic analysis
of the LESB58 and PA7 genome sequences and designated them pyocins S11 and S12124.
For the purposes of this thesis they will be referred to as pyocins SD1, SD2 and SD3.
Table 4-2 Genome locations and sizes of pyocins SD1, SD2 and SD3

Strain

Pyocin
SD1

Pyocin and immunity

Pyocin size

protein gene position

(amino acids)

Immunity
protein size
(amino acids)

4170921 – 4172988
PA62

(Not annotated)

597

90

662

90

740

90

4109138 – 4111400
Pyocin
SD2
Pyocin
SD3

MSH10 *

(MSH10-3855 &
MSH10-3856)
3134080 – 3136575

PA7

(PA7-3036 & PA7-3037)

* Pyocin SD2 was also present in strains P17, C1334, MSH3 and LESB58 and can be found in a
further 14 P. aeruginosa genomes available on the National Center for Biotechnology
Information (NCBI) database.
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Figure 4-1 Protein sequence % identity for pyocins D1, SD2 and SD3
% identity of putative pyocins SD1, SD2 and SD3, with pyocins S1, S2 and S3 and colicin
D. The unknown domain is absent in pyocins S1 and SD1. The C-domains and immunity
proteins of pyocins SD1 and SD2 share 99% identity.

Pyocins SD1 and SD2 were not identified in the pyocin screening assay in Section 3.2.1,
suggesting that either these pyocins are not active against the range of environmental and
clinical isolates tested or they are not induced by mitomycin C. However, the P-box
regulatory system described for pyocins S1, S2 and AP4198 is present upstream of the
pyocin SD1, SD2 and SD3 genes. Strain PA7, from which pyocin SD3 was identified, was
not available at the time the pyocin screening assay was performed.
4.2.2 Cloning and purification of pyocin SD2
The genes encoding pyocin SD2 and its cognate immunity protein were amplified from
strain MSH10 by PCR using the primers listed in Table 2-3. PCR amplification of these
genes gave one clear band of the correct size (2263 bp) visible on a 0.8% agarose gel.
Digestion with NdeI and XhoI resulted in two DNA fragments, 475 bp and 1788 bp in
length, due to the presence of an NdeI site close to the 5’ end of the pyocin SD2 gene. A
double ligation was used to introduce both fragments into the corresponding sites of the E.
coli plasmid pET21a and DNA sequencing was used to ensure that the 475 bp fragment
was inserted in the correct orientation. DNA sequencing identified the deletion of a
guanine residue at position 157 bp in the pyocin SD2 gene. PCR mutagenesis, using the
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primers listed in Table 2-3, was used to successfully reintroduce this nucleotide into the
pETPyoSD2 plasmid. PCR amplification of the genes encoding pyocins SD1, SD3 and
their cognate immunity proteins was unsuccessful.
To purify pyocin SD2, protein expression from E. coli BL21(DE3)pLysS was induced
using 1 mM IPTG for 4 h, followed by purification using nickel affinity chromatography
and size exclusion chromatography (SEC) (Superdex S200 26/60 column). Pyocin SD2
could be purified in good yield (20 mg L-1) and to a good level of purity (100% purity by
SDS-PAGE gel and Coomassie staining). Figure 4-2 shows the SEC chromatogram for
recombinant pyocin SD2 and an SDS-PAGE gel of the purified protein (71.5 kDa) and its
associated immunity protein (11.2 kDa).

Figure 4-2 Purification of recombinant pyocin SD2
(a) Purification of pyocin SD2 by SEC (Superdex S200 26/60 column), post purification
with nickel affinity chromatography. Column equilibrated in 50 mM Tris-HCl, 200 mM
NaCl, pH 7.5. This method gave highly purified pyocin SD2. (b) SDS-PAGE gel of purified
pyocin SD2 (71.5 kDa) and its immunity protein (11.2 kDa) post SEC (right) and protein
ladder (left).

4.2.3 Pyocin SD2 is active in vitro
The activity of purified pyocin SD2 was tested against 32 environmental and clinical
isolates of P. aeruginosa (Table B-1) using an overlay spot plate method on LB agar.
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Pyocin SD2 showed killing activity against one of the P. aeruginosa strains tested, PAO1,
and was active down to 2.3 µg ml-1 (27.8 nM) using this method (Table B-2).
As expected from the high levels of sequence homology in the R-, T- and unknown
domains of pyocins S2 and SD2 these proteins utilise the same OM receptor, FpvAI, as
shown by competition spot plate assays (Figure 4-3). In this assay strain PAO1, which is
sensitive to pyocin SD2 and not sensitive to pyocin S2, was used to demonstrate that
pyocin S2 could inhibit pyocin SD2 killing through competition. This result was verified
by demonstrating a lack of susceptibility to pyocin SD2 for a P. aeruginosa PAO1 fpvAI
mutant (fpvA-H02:: ISlacZ/hah). The limited killing spectrum of pyocin SD2 is not due to
a lack of the FpvAI receptor on the surface of P. aeruginosa strains as pyocin S2, which
shares highly homologous T- and R-domains with pyocin SD2, kills 24% of the P.
aeruginosa strains in the test panel (Table B-1), all of which have been shown to possess
the fpvAI gene by PCR (Figure 4-4a).

Figure 4-3 Pyocins S2 and SD2 utilise the same OM receptor, FpvAI
(a) Inhibition of growth of P. aeruginosa PAO1 by pyocin SD2 (1 mg ml$1). (b) Inhibition of
pyocin SD2 killing by pyocin S2 (2 mg ml$1). (c) Pyocin S2 (2 mg ml$1) is not active
against PAO1, as shown by a soft agar overlay spot-test. Five microlitres of purified
pyocin was spotted onto a growing lawn of cells. Clear zones indicate cell death.

Out of the 32 isolates tested, pyocin S2 kills six strains: P7, P14, P15, P17, PA62 and
GRI1 (Table B-1). All six of these strains were shown to possess the pyocin SD2 immunity
protein gene via PCR analysis (Figure 4-4b), indicating that the limited killing spectrum of
pyocin SD2, relative to pyocin S2, is due to frequent carriage of the gene encoding its
cognate immunity protein.
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Figure 4-4 The pyocin SD2 immunity protein is present in many strains
(a) PCR for the detection of the pyocin S2/SD2 receptor gene fpvAI (2448 bp). (b) PCR
for the detection of the pyocin SD2 immunity protein gene (273 bp). The sensitivity of
strain PAO1 to pyocin SD2 can be explained by the presence of the fpvAI gene and the
absence of the pyocin SD2 immunity protein gene. The insensitivity of all the other strains
to pyocin SD2 can be explained by the presence of the pyocin SD2 immunity protein
gene.

4.2.4 Pyocins SD2 and S2 bind to the common polysaccharide antigen of P.
aeruginosa lipopolysaccharide
When investigating the activity of pyocin SD2 it was noted that although pyocin SD2 was
active against strain PAO1, activity against strain wzmG01::ISphoA/hah (PAO1wzt),
which is isogenic with PAO1 but carries a transposon insertion in the wzt gene, was greatly
reduced. wzt encodes the ATP-binding component of a CPA dedicated ABC transporter77
responsible for the transport of the CPA to the periplasm77,192 (Figure 3-7). The reduced
killing of PAO1wzt by pyocin SD2 relative to the wild-type strain PAO1 is similar to that
observed with pyocin L1 (see Chapter 3). The shared killing spectrum between these two
pyocins suggests that pyocin SD2 may also interact with the CPA during entry into target
cells.
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Figure 4-5 Presence of the CPA is required for efficient pyocin SD2
killing
Inhibition of growth of (a) P. aeruginosa PAO1 by pyocin SD2 (25 µg ml$1, 2-fold dilutions)
and (b) PAO1wzt by pyocin SD2 (400 µg ml$1, 2-fold dilutions), as shown by a soft agar
overlay spot-test. Five microlitres of purified pyocin SD2 was spotted onto a growing lawn
of cells. Clear zones indicate cell death.

To further study the difference in the sensitivity of strains PAO1 and PAO1wzt to pyocin
SD2, the growth rate of these strains in liquid culture was measured in the absence and
presence of pyocin SD2. Growing cultures of PAO1 and PAO1wzt were adjusted to an
OD600 = 0.4 before pyocin treatment and the OD600 was measured 30, 60, 90 and 180 min
after pyocin treatment. Untreated PAO1 and PAO1wzt continued to grow throughout the
time course, reaching OD600 values greater than one. The OD600 of pyocin SD2 treated
PAO1 decreased after 30 min of treatment and remained low throughout the experiment
(Figure 4-6a). For pyocin SD2 treated PAO1wzt the OD600 increased throughout the time
course but at a slower rate than untreated controls (Figure 4-6a), suggesting that pyocin
SD2 kills strain PAO1wzt, but at a much slower rate than strain PAO1. Colony-forming
units (CFUs) were counted 60, 90 and 180 min after pyocin treatment for all four groups
and the percentage of bacteria killed by pyocin SD2 was calculated. Pyocin SD2 killing of
PAO1wzt gradually reached 81% after 180 min of treatment. In contrast, killing of PAO1
by pyocin SD2 rapidly reached > 99% (Figure 4-6b). These data correlate with the overlay
killing assays (Figure 4-5) and the growth rates discussed above, and show that pyocin
SD2 has an effect on the growth of PAO1wzt. However, pyocin SD2 acts much more
slowly against PAO1wzt compared to PAO1.
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b Time

PAO1 + pyocin SD2

PAO1wzt + pyocin SD2

(% killed)

(% killed)

60

99%

47%

90

99%

59%

180

99%

81%

(min)

Figure 4-6 Pyocin SD2 activity in vitro
(a) Representative growth curves for P. aeruginosa strains PAO1 and PAO1wzt grown in
LB broth for 3 h (180 min) with and without the addition of pyocin SD2: 150 µl of 0.3 mg
ml-1 pyocin SD2 added to 1 ml of culture. OD600 measured 0, 30, 60, 90 and 180 min after
pyocin treatment. Error bars represent the standard error mean between replicate
samples (n = 3). (b) Percent killing for one sample in (a). Experiment conducted only
once. Ten microlitres of cells (10-fold serial dilutions) were spotted on LB agar plates at
60, 90 and 180 min after pyocin SD2 treatment, incubated at 37°C for 16 h and CFU
determined. % killing determined by comparison to untreated controls.

To determine if pyocin SD2 interacts directly with the CPA, LPS from wild-type PAO1
and from the pyocin SD2 tolerant PAO1wzt mutant (which produces no CPA but does
produce the O-specific antigen) was purified and the pyocin-CPA interaction was analysed
by isothermal titration calorimetry (ITC). Titration of pyocin SD2 into isolated LPSderived polysaccharides (a mixture of the CPA and the O-specific antigen containing
polysaccharides) from PAO1 gave rise to strong saturable exothermic heats of binding (Kd
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- 5.0 $M) (Figure 4-7a). No heats of binding were detected when pyocin SD2 was titrated
into LPS-derived polysaccharides from PAO1wzt (Figure 4-7b). These data show that
pyocin SD2 binds directly to the CPA component of P. aeruginosa LPS.
Since pyocin S2 and pyocin SD2 share 91% to 100% protein sequence identity in the R-,
T- and unknown domains, the binding of pyocin S2 to the CPA was investigated in the
same manner as for pyocin SD2. Pyocin S2 was shown to bind the CPA with an almost
identical Kd to pyocin SD2, 4 µM vs 5 µM respectively, and showed no binding to LPSderived polysaccharides from PAO1wzt (Figure 4-7c & d). This implies that the CPA
binding motif is located in the R-, T- or unknown domains of these proteins, which share
high levels of homology, and not in the cytotoxic domains, which are not homologous.
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Figure 4-7 Pyocins SD2 and S2 bind strongly to the CPA from P.
aeruginosa PAO1
(a) ITC binding isotherm of pyocin SD2 (110 #M) titrated into isolated LPS-derived
polysaccharide (1 mg ml$1) from wild-type P. aeruginosa PAO1. Strong, saturable heats
were observed indicative of a strong interaction. Data were fitted to a single binding site
model that yielded a Kd of 5.0 #M. (b) ITC isotherm of pyocin SD2 (110 #M) titrated into
isolated LPS-derived polysaccharide (1 mg ml$1) from PAO1wzt. No saturable binding
isotherm was observed. (c) ITC binding isotherm of pyocin S2 (110 #M) titrated into
isolated LPS-derived polysaccharide (1 mg ml$1) from wild-type P. aeruginosa PAO1.
Data were fitted to a single binding site model that yielded a Kd of 4.01 #M. (d) ITC
isotherm of pyocin S2 (110 #M) titrated into isolated LPS-derived polysaccharide (1 mg
ml$1) from PAO1wzt. No saturable binding isotherm was observed. Reactions were
performed in 0.2 M sodium phosphate buffer, pH 7.5 at 299 K.
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4.2.5 Requirement of the CPA for pyocin S5 and AP41 killing
It was noted during the characterisation of pyocin S5 that there was a difference in the
killing activity of pyocin S5 against strains E2 and E2(M4) (an E2-derived mutant that
produces very little or no CPA (see Section 3.2)) (Figure 4-8). This killing spectrum was
also observed with pyocin L1, which binds directly to the CPA (Figure 3-8), suggesting
that pyocin S5 may also bind the CPA directly.

Figure 4-8 Presence of the CPA is required for efficient pyocin S5
killing
Inhibition of growth of (a) P. aeruginosa E2 by pyocin S5 (375 µg ml$1, 2-fold dilutions)
and (b) E2(M4) by pyocin S5 (3 mg ml$1, 2-fold dilutions), as shown by a soft agar overlay
spot-test. Five microlitres of purified pyocin S5 was spotted onto a growing lawn of cells.
Clear zones indicate cell death.

To determine if this hypothesis was correct the pyocin S5-CPA interaction was analysed
by ITC using LPS-derived polysaccharides from wild-type PAO1. Although pyocin S5 is
not active against strain PAO1 due to PAO1 being a pyocin S5 producing strain, the CPA
of P. aeruginosa is a D-rhamnose homopolymer and would not be expected to differ
between P. aeruginosa strains. Figure 4-9a shows strong saturable exothermic heats of
binding (Kd - 1.1 $M) when pyocin S5 is titrated into LPS-derived polysaccharides from
PAO1. These data, together with the overlay killing assays show that pyocin S5, like
pyocins L1, S2 and SD2, binds to the CPA of P. aeruginosa LPS.
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Figure 4-9 Pyocin S5 binds to the CPA from P. aeruginosa PAO1
ITC binding isotherm of pyocin S5 (100 #M) titrated into isolated LPS-derived
polysaccharide (1 mg ml$1) from wild-type P. aeruginosa PAO1. Strong, saturable heats
were observed indicative of a strong interaction. Lyophilized LPS-derived polysaccharides
used in this experiment were frozen for several months prior to use, which may be why
the data shows more variation compared to other ITC experiments in Chapter 4. Data
were fitted to a single binding site model that yielded a Kd of 1.1 #M. Reactions were
performed in 0.2 M sodium phosphate buffer, pH 7.5 at 299 K.

Although pyocins L1, S2, SD2 and S5 all bind the CPA and require its presence for potent
killing, this is not the case for all pyocins since pyocin AP41 displays no difference in
killing activity against PAO1 and PAO1wzt (Figure 4-10) and does not directly interact
with the CPA (Figure 4-11).
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Figure 4-10 CPA production does not affect pyocin AP41 killing
Inhibition of growth of (a) P. aeruginosa PAO1 and (b) PAO1wzt by pyocin AP41, as
shown by a soft agar overlay spot-test. Five microlitres of purified pyocin AP41 (25 µg
ml$1, 2-fold dilutions) was spotted onto a growing lawn of cells. Clear zones indicate cell
death.

Figure 4-11 Pyocin AP41 does not bind to the CPA from P. aeruginosa
PAO1
ITC binding isotherm of pyocin AP41 (110 #M) titrated into isolated LPS-derived
polysaccharide (1 mg ml$1) from wild-type P. aeruginosa PAO1. No saturable binding
isotherm was observed. Reactions were performed in 0.2 M sodium phosphate buffer, pH
7.5 at 299 K.
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4.2.6 SAXS analysis of pyocins SD2 and S2 shows elongated structures
To date, the crystal structure of pyocin M is the only pyocin structure solved126. As pyocins
are predicted to be structurally diverse, further structural characterisation of pyocins would
be extremely useful in their characterisation and the elucidation of their mechanisms of
action. Early characterisation of pyocin S2, using analytical ultracentrifugation and gel
filtration to estimate its molecular weight and shape, suggested that this pyocin had a
elongated structure like those of colicins E3 and Ia. As pyocins S2 and SD2 share almost
identical R-, T- and unknown domains then it would be predicted that pyocin SD2 is also
highly elongated. Attempts to crystallise pyocins S2 and SD2, in the presence and absence
of trypsin and chymotrypsin, yielded no protein crystals. Therefore, in an attempt to gain
insight into the structures of pyocins S2 and SD2, small angle X-ray scattering (SAXS)
studies were conducted.
SAXS data were obtained for a range of pyocin S2 and SD2 concentrations. Ab initio
models of the two pyocin/immunity protein complexes were generated using DAMMIF
and were a good fit for the experimental scattering data (SD2 ) = 1.158, S2 ) = 1.38)
(Figure 4-12). These models both show elongated structures with large globular domains at
one end, similar to E-type colicins (Figure 1-3), and small globular domains at the other
end.
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Figure 4-12 Small angle X-ray scattering models of pyocins SD2 and
S2
(a) Overlay of the experimentally determined pyocin SD2 SAXS curve (black points) with
the fit of the ab initio model (purple line), produces a good fit (( = 1.158). (b) Overlay of
the experimentally determined pyocin S2 SAXS curve (black points) with the fit of the ab
initio model (purple line), produces a good fit (( = 1.158). (c) Ab initio model of pyocin SD2
computed with DAMMIF. (d) Ab initio model of pyocin S2 computed with DAMMIF. SAXS
experiments were carried out by Inokentijs Josts.

The dumbbell like shape shown in the ab initio model correlates with the presence of two
maxima on the pair-distance distribution plot of both pyocins (Figure 4-13a and b). The
radii of gyration were similar for both proteins (pyocin SD2 Rg+=+54.4 Å, pyocin S2
Rg+=+56.4 Å) and were obtained from Guinier analysis of the experimental scattering data,
which also indicated that both proteins are monomeric in solution (Figure 4-13c and d).
119

CHAPTER 4. DISCOVERY AND CHARACTERISATION OF PYOCIN SD2

The maximum particle sizes, obtained from pair-distance distribution analysis of the
experimental scattering data, were similar for both proteins (pyocin SD2 Dmax = 215 Å,
pyocin S2 Dmax = 228 Å) and show that these pyocins are elongated in solution. The Dmax
and Rg+values indicate that pyocin S2 is slightly more elongated than pyocin SD2 (Figure
4-13a and b). Normalised Kratky plots for both proteins show peak maxima at SRg > *3,
again indicating that both proteins are flexible in solution (Figure 4-13e and f).

Figure 4-13 Small angle X-ray scattering analysis of pyocins SD2 and
S2
(a),(b) Pair-distance distribution plots from experimental scattering data for (a) pyocin SD2
and (b) pyocin S2 suggest that these proteins are elongated multi-domain proteins in
solution. Dmax Pyocin SD2 = 215 Å and Dmax Pyocin S2 = 228 Å. (c),(d) Guinier plots of
scattering data indicate that (c) pyocin SD2 and (d) pyocin S2 are monomeric in solution.
Pyocin SD2 radius of gyration is 54.4 Å and pyocin S2 radius of gyration is 56.4 Å. (e),(f)
Normalised Kratky plots indicates that (e) pyocin SD2 and (f) pyocin S2 have flexible
structures with peak maxima > "3. Grey lines indicate peak maxima of 1.104 at SRg = "3.
SAXS experiments were carried out by Inokentijs Josts.
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4.2.7 Pyocin SD2 is active in vivo
The efficacies of pyocins L1, S2, S5 and AP41 in vivo were tested using the Galleria
mellonella larvae infection model in Chapter 3. To determine if pyocin SD2 treatment
could also afford protection against a lethal P. aeruginosa infection in vivo, Galleria
mellonella larvae (n = 5) were infected with approx 4.0x105 CFU of P. aeruginosa PAO1
and treated 3 h post-infection with 10 µl of pyocin SD2 or tobramycin at 0.1 mg ml-1 or 1.0
mg ml-1. Uninfected larvae treated with pyocin SD2 at 1 mg ml-1 were used as treatment
controls and infected larvae treated with 10 µl of PBS were used as untreated controls.
Larvae were monitored every hour for 16 h and at the end of the experiment, 24 h postinfection. Larvae in the PBS-treated control group died 9-10 h post-infection and all other
pyocin or tobramycin treated larvae and uninfected pyocin SD2-treated larvae survived to
the endpoint of the experiment 24 h post-infection (Table 4-3). These results indicate that
pyocin SD2 is able to afford protection against a lethal P. aeruginosa infection in vivo and
is not overtly toxic to this insect host.
Table 4-3 Pyocin SD2 is able to afford protection against a lethal P.
aeruginosa infection in the Galleria mellonella larvae model

Treatment

Time of death (post infection)

PBS

9 – 10 h

Pyocin SD2 0.1 mg ml-1

Survived to 24 h

Pyocin SD2 1.0 mg ml-1

Survived to 24 h

Tobramycin 0.1 mg ml-1

Survived to 24 h

Tobramycin 1.0 mg ml-1

Survived to 24 h §

Groups of five larvae were inoculated with 4.0x105 CFU of P. aeruginosa PAO1 and treated 3 h
post-infection. § Two larvae died 9 h post-infection

4.3 Discussion
This chapter describes the identification of a novel class of pyocin: the colicin D-like
pyocins. Three putative pyocins of this class were identified (pyocins SD1, SD2 and SD3)
and appear to be the product of recombination events. This chapter demonstrates the
antimicrobial activity of pyocin SD2 in vitro and in vivo, in the Galleria mellonella larvae
model. SAXS analysis confirmed predictions that pyocin SD2 is an elongated protein,
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similar to pyocins S2 and AP41 (Figure C-1) and the E-type colicins. Finally, this chapter
details the binding of pyocins SD2, S2 and S5 to the CPA component of P. aeruginosa
LPS, suggesting that the utilisation of LPS as a cell surface receptor is more common than
previously thought.
4.3.1 Binding of pyocins SD2, S2 and S5 to lipopolysaccharide
Pyocin L1, which has been shown to bind the CPA (see Chapter 3), has a very different
structure (Figure 3-12) to that predicted for pyocins SD2 and S2 (Figure 4-12). Pyocin L1
is a globular protein and has tandem !-prism domains194. Primary recognition of the CPA
occurs through binding of D-rhamnose at the conserved QxDxNxVxY sugar-binding
motifs of the C-terminal MMBL domain (see Section 3.2.6 for further details). No such
motifs are present in pyocins S2, SD2 and S5 and without their crystal structures it is
difficult to predict where the CPA may be binding.
The unknown domains of pyocins S2 and SD2 (amino acids 207 - 312) share greater than
75% homology with amino acids 217 - 307 in pyocin S5. These regions partially overlap
with the Pfam domain PF03515 (Cloacin domain) and are predicted to have coiled coil
structure. These pyocins share less than 30% homology in other domains making the
aforementioned region a possible CPA binding site. The ability of pyocins SD2, S2 and S5
to recognise the CPA is an important component of their ability to target sensitive strains
of P. aeruginosa. This discovery comes in quick succession to the discoveries of LPS
binding by pyocin L1 and colicin N and indicates that the utilisation of LPS as a cell
surface receptor is more common among bacteriocins than previously thought, and is not
confined to one structural class of bacteriocin110,194.
If the current ‘fishing pole’ mechanism of colicin binding and translocation is correct, the
SAXS data showing elongated pyocin structures suggests that these pyocins may utilise a
secondary receptor for cell entry. However, no secondary receptors or translocators have
been identified for the pyocins. The current accepted domain architecture of pyocins
denotes that the R-domain precedes the T-domain, which is the opposite orientation to the
colicins. However, the first 30 - 51 amino acids of pyocins S2, SD2 and S5 lack predicted
regular secondary structure, making it possible that this short N-terminal region in pyocins
S2, SD2 and S5 could be part of the T-domain. With the identification of high affinity
binding between pyocins S2, SD2, S5 and the CPA, it could be hypothesised that the CPA
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is the primary receptor for these pyocins and the TonB dependant OM proteins FpvAI and
FptA, reported as being their primary OM receptors, are actually the OM proteins used for
translocation into the cell. Figure 4-14 depicts a possible scenario where high affinity CPA
binding at the unknown domain of pyocin S2 orientates the N-terminus in close proximity
to its translocator FpvAI, where it can thread through the OM pore and interact with TonB.
However, without further biochemical and structural analysis of pyocins, this predicted
model is highly speculative.
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Figure 4-14 Pyocin-CPA binding and translocation model
(a) Current domain architecture of pyocin S2 showing R-, T-, C- and unknown domains
and associated immunity protein. R-domain has been divided into two sections: 1. Nterminus lacking predicted regular secondary structure and 2. Predicted helical section.
(b) Domain architecture superimposed onto pyocin S2 SAXS model. Positioning is
speculative. (c) Pyocin S2 (domain 3.) binds to the CPA on the cell surface of P.
aeruginosa, which orientates the N-terminus (domain 1.) close to the TonB dependant OM
protein FpvAI, where it can thread through the FpvAI pore and interact with TonB.
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4.4 Conclusions and future work
The first P. aeruginosa genome was sequenced in 2000 and there are now over 286
sequenced P. aeruginosa genomes available on the National Center for Biotechnology
Information (NCBI) database40. As the number of sequenced P. aeruginosa genomes
increases, the potential to identify novel pyocins should also increase, as demonstrated by
this study. Adding to the pyocin armory is important for the development of pyocins as
therapeutics as it could increase the killing spectrum of pyocin treatment therefore,
increasing its potential success. However, the widespread occurrence of pyocin immunity
protein genes in the P. aeruginosa population may limit the potential use of particular
pyocins as therapeutics, as is the case for pyocin SD2. Further work on the activity and
killing spectrum of pyocins SD1 and SD3 is required before these pyocins can also be
included in the pyocin armory. Another important factor in the development of pyocins as
therapeutics is understanding how they target and kill P. aeruginosa. Further work on the
characterisation of pyocins is required to identify the primary receptors and or
translocators for all pyocins and elucidate the crystal structures of these diverse proteins.
This chapter demonstrates that pyocins S2, SD2 and S5 bind the CPA component of P.
aeruginosa LPS and that this binding is required for efficient killing. This leads to the
hypothesis that the pyocin domain architecture actually matches that of colicins, with the
T-domain preceding the R-domain. However, further investigation into this proposed
mechanism is required.
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Chapter 5

Pyocin activity in a murine model of
acute Pseudomonas aeruginosa lung
infection

There does not exist a category of science to which one can give the name
applied science. There is science and the applications of science, bound
together as the fruit of the tree which bears it.
- Louis Pasteur
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5.1 Background
Antibiotic resistance is a major global health threat. For Gram-negative pathogens such as
Pseudomonas aeruginosa, Klebsiella pneumoniae and Escherichia coli the isolation of
strains resistant to all or nearly all therapeutic antibiotics is now frequent. This is largely
due to the acquisition of antibiotic resistance determinants and the presence of a highly
impermeable outer membrane (OM) that severely limits the efficacy of many classes of
antibiotics28,213,214. In the case of the opportunistic pathogen P. aeruginosa, clinical isolates
with resistance to all available antibiotics are prevalent worldwide and between 18 and
25% of clinical isolates are multi-drug resistant28,215. In addition, the ability of P.
aeruginosa to form multi-drug resistant biofilms during chronic infection and the
appearance of antibiotic resistant phenotypic variants during prolonged antibiotic therapy
can render this pathogen essentially untreatable with existing antibiotics53,54,216. Chronic
infection of the lower respiratory tract with P. aeruginosa is the leading cause of mortality
in patients with cystic fibrosis (CF), who, despite receiving intensive antibiotic therapy,
have a median predicted survival age of 43.5 years (2012)22. In addition, infection with P.
aeruginosa is a major and growing cause of nosocomial infections, such as ventilatorassociated pneumonia, and is also linked with the pathogenesis of chronic obstructive
pulmonary disease, a leading cause of death in the Western world217-219. Consequently,
there is an urgent need to consider alternative strategies for antibiotic development to
bolster a developmental pipeline that in recent decades has yielded few novel small
molecule antibiotics active against these difficult to treat bacteria.
There have been countless references made to the potential of colicin-like bacteriocins as
therapeutics. However, to date, only one study has gone beyond the in vitro
characterisation of their efficacy. This study used a Galleria mellonella larvae model with
P. aeruginosa and pyocin S2 to demonstrate efficacy in vivo152. In this work, pyocin S2
was shown to protect larvae against a lethal P. aeruginosa infection. Larvae in the infected
control group died 12 to 14 h post-infection, while those treated with pyocin S2, 3 h postinfection, survived until the experiment was stopped at 72 h. Additionally, bacterial counts
from pyocin treated larvae were extremely low, between 10 and 40 CFU, compared to the
untreated controls that contained between 5"108 and 1"109 CFU at time of death. This
study also demonstrated that pyocin S2 was not overtly toxic to the host152. The Galleria
mellonella larvae model is a useful preliminary model for assessing the in vivo efficacy of
novel antibiotics220,221 and is a particularly good model for P. aeruginosa as this bacterium
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uses common virulence factors to infect different hosts, such as insects and mammals222.
Although the Galleria mellonella model is a useful preliminary model that helps reduce
animal experimentation and expense, the murine model is more similar to humans in terms
of anatomy, physiology, and genetics. Therefore, the preclinical validation of pyocins in a
murine model of P. aeruginosa infection is essential for their therapeutic development.
The aim of this chapter is to evaluate the therapeutic potential of pyocins using a murine
model of P. aeruginosa lung infection. The objectives that will lead to the accomplishment
of this aim are to test whether:
1) Pyocins can be effectively delivered to the lungs and if they are stable in this
environment.
2) Pyocins are harmful to the host.
3) Pyocins are sufficiently active in the lung to reduce bacterial load.
4) Pyocin activity is sufficient to afford protection against a normally lethal dose of P.
aeruginosa.
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5.2 Results
5.2.1 Pyocins are stable in the murine lung and do not cause inflammation
or tissue damage
To determine whether pyocins can be effectively delivered to the lungs and if they are
stable in this environment, recombinant pyocins S2, S5, AP41 and L1 (3 mg ml-1), were
administered intranasally (25 µl) to healthy C57/BL6 mice (n = 3). After a 24 h incubation
period, the post-caval lobe was removed from these mice, homogenised and tested for the
presence of active pyocin. Killing of P. aeruginosa was detected in lung homogenates
from pyocin L1, S2 and S5 treated mice (Figure 5-1a). Lung homogenates from pyocin L1
treated mice showed the greatest activity against P. aeruginosa P8, with killing observed
down to the fifth spot (first spot was neat homogenate, 2-fold dilutions). Pyocin S5 was
active to the second spot in this assay and pyocin S2 (spotted against highly pyocin S2sensitive P. aeruginosa P17 due to poor sensitivity of P. aeruginosa P8 to pyocin S2) was
active in neat homogenate. These data indicate that pyocins L1, S2 and S5 are present in
the lung after intranasal administration and are stable in this environment for at least 24 h.
Lung homogenates from pyocin AP41 treated mice showed no activity against P.
aeruginosa P8. This could indicate that pyocin AP41 may be more rapidly degraded than
the other pyocins tested in vivo.
To ascertain if pyocins administered via the intranasal route entered the bloodstream, blood
samples were taken from the tail vein of pyocin L1 treated mice prior to carbon dioxide
asphyxiation and tested for pyocin L1 activity via the spot plate method described
previously. Pyocin L1 treated mice were used for this experiment as pyocin L1 showed the
greatest sensitivity against P. aeruginosa P8 via the spot plate method. No pyocin activity
was detected in the blood taken from pyocin L1 treated mice. This could be explained by
pyocins being restricted to the lung when administered intranasally, by pyocins being
inactivated in the blood or by the pyocin concentration in the blood being too low to detect
via this method (detection limit for pyocin L1 = 0.195 µg ml-1).
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Figure 5-1 Pyocins are stable and do not cause inflammation or tissue
damage in the murine lung
(a) Overlay spot tests to determine the stability of pyocins. Pyocins were administered
intranasally at 3 mg ml-1 and mice were culled 24 h post-treatment. Five microlitres of
post-caval lobe lung section (homogenised in 100 µl of PBS) was spotted onto a growing
lawn of P. aeruginosa P8 (P. aeruginosa P17 for pyocin S2). Clear zones indicate pyocin
activity in the lung tissue. (b) Hematoxylin and eosin (H&E) staining of a paraffinembedded section of lung tissue 24 h post-treatment. Lack of inflammation or neutrophil
influx are noted. All magnifications *10.

To determine if pyocin administration caused damage to the murine lung, pyocins were
again administered intranasally at 3 mg ml-1 (25 µl) to healthy C57/BL6 mice (n = 4) and
after 24 h pyocin treated lungs were fixed in situ by gentle infusion of 10% formalin
solution and sent for histological processing. Lung tissues visualised using hematoxylin
and eosin staining were then scored for peribronchial infiltrate and alveolar macrophage
involvement. The pyocin treated lungs showed no signs of such features and were
indistinguishable from the PBS treated tissue, indicating that the administration of a single
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high-concentration dose of any of this diverse group of protein antibiotics does not lead to
overt inflammation or tissue damage in the lung (Figure 5-1b).

5.2.2 Pre-treatment with pyocins can afford protection against lethal P.
aeruginosa infections
To determine if pyocins are sufficiently active to reduce bacterial load in the lung, pyocins
S2, S5, AP41 and L1 (3 mg ml-1) or PBS for control mice, were administered intranasally 6
h pre-infection with a normally lethal dose (approx 1x107 CFU) of P. aeruginosa P8. All
mice (n = 6) were culled 4 h post-infection and viable bacterial counts from lung
homogenates determined (Figure 5-2a). All pyocins reduced the bacterial load, although at
this time point differences in efficacy were noted, with pyocins S2, AP41 and L1 reducing
bacterial numbers by approximately 25-fold, 650-fold and 1500-fold, respectively. In the
case of pyocin S5, no viable bacteria were recovered.
To ascertain if pyocin activity is sufficient to afford protection against a normally lethal
dose of P. aeruginosa, mice (n = 6) were treated with pyocins S2, AP41, L1 and S5 6 h
pre-infection with P. aeruginosa P8, monitored for sickness and culled on reaching a predetermined severity of illness clinical score, described in Section 2.19. Five out of six of
the PBS-treated control mice rapidly showed signs of illness and were culled at 5 h postinfection, whereas the pyocin treated mice showed very mild or no signs of sickness and
survived to the endpoint of the experiment at 24 h post-infection. Viable bacterial counts at
this time point indicated a similar killing activity for pyocins S2, AP41 and L1, which all
significantly reduced bacterial counts more than 10,000-fold. Again, at this time point no
viable bacteria were recovered from pyocin S5 treated mice. Figure 5-2b shows the viable
bacterial counts for control and pyocin treated mice.
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Figure 5-2 Pyocin pre-treatment can reduce bacterial load and afford
protection against a normally lethal dose of P. aeruginosa
CFU/lung (Mean ± standard error mean (SEM)) determined by CFU counts of
homogenised lungs treated with pyocin (3 mg ml-1) or PBS 6 h pre-infection with P.
aeruginosa P8. (a) All mice culled 5 h post-infection. Control – 8.0x105 CFU/lung, pyocin
S2 – 3.2x104 CFU/lung, pyocin L1 – 5.1x102 CFU/lung, pyocin S5 – no colonies recovered
and pyocin AP41 – 1.2x103 CFU/lung. (b) Pyocin treated mice culled 24 h post-infection
and PBS-treated controls culled 5 h post-infection. Control – 1.1x106 CFU/lung, pyocin S2
– 12 CFU/lung, pyocin L1 – 20 CFU/lung, pyocin S5 – no colonies recovered and pyocin
AP41 – 30 CFU/lung. Minimal number of bacteria detectable = 10 CFU/lung.!' denotes
statistical significance for comparison of treatment versus control by a one-sided MannWhitney U test with Bonferroni correction applied for multiple comparisons.
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5.2.3 Pyocins can afford protection against lethal P. aeruginosa infections
when administered post-infection
The rapidity and severity of acute P. aeruginosa lung infection in the murine model,
described in Section 2.19.4, suggested there may be a small window for successful postinfection treatment with antibiotics. Pyocins were administered 1 h post-infection, which
allowed the mice to fully recovery from the anesthetic before being anesthetised again to
administer the antibiotic, while maximising the pyocin treatment time. The ability of
pyocins to reduce bacterial numbers on administration post-infection was determined by
infecting mice (n = 6) with P. aeruginosa P8 and then treating them 1 h post-infection with
pyocins S2, S5, AP41 and L1 at 3 mg ml-1. During the course of the experiment, the pyocin
treated animals showed some signs of sickness. This was very mild for pyocins S5, S2 and
AP41 but more pronounced for pyocin L1, although not as severe as the untreated controls.
All mice were culled at 4.5 h post-infection and bacterial counts from lung homogenates
were compared to PBS-treated controls. Similar to the pre-treatment experiments, pyocin
S5 showed the greatest efficacy in reducing bacterial numbers, although in this experiment
viable bacteria were recovered from three out of six pyocin S5 treated mice. Pyocins L1,
S2, and AP41 significantly reduced the bacterial load by approximately 20-fold, 80-fold
and 130-fold, respectively (Figure 5-3a). This experiment was repeated and again all
pyocin treated groups showed significantly reduced bacterial counts (Figure 5-3b).
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Figure 5-3 Pyocins significantly reduce bacterial numbers on
administration 1 h post-infection
CFU/lung (Mean ± SEM) determined by CFU counts of homogenised lungs treated with
pyocin (3 mg ml-1) or PBS 1 h post-infection with P. aeruginosa P8. (a) Mice culled 4.5 h
post-infection. Control – 9.3x105 CFU/lung, pyocin S2 – 1.1x104 CFU/lung, pyocin L1 –
4.2x104 CFU/lung, pyocin S5 – 1.9x102 CFU/lung and pyocin AP41 – 7.0x103 CFU/lung.
(b) Repeat of (a), mice culled 4.5 h post-infection. Control – 9.6x105 CFU/lung, pyocin S2
– 6.1x103 CFU/lung, pyocin L1 – 3.2x103 CFU/lung, pyocin S5 – 2.0x102 CFU/lung and
pyocin AP41 – 3.5x104 CFU/lung. Minimal number of bacteria detectable = 10 CFU/lung.!'
denotes statistical significance for comparison of treatment versus control by a one-sided
Mann-Whitney U test with Bonferroni correction applied for multiple comparisons.
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To determine if pyocin treatment post-infection affords protection against a lethal P.
aeruginosa infection, mice (n = 6) were infected with P. aeruginosa P8 and treated 1 h
post-infection with pyocins S2, S5, AP41 and L1 at 3 mg ml-1. Infected mice were
monitored for sickness and culled if sufficient clinical scores were reached, or alternatively
at the end-point of the experiment (24 h post-infection). All PBS-treated mice were culled
at 4.5 h post-infection and all pyocin treated mice survived to the endpoint of the
experiment at 24 h post-infection. The bacterial load of the lungs was determined and
again pyocin S5 showed the greatest efficacy with no bacteria recovered from any of the
six pyocin S5 treated mice (Figure 5-4a). Pyocins S2, L1 and AP41 were also highly
effective in this model; significantly reducing bacterial counts more than 10,000-fold. This
experiment was repeated and again all pyocin treated mice survived to 24 h and bacterial
counts were significantly reduced (Figure 5-4b). These results indicate that pyocins are
highly effective in reducing bacterial load in the lung and are able to afford protection
against a lethal P. aeruginosa infection when administered both pre-infection and postinfection.
5.2.4 Pyocins are active against phenotypically diverse strains
As strains of P. aeruginosa are phenotypically diverse, we tested the efficacy of the
pyocins against three additional isolates: P17 and P5 (mucoid), both from CF patients and
E2, an environmental isolate. Including P8, the isolates covered in this study are: mucoid,
non-mucoid, drug-resistant, environmental and clinical. Pyocin S2 is not active against P5
or E2 in vitro. Therefore, pyocin S2 was not used to treat these strains in vivo. Similarly
pyocin L1 was not used against P17 in vivo due to poor efficacy in vitro. All three P.
aeruginosa strains showed levels of virulence similar to that of P8 in the model of acute
lung infection. P5, P17 and E2 infected controls (infected with approximately 1x107 CFU)
required culling at 4.5 h, 4 h and 5.5 h post-infection, respectively. Pyocin S5, L1 and S2
treated mice infected with P. aeruginosa P17, P5 or E2 all survived until the 24 h endpoint of the experiment and viable bacterial counts were either very low or absent (Table
5-1).

135

CHAPTER 5. IN VIVO CHARACTERISATION OF PYOCINS

Figure 5-4 Pyocin treatment post-infection affords protection against
lethal P. aeruginosa infection
CFU/lung (Mean ± SEM) determined by CFU counts of homogenised lungs treated with
pyocin (3 mg ml-1) or PBS 1 h post-infection with P. aeruginosa P8. (a) PBS-treated
control mice culled 4.5 h post-infection, pyocin treated mice culled 24 h post-infection.
Control – 1.9x106 CFU/lung, pyocin S2 – 47 CFU/lung, pyocin L1 – 67 CFU/lung, pyocin
S5 – no colonies recovered and pyocin AP41 – 15 CFU/lung. (b) Repeat of (a), PBStreated control mice culled 4 h post-infection, pyocin treated mice culled 24 h postinfection. Control – 1.5x106 CFU/lung, pyocin S2 – 20 CFU/lung, pyocin L1 – 170
CFU/lung, pyocin S5 – 28 CFU/lung and pyocin AP41 – 20 CFU/lung. Minimal number of
bacteria detectable = 10 CFU/lung.!' denotes statistical significance for comparison of
treatment versus control by a one-sided Mann-Whitney U test with Bonferroni correction
applied for multiple comparisons.
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In contrast, treatment of E2 with pyocin AP41 failed to afford protection and these mice
were culled at the same time as the untreated controls, 5.5 h post-infection. Lung
homogenates from P. aeruginosa E2-infected AP41-treated mice contained high levels of
viable bacteria, reduced only 10-fold relative to the control mice (Table 5-1). However,
pyocin AP41 treatment was successful for P5 infected mice and for five out of six of the
P17 infected mice. Thus, pyocins show strong efficacy against diverse strains of P.
aeruginosa with pyocin S5 treatment consistently displaying the largest effect on reducing
bacterial load.
Table 5-1 Pyocins afford protection against a range of P. aeruginosa
isolates

P. aeruginosa strain
Treatment

P5

P17

E2

No treatment

1.7x105 CFU/lung

4.4x105 CFU/lung

1.5x105 CFU/lung

Pyocin L1

40 CFU/lung

X

No colonies detected

Pyocin S2

X

No colonies detected

X

!
Pyocin AP41 No colonies detected No colonies detected

Pyocin S5

No colonies detected

No colonies detected

1.3x104 CFU/lung •
No colonies detected

X - Pyocin was not used against this strain
• Mice culled at same time as control
! 1 mouse coughed up pyocin AP41 treatment and was culled 4 h post-infection (bacterial
count 1.3x105 CFU/lung)
Minimal number of bacteria detectable = 10 CFU/lung.
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5.2.5 Pyocin S5 shows improved killing in the murine lung compared to
tobramycin
To compare pyocin efficacy directly with a current frontline treatment, pyocin S5, which
showed the greatest efficacy of the pyocins, and tobramycin, which is widely used as an
inhaled treatment for P. aeruginosa lung infection in patients with CF were used. Mice
were infected with P. aeruginosa P8 as described previously and treated 1 h post-infection
with tobramycin at 30 or 3 mg ml-1 or pyocin S5 at 0.3 or 3 mg ml-1, culled 4.5 h postinfection and viable bacterial counts determined from lung homogenates. All four
treatments significantly reduced the bacterial load compared to the PBS controls. Pyocin
S5 at both concentrations reduced the bacterial load to a greater extent than tobramycin
(Figure 5-5a). This experiment was repeated and again all four treatments significantly
reduced the bacterial load compared to the PBS controls, with pyocin S5 reducing bacterial
counts to a greater extent than tobramycin (Figure 5-5b).
To establish the potency of pyocin S5 the lowest active concentration of pyocin S5 that
could afford protection against P. aeruginosa P8 infection was investigated. P. aeruginosa
P8 infected mice (n = 6) were treated with pyocin S5 at 300 $g ml-1, 30 $g ml-1 and 3 $g
ml-1. All PBS-treated control mice were culled at 5.5 h post-infection (3.5x105 CFU/lung)
and all pyocin treated mice survived to the endpoint of the experiment at 24 h. Pyocin
treated mice showed either no symptoms of illness or very mild symptoms during the
course of the experiment. The bacterial load of the lungs was determined and no colonies
were recovered from mice treated with pyocin S5 at 300 $g ml-1 and only 2 CFU/lung and
17 CFU/lung were recovered from mice treated with 30 $g ml-1 and 3 $g ml-1 of pyocin S5,
respectively (Figure 5-6). Therefore, this experiment shows that the lowest active
concentration of pyocin S5 in this model is ( 3 $g ml-1.
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Figure 5-5 Pyocin S5 vs. tobramycin for the treatment of P. aeruginosa
P8 infected mice
CFU/lung (Mean ± SEM) determined by CFU counts of homogenised lungs. (a) Mice
treated 1 h post-infection; all mice culled 4.5 h post-infection with P. aeruginosa P8..
Control – 3.6x105 CFU/lung, pyocin S5 (3 mg ml-1) - 38 CFU/lung, pyocin S5 (0.3 mg ml-1) – 28
CFU/lung, tobramycin (30 mg ml-1) – 1.6 x102 CFU/lung and tobramycin (3 mg ml-1) – 3.5 x102
CFU/lung. (b) Repeat of (a), all mice culled 4.5 h post-infection. Control – 1.2x106
CFU/lung, pyocin S5 (3 mg ml-1) – 3.1x102 CFU/lung, pyocin S5 (0.3 mg ml-1) – 22 CFU/lung,
tobramycin (30 mg ml-1) – 2.0x103 CFU/lung and tobramycin (3 mg ml-1) – 6.6x103 CFU/lung.
Minimal number of bacteria detectable = 10 CFU/lung.!' denotes statistical significance for
comparison of treatment versus control by a one-sided Mann-Whitney U test with
Bonferroni correction applied for multiple comparisons.
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Figure 5-6 Pyocin S5 is active at low concentrations
CFU/lung (Mean ± SEM) determined by CFU counts of homogenised lungs. Mice treated
1 h post-infection with P. aeruginosa P8. PBS-treated control mice culled at 5.5 h postinfection and pyocin S5 treated mice culled at 24 h post-infection. Control - 3.5x105
CFU/lung, pyocin S5 (300 #g ml-1) – no colonies recovered, pyocin S5 (30 #g ml-1) – 2 CFU/lung
and pyocin S5 (3 #g ml-1) – 17 CFU/lung. Minimal number of bacteria detectable = 10
CFU/lung.!' denotes statistical significance for comparison of treatment versus control by
a one-sided Mann-Whitney U test with Bonferroni correction applied for multiple
comparisons.

To directly compare the potency of pyocin S5 and tobramycin, pyocin S5 at 30 ng ml-1,
300 pg ml-1 or 3 pg ml-1 and tobramycin at 300 $g ml-1, 3 $g ml-1 or 30 ng ml-1 were used.
P. aeruginosa P8 infected mice were treated 1 h post-infection, monitored for sickness and
culled if sufficient clinical scores were reached, or alternatively at the endpoint of the
experiment (24 h post-infection). Groups treated with pyocin S5 at 30 ng ml-1 and
tobramycin at 300 $g ml-1 survived to 24 h, all other groups were culled 5.5 h postinfection due to the severity of the infection. Both pyocin S5 at 30 ng ml-1 and tobramycin
at 300 $g ml-1 had significantly reduced bacterial counts 24 h post-infection, compared to
the PBS controls: 73 CFU/lung, 5 CFU/lung and 6.4x105 CFU/lung, respectively (Figure
5-7). Treated mice culled 5.5 h post-infection had bacterial counts comparable to the
untreated controls. These results show that the lowest concentration at which pyocin S5 is
effective lies between 30 ng ml-1 and 300 pg ml-1 and the lowest concentration at which
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tobramycin is effective lies between 300 $g ml-1 and 3 $g ml-1. This demonstrates that
pyocin S5 is at least 100-fold more potent than tobramycin in this model of infection.

Figure 5-7 Lowest active concentration of pyocin S5 and tobramycin
CFU/lung (Mean ± SEM) determined by CFU counts of homogenised lungs. Mice treated
1 h post-infection with P. aeruginosa P8. Mice treated with pyocin S5 at 30 ng ml-1 and
tobramycin at 300 #g ml-1 were culled at 24 h. All other mice were culled 5.5 h postinfection. Control – 6.4x105 CFU/lung, pyocin S5 (30 ng ml-1) – 73 CFU/lung, pyocin S5 (300 pg
5
5
ml-1) - 6.0x10 CFU/lung, pyocin S5 (3 pg ml-1) - 5.8x10 CFU/lung, tobramycin (300 #g ml-1) - 5
5
CFU/lung, tobramycin (3 #g ml-1)- 6.1x10 CFU/lung, tobramycin (30 ng ml-1) - 6.9x105 CFU/lung
Minimal number of bacteria detectable = 10 CFU/lung.!' denotes statistical significance for
comparison of treatment versus control by a one-sided Mann-Whitney U test with
Bonferroni correction applied for multiple comparisons.

5.2.6 Pyocins are active at low concentrations in vivo
After ascertaining that pyocin S5 is effective in this model at a concentration lower than 1
nM, the efficacies of pyocins S2, L1 and AP41 at lower concentrations than previously
tested were determined. All three pyocins were used at 300 $g ml-1 and 30 $g ml-1. Due to
the severity of symptoms three of the six mice treated with pyocin L1 at 30 $g ml-1 and
PBS control mice were culled at 6 h post-infection. All mice treated with pyocins S2 and
AP41 at both concentrations and mice treated with pyocin L1 at 300 $g ml-1 survived until
the endpoint of the experiment at 24 h post-infection. Thus, against P. aeruginosa P8, the
minimum effective concentration (the lowest concentration tested with which the treated
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mice survived to 24 h) of pyocins S2 and AP41 is ( 30 $g ml-1 and the minimum effective
concentration of pyocin L1 is between 30 and 300 $g ml-1 (Table 5-2). Table 5-2 shows
that all pyocins tested in vivo displayed a potency that was comparable to or greater than
tobramycin.
Table 5-2 Minimum concentration of pyocin tested that affords
protection against P. aeruginosa P8 infection.

Treatment

Lowest active
concentration tested

Corresponding
molarity

Pyocin L1

30 $g ml-1

1.06 $M

Pyocin S2

30 $g ml-1

358 nM

Pyocin AP41

30 $g ml-1

319 nM

Pyocin S5

30 ng ml-1

535 pM

Tobramycin

300 $g ml-1

641 $M

Mice (n = 6) infected with P. aeruginosa P8 and treated 1 h post-infection. Lowest active
concentration tested refers to the concentration at which at least 50% of treated mice survived

5.2.7 Pyocin tolerance and mitigation strategies
To evaluate if pyocin tolerance or resistance was acquired upon pyocin treatment in vivo,
viable bacteria recovered from mice that survived infection to the 24 h end-point, in all
experiments discussed in this chapter, were tested for pyocin susceptibility. To test for any
pyocin-resistant populations the overlay spot plate method was used. The size of pyocin
clearance zones for colonies recovered from pyocin treated mice that survived to 24 h were
compared to colonies recovered from PBS-treated control mice and the inoculating P.
aeruginosa strain. Due to the weak activity of pyocin S2 on overlay spot plates for P.
aeruginosa P8, this pyocin was not used and no data was generated on pyocin S2
resistance rates. From these experiments no pyocin resistant colonies were isolated.
However, we obtained a single isolate, P8AP41T, from pyocin AP41 treated bacteria
(shown in Figure 5-4a) that showed increased tolerance (approximately 1000-fold) to
pyocin AP41. This isolate differed in colony morphology (large and diffuse) from the other
AP41 treated colonies (small and more rounded) and so was easily identified. An isolate
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with the same morphology and phenotype was also obtained from the repeat of this
experiment (experiment shown in Figure 5-4b). Sensitivity to pyocins S5 and L1 were
unaffected in vitro for P8AP41T (Figure 5-8a).
To ensure that P8AP41T could be treated with pyocins S5 and L1 in vivo, and also pyocin
S2 for which no resistance data was generated, mice (n = 6) were infected with P8AP41T
(approximately 1x107 CFU) and treated with pyocins S5, L1, S2 and AP41 at 3 mg ml-1. As
P8AP41T was tolerant to, and not resistant to pyocin AP41, pyocin AP41 treatment was
included in this experiment to determine if a high concentration of pyocin AP41 could kill
P8AP41T in vivo. In contrast to PBS-treated controls, which were culled 6 h post-infection
(1.3x105 CFU/lung), pyocin treated P8AP41T-infected mice survived until the endpoint of
the experiment at 24 h and had significantly reduced bacterial numbers (Figure 5-8b). The
survival of pyocin AP41 treated mice and the low bacterial numbers recovered from their
lungs demonstrate that P8AP41T can be treated with pyocin AP41 at high concentrations.
Pyocin susceptibility testing showed that this strain remained tolerant to pyocin AP41
during infection (Figure 5-8a).
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Figure 5-8 Acquired tolerance to pyocins can be overcome by treating
with a range of pyocins
(a) Overlay spot tests to determine cytotoxic activity of pyocins S5, AP41 and L1. Purified
protein at 200 #g ml-1 was spotted onto a growing lawn of bacteria. Clear zones indicate
pyocin cytotoxicity. P8AP41T is an AP41 tolerant strain of P8 and P8AP41T' is strain
P8AP41T recovered from untreated control mice shown in (b). (b) CFU/lung (Mean ±
SEM) for mice infected with P8AP41T shown in (a), then treated 1 h post-infection with
pyocins at 3 mg ml-1. Pyocin treated mice survived to 24 h. No colonies were recovered
from pyocin S5 treated mice. Minimal number of bacteria detectable = 10 CFU/lung.!'
denotes statistical significance for comparison of treatment versus control by a one-sided
Mann-Whitney U test with Bonferroni correction applied for multiple comparisons.
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5.2.8 Pyocin combinations show enhanced efficacy over the use of
individual pyocins
The results in Section 5.2.7 show that pyocin-tolerant P. aeruginosa isolates generated in
vivo can still be killed by other pyocins. This is not surprising as the four pyocins used in
this study parasitise a range of nutrient uptake receptors in P. aeruginosa and have
different methods of cytotoxicity (pyocins S2 and AP41 – DNases, pyocin S5 – pore
former and pyocin L1 – unknown). Therefore, an obvious strategy to prevent the
occurrence of pyocin resistance in vivo is to use ‘pyocin cocktails’ consisting of two or
more pyocins in combination. The efficacies of combinations of two or more pyocins in
the acute lung infection model with P. aeruginosa P8 were tested using the following
combinations: L1/S2, L1/AP41, S2/AP41 and L1/S2/AP41 (all pyocins at 300 $g ml-1).
Pyocin S5 was not included in this study due to its exceptional potency when compared to
the other pyocins. PBS-treated control mice were culled 4.5 h post-infection (5.5x105
CFU/lung) and all pyocin treated mice survived until 24 h. Viable bacteria were recovered
at a very low level from pyocin treated mice (Figure 5-9). Although a direct comparison
cannot be made with the experiment described in Section 5.2.6, in which pyocins were
used individually at 300 µg ml-1, the results indicate that pyocin combinations show
enhanced efficacy over the use of individual pyocins. No pyocin resistance or tolerance
was observed for bacteria recovered after treatment with multiple pyocins.
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Figure 5-9 Pyocin combinations for the treatment of P. aeruginosa P8
infected mice
CFU/lung (Mean ± SEM) determined by CFU counts of homogenised lungs. Mice treated
1 h post-infection (with P. aeruginosa P8.) with pyocins at stock concentrations of 300 #g
ml-1. PBS-treated mice were culled at 4.5 h post-infection and pyocin treated mice were
culled at 24 h. Minimal number of bacteria detectable = 10 CFU/lung.!' denotes statistical
significance for comparison of treatment versus control by a one-sided Mann-Whitney U
test with Bonferroni correction applied for multiple comparisons.

5.2.9 Pyocin SD2 is active in a murine model of P. aeruginosa lung infection
To determine if pyocin SD2 (3 mg ml-1) was active in vivo, mice were infected with P.
aeruginosa PAO1 (1.5x107 CFU) and treated 1 h post-infection with pyocin SD2 (3 mg ml1

). PBS-treated control mice were culled 6 h post-infection due to the severity of the illness

(2.6x105 CFU/lung recovered), however, pyocin SD2 treated mice, although showing signs
of sickness in the form of lethargy, survived to the end-point of the experiment at 24 h
post-infection and had very low bacterial counts recovered from the lungs (5 CFU/lung).
Pyocins S2, L1 and AP41 (3 mg ml-1) were also used in this experiment; however, mice
treated with these pyocins did not survive to the 24 h end-point and were culled 6 h postinfection (approximately 2.0x105 CFU/lung for all three treatments). These data show that
pyocin SD2 is active in a murine model of acute P. aeruginosa infection and that it is more
effective than pyocins S2, L1 and AP41 against this strain. As PAO1 produces the pyocin
S2 immunity protein, pyocin S2 was not predicted to be active in this model. The
effectiveness of pyocin SD2, which shares highly homologous T- and R-domains with
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pyocin S2, in this model demonstrates the potential for chimeric pyocins, with different
cytotoxic domains, to kill pyocin immune strains.

5.3 Discussion
The studies outlined in this chapter show that pyocins are highly effective in reducing
bacterial load and affording protection in a lethal P. aeruginosa model of acute pneumonia
when delivered directly to the lung. Notably, pyocin S5 was shown to afford protection at a
concentration that is at least 100-fold lower than the minimum effective concentration of
tobramycin, an antibiotic widely used to treat P. aeruginosa lung infections. All pyocins
tested in vivo displayed a potency that was comparable to, or greater than, tobramycin.
Contrary to most preconceptions, the administration of these highly stable proteins, at high
concentrations, did not lead to overt inflammation or tissue damage in the lung.

5.3.1 Cell surface receptors and resistance to pyocins
Bacteriocins from Gram-negative bacteria have evolved over millions of years to
efficiently cross the highly selective OM, making them the most potent antibiotics known
against this class of bacteria. Their ability to utilise specific uptake mechanisms to gain
entry into susceptible cells is one of the greatest advantages to using pyocins over small
molecule antibiotics. However, this specificity means that pyocin susceptibility varies
between P. aeruginosa strains, as not all strains possess the required uptake system. Pyocin
producing strains of P. aeruginosa also possesss pyocin immunity proteins, protecting
them from exogenous pyocin treatment. To overcome these issues, pyocins would be best
administered as a combination or ‘cocktail’ of multiple pyocins, each targeting different
cell surface receptors (Figure 5-9). Using a combination of pyocins that have different
cytotoxic activities, such as pyocin S2 and pyocin SD2, would overcome the problem of
inherent pyocin-specific immunity. A combination of pyocins would also reduce the
chances of acquired pyocin resistance (through loss/mutation of the cell surface receptor)
resulting in treatment failure. This was demonstrated with the pyocin AP41-tolerant P8
strain (P8AP41T), where sensitivities to pyocins L1 and S5 were unaltered by P.
aeruginosa P8 acquiring tolerance to pyocin AP41 (Figure 5-8). It should be noted that the
problem of inherent pyocin-specific immunity is not a great limitation, at least for some of
these antimicrobials, as pyocins AP41 and S5 are active against 82% and 73%,
respectively, of strains in a collection of diverse environmental and clinical isolates (see
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Table B-1). In addition, pyocins and their immunity proteins are chromosomally encoded,
not plasmid encoded like the colicins of E. coli, so the horizontal gene transfer rates of
these genes would be expected to be relatively low98.
The cell surface receptors for pyocins S2/SD2 and S5 are known to be the TonB-dependent
iron-siderophore receptors FpvAI and FptA, respectively. These receptors are utilised by
pyoverdine and pyochelin molecules to import iron into the bacterial cell. The receptor for
pyocin L1 was recently identified as the CPA of P. aeruginosa LPS (see Chapter 3). The
binding of the CPA by pyocins S2, SD2 and S5 has also been shown. The receptor for
pyocin AP41, although predicted to be involved in iron uptake, remains to be discovered.
Although pyocin S2 was poor at killing P. aeruginosa P8 on overlay spot plates, it
performed extremely well in vivo, showing activity at ( 358 nM. Interestingly, production
of the CPA, to which pyocins L1, S5, S2 and SD2 bind, is up regulated in the cystic
fibrosis lung during chronic infection79. A gradual repression of expression of O-specific
antigen results in the CPA and alginate becoming the major surface antigens of P.
aeruginosa78. This means that pyocins L1, S5, S2 and SD2 may show enhanced activity
against strains that have adapted during chronic colonisation of the lung.
Increased expression of pyocin receptors in the CF lung would be advantageous for the use
of pyocins as therapeutics. However, loss/mutation of these receptors would be
detrimental. P. aeruginosa can take up iron through several systems, including the
pyoverdine and pyochelin systems. However, what remains unclear is when/if each of
these systems are used by P. aeruginosa and what effect they each have on the survival of
P. aeruginosa in the lungs of CF patients. It has been noted that deletion of TonBdependent receptor genes, such as fpvB, can occur during adaptation of P. aeruginosa to
the cystic fibrosis lung59. It has been proposed that pyocins, produced by competing P.
aeruginosa strains in the CF lung, drive this process by exerting a negative selection
pressure on TonB-dependent receptors during colonisation59. Deletion of the pyocin
S2/SD2/S4, S3 and S5 receptor genes, fpvAI, fpvAII and fptA respectively, have not yet
been shown. However, non-synonymous mutations affecting the production of pyoverdine
and pyochelin by P. aeruginosa have been noted in CF P. aeruginosa isolates59,60.
Conversely, the detection of pyoverdine in the sputa of CF patients suggests that
pyoverdine plays a key role in the infection process in humans83,223 and the fpvAI, II, III,
fpvB and fptA genes are still widely distributed throughout CF isolates59. Therefore, further
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work on iron acquisition systems used by P. aeruginosa in the CF lung environment and
on acquired pyocin resistance in vivo is required.

5.3.2 Pyocin immunogenicity
The main focus of this chapter was bacteriology. However, the limited histopathology
results were promising for pyocin treatment, as they showed no tissue damage or
inflammation on pyocin administration. One concern over pyocin treatment is the
generation of antibodies against pyocins, which would render them inactive. Another
concern is that the resulting immune response from pyocin administration could seriously
damage healthy tissue and be detrimental to the patient. Immunological studies on repeated
pyocin exposure were not carried out as part of this study due to time constraints.
However, they are essential for the development of pyocins as therapeutics.

5.3.3 Potential added benefits of pyocin treatment
When developing antibiotics the welfare of patients must always be the highest priority.
Pyocins are narrow-spectrum, species-specific antibiotics. This enables the possibility of
successfully treating bacterial infections while leaving the normal bacterial gut flora intact.
Damage to the gut microbiome, through the use of broad-spectrum antibiotics, has been
linked to complications such as antibiotic associated diarrhea and Clostridium difficile
infection224,225. Recently, microbial imbalances have been suggested to play a role in a
range of chronic diseases such as inflammatory bowel disease, diabetes, obesity and
rheumatoid arthritis148-151. The ability to maintain a healthy gut while undergoing antibiotic
treatment may not only improve the health of patients, but also the outcome of treatment.
This chapter demonstrates the markedly increased potency of pyocins compared to
tobramycin. Tobramycin inhaled therapy is given for 15 min, twice daily, for 28
consecutive days24. This intensive regime results in poor patient compliance, especially
among young adolescents. It is possible that this treatment regime could be reduced to
once daily administration or shorter treatment durations if highly potent pyocins, such as
pyocins S5, were used. This would result in better compliance and treatment outcomes and
also an improved quality of life for patients.
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5.4 Conclusions and future work
This chapter, together with in vitro P. aeruginosa biofilm studies25, suggests that pyocins
have the potential to make useful therapeutics for the treatment of P. aeruginosa lung
infections. These include P. aeruginosa infections associated with hospital-acquired and
ventilator-associated pneumonia, CF and chronic obstructive pulmonary disease, all of
which are areas of current unmet medical need10,11. Related colicin-like and lectin-like
bacteriocins may also make useful therapeutics for the treatment of respiratory infections
with antibiotic-resistant pathogens such as Klebsiella pneumoniae and Burkholderia spp.
This study is the first to investigate colicin-like bacteriocin activity in vivo. Therefore, a
great deal of further work is required to advance pyocins to clinical trials. This includes
studies using other pyocins and extensive immunological, safety, chronic infection,
resistance and pharmacology studies. With the Food and Drug Administration (FDA)
“rebooting their entire approach to antibiotic development” and an increased interest and
financial investment in identifying novel antibiotics, there is hope that this further work
will be carried out in the near future226.
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Chapter 6

Concluding remarks

I believe that we have been doing this not primarily to achieve riches or even
honour, but rather because we were interested in the work, enjoyed doing it
and felt very strongly that it was worthwhile.
– Frederick Sanger
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Due to their exceptional potency, narrow killing spectrum and activity against both
planktonic and biofilm cells, the pyocins of Pseudomonas aeruginosa are good candidates
for development into novel therapeutics for the treatment of P. aeruginosa lung infection.
However, for pyocins to be used therapeutically the number of available pyocins needs to
be expanded, the mechanisms by which they target and kill susceptible cells needs to be
identified and their efficacy and toxicity needs to be determined in vivo in an animal model
of infection.
In this thesis, the repertoire of pyocins for therapeutic development is expanded through
the discovery of two novel classes of pyocin: lectin-like pyocins and colicin D-like
pyocins. Structural and biophysical characterisation of the lectin-like bacteriocin (LLB),
pyocin L1, showed that it utilises the common polysaccharide antigen (CPA) of P.
aeruginosa lipopolysaccharide (LPS) as a cell surface receptor. The CPA is produced by
the majority of P. aeruginosa strains and is composed of trisaccharide repeating units of
#1-2, #1-3-linked D-rhamnose sugars77. Higher affinity binding between pyocin L1 and Drhamnose monomers confirmed the selectivity of pyocin L1 for this sugar over D-mannose;
a sugar commonly associated with monocot mannose binding lectins (MMBLs). Putidacin
L1, a LLB from P. putida, was also shown to bind D-rhamnose with a higher affinity than
194

D-mannose

. D-rhamnose, which although rare in nature is frequently found in the LPS of

plant associated bacteria including Pseudomonas spp77,195-197,227 Burkholderia spp202-204,
Xanthomonas spp201 and Ralstonia spp204. The D-rhamnose trisaccharide-repeating unit,
characteristic of the P. aeruginosa CPA, has also been identified in plant pathogens P.
syringae pv. morsprunorum C28197 and X. campestris pv. phaseoli var. fuscans201. The
widespread inclusion of D-rhamnose in the LPS of plant pathogens and the selectivity of
pyocin L1 and putidacin L1 for D-rhamnose over D-mannose suggests that the targeting of
D-rhamnose

containing polysaccharides by LLBs contributes to their unusual genus-

specific activity. Identifying the CPA as the physiologically relevant ligand for pyocin L1
and uncovering the determinants of genus-specificity for LLBs has generated a better
understanding of how pyocins work, which was a key aim of this thesis, and is essential for
their development as therapeutics.
Pyocin L1 was the first colicin-like bacteriocin shown to utilise LPS as a cell surface
receptor. More recently, colicin N was shown to utilise LPS as a primary receptor, binding
to heptose and glucose sugars110. In this thesis, pyocins S5, S2 and SD2 (a novel pyocin
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identified in this thesis) were also shown to bind the CPA in order to target P. aeruginosa
cells. The discovery that pyocin L1 binds to the CPA is not surprising as this LLB was
predicted to bind polysaccharides. However, the binding of pyocins S2, SD2 and S5 to the
CPA is surprising as they share no structural or sequence similarity to pyocin L1 and
protein receptors for these pyocins have been identified130,131. This thesis demonstrates that
the utilisation of LPS by pyocins may be more widespread than previously thought and
that this mechanism of cell targeting is not restricted to one structural class of bacteriocin.
The presence of the CPA on the surface of pyocin producing strains also suggests that the
ability of pyocins to bind the CPA has evolved as a mechanism to keep pyocins close to
the producing strains, protecting their niche and preventing dilution of pyocins in the
environment.
Targeting of the CPA by pyocins has likely evolved due to the majority of P. aeruginosa
strains producing the CPA76. Interestingly the replacement of the O-specific antigen (OSA)
as the major P. aeruginosa surface antigen, with the CPA appears to be common during
chronic lung infection in cystic fibrosis (CF) patients78. It has been suggested that the
maintenance of the CPA on the cell surface is due to its reduced immunogenic properties,
compared to the OSA, and its possible role in attachment of P. aeruginosa to human
airway epithelial cells76. It was also recently shown that cells lacking CPA could not
develop into robust biofilms and exhibited changes in cell morphology and biofilm matrix
production228. The occurrence of the CPA and D-rhamnose containing O-antigens is also
common among other CF pathogens including B. cepacia204 and S. maltophilia205. The
targeting of this rare sugar in bacterial LPS by bacteriocins is an interesting finding as it
could be exploited for the development of novel antibiotics targeted against CF pathogens.
One major problem in the treatment of P. aeruginosa in the CF lung is the presence of
persister cells, which are dormant variants of regular cells that form stochastically in
bacterial populations and are highly tolerant to antibiotics. Small colony variants are a type
of persister cell that are slow-growing phenotypic variants, which show increased
resistance to antibiotics and are frequently isolated from P. aeruginosa infected CF lungs.
Pyocin S2 was shown to be highly effective against several lab-derived SCV’s of P.
aeruginosa P17 (Table 2-2), with enhanced killing activity against the SCV’s compared to
the parent strain P17 (data unpublished). Pyocin S5 was also shown to have no reduction in
killing activity against a SCV derived from P. aeruginosa NH and isolated from a mouse
model of infection (data unpublished). These data are promising with regards to the
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efficacy of pyocins against persister cells; however, further testing of the efficacy of
pyocins against a range of persister cells would be valuable.
The high affinity CPA-binding demonstrated by pyocins S2, SD2 and S5 calls into
question the currently accepted domain architecture of pyocins, which is that the R-domain
is at the N-terminal and the T-domain is central. If the CPA is the high affinity primary
receptor for some pyocins, then the TonB dependant transporters (TBDT’s) originally
identified as the pyocins primary receptors i.e. FpvAI131 and FptA130, may actually be coreceptors, through which these pyocins are translocated into the cell. The first 30 - 51
amino acids of pyocins S5, S2 and SD2 lack regular secondary structure according to
secondary structure predictions, and could represent the T-domain. If this were indeed the
case then pyocins would have the same domain architecture as colicins, with the T-domain
preceding the R-domain at the N-terminus of the protein. Although this thesis sheds light
on the mechanism by which some pyocins target cells, a large part of our understanding of
how pyocins work is inferred from studies on colicins and a great deal of further work on
the characterisation of pyocins is required to fully elucidate how these diverse
antimicrobials work.
Over the last decade pharmaceutical companies have focused on a post-genomic, target
driven antibiotic discovery program, with little success and very few small molecule
antibiotics making it to market7,229. Most small molecule antibiotics currently used in
clinical practice came from the identification and modification of naturally occurring
antibiotics. Therefore, returning to the exploitation of natural products is likely to be a
more successful route to developing novel antimicrobials. Bacteriophage therapy has been
gaining popularity in Western Europe and the United States and is being evaluated for
efficacy against both Gram-positive and Gram-negative bacteria in a number of clinical
trials230-232. Bacteriophage therapy has been used in hospitals in Eastern Europe for several
decades and may be a good alternative to small molecule antibiotics, with comparable
efficacy and no serious side effects233. Many of the desirable therapeutic attributes of
bacteriophage, such as a narrow-spectrum activity and effectiveness against biofilm cells,
are shared by the colicin-like bacteriocins, suggesting that colicin-like bacteriocins may
also make good candidates for therapeutic development. Outer membrane-penetrating
endolysins (Artilysins) also represent a promising avenue of investigation for treatment of
Gram-negative pathogens, including Pseudomonas aeruginosa and Acinetobacter
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baumannii. These enzyme-based antibacterials combine a polycationic nonapeptide and a
modular endolysin and have been shown to be highly bactericidal against Gram-negative
bacteria in vitro (human keratinocytes) and in vivo using Caenorhabditis elegans234.
Finally, the in vivo animal testing of pyocins is essential for demonstrating their
therapeutic potential. In this thesis pyocins S2, AP41, S5 and L1 were shown to display
strong efficacy against diverse strains of P. aeruginosa in a murine model of acute lung
infection. Pyocin S5 displayed potency several orders of magnitude in excess of
tobramycin, which is widely used for the treatment of P. aeruginosa lung infection in CF
associated pneumonia. In addition, lung damage and inflammation on administration of
pyocins at a high concentration was absent in this preliminary study. This is the first in
vivo animal study of any colicin-like bacteriocin, which is a significant advance for the
field of bacteriocin research as it indicates that pyocins and related colicin-like and lectinlike bacteriocins may make highly effective therapeutics for the treatment of infections
caused by Gram-negative bacteria.
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Appendix

My goal is simple. It is a complete understanding of the universe, why it is as
it is and why it exists at all.
– Stephen Hawking
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A.

Purification of pyocins S2, S5 and AP41

Pyocins S2, S5 and AP41 were overexpressed from E. coli BL21(DE3)pLysS carrying the
corresponding plasmids (Table 2-5) and purified using nickel affinity chromatography and
size exclusion chromatography (SEC). Figure A-1 shows the SEC chromatogram for
recombinant pyocin S2 and an SDS-PAGE gel of the purified pyocin (73.9 kDa) and
associated immunity protein (10.0 kDa).

Figure A-1 Purification of recombinant pyocin S2
(a) Purification of pyocin S2 by SEC (Superdex S200 26/60 column), post-purification with
nickel affinity chromatography. Protein eluted into 50 mM Tris-HCl, 200 mM NaCl, pH 7.5.
This method gave highly purified pyocin S2. (b) SDS-PAGE gel of purified pyocin S2 (73.9
kDa) and associated immunity protein (10.0 kDa) post-SEC (right) and protein ladder
(left). ---- Image spliced together.

Figure A-2 shows the SEC chromatogram for recombinant pyocin S5 and an SDS-PAGE
gel of the purified protein (56.1 kDa) and Figure A-3 shows the SEC chromatogram for
recombinant pyocin AP41 and an SDS-PAGE gel of the purified pyocin (83.9 kDa) and
associated immunity protein (10.3 kDa).
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Figure A-2 Purification of recombinant pyocin S5
(a) Purification of pyocin S5 by SEC (Superdex S200 26/60 column), post-purification with
nickel affinity chromatography. Protein eluted into 50 mM Tris-HCl, 200 mM NaCl, pH 7.5.
This method gave highly purified pyocin S5. (b) SDS-PAGE gel of purified pyocin S5 (56.1
kDa) post-SEC (left) and protein ladder (right). ---- Image spliced together.

Figure A-3 Purification of recombinant pyocin AP41
(a) Purification of pyocin AP41 by SEC (Superdex S200 26/60 column), post-purification
with nickel affinity chromatography. Protein eluted into 50 mM Tris-HCl, 200 mM NaCl, pH
7.5. This method gave highly purified pyocin AP41. (b) SDS-PAGE gel of purified pyocin
AP41 (83.9 kDa) and associated immunity protein (10.3 kDa) post-SEC (left) and protein
ladder (right). ---- Image spliced together.
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B.

Killing assays to determine pyocin killing spectrums

The killing spectrums of recombinant pyocins (1.5 mg ml-1) were determined against 33
environmental and clinical isolates of P. aeruginosa using the overlay spot plate method
(Table B-1).
Table B-1 Pyocin killing spectrums
Pyocin S2

Pyocin S5

Pyocin AP41

Pyocin L1

Pyocin SD2

24

73

82

27

3

PAO1
PA14
C1344
C1433
C1426
C763
J1532
J1385
E2
PA62
MSH3
MSH10
YH5
GRI1
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15
P16
P17
P18
P19
% of sensitive strains
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Table B-1 shows that the percentage of pyocin sensitive strains varies greatly for different
pyocins. Pyocin AP41 has the broadest killing spectrum (82%) of the six pyocins tested,
followed closely by pyocin S5 (73%). Pyocin SD2 has the narrowest killing spectrum, with
only one of the 33 test strains showing sensitivity (discussed in detail in Chapter 4).
Pyocins S2 and L1 showed similar killing spectrums in terms of the number of sensitive
isolates. However, very little overlap was seen in terms of which strains were sensitive.
Strain P3 was sensitive to recombinant pyocin L1; however, no S-type killing of this strain
by the pyocin L1 producing strain C1433, was determined in previous experiments (Table
3-1). This can be explained by the S-type killing zone diameter cut-off of > 2 cm being too
high to include strain P3 (killing diameter 1.5 cm). Table B-2 details the lowest active
concentration for each pyocin, determined against the most sensitive strain, using the spot
plate assay.
Table B-2 Lowest active concentration of pyocin

C.

Pyocin

Lowest active concentration

Indicator strain

Pyocin S5

26.0 nM

P7

Pyocin AP41

15.5 nM

PAO1

Pyocin S2

17.4 nM

P7

Pyocin SD2

27.8 nM

PAO1

Pyocin L1

7.0 nM

P8

SAXS analysis of pyocin AP41

SAXS data was obtained for a range of pyocin AP41 concentrations. An ab initio model of
the pyocin/immunity protein complex was generated using DAMMIF and was a good fit
for the experimental scattering data () = 1.10) (Figure C-1a/b). This model shows an
elongated structure with a large globular domain at one end, similar to E-type colicins
(Figure 1-3). Guinier analysis of the experimental scattering data indicates that pyocin
AP41 is monomeric in solution and gives a radius of gyration of+=+49.0 Å (Figure C-1c).
The maximum particle size, obtained from pair-distance distribution analysis of the
experimental scattering data, shows that pyocin AP41 is elongated in solution. The Dmax
and Rg+values indicate that pyocin AP41 is more compact than pyocins S2 and SD2 (Figure
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C-1d and Figure 4-13d), which is surprising as the pyocin AP41-immunity protein
complex is 10.3 kDa larger than the S2 complex. The Normalised Kratky plot suggests that
pyocin AP41 is flexible in solution as the peak maxima is greater than *3 (Figure C-1e).

Figure C-1 Small angle X-ray scattering of pyocin AP41
(a) Ab initio model of pyocin AP41 computed with DAMMIF shows an elongated structure
(b) Overlay of the experimentally determined pyocin AP41 SAXS curve (black points) with
the fit of the ab initio model in (a) (purple line), produces a good fit (( = 1.10). (c) Guinier
plot of scattering data indicates that the protein is monomeric in solution. Radius of
gyration is 49.0 Å. (d) Pair-distance distribution plot suggests that pyocin AP41 is an
elongated multi-domain protein in solution (Dmax = 203 Å). (e) Normalised Kratky plot
indicates that pyocin AP41 has a flexible structure with a peak maxima > "3. Grey lines
indicate peak maxima of 1.104 at SRg = "3. SAXS experiments were carried out by
Inokentijs Josts.
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