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Abstract

Pseudomonas aeruginosa is a priority pathogen for antibiotic development. Multi-
drug-resistant strains of this bacterium cause serious nosocomial infections and are the
leading cause of death in cystic fibrosis patients. Pyocins, bacteriocins of P. aeruginosa, are
protein antibiotics deployed during intraspecies bacterial competition. Pyocins are produced
by more than 90 % of P. aeruginosa strains. Due to their diversity and potency, pyocins may
have utility as last resort antibiotics against P. aeruginosa. In this thesis, the import
mechanism of two poorly-understood nuclease pyocins, G and AP41, was explored using
microbiological, biochemical, biophysical and cell-based approaches. Pyocin G (PyoG) was
previously identified by the Kleanthous lab through bioinformatics analysis of P. aeruginosa
genomes. | demonstrate that PyoG binds Hur (Hemin uptake receptor), an outer membrane
TonB1 dependent transporter. Hur binds hemin in vitro, and this interaction is blocked by
PyoG. Both PyoG and Hur interact with TonB1, which links proton motive force generation
across the inner membrane with energy-dependent pyocin translocation across the outer
membrane, most likely through Hur. Inner membrane translocation of PyoG requires the
conserved inner-membrane AAA*ATPase/protease, FtsH, similar to the situation for E. coli-
specific colicins. Surprisingly, however, this translocation step also requires TonB1 as well as
the unstructured N-terminus of PyoG that binds TonB1l. Moreover, inner membrane
translocation is dependent on the so-called Pyocin S domain, which is conserved amongst
nuclease bacteriocins. Pyocin AP41, like PyoG, requires TonB1 and FtsH to kill P. aeruginosa
and the unstructured N-terminus of AP41 is similarly involved in binding TonB1. The outer
membrane receptor of AP41 remains unknown, but there are indications that FhaC, a putative

hemagglutinin transporter, may be the outer membrane receptor and/or translocator.
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1. General introduction

1.1. Pathogenicity and antibiotic resistance of Pseudomonas aeruginosa

P. aeruginosa is a Gram-negative bacterium. The composition of its multi-layered cell
envelope enables it to thrive in diverse environments: from water and soil to plant and animal
tissues (Moradali et al. 2017). In humans, P. aeruginosa is an opportunistic pathogen and is
particularly problematic in immunocompromised patients. The organism is a common cause
of burn and surgical wound infections, eye, skin, bone, joint, urinary tract and lung infections.
Such infections can be fatal, especially in the case of chronic pneumonia in patients suffering
from cystic fibrosis (CF). CF is a multisystem disease caused by a mutation in the CF
transmembrane conductance regulator (CFTR) gene. A resulting defect in chloride ion
channels leads to mucus building up in the lungs. This enables P. aeruginosa to form robust
biofilms in CF lungs, where it adapts to the lung environment and remains unaffected by the
host inflammatory response. Chronic pneumonia in CF patients can lead to respiratory failure
and death (Azam & Khan 2019). Therefore, there is a need for understanding the pathogenic
lifestyle of P. aeruginosa and for the development of an efficient antibiotic treatment against

this bacterium.

The need for developing antibiotics against P. aeruginosa is highlighted by the
occurrence of multidrug resistant strains, commonly isolated from hospital equipment and
patients with hospital-acquired infections, such as ventilator-associated pneumonia and
pneumonia associated with CF (Lister et al. 2009). The Antimicrobial Resistance Surveillance
in Europe 2015 Report has indicated that P. aeruginosa resistance is common (>10% of

outbreaks): 13.7% of P. aeruginosa isolates were resistant to at least three antimicrobial



groups, and 5.5% of P. aeruginosa isolates were resistant to five antimicrobial groups (ECDC,
2015). The molecular mechanisms of P. aeruginosa antimicrobial resistance are diverse:
alteration of cell envelope permeability, efflux of antibiotics through pumps, degradation or
inactivation of antibiotics, and formation of biofilms (Moradali et al. 2017). Due to these
mechanisms P. aeruginosa strains can be resistant to most of the available antimicrobial
agents, from carbapenem to the third-generation cephalosporins, which are the preferred
options for treating multidrug-resistant bacteria (Azam & Khan 2019). Carbapenem-resistant
P. aeruginosa strains have been listed as a pathogen of critical priority for research and
discovery of new antibiotics (WHO, 2017). Researchers have therefore focused on the
development of new therapeutic strategies against multi-drug resistant P. aeruginosa:
guorum-sensing inhibition, biofilm inhibition and degradation, virulence attenuation, vaccine
development, phage therapy, and the development of antimicrobial peptides and proteins

(Pang et al. 2019).

1.2. The cell envelope of P. aeruginosa

As with other Gram-negative bacteria, the P. aeruginosa cell envelope is composed of
an asymmetric outer membrane with a phospholipid inner leaflet and a lipopolysaccharide
(LPS) outer leaflet, a periplasm, and a cytoplasmic membrane with a symmetric phospholipid
bilayer (Chevalier et al. 2017). The outer membrane of P. aeruginosa functions as a selective
permeability barrier, since it contains numerous transporters for exchange of signals and
nutrients with the environment. The composition of these transporters varies with

environmental changes. Different transporters are present in the membranes of planktonic



and biofilm cells, or in free living or pathogenic P. aeruginosa (Hill et al. 2017; Mordali et al.

2017).

1.2.1. Outer membrane transporters of P. aeruginosa

The P. aeruginosa outer membrane contains numerous channels and transporters
(Figure 1-1), such as porins. Porins are B-barrel proteins with water-filled diffusion channels
that enable nutrient import. Porin barrels are made of antiparallel B-sheets with hydrophilic
residues facing the inside of the barrel. Unlike the porins of Enterobacteriaceae, all porins of
P. aeruginosa are substrate-specific. In other words, P. aeruginosa lacks large general porins,
like OmpF and OmpC (Chevalier et al. 2017). Therefore, the outer membrane of P. aeruginosa
is characterised by very low permeability, 12.5-fold less permeable than Escherichia coli,
which partly contributes to the high antibiotic resistance of this bacterium (Hancock &
Brinkman 2002). Even though the functions of P. aeruginosa porins are not fully understood,
they can be split into the following functional groups: control of cell envelope stability (OprF,
OprH), sugar uptake (OprB, OprB2, OpdF, Opd0O), phosphate uptake (OprP, Opr0O), amino acid
uptake (OprD, OpdC, OpdP, OpdT, Opdl, OprQ, OpdB, OpdJ) and uptake of benzoic acid
derivatives (OpdK, OpdL). In summary, porins of P. aeruginosa are involved in nutrient import
and in the maintenance of outer membrane organisation and integrity (Chevalier et al. 2017).
The major porin of P. aeruginosa is OprF, an 18 sheet B-barrel homologous to OmpA of E. coli.
It has a peptidoglycan binding domain which anchors the outer membrane to the
peptidoglycan layer and is important for maintaining cell shape in varying osmotic conditions.
OprF has also been associated with adhesion to lung epithelia, biofilm and outer membrane

vesicle formation (Cassin & Tseng 2019). The smallest P. aeruginosa porin is an 8 sheet B-



barrel, OprH. It is induced under Mg?* starvation and has been associated with resistance to
the polycationic antibiotic, polymyxin B (Young et al. 1992). The link between OprH
upregulation and polymyxin B resistance is not fully understood, but its LPS binding properties
suggest that this porin also has a role in maintaining outer membrane stability (Edrington et

al. 2011).

Secretion systems
TBDTs

o O

Substrate-specific porins

ExbB TonB ExbD
Efflux pumps

Figure 1-1. A summary of outer membrane protein (OMP) transporters in the P. aeruginosa
cell envelope. The envelope of P. aeruginosa contains substrate specific porins, TonB
dependent transporters (TBDTs) coupled to the TonB system in the inner membrane, efflux

pumps, and numerous systems for protein secretion.

Another group of outer membrane proteins are the TonB dependent transporters
(TBDTs). All TBDTs are energised by the TonB protein system, which links the proton motive
force (PMF) generated across the inner membrane with nutrient translocation across the
outer membrane. These transporters are larger than porins and consist of a 22-stranded

transmembrane B-barrel that encloses a globular plug domain. Ligand binding sites are



formed from residues on the walls and extracellular loops of the B-barrel, and residues on the
extracellular side of the plug (Noinaj et al. 2010). A conserved TonB binding box is localised in
the N-terminus of the plug. After binding of the ligand to the receptor, the transporter
undergoes a conformational change. Current models of import, which remain controversial,
suggest that the plug domain unfolds and gets pulled by TonB from the periplasmic side of
the outer membrane. This dislocates the plug and creates a pore for ligand import (White et
al. 2017; Hickman et al. 2017). Many questions about TBDT driven import remain unresolved:
what is the extent of the plug movement and unfolding, does the plug fully exit the barrel of
the transporter and are these characteristics of transport conserved for different TBDTs and

different ligands across species?

P. aeruginosa TBDTs (Table 1-1) are involved in the uptake of vitamins and chelated
metal complexes, typically iron and zinc in the form of siderophores. Siderophores vary in
complexity from small molecules such as citrate, to iron-containing proteins, such as
hemoglobin and transferrin (Smith & Wilks 2015; Marshall et al. 2009; Llamas et al. 2006).
TBDTs are also involved in the import of zinc (Lhospice et al. 2017) and copper (Quintana et
al. 2017). In addition to their nutrient import function, TBDTs can also serve as surface sensors
in signalling cascades, some of which are linked to virulence. Some TBDTs have a signalling
domain at the N-terminus. After ligand binding, this sequence interacts with periplasmic
proteins and modulates activation of o factors that regulate virulence factor gene expression.
For instance, the ferri-pyoverdine siderophore receptor FpvA activates the PvdS o factor in
the cytoplasm, as a result of ferri-pyoverdine binding to FpvA. PvdS then causes the
expression of virulence factors, such as siderophores, exotoxins and endopeptidases (Beare

et al. 2003). Similarly, VreA is a TBDT with an unknown ligand, which regulates the PUMA3



regulon responsible for the regulation of various P. aeruginosa virulence factors (Quesada et

al. 2016).

Table 1-1. Functions of TonB dependent transporters in the P. aeruginosa PAO1.

Protein product | Locus tag Function Reference
ChtA PA4675 Aerobactin receptor Ciuv et al. (2006).
BtuB PA1271 Cobalamin transporter Luscher et al. (2018).
OprC PA3790 Copper transport Quintana et al. (2017).
FecA PA3901 Fe(lll) dicitrate transport Marshall et al. (2009).
FptA PA4221 Fe(lll)-pyochelin receptor Ankenbauer & Quan
(1994).
PirA PA0931 Ferric enterobactin receptor Ghysels et al. (2005).
PfeA PA2688 Ferric enterobactin receptor Moynie et al. (2019).
FiuA PA0470 Ferrichrome receptor Hannauer et al. (2010).
FemA PA1910 Ferric-mycobactin receptor Llamas et al. (2008).
FoxA PA2466 Ferrioxamine and ferrichrome | Llamas et al. (2006).
receptor
FpvAl PA2398 Ferripyoverdine receptor Shen et al. (2005).
FpvAll PA4168 Ferripyoverdine receptor Ghysels et al. (2004).
HasR PA3408 Heme uptake Smith & Wilks (2015).
PhuR PA4710 Heme/Hemoglobin receptor Smith & Wilks (2015).
Hur PA1302 Hemin transporter Otero-Asman et al.
(2019).
VreA PAO674 PUMAS3 signal transduction Quesada et al. (2016).
pathway, expression of
virulence factors
FvbA PA4156 Vibriobactin uptake Elias et al. (2011).
Sppr PA2057 Xenosiderophore transporter | Pletzer et al. (2016).
CntO PA4837 Zink uptake receptor Lhospice et al. (2017).
PAO151
PA0192
PAO434
PAO781
Eﬁi:é? Probable TonB-dependent
PAL613 receptors
PA1922
PA2070
PA2089
PA2289
PA2335




PA2590
PA2911
PA3268
PA4514
PA4897
PA5505

The P. aeruginosa outer membrane also contains transporters involved in ligand
export rather than import. Such proteins are implicated in efflux machineries, outer
membrane biogenesis, or protein secretion. Efflux pumps are proteinacious active
transporters with broad substrate specificity. In P. aeruginosa, they are involved in the export
of toxins, such as antibiotics and other secondary metabolites. Efflux pumps span the cell
envelope and can pump out various antibiotics, which makes them associated with multidrug
resistance. There are several families of such pumps, but most of them belong to the
resistance nodulation division (RND) family (Venter et al. 2015). RND pumps are tripartite and
composed of cytoplasmic membrane transporters, periplasmic linker proteins and an outer
membrane porin. Some examples are the MexAB-OprM pump, linked to B-lactam resistance
(Dreier & Ruggerone 2015), and MexXY-OprM pump, linked to tetracycline, erythromycin,
and gentamicin resistance (Azam & Khan 2019). Overexpression of multiple efflux pumps has
been found in numerous multidrug-resistant clinical isolates of P. aeruginosa (Shigemura et

al. 2015).

Functions of outer membrane exporters can also be linked to outer membrane
biogenesis. Transporters involved in biogenesis are highly conserved between P. geruginosa

and other Gram-negative bacteria. One such transporter is BamA, an essential B-barrel outer



membrane protein insertase (Ghequire et al. 2018), or LptD, the LPS-assembly protein

(Andolina et al. 2018).

Finally, P. aeruginosa produces a broad panel of secretion systems (TSS), all of which
have an outer membrane protein exporter (Bleves et al. 2010). P. aeruginosa outer
membrane transporters can be part of two-step secretion systems (T2SS, T5SS), coupled with
the Sec or the Tat machinery in the inner membrane, or build translocons with a one-step
mechanism for direct injection of exoproteins from the cytoplasm into the environment
(T1SS, T3SS, T6SS). Outer membrane proteins of T1SS form trimers with an extended
periplasmic region for direct export of exoproteins. One example is the HasF homo-trimer,
which forms a complex with an inner membrane ABC transporter for the export of the HasAp
hemophore (Ma et al. 2003). Secretins are another type of outer membrane protein involved
in protein secretion. They are a part of T2SS or T3SS. Secretins oligomerise and form large
channels in the outer membrane which are coupled to other components of the secretion
system. One example is XcpQ, an outer membrane T2SS secretin, which is a general secretion
system for the export of folded proteins in P. geruginosa. XcpQ assembles a 12 subunit
multimer, forming a ring-shaped structure with a 90 A central cavity, a channel large enough
for the passage of folded exoproteins (Douzi et al. 2017). T3SS secretins, such as PscC, also
oligomerise and form large pores in the outer membrane, allowing the passage of the needle-
like structure deployed for one-step secretion (Galle et al. 2012). T5SS exporters are B-barrels
in the outer membrane, involved in autotransport or two-partner secretion. Autotransporters
form a barrel in the outer membrane and then expose a catalytic passenger domain on the
cell surface. On the other hand, B-barrels of two-partner secretion systems are separate from
the exported passenger protein. One example is the LepA transporter, required for the

secretion of the LepA protease involved in the activation of the host inflammatory response
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(Bleves et al. 2010); or the filamentous hemaggluitinin (FHA) system, in which the FHA
transporter secretes FHA, a molecule linked to cell adhesion and virulence (Sun et al. 2016).
The system has also been linked to a bacterial competition mechanism called contact

dependent inhibition (Mercy et al. 2016).

1.2.2. The TonB system

The TonB system enables energy coupled transport across the outer membrane and
the transduction of extracellular signals. It has been linked to nutrient import in Gram-
negative bacteria (Braun 1995), but also to protein secretion in Myxococcus xanthus (Gomez-
Santos et al. 2019). By a mechanism that has yet to be fully elucidated, the TonB system
couples the PMF across the inner membrane with events at the outer membrane. The system

is composed of three inner membrane proteins: ExbB, ExbD, and TonB.

The transmembrane topology and organisation of the TonB-ExbB-ExbD complex is
conserved between E. coli and P. aeruginosa (Zhao & Poole, 2009). TonB and ExbD have a
similar topology: a short N-terminal domain, a transmembrane domain, a flexible linker, and
a C-terminal periplasmic domain. The periplasmic domain of TonB is larger than that of ExbD.
It extends through the periplasm to interact with outer membrane proteins. ExbB has three
transmembrane segments and a cytoplasmic domain (Postle & Kadner 2003). The three
proteins act as part of a complex. Five copies of ExbB are arranged as a pentamer around a
ExbD dimer, forming a channel for proton passage (Figure 1-2). The inner membrane helix of
TonB directly interacts with the ExbBD oligomer. This organisation of the complex enables
proton channelling through ExbBD to link the PMF and conformational changes of TonB,

which in turn can change conformation of outer membrane proteins (Celia et al. 2019). ExbBD



is homologous to MotAB, a membrane-embedded motor complex of the bacterial flagellum.
Like ExbBD, MotAB is composed of a central rotor MotB dimer surrounded by 5 MotA stator
units (Deme et al. 2020). This structural homology between ExbBD and MotAB implicates that

the TonB system undergoes rotational motion in the cell envelope.

periplasm

N 90°

Figure 1-2. Cryo-EM Structure of the ExbB-ExbD complex in lipid nanodiscs. a — Perpendicular
view. The proteins are shown in gray, while the nanodisc is shown in green. The boundary of

the nanodisc allows one to estimate the position of the lipid membrane. B - View from the
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periplasm. c - Ribbon representation of the reconstructed atomic model. The ExbB pentamer
is shown in cyan. For clarity, only three ExbB subunits are represented. The two TM domains
of the two ExbD subunits are shown in red and yellow. D - Ribbon representation of the

reconstructed atomic model, viewed from the periplasm. Image taken from Celia et al. (2019).

Several models have been proposed to explain how TonB transduces the PMF to the
outer membrane: the propeller model, the shuttle model, the rotational surveillance and
energy transfer (ROSET) model and the pulling model (Celia et al. 20). In the propeller model,
a TonB dimer undergoes a rotary motion in a PMF dependent manner. TonB binds the TonB
box of a TBDT and rotates to pull the TBDT plug, enabling ligand import. In this way, the energy
of the rotary motion gets transduced to the outer membrane (Postle & Kadner 2003). The
model is challenged by crystal structures of several TBDTs demonstrating that only one copy
of TonB binds to the TBDT (Postle et al. 2010). In the shuttle model it is proposed that
energised TonB shuttles between the two membranes to deliver its energy to the TBDT, but
this model has been abandoned (Postle & Kadner 2003). The ROSET model, like the propeller
model, suggests that TonB rotation is required for energy transduction. Rotational motion is
supported by in vivo experiments with GFP-TonB, demonstrating that TonB motion depends
on ExbB, ExbD and the PMF. The ROSET model also includes a role for the dimer of TonB: one
copy could bind to peptidoglycan and position the other copy in proximity of the TBDT (Klebba
2016). In the pulling model, the periplasmic domain of TonB binds to the ligand-bound TBDT.
The Ton complex then exerts a pulling force that partially unfolds the TBDT plug, allowing the
ligand to pass into the periplasm. This model is supported by molecular dynamics simulations,

which demonstrate that the interaction between TonB and the TBDT is strong enough for
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TonB to remain attached to the TonB box while the applied force gradually unfolds the plug
domain (Chimento et al. 2005). In addition, atomic force microscopy experiments
demonstrate that the TonB-TBDT interaction is strong enough to sustain extension and partial
unfolding of the plug (Hickman et al. 2017). Recent spin labelling experiments suggest that an
allosteric change of the plug, rather than its pulling/unfolding, is sufficient for the opening of

the TBDT and ligand import (Nilaweera et al. 2021).

In P. aeruginosa there are 3 isoforms of the TonB protein (TonB1, TonB2, TonB3), each
associated with a different cellular function. TonB1 is linked to iron acquisition and cell
signalling. Its periplasmic domain interacts with TBDTs in the outer membrane, providing
energy for ligand import. Apart from mediating ligand import, interaction of TonB1 and a
TBDT can trigger signalling cascades, as mentioned in section 1.2.1. For instance, TonB1 is
necessary for the import of the siderophore pyoverdine through the FpvA receptor. The
interaction of TonB1 and the FpvA plug is also necessary for the activation of o factors
involved in the regulation of FpvA and pyoverdine synthesis, in response to extracellular iron
(Shirley & Lamont 2009). TonB2 is also coupled with ExbB-ExbD, but its role has yet to be
discovered. Unlike TonB1, TonB2 is not essential for growth under iron starvation, but is
nevertheless upregulated during iron limitation. Therefore, the involvement of TonB2 in iron
acquisition is not clear (Zhao & Poole 2000). It is not known if the third isoform, TonB3, is
coupled with ExbB-ExbD, but there is evidence of its involvement in twitching motility and

extracellular assembly of Type IV pili (Huang et al. 2004).
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1.2.3. The cell envelope and iron acquisition

Iron is essential for the growth and virulence of P. aeruginosa (Minadri et al. 2016).
Therefore, this bacterium has several iron acquisition systems and can scavenge both ferrous
(Fe?*) and ferric (Fe*) iron. Transport of Fe?* depends on outer membrane porins and the Feo
system. Fe3* can be taken up in several forms: ferri-siderophores, heme and heme—protein
complexes, ferric—transferrin/lactoferrin complexes, and ferric—citrate. Transport of ferric

complexes depends on specific TBDTs and the TonB1-ExbB-ExbD complex.

Fe?* is the predominant form of iron in anaerobic conditions, or in microaerobic
conditions and low pH. P. aeruginosa can generate Fe?* via the extracellular reduction of Fe3*
involving phenazine compounds (Cornelis & Dingemans 2013). Fe?* is more soluble then Fe3*,
and can diffuse freely through outer membrane porins (Minandri et al. 2016). Fe?* is further
transported across the inner membrane by the Feo system. The system is composed of 3
proteins: FeoB, a GTPase that forms a channel in the inner membrane for Fe?* import
(Seyedmohammad et al. 2016), and two probable transcription regulators, FeoA and FeoC

(Lau et al. 2016).

Fe3* is the predominant form of iron in aerobic conditions. It is highly insoluble and
usually sequestered in the form of ferric salts, oxides, or bound to host iron-binding proteins.
To obtain this form of iron P. aeruginosa produces siderophores, iron chelating molecules,
that can take up ferric iron from the environment. Two major siderophores of P. aeruginosa
are pyochelin and pyoverdin. Both chelate iron in the extracellular medium and transport it
into the cell via a specific TBDT: FptA transports pyochelin (Ankenbauer & Quan, 1994) and
FpvA transports pyoverdin (de Chial et al. 2003). P. aeruginosa can also uptake

xenosideophores, siderophores produced by other microorganisms. For instance, FiuA and
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FoxA are two P. geruginosa TBDTs that can transport ferrichrome, a siderophore of fungal
origin (Hannauer et al. 2010; Ciuv et al. 2007). Siderophore uptake systems also involve inner
membrane and cytoplasmic sigma and anti-sigma factors. Therefore, siderophores trigger
signalling cascades and feedback loops that regulate the production of the siderophore and
its uptake system components (Beare et al. 2003). In this way, P. aeruginosa can tune
siderophore production with the availability of iron in the medium. Siderophore-dependent
signalling cascades are also linked to regulation of virulence factor expression and P.

aeruginosa pathogenesis (Minandri et al. 2016; Beare et al. 2003).

For successful host colonisation, P. aeruginosa has to acquire iron from host tissues.
In mammalian hosts, iron is mostly bound to iron binding proteins, such as transferrin and
lactoferrin, or present in the form of heme and bound to hemoproteins. Siderophores of P.
aeruginosa can compete with iron-binding proteins of the host (Xiao & Kisaalita 1997), or P.
aeruginosa can acquire iron from heme, heme derivatives, and hemoglobin via two import
systems: Phu and Has (Figure 1-3). In the Phu system, heme, or hemin, a chlorinated form of
heme, is directly extracted from hemoglobin by a TBDT called Phu. Phu can also bind free
heme. In the Has system, heme is first extracted by a secreted protein, the HasA hemophore.
The hemophore-heme complex is then recognised by a TBDT called HasR. Once in the
periplasm, heme binds to a periplasmic binding protein (PhuT) and gets transported into the
cell by an ABC transporter (PhuUVW). In the cytoplasm, heme binds to a heme chaperone and
is then delivered to the heme oxygenase HemO to be degraded to biliverdin and free Fe?*

(Cornelis & Dingemans 2013).

14



Heme

Haemoglobin £° /
/ \ HasA

Outer
membrane

Periplasm

Inner
membrane

£
Biliverdin
CcoO

Figure 1-3. Heme import systems of P. aeruginosa. Two heme import systems of P. aeruginosa
are Phu and Has. The Phu system is composed of PhuR, an outer membrane TonB dependent
transporter. PhuR binds heme through interaction with hemoglobin. Upon heme binding,
PhuR interacts with TonB1l in the periplasm via a plug domain and undergoes a
conformational change that opens a channel for heme passage. HasR does not take up heme
from hemoglobin directly, but via the HasA hemophore released by the cell. HasR is also
coupled to TonB1. Once heme enters the periplasm, it binds to a periplasmic binding protein
(PhuT) and is transported to the cytoplasm via ABC transporters (PhuUVW). In the cytoplasm,
heme binds to HemO, a heme oxygenase, that oxidises heme to biliverdine and releases

soluble Fe?* into the cell.
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1.2.4. The cell envelope and antibiotic development

The P. aeruginosa cell envelope serves as a permeability barrier that enables selective
exchange of molecules between the cell and its environment. This function of the envelope is
essential in P. aeruginosa pathogeneses for several reasons. The highly selective permeability
of the P. aeruginosa envelope, caused primarily by selectivity of its porins, protects this
bacterium from host molecules that can be toxic to the bacterium. This is also the P.
aeruginosa mechanism of resistance to many antibiotics (Chevalier et al. 2017). Additionally,
the composition of the P. aeruginosa envelope varies greatly with changes in the environment
during the course of an infection (Moradali et al. 2017). An important aspect of this is the
upregulation of nutrient uptake systems that enable P. aeruginosa to scavenge nutrients from
host tissues, such as iron uptake systems (Cornelis & Dingemans 2013). Therefore, the cell
envelope is a valuable source of new targets for the design of antibiotics and antivirulence

factors directed against P. aeruginosa.

Most antibiotics used to treat P. aeruginosa infections must penetrate the cell
envelope to reach intracellular targets. P. aeruginosa responds to the presence of antibiotics
by decreasing the number of non-specific porins and replacing them by more selective
channels for nutrient uptake. Changes in porin content and expression levels have been
associated with resistance to broad-spectrum drugs such as carbapenems and
cephalosporins. For example, down-regulation of the OprD porin has been associated with
carbapenem resistance in clinical P. aeruginosa isolates (Pang et al. 2019). Therefore, more
promising antibiotics for P. aeruginosa would be those that target outer membrane
transporters which are essential for virulence and get upregulated during host infection.

Some currently investigated antimicrobials that exploit virulence associated cell envelope
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components in P. aeruginosa are: protein epitope mimetic molecules, lectin inhibitors, HasA-

antimicrobial complexes, and pyocins.

The LPS biosynthesis pathway is a potential antibiotic target since it is essential in P.
aeruginosa and other Gram-negative bacteria. During outer membrane biogenesis, new LPS
is transported to the cell surface by the LPS transport machinery (LptA-G). The final transport
step, from the periplasm to the cell surface, is enabled by the outer membrane transporter
LptD and the periplasmic lipoprotein LptE. The normal functioning of the LptD-E complex has
also been linked to antibiotic resistance and virulence of P. aeruginosa (Lo Sciuto et al. 2018).
The LptD-E complex and LPS transport can be inhibited by a newly discovered family of
macrocyclic protein epitope mimetic molecules, such as murepavadin. Murepavadin is
currently in clinical trials for the treatment of multidrug resistant P. aeruginosa infections. It

binds to the periplasmic domain of LptD to block LPS transport (Andolina et al. 2018).

Lectins are bacterial outer membrane proteins that mediate adherence to host
tissues. In P. geruginosa, they mediate adherence to lung epithelia and are important for
biofilm formation. Therefore, lectin inhibitors are being considered as agents for the
prevention of P. geruginosa infections, or for the disruption of the initial attachment of P.
aeruginosa to human lung epithelia (Pang et al. 2019). For example, GalAG2, a glycopeptide
dendrimer, binds a P. aeruginosa lectin LecA and inhibits biofilm formation in vitro (Kadam et

al., 2011).

HasA, a hemophore of the P. aeruginosa HasAP system, is important for iron
acquisition and virulence (Figure 1-3). It enables P. aeruginosa to pirate extracellular heme in
host tissues. HasA binds heme and other porphyrins and delivers them to the cell through the

HasR receptor. HasA is rather promiscuous and can capture a plethora of hydrophobic metal

17



complexes (Shirataki et al. 2014). Therefore, the HasRA route can be exploited for the delivery
of antimicrobials which HasA can bind. One such antimicrobial is gallium phthalocyanine
(GaPc). HasA enabled the water insoluble GaPc to be mistakenly acquired by P. aeruginosa
through HasR. GaPc can then be activated by near infrared radiation, and used for

photosterilization of P. aeruginosa (Shisaka et al. 2019).

1.3. Pyocins of P. aeruginosa

Another group of antimicrobials against P. aeruginosa are pyocins. Pyocins are protein
antibiotics of P. aeruginosa that have a narrow-spectrum of activity against this bacterium.
These proteins could be developed into new antimicrobials for treating P. aeruginosa
infections, as demonstrated in various in vivo models (Behrens et al. 2017). Pyocins are
effective in a murine lung infection model (McCaughey et al. 2016b) and can kill P. aeruginosa
in biofilms (Smith et al. 2012). An advantage of developing the clinical use of pyocins is their
potency and narrow spectrum activity against P. ageruginosa. Their modular organisation
means they can be readily engineered to alter strain specificity (Kageyama et al. 1996). They
seem not to be toxic for the host (Behrens et al. 2017), but little is known about the

antigenicity of pyocins and their effect on the host immune system.

Pyocins belong to a larger group of proteinaceous antibiotics, called bacteriocins. Like
all bacteriocins, pyocins are used by P. aeruginosa to compete for resources by killing
competitors, usually of the same bacterial species. Pyocin expression is regulated through the
PrtN activator, that binds to P-box elements in pyocin promoters upon DNA damage. PtrN
binding to DNA requires RecA dependent cleavage of the PtrR repressor (Ghequire & De Mot
2014). Pyocin producers express the toxin together with an immunity protein that inhibits
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pyocin toxicity. In this way, a producer is protected from its own pyocin. In the case of
nuclease pyocin-immunity pairs, the complex is released from the cell by an unknown
mechanism. Pyocins can then bind to the sensitive strain, which doesn’t produce the
immunity protein (Figure 1-4). To reach their cellular target pyocins interact with proteins in
the cell envelope that assemble energised import machineries called translocons
(Atanaskovic & Kleanthous 2019). Understanding how pyocins target and kill bacterial cells
will help explain their narrow-spectrum killing activity and aid in the clinical development of

this class of P. aeruginosa specific antibiotics.

1.3.1. Pyocin diversity

Pyocins, their translocon components, and their cellular targets, vary extensively,
which is an advantage of their potential clinical application. All pyocins can be categorised
into three groups based on their structure: modular pyocins, lectin-like pyocins, and tailocins

(Figure 1-5).
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Figure 1-4. Pyocins are used for intraspecies competition by P. aeruginosa. A pyocin producing
strain is protected from its own pyocin (Pyo) by an immunity protein (Im), which binds to the
pyocin and inhibits its toxic activity. The Pyo-Im complex is released from the producing cell
by an unknown mechanism. The pyocin is then transported though the envelope of the
sensitive strain in a PMF-dependent manner, to reach its cellular target and cause cell death.
Cell envelope components involved in pyocin translocation compose the pyocin translocon

and are here labelled with a green box (figure modified from Atanaskovic et al. 2020).

Modular pyocins have a similar modular structure to colicins, bacteriocins of E. coli
(Cascales et al. 2007). Their size varies significantly, ranging from 289 amino acids for pyocin
PaeM to 777 amino acids for pyocin AP41 (Ghequire & De Mot 2014). Modular pyocins are
elongated, helical, multidomain proteins, with domains linked to translocation at the N-
terminus, and a cytotoxic domain at the C-terminus (Figure 1-5A). The immunity protein forms

an ultra-high-affinity complex with the cytotoxic domain and inhibits its activity (Behrens et
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al. 2020; Joshi et al. 2015). Modular pyocins display a range of killing mechanisms: nucleases
that kill cells by DNA or RNA degradation; pore formers that kill cells by forming pores in the
inner membrane; pyocins that inhibit peptidoglycan biosynthesis through lipid Il degradation

(Ghequire & De Mot 2014).
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Figure 1-5. Diversity of pyocins. Based on their structure, complexity and organisation,
pyocins of P. aeruginosa group into modular pyocins (A), lectin-like pyocins (B) and tailocins

(C). A — a modular pyocin is composed of several domains. There is always one cytotoxic
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domain at the C-terminus, and at least two domains involved in the translocation process.
The cytotoxic domain interacts with the immunity protein (Im), which inhibits its enzymatic
or pore-forming activity. The translocation domains interact with cell envelope proteins that
translocate the pyocin to its cellular target. The N-terminus is generally unstructured - shown
as a dashed line. For illustrative purposes, the crystal structure of pyocin S5 (PyoS5; residues
40 to 505) is shown. The two translocation domains are shown in red and grey, and the pore-
forming cytotoxic domain is in black. The first 39 residues are not resolved and are
represented (to scale) by a red dashed line (structure representation taken from Behrens et
al. (2020)). B —lectin like pyocins are also multi domain proteins, but lack a definitive cytotoxic
domain. They have several monocot mannose-binding lectin motifs that bind to D-rhamnose
in the P. aeruginosa LPS. The crystal structure of pyocin L1 (residues 2-256) in complex with
a-D-rhamnose is shown. The N-terminal domain is shown in green and the C-terminal domain
in pink. a-D-rhamnose is represented as spheres, and sugar binding motifs are highlighted in
blue (structure representation taken from McCaughey et al. (2014)). C — tailocins are multi-
protein pyocins of P. aeruginosa. Their structure resembles bacteriophage tails. Tailocins are
composed of a multimeric trunk connected to a baseplate. Tail fiber proteins extend from the
baseplate and attach to proteins on the bacterial cell surface. Contraction of the trunk inserts
the core of the trunk in the envelope, which then perforates the inner membrane and kills
the cell via the spike proteins. Cryo-EM structure of tailocin R2 is shown (Ge et al. 2020). Tail

fiber proteins and the inner trunk are not visible in the structure.

Nuclease pyocins are translocated to the cytoplasm where they degrade nucleic acids

causing cell death. Most nuclease pyocins share a conserved HNH motif in their cytotoxic
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domain. It consists of two antiparallel B-strands connected with a loop and flanked by an a-
helix with a divalent cation binding site between the two (Walker et al. 2002). Another
conserved domain in nuclease pyocins is the Pyocin S domain. Since this domain is specific to
pyocins that translocate across the inner membrane to kill bacterial cells, it has been
suggested that it is associated with inner membrane translocation (Sharp et al. 2017). Pyocins
that are very similar in their N-terminal translocation domains, but differ in their cytotoxic
domain, belong to the same pyocin group and share the same translocation pathway (Sharp
et al. 2017). Seven such groups of nuclease pyocins have been found in P. aeruginosa
genomes (Figure 1-6): S1 (pyocins S1, S6, SD1 and G), S2 (pyocin S2, SD2, S7), S3 (pyocin S3,
SD3, S3C), S4 (pyocin S4), S9 (pyocin S9), Sn (pyocin Sn) and the AP41 group (pyocin AP41 and
S8). Both pyocin G (PyoG) and pyocin Sn have been detected only in silico by a bioinformatic
pipeline that searches for genes containing the Pyocin S domain in P. aeruginosa (Sharp et al.
2017). Both G and Sn are predicted to be non-HNH nucleases. Together with pyocin S3

(Ghequire & De Mot 2014), these are the only 3 non-HNH nucleases in P. aeruginosa.

23



ofd
v“\.\\?
PyocinS9

A ES B
oA [+o]
k2 F
§ &
®hs, @t
pYOG.fns5
od‘“g“
Tree scale: e pyocinS3C
1000 P.VOCJ'nsa
DC‘/},
\S‘o@
Pyocinsl
P
o o
&
& 9
@ g” o 3‘33
8 3% %
P 8 % %
gz o
N
c Group Pyocin Maode of action Receptor/translocator

Sn Sn Nuclease ?7?

S5 S5 Pore forming CPA/FptA
M PaeM Lipid Il degradation FiuA

M4 PaeM4 Lipid Il degradation Hur

Figure 1-6. The diversity of modular pyocins from P. aeruginosa. A - The phylogenetic tree was
calculated in Jalview (Waterhouse et al. 2009) using the Neighbour-joining method based on
the alignment of pyocin translocation domains. Nuclease pyocin groups are labelled with

different colours. Pyocins of the same group cluster based on the similarity of their
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translocation domains. Therefore, they likely share the same or similar translocation
machinery in the cell envelope, but may kill the cell by different mechanisms. B — structure of
the conserved Pyocin S domain (ColE9179-3%°, PDB 5EWS5), which was used for the search of
nuclease pyocins in P. aeruginosa genomes (Sharp et al. 2017). C - In the table, the names of
pyocin groups are listed, together with the killing mechanism and known components of the
translocation machinery. The work in this thesis focuses largely on the uptake pathway of

PyoG from the S1 group, as well as work on pyocin AP41.

Less is known about the diversity of pore forming and lipid Il degrading pyocins. Pore
forming pyocins act by translocating to the periplasm and depolarising the inner membrane.
Unlike immunity proteins of nuclease pyocins, which are cytoplasmic, immunity proteins of
pore forming pyocins insert in the inner membrane to block pore formation by a poorly
understood mechanism. The only pore former described in P. aeruginosa is pyocin S5 (PyoS5;
Figure 1-5A). This pyocin is effective in vivo — it can rescue mice from a lethal P. aeruginosa
lung infection if a single 75 pg dose is applied intranasally 1 h post-infection (McCaughey et
al. 2016b). The PyoS5 structure harbours valuable information for understanding the killing
mechanism for this group of pyocins. It is composed of a pore forming domain and two
tandemly repeated helical domains, which are also present in other pyocins. These two
domains have distinct functions in the import process: one recognises a component of the P.
aeruginosa LPS, the common polysaccharide antigen (CPA), to concentrate the pyocin on the
cell surface, while the other domain interacts with the S5 translocator, FptA, in the outer
membrane (Behrens et al 2020). The two lipid Il degrading pyocins of P. aeruginosa are PaeM

(Barreteauet al. 2012) and PaeM4 (Ghequire & Ozturk 2018). They share a cytotoxic domain
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similar to colicin M, but the N-terminal domains are different (Figure 1-6), indicating that

these two pyocins have a distinct import mechanism.

Lectin-like pyocins, contrary to colicin-like pyocins, do not contain a known cytotoxic
domain and an immunity protein (Ghequire et al. 2018a). Their killing is genus rather than
species-specific. The key feature of lectin-like pyocins is the presence of tandem monocot
mannose-binding lectin motifs (Figure 1-5B). Pyocin L1 is the best characterised lectin-like
pyocin in P. aeruginosa. It binds to D-rhamnose with high affinity (McCaughey et al. 2014). D-
rhamnose is a sugar specific for the CPA of P. aeruginosa. Therefore, the interaction with D-
rhamnose enables L1 to target P. aeruginosa and accumulate on its surface. The amino-
terminal domain of lectin-like pyocins interacts with a polymorphic external loop of the outer
membrane protein insertase BamA (Ghequire et al. 2018b). This inhibits outer membrane
biogenesis and leads to cell death, but the exact mechanism by which lectin-like pyocins

inhibit the BamA function is still unknown.

Tailocins are phage tail-like bacteriocins of P. aeruginosa. Based on structural
differences, this group splits into R and F-type tailocins (Ghequire & De Mot 2014). R-type
tailocins (Figure 1-5C) are built from a double hollow cylinder that consists of a rigid inner
core and a contractile outer trunk. The tip of the inner core contains spike proteins. A
baseplate is attached to the trunk, serving as a docking point for the six tail fibres. As with
bacteriophages, the fibres have a role in anchoring the tailocin to target cells, usually through
the binding of LPS. Proteins that define strain-specificity are located at the distal portion of
the fibres (Williams et al. 2008). F-type tailocins, similar to R-type pyocins, are rods with a
baseplate and fibres for target cell binding, but they lack the outer trunk. Both types kill cells

in the same way: after binding to target cells, the tailocin contracts, the core inserts in the
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envelope, and the spike proteins perforate the inner membrane causing depolarisation and

cell death (Ghequire & De Mot 2014).

1.3.2. Discovery of pyocin receptors and translocators

To kill competitors, pyocins first have to be imported into target cells. Import begins
with binding of the pyocin to a receptor and subsequently a translocator, which could be the
same protein, on the surface of sensitive cells. The specificity of a pyocin-receptor interaction
narrows down the target range of these toxins. Therefore, pairing up bacteriocins and their
receptors can aid their clinical application. If pyocin-receptor pairs are known, it can also be
established which strains of P. aeruginosa are sensitive to a specific pyocin, or which
combinations of pyocins can be used for the killing of a specific strain (Atanaskovic &

Kleanthous 2019).

To date, several pyocins have been paired-up with their receptors, which are either
LPS or specific TBDTs in the P. aeruginosa cell envelope (Figure 1-6). Out of 7 groups of
nuclease pyocins, receptors are known for 3 (Ghequire & De Mot 2014). All 3 of these are
different isoforms of FpvA, the ferric-pyoverdine receptor. It is still unknown if nuclease
pyocins can parasitise nutrient import routes other than that of pyoverdine. Therefore,
discovery of new pyocin receptors will be important for broadening our understanding of the
import mechanisms these modular toxins employ. Here, the approaches which have been
used previously for the discovery of new receptors and translocators of modular bacteriocins

are summarised.
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Bacteriocin neutralization experiments can be used to determine if a bacteriocin
receptor is within the protein or LPS fraction of the outer membrane (Weltzien & Jesaitis
1971). If a bacteriocin is mixed with a cell fraction that contains the receptor, this fraction will
inhibit its toxic activity. Neutralization experiments have also been used to test if a specific
nutrient import pathway is hijacked by a bacteriocin. Competitive ligand binding can block
either bacteriocin activity or nutrient uptake. For example, such experiments suggested that
pyocin S3 and pyoverdine both bind to the FpvAll receptor in P. aeruginosa (Baysse et al.
1999). An alternative approach in receptor discovery is one that combines neutralization
assays with cell wall fractionation and protein purification. The first step is to single out an
outer membrane sub-fraction which contains receptor neutralization activity. Further analysis
by mass spectrometry can aid receptor discovery. Fractionation is usually performed
simultaneously for membranes of bacteriocin resistant and sensitive strains, in order to find
fractions which have neutralizing activity only in the bacteriocin sensitive strain (Sabet &
Schnaitman 1973). A limitation to neutralization experiments is that they require high

receptor yields in membrane fractions.

Bacteriocin receptors can also be identified by pull-downs, using a bacteriocin of
interest as bait. Bacteriocin-receptor complexes can be co-eluted from affinity columns and
tryptic peptides analysed by mass spectrometry for receptor identification. For example,
hexahistidine-tagged immunity protein complexed to colicin E9 (ColE9) and immobilised on a
nickel affinity column was used to purify components of the ColE9 translocon from E. coli cell
envelope extracts (Housden et al. 2005). Again, low expression levels of the receptor, or low
binding affinity between the receptor and the bacteriocin, can be a challenge in this approach.
This can be overcome by defining growth conditions which induce an increase in bacteriocin

sensitivity due to receptor overexpression. For instance, pyocins S2, S3, S4 and S5 are more
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effective if P. aeruginosa is cultivated in iron-deprived media due to the upregulation of
siderophore receptors that are hijacked by the pyocin (Baysse et al. 1999; Denayer et al. 2007,

Elfarash et al. 2012, 2014).

Bacteriocin receptors can also be identified by the isolation and characterisation of
bacteriocin-resistant mutants (Cotter 2014; McCaughey et al. 2014). Picking up genetic
differences between resistant and sensitive strains can pinpoint the receptor gene. A major
challenge in this approach is to distinguish between resistant and tolerant strains and to rule
out possible indirect effects of detected mutations. Therefore, it is always necessary to rule
out tolerance by testing growth kinetics of isolated mutants in the presence of varying
bacteriocin concentrations. Neutralization assay, or use of a fluorescently labelled
bacteriocin, have also been used to characterise resistant mutants and to test if the mutation
disrupts cell surface association of a bacteriocin (Behrens et al. 2020; White et al. 2017,
Rassam et al. 2015). Screening of genomic or mutant libraries is another approach. For
example, genomic fragments from a bacteriocin-sensitive strain can be transformed into a
bacteriocin-resistant background in order to identify a fragment that causes bacteriocin
sensitivity and potentially carries a receptor gene (Pilsl et al. 1999; Smajs & Weinstock 2001).
Another approach is to construct a transposon mutant library in a bacteriocin-sensitive
background and look for insertion sites that aid resistance (Baysse et al. 1999; de Chial et al.
2003; Elfarash et al. 2014; Ghequire et al. 2017). However, if a receptor is an essential gene a

library search might fail to show the receptor.
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1.3.3. Import of nuclease pyocins

Despite their sequence and receptor diversity, some features of pyocin import appear
to be conserved. The similarity of nuclease pyocins and colicins is not just reflected in their
modular organisation, but also in their import mechanisms. Like colicins, pyocins parasitise
nutrient import machineries to translocate across the cell envelope and reach their
periplasmic or cytoplasmic targets. This process requires interactions between pyocins and
cell envelope components, and the PMF as an energy source (Atanaskovic & Kleanthous

2019).

Pyocins bind to outer membrane receptors (Figure 1-7), which adhere the pyocin to
the cell surface. After receptor binding, pyocins recruit outer membrane translocators to
cross into the periplasm. In pyocins characterised thus far, the receptor and translocator are
two separate outer membrane components (Figure 1-7A). Nuclease pyocins S2, SD2, SD3, and
the S5 pore former, all bind CPA as the outer membrane receptor, and then translocate
through a specific TBDT (Behrens et al. 2020; White et al. 2017; McCaughey et al. 2016a).
Some pyocins do not bind CPA, such as pyocin S1 and AP41 (McCaughey et al. 2016a). These
pyocins may exploit one or several outer membrane proteins as a receptor/translocator
(Figure 1-7B). All pyocin translocators which have been identified so far are TBDTs and are
coupled to the TonB1-ExbB-ExbD system (Atanaskovic & Kleanthous 2019). Therefore, pyocin
killing activity also depends on this system. As seen in pyocins S2, SD2 and S5, the TonB1
binding box is not only present on the TBDT, but also on the pyocin (Behrens et al. 2020;
White et al. 2017; McCaughey et al. 2016a). It appears that this box is always localised in the
unstructured N-terminus, preceding the N-terminal receptor binding domain. A similar

arrangement is found in group B colicins that target E. coli cells (Cascales et al. 2007).
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Figure 1-7. Summary of known import mechanisms for modular pyocins. Pyocins bind to cell
envelope components to concentrate on the cell surface. Some pyocins bind CPA as their cell
surface receptor (A). Alternatively, the receptor and the translocator may be the same cell
envelope component (B). After receptor binding, pyocins can interact with an outer
membrane TonB dependent transporter (TBDT), which they use as an outer membrane
translocator. TBDTs interact with TonB in the periplasm upon binding pyocin. This interaction
causes a conformational change in the TBDT, which involves the dislocation of the plug
domain and opening of the TBDT channel for pyocin passage. This translocation step depends
on the PMF. In addition, for nuclease pyocins, an inner membrane translocation step is
required. It is not known which inner membrane proteins are required for this step, nor if a

specific translocator is involved.
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Translocator binding typically involves some form of molecular mimicry where the
pyocin mimics the cognate ligand of the TBDT and occupies the same binding site (White et
al. 2017). During the next stage, pyocin binding to the translocator induces similar
conformational changes in the TBDT as its cognate ligand. Subsequently, the plug of the TBDT
is displaced by PMF-linked TonB, which opens a channel in the TBDT. The molecular details of
these events are still unclear. The pyocin now passes its N-terminal TonB box through the
TBDT channel where it is thought to bind either the same or another copy of TonB. TonB now
pulls the pyocin through the channel and into the periplasm in the form of an unfolded or
partially unfolded polypeptide chain (White et al. 2017). Translocation of pore forming
pyocins stops in the periplasm. They insert in the inner membrane and do not require an inner
membrane translocation step for their activity (Behrens et al. 2020). Nuclease pyocins,
however, translocate across the inner membrane. It is not known how this occurs. The
identity of the inner membrane translocator in P. aeruginosa has not been determined. In E.
coli, the essential AAA+ ATPase/protease FtsH in the inner membrane has been associated

with the import of nuclease colicins (Walker et al. 2007).

FtsH is conserved amongst Gram-negative bacteria. It recognises misfolded or
misincorporated membrane proteins and has a role in membrane protein quality control. It
can also degrade cytosolic proteins that harbour specific signal sequences, called degrons. In
E. coli, FtsH-dependent degradation of cytoplasmic proteins has been linked to regulation of
heat-shock gene expression, regulation of the superoxide stress response, control of LPS and
phospholipid biosynthesis, removal of non-functional proteins in the cytoplasm, and
lysis/lysogeny decision of phage A (Westphal et al. 2012). FtsH has two transmembrane
helices in the N-terminus, which flank a periplasmic domain. The C-terminal cytoplasmic

region consists of an AAA+ ATPase and a zinc metalloprotease domain (Figure 1-8). Subunit
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interactions are via the N-terminal region, enabling six FtsH monomers to form a ring in the
inner membrane. Misfolded proteins are directed from the inner membrane into the FtsH
ring, and are first bound by the AAA+ ATPase domain, which unfolds and translocates
substrates into the proteolytic chamber of the FtsH hexamer (Langklotz et al. 2012). In E. coli,
ftsH is an essential gene. It is necessary for the regulation of the LPS:phospholipid ratio in the
outer membrane. This is due to FtsH mediated cleavage of LpxC, a key enzyme in LPS
biosynthesis. Therefore, in E. coli deletion of FtsH requires a suppressor mutation which leads
to upregulation of the FabZ enzyme required for fatty acid biosynthesis. This suppressor
mutation restores the LPS:phospholipid ratio (Schakermann et al. 2013). ftsH deletion
mutants of E. coli with upregulated FabZ are resistant to nuclease colicins. Point mutations
affecting just the protease or just the ATPase activity of FtsH also render cells colicin resistant,
meaning that FtsH functions have to be preserved for nuclease colicin import (Walker et al.
2007). The exact role of FtsH in colicin import is unknown. Firstly, it is not clear if the observed
colicin resistance phenotype is a direct consequence of ftsH deletion, or a secondary effect,
due to changes in cell envelope composition and stability. If FtsH is directly involved in colicin
import, this would mean that colicins pass through the pore of the FtsH hexamer to enter the
cytoplasm. Before this, colicins might have to insert into the inner membrane, since no
periplasmic substrates of FtsH have been described. Membrane insertion and nonvoltage-
gated channel forming activity in planar lipid bilayers has been detected for ColE9 and E2
(Mosbahi et al. 2009; Vankemmelbeke et al. 2012), so membrane insertion might be an inner
membrane translocation step preceding entry to the pore of FtsH. After entering the FtsH
ring, colicins would then be exposed to the protease domain of FtsH, and probably undergo
a cleavage step prior to entering the cytoplasm. Proteolytic processing during import has

indeed been demonstrated for some colicins (Chauleau et al. 2011; Mora & Zamaroczy 2014).
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Figure 1-8. Organization of the FtsH hexamer. A — Structure of the FtsH hexamer from
Thermotoga maritima (structure representation taken from Bieniossek et al. (2009)). Views
onto AAA ring (left), side (middle) and protease (right) are shown. The protease ring is shown
in red and the AAA ring in magenta and green. B — schematic representation of the FtsH ring
in the inner membrane. Each subunit is inserted into the inner membrane, with the ATPase

and the protease domain in the cytoplasm.

FtsH could also be involved in the translocation of nuclease pyocins. FtsH is conserved
between P. geruginosa and E. coli (68 % protein sequence identity). Still, there are differences
in FtsH substrate specificity between these two organisms. FtsH in P. aeruginosa is not

involved in LpxC processing (Langklotz et al. 2011). Therefore, FtsH is only conditionally
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essential in P. aeruginosa: a AftsH mutant of PAO1, the laboratory strain of P. aeruginosa, is
viable in buffered or salt free media (Hinz et al. 2011). Very little is known about the substrate
specificity of P. aeruginosa FtsH. RpoH, the heat shock sigma factor, appears to be the major
substrate of P. aeruginosa FtsH (Basta et al. 2020). The protease has also been shown to be
required for secretion of secondary metabolites, motility, biofilm formation, autolysis and
aminoglycoside resistance in this organism (Kamal et al. 2019). Still, its involvement in

nuclease pyocin import has yet to be demonstrated.

1.4 Aims of this work

Nuclease pyocins are potent, diverse and narrow spectrum protein antibiotics that can
be used to treat P. aeruginosa infections. However, a limitation in the future biomedical use
of pyocins is the occurrence of pyocin resistance. A specific strain of P. aeruginosa is
intrinsically resistant to all pyocins it produces, due to the presence of immunity protein genes
in pyocin operons. Additionally, resistance can occur due to spontaneous mutations affecting
pyocin translocon components. This can be overcome through the use of cocktails comprising
pyocins that have different cell envelope targets and different immunity proteins. Therefore,
mining P. aeruginosa genomes for novel pyocin genes is an important step in developing this
class of antibiotics as therapeutics. Pairing up pyocins and their outer membrane receptors is
also required, since it can help in determining the strain coverage of a specific pyocin and aid
in cocktail design. In this study, it was sought to broaden our understanding of nuclease

pyocin import by focusing on two proteins: pyocins G and AP41.

A bioinformatics pipeline that searches genomes of different bacteria for nuclease
bacteriocins led to the discovery of a new nuclease pyocin, named pyocin G (PyoG). The aim
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of the presented work was to test the activity of this pyocin and find out more about its import
mechanism. PyoG belongs to the S1 group. None of the translocon components of the S1
group are known. It was therefore investigated which cell envelope proteins are required for
PyoG import into P. aeruginosa cells. More specifically, it was aimed to find the outer
membrane receptor and translocator of PyoG and discover its function in P. aeruginosa.
Furthermore, PyoG was used as a model pyocin to study the inner membrane translocation
step of protein antibiotics. The aim was to elucidate which inner membrane proteins are

involved in pyocin import, and which pyocin domains are essential for this translocation step.

Pyocin AP41 is a nuclease pyocin for which there are no known translocon
components. This pyocin was effective at killing P. aeruginosa in a murine lung infection
model (McCaughey et al. 2016). Due to potency of AP41 in this model, the aim of this work
was to investigate its import mechanism: what is the outer membrane receptor and/or
translocator of AP41, is the import Ton or Tol dependent, and which proteins are required for

the inner membrane translocation step.
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2. Materials and Methods

All chemicals were purchased from Sigma Aldrich, with the exception of n-octyl-B-D-
glucopyranoside (B-OG) (Enzo Life Sciences). DNA restriction enzymes were purchased from
(New England Biolabs (NEB)). All chromatography columns were purchased from GE

Healthcare.

2.1 Sequence analysis and genome searches

All bacteriocin sequences used in this study are deposited in the National Centre for
Biotechnology (NCBI) database under the following accession numbers: pyocin AP41
(GenBank accession no. BAA02196.1), PyoG (GenBank accession no. ETV05907.1), S1
(UniProtKB/Swiss-Prot accession no. Q06583.2), S6 (GenBank accession no. KY098147.1),
pyocin S13 (NCBI Reference Sequence accession no. WP_023116694.1), carocin D (GenBank

accession no. ADH95192.1).

Sequence alignments were made by Clustal Omega (Madeira et al. 2019) and
visualised by ESPript 3.0 (Robert and Goet 2014). PFAM domains were searched for by SMART
(Letunic and Bork 2018). TonB dependent transporters in the P. aeruginosa PAO1 genome
were identified by HMMER 3.3 (Eddy 2011) using the TonB plug domain (PFAM domain

PF07715).

2.2 Bacterial strains, media and growth conditions

All strains (Table 2-1) were cultured in LB (10 g/L tryptone, 10 g/L NaCl, 5 g/L yeast

extract, pH 7.2) or M9 medium (8.6 mM NacCl, 18.7 mM NHaCl, 42.3 mM Na;HPQg, 22.0 mM
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KH2PO4, 0.4% w/v glucose, 2 mM MgSQO4, 0.1 mM CacCly) at 37 °C with shaking (140 rpm). E.

coli BL21AABCF was cultured in LB Lennox (10 g/L tryptone, 5 g/L NaCl, 5 g/L yeast extract, pH

7.2) at 30 °C with shaking (140 rpm). BL21AABCF was a gift from Jack Leo (Addgene strain

number #102270). P. aeruginosa AftsH was grown on salt free LB medium. TonB mutants of

P. aeruginosa, and the parent strain PAO6609, were grown in LB medium supplemented with

100 uM FeCls. All P. aeruginosa transposon mutants were grown in the presence of 10 pg/mL

tetracycline. 100 pg/mL of carbenicilin and 25 pg/mL of irgasan was used for selecting plasmid

transformants of P. aeruginosa or E. coli.

Table 2-1. List of strains used in this study.

Species Strain Characteristics Source
Escherichia coli BL21(DE3) Expression of His-tagged New England
bacteriocins and TonB1 Biolabs
BL21AABCF Expression of His-tagged Hur; | Meuskens et al.
ompA, lamB, ompC, ompF (2017).
guadruple knockout strain
NEB5a Plasmid propagation New England
Biolabs
S17-1 Conjugation with P. American Type
aeruginosa; contains Culture
chromosomally integrated Collection
tra genes
Pseudomonas PAO1 wild type Washington
aeruginosa Library
Jacobs et al.
(2003).
PA14 Clinical isolate, burn wound Lee et al. (2006).
PAO1 Armd LPS biosynthesis mutants. Murphy et al.
PAO1 AwbpM (2014).
PAO1 Awbpl
TEP1 Clinical isolate, sepsis University of
TEP2 Clinical isolate, sepsis Glasgow, UK
TEP3 Clinical isolate, sepsis
TEP4 Clinical isolate, sepsis
TEP5 Clinical isolate, sepsis
TEP6 Clinical isolate, sepsis
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TEP7

Clinical isolate, sepsis

TEPS8 Clinical isolate, sepsis
TEP9 Clinical isolate, sepsis
TEP10 Clinical isolate, sepsis
P1 Clinical mucoid isolate, young | Royal Hospital
CF patient for Sick Children,
P2 Clinical mucoid isolate, young | Glasgow, UK
CF patient
P3 Clinical mucoid isolate, young
CF patient
P4 Clinical mucoid isolate, young
CF patient
P5 Clinical isolate, young CF
patient
P7 Clinical isolate, young CF
patient
P8 Clinical isolate, young CF
patient
P9 Clinical isolate, young CF
patient
P10 Clinical isolate, young CF
patient
P11 Clinical isolate, young CF
patient
P12 Clinical isolate, young CF
patient
P13 Clinical isolate, young CF
patient
P14 Clinical isolate, young CF
patient
P15 Clinical isolate, young CF
patient
P17 Clinical isolate, young CF
patient
P18 Clinical isolate, young CF
patient
P19 Clinical isolate, young CF
patient
PA7 Clinical isolate, non- Roy et al. (2010).
respiratory
C763 Clinical isolate, CF patient Stewart et al.
J1385 Clinical isolate, CF patient (2014).
J1532 Clinical mucoid isolate, CF
patient
PA62 Environmental isolate, soil
PAO1 AftsH ftsH deletion mutant Lee et al. (2015).
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PAO6609 met-9011 amiE200 strA pvd-9 | Shirley & Lamont
PAO6609 tonB1 transposon mutant (2009).
AtonB1
PAO6609 tonB2 transposon mutant
AtonB2
PAO6609 tonB3 transposon mutant
AtonB3
PW1052 PAO1 transposon insertion in | Washington
PA0040 (fhaC1) Library
PW2063 PAO1 transposon insertion in | Jacobs et al.
PA0041 (fhaB1) (2003).
PW5140 PAO1 transposon insertion in
PA2463 (fhaC2)
PW5138 PAO1 transposon insertion in
PA2462 (fhaB2)
P. aeruginosa Ahur phur PA1302 transposon insertion
complemented mutant of PAO1 (PW3356)
strains complemented with phur
(please see table 2-2 for the
list of plasmids)
AftsH pftsH AftsH mutant of PAO1
complemented with pftsH
pFtsH AftsH mutant of PAO1
::E\?Ilzjented with This study
pFtsH H416Y AftsH mutant of PAO1
complemented with
pREN145
pTonBl AtonB1 mutant of PAO6609
complemented with ptonB1
pTetTonB1 AtonB1 mutant of PAO6609
complemented with
pTetTonB1
Transposon mutants of P. aeruginosa | Locus with transposon
PAO1 TonB dependent transporters insertion
(TBDTs)
PW1255 PA0O151 Washington
PW1334 PA0192 Library
PW1793 PA0434 Jacobs et al.
PW1861 PA0470 (fiuA) (2003).
PW2217 PA0674 (vreA)
PW2418 PA0781
PW2689 PA0931 (pirA)
PW3296 PA1271 (btuB)
PW3356 PA1302 (hur)
PW3399 PA1322
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PW3483 PA1365
PW3881 PA1613
PW4347 PA1910 (femA)
PW4367 PA1922
PW9719 PA2057 (sppR)
PW10435 PA2070
PW4597 PA2089
PW4870 PA2289
PW4938 PA2335
PW5144 PA2466 (foxA)
PW5348 PA2590
PW5503 PA2688 (pfeA)
PW5892 PA2911
PW6483 PA3268
PW6749 PA3408 (hasR)
PW7415 PA3790 (oprC)
PW7590 PA3901 (fecA)
PW8043 PA4156 (fvbA)
PW7180 PA4221 (fptA)
PW8599 PA4514
PW8871 PA4675 (chtA)
PW8934 PA4710 (phuR)
PW9134 PA4837 (cntO)
PW9241 PA4897
PW10317 PA5505
PW5036 PA2398 (fpvA)
PW4649 PA4168 (fpvB)
Transposon mutants of P. aeruginosa | Locus with transposon
PAO1 porins insertion

PW1783 PA0427 (oprM)
PW4135 PA1777 (oprF)
PW2742 PA0958 (oprD)
PW7877 PA4067 (oprG)
PW3127 PA1178 (oprH)
PW5186 PA2495 (oprN)
PW6333 PA3186 (oprB)
PW6503 PA3279 (oprP)
PW6505 PA3280 (oprO)
PW8747 PA4597 (opr))
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2.3 Plasmids

pET21a(+) was used as a backbone for the expression of genes in E. coli. pPMMB190
was used for gene expression in P. aeruginosa. All plasmids are listed in Table 2-2, and primers

used for their construction in Table 2-3.

pNGH174 was constructed by Dr Nicholas Housden, and contains the pyocin AP41-Im
gene sequences (Genewiz), codon optimized for expression in E. coli and cloned into
pET21a(+). Derivatives of this plasmid are pAP41-30-C and pAP41-C, that contain the first 30
residues of AP41 fused to its cytotoxic domain, or just the cytotoxic domain, respectively.
pAP41-30-C was constructed by inserting Sacl sites after codon 30 (primers 174-640Sac-F/R)
and 639 (174-30Sac-F/R) in pNGH174, and by cutting out the region in-between the two sites.
pAP41-C was constructed by inserting an Ndel site before codon 640 (174-640Nde-F/R), and

by cutting out the region in-between the two Ndel sites.

pNGH262 was constructed by Dr Nicholas Housden, and contains the PyoG-Im gene
sequences (Genewiz), codon optimized for expression in E. coli and cloned into pET21a(+).
The derivatives of this plasmid are pG1-255, pG1-485-Cys and pG485-640. pG1-255 was
constructed by inserting an Xhol site after codon 255 (262-255Xho-F/R) in pNGH262 and by
cutting out the region in-between the two Xhol sites. pG1-485-Cys was constructed by PCR,
amplifying the first 485 residues of PyoG and by adding a cysteine at the C-terminus of the
construct by PCR mutagenesis (G485-Cys-F/R). pG485-640 was constructed by adding an Ndel
site before codon 485 (262-485Nde-F/R) in pNGH262 and by cutting out the region in
between the two Ndel sites. pG1-255-Cys was constructed by introducing a cysteine and Xhol
site after codon A255 in pPNGH262, and cutting out the region between the two Xhol sites.

pGA1-30 was constructed by introducing Ndel site after codon T30 in pNGH262 and cutting
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out the fragment between the two Ndel sites. pG31-485-Cys was constructed by by
introducing Ndel site after codon T30 in pG1-485-Cys and deleting the fragment between the
two Ndel sites. pS2-G was constructed by introducing a Sacl site after codon V215 in pPWO06.
The fragment encoding the S2 receptor binding domain was cut out with Ndel and Sacl, and
cloned into pNGH262 with a Sacl site after reside A255. pS2-AP41 was constructed by
introducing a Sacl site after codon P558. DNA encoding the AP41 cytotoxic domain and

immunity protein were cloned between Sacl and Xhol sites.

P. aeruginosa genes were either cloned from P. aeruginosa PAO1 genomic DNA or
synthesised by Genewiz. poprH was constructed by cloning oprH from PAO1 (OprH-F/R) into
pPMMB190. pOmpF(ss)OprH was constructed by cloning synthetic oprH with the OmpF signal
sequence, codon optimized for expression in E. coli, into pET21a(+). pftsH was constructed by
cloning ftsH from PAO1 (FtsH-F/R) into pMMB190. phur was constructed by cloning synthetic
hur, codon optimized for the expression in both P. geruginosa and E. coli, into pMMB190.
pHur was constructed by swapping the first 29 residues of hur with the OmpF signal sequence

(OmpF(ss)-Hur-F/R) and inserting a His1o-TEV (His10TEV-Hur-F/R) by PCR.

Table 2-2. List of plasmids used in this study.

Plasmid Code Protein Backbone Description Source

pET21a(+) pBR322 origin, NEB
His-tag, Amp'

pMMB190 Broad-host- Morales
range cloning etal.
vector, Amp", (1991).

pMMBG66EH, tac
promoter, LacZa
pNGH174 AP41, pET21a(+) DNA encoding Joshi et al.
ImAP41-Hise Hise-Im-AP41 (2015).
cloned at Ndel
and Hindlll sites
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pAP41-30-C

IA25

AP41A31—639’
ImAP41-Hisg

pET21a(+)

DNA encoding
Hise-Im-
AP41A31-639
cloned at Ndel
and Hindlll sites

This study

pAP41-C

1A22

AP41640'777,
ImAP41-Hise

pET21a(+)

DNA encoding
Hiss-Im- AP41640-
777 cloned at
Ndel and Hindlll
sites

This study

pNGH262

PyoG, ImG-
Hise

pET21a(+)

DNA encoding
Hise-Im-PyoG
cloned at Ndel
and Hindlll sites

This
study,
Nicholas
Housden

pNGH263

ImG-Hisg

pACYCDuetl

DNA encoding
PyoG immunity
protein cloned at
Ndel and Xhol

This
study,
Nicholas
Housden

pG1-255

IA35

PyoG!2>>-Hise

pET21a(+)

DNA encoding
PyoG12>>-Hisg
cloned at Ndel
and Hindlll sites

This study

pG1-485-Cys

IA38

PyoG148>Cys-
Hisg

pET21a(+)

DNA encoding
PyoG148>-Cys-
Hiss cloned at
Ndel and Hindlll
sites

This study

pG1-255-Cys

IA51

PyoG12>>Cys-
Hisg

pET21a(+)

DNA encoding
PyoG12°>-Cys-
Hiss cloned at
Ndel and Hindlll
sites

This study

pGA1-30

IA54

PyOGAl—?:O'
ImG-Hiss

pET21a(+)

DNA encoding
Hiss-Im-PyoG,
lacking the first
30 residues of
PyoG, cloned at
Ndel and Hindlll
sites

This study

pG31-485-Cys

IA53

PyoG31-48>Cys-
Hise

pET21a(+)

DNA encoding
Py0631—485_cys_
Hiss cloned at
Ndel and Hindlll
sites

This study

pS2-G

IA73

PyoS21-209-
PyoG 256-640
ImG-Hisg

pET21a(+)

N-terminal
domain of PyoS2
fused to PyoG

This study

44



pS2-AP41

IA45

PyoS21->%8.
AP41640—777’
ImAP41-Hisg

pET21a(+)

PyoS2 with a
cytotoxic domain
of AP41

This study

pG-S2-G

IA72

PyoG 1-255_

52328-556_6486-

640 ImG-Hise

pET21a(+)

PyoG with the
translocation
domain of PyoS2

This study

pS21-30-G

IA71

Py0S2130-G3-

840 ImG-Hise

pET21a(+)

First 30 residues
of PyoG
swapped for first
30 residues of
PyoS2

This study

pPWO06

PyoS2, ImS2-
Hise

pET21a(+)

DNA encoding
PyoS2, ImS2-Hiss
cloned at
Ndel/Xhol sites

White et
al. (2017).

pPW17

Hise-TEV-
TonB1 109-342

pETM11

DNA encoding
Hise-TEV-
TonB1199-342 from
PAO1 cloned at
Ncol and Sacl
sites

White et
al. (2017).

pTonBB1

TonB1-102._
Ton 81201-342

pACYCDuet-
1

DNA encoding E.
coli TonB1102,
translationally
fused to P.
aeruginosa
TonB1201-342.
cloned at Ndel
and Xhol sites

Behrens
etal.
(2020).

pftsH

IA31

FtsH

pMMB190

ftsH from PAO1
cloned into at
BamHI and
Hindlll sites

This study

poprH

IA17

OprH

pMMB190

oprH from PAO1
cloned into at
BamHI and
Hindlll sites

This study

pOmpF(ss)OprH

REN130

OprH

pET24a(+)

oprH from PAO1
with the OmpF
signal sequence
cloned at Ndel
and Hindlll sites

This study

phur

A28

Hur

pMMB190

hur (PA1302)
from PAO1
cloned at BamHl
and Hindlll sites

This study
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pHur IA32 His1o-TEV-Hur | pET21a(+) DNA encoding This study
His1o-TEV-Hur
from PAO1 with
the OmpF signal
sequence cloned
at Ndel and
Hindlll sites
pREN144 REN144 | Hise-TEV-FtsH | pMMB190 | ftsH from PAO1 | This study
with an N-
terminal His6
and TEV site
pREN145 REN145 | Hise-TEV-FtsH, | pMMB190 | ftsH H416Y from | This study
point PAO1 with an N-
mutation terminal Hise and
HA416Y TEV site
ptonB1 IA61 TonB1 pMMB190 tonB1 from This study
PAO1
pTetTonB1 IA65 Tet-TonB1 pMMB190 | T7-TetA?32- This study
T0n81112—342'
TonB1 and TetA
genes are from
PAO1
Table 2-3. List of primers used in this study.
Primer Sequence (5 = 3’) Use
174-30Sac-F CAGGTACGGGATGAGCTCTGGTGTCG | Introduction of Sacl site after
GCGGTGGC codon P30 in pNGH174
174-30Sac-R GCCACCGCCGACACCAGAGCTCATCC

CGTACCTG

174-640Sac-F

ACGCGGGTCACGGAGCTCGTACACGA
TGTACAGAGG

174-640Sac-R

ACATCGTGTACGAGCTCCGTGACCCG
CGTGACG

Introduction of Sacl site before
codon P640 in pNHG174

174-640Nde-F

GTTCGTCACGCGGCATATGGTCACGG
TACACGATGTACAG

174-640Nde-R

CTGTACATCGTGTACCGTGACCATATG
CCGCGTGACGAAC

Introduction of Ndel site before
codon P640 in pNGH174

262-255Xho-F

ACCGAGCCGTTCTCGAGAGCTGGCAT
GGCG

262-255Xho-R

CGCCATGCCAGCTCTCGAGAACGGCT
CGGT

Introduction of Xhol site after
codon A255 in pNGH262

G485-Cys-F AAAAAACTCGAGTGTGTTAAACATGA
CGTACACAGGTTTG
G485-Cys-R AAAAAACATATGGCACGTCCGATTG

Cloning of PyoG'*8>-Cys from
pNGH262
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G255-Cys-Xho-F

CACCGAGCCGTTCTCGAGACAAGCTG
GCATGGC

G255-Cys-Xho-F

CCATGCCAGCTTGTCTCGAGAACGGCT
CGGTGG

Introduction of Cys and Xhol
site after codon A255 of PyoG,
for the construction of PyoG*
255—Cys

G30-Nde-F GGTGGTGGCACGCATATGGGTATTGG | Introduction of Ndel site after
TCCGATC codon T30 of PyogG, for the

G30-Nde-R CGGACCAATACCCATATGCGTGCCACC | construction of PyoG213? and
ACC PyoG3148>Cys-Hisg

G255-Sac-F GAAGAACAGGCGCGTGAGCTCCAGCA | Introduction of Sacl site after
AGCTGCTATTCGC codon A255 of PyogG, for the

G255-Sac-R GAATAGCAGCTTGCTGGAGCTCACGC | construction of the PyoS2-G
GCCTGTTCTTCGG chimera

$2-215-Sac-F GGAAGGCAAATGTCGAGCTCGAGAA Introduction of Sacl site after
AAAAGTGCAGTCC codon V215 of PyoS2, for the

$2-215-Sac-R GACTGCACTTTTTTCTCGAGCTCGACA | construction of the PyoS2-G
TTTGCCTTCC chimera

S§2-558-Sac-F GTTCAGGGATCCGGAGCTCCGGGATG | Introduction of Sacl site after
TACCTGGTGC codon P558 of PyoS2, for the

S§2-558-Sac-R CAGGTACATCCCGGAGCTCCGGATCC | construction of the PyoS2-AP41
CTGAACATCAC chimera

FtsH-F AAAAAAGGATCCACGGGCGAGGGTTC | Cloning of ftsH from PAO1
ATAAAG genomic DNA into pMMB190

FtsH-R AAAAAAGCTTAATCGGGGGTGACATT
GAGG

OprH-F AAAAAAGGATCCATGAAAGCACTCAA | Cloning of OprH from PAO1
GACTCTC genomic DNA into pMMB190

OprH-R AAAAAAAAGCTTTTAGAACTTGTAGTT

GGCGCCC

OmpF(ss)-Hur-F

ATGAAGCGCAACATTTTAGCGGTCATC
GTGCCGGCTCTGCTGGTCGCGGGCAC
CGCGAATGCCGCGGAACGTCGCTTTG
ATCTGC

OmpF(ss)-Hur-R

GGCATTCGCGGTGCCCGCGACCAGCA
GAGCCGGCACGATGACCGCTAAAATG
TTGCGCTTCATGCTGGGATCCCCGGG
AATTCG

Replacing the PAO1 Hur signal
sequence with the E. coli OmpF
signal sequence

His10TEV-Hur-F

CATCATCATCATCATCATCATCATCATC
ATGAAAACCTGTATTTTCAGGGCGCG
GAACGTCGCTTTGATCTGC

His10TEV-Hur-R

GCCCTGAAAATACAGGTTTTCATGATG
ATGATGATGATGATGATGATGATGGG
CATTCGCGGTGCCCGC

Introduction of Hisio-TEV in
pHur
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2.4 Molecular biology techniques

2.4.1 Extraction of genomic DNA

Genomic DNA was extracted from an overnight culture of P. aeruginosa PAO1, grown
at 37 °Cin LB. 2 mL of culture was pelleted at 5000 xg for 10 minutes. Genomic DNA was
purified using the DNeasy Blood & Tissue Kit (Qiagen) following the instructions (including

instructions for pre-treatment of Gram-negative bacteria).

2.4.2 Polymerase chain reaction (PCR)

PCR was used to: amplify DNA fragments from either genomic or plasmid DNA;
introduce mutations in plasmid DNA. Phusion HF polymerase (NEB) was used for all PCR
reactions. The polymerase was used at 0.02 units/uL, in 1X GC buffer (NEB), 12 % DMSO and
200 uM deoxynucleotides mix. Primers (Table 2-3) were used at 0.5 uM. Genomic DNA was
used as a template at 20 ng/uL and plasmid DNA was used at 1 ng/uL. All PCR reactions were
performed in Mastercycler X50 (Eppendorf) in a 50 uL reaction volume. Initial denaturation
was done at 98 °C for 3 min. Denaturation was then done at 98 °C for 2 min, annealing at 50
°Cfor 30 s, and extension at 72 °C for 1 min per 1 kb of amplicon. This was repeated for a total
of 30 cycles, with a final extension step at 72 °C for 10 min. Whole plasmid mutagenesis was
performed using the same cycle, but the extension temperature was dropped to 68 °C. All
reactions were purified using the Monarch PCR Purification Kit (NEB). PCR products were
analysed by agarose gel electrophoresis (section 2.4.3). Amplicons of correct size were

digested by restriction enzymes and gel purified for cloning. Whole plasmid mutagenesis
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products were digested with 0.8 units/uL of Dpn/ in 1X CutSmart Buffer (NEB), for 2 h at 37

°C. In this way, methylated parental DNA was removed prior to transformation.

2.4.3 DNA gel electrophoresis

DNA gel electrophoresis was used for the analysis of PCR products and for the
extraction of amplicons after digestion with restriction enzymes. 1 % (w/v) agarose gels were
prepared by melting agarose in 0.5X Tris/Borate/EDTA buffer (TBE) (44.5 mM Tris-HCl pH 8.3,
44.5 mM boric acid, 1 mM ethylenediaminetetraacetic acid (EDTA)) and mixed with 1x
SybrSafe dye. 1 pL sample loading dye (30 % (w/v) glycerol, 6 mM EDTA, 0.4 % (w/v)
bromophenol blue) was added to 5 pL sample and loaded onto the gel. Electrophoresis was
run at 80 V constant voltage in 0.5X TBE. GeneRuler 1 kb DNA ladder was used for the analysis

of amplicon size.

2.4.4 Restriction enzyme digests

All enzymes were used at 10 units/uL, in 1X CutSmart buffer (NEB), at 37 °Cfor 2 hours.
Digested DNA was separated using agarose gel electrophoresis and extracted using the

Monarch Gel Extraction Kit.

2.4.5 DNA ligation

T4 DNA ligase at 100 units/pL and in 1X Ligation Buffer (NEB) was used for the ligation

of restriction digested PCR products and plasmid backbones. Ligations were performed at
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room temperature for 15 min. 5 pL of ligation reaction was then directly used for the

transformation of 50 uL of competent cells.

2.4.6 Bacterial chemical transformation

Chemically competent E. coli NEB5a cells were purchased from NEB. E. coli
BL21AABCF or Sm 17-1 competent cells were prepared by CaCl, treatment. 50 mL of over-
night culture, grown at 37 °C in LB, was pelleted on 5000 x g for 10 min. Cells were
resuspended in 50 mLice cold 0.1 M CaCl, and kept on ice for 30 min. Cells were then pelleted
again and resuspended in 1 mL 0.1 M CaCl; and incubated on ice for 5 more min before

transformation.

Competent cells were transformed by heat shock. 50 uL of competent cells were
mixed with 5 uL of DNA. Cells were incubated on ice for 30 min, shocked for 30 s at 42 °C, and

then incubated on ice for another 10 min. Cells were then plated on LB agar with antibiotics.

2.4.7 Bacterial conjugation

P. aeruginosa PAO1 was transformed via conjugation with E. coli S17-1 carrying a
plasmid of interest. PAO1 was grown overnight at 43 °C, and S17-1 at 37 °C, with shaking, in
LB medium. 2 mL of each culture was pelleted on 5000 x g, 10 min. Each strain was then
resuspended in 100 pL of LB medium and the two strains mixed together. The entire mix was
then spotted on top of an antibiotic free LB agar plate. The plate was incubated on 37 °C for
8 h. The lawn was then scraped from the plate and resuspended in 1X phosphate buffer saline

(PBS) pH 7. The suspension was serially diluted in PBS. 100 pL of each dilution was plated on
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LB agar with 25 pg/mL irgasan, for selecting against S17-1, and 100 pg/mL carbenicillin, for

selecting against untransformed PAO1.

2.4.8 Purification and sequencing of plasmid DNA

Plasmid DNA was isolated from NEB5a cultures grown at 37 °C in LB with the
appropriate antibiotic, using Monarch Plasmid Miniprep kit (NEB). Sequencing was through

the company Genewiz.

2.5 Protein expression and purification

2.5.1 Expression and purification of pyocins and pyocin derivatives

Pyocins containing the cytotoxic domain were expressed in complex with the His-
tagged immunity protein. For PyoG expression, cells were co-transformed with pNGH263,
which encodes the PyoG immunity protein, to increase pyocin yield. Pyocins lacking the
cytotoxic domain were expressed with an N-terminal His-tag. E. coli BL21 was used for
heterologous protein expression. Cells were grown at 37 °C with shaking, in LB medium
supplemented with the appropriate antibiotic and induced with 1 mM IPTG (isopropyl B- d-1-
thiogalactopyranoside) after reaching an ODeggo of 0.7. Cells were grown for a further 3 hours
afterinduction and then pelleted at 4500 x g for 20 min. Cells were resuspended in Lysis buffer
(50 mM Tris-HCI pH 7.8, 500 mM NaCl, 10 mM imidazole) with the addition of 1 mM
phenylmethylsulfonyl fluoride (PMSF). Sonication was done on ice at 70% maximum

amplitude intervals of 3 s on, 7s off (total duration 3 min) using a Misonix S-4000 ultrasonic
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liquid processor fitted with a 3/8-inch stud probe. Cell debris was pelleted at 10 000 x g for
20 min and the supernatant filtered with a 0.45 um syringe filter. The cell lysate was then
loaded on a 5 mL HisTrap HP column, equilibrated in Lysis buffer. After washing off unbound
proteins, pyocins were eluted using an imidazole gradient reaching 250 mM imidazole.
Fractions containing the protein of interest were pooled and dialysed overnight against 4 L of
Gel Filtration buffer (50 mM Tris-HCI pH 7.8, 250 mM NacCl) using a 12-14 kilo Dalton (kDa)
molecular weight cut-off membrane (Spectra/Por, Spectrum). Pyocins were further purified
by gel-filtration, on a HiLoad 26/60 Superdex 200 pg column equilibrated in the Gel Filtration

buffer and eluted fractions pooled, snap frozen and stored at -20 °C.

2.5.2 Expression and purification of TonB1 soluble fragments

His-tagged TonB1'09-342 was purified as described previously (White et al., 2017).
Briefly, TonB1 was expressed in E. coli BL21. Cells were harvested and sonicated, and the
protein was purified by a HisTrap HP column using the same protocol as for pyocins. TonB1
was then dialysed against 50 mM Tris-HCl pH 7.8, 250 mM NaCl overnight, and then incubated
with 0.1 mg/mL His6-Tobacco etch virus-protease (TEV) for 5 h, at room temperature. Tag
free TonB1 was purified on a HisTrap HP column, followed by gel filtration using a HiLoad
26/60 Superdex 200 pg column equilibrated in 50 mM Tris-HCl pH 7.8, 250 mM NaCl. TonB1

was stored at -20 °C.
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2.5.3 Expression and purification of outer membrane proteins

Outer membrane proteins of P. aeruginosa were heterologously expressed in E. coli
BL21AABCF. Cells were grown in LB Lennox medium supplemented with antibiotic, at 30 °C
with shaking. After reaching an ODeoo of 0.7, cells were induced with 0.1 mM IPTG and grown
for a further 3 h. Cells were pelleted at 4500 x g for 20 min, resuspended in 50 mM Tris-HCl
pH 7.8 and sonicated as described above. Cell debris was removed by centrifugation at 5000
x g for 10 min. Total membranes were pelleted at 200 000 x g for 45 min. Inner membrane
proteins were extracted in 50 mM Tris-HCI pH 7.8, 2 % (v/v) Triton X-100. Outer membranes
were pelleted at 200 000 x g for 45 min and outer membrane proteins were extracted in 50
mM Tris-HCl pH 7.8, 2 % (w/v) B-OG, 5 mM EDTA. Insoluble proteins were removed by another

ultracentrifugation step at 200 000 x g for 45 min.

OprH was expressed without a purification tag. The outer membrane extract was first
loaded on a HiLoad 26/60 Superdex 75 pg column equilibrated in 50 mM Tris-HCl pH 7.8, 1 %
(w/v) B-OG, 5 mM EDTA. OprH was further purified on SP Sepharose Fast Flow column
equilibrated in 50 mM Tris-HCl pH 7.8, 1 % (w/v) B-OG, 5 mM EDTA, and eluted using a LiCl
gradient reaching 500 mM. LiCl was next removed using a HiPrep 26/10 Desalting column and

pooled protein fractions stored at -20 °C.

Hur was expressed with an N-terminal Hisio-tag, followed by a TEV cleavage site. EDTA
was removed from outer membrane extracts on a HiPrep 26/10 Desalting column,
equilibrated in 50 mM Tris-HCl pH 7.8, 1 % (w/v) B-OG. The extract was then loaded on a
HisTrap HP column and eluted using an imidazole gradient (20-500 mM imidazole). Hur was
further purified using a HiLoad 26/60 Superdex 200 pg column equilibrated in 50 mM Tris-HCl

pH 7.8, 1 % (w/v) B-OG, and stored at -80 °C. The purification tag was removed by 0.1 mg/mL
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Hise-TEV protease treatment in the same buffer, at room temperature for 5 h. Tag free Hur

was re-purified on a HisTrap HP column, and stored at -80 °C.

2.5.4 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was performed using Hoefer Mighty Small SE250 tanks, or Mini Gel Tanks
(ThermoFisher Scientific) in case of gradient gels. 12% bisacrylamide gels were used for
proteins larger than 20 kDa, or 4-20 % gradient precast Tris-glycine gels (ThermoFisher
Scientific) for proteins smaller than 20 kDa or cross-linked protein complexes. Samples were
mixed with 4X loading buffer (200 mM Tris-HCl pH 6.8, 8% w/v sodium dodecyl sulphate (SDS),
0.4% w/v bromophenol blue, 40% glycerol, 400 mM B-mercaptoethanol) to yield 1X loading
buffer. Subsequently, they were heated to 98 °C for 5 min and loaded onto the gel, usually in
a volume of 10 uL. Samples containing proteins cross-linked with formaldehyde were not
heated. Pierce Unstained Protein MW Marker was used for estimating the molecular weight
of proteins. Gels were run at 30 mA constant current in running buffer (25 mM Tris, 192 mM
glycine, 3.5 mM SDS), or at a constant voltage of 225 V in case of gradient gels. Gels were

stained in 50% ethanol, 10 % acetic acid and 2.5 g/L Coomassie Brilliant Blue R250.

2.5.5 Western Blot detection of Tet-TonB1

P. aeruginosa AtonB1 was transformed with Tet-TonB1 and expressed without
induction from pMMB190. 1 L culture of this strain was grown overnight on 37°C. Cells were
pelleted, resuspended in 50 mM Tris-HCl pH 8, and lysed by sonication. Cell debris was

removed by centrifugation (5000 x g, 5 min). The supernatant was centrifuged at 200 000 x g
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for 45 min. The membrane pellet was resuspended in 1 % n-dodecyl-B-D-maltoside (DDM),
50 mM Tris-HCI pH 8 and incubated on 4°C overnight. The extract was centrifuged again at
200 000 x g for 45 min, and Tet-TonB1 was detected in the supernatant by western blot. The
extract was run on a 15% SDS-PAGE gel (30 mA, 30 min), blotted on Sequi-Blot PVDF
membrane (Bio-Rad #1620182) and blocked with 8% Marvel dried skimmed milk in Tris-
buffered saline buffer with Tween 20 (TBST buffer) for 1 h at room temperature. Blots were
probed with primary rabbit anti-T7 (1:1000, Merck AB3790) antibodies in 4% milk in TBST
buffer overnight at room temperature. The membrane was washed with TBST buffer
(5x1 min) and probed with secondary anti-rabbit antibody conjugated with peroxidase
(1:2000, Merck #A6154). Blots were washed as described above and detection was carried
out using Amersham ECL Western Blotting Select Detection Reagent (GE Lifesciences
#RPN2235), according to the manufacturer’s instructions in GBOX-CHEMI-XRQ. Images were

recorded using GeneSys software.

2.5.6 Differential scanning calorimetry (DSC)

The melting temperature of proteins, as an indication of their integrity, was
determined by DSC performed on Malvern VP Capillary DSC by Dr. David Staunton, Molecular
Biophysics Suite, Department of Biochemistry, University of Oxford. A 10 uM sample of OprH
was used in 50 mM Tris pH 8, 1 % B-OG. Pyocin constructs were tested at 20 uM in 10 mM

potassium phosphate pH 8, 20 mM NaF.
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2.5.7 Circular dichroism (CD) spectroscopy

Proteins were dialysed into 10 mM potassium phosphate pH 8, 20 mM NaF, and were
diluted to 0.1 mg/ml. CD spectra were obtained using a Jasco J-815 Spectropolarimeter over
a wavelength range of 260-190 nm, a digital integration time of 1 second and a 1 nm
bandwidth. CD data in millidegrees were converted to mean residue ellipticity by dividing by

molar concentration and number of peptide bonds.

2.5.8 Protein quantification and assessment of purity

Protein concentration was measured using absorbance at 280 nm (Eppendorf
Biophotometer), which was converted to concentration using the sequence based predicted
molar extinction coefficient (ExXPASy ProtParam, Table 2-4). The presence of scattering

impurities, like protein aggregates, was checked by measuring the absorbance at 320 nm.

Protein purity was assessed by SDS-PAGE. Protein identity was confirmed by peptide
mass fingerprinting, performed by Dr. Sabrina Liberatori (Proteomics Facility, Department of
Biochemistry, University of Oxford) or Dr. Melissa Webby (Kleanthous laboratory). Protein
mass was confirmed by denaturing electrospray ionisation mass spectrometry (ESI-MS),
performed by Dr. David Staunton, Molecluar Biophysics Suite, Department of Biochemistry,

University of Oxford.
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Table 2-4. Calculated protein molecular weights and molar extinction coefficients, used for
determination of protein concentration. All protein molecular weights were confirmed by

mass spectrometry (* Signal sequence cleaved).

Protein Molecular weight Molar extinction coefficient [M~tcm™]
(Da)
PyoG 69008.20 61770
Immunity G-Hise 10978.52 12950
PyoG-Ga4S-Cys 69426.62 61895
PyoG12°>-Hisg 28549.21 15930
PyoG8-Cys-Hise 52117.21 37485
PyoG'2>5-Cys-Hise 28894.62 15930
PyoGA1-30 66088.01 58790
PyoG31-48>Cys-Hise 49197.02 34505
Py0S21-209-pyoG2>6-640 64706.23 62230
PyoS21-5°8-AP41640-777 75626.74 67270
PyoG125>-52328-556_ 486-640 | 69842 .15 61770
Py0S21-30-G31-640 69340.71 61770
TonB1109-342 25570.5 6990
His10-TEV-Hur* 94430.27 151735
Pyocin AP41 83880.73 67270
Immunity AP41-Hise 11344.84 6990
AP41231-633 20546.88 23950
AP41640-777 15384.34 20970
OprH* 19842.86 24410

2.6 Pyocin cytotoxicity assays

2.6.1 Plate killing assays

P. aeruginosa was grown in LB at 37 °C to an ODeoo of 0.6. Bacterial lawns were
prepared by addition of 250 ul of culture to 5 ml of molten soft LB-agar (0.75% (w/v) agar in

LB), and were poured over LB-agar plates. Once set and dry, 3 ul of 3-fold serially diluted
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pyocins, ranging from 10 uM to ~57 pM, was spotted on top of the lawn. Lawns were grown

overnight at 37 °C and cytotoxicity was determined by observation of clearance zones.

2.6.2 Liquid killing assays

Liquid killing assays were performed in 96 well flat bottom plates containing 200 pL of
LB. Media was supplemented with 100 uM FeCls in case of tonB mutants, or without NaCl in
case of the ftsH mutant. Overnight cultures of tested strains were adjusted to an ODeoo of 1
and diluted 100 times in fresh growth medium with or without 10 uM PyoG. ODeoo was
monitored on a CLARIOstar Plus microplate reader (BMG Labtech) at 37 °C for 20 h. All

measurements were performed in triplicate.

2.6.3 Galleria mellonella larvae infection model

G. mellonella larvae were obtained from Livefood UK and used for in vivo testing of
PyoG activity. P. aeruginosa PAO1 was grown in LB at 37 °C to an ODggo of 0.6. Cells were then
washed twice and diluted in sterile PBS. Inocula were serially diluted and plated on LB agar
plates for CFU counting. Groups of 10 larvae were injected with 10 pL of bacterial suspension
in the hemocoel via the last right pro-limb, with PBS used as a negative control. Following
challenge, larvae were placed in an incubator at 37°C and treated 3 h post-infection by
injection of 10 uL of 10 uM PyoG in the hemocoel via the last left pro-limb. Survival was
followed for 48 h. Larvae were considered dead when unresponsive to touch. Experiments
were conducted in triplicate by Dr. Khedidja Mosbahi, Institute of Infection, Immunity, and

Inflammation, University of Glasgow.
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2.7 Binding assays

2.7.1 Formaldehyde cross-lining

Binding of pyocin AP41 to the components of the Ton or the Tol system were assessed
by formaldehyde cross-linking. Proteins were mixed to a final concentration of 10 uM in 20
mM HEPES pH 7.8, 100 mM NaCl and incubated in the presence of 1 % formaldehyde for 1 h,

at room temperature. Complex formation was then assessed on a 10 % SDS-PAGE gel.

2.7.2 Analytical gel filtration

Proteins were mixed to a final concentration of 10 uM in 50 mM Tris-HCl pH 7.8, 100
mM NaCl, and loaded on a Superdex 200 10/300 GL column equilibrated in the same buffer.
1% (w/v) B-OG was added to the buffer when OprH was used. For proteins smaller than 25
kDa, Superdex 75 10/300 GL was used. Elution profiles were compared for the complex and

for individual proteins.

2.7.3 Isothermal titration calorimetry (ITC)

The binding affinity of pyocin AP41, or AP41 derivatives, and TonB1 was measured by
ITC. ITC was performed in a MicroCal iTC200 at 25 °Cin 50 mM Tris-HCl pH 7.8, 100 mM NaCl.
AP41 was at 200 uM in the syringe, and TonB1 was at 26 uM in the cell of the instrument. The
data were fit to a single binding site model in Microcal LLC Origin software. The experiment

was performed in triplicate.
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2.7.4 In vivo protein pull-downs

The pyocin AP41-Im complex was used as bait to pull-down outer membrane proteins
involved in its import. A 1 L culture of P. aeruginosa PAO1 was grown over-night in LB at 37
°C, 140 rpm. Cells were pelleted (4500 x g, 20 min) and resuspended to 10 mL of LB, to which
1 mg of pyocin and 1 % of formaldehyde were added. This was incubated for 30 min at room
temperature. Cells were then washed 3 times in LB to remove unbound pyocin. Outer
membrane proteins were extracted as described in section 2.5.3. The extract was then loaded
onto a HisTrap HP column equilibrated in 50 mM Tris-HCI, 250 mM NacCl, 1 % (w/v) B-OG, and
proteins eluted using an imidazole gradient reaching 250 mM. Fractions were analysed on a

10 % SDS-PAGE gel and compared to a negative control that did not contain any pyocin.

2.7.5 In vitro protein pull-downs

In vitro pull-downs were performed either using the PyoG-ImG-Hiss complex or Hisio-
TEV-Hur as bait. Proteins were mixed to a final concentration of 10 uM in binding buffer (50
mM Tris-HCl pH 7.8, 250 mM NaCl, with the addition of 1 % (w/v) B-OG if Hur was used). 300
pL of Ni-NTA resin (QIAGEN) was washed in the same buffer and added to 100 uL of protein
mix. The resin was then transferred to a Spin Column (Pierce) and washed until no absorbance
at 280 nm could be detected in the wash. Proteins were eluted in 100 pL of the binding buffer

with the addition of 500 mM imidazole and analysed on a 12 % SDS-PAGE gel.
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2.7.6 Pull-downs of hemin with Hur

Pull-downs with His1o-TEV-Hur as prey were used to detect bound hemin. 10 uM Hur
was mixed with 1 mM hemin (Sigma) in a 250 pL reaction volume, in the presence or absence
of 10 uM PyoG. 750 pL of Ni-NTA resin in 50 mM Tris-HCI pH 8, 1 % B-OG was added to the
mix. The beads were washed in the same buffer with the addition of 250 mM NaCl on a Spin
Column until no absorbance could be detected at 280 and 410 nm. 410 nm was determined
as the absorbance maximum for hemin in binding buffer with 3-OG. Proteins were then eluted
in 250 uL of binding buffer with 500 mM imidazole. Absorbance spectra of eluted proteins
and hemin were measured (Jasco V-550 UV-Visible Spectrophotometer) in the 250-700 nm
range. The relative amount of hemin-to-protein was determined by dividing the 410 nm

hemin peak by the 280 nm protein peak. Experiments were performed in triplicate.

2.8 Fluorescence microscopy

2.8.1 Conjugation of maleimide fluorophores to proteins

Pyocins were fluorescently labelled using Alexa Fluor 488 C5 maleimide (AF488)
fluorophore that was linked to proteins via an engineered C-terminal cysteine. The protein
was first reduced in 10 mM DTT for 2 h at room temperature. DTT was removed on a 5 mL
HiTrap desalting column equilibrated into 50 mM Tris-HCI pH 7, 100 mM NaCl. Pyocins were
then incubated for 1 h at room temperature with a 3-fold molar excess of AF488. The reaction
was quenched with 5 mM DTT. The solution was centrifuged at 16 000 x g for 30 min to

remove protein aggregates and desalted as before. Unbound AF488 was removed by running
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the labelled protein on a Superdex 200 10/300 GL column equilibrated in 50 mM Tris-HCl pH
7, 100 mM NaCl. The absorbance was measured at 280 nm and 494 nm using a V-550 UV-
Visible Spectrophotometer (Jasco), and labelling efficiency determined as described in the
manufacturer’s protocol (Molecular Probes Inc, 2006). All fluorescently labelled proteins used

for microscopy were labelled with greater than 95% efficiency.

2.8.2 Labelling of live P. aeruginosa cells with fluorescent pyocins

Fluorescent pyocins were used to label P. aeruginosa PAO1. Bacteria were grown
overnight in M9 medium at 37 °C with shaking. 1 mL of this overnight culture was pelleted
and resuspended in 10 mL M9 medium and grown until an ODego of 0.5. All pelleting steps
were performed at 7000 x g for 3 min. 1 mL of cells was washed in PBS pH 7, and labelled with
2 uM pyocin for 30 min at room temperature. The unbound pyocin was removed by three
washes in PBS. For the trypsin protection assay, after labelling, cells were exposed to 0.5
mg/mL trypsin for 1 h at 30 °C, in PBS with 35 pg/mL chloramphenicol. After a final washing
step, bacteria were resuspended in 30 uL of PBS. 3 uL of cells were then loaded onto agarose
pads, prepared using Geneframes (Thermo Scientific). 80 uL of 1% (w/v) agarose in PBS was
pipetted into the Geneframe (17x28 mm). The surface was flattened with a cover slip and
excess agar removed. Once the agar solidified the cover slip was removed, the bacterial

suspension added and a new coverslip attached to the adhesive side of the Geneframe.
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2.8.3 Labelling of P. aeruginosa sphaeroplasts with fluorescent pyocins

Bacteria were grown overnight in M9 medium at 37 °C with shaking. 1 mL of this
overnight culture was pelleted and resuspended in 10 mL M9 medium and grown until an
0D600 of 0.5. All pelleting steps were performed at 3000 x g for 10 min. 1 mL of cells was
pelleted and resuspended in PBS pH 7, with the addition of 0.5 M sucrose, 20 mM EDTA and
1.5 mg/mL lysozyme, and incubated for 45 min at room temperature. Cells were then washed
with PBS, 0.5 M sucrose, and mixed with 2 uM fluorescent pyocin. After 30 min incubation at
room temperature, unbound pyocin was removed by three washes in PBS, 0.5 M sucrose. For
the trypsin protection assay, after labelling, cells were exposed to 0.5 mg/mL trypsin for 1 h
at 30 °C, in PBS, 0.5 M sucrose. After a final washing step, bacteria were resuspended in 30
puL of PBS, 0.5 M sucrose and loaded onto agar pads as described above. Agar was

supplemented with 0.5 M sucrose to prevent the bursting of the sphaeroplasts.

2.8.4 Image collection and data analysis

All images were collected on an Oxford Nanoimager S microscope. Images were
collected at 100 ms exposure and 20 % 488 nm laser power. For every image, 20 frames were
collected and merged using the command “Zproject” in Image J. Average fluorescence was
measured for a total of 50 cells per condition per repeat, and was corrected by subtracting
the average background fluorescence. All experiments were conducted in triplicate. The
fluorescence intensity of experimental groups (groups exposed to fluorescent pyocin) was
compared to the unlabelled control by the Kruskal-Wallis test, using Dunn’s test as the post
hoc procedure (confidence level 0.001). The analysis was performed by GraphPad Prism
version 6.04 for Windows, GraphPad Software, La Jolla California USA, www.graphpad.com.

63



3. Identification of PyoG translocon components

3.1 Introduction

Mining P. aeruginosa genomes for novel pyocin genes is an important step in
developing this class of protein antibiotics as therapeutics. Therefore, a bioinformatics
pipeline developed by our laboratory represents a valuable tool for detecting and exploring
the diversity of pyocins (Sharp et al. 2017). Using this pipeline to search for the conserved
Pyocin S domain (PF06958) in genomes of different Gram-negative bacteria, several new

putative nuclease pyocin genes were discovered, including pyoG.

pyoG encodes a 640 amino acid protein toxin in which the first 485 residues are similar
to pyocins S1, S6 and SD1 (Appendix F-1). Due to these similarities PyoG, was classed as an S1
group pyocin. Based on sequence homology to pyocin S1 and carocin D, three functional
domains of PyoG were annotated (Figure 3-1). All S1 group pyocins have two conserved N-
terminal domains required for translocation (Domain | and domain I, Figure 3-1) (Sano et al.
1993). Both are essential for pyocin-induced killing. Domain Il corresponds to the conserved
Pyocin S domain (Appendix F-2), used in the original search for novel bacteriocins (Sharp et
al. 2017). Based on this conservation within the group, the domain boundaries of PyoG
domain | and domain Il could be assigned from alignment to PyoS1. The cytotoxic domain
(Domain 1l1) and the immunity protein of PyoG are highly similar to carocin D, an endonuclease
bacteriocin from Pectobacterium carotovorum (Roh et al. 2010), allowing for logical
annotation of these domains (Figure 3-1). This domain does not have an HNH motif,
commonly found in nuclease bacteriocins. However, due to the lack of structural data on

pyocins of the S1 group, exact domain boundaries of PyoG are unknown.
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Due to conservation of the receptor binding and translocation domains amongst all S1
group pyocins, they must all recognise and bind the same cell envelope receptors during
import into cells. However, none of the proteins involved in the import process for S1 group
pyocins are currently known. Therefore, identifying the proteins required for PyoG

translocation is important for the potential clinical application of all S1 group pyocins.
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Figure 3-1. Probable domain organization of PyoG (A). Residue numbers are shown above
domain boundaries. The first 50 residues are predicted to be disordered by DisEMBL 1.5
(Linding et al. 2003). Domains I-Il were annotated based on probable domain organization of
PyoS1 (Sano et al. 1993), and the secondary structure prediction of PyoG (B). The secondary
structure prediction was generated by PSIPRED (McGuffin et al. 2000). Domain | is involved in

receptor binding and Domain Il in pyocin translocation, both being essential for killing (Sano
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et al. 1993). Domain Il corresponds to the Pyocin S domain (Figure 1-1; PF06958), conserved
amongst modular nuclease bacteriocins (Sharp et al. 2017). Doman Ill is the cytotoxic
nuclease domain. The immunity protein and Domain Ill are homologous to carocin D, an

endonuclease bacteriocin from Pectobacterium carotovorum (Roh et al. 2010).

3.1.1 Aims

The aim of this chapter was to express and purify PyoG and test its cytotoxic activity
against clinical isolates of P. aeruginosa, including its efficacy in a Galleria mallonella infection
model. The aim was also to investigate the cell envelope components required for
translocation of the pyocin and propose a model of its import. The latter goal was addressed
via a transposon mutant screen, followed by in vitro pull-down assays to validate proposed

interactions between PyoG and cell-envelope proteins.
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3.2 Results

3.2.1 Expression and purification of PyoG

PyoG was heterologously expressed in E. coli BL21(DE3) in complex with its immunity
protein (ImG- Hisg). In order to successfully express PyoG, it was necessary to have an extra
copy of imG expressed from a separate plasmid. It is likely that excess ImG was required for
PyoG expression due to the inherent toxicity of PyoG to host cells. An excess of ImG could
inhibit this PyoG toxicity during over expression in cells, which in turn increased PyoG vyield.
The PyoG-ImG-Hiss complex was purified using affinity chromatography with a HisTrap HP
column. After binding the protein to the column through the C-terminal hexhistidine tag on
ImG, the complex was eluted using an imidazole gradient (15-160 mM) (Figure 3-2). To buffer
exchange and remove residual contaminants, the PyoG-ImG-Hiss complex was subject to gel
filtration using a HiLoad 26/60 Superdex 200 pg column (Figure 3-3). Three peaks were
observed in the resulting SEC chromatogram (Figure 3-3), however SDS-PAGE confirmed that
only fractions corresponding with the main elution peak Il contained the PyoG-ImG-Hise
complex. Other peaks were located at the column void volume (Peak 1) and total column
volume, thus are consistent with aggregate and small contaminants, respectively. PyoG-ImG-
Hise containing fractions were pooled, concentrated, and the protein identity was confirmed
by peptide mass fingerprinting. The final protein (Figure 3-4 A) concentration determined by
UV absorbance at 280 nm, assuming a sequence-based extinction coefficient of 61770 Micm-

!, The yield of PyoG-ImG-Hiss complex was ~10 mg of protein per L of bacterial culture.

To test if the purified pyocin complex was folded and active a killing assay was carried
out (Figure 3-4 B). PyoG-ImG was applied to P. aeruginosa PAO1 at concentrations from 4.5
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nM to 10 uM. Areas of clearance are consistent with PyoG-mediated killing, observed to ~40
nM (Figure 3-4 B). These results confirmed that the isolated PyoG-ImG complex was folded

and active against P. aeruginosa PAO1 strain.
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Figure 3-2. Affinity chromatography of PyoG (69 kDa) in complex with ImG-Hise (11 kDa). A —
Chromatogram following UV absorbance at 280 nm during imidazole gradient elution of the
PyoG-ImG-Hiss complex from a HisTrap HP column. The complex was purified in 50 mM Tris-
HCl pH 7.8, 500 mM NaCl and eluted over a gradient reaching 200 mM imidazole at a 3 mL/min
flow rate. B—a 12 % SDS-PAGE gel showing fractions from the elution. Fractions are labelled
with red numbers and their positions are shown on the elution profile in A. Position of PyoG

is labelled on the right side of the gel. ImG cannot be seen on this gel.
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Figure 3-3. Gel filtration of the PyoG-ImG-Hiss complex. A — Chromatogram tracing UV
absorbance at 280 nm showing the elution profile of the PyoG-ImG-Hiss complex on a 26/60
Superdex S200 pg column. The complex was purified in 50 mM Tris-HCl pH 7.8, 250 mM NaCl.
B — fractions from the profile are labelled with red numbers and are shown on a 4-20 % SDS-
PAGE gel. Peak Il fractions containing PyoG (69 kDa) and ImG (11 kDa) were pooled for further

studies. Average protein yield was 10 mg of protein per L of cell culture.
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Figure 3-4. Purification and activity of PyoG. A — 4-20 % SDS/PAGE gel of purified PyoG (PyoG,

69 kDa) and its immunity protein (ImG-His6, 11 kDa). B — 3 pL of PyoG-ImG at varying
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concentrations was spotted on top of a lawn of P. aeruginosa PAO1. Clearance zones were
observed after overnight incubation at 37 °C, which are indicative of killing. The pyocin kills

down to ~40 nM. Figure modified from Atanaskovic et al. 2020.

3.2.2 The killing activity of PyoG

The strain coverage of PyoG and its in vivo killing activity were next investigated. One
of the factors that influences pyocin strain coverage is how commonly expressed the
immunity protein is in other strains of P. aeruginosa. All pyocin producing strains express the
corresponding immunity gene within the same operon, but immunity protein genes can also
be orphans (Ghequire et al. 2017b). If PyoG immunity is not widely found in P. aeruginosa
strains then it would be anticipated to have good strain coverage for killing because strains
would not be able to produce an immunity protein capable of combating PyoG toxicity. To
get an estimate of the expression range of PyoG immunity protein, the PubMLST Database
was searched (Jolley et al. 2018). It was found that imG is present in 11 of 6,973 strains in the
database. The small number of strains with imG suggests that good strain coverage would be
possible with PyoG. This result is exceptional when compared to the coverage of the pyocin

S1 immunity, which is present in 744 strains.

To test this hypothesis, PyoG killing activity was assessed against a collection of P.
aeruginosa clinical isolates (Table 2-1). This experiment was performed in collaboration with
Dr Khedidja Mosbahi, Walker Laboratory, Institute of Infection, Immunity, and Inflammation,
University of Glasgow. These tests confirmed that ~90 % of the screened strains were
sensitive to PyoG killing, with most having nanomolar MICs (Figure 3-5 A). The high strain
coverage observed here indicates that not only is PyoG a good candidate to study for
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antimicrobial development, but also that the translocation machinery used by this protein is

common in P. aeruginosa genomes.
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Figure 3-5. PyoG is active against clinical isolates of P. aeruginosa and can rescue Galleria
mallonella from a lethal dose of P. aeruginosa PAO1. A - PyoG MICs for a collection of P.
aeruginosa clinical isolates (Table 2-1). Resistant strains are shown in red, and MICs values
are represented as shades of blue. 90 % of screened strains were sensitive to PyoG. B — /In vivo
activity of PyoG against a lethal dose of P. aeruginosa PAO1 in a Galleria mallonella infection
model. 10 pL of 10 uM PyoG provides protection against PAO1. PAO1 Ahur is a PyoG resistant
mutant which lacks the receptor for the pyocin. PyoG does not provide protection against this

strain. These experiments were performed by Dr Khedidja Mosbahi, Walker Laboratory,
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Institute of Infection, Immunity, and Inflammation, University of Glasgow. Figure taken from

Atanaskovic et al. (2020).

In addition to testing of clinical isolates, the efficacy of PyoG against P. aeruginosa in
a Galleria mallonella infection model was also investigated (Figure 3-5 B). This test was
performed by Dr Khedidja Mosbahi, wherein G. mallonella was exposed to a lethal dose of P.
aeruginosa PAO1. Three-hours post-infection the larvae were treated with 10 plL of 10 uM or
1 uM PyoG. Both treatments increased the survival rate of the larvae. Therefore, PyoG is a
newly discovered pyocin which has good strain coverage and in vivo activity against P.

aeruginosa infection.

3.2.3 PyoG requires Hur, TonB1 and FtsH for killing

After establishing a method to purify active PyoG, the next step was to determine
which cell envelope proteins are required for its import. Identification of the translocon
components for PyoG would be applicable to other S1 group pyocins, helping to narrow the
number of P. aeruginosa strains that are likely to be killed by the S1 group pyocins. Toward
this end, a screen was conducted of the PyoG susceptibility of transposon mutants of PAO1
carrying insertions in genes coding for cell envelope proteins employed by other nuclease
pyocins and colicins. One such protein is the inner membrane AAA+ ATPase/protease FtsH,
which is required for the killing activity of several nuclease colicins (Walker et al. 2007). PyoG
killing activity was therefore tested against an ftsH deletion mutant of P. aeruginosa PAO1 by

plate and liquid killing assays. This experiment showed that the ftsH deletion mutant was
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resistant to PyoG killing. Sensitivity could be restored by complementation from plasmid-

expressed ftsH (Figure 3-6 A).
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Figure 3-6. Plate and liquid killing assays with 10 uM PyoG reveal which cell envelope proteins
are required for its import. For plate killing assays, 3 pL of pyocin was spotted on top of
bacterial lawns and plates incubated overnight at 37 °C. For liquid killing assays, ODsgo values
represent the mean of three biological replicates with standard deviations shown. A — FtsH,
an inner membrane AAA+ ATPase/protease, is required for PyoG killing activity. P. aeruginosa
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PAO1 AftsH is resistant to PyoG and is unaffected by the introduction of the empty shuttle
vector pMMB190 (AftsH pMMB190). However, transformation of PAO1 AftsH with pftsH
complemented the ftsH deletion and restored sensitivity to PyoG. B — TonB1, a protein that
links the PMF generated on the inner membrane with translocation across the outer
membrane, is necessary for PyoG killing activity. AtonB1 mutant of P. aeruginosa is resistant
to PyoG. AtonB2 and AtonB3 mutants are sensitive. C — The killing activity of PyoG depends
on an outer membrane transporter, Hur. Deletion of hur induces resistance to the pyocin.
Sensitivity can be restored if hur is complemented from a plasmid. phur is hur cloned from
PAO1 into pMMB190. D — E. coli BL21(DE3) is not sensitive to PyoG. PyoG sensitivity in this
organism can be induced if transformed with both pTonBB1 and pHur. pTonBB1 is E. coli
TonB1%2 translationally fused to P. aeruginosa TonB1%°1-342 and cloned into pACYCDuet-1
(Behrens et al. 2020). pHur is hur with the E. coli OmpF signal sequence, codon optimised for

expression in E. coli and cloned into pET21d. Figure taken from Atanaskovic et al. (2020).

After identifying FtsH as an integral component of PyoG import, the next step was to
determine the energy transduction pathway hijacked for import to the periplasm. PyoS2
(White et al. 2017), PyoSD2 (McCaughey et al. 2016b), and PyoS5 (Behrens et al. 2020), all
require the Ton system for energized cell entry. Therefore, P. aeruginosa strains lacking
different TonB variants were tested for resistance to PyoG-induced killing. Both plate and
liquid killing assays showed that the AtonB1 mutant is resistant to PyoG (Figure 3-6 B). To
confirm the role of TonB1 in PyoG import, the periplasmic domain of TonB1 was purified and
used in in vitro binding assays with PyoG. TonB1 was captured by PyoG in a pull-down assay,

where PyoG was bound to NTA resin through its association with ImG-Hiss, demonstrating
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that TonB1 and PyoG interact in vitro (Figure 3-7). Hence, PyoG binds TonB1 in P. aeruginosa

cells which energizes import across the outer membrane.
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Figure 3-7. Pull-down of PyoG-ImG-Hiss and TonB1'%-3%°, Proteins indicated above the gel
were mixed at equimolar concentrations, beads were washed and bound protein eluted with
imidazole. Eluate was analysed on 12 % SDS-PAGE gels. Protein marker is in the first lane.
Eluate when only bait protein (PyoG) was applied to resin is in the second lane. Eluate when
only the prey protein (TonB1) was applied to the resin is shown in the third lane, verifying
that the prey does not bind to beads in the absence of PyoG. Eluate for the mix of bait and
prey is shown in the fourth lane. Positions of proteins with their molecular masses are labelled
on the right side of the gel. This experiment confirmed that PyoG and the periplasmic region

of TonB1 interact in vitro. Figure adapted from Atanaskovic et al. 2020.

The identification of TonB1 as a requirement for PyoG import provided the starting
point for finding the outer membrane receptor/translocator. It was assumed that the PyoG
receptor must also be TonB dependent. By searching the P. aeruginosa PAO1 genome for the
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TonB plug domain (Pfam domain PF07715) as previously described (Ghequire & Ozturk, 2018),
37 candidate receptors/translocators for PyoG were identified (Table 1-1). A library of
transposon mutants for all 37 TBDTs was screened using PyoG. It was found that a transposon
insertion into locus PA1302 yielded resistance to PyoG (Figure 3-6 C). Sensitivity to PyoG
killing was restored if the mutation was complemented from a plasmid, suggesting this locus

codes for the PyoG receptor and/or translocator.

It has previously been shown that PA1302 is linked with the import of pyocin PaeM4
in P. aeruginosa (Ghequire & Ozturk 2018) and with hemin uptake into cells (Otero-Asman et
al. 2019). Therefore, the protein encoded by the PA1302 locus was named Hemin uptake
receptor (Hur). An important question is whether TonB1 and Hur are the sole requirements
for PyoG import across the outer membrane? This question was addressed using a strategy
developed by Behrens et al. 2020. E. coli cells were transformed with plasmids encoding Hur
and a TonB chimera, comprised of E. coli TonB and the C-terminal periplasmic domain of P.
aeruginosa TonB1, which were then tested for susceptibility for PyoG-mediated killing (Figure
3-6 D). The data show that the introduction of both proteins into E. coli results in susceptibility
to PyoG killing. Taken together, the results presented in this section indicate that Hur and
periplasmic TonB1 are the specific components of the outer membrane translocation
machinery required for the entry of PyoG into the periplasm of P. aeruginosa cells. Once in

the periplasm, FtsH is then involved in the inner membrane translocation step.

3.2.4 Hur is essential for cell surface binding of PyoG

Although Hur is sufficient for outer membrane transport the results from section 3.2.3
do not rule out the possibility that PyoG binds to other cell surface features, such as CPA or
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indeed another protein. Several pyocins (McCaughey et al. 2014; Behrens et al. 2020) use LPS
as a receptor to get concentrated on the cell surface, and then translocate across the outer
membrane through a protein transporter. To test if this is also the case of PyoG, several LPS
mutants of P. aeruginosa were tested for PyoG sensitivity (Figure 3-8). None of the mutants
were resistant to the pyocin, which indicates that LPS is not required for its binding to the cell
surface. On the contrary, some of the mutants were more sensitive to PyoG than the wt strain,

which indicates that removal of LPS components can facilitate binding of PyoG to cell surface.

To further investigate if Hur is essential for PyoG binding to the surface of P.
aeruginosa, fluorescent microscopy was used. For these experiments, a fluorescently labelled
PyoG (PyoG'*%) was constructed and used in microscopy experiments to investigate cell
surface association in wild type and Ahur PAO1 cells. PyoG'48> lacks the cytotoxic domain of
the pyocin and has a cysteine at the C-terminus for conjugation with Alexa Fluor dyes. The
cytotoxic domain was removed so the cells can be labelled without being killed by the pyocin.
After incubation of live P. aeruginosa cells with the PyoG fluorescent label, cells were washed
and imaged using epifluorescence microscopy. This allowed for direct observation that PAO1
was able to bind PyoG, whereas the Ahur mutant was PyoG binding incompetent (Figure 3-9).
Complementation with hur expressed from a plasmid restored similar fluorescence levels as
observed for PAO1 cells (Figure 3-9B). Combined with the PyoG sensitivity of E. coli expressing
Hur and the TonBB1 chimera (Figure 3-6 D), the data demonstrate that Hur is the essential
outer membrane component to which PyoG binds and that it plays the role of both receptor

and translocator.
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Figure 3-8. Plate killing assay with PyoG-ImG and the lipopolysaccharide (LPS) mutants of P.
aeruginosa. 3-fold serial dilutions starting at 10 uM PyoG-ImG were used. The same serial
dilutions were applied to all plates and are indicated on the plate with the wt strain. Armd
lacks the common polysaccharide (CPA) component of LPS. AwbpM lacks the O-specific
antigen component (OSA) of LPS. AwbpM lacks both CPA and OSA, and has just the uncapped
lipid A component of LPS (Lam et al. 2012). None of these mutants were resistant to PyoG,

indicating that CPA and OSA are not required for its binding to the cell surface.
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Figure 3-9. Hur is required for PyoG to target P. aeruginosa cells. A — Fluorescent labelling of
PAO1 wt, Ahur and Ahur complemented with Hur expressed from a plasmid (Ahur phur).
PyoG'“8>, conjugated to AF488 via a C-terminal cysteine, was used for labelling. The parent
strain was successfully labelled with fluorescent protein, whereas labelling was lost if hur was
deleted. Labelling was restored by hur expression from a plasmid. Representative

micrographs for each strain are shown. All snapshots were adjusted to the same intensity
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scale. B - Average fluorescence intensities for 100 cells in the presence and absence of
fluorescent PyoG. Mean of three biological replicates with standard deviations are shown.
Fluorescence intensities for labelled groups were compared to the unlabelled control. *
represents a P value below 0.0001 in the Kruskal-Wallis Test. Figure modified from

Atanaskovic et al. 2020.
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4. Function of Hur, the PyoG transporter

4.1 Introduction

Hur is a 92 kDa protein in the outer membrane of P. aeruginosa. It is present in 99 %
of 6,973 strains in the PubMLST Database where it shows a high degree of sequence
conservation (Jolley et al. 2018). Based on homology to other TBDTs, Hur is predicted to be a
22 stranded B-barrel with a conserved TonB plug domain (Figure 4-1). The plug occludes the
channel of the barrel in the ligand-free conformation of the transporter (Figure 4-1 B). Due to
the presence of the TonB plug domain, Hur is likely to bind TonB, but this interaction has not

been proven experimentally.

Figure 4-1. Homology model of Hur. The structure was built by SWISS-MODEL (Waterhouse
et al. 2018). The structure of HasR from Serratia marcescens (PDB 3DDR) was used as a
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template for model building; sequence coverage was 85 % coverage and the proteins have 23
% sequence identity and 39 % similarity. A, side-view, and B view of the structure from the
periplasm. Quality estimate value (QMEAN) for the entire structure is -7.1, which classifies it
as a low quality homology model. Blue represents “good quality” regions, with a positive
QMEAN value. Orange regions have “low quality” with negative QMEAN, particularly the case
for loops which are also less well conserved. High QMEAN regions are within the B-strands of
the barrel (A), implying that Hur, like other TBDTs, is a 22-stranded B-barrel. The plug domain
is well conserved and also has a high QMEAN value (B). As in other TBDTs, it is positioned

inside the barrel, occluding the Hur channel.

Hur has previously been linked to pyocin import. It serves as an outer membrane
receptor/translocator for pyocin PaeM4 (Ghequire & Ozturk 2018). PaeM4 is a lipid Il
degrading pyocin with a cytotoxic domain similar to colicin M. The receptor binding domain
at the N-terminus is different to colicin M, and distinct to all other modular pyocins. It also
has no sequence homology to PyoG, despite the fact that PyoG and PaeM4 share the same
receptor. Therefore, it is likely that these two pyocins bind Hur via a different mechanism.
However, the involvement of Hur in pyocin import has only been proposed from transposon
mutant screens. The direct interaction of the receptor and the pyocins has yet to be tested

experimentally.

Pyocins parasitize nutrient import pathways. In the case of Hur, the nutrient import
pathway is unknown. The transporter is homologous to several other TBDTs, all of which are
involved in heme uptake (Table 4-1). Therefore, this protein is probably involved in acquiring

heme as an iron source. Heme acquisition genes are usually organized in operons. These

82



operons consist of a gene coding for the TBDT, which transports heme across the outer
membrane, and a hemophore protein, which is secreted to bind heme in the extracellular
environment. One example is the has operon, encoding HasR, a TBDT homologous to Hur,
and HasA, the hemophore. HasA binds heme and transfers it to HasR. HasR has low heme
binding affinity and requires the HasA hemophore for heme uptake (Krieg et al. 2009). On the
other hand, PhuR, another Hur homolog, is not expressed from an operon and does not
require a hemophore. PhuR can bind free heme or take up heme from hemeoglobin (Smith &
Wilks 2015). Like PhuR, Hur is not expressed from an operon and probably does not require a
hemophore for heme binding. Even though sequence homology hints that Hur has a role in
heme import, this has yet to be demonstrated experimentally. It is not known if Hur binds
heme, or a hemophore. The Ahur mutant of PAO1 can grow in the presence of heme as the
sole source of iron, probably due to the expression of other P. aeruginosa heme uptake
systems — Phu and Has. Nevertheless, hur is upregulated in the presence of heme and if the
hasR gene is deleted (Otero-Asman et al. 2019). Therefore, it is likely that Hur has a role in

heme uptake.

Table 4-1. TBDTs homologous to Hur. Proteins were found by Protein BLAST (NCBI). % of

sequence identity to Hur, the organism of origin and known ligands are listed next to each

protein.
Protein | % ldentity Organism Ligand
TdhA 40.17 Haemophilus ducreyi Hemin
HasR 25 Serratia marcescens HasA
HxuC 22.7 Haemophilus influenza | Hemopexin
PhuR 22.41 Pseudomonas Hemin, hemoglobin
aeruginosa
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4.1.1 Aims

This chapter looks at Hur function and how it relates to PyoG import. The first aim was
to express and purify Hur. Second, in vitro assays were established to follow binding of both
PyoG and hemin to Hur and establish that their binding is mutually exclusive. Binding assays

were also used to determine the receptor-binding domain of PyoG.
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4.2 Results

4.2.1 Expression and purification of Hur

Hur was purified to test in vitro binding to PyoG and hemin. hur was codon optimized
for expression in E. coli. The first 29 residues were recognized as the signal sequence targeting
the Sec system (SignalP 5.0, Almagro Armenteros et al. 2020). Since Sec signals vary between
E. coli and P. aeruginosa (Lewenza et al. 2005), these residues were swapped for the E. coli
OmpF signal sequence (MKRNILAVIVPALLVAGTANA), followed by Hisio and a TEV cleavage
site. This construct was expressed in E. coli BL21AABCF. This strain lacks several Omp proteins
in the outer membrane, which should facilitate purification of proteins expressed in the outer
membrane (Meuskens et al. 2017). His1o-TEV-Hur was purified from outer membrane extracts
in 50 mM Tris-HCl pH 8, 1 % B-OG, 5 mM EDTA. EDTA was removed on a desalting column and
His10-TEV-Hur was then purified on a HisTrap HP column. Hisio-TEV-Hur was eluted using

~250-300 mM imidazole (Figure 4-2).

The protein was next purified by gel-filtration on 26/60 Superdex S200 pg column
equilibrated in 50 mM Tris-HCl pH 8, 1 % B-OG (Figure 4-3). Some His1o-TEV-Hur appeared in
the void (fraction 1), probably due to protein aggregation. Most of the protein eluted as one
peak around 150 mL. Fractions corresponding to this peak were pooled. Purified His1o-TEV-
Hur is shown in Figure 4-3 C. Protein identity was confirmed by peptide mass fingerprinting.
Average protein yield was 0.5 mg of protein per L of bacterial culture. The Hisio-tag was
subsequently cleaved by the TEV protease and Hur was collected as flowthrough on the

HisTrap HP affinity column.
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Figure 4-2. Affinity chromatography of Hisio-TEV-Hur (94 kDa). A — gradient elution of Hur
from a HisTrap HP column. The protein was purified in 50 mM Tris-HCl pH 7.8, 1 % (w/v) B-
OG, on a gradient reaching 500 mM imidazole at a flow of 3 mL/min. B—a 12 % SDS-PAGE gel
showing fractions from the elution. Fractions are labelled with red numbers and their

positions are shown on the elution profile in A. Fractions 3-6 were pooled and used for further

purification.
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Figure 4-3. Gel filtration of Hisio-TEV-Hur (94 kDa). A — elution profile of Hur on the 26/60

Superdex S200 pg column equilibrated in 50 mM Tris-HCl pH 7.8, 1 % (w/v) B-OG. B —fractions
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from the profile are labelled with red numbers and are shown on a 12 % SDS-PAGE gel. L
represents fractions pooled after affinity chromatography and loaded on the gel filtration
column. Fractions 2-6 were pooled and purified His1o-TEV-Hur is shown in C. Average protein

yield was 0.5 mg of protein per L of cells.

4.2.2 In vitro binding of Hur, PyoG and TonB1

His10-TEV-Hur or Hur were used as bait or prey proteins in pull-down assays, which
were used to test for protein-protein interactions within the PyoG translocon (Figure 4-4).
Both full length PyoG and its proposed receptor binding domain were investigated. Binding

of Hur to P. aeruginosa TonB1 was also analysed.

Full-length PyoG binds Hur in vitro (Figure 4-4 A), confirming Hur’s direct involvement
in PyoG import. The next objective was to determine which region of PyoG binds to Hur. The
starting point for this was the sequence homology between PyoG and other S1 group pyocins.
The N-terminal domains are conserved within the S1 group (Figure 3-1; Appendix F-1).
Domain | has been hypothesised to be responsible for receptor binding (Sano et al. 1993). To
test this, PyoG'2>> was purified and its ability to bind Hur was assessed in vitro. Interestingly,
PyoG' 2> indeed bound Hur (Figure 4-4 B). This data indicates that PyoG?> contains the
receptor binding domain of the pyocin. Therefore, all S1-group pyocins probably share Hur as
their receptor, since the first 255 residues are conserved within the group (Appendix F-1). It
was not possible to test if residues 1-255 are essential for Hur binding since PyoG212%> could

not be expressed.
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Figure 4-4. Pull-downs of PyoG translocon components. Proteins were mixed at equimolar
concentrations of 10 uM in binding buffer (50 mM Tris-HCI pH 7.8, 250 mM NaCl, 1 % (w/v)
B-0OG) and bound to nickel beads at room temperature. Next, beads were washed of unbound
protein and proteins were eluted in 500 mM imidazole. Eluents were analysed on 12 % SDS-
PAGE gels. A protein marker is shown in the first lane on each gel. Eluate of the bait protein
is in the second lane. Eluate of the prey protein is shown in the third lane, verifying that the

prey does not bind to beads on its own. Eluate for the mix of bait and prey is shown in the
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fourth lane. Positions of proteins with their molecular masses are labelled on the right side of
the gel. A - PyoG binds to Hur, confirming its involvement in the import of the pyocin. B —The
first 255 residues of PyoG, which are conserved among S1-group pyocins, bind to Hur. C—Hur
binds to the periplasmic region of TonB1, confirming that this is a TonB1 dependent

transporter. Figure adapted from Atanaskovic et al. 2020.

Finally, to confirm that Hur is a TBDT and interacts directly with TonB1, the pull-down
assay with Hisio-TEV-Hur and TonB11%9-342 was again used. This assay showed that Hur binds
periplasmic TonB1 (Figure 4-4 C). Therefore, these pull-downs confirmed that Hur is a TBDT

that binds PyoG.

4.2.3 Hemin is the endogenous ligand of Hur

Even though sequence homology of Hur and other TBDTs strongly supports its
involvement in hemin acquisition, binding of Hur to this ligand has not been demonstrated.
The killing activity of PyoG is supressed in the presence of iron or hemin (Figure 4-5),
consistent with the findings of Otero-Asman et al. (2019) that hur expression is hemin
dependent. These experiments indicated that Hur has a role in hemin uptake. To test if Hur
binds hemin in vitro, a spectrophotometric pull-down assay was deployed (Desuzinges-
Mandon et al. 2010). Hemin (Sigma) was soluble in the same buffer as Hur (50 mM Tris-HCI
pH 8, 1 % B-OG) where it had an absorbance maximum of 410 nm (Figure 4-6 A). Hur was
exposed to a molar excess of hemin and then bound to nickel beads. Unbound hemin was

washed off in the B-OG buffer with the addition of 500 mM NaCl. The lack of a detectable 410
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nm peak in the wash was used as an indication that unbound hemin was successfully
removed. After washing off unbound hemin, Hur was eluted and its UV-Vis spectrum recorded
to assess if there was an increase at 410 nm, due to the presence of bound hemin in the
eluate. The 410 nm peak increased when Hur was exposed to excess hemin (Figure 4-6 B),
confirming that Hur binds hemin. Indeed, it was found that Hur has a 410 nm peak even if not

exposed to hemin, which indicates that it co-purifies with its endogenous ligand.

PyoG [uM] 10 3.33 1.11  0.37

Figure 4-5. Iron and hemin inhibit the killing activity of PyoG. P. aeruginosa PAO1 was grown
in LBA (C), in LBA supplemented with 50 uM FeCls or 50 UM hemin. A range of PyoG
concentrations were spotted onto plates. The presence, clarity and size of clearance zones

was inspected after overnight incubation. Figure taken from Atanaskovic et al. (2020).
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Figure 4-6. His1o-TEV-Hur binds hemin in vitro. A — absorbance spectrum of 10 uM hemin in
50 mM Tris-HCl pH 8, 1 % B-OG. In this buffer, hemin has an absorbance maximum at 410 nm.
Insert shows the structure of hemin used in this study. B — pull-down of hemin with His1o-TEV-
Hur. 10 uM His1o-TEV-Hur was mixed with 1 mM hemin (Sigma) in 50 mM Tris-HCl pH 7.8, 1 %
B-0OG, bound to nickel beads, and then washed of unbound protein and hemin in the same
buffer with the addition of 500 mM NaCl. The Hur-hemin complex was eluted in the binding
buffer with the addition of 500 mM imidazole. Absorbance spectra of eluates are shown. Black
curve is the spectrum of Hur eluted from nickel beads. The protein already has a small 410

nm peak, probably because it co-purifies with the ligand. Green curve is the spectrum for the
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pull-down eluate (indicated with an arrow) following incubation of 10 uM Hur with 1 mM
hemin. The 410 nm peak is increased due to hemin binding. Yellow curve is the spectrum of
the Hur-free control. No 410 nm peak is observed in this control confirming that unbound
hemin was washed off the beads. The experiment was done in two repeats and representative

absorbance spectra are shown.

Because previous authors (Ghequire & Ozturk 2018; Otero-Asman et al. 2019) named
this transporter HxuA or HxuC (Hemopexin uptake receptor), pull-down assays were also
conducted using other human heme containing plasma proteins that could potentially be Hur
ligands. These experiments demonstrated that Hur did not bind human hemopexin,
hemoglobin AQ or transferrin (Figure 4-7). Therefore, the protein was renamed Hur (Hemin

uptake receptor) since this is more indicative of its physiological role.
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Figure 4-7. Pull-downs of Hisio-TEV-Hur and human plasma proteins. Proteins were mixed at
a final concentration of 10 uM and bound to nickel beads in 50 mM Tris-HCl pH 7.8, 250 mM
NaCl, 1 % (w/v) B-OG at room temperature. The beads were washed of unbound protein and
the proteins were eluted in 500 mM imidazole. The content of bead eluates was investigated
on 4-20 % SDS-PAGE gels. A protein marker is shown in the first lane on each gel. Eluate of
the sample which contains just Hur is shown in the second lane, of the sample containing the
plasma protein in the third, and of the sample containing both proteins in the fourth lane.
Since these proteins could not be detected in the pull-down eluates suggests that hemopexin
(A), hemoglobin A0 (B) nor transferrin (C) show binding to Hur under these conditions. D -
stocks of human plasma proteins used as prey in the pull-down. Figure taken from

Atanaskovic et al. (2020).
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4.2.4 Hemin and PyoG compete for binding to Hur

Colicins and pyocins often mimic the cognate ligands of the proteins to which they
bind (Loftus et al. 2006; White et al. 2017). Hur-hemin pull-down assays were therefore
performed in the presence of PyoG to determine if the same was also the case for this pyocin.
In this experiment, Hur had a His1o-TEV tag and PyoG had no purification tag. PyoG depleted
the amount of hemin bound to Hur (Figure 4-8). Since Hur was first exposed to hemin and

then to the pyocin this shows that PyoG can displace Hur-bound hemin.
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Figure 4-8. Hemin binding to Hur is blocked by PyoG. A - Pull-down of 1 mM hemin by 10 uM
His10-TEV-Hur, in the presence and absence of 10 uM PyoG lacking a purification tag. Hur was
mixed with 1 mM hemin and then bound to nickel beads and PyoG in 50 mM Tris-HCl pH 7.8,
1 % B-OG on room temperature. Beads were washed of unbound protein and hemin in
binding buffer with the addition of 500 mM NaCl, followed by elution in 500 mM imidazole.
Absorbance spectra of eluates were measured to detect changes in the 410 nm hemin peak

(enlarged in the upper corner). Representative absorbance spectra are shown. The 410 nm
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peak is increased if Hur is exposed to excess hemin and no hemin peak can be observed if Hur
was mixed with PyoG. No 410 nm peak in the protein free control, containing hemin only,
confirms that unbound hemin was washed off the beads and makes no contribution to the
410 nm absorbance in the eluate. No 410 nm peak was detected in the eluate of Hur that was
exposed to both hemin and PyoG. B - 410 nm absorbance peak of beads exposed to Hur,
hemin or PyoG. Mean of three technical repeats with standard deviations is shown. Figure

taken from Atanaskovic et al. (2020).
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5. Inner membrane translocation of PyoG

5.1 Introduction

Nuclease pyocins cross both the outer and inner membranes in order to access and
degrade cellular nucleic acids. It has been shown that PyoS2, harbouring a C-terminal DNase
domain, hijacks the outer membrane protein FpvAl that acts as both a receptor and
translocator, in a TonB1-dependent manner (White et al. 2017). This mechanism of import
using Ton dependent outer membrane transporters is likely to be a common mode of entry
for nuclease pyocins into cells. The work reported in previous chapters identifying a TBDT Hur
as the PyoG transporter supports this finding. In contrast, the mechanism of inner membrane
transport and pyocin domains responsible for this second translocation step remain

unresolved.

It has previously been shown that inner membrane protein FtsH is associated with
nuclease colicin killing activity and thus is likely to be involved in inner membrane
translocation (Walker et al. 2007). FtsH is a AAA+ ATPase and protease that is conserved
among Gram-negative bacteria. It forms a hexameric ring in the inner membrane, with the
ATPase and the protease domain facing the cytoplasm. The endogenous function of FtsH is in
the quality control of inner membrane proteins and posttranslational regulation of various
cytoplasmic proteins (Westphal et al. 2012). Since FtsH dependence was seen only for
nuclease colicins, and is not essential for killing activity of colicins with pore forming activity,
it was assumed that FtsH functions as an inner membrane translocase of nuclease colicins. In
addition to a putative role in inner membrane translocation it has been shown that the
proteolytic function of FtsH is also essential for colicin activity. The nuclease domains of
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RNase Colicins D and E3 (Chauleau et al. 2011) and DNase colicins E2 and E7 (Mora &
Zamaroczy 2014) were detected in the cytoplasm of E. coli, indicating that there is a
proteolytic cleavage step during import. These results could not be reproduced in a AftsH
strain of E. coli, linking the protease activity of FstH with cleavage of the colicin nuclease
domain. Additionally, colicin D interacted with an inner membrane signal peptidase LepB via
the conserved Pyocin S domain (Chauleau et al. 2011). It was suggested that this signal
protease recruits colicin D to be cleaved by FtsH, but direct binding of FtsH to any bacteriocin

has not been demonstrated experimentally.

There is currently no pyocin domain identified as essential for inner membrane
translocation. However, evidence suggests that the Pyocin S domain, also known as the
translocation domain, could be involved in this step. The Pyocin S domain is conserved across
all nuclease bacteriocins and is absent in pore-formers that do not require an inner membrane
translocation step in order to elicit their cytotoxic activity (Sharp et al. 2017). Furthermore,
the deletion of this domain from several nuclease pyocins leads to the loss of killing activity
(Sano et al. 1993). The work in this chapter further investigates the possibility that the Pyocin

S domain is responsible for inner membrane translocation.

5.1.1 Aims

In this chapter experiments were designed to explore the inner membrane
translocation of PyoG, through identification of the proteins involved and the pyocin

domain/s essential for this function.
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To test which domain/s of PyoG are required for inner membrane translocation,
trypsin protection assays with fluorescent PyoG constructs were designed. These experiments
provided an effective means for sequentially exploring the requirement of the Pyocin S

domain in inner membrane translocation.

In chapter 3, it was shown that the killing activity of PyoG, like nuclease colicins,
requires FtsH, suggesting that the role of FtsH in nuclease bacteriocin import appears to be
conserved between E. coli and P. aeruginosa. FtsH is not essential in P. aeruginosa, as
explained in section 1.3.3. This makes P. aeruginosa a suitable organism for studying the
involvement of FtsH in nuclease bacteriocin import. To resolve the role of FtsH in pyocin inner
membrane translocation | used trypsin protection assays with fluorescent PyoG and AftsH
spheroplasts of P. aeruginosa. The same assay was used to explore if TonB1 is involved in

inner membrane translocation.
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5.2 Results

5.2.1 The receptor binding and Pyocins S domain of PyoG are sufficient for inner membrane

translocation

PyoG translocation was assessed by a trypsin protection microscopy assay. Intact cells
or spheroplasts of P. aeruginosa were labelled with fluorescent PyoG constructs. Full length
PyoG had a G4S linker and a cysteine at the C terminus. Truncations of PyoG had a cysteine
directly added to the C terminus. The cysteine was used for conjugation with AF488 dye. The
integrity of the secondary structure and the stability of constructs was assessed by CD and

DSC (Figure 5-1). All constructs were folded and stable at room temperature (Figure 5-1).

Full length PyoG fluorescence was protected from digestion with trypsin in both intact
cells and spheroplasts (Figure 5-2). In intact P. aeruginosa, there was a reduction but not a
complete loss in fluorescence following trypsin treatment, consistent with most of the
surface-bound molecules being imported. Therefore, in the case of intact cells, trypsin
protection of fluorescent PyoG is an indication of outer membrane translocation. In P.
aeruginosa spheroplasts, the outer membrane and the peptidoglycan layer are disrupted with
EDTA and lysozyme (Monahan et al. 2014), and trypsin can cleave PyoG if not translocated
across the inner membrane. Therefore, trypsin protection in spheroplasts is an indication of
inner membrane translocation. Similarly, PyoG“%>, which is comprised of the receptor-
binding domain and the Pyocin S domain, was protected from digestion with trypsin in both
types of cells (Figure 5-3). This indicates that these two PyoG domains are sufficient for inner

membrane translocation.
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Figure 5-1. Secondary structure integrity and stability of PyoG constructs. A - CD spectra of
0.1 mg/ml PyoG (orange), PyoG*“®> (yellow), PyoG3'4% (blue), and PyoG>> (green) at RT in
20 mM NaF and 10 mM KPO4 buffer (pH 7). PyoG has a Ga4S linker and a cysteine at the C
terminus. Truncated constructs have a cysteine at the C-terminus. The dashed line is the CD
spectrum of full-length PyoG-ImG. An average of 9 measurments are shown. B - DSC of 20 uM
PyoG constructs in 50 mM Tris-HCl pH 7, 150 mM NaCl. The melting temperature of PyoG is
42.14 + 0 and 49.56 + 0.02 °C, PyoG*° is 48.04 + 0.14 °C, PyoG31*® js 44.62 + 0.36 °C, PyoG"

2555 46.22 £ 0.02 °C.
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Figure 5-2. A - PyoG construct used for fluorescent labelling; * represents the site of AF
conjugation. B - Fluorescent labelling of PAO1 with PyoG. PyoG was conjugated to AF488 via
a GsS linker and a C-terminal cysteine. It was added to either intact cells or spheroplasts at 2

M. Cells were exposed to 0.5 mg/mL trypsin after labelling. Fluorescent PyoG was protected
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from digestion with trypsin in both cell types, which is suggestive of translocation across the
outer and inner membranes. Representative micrographs for each strain are shown. All
snapshots were adjusted to the same intensity scale. C - Average fluorescence intensities for
150 cells in the presence and absence of fluorescent pyocin and trypsin. Mean of three
biological replicates with standard deviations are shown. Fluorescence intensities for labelled
and trypsin treated groups were compared to the unlabelled control. * represents a P value

below 0.0001 in the Kruskal-Wallis Test.
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Figure 5-3. A - PyoG construct used for fluorescent labelling; * represents the site of AF

conjugation. B - Fluorescent labelling of PAO1 wt with PyoG'“&, PyoG'“%5, conjugated to

AF488 via a C-terminal cysteine, was added to either intact cells or spehroplasts at 2 uM. Cells
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were exposed to 0.5 mg/mL trypsin after labelling. Fluorescent PyoG' & was protected from
digestion with trypsin in both types of cells, indicating translocation across the outer and inner
membranes. Representative micrographs for each strain are shown. All snapshots were
adjusted to the same intensity scale. C - Average fluorescence intensities for 150 cells in the
presence and absence of fluorescent pyocin and trypsin. Mean of three biological replicates
with standard deviations are shown. Fluorescence intensities for labelled and trypsin treated
groups were compared to the unlabelled control. * represents a P value below 0.0001 in the

Kruskal-Wallis Test.

Since the PyoG“% construct lacks the cytotoxic domain and is not lethal to cells, it
was tested in several mutants of P. aeruginosa to identify proteins required for inner
membrane translocation. The PAO1 Ahur mutant lacks the PyoG receptor and does not label
with fluorescent PyoG, as already described in chapter 3. By contrast, Ahur spheroplasts were
fluorescently labelled (Figure 5-4), indicating that the outer membrane can be bypassed and
that PyoG can associate with the inner membrane. Additionally, the pyocin was protected
from digestion with trypsin, which indicates that the outer membrane receptor Hur is not

required for PyoG to translocate across the spheroplast inner membrane.
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Figure 5-4. A - Fluorescent labelling of PAO1 Ahur, a mutant lacking the PyoG outer membrane
receptor. PyoG#&, conjugated to AF488 via a C-terminal cysteine, was added to either intact
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cells or spheroplasts at 2 uM. Cells were exposed to 0.5 mg/mL trypsin after labelling. Unlike
spheroplasts, intact cells were not labelled, consistent with the outer membrane
translocation step being bypassed in spheroplasts. Representative micrographs for each
strain are shown. All snapshots were adjusted to the same intensity scale. B - Average
fluorescence intensities for 150 cells in the presence and absence of fluorescent pyocin and
trypsin. Mean of three biological replicates with standard deviations are shown. Fluorescence
intensities for labelled and trypsin treated groups were compared to the unlabelled control.

* represents a P value below 0.0001 in the Kruskal-Wallis Test.

5.2.2 The conserved Pyocin S domain is required for inner membrane translocation

To test if the Pyocin S domain plays a role in outer and inner membrane translocation,
a PyoG construct lacking this domain was designed for fluorescent labelling experiments with
P. aeruginosa. Previous studies of PyoS1, a homolog of PyoG, (Sano et al. 1993), suggest that
the S domain is comprised of residues 256-485. This region is conserved amongst pyocins G,
AP41 and S2 (Appendix F-2). Therefore, to test the involvement of the Pyocin S domain in
PyoG import, PyoG'2>> with a C-terminal cysteine was constructed. This construct contains
the TonB1 binding box and the receptor-binding domain of PyoG, as demonstrated in Hur
pull-downs presented in chaper 4. To test if PyoG!?>> translocates across outer and inner
membrane, the trypsin protection microscopy assay was performed using both intact PAO1
cells and spheroplasts. PyoG 2> [abelled intact PAO1 cells and the fluorescent signal remains
even in the presence of trypsin. This trypsin protection indicates that the construct must be
capable of translocation into cells across the outer membrane (Figure 5-5). In contrast, PyoG*

255 fluorescence was not detected following trypsin treatment of labelled spheroplasts,
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indicating that it associates with the spheroplast surface, but unlike PyoG% is not imported
across the inner membrane. Taken together these data indicate that the PyoG!%>> domain is
not sufficient for inner membrane translocation and that the Pyocin S domain is required for

this step in PyoG import.
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Figure 5-5. A - PyoG construct used for fluorescent labelling; * represents the site of AF
conjugation. B - Fluorescent labelling of PAO1 wt with the PyoG construct lacking the
conserved Pyocin S domain (PyoG'2>°). PyoG'2>, conjugated to AF488 via a C-terminal

cysteine, was added to intact cells or spheroplasts at 2 uM. Cells were exposed to 0.5 mg/mL
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trypsin after labelling. Fluorescent PyoG'2°> was protected from digestion with trypsin only
in intact cells, indicating that the Pyocin S domain is required for inner membrane but not
outer membrane translocation. Representative micrographs for each strain are shown. All
snapshots were adjusted to the same intensity scale. C - Average fluorescence intensities for
150 cells in the presence and absence of fluorescent pyocin and trypsin. Mean of three
biological replicates with standard deviations are shown. Fluorescence intensities for labelled
and trypsin treated groups were compared to the unlabelled control. * represents a P value

below 0.0001 in the Kruskal-Wallis Test.

5.2.3 FtsH is required for inner membrane PyoG translocation

After validating that spheroplasts are a viable system for studying inner membrane
translocation, the involvement of FtsH was investigated. To do this, trypsin cleavage
experiments were repeated using ftsH knockout cells (PAO1 AftsH). In intact cells PyoG148>
was protected from digestion with trypsin, demonstrating that the pyocin does not require
FtsH for outer membrane translocation. In contrast, AftsH spheroplasts did not afford trypsin
protection of PyoG!“®>, suggesting that in the absence of FtsH there is no inner membrane
translocation (Figure 5-6). Interestingly, prior to trypsin digestion, the spheroplasts were
labelled with PyoG'48>, indicating that FtsH is not essential for the surface association of PyoG
at the spheroplast envelope, just the subsequent translocation step. Upon complementation
of AftsH with FtsH expressed from a plasmid (pFtsH), trypsin protection (Figure 5-6) and PyoG
killing activity (Figure 5-7 A) are restored. Complementation with a protease-inactive FtsH,

pFtsH H416Y (Westphal et al. 2012; Kamal et al. 2019), did not restore trypsin protection
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(Figure 5-6) or killing activity (Figure 5-7 A). Therefore, the protease activity of FtsH is essential

for PyoG import across the inner membrane.
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Figure 5-6. A - Fluorescent labelling of PAO1 AftsH, a mutant resistant to PyoG. PyoG'#&,
conjugated to AF488 via a C-terminal cysteine, was added to either intact cells or spheroplasts
at 2 uM. Cells were exposed to 0.5 mg/mL trypsin after labelling. Fluorescent PyoG was
protected from digestion with trypsin in intact cells, indicating that FtsH is not required for

the outer membrane translocation step. There was no trypsin protection in spheroplasts,
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indicating that FtsH is required for the translocation of PyoG across the inner membrane.
pFtsH is AftsH complemented with FtsH expressed from a plasmid. pFtsH H416Y is AftsH
complemented with FtsH carrying a point mutation that inactivates its protease activity. Only
complementation with wt FtsH restored trypsin protection of PyoG in spheroplasts.
Representative micrographs for each strain are shown. All snapshots were adjusted to the
same intensity scale. B - Average fluorescence intensities for 150 cells in the presence and
absence of fluorescent pyocin and trypsin. Mean of three biological replicates with standard
deviations are shown. Fluorescence intensities for labelled and trypsin treated groups were

compared to the unlabelled control. * represents a P value below 0.0001 in the Kruskal-Wallis

Test.
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Figure 5-7. A — Plate killing assay of P. aeruginosa PAO1 AftsH complemented with FtsH
expressed from a plasmid (pFtsH), or a protease inactivated version of FtsH (pFtsH H416Y).

Only complementation with wt FtsH restores pyocin sensitivity. P. aeruginosa PAO6699
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AtonB1 was complemented with TonB1 expressed from a plasmid (pTonB1). Pyocin sensitivity
is restored in this strain. Complementation with a TonB1 chimera (T7-TetA?32-TonB1112:342),
in which the inner membrane helix of TonB1 was replaced with the first helix of P. aeruginosa
TetA (pTet-TonB1) was resistant to PyoG. B — Expression of Tet-TonB1 from pTet-TonB1.
Membrane proteins were extracted in 1 % DDM, 50 mM Tris-HCl pH 8. Tet-TonB1 has a T7 tag
in the N-terminus and is detected by an anti-T7 epitope tag antibody. C - Plate killing assay of
P. aeruginosa PAO1 wt and AftsH with PyoG, PyoS2-AP41, and PyoS2-G chimeras. The native
cytotoxic domain of S2 (PyoS2>°%%8) has been swapped for the nuclease domain of pyocin
AP41 (PyoAP41%40-777) to evade PAO1 immunity to S2 in the PyoS2 construct. The S2-G
chimeras were made by swapping: the N-terminal receptor binding domain of PyoG (PyoG"
255) for the N-terminal domain of PyoS2 (PyoS212%°); the Pyocin S domain of PyoG (PyoG%®%
485) for the S domain of S2 (PyoS2328-%6); the first 30 residues of PyoG for the first 30 residues
of S2. AftsH is resistant to PyoG, but not to PyoS2 or the $21-209-G2°6-640 chimera. 3 L of 10

LM pyocin solution was used in both A and B.

Attempts were made to demonstrate in vitro binding of FtsH to PyoG-ImG, PyoG, and
PyoG148>, FtsH141-65> H416Y is the cytoplasmic domain of FtsH with a point mutation that
inactivates the protease activity. It has previously been demonstrated that this construct
binds to FtsH substrates without cleaving them, enabling substrate detection in pull-down
assays (Westphal et al. 2012). The binding of PyoG constructs to FtsH#165> H416Y could not
be demonstrated in a pull-down assay with or without formaldehyde cross-linking (not
shown). Attempts at purifying full-length FtsH, or a cytoplasmic domain with protease activity

were not successful.
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To determine if FtsH-dependent of import of PyoG and various nuclease colicins
(Walker et al. 2007) is a global property conserved across other nuclease pyocins, the FtsH
dependence of another nuclease pyocin, S2, was tested. Plate killing assays revealed that
PyoS2 is active against PAO1 AftsH, demonstrating that FtsH is not required for inner
membrane translocation of all nuclease pyocins (Figure 5-7 C). Since PAO1 carrys the
immunity protein for PyoS2, this killing assay was performed with a chimera of PyoS2 and
AP41, in which the cytotoxic domain of S2 was exchanged for the cytotoxic domain of AP41.
The difference in FtsH dependence between PyoG and PyoS2 was subsequently exploited to
determine what domain of PyoG was required for FtsH-dependent translocation across the
inner membrane. Since both PyoG and PyoS2 have a Pyocin S domain, it was assumed that
the N-terminus of PyoS2 might be responsible for its killing activity against the AftsH mutant.
To test this, the unstructured N-terminus and the receptor-binding domains of PyoG (PyoG*
255) were swapped for the unstructured N-terminus and the receptor-binding domain of
PyoS2 (PyoS2129%; White et al. 2017). The killing activity of the chimera was assayed against
PAO1 and the AftsH mutant. As observed for PyoS2, the chimera showed killing against the
AftsH mutant (Figure 5-5 C) confirming that the first 255 residues of PyoG are linked to FtsH-
dependent killing. Additionally, a chimera in which the Pyocin S domain of PyoG was
exchanged for the Pyocin S domain of S2 was not active against the AftsH mutant. Similarly,
a chimera in which the first 30 residues of the unstructured N-terminus of PyoG were
exchanged for the first 30 residues of S2 was also not active against PAO1 AftsH. Taken
together these results suggest that the residues of PyoG responsible for FtsH-dependent inner
membrane translocation are located within the N-terminal, outer membrane receptor
binding domain. PyoS2 deploys a different inner membrane translocation pathway to which

it is directed via its receptor binding domain.
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5.2.4 TonB1 binding and inner membrane translocation

TonB1 has previously been associated with the outer membrane translocation of
pyocins (White et al. 2017; Behrens et al. 2020). Therefore, fluorescence microscopy was used
to investigate if TonB1 has a role in inner membrane translocation. To do this, spheroplasts
generated from wt and AtonB1 cells labelled with fluorescent PyoG'% (Figure 5-8).
Fluorescent PyoG associates with spheroplasts of the AtonB1 mutant, but the fluorescent
signal was not retained in the presence of trypsin, confirming that deletion of tonB1 also
affects the import of PyoG into spheroplasts. Complementation of AtonB1 with TonB1
expressed from a plasmid restored killing activity of PyoG (Figure 5-7 A) and trypsin protection
of PyoG in AtonB1 spheroplasts (Figure 5-8). On the other hand, complementation with a
chimera of TonB1, in which the inner membrane helix of TonB1 was replaced with the first
helix of TetA, did not restore trypsin protection of PyoG (Figure 5-8). The inner membrane
helix of TonB1 is responsible for its coupling to the PMF (Celia et al. 2019); its replacement
with a TetA helix uncouples TonB1 from the PMF (Jaskula et al. 1994). This construct does not
restore the killing activity of PyoG in AtonB1, and can be detected in the membrane fraction
by Western Blot (Figure 5-7 B). Taken together the spheroplast labelling assay with AtonB1
cells indicates that TonB1 is also likely to play a role in PyoG translocation across the inner

membrane (Figure 5-6).
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Figure 5-8. A - Fluorescent labelling of AtonB1 spheroplasts. AtonB1 lacks the inner membrane
protein TonB1, which has previously been linked to outer membrane translocation of pyocins
(White et al. 2017; Behrens et al. 2020). PyoG“%>, conjugated to AF488 via a C-terminal
cysteine, was added to spheroplasts at 2 uM. Cells were exposed to 0.5 mg/mL trypsin after
labelling. Fluorescent PyoG was protected from digestion with trypsin in PAO1 but not in the
AtonB1 mutant, indicating that TonB1 is also implicated in the inner membrane translocation
step. pTonB1 is AtonB1 complemented with TonB1l expressed from a plasmid.
Complementation restored trypsin protection of PyoG in AtonB1 spheroplasts. pTet-TonB1 is

complemented with a TonB1 chimera, in which the inner membrane helix of TonB1, involved
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in PMF coupling, is replaced with the first helix of TetA. Complementation with this construct
did not restore trypsin protection of PyoG. Representative micrographs for each strain are
shown. All snapshots were adjusted to the same intensity scale. B - Average fluorescence
intensities for 150 cells in the presence and absence of fluorescent pyocin and trypsin. Mean
of three biological replicates with standard deviations are shown. Fluorescence intensities for
labelled and trypsin treated groups were compared to the unlabelled control. * represents a

P value below 0.0001 in the Kruskal-Wallis Test.

In chapter 3, it was demonstrated in a pull-down assay that PyoG binds to the
periplasmic domain of TonB1 in vitro. Nevertheless, the exact location of the TonB box of
PyoG was not identified. It was assumed that, as in the case of PyoS2 (White et al. 2017) and
S5 (Behrens et al. 2020), the TonB box of PyoG should be in the unstructured N-terminus. It
was predicted by DisEMBL 1.5 (Linding et al. 2003) that the first 50 residues of PyoG should
be disordered. To locate the region of sequence containing the TonB1 box attempts were
made to delete the unstructured N-terminus and check for TonB1 binding. The deletion of the
entire N-terminus of PyoG (PyoG>1“8) resulted in a construct that could not be expressed.
Therefore, a shorter region comprising the first 30 residues of PyoG was deleted. PyoGA130,
which lacks the first 30 residues but has the cytotoxic domain, showed that deletion of
residues 1-30 makes PyoG inactive as a bacteriocin (Figure 5-9). PyoG314%5, which lacks the
cytotoxic domain and has a C-terminal cysteine for fluorescence labelling, was used for
fluorescence microscopy and pull-down assays. This construct was helical in far-UvV CD
measurements, but the negative maxima in the spectrum was lower than for full length PyoG

(Figure 5-1 A). The melting temperature was also 4 °C lower than full-length PyoG (Figure 5-1
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B). Therefore, the fold and stability of PyoG might be affected by the deletion of the
unstructured N-terminus. To validate that the inactivity of PyoG*1-3? against PAO1 was due to
impaired interactions with TonB1, pull-down assays were carried out. Suspension of PyoG3"-
485 bound to a resin through an N-terminal Hise-tag resulted in the pull-down of receptor Hur
but not TonB1 (Figure 5-10), confirming that deletion of the first 30 amino acids of PyoG
specifically impairs TonB1 binding. To test translocation of PyoG3148> across the outer and the
inner membrane, trypsin protection microscopy assay was performed on intact PAO1 cells
and spheroplasts. Fluorescent PyoG314% |abelled the surface of both intact PAO1 and
spheroplasts, but the label was not protected from digestion with trypsin (Figure 5-11).
Therefore, the unstructured N-terminus is required for both the outer and the inner

membrane translocation of PyoG.

PyoG PyoGA1-30

Figure 5-9. Plate killing assay of P. aeruginosa PAO1 with PyoG and PyoG lacking the first 30
residues in the unstructured N-terminus (PyoG~1-3°). Pyocins were used at 10 uM. Deletion of

the unstructured N-terminus disrupts the killing activity of PyoG.
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Figure 5-10. Pulldowns with PyoG constructs used for fluorescent labelling of P. aeruginosa.
Proteins were mixed at equimolar concentrations and bound to nickel beads, which were then
washed of unbound protein. Eluate was analysed on 12% SDS-PAGE gels. A protein marker is
shown in the first lane on each gel. Proteins that were added to beads are indicated above
each lane. Positions of proteins are labelled on the right side of each gel. The Hise-tag was on
PyoG constructs, while TonB1 and Hur had no purification tag and were used as prey proteins.
(A) Deletion of the first 30 residues in the unstructured N-terminus of PyoG disrupts binding
to periplasmic TonB119-342 in the pull-down assay. (B) This deletion does not disturb binding

to the PyoG outer membrane receptor, Hur.
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Figure 5-11. A - Fluorescent labelling of PAO1 with PyoG lacking the first 30 residues in the

unstructured N-terminus (PyoG3'%). PyoG38> conjugated to AF488 via a C-terminal
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cysteine, was added to intact cells or spheroplasts at 2 uM. Cells were exposed to 0.5 mg/mL
trypsin after labelling. Fluorescent PyoG3'*8> was not protected from digestion with trypsin
in both types of cells, indicating the importance of the unstructured N-terminus in both the
outer and the inner membrane translocation step. Representative micrographs for each strain
are shown. All snapshots were adjusted to the same intensity scale. B - Average fluorescence
intensities for 150 cells in the presence and absence of fluorescent pyocin and trypsin. Mean
of three biological replicates with standard deviations are shown. Fluorescence intensities for
labelled and trypsin treated groups were compared to the unlabelled control. * represents a

P value below 0.0001 in the Kruskal-Wallis Test.
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6. Identification of pyocin AP41 translocon components

6.1 Introduction

Pyocin AP41 is a DNase pyocin for which no translocon components are currently
known. The pyocin is composed of four domains (Figure 6-1). The N-terminus is unstructured,
as predicted by DisEMBL 1.5 (Linding et al. 2003). The first three domains are involved in
receptor binding and translocation. Domains | and Ill are essential for killing, while the
deletion of Domain |l does not disrupt translocation (Sano et al. 1993). Domain Il corresponds
to the Pyocin S domain (Sharp et al. 2017). The fourth domain is a DNase with an HNH motif
(Figure 6-2). The structure of this domain in complex with the AP41 immunity protein has
been solved by X-ray crystallography (Joshi et al. 2015). This pyocin is active in a P. aeruginosa
murine lung infection model (McCaughey et al. 2016b). A single dose (75 pg) of AP41,
administered intranasally 1 h post-infection rescued mice with a pulmonary P. aeruginosa
infection. In this study, AP41 showed strong efficacy against diverse strains of P. aeruginosa.
The in vivo efficacy of AP41 raises interest in understanding the mechanism by which this

pyocin translocates into bacterial cells.
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Figure 6-1. Domain organization of pyocin AP41 (modified from Sano et al. 1993). Residue
numbers are shown above domain boundaries. The first 83 residues are predicted to be
disordered by DisEMBL 1.5 (Linding et al. 2003). Domains I-lll have been linked to receptor
binding and translocation. Domain Il is not essential for killing activity, while Domain IlI
corresponds to the Pyocin S domain, conserved amongst modular nuclease bacteriocins.
Doman IV is an HNH DNase domain that binds the AP41 immunity protein with high affinity

(Joshi et al. 2015).
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Figure 6-2. Crystal structure of pyocin AP41 DNase—Immunity protein complex (PDB 4UHP).
PyoAP41 C-domain is shown in light blue. The HNH motif is highlighted in orange. The

immunity protein is shown in dark blue (image modified from Joshi et al. 2015).
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AP41 insensitive mutants of P. aeruginosa have previously been isolated (Holloway et
al. 1973). The mutants revealed that a cluster of seven genes, organized in three operons
(orf1-tolQRA, tolB and pal-orf2), affect the killing activity of AP41. Introduction of to/QRA
genes in one of these mutants restored AP41 sensitivity, which indicated the likely
involvement of the Tol-Pal system in AP41 uptake (Dennis et al. 1996). The proposed uptake
route via the Tol-Pal machinery has not been previously described for any other pyocin, but
it is in line with import mechanisms of some colicins (Cascales et al. 2007). The Tol-Pal system
can energize the uptake of several colicins. It is composed of the TolQRA inner membrane
complex. TolA extends into the periplasm to interact with TolB, which in turn interacts with
Pal (Szczepaniak et al. 2020). Some colicins interact with TolA and/or TolB, which drives their
passage through an outer membrane translocator (Kleanthous 2010). A similar translocation
mechanism could be deployed by pyocin AP41, but a direct interaction between AP41 and the
components of the Tol-Pal system has not been previously demonstrated. The possibility that
AP41, like other pyocins, uses the TonB system for energized cell entry has also not been

explored.

6.1.1. Aims

The aim of this chapter was to purify pyocin AP41 and to determine which cell
envelope proteins are required for translocation. Firstly, it was tested if this pyocin interacts
with components of Tol-Pal or the Ton system. Next, it was investigated if the killing activity
of AP41, as with nuclease colicins and PyoG, depends on the inner membrane
AAA+ATPase/protease FtsH. Finally, attempts were made to identify outer membrane

components of the AP41 translocon.
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6.2 Results

6.2.1 Expression and purification of pyocin AP41

Pyocin AP41 was expressed and purified in complex with its immunity protein
(ImAP41). ImAP41 has a Hiss-tag at the C-terminus. The complex was heterologously
expressed in E. coli BL21(DE3). The AP41-ImAP41 complex was purified using affinity
chromatography with a HisTrap HP column (Figure 6-3). After binding the protein to the
column through the C-terminal hexhistidine tag on ImAP41, the complex was eluted using an
imidazole gradient (20-180 mM). To buffer exchange and remove residual contaminants, the
AP41-ImAP41 complex was subject to gel-filtration using a HiLoad 26/60 Superdex 200 pg
column (Figure 6-4). AP41-ImAP41 elutes as a single peak at ~170 mL (peak | in Figure 6-4),
while excess immunity protein elutes as a separate peak (peak IV). Protein identity was
confirmed by peptide mass fingerprinting. Protein yield was ~5 mg per L of bacterial culture.
This protocol was used for the purification of all pyocin AP41 derivatives. Fractions
corresponding to peak | were pooled (Figure 6-5 A) and used for further experiments. The
activity of pyocin AP41 was tested against P. aeruginosa PAO1 by a plate killing assay (Figure
6-5 B). 3 uL drops of the AP41-ImAP41 complex in varying concentrations were spotted on
top of the PAO1 lawn. Clearance zones were observed after over-night incubation. The pyocin

killed down to ~4.5 nM.
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Figure 6-3. Affinity chromatography of pyocin AP41 (84 kDa) in complex with ImAP41- Hise (11
kDa). A — gradient elution of the complex from a HisTrap HP column. B—a 12 % SDS-PAGE gel
showing fractions from the elution. Fractions are labelled with red numbers and their

positions are shown on the elution profile in A.
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Figure 6-4. Gel filtration of the pyocin AP41-ImAP41 complex. A — elution profile of the
complex on a 26/60 Superdex S200 pg column. B —fractions from the profile are labelled with
red numbers and are shown on a 12 % SDS-PAGE gel. L is the material obtained after affinity
chromatography and loaded on the gel filtration column. Peak | contains pyocin AP41 (84 kDa)
and its immunity protein (11 kDa), while peak IV contains excess immunity protein. Peak |

fractions were pulled. Average protein yield was 5 mg of protein per L of cells.
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Figure 6-5. Purity and activity of pyocin AP41. A — SDS/PAGE gel (4-16 %) of purified AP41 (84
kDa) and its immunity protein (ImAP41, 11 kDa). B — 3 pL of AP41-ImAP41 in varying
concentrations was spotted on top of a P. aeruginosa PAO1 lawn. Clearance zones were

observed after overnight incubation. The pyocin kills down to ~4.5 nM.

6.2.2 Pyocin AP41 killing activity is TonB1 and FtsH-dependent

Purified AP41-ImAP41 complex was used to investigate which cell envelope proteins
are required for pyocin AP41 import. It has been suggested previously that this pyocin
depends on the Tol-Pal system (Dennis et al. 1996). However, other modular pyocins, such as
PyoG (Chapter 3), S2 (White et al. 2017), SD2 (McCaughey 2016a) and S5 (Behrens et al. 2020)
require the Ton system for energized cell entry. Therefore, it was investigated if pyocin AP41

is in fact TonB dependent. P. aeruginosa has three TonB proteins: TonB1 (PA5531), TonB2
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(PA0197) and TonB3 (PA0406). Strains of P. aeruginosa PAO6609 lacking different TonBs were
tested for AP41 sensitivity (Figure 6-6 A). All strains lacking TonB1 were resistant to the

pyocin. Therefore, like PyoG, SD2, S2 and S5, AP41 is also TonB1 dependent.

Next, it was tested if FtsH, the inner membrane protease/ATPase, is required for AP41
killing activity. FtsH has been previously linked to the killing activity of nuclease colicins
(Walker et al. 2007) and PyoG (Atanaskovic et al. 2020). To assess the role of FtsH in AP41
killing an ftsH (PA4751) knock-out of PAO1 was tested for sensitivity to AP41 and was found
to be resistant (Figure 6-6 B). ftsH was cloned from the PAO1 genome to complement the
AftsH strain. Conjugation of PAO1 AftsH with the plasmid copy of ftsH restored sensitivity to

AP41. This finding indicates the involvement of FtsH in AP41 import.

wt AtonB1 AtonB2 AtonB3

. +10 M APAL

wt AftsH AftsH AftsH
pMMB1990  pftsH

+10 uM AP41

Figure 6-6. Killing activity of pyocin AP41 depends on TonB1 and FtsH. 3 pL drops of 10 uM
AP41 were spotted on top of bacterial lawns. Clearance zone formation was inspected after
overnight incubation. A — killing activity of AP41 against ton mutants of P. aeruginosa

PAO6609. AtonB1 is resistant to AP41, while tonB2 and tonB3 are not required for the AP41
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killing activity. B — killing activity of AP41 against P. aeruginosa PAO1 AftsH. The mutant is
resistant to the pyocin. AftsH pMMB190 is transformed with the empty conjugation plasmid.
This strain is resistant to AP41. AftsH pftsH is transformed with a plasmid copy of ftsH. This

strain is sensitive to AP41.

6.2.3 Pyocin AP41 binds TonB1 in vitro

Having established a genetic dependence of AP41 on TonB1, the ability of TonB1 to
bind AP41 in vitro was investigated. Firstly, formaldehyde cross-linking was used to test if
AP41 interacts with the periplasmic domain of TonB1 (TonB11%°-34%), periplasmic domain of
TolAllI?224347 or TolB (Figure 6-7). PyoS2'>>* was included as a positive control for TonB1
binding (White et al. 2017). Cross-links were only observed for PyoS2-TonB1, AP41-TonB1
and TolAllIZ?434-TolB. No complex formation was detected for AP41 and TolAllI??4347 |n
addition, no complex formation was observed between AP41 and TolB, or AP41 and the

TolAlll-TolB complex.

Complex formation between AP41 and TonB1 was further characterised by analytical
gel filtration (Figure 6-8 A). TonB11%%-34% and AP41 eluted at 14 ml and 13 ml, respectively,
from a Superdex 200 10/300 GL column, whilst their complex eluted at 11 ml. SDS-PAGE
confirmed the presence of both AP41 and TonB19%-3% in the shifted elution peak, indicating
complex formation. Finally, the binding affinity between these two proteins was determined
by ITC (Figure 6-9 A). AP41 and TonB1%-34° bind with a nanomolar dissociation constant (Kd
= 89.2 + 10.4 nM), which is a higher affinity than previously observed for pyocin-TonB
complexes; the respective Kq¢'s for the PyoS2-TonB1 and PyoS5-TonB1 complexes are 960 +
90 uM (White et al. 2017) and 241 +9 nM (Behrens et al. 2020).
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Figure 6-7. Formaldehyde cross-linking indicates complex formation between AP41 and
TonB1. All proteins were mixed to a final concentration of 10 uM, and exposed to 1 %
formaldehyde for 1 h at room temperature. Proteins were also exposed to formaldehyde in
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the absence of the potential interaction partner, to check for protein self-crosslinking.
Formation of cross-linked complexes was inspected on a 4-20 % gradient SDS-PAGE gel.
Protein sizes relative to their position on the gel are listed next to the protein ladder. Sample
components are listed above each lane. A - Full length AP41, used in complex with its
immunity protein, cross-links to the periplasmic domain of TonB1 (TonB11%°-34%), The complex
is labelled with a black arrow on the gel. Complex formation was also observed between
PyoS2 and TonB11%%-3%% which served as a positive control in this experiment. This complex is
labelled with a red arrow. No complex formation could be observed between AP41 and the
periplasmic domain of TolAlll (TolAlll1%24-347), B — complex formation can be observed for AP41
and TonB1%%%-34° (indicated with a black arrow), but not for AP41 and TolB, or AP41 and TolAlll-
TolB. The TolAlll-TolB cross-linked complex is indicated with a red arrow. PyoS2, TolAll1224-347

and TolB were provided by Dr. Renata Kaminska.
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Figure 6-8. Analytical gel filtration of TonB1%0%-34° and AP41-ImAP41 (A), AP41231:639_|mAP41
(B), or AP41540-777_ImAP41 (C). All proteins were used at a final concentration of 10 uM in 50
mM Tris-HCl pH 7.8, 100 mM NaCl, and loaded on Superdex 200 10/300 GL in A, or Superdex
75 10/300 GL in B and C. Peak shifts are indicated with an arrow. Next to each elution profile,
peak fractions are shown on a 12 % SDS-PAGE gel. A — a shift in the AP41 (84 kDa) peak can
be observed in the presence of TonB11%%-3%° (25 kDa). Complex formation is also indicated by
the co-elution of the two proteins from the column. B — a peak shift can also be observed for
AP4123163% (20 kDa) and TonB1%%%-349, and the two proteins co-elute from the column. C — no

complex formation was observed for AP41%40-777 (15 kDa) and TonB1199-349,
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Figure 6-9. ITC data for 200 uM AP41 (A), or 200 uM AP411-30:640-777 (B) tijtrated into 26 uM
TonB11%0%-34 3t 25 °C in 50 mM Tris-HCl pH 7.8, 100 mM NacCl. Both constructs bind TonB1 with
a nanomolar Kd. All ITC experiments were performed in triplicate, and one repeat is shown.

Data were fitted with a single sites binding model using the manufacturer’s software.
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The TonB binding boxes in pyocins S2 (White et al. 2017), S5 (Behrens et al. 2020) and
G (section 5.2.3) are located within the first 30 residues of the unstructured N-terminus. In
addition, pyocins AP41, S2 and S5 share several conserved residues in this region (Figure 6-
10). Therefore, it was assumed that this region of AP41 could be involved in binding TonB1.
To test this hypothesis, a fusion was constructed, composed of the first 30 residues of AP41
and its cytotoxic domain (residues 640-777) in the C-terminus (AP411-30:640-777) ‘Note that the
DNase of AP41 was used in these experiments merely to allow expression of the first 30
residues of the pyocin. The construct was tested for TonB1 binding by analytical gel filtration
(Figure 6-8 B). TonB11%%-34% gnd AP411-30:640-777 g|yted at 10 ml and 11 ml, respectively, from a
Superdex 75 10/300 GL column, whilst their complex eluted at 9.5 ml. SDS-PAGE confirmed
the presence of both AP41 and TonB11%%-34° in the shifted elution peak, indicating complex
formation. On the contrary, no complex formation was observed for TonB1%%%-34% and the
AP41 cytotoxic domain alone (Figure 6-8 C). Therefore, binding of AP411-30:640-777 tg TonB110%-
349 can be attributed to the first 30 residues of AP41. Binding of AP411-30:640-777 t TonB1109-34°
was also confirmed by ITC (Figure 6-9 B). The measured Kd was similar to full length AP41 (Kd

=92.6 £ 34.2 nM).

1 10 20 30

PyoS2 MavNDYEP VITHVOGGGRDIIQYI[JAR. . .
AP41 [Uls.DVFDL TTVATA.TGQYS.FYT|JPPPTP
PyoS5 [USNDNEVP VIVAQGPDDQYA.YEVIJPID. .

Figure 6-10. Alignment of the first 30 residues of pyocins AP41, S2 and S5 reveals conserved
residues (highlighted in red). This region can be associated with TonB1 binding in all three
pyocins. The TonB box of PyoS2 (White et al. 2017) and PyoS5 (Behrens et al. 2020) is

underlined.
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6.2.4 The search for outer membrane components of the pyocin AP41 translocon

The outer membrane receptor and translocator for pyocin AP41 are not known.
Attempts were made to find such outer membrane components of the AP41 translocon, using
a candidate-based approach and beginning with LPS. P. aeruginosa LPS is composed of three
domains: lipid A, core oligosaccharide, and the distal O antigen (Lam et al. 2012). P.
aeruginosa can produce two forms of O antigen: a homopolymer of D-rhamnose, called the
common polysaccharide antigen (CPA), and a heteropolymer of several sugars, called the O-
specific antigen (OSA). CPA has previously been linked to the import of pyocins S2, SD2, and
S5 (McCaughey et al. 2016a; Behrens et al. 2020). It can serve as a pyocin receptor,
concentrating the toxin on cell surface. Conversely, O-antigen has been associated with colicin
tolerance in E. coli; long LPS molecules prevent binding of a colicin to its outer membrane
protein receptor (Sharp et al. 2019). Therefore, it was investigated if altering the O-antigen
composition of P. aeruginosa LPS affects its sensitivity to pyocin AP41 (Figure 6-11 A).
Transposon mutants for genes involved in LPS biogenesis were used. Armd (PA5454) is CPA
deficient, but it still produces OSA. This mutant had the same level of sensitivity to AP41 as
the wild type strain, indicating that CPA has no involvement in AP41 import. This is in
accordance with previously published biophysical data showing that AP41 does not bind CPA
sugars purified from the PAO1 envelope (McCaughey et al. 2016a). AwbpM (PA3141) is OSA
deficient, but still produces CPA. This strain was more sensitive to AP41 than the wild type
strain suggesting OSA provides partial protection towards the pyocin. Finally, a strain lacking
both CPA and OSA (AwbpL (PA3145)) was AP41 sensitive, confirming that O-antigen is not

involved in AP41 import.
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Figure 6-11. A - Effect of mutations in the LPS biogenesis machinery on AP41 sensitivity. A
spot killing assay with 3 uL drops of varying AP41 concentrations is shown. Armd has only
OSA, AwbpM has only CPA, and AwbpL lacks both CPA and OSA. All of these mutants are
sensitive to AP41. These data show that neither CPA or OSA are the AP41 receptor. B - P.
aeruginosa PAO1 AoprH is resistant to pyocin AP41. A plate killing assay with 3 uL drops of
AP41 is shown. Sensitivity of AoprH is not fully restored with complementation, indicating

that the resistance phenotype might be a secondary effect.

In order to find outer membrane proteins involved in AP41 import, pull-down assays
were performed using the his-tagged AP41-ImAP41-Hise complex as a bait. AP41-ImAP41-Hise
was added to PAO1 cells and then cross-linked with formaldehyde. The outer membrane
fraction was extracted and the AP41-ImAP41-Hiss complex was purified from the extract on a

HisTrap HP column. Bait protein was retrieved in these experiments, but no interaction
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partners could be identified by SDS-PAGE (data not shown), probably due to low expression

levels of the receptor and/or low binding affinity for AP41.

Since AP41 import depends on TonB1, might the AP41 receptor be a TonB1 dependent
transporter as in the case of pyocin S2 (White et al. 2017), S5 (Behrens et al. 2020) or G
(Atanaskovic et al. 2020)? To address this question, all TBDTs in the PAO1 genome were
identified by their conserved TonB1 plug sequence (Pfam domain PF07715) as previously
described (Ghequire & Ozturk, 2018). This search identified 37 putative TBDTs (Table 1-1).
Each of these TBDTSs are represented in a transposon library of the PAO1 genome (Jacobs et
al. 2003). The transposon mutants for each of these TBDTs (Table 2-1) were all sensitive to
AP41-mediated killing (not shown), suggesting AP41 does not use any of these proteins as its
outer membrane receptor/transporter. Another possibility is that AP41 can exploit more than

one TBDT, in which case single deletions might not yield a resistance phenotype.

Porins are exploited by some colicins to enter E. coli cells (Cascales et al. 2007,
Atanaskovic & Kleanthous 2019). P. aeruginosa expresses several different types of porin and
so porin deletions were also tested for AP41 sensitivity (Table 2-1). Interestingly, the oprH
(PA1178) mutant of PAO1 was resistant to AP41, but AP41 sensitivity could not be fully
restored with oprH complementation (Figure 6-11 B). This could be due to different
expression levels of oprH in the native background and in the complemented strain, since the
native oprH protmoter was not being used for complementation. As a further test of OprH
involvement in AP41 import, the porin was purified and binding to AP41 in vitro investigated.
OprH was expressed without a purification tag in E. coli BL21AABCF, and then purified from
the outer membrane by gel-filtration and ion exchange (Figure 6-12). Protein identity was

confirmed by peptide mass fingerprinting. The high melting temperature, measured by DSC,
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indicated that OprH was folded (Figure 6-13). No complex between AP41 and OprH could be
detected by analytical gel filtration (Figure 6-14). Hence, OprH is unlikely to be involved
directly in AP41 import. The resistance phenotype observed in the transposon mutant library

was probably due to a secondary (e.g. polar) effect of the mutation.
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Figure 6-12. Purification of OprH from E. coli BL2Z1AABCF outer membrane. lon exchange
chromatography on SP Sepharose Fast Flow column was used as the final purification step.
The column was equilibrated in 50 mM Tris-HCI pH 7.8, 1 % (w/v) B-OG, 5 mM EDTA. The
protein eluted as one peak over a 1-250 mM gradient of LiCl. Pooled elution volume is
underlined on the profile. Final purity of OprH (20 kDa) is shown on the 4-20 % SDS-PAGE gel

on the right. Average protein yield was 0.3 mg/L of cells.
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Figure 6-13. DSC of 20 uM OprH in 50 mM Tris-HCl pH 7.8, 1 % B-0OG, 5 mM EDTA. The melting
temperature of OprH is 110 °C, indicating that the protein is folded. The experiment was

repeated two times and a representative DSC curve is shown.
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Figure 6-14. Analytical gel filtration of OprH and AP41-ImAP41. OprH and AP41-ImAP41 were
mixed to an equimolar concentration of 10 uM in 50 mM Tris-HCl pH 7.8, 100 mM NaCl, 1 %
B-OG, and run on a Superdex 200 10/300 GL column equilibrated in 50 mM Tris-HCl pH 7.8,
100 mM NaCl, 1% B-OG, 5 mM EDTA. No shift in the AP41 peak could be observed. Also, no
OprH could be detected on a 4-20 % SDS-PAGE gel, in fractions corresponding to the AP41

peak, indicating that the two proteins did not form a complex under the conditions tested.

Since pull-downs and transposon mutant screens failed to identify the AP41 receptors,
an AP41 resistant mutant of P. aeruginosa PAO1 were isolated as part of a collaboration with
the Walker Laboratory, Institute of Infection, Immunity, and Inflammation, University of
Glasgow. Genomic DNA sequence of this mutant was analysed in the Walker Laboratory, and

transposon insertions in the fhaB1 (PA0041) gene were identified as a potential cause of the
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resistance phenotype. FhaB1 is one of the two putative filamentous hemagglutinins of PAO1.
This is a large protein of around 300 kDa, which has repeating hemagglutinin motifs involved
in cell adhesion, virulence (Sun et al. 2016) and contact dependent inhibition (Mercy et al.
2016). This protein is part of a two-partner secretion system, the other component being the
transporter FhaCl. AP41 sensitivity of transposon mutants for both fhaB1 and fhaC1 was
tested (Figure 6-15). AfhaB1 remains sensitive to AP41, but AfhaC1 (PA0040) is resistant.
Therefore, this transporter could be involved in the import of AP41 across the outer
membrane. It was also tested if transposon insertions in the second hemagglutinin system of
PAO1 affect AP41 sensitivity. FhaB2 is larger than FhaB1 and has more hemagglutinin repeats.
FhaC2 shares 98 % sequence identity with FhaCl, with differences being only in the signal
sequence. Like AfhaB1, AfhaB2 (PA2462) was sensitive to AP41. Unlike AfhaC1, AfhaC2
(PA2463) was also sensitive to AP41, but the sensitivity reduced compared to that of the wild
type strain. Therefore, it is not clear if FhaC is involved directly in AP41 import. If FhaC is the
AP41 transporter, one copy should complement the other, and so deleting just one copy
should not have had an impact on AP41 sensitivity. Still, the AfhaC1 mutant does appear to
be fully resistant to AP41, which might simply be a consequence of low expression levels of
the second copy of the transporter. Further studies on the possible involvement of FhaC in
AP41 import are being undertaken by the Walker Laboratory and have not been taken further

in this thesis.
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Figure 6-15. The sensitivity in the filamentous hemagglutinin secretion system (FHA) to pyocin
AP41. 3 uL drops of varying AP41 concentrations were spotted on top of lawns of PAO1 strains
carrying transposon insertions within each of the two FHAs. Diagrams of FHAs are shown on
the right. Each FHA is composed of FhaB, which is secreted to the cell surface through the
FhaC transporter. There are two FhaBs encoded in the PAO1 genome, with varying numbers
of hemagglutinin repeats (represented with a blue box in the diagram). Each copy is in an
operon with an FhaC transporter gene. The two FhaCs share 98 % sequence identity. PAO1

AfhaCl is resistant to AP41, while AfhaC2 has decreased sensitivity to the pyocin.
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7. Discussion

7.1 Translocation of PyoG across the P. aeruginosa outer membrane

PyoG is a newly discovered nuclease pyocin of the S1 group. It is effective against
clinical isolates of P. aeruginosa and in a Galleria mallonella infection model. In chapter 3, the
cell envelope proteins required for PyoG translocation were identified (Figure 4-6). As with
previously characterized nuclease pyocins and colicins (Atanaskovic & Kleanthous 2019),
PyoG entry requires a TBDT to act as its outer membrane receptor and translocator, TonB1,
to energise its import across the outer membrane, and FtsH, possibly for inner membrane
translocation (Figure 7-1). Such import machinery appears to be conserved amongst modular
nuclease bacteriocins. For instance, PyoS2 also uses an outer membrane TBDT, FpvAl, as a
translocator, although PyoS2 also binds CPA on the cell surface. Both the FpvAl plug domain
and the N-terminus of PyoS2 interact with TonB1, enabling PyoS2 to be pulled into the
periplasm by TonB1 (White et al. 2017). This is also the case of a pore former, PyoS5, that

uses FptA as a TBDT, and also has a TonB1 binding box in the N-terminus (Behrens et al. 2020).

The present work found that, as with PyoS2 and PyoS5, PyoG also uses a TBDT, Hur,
and requires TonB1 binding to energise import into cells. Therefore, it is reasonable to
speculate that the outer membrane translocation step is by a similar mechanism to that
observed for PyoS2 and PyoS5. In this mechanism (Figure 7-1) PyoG would bind to Hur, which
then interacts with TonB1 via its plug domain. The plug gets displaced such that PyoG can
pass through the B-barrel pore. Exposure of the TonB binding box of PyoG in the periplasm
then allows it to bind TonB1, either the same TonB1 or an additional copy. TonB1 then pulls
the remainder of PyoG into the periplasm in a PMF-dependent step.
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Figure 7-1. Model of PyoG translocation into P. aeruginosa. PyoG exploits Hur as both
receptor and outer membrane translocator. Binding of PyoG and hemin to Hur is competitive.
As in the case of nuclease colicins (Duché et al. 2006), the immunity protein dissociates at the
cell surface, which for PyoG has yet to be demonstrated experimentally. As with its receptor,
PyoG also binds TonB1, which links the proton motive force (PMF) at the inner membrane
with translocation at the outer membrane. The import process, as with nuclease colicins,
requires the inner membrane AAA+ ATPase/protease FtsH, but the direct involvement of FtsH
in pyocin import has yet to be proven experimentally. Figure adapted from Atanaskovic et al.

2020.
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The immunity protein may dissociate from PyoG during translocation through Hur, but
the exact moment of pyocin immunity protein dissociation still has to be elucidated. Studies
on the release of the colicin E2 (ColE2) immunity protein suggest that this event takes place
on the cell surface. In this study (Duché et al. 2006), the E2 immunity protein was fused to
GFP and its release was monitored upon cell exposure to ColE2. Functional ColE2
translocation machinery was required for immunity protein release. Cell fractionation and
protease susceptibility experiments indicated that the immunity protein does not cross the
cell envelope during colicin import, which suggests that dissociation occurs at the outer
membrane surface. Similar experiments are required to determine if the immunity protein of

PyoG also gets released on the cell surface.

Hur appears to be the only essential cell surface component to which PyoG binds
(Figure 3-9). On the other hand, several nuclease colicins bind two cell surface proteins; for
example, ColE9 (Housden et al. 2005). Initially, ColE9 binds to the TBDT BtuB that serves as a
surface receptor and then translocates through the porin OmpF. The lack of surface binding
of PyoG to Ahur suggests that Hur is both the PyoG receptor and translocator. All previously
described pyocins translocate through a TBDT (White et al. 2017; Behrens et al. 2020) but do
not use the TBDT as the cell surface receptor. Pyocins S2 (White et al. 2017), SD2 (McCaughey
et al. 2016b), and S5 (Behrens et al. 2020) use TBDTs for outer membrane translocation but
CPA as their cell surface receptor. It appears that this is not the case of PyoG, since the Ahur
mutant containing CPA is PyoG binding-incompetent, as indicated by fluorescence labeling
studies (Figure 3-9). Moreover, PyoS1, a PyoG homolog, does not bind CPA in vitro
(McCaughey et al. 2016b) and the LPS mutants of P. aeruginosa are sensitive to PyoG (Figure
3-8). Therefore, it is likely that Hur has a dual role in cell surface binding and outer membrane

translocation of PyoG.
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A major unknown in nuclease bacteriocin import is what happens to the toxin upon
periplasm entry. The toxin might refold before transport across the cytoplasmic membrane
in an FtsH-dependent fashion. Whether nuclease bacteriocins fold in the periplasm is
currently unknown. It is possible that a periplasmic chaperone is involved, as in the case of
colicin M (ColM). ColM kills cells by acting in the periplasm and inhibiting peptidoglycan
synthesis. To do so, it requires a periplasmic chaperone FkpA (Hullmann et al. 2008). This
might be specific only for bacteriocins that are active in the periplasm, and currently, there is
no evidence that nuclease bacteriocins require chaperones. Future studies should explore this
in more detail which might reveal additional proteins comprising the PyoG translocation

machinery.

Structural studies of the PyoG-Hur or TonB1 complex could further help elucidate how
this pyocin crosses the outer membrane. Attempts to crystalize these complexes were not
successful. Future attempts to reveal the molecular detail of PyoG outer membrane
translocation should also involve a cross-linking approach in order to map out the interaction
sites between PyoG, Hur, and TonB1. Structural studies could also help elucidate the domain
organisation of PyoG. The current domain organisation of PyoG (Figure 3-1) was deduced
from the killing activity of chimeric PyoS1 molecules (Sano et al. 1993) and expression studies

of domain-based constructs reported in this thesis (Figure 4-4, Figure 5-7).

7.2 Binding of Hur to hemin and PyoG

Iron is an essential nutrient for P. aeruginosa virulence and survival in hosts (Minadri
et al. 2016). Therefore, iron importers are good antibiotic targets. To date, all characterized
modular pyocins parasitize iron import pathways. For example, PyoS2 binds to FpvAl, the
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transporter of ferripyoverdine, the iron-bound form of a major P. aeruginosa siderophore
(White et al. 2017). The pore-former S5 binds to FptA, a receptor for another P. aeruginosa
siderophore called pyochelin (Behrens et al. 2020). Out of 10 modular pyocin groups,
receptors are known for 7 (Figure 1-5). In this study, this number is expanded by discovering
the receptor for the S1 group. PyoG, the S1 group member, binds to Hur via a conserved N-
terminal receptor binding domain. This discovery makes a contribution to our understanding

of the diversity of pyocins and their receptors.

Hur is a TBDT that binds TonB1, homologous to hemin importers in other Gram-
negative bacteria. In this work, the involvement of Hur in hemin import was confirmed by
showing that it binds hemin in vitro (Figure 4-6). The exact mechanism of hemin import by
Hur remains to be elucidated. From genomic organization of hur, and homology of its protein
product to PhuR, it appears that this transporter functions without a hemophore. This would
mean that Hur binds hemin directly to transport it into the periplasm, consistent with the
data presented which shows binding of Hur to hemin. Binding of Hur to other potential heme-
containing plasma proteins could not be detected. It is unlikely however that Hur binds only
free hemin in the host, since free hemin levels are very low in mammalian tissues. Free hemin
is toxic for humans, since it is a lipophilic molecule that intercalates in the membrane and
impairs lipid bilayers and organelles (Kumar and Bandyopadhyay 2005). Therefore, it is more
likely that Hur takes up hemin from a hemophore, either expressed by P. aeruginosa or by
the host. This hemophore has yet to be identified, but it appears not to be hemoglobin,

hemopexin or transferrin, based on pull-down data (Figure 4-7).

Hur, after HasAR and PhuR, is the third hemin acquisition system thus far identified in

P. aeruginosa. Like HasA, Hur can trigger a signalling cascade, which in the presence of hemin

147



leads to the activation of a 6t factor in the cytoplasm (Otero-Asman et al. 2019). It would be
interesting to test if PyoG induced conformational changes in Hur that can similarly lead to
the activation of this signalling cascade. In addition, it is not clear why P. aeruginosa has at
least three different hemin acquisition systems. One possible reason is the importance of
hemin as an iron source in the host, where it is necessary for one system to be able to
complement the other, supported by higher Hur expression levels in the AhasR mutant of P.
aeruginosa (Otero-Asman et al. 2019). Mammalian hosts have mechanisms to sequester free
iron in the form of heme-containing proteins, providing nutritional immunity against P.
aeruginosa (latsenko et al. 2020). As part of the host-pathogen arms race, it appears that P.
aeruginosa has evolved numerous mechanisms for scavenging sequestered iron from the
host, which also explains the diversity of hemin uptake systems. The three hemin acquisition
systems of P. aeruginosa could be using different hemophores to scavenge hemin from
different sources. HasR binds HasA, a hemophore produced by P. aeruginosa, which can take
up hemin from plasma proteins (Letoffe et al. 1999). On the other hand, PhuR binds directly
to hemoglobin, a hemohopre produced by the host (Smith and Wilks 2015). Therefore, it is
possible that Hur uses yet another hemophore and expands the panel of hemin sources that

P. aeruginosa can exploit.

Finally, in chapter 4 it was demonstrated that PyoG and hemin bind Hur in a
competitive manner (Figure 7-1). Competition with the endogenous ligand has been
described for other pyocin-receptor pairs. PyoS2 outcompetes siderophore ferripyoverdine
for FpvAl binding and PyoS2 mimics the siderophore when binding the receptor (White et al.
2017). Similarly, ferric pyochelin and PyoS5 compete for FptA binding (Behrens et al. 2020).
Competitive binding of PyoG and hemin to Hur indicates that both ligands occupy the same

binding site, or PyoG binding to Hur causes hemin dissociation from a distinct binding site.
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The molecular details of this mode of binding requires structural information, however
attempts at crystallising Hur (MemGold, MemGold2, Morpheus, Morpheus2, MemTrans,
MemChannel, MemPlus, MIDAS screens) have not been successful (data not shown).
Therefore, different screens, or different methods (in vivo cross-linking, cryogenic electron
microscopy), should be used to elucidate the structural basis of PyoG and hemin binding to
Hur. Additionally, another pyocin, PaeM4, appears to be utilising Hur as its receptor. As in the
case of PyoG, PaeM4 does not kill the Ahur mutant of P. aeruginosa and its killing activity is
affected by iron (Ghequire & Ozturk 2018). It is not known if hemin and PaeM4 bind Hur in a
competitive manner. The lack of sequence homology suggests that PyoG and PaeM4 might
be binding Hur by different mechanisms. Structural data on the PaeM4-Hur complex could

provide an answer to this question.

The competitive binding of PyoG and hemin demonstrates an important aspect to the
possible clinical application of the pyocin. Hur expression is upregulated under iron starvation
conditions (Figure 4-5) when hemin is the sole source of iron (Otero-Asman et al. 2019). These
are the conditions that P. aeruginosa encounters in the host, where iron is bound to plasma
proteins or as part of heme. Therefore, Hur is also upregulated in the host, as seen from
expression profiles of P. geruginosa isolated from human respiratory epithelia (Chugani &
Greenberg, 2007). Therefore, PyoG is a protein antibiotic that targets a hemin acquisition
system possibly involved in P. aeruginosa virulence. In future studies, it would be important

to address the activity of PyoG in mammalian hosts.
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7.3 Inner membrane translocation of PyoG

The inner membrane translocation step is a black box in nuclease bacteriocin import.
It is not known which cell envelope proteins are involved, or which bacteriocin domains are
required for translocation. Therefore, florescence labelling after trypsin treatment in P.

aeruginosa spheroplasts was used to assess PyoG translocation across the inner membrane.

P. aeruginosa forms spheroplasts as a tolerance mechanism to B-lactam antibiotics,
with the ability to regenerate the cell envelope after the antibiotic is removed. Spheroplasts,
as seen under the electron microscope, have patches of the outer membrane still attached to
the cell surface, and patches where the periplasm and the inner membrane are exposed to
the cell surface (Monahan et al. 2014). To exclude the possibility that PyoG utilises receptor
Hur and TonB1 present within outer membrane patches on spheroplasts, as a sole binding
and translocation site, Ahur spheroplasts were generated (Figure 5-3). Fluorescence
microscopy experiments with trypsin treatment of Ahur spheroplasts, showed that PyoG was
still imported into cells in the absence of outer membrane receptor Hur (Figure 5-2), also
confirming that the import of PyoG into spheroplasts requires periplasmic and inner
membrane translocation proteins. Receptor-bypass has previously been described for other
nuclease bacteriocins. Colicin E3 bypasses its receptor, BtuB, under osmotic shock conditions
(Tilby et al. 1978). Similarly, nuclease pyocins S2, AP41 and the PyoG homolog, PyoS1, could

kill resistant strains of P. aeruginosa under receptor bypass conditions (Sano et al. 1993).

Trypsin protection of fluorescent PyoG and PyoG'*# in PAO1 and Ahur spheroplasts
indicates that the receptor-binding and translocation domain are sufficient for inner
membrane translocation. However, the presented data do not provide direct evidence that

the entire 1-485 region of PyoG gets imported into the cytoplasm. Previous studies on colicins
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suggest that colicins D, E3 (Chauleau et al. 2011), E2, and E7 (Mora & Zamaroczy, 2014)
undergo proteolytic processing during import. A cleavage site positioned a few amino-acids
upstream of the cytotoxic domain (C-domain) was defined, and the C-domain could be fished
out of the cell cytoplasm with the corresponding immunity protein. In this study, the cysteine
to which AF488 is conjugated is at the C-terminus of PyoG“®. It is possible that the
fluorophore-conjugated C-terminus gets imported into the cell, whilst the remainder of the
protein gets degraded by trypsin. In future experiments, pull-downs of processed PyoG
peptides from the P. aeruginosa cytoplasm should be performed to identify which fragments

of the pyocin reach the bacterial cytoplasm.

Inner membrane proteins required for PyoG'*% to be protected from digestion with
trypsin in spheroplast are FtsH and TonB1. FtsH has previously been associated with the
import and processing of nuclease colicins (Walker et al. 2007; Chauelau et al. 2011; Mora &
Zamaroczy 2014). In the trypsin protection assay, PyoG is protected from trypsin in intact, but
not in spheroplasted cells of PAO1 AftsH (Figure 6-3). Therefore, FtsH is required for the inner
membrane translocation step, but there is no evidence that PyoG directly interacts with FtsH.
Therefore, there may be another protein required for the interaction to take place. For
example, ColD requires LepB to be proteolytically cleaved in an FtsH-dependent manner
(Chauleau et al. 2011). Alternatively, it could also be possible that the ftsH deletion has an

indirect effect on the expression levels of proteins directly involved in PyoG import.

Interestingly, PyoG becomes active against AftsH if the first 255 residues, comprising
the unstructured N-terminus and the receptor-binding domain, are replaced with the first 209
residues of PyoS2. This chimera has the same conserved Pyocin S domain as PyoG, and the

same cytotoxic domain, indicating that the receptor-binding domain is responsible for the
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FtsH dependency of PyoG. Additionally, this finding points out that PyoS2 has a different, FtsH

independent pathway to cross the inner membrane.

TonB1 has previously been associated with outer membrane pyocin translocation,
where it dislocates the plug domain of the receptor during pyocin import. In addition to
binding to the receptor plug, TonB1 also binds a sequence in the pyocin N-terminus called the
TonB box. Current models of pyocin import suggest that TonB1 binding is required for pyocin
to be pulled through the receptor and into the periplasm (White et al. 2017; Behrens et al.
2020). The spheroplast labelling experiments conducted in this study suggest that TonB1
could also be implicated in inner membrane translocation since the requirement for this
protein could not be bypassed in spheroplasts (Figure 5-8). This idea is supported by a similar
finding in which a nuclease colicin, ColE2, was inactive against TonB deficient spheroplasts,
whilst ColE1, a pore forming colicin, that does not translocate across the inner membrane,
had activity against AtonB sphaeroplasts (Smarda et al. 2002). A possible role for TonB1 could
be as a site for stable association of PyoG with the inner membrane, promoting interactions
with other inner membrane proteins involved in transport and processing (Figure 7-2). It is
not known if inner membrane translocation requires the proton motive force (PMF) as an
energy source, which is coupled to TonB1. Attempts to test for PMF dependence by labelling
P. aeruginosa with fluorescent PyoG in the presence of carbonyl cyanide m-chlorophenyl
hydrazone ionophore were not successful. Currently, little is known about the mechanism by
which TonB1 is coupled to the PMF in P. aeruginosa. It is suggested that, like in E. coli, this
coupling occurs via the inner membrane helix of TonB1 (Zhao & Poole 2002). Indeed,
swapping the inner membrane helix of TonB1 with the first helix of TetA disrupted PyoG killing
activity and inner membrane transport, which indicates that TonB1 likely must be coupled to

the PMF for PyoG to translocate across the inner membrane. In E. coli, specific point
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mutations in this inner membrane helix of TonB result in decoupling from the ExbBD complex
and thus the PMF. However, these point mutations do not affect the functionality of TonB1
in P. ageruginosa suggesting that the coupling mechanism between TonBl and the PMF
appears to be different between E. coli and P. aeruginosa (Zhao & Poole, 2002). Finally, TonB1
coupling to ExbBD in P. aeruginosa has still not been demonstrated experimentally. There are
two copies of ExbBD encoded in the PAO1 genome, both of which are located on a different
operon to tonB1 (Shirley & Lamont, 2009). Future studies on the mechanistic details of how

TonB1 couples to the PMF would help elucidate its role in pyocin import.

Two parts of PyoG have been identified as essential for inner membrane translocation:
the unstructured N-terminus, and the Pyocin S domain. The deletion of the first 30 residues
of PyoG leads to loss of translocation in normal and bypass conditions (Figure 5-9). This
deletion also impaired the binding of PyoG to TonB1, as seen in a pull-down assay (Figure 5-
8). Combined these results show that the first 30 residues of PyoG must contain the TonB1
binding box. This is supported by studies on PyoS2 (White et al. 2017) and PyoS5 (Behrens et
al 2020) that show inhibition of outer membrane translocation with a TonB box deletion, and
it is consistent with the model of outer membrane import in which TonB1 pulls the pyocin

through the open conformation of the receptor.
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Figure 7-2. Inner membrane translocation of PyoG. Parts of PyoG which are required for its
import into P. aeruginosa are: the unstructured N-terminus, the receptor binding domain,
and the Pyocin S domain. The pyocin translocates the outer membrane exploiting Hur and
TonB1 (1), as previously described (Atanaskovic et al. 2020). The first 255 residues of PyoG
are sufficient for this translocation step. The inner membrane translocation step also requires
the Pyocin S domain. The unstructured N-terminus of PyoG binds to TonB1, and this
interaction is required for both outer and inner membrane translocation (2). After TonB1
binding in the periplasm, PyoG may interact with other periplasmic or inner membrane
proteins required for its import into the cytoplasm. FtsH may act as a transporter of PyoG
across the inner membrane (3). As in the case of nuclease colicins (Chauleau et al. 2011; Mora
& Zamaroczy 2014), inner membrane transport may be coupled with proteolytic processing

of PyoG.
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Similar to other pyocins (White et al. 2017, Behrens et al. 2020), a construct comprised
of the unstructured N-terminus and the receptor-binding domain of PyoG (PyoG2*),
translocates across the outer membrane. However, this construct does not undergo inner
membrane translocation. The absence of the Pyocin S domain in this construct suggests that
it is likely that this domain has a function specific for inner membrane translocation, possibly
forming interactions with the inner membrane translocation machinery. The importance of
the S domain for pyocin translocation and thus killing activity, has also been proposed by
other researchers. Sano et al. observed that the deletion of this domain leads to loss of killing
activity in PyoS1, the PyoG homolog. Since the deletion of the S domain affected killing also
under receptor bypass conditions, it was suggested that the S domain plays a role in
translocation events taking place after receptor binding (Sano et al. 1993). Lack of trypsin
protection for PyoG 2> in spheroplasts supports this hypotheisis, and links the S domain to

the inner membrane translocation step.

Import of PyoG in intact and sphaeroplasted cells demonstrates that the inner
membrane translocation step requires TonB1, FtsH, coupling to the unstructured N-terminus,
and the Pyocin S domain of PyoG. Based on these findings, a model of inner membrane
translocation of PyoG has been proposed (Figure 7-2). After translocation across the outer
membrane, the PyoG N-terminus and the S domain associate with respective inner
membrane proteins required for PyoG import. The binding of the N-terminus to TonB1 is likely
the initiating step and is required for PyoG to interact with other components of the inner
membrane translocon. One of these components is FtsH, which could transport and
proteolytically process PyoG, but the direct involvement of FtsH in PyoG import has yet to be
demonstrated. Other proteins may be required for import, such as a protein that recruits FtsH

into the PyoG translocon and mediates the interaction between FtsH and the pyocin. Future
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studies, such as transposon mutant screens for PyoG resistance or proximity labelling assays,
should help expand the list of proteins involved in inner membrane transport of PyoG.
Additionally, such studies should deploy also PyoS2, since this pyocin is not FtsH-dependent

and is using a different route to cross the inner membrane.

7.4 Import of pyocin AP41 into P. aeruginosa

AP41 is a nuclease pyocin of P. aeruginosa. The structure of the AP41 DNase-immunity
complex has been solved by Joshi et al. (PDB 4UHP), and the activity of the pyocin has been
tested in a P. aeruginosa murine lung infection model (McCaughey et al. 2016b). Still, the
import mechanism of this pyocin is unknown. Chapter VI details some advancements made

in understanding which cell envelope components are required for AP41 killing activity.

Previous studies on AP41 tolerant mutants of P. aeruginosa suggested that the import
of this pyocin might require the Tol system (Dennis et al. 1996). This report contrasts all
previous studies on pyocins, which show they use the Ton system to energise their import
into cells (McCaughey et al. 2016a; White et al. 2017; Behrens et al. 2020). Colicins can exploit
either the Tol or the Ton system (Kleanthous 2010). Both systems are used to drive the entry
of modular bacteriocins across the outer membrane. A conserved feature for both Ton and
Tol is a protein which extends through the periplasm to interact with outer membrane
proteins. In case of the Ton system, TonB applies mechanical force to the conserved plug
domain of TBDTs in conjunction with the PMF and its partner stator proteins, ExbB and ExbD.
In case of the Tol-Pal system, TolA extends through the periplasm to exert mechanical force
on TolB by an analogous process to that used by Ton, but involving its specific PMF-linked
stator proteins TolQ and TolR. The force exerted on TolB is required for the localised
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deposition of the peptidoglycan-binding lipoprotein Pal at the septum during cell division
(Szczepaniak et al. 2020). Both TolA and TolB are exploited by group A colicins, which enables
their passage through outer membrane porins (Cascales et al. 2007). Therefore, Tol-Pal could
be implicated in the import of modular pyocins. Using a biochemical approach with purified
protein, the present work could find no evidence of an interaction between AP41 with either
TolA or TolB (Figure 6-7). Instead, this pyocin requires TonB1 for killing (Figure 6-6). AtonB1
mutants of P. aeruginosa are resistant to AP41 and the pyocin binds to TonB1 in vitro with
nanomolar affinity (Figure 6-9). The first 30 residues of AP41 are involved in TonB1 binding
(Figure 6-8, 6-9). This region was also associated with TonB1 binding in pyocins S2 (White et
al. 2017) and S5 (Behrens et al. 2020). AP41, PyoS2 and PyoS5 have 3 conserved residues in
this region — G°SM*! (Figure 6-10). In PyoS5, residues S'°MV?'2, comprise the TonB box
(Behrens et al. 2020). In PyoS2, the TonB box appears to be further downstream (MVITH?)
(White et al. 2017). Therefore, it is likely that the TonB box of AP41 is also positioned around
these three residues. The K4 of AP41-TonB1 complex is lower than in the case of PyoS2 and
PyoS5, although the biological meaning of this difference is still unclear. It could be that the
higher affinity AP41 for TonB1 might compensate for lower affinity binding between AP41
and its outer membrane receptor. Finally, the data presented do not explain why to/ mutants
of P. aeruginosa were insensitive to AP41 (Dennis et al. 1996). It is possible that the deletion
of tol has secondary effects on the composition of the cell envelope, which in turn lead to
AP41 resistance. Since tol genes are essential for P. aeruginosa growth (Lo Sciuto et al. 2014),
it may be that the strain isolated by Dennis et al. had some secondary suppressor mutations,
that also affected AP41 sensitivity. It is also possible that AP41 can bind both Tol and Ton

proteins during translocation but this was not detected under the experimental conditions
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used in the present study. However, bacteriocins typically only use the Ton or the Tol-Pal

systems to drive their entry into cells, not both (Cascales et al. 2007).

The present work also found that the killing activity of AP41, like that of nuclease
colicins (Walker et al. 2007) and PyoG (Atanaskovic et al. 2020), depends on the AAA+
ATPase/protease FtsH. The exact involvement of FtsH in nuclease pyocin import, and whether

it is direct or indirect, remains to be established.

Although this work failed to identify definitively outer membrane components of the
AP41 translocon several commonly found in the import pathways of bacteriocins can be ruled
out. LPS is not required for AP41 import. P. aeruginosa mutants that do not produce CPA
and/or OSA are sensitive to the pyocin (Figure 6-11 A). This contrasts pyocins S2 (McCaughey
et al. 2016a), S5 (Behrens et al. 2020), and L1 (McCaughey et al. 2014), all of which exploit
CPA as their outer membrane receptor. In addition, AP41 did not bind CPA in ITC experiments
(McCaughey et al. 2016a). It is therefore likely that the AP41 receptor is a protein rather than
LPS. Pull-downs using the AP41-ImAP41 complex as bait failed to identify such a receptor. It
can be further concluded that the AP41 receptor/translocator is not a TonB dependent
receptor, as is the case of other pyocins (McCaughey et al. 2016a; White et al. 2017; Behrens
et al. 2020; Atanaskovic et al. 2020). All of the individual TBDT mutants tested (Table 1-1)
were sensitive to AP41, which does not however rule out the possibility that AP41 exploits

more than one TBDT.

Deletion of the gene for the outer membrane porin, OprH, leads to AP41 resistance
(Figure 6-11 B), but binding of OprH to AP41 in vitro could not be detected (Figure 6-14). The
oprH gene is in an operon with phoP and phoQ. PhoPQ is a two-component regulatory system

that is induced upon Mg?* starvation and that directly upregulates the production of OprH
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(Olaitan et al. 2014). Mutations in PhoPQ or Mg?* starvation had no impact on AP41 killing
activity (data not shown). Currently, it is not clear how the deletion of OprH results in AP41
resistance. This porin binds lung lectins and is involved in host-pathogen interactions. It also
has a structural role in the cell envelope, through its interaction with LPS which is implicated
in outer membrane stability (Kucharska et al. 2016). The deletion of OprH can thus be linked
to alterations in outer membrane composition and stability, causing AP41 resistance as a
secondary consequence. In support of this, OprH has been linked with resistance to two LPS-
binding antibiotics: polymyxin B (Olaitan et al. 2014) and gentamycin (Wei et al. 2011). These
two antibiotics kill the cell via different mechanisms. Polymyxin B destabilizes LPS and causes
increased permeability of the envelope. Gentamycin binds the 30S ribosomal subunit and
interferes with protein translation. Despite having different cellular targets, both antibiotics
have a similar uptake mechanism. They form electrostatic interactions with the LPS
phosphate groups, displace cations which are responsible for cross bridging and stabilization
of the lipid components of the outer membrane, and destabilize the outer membrane (Krause
et al. 2016). oprH upregulation somehow prevents LPS destabilization and leads to polymyxin
B and gentamycin resistance. On the other hand, deletion of oprH causes resistance to AP41,
which is not an LPS binding antibiotic. In conclusion, the deletion of oprH can affect LPS
stability, and possibly LPS composition in P. aeruginosa. Therefore, it is also possible that the
mechanism of AP41 resistance is the same for tol-pal and the AoprH mutants, since the Tol-
Pal system also impacts outer membrane stability (Lazzaroni et al. 1999; Szczepaniak et al.

2020).

Another candidate for the outer membrane receptor/translocator of AP41 is the
filamentous hemagglutinin system (FHA). FHA is involved in CDI, a competition mechanism

between bacteria that involves direct cell-cell contact (Merci et al. 2016). There are two
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copies of FHA in the PAO1 genome. Each copy is composed of a filamentous hemagglutinin
(FhaB1,2) and its transporter (FhaC1,2). FhaB contains several hemagglutinin repeats and
extends from the cell surface into the extracellular environment to deliver a C-terminal
cytotoxic domain to neighbouring bacterial cells (Melvin et al. 2017). FhaC forms a B-barrel in
the outer membrane for FhaB export. FhaB could serve as the AP41 receptor, since point
mutations in this gene have been discovered in AP41 resistant mutants (Mosbahi & Walker,
unpublished data), yet transposon mutants of FhaB1 and 2 are sensitive to AP41 (Figure 6-
15). Transposon insertions in AfhaB1,2 were towards the C-terminus. Due to the repetitive
nature of the FhaB structure, it is possible that FhaB is still produced in these mutants. It is
also possible that one copy of fhaB complements the other. Attempts at deleting the entire
fhaB gene have been made by the Walker laboratory, but were unsuccessful due to the size
and the repetitive nature of the gene. On the other hand, transposon mutants of the fhaC
genes show altered sensitivity to AP41. AfhaC1 is completely resistant, and AfhaC2 has
decreased sensitivity to the pyocin. Therefore, it is possible that FhaC plays a role as an outer
membrane translocator for AP41. This would mean that FhaC is involved in both protein
export and import. Future studies on the involvement of FhaC in AP41 import are currently

the focus of work in the Walker Laboratory.

Based on the data presented in chapter 4, a model of pyocin AP41 import is proposed
(Figure 7-3). Pyocin AP41 binds to a yet-to-be-identified outer membrane transporter, the
current candidate being a filamentous hemagglutinin transporter FhaC. Binding of AP41 to
FhaC may also involve an interaction with FhaB, a filamentous hemagglutinin being exported
by FhaC. The import of AP41 into the periplasm requires TonB1, that AP41 binds via its
unstructured N-terminus. Import of AP41 into the cytoplasm requires FtsH, but direct

involvement of FtsH in pyocin import has yet to be demonstrated.
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Figure 7-3. Model of pyocin AP41 import into P. aeruginosa cells. AP41 binds to an unknown
outer membrane receptor/translocator. A candidate for the AP41 transporter is the
filamentous hemagglutinin transporter FhaC, but the interaction between AP41 and FhaC has
yet to be proven experimentally. Binding of AP41 to FhaC might also require FhaB, the
filamentous hemagglutinin which FhaC secretes to the cell surface. Like in the case of nuclease
colicins (Duché et al. 2006), the immunity protein dissociates on the cell surface, which has
to be proven experimentally. The N-terminus of AP41 is then pulled by TonB1 into the
periplasm. Translocation into the cytoplasm depends on the AAA+ATPase/protease FtsH,

which may serve as the inner membrane translocator for pyocin AP41.
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8. Appendix

Appendix 1 — Sequence alighments
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Appendix F-1. Pyocin G has an N-terminal region conserved amongst other S1-group pyocins,

and a distinct cytotoxic domain. A - Alignment of representative sequences of S1-group

pyocins. B - alignment of the cytotoxic domain of pyocin G and carocin D. C —alignment of

PyoG (imG) and carocin D (caroDI) immunity protein.
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Appendix F-2. Alignment of the pyocin S domain (translocation domain) of pyocins AP41,

and G.
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Appendix 2 — sequences of proteins used in this study

Pyocin G

MARPIADLIHFNSTTVTASGDVYYGPGGGTGIGPIARPIEHGLDSSTENGWQEFESYADLGVDPRRYVPL
QVKEKRREIELQFRGAEKKLEASVQAELDKADAALGPAKNLAPLDVINRSLTIVGNALQQKNQKLLLNQK
KITSLGAKNFLTRTAEEIGEQAVREGNINGPEAYMRFLDREMEGLTAAYNVKLFTEAISSLQIRMNTLTAA
KASIEAAAANKAREQAAAEAKRKAEEQARQQAAIRAANTYAMPANGSVVATAAGRGLIQVAQGAASL
AQAISDAIAVLGRVLASAPSVMAVGFASLTYSSRTAEQWQDQTPDSVRYALGMDANKLGLPSSVNLNA
VAKAGGTVDLPMRLTNEARGSTTTLSVVSTDGVSVPKAVPVRMAAYNTATGLYEVTVPSTVAEAPPLILT
WTPASPPGNQNPSSTTPVVPKPVAVYEGATLTPVKAKPETYPGVMTLPGDLIICFPADSGIKPVYVMFENS
PYGETNAKGKYSGRNYNTDKAGGPILDLDWRTAKIDRAGVDKVKLHARRFESAPENIVMNDRLEKILKG
ELPVTDIDKRYYTHEIRELERYRNLGVKDGEIPKSVQEQKEVWNNAHTATLEDYKVNEREQPLYTAEALRA

AYEKELKDALGGIR*

Immunity protein G

MLLQDIVKNEDVEDVVTFLGLTSDYRKLDRLYTYNKPDVVISGELSEKYDELFRKGVLEEKNGKVIKGPNW

KEPKFVTEKKYGIV*

Pyocin S2

MAVNDYEPGSMVITHVQGGGRDIIQYIPARSSYGTPPFVPPGPSPYVGTGMQEYRKLRSTLDKSHSELKK
NLKNETLKEVDELKSEAGLPGKAVSANDIRDEKSIVDALMDAKAKSLKAIEDRPANLYTASDFPQKSESMY
QSQLLASRKFYGEFLDRHMSELAKAYSADIYKAQIAILKQTSQELENKARSLEAEAQRAAAEVEADYKARK
ANVEKKVQSELDQAGNALPQLTNPTPEQWLERATQLVTQAIANKKKLQTANNALIAKAPNALEKQKAT
YNADLLVDEIASLQARLDKLNAETARRKEIARQAAIRAANTYAMPANGSVVATAAGRGLIQVAQGAASL

AQAISDAIAVLGRVLASAPSVMAVGFASLTYSSRTAEQWQDQTPDSVRYALGMDAAKLGLPPSVNLNA
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VAKASGTVDLPMRLTNEARGNTTTLSVVSTDGVSVPKAVPVRMAAYNATTGLYEVTVPSTTAEAPPLILT
WTPASPPGNQNPSSTTPVVPKPVPVYEGATLTPVKATPETYPGVITLPEDLIGFPADSGIKPIYVMFRDPR
DVPGAATGKGQPVSGNWLGAASQGEGAPIPSQIADKLRGKTFKNWRDFREQFWIAVANDPELSKQFN

PGSLAVMRDGGAPYVRESEQAGGRIKIEIHHKVRIADGGGVYNMGNLVAVTPKRHIEIHKGGK*

Pyocin AP41

MSDVFDLGSMTTVATATGQYSFYTPPPPTPIPYLTYIARPGINKFDLPEGAKIKDLIKRYQYIGSQIPAAIMI
RGVQEEIKKSTNTALANVGAIVDGELAYLASQKKEKLNPAEATPLOMASAEKAAAVELLASKQKELADAR
TIANAFFGYDPLTVNYVNVMNEIYGRREDKDFSFDNWSKSYSAAQKIRLIEAKISVLNSRSSALDGKVAEL
TRLQRLEDAQHAAEAARQTEAERLAQEQRQAEARRQAEEARRQAEAQRQAELQRLAEAEAKRVAEAE
KKRQDEINARLQAIVVSESEAKRIEEIYKRLEEQDKISNPTVTTPPAVDAGSRVDDALAHTGTRVTSGGET
GATGGSGRDVDTGTGQGGITARPVDVGSVSIPDRRDPKIPDQPRRDLGSLVPTFPDFPTFPSFPGVGVP
AAAKPLIPAGGGAASVSRTLKTAVDLLSVARKTPGAMLGQVAAVVATMAVSSFWPKLNNGERQASFAI
PVAELSPPLAVDWQAIAAAKGTVDLPYRLKTLNVDGSIQIIAVPTEPGSAAVPVRALTLDSASGTYKYTTT
GPGGGTILVTPDTPPGQIDPSSSTPAVPRGPLIMPGTLLIPKEPQIESYPELDQREFNDGIYVYPEDSGIPPL
YIVYRDPRDEPGVATGNGQPVTGNWLAGASQGDGVPIPSQIADQLRGKEFKSWRDFREQFWMAVSK
DPSALENLSPSNRYFVSQGLAPYAVPEEHLGSKEKFEIHHVVPLESGGALYNIDNLVIVTPKRHSEIHKELKL

KRKEK*

Immunity AP41

MDIKNNLSDYTESEFLEIEEFFKNKSGLKGSELEKRMDKLVKHFEEVTSHPRKSGVIFHPKPGFETPEGIVK

EVKEWRAANGLPGFKAGLEHHHHHH*
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TonB1

MSPQPSRSPDRFSLAALAEDHPTAPAQGDESESLPCVNAQRGEPNLRVVDCSGARRDEEVAVEEVLIPY
AHGSDPEDVPGEPPKSRWWLSSGAAVAMHVAIIGALVWVMPTPAELNLGHGELPKTMQVNFVQLEK
KAEPTPQPPAAAPEPTPPKIEEPKPEPPKPKPVEKPKPKPKPKPKPVENAIPKAKPKPEPKPKPEPEPSTEAS
SQPSPSSAAPPPAPTVGQSTPGAQTAPSGSQGPAGLPSGSLNDSDIKPLRMDPPVYPRMAQARGIEGR

VKVLFTITSDGRIDDIQVLESVPSRMFDREVRQAMAKWRFEPRVSGGKIVARQATKMFFFKIEKRR*

Hur

MTLPFTRAAWRPLCSAAVLGAALWAAGASAAERRFDLPAQPLAASLSRLAQQAQVQVLFDESLLRGLR
APALSGSYGVREALERLLVGSELELVEAGGGYVVRRRQVDAYSDNALQLDAQTIVGNGREVDASNVGRS
TLTRRDIERQQADNIPSLLQTLPGVTMGGSPKPGGQTTNIWGLGDAEDVPYTLDGAQKSGFERYQQGT
VFIEPEMIKRIEVEKGPHSVFTGNGGFGGTVHMETKDAPDLLREGRDVGAMLKYGYHSNDQQKIYSGA
VFGRSEDRRVDALLYLNGRDGRDMKLADNLPLSPTDYPINPKRLPNSAQDEKTGLFKLNLHPTEEHDLGF
TYLRSKSSRWTPFSASSYPTPPSQWTIDRYGYELGLTRLLAHRDTTDTTWTGKYNYHPLDNPWIDLQLSY
SDARTEQLDRREDTAFYQLATGGKRMRTEYQDKVLELRNTSRFDTGALQHELTLGAALHKHKRDILMH
MPGKTYETPRYNYGWLQPAFMPAGKQDTQSFYIQDAITYGSLTVTPSMRFDSVRNDGQANLAPIYDNP
KLGHDYRAQTYSGWSPRLSVFWTATPNLAFFADYTETWRAPVIDEQYEVQNSSTIGGSSRDLDAERIHAI
RGGSVINLPDLLVAGDSLQIRTTLFQNRIKDEIFRTRSVGCRQQSIDNGSIGGSCGDMLPLSNYRNLPGLTI
KGFEIESFYDSQRLFGSLSYSWMTGKHDGAYSNPWGPNVWARDIPPPKWVAMLGLKVPEWDAKLGW
QGEFVRKTDRLPSDRYSGGMGTGSGDIYWDHAANDSYDTHRLFAEWVPAKLGLKDTRIDFTVDNLFNR

SYRQPLGGDLVYSQGRNAKISVTQFF*
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OprH

MKALKTLFIATALLGSAAGVQAADNFVGLTWGETSNNIQKSKSLNRNLNSPNLDKVIDNTGTWGIRAG
QQFEQGRYYATYENISDTSSGNKLRQQNLLGSYDAFLPIGDNNTKLFGGATLGLVKLEQDGKGFKRDSD

VGYAAGLQAGILQELSKNASIEGGYRYLRTNASTEMTPHGGNKLGSLDLHSSSQFYLGANYKF*

FtsH

MAKNLILWLHAAVLVTVMNNFSSPSEPQTLNYSDFIQQVKDGKVERVTVDGYVITGKRSDGDTFKTIRPA
IQDNGLIGDLVNNNVVVEGKQPEQQSIWTQLLVASFPILVIIAVFEMFFMROMQGGGGGRGGPMSFGK
SKARLLSEDQVKTTFADVAGCDEAKEEVSELVEFLRDPGKFQRLGGRIPRGVLMVGPPGTGKTLLAKAIA
GEAKVPFFTISGSDFVEMFVGVGASRVRDMFDQAKKHAPCIIFIDEIDAVGRHRGAGLGGGHDEREQTL
NQLLVEMDGFEMNDGIIVIAATNRPDVLDPALLRPGRFDRQVVVGLPDIRGREQILKVHMRKVPLGDH
VDPAVIARGTPGFSGADLANLVNEASLFAARSNKRIVDMREFELAKDKIMMGAERKTMVMSEKEKRNT
AYHEAGHAIVGRLVPEHDPVYKVSIIPRGRALGVTMFLPEEDRYSLSKRALESQICSLFGGRIAEEMTLGFE
GVTTGASNDIMRATQLARNMVTKWGLSEKLGPLMYAEEEGEVFLGRSAGSQHANVSGETAKMIDQEV
RRIIDDCYGTAKRLLDENRDKLEMMADALMKYETIDSDQIDDIMAGRVPREPRDWQGGSGTGTPPANL

EESGRRENTPPIGGPAGEH*
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