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Abstract

Antimicrobial resistance is a deadly threat that is on the rise globally. Failure of small
molecule antibiotic drug discovery programs and an increasing understanding of the
dangers of antibiotic-induced dysbiosis of the microbiome have led to interest in
bacteriocins as narrow-spectrum antibiotics. Pyocin S5 (PyoS5), a protein antibiotic
against Pseudomonas aeruginosa, is the most potent colicin-like bacteriocin known but
its structure and molecular mechanism remain poorly understood. This thesis presents the
crystal structure of PyoS5, an elongated molecule with three structured domains and an
unresolved N-terminal region, which enabled the functional, biochemical and biophysical
characterization of this molecule. With its central domain, PyoS5 binds to common
polysaccharide antigen (CPA), a lipopolysaccharide (LPS) antigen which acts as a
receptor and accumulates the antibiotic on the cell surface. This is followed by binding
to the outer membrane protein FptA, a TonB-dependent transporter (TBDT), by the N-
terminal domain. A chimeric protein of Escherichia coli TonB and P. aeruginosa TonB1
allowed us to reconstruct the PyoS5 import process in E. coli, an approach that revealed
that FptA acts as the translocator and that TonB1 energizes the import process by directly
interacting with the N-terminal region of PyoS5. This import process and the structure of
PyoS5 show strong similarity with those of PyoS2, which suggests that they are common
to several pyocins targeting different TBDTs and delivering different cytotoxic domains

into P. aeruginosa.
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General introduction

1. General introduction

1.1 The pathogen Pseudomonas aeruginosa

P. aeruginosa was recently named one of the three bacteria we most urgently need new
antibiotics against by the World Health Organization (WHO, 2017). Due to its double
membrane that is devoid of general diffusion porins (Chevalier et al., 2017),
P. aeruginosa is naturally resistant to many antibiotics and disinfectants, including all
first- and second-generation cephalosporins, all macrolides and most penicillins (Koh and

Peacock, 2012).

This natural resistance gives P. aeruginosa a selective advantage in hospital settings,
where it can cause bacteraemia, ventilator-associated pneumonia, catheter-associated
urinary tract infections, skin and soft-tissue infections (Koh & Peacock, 2012), and is the
most common cause of burn wound infections (Church et al., 2006). In 2013, 51000
hospital-associated infections were caused by P. aeruginosa in the US of which 13%

were multidrug resistant (CDC, 2013).

In the community, the largest group of people affected by P. aeruginosa are those with
cystic fibrosis, a genetic condition that leads to mucus not being cleared from the lungs
(Koh & Peacock, 2012). As a result, airways are prone to colonization with P. aeruginosa
as the most common cause, resulting episodes of lung infection (Cystic Fibrosis Trust,
2013). In fact, all CF patients, around 100,000 people world-wide, will suffer from
P. aeruginosa lung infections during their lifetime of which 80% will be chronically

infected (Doring et al., 2011; Folkesson et al., 2012).
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In addition to its intrinsic resistance towards many antibiotics, P. aeruginosa has also
acquired resistances such that 25% of P. aeruginosa isolates in the USA (2011 to 2014)
and 19% in Europe (2015) were resistant to carbapenem, an antibiotic of last resort
(WHO, 2017). The incidence of pan-drug resistant isolates of P. aeruginosa, that are
resistance to all antibiotics, is rising (Farrell et al., 2013; Hsueh et al., 2005; Souli et al.,
2008; Wang et al., 2012). We therefore need to develop new antibiotics against

P. aeruginosa.

1.2 The Gram-negative cell envelope

The major barrier that antibiotics need to overcome to reach their cellular targets is the
bacterium’s outer membrane, which is part of the cell envelope. The Gram-negative cell
envelope, best studied in Escherichia coli, consists of the inner and outer membranes,
which enclose the periplasmic space. The cell wall, made of peptidoglycan, is located in
the periplasm (Fig. 1-1). A high concentration of proteins within this compartment makes

it more viscous than the cytoplasm (Silhavy et al., 2010).

From cryo-transmission electron microscopy it is known that the Escherichia coli K-12
outer membrane is 7 nm thick, the inner membrane 6 nm thick, the periplasm 21+3 nm
wide, the peptidoglycan 2 nm thick, and the distance between the outer membrane and
the peptidoglycan 6 nm (Al-amoudi et al., 2003). Similarly, in Pseudomonas aeruginosa
PAOL1 the outer membrane is 7 nm wide from which up to 40 nm long lipopolysaccharide
(LPS) antigens protrude into the extracellular space, the inner membrane is 6 nm thick,
the periplasm 24+3 nm wide, and the distance between the outer membrane and the

peptidoglycan 5 nm (Al-amoudi et al., 2003).
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Figure 1-1: The Gram-negative cell envelope.

The different types of proteins found in the cell envelope are shown in blue. IM, inner membrane; OM,
outer membrane; LPS, lipopolysaccharide; OMP outer membrane protein. Not drawn to scale.

1.2.1 The outer membrane

The outer membrane, which is specific to Gram-negative bacteria, is asymmetric in its
lipid content. It contains glycolipids, mainly LPS, in the outer leaflet of the membrane,
which prevent the passage of hydrophobic molecules through the outer membrane. The
inner leaflet of the outer membrane is identical to the inner membrane in lipid

composition, which is made of phospholipids, primarily phosphatidyl ethanolamine and

phosphatidyl glycerol (Silhavy et al., 2010).

LPS consists of lipid A, which is in the outer leaflet of the outer membrane, and core
sugars which are linked to lipid A. The core sugars themselves can be linked to
O-antigens. P. aeruginosa harbours two different types of O-antigen on LPS, common
polysaccharide antigen (CPA) and O-specific antigen (OSA). CPA is a homopolymer of
D-rhamnose al — 3, al — 2, al — 3 trisaccharide repeats while OSA is a heteropolymer
with a repeat unit of three to five sugars. It is the makeup of the OSA repeat unit that
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determines P. aeruginosa serotypes while the structure of CPA is common to all P.
aeruginosa strains. In a given P. aeruginosa PAO1 cell, a variety of different LPS
molecules can be found (Fig. 1-2), including uncapped LPS that has no O-antigen, CPA-
capped LPS and OSA-capped LPS with OSA antigens with different numbers of repeat
units (Lam et al., 2011). How CPA is linked to the core sugars remains to be determined
(Lam et al., 2011). K-12 derived E. coli strains, such as the ones used in this study, do

not possess O-antigens (Stevenson et al., 1994).

Monosaccharides

4 D-ManNAc3NAmMA D-Glc
D-ManNAc3NAcA D-GIN-L-Ala

@ D-FucNAc 4@ L D-Hep
D-Rha @& Kdo

4P L-Rha 4 GIcNAC
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Uncapped CPA-capped OSA-capped OSA-capped OSA-capped OSA-capped
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Figure 1-2: Examples of LPS glycoforms present on the surface of a single P. aeruginosa cell.

The OSA polymer from serotype O5 (e.g. PAOL) is displayed as a representative. CPA polymers are on
average 70 D-rhamnose monomers long, OSA are either 12 to 16, 22 to 30, or 40 to 50 repeat units long,
depending on the enzyme producing the polymer. Not drawn to scale. Figure adapted from Lam et al. (Lam
etal., 2011).
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Of the two P. aeruginosa O-antigens OSA is more immunogenic, resulting in CPA
becoming the dominant antigen in chronic lung infections in cystic fibrosis patients over
time (Hancock et al., 1983; Lam et al., 1989). CPA is also required for the formation of

robust biofilms (Murphy et al., 2014).

1.2.2 Outer membrane proteins

Proteins in the outer membrane can, with few exceptions, be divided into two classes:
B-barrels, which span both leaflets, and lipoproteins which are typically anchored in the
inner leaflet of the outer membrane (Silhavy et al., 2010). In E. coli, the B-barrels include
general diffusion porins and specific nutrient- and siderophore receptors. General
diffusion porins, like OmpF and OmpC, allow the passive diffusion of small molecules
across the outer membrane (Silhavy et al., 2010), while specific nutrient transporters like
Cir and FepA require energy to translocate nutrients across the outer membrane (Noinaj
et al., 2010; Skare et al., 1993). These energy dependent transporters are collectively
termed TonB-dependent transporters (TBDTS) as their energy is provided by the TonB
system (see below). There are nine TBDTSs in E. coli K12 and up to 18 in other E. coli

strains (Schauer et al., 2008).

In contrast, P. aeruginosa has no general diffusion porins and instead has 26 substrate-
specific porins (Chevalier et al., 2017). OprF is the most abundant of these porins and a
homolog of E. coli OmpA. It can be in an open or closed conformation, and has been
shown to enter the open conformation only very briefly, such that just 5% of all OprF
molecules are in the open conformation at any time (Hancock, 1998; Nestorovich et al.,

2006). It is thought that the lack of general diffusion porins, combined with the low
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percentage of open OprF pores, is the reason for the low permeability of the

P. aeruginosa outer membrane, which is only 8% that of E. coli (Hancock, 1998).

In addition to the 26 substrate-specific porins P. aeruginosa also has TBDTs. Genes for
26 of them are present in all investigated strains, including fiuA, pirA, femA, foxA, pfeA,
hasR, fecA, phuR and fptA, all of which are involved in iron uptake from various sources,
and a total of 44 TBDTs in the pan-genome. Each investigated strain has between 30 and
37 TBDTs (Cornelis and Bodilis, 2009). None of the porins or TBDTSs is part of the core
genome, which is expressed in all growth conditions, however TonB1, the transenvelope
energy transduction system for TonB-dependent transporters is, discussed below.

(Poulsen et al., 2018).

1.2.3 Energy transduction systems in E. coli and P. aeruginosa

The outer membrane itself has no access to energy, as no ATP is found in the periplasm.
Instead, energised processes at the outer membrane rely on energy transduction systems
that transfer energy from the proton motive force (PMF) at the inner membrane to the
outer membrane. In E. coli these are the Tol-Pal and the Ton system. The Tol-Pal system
is important for inner membrane integrity (Lloubes et al., 2001), cell division (Gerding
et al., 2007) and has been suggested to be involved in lipid homeostasis (Shrivastava et
al., 2017). The Ton system is required for nutrient uptake (Noinaj et al., 2010). Both the
Tol-Pal and the Ton systems can be hijacked by phages and toxins like colicin-like

bacterions (CLBs) to cross the outer membrane (Cascales et al., 2007).
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In E. coli, the Ton system consists of three proteins TonB, ExbB and ExbD, encoded by
tonB, exbB, exbD, respectively (Celia et al., 2016; Postle, 1990). All three proteins are

located in the inner membrane (Fig. 1-3).

TonB has an N-terminal domain containing a signal sequence for Sec-dependent export
across the inner membrane, which is not cleaved, and thus anchors TonB into the inner
membrane (amino acid residues 12 to 32), a proline rich region (residues 66 to 102) and
a C-terminal periplasmic domain (residues 103 to 239) (Cascales et al., 2007) as shown
in Figure 1-3. The first 140 residues by themselves can undergo a PMF-dependent
conformational change (Larsen et al., 1999), while the periplasmic domain by itself can
interact with TBDTSs, although without transducing energy to them (Howard et al., 2001).
Residues 158 to 164 bind to a conserved region of the TBDT called the TonB-box, as
observed in crystal structures of the complexes between BtuB and the C-terminal domain
of TonB, and FhuA and the C-terminal domain of TonB (Pawlek et al., 2006; Shultis et
al., 2006). TonB-boxes consist of 5 to 7 residues which form a -strand and are located

at the N-terminus of TBDTs and CLBs, which are discussed below.

ExbB is made up of seven a-helices, spanning the inner membrane three times (Celia et
al., 2016), and forms pentamers or hexamers depending on the pH (Maki-Yonekura et
al., 2018). Structures of both oligomers have been solved (Celia et al., 2016; Maki-
Yonekura et al., 2018). It is thought that TonB resides outside the channel formed by
ExbB and interacts with ExbB through its transmembrane domain (Cobessi et al., 2005;

Larsen and Postle, 2001; Maki-Yonekura et al., 2018).
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ExbD consists of a transmembrane domain, spanning the inner membrane, and a
periplasmic domain. Low resolution density observed inside the channel formed by the
ExbB pentamer as well as protein complexes investigated in native mass spectrometry
(MS), directly ejected from E. coli native membranes, suggest an ExoD monomer inside
the channel, while the ExbB hexamer could accommodate three molecules of ExbD

(Celia et al., 2016; Chorev et al., 2018; Maki-Yonekura et al., 2018).

Even though the exact mechanism by which the Ton system transduces energy to TBDTs
Is unknown, it is generally thought that force is transmitted, possibly through a pulling or
rotary movement (Hickman et al., 2017; Klebba, 2016; Krewulak and VVogel, 2011; Maki-

Yonekura et al., 2018).

Outer membrane

TonB-box

pmf

Inner membrane

Figure 1-3: The TonB system interacting with a TBDT.

This model of the TonB system is based on studies by Celia et al. and Corev et al. (Celia et al., 2016;
Chorev et al., 2018). Other models regarding the arrangement of ExbD and TonB1 in and around the ExbB
oligomer exist (Maki-Yonekura et al., 2018; Oeemig et al., 2018). Not drawn to scale.
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In P. aeruginosa, there are three genes homologous to tonB, called tonB1 (PA5531),
tonB2 (PA0197) and tonB3 (PA0406). The exbB and exbD homologs in P. aeruginosa
are named exbB1 (PA0198) and exbD1 (PA0199). TonBl is involved in iron uptake
(Takase et al., 2000) and its deletion can be partially complemented by TonB2, while
TonB2 deletion has no effect on iron uptake (Zhao and Poole, 2000). TonB3 is part of
the Poc-complex that is required for pilus- and flagellum-mediated movement (Cowles

et al., 2013; Huang et al., 2004).

Compared to E. coli TonB all three P. aeruginosa TonBs have an extended N-terminal
domain (Fig. 1-4). TonB1 harbours the longest such extension with an additional 77
residues. The proline-rich region is conserved between E. coli TonB, P. aeruginosa
TonB1, and TonB2, while TonB3 differs notably in this region. Overall, TonB1 is the

most similar of the P. aeruginosa TonBs to E. coli TonB.

Several structures have been solved for various portions of the C-terminal domain of
E. coli TonB (recently reviewed in Oeemig et al., 2018) as well as one for the C-terminal
domain of P. aeruginosa TonB1 (Oeemig et al., 2018). These studies suggest similar
structures and functions of the E. coli TonB and P. aeruginosa TonB1 C-terminal

domains.

24



General introduction

A

TONB3  ————mmmm oo MRHRLFRPPSADFAPRQ-—-—————— 17
TonB2 ———————————————- MATPQPV--——-- DARTQPWRE----TPGGDLVALGR-—-—-—-—— 27
TOnB  ———— - 0

TonBl MSPQPSRSPDRFSLAALAEDHPTAPAQGDESESLPCVNAQRGEPNLRVVDCSGARRDEEV 60

TonB3 PPRSAMNAA-VLKSPSAAAGVRPADRLGFTLFIAAILHVAFILGVGEFSMPAPSQISK--- 73
TonB2 PVRQALHLVRHNPAQ---GRVLSRRETILLVLFALTLHGAVIHWLSQQ-RTPALPEVPPQ 83

e MTLDLPRRFPWPT-LLSVCTHGAVVAGLLYTSVHO-VIELPAP 4~
TonBl AVEEVLIPYAHGSDPEDVPGEPPKSRWWLSSGAAVAMHVAIIGALVWVMPTPAELNLGHG 120
« kK .
TonB3 ----TLEITLATFKSDKAPEKADYLAQMNQQGSGT-LEHKAAPKTTEVAP--FQDNQ--V 124
TonB2 V--PPMTIEFTAPA---PPVVE----PPPPEPLPPVVEEPPPPVVDENAVKPPPPKPVPK 134
“r% A--QPISVINVIPADLEPPQAV----QPPPH--BVNEBEPE-—--BBIBEBBKEABVV - -
TonBl ELPKTMQVNFVQLEKKAEP-———----- TPQP--PAAAPEPTPPKIEEPKPEPPKPKP--V 168
. . . * *
TonB3 KKVAPPATPKQARSEEAPKVAVTTTRQRQQOKAPS-—-——=-=-- KTQAQKAEQVAKPAPHF 175
TonB2 PKPKPKPQPRP---KPAPKA-VEPAP-——————————————————— PAPPQPAAPPAPPA 170
TonB  [RBRBRERERE - - BB VKKV-QEQPK--RDVKPV-——-——--——-——- ESR----PASPF 125
TonBl EKPKPKPKPKP---KPVENA-IPKAKPKPEPKPKPEPEPSTEASSQPSPSSAAPPPAPTV 224
. * %

* * * . .

TonB3 DSTQLSAEIASLEADLAKEQQAYAKRPRIHRLSAASTMRDKGAWYKEDWRKKIERIGNLN 235

TonB2 PAAAPAPLTPPSA--——————————————————m oo NAGYLHNPAPE 194
TonB  ENTAPARLTSS-T------ ATAATSK---———---——-- PVT---SVASGPRALSRNQPQ 162

TonBl GQSTPGAQTAPSG----—-- SQGPAGL-———————————— PSG--SLNDSDIKPLRMDPPV 263

TonB3 YPDEARRQKLYGSLRLLVSINRDGTIYEVQVLESSGEPILDQAAQRIVRLAAPYAPEFSGD 295

TonB2 YPALAMRRGWEGTVLLRVHVLASGSPSEIQVQKSSGREALDQAAVK-————————————— 240
TonB YPARAQALRIEGQVKVKEFDVTPDGRVDNVQILSAKPANMFEREVKN-—--—-=————————— 208
TonBl YPRMAQARGIEGRVKVLFTITSDGRIDDIQVLESVPSRMFDREVRQ-—-—-——-————————— 309
b *orooroL . x R HE
TonB3 LADIDRLEIIRTWRFERGDRLSSK-——-————————————————— 319
TonB2 —-—-——————- AVKRWSFVPAKRGDKAEDGWVSVPIDFKLN-—-—-——— 270
TonB - ——————- AMRRWRYEPGKPGSGIVVNI-—---— LFKINGTTEIQ 239
TonBl —-——-——————- AMAKWRFEPRVSGGKIVARQATKMFFFKIEKRR——— 342
. * .
B
i TonB3 0.44584

L TonB2 0.32905
TonB 0.31195
TonB1 0.31414

Figure 1-4: Sequence alignment of E. coli TonB, P. aeruginosa TonB1, TonB2 and TonB3.

(A) Aligned protein sequence with the E. coli TonB sequence coloured according to known domains and
motifs. N-terminal domain (green), proline-rich region (magenta), periplasmic domain (yellow), residues
binding TonB-boxes (blue). (B) Phylogenetic neighbour-joining tree without distance corrections. Branch

lengths given in substitutions per site on the right. Alignment was performed in Muscle.
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1.3  Protein antibiotics against P. aeruginosa

1.3.1 Colicin-like bacteriocins (CLBs) are promising narrow spectrum antibiotics
As a result of the decreased discovery rate of small molecule antibiotics and the increased
levels of drug resistance in bacteria, the interest in narrow spectrum antibiotics has risen
(Behrens et al., 2017; Brown et al., 2012; Gillor et al., 2005; Kirkup, 2006; Yang et al.,
2014). A narrow spectrum of activity has the advantage of not creating selection pressure
on any bacteria other than the ones targeted, thereby preventing the development and
maintenance of resistances (Isaacs D, 2006). A further advantage is the prevention of
dysbiosis, the disruption of the microbiome, which is a serious side effect of broad
spectrum antibiotics (Francino, 2016). The first narrow spectrum antibiotic Staphefect,

an endolysin against Staphylococcus aureus, entered the market in 2016 (Micreos, 2016).

CLBs are narrow spectrum protein antibiotics that have been suggested as therapeutics
against Gram-negative bacteria, to tackle drug resistant infections while limiting the
increase of antimicrobial resistance (Gillor et al., 2005; Hammami et al., 2013; Karpinski
and Szkaradkiewicz, 2013; Yang et al., 2014). They occur in y-proteobacteria, more
specifically in Enterobacteriaceae and Pseudomonadaceae (Sharp et al., 2017), and are
produced to kill closely related strains, while the producing strain protects itself using
specific immunity proteins (Cascales et al., 2007). Therefore, CLBs exist against two of
the three types of bacteria classed as highest priority for drug research by the WHO:

Enterobacteriaceae and P. aeruginosa.

1.3.2 Mechanisms of CLBs
The best studied CLBs are colicins (Cascales et al., 2007), which kill E. coli, followed by

pyocins, which kill P. aeruginosa (Ghequire and De Mot, 2014). Apart from colicin-like
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pyocins, which include S-, M- and L-type pyocins; other phage-like pyocins that have no
equivalent in E. coli exist and are termed R- and F-type pyocins. The receptors,
translocators, transenvelope systems involved in import, and cytotoxic mechanisms are
known for all colicins but two (Table 1-1). By contrast, only recently were all these
factors determined for some pyocins; PyoS2, PaeM1 and PaeM2 (Latino et al., 2019;

White et al., 2017) (Table 1-2).

Most colicins target bacterial cells by binding one of the OMPs, called the receptor. They
subsequently bind to a second OMP, known as the translocator, which is employed by
the CLB to cross the outer membrane. While the majority of CLBs use two different
OMPs there are exceptions. In the case of ColB and ColD, only one OMP, FepA, is
known to be involved in reception and translocation (Braun et al., 2002), and ColN
utilizes LPS instead of an outer membrane protein as a receptor (Johnson et al., 2014;
Sharma et al., 2009). For Colla, one molecule of the outer membrane protein Cir acts as
a receptor and a second Cir molecule acts as the translocator (Jakes and Finkelstein,

2010).

To translocate across the outer membrane, energy is required but the outer membrane
neither harbours a membrane potential, nor has access to ATP. Therefore, energy is
transduced via one of two transenvelope systems described above, the Ton or the Tol

system (Cascales et al., 2007).
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Table 1-1: Current knowledge on colicin uptake and cytotoxicity mechanisms.
Mechanisms of colicins from E. coli have been extensively reviewed (Cascales et al., 2007). References

for more recent findings are given.

Colicin Receptor Translocator Cytotoxic Transenvelope
activity system employed

ColA BtuB OmpF Pore-forming Tol

ColB FepA Pore-forming Ton

ColD FepA tRNase Ton

ColEl BtuB TolC Pore-forming Tol

ColE2, ColE7-9 BtuB OmpF DNase Tol

ColE3, ColE4, BtuB OmpF rRNase Tol

ColE6

ColE5 BtuB OmpF tRNase Tol

Colla, Collb Cir Cirt Pore-forming Ton

ColK Tsx OmpF, OmpA Pore-forming Tol

ColN LPS? OmpF Pore-forming Tol

ColM FhuA TolC lipid I1-hydrolysis | Ton

ColR OmpAS3 ? Pore-forming ® Tol®

ColS4 Ompw* OmpF* Pore-forming # Tol*

ColU OmpA OmpF Pore-forming Tol

ColY OmpA3 ? ? ?

Col5,Col10 Tsx TolC Pore-forming Ton

? indicates unknowns. References: Colicin Biology review (Cascales et al., 2007) unless otherwise stated.
(Jakes and Finkelstein, 2010), ?(Johnson et al., 2014; Sharma et al., 2009), 3(Rendueles et al., 2014),

4(Arnold et al., 2009), 5(Bosék et al., 2016).
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Table 1-2: Current knowledge on pyocin uptake and cytotoxicity mechanisms.

Only colicin-like pyocins with demonstrated bactericidal activity are listed.

Pyocin Outer membrane Cytotoxic activity Transenvelope system
molecules known to employed
be involved

PyoAP41! ? DNase! ?

PaeM1! FiuA? lipid 11-hydrolysis® TonB13

PaeM23 FiuA3 lipid 11-hydrolysis® TonB13

PaeM44 HxuC® lipid 11-hydrolysis® ?

PyoL1’ CPAS, BAM® ? ?

PyoL2’ BAM?® ? ?

PyolL3’ ? ? ?

PyoS1t ? DNase! ?

PyoS2! CPA,° FpvAIL10 DNase! TonB1%¥

PyoS3! CPA FpvAlIlIt DNase! ?

PyoS4! FpvAlI! tRNase? ?

PyoS5! CPA,° FptAl Pore-forming * ?

PyoS6! ? rRNase! ?

PyoS8t! ? DNase! ?

PyoSD1° ? tRNase! ?

PyoSD2° CPA FpvAlI® tRNase! ?

PyoSD3° CPA° FpvAlIlI® tRNase! ?

PyoSN*2 ? DNase?? ?

? indicates unknowns. References: Y(Ghequire and De Mot, 2014), 2(Ghequire et al., 2017b), 3(Latino et
al., 2019), 4(Paskevicius et al., 2017), 5(Ghequire and Oztiirk, 2018), 5(McCaughey et al., 2014), "(Ghequire
et al., 2014), 8(Ghequire et al., 2018), °(McCaughey et al., 2016a), °(White et al., 2017), *(Turano et al.,
2017), *(Sharp et al., 2017).

PyoS5, the pyocin of interest in this thesis, is a pore-forming pyocin. Crystal structures
of pore-forming colicins show that out of the ten helices of a pore-forming domain helices

1to 7 and 10, which are mostly amphiphilic, are arranged around the hydrophobic hairpin

formed by helices 8 and 9 (Parker et al., 1992, 1989).
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Pore-formation leads to the leakage of ions, mostly protons, from the cytoplasm and
therefore depletion of the PMF, yet the mechanistic details of this process remain
uncertain. The pore-forming domain first binds to the inner membrane in what is referred
to as a closed state before undergoing a rearrangement that opens the pore, leading to the

open state.

Two models have been suggested for the closed state, the pen knife model, in which
H1+H2 fold away from the remaining helices upon binding to the surface of the inner
membrane (Lakey et al., 1993), and the umbrella model, in which the hydrophobic helices
H8+H9 are inserted deep into the membrane and the other helices arrange around H8+H9
on the interface between the inner membrane and the periplasm (Parker et al., 1989). A
recent study has suggested that pore-forming domains bind the inner membrane in the
penknife conformation followed by the insertion of H8 and H9 into the membrane,
resulting in the umbrella state and that these two states are can exist in equilibrium (Prieto

and Lazaridis, 2011).

There is some evidence that at least ColA, ColB, Colla and ColN enter a molten globule
state in the membrane inserted form. For colicin A and B, which are pH-sensitive, this
state is provoked by the low pH of the inner membrane surface (Evans et al., 1996; van
der Goot et al., 1991). Colicin  aand N are not pH-sensitive, but treatment with detergent
can induce a molten globule state which accelerates insertion (Bullock and Cohen, 1986;

Dover et al., 2000).
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Positive voltage on the cis-side of the inner membrane leads to opening of the pore, while
it closes upon negative voltage (Collarini et al., 1987; Nogueira and Varanda, 1988). In
the open state Colla helices 2 to 5 are exposed on the trans-side of the membrane (Qiu et
al., 1996; Slatin et al., 2004). Colicin pores have a high selectivity of protons over other
cations but low absolute selectivity (Slatin et al., 2008). In fact, it has not been possible
to determine an upper size limit for the pore even though all evidence suggests that they
are formed by only some helices of monomeric pore-forming domains (Bullock et al.,
1983, 1992; Raymond et al., 1985). Helices 1 to 4 are not needed for the formation of
pores with identical-to-native properties (Baty et al., 1990; Nardi et al., 2001). As a result,
there is too much pore to be formed by the available protein, a problem that has no

satisfactory solution to date.

1.3.3 The antibiotic potential of CLBs in vivo

CLBs are active against both planktonic bacteria and biofilms in vitro (Brown et al., 2015;
Rendueles et al., 2014; Smith et al., 2012; Waite and Curtis, 2009), and in in vivo models
of infection; mice, pigs and the wax moth Galleria mellonella larvae were used to study
the potential of CLBs against P. aeruginosa and E. coli infections. These experiments
show great promise for CLBs as therapeutic agents (Behrens et al., 2017). Current efforts
focus on delivery to the lungs via inhalation, while delivery and activity in other organs

remains to be investigated.

No adverse effects were observed in the hosts, all tested CLBs afforded protection against

the respective infection, and showed low levels of immunogenicity and resistance (Table

1-3),
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Table 1-3: Effectiveness of pyocins in in vivo challenge models.
Prophylactic treatment was given before infection; therapeutic treatment was given after infection. Adapted
from Behrens et al. (Behrens et al., 2017).

Model host Challenge Challenge Treatment Protein Effective?
organism route
Wax moth P. aeruginosa | Injection Therapeutic Pyocin S2 Yes
G. mellonella injection
larvae!
Mouse? P. aeruginosa | Intra nasal Prophylactic Pyocin S2 Yes
intra nasal Pyocin AP41 | Yes
Pyocin S5 Yes
Pyocin L1 Yes
P. aeruginosa | Intra nasal Therapeutic Pyocin S2 Yes
intra nasal Pyocin AP41 | Yes
Pyocin S5 Yes
Pyocin L1 Yes
Pig® E. coli Oral Prophylactic Colicin E1 Yes
oral

!(Rendueles et al., 2014), 2(McCaughey et al., 2016b), 3(Cutler et al., 2007).

ColE1 prevented diarrhoea and increased growth and feed efficiency when given in pig
feed (Cutler et al., 2007). The tested dose was, however, not sufficient to completely

eliminate the targeted pathogenic E. coli strain.

PyoS2 was shown to protect wax moth G. mellonella larvae against lethal P. aeruginosa
infections (Walker and Smith, 2015). PyoS2, PyoS5, AP41 and L1 also afforded
protection in a murine model of acute lung infection by P. aeruginosa when given 6 hours

before or 1 hour post infection (McCaughey et al., 2016b). In the latter set, up PyoS5 was
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the only treatment that reduced the colony forming units isolated from the lungs to zero
in all replicates of the experiment. It was also at least two orders of magnitude more
effective than tobramycin, the small molecule antibiotic that is currently used to treat lung
infections.

Interestingly, treatment with any of these pyocins did not result in resistance. Solely one
AP41-tolerant strain was isolated but infections with this tolerant strain could still be
controlled with AP41 in vivo. At concentrations that do not kill all bacteria, combinations
of pyocins were found to reduce the number of colony forming units further, although the

observed differences were not statistically significant (McCaughey et al., 2016b).

Out of all CLBs tested as therapeutic agents against infections in vivo, PyoS5 was the
most potent (Behrens et al., 2017; McCaughey et al., 2016b). As such, and due to the low
immunogenicity and the absence of adverse effect, it is the most promising candidate of

all CLBs to be developed into an antibiotic.

1.3.4 Pyocin S5

The pyoS5 gene (locus tag: PA0985) in the P. aeruginosa PAO1 genome was predicted
to encode a CLB based on a short sequence similar to PyoS2 and a sequence similarity
to the pore-forming domains of colicin la and Ib (Parret and De Mot, 2000). Downstream
of the PyoS5 gene, on the opposite strand, another open reading frame was identified and
predicted to be the corresponding immunity gene (locus tag: PA0984), based on sequence
similarity with the colicin la and Ib immunity proteins (Parret and De Mot, 2000).
Expression of PyoS5 and immunity protein ImS5 resulted in cytotoxicity and immunity,
respectively, confirming the predictions (Ling et al., 2010; Rasouliha et al., 2013). The

leakage of intracellular molecules as well as electron micrographs of P. aeruginosa
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treated with PyoS5 agreed with the predicted mechanism of cytotoxicity being through

pore formation (Ling et al., 2010).

A transposon insertion screen revealed that the outer membrane protein FptA is required
for PyoS5 susceptibility. PyoS51s0-300 fused to Py0S2216.680 Was cytotoxic against
P. aeruginosa, while PyoS5;.150 fused to PyoS2216.689 was not (Elfarash et al., 2014). This

led the authors to suggest that PyoS5 residues 150 to 300 bind to FptA.

Burkholderia cenocepacia also harbours FptA but is not susceptible to PyoS5 (Elfarash
et al., 2014). Expression of a B. cenocepacia FptA, which is 63% identical in protein
sequence to that of P. aeruginosa, in a P. aeruginosa AfptA mutant did not result in PyoS5
susceptibility. Expression of P. aeruginosa FptA in B. cenocepacia, however, resulted in
low levels of sensitivity to PyoS5, indicating that the protein sequence of FptA is one of
the determinants of the PyoS5 specificity (Elfarash et al., 2014). While these experiments
show FptA is involved in PyoS5 susceptibility, there is no biochemical evidence showing
a protein-protein interaction between PyoS5 and FptA and hence the role of FptA is

unclear.

Full length PyoS5 has, however, been shown to bind CPA, one of the P. aeruginosa
O-antigen,s with a Kp of 1.19+0.75 uM, as determined by isothermal titration calorimetry
(ITC) (McCaughey et al., 2016a). A CPA-binding domain has been mapped in PyoS2,
another pyocin that binds CPA, and PyoSD2, which has identical sequence in this
domain. A region of high sequence similarity exists in PyoS5 but biochemical evidence
for an interaction between these residues and CPA is lacking. Furthermore, the effect of

CPA-deficiency on PyoS5-susceptibility has not been investigated.
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1.3.5 FptA and its siderophore pyochelin

The outer membrane protects Gram-negative bacteria from harmful substances outside
the cell, a trade-off with access to nutrients. Iron is essential for bacterial growth and
often scarce, because host organisms sequester free iron using proteins like lactoferrin
and transferrin. P. aeruginosa have several systems to capture iron and transport it across
the outer membrane. These include FpvAl, FpvAll, FpvAlll, FpvB, which transport the
siderophore ferric pyoverdine, and FptA, PfeA, FoxA, FiuA and HasR, which transport
ferric pyochelin, ferric enterobactin, ferrioaxamine B, ferrichrome and heme, respectively
(de Chial et al., 2003; Dean and Poole, 1993; Ghysels et al., 2004; Heinrichs et al., 1991,

Llamas et al., 2006; Ochsner et al., 2000).

FptA is a 22-stranded B-barrel with a structure typical for a TBDT (Fig. 1-5). The crystal
structure of FptA bound to ferric pyochelin has shown that the strands of the barrel are
connected by short loops or turns on the periplasmic side and longer loops in the
extracellular space and the barrel is occluded by an N-terminal plug-domain consisting
of a mixed 4-stranded B-sheet (Cobessi et al., 2005). The siderophore pyochelin binds to
three residues of the plug domain and four residues of the barrel and is, among other
interactions, coordinated by four hydrogen bonds. The pyochelin-binding pocket is
hydrophobic, which agrees with the hydrophobic character of pyochelin, and strongly
stereospecific (Hoegy et al., 2009; Youard et al., 2007). No electron density was observed
for Asp38 to Glu55, which are thought to harbour the TonB-box of FptA, nor for GIn504

to Glu513, which make up loop L7 on the extracellular side (Cobessi et al., 2005).
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Figure 1-5: Crystal structure of FptA in complex with ferric pyochelin.

Pyochelin is shown as a space-filling representation. The FptA barrel is shown in green and the plug of
FptAinred. (A) Side view of FptA with the periplasmic side of FptA oriented towards the bottom. (B) Top
view onto FptA from the extracellular space. Figure adapted from Cobessi et al. (Cobessi et al., 2005).

Expression of fptA, similar to other genes involved in pyochelin synthesis and uptake, is
transcriptionally down-regulated in the presence of iron (Ankenbauer and Quan, 1994)
via the regulator PchR (Heinrichs and Poole, 1996; Michel et al., 2007, 2005; Youard et

al., 2011). The regulatory impact of PchR is schematically shown in Figure 1-6.
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Figure 1-6: Import of pyochelin and regulation of its synthesis and import operons.

Ferric pyochelin crosses the outer membrane using FptA and the IM using FptX, a permease. In the
cytoplasm, ferric pyochelin binds to the regulator PchR, which leads to the expression of the pyochelin
synthesis operons pchDCBA and pchEFGHI, and the pyochelin uptake operon fptABCX. In iron-replete
conditions, the repressor Fur turns off transcription of these three operons and of pchR. From Youard et al.
(Youard et al., 2011).

Pyochelin, a 324 Da siderophore, is deployed by P. aeruginosa and B. cenocepacia, two
species involved in lung infections in cystic fibrosis (Sokol PA., 1986), and mediates
competition in low iron environments (Schiessl et al., 2017). In P. aeruginosa, pyochelin
is one of the two major siderophores along with pyoverdine (Poole and Mckay, 2003).
Pyochelin chelates Fe(l11) with 2:1 stochiometry (2 pyochelins to 1 iron) (Ankenbauer et
al., 1988; Brandel et al., 2012). The association constant with iron (I11) is weak when
measured in methanol: 5x10° M*(Cox and Graham, 1979) but pyochelin-mediated iron
uptake is very efficient in vivo (Cox, 1980). Pyochelin can bind iron before and after
binding to its receptor FptA (Hoegyt et al., 2005) and naturally occurs as two
interconvertible stereoisomers (Fig. 1-7) (Zamri and Abdallah, 2000), one of which was

observed to be bound to FptA in the crystal structure (Cobessi et al., 2004). The uptake
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of pyochelin into the cell requires TonB1 but a direct interaction between TonB1 and

FptA has not been shown (Takase et al., 2000).
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Figure 1-7: The interconvertible stereoisomers 1a and 1b of pyochelin.
Stereoisomer 1a was found bound to FptA in the crystal structure (Cobessi et al., 2005). Figure adapted
from Zamri et al. (Zamri and Abdallah, 2000).

1.4 Aims of this study

As presented in this introduction the Gram-negative pathogen P. aeruginosa is a severe
biomedical threat that we most urgently need new antibiotics against and PyoS5 is the
most promising CLB known to act in vivo against P. aeruginosa. Although there is good
evidence for its antibacterial activity in vivo, there is a limited understanding of its
molecular details, specifically its structure and mechanism for translocating across the
outer membrane. It is known that FptA is involved in susceptibility to PyoS5 and that
PyoS5 binds to CPA, yet there is no evidence of a direct interaction between FptA and
PyoS5 nor is it known whether CPA-deficiency reduces susceptibility to PyoS5.
Moreover, it is not known how PyoS5 gains access to energy for translocation across the

outer membrane.

This study aims to characterise the structure and the import mechanism of PyoS5 using a
multi-disciplinary approach including biophysics, structural biology, microbiology,
protein engineering and microscopy. The principal aims were to first characterise the

molecule PyoS5 by biophysical and structure-based approaches. Secondly, to investigate
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the involvement of FptA and CPA in susceptibility to PyoS5, and finally to determine

how its translocation across the outer membrane is energised.

This work is the most complete account of the molecular mechanism of PyoS5, the most
potent and most promising CLB antibiotic known to date. This new understanding could
have a profound impact on future efforts to employ PyoS5 and PyoS5-derived

therapeutics as antibiotics to treat P. aeruginosa infections.
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2. Materials and methods

All chromatography columns were purchased from GE Healthcare. All chemicals were
purchased from Sigma Aldrich or Fischer Scientific, with the exception of n-octyl-p-D-
glucopyranoside (B-OG) (Enzo Life Sciences), and DNA restriction enzymes (New
England Biolabs (NEB)). Pyochelin was synthesized as described previously (Yang et

al., 2011) and provided by Gaétan Mislin and Isabelle Schalk (University of Strasbourg).

2.1 Strains, media and growth conditions

Table 2-1: Bacterial strains used in this study

Name | Relevant characteristics | Source
E. coli
NEB5a fhuA2 A(argF-lacZ)U169 phoA ginVv44 NEB

D80 A(lacZ)M15 gyrA96 recAl reldl
endAl thi-1 hsdR17

BL21 (DE3) JhuA2 [lon] ompT gal (A DE3) [dcm] AhsdS 2 DE3 | NEB
= A sBamHIo AEcoRI-B int::(lacl::PlacUV5::T7
genel) i21 Anin5

TNEO12 ompA—, ompB—, tsx— Professor William
Cramer (Taylor et al.,
1998)

P. aeruginosa

PAO1 Clinical isolate Manoil lab
Washington mutant
library

YHP17 Clinical isolate Professor Daniel
Walker

PAO6609 met-9011 amiE200 strA pvd-9 Professor lain Lamont
(Hohnadel et al., 1986)

K1407 PAOG6609 tonB1~ Professor lain Lamont

(Poole et al., 1996;
Zhao and Poole, 2000)
K1408 PAO6609 tonB2~ Professor lain Lamont
(Zhao and Poole,
2000)

MS231 PAO6609 tonB3~ Professor lain Lamont
(Shirley and Lamont,
2009)

MS233 PAO6609 tonB2 " tonB3~ Professor lain Lamont
(Shirley and Lamont,
2009)

PW8161 PAO1 fptA~ Manoil lab
Washington mutant
library

PAOL Armd CPA deficient Professor Cezar
Khursigara (Rocchetta
et al., 1998)
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All bacteria (Table 2-1) were cultured in Miller lysogeny broth (LB) (10 g/L tryptone, 10
g/L NaCl, 5 g/L yeast extract, pH 7.2) at 37 °C at 120 rpm shaking unless otherwise
stated. Stocks of bacteria were maintained in 50% LB, 50% glycerol at -80 °C. Liquid
cultures were inoculated from single colonies on LB agar (1.5% weight by volume (w/v))
plates. Some experiments required bacteria grown in M9 medium (8.6 mM NacCl, 18.7
mM NH4CI, 42.3 mM NaHPO4, 22.0 mM KH2PO4) which was supplemented with

0.4% (wi/v) glucose, 2 MM MgSQOa, and 0.1 mM CaCl..

2.2  Plasmids
Table 2-2: Expression plasmids used in this study.
Plasmid name | Protein coded | Description Parent vector | Source
by plasmid
pPW18 PyoS5 Encodes PyoS5 with a C- | pET2la(+) Daniel
terminal His6-tag cloned into the Walker
Ndel/Xhol sites (unpublished)
pHB21 Py0S5a2-39 Derivative of pPW18 pET21a(+) This study
pHB12 Py0S5a2-20 Derivative of pPW18 pET21a(+) This study
pMWO02 PyoS5a2-9 Derivative of pPW18 pET21a(+) This  study,
Moritz
Weber
pMWO08 PyoS5a10-13 Derivative of pPW18 pET21a(+) This  study,
Moritz
Weber
pMW10 Py0S5ai6-20 Derivative of pPW18 pET21a(+) This  study,
Moritz
Weber
pHB18 TR Encodes PyoS5:.315 with a C- | pET21a(+) This study
terminal His6-tag cloned into the
Ndel/Xhol sites
pHB32 TR-Cys Derivative of pHB18, encodes | pET21a(+) This study
PyoS5:.315 with a C-terminal
cysteine, followed by a C-
terminal His6-tag
pHB40 TRa2-39 Derivative of pHB18 pET21a(+) This study
pHB39 TRA2-20 Derivative of pHB18 pET21a(+) This study
pHB42 TRA29 Derivative of pHB18 pET21a(+) This study
pHB41 TRA10-13 Derivative of pHB18 pET21a(+) This study
pHB43 TRA16-20 Derivative of pHB18 pET21a(+) This study
pHB44 TR10-13a Derivative of pHB18, encodes | pET21a(+) This study
TRs104,M104,V10A,110A
pHB46 TRA10-13-Cys Derivative of pHB32 pET21a(+) This study
pHB19 Py0S5;.196 Encodes PyoSb5i.19s With a C- | pET21a(+) This study
terminal His6-tag cloned into the
Ndel/Xhol sites
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pHB33 Py0S51.196 -Cys | Derivative of pHB19, encodes | pET21a(+) This study
PyoS5:.196 Wwith a C-terminal
cysteine followed by a C-
terminal His6-tag
pHB24 Py0S5194-315 Encodes Pyo0S5ig94315 With a C- | pET21a(+) This study
terminal His6-tag cloned into the
Ndel/Xhol sites
pHB34 Py0S5194-315- Derivative of pHB24, encodes | pET21a(+) This study
Cys Py0S5194.315 With a C-terminal
cysteine followed by a C-
terminal His6-tag
pHBO09 ColBPyo0S5 Encodes ColBi.34 translationally | pET21a(+) This  study,
fused to PyoSbsgs.a0s With a C- Renata
terminal His6-tag cloned into the Kaminska,
Ndel/Xhol sites
pHB47 PyoS5Colla Encodes  PyoS5:.315  trans- | pET21a(+) This study
lationally fused to Collasss-626
with a C-terminal His6-tag
cloned into the Ndel/Xhol sites
pHB22 ImS5 Encodes ImS5 with a stop codon | pACYCDuet- | This study
cloned into the Ndel/Xhol sites 1
pHB04 FptA Encodes FptA with OmpF signal | pBAD/His- This study
sequence cloned into the | MycB
Ncol/Sacl sites
pPW17 TonB1 Encodes TonBlipgase with N- | pETM11 Paul  White
terminal His6-tag followed by (White et al.,
TEV cleavage site, cloned into 2017)
the Ncol/Sacl sites
pHB25 TonB-B1 Encodes E. coli TonBiig | pPACYCDuet- | This study
hybrid translationally fused to P. |1
aeruginosa TonBl2p-342 cloned
into the Ndel/Xhol sites
pNGH131 Colla Encodes Colla with a C-terminal | pET21a Nicholas
His6-tag cloned into the Housden
Ndel/Xhol sites (unpublished)
pNGH243 ImS4 Encodes ImS4-His6 cloned into | pET24a Nicholas
the Ncol/HindlIl sites Housden
(unpublished)
pPNGH246 PyoS4-ImS4 Encodes PyoS4-ImS4-Hisé | pACYCDuet- | Nicholas
cloned into the Ndel/Xhol sites 1 Housden
(unpublished)
pPWO02 Py0S2-1mS2 Encodes PyoS2-ImS2-His6 | pET21a Paul  White
cloned into the Ndel/Xhol sites (White et al.,
2017)

2.3 Molecular biology techniques

2.3.1 Polymerase chain reaction (PCR)

Genes were obtained from genomic DNA or synthesized (Genewiz). PCR was used to

amplify DNA fragments (Table 2-3) and to introduce mutations in plasmids using

plasmid mutagenesis PCR (Table 2-4). A PCR reaction mixture contained components

as detailed in Table 2-5. The thermal cycler used was an Eppendorf Mastercycler nexus.
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Primers (Table 2-6) were purchased from Sigma-Aldrich or Eurofins Genomics. PCR

products were analysed by DNA gel electrophoresis (Section 2.3.6). Where necessary,

methylated template DNA was removed by incubation with 5 uL CutSmart buffer and 2

uL Dpnl restriction enzyme in a reaction volume 50 pL at 37 °C for at least 1 h.

Table 2-3: PCR thermal cycler programme for amplification PCR.

Step Temperature | Duration [min:s]
[°C]

Denaturation 98 2:00

Denaturation* 98 1:00

Annealing* 50 0:30

Elongation* 72 5:00

Elongation 72 5:00

Hold 14 0

*Steps repeated for 20 cycles

Table 2-4: PCR thermal cycler programme for mutagenesis PCR.

Step Temperature [°C] Duration [min:s]
Denaturation 98 2:00
Denaturation* 98 1:00

Annealing* 50 5:00

Elongation* 72 5:00

Elongation 72 5:00

Hold 14 0

*Steps repeated for 20 cycles

Table 2-5: PCR reaction.
Reagents purchased from NEB.

Component Final concentration Volume [pL]
5x Reaction Buffer 1x 10

dNTPs 0.2 mM 1

Forward primer 0.2 uM 0.5

Reverse primer 0.2 uM 0.5

DMSO 3% (vIv) 15

Template DNA 2 ng/pul 1

Phusion HF DNA Polymerase 1 unit in 50 pLL 0.5

Total volume (made up with ddH,0) 50
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TGCGTTCTGC

Number | Sequence 5'>3' Use

HB3 GCGCCATATGAGCTTTAAATACTATTGGG Amplify S51, encoding ImS5, from the P.

HB4 CTTACTCGAGCTACGAGGCCTTTCCATAC aeruginosa PAO1 genome followed by

ligation into pACYCDuet-1 at the
Ndel/Xhol sites to yield pHB22

HB7 GAGATATACATATGAGTGATAATGAAGGT | HB7 and HB8 to amplify the TR region
AGTG of colB; HB9 and HB10 to amplify the

HB8 GCGTCGTGTCGTCTCCATGGCGAGCTCATA | pore-forming region of pyoS5; HB7 and
TTCCCCGACTTTG HB10 to fuse the products and yield

HB9 CAAAGTCGGGGAATATGAGCTCGCCATGG | pHBO09
AGACGACACGACGC

HB10 GGTGCTCGAGAATGGATATTACAAG

HB17 GTCGCACAAGGTCCACATATGCAATACGC | Remove PyoS5 residues 2 to 20 from
ATACGAGG pPW18 to yield pHB12

HB18 CCTCGTATGCGTATTGCATATGTGGACCTT
GGTGCGAC

HB23 CAGAACGCAAGGCGGCCCTCGAGCAAGCG | Introduces Xhol restriction site at PyoS5
TTGCAAGATG residue 316 to remove PyoS5 residues

HB24 CATCTTGCAACGCTTGCTCGAGGGCCGCCT | 316-498 by restriction digest to yield TR
TGCGTTCTG

HB25 CAAAAAGCGCTAAAGGAACTCGAGGACCT | Introduces Xhol restriction site at PyoS5
CTCTCAAC residue 197 to remove PyoS5 residues

HB26 GTTGAGAGAGGTCCTCGAGTTCCTTTAGCG | 197-498 by restriction digest to yield TR
CTTTTTG

HB27 CGGCCGTTGCCGGGAATCATATGGGCGAC | Insert Ndel site into pPW18 to remove
TTAATTCAAAGAG PyoS5 residues 2-39 by digesting with

HB28 CTCTTTGAATTAAGTCGCCCATATGATTCC | Ndel to create pHB21
CGGCAACGGCCG

HB29 GAGCTCAACAAGCAAAAACATATGCTAAA | Insert Ndel site into pHB19 to remove
GGAAAAAGAGGAC PyoS5 residues 2-193 by digesting with

HB30 GTCCTCTTTTTCCTTTAGCATATGTTTTTGC | Ndel to create pHB24
TTGTTGAGCTC

HB31 GATATACATATGACCCTTGATTTACCTC HB31 and HB32 to amplify region

HB32 GATGCTTCCGTGCTCGGCTCCGGCTTCGGT | encoding E. coli TonBi.102; HB33 and
TTTGGCTTAG HB34 to amplify region encoding

HB33 CTAAGCCAAAACCGAAGCCGGAGCCGAGC | TonBlzoi-as from P. aeruginosa PAOL;
ACGGAAGCATC HB31 and HB34 to fuse the products and

HB34 | CCAGACTCGAGTCAGCGGCGCTTCTC yield pHB25

HB35 GACAACGAAGTACCTGGTGCCGCGGCTGC | Mutate residues 10 to 13 of PyoS5 and
TGTCGCACAAGGTCCAGAC TR to alanines to yield pHB44

HB36 GTCTGGACCTTGTGCGACAGCAGCCGCGG
CACCAGGTACTTCGTTGTC

HB49 GCAAAAAGCGCTAAAGGAATGCCTCGAGC | Add cysteine to the C-terminus of NTD
ACCACCACCAC

HB50 GTGGTGGTGGTGCTCGAGGCATTCCTTTAG
CGCTTTTTGC

HB51 GCAGAACGCAAGGCGGCCTGCCTCGAGCA | Add cysteine to the C-terminus of TR and
CCACCACCAC D2

HB52 GTGGTGGTGGTGCTCGAGCAGGGCCGCCT
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2.3.2 Restriction enzyme digests

Restriction enzyme digests were performed at 37 °C for 3 hours. Reaction mixtures were
prepared as indicated in Table 2-7. Digested DNA was separated using agarose gel
electrophoresis and extracted by gel extraction using the QlAquick Gel Extraction Kit
(QIAGEN).

Table 2-7: Reaction mixture for restriction enzyme digest.
Reagents were purchased from NEB.

Preparing fragments for cloning For analysis only
Volume [pL] Volume [pL]
10x Cutsmart reaction buffer 2.5 1
DNA Variable (2 pug) Variable (0.5 ug)
Enzyme 1 0.2
Total volume made up in ddH,O | 25 10

2.3.3 DNA ligation
DNA ligation reactions were set up as described in Table 2-8, and then incubated at room

temperature for at least 1 h.

Table 2-8: Reaction mixture for DNA ligation.
Reagents were purchased from NEB.

Negative control Ligation reaction
Volume [pL] Volume [pL]
Vector 1 1
Insert 0 3
10x ligation buffer 1 1
T4 DNA ligase 1 1
Total volume made up in water | 10 10

2.3.4 Preparation of chemically competent cells

Chemically competent E. coli NEB5a and BL21 (DE3) were purchased from NEB. These
were either used directly or, for transformations that did not require high efficiency, they
were propagated to make more competent cells. Competent cells were prepared as
follows. Commercially available competent cells were inoculated into 10 mL LB liquid
culture and grown at 37 °C overnight. 0.5 mL of this culture was inoculated into 50 mL
LB culture and grown until an ODego 0f 0.3 to 0.6. Cells were harvested by centrifuging

25 mL of the culture at 5000 xg at 4 °C for 10 min. The pellet was resuspended in 20 mL

45



Materials and methods

ice cold 20 mM Tris-HCI pH 8.0, 50 mM CaClz and then incubated on ice for 1 h. Cells
were centrifuged again at 5000 xg at 4 °C for 10 min. The pellet was resuspended in 2 mL
ice-cold 20 mM Tris-HCI pH 8.0, 50 mM CaClz, 20% volume by volume (v/v) glycerol.

100 pL aliquots were transferred to ice-cold tubes and frozen at -80 °C.

2.3.5 Bacterial heat shock transformation

25 uL to 100 uL. competent cells were thawed on ice and mixed with 2.5 uLL of DNA.
They were incubated on ice for 30 minutes (min) and heat shocked at 42 °C for 30 s,
followed by 5 min incubation on ice. Cells were then plated out on 1.5 % LB-agar plates
containing ampicillin or where a different antibiotic was used for selection, incubated in
200 uLL LB for 45 min at 37 °C and then plated out on LB-agar plates containing the

selection antibiotic (Table 2-9). Plates were then incubated at 37 °C for 16 h.

Table 2-9: Antibiotics and their working concentrations used in this study.

Antibiotic Concentration Solvent used to make stock
Ampicillin 100 pg/mL Water

Chloramphenicol 37 pg/mL Ethanol

Kanamycin 50 pg/mL Water

Tetracyclin 10 pg/mL Ethanol

Gentamicin 50 pg/mL Water

2.3.6 DNA gel electrophoresis

1 % (w/v) agarose gels were prepared by melting agarose in 0.5x Tris/Borate/EDTA
(TBE) (44.5 mM Tris-HCI 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 uL sample and

loaded onto the gel. Electrophoresis was run at 80 V constant voltage in 0.5x TBE.
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2.3.7 Purification and sequencing of plasmid DNA

Plasmid DNA was isolated from NEB5a cultures grown in LB at 37 °C with appropriate
antibiotic, using QIAGEN Plasmid Mini- and Plus Midi kits or Monarch Plasmid
Miniprep kits and Promega PureYield Plasmid Midiprep kits. Sequencing was done by

Source Bioscience or Genewiz.

2.4  Protein Expression and Purification

2.4.1 Expression and purification of bacteriocins

PyoS5 and its derivatives, as well as ColBPyoS5, PyoS5Colla, PyoS2, PyoS4 and Colla
were expressed heterologously from E. coli BL21 (DE3) for 3 hours (h) at 37 °C or
overnight at 20 °C while shaking at 120 rpm. For constructs containing the PyoS5 pore
forming domain (amino acid residues 315-498), cells were co-transformed with pHB22
which carries the ImS5 immunity protein, for increased yield. Bacteria were harvested at
5050 xg for 15 min at 10 °C, resuspended in binding buffer (0.5 M NaCl, 20 mM Tris-
HCI pH 7.5) supplemented with 1 mM PMSF and sonicated on ice at 70% maximum
amplitude for 1:30 min in intervals of 3 s on, 7 off (total duration 5 min) using a Misonix
S-4000 ultrasonic liquid processor fitted with a 3/8-inch stud probe. They were then
centrifuged at 12500 xg for 20 min at 4 °C, filtered through a 0.45 pum syringe filter,
loaded onto a 5 mL HisTrap-HP-column equilibrated in binding buffer and eluted by
gradient elution using elution buffer (binding buffer + 0.75 M imidazole). The protein
was then dialyzed into size exclusion buffer (150 mM NaCl, 20 mM Tris-HCI pH 7.5)
using a 12-14 kilo Dalton (kDa) molecular weight cut off membrane (Spectra/Por,
Spectrum), filtered through a 0.45 um syringe filter and applied to a 26/60 Superdex 200

size exclusion chromatography column.
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PyoS4 was expressed at 28 °C in the presence of an additional copy of ImS4 provided on
plasmid pNGH243, and purified on an S200 16/60 size exclusion chromatography

column.

2.4.2 Expression and purification of TonB1 soluble fragments

The TonB1 construct was purified as described previously (White et al., 2017). Briefly
TonB1 was expressed, harvested, sonicated, centrifuged and purified by HisTrap-HP-
column as described for PyoS5 above. It was then incubated in 300 mM NaCl, 50 mM
Tris-HCI pH 7.0 with 0.07 mg/mL 6-His-Tobacco etch virus-protease (TEV) at RT for
4.5 h. TonB1 was then purified by affinity chromatography on a HisTrap-HP column and
by size exclusion chromatography on a 26/60 Superdex 200 column equilibrated in 300

mM NaCl, 50 mM Tris-HCI pH 7.5.

2.4.3 Expression and purification of FptA

FptA was expressed heterologously from E. coli TNE012 at 37 °C while shaking at
120 rpm in LB, and upon reaching ODeoo 0.6 induced with 0.15% (w/v) arabinose and
supplemented with 0.15% (w/v) glucose. Bacteria were harvested as described for PyoS5
and resuspended in buffer A (10 mM Tris-HCI pH 8.0, 0.25% (w/v) lithium
diiodosalicylic acid (LIS)), sonicated as described for PyoS5 and centrifuged at 4000 xg
for 20 min at 4 °C. The supernatant was collected, the pellet resuspended in fresh buffer
A and centrifuged again. Both supernatants were ultra-centrifuged at 200 000 xg for 45
min at 4 °C. The pellet was homogenized in buffer B (buffer A + 2% (v/v) Triton X-100)
and ultra-centrifuged again. The resulting pellet was homogenized in buffer C (10 mM
Tris-HCI, pH 8.0) and ultra-centrifuged again. The resulting pellet was homogenized in

buffer D (buffer C + 2% (w/v) B-OG, 5 mM EDTA) and ultra-centrifuged again. FptA
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was purified from the supernatant by anion exchange chromatography. A 5 mL HiTrap
DEAE FF column was equilibrated in buffer E (50 mM Tris-HCI pH 7.5, 1% (w/v) B-
OG, 5 mM EDTA) and gradient eluted with buffer F (buffer E + 1 M LiCl). This was
followed by 16/60 Sephacryl 300 size exclusion chromatography in buffer E and anion
exchange chromatography on a Mono Q 4.6/100 PE column in buffer E, with gradient

elution with buffer F.

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

SDS-PAGE was performed using Hoefer Mighty Small SE250 tanks. 12% bis-
acrylamide gels were used for proteins larger than 20 kDa, 15% gels for proteins smaller
than 20 kDa. Samples were mixed with 4x loading buffer (200 mM Tris-HCI pH 6.8, 8%
w/v sodium dodecyl sulphate (SDS), 0.4% w/v bromophenol blue, 40% glycerol,
400 mM beta-mercaptoethanol) to yield 1x loading buffer. Subsequently, they were
heated to 98 °C for 3 min and loaded onto the gel. Gels were run at 30 mA constant

current in running buffer (25 mM Tris, 192 mM glycine, 3.5 mM SDS).

2.4.5 Protein quantification

All protein concentrations were measured using absorbance at 280 nm which was
converted to concentration using the sequence based predicted molar extinction
coefficient (ExPASy ProtParam, Table 2-10). The presence of scattering impurities, like
protein aggregates, was checked for by measuring the absorbance at 320 nm. Both
absorbances were measured using an Eppendorf Biophotometer with either 10 mm or

2 mm pathlength cuvettes.

49



Materials and methods

Table 2-10: Protein molecular weight and molar extinction coefficients.

Protein N-term Met? Molecular weight Molar extinction
[Da] coefficient [M*.cm™]
PyoS5 No 57007.98 55350
Py0S5a;-39 No 53056.68 52370
Py0S5a;-20 Yes 55214.12 55350
PyoS5a2-9 No 56195.19 55350
PyoS5ai0-13 No 56577.42 55350
Py0S5ai6-20 No 56495.51 55350
TR No 37193.13 41370
TR-Cys No 37296.26 41370
TRa2-39 No 33241.82 38390
TRa2-20 Yes 35399.26 41370
TRa2-9 No 36380.33 41370
TRa10-13 No 36762.56 41370
TRa1s-20 No 36680.65 41370
TR10-13a No 37946.88 41370
TRA10-13-Cys No 36865.70 41370
Py0S51.299 No 35351.12 41370
Py0S51.196 No 23729.80 32890
Py0S51.196-Cys No 23832.94 32890
Py085194.315 Yes 15048.1 8480
Py0S5194.315-Cys Yes 15151.24 8480
Colla No 70362.93 59360
PyoS2 No 73722.65 65780
PyoS4 No 80600.64 51800
ColBPy0S5 No 58900.54 54890
PyoS5Colla No 56972.98 65320
FptA Not applicable 76068.27 150120
TonB1 Not applicable 25473 6990

2.4.6 Assessment of protein purity

The purity of isolated proteins was assessed by running 5 mg to 10 mg of each protein on
an SDS-PAGE gel which was then stained with Coomassie and evaluated with the
programme GeneTools from Syngene using the “lowest slope” method of creating a

baseline.

2.5 Pyocin cytotoxicity assays

P. aeruginosa YHP17 cells were grown to ODgoo 0.6 and 200 uL of the culture mixed
with melted, 50 °C warm, soft LB agar (0.75% (w/v) agar) and poured over an LB agar
plate. Once the plate had set, 2.5 uL of each bacteriocin concentration were spotted onto

the plate. The plates were left to dry and then incubated at 37 °C overnight.
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2.6  LPS-derived polysaccharide isolation

LPS-derived polysaccharides were isolated as described before (McCaughey et al.,
2016a). Briefly, 1 L of cells were grown for 20 h at 37 °C, pelleted at 6000 xg for 20 min
and resuspended in 10 mL 50 mM Tris-HCI pH 7.5, 2 mg/mL lyosozyme, 0.5 mg/mL
DNAse I. Cells were lysed by sonication as described for PyoS5 isolation and the lysate
incubated for 30 min at RT. 0.2 mM EDTA were added. The lysate was then combined
with an equal volume aqueous phenol, heated for 20 min at 70 °C, with mixing. The
solution was incubated on ice for 30 min, centrifuged at 7000 xg for 20 min and the
aqueous upper layer extracted. 0.05 mg/mL proteinase K was added and the solution
dialysed overnight against 5 L dH»0O, followed by dialysis against 5 L fresh dH.O for 5
h. LPS was pelleted by ultracentrifugation for 1 h at 100,000 xg and the pellet
resuspended in 10 mL dH20. The suspension was heated at 60 °C for 30 min, then 2%
acetic acid was added and the mixture heated at 96 °C for 1.5 h. Lipid A was pelleted by
centrifugation at 13 500 xg for 3 min and the supernatant, which contains the
polysaccharide, was extracted with 10 mL chloroform. The aqueous phase was then

lyophilized.

2.7 Electrospray ionization (ESI) mass spectrometry

Denaturing ESI mass spectrometry was performed on proteins diluted in formic acid by
David Staunton, Biophysics Facility, Department of Biochemistry, University of Oxford

to determine the masss of intact proteins.
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2.8 Assays to investigate protein interactions

2.8.1 Native mass spectrometry
Native mass spectrometry was performed in 100 mM ammonium acetate buffer with
exception of TonB1 which was analysed in 200 MM ammonium acetate buffer by Joseph

Gault in the Department of Chemistry, University of Oxford.

2.8.2 Analytical size exclusion chromatography
Analytical size exclusion chromatography was performed on a Superdex 200 Increase
10/300 GL column in 150 mM NaCl, 20 mM Tris-HCI pH 7.5, using a 100 pL sample

loop which was loaded with 150 uLL samples.

2.8.3 Surface plasmon resonance (SPR)

SPR was performed on a Biacore T200 instrument. A Series S Sensor Chip CM5 (GE
LifeScience) was docked and primed into HBS-OG buffer (25 mM HEPES pH 7.5,
150 mM NaCl, 1% (w/v) B-OG). This buffer was used as a running buffer for all SPR
experiments. For amine-coupling, ligand proteins were desalted into immobilization
buffer (25 mM potassium phosphate pH 7.5, 50 mM NaCl) and diluted 10-fold in 10 mM
sodium acetate pH 5.0 (GE LifeScience). Amine-coupling was performed using the
Amine Coupling kit (GE Healthcare). For thiol-coupling ligand proteins were incubated
with 10 mM dithiothreitol (DTT) for 2 h, then desalted into immobilization buffer diluted
10-fold in 10 mM sodium acetate pH 5.0 (GE LifeScience) immediately before
immobilization. Ligand thiol-coupling was performed using the Thiol Coupling kit (GE
Healthcare). Analyte proteins were desalted into HBS-OG buffer before application. The
contact time for SPR was set to 120 s, the dissociation time to 600 s and the flow rate to

30 pL/min. Lower analyte concentrations were applied first. 1:1 binding models were fit
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to the equilibrium data in the Biocore software, due to lack of evidence supporting other
models, with the following equation

Req=(CRmax)/(Kp+C)+RI
Where C is the concentration, Rmax i the analyte binding capacity of the surface and RI

is the bulk refractive index contribution.

2.8.4 Isothermal titration calorimetry (ITC)

ITC was performed in a MicroCal iTC200 at 25 °C in 0.2 M sodium phosphate buffer
pH 7.5. Proteins in the syringe were at 150 M, polysaccharides in the cell at 7 mg/mL,
which estimated to be 30 uM based on an estimated molecular weight of 10 kDa and the
estimate that CPA constitutes 5% of the LPS polysaccharides by weight. The data were
fit to a one binding site model in Microcal LLC Origin software. As the CPA
concentration is estimated, the observed stoichiometry is unlikely to be correct, while
AH, AS and Kp are unaffected by the analyte concentration. Errors reported in the text

are standard deviations of the average of two experiments.

2.9 Biophysical Techniques

2.9.1 SAXS

PyoS5 was concentrated to 5.4 mg/mL in HBS buffer (25 mM HEPES pH 7.5, 150 mM
NaCl). At the B21 Beamline at Diamond Light Source proteins were subjected to size
exclusion chromatography and small-angle scattering data were collected and processed
using Scatter and Atsas (Petoukhov et al., 2012; Rambo, 2019). Guinier approximation
analysis and P(r) distribitions were determined using Scatter. Dummy atoms were fit
using multiple parallel runs of DAMMIF (Franke and Svergun, 2009) and refined using

DAMMIN (Svergun, 1999). Bead models were converted to maps using Situs (Wriggers,
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2012) and structures fit into the envelopes using Chimera (Pettersen et al., 2004). Data
collection and analysis was assisted by Edward Lowe (Crystallization Facility, University

of Oxford).

2.9.2 Circular dichroism (CD)

Proteins were analysed at 0.1 mg/mL in 20 mM NaCl, 10 mM potassium phosphate
buffer pH 7.5 using a Jasco J-815 Spectropolarimeter. Spectra were measured
between 260 nm and 190 nm at a digital integration time of 1 s and a 1 nm band width.
Each sample spectrum was measured in quadruplicate and averaged. Molar ellipticity
was calculated by subtracting the baseline from sample spectra and dividing by the

molecular weight, molar concentration and pathlength (1 mm) in mm.

Melting spectra of proteins were measured at 222 nm between 20 °C and 86 °C at 90 °C/h
and 4-parameter sigmoidal melting curves were fit to the equation
f= yo_l_a/(l_l_e((x-xO)/b)

using non-linear regressions in SigmaPlot to determine the melting temperature (Tnm).

2.9.3 Size exclusion chromatography multiple angle light scattering (SEC-MALYS)
Proteins were separated in 50 mM Tris pH 7.5, 150 mM NaCl using a Superdex 200
10/300 GL column and detected by a Wyatt Dawn HELEOS-I1 8-angle light scattering
detector and a Wyatt Optilab rEX refractive index monitor linked to a Shimadzu HPLC
system. SEC-MALS was performed by David Staunton, Biophysics Facility, Department

of Biochemistry, University of Oxford.
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2.9.4 Differential scanning calorimetry (DSC)

Proteins were analysed in 150 mM NaCl, 50 mM Tris-HCI pH 7.5 using a MicroCal VP-
Capillary DSC System (Malvern). The scanning speed was 200 °C/h. DSC was
performed by David Staunton, Biophysics Facility, Department of Biochemistry,

University of Oxford.

2.9.5 X-ray crystallography

Pyocin S5 was concentrated to 16 mg/mL in 25 mL Tris-HCI pH 7.5, 150 mM NaCl using
a VivaSpin 20 column with a 30 kDa molecular weight cut off (Sartorius). The
crystallisation screens Index (Hampton Research) and PACT, JCSG+ and Morpheus
(Molecular Dimensions) were used to screen for crystals. Crystals were grown in a
vapour diffusion sitting drop set up in JCSG+ screen (Molecular Dimensions) condition
C7 (10% (w/v) PEG 3000, 0.1 M sodium acetate, 0.1 M zinc acetate, pH 4.5) at 18 °C.
Drops contained 100 nL protein and 100 nL buffer. The cryoprotectant solution was 25 %
glycerol, 10% (w/v) PEG 3000, 0.1 M sodium acetate, 0.1 M zinc acetate, pH 4.5 for
cooling the crystals in liquid nitrogen. Diffraction data were collected at beamline
ID30A-3 at European Synchrotron Radiation Facility at a wavelength of 0.9679 A using
an EIGER detector. We collected 225 degrees of data with 0.15° oscillation.

Transmission was 20% and exposure time 0.010 s.

In a first instance, the raw data were analysed in Dials, revealing a P2; space group and
yielding a 98.8% complete set of indexed diffraction spots but no anomalous signal.
Molecular replacement was carried out using Colla residues 450-624 in Phaser and

yielded electron density for the pore-forming domain of PyoS5. Lack of density for the
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remainder of the protein indicated that the phases, obtained from Colla, were not

sufficient to build a model for the whole protein.

Improved phases were obtained from anisotropy correction of the same data set using
Staraniso in AutoProc, which detected weak anomalous signal from eight metal ions.
Based on the type of metal present in the crystallization condition, these were assumed
to be Zn?*. The partial model from molecular replacement from Dials and the anomalous
data from AutoProc were combined for MR-SAD phasing using Phaser. The result was

additional, visible helical density beyond the pore-forming domain.

Iterations of model building into the visible helical density in Coot and refinement against
the complete Dials data set in Buster version 2.10.3, resulted in a model of PyoS5. The
model building was done by Edward Lowe (Crystallization Facility, University of
Oxford) until the whole backbone was built, connected and the sequence docked. Then I

took over to refine the structure.

The model was optimized in Coot (Emsley and Cowtan, 2004), followed by one
crystallographic refinement in Buster, followed by model optimization in Coot and one
refinement in Phenix 1.12 (Adams et al., 2010). Up to then the whole model was treated
as one translation-liberation-screw (TLS) group. At this point, four new TLS groups were
created based on similar B-factors as determined in Phenix, comprising residues 40 to
212, 213 to 338, 339 to 395 and 395 to 505, respectively. This increased the Rwork and
Rfree Upon refinement indicating that the use of multiple TLS groups made the model
worse. The refinement process was therefore continued with the whole model treated as

one TLS group.
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At the end of the model optimization and refinement, Rwork Was 0.212 and the Rree 0.272.
MolProbitiy, (Chen et al., 2010), was used to validate the structure and assess its quality,
resulting in a Molprobity score of 2.76. At the end of this validation process the Rwork
was 0.225 and the Risree 0.275. Figures of the crystal structure were created using PyMOL
(Delano, 2002). Homology models were created using SwissModel (Benkert et al., 2011,

Waterhouse et al., 2018).

2.10 Fluorescence microscopy

2.10.1 Fluorescent labelling of proteins

Bacteriocins were fluorescently labelled using Alexa Fluor 488 C5 maleimide (AF488)
labels via an engineered C-terminal cysteine. To reduce the cysteine, the protein was
mixed with DTT to yield a concentration of 10 mM DTT and incubated for 2 h at RT. To
remove aggregates, it was centrifuged at 16000 xg for 1.5 min and the supernatant
transferred to a new tube. The supernatant was then applied to a 5 mL HiTrap desalting
column and desalted into 25 mM Tris-HCI pH 7.5, 100 mM NaCl, 1% (w/v) B-OG. The
protein concentration was measured and immediately maleimide AF488 was added in 3-
fold molar excess. The reaction was allowed to proceed for 1 h while mixing by rotary
inversion in the dark at RT. The reaction was then quenched by adding DTT to a final
concentration of 5 mM. The solution was centrifuged and desalted as before. The
absorbance was measured at 280 nm and 494 nm using a V-550 UV-Visible
Spectrophotometer (Jasco). Labelling efficiency was determined as described in the
manufacturers protocol (Molecular Probes Inc, 2006). All fluorescently labelled proteins

used for microscopy were labelled with greater than 95% efficiency.
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2.10.2 Coverslip preparation
Coverslips were cleaned by water bath sonication at 50 °C for 15 min in 2% Neutracon
(Decon) solution. Subsequently, the coverslips were washed in double-distilled water

(ddH20) and air dried.

2.10.3 Fluorescent labelling of bacteria

Bacteria were grown overnight in LB medium. 1 mL of this overnight culture were
pelleted and resuspended in 10 mL supplemented M9 medium and grown until an ODeoo
of 0.6. 600 pL of this culture were used per condition. All pelleting steps were performed

at 7000 xg for 3 min at RT.

For treatment with carbonyl cyanide m-chlorophenyl hydrazine (CCCP), CCCP was
added to a final concentration of 100 uM (10 mM stock in DMSO) to the bacteria before
addition of the fluorescently labelled protein. The bacteria were incubated with CCCP
while mixing by rotary inversion at RT for 5 min, while all other samples were incubated

without CCCP for the same time.

Fluorescently labelled protein was added to a concentration of 1 uM to the bacteria and

incubated in the dark while mixing by rotary inversion for 20 min at RT.

For trypsin treatment, trypsin was added to a final concentration of 0.1 mg/mL

immediately after the incubation with the fluorophore-labelled pyocin. The bacteria were

incubated with or without trypsin at 30 °C for 1 hour at 120 rpm.
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Subsequently, bacteria were washed three times in supplemented M9, where each wash
consisted of pelleting the bacteria, removing the supernatant, resuspending the pellet in
50 pL by pipetting up and down 10 times with a P20 pipette, transferring the 50 pL to a
new tube with 450 pL supplemented M9, and vortexing. The bacteria were resuspended
in a final volume of 30 pL. 3 pL were applied to an agar pad for microscopic analysis.
Agar pads were prepared using Geneframes (Thermo Scientific) as follows. A 1% (w/v)
supplemented M9 agar was prepared and 190 pL were pipetted into the Geneframe. Using
a coverslip, the surface was flattened 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.

2.10.4 Image collection
All images were collected on an Oxford Nanoimager S microscope at 100 ms exposure.
For every image, 200 frames were collected and averaged. Green fluorescence was

measured at 35% laser power.

2.10.5 Data analysis

In ImageJ, the 200 collected frames per image were merged using the command “Z
project”. Bacterial cells and background were identified in trans-illumination images
using “Trainable Weka Classifier”. Regions of interest were transferred to green
fluorescence images and the mean fluorescence of cells, “signal”, and background
“noise” quantified. Each image contained a minimum of 15 bacterial cells. For each
repeat a minimum of six images were collected per sample and three independent

experiments were performed for each experiment. As a result, a minimum of 270 bacterial
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cells were quantified for each sample. Students t-tests were performed to determine p-

values.

2.11 Sequence and structure comparisons

Sequences were compared using NCBI BLASTn and BLASTp (Altschul et al., 1990),
MUSCLE (Madeira et al., 2019), and jackhmmer (Potter et al., 2018). Similar structures
were searched for using NCBI VAST (Madej et al., 2014) in June 2019 and PDBeFold

v2.59 (Krissinel and Henrick, 2004) in August 2019.
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3. Protein purification and preliminary

characterization

3.1 Introduction

It is of utmost importance for biochemical studies to know that proteins of interest were
expressed correctly and are pure. In this chapter, all purification protocols used in this

work, both newly developed and existing ones, are assessed for their quality.

PyoS5, FptA and TonB1, the proteins central to this research, have previously been
isolated and studied but existing protocols for PyoS5 and FptA purification were not fit
for the purpose of this study for reasons explained below, so that new purification
protocols had to be developed. Currently, the best method to purify PyoS5 for therapeutic
purposes, is plant-based expression (Paskevicius et al., 2017). This method is however
too slow for laboratory studies that aim to use many different constructs. Here, a new

His6-tag-based purification protocol for PyoS5 was developed and validated.

FptA has previously been purified from P. aeruginosa. However, crystallographic studies
showed that it co-purified with pyochelin, its native siderophore ligand (Cobessi et al.,
2005). To purify FptA without ligands - a requirement in this study - | developed a

heterogeneous expression and purification protocol for P. aeruginosa FptA.

While PyoS2 and the cytoplasmic domain of TonB1 have previously been purified by the
same protocol that was also used here, the quality of the purified protein has not been
assessed to date (White et al., 2017). Additionally, the quality of PyoS4 and Colla, which

are used as in this study was assessed.
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This chapter aims to validate the protocols used in this study for purification of PyoS5
and constructs derived from it, FptA, TonB1 and other bacteriocins employed in this
study. To achieve this, | assessed their purity and oligomeric state using size exclusion
chromatography, SDS-PAGE combined with Coomassie staining, ESI-MS and SEC-
MALS. Further, | assessed the activity of PyoS5 against a susceptible P. aeruginosa

strain and the ability of FptA to bind its native ligand pyochelin.

3.2 Results

3.2.1 PyoS5 and PyoS5-derived constructs
PyoS5 was expressed in E. coli BL21 (DE3) cells. | found that the yield of PyoS5
increased from 4 mg to 19 mg per litre of E. coli culture when the immunity protein ImS5

was co-expressed in the same cells.

PyoS5 was purified by affinity chromatography using a HisTrap-HP-column followed by
size exclusion chromatography on a 26/60 Superdex 200 column (Fig. 3-1). During its
purification (Section 2.4.1), PyoS5 eluted from the 26/60 S200 size exclusion
chromatography column at a volume between 180 mL and 200 mL (Fig. 3-1). The
isolated protein resulting from this final purification step was 97 % pure, as determined

by GeneTools from SynGene (Section 2.4.6) (Fig. 3-2).

62



Protein purification and preliminary characterization

+ 08 M L FT 5 15 18 23 28 30 35[ml]

>

:

:

- 06

:

- 0.4

?

Imidazole [M]

- 0.2

Absorbance at 280 mm [mAU]
w
3

o

t T t T t T t T - 0
20 40 60 80 100
Elution volume [mL]

o

(@]

M L 180 182 185 187 190 193 195 205 [mL]

g

Absorbance at 280 mm [mAU]
N sy an 00 )
- 8 8 8 8 8

J

%0 Butionvolime mi]
Figure 3-1: Purification of PyoS5.

(A) PyoS5 was loaded onto a 5 mL HisTrap-HP-column equilibrated in binding buffer (0.5 M NaCl, 20 mM
Tris-HCI pH 7.5) and eluted by binding buffer supplemented with 0.75 M imidazole at a flow rate of
2.5 mL/min. (B) Marker (M), loaded bacterial lysate (L), flow through (FT), and 15 pL of fractions from
5mL, 15 mL, 18 mL, 23 mL, 28 mL, 30 mL and 35 mL elution volume were analysed by SDS-PAGE. The
dominant band in fractions 18 to 30 contains PyoS5. The marker (M) bands from highest to lowest mass
are 116 kDa, 66 kDa, 45 kDa, 35 kDa, 25 kDa, 18.8 kDa and 14.4 kDa. (C) PyoS5 eluted between 180 mL
and 200 mL from a 26/60 Superdex 200 column equilibrated in 150 mM NaCl, 20 mM Tris-HCI pH 7.5.
Additional peaks contained impurities or aggregates. (D) Marker (M), loaded pooled fractions from affinity
chromatography (L), and 15 pL of fractions from 180 mL, 182 mL, 185 mL, 187 mL, 190 mL, 193 mL,
195 mL and 205 mL elution volume were analysed by SDS-PAGE. The dominant band is PyoS5. Marker
asin (B).

(=]

The oligomeric state of PyoS5 was investigated by SEC-MALS and found to be
monomeric, with an estimated mass of 49 kDa (Fig. 3-3). Indeed, SEC-MALS was
performed at concentrations ranging from 0.062 mg/mL to 9.5 mg/mL and PyoS5 was
found to be monomeric at all these concentrations. The exact mass of PyoS5 was
determined by ESI-MS to be 57008.00 Da, which is just 0.02 Da higher than its expected

mass (Table 3-1).

63



Protein purification and preliminary characterization

Q
©
=i}
=
<

—

n

)

[}

>

[

PyoS5
PyoS5,, .24
PyoS5,, ¢
PyoS50.13
PY0S5,04.315
PY0S5,94.215-C

o
o
3
n
[Va)
[*]
>
[

[%] 97 100 100 100 100 88 84 78 82 100
@ N o m g
. .9 & A E E
@ o — o~ — — > O i -
o o @ & & s 0 a N o] <t —
< g ¢ g9 3 3 3= B o g =2 989 8 £ £
Mo E E E F E E EE & w8 &8 & &8
L]

[%] 89 91 8 94 93 97 89 92 100 78 100 98 100 100 89 100
Figure 3-2: Coomassie stained SDS-PAGE of all purified proteins.

The marker (M) bands from highest to lowest mass are 116 kDa, 66 kDa, 45 kDa, 35 kDa, 25 kDa, 18.8 kDa
and 14.4 kDa. 5 mg to 10 mg of each protein was loaded. Protein purity was determined (Section 2.4.6)
and is given in percent. For PyoS2-ImS2 and PyoS4-1mS4 purity of the complex is given.
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Figure 3-3: SEC-MALS shows PyoS5 is monomeric.

PyoS5 is investigated by SEC-MALS at concentrations of (A) 1 mg/mL (black), 0.5 mg/mL (grey), 0.25
mg/mL (red), 0.125 mg/mL (blue), 0.063 mg/mL (orange) and (B) 9.5 mg/mL (black), 4.75 mg/mL (grey),
2.38 mg/mL (red), 1.12 mg/mL (blue), and 0.59 mg/mL (orange). (A) and (B) are independent experiments
performed on separate Superdex 200 10/300 GL columns. Solid lines show differential refractive index,
dotted lines show molar mass.
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Table 3-1: Masses determined by ESI-MS or native MS of all proteins used in this study.

Protein purification and preliminary characterization

Protein N-terminal Calculated MW | Observed MW | Difference
methionine [Da] [Da] [Da]
present

PyoS5 No 57007.98 57008.00 0.02

PyoS5,, . No 53056.68 53056.60 0.08

PyoS5,, ,, Yes 55214.12 55213.28 0.84

PyoS5,, , No 56195.19 56196.06 0.84

PyoS5, .13 No 56577.42 56578.16 0.74

PyoS5, ¢ » No 56495.51 56496.05 0.54

TR No 37193.13 37193.98 0.85

TR-Cys No 37296.26 37297.71 1.45

TR, No 33241.82 33242.08 0.26

TR, 50 Yes 35399.26 35398.43 0.83

TR, No 36380.33 36380.39 0.06

TR, 043 No 36762.56 36762.29 0.27

TR, 1620 No 36680.65 36680.57 0.08

TR, 015CYys No 36865.70 36864.20 1.50

Pyo0S51-299 No 35351.12 35350.92 0.20

Pyo0S51.196 No 23729.80 23729.74 0.06

Py0S51.196-Cys No 23832.94 23832.79 0.15

Pyo0S5104-315 Yes 15048.1 15048.22 0.12

Py0S5194-315-Cys Yes 15151.24 15150.35 0.89

Colla No 70362.93 70365.01 2.08

PyoS2 No 73722.65 73725.09 2.44

PyoS4 No 80600.64 80603.24 2.60

ColBPyoS5 No 59231.93 59232.06 0.13

PyoS5Colla No 56972.98 56972.47 0.52

FptA Not applicable 76068.27 76066.1 2.17

TonB1 Not applicable 25473.4 25473 0

The activity of PyoS5 was assessed using plate-based growth inhibition assays. PyoS5

was found to be active against clinical isolate P. aeruginosa YHP17 both shortly after

purification and after 36 months of storage at -20 °C (Fig. 3-4). The purification protocol

employed here to purify PyoS5 was considered successful in all tested aspects and

suitable for this study.
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A B

57 pM 57 pM
Figure 3-4: PyoS5 is active over 36 months.
Killing assays with (A) fresh PyoS5 and (B) PyoS5 stored at -20 °C for 36 months. 3-fold serial dilution
starting at 10 UM going down to 57 pM spotted onto the soft agar containing P. aeruginosa YHP17 from
top left to bottom right.

Py0S5a2-39, PYy0S5a2-20, Py0S5a2-9, PyoS5a10-16 and PyoS5ai6-20 Were purified to 88 % to
100 % purity by the same protocol as PyoS5 (Section 2.4.1) (Fig. 3-2). These constructs
differed from PyoS5 by up to 38 residues and eluted from the size exclusion column in
the same volume as PyoS5, between 180 and 200 mL. This indicated they have the same

oligomeric state as PyoS5 and are therefore monomeric (Fig. 3-5).

To determine the exact masses of the PyoS5 derivatives (PyoS5a2-39, Py0S5a2-20,
Py0S5a2-9, PyoS5a10-16 and PyoS5a16-20) ESI-MS was performed (Table 3-1) and showed
that each construct was within one Da of its expected mass. For all of these constructs
apart from PyoSb5a2-20 the observed mass corresponded to the N-terminal methionine

being cleaved.
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Figure 3-5: Size exclusion chromatography of PyoS5 and related constructs.

PyoS5 and constructs that differed by up to 38 residues eluted between 180 mL and 200 mL at a flow rate
of 2.6 mL/min from a 26/60 Superdex 200 column equilibrated in 150 mM NaCl, 20 mM Tris-HCI pH 7.5.
Additional peaks contained impurities or aggregates. Size exclusion chromatography of PyoS5a:-39,
Py0S5a2-20, PY0S5a2-9, PyoS5aio-13 and PyoS5ais.20 Was performed by Moritz Weber under supervision of
Hannah Behrens.

Further constructs were designed based on the crystal structure of PyoS5, which will be
described in chapter 4. One of these, PyoS5;1.315 was expressed and termed TR. TR, as

well as the constructs differing from it by up to 19 residues: TR-Cys, TRa2-20, TRa2-9,
TRa10-13, TRa16-20, TRa10-13-Cys and PyoS51.290 were expressed without co-expression of
ImS5 and then purified by His6-tag affinity chromatography and size exclusion
chromatography by the same protocol as PyoS5 (Section 2.4.1). The resulting proteins
were of 85 % to 100% purity (Fig. 3-2). During the purification they eluted from the size
exclusion chromatography column at a volume of 210 mL to 220 mL. This indicated that
they were all of equivalent oligomeric state (Fig. 3-6). SEC-MALS revealed that TR was

monomeric, with an estimated mass of 39 kDa (Fig. 3-7).

The masses of TR, TR-Cys, TRa220, TRa2-9, TRa10-13, TRa16-20, TRa10-13-Cys and

PyoSb51-299 Were observed through ESI-MS and differed by no more than 1.45 Da from
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the calculated masses based on amino acid sequence (Table 3-1). Analogous to the
observation that the N-terminal methionine of PyoS5a2.20 was not cleaved, the N-terminal
methionine of TRa2-20 was not cleaved either. The masses of all other TR-derived proteins

were in agreement with a cleaved N-terminal methionine.
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Figure 3-6: Size exclusion chromatography of TR and related constructs.
TR and constructs that differed from it by up to 19 residues eluted between 200 mL and 220 mL at a flow
rate of 2.6 mL/min from a 26/60 Superdex 200 column equilibrated in 150 mM NaCl, 20 mM Tris-HCI pH
7.5. Additional peaks contained impurities or aggregates.
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Figure 3-7: SEC-MALS shows TR is monomeric.

TR is investigated by SEC-MALS at concentrations of 1 mg/mL (black), 0.5 mg/mL (grey), and
0.25 mg/mL (red) on a Superdex 200 10/300 GL column. Solid lines show differential refractive index,
dotted lines show molar mass.
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Py0S51-196 and PyoS51-196-Cys were another two constructs based on the PyoS5 crystal
structure. They were expressed and purified by affinity and size exclusion
chromatography, like TR (Section 2.4.1), leading to 84 % and 78 % purity, respectively
(Fig. 3-2). During the purification they eluted between 200 mL and 220 mL from the size
exclusion chromatography column (Fig. 3-8) and PyoS5;:-196 Was found to be monomeric
by SEC-MALS with an estimated mass of 23 kDa (Fig. 3-9). The exact mass of both
proteins was determined by ESI-MS and found to be within one Da of the expected mass

based on amino acid residues and a cleaved N-terminal methionine (Table 3-1).
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Figure 3-8: Size exclusion chromatography of PyoS51.196 and Py0S51-106-Cys.
PyoS5;.315 (black) and PyoS5i1.315-Cys (grey) eluted between 220 mL and 260 mL at a flow rate of
2.6 mL/min from a 26/60 Superdex 200 column equilibrated in 150 mM NaCl, 20 mM Tris-HCI pH 7.5.
Additional peaks contained impurities or aggregates.
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Figure 3-9: SEC-MALS shows PyoS51-196 is monomeric.

PyoS51.196 is investigated by SEC-MALS at concentrations of 1 mg/mL (black), and 0.5 mg/mL (grey) on
a Superdex 200 10/300 GL column. Solid lines show differential refractive index, dotted lines show molar
mass.

The final constructs derived from the PyoS5 crystal structure were PyoS5194-315 and
Py0S5194-315-Cys. They were purified like TR (Section 2.4.1) resulting in 82 % and 100
% purity, respectively, (Fig. 3-2), and eluted from the size exclusion chromatography
column between 230 mL and 250 mL during this purification (Fig. 3-10). SEC-MALS
showed Py0S5194-315 was monomeric with a mass of 13 kDa (Fig. 3-11). The exact masses
of PyoS5194-315 and PyoS5194.315-Cys, as determined by ESI-MS, differed less than one
Da from the expected mass (Table 3-1). Both proteins retained their N-terminal

methionine.
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Figure 3-10: Size exclusion chromatography of PyoS5104-315 and Py0S5194-315-Cys.

Py0S5194.315 (black) and PyoS5194-315-Cys (grey) eluted between 230 mL and 250 mL at a flow rate of 2.6
mL/min from a 26/60 Superdex 200 column equilibrated in 150 mM NaCl, 20 mM Tris-HCI pH 7.5.
Additional peaks contained impurities or aggregates.
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Figure 3-11: SEC-MALS shows PyoS5i94-315 iS monomeric.

PyoSb51g4-315 is investigated by SEC-MALS at concentrations of 1 mg/mL (black), and 0.5 mg/mL (grey)
on a Superdex 200 10/300 GL column. Solid lines show differential refractive index, dotted lines show
molar mass.

3.2.2 Chimeric bacteriocins

ColBPyo0S5 is a chimeric protein comprising of the first 340 amino acids of ColB and the

last 186 of PyoS5. PyoS5Colla is another chimeric bacteriocin that harbours the

72



Protein purification and preliminary characterization

N-terminal 315 amino acid residues of PyoS5 fused to the pore-forming domain of Colla,
consisting of amino acid residues 485 to 626. Both were purified by the same protocol as
PyoS5 (Section 2.4.1), including His6-tag affinity chromatography followed by size
exclusion chromatography, resulting in 78 % and 100 % pure protein respectively (Fig.
3-2). During the purification both eluted from the size exclusion chromatography column

between 180 mL and 200 mL (Fig. 3-12).

Both were found to be monomeric based on SEC-MALS with an approximate mass of
56 kDa for ColBPyoS5 (Fig. 3-13) and 52 kDa for PyoS5Colla (Fig. 3-14). The exact
mass of ColBPyoS5 was determined by ESI-MS to be 59232.06 Da which is only 0.12 Da
different from the mass calculated for ColBPyoS5 without the N-terminal methionine
(Table 3-1). The exact mass of PyoS5Colla was also determined and found to be within

1 Da of the expected mass for PyoS5Colla without its N-terminal methionine (Table 3-1).
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Figure 3-12: Size exclusion chromatography of ColBPyoS5 and PyoS5Caolla.
ColBPyo0S5 and PyoS5Colla eluted between 180 mL and 200 mL at a flow rate of 2.6 mL/min from a 26/60

Superdex 200 column equilibrated in 150 mM NaCl, 20 mM Tris-HCI pH 7.5. Additional peaks contained
impurities or aggregates.
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Figure 3-13: SEC-MALS shows ColBPyoS5 is monomeric.
ColBPyoS5 is investigated by SEC-MALS at concentrations of 1 mg/mL (black), and 0.5 mg/mL (grey)

on a Superdex 200 10/300 GL column. Solid lines show differential refractive index, dotted lines show
molar mass.
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Figure 3-14: SEC-MALS shows PyoS5Colla is monomeric.

PyoS5Caolla is investigated by SEC-MALS at concentrations of 1 mg/mL (black), 0.5 mg/mL (grey) and
0.25 mg/mL (red) on a Superdex 200 10/300 GL column. Solid lines show differential refractive index,
dotted lines show molar mass.
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3.2.3 Other bacteriocins

Colla was purified like PyoS5 by affinity and size exclusion chromatography (Section
2.4.1) (Fig. 3-15) to 98 % purity (Fig. 3-2). Through SEC-MALS it was found to be
monomeric in solution with an estimated mass of 74 kDa (Fig. 3-16). Its exact mass was
found to be 70365.01 Da which is within 3 Da of the expected mass for Colla without its

N-terminal methionine.
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Figure 3-15: Size exclusion chromatography of Colla.

Colla eluted between 180 mL and 210 mL at a flow rate of 2.6 mL/min from a 26/60 Superdex 200 column
equilibrated in 150 mM NaCl, 20 mM Tris-HCI pH 7.5. Additional peaks contained impurities or
aggregates. Size exclusion chromatography was performed by Nicholas Housden.
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Figure 3-16: SEC-MALS shows Colla is monomeric.
Colla is investigated by SEC-MALS at concentrations of 1 mg/mL (black), and 0.5 mg/mL (grey) on a

Superdex 200 10/300 GL column. Solid lines show differential refractive index, dotted lines show molar
mass.

PyoS2-ImS5 (Fig. 3-17) and PyoS4-ImS4 (Fig. 3-18) were expressed and purified in
complex with their respective immunity proteins by His6-tag affinity and size exclusion
chromatography (Section 2.4.1) resulting in 100 % purity (Fig. 3-2). Their approximate
masses, as determined by SEC-MALS, were 74 kDa and 97 kDa, respectively, indicating
monomeric proteins. Their exact masses were within three Da of the masses calculated

based on the amino acid sequence that lacks the N-terminal methionine.
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Figure 3-17: Size exclusion chromatography of PyoS2-ImS2.

PyoS2-1mS2 eluted between 160 mL and 190 mL at a flow rate of 2.6 mL/min from a 26/60 Superdex 200
column equilibrated in 150 mM NaCl, 20 mM Tris-HCI pH 7.5. Additional peaks contained impurities or
aggregates. Size exclusion chromatography was performed by Paul White.
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Figure 3-18: SEC-MALS shows PyoS2-ImS2 is monomeric.
Py0S2-ImS2 is investigated by SEC-MALS at concentrations of 1 mg/mL (black), 0.5 mg/mL (grey),
0.25 mg/mL (red), and 0.125 mg/mL (blue) on a Superdex 200 10/300 GL column. Solid lines show
differential refractive index, dotted lines show molar mass.
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Figure 3-19: Size exclusion chromatography of PyoS4-ImS4.
PyoS4-ImS4 eluted between 60 mL and 75 mL at 1 mL/min from a 16/60 Superdex 200 column
equilibrated in 150 mM NaCl, 20 mM Tris-HCI pH 7.5. Additional peaks contained impurities including
excess immunity protein or aggregates. Size exclusion chromatography was performed by Nicholas
Housden.
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Figure 3-20: SEC-MALS shows PyoS4-ImS4 is monomeric.
PyoS4-ImS4 is investigated by SEC-MALS at concentrations of 1 mg/mL (black), 0.5 mg/mL (grey),

0.25 mg/mL (red), and 0.125 mg/mL (blue) on a Superdex 200 10/300 GL column. Solid lines show
differential refractive index, dotted lines show molar mass.
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3.2.4 FptA

FptA was extracted from isolated outer membranes using B-OG and purified (Section
2.4.3) by anion exchange chromatography on a HiTrap DEAE FF column, followed by
size exclusion chromatography on a 16/60 Sephacryl 300 column and anion exchange
chromatography on a Mono Q 4.6/100 PE column (Fig. 3-21) resulting in 89 % pure

protein (Fig. 3-2).

The yield was between 0.2 mg and 2 mg per litre of FptA-expressing E. coli culture.
Native MS revealed a mass of 76066 Da which is within two Da of the mass expected for
FptA (Table 3-1) and shows FptA is monomeric. When mixed with ferric pyochelin a
complex corresponding to FptA bound to pyochelin-Fe'!' was observed showing that the

isolated FptA was functional in binding its native ligand (Fig. 3-22).
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Figure 3-21: Purification of FptA.

(A) Marker (M) and lysate (L) of E. coli BL21 (DE3) cells expressing FptA. (B) Anion exchange
chromatography on a DEAE column equilibrated in buffer E (50 mM Tris-HCI1 pH 7.5, 1% (w/v) B-OG, 5
mM EDTA) and eluted by increasing the concentration of LiCl. (C) Marker (M), loaded protein extracted
from purified outer membranes (L), flow through (FT), and 15 pL of fractions from 23 mL, 27 mL,
123 mL, 127 mL, 131 mL, 135 mL and 139 mL elution volume from DEAE anion exchange
chromatography were analysed by SDS-PAGE. (D) Size exclusion chromatography on pooled fractions
containing FptA from DEAE anion exchange chromatography on a 16/60 Sephacryl 300 column
equilibrated in buffer E. FptA eluted between 55 mL and 75 mL. Additional peaks contained impurities or
aggregates. (E) Marker (M), loaded pooled fractions containing FptA from DEAE anion exchange
chromatography (L) and 15 pL of fractions from 47 mL, 53 mL, 57 mL, 61 mL, 65 mL and 69 mL elution
volume from size exclusion chromatography were analysed by SDS-PAGE. (F) Anion exchange
chromatography on a Mono Q 4.6/100 PE column equilibrated in buffer E and eluted with by increasing
the concentration of LiCl. (G) Marker (M), loaded pooled fractions containing FptA from size exclusion
chromatography (L) and 15 pL of fractions from 2 mL, 3 mL, 5 mL, 7 mL, 8 mL, 10 mL, 20 mL, 23 mL
and 27 mL elution volume from Mono Q anion exchange chromatography were analysed by SDS-PAGE.
The dominant band eluting between 2 mL and 10 mL contained FptA. (A,C,E,G) The marker bands from
highest to lowest mass are 116 kDa, 66 kDa, 45 kDa, 35 kDa, 25 kDa, 18.8 kDa and 14.4 kDa.
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Figure 3-22: Purified FptA binds to its native ligand pyochelin.

FptA was incubated with a 4-fold excess of ferric pyochelin for 45 min, then excess pyochelin was removed
by desalting. The native mass spectrum of FptA alone showed a 76066.1 + 0.3 Da species. 10 UM FptA in
the presence of ferric pyochelin gave peaks for FptA at 76066.0 + 0.2 Da and a complex at 76443.4 £ 0.3
Da, which corresponds to FptA and the 377.4 Da pyochelin-Fe'"" (expected mass 377.3 Da). The y-axis
shows relative abundance in percent.

3.25 TonBl1

The cytoplasmic domain of TonB1 was purified as described previously (White et al.,
2017) by His6-tag affinity chromatography followed by TEV-cleavage of the His6-tag,
negative selection by His6-tag affinity chromatography and size exclusion

chromatography (Section 2.4.2). The resulting protein eluted as one peak from size

exclusion chromatography (Fig. 3-23) and was 100 % pure (Fig. 3-2).

Previously, constructs derived from E. coli TonB where found to dimerize. To investigate
whether this was also true for the TonB1 construct used in this study, it was analysed by
SEC-MALS and found to be monomeric based on an approximate mass of 17 kDa (Fig.
3-24). The exact mass of the cytoplasmic domain of TonB1 was determined to be 25473
Da by native MS, just like expected based on the amino acid sequence (Table 3-1), which

further confirmed that it was monomeric.
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Figure 3-23: Size exclusion chromatography of the TonB1 cytoplasmic domain.
The TonB1 cytoplasmic domain eluted between 180 mL and 210 mL at a flow rate of 2.6 mL/min from a
26/60 Superdex 200 column equilibrated in 300 mM NaCl, 50 mM Tris-HCI pH 7.5. The additional peak
contained impurities. Experiment was performed by Renata Kaminska (Department of Biochemistry,
University of Oxford).
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Figure 3-24: SEC-MALS shows TonB1 is monomeric.

TonB1 is investigated by SEC-MALS at concentrations of 1 mg/mL (black), 0.5 mg/mL (grey), and
0.25 mg/mL (red) on a Superdex 200 10/300 GL column. Solid lines show differential refractive index,
dotted lines show molar mass.
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3.3 Discussion

The new His6-tag based purification protocol for PyoS5 performed well. Co-expression
of ImS5 did not lead to co-purification and yielded pure, monomeric, correctly sized and
active PyoS5. Therefore, His6-tagged PyoS5 from co-expression with ImS5 was used

throughout this study.

The other proteins derived from parts of the PyoS5 sequence as well as PyoS5-based

chimera and other bacteriocins were of similarly high quality.

The heterologous purification protocol for FptA achieves for the first time purification
without the 324 Da native ligand pyochelin and thus is suitable for the purpose of this
study. The yield was sufficient for this study but future efforts might focus on improving
it, considering that 10-fold higher yields have been achieved for other TBDTs (Buchanan

et al., 2007).

The TonB1 periplasmic domain and PyoS2-ImS2 have previously been purified by the
protocols used here and shown to be functional in binding each other (White et al., 2017).
Here, it was observed that the TonB1 cytoplasmic domain is monomeric in solution.
Structures of E. coli TonB periplasmic domain constructs have shown both monomers
and dimers (Chang et al., 2001; Kédding et al., 2005; Koedding et al., 2004; Sean Peacock
et al., 2005), while the only structure available for the P. aeruginosa TonB1 periplasmic
domain reveals a monomer (Oeemig et al., 2018). Structures of complexes between the
E. coli TonB cytoplasmic domain and TBDTs revealed that TonB binds the TBDT in its
monomeric form (Pawlek et al., 2006; Shultis et al., 2006). The results presented here

add to the previous evidence confirming that P. aeruginosa TonB1 is monomeric.
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4. Biophysical characterization and crystal structure of

PyoS5

4.1 Introduction

In vivo experiments have shown that PyoS5 is the most promising CLB as an antibiotic,
but in vitro analysis of this protein is lacking. As a result, neither the domain architecture,
structure or its mechanism of translocating across the outer membrane are known, all of

which would be useful for the development of improved antibiotics.

Most CLBs consist of several domains that each confer a specific function such as
receptor-binding, translocation and cytotoxicity which can be combined to yield different
bacteriocins. For example, the receptor-binding and translocation domains of PyoS2 and
PyoSD2, are conserved but they deliver different cytotoxic domains into the target
bacterium (McCaughey et al., 2016a). Very similar cytotoxic domains can be delivered
by many different receptor-binding and translocation domains, as for example in the case
of pore-forming CLBs like ColE1 and Colla (Elkins et al., 1997; Wiener et al., 1997).
Based on sequence similarity PyoS5 seems to harbour a pore-forming domain most

similar to that of Colla and Collb.

Generally, CLBs, like the well-characterized ColE9 (Klein et al., 2016), have an
unstructured N-terminal region, translocation domain, receptor-binding domain, and
cytotoxic domain, however, a variety of other architectures also exist. Some bacteriocins
have fewer domains, like ColN and ColB, which have an unstructured region, a pore-
forming domain and only one structured domain for interacting with outer membrane

components (Hilsenbeck et al., 2004; Vetter et al., 1998). Others CLBs have additional
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domains; PyoS2, for example, has an unstructured region and four domains, an
N-terminal domain for binding FpvAl, followed by a CPA-binding domain, a Pyocin S
domain, presumably for crossing the inner membrane, and a cytotoxic DNase domain
(Sano et al., 1993a). Colicin S4 harbours two copies of its receptor-binding domain also
resulting in a total of four domains (Arnold et al., 2009), while PmnH from Pseudomonas
synxantha harbours two different cytotoxic domains, a ColM-like and a ColN-like
domain, even though only the latter is active (Ghequire et al., 2017a). The domain
architecture of PyoS5 is currently unknown and is not predictable from its sequence

making it an interesting target for further investigation.

Previously, chimeric CLBs have been constructed in order to identify domain boundaries
and functions (Benedetti et al., 1991; Elfarash et al., 2014; Kageyama et al., 1996; Sano
et al., 1993a; White et al., 2017). Parts of CLBs have also been combined with parts of
other proteins to create improved therapeutics with custom species-specificity or
cytotoxic modes of action, allowing them to overcome naturally occurring immunity of
target bacteria (Jakes et al., 1988; Qiu et al., 2003). Instead of combining CLBs with other
proteins, it seems a good strategy to return to chimeric proteins made from different CLBs
only, with the objective of creating therapeutics with desired characteristics. This
approach has the advantage that all parts of the final product have evolved to cross the
Gram-negative outer membrane, as opposed to strategies where CLBs are combined with
other molecules, like phage proteins and pheromones. Chimeric CLBs based on PyoS5
could expand the use of this potent pyocin as a therapeutic by overcoming immunity
conferred by ImS5 and by expanding the range of target species. In order for this to be

done precise information on domain boundaries is needed.
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This chapter describes the biophysical properties and crystal structure of PyoS5, showing
it has three domains and assigns the parts responsible for import into and killing of target
cells, respectively. This knowledge is then used to design chimeric CLBs that can

overcome native immunity.

4.2 Results

4.2.1 Structure of PyoS5 in solution

In order to investigate the secondary structure of PyoS5, CD was performed (Section
2.9.2) which revealed a spectrum characteristic for a-helices with differential absorbance
troughs at 208 nm and 222 nm (Fig. 4-1). A melting temperature of 57 °C was determined
by monitoring thermal melting between 20 °C and 86 °C (Fig. 4-2). The transition from
folded protein to unfolded protein was broad which led us to hypothesise that several

unfolding events were contributing to this overall melting curve.

To investigate this hypothesis, DSC was used to attain PyoS5 unfolding data with greater
resolution (Fig. 4-3) (Section 2.9.4). The DSC spectrum shows an asymmetric peak, made
up of a shoulder and a main peak, and one symmetric peak. This confirms that there are
at least three independent unfolding events, which suggests that PyoS5 is comprised of

three separate domains (Figure 4-3).
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Figure 4-1: CD shows PyoS5 is folded and predominantly a-helical.
CD spectrum of 0.1 mg/mL PyoS5 at room temperature in 20 mM NaCl, 10 mM potassium phosphate
buffer pH 7.5.
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Figure 4-2: The Tm of PyoS5 is 57.3 °C.

A CD thermal melt of 0.1 mg/mL PyoS5 was performed in 20 mM NaCl, 10 mM potassium phosphate
buffer pH 7.5 in duplicate and a 4-parameter sigmoidal curve fit to each melting curve. The Tm was
calculated to be 57.3+0.7 °C. One repeat is shown and represented as solid circles with associated fit
indicated by a solid line.
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Figure 4-3: PyoS5 has three thermodynamically independent domains.

DSC was performed on PyoS5 in 150 mM NaCl, 50 mM Tris-HCI pH 7.5 and three unfolding events
observed, with a shoulder around 50 °C (black arrow head) and peaks at 54.7+0.6 °C and 76.1+0.3 °C.
Shown is the mean of three repeats with the standard deviation in grey.

To further investigate how the domains are arranged relative to each other SAXS was
employed to determine a low resolution envelope of PyoS5 (Section 2.9.1). Previously a
concentration range of PyoS5 had been tested for SAXS (Catriona Thompson, personal
communication). Scattering data were collected at the suitable concentration of
5.4 mg/mL of PyoS5 and are consistent with a monodisperse species (Fig. 4-4A).
Envelope calculations were performed with no constraints and revealed that PyoS5 is an
elongated protein with a length of 197 A (Fig. 4-4B+C). Along the X-axis of the envelope

are several globular partitions consistent with separate domains. Taken together with

DSC data it is likely that PyoS5 is comprised of at least three independent domains.

88



Biophysical characterization and crystal structure of PyoS5

A

T

>

=)

(o)

o

G

a0

IS

o 01 _ 02

q [1/A]

-2.75 e

I(q) O9

=-3.001 S

In
¢

-3.25 e =
0.0001 0 0.0005
q* [A~]
c o
< 5 |
197 A

Figure 4-4: SAXS envelope of PyoS5.

(A) SAXS data (black) of PyoS5 at 5.4 mg/mL in HBS buffer pH 7.5 at room temperature with fit of the
average DAMMIN model (red). The model fits the data well with a X2 of 1.114 (B) Guinier fit (red) fitted
to the experimental data (blue). (C) SAXS envelopes of the PyoS5 were generated using DAMMIF and
refined using DAMMIN. The envelope at a threshold of 1 shows PyoS5 has an elongated conformation.
Distinct globular features can be observed within the envelope.

4.2.2 Determination of the PyoS5 structure by X-ray crystallography

To further understand the domain organisation of PyoS5 the atomic structure was solved

using X-ray crystallography (Section 2.9.5). From multiple crystal screens the best

crystals were obtained in a condition with 10% w/v PEG 3000, 0.1 M sodium acetate,
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and 0.1 M zinc acetate, pH 4.5 at 18 °C. Crystals were cryo-protected and frozen in liquid
nitrogen prior to mounting and data collection. To identify the area of each crystal with
the highest resolution, diffraction grid scanning was employed. Crystals were assigned to
the P 1 21 1 space group with the unit cell parameters a=50.246, b=53.878, c=104.807,

0=90°, f=95.16° and y=90° (Table 4-1).

Table 4-1: X-ray data processing, refinement and validation statistics for PyoS5.

Data Processing

X-ray wavelength

0.9679 A

Space group

P12:1

Cell dimensions

a=50.246 A, b =52.878 A, c = 104.807 A

Cell angles

@=90° B=95.16° y=90°

Resolution

53.88-2.20 A (2.27-2.20 A)

Unique reflections

28285 (2473)

Completeness

98.8 % (99.8 %)

Multiplicity 4.4 (4.6)
CC(1/2) 0.996 (0.728)
Rmeas 0.179 (2.52)
Refinement

Rwork/Rfree 0.225/0.275
Number of protein atoms 3633
Number of Zn?* atoms 8

Average B-factor 63.91 A2
Validation

RMS bonds 0.0096 A
RMS angles 1.05°
Ramachandran favoured 98.49%
Ramachandran allowed 1.51%
Ramachandran outliers 0%
MolProbity Clashscore 2.76

Values in parenthesis denote highest resolution shell.

Molecular replacement with the pore-forming domain of Colla was attempted but
sufficient phases could not be determined using this model. Staraniso, a feature of
AutoProc, allowed the detection of a weak anisotropic signal from Zn?* ions in the
original dataset from crystals of native PyoS5. By combining these data with the partial

molecular replacement solution it was possible to solve the structure to 2.2 A (Figure
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4-5). There was one copy of PyoS5 in the asymmetric unit and continuous density was

observed from residue 40 to the C-terminus.

Figure 4-5: Crystal structure of PyoS5.

(A) The 2.2 A crystal structure of PyoS5 with residues 40 to 195 (red), 196 to 315 (grey) and 315
to 505 (black). Residues 2 to 39 are not resolved in the structure. (B) Electron density (blue)
shown at 1.0 ¢ for PyoS5 residues 40 to 70 (green), the first 31 residues from the N-terminus that
were resolved.

Analysis of the structure showed that PyoS5 is comprised of 17 helices making up a very
elongated molecule of 194.5 A in length. The first 39 amino acids from the N-terminus
are not resolved in the crystal structure suggesting that this region might be unstructured

or flexible.

4.2.3 Analysis of pore-forming domains

Alignment of PyoS5 to the structures of colicin pore-forming domains showed the
C-terminal residues 315 to 498 of PyoS5 are organized in the canonical ten helix bundle
that is found for pore-forming colicins (Fig. 4-6). Among the six known structures of
colicin pore-forming domains, Colla is most similar to that of PyoS5 with a Root-mean-
square deviation (RMSD) of 1.5 A for the alignment. This is consistent with the high
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degree of protein sequence identity between PyoS5 and Colla (46 %) compared to other

CLB pore-forming domains.

Bacteria producing CLBs with pore-forming domains protect themselves from the effect
of their toxin with immunity proteins. The immunity proteins of ColE1, Colla, Collb,
Col5, Col10 and ColK pass the inner membrane three times and are termed E1-type
Immunity proteins, while the immunity proteins of ColA, ColB, ColN and ColU belong
to the A-type and pass the inner membrane four times (Fig. 4-6) (Cascales et al., 2007,
Geli et al., 1989; Nilsson and von Heijne, 1990; Song and Cramer, 1991). The structure
of PyoS5 provides a third structure of a pore-forming domain with an E1-type immunity
protein and allows a comparison of pore-forming domains with immunity proteins of the
A-type and E1-type. | find that the different immunity protein topologies between A-type
and El-type CLBs are reflected in the sequence and structure of their pore-forming
domains (Fig. 4-6). The main difference between the two groups is the positioning of
helices 1 and 5 with respect to each other; in A-type pores helix 1 is positioned close to
the centre of the pore-forming domain, pushing out helix 5, while in E1-type pores helix

5 is located closer to the centre (Fig. 4-7).
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Figure 4-6: Comparison of pore forming domains of CLBs.

All the available structures of CLB pore-forming domains were aligned and coloured in a gradient from
yellow (N-terminus) to red (C-terminus). The pores are shown in order of decreasing alignment quality
score. All pores in the left column have immunity proteins (Im) that pass the membrane three times, those
in the right column have immunity proteins that pass the membrane four times. RMSDs, Q-scores, and
immunity protein topologies are shown. The following residues were aligned to PyoS5 residues 315 to 498:
Colla 448 to 624 (PDB 1ClII), ColE1 345 to 522 (PDB 2188), ColN 188 to 486 (PDB 1A87), ColA 393 to
591 (PDB 1COL), ColS4 299 to 499 (PDB 3FEW) and ColB 312 to 511 (PDB 1RH1).

A “jackhmmer” search (Potter et al., 2018) starting with the sequences of the pore-
forming domains with known structures (Fig. 4-6), was used to identified more pore-
forming domains and highlight the conserved residues (Section 2.11). The sequence e-

value cut-offs for the searches were chosen to be 1023 for A-type and 1032 for E1-type
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pore-forming domains in order to exclude annotated proteins of the opposite type. 193
sequences of A-type and 730 of El-type pore-forming domains were identified,
suggesting that E1-type pore-forming domains are more common. Conserved residues
were identified for each type and mapped onto the structures of PyoS5 and ColA,
respectively (Fig. 4-7). PyoS5 residues G339, G355, W435, P437, F459, G468 and G471

were conserved among all pore-forming domains from both types.

In A-type pore-forming domains helix 1 is packed close to the centre of the pore. This is
possible because of glycine residues that are conserved in A-type domains (Fig. 4-7A).
In contrast, helix 1 in E1-type pore-forming domains is pushed away from the centre of
the pore by conserved aromatic residues, interacting between helixes 1, 2, 5 and 8 (Fig.
4-7B). Possible implications of these conserved features and differences between the pore

types will be discussed in Section 4.3.

A-type El-type
Figure 4-7: Conserved residues in A- and E1-type pore-forming domains.
(A) ColA pore-forming domain with residues conserved among A-type pore-forming domains represented
as sticks (red). (B) PyoS5 pore-forming domain with residues conserved among E1-type pore-forming
domains highlighted as sticks (red). Helices number denoted in blue with numbering starting from the
N-terminus. Conserved residues were identified using the “jackhammer” search algorithm.
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4.2.4 PyoS5 contains two similar domains

Next, the N-terminal half of PyoS5 was inspected and revealed two domains with similar
fold. The two domains only had 12.4 % amino acid identity but an alignment of the
structures of PyoS5 residues 40 to 196 to PyoS5 residues 197 to 315 confirmed that the
two domains had a highly similar domain fold with an RMSD of 2.5 A (Fig. 4-8). The
fold is a helical bundle in which a kinked helix (Hal) is connected to a straight helix
(Hall) by a loop. Hall packs against both Hal and a third straight helix (Halll) within
the bundle. The connection between Hall and Halll varies between the two copies of the
fold. In the N-terminal domain (residues 40-196) Hall is connected to Halll by a helical
turn induced by 3 short helices. In contrast, in the central domain (residues 194-315) Hall
and HallI are connected by a loop sequence. The two copies of this kinked helical bundle
domain (kHBD) are connected as the last helix of the N-terminal domain continues to

become the kinked helix of the second copy of the fold (Fig. 4-5).

In order to unravel the function of the N-terminal half of PyoS5 I aimed to find proteins
with similar domains. PDBefold was used to search for structures with similarity to
PyoS5 residues 1 to 315, 1 to 197 and 194 to 315. The top five hits of each search were
inspected but no structure showed a helical bundle consisting of a kinked helix followed

by two straight helices which was observed in PyoS5.
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90°

Figure 4-8: Alignment of PyoS540-106 and Py0S5194-315.

The overlay shows PyoS540-196 (red) aligned to PyoS51e4.315 (grey) with an RMSD of 2.51. The lower view
is rotated by 90° around the x-axis. The additional helical turn present in PyoS5a40-196, COnsisting of residues
123-162 (pink), was excluded from the alignment.

An equivalent search was also performed using NCBI VAST. No structures with
similarity to PyoS5 residues 1 to 315, six structures with similarity to PyoS5 residues 1
to 197 and four structures with similarity to PyoS5 residues 194 to 315 were found. These
structures were inspected and again none of them showed the topology of a kinked helix
followed by two straight helices arranged into an a-helical bundle. In conclusion, no

structures similar to the N-terminal half of PyoS5 were found, suggesting the kHBD may

be a novel fold.

4.2.5 Comparison of solution data with the PyoS5 crystal structure

To determine if the crystal structure of PyoS5 is consistent with the structure in solution,
it was fit into the SAXS-derived envelope (Fig. 4-9). Alignment parameters confirm that
93 % of the crystal structure’s residues fit inside the envelope. Based on this and visual

inspection of the fit, it was concluded that the structure determined for PyoS5 using X-
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ray crystallography is not a crystal packing artefact and is in fact representative of the

structure observed in solution by SAXS.
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Figure 4-9: The PyoS5 crystal structure is consistent with SAXS envelope density.

PyoS5 docked into the SAXS envelope set at a threshold of 1 in Chimera, results in 93 % of the atoms of
the crystal structure inside the envelope.

| inspected the crystal structure of PyoS5 and hypothesized that the three domains
observed in DSC corresponded to residues 1 to 195, 195 to 315, which are the two copies
of the kHBD, and 315 to 498, which is similar to the Colla pore-forming domain. The
constructs PyoS5;-315, PyoS51.196, and PyoS5194-315 were purified and investigated by CD
and DSC to interrogate this hypothesis. The construct PyoS5;.315 was termed TR as it

only lacks the pore-forming domain and based on domain arrangement in other CLBs is

likely to harbour the translocation and receptor-binding activity of PyoS5.
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Figure 4-10: Thermal unfolding of individual PyoS5 domains.
Average DSC spectra of (A) PyoS5, (B) TR, (C) PyoS51-196 and (D) Py0S5194-315 in 150 mM NaCl
50 mM Tris-HCI pH 7.5 from three repeats with one standard deviation shown (grey). TR shows a shoulder
centred around 47 °C and a peak at 52.1 £0.4 °C, PyoS51-196 shows a peak at 55.1 +0.7 °C and Py0S5194-
315 at 44.7 +0.8 °C.
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The DSC spectrum of the TR construct showed the peaks similar to the two lower
temperature transitions observed for full length PyoS5. The first transition occurred at
around 47 °C compared to approximately 50 °C in PyoS5 and the second transition
occurred at 52 °C instead of 55 °C, suggesting that the C-terminal pore-forming domain
stabilized the other domains (Fig. 4-10A). The spectra of PyoS51-19s and Py0S5194-315
showed only a single peak each, suggesting that they each contain only one domain (Fig.
4-10B+C). The transition observed for PyoS5194-315 occurred at lower temperatures and
peaked at 45 °C; the transition observed for PyoS5i1.19s Was at 55 °C. Mapping these
transitions onto those of full length PyoS5 leads to the assignment of PyoS5194-315 to the
first transition peak observed, PyoS5i.196 to the second and the pore-forming domain from

residues 315 to 498 to the third.
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Figure 4-11: CD of PyoS5 domains.

CD spectra of 0.1 mg/mL PyoS5 (black), TR (grey), PyoS51.196 (red) and PyoS51gs4-315 (blue) at RT in
20 mM NaCl, 10 mM potassium phosphate buffer pH 7.5 show PyoS5 and its domains are helical and
folded. The sum of the molar ellipticity from PyoS5;.106 and Py0S5194.315 (dashed yellow) shows both
constructs are fully folded compared to TR.

The CD spectra of all constructs, PyoS5, TR, PyoS5i1.196 and PyoS5194-315, revealed

predominantly helical secondary structure which is in accordance with the structure

observed by crystallography which shows 87 % of all residues forming a-helices (Fig. 4-
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11). Addition of the curves generated by PyoS51.106 and Py0S5194-315 results in a curve
identical to that generated by TR (Fig. 4-11). Furthermore, CD thermal melts showed
narrower transitions for PyoS5i:.19s6 and PyoS5i194.315 than for TR, which was itself
narrower than the transition observed for full length PyoS5 (Fig. 4-12). This confirmed
that the transition observed in thermal melt data for PyoS5 was broad because several
domain-unfolding events were contributing to it. The Ty values extracted from CD

thermal melts also agreed with those determined by DSC.
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Figure 4-12: PyoS5 domains have different Tms.
CD thermal melts of 0.1 mg/mL PyoS5 (black) Tm 57.3 £0.7 °C, TR (grey) Tm 51.0 £0.1 °C, Py0S5i.196
(red) Ty 57.5 0.0 °C, and PyoS5ig4-315 (blue) Tm 43.7 £0.3 °C in 20 mM NaCl, 10 mM potassium
phosphate buffer pH 7.5. Two repeats were performed; one is shown as circles with their fits as lines.

4.2.6 Translocation and pore-formation

Based on the structure and sequence similarity of residues 315 to 498 of PyoS5 with other
pore forming domains | assigned this as the cytotoxic domain. If this hypothesis was
correct then removal of this domain might result in a non-toxic protein, which retains its
ability to translocate into P. aeruginosa cells. Application of TR to P. aeruginosa

YHP17, which are susceptible to PyoS5, did not result in any zones of clearance,
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consistent with cytotoxic activity residing in a domain spanning residues 315 to 498 (Fig.

4-13).

PyoS5 TR

57 pM 57 pM

Figure 4-13: TR does not inhibit P. aeruginosa YHP17.

A 3-fold serial dilution of purified PyoS5 (left) or TR (right) starting at 10 uM, spotted onto the soft agar
containing P. aeruginosa YHP17. No zones of clearance from TR were observed.

To test whether TR alone could cross the outer membrane, a AF488 label was chemically
attached to a C-terminal cysteine engineered onto TR (Section 2.10.1), the labelled TR
protein TR-AF488 was incubated with live P. aeruginosa cells and after 20 min excess
protein was washed away (Section 2.10.3). Fluorescence microscopy imaging of the cells
showed that these cells were labelled with AF488 (Fig. 4-14). To determine whether the
fluorescent TR construct had crossed the outer membrane or was bound to the cell
surface, the labelled cells were treated with trypsin to remove any surface exposed
protein. This resulted in reduced fluorescence intensity suggesting that the majority of
the signal was surface bound, but also that TR was capable of translocation through the

outer membrane (Fig. 4-14).

To test if this was an energy dependent translocation mechanism, the cells were treated
with PMF inhibitor CCCP, prior to labelling with TR. CCCP treated cells showed a

reduced total fluorescence per cell and after trypsin cleavage no fluorescent signal was
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observed. This suggested that energy from the PMF is required for the translocation of
the TR domain across the outer membrane but not for binding to the cell surface (Fig. 4-
14). The requirement of energy for translocation was the first indication that the import

of PyoS5 is an active transport process mediated by an outer membrane translocator.
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Figure 4-14: TR translocates across the P. aeruginosa outer membrane.

(A) Fluorescent labelling of live P. aeruginosa PAOL cells with TR-AF488. Additionally, the effects of
depleting the PMF with CCCP before incubation with TF-AF488 and of trypsin treatment to remove
surface exposed TR-AF488 after incubation with TR-AF488 were examined. Scale bars 5 um. (B)
Quantification of the average cell fluorescence observed under different conditions tested in A. ****
indicates a p-value below 0.0001 in Student’s t-test.

If PyoS5 uptake and toxicity was limited by receptor availability, an excess of isolated

TR might prevent or reduce cytotoxicity. This was confirmed in a liquid Killing assay
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when culture of P. aeruginosa YHP17 in LB medium was incubated with PyoS5 and a
100-fold excess of TR and compared with a control in the absence of TR (Fig. 4-15).
However, no protective effect was observed for the individual domains PyoS5;.196 and

PyoS5194-315 (Fig. 4-15).

0 50 100 150 200 250
time [min]

Figure 4-15: In liquid culture Killing competition TR inhibits PyoS5 activity.

P. aeruginosa YHP17 grown to OD 0.3 in LB medium. Growth was monitored under the following
conditions; no pyocin (black), 20 uM PyoS5 (black dashed), 20 UM PyoS5 plus 2 mM TR (grey), 20 uM
PyoS5 plus 2 mM Pyo0S51.196 (red), and 20 uM PyoS5 plus 2 mM PyoS5194-315 (blue).

4.2.7 Chimera to overcome immunity and target new species

With the knowledge that TR is able to cross the outer membrane of P. aeruginosa while
the pore-forming domain harbours the cytotoxic activity, | sought to design chimeras that

could target other species and overcome the native immunity conveyed by ImS5, for

example to strain P. aeruginosa PAOL.

First, 1 aimed to construct a chimeric bacteriocin against E. coil, because colicins are well
characterized and E. coli is a member of the Enterobacteriaceae family which is also
among the three pathogens of highest priority for antibiotic development (WHO, 2017).
A chimera of ColB residues 1 to 340, providing the receptor-binding and translocation

activity required for crossing the E.coli outer membrane, and PyoS5 residues 303 to 498
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providing pore-forming cytotoxic activity, was constructed. A plate killing assay where
ColBPyo0S5 was spotted on to E. coli BL21 (DE3) found the chimera to inhibit growth of
E. coli down to the lowest tested concentration of 57 pM (Fig. 4-16). As expected this

chimera was not capable of killing P. aeruginosa (Fig. 6-1).

BL21

57 pM

Figure 4-16: ColBS5 Kills E. coli.

ColBPyo0S5 was spotted onto E. coli BL21 (DE3) grown in LB-agar in three-fold dilutions starting at
10 uM. Clearance zones were observed down to the lowest concentration of 56 pM.

Next, | wanted to overcome the native immunity against PyoS5 that is present in some
P. aeruginosa strains, such as PAO1, and is conveyed by immunity proteins expressed
from genes downstream of the respective bacteriocin. | hypothesized that exchanging the
PyoS5 pore-forming domain for one from another CLB which P. aeruginosa PAOL is
not immune against would yield an antibiotic that overcomes the native immunity to
PyoS5. It is unknown if immunity proteins against pore-forming CLBs can cross-protect
against cytotoxic domains similar to their own. Therefore, | expressed the PyoS5
immunity protein, ImS5, in E. coli to test whether it would protect against Colla toxicity,
which has the pore-forming domain most similar to PyoS5. Plate killing assays revealed
that expression of ImS5 in E. coli did not provide protection against Colla killing (Fig.
4-17). At the same time, killing of E. coli by ColBPyoS5 was inhibited by the expression

of ImS5, showing that heterogeneously expressed ImS5 was functional in E. coli and
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ImS5 is specific to the pore-forming domain of PyoS5 (Fig. 4-17). The Colla pore-

forming domain was therefore determined to be a suitable candidate to overcome PyoS5

immunity.

BL21

Colla

BL21:: ImS5

Colla

57 pM

Figure 4-17: Colla is not inhibited by ImS5.

BL21

ColBPyoS5

BL21:: ImS5

ColBPyoS5

57 pM

Colla and ColBPyoS5 were spotted onto E. coli BL21 (DE3) and E. coli BL21 (DE3) expressing ImS5,
grown in LB-agar in three-fold dilutions starting at 10 uM.

I next constructed a chimera made from PyoS5 residues 1 to 315 and Colla residues 485

to 626. Plate killing assays showed that the PyoS5Colla chimera inhibited P. aeruginosa

PAO1 under conditions were PyoS5 did not (Fig. 4-18). Against P. aeruginosa YHP17,

a strain susceptible to PyoS5, inhibition by PyoS5Colla was observed (Fig. 4-19),

however, the clearance zones were weaker when compared with those from PyoS5 and

the lowest inhibiting concentration was 18-fold higher than for PyoS5 (Fig. 3-4). This
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suggests that PyoS5 is more potent than PyoS5Colla while PyoS5Colla can overcome

native immunity conveyed to some P. aeruginosa strains by ImS5.

\ PyoS5Colla

Figure 4-18: P. aeruginosa PAOL is susceptible to PyoS5Colla but not to PyoS5.
PyoS5Colla and PyoS5 were spotted onto P. aeruginosa PAO1 grown in M9-agar in three-fold dilutions
starting at 10 uM.

YHP17

57 pM

Figure 4-19: P. aeruginosa YHP17 is moderately susceptible to PyoS5Colla.
PyoS5Colla was spotted onto P. aeruginosa YHP17 grown in LB-agar in three-fold dilutions starting at
10 uM.

4.3  Discussion

The structural and biophysical data presented here show that PyoS5 has three folded and
functional domains and an unstructured or flexible N-terminal region. The function of the
C-terminal domain from residues 315 to 498 was confirmed to harbour the cytotoxic

activity, which had been previously identified as pore-forming (Ling et al., 2010; Parret

and De Mot, 2000). The N-terminal region and the remaining two N-terminal domains
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were found to be involved in cell surface binding and translocation, however, the details

of this remain to be elucidated in the chapters to come.

PyoS5 is the second example of a CLB with a duplicated domain fold. The first example
was ColS4, which harbours two copies of its receptor-binding domain (Arnold et al.,
2009). With 61 % amino acid sequence identity and an RMSD of 0.7 A they have much
higher similarity to each other than the two kHBDs in PyoS5 and the domain duplication
in ColS4 was identified based on sequence similarity before structural information was
available. In agreement with the high similarity is the conserved function of the ColS4
receptor-binding domain. Both bind to OmpW by the same conserved residues and only

one copy is required to be active for ColS4 cytotoxicity (Arnold et al., 2009).

A comparison of the PyoS5 pore-forming domain with structures of pore-forming
domains from other CLBs, revealed that differences in the topology of immunity proteins
correlate with differences in the sequence and structure of the pore-forming domains.
Previously E1-type immunity proteins were found to interact with helices 6 and 7 of the
pore-forming domains, while A-type immunity proteins were found to interact with
helices 8 and 9 (Lin et al., 2005; Pilsl and Braun, 1995; Zhang and Cramerz, 1993).
Surprisingly, these helices do not carry many of the residues conserved within each group
that | identify here. It is therefore possible that the conserved residues identified are
important for the cytotoxic activity of the pore-forming domain rather than for the
interaction with the immunity proteins. Mutating the conserved residues has the potential
to clarify if their role is in correct folding, immunity protein binding or cytotoxicity. Such

mutations could yield inactive-cytotoxic domains, that can be exploited for the study of
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pore-forming CLBs or an active pore-forming domain that cannot be recognized by its

immunity protein which might be useful as a therapeutic (Pilsl et al., 1998).

Previous attempts to engineer bacteriocins to yield better antibiotics have focussed on
chimera between bacteriocins and other proteins including T4 lysozyme (Lukacik et al.,
2012), phage proteins (Jakes et al., 1988), pheromones (Qiu et al., 2003), antibodies or
ligands (Qiu, 2006). An easier approach is to combine bacteriocin domains from different
species as was used here. ColBPyoS5 and PyoS5Colla have demonstrated for the first
time cytotoxic activity of a pyocin pore-forming domain against E. coli and of a colicin
pore-forming domain against P. aeruginosa. | also show here for the first time that a pore-
forming pyocin’s immunity protein can be functional in E. coli. In conclusion, all features
required for insertion of the pore-forming domain and the immunity protein into the inner

membrane are conserved between E. coli and P. aeruginosa.

The exchangeability of pore-forming domains between E. coli and P. aeruginosa opens
up the possibility of chimeric bacteriocins that overcome native immunity in different
strains. This is exemplified in this chapter where it has been shown that the Colla pore-
forming domain can overcome PyoS5 immunity and it will be interesting to see in the

future whether the opposite is also true.
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5. Identification of CPA- and FptA-binding domains

5.1 Introduction

All CLBs interact with outer membrane components to overcome the barrier of the outer
membrane. As described in Chapter 1, each Tol-dependent colicin first attaches to a
specific TBDT, which acts as a receptor, (with exception of ColN which binds to LPS)
and then translocates through another outer membrane protein, the translocator.
Ton-dependent colicins are more diverse in their import mechanisms (reviewed in
Section 1.3.2). ColM, Col5 and Col10 use a TBDT as a receptor and TolC as a
translocator; FepA acts as a translocator and possibly also as a receptor for ColB and
ColD; Colla uses one copy of Cir as a receptor and a second copy as a translocator (Table
1-1). Among pyocins, PaeM1, PaeM2, PaeM4, PyoL2 and PyoS4 are known to depend
on one outer membrane protein, but it is not clear whether additional outer membrane
components are involved (Table 1-2). PyolL1, PyoS2, PyoS3, PyoS5, PyoSD2 and
PyoSD3 all depend on an outer membrane protein for their cytotoxicity and also bind

CPA, a polysaccharides antigen that caps LPS molecules (Table 1-2).

As opposed to O-specific antigen that determines the strain’s serogroup, CPA is common
to all P. aeruginosa strains and exclusively occurs in this species. In PyoS2, which also
binds CPA, the CPA-binding capacity has been shown to reside with residues 217 to 318
(McCaughey et al., 2016a). PyoS5 residues 216 to 318 show 76% amino acid identity to
this region and were therefore hypothesized to bind CPA. However, given that these
residues are also part of the domain fold that occurs twice in PyoS5, the idea of two CPA-
binding sites within PyoS5 is also feasible. While it is known that susceptibility to SD2
is reduced in CPA deficient strains (McCaughey et al., 2016a), it is not known whether
CPA influences PyoS5 susceptibility.
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Transposon insertions into the fptA gene, which encodes the siderophore receptor FptA,
were found to abolish PyoS5-susceptibility (Elfarash et al., 2014). FptA is therefore a
strong candidate for the PyoS5 translocator but direct interaction between FptA and

PyoS5 has not been shown.

Chapter 4 showed that the first 315 residues of PyoS5 are sufficient to translocate across
the outer membrane of P. aeruginosa. Chapter 5 aims to delineate how the individual
domains in this region interact with outer membrane components and how this
contributes to the translocation of PyoS5. Considering the TR region consists of two
copies of the kHBD fold it will be interesting to see whether both copies serve the same

function or whether the fold has been conserved while the function diverged.

5.2 Results

5.2.1 Pyo0S5i194-315 binds CPA

ITC was used to confirm the previously observed binding between CPA and PyoS5
(McCaughey et al., 2016a) and to narrow down the CPA-binding site of PyoS5 (Section
2.8.4). Saturating heats, which are indicative of binding, were observed when the PyoS5
TR construct was titrated into P. aeruginosa PAO1 LPS-derived polysaccharides
containing CPA and a Kp of 0.6 pM was obtained for the interaction (Fig. 5-1A).
Saturating heats of binding were also observed when PyoS5194-315 was titrated into P.
aeruginosa PAO1 polysaccharides yielding a Kp of 0.3 uM (Fig. 5-1C) which is not
significantly (p=0.28) different from that observed for TR or from the previously

published Kp of 1.19 uM (p=0.23) for full length PyoS5 (McCaughey et al., 2016a).
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A titration of PyoS51-196 into P. aeruginosa PAO1 LPS-derived polysaccharides did not
yield any saturating heats (Fig. 5-1B). Titration of Pyo0S5194.315, which did bind
P. aeruginosa PAO1 polysaccharides, did not yield saturating heats when titrated into
LPS polysaccharides derived from P. aeruginosa PAO1 Armd, a strain that produces

O-antigen but not CPA (Fig. 5-1C) (Rocchetta et al., 1998).
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Figure 5-1: TR binds LPS-derived polysaccharides from P. aeruginosa PAO1.

(A) ITC data of 150 uM TR titrated into 7 mg/mL P. aeruginosa PAO1 LPS-derived polysaccharide
containing CPA and OSA. Binding occurred with a Kp of 612 +332 nM, AH of -18 +6 kcal/mol, AS of -32
+22 cal/mol/K and N of 0.16 £0.04. (B) ITC data of 150 uM PyoS51.196 titrated into 7 mg/mL P. aeruginosa
PAO1 LPS-derived polysaccharide containing CPA and OSA. No binding was observed. (C) ITC data of
150 uM PyoS5194-315 titrated into 7 mg/mL P. aeruginosa PAO1 LPS-derived polysaccharide containing
CPA and OSA (closed circles). Binding occurred with a Kp of 269 +44 nM, AH of -14 +0.3 kcal/mol, AS
of -16 +1 cal/mol/K and N of 0.56 +0.36. ITC data of 150 uM PyoS5194.315 titrated into 7 mg/mL
P. aeruginosa Armd LPS-derived polysaccharide containing OSA only (open circles). No binding was
observed. All ITC reactions were performed in duplicate in 0.2 M Na-phosphate buffer pH 7.5 at 25 °C
and one repeat is shown. Data were corrected for heats of dilution by subtracting the average of the last
five injections and fit to a model of single-site binding.

Together, these results indicated that full CPA-binding activity of PyoS5 resides within

residues 194 to 315, and that the PyoS5194.315 construct retained full CPA-binding activity
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compared to the TR construct. The results also suggest that the CPA-binding domain

(PyoS5194-315) might bind CPA tighter than the full length PyoS5.

5.2.2 Distribution and conservation of CPA-binding domains

PyoS2 and PyoSD3 have been shown to bind CPA and harbour domains homologous to
the PyoS5 CPA-binding domain with protein sequence identities of 76 % (S2 to S5) and
49 % (SD3 to S5), and homologous to each other with 54% identity (S2 to SD3). The
PyoS5 crystal structure contained the first structural information on these CPA-binding
domains and was thus used as a template to build homology models of the equivalent

domains of PyoS2 and PyoSD3 (Fig. 5-2).

Figure 5-2: Homology models of the PyoS2 and PyoSD3 CPA-binding domains.

SwissModel homology models of PyoS2 (red) and PyoSD3 (blue) CPA-binding domains were built using
PyoS5 (grey) residues 194 to 315 as a template. The model quality was good with a QMEAN score of 0.49
and an RMSD of 0.30 A over 104 residues for PyoS2 and a QMEAN score of 1.04 and an RMSD of 0.72
A over 112 residues for PyoSD3.

Across the three CPA-binding domains of PyoS2, PyoSD3 and PyoS5, there is 39 %
sequence identity. Of these 45 residues, 28 form the surface of a groove that runs

perpendicular to the long axis of PyoS5 and the remainder of the conserved residues is

distributed along the long axis of PyoS5 (Fig. 5-3).
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Figure 5-3: Conserved residues between PyoS2, PyoSD3 and PyoS5 CPA-binding domains.
Residues identical in all three CPA-binding domains (red) are mapped onto the PyoS5 CPA-binding
domain (grey). Surface and cartoon representation are shown at two different angles.

5.2.3 CPA binding accumulates PyoS5 on the cell surface

It was clear from ITC experiments that PyoS5 residues 194 to 315 bind CPA but how and
whether this binding is relevant to the import and function of PyoS5 remained unresolved.
To understand whether CPA influences PyoS5-susceptibility, a cytotoxicity assay was
performed on the CPA-deficient strain P. aeruginosa PAOL1 Armd. As this strain is a
derivative of P. aeruginosa PAQOL, it is not susceptible PyoS5, therefore PyoS5Colla was
used to overcome the immunity of both P. aeruginosa PAO1 and P. aeruginosa PAO1
Armd. CPA-deficient P. aeruginosa had 9-fold reduced susceptibility compared to the

parent strain but was not completely resistant (Fig. 5-4).
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PAO1 Armd

Figure 5-4: CPA increases susceptibility to PyoS5Colla.

3-fold serial dilution starting at 10 UM spotted onto the soft agar containing P. aeruginosa PAOL or
P. aeruginosa PAO1 Armd from top left to bottom right. In the CPA-deficient Armd strain a 9-fold
reduction in susceptibility but not complete resistance is observed.

Considering CPA increases but is not essential for PyoS5-susceptibility, it was not clear
whether CPA influences translocation of PyoS5 across the outer membrane. Live cell

microscopy was used to observe whether the CPA-binding domain could translocate

across the outer membrane and how CPA-deficiency would impact translocation.

Both Py0S51.106-AF488 and PyoSb5104-315-AF488 lead to significantly reduced
fluorescence on the surface of the P. aeruginosa cells compared with TR-AF488 and the
sum of the fluorescent signals was also lower than the signal observed for TR-AF488
(Fig. 5-5). This indicated that the effects of the two domains making up TR was
cooperative. While all of PyoS5:.196-AF488 appeared to be translocated across the outer
membrane, all of PyoS5104-315-AF488 was found on the cell surface. In conclusion,
Pyo0Sb5194-315-AF488 alone did not cross the outer membrane but bound to the cell surface,
and PyoS5;1.106-AF488 translocated but did so more efficiently in conjunction with

Py0S5194-315, as was seen for TR (Fig. 5-5).
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Figure 5-5: CPA leads to PyoS5 accumulation on the cell surface.

(A) Fluorescent labelling of live P. aeruginosa PAO1 using TR-AF488, Pyo0S5:.19-AF488 and
Py0S5194-315-AF488 with and without trypsin treatment. Scale bars, 5 um. (B) Quantification of the average
cell fluorescence observed under different conditions tested in A. **** indicates a p-value below 0.0001
in Student’s t-test.
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In CPA-deficient P. aeruginosa, the amount of TR-AF488 on the surface is lower than
in P. aeruginosa PAO1, suggesting that CPA is necessary for accumulation of PyoS5 on
the surface of P. aeruginosa (Fig. 5-6). This was supported by the lack of fluorescent
signal from cells labelled with the CPA-binding domain Py0S5194-315-AF488 (Fig. 5-6).
These results show that the interaction between CPA and Py0S5194-315-AF488 leads to
CPA accumulation on the cell surface but not to translocation, consistent with CPA being

the receptor for PyoS5.
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Figure 5-6: CPA-deficiency reduces PyoS5 accumulation on the cell surface and translocation.

(A) Fluorescent labelling of live P. aeruginosa PAO1 Armd and PAO1 using TR-AF488, PyoS5;.196-
AF488 and PyoS5194-315-AF488 with or without trypsin treatment. Scale bars, 5 um. (B) Quantification of
the average cell fluorescence observed under different conditions tested in A. **** indicates a p-value
below 0.0001 in Student’s t-test.

5.2.4 PyoS5 directly interacts with FptA

As opposed to PyoS5194-315, Py0S51-196 Was able to translocate across the outer membrane

in the presence and absence of CPA (Fig. 5-5 and 5-6). | hypothesized that FptA was

involved in the translocation process.

In a cytotoxicity assay PyoS5Colla, which was used to overcome native immunity to
PyoS5, was spotted onto the FptA-deficient strain P. aeruginosa PW8161. The FptA-
deficient bacteria were found to be resistant to PyoS5Colla, confirming that FptA is
essential for PyoS5 import (Fig. 5-7). To investigate whether this is due to a direct
interaction between purified PyoS5 and FptA or an indirect effect, size exclusion
chromatography was used (Section 2.8.2), where a peak shift, indicative of complex

formation, was observed (Fig. 5-8).
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PAO1

PW8161

Figure 5-7: FptA-deficient cells are PyoS5Colla-resistant.

PyoS5Colla was spotted onto wild type P. aeruginosa PAO1L (left) and FptA-deficient P. aeruginosa
PW8161 (right), grown on M9-agar, in three-fold dilutions staring at 10 uM. No zones of clearance are
observed.
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Figure 5-8: PyoS5 and FptA form a complex.

PyoS5 (black), FptA (grey), and a mixture of both (red) were injected onto a 10/300 S200 size exclusion
chromatography column equilibrated in 150 mM NaCl, 20 mM Tris-HCI pH 7.5, 1 % B-OG. The elution
profile of the mixture shows an additional earlier peak, indicative of complex formation.

I had previously found that PyoS5 residues 316 to 498 were not required for translocation

and therefore hypothesized that TR would bind FptA. Native MS and SPR (Section 2.8.3)

confirmed this hypothesis and a Kp of 6 uM was determined by SPR (Fig. 5-9).

120



Identification of CPA- and FptA-binding domains

A 2500 TR B 2400
—_ —
2 2000 o | 511900
== r—'— T = e
T 1500 ‘E 1400
= E
[+H]
£ 1000 f° 2 900
(=1 =]
g [ 7
& 50 & 400
-100
2100 0 100 200 300 0 2
Time [s] Concentration [uM]
100- 18+ FptA
% |
o I
100- 24+ FptA + TR
D oA
% [ l @ __’f?f;%
. . J[[ " L. J J‘ — | _
2000 4000 6000 8000 10000
m/z

Figure 5-9: TR binds FptA.

(A) SPR sensorgram shows FptA (0.03-32 uM) binding to TR immobilized by amine-coupling in HBS-
OG buffer at 25 °C. One of three repeats is shown. (B) Sensorgram data were extracted and fit with a 1:1
binding model which gave a Kp of 6.5 0.4 uM. (C) Native MS spectrum of FptA at 10 uM, 76,066 Da

(expected mass 76,068.27 Da), disappears upon the addition of 17.3 uM TR, to yield a complex of 113,259
Da (expected mass 113,261.40 Da).

To determine whether the method of immobilizing TR influenced the affinity measured
for the interaction with FptA, I also immobilized TR-C by thiol coupling. As opposed to
the previously used amine coupling, which immobilizes TR in random orientations, thiol
coupling leads to directional immobilization, with the C-terminal cysteine of TR-C being
attached to the chip. The Kp measured with both methods in parallel did not differ

significantly (Fig. 5-10).
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Figure 5-10: Immobilization method does not influence binding.

SPR sensorgram shows FptA (0.03-17 uM) binding to (A) TR immobilized by amine-coupling and (B)
TR-C immobilized by thiol-coupling in HBS-OG buffer at 25 °C. One of two repeats is shown. (C)
Sensorgram data from amine-coupled TR were extracted and fit with a 1:1 binding model which gave a Kp
of 4.4 0.8 uM. (D) Sensorgram data from thiol-coupled TR-C were extracted and fit with a 1:1 binding

model which gave a Kp of 3.3 £0.2 uM.

5.2.5 PyoS5 competes for FptA-binding with the native ligand pyochelin

The native ligand of FptA is the iron siderophore pyochelin which binds to the plug and
parts of the barrel on the extracellular side of FptA (Cobessi et al., 2005). To determine
whether PyoS5 binding to FptA was competitive to that of pyochelin, a native MS
experiment was conducted (Section 2.8.1). | observed complexes of FptA and pyochelin,
and of FptA and PyoS5 but never of all three together, showing that binding of these two
ligands appears mutually exclusive (Fig. 5-11). | then showed by SPR that PyoS5 and

pyochelin compete for FptA binding (Fig. 5-12).
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Figure 5-11: FptA binds either PyoS5 or pyochelin but not both simultaneously.

FptA was incubated with a 4-fold excess of ferric pyochelin for 45 min, then excess pyochelin was removed
by desalting. The native mass spectrum of 19 uM FptA with pre-bound pyochelin, and 19 uM Py0S51.299
shows free FptA (grey) at 76,067 Da (expected mass 76,068 Da), FptA-pyochelin (Pch) complex (red) at
76,463 Da (expected mass 76463 Da), FptA-PyoS5i.209 complex (blue) at 111,419 Da (expected mass
113,261 Da) and dissociated FptA (yellow) at 76,067 Da (expected mass 76,068 Da) which is characterized
by a lower mass to charge ratio. No complex of FptA, PyoS51.299 and pyochelin is observed. The y-axis
shows relative abundance in percent. Experiments were performed by Joseph Gault (Department of
Chemistry, University of Oxford).
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Figure 5-12: Pyochelin and PyoS5 compete for FptA binding.

SPR in HBS-OG buffer at 25 °C shows 3.4 uM FptA binding to TR immobilized by amine-coupling in the
presence of pre-mixed pyochelin and FeCls at ratios of 1:0:0 (black), 1:2:8 (grey) and 1:10:40 (red) FptA
to pyochelin to FeCls. At 10-fold excess of pyochelin no binding of FptA to TR is observed.

5.2.6 The FptA-binding domain is PyoS51-196

To further narrow down the FptA-binding domain of PyoS5, constructs of the first and
second repeat of the domain duplication in PyoS5 were used. By SPR | found that
Py0S51.-196 but not PyoS5194-315 bound FptA (Fig. 5-13). The Kp of the interaction between
Py0S51.196 and FptA was 7 uM and not significantly different from the Kp observed for
the interaction between TR and FptA (Fig. 5-10). This suggested that FptA-binding
capacity observed for TR resides with residues 1 to 196 and when expressed separately

the construct retains full activity.
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Figure 5-13: PyoS51-196 but not PyoS5194-315 binds FptA.

(A) SPR sensorgram shows FptA (0.03-32 pM) binding to PyoS51.196 immobilized by amine-coupling in
HBS-OG buffer at 25 °C. One of three repeats is shown. (B) No binding is observed for the same
concentrations of FptA to PyoS5194-315 immobilized by amine-coupling. One of three repeats is shown. (C)
Sensorgram data from A were extracted and fit with a 1:1 binding model which gave a Kp of 7.1 £0.7 uM.
(D) Sensorgram data from B were extracted and no binding was observed. (E) Native MS spectrum of
5 uM FptA mixed with 7.5 uM PyoS51.194 shows formation of a 99796 Da complex (expected mass
99797.97 Da). (F) Native mass spectrum of 10 uM FptA mixed with 7 uM Pyo0S5194-315 Shows 76066 Da

unbound FptA (expected mass 76068.27 Da) and was obtained by Joseph Gault (Department of Chemistry,
University of Oxford).
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5.2.7 PyoS5 Translocation is FptA-dependent

If PyoS5:1.10s6 mediates the translocation of PyoS5 through FptA as suggested by
microscopy (Fig. 5-5), then no translocation into FptA-deficient P. aeruginosa should
occur. This was found to be the case as neither TR-AF488 nor PyoS51.196-AF488 reached
the inside of the cell, which is trypsin-protected, while labelling with the CPA-binding
domain PyoS5194-315 Was not affected by the presence or absence of FptA (Fig. 5-5 and
Fig. 5-6). The CPA-binding capacity of TR also resulted in the presence of fluorescence
on the cell surface but this was reduced approximately 3-fold in the FptA-deficient strain
compared to the parent strain (Fig. 5-14). All these observations are consistent with
Py0S51.196 binding to and translocating using FptA, while PyoS5194-315 is responsible for

binding to CPA.
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Figure 5-14: FptA-deficiency prevents translocation.

(A) Fluorescent labelling of live P. aeruginosa PW8161 (AfptA) and P. aeruginosa PAOL using
TR-AF488, Py0S51.19s-AF488 and PyoS5194-315-AF488 with and without trypsin treatment. Scale bars, 5
um. (B) Quantification of the average cell fluorescence observed under different conditions tested in A.
**** jndicates a p-value below 0.0001 in Student’s t-test.

5.2.8 Similarity with PyoS2

The import mechanism of PyoS5, by accumulation by CPA and translocation by iron
siderophore receptor FptA, showed strong parallels to the import mechanism of PyoS2,
which also binds CPA and is translocated by the iron siderophore receptor FpvAl
(McCaughey et al., 2016a; White et al., 2017). Manual inspection of the crystal structure
of PyoS2 residues 11 to 205 bound to its translocator FpvAl, showed strong similarities
in structure. To our surprise these similarities had not been detected in an NCBI VAST
or PDBeFold search of the newly solved PyoS5 structure. Alignment of the structure of
PyoS5 to PyoS2 residues 11 to 205 gave an RMSD of 4.9 A over 152 residues
(Fig. 5-15A). Combined with the homology model of the CPA-binding domain which

covers PyoS2 residues 207 to 315 it became apparent that PyoS2 is very similar to the

PyoS5 TR region in structure (Fig. 5-15A).
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Figure 5-15: Similarity between PyoS5 and PyoS2.

(A) PyoS2 residues 11 to 205 (orange, PDB 50DW), and the homology model of the PyoS2 CPA binding
domain covering residues 207 to 315 (red) aligned to PyoS5 (grey). (B) PyoS2 residues 11 to 205 (orange)
bound to FpvAl (blue) (PDB 50DW) and the PyoS2 homology model aligned to PyoS5, which was aligned
to PyoS2. (C) PyoS5 (grey) and FptA (green, PDB 1XKW) aligned to PyoS2 and FpvAl (PDB 50DW)
respectively. (D) Magnified detail of (A), indicated by a black arrowhead: differently oriented short helixes
of PyoS5 residues 123 to 156 (grey) and PyoS2 residues 126 to 150 (orange).

Structures of two more pyocins are available, the full length structure of PyoL1 and the
DNase domain of AP41 (Joshi et al., 2015; McCaughey et al., 2014). The nuclease

domain consists of short alpha helices and a beta sheet composed of three short beta
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strands and has no similarity to PyoS5 with its kHBDs and long helices. PyoL1 is

radically different from PyoS5 in that it is constructed entirely of beta strands.

While PyoS5 provided information about the structure of the CPA-binding domain of
Pyo0S2, the resolved N-terminal flexible region of PyoS2 improved our understanding of
the unresolved flexible N-terminal region of PyoS5. PyoS2 residues 11 to 205 were
solved in complex with the PyoS2 translocator FpvAl, which is similar to FptA with an
RMSD of 3.0 A. The flexible N-terminal loop of PyoS2 contacts the extracellular side of
the FpvAl plug and B-barrel, and orients PyoS2 vertically onto the outer membrane
protein (Fig. 5-15B). An alignment of PyoS5 to PyoS2 and of FptA to FpvAl suggested
how PyoS5 might bind to FptA: vertically onto the receptor by means of the unresolved
N-terminal residues (Fig. 5-15C). | tested this hypothesis by removing the unresolved
residues 2 to 39 from TR, which abolished binding to FptA, confirming that these
residues are part of the FptA-binding site (Fig. 5-16). One main difference between the
PyoS2 and PyoS5 N-terminal domains is the orientation of their short helices (Fig. 5-
15D). In PyoS2 the helix is involved in binding to FpvAl (White et al., 2017) but the
equivalent helix in PyoS5 clashes with the barrel of FptA when both molecules are
aligned to the crystal structure of the complex of PyoS2 and FpvAl. Whether the different
orientation of the short helices is an inherent difference between the two pyocins or a
conformational change occurring upon receptor binding is unclear. Sequence similarities
of domains in PyoAP41, PyoS1, PyoSD1, PyoSD2, PyoS3, PyoSD3, PyoS4 and PyoSN
to one of the kKHBDs that were crystallized in PyoS5 and PyoS2 suggest that kHBDs are

common among pyocins.
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Figure 5-16: TRaz2-30 does not bind FptA.

SPR sensorgram shows FptA (0.03-32 uM) binding to (A) TR and (B) TRax-33 immobilized by amine-
coupling in HBS-OG buffer at 25 °C. (C) Sensorgram data were extracted and fit with a 1:1 binding model
giving a Kp of 6.5 £0.0 uM for TR (black) and while no binding was observed for TRa2-39 (grey). One of
three repeats is shown.

5.3 Discussion

This chapter shows that the two PyoS5 domains of conserved fold in the TR region serve
different functions and interact with different outer membrane components. PyoS5194-315
binds CPA and leads to accumulation of PyoS5 on the surface of P. aeruginosa cells — a
non-essential step. PyoS51.196 on the other hand binds to FptA and competes with the
native ligand pyochelin to do so. Cytotoxicity and translocation are FptA-dependent and
the FptA-binding domain was able to translocate by itself. Hence, while the fold is

conserved, the function differs between the two copies of the kHBD.

Analysis of conserved residues among CPA-binding proteins revealed a potential
CPA-binding groove (Fig. 5-3). CPA might bind to this groove as a linear polysaccharide,
or it might be flexible and wrap around the CPA-binding domain. It is also conceivable
that CPA adopts a rigid non-linear conformation which is recognized by PyoS5 and other

CPA-binding pyocins.

The stoichiometries of PyoS5 binding to CPA obtained in ITC experiments suggested

0.16 CPA molecules bound each molecule of TR and 0.56 each molecule of D2. These
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numbers are inaccurate because the concentration of CPA had to be estimated based on
an average molecular weight and estimated purity of the preparation. Nonetheless, it is
clear from the observed stoichiometries that PyoS5 does not bind to each tri-rhamnose
repeat unit, as there are on average 70 per CPA molecule. It seems more likely that the
true stoichiometry is 1:1 or even fewer than one CPA molecule per PyoS5. A 1:1
stoichiometry would be possible if PyoS5 bound to unique features in the CPA molecule,
such as the first or last tri-rhamnose repeat. If CPA multimerized, an even lower
stoichiometry would be the result. Future work will be needed on the structure of the
CPA-PyoS5 complex to determine how CPA binds to the identified CPA-binding

domains.

It is likely that CPA has the same role in other pyocins like PyoSD3 as it has in PyoS2

and PyoS5. However, confirming this role is beyond the scope of this work.

5.3.1 Complete translocation into the periplasm

One hypothesis on the import of pore-forming CLBs was that some CLB domains remain
at the surface while the pore-forming domain is inserted in the inner membrane (Bénédetti
et al., 1992). This dates back to experiments on ColA in 1992, which found that
extracellular addition of trypsin stops the ColA-induced release of K* from cells
(Bénédetti et al., 1992). The initial interpretation was that some colicin domains remain
at the surface during pore formation and that their degradation closes the pore. This was
termed the alternative model (Cramer et al., 2018) and was applied to other types of CLBs
including ColE1 (Fig. 5-17). This model was supported by the observation that helices 1
and 2 (green in Fig. 5-17) of the pore-forming domains are located further away from the

remainder of the helices in the closed state of the pore, which led to the hypothesis that

131



Identification of CPA- and FptA-binding domains

they might form a linker to the outer membrane (Bénédetti et al., 1992). A more recent
experiment showed that despite being further away from the other helices, helices 1 and
2 are still located at the inner membrane-periplasm interface (Pulagam and Steinhoff,

2013).

A second interpretation was that the degradation of ColA molecules, which have not
translocated into the periplasm yet, stops the release of K+ from additional cells rather
than closing the already existing pores (Ridley et al., 2010). This explanation is supported
by the fact that isolated pore-forming domains can form pores independent of the other
domains, as long as access to the periplasmic side of the inner membrane is provided
(Duché, 2002). The degradation of N-terminal CLB domains is therefore unlikely to
influence pore stability in the inner membrane. This second explanations is compatible
with the total thread model (Fig. 5-17), which suggests that the full CLB is imported into
the cytoplasm. Further support of this model comes from experiments which suggested
complete translocation through the outer membrane for pore-forming colicin CoIN (EI

Kouhen and Pages, 1996).

The work presented in this chapter shows that no PyoS5 extracellular domains coexist
with the pore-forming domain of the same molecule inserted in the inner membrane. Both
the N-terminal KHBD with a fluorophore in position 197 as well as the PyoS5 TR with a
fluorophore in position 316 are protected from extracellular trypsin in an FptA-dependent
manner (Fig. 5-5 and Fig. 5-6). Helixes 3 to 10 of the pore-forming domain are in close
proximity to each other (Duché et al., 1994b; Lakey et al., 1993, 1991; Luo et al., 2005)
and helices 5 to 10 involved in the formation of the pore (Baty et al., 1990; Nardi et al.,

2001). The remaining amino acids that have neither been shown to have entered the
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periplasm (residue 317 onwards) and nor to be required at the inner membrane for pore-
formation (up to residue 380) could span a maximum length of 22 nm when fully
extended. For any part of PyoS5 to be exposed at the surface, while residues 1 to 315 are
protected from trypsin in the periplasm and the pore-forming domain is inserted in the
inner membrane, requires the available residues to span the outer membrane (7 nm) and
the periplasm (24 nm) at least once. The available residues are therefore too few to span
this distance which means that no part of a PyoS5 molecule can be present at the cell
surface while the pore-forming domain is inserted in the inner membrane. This study
therefore shows that the fishing pole model cannot hold true for PyoS5 and therefore

proposes the total thread model for the import of PyoS5 into the periplasm.

(A) I e T

-- -

: 1
— T-domain Redamalii

Figure 5-17: Total thread and alternative models of CLB translocation.

(A) The total thread model of ColE1 translocation suggests the whole protein translocates through its
translocator in an unfolded state. (B) The alternative model suggests the E1 translocator-binding domain is
anchored in the translocator, presenting part of the sequence at the cell surface while the cytoplasmic
domain gains access to the periplasm by crossing the outer membrane (OM) independently. This allows
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the pore-forming domain to insert in the inner membrane (IM) while part of the CLB sequence remains at
the surface. Peptidoglycan (PGL). Figure replicated from Cramer et al. (Cramer et al., 2018).

5.3.2 The PyoS5:FptA complex

Further, this chapter revealed the similarities between PyoS5 and PyoS2 and comparison
of the available data added to our understanding of both pyocins. The structural data on
PyoS5 allowed us to build a homology model for the CPA-binding domains of PyoS2,
while the receptor bound structure of PyoS2 suggested that the unresolved residues of
PyoS5 might be involved in FptA binding — a hypothesis that was confirmed
experimentally. It remains unclear whether structural differences observed between them
reflect their bound and unbound state or inherent differences of the pyocins. Initial
attempts to crystallize a complex of FptA bound to PyoS5 or to the TR of PyoS5 were
not successful, yet future structural studies of the FptA:PyoS5 complex or of PyoS2 in an

unbound state may provide an answer to this question.

This chapter suggests based on the similarity between the two pyocins that PyoS5 binds
to FptA in an orientation similar to that of PyoS2 to FpvAl (Fig. 5-15). This orientation
is nearly perpendicular to the outer membrane and different than that observed in colicin-
receptor complexes (Fig. 5-18). Structures of two such complexes have been solved, that
of the ColE3 receptor-binding domain bound to BtuB and that of the Colla receptor
binding domain bound to Cir (Buchanan et al., 2007; Kurisu et al., 2003). Both ColE3
and Colla are long, mostly helical proteins, just like PyoS2 and PyoS5. Yet they bind to
their receptors at a 45° angle to the outer membrane such that their translocation domains

can interact with the respective translocators (Fig. 5-18). Section 7.1.2 will discuss how
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vertical binding of PyoS2 and PyoS5 to their receptors can be integrated with CPA

binding and what implications this has for the import mechanism of these pyocins.

ColE3 Colla - PyoS2
receptor-binding receptor-binding P translocator-binding
domain domain 2 domain

BtuB Cir FpvAl

Figure 5-18: Comparison of three CLB-receptor complexes.

Crystal structures of the ColE3 receptor-binding domain bound to BtuB (PDB 1UJW), the Colla receptor-
binding domain bound to Cir (2HDI), and the PyoS2 translocator-binding domain bound to FpvAl (PDB
50DW).

Previous work using photoactivated cross-linking showed that PyoS2 translocates
through the barrel of FpvAl (White et al., 2017). Given the similarity between PyoS2 and

PyoS5 it is likely that PyoS5 also crosses the outer membrane by translocating through

the barrel of FptA.

PyoS2 mimics pyoverdin, the native ligand of its translocator FpvAl (White et al., 2017),
which begs the question whether PyoS5 also mimics its translocator’s natural ligand
pyochelin. Interestingly, a similar motif to the PyoS2 residues that bind FpvAl and mimic

pyoverdine occurs in PyoS5 (Fig. 5-19) but is located in the CPA-binding domain, which
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was shown not to bind FptA. The CPA-binding domain did not bind FpvAl or any other
outer membrane protein, which is known because fluorescent PyoS5194-315 does not label
CPA-deficient P. aeruginosa. Within this domain the motif is also in a different position
with respect to the kHBD fold and is part of the CPA binding groove. This suggests that
the motif is not conserved but convergently evolved to form binding sites in pyocins. The
rigidity resulting from the prolines may provide needed stability in loops involved in
interactions with outer membrane components. No equivalent proline-rich region is
present in the N-terminal domain of PyoS5. Again, structural studies on the complex

between PyoS5 and FptA will elucidate how these two proteins interact.

36 47
PyoS2 PBFNMPBGESPYV
PyoS5 PBLMSBTPEQWL

230 241
Figure 5-19: A sequence similar to the FpvAl-binding motif in PyoS2 occurs in PyoS5
42% identity was detected in this region using NCBI blastp. Identical residues are highlighted in green,
similar residues in yellow. Residues Pro41 and Pro43 of PyoS2 interact with the plug of FpvAl (White et
al., 2017).

The final results chapter will investigate whether fptA is the only gene essential for PyoS5
susceptibility and aims to define the minimal system required for a cell to become

susceptible to PyoS5.
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6. Energy for translocation of PyoS5

6.1 Introduction

In the previous chapters, | determined the crystal structure of PyoS5, identified three
domains and assigned their functions as FptA-binding, CPA-binding and pore-forming.
This chapter uses a minimal system approach to determine whether all essential parts of
the PyoS5 translocon have been identified. Based on previously published work on CLBs
one might expect an energy transduction system, like the Ton- or Tol systems, to be

involved.

Here, | show that FptA alone is not sufficient to make bacteria susceptible to PyoS5;
TonBL1 is also essential. The contribution of TonB1 is realized by a direct interaction with
PyoS5 via a TonB-box in the N-terminal domain of PyoS5. The minimal system approach
was then validated using the well-studied PyoS2 system and applied to PyoS4 to find
that, like PyoS2 and PyoS5, it is dependent on TonB1 for import. Finally, this chapter
shows that TonB1 binds to FptA and suggests that two sequential TonB1 binding events

are needed for PyoS5 import.

6.2 Results

6.2.1 The minimal system for PyoS5 susceptibility

E. coli are not susceptible to pyocins, including PyoS5 (Fig. 6-1A), even though the
PyoS5 pore-forming domain is cytotoxic when transported into E. coli by the ColB
translocation domain (Fig. 6-1A). E. coli is therefore a suitable organism to test which
components are needed to make a bacterium susceptible to a pyocin. To test whether

FptA is not only essential but also sufficient for susceptibility to PyoS5, FptA was
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expressed in E. coli BL21 (DE3). These bacteria were not susceptible to PyoS5 therefore

at least one other component is involved in PyoS5 susceptibility (Fig. 6-1B).

As discussed in Chapter 1, all well-characterized CLBs were found to rely on the Tol
system or Ton system. | hypothesised that PyoS5 relies on one of the Ton systems present
in P. aeruginosa because it employs FptA, which is predicted to be a TonB-dependent
transporter. To test this hypothesis, knockouts of one or several of the three TonBs
present in P. aeruginosa, TonB1, TonB2 and TonB3, were obtained. Their parent strain
P. aeruginosa PAO6609, is a derivative of P. aeruginosa PAOL and as such is immune
to PyoS5 because it harbours the ImS5 immunity gene, which is why PyoS5Colla was
used to test susceptibility of P.aeruginosa PAO6609 and the TonB-knockouts. The
absence of TonB2, TonB3, or both did not change susceptibility to PyoS5Colla (Fig. 6-
2). Unfortunately, it was not possible to test the susceptibility of any strains lacking
TonB1 because the high levels of iron needed for their growth diminished susceptibility

in the parent strain, possibly due to iron-dependent down-regulation of FptA (Fig. 6-3).
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PyoS5 PyoS5 ColBPyoS5
60 uM 3 uM 13 uMm

E. coli::fptA

E. coli::tonB-B1

E. coli::fptA::tonB-B1

P. aeruginosa

Energy for translocation of PyoS5

Figure 6-1: FptA and TonB1 constitute the minimal system for PyoS5-susceptibility in E. coli.

Susceptibility to PyoS5 (3 and 60 uM) was assessed for E. coli BL21 (DE3) cells (A), E. coli BL21
expressing FptA from pHBO4 (B), E. coli BL21 (DE3) expressing TonB-B1 from pHB25 (C), E. coli BL21
(DE3) expressing FptA from pHBO04 and TonB-B1 from pHB25 (D), and P. aeruginosa YHP17 (E). Zones
of clearance are observed in all E. coli samples for ColBPyoS5 (13 pM) control (A-D) and for both
concentrations of PyoS5 in E. coli expressing FptA and TonB-B1 (D). In the P. aeruginosa control
clearance zones were observed for PyoS5 (E). This experiment was performed by Moritz Weber under

supervision of Hannah Behrens.
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PA06609

MS233(TonB2™ TonB3~

Figure 6-2: TonB2 and TonB3 do not influence PyoS5Colla-susceptibility.

Susceptibility to PyoS5Colla did not differ between parent strain PA6609, TonB2-deficient strain K1408,
TonB3-deficient strain MS231, and TonB2- and TonB3-deficient strain MS233. 3-fold dilution series
starting at 10 uM PyoS5Colla added to strains grown on LB agar.

PA06609

Figure 6-3: TonB1-deficient strain is not suitable to test PyoS5Colla-susceptibility.

TonB1-deficient strain K1407 requires the addition of 100 pM FeCls to grow in LB (Poole et al., 1996).
Under these conditions neither its parent strain PA00609 nor K1407 is susceptible to PyoS5Caolla.
Because neither TonB2 nor TonB3 was essential for susceptibility | tested whether
TonB1 could make E. coli susceptible. A TonB-B1 hybrid consisting of the E. coli
transmembrane region of TonB (residues 1 to 102), responsible for interaction with ExbB

and ExbD and accessing the PMF, and the cytoplasmic region of P. aeruginosa TonB1

(residues 201 to 342), responsible for interaction with substrates, was constructed and
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expressed in E. coli BL21 (DE3). This construct alone did not result in susceptibility to
PyoS5Colla, but co-expression with FptA did (Fig. 6-1C+D). In conclusion the

components needed to make E. coli susceptible to PyoS5 are FptA and TonBL1.

PyoS2 PyoS4 PyoS5 ColBPyoS5
1uM 1uM 1uM  1uM

= Coli::tonB-B1

coli::fpvAl::tonB-B1

P. aeruginosa

Figure 6-4: FpvAl and TonB1 constitute the minimal system for PyoS2- and PyoS4-susceptibility.
Susceptibility to 1 uM PyoS2, PyoS4, PyoS5 and ColBPyoS5 was assessed for (A) E. coli BL21 (DE3)
cells, (B) E. coli BL21 (DE3) expressing FpvAl from pNGH183, (C) E. coli BL21(DE3) expressing TonB-
B1 from pHB25, (D) E. coli BL21 (DE3) expressing FpvAl from pNGH183 and TonB-B1 from pHB25,
and (E) P. aeruginosa YHP17. Zones of clearance are observed for all E. coli conditions tested when
ColBPyo0S5 was applied (A-D). Similarly, E. coli expressing FpvAl and TonB-B1 were susceptible to both
Pyo0S2 and PyoS4, as was the P. aeruginosa control (E). Zones of clearance for PyoS5 were only observed
in P. aeruginosa.

To validate the approach of a minimal susceptibility system in E. coli, the components
known to be involved in PyoS2 uptake were transformed into E. coli BL21 (DE3). Again,
the individual components FpvAl and the TonB-TonBl hybrid did not lead to
susceptibility but both together did (Fig. 6-4). The approach was then applied to PyoS4,
which is known to also parasitize FpvAl, and revealed that PyoS4 is also TonB1

dependent (Fig. 6-4).
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6.2.2 TonB1 binding

PyoS2 binds directly to the cytoplasmic domain of TonB1 (henceforth called TonB1)
begging the question whether PyoS5 does the same (White et al., 2017). Native MS
showed that PyoS51-299 binds TonB1 (Fig. 6-5); SPR confirmed this and revealed a Kp of
241 +9 nM for this interaction (Fig. 6-6). PyoS51.196 bound to TonB1 while PyoS5194-315
did not, which showed that the TonB1-binding site, the so-called TonB-box, lies within

the first 196 residues of PyoS5 (Fig. 6-6).

100 10+ TonB1
0/0_
: .
100+ 12+ TonB1 + PyoS5; 500
0/0_
N 17+
10+ . 18"
0 . | :Jnl goasl 4 . | ‘ |
1000 2000 3000 4000 5000 6000 7000
m/z

Figure 6-5: PyoS5 binds to TonB1.

Native mass spectra of 12 uM TonB1 with an observed mass of 25473 Da (expected mass 25473.4 Da),
and of 12 uM TonB1 mixed with 2.9 uM PyoS5;.299 Which yields a complex with an observed mass of
60822 Da (expected mass 60824.4). Free TonB1 (egrey), free S5 (ered), S5-TonB1 (blue), S5 dimer
(vyellow). The y-axis shows relative abundance in %. Experiments were performed by Joseph Gault
(Department of Chemistry, University of Oxford).
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Figure 6-6: PyoS5i.196 binds to TonB1.

(A) SPR sensorgram shows TonB1 (0.009-35 uM) binding to TR, (B) PyoS51.16 and (C) Py0S5igs-315
immobilized by amine-coupling in HBS-OG buffer at 25 °C. (D) Sensorgram data from A were extracted
and fit with a 1:1 binding model which gave a Kp of 241 +9 nM. (E) Sensorgram data from B were extracted
and fit with a 1:1 binding model which gave a Kp of 231 £2 nM. (F) Sensorgram data from C were
extracted and no binding was observed.

PyoS2 is the only pyocin in which a TonB-box has been experimentally confirmed.
Comparison of the first 196 amino acid residues of PyoS5 and PyoS2 reveals a region of
75 % identity (Fig. 6-7), including PyoS2 residues 11 to 15 (MVITH) which have been

identified as the TonB-box of PyoS2 (White et al., 2017).

Three PyoS5 constructs lacking residues 2 to 9, 10 to 13, and 16 to 20, respectively, were
tested for cytotoxicity against P. aeruginosa (Fig. 6-8). Deletion of residues 10 to 13
completely abolished cytotoxicity while the absence of residues 2 to 9 had no effect and
the lack of residues 16 to 20 led only to a 3-fold decrease in cytotoxicity. Based on the
similarity to the PyoS2 TonB-box it is likely that residues 10 to 13 are essential residues

of the TonB-box and hence bind TonB1.
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1 5 10 15 20
PyoS2 MAVNDYE-PGSMVITHVQGGG
PyoS5 MS-NDNEVPGSMVIVAQGPDD

1 5 10 15 20

Figure 6-7: Alignment of PyoS2 and PyoS5 TonB boxes.
Region of similarity between PyoS2 and PyoS5 identified by BlastP in the first 196 amino acid residues of
each protein. Identical residues are highlighted in green.

PyoS5

PyoS5 A2-9

PyoS5 A10-13

PyoS5 A16-20

10 uM 14 nM
Figure 6-8: PyoS5 residues 10 to 13 are essential for cytotoxicity.
Py0S5, PyoS5a;-9, PyoS5ai0-13, and PyoS5a16-20 Were applied to P. aeruginosa YHP17, grown on LB agar,
in 3-fold dilutions starting at 10 pM. Zones of clearance were observed for PyoS5, PyoS5x,¢ and
Py0S5ai6-20, but not PyoS5a10-13. Susceptibility of PyoS5a16.20 was reduced 3-fold compared to PyoS5. This
experiment was performed by Moritz Weber under supervision by Hannah Behrens.

To test this hypothesis, binding to TonB1 was compared between the TRa2-9, TRa10-13
and TRaie-20 constructs. Analogous to the results of the cytotoxicity assays TRa1o-13
showed no binding to TonB1, while TRa2-¢ and TRa1s-20 bound to TonB1 with 6.5-fold
and 1.3-fold increased Kps compared to TR, respectively (Fig. 6-9). To make sure the
differences observed were directly due to the deletions of residues and not due to indirect
effects like altered folding, binding to FptA was tested as a measure of functionality. All
three constructs, TRa2-9, TRa10-13 and TRa16-20 bound to FptA but the binding observed
for TRa6-20 Was weaker than expected (Fig. 6-9). Nonetheless, it was concluded that
TRa10-13 bound FptA and therefore that the lack of binding to TonB1 was directly due to

the deleted residues 10 to 13.
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Figure 6-9: Residues 10 to 13 are needed for TonB1-binding.
SPR sensorgram shows TonB1 (0.008-34.7 uM) binding to (A) TRaz-9, (B) TRa10-13 and (C) TRai6-20
immobilized by amine-coupling in HBS-OG buffer at 25 °C. (D) Sensorgram data from A were extracted
and fit with a 1:1 binding model with a Kp of 1.57 £0.09 uM. (E) Sensorgram data from B were extracted
and no binding was observed. (F) Sensorgram data from C were extracted and fit with a 1:1 binding model

with a KD of 3.12 +£0.05 puM.
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Figure 6-10: Truncation of the TonB-box does not impair FptA-binding.

SPR sensorgram shows FptA (0.03-32 uM) binding to (A) TRazs, (B) TRaio-1s and (C) TRaie-20
immobilized by amine-coupling in HBS-OG buffer at 25 °C. (D) Sensorgram data from A were extracted
and fit with a 1:1 binding model with a Kp of 6.53 £0.13 uM. (E) Sensorgram data from B were extracted
and fit with a 1:1 binding model with a KD of 10.07 £0.19 nM. (F)Sensorgram data from C were extracted
and fitto a 1:1 binding model with a Kp of 36.2 £4.9 uM, which is well outside the reliably measured range
but indicates a reduction in affinity.

It was then hypothesized that the interaction between TonB1 and PyoS5 allows the
transfer of energy from the PMF for the translocation of PyoS5. If this was the case, a
TonB-box-deletion should give the same phenotype in microscopy as the addition of
CCCP (Fig. 4-14) which depletes the PMF. Indeed, this was the case; cells labelled with
TRa10-13 had lower fluorescence levels than TR-labelled cells but higher levels than cells
labelled with TR and treated with trypsin (Fig. 6-11). No fluorescence was observed

when cells were labelled with TRa10-13 and treated with trypsin, showing the identified

TonB-box is critical for translocation.
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Figure 6-11: TonB-box-deletion prevents translocation.
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(A) Fluorescent labelling of live P. aeruginosa PAOL using TR-AF488 and TRai0-13-AF488 with and
without trypsin treatment. Scale bars, 5 um. (B) Quantification of the average cell fluorescence observed
under different conditions tested in A. **** indicates a p-value below 0.0001 in Student’s t-test, ns

indicates p-value above 0.05.

The interaction between TonBl and PyoS5 is needed for PyoS5 translocation and

cytotoxicity. However, FptA might also bind TonB1, as it is predicted to be a TBDT, has

an N-terminal sequence that is thought to be a TonB-box and because TonB1 was shown
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to be required for the import of pyochelin (Cobessi et al., 2005; Takase et al., 2000). To
probe a potential interaction between TonB1 and FptA native MS was performed on a
mixture of TonB1, FptA and PyoS5:1-299 and revealed complexes between FptA and
Pyo0S51-299, FptA and TonB1, and a 1:1:1 complex between FptA, TonB1 and PyoS51-299
(Fig. 6-12). This shows for the first time that FptA interacts with TonB1. The absence of

complexes between TonB1 and PyoS5 suggests that FptA has a higher affinity for TonB1

than PyoS5.
100+
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» FptA-TonB1
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Figure 6-12: TonB1 preferentially interacts with isolated FptA.

Native mass spectrum of mixture containing purified FptA (3.3 uM), Py0S51.299 (6 M) and TonB1 (8 uM).
Species observed are PyoS5:.099 at 35347 +3 Da (expected mass 35351.12 Da), FptA at 76063 +100 Da
(expected mass 76068 Da), a complex of FptA and TonB1 at 101544 +23 Da (expected mass 101541.67
Da), a complex of FptA and PyoS51.o99 at 111420 +11 Da (expected mass 111419.12 Da), and a complex
containing one copy each of FptA, PyoS51.299 and TonB1 at 136901 +11 Da (expected mass 136892.52
Da). Complexes of PyoS5i1.299 and TonB1 and of FptA, PyoS5;1.299 and two copies of TonB1 are absent.
Experiment was performed by Joseph Gault (Department of Chemistry, University of Oxford).
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6.3 Discussion

6.3.1 TonB-B1 as a tool

This chapter introduced the E. coli-P. aeruginosa TonB-B1 construct as a tool to find and
confirm translocon components of pyocins. Here, the TonB-B1 construct was used to
show that TonB1 is essential for the translocation of PyoS5 and PyoS4 but in the future
it could be used to identify receptors of pyocins that are known or suspected to be TonB1-

dependent.

It is worth keeping in mind that even though E. coli are not susceptible to PyoS5 nor any
other pyocin that has been tested, some E. coli components might contribute to the import
of PyoS5 into E. coli expressing FptA and TonB1. The TonB-TonB1 fusion was designed
to interact with E. coli ExbB and ExbD and will likely also rely on the PMF and therefore

relies indirectly on any component contributing to the maintenance of the PMF.

In P. aeruginosa, CPA accumulates PyoS5 on the cell surface, but it is unlikely that an
equivalent step takes place in E. coli as the BL21 (DE3) strain used here lacks O-antigens

and does not harbour the P. aeruginosa-specific antigen CPA.

The use of the TonB-B1 construct and a suitable receptor allowed pyocin-mediated
killing of E. coli for the first time, showing that both the pyocin translocation and
cytotoxic mechanism are conserved enough to be transferred between bacterial orders,
those of Enterobacteriales and Pseudomonadales. While modification of bacteria to
achieve susceptibility is not useful as a therapeutic treatment, it might inform future drug

design. One can imagine engineered TonB-boxes and swapped receptor- and
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translocator-binding domains to design drugs to target species from different orders of

bacteria and to overcome native immunity to CLBs.

6.3.2 TonB1 as a translocon component

All well-characterized CLBs fall into two groups, group A CLBs that rely on the Tol-
system and group B CLBs that rely on a Ton system. The dependence on TonB1, which
was observed in this chapter, places PyoS5 and PyoS4 in group B. So far, all five pyocins
for which the group has been determined: PyoS2 (White et al., 2017), PaeM1 and PaeM2
(Latino et al., 2019), and in this study PyoS5 and PyoS4, all belong to group B and use

TonB1.

Interestingly, the three-way complex between FptA, PyoS51.299 and TonB1 has a 1:1:1
stoichiometry (Fig. 6-12) and no complex of FptA, S5 and two copies of TonB1 (1:1:2
stoichiometry) was observed, even though both FptA and PyoS5:1-299 bound TonB1 by
themselves. In this three-way complex TonB1 was most likely to be bound to FptA as
this interaction seemed to be favoured over the interaction between TonBl and
Py0S51.299. This and the fact that the interaction between TonB1 and PyoS5 was essential
for cytotoxicity suggest that TonB1 interacts first with FptA and in a second event binds
to PyoS5. It is conceivable that the TonB1-FptA interaction leads to a conformational
change of the FptA plug, akin to the change that occurs when pyochelin binds FptA,
which consequently exposes the TonB-box of PyoS5 to the cytoplasm. Similar
conformational changes have been observed for BtuB and FpvAl (Hickman et al., 2017;

White et al., 2017).
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Future work might be able to uncover the role of the interaction between TonB1 and
FptA, whether it is needed for PyoS5 cytotoxicity, receptor binding, translocation, and

the formation of a three-way complex like that observed by native MS.
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7. Discussion

7.1 General Discussion

7.1.1 A model for PyoS5 import

The recognition of antimicrobial resistance as a global problem has led to calls for new
and better antibiotics, with P. aeruginosa identified as one of the priority pathogens
(WHO, 2017, 2014). Bacteriocins have been suggested as candidates for new antibiotics
and three recent developments have made CLBs especially attractive. First, CLB
expression in plants was found to be an economically feasible and safe way of production
and led to the approval of generally recognized as safe (GRAS) status of several CLBs in
the United States (Hahn-Lobmann et al., 2019; Paskevicius et al., 2017; Schneider et al.,
2018; Schulz et al., 2015). Second, CLBs have shown great potential as therapeutics in
models of infectionin vivo (Behrens et al., 2017; Cutler et al., 2007; Elfarash et al., 2014;
McCaughey et al., 2016b). Finally, more than 3000 naturally occurring nuclease
bacteriocins have been identified in silico (Sharp et al., 2017). Despite these advances
fewer than 100 CLBs have been expressed and purified, and even fewer have been

biochemically and functionally characterized.

Previously, PyoS5 was identified in silico and expressed to confirm its function and
binding to CPA, the common polysaccharide antigen on the LPS of P. aeruginosa (Ling
et al., 2010; McCaughey et al., 2016b; Parret and De Mot, 2000). A study by Elfarash et
al. discovered that FptA is required for susceptibility to PyoS5, and suggested it
functioned as a receptor for PyoS5 (Elfarash et al., 2014). However, the role of CPA
binding was not clear, no direct interaction between FptA and PyoS5 was observed, the

domain boundaries were not mapped, and no information on the structure of PyoS5 was
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available. This study presents the crystal structure of PyoS5 which enabled the

characterization of the PyoS5 import mechanism (Fig. 7-1).

Fluorescence microscopy showed for the first time that binding to CPA leads to
accumulation of a pyocin on the cell surface, but not to translocation (Fig. 7-1). PyoS5
binds CPA with its CPA-binding domain, comprised of residues 194 to 315; this step is
non-essential but increases susceptibility nine-fold. This is consistent with the decreased
killing efficiency of PyoSD2, which harbours a homologous CPA binding domain,

towards strains lacking CPA (McCaughey et al., 2016a).

After binding CPA, PyoS5 binds to FptA with its N-terminal domain, consisting of
residues 1 to 196, of which residues 14 to 39 are essential for FptA-binding.
Subsequently, it translocates using FptA with the help of TonB1 which provides energy
from the PMF for import by means of a TonB-box, made up of PyoS5 residues 10 to 13
(Fig. 7-1). These processes are similar to those observed for PyoS2. PyoS2 also binds to
an iron-siderophore receptor, FpvAl, followed by TonBl-dependent translocation
through FpvAl (White et al., 2017) and like PyoS5, PyoS2 has an N-terminal TonB-box.
The data presented in this thesis, together with those presented by White et al., suggest
that the import mechanism presented here (Fig. 7-1) is a mechanism used by several

pyocins including PyoS5, PyoS2 and PyoSD2.

It had previously been speculated that two copies of TonB1 bind consecutively during
the import process of PyoS2, one to FpvAl and one to PyoS2, yet there was no data in

support of this hypothesis (White et al., 2017). This study uses native MS data to show
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for the first time that the un-energized PyoS5 FptA complex only binds one copy of
TonB1, which suggests that the two interactions with TonB1 must be consecutive (Fig.
7-1) and that TonB1 and FptA directly interact to form a complex. This is in agreement

with previous functional data showing that TonB1 is required for the uptake of pyochelin

(Takase et al., 2000).

Figure 7-1: Model of PyoS5 translocation across the Gram-negative outer membrane.

(A) PyoS5 accumulates on the cell surface by binding to CPA. CPA is shown in linear conformation for
clarity. (B) Surface bound PyoS5 can then associate with its outer membrane receptor, FptA which is in
turn in contact with TonB1 in the periplasm. Interactions between FptA and TonB1 likely induce movement
of the receptor plug domain, allowing the unstructured N-terminus of PyoS5 to thread through the
translocator and access the periplasm. (C) Following entry into the periplasm the N-terminus of PyoS5
binds to TonB1 with its TonB-box motif. The formation of the PyoS5-TonB1 complex enables transduction
of energy from the PMF that facilitates translocation of PyoS5 through the outer membrane, (D) possibly
by a chain reaction of unfolding and refolding. (E) This results in PyoS5 inside the periplasm. Model not
drawn to scale.

7.1.2 Interaction with CPA

The conserved CPA-binding groove identified in the second kHBDs of PyoS5, and also
PyoS2 and PyoSD3, runs perpendicular to the long axis of the pyocin. This suggests two
possibilities for the interaction of PyoS5 with CPA and FptA. If CPA is rigid and linear
then two distinct binding events need to occur: first PyoS5 binds to CPA while being

parallel to the membrane, then it unbinds CPA and binds FptA in a vertical orientation.

This scenario is depicted in Figure 7-1. However, | do not know whether CPA is rigid
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and linear and studies on LPS from E. coli suggest it is flexible (Schneck et al., 2009). If
this is not the case, PyoS5 might be binding to both CPA and FptA simultaneously. The
same is true for PyoS2 binding to CPA and FpvAl. In favour of this scenario is the
cooperativity of binding of the two kHBDs observed in microscopy (Fig. 5-5) and liquid
culture killing competition (Fig. 4-15). The same effect could, however, also stem from
a local concentration effect that prevents washing away of the pyocin upon unbinding

from FptA by rebinding to one of the many CPAs in the vicinity.

By accumulating pyocins at the outer membrane, CPA acts as a receptor that enables
efficient translocator binding, a function analogous to the outer membrane proteins
serving as receptors for some colicins in E. coli. ColA, ColE2 and ColE3, for example,
bind to vitamin B12 transporter BtuB before translocating through the porin OmpF
(Cascales et al., 2007). As in the case of CPA, BtuB increases susceptibility of E. coli to
these colicins but is not essential for cytotoxicity (Benedetti et al., 1989). Previously the
outer membrane proteins upon which pyocins depend were termed receptors (Ghequire
and De Mot, 2014; Michel-Briand and Baysse, 2002; Sano et al., 1993b; White et al.,
2017). However, for consistency with colicin nomenclature it is more appropriate to name
them translocators. The table summarizing current knowledge on colicin-like pyocins
(Table 2-1) has been updated accordingly, also including the finding that TonB1 is used
by PyoS4 and PyoS5 (Table 7-1). For some of the pyocins with no known receptor, a

receptor may not be required, as is the case for ColB and ColD (Cascales et al., 2007).
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Table 7-1: Updated knowledge on pyocin uptake and cytotoxicity mechanisms.

Only colicin-like pyocins with demonstrated bactericidal activity are listed.

Discussion

Pyocin Receptor Translocator Cytotoxic Transenvelope
activity system employed

PyoAP41! ? ? DNase! ?

PaeM1? ? FiuA? lipid 11- TonB13
hydrolysis®

PaeM23 ? FiuA3 lipid 11- TonB13
hydrolysis®

PaeM44 ? HxuC?® lipid 11- ?
hydrolysis®

PyoL1’ CPA?® BAM? ? ?

PyoL2’ ? BAM? ? ?

PyoL3’ ? ? ? ?

PyoS1! ? ? DNase! ?

PyoS2! CPA® FpvAIL10 DNase! TonB1%

PyoS3! CPA® FpvAlIlt DNase! ?

PyoS4! ? FpvAlIt tRNase! TonB1

(this study)
PyoS5! CPA%* FptAl* Pore-forming * TonB1
(this study)

PyoS6! ? ? rRNase! ?

PyoS8!! ? ? DNase! ?

PyoSD1° ? ? tRNase! ?

PyoSD2° CPA?® FpvAI® tRNase! ?

PyoSD3° CPA® FpvAlIlI® tRNase! ?

PyoSN*2 ? ? DNase?? ?

? indicates unknowns. References: Y(Ghequire and De Mot, 2014), 2(Ghequire et al., 2017b), 3(Latino et
al., 2019), “(Paskevicius et al., 2017), 5(Ghequire and Oztirk, 2018), 5(McCaughey et al., 2014), "(Ghequire
et al., 2014), &(Ghequire et al., 2018), °(McCaughey et al., 2016a), °(White et al., 2017), **(Turano et al.,

2017), **(Sharp et al., 2017), *roles uncovered in this study.

156




Discussion

Compared with most CLB receptors, CPA is different in that it is an LPS antigen rather
than a protein. Apart from CPA-binding pyocins, the only other CLB known to use LPS
as a receptor is ColN, which binds to the inner core and first residue of the outer core of
E. coli LPS (Johnson et al., 2014; Sharma et al., 2009). As opposed to the protein
receptors used by colicins, CPA and E. coli LPS are likely more abundant than the
respective translocators. At several hundred to a few thousand copies per cell, receptor
BtuB is approximately 50 times less abundant than translocator OmpF, which is the most
abundant protein in the E. coli outer membrane at 60 000 to 90 000 copies (Li et al.,
2014). The ratio of FptA to CPA is not known but it seems likely that FptA, which is one
of the many outer membrane proteins (26 porins and 30 to 37 TBDTSs per strain) and not
among the four most abundant ones, is less abundant than CPA (Choi et al., 2011). The
different ratios of receptor to translocator in E. coli and P. aeruginosa might reflect
different ways of pre-concentrating the CLB on the cell surface to increase the chance of
translocator binding. In E. coli, the protein receptors are used for high affinity binding
with low nanomolar Kps to concentrate the bacteriocin onto the cell surface, whereas the
pyocins use a high abundance of receptor to which they bind with medium affinity (high

nanomolar to low micromolar Kps).

The role of colicin receptors, including LPS for ColN, is to orient the colicin correctly to
bind the translocator (Housden et al., 2013, 2005; Johnson et al., 2014). Whether CPA
also has a role in orienting pyocins for optimized binding to their receptors remains to be

shown.

In E. coli, O-antigen presented on LPS prevents colicins and phages from binding to their

receptors and thereby can cause insensitivity (Hoa Tran et al., 2014; Knirel et al., 2015;
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Sharp et al., 2019; Van Der Ley et al., 1986). Another reason for pyocins to bind CPA,
and in the case of bacteriophage A7 to degrade it, might be to overcome potential
protective effects of LPS (Rivera et al., 1992). Whether the different LPS antigens and
lack of antigens influence sensitivity to pyocins, and whether the CPA-binding domains

present an advantage under such conditions, remains to be investigated.

This study presents the first structure of a kinked helical bundle CPA-binding domain,
which is common to PyoS2, PyoSD3 and PyoS5. The structure of the PyoS5 CPA-
binding domain is radically different than the monocot mannose-binding lectin (MMBL)
domain in PyoL1 that binds CPA (McCaughey et al., 2014). The MMBL-fold consists of
a three-sided B-prism with the conserved motif QxDxNxVXY to bind sugars on each face.
It shows no similarity to the domain found in PyoS5, which consists of an a-helix bundle

made up of one kinked and two straight helices.

The structure of the PyoS5 CPA-binding domain allowed us to build homology models
for the CPA binding domains of PyoS2 and PyoSD3, which help to better understand
these pyocins and might allow the phasing of future crystallographic data. Furthermore,
the structure of the CPA-binding domain revealed that its fold is conserved with the
N-terminal TBDT-binding domains of PyoS2 and PyoS5, suggesting that the kinked
helical bundle fold is well-suited for the environments and processes pyocins are involved
in. No other examples of the kinked helical bundle domains were found in the PDB using
PDBefold (September 2017) or NCBI VAST (June 2019). This might be because
structural similarity was not detected by the search algorithms, as in the case of PyoS2,
or because other proteins harbouring this domain have not been crystallized yet. Among

the better characterized pyocins, weak amino acid sequence similarity suggested that
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kHBDs are common. It remains to be determined whether this is the case across the whole
spectrum of CLBs, or is limited to group VIII bacteriocins as identified by Sharp et al.,

which include PyoAP41, PyoS1, PyoS2, PyoS3, PyoS4 and PyoSN (Sharp et al., 2017).

7.1.3 Interactions with FptA

Compared with other interactions between CLBs and their receptors and translocators,
the interaction between PyoS5 and FptA is surprisingly weak, with a Kp of 6.5 uM. Yet
PyoS5 is known to be a very potent pyocin in vivo. The interaction between PyoS2 and
its translocator FpvAl is in the pM range, just like that of native ligand pyoverdine
(Clément et al., 2004; Schalk et al., 2001; White et al., 2017). The interaction between
ColE3 and BtuB has a Kp around 1 nM, which is similar to that of natural ligand vitamin
B12 binding to BtuB with a Kp of 0.5 nM (Kurisu et al., 2003; White et al., 1973). Ferric
pyochelin binds to FptA with a Kp of 2.5 nM (Hoegy et al., 2009); it is therefore
surprising that PyoS5, which competes for the same receptor, binds with a Kp three orders
of magnitude higher. In fact, the affinity of the PyoS5:FptA interaction is more similar to
interactions between CLBs and receptors or translocators that do not have natural ligands.
Examples of these include OmpF to which ColIN and ColE9 bind with low micromolar
Kb, LPS to which ColIN binds with a~2 uM Kp, and CPA to which several S-type pyocins
bind with Kps between 0.2 and 1.5 uM (Housden et al., 2010; Johnson et al., 2014;

McCaughey et al., 2016a).

It is possible that the discrepancy between the affinities of pyochelin and PyoS5 for FptA
is due to the different experimental conditions: FptA was in P. aeruginosa membranes at
0 °C for studies on pychelin, compared with detergent-solubilized FptA at 25 °C in this

study (Hoegy et al., 2009). In favour of this explanation is the Kp for the interaction
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between FptA and Tb-bound pyochelin which was determined to be 4.6 uM under
conditions similar to the ones in this study, with detergent solubilized FptA at RT (Yang
et al., 2011). However, it is again not clear whether the difference between ferric and Thb-
bound pyochelin is due to the different metal or the different experimental conditions. An
alternative explanation is that the competition of PyoS5 and pyochelin is not a limitation
in vivo, for example because the abundance of pyochelin is low or the rate limiting step
is translocation, not translocator binding. If this is the case, a tight interaction to compete
with the native ligand is not necessary and a micromolar Kp would be sufficient, just like
it is for interactions of CLBs with outer membrane components that have no natural

ligands.

In 2014 Elfarash et al. aimed to further characterize PyoS5 by domain swaps with PyoS2,
yet the lack of information about the PyoS5 domain boundaries and the functions of
PyoS2 domains limited this effort. The advantage of the study presented here is the crystal
structure that allowed us to map the domains of PyoS5, and thereby paved the way for
in-depth characterization of the PyoS5 import mechanism. | showed by fluorescence
microscopy and SPR that PyoS5 binds to FptA with residues 1 to 315, and narrowed
down the essential residues to 14 to 39. These findings disagree with the domain-swap
characterization by Elfarash et al. who had inferred residues 150 to 300 would interact
with FptA. Interestingly, Elfarash et al. observed cytotoxic activity by a construct
consisting of PyoS5 residues 150 to 300 translationally fused to PyoS2 residues 216 to
689 when 10 pL at 15 mg/mL were spotted onto a plate with a bacterial cell layer, an
amount equivalent to 763.2 uM in our assays. This is surprising not only because I find
no role of PyoS5 residues 150 to 300 in FptA-binding, but also because neither the PyoS5

nor the PyoS2 portion of the fusion-construct contain a TonB-box yet both PyoS5 and
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PyoS2 have been shown to lose their cytotoxic activity when the TonB-box is removed

(White et al., 2017).

7.1.4 Interaction with TonB1

The present study showed that PyoS4 and PyoS5 use TonB1 to cross the outer membrane.
This means that TonB1 is used by all five colicin-like pyocins that have been investigated
with respect to their energy requirements: PaeM1, PaeM2, PyoS2, PyoS4 and PyoS5
(Latino et al., 2019; White et al., 2017). In E. coli all TolA-dependent colicins use general
diffusion porins like OmpF as translocators, which have no equivalent in P. aeruginosa
(Chevalier et al., 2017). It is therefore conceivable that there are no Tol-dependent

colicin-like pyocins and that many, if not all, colicin-like pyocins use TonBL1.

To show that PyoS4 and PyoS5 used TonB1 | modelled P. aeruginosa in E. coli by
supplying a TonB-TonB1 hybrid and the respective translocator. A similar approach,
where translocator YiuR and TonB from Yersinia kristensenii were expressed in E. coli,
was used to determine the role of TonB in colicin FY import (Bosék et al., 2012). Beyond
confirming the role of TonB1 in CLB import, the TonB-TonB1 hybrid will also be a
useful addition to the tools available to study translocators (Atanaskovic and Kleanthous,
2019). It will allow us to determine translocators of those pyocins that are TonB1-
dependent (which might be all of them, as discussed above), and to distinguish

translocators from receptors.

The interaction of TonB1 with PyoS5 is required for the translocation of PyoS5 across
the outer membrane. It is likely that TonB1 provided energy to unfold PyoS5 to be pulled

through the barrel of FptA as an unfolded polypeptide chain (Fig. 7-1). While there is no
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direct evidence for the unfolding of PyoS5 for translocation, it is known that the
N-terminal kHBD domain of PyoS2 unfolds during translocation through FpvAl (White
et al., 2017) and that several colicin domains unfold during translocation, including the
receptor-binding and DNase domains of ColE9 and the pore-forming domains of ColA
and ColIN (Baboolal et al., 2008; Duché et al., 1994b, 1994a; Penfold et al., 2004;
Vankemmelbeke et al., 2013). TonB1-driven unfolding and partial or complete refolding
in the periplasm therefore seems a plausible mechanism for PyoS5 translocation through

FptA

7.1.5 Conserved domains in PyoS2 and PyoS5

This study describes similarities in the import mechanism and structures of the
N-terminal domains of PyoS2 and PyoS5, and predicts similarities in the structures of
their CPA-binding domain. While the similarity of the CPA-binding domains is expected
based on similarities in protein sequence, no such similarities were apparent in the
N-terminal domains. The similarity between the two pyocins in structure and function
and in parts of their sequences suggests a common vertical evolutionary origin of PyoS2
and PyoS5. However, their different C-terminal halves including different cytotoxic
mechanisms suggest an event of horizontal gene transfer or recombination later on. While
PyoS5 and PyoS2 markedly differ in sequence even in the regions with conserved fold
and function, PyoSD2 has a nearly identical sequence to PyoS2 in these two domains.
The different cytotoxic domains of PyoS2 and PyoSD2 suggest yet another event of
recombination. | conclude that both vertical and horizontal evolution shaped the

development of S-type pyocins.
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7.1.6 PyoS5 as a therapeutic

The strong potency of PyoS5 in in vivo models of infection motivated the present study.
The new details on biophysical properties of PyoS5 | report are promising for future
therapeutic applications. These properties include its long-term stability at -20 °C, its T
of 57 °C (far above room temperature and common outdoor temperatures), and its

monomeric state at high concentrations.

Once considered a disadvantage for therapeutics, the narrow spectrum of CLBs is now
recognized as beneficial because it allows us to precisely target pathogens with minimal
disruption to host microbiota, and therefore with reduced risk of antibiotic-induced
dysbiosis. For narrow-spectrum antibiotics like PyoS5 to be useful in the clinic, improved
diagnostics or the use of several narrow-spectrum antibiotics in a cocktail (or both) are
needed. The presence of P. aeruginosa in wound infections can already be detected at the
point of care by a hand-held device detecting autofluorescence (DaCosta et al., 2015).
Understanding the minimal components that make a cell susceptible, for example to
PyoS5, might allow us to predict susceptibility based on sequences of relevant loci. PCR-
and sequencing-based diagnostic methods can gather this information within a few hours;
current procedures of culturing bacteria in the presence of antibiotics, by contrast, cannot
be done within the same day (Charalampous et al., 2019; Dinc et al., 2016; Song and
Gyarmati, 2019). Alternatively, the fluorescent probes developed in this study by
modifying PyoS5 domains with AF488 could be used to predict the susceptibility of
P. aeruginosa from clinical samples to PyoS5 before treatment: the probes bind to
susceptible bacteria which become fluorescent and can be detected in a portable device.
A similar approach using a ColS4-GFP fusion has already been developed to detect if

water is contaminated with E. coli (Gutiérrez-del-Rio et al., 2018).
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The reconstitution of PyoS5-import in E. coli has shown that FptA and TonB1 determine
the spectrum of bacteria against which PyoS5 is active. Outside of P. aeruginosa, fptA
occurs in other Pseudomonas species, Burkholderia species and in Serratia marcescens,
with amino acid sequence identities to P. aeruginosa fptA of 99.7 % to 74.5 %, 62.9 %
t0 64.0 % and 64.8 % to 65.0 %, respectively. A B. cenocepia fptA, with 63% amino acid
sequence identity to P. aeruginosa fptA, has previously been shown not to complement a
knockout of P. aeruginosa fptA with respect to PyoS5 susceptibility (Elfarash et al.,
2014). 1t will be interesting to see whether fptAs with higher sequence similarities can
complement an fptA knockout in P. aeruginosa, and whether strains harbouring such

similar FptA are susceptible to PyoS5.

TonBL1 is the second component required for P. aeruginosa specificity, and its C-terminal
domain which was expressed in E. coli in this study exclusively occurs in the genus
Pseudomonas, based on a cut-off of 50 % sequence identity. To the best of our
knowledge, PyoS5 therefore specifically targets only Pseudomonas strains without
effects on other bacteria, and would therefore cause minimal disruption to the

microbiome when used as a therapeutic.

Where altered target specificity is desired, for example to different TBDTs in
P. aeruginosa or to different species and where native immunity needs to be overcome,
chimeric CLBs can be used, as has been demonstrated in this study. Naturally occurring
bacteriocins can more easily find their way to application due to easier approval

pathways, such as GRAS. Nonetheless, the use of therapeutics optimized based on
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naturally occurring substances is well established, for example among small molecule

antibiotics (Walsh and Wencewicz, 2014).

7.2  Future work

The last piece of the puzzle concerning the translocation of PyoS2 and PyoS5 across outer
membranes is the influence of the interaction of their respective translocators, FpvAl and
FptA, with TonB1. This question might be solved in the future by mutating the predicted
TonB-box of FptA to see whether translocation of PyoS5 or killing by PyoS5 are affected,
and whether the absence of the PyoS5 TonB-box or FptA TonB-box influences the
formation of the TonB1 complex with FptA and PyoS5 in vitro. Equivalent experiments

could be performed with PyoS2.

Structural studies on the interactions characterized in this work, CPA:PyoS5,
PyoS5:FptA, PyoS5:TonB1 and FptA:TonB1, might be able to improve the level of detail
in which I understand these interactions. By using cryo-electron microscopy it might even

be possible to structurally characterize the whole PyoS5 translocon.

This study presents two new chimeric CLBs that alter the targeted species-specifity
compared to PyoS5 and overcome native immunity. The design of chimeric CLBs is
therefore a promising path to new antibiotics with custom targets. These experiments also
showed that the cytotoxic domains of Colla and PyoS5 are active against P. aeruginosa
and E. coli, bacteria from different phylogenetic orders. It is therefore likely that all
bacteria in these orders and possibly all Gammaproteobacteria are susceptible to CLB
pore-forming domains. The challenge will be the translocation of these domains across

the outer membrane of different bacterial species.
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To further inform the design of chimeric and engineered CLBs, the TonB-boxes of
pyocins could be engineered to make use of TonBs from different species. For example,
the TonB-box of PyoS5 could be exchanged for that of ColB, and to test whether this
altered TonB-box is functional, cytotoxic activity against E. coli expressing FptA can be
tested. To change the translocator a CLB uses, domains can be swapped or alternatively
new translocator-binding domains can be designed. The high structural similarity of
PyoS5 and PyoS2 suggests that the common protein architecture is well-suited for
pyocins and is suitable for targeting and translocating through different P. aeruginosa
TBDTSs. Directed evolution combined with repertoire selection technologies such as
phage display (Sioud, 2019) could be used to further develop pyocins against other

TBDTs in P. aeruginosa and potentially even other bacteria.

It would also be useful to determine whether Pseudomonas strains other than
P. aeruginosa are targeted by naturally occurring translocation domains such as those of

PyoS2 and PyoS5.

Apart from the outer membrane, native immunity can present a problem to treatment with
CLB:s. It was shown in this study that immunity to PyoS5 can be overcome by the most
similar CLB pore-forming domain, that of Colla. If the cytotoxic domain of PyoS5 can
also overcome the immunity of Colla, then a mixture of CLBs with just these two
cytotoxic domains should be able to kill all strains, because immunity to Colla does not
occur in P. aeruginosa and ImS5 immunity to PyoS5 does not occur outside of

P. aeruginosa.
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7.3 Conclusions

In summary, this thesis used a multidisciplinary approach to uncover the structure and
import mechanism of PyoS5, a potent protein antibiotic. This began by biophysically
characterizing PyoS5 and solving its crystal structure. Microbiological approaches and
fluorescence microscopy then identified the roles of outer membrane components CPA
and FptA and inner membrane protein TonBl in PyoS5 import. Binding assays
determined binding sites for each of these components on PyoS5, and this knowledge
was used to design new chimeric CLBs which overcame native immunity and had altered
target specificity. A new approach was developed to mimic P. aeruginosa susceptibility
but using E. coli, which was used to show that the minimal components needed for PyoS5
import are FptA and TonB1. Finally, homology modelling and structure comparisons
revealed conserved folds between PyoS2 and PyoS5 which match similarities in the

import mechanisms of the two pyocins.

Combined, these data describe a multi-step molecular mechanism of PyoS5 translocation
across the outer membrane of P. aeruginosa. PyoS5 is first accumulated by its receptor
CPA on the cell surface where it can efficiently locate its translocator FptA. PyoS5 then
binds to FptA, which triggers energy transfer from the PMF to FptA via TonB1 and leads
to a conformational change that allows PyoS5 to expose its N-terminal TonB-box to the
periplasm. There PyoS5 interacts with TonB1l which provides energy to drive

translocation, probably by successive unfolding and re-folding of domains.

This work reveals a common structure and import mechanism of two CLBs, PyoS2 and

PyoS5, and showed how such knowledge can be used to design novel antibiotics with
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custom characteristics. | hope this study aids and inspires the design of more and better

antibiotics, so urgently needed in the race against antimicrobial resistance.
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8. Appendix

8.1 Protein sequences

8.1.1 PyoS5

MSNDNEVPGSMVIVAQGPDDQYAYEVPPIDSAAVAGNMFGDLIQREIYLQKNIYYPVRSIFEQGTKEKKEI
NKKVSDQVDGLLKQITQGKREATRQERVDVMSAVLHKMESDLEGYKKTFTKGPFIDYEKQSSLSIYEAWVKI
WEKNSWEERKKYPFQQLVRDELERAVAYYKQDSLSEAVKVLRQELNKQKALKEKEDLSQLERDYRTRKANL
QMKVQSELDQAGSALPPLVSPTPEQWLERATRLVTQAIADKKQLQTTNNTLIKNSPTPLEKQKAIYNGELLV
DEIASLOQARLVKLNAETTRRRTEAERKAAEEQALQDAIKFTADFYKEVTEKFGARTSEMARQLAEGARGKNI
RSSAEAIKSFEKHKDALNKKLSLKDRQAIAKAFDSLDKQMMAKSLEKFSKGFGVVGKAIDAASLYQEFKISTE
TGDWKPFFVKIETLAAGAAASWLVGIAFATATATPIGILGFALVMAVTGAMIDEDLLEKANNLVISILEHHH
HHH

8.1.2 ColBPyo0S5: ColB residues 1-340 and PyoS5 residues 303-498

MSDNEGSVPTEGIDYGDTMVVWPSTGRIPGGDVKPGGSSGLAPSMPPGWGDYSPQGIALVQSVLFPGIIR
RILDKELEEGDWSGWSVSVHSPWGNEKVSAARTVLENGLRGGLPEPSRPAAVSFARLEPASGNEQKIIRL
MVTQQLEQVTDIPASQLPAAGNNVPVKYRLTDLMQNGTQYMAIIGGIPMTVPVVDAVPVPDRSRPGTNI
KDVYSAPVSPNLPDLVLSVGOMNTPVRSNPEIQEDGVISETGNYVEAGYTMSSNNHDVIVRFPEGSGVSPL
YISAVEILDSNSLSQRQEAENNAKDDFRVKKEQENDEKTVLTKTSEVIISVGDKVGEYEL
TTRRRTEAERKAAEEQALQDAIKFTADFYKEVTEKFGARTSEMARQLAEGARGKNIRSSAEAIKSFEKHKDAL
NKKLSLKDRQAIAKAFDSLDKOMMAKSLEKFSKGFGVVGKAIDAASLYQEFKISTETGDWKPFFVKIETLAA
GAAASWLVGIAFATATATPIGILGFALVMAVTGAMIDEDLLEKANNLVISILEHHHHHH

8.1.3 PyoS5Colla: PyoS5 residues 1-315 and Colla residues 485-626

MSNDNEVPGSMVIVAQGPDDQYAYEVPPIDSAAVAGNMFGDLIQREIYLOKNIYYPVRSIFEQGTKEKKEI
NKKVSDQVDGLLKQITQGKREATRQERVDVMSAVLHKMESDLEGYKKTFTKGPFIDYEKQSSLSIYEAWVKI
WEKNSWEERKKYPFQQLVRDELERAVAYYKQDSLSEAVKVLRQELNKQKALKEKEDLSQLERDYRTRKANL
QMKVQSELDQAGSALPPLVSPTPEQWLERATRLVTQAIADKKQLQTTNNTLIKNSPTPLEKQKAIYNGELLV
DEIASLOQARLVKLNAETTRRRTEAERKAAELKATKDAINFTTEFLKSVSEKYGAKAEQLAREMAGQAKGKKIR
NVEEALKTYEKYRADINKKINAKDRAAIAAALESVKLSDISSNLNRFSRGLGYAGKFTSLADWITEFGKAVRTE
NWRPLFVKTETIIAGNAATALVALVFSILTGSALGIIGYGLLMAVTGALIDESLVEKANKFWGILEHHHHHH

8.14 ImS5

MSFKYYWAKFFWGAFFFVLVAWKGSVFPSLASVNPLVVAGLSTILFPFSVKLVEDFALKYTEREFWVTGFFS
ETPAKTGLYAVFYLSCYLFSIPLGMVFLFYKYGKAS
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8.1.5 FptA: E. coli OmpF signal sequence residues 1-23 and FptA residues 39-720

MVKRNILAVIVPALLVAGTANAA
DARKDGETELPDMVISGESTSATQPPGVTTLGKVPLKPRELPQSASVIDHERLEQQNLFSLDEAMQQATGV
TVQPFQLLTTAYYVRGFKVDSFELDGVPALLGNTASSPQDMAIYERVEILRGSNGLLHGTGNPAATVNLVRK
RPQREFAASTTLSAGRWDRYRAEVDVGGPLSASGNVRGRAVAAYEDRDYFYDVADQGTRLLYGVTEFDLS
PDTLLTVGAQYQHIDSITNMAGVPMAKDGSNLGLSRDTYLDVDWDRFKWDTYRAFGSLEQQLGGGWKG
KVSAEYQEADSRLRYAGSFGAIDPQTGDGGQLMGAAYKFKSIQRSLDANLNGPVRLFGLTHELLGGVTYAQ
GETRQDTARFLNLPNTPVNVYRWDPHGVPRPQIGQYTSPGTTTTTQKGLYALGRIKLAEPLTLVVGGRESW
WDQDTPATRFKPGRQFTPYGGLIWDFARDWSWYVSYAEVYQPQADRQTWNSEPLSPVEGKTYETGIKGE
LADGRLNLSLAAFRIDLENNPQEDPDHPGPPNNPFYISGGKVRSQGFELEGTGYLTPYWSLSAGYTYTSTEYL
KDSQNDSGTRYSTFTPRHLLRLWSNYDLPWQDRRWSVGGGLQAQSDYSVDYRGVSMRQGGYALVNMR
LGYKIDEHWTAAVNVNNLFDRTYYQSLSNPNWNNRYGEPRSFNVSLRGAF*

8.1.6 TonB1: Residues 109-342

GAMATPAELNLGHGELPKTMQVNFVQLEKKAEPTPQPPAAAPEPTPPKIEEPKPEPPKPKPVEKPKPKPKP
KPKPVENAIPKAKPKPEPKPKPEPEPSTEASSQPSPSSAAPPPAPTVGQSTPGAQTAPSGSQGPAGLPSGSL
NDSDIKPLRMDPPVYPRMAQARGIEGRVKVLFTITSDGRIDDIQVLESVPSRMFDREVRQAMAKWRFEPR
VSGGKIVARQATKMFFFKIEKRR

8.1.7 TonB-B1 hybrid: TonB residues 109-342 and TonB1 residues 201-342

MTLDLPRRFPWPTLLSVCIHGAVVAGLLYTSVHQVIELPAPAQPISVTMVTPADLEPPQAVQPPPEPVVEPE
PEPEPIPEPPKEAPVVIEKPKPKPKPKPKP
EPSTEASSQPSPSSAAPPPAPTVGQSTPGAQTAPSGSQGPAGLPSGSLNDSDIKPLRMDPPVYPRMAQAR
GIEGRVKVLFTITSDGRIDDIQVLESVPSRMFDREVRQAMAKWRFEPRVSGGKIVARQATKMFFFKIEKRR

8.1.8 Colla

MSDPVRITNPGAESLGYDSDGHEIMAVDIYVNPPRVDVFHGTPPAWSSFGNKTIWGGNEWVDDSPTRSD
IEKRDKEITAYKNTLSAQQKENENKRTEAGKRLSAAIAAREKDENTLKTLRAGNADAADITRQEFRLLQAELR
EYGFRTEIAGYDALRLHTESRMLFADADSLRISPREARSLIEQAEKROQKDAQNADKKAADMLAEYERRKGIL
DTRLSELEKNGGAALAVLDAQQARLLGOQQTRNDRAISEARNKLSSVTESLNTARNALTRAEQQLTQQKNTP
DGKTIVSPEKFPGRSSTNHSIVVSGDPRFAGTIKITTSAVIDNRANLNYLLSHSGLDYKRNILNDRNPVVTEDV
EGDKKIYNAEVAEWDKLRQRLLDARNKITSAESAVNSARNNLSARTNEQKHANDALNALLKEKENIRNQLS
GINQKIAEEKRKQDELKATKDAINFTTEFLKSVSEKYGAKAEQLAREMAGQAKGKKIRNVEEALKTYEKYRAD
INKKINAKDRAAIAAALESVKLSDISSNLNRFSRGLGYAGKFTSLADWITEFGKAVRTENWRPLFVKTETHAG
NAATALVALVFSILTGSALGIIGYGLLMAVTGALIDESLVEKANKFWGILEHHHHHH
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8.1.9 PyoS4

MTNNSAPPLVVTRGNDNGYEPGSMVITHVQASGLDIIQYIPGRSSYGTPPFVPPGPSPYVGPGMQEYRRLR
DTLDKSNSELKKNLKNKTLKEVDELKSEAGLPVKAVSANDIRDEKSIVDALMDAKAKSLKAIEDRPANLYTAS
DFPQKSEAMYQNQLLASRKFYGEFLDRHMSELAKAYSADIYKAQIAILKQTSQELESKARSMEAQAQQVTQ
QLGADFNAITTPTATKVQQRVKAVDASLSQVSTQVSGAVASATQAVQVKTAQAQQQANSQISSSQNLISA
AFRNQIALAAQASGEAQVTAFNTQVKQIVNEATAFSTARKQALAQFAANAAAEVETEVNRLTAQVKASPT
KAASQAAQATLRQFTESTYAKVNTYAQQTEAELQAKAKEVSAAVAEAQRAATNDLOKTADVVPGQIIQAA
NTLAMPATSTPLVSVAGFGSAAVETARLAASLTNAVNRLVQIAGSGPGAYVATFAVLSLYSDQAGKDSDKV
PAGVRNALALEASALGLPGTADLQSVAKAGGTVDMPVRLTSAAQESPSGKSQIAAMLTNGATVPKGVPVR
AATLNAATGRYEVTVPAKSTVPNTPPLILTWTPATPPGSQNPSSTTPVVPQPVPVYEGATITPVQAEPESYP
GVPLDLDDLIVIFPVGSGVKPIYIMFNHNPHDVVIDDKIREQIPIRGWTEVEVRDVIGKGATGSSSDKRRPNK
TIDGLGRNDSATVYGSPPNGYIVVNDRTGEIQIADRNDSAWAVDGRIIWRNK

8.1.10 ImS4

MVNPNSVEIVDNGLDFFSKEGNGKMWLTTKATLEVVSLATKKGLAISKIEGFIWHKDVGRFEARLDAIFEGL
VNPVKVPDVVNNNNARAKESTEEDASLGHDAFIVTIASRKLEHHHHHH

8.1.11 PyoS2

MAVNDYEPGSMVITHVQGGGRDIIQYIPARSSYGTPPFVPPGPSPYVGTGMQEYRKLRSTLDKSHSELKKN
LKNETLKEVDELKSEAGLPGKAVSANDIRDEKSIVDALMDAKAKSLKAIEDRPANLYTASDFPQKSESMYQS
QLLASRKFYGEFLDRHMSELAKAYSADIYKAQIAILKQTSQELENKARSLEAEAQRAAAEVEADYKARKANVE
KKVQSELDQAGNALPQLTNPTPEQWLERATQLVTQAIANKKKLQTANNALIAKAPNALEKQKATYNADLL
VDEIASLOARLDKLNAETARRKEIARQAAIRAANTYAMPANGSVVATAAGRGLIQVAQGAASLAQAISDAI
AVLGRVLASAPSVMAVGFASLTYSSRTAEQWQDQTPDSVRYALGMDAAKLGLPPSVNLNAVAKASGTVD
LPMRLTNEARGNTTTLSVVSTDGVSVPKAVPVRMAAYNATTGLYEVTVPSTTAEAPPLILTWTPASPPGNQ
NPSSTTPVVPKPVPVYEGATLTPVKATPETYPGVITLPEDLIGFPADSGIKPIYVMFRDPRDVPGAATGKGQP
VSGNWLGAASQGEGAPIPSQIADKLRGKTFKNWRDFREQFWIAVANDPELSKQFNPGSLAVMRDGGAPY
VRESEQAGGRIKIEIHHKVRIADGGGVYNMGNLVAVTPKRHIEIHKGGK

8.1.12 ImS2

MKSKISEYTEKEFLEFVKDIYTNNKKKFPTEESHIQAVLEFKKLTEHPSGSDLLYYPNENREDSPAGVVKEVKE
WRASKGLPGFKAGLEHHHHHH
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8.2  The therapeutic potential of bacteriocins as protein antibiotics
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The growing incidence of antibiotic-resistant Gram-negative bacterial infections poses a
serious threat to public health. Molecules that have yet to be exploited as antibiotics are
potent protein toxins called bacteriocins that are produced by Gram-negative bacteria
during competition for ecological niches. This review discusses the state of the art
regarding the use for therapeutic purposes of two types of Gram-negative bacteriocins:
colicin-like bacteriocins (CLBs) and tailocins. In addition to in vitro data, the potency of
eight identified CLBs or tailocins has been demonstrated in diverse animal models of
infection with no adverse effects for the host. Although the characteristics of bacteriocins
will need further study, results obtained thus far regarding their in vivo potency, immuno-
genicity and low levels of resistance are encouraging. This leads the way for the develop-
ment of novel treatments using bacteriocins as protein antibiotics.

Introduction
Antibiotic resistance has increased at an alarming rate worldwide, yet at the same time the discovery
of new antibiotics is stalling. Of particular concern are infections caused by Gram-negative bacteria,
which possess a highly impermeable outer membrane that limits the entry of multiple classes of anti-
biotics, leaving limited therapeutic options that are increasingly less efficacious as resistance spreads
[1-4]. Foremost among the Gram-negative pathogens are Pseudomonas aeruginosa, Escherichia coli,
Klebsiella pneumoniae and Acinetobacter baumannii, all of which pose serious threats to global health-
care and patient safety; in 2008, US intensive care units reported 17, 13, 13 and 74%, respectively,
of clinical isolates of these species as multidrug-resistant [5]. Among these pathogens, E. coli and
K. pneumoniae are well-known producers of extended-spectrum B-lactamases and carbapenemases that
render producing bacteria resistant to B-lactams including cephalosporins and carbapenems, which are
considered to be antibiotics of last resort [2,6,7]. In addition, chronic biofilm-mediated infections, such
as P. aeruginosa lung infections in cystic fibrosis patients and E. coli urinary tract infections, are
relatively poorly treated with existing antibiotics [8-10]. Consequently, treatment options for infections
caused by Gram-negative bacteria are limited and patient outcome is increasingly poor [8-10].
Bacteriocins offer a potential alternative therapeutic strategy to treat both multidrug-resistant and
chronic bacterial infections. These antimicrobial peptides or proteins are diverse and widespread
among Gram-positive and Gram-negative bacteria [11]. It is becoming evident that they are linked to
pathogenesis as they play a role in displacing bacterial flora, enhancing colonization and therefore
infection ([11-13] and Sharp et al. unpublished data). In fact, protein bacteriocin-encoding genes can
be found in the genomes of most Gram-negative pathogens, including P. aeruginosa, E. coli and K.
preumoniae ([14] and Sharp et al. unpublished data). Importantly, they are highly specific antibacter-
ials that kill only bacteria closely related to the producer and are deployed during the fight for
resources with competitor strains [14-16]. This specificity makes them attractive as therapeutics as
they offer a more targeted approach. Indeed, one major issue with conventional antibiotics is the dys-
biosis induced by broad-range killing of bacteria [17]. While the narrow killing spectrum of
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bacteriocins means that the bacteria responsible for the infection have to be identified prior to treatment, it
gives the advantage of being able to specifically target one species, or even one strain of bacteria, leaving the
normal healthy microflora intact [17]. The narrow killing spectrum also reduces the selective pressure for resist-
ance on bystander microorganisms [18].

Gram-negative bacteriocins can be classified into three groups: peptide bacteriocins, which have been
reviewed elsewhere [19,20], colicin-like bacteriocins (CLBs) and tailocins. The potential of the latter two, CLBs
and tailocins, to treat bacterial infections is reviewed here. Previous reviews have discussed Gram-positive bac-
teriocins as antibiotics [11,21,22] and the in vitro potential of bacteriocins against Gram-negative bacteria
[11,23-25]. Our aim is to focus on the potential ability of CLBs and tailocins to treat Gram-negative infections
and give an exhaustive report of the results available from in vivo models of infection to date, We will not
discuss data from probiotic applications of bacteriocins as the role of bacteriocins in probiotics is complex and
only beginning to be understood [26], and although recent progress has been made in understanding the role
of peptide bacteriocins in E. coli, equivalent investigations for CLBs and tailocins are still lacking [27].

In vitro studies have demonstrated the activity of bacteriocins against both planktonic and biofilm-embedded
bacteria [28-31] and, interestingly, Rendueles et al. demonstrated that colicin R preferentially targets bacteria
growing in the biofilm state. As a result, there is renewed interest in investigating the efficacy of bacteriocins in
animal models. The use of animal models of infection to test antibacterial compounds is a long-established
practice and acknowledged as a useful tool in predicting if translation into the treatment of human infections is
likely to be successful. While there is no such thing as a standard animal model, new models have been devel-
oped to more closely resemble specific human infections (acute or chronic infections, sepsis and meningitis),
giving improved insights into host-pathogen interactions during antibiotic treatment (reviewed in ref. [32] for
P. aeruginosa). Since their discovery, bacteriocins have been tested in a variety of animal models, with a range
of modes of administration and dosing regimens. Here, we summarize the results of these investigations and
discuss factors that will ultimately determine the success of bacteriocins as therapeutic agents. Although further
research is required, bacteriocins have key properties such as high potency in vive and exquisite specificity that
suggest they may be excellent candidates for further therapeutic development.

In vivo activity of bacteriocins

Colicin-like bacteriocins

Colicins are 40-70 kDa toxins that specifically target E. coli. Given the fact that these molecules were the first
to be discovered and have been the best studied to date [33], we refer to similar molecules produced by other
Gram-negative bacteria as CLBs. CLBs target strains closely related to the producing strain, typically of the
same species, and have species-specific names: colicins from E. coli, klebicins from Klebsiella and pesticins from
Yersinia pestis. Pseudomonas CLBs are named S-type pyocins (named after P. pyocyanea) [34] and are produced
by >70% of strains [35]. CLBs are protease-susceptible, modular proteins with domains involved in receptor
binding, translocation and cytotoxicity.

Using their receptor-binding domain, CLBs bind to bacterial outer membrane proteins before translocation
through either the Ton or Tol systems of Gram-negative bacteria [36]. Many CLBs exploit TonB-dependent
transporters to enter the cell, the physiological role of which is to import siderophores or vitamins. Although
less well understood, the Tol system is also required for the entry of some CLBs. Several CLBs, such as colicin
N and pyocin L1, have also been shown to interact with lipopolysaccharides (LPSs) on the cell surface [37,38].
The cytotoxic domains of CLBs are commonly pore-forming ionophores or nucleases, but some also have lipid
1I- or peptidoglycan-degrading activity (Figure 1) [39]. For the producing organism to be protected from its
own bacteriocin, it produces an immunity protein that, at least in the case of the nuclease CLBs, binds the cyto-
toxic domain and neutralizes its activity [15].

Although data are currently limited, the efficacy of both the colicins and S-type pyocins has been tested
in vivo. Indeed, a previous study showed that colicin El in pig feed can prevent diarrhoea and increase growth
and feed efficiency; however, the dose was not sufficient to completely eradicate the targeted pathogenic strain
of E. coli [40]. Pyocin S2 was shown to protect against a lethal P. geruginosa infection in the greater wax moth
Galleria mellonella larvae, a model of P. aeruginosa infections [41], and in murine lung infections when given
1 h post-infection [42]. The latter effect was also observed with pyocins AP41, S5 and L1, with pyocin S5 being
particularly potent. Indeed, pyocin S5 was at least two orders of magnitude more potent than tobramycin in
this model (Table 1) [42]. Similarly, all four pyocins were protective when given 6h before infection.

66 © 2017 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and the Royal Society of Biology and distributed under the Creative Commons
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Figure 1. Import of colicin-like bacteriocins.

Specificity of CLBs is mediated by binding a receptor in the outer membrane of a target cell. An adjacent translocator will then
mediate transport into the periplasm. Energy for this transport is provided by either the Tol system for group A CLBs or by the
Ton system for group B CLBs. Pore-forming colicin-like bacteriocins then insert into the inner membrane to disrupt the proton
motive force (pmf) while nucleases translocate into the cytoplasm. Adapted from ref. [36].

Interestingly, none of the bacteria isolated after pyocin treatment were resistant to the pyocins used, one isolate
displaying increased tolerance to pyocin AP41. However, infection with this pyocin AP41-tolerant strain could
still be controlled with this pyocin in vivo. Combinations of pyocins were also tested in vivo and were found to
reduce colony forming units counts further, although not significantly [42].

Tailocins
Tailocins, also called high molecular mass bacteriocins, resemble the tail structures of bacteriophages from
the Myoviridae and Siphoviridae families [39]. Although they are thought to be derived from phages, they
are not simply defective phages, but are adapted specifically to their function as bacteriocins [43]. Tailocin
gene clusters are found in the genomes of many Gram-negative and Gram-positive bacteria [44,45]. The
best studied tailocins are the R- and F-type pyocins of P. aeruginosa. R-type pyocins are morphologically
and genetically similar to the contractile tail of P2-like temperate enterophages [46]. They consist of a core
and sheath, and are contractile (Figure 2). F-type pyocins resemble A phage, have no sheath and are flexible
(Figure 2) [39]. Tailocin specificity is modulated by tail fibres, which have been demonstrated to bind to LPSs,
with different residues involved depending on the tailocin [47,48]. Upon contact with the receptor, the tailocin
undergoes conformational changes that result in lethal membrane damage, detected as the depletion of the
proton motive force. As opposed to CLBs, tailocins are not protease-susceptible and no immunity proteins
have been described [39]. Very little is known about the mechanisms of resistance to tailocins; however, it is
suggested to be mediated by an alteration of cell surface receptors recognized by the tailocin [47].

Studies of tailocins in animal models have shown that, like CLBs, they show strong efficacy against
Gram-negative infections. Scholl and Martin [43] conducted a thorough study of pyocin R2 efficacy in a
murine peritonitis model. They determined the time window after infection in which treatment is possible and
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Table 1 Effectiveness of protein antibiotics in in vivo challenge models

Treatment Challenge Challenge Prophylactic (P) or
Model host Protein route organism route therapeutic (T)?* Effective?
Colicin-like bacteriocins
Wax moth G. Pyocin S2 Injection P. aetuguinosa  Injection T Yes [29]
mellonella larvae
Mouse Pyocin S52 IN P. aeruguinosa  IN P Yes [42]
Pyocin AP41 Yes
Pyocin S5 Yes
Pyocin L1 Yes
Pyocin S2 T Yes [42]
Pyocin AP41 Yes
Pyocin S5 Yes
Pyocin L1 Yes
Pig Colicin E1 Oral E. coli Oral P Yes [40]
Tailocins
Mouse Pyocin R2 IP P. aeruginosa P T Yes [43]
\% T Yes
Mouse Enterocoliticin Oral Yersinia Qral T Yes [49]
enterocolitica
Engineered tailocins
Rabbit AVR2-V10.3 Orogastrically  E. coli Qrogastrically T Yes [63]
Unknown and unidentified bacteriocins
Mouse Unknown pyocin 1P P. aeruginosa P P Yes [52]
(s) P10 IP P T No
Chick embryo Unknown pyocin - Allantoic cavity P. aeruginosa Allantoic cavity P Yes [50]
Mouse Pyocin H108 IP P. aetuginosa P P No [54]
(S-type) T No
Mouse Colicin ‘wash’ ‘Bladder ? ‘Established T Yes 53]
wash' uTr
Mouse Unknown pyocin IV P. aeruginosa v P Yes [51]
78-C2 IP No
Mouse Pyocin 1577 IP P. aeruginosa P P Yes [54]
(R-type) T No
Pyocin 5882 P Yes
(F-type) T No
Pyocin 1577 Topical Topical on T No
(R-type) v burn T No
Pyocin 5882 Topical Topical on T Minimal
(F-type) burn

Detailed description of studies with known and identified bacteriocins can be found in the text. Abbreviations: IV, intravenous; IP, intraperitoneal;

IN, intranasal; UTI, urinary tract infection. *Bacteriocin given at the same time as the challenge is considered prophylactic.

the dose necessary for adequate treatment. Protection via immune system stimulation was ruled out and pyocin
R2 was found to be an effective therapeutic up to 4 h after infection in an aggressive infection model. Their
results suggest that higher or repeated doses would allow for later treatment. The treatment of a second infec-
tion was less effective due to protective antibodies that had formed. They also found that the effective dose of
pyocin R2 to treat the intraperitoneal (IP) challenge was lower when delivered through IP injection than
through intravenous (IV) injection, suggesting that site-specific delivery of this pyocin can improve its efficacy

(Table 1) [43].

Enterocoliticin, an R-type tailocin from Yersinia enterocolitica, was found to be effective for the treatment of
mice orally infected with Y. enterocolitica when given orally [49]. The tailocin was only found to be active
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Figure 2. R-type tailocins consist of an inner core (C) and sheath, which can be contracted (CS) or extended (ES).
Upon binding a target cell with tail fibres (TFi), attached to the sheath via the base plate (BP), the sheath contracts and inserts
the core into the inner membrane of a target cell, consequently depleting the proton motive force. F-type tailocins consist of a
flexible rod, made from 23 annuli, to which fibres (Fi) with some globular structures are attached via a distal part (DP). Taken
from ref. [46].

in vivo for 5 h; however, doses were given up to 24 h apart. Taking this into consideration, only those mice that
received enterocoliticin 1 h after infection and were analyzed 5 h later can inform on the effect of the tailocin,
and these mice did indeed show significantly reduced bacterial numbers (Table 1) [49].

Unfortunately, many CLBs and tailocins that were shown to be active in vivo [50-55] cannot be identified
today, due to incoherent naming and lack of identification of the active molecules (Table 1).

Engineered bacteriocins

An important aspect of bacteriocin structure and function is their organization into domains that can be engi-
neered to generate chimeric bacteriocins. Indeed, domains from different CLBs can be combined to customize
their features. These include the target specificity via change of the receptor recognition domain, the immunity
profile via change of immunogenic domains, mode of action via change of the cytotoxic domain and stability
via change of structure, length or amino acid composition.

A combination of receptor binding and translocation domains of the CLB pesticin and bacteriophage T4
lysozyme was shown to be active against Y. pestis in mice [56]. The cytotoxic domain of CLBs can be combined
with other pathogen-targeting proteins or domains, such as phage proteins [57], pheromones [58,59], anti-
bodies or parts thereof, or ligands [60]. Combinations of the colicin Ia killing domain with pheromones,
PMC-SA [58] against Gram-positive Staphylococcus aureus and PMC-EF [61] against Gram-positive
Enterococcus faecalis, have been tested in vivo and were found to be effective.

Tailocin chimeras can be created by combining tailocins with parts of other tailocins or phages [62,63]. As
the specificity of the tailocin is mediated by tail fibres, replacing them can enable the complex to recognize new
targets [46]. AvR2-V10.3, an R-type pyocin with tail fibres engineered to target E. coli O157:H7, was shown to
be effective in a diarrhoea model in rabbits, even when given after the onset of diarrhoea [63].
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Bacteriocins as protein antibiotics

While data on the use of bacteriocins as protein antibiotics obtained in the last few years from in vivo experi-
ments are encouraging, there are key questions related to their suitability as therapeutics that remain to be
addressed. First, only preliminary data on the effect of bacteriocins on the host in terms of toxicity or immune
response are available. However, the limited data that are available in the majority of cases report no adverse or
toxic effects against the host organism (Table 2). There is one exception to this: Bird and Grieble [50] observed
11% mortality in pyocin-treated chick embryos, while in the control group 6% mortality occurred from injec-
tion alone, although it is not clear whether this pyocin preparation was free of endotoxin. In addition, more
research is required on dosing regimens and in particular the timing of bacteriocin administration pre- or post-
infection. To address this, testing in well-defined infection models and detailed pharmacokinetic studies are
required.

What about immunogenicity? One might assume that bacteriocins and phage proteins are not immunogenic
as they have been employed in bacterial and viral warfare within our bodies for millennia. Nonetheless, some
groups have found low levels of antibodies against these proteins [42,43]. Repeated exposure to high doses of
pyocin S5 via the TP route in mice did not lead to the development of pyocin S5-specific IgA or IgG, whereas
exposure via the intranasal route led to low levels of S5-specific IgG, which did not interfere with pyocin S5
treatment of subsequent infection [42]. Conversely, another study demonstrated that a single IV exposure of

Table 2 Adverse effects of protein antibiotics in vivo

Treatment
Model host Protein route Adverse effect
Colicin-like bacteriocins
Pig Colicin E1 Oral None [40]
G. mellonella Pyacin 52 Injection None [41]
caterpillar
Mouse Pyocin 52 IN None [42]
Pyocin AP41 None
Pyocin S5 None
Pyocin L1 None
Tailocins
Unknown and unidentified bacteriocins
Mouse Unknown pyocin v None [51]
78-C2 P None
Mouse Unknown pyocin(s) IP None [52]
P10
Chick embryo Unknown pyocin Allantoic cavity 11% mortality after pyocin treatment and [50]
6% mortality in controls
Mouse Pyocin H108 P None [54]
(S-type)
Mouse Pyocin 1577 P None [54]
(R-type)
Pyocin 5882 None
(F-type)
Pyocin 1577 Topical None
(R-type)
Pyacin 5882 None
(F-type)
Mouse Unknown pyocin IP None [55]
Rabobit (tailocin) sc None

Abbreviations: IV, intravenous; P, intraperitoneal; IN, intranasal; SC, subcutaneous.
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pyocin R2 to mice induced the production of neutralizing antibodies, consequently making a second treatment
ineffective in 90% of mice. Four of five mice that died in the second treatment round had formed neutralizing
antibodies [43]. Overall, immunogenicity has barely been investigated and more research is required.

Comparison of the potency of bacteriocins with that of conventional antibiotics has elicited encouraging
results. Indeed, pyocin S5 is at least 100-fold more potent than tobramycin in a murine lung infection model,
making pyocin S5 a promising replacement for traditional antibiotics to target P. aeruginosa [42]. The same
study demonstrated that pyocins are stable and active in vivo for at least 24 h [42]. However, most protein anti-
biotic candidates are not as stable as traditional antibiotics and may need to be applied in higher doses and
with shorter dosing intervals between repeated doses. While this may be perceived as a disadvantage, low stabil-
ity can also reduce whole-body and environmental exposure to the antibiotic, which may minimize the selective
pressure for the development of resistance [64].

Finally, at the origin of the antibiotic crisis, we are currently facing is the emergence of resistance to conven-
tional antibiotics. While emergence of resistance to conventional antibiotics is widely documented, little is
known about how resistance to bacteriocins might arise and evolve in vivo. Several studies have shown resist-
ance to bacteriocins in environmental settings and that resistance to bacteriocins can occur through modifica-
tion of cell surface receptors in vitro. Recent results suggest that mechanisms of resistance are dependent on
environmental factors and that resistance may be reduced in vivo [17,65]. It is interesting to note that while
resistance is possible, many bacteria remain sensitive to a certain level to the bacteriocin, suggesting that com-
plete resistance is hard to evolve or comes at a great cost for the bacteria [66].

Immunity, as opposed to resistance, is mediated by immunity proteins that specifically bind CLBs. The
natural immunity of bacteriocin-producing strains could prove to be a drawback to the use of bacteriocins as
protein antibiotics. However, it has recently been shown that immunity, too, comes at a great cost, as immune
strains are outcompeted by non-immune strains under non-selective conditions [67]. Moreover, while some
bacteriocins share killing mechanisms or have identical cytotoxic domains that could lead to cross-immunity
between bacterial strains, it is to be noted that many different killing mechanisms exist. These varied mechan-
isms limit the emergence of cross-resistance and immunity among protein antibiotics. It is also interesting to
note that most bacterial strains do not express CLBs and among those that do, the majority produce only one
CLB (Sharp et al. unpublished data). This suggests that most strains will either be susceptible to bacteriocins or
be immune to a limited number of them. Therefore, it is expected that the use of a cocktail of bacteriocins will
be able to circumvent individual immunity. Interestingly, in rare cases, in vitro susceptibility of strains to
protein antibiotics did not correspond to in vivo susceptibility [51,68].

Conclusions

Commercial interest in bacteriocins comes from many sides. Farming industries, such as the poultry industry
[21,69] and aquaculture industry [70], look for more efficient ways to treat their stock. Interest in human appli-
cations comes from scientists and companies that realize the global health and economic potential of bacteri-
ocin therapeutics. As early as 1986, a potential application of colicin E1 was patented [71]. Many researchers
have since patented applications of CLBs to treat infections [41,60,68,72,73]. Two patents focus on the delivery
of CLBs to specific organs [68,74]. Scientists at Avid-Biotics Corporation have been engineering tailocin tail
fibres for over a decade, resulting in five patents [75-79] with either diagnostic or therapeutic aims.

Eventually, application of probiotic bacteria-producing bacteriocins rather than application of purified bacter-
iocins might be more cost-effective. Recently, production of bacteriocins in plants has been achieved at costs
that may encourage commercialization [80]. However, interactions between pathogenic and probiotic species in
the setting of an in vivo microbiome are not yet understood well enough to predict their success [27].

This review provides an overview of in vive studies undertaken to date. However, the lack of systematic iden-
tification and naming of bacteriocins have rendered the results of in vivo studies, eg. that of Rosamund
Williams [54], useless for posterity, highlighting the need for a uniform nomenclature accessible and used by
all. While databases on bacteriocins exist (BACTIBASE, BAGEL), they mostly focus on Gram-positive peptide-
type bacteriocins, leaving a big gap to be filled for Gram-negative bacteria, which also use protein bacteriocins.

Recently, over 2000 protein bacteriocins were identified across a range of Gram-negative bacteria including
the important pathogens P. aeruginosa, E. coli and K. pneumoniae (Sharp et al. unpublished data). Less than
100 of these have been studied in vitro [15] and only eight of them have been studied in vivo. More preclinical
studies are required to better characterize bacteriocins, especially their immunogenicity and the emergence of
resistance in vivo. However, the results of the reviewed in vivo experiments, as well as the use of bacteriocins
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against Gram-positive bacteria such as nisin as a food preservative and topical antibiotic in humans [81], are
encouraging. They showcase the potential that might be hidden among the thousands of unstudied bacteriocins
in terms of therapeutics and indicate promise for the use of bacteriocins as protein antibiotics.

Summary
» Bacteriocins have been shown to be effective in a range of acute infection models and offer
the potential for highly targeted antibiotic therapy.

s There is a lack of key data on issues such as the ability of bacteria to develop resistance
to bacteriocins in vivo and the toxicity and immunogenicity of bacteriocins on repeat
administration.

* High quality preclinical data that address these key questions are required to support the
development of bacteriocins as therapeutic protein antibiotics.

Abbreviations
CLBs, colicin-like bacteriocins; IP, intraperitoneal; IV, intravenous; LPSs, lipopolysaccharides; UTI, urinary tract
infection.
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