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Abstract

Klebsiella infections are fast-emerging as a huge burden to public health being acquired both
in community and nosocomial environments. The bacterium is the aetiological agent linked to
severe ailments including pneumonia, septicaemia and meningitis. In Klebsiella spp. and other
Gram-negative bacteria, members of the Omp85 protein superfamily are universally distributed
in the genomes. The Omp85 protein superfamily have been categorised based on shared
sequence and structural characteristics with essential functions linked to protein translocation

and assembly into the outer membrane (OM)

In laboratory Escherichia coli K12 strains, there are only two Omp85 proteins present — BamA
& TamA. BamA is a core protein subunit of the B-barrel Assembly Machinery (BAM) complex
essential in correct assembly and integration of B-barrel proteins into the OM, whilst TamA is
a core protein subunit of the Translocation and Assembly Module (TAM) that acts
synergistically with the BAM complex in the assembly of at least some virulence factors.
Interestingly, in Klebsiella pneumoniae and other species in the genus, additional Omp85
paralogues which | term BamL and BamK (divergent from BamA and TamA), are conserved
in the Klebsiella genome which are yet to be characterised. In this thesis, | aimed to characterise
the function of these K. pneumoniae specific Omp85s through different approaches that
included: genetics, biochemistry, phylogenomics and molecular modeling.

In Chapter 3, I investigated the genetic regulation of the Omp85 family in K. pneumoniae
through gene expression studies and also attempted to identify genetic regulators controlling
transcription of these genes. In this chapter, we report progress on the expression levels of
Omp85s gene under a range of growth conditions in a K. pneumoniae model but report cryptic
regulation for bamL and bamK. In Chapter 4, | studied Omp85 member BamL and found that
it is almost exclusively found in a two-member operon as the downstream partner. The function
of this operon is yes to be determined but both members encode for OM-localised proteins and
could represent a novel nanomachine. In Chapter 5, I studied BamK that shared high sequence
similarity to BamA and could represent a conserved gene duplication. In this study, | was able
to show that bamK is a highly conserved element in the core genome of Klebsiella spp., and its

expression rescues a loss-of-function AbamA mutant in K. pneumoniae and E. coli models.



Together, the results of this study sets the groundwork for elucidating the functional roles of
these paralogous Omp85 members in K. pneumoniae. Understanding how these additional
paralogues contribute to outer membrane biogenesis could prove valuable in better treatment
of K. pneumoniae infections but other species which also harbour similar divergent Omp85

members.
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Introduction

1.0 The cell envelope of Gram-negative bacteria

The cell envelope is a multilayered feature and plays a variety of important roles for Gram-negative
bacterial survival (Costerton et al., 1974, Silhavy et al., 2010). In Gram-negative bacteria such as
Escherichia coli and Klebsiella pneumoniae, the cell envelope is comprised of two fluid lipid bilayers
that differ in composition and function, termed the inner membrane (IM) and the outer membrane
(OM) (Figure 1.0.1). The IM and OM are estimated to be ~200 angstroms apart, separated by an
aqueous space termed the periplasm. Situated within this periplasmic space is a major structural
component of the cell wall, a layer of peptidoglycan that protects against sudden changes in
osmolality (Matias et al., 2003, Cohen et al., 2017). The IM is the site of many metabolic and
biochemical processes (Hendler & Burgess, 1974, Ingledew & Poole, 1984, Price & Driessen, 2010),
the periplasm provides an isolated compartment for many oxidising and degradative reactions (Miller
& Salama, 2018), and the OM acts as a semi-permeable barrier permitting diffusion of nutrients and
necessary ions while preventing entry of noxious agents such as toxins and antibiotics (Koebnik et
al., 2000, Decad & Nikaido, 1976). The IM and peptidoglycan, followed by the OM, together
surround the cytoplasm but only the OM is in direct contact with the extracellular environment
making it the first line of defence against adverse physical and chemical environments. Together,
these layers of the cell define cellular compartments in Gram-negative bacteria but also govern the
selective permeability of molecules to and from these compartments to maintain conditions for

optimal growth and homeostasis.

The IM is a symmetrical lipid bilayer, with both leaflets composed of phospholipids. This membrane
features outer-leaflet embedded lipoproteins and integral membrane proteins with a-helical
transmembrane segments (Wallin & Heijne, 2008, Facey & Kuhn, 2004). The activity of various
membrane proteins contributes to build a proton gradient across the IM that generates a proton-motive
force, providing for energy-dependent processes such as oxidative phosphorylation and active
transport to occur at the IM-cytoplasm interface (Erhardt et al., 2014, Du et al., 2015). The anchorage



of lipoproteins in the inner leaflet of the IM is by virtue of lipidation of an N-terminal cysteine residue.
These lipoproteins play important roles in periplasmic activities, including assembly of cell envelope
components and trans-wall signalling pathways (Tokuda & Narita, 2010, Asmar et al., 2017).

The periplasm is as an aqueous compartment that contains a variety of important soluble proteins as
well as the structurally-important peptidoglycan layer (Cohen et al., 2017, Miller & Salama, 2018).
The periplasm is devoid of nucleotides; therefore, a common question is how the myriad of energy-
dependent processes can occur in the absence of ATP and other obvious energy carriers. Periplasmic
proteins have roles in bi-directional transport of substrates across the periplasm, such as small
molecules and nutrients imported across the OM that are processed in the periplasm before delivery
to the cytoplasm (Beacham, 1979, Liu et al., 2004), the sensing domains of the histidine kinase
members of two component systems are frequently located in the periplasm to relay external stress
to the cytoplasm (Stock et al., 2000, Dutta & Inouye, 2000), and components of the OM are modified
and chaperoned to the OM itself (Lycklama a Nijeholt & Driessen, 2012, Sklar et al., 2007b). The
periplasm also contains intrinsic protein quality control capabilities, as several proteases are
sequestered in the periplasm where they are responsible for degradation of a variety of substrates,
including potentially toxic misfolded cell envelope proteins (Soltes et al., 2017, Miot & Betton,
2004).

The peptidoglycan layer provides shape and rigidity to the bacterial cell wall and is a common target
for antibiotics (Vollmer et al., 2008, Katayama et al., 2000). The peptidoglycan can be thought of as
a mesh network composed of disaccharide polymers linked by pentapeptides, and this meshwork
layer is anchored to the OM by the abundant “Braun’s lipoprotein” Lpp (Dramsi et al., 2008). The
peptidoglycan layer does not appear to present a major physical barrier for proteins traversing the
periplasm, as proteins in the 50-100 kDa range have been shown to pass through without hindrance
(Vollmer et al., 2008, Demchick & Koch, 1996).

The OM lipid bilayer composition differs from the IM. The OM is asymmetric in that the inner leaflet
is composed of phospholipids, but the outer leaflet is instead built of lipopolysaccharide (LPS)
(Koebnik et al., 2000). LPS is crucial for stability of Gram-negative cell walls but also provides
protection against the extracellular environment (Zhang et al., 2013). Located alongside LPS in many
pathogenic Gram-negative species, especially K. pneumoniae, a capsular polysaccharide (CPS) or
capsule layer is also present (Yoshida et al., 2000, Willis & Whitfield, 2013). The CPS layer is
comprised of high molecular weight polysaccharides that are linear or branched structures of

repeating two to seven monosaccharides (Zamze et al., 2002). The CPS layer also confers protection
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against environmental pressures (e.g. desiccation, antimicrobial peptides) but also functions as a
“cloaking mechanism” that evades the host immune system by physically preventing receptor binding
or by active modification of capsular composition mimicking the host thereby preventing recognition
(Cress et al., 2014, Doorduijn et al., 2016).

In E. coli and K. pneumoniae, the vast majority of OM proteins belong to one of two major classes:
lipoproteins, peripherally tethered to the inner leaflet of the OM via a lipid moiety attached to a N-
terminal cysteine residue (Nakayama et al., 2012) and B-barrel proteins, which are integrally
embedded within the OM (Koebnik et al., 2000, Schulz, 2002). It should be noted, that there are a
few OMPs that are embedded into the outer membrane through transmembrane a-helices, such as:
W?za, a polysaccharide translocon pore component; PorB, an aquaporin found in Corynebacterium
glutamicum for nutrient exchange and VirB10, a transenvelope spanning component of the Type IV
secretion systems found throughout the Gram-negative phyla (Dong et al., 2006, Ziegler et al., 2008,
Chandran et al., 2009). For the purpose of this thesis, OMPs will refer solely to outer membrane

proteins that adopt a 3-barrel topology which are integrally embedded into the OM.

OM localised lipoproteins interact with OMPs, soluble periplasmic proteins, the peptidoglycan layer,
and other lipoproteins to accomplish a diverse array of functions. Similarly, several of these p-barrel
OMPs are tightly regulated in respect to synthesis, assembly and activity as they also play key roles
in many essential cellular processes. These cellular processes include, but are not limited to, transport
of essential nutrients and cofactors (e.g. OmpF) (Nikaido & Vaara, 1985), proteolysis (e.g. OmpT)
(McCarter et al., 2004), protein secretion (e.g. TolC) (Zgurskaya et al., 2011), adhesion (e.g. Ag43)
(Klemm et al., 2004), iron acquisition (e.g. FhuA) (Bonhivers et al., 1998), OM biogenesis (e.g.
BamA and LptD) and mechanical support to the overall cell wall (e.g. OmpA) (Voulhoux et al., 2003,
Haarmann et al., 2010, Park et al., 2012).
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Figure 1.0.1: Schematic of the Gram-negative cell envelope. The Gram-negative cell envelope is composed of two
membranes: the inner membrane (IM) and the outer membrane (OM). The two membranes are separated by an aqueous
space, termed the periplasm, where the peptidoglycan layer is also situated. The OM is asymmetric at its outer leaflet (cell
surface facing) is comprised of lipopolysaccharide and its inner leaflet is made of phospholipids. The IM is symmetrical
as both leaflets (inner and outer) are made of phospholipids. Transmembrane proteins embedded within the OM and IM
are termed outer membrane proteins (OMPs) and inner membrane proteins (IMPs), respectively. Typically, lipoproteins
are anchored through acylation to either membrane (in the periplasmic facing leaflets).



1.1 Outer membrane proteins

Outer membrane proteins (OMPs) are integral membrane proteins that, while having widely
dissimilar functions, harbour common structural features, as revealed by a number of physical
characteristics that typify this family of proteins. The membrane integrated domain of OMPs is a f3-
barrel, where a series of anti-parallel B-strands come together such that hydrogen bond donors and
acceptors are compensated, ultimately forming a closed cylindrical structure with a lumen (Figure
1.1.1 A). The B-strands are amphipathic in nature, as the residues alternate between hydrophilic and
hydrophobic (Wimley, 2002). The side chains of the hydrophilic residues face towards the interior
lumen of the B-barrel structure, while the side chains of the hydrophobic residues point outwards
interacting with the hydrocarbon tails of the lipid membrane (Buchanan, 1999, Koebnik et al., 2000).
To date, all solved crystal structures of OMPs from Gram-negative bacteria contain an even number
of antiparallel B-strands, and for monomeric B-barrels the strand number ranges from 8 -strands (eg.
OmpX) to 26 B-strands (eg. LptD) (Vogt & Schulz, 1999, Botos et al., 2016).

The B-strands of OMPs are connected by what are defined as “turns” (facing the periplasm) and
“loops” (displayed on the extracellular face of the outer membrane) (Koebnik et al., 2000). While
inter-strand turns tend to be very short segments of polypeptide (often 3-4 residues), extracellular
loops can be extensive in length and are intrinsically flexible along much of their length. In many
cases features in the loops contribute specialised functions that include ligand binding, control of
permeability, or protein folding and stability (Buchanan, 1999, Wimley, 2003, Fairman et al., 2011).
Another characteristic of B-barrel proteins is a feature referred to as an “aromatic girdle”: a series of
membrane-facing aromatic side chains that typically reside at the top and bottom boundaries of the
barrel at the membrane-water interface (Figure 1.1.1 B). These aromatic residues are important for
the assembly and stability of B-barrel proteins into the OM (Deol et al., 2004, Hong et al., 2007).

Some OMPs contain N-terminal and/or C-terminal extramembrane domains resulting in multidomain
architectures. Examples include the chaperone domains of fimbrial usher proteins (Waksman &
Hultgren, 2009), the peptidoglycan-binding C-terminal domain of OmpA (Samsudin et al., 2016) and
virulence-associated autotransporters with N-terminal extensions (Henderson & Nataro, 2001,
Henderson et al., 2004). An alternative means to build complex architectures is seen in the case of
OMPs that adopt higher order oligomeric states, either homo-oligomeric (e.g. porins) or hetero-
oligomeric (e.g. LptD/E, TonB-dependent receptors) (Botos et al., 2016, Noinaj et al., 2010). These
higher order oligomeric states are proposed to facilitate the regulatory or substrate induced

cooperativity between active sites and binding interfaces or provide a structural purpose such as
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scaffold/filamentous and transenvelope architectures (Perica et al., 2014, Hashimoto & Panchenko,
2010). Finally, there are B-barrels where the cylindrical shape is formed from more than one copy of
the protein, where each subunit contributes only a small number of B-strands. This category includes
the efflux channel protein TolC (a trimer where each subunit contributes 4 -strands to a 12-stranded
B-barrel) (Koronakis et al., 2004), trimeric autotransporters (a trimer where each subunit contributes
4 B-strands to a 12-stranded B-barrel) (Linke et al., 2006, Bassler et al., 2015), and the Type 2
Secretion System secretin complex (a 15-mer where each subunit contributes 4 -strands to a 60-
stranded B-barrel) (Yan et al., 2017, Hay et al., 2017).

extracellular milieu ¢ %D extracellular loops

transmembrane
outer membrane B-barrel

periplasm ! e jperiplasmic turns

aromatic girdle

Figure 1.1.1: Anatomy of an outer membrane protein (OMP). (A) Structure of OmpX (PDB: 2MNH) from E. coli.
OmpX is a B-barrel OMP which is integrally embedded within the Gram-negative OM. The B-strands are anti-parallel
and form the barrel-like domain. Connecting each B-strand to the next, the extracellular facing loops are typically longer
than the periplasmic turns. (B) The OmpX structure with sidechains indicated for aromatic residues (green) forming the
“aromatic girdle” which localise to the membrane-water interface of the asymmetric bilayer, contributing to OMP
membrane insertion and structural stability.

As mentioned previously, OMPs perform a variety of cellular functions in Gram-negative bacteria
(Wimley, 2003). Based on their function, OMPs can be classified into one of four broad categories:
porins (i.e. channels), translocons, enzymes, and structural OMPs (Figure 1.1.2). It should be noted
that some OMPs may fall into more than one of these categories. Porins are a class of protein that
acts as molecular sieve for small and hydrophilic compounds (<600 kDa), forming a diffusion channel
or, in some cases such as LamB, a facilitated diffusion channel (Nikaido & Vaara, 1985). They
include some of the most abundant proteins in the Gram-negative OM (e.g. the E. coli protein OmpC)
and are often found to be trimers where each protein forms a complete B-barrel, but their preferred
state in the membrane seems to be as three stably-associated barrels (Rocque & McGroarty, 1989,
Cowan et al., 1992). In addition to passive and facilitated diffusion, there are examples of p-barrel
proteins that provide for active transport (e.g. BtuB imports Vitamin B12 against a concentration
gradient) (Hufton et al., 1995), where these transport channels typically require cooperation with
energy transducing complexes (eg. TonB, AcrA/B) in the IM (Brinkman & Larsen, 2008, Zhang et

al., 2017). Translocons include OMPs that are involved in the export of proteins or polysaccharides
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across the OM with examples including autotransporters and two-partner secretion (TPS) systems.
The virulence associated autotransporter and TPS secretion systems of Gram-negative bacteria will
be discussed in further detail in this chapter (Section 1.3). Enzymatic OMPs discovered to date have
functions that include proteases (OmpT) and phospholipases (e.g. OmpLA) (Vandeputte-Rutten et
al., 2001, Snijder & Dijkstra, 2000). The final category includes OMPs that serve structural purposes,
contributing to the formation and maintenance of the cell envelope, such as peptidoglycan-OM
linkage (e.g. OmpA), capsule-OM linkage (e.g. Wzi) (Bushell et al., 2013). Together, OMPs enable
the OM to fulfil its role as a protective physical barrier that enables the selective traffic across the
hydrophiid lipid bilayer. Furthermore, some OMPs play direct roles in virulence, extending the

importance of studying bacterial OMPs and their biogenesis to medical interest.
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Figure 1.1.2: Diversity of OMPs from Gram-negative bacteria. (A) Porins — Structure of the OmpC trimer (PDB:
2XE5) from E. coli. Major porins from Gram-negative bacteria form higher older multimers that are usually homo-
oligomeric. Shown as a side view and top-down view, the monomers trimerise into a triangular formation. The lumen of
each monomer is relatively small, but it is not obstructed, thereby allowing passage of small solutes into, and out of, the
cell (Nikaido, 1994). (B) Translocon Structures of FhaC (PDB: 3NJT) and TolC trimer (PDB: 1EK9) from E. coli.
Translocons — facilitate the transfer of client substrates across the OM (in or out) but the mechanism between OMPs can
differ. FhaC contains soluble N-terminal extensions, which is believed to be involved in the binding of substrates for
translocation through the lumen for secretion (Delattre et al., 2011). TolC differs, as the OMP is formed by three
monomers each making a third of the channel domain. Not shown in this image is TolC in complex with an IM localised
motor system such as AcrAB complex. The AcrAB-TolC multidrug efflux pump spans the entire Gram-negative envelope
for active transport of a diverse array of compounds. (C) Enzymatic - Structures of OmpT (PDB: 1178) and OmpLA dimer
(PDB: 1FW?2) from E. coli. The OmpT monomer contains a cell-surface facing protease domain that cleaves antimicrobial
peptides produced during a host immune response to enable infection and is thought to contribute to removing misfolded
OMPs (Hui et al., 2010, Lyu & Zhao, 2015). OmpLA represents another enzymatic OMP wherein it dimerises into its
active form to degrade phospholipids that have mistargeted flipped to the outer leaflet of the OM, which typically happens
during cell stress (e.g. addition of EDTA) (Vaara, 1992, Snijder & Dijkstra, 2000). (D) Structural - Structure of K.
pneumoniae OmpA (PDB: 2K01 N-terminal and 5SNHX C-terminal) and E. coli Wzi (PDB: 2YNK). OmpA is a structural
OMP involved in anchoring the peptidoglycan cell wall to the outer membrane in Gram-negative bacteria. Wzi is a
structural OMP involved in Group 1 capsule assembly in a range of Gram-negative bacterial species. Mutagenesis studies
of the extracellular loops of this OMP have been shown to be vital for capsular polysaccharide binding and assembly of
a CPS layer the bacterial cell surface (Bushell et al., 2013).



1.2 Outer membrane protein assembly

In Prokaryotes, all proteins are synthesised in the cytoplasm with an estimated 20% being targeted
for assembly into membranes (Krogh et al., 2001). The targeting of OMPs from the cytoplasm to the
OM requires the action of translocons in the IM and OM and help from a suite of molecular
chaperones in the cytoplasm and periplasm (Figure 1.2.1). OMP biogenesis, assembly and insertion
of a nascent B-barrel into the OM, thus requires coordinated steps of: (i) OMP translation, targeting
to and translocation across the IM, (ii) traversing the periplasm to the OM and (iii) folding and
insertion into the OM. In some cases, OMPs can fall off these pathways and would be potentially
toxic if accumulated in the periplasm (Goemans et al., 2014, Costello et al., 2016); thus, (iv) quality

control and genetic regulatory systems are also in place to protect against these issues.
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Figure 1.2.1: Overview of outer membrane protein assembly. (1) Newly translated unprocessed OMP precursors (pre-
OMPs) emerging from a ribosome are bound by SecA and trigger factor (TF) to keep the pre-OMP in a translocation-
competent state. The pre-OMP is subsequently transferred to cytoplasmic chaperone SecB which targets the cargo to the
IM localised SecYEG translocon. The SecYEG translcon facilitates the translocation of the pre-OMP across the IM using
energy from SecA bound ATPase hydrolysis. At the IM, still in an unfolded form, the pre-OMP is processed where its N-
terminal signal sequence (green) is cleaved then released into the periplasm. (1) The nascent OMP then takes either SurA
or the Skp/DegP chaperone pathway for transit to the BAM complex of the OM. (I11) Through an unknown mechanism,
the BAM complex mediates the folding and membrane insertion of OMPs. The energy required for OMPs folding and
inserting into the OM is mysterious, as all subcellular compartments extending radially from the IM are devoid of ATP
or other high-energy carriers (Wlfing & Pluckthun, 1994). (1V) Misfolded or aggregated OMPs in the periplasm are
either recognised by DegP and degraded or bound by DegS, which subsequently cleaves the anti-sigma factor, RseB to
release o, thereby causing a protease cascade triggering the envelope oE-mediated envelope stress response (De Las
Pefas et al., 1997, Alba et al., 2002).



OMP translation and Sec pathway translocation across the IM

The necessary information for delivery of an unprocessed OMP (pre-OMP) to the IM is found
in intrinsic sequence determinants usually found in the N-terminal region of pre-OMPs, a stretch of
amino acids termed the “signal sequence” or “signal peptide” (Driessen & Nouwen, 2008). A typical
OMP signal peptide has a tripartite structure with the following organisation: a positively charged N-
terminal region, a hydrophobic stretch (typically 5-16 amino acids) followed by a hydrophilic
segment which contains a protease cleavage site (Kendall et al., 1986, von Heijne, 1990). In the first
instance, newly translated pre-OMPs emerging from the ribosome are bound by ATPase motor SecA
and general chaperone trigger factor (TF). SecA has been shown to have affinity to hydrophobic
regions of the signal sequence (Gelis et al., 2007, Singh et al., 2014), and TF is believed to bind to
“buried” regions of the natively folded proteins to prevent degradation and aggregation of the nascent
pre-OMP (Bechtluft et al., 2010, Saio et al., 2014). The bound nascent pre-OMP then binds to
chaperone SecB in the cytoplasm, to maintain a soluble/unfolded translocation-competent state,
which are then targeted to the SecYEG translocon (Huang et al., 2016). The SecYEG translocon is
an IM localised protein complex that catalyses the translocation of unfolded OMPs across the IM
from the N- to C- terminus, in an ATP-dependent process powered by the ATPase SecA motor
(Kudva et al., 2013). During this IM translocation process from cytoplasm to periplasm, the signal

sequence is cleaved from the nascent pre-OMP by Signal Peptidase | (SPI) (Paetzel et al., 2002).

Traversing the periplasm to the OM

Upon reaching the periplasm, nascent OMPs still need to navigate the periplasm for their
destined OM localisation. As nascent OMPs are both unfolded and amphipathic in nature, they are
considered prone to aggregation if not protected from the aqueous environment (Bulieris et al., 2003,
Walton & Sousa, 2004, Walton et al., 2009); thus, periplasmic chaperones bind and escort nascent
OMPs until their eventual folding and insertion into the OM (Costello et al., 2016). Three well
characterised proteins have been described in the literature that have been shown to play major roles
in nascent OMP trafficking from IM to OM: SurA (Lazar & Kolter, 1996), DegP (Krojer et al., 2002)
and Skp (Walton et al., 2009). In E. coli, single deletions of any three chaperone members are viable,
but double deletions of surA and skp, or surA and degP, are synthetically lethal (Rizzitello et al.,
2001). These previous studies have been interpreted to highlight two distinct pathways for nascent
OMP passage across the periplasm, (i) a SurA-mediated pathway and (ii) a Skp/DegP-mediated
pathway, where at least one pathway must be functional for bacterial cells to be viable.
SurA sequesters client nascent OMPs by preferentially binding exposed aromatic residues (Xu et al.,

2007). Aromatic residues are commonly featured in OMP sequences due to “aromatic girdles” (Deol
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etal., 2004, Hong et al., 2007). Studies using OmpA, LptD and FhuA as client OMPs have suggested
that SurA undergoes oligomerisation and/or conformational switching, enabling the chaperone to
bind a multitude of topologically different client OMPs (Ricci et al., 2013, Vertommen et al., 2009,
Bitto & McKay, 2002).

The trimeric Skp and hexameric DegP both function as molecular chaperones with defined internal
binding cavities to accommodate nascent OMPs for protection against aggregation or degradation,
respectively (Krojer et al., 2002, Walton et al., 2009). The Skp homotrimer has a structure that has
been compared to a “jellyfish”, where its three tentacle-like extended domains have been shown to
be important for initial contact with client nascent OMPs (e.g. OmpA, LamB and BtuB) (Bulieris et
al., 2003, Lazar & Kaolter, 1996, Jarchow et al., 2008). On the other hand, DegP sequesters nascent
OMPs in a cage-like cavity but also functions as a protease for degradation of unfolded and
mislocalised OMPs as shown through numerous biochemical assays and through cryo-electron
microscopy studies (Krojer et al., 2008, Jiang et al., 2008, Merdanovic et al., 2011). The degradative
capabilities of DegP is essential for quality control of OM homeostasis as the periplasmic
accumulation of unfolded and mislocalised OMPs is toxic to cells (Bulieris et al., 2003, Walton et
al., 2009, Walton & Sousa, 2004).

Folding and insertion into the OM

Nascent OMPs which have successfully completed their journey across the periplasm need to
fold into the OM. Given their B-barrel structure, the strand-by-strand folding process to create the
barrel has to be co-ordinated with the insertion process that would result in the barrel being imbedded
within the plane of the OM. This folding and integration process of an OMP barrel is referred to as
“B-barrel assembly” or “B-barrel biogenesis”. Several in vitro studies have found that OMPs are able
to spontaneously assemble into artificial lipid environments (Kleinschmidt, 2003, Tamm et al., 2004,
Kleinschmidt, 2015, Kleinschmidt, 2006, Gessmann et al., 2014), but a paradox exists in the in vivo
bacterial cell envelope landscape. The IM and inner leaflet of the OM of Gram-negative bacteria
share lipid compositions: ~75% phosphatidylethanolamine (PE), ~20% phosphatidylglycerol (PG)
and ~5% cardiolipin (CL) (Diedrich & Cota-Robles, 1974, Sohlenkamp & Geiger, 2015), therefore
the spontaneous insertion and folding of OMPs would be expected to mislocalise a large proportion
of OMP molecules to the IM (Carlson & Silhavy, 1993, Grabowicz & Silhavy, 2017b). This does not
occur. At least part of the answer to this dilemma comes from the presence of chaperones that slow
the assembly process, and the presence in the OM of a modular B-barrel assembly machinery that

catalyses the efficient folding and insertion of nascent OMPs into the OM (Ricci & Silhavy, 2012,
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Selkrig et al., 2014, Noinaj et al., 2015, Albenne & leva, 2017). The essential protein BamA
(previously known as YaeT or Omp85; (Voulhoux et al., 2003)) is a member of the Omp85/TpsB
protein superfamily, which are found in all bacteria with outer membranes (Heinz & Lithgow, 2014).
In E. coli, BamA has been shown to associate with four lipoproteins BamB, BamC, BamD and BamE
(previously known as YfgL, NpB, YfiO and SmpA) to form what is now known as the BAM complex
(the core complex of the B-barrel assembly machinery) (Malinverni et al., 2006, Kim et al., 2007,
Haganetal., 2011, Ricci & Silhavy, 2012). How this heteropentameric complex assembles and inserts
OMPs is not fully understood given the physical and energetic barriers that must be overcome, and

models of BAM complex activity will be discussed later (Section 1.4)

Quality control and genetic regulation of OMPs

Complex biological processes such as OMP biogenesis require quality control, and bacteria
have genetic regulation systems in place to monitor for defects and address these issues to maintain
OM biogenesis and homeostasis. The o= envelope stress responses prevents the accumulation of OMP
species that have become misfolded, aggregated or become localised for too long in the periplasm
(Chaba et al., 2007, Grabowicz & Silhavy, 2017a). The accumulation of these aberrant species can
be toxic if they interfere with the normal homeostatic mechanisms in the periplasm (Bulieris et al.,
2003, Walton et al., 2009, Walton & Sousa, 2004). By the current models for quality control,
conserved C-terminal aromatic and hydrophobic residues, which are typically inaccessible in
correctly folded OMPs, serve as beacons in unfolded OMPs to attract elements of the quality control
machinery, particularly the serine protease DegS in the IM (Hasselblatt et al., 2007, Chaba et al.,
2011). Sensing accumulation of unfolded OMPs in the periplasm, DegS can activate a signal cascade
culminating in the activation of the oF envelope stress response regulon. In E. coli, the oF envelope
stress response decreases the production of highly-abundant OMPs such as OmpC, thereby greatly
reducing protein flux into the periplasm. Concomitantly, the ot envelope stress response promotes
the transcription of periplasmic OMP chaperones/proteases, components of the BAM complex, and

other factors required for OM homeostasis (Dartigalongue et al., 2001, Onufryk et al., 2005).

While the oF envelope stress response is essential in E. coli even under non-stress conditions
(Papenfort et al., 2006, Bossi & Figueroa-Bossi, 2007), this is not the case in other Gram-negative
species, such as Salmonella enterica serovar Typhmirium and Yersinia pseudotuberculosis (Palonen
et al., 2013, McMeechan et al., 2007). It remains unclear whether species such as these have

redundant quality control features that diminishes the importance of the ot envelope stress response,
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or whether alternative regulatory features serve to prevent the crisis situations that species like E. coli

face by resorting to an essential stress response.

Biogenesis of OM lipoproteins

The biosynthesis and localisation of lipoproteins shares some of the machinery with OMP
biogenesis, but there are also some distinct differences (Figure 1.2.2). Firstly, there are some
lipoproteins that are translocated across the IM by the twin-arginine translocon (TAT) pathway (lze
et al., 2003, Shruthi et al., 2010, Palmer & Berks, 2012), a pathway never used by OMPs. However,
most pro-lipoproteins are targeted to and translocated across the IM by the SEC translocon, using an
OMP-like N-terminal signal peptide, but one which features a distinguishing lipobox motif
(Andersson & Von Heijne, 1993, Tokuda & Matsuyama, 2004). Upon exiting the SEC translocon,
the lipobox motif is recognised by a membrane protein called Lgt that transfers a diacylglyceryl
moiety to a cysteine residue within the lipobox motif, thereby anchoring it to the inner leaflet of the
IM (Tokunaga et al., 1982, Sankaran & Wu, 1994). Following this modification, Signal Peptidase Il
(SP1I) cleaves the N-terminal signal peptide from the lipoprotein, and Lnt adds stabilising acyl chains
to the newly cleaved N-terminus (Yamagata et al., 1983, Gupta & Wu, 1991). The now acylated
nascent lipoprotein is then recognised as a substrate by the LOL complex, initiating transfer of the
lipoprotein from the IM by the chaperone LolA, to the assembly protein LolB located in the OM
(Tokuda & Matsuyama, 2004).
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Figure 1.2.2: The OM lipoprotein biogenesis pathway. () SEC translocated pro-lipoproteins are acylated by the
diacylglyceryltransferase (Lgt) at cysteine found in the lipobox motif. (I1) This modification allows type Il signal
peptidase (SPII) to release the pro-lipoprotein from its signal peptide (shown in red) The newly formed NH: group of the
+1 cysteine is then acylated by Lnt and the processed lipoprotein is recognised (l11) by the LoICDE complex. (1) The
periplasmic chaperone LolA, of the localisation of lipoprotein (LOL) pathway, delivers the lipoprotein from the IM to the
acceptor lipoprotein LolB. LolA is continuously recycled through this transfer process. (V) LolB then inserts the
processed lipoprotein into the inner leaflet of the OM.
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1.3 Omp85/TpsB superfamily

The Omp85/TpsB protein superfamily represents an important group of OMPs in Gram-negative
bacteria involved in the biogenesis of OMP substrates (Omp85) or translocate substrates across the
OM (TpsB) (Heinz & Lithgow, 2014). This protein superfamily is typified through shared sequence
motifs and structural similarities; however, the two groups are distinct in their taxonomic distribution
and comprised protein sequences. The taxonomic distribution of Omp85 proteins are found in all
Gram-negative bacteria but also in eukaryotes (in mitochondria and plastids, the organelles derived
from bacterial endosymbionts), whilst the TpsB members are found exclusively in bacterial lineages
(Heinz & Lithgow, 2014). At the sequence level, common sequence motifs dictate a modular structure
where at the N-terminal is usually comprised of at least one polypeptide transport-associated
(POTRA) domain(s) followed by a C-terminal transmembrane -barrel domain (Gentle et al., 2005,
Clantin et al., 2007). Between the two groups, common sequences which typify their respective -
barrel domains can be delineated into distinct PFAM domains: PF01103 (Bac_Surface Ag) for
Omp85 proteins and PF03865 (ShIB) for TpsB proteins, suggesting separate evolutionary trajectories.
In this section | will give a brief overview of the TpsB and Omp85 protein sub-families by discussing

their structure, functional role and proposed activities.

TpsB proteins

The anatomy of the TpsB proteins share similarities to the Omp85 proteins (discussed in a
later section) but have a few nuanced differences. Comprehensive in silico analyses revealed that
TpsB proteins can be classified into 2 distinct subsets based on defining characteristics of their N-
terminal extensions and/or C-terminal 3-barrel domains (Heinz & Lithgow, 2014). The only available
structure of a TpsB protein is FhaC of Bordetella pertussis (Clantin et al., 2007, Maier et al., 2015).
This archetypal protein follows a two-domain architecture: an N-terminal domain of two POTRA
repeats, and a 16-stranded C-terminal B-barrel domain (Clantin et al., 2007) (Figure 1.3.1 A). The
POTRA domains of TpsB proteins are situated in the periplasm and are required for binding and
folding of partner TpsA proteins for translocation (Yang & Braun, 2000, Delattre et al., 2011).
Topological studies of a handful of B-barrel domains suggest that TpsB proteins may vary widely in
their structures as members are predicted to have 10-16 B-strands (Konninger et al., 1999, Guedin et
al., 2000, Jacob-Dubuisson et al., 2004, Surana et al., 2006).

The FhaC B-barrel consists of 16 anti-parallel B-strands where its lumen is occluded by an N-terminal
a-helix and its extracellular loop 6 (Clantin et al., 2007, Maier et al., 2015) (Figure 1.3.1 B-C). The

exact function of this a-helix is unknown as its deletion from FhaC does not affect its ability to secrete
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FHA or adopt a B-barrel fold (Guédin et al., 2000). The a-helix is followed by a 30- residue
periplasmic linker in an extended conformation that joins to the N terminus of the membrane-distal
POTRA 1 domain (Maier et al., 2015). Unlike the a-helix, the linker is indispensable as deletion
abolishes its translocase function (Guédin et al., 2000, Clantin et al., 2007). The L6 of FhaC contains
a characteristic VRGY motif of the overall Omp85/TpsB superfamily, where this loop is positioned
in the lumen through a salt bridge interaction (Maier et al., 2015, Clantin et al., 2007). Deletion of
the FhaC L6 abolishes secretion but does not affect FhaC levels or localisation to the OM (Clantin et
al., 2007, Leonard-Rivera & Misra, 2012).

A

FhaC o e o S0l A A A AV A a9 S o0V (0 Y A V),

a-helix
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C-terminal

B
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[-barrel domain

N-terminal
POTRA
domain repeats

Extracellular
loop 6

Figure 1.3.1: Architecture and domains of a TpsB. (A) Topological features of the FhaC protein based on its crystal
structure (PDB: 3NJT). The signal peptide (SP) of FhaC is shown in green which is cleaved off prior to being assembled
and inserted into the OM. The N-terminal domain is composed of a-helix is connected to two POTRA domain repeats by
an unstructured linker. The C-terminal domain is transmembrane barrel made of 16 anti-parallel B-strands. (B) The
topology of FhaC in an OM is near identical to BamA of E. coli, but has some alterations reflecting different functional
mechanisms. (C) Extracellular loop 6 sits in the lumen of the transmembrane B-barrel forming a conserved “lid lock”
structure (Maier et al., 2015, Clantin et al., 2007). The “lid lock™ structure is thought to act as a gate, controlling the
translocation of substrate molecules across the OM and is modulated by the movement of POTRA domains displacing
the a-helix/extracellular loop 6 “lid lock™.

Type V Secretion Systems in bacteria:

Bacterial proteins are synthesised in the cytoplasm and proteins that function on the OM cell
surface or within the extracellular milieu must be translocated across IM and OM lipid bilayers to
reach their destination. To efficiently and selectively translocate proteins across the bacterial
membranes, bacteria have evolved numerous secretion systems. To date, nine families of secretion
systems (Type | through Type IX) have been described in bacteria. The Type V Secretion System
(T5SS) is widespread in Gram-negative bacteria allowing traffic of proteins across the OM usually
for secretion but also in surface-associated structures (Van Ulsen et al., 2014, Fan et al., 2016). There

are several sub-classes of the T5SS, across which functional roles include host cell adhesion,
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pathogenesis and more recently contact dependent growth inhibition. The subclasses are: T5SSa
(classical autotransporters), T5SSh (two-partner secretion), T5SSc (trimeric autotransporters), T5SSd
(secreted phospholipases), T5SSe (inverse autotransporters) and T5SSf (two-partner inverse
autotransporters). Of these, the T5SSs discussed here are because it encompasses: (i) the T5SSb with
a TpsB translocase and a dedicated substrate (Jacob-Dubuisson et al., 2013, Guérin et al., 2017), (ii)
the T5SSd with an Omp85 translocase with a translocated substrate domain (Salacha et al., 2010,
Casasanta et al., 2017).

T5SSh: Two-partner secretion system

The two-partner secretion (TPS) pathway is capable of secreting very large substrates (~100-
650 kDa), usually virulence factors, and some examples include cytolysins, hemolysins, host adhesins
and proteases (St Geme et al., 1993, Cotter et al., 1998, Aoki, 2005, Hertle, 2005, Fan et al., 2016).
A minimal TPS system is composed of two distinct proteins (Figure 1.3.2 A), a secreted exoprotein
and a translocon OMP, generally termed TpsA and TpsB respectively (Jacob-Dubuisson et al., 2004,
Newman & Stathopoulos, 2004, Mazar & Cotter, 2006). The prototypical TPS system is the secretion
of filamentous haemagglutinin (FHA) (TpsA) by translocon FhaC (TpsB) of B. pertussis. The genes
encoding TpsA and TpsB are usually found in the same operon (Jacob-Dubuisson et al., 2013, Guérin
etal., 2017). Recent work has shown that some TpsB translocons can translocate more than one TpsA
effector (Julio & Cotter, 2005) or appear to be promiscuous for other exoprotein substrates (Van
Ulsen et al., 2008, ur Rahman & van Ulsen, 2013).

The overall structure of TpsA proteins are thought to adopt a solenoid-like B-helical stem architecture
(Figure 1.3.2 B). TpsA proteins harbour long stretches of repeats which are thought to form p-strands
that organise into repeating fibrous B-helix folds (Clantin et al., 2004, Kajava & Steven, 20063,
Kajava & Steven, 2006b, Alsteens et al., 2013). These elongated p-helical structures are thought to
be structurally important for function as it could provide, structural integrity, protease resistance and
binding sites for aggregation and receptor binding (Emsley et al., 1996, Girard et al., 2010). However,
full length structural studies pertaining to TpsA subunits have been difficult due to their large size,
complicated topologies, and poor solubility. The T5SSb mechanism for protein secretion can be
summarised as follows (Figure 1.3.2 C): (i) TpsA substrate proteins are initially translated in the
cytoplasm and then translocated across the IM via the Sec machinery. (ii) nascent TpsA protein
interacts with the cognate TpsB partner, (iii) the TpsA protein begins folding into its B-helical
structure and is translocated across the OM, driven by the energetic gain that comes from protein

folding, where it is secreted or remains associated to the cell surface.
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T5SSd: hybrid secretion of phospholipases

The exoprotein PIpD from Pseudomonas aeruginosa is the prototype of T5SSd (Salacha et
al., 2010). PlpD represents a single translocon OMP that translocates a secreted lipolytic N-terminal
phospholipase Al (PLA1) domain across the OM. This system is described as being hybrid, as the
effector PLAL1 domain involves two other domains for its translocation mechanism: (a) a single
POTRA domain and a (b) C-terminal Omp85-like B-barrel (Figure 1.3.2 D). Omp85 B-barrels are
discussed later in this chapter. The functional role and mechanism for translocation of the proteolytic
PLA1 domain is still unknown but is thought to have a similar repeating solenoid-like structure like
other virulence-associated TpsA effectors. In a study by Casasanta et al. (2017), the authors found
that the T5SSd PLA1 domain of Fusobacterium nucleatum binds with affinity to host
phosphoinositide signalling lipids, potentially highlighting an intracellular niche during host
infection. Furthermore, the authors also found that a conserved motif found between the PLA1
domain and POTRA may dictate if a PLA1 domain of a T5SSd protein is either secreted or remains
membrane bound. The exact role of the single POTRA domain is unclear in T5SSd. POTRA domains
are thought to act as a docking platform for client substrates and partner proteins, but as the lipolytic
N-terminal secreted domain is fused to the C-terminal translocon -barrel OMP its role could be more

to do with substrate sensing or involved in overall conformational regulation for translocation.
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Figure 1.3.2: Comparison of T5SSb and T5SSd secretion. (A) Topological features for proteins of the T5SSh (two-
partner secretion) and the T5SSd (hybrid secretion of phospholipases) secretion pathways. The signal peptides (SP) are
shown in green for all proteins. T5SSb proteins are a two-partner system made of two proteins: TpsA and TpsB. TpsA
proteins contain two domains, a TPS domain and a passenger domain. TpsB proteins contain two N-terminal POTRA
domain repeats and a C-terminal 16-stranded B-barrel domain. T5SSd proteins are comprised of three domains, an N-
terminal passenger domain phospholipase Al (PLAL) and a single POTRA domain fused to a C-terminal 16-stranded j3-
barrel domain. (B) Partial crystal structure of the N-terminal domain of TpsA effector FHA of B. pertussis (PDB: 1IRWR).
TpsA proteins are predicted to adopt an elongated stalk-like structure made of B-helical folds based on repeating sequence
motifs. (C) Schematic showing the T5SSh pathway. (1) The newly translated TpsA pre-protein and TpsB pre-OMP are
translocated across the IM by the SecYEG translocase. (11) The TpsB pre-OMPs and TpsA pre-protein are then processed
and chaperoned across the periplasm where TpsB is inserted into the OM (Figure 1.2.1), and TpsA binds to the POTRA
domains of its partner TpsB. (111) The TpsA nascent protein presumably is threaded through the translocon TpsB OMP
and remains cell-surface associated or secreted. (D) Schematic showing the T5SSd pathway. (1) The newly translated pre-
OMP is translocated across the IM by the SecYEG translocase. (1) The pre-OMP is then processed, chaperoned across
the periplasm and assembled into the OM (Figure 1.2.1). (111) The C-terminal B-barrel domain presumably acts as a pore
[translocon facilitating passage of the PLA1 domain across the OM. The N-terminal PLA1 domain is then proteolytically
cleaved allowing its secretion into the extracellular space or remains associated to the transmembrane domain.

**: omission of the BAM complex and the TAM catalysing the insertion and folding of the p-barrel domains discussed
in the later sections.
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Omp85 proteins

The Omp85 group of the superfamily are widely distributed and homologues are present in
mitochondria (Sam50), chloroplasts (Toc75) and all Gram-negative bacteria phyla (Yen et al., 2002,
Heinz & Lithgow, 2014). Recent in silico analysis showed that Omp85 proteins can be classified into
8 distinct prokaryotic subfamilies, based on defining characteristics of their N-terminal extensions
and/or C-terminal B-barrel domains (Heinz & Lithgow, 2014). The archetypal Omp85 protein is
BamA and follows a two-domain architecture: (i) the C-terminal transmembrane B-barrel domain
characteristic of the Omp85 protein superfamily, and (ii) 5 POTRA repeats that form an N-terminal

domain located in the periplasm (Figure 1.3.3).

N-terminal
BamA FoTA rorias—J rorins

C-terminal

Figure 1.3.3: Domain architecture map of BamA. Topological features of the BamA protein based on its crystal
structure (PDB: 5D00). The signal peptide (SP) of BamA is shown in green and is cleaved off prior to being assembled
and inserted into the OM. The N-terminal domain is composed of 5 POTRA domain repeats and the C-terminus forms a
transmembrane B-barrel domain made up of 16 anti-parallel -strands.

Each POTRA repeat consists of a conserved N’-pf1-al-02-B2-B3-C’ secondary structure, and have
been observed by NMR, SAXS and crystallography under various conditions to sample a variety of
conformations regulated by binding of substrates and co-factors (Knowles et al., 2008, Doerner &
Sousa, 2015, Zhang et al., 2011, Jansen et al., 2015) (Figure 1.3.4). Phylogenetic analysis of POTRA
sequences has shown a remarkable level of diversity (Sanchez-Pulido et al., 2003, Kim et al., 2007),
which could be attributed to an under-appreciated diversity in specialised functional roles or species
specificity (Heinz & Lithgow, 2014, Browning et al., 2015).
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Figure 1.3.4: POTRA domains of an Omp85. Schematic showing the topology of POTRA domain in the archetypal
Omp85 BamA (PDB: 5D00). POTRA domains are acommon N-terminal feature of Omp85s. They are soluble and extend
from the transmembrane B-barrel domain into the periplasm. In Omp85s, the number of POTRA repeats vary between 0
and 7, but BamA proteins typically contain 5 (Heinz & Lithgow, 2014). Inset, POTRA motifs have a conserved B1-al-
02-B2-B3 motif and are connected by short linkers allowing flexible conformations. In most Omp85s, the most proximal
POTRA domain to the B-barrel is critical, as deletion impact the catalytic activity of the Omp85 resulting in severe OMP
assembly defects and consequently compromised OM integrity (Kim et al., 2007).

The C-terminal B-barrel domain of BamA consists of 16 anti-parallel -strands with both the N-
terminal end and C-terminus of the protein situated at the periplasm. Typical of other OMPs, the j3-
strands are connected by a series of short periplasmic turns and longer extracellular loops (Figure
1.3.5). In available crystal structures of BamA, the barrel lumen is occluded by the extracellular loops
which form a “capping dome” (Noinaj et al., 2013, Ni et al., 2014a). Of particular note, extracellular
loop 6 (L6) that forms part of the “capping dome” is also buried into the lumen and sits nestled against
the B-barrel wall (Noinaj et al., 2013, Ni et al., 2014a). The tip of L6 contains a characteristic VRGY
residue motif that is conserved throughout the Omp85 superfamily, where mutation of this motif
strongly reduces the catalytic activity of the protein (Gentle et al., 2005, Moslavac et al., 2005,
Delattre et al., 2010). BamA is the only integral membrane protein of the BAM complex in E. coli;

the other four subunits are lipoproteins.
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Figure 1.3.5: p-barrel domain of an Omp85. Shown here is a closer look at the C-terminal B-barrel domain of E. coli
BamA (PDB: 5D00).(A) The C-terminal B-barrel domain of BamA is typical of other OMPs and contains 16 stranded f3-
barrel connected by short periplasmic loops and longer extracellular loops.(B) is a top down view of the B-barrel
highlighting major extracellular loops 4 (purple), 6 (cyan) and 7 (yellow), which contribute to the “capping dome”. The
capping dome is a network of electrostatic interactions between BamA extracellular loops that is believed to occlude the
lumen preventing diffusion of substrates into and out of the barrel lumen.

1.4 The BAM Complex
The B-barrel assembly machinery (BAM) complex serves to catalyse the proper folding and insertion

of OMPs into the OM on a biologically relevant timescale (Plummer & Fleming, 2016, Hussain &
Bernstein, 2018). The BAM complex consists of multiple components and can vary in species
(Anwari et al., 2012, Webb et al., 2012a). In E. coli, the BAM complex is comprised of the five
proteins: BamA, BamB, BamC, BamD, and BamE, where alphabetical letters were assigned on the

basis of decreasing molecular weight (Table 1.4.1).

First identified in the early 2000s as Omp85 in Neisseria and Synechocystis, and as YaeT in E. coli,
based on high sequence conservation to chloroplast homologue Toc75 (Bolter et al., 1998, Voulhoux
et al., 2003). A subsequent genetic screen in E. coli then identified the lipoprotein YfgL (now BamB)
as a suppressor able to overcome OM permeabilities defects, and thereafter as a partner to BamA
through protein-protein interaction studies (Charlson et al., 2006, Sklar et al., 2007b, Sklar et al.,
2007a, Wu et al., 2005). The other partner lipoproteins: BamC (NIpB), BamD (YfiO) and BamE
(SmpA), were identified through protein-protein interaction studies using BamA and BamB as bait
(Sklar et al., 2007a, Wu et al., 2005).
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Table 1.4.1: Components of the E. coli BAM complex. In E. coli, the BAM complex is a hetero-pentameric complex
localised to the OM that catalyses the folding and insertion of OMPs into the OM. BamA is the only OMP component of
the complex and is the largest, whilst BamB through BamE are lipoproteins named in order of molecular weight from
highest to lowest. Single knockout studies of the BAM complex have revealed that BamA and BamD are the only essential
components in E. coli (Malinverni et al., 2006). However, single deletion of the other lipoproteins negatively impacts the
function of the BAM complex leading to OM integrity defects (Wu et al., 2005, Sklar et al., 2007a, Ruiz et al., 2005).

Molecular weight

1 1 1 1 *k
G2 ar T sl aEn Taxonomic distribution Knockout phenotype

Protein, previous alias(es)

Essential: depletion results in
88.4 kDa, OMP All Proteobacteria decreased OMP levels and
accumulation of unfolded OMPs

Non-essential: compromised

BamA
previously YaeT, Omp85

'BamB 39.9 kDa, lipoprotein a, B, and y Proteobacteria OM integrity, defects in OMP
previously YfgL
assembly
BamC Non-essential: mildly
34.4 kDa, lipoprotein B and y Proteobacteria compromised OM integrity,

TR N[22 mild defects in OMP assembly

Essential: depletion results in

reviEc;)i?lDYin 25.8 kDa, lipoprotein All Proteobacteria decreased OMP levels and

P y accumulation of unfolded OMPs
BamE Non-essential: mildly

previously SmpA 10.4 kDa, lipoprotein a, B, and y Proteobacteria compromised OM integrity,

mild defects in OMP assembly
** Based on studies and reviews from: (Anwari et al., 2012, Webb et al., 20123, Heinz & Lithgow, 2014)

Of these five components, only BamA and BamD are essential for cell viability (Wu et al., 2005,
Malinverni et al., 2006). The deletions of BamB, BamC or BamE are non-lethal, but have been
reported to negatively impact OM integrity and efficacy of OMP assembly due to an overall decreased
catalytic activity (Onufryk et al., 2005, Charlson et al., 2006, Sklar et al., 2007a, Hagan et al., 2010).
Stoichiometric estimates of purified Bam complex by mass spectrometry are suggested at 1:1:1:1:1;
consistent with the structures of the BAM complex by crystallography and single-particle cryo-
electron microscopy (Hagan et al., 2010, Gu et al., 2016, Bakelar et al., 2016, Han et al., 2016,
ladanza et al., 2016). The BAM complex is modular in architecture, with detergent-solubilisation of
the native complex from the outer membrane of E. coli yielding a BAMag module and a BAMcpe
module (Sklar et al., 2007a, Kim et al., 2007, Vuong et al., 2008, Hagan et al., 2010, Noinaj et al.,
2011, Webb et al., 2012b). Several structural studies have shown that select interactions between the
POTRA repeats of BamA with BAM lipoproteins stabilises the BAM complex architecture by
providing specific attachment/anchor points for the BAMag and BAMcpe modules of the overall
molecular machine (Bakelar et al., 2016, Gu et al., 2016). The POTRA to lipoprotein interactions are
also hypothesised as: (i) a regulatory mechanism for dynamic conformational changes of the BamA
monomer of the BAM complex (Bakelar et al., 2016, Gu et al., 2016), (ii) recognition and binding of
nascent OMPs, (iii) a docking point for periplasmic chaperones, and (iv) direct interactions with the
OM lipid membrane (Knowles et al., 2008, Bennion et al., 2010, Fleming et al., 2016, Lee et al.,

2018). Despite the bevy of structural analysis on the BAM complex and its individual components
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(Figure 1.4.2), the mechanism for OMP assembly and insertion remains largely unknown. In this
section I will briefly discuss the five components of the BAM complex from A through to E. It should
however be noted, that while these features in the architecture of the BAM complex in E. coli may
be found to be similar in K. pneumoniae and other closely related bacteria, there is known diversity
in the subunit composition of the BAM complex outside the Gamma-Proteobacteria. While BamA
and BamD appear to be ubiquitously distributed in all bacteria with an outer membrane, BamB, BamC

or BamE evolved much more recently (Webb et al., 2012a, Anwari et al., 2012).

A

extracellular milieu

outer membrane

@

periplasm

Figure 1.4.2: Crystal structure of the E. coli BAM complex, interaction map and individual components. (A) Left,
side view of the E. coli BAM complex (PDB: 5D00) with all five components (BamA through BamE) show in relation
to the Gram-negative OM layer. Right, interaction map showing the binding between BAM subunits observed through
structural studies and experimental studies. (B) Individual BAM subunits from the previously mentioned crystal structure
(PDB: 5D00), except BamC (PDB: 2YH6 and 3SNS for its N- and C-terminal globular domains, respectively), as it was
only partly resolved.
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BamA

The central component of the BAM complex is the B-barrel OMP BamA (Figure 1.4.2), with
transcriptional control coordinated within the 6= regulon (Dartigalongue et al., 2001). The reported
association of BamA with its partners has been shown by monitoring the behaviour of BamA through
size-exclusion chromatography, BN-PAGE, and co-immunoprecipitation analyses (Wu et al., 2005,
Malinverni et al., 2006, Sklar et al., 2007a, Hagan et al., 2010, Webb et al., 2012b). The earliest
experimental evidence that BamA plays an essential role in OMP biogenesis was through a gene
depletion study that demonstrated the periplasmic accumulation of unfolded OMPs and also showed
an in vivo interaction occurs between unfolded OMPs and BamA (Voulhoux et al., 2003). In later in
vitro studies, BamA in isolation has been shown to accelerate the assembly of nascent OMPs into the
OM (Plummer & Fleming, 2015), and that addition of the cognate lipoproteins increases the activity
of BamA in these assays (Hagan et al., 2010, Gessmann et al., 2014). This would suggest BamA is
performing enzymatically: by reducing the activation barrier for nascent OMPs to spontaneously fold
and insert into the OM, whilst the BAM lipoproteins are involved in more supporting roles potentially
regulating BamA conformation or providing a binding platform for chaperones and nascent OMPs
(Ricci et al., 2012, Bakelar et al., 2017, Bakelar et al., 2016).

The C-terminal B-barrel domain of BamA has three noticeable features which may contribute to its
activity in catalysing OMP assembly. Firstly, the p-barrel domain BamA is comprised of 16 anti-
parallel B-strands and crystal structures of BamA have revealed that the inter-strand extracellular
loops of BamA are involved both in the stabilisation of the B-barrel domain (Browning et al., 2015,
Thoma et al., 2018), and in formation of a “capping dome” that occludes the B-barrel lumen, thereby

preventing substrates to exit longitudinally (Noinaj et al., 2014) (See Figure 1.3.5).

Secondly, whereas the hydrogen bonds between the first and last B-strands of a transmembrane f3-
barrel are usually observed to stabilise the overall closed barrel structure, molecular dynamics
simulations and crystal structures for BamA have captured conformations that show an open junction
where the first (1) and last (B16) B-strands are bent away from each other resulting in an “unzipped”
or “open” conformation, where there is a reduced hydrogen bonding network (Bakelar et al., 2016,
Gu et al., 2016, Han et al., 2016, ladanza et al., 2016, Doerner & Sousa, 2017) (Figure 1.4.3 A).
These “unzipped” or “open” conformations have been hypothesised to contribute to a lateral gating
mechanism where this suspected conformational cycling enables alternation between an open and
closed state for controlled lateral exit of OMP substrates (Rigel et al., 2013) (Figure 1.4.3 B). Other

studies have further investigated this f-barrel seam of BamA by introducing engineered disulphide
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cross-links locking this region resulting in a lethal E. coli phenotype (Noinaj et al., 2014). In a study
by Doerner and Sousa (2017), the authors were able to show that despite B-barrel locking, the BAM
complex was able to accelerate folding and insertion of OMP substrate OmpX in vitro. However, in
vivo experiments demonstrated that barrel locking resulted in nonviable cells and postulated the

dynamic nature of the BamA B-barrel seam is important for destabilisation of the OM.

-4
BamA “closed” conformation =~ BamA “open” conformation
PDB: 5D00 PDB: 5EKQ

Figure 1.4.3: The p-barrel seam of BamA and “conformational cycling”. (A) Weak hydrogen bonding (dashed black
lines) seen between strands B1 and B16 (highlighted in green) forms the basis of the “lateral gate” feature of BamA. The
“lateral gate” is hypothesised to permit controlled lateral release of OMP substrates into the OM (PDB ID: 4K3B). (B)
Two crystal structures of the BamA monomer demonstrating different conformations described as “closed” or “open”
states. BamA is thought to cycle through these conformations, which changes upon binding of partner BAM lipoproteins,
to control the lateral release of OMP substrates into the OM.

Finally, the BamA f-barrel domain also shows some distinct differences in terms of B-strand lengths
that form the B-barrel domain. The first (1) and last (316) p-strands that form the lateral gate are
distinctly shorter than the other 14 B-strands (Noinaj et al., 2013). These shorter B-strands place the
residues which constitute aromatic girdles of the OMP closer, potentially generating a lopsided OM
where the hydrophobic thickness is suspected to be much smaller when compared to the directly
opposite side of the BamA -barrel (Figure 1.4.4). This potentially disrupted OM layer is suspected
to provide a more energetically favourable environment for folding and insertion of OMPs (Plummer
& Fleming, 2016).

periplasm

Thinner OM layer

Figure 1.4.4: Proposed localised membrane destabilisation caused by BamA. The hydrophobic thickness and density
of the two sides of BamA is thought to be different due to the shorter B-strand lengths at one end of its B-barrel domain.
This thinned membrane is believed to lower the kinetic energy required for folding and insertion of OMPs.
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BamB

Expression of bamB is controlled by the oF regulon (Dartigalongue et al., 2001, Onufryk et
al., 2005). BamB is a WD40 protein and adopts an eight-bladed [-propeller structure (see Figure
1.4.2 B), with four -strands per blade. WDA40 proteins often play a role in ligand-binding or protein-
protein interactions, and both of these ideas have been proposed for BamB function. Structural and
biochemical studies have shown that BamB directly interacts with the POTRA domain (specifically,
POTRA 3) of BamA (Wu et al., 2005, Vuong et al., 2008, Heuck et al., 2011) (see Figure 1.4.2 A).
In a recent study using super-resolution imaging and in situ cross-linking, the authors observed that
the function of BamB is to mediate interactions between neighbouring BAM complexes, to form

focused OMP assembly precincts across the bacterial cell surface (Gunasinghe et al., 2018).

BamC

There is substantial structural information on the various domains of BamC (Knowles et al.,
2009, Albrecht & Zeth, 2010, Kim et al., 2011) (see Figure 1.4.2 B), but a full-length structure in the
context of the BAM complex is missing. Recent crystal structures and single-particle cryo-EM
structures of the BAM complex required to model in residues of the BamC sequence due to
inconsistencies in the corresponding density (Gu et al., 2016, ladanza et al., 2016). An intriguing
aspect of BamC, one that probably holds the key to why it is so flexible in the detergent-solubilized
BAM complexes, comes from studies that show BamC is exposed on the surface of the bacterial cell
(Webb et al., 2012b, Gunasinghe et al., 2018). As a transmembrane protein, removal of the membrane
by detergent may destabilise the interactions that BamC makes with the other subunits of the BAM
complex. Unlike bamB, deletion of bamC does not drastically affect OMP levels but still results in
noticeable OM permeability defects (Onufryk et al., 2005, Wu et al., 2005). However, deletions of
bamC in combination of bamB or bamE results in drastically lower levels of BamD (Malinverni et
al., 2006, Wu et al., 2005, Rigel et al., 2012). Like bamB and bamA, transcriptional control of bamC
is coordinated by the o regulon (Onufryk et al., 2005, Dartigalongue et al., 2001).

BamD

Transcriptional control of bamD is regulated by the o= regulon (Dartigalongue et al., 2001,
Onufryk et al., 2005). Sequence analysis and structural studies showed that BamD is comprised of
five tetratricopeptide (TPR) repeats (see Figure 1.4.2 B). In E. coli, the TPR repeats are arranged into
two domains connected by an extended a-helix: 3 TPR repeats in the N terminus and 2 TPR repeats
in the C-terminus (Dong et al., 2012). It has been suggested that the N-terminal TPR domains might
interact with incoming OMP substrates (Hagan et al., 2015, Hagan et al., 2013), while the C-terminal
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domain interacts with BamA, BamC and BamE (Gu et al., 2016, Han et al., 2016). In addition to the
structural data, genetic evidence and affinity purification experiments confirm that BamD is
responsible for the stable interaction of BamA with the BAMcpe sub-complex (Malinverni et al.,
2006, Sklar et al., 2007a). As with BamA, depletion of BamD also results in lower steady-state levels
of OMPs as judged by immunoblots of bacterial membrane extracts (Malinverni et al., 2006, Wu et
al., 2005).

BamE

BamE is a monomeric lipoprotein component that consists of two N-terminal a-helices and a
C-terminal B-sheet containingthree3 B-strands (see Figure 1.4.2 B) (Endo et al., 2011). BamE is
thought to play an important role in stabilising the interaction of BamD to BamA (Sklar et al., 20073,
Rigel et al., 2012). Additionally, BamE is thought to play a regulatory role in BamA monomer
conformation as its deletion results in proteolytic lability of BamA (Rigel et al., 2012).
Physiologically, bamE is regulated by the 6F regulon (Rezuchova et al., 2003) and while shut-down
of bamE does not drastically affect OMP levels, steady state levels of the stress-sensing RcsF/OMP

complexes are reduced in a bamE deletion strain (Konovalova et al., 2016).
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Proposed mechanisms by which the BAM complex mediates OMP assembly

A holistic understanding of how the BAM complex functions in OMP biogenesis is still
unknown. Several models have proposed how OMP assembly and insertion into the OM membrane
occurs and, in this section, I will discuss two prevailing mechanisms: (i) the “assisted model”, and
(ii) the “budding model”. The BAM complex ‘assisted model’ posits that nascent OMP folding occurs
substantially in the periplasm, with integration of the folded barrel primed via membrane defects
created by BamA. The ‘budding model” proposes a direct role of BamA in generating protein-protein
contacts with its substrate in order that it builds the substrate B-barrel that ultimately buds away from
the BAM complex. As discussed below, both models have experimental evidence in support of their
respective claims. The two models presented may actually represent two sides of a puzzle where

certain OMP topologies are favoured by one mode of action more so than the other.

In the BAM complex assisted model, OMP folding begins in the periplasm and is thereby primed for
integration into the OM, with the exposure of the hydrophobic surface necessitating integration into
the membrane. This integration step would be facilitated at membrane sites disturbed by the action
of the lateral gate in BamA (Figure 1.4.5). The spontaneity of B-barrel proteins to readily fold and
insert into artificial lipid bilayers or detergent environments has been measured and is a multistep
process (Fleming, 2015). Briefly summarised as follows: A nascent OMP sequestered by SurA or
Skp is escorted to the BAM complex in a “partially folded” state. The degree of folding is not
currently known but is hypothesised to be substantial. The delivered OMP then initiates penetration
into the membrane for eventual insertion as a folded cylinder. Consistent with this hypothesis were
the observations of an introduced membrane defect found in proteoliposomes containing BamA
(Sinnige et al., 2014). A concern with this model is extrapolation from the data gathered with purified
components and non-model/artificial membranes, and the extent to which this remains reasonable in
an in vivo setting, as native membranes may not be as penetrable due to other structural features such
as LPS and other OMPs. Recent studies making use of reconstituted membrane extracts, replete with
LPS and other protein components to track partially folded OMP intermediates (LptD; Chimalakonda
et al. (2011), Lee et al. (2016) and EspP; leva et al. (2011), Pavlova et al. (2013)) even before OM

insertion lend critical support to the BAM complex assisted model.
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Figure 1.4.5: The BAM complex assisted model. This model proposes that OMP folding is driven by intrinsic
thermodynamic and sequence properties of the nascent OMP and the BAM complex only supports thinning of the
membrane thereby allowing nascent OMPs to assemble and insert utilising less energy. (1) Nascent OMPs are chaperoned
across the periplasm and targeted to the BAM complex. (I1) The BAM complex is thought to catalyse local membrane
defects by virtue of select B-strands of shorter length coupled with additional disruption due to the dynamic nature of the
B-barrel seam/lateral gate. The BAM complex POTRA domains potentially guides the nascent OMP to the destabilised
area. (1) The nascent OMP can now assemble and insert into the OM as it is now in an energetically favourable
environment.

The BAM complex budding model theorises that BamA opens laterally at its seam, allowing the
uncoupled B-strands to template nascent OMPs to form their B-strand structure progressively, into a
[-sheet that eventually buds off the BAM complex and into the OM, as a fully-folded and membrane-
integrated OMP (Figure 1.4.6). The model was inspired by observations in several structural studies
of BamA that revealed hydrogen bonding between the first (1) and last (316) B-strands is relatively
weak (Noinaj et al., 2014, Noinaj et al., 2013). This weakness is also evident from a comparatively
low thermodynamic stability for BamA with a melting temperature (Tm) determined to be at the
physiologically relevant 37 °C (Burgess et al., 2008). It is therefore hypothesised that this unorthodox
opening enables nascent OMPs to anneal to the exposed B-strands of the BamA barrel, thereby
forming their own B-strands in a process called -augmentation (Heuck et al., 2011). New pB-strands
would be added in a sequential manner, using the previously made strand as a new template, thereby
enlarging the BamA-OMP hybrid complex. The substrate OMP being sequentially folded would
eventually “bud off” and exit adjacently from the lateral gate into the OM, as its first and last f-strand

presumably come into contact thus forming a completely complemented -barrel domain.
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Figure 1.4.6: The BAM complex budding model. This model proposes that nascent OMP substrates BamA acts as a
structural template for nascent OMPs and laterally inserts these substrates into the OM. (1) Nascent OMPs are chaperoned
across the periplasm and targeted to the BAM complex. (I1) The nascent OMP threads through the lumen of the B-barrel
domain and forms a hybrid BamA-OMP barrel. (111) The first strand of the nascent OMP uses one of the exposed strands
of the B-strands as a template and forms B-strands in a sequential manner. This mechanism is sometimes referred to as 3-
augmentation as the barrel domain enlarges over time for assembly (Heuck et al., 2011). A similar mechanism has been
reported experimentally for the analogous SAM complex in mitochondria (Hohr et al., 2018). (1) Upon completion of
all B-strands of the OMP architecture, the assembled OMP is then thought to “bud” off laterally from BamA to insert into
the OM.

In many Gram-negative bacteria BamA-related sequences exist and shown to function in OMP
biogenesis. In a study by Selkrig et al. (2012), the authors discovered that an Omp85 protein called
TamA (previously YtfM) is a component of the Translocation and Assembly Module (TAM) of the
B-barrel assembly machinery. The TAM spans the periplasm, being composed of TamA in the outer
membrane and TamB (previously YtfN) which is anchored in the IM (Selkrig et al., 2012, Selkrig et
al., 2015, Shen et al., 2014). The TAM plays a role in the assembly and insertion of at least some
virulence associated OMPs (Stubenrauch et al., 2016, Heinz et al., 2016) (Figure 1.4.7). The structure
of TamA is that of a characteristic Omp85 protein with a 16-stranded p-barrel and N-terminal POTRA
repeats which in this case sums to three which are located in the periplasm (Selkrig et al., 2012,
Selkrig et al., 2015, Gruss et al., 2013). SAXS and NMR analyses showed that the POTRA domain
of TamA is structured as a rigid body (Selkrig et al., 2015), and the latter domains have been shown
to function as a lever that pushes against TamB in response to the presence of a nascent OMP (Shen
et al., 2014). TamA is presumed to have a a lateral gate, which can bind nascent OMP segments
through the gate (Bamert et al., 2017). Despite this substantial knowledge on the mechanism by which
the TAM functions as a module, it remains far from clear how the TAM complex cooperates with the
BAM complex to drive the folding and insertion of substrates like FIimD in which they both

participate (Stubenrauch et al., 2016).
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Figure 1.4.7: A further module of the B-barrel assembly machinery in Gram-negative bacteria. The TAM is
comprised of two components, TamA and TamB. TamA is an Omp85 member with a similar architecture to BamA. Its
N-terminal domain is made of three POTRA repeat domains and binds to IM localised partner protein TamB. Studies
have shown that TAM complex works cooperatively with the BAM complex to efficiently assemble select OMP
substrates (Stubenrauch et al., 2016). The exact mechanism of how these two complexes cooperate for efficient assembly
of client substrates is unknown. (I) Nascent OMPs are chaperoned across the periplasm and targeted to the BAM complex.
(I1) The nascent OMP is prepared for folding and insertion through the BAM complex, which could require the aid of the
TAM complex (1) The OMP assembles and inserts into the OM.
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1.5 Studies on outer membrane function and biogenesis in Klebsiella pneumoniae an important

pathogen of humans

Klebsiella pneumoniae is a Gram-negative opportunistic pathogen and is the causative agent of
human infections ranging from pneumonia, to septicaemia, to urinary tract infections and hepatic
abscesses (Podschun & Ullmann, 1998, Bagley, 1985, Dhingra, 2008, Siu et al., 2012). The ecological
distribution of K. pneumoniae extends beyond hospital environments and is found as a commensal
gastrointestinal flora of humans but also frequently colonises: other mammals (agricultural animals),
plants, birds, fish and invertebrates (Brisse & Van Duijkeren, 2005, Bowring et al., 2017, He et al.,
2017, Davis & Price, 2016, Stenkat et al., 2014, Brahmi et al., 2018, Parthasarathi et al., 2007).
Moreover, ecological surveys have identified the ubiquitous distribution of K. pneumoniae isolates
in diverse environments particularly soil and water bodies (Podschun & Ullmann, 1998, Singh et al.,
2017b), where it often resorts to biofilm modes of growth on abiotic or biotic surfaces. This growth
strategy is also used in the context of human infection. Biofilms of K. pneumoniae have been reported
on in-dwelling catheters as well as other hospital equipment, and in the context of liver and kidney
tissues (Stahlhut et al., 2012, Snitkin et al., 2012, Safdar & Maki, 2005, Tambyah et al., 2002).
Treatment of K. pneumoniae infections is becoming more challenging due to the global emergence

of multi-drug resistant and hypervirulent pathotypes (Holt et al., 2015a, Shon et al., 2013).

The wide ecological range of K. pneumoniae has been suggested to be driven by the highly diverse
genome compositions among species and its intrinsic propensity for horizontal gene transfer events
(Holt et al., 20154, Blin et al., 2017, Comandatore et al., 2018). K. pneumoniae are highly diverse in
respect to genome composition and have been reported to harbour ~2000 core genes that are shared
among virtually all strains, and up to ~3500 accessory genes that may be present or absent (Holt et
al., 2015a). The disproportionate ratio of ‘accessory genome’ to ‘core genome’ genes are factors
thought to strongly influence the metabolic capacities and success of K. pneumoniae in a wide range
of environmental niches (Bohlin et al., 2017, Holt et al., 2015a).

K. pneumoniae is a member of the family Enterobacteriaceae, which includes other significant
pathogens such as E. coli, Yersinia species, Salmonella species, and Shigella species. In a previous
study by Hsieh et al. (2016), the authors demonstrated that deletion of bamB from the core genome
of K. pneumoniae ultimately resulted in reduced adherence and host cell invasion, increased
susceptibility to antibiotics and host neutrophil phagocytosis. This study reinforces the fact that the
BAM complex is essential for the assembly and insertion of several pertinent virulence factors. The

starting point to the research described in this thesis was the observation that, in K. pneumoniae, the
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core genome contains four members of the Omp85 family of proteins: BamA and TamA, but also
two additional Omp85 proteins: an Omp85 without POTRA domains (subfamily: noNterm, example
locus identifier: BN49_0007), and a seemingly paralogous BamA gene duplicate (subfamily: BamA,
example locus identifier: BN49_4981). These additional K. pneumoniae Omp85s proteins
BN49 0007 and BN49 4981, will be referred to as BamL and BamK hereafter. Addressing the
question of why K. pneumoniae has conserved four Omp85 proteins became the foundation of my
work (Figure 1.5.1). The BAM complex and the TAM are known modules of the B-barrel assembly
machinery; therefore, a conservative hypothesis for the function of these novel K. pneumoniae
Omp85 would be that they also function in an aspect of OMP biogenesis. None the less, why
K. pneumoniae would require additional modules beyond those found in other species of
Enterobacteriaceae remains puzzling. Could these Omp85 proteins represent functionally redundant
gene duplications providing specificity towards certain substrates? Or part of a transcriptionally-

controlled program of gene expression that no longer included bamA and tamA?

| reasoned that investigating the functional roles of these novel Omp85 proteins would provide
fundamental knowledge that could enable better understanding of OM biogenesis in K. pneumoniae.
Previous efforts have aimed to utilise BamA/Omp85 proteins for vaccines and antibacterial therapies
as they are highly conserved among species and usually play essential functions linked to OMP
biogenesis (Wedege et al., 2013, Singh et al., 2017a, Vij et al., 2018, Storek et al., 2018), and so
understanding the these further Omp85s might provide developmental insights for targeted

therapeutics.
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Figure 1.5.1: The Omp85 family members of K. pneumoniae. In K. pneumoniae, four distinct Omp85 members are
present within their genomes. Studies in closely phylogenetically related species have found that the BamA and TamA
play roles in OMP biogenesis; however, two more Omp85 family members are conserved within the core genome of
K. pneumoniae. The pervasiveness of K. pneumoniae to harbour a second copy of BamA is curious (BamK). Does this
gene duplicate encode for a functional gene? Does it play a role in OMP biogenesis, as its sequence is highly similar to
the Omp85 blueprint — BamA? The second K. pneumoniae specific Omp85 is part of the noNterm subfamily of Omp85s
(BamL). The assembly and insertion of OMPs in Gram-negative bacteria have all featured foldase and insertase
machineries where the Omp85 components feature at least one POTRA domain. Does this family member also play a

role in assembly and insertion of OMPs or protein secretion? The aim of this thesis is to understand the role of these
divergent K. pneumoniae Omp85s.
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1.6 Thesis rationale and aims

Despite the impressive advances in our knowledge of OMP biogenesis as described and detailed in
this chapter, we understand surprisingly little about the molecular mechanisms and overlapping
functions of Omp85 biogenesis factors, especially in organisms other than E. coli. Work presented
here describes efforts to address these gaps in our knowledge using a K. pneumoniae model. In
particular, | sought to address:

1. What are the comparative gene expression levels of Omp85s in K. pneumoniae? What genetic
regulation controls the expression of Omp85s in K. pneumoniae? (Chapter 3)

2. What is the functional role of Omp85 without POTRA domains? Do these members contribute to
OMP biogenesis through folding and inserting or by providing a translocon pore? (Chapter 4)

3. Why does K. pneumoniae retain two copies of the essential gene bamA? Are there two BAM
complex folding pathways? Are there any differences in function or structure between the two

proteins? (Chapter 5)
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Materials and Methods

2.0 Bacterial growth media and conditions

E. coli and K. pneumoniae strains used in this study are listed in Table 2.0.1. Bacterial strains
were cultured in sterile lysogeny broth (LB) liquid medium (CSH Protocols, 2016), or M9
minimal medium (standard) (CSH Protocols, 2010) supplemented with yeast nitrogen broth, or
pre-sterilised Dulbecco’s Modified Eagle Medium (DMEM) (Gibco).

For pulse chase assays, M9+S media contained: 1 mM MgSQ4, 0.1 mM CaCly, 1.12 mM thiamine,
0.2% (wt/vol) glucose and M9 salts, as a nitrogen source - an amino-acid drop-out mixture was
used: 45.4 pg.mL! of each standard amino acid, except leucine (227 pg.mL™?) instead of
ammonium chloride. A non-sulphur minimal media (M9-S) was also used, which was M9+S

prepared without methionine and cysteine and 1 mM MgCl; in place of MgSOa.

Culture media supplemented with carbohydrates were filter sterilised using Stericups® with 0.22

um Express™ Plus membranes (Merck Millipore), but where media was required at only low
volumes (less than 50 mL) it was filter sterilised using an Acrodisc® syringe filter with a 0.2 pm

Supor® membrane (PALL Life Sciences). In all other cases, media was sterilised by autoclaving
at 121 °C for 20 minutes at 15 psi.

Plasmids used in this study are listed in Table 2.0.2. When required for maintaining plasmid
carriage, growth media was supplemented with antibiotics at the following concentrations: 100

ng.mL-1 ampicillin, 30 pg.mL-1 kanamycin, 34 pg.mL-1 chloramphenicol or 200 pg.mL-1
rifampicin . Where solid media was required, 15 g.L-1 agar (Merck Millipore, 12177) was added

to LB growth media prior to autoclaving.

Unless otherwise indicated, liquid cultures of K. pneumoniae and E. coli were routinely incubated

at 37 °C on an orbital platform rotating 200 strokes per minute (25 mm orbit). For growth on solid
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medium, K. pneumoniae and E. coli were incubated on LB agar for 16-24 hours at 37 °C. In typical
experiments, single colonies were then selected and used to inoculate fresh LB (5-10 mL liquid)
media where cells were subsequently incubated for 12 - 16 hours. This saturated culture was
typically used to prepare glycerol stock solutions, and/or to inoculate fresh media. To estimate
the growth phase of E. coli and K. pneumoniae, the optical density at 600 nm (ODsoo) was
measured with an Ultrospec 10 cell density meter (GE Healthcare Life Sciences) or using the

Spark™ 10M multimode plate reader (Tecan).

Storage conditions and bacterial recovery

To create frozen glycerol stocks, an aliquot of saturated culture (from routine culturing) was
transferred to a cryogenic vial and mixed with an equal volume of 80 % v/v glycerol (40 % v/v final
concentration) then placed in to a -80 °C freezer for long-term storage. Plasmid stocks were stored
in E. coli DH5a ArecA mutant. For bacterial recovery, glycerol stocks were removed from the -80
°C storage freezer, preventing the full thawing of the glycerol stock, and a small portion of the
frozen the glycerol culture was scratched away and used for streak plating on solid LB media for

subsequent inoculation of starter cultures.

Preparation of competent bacterial cells and transformation

To prepare chemically competent cells with CaCly, saturated overnight cultures were diluted 1:100
into fresh 200 mL LB and incubated until an ODgoo 0of ~0.6. Cells were chilled for 30 minutes on
ice, subjected to centrifugation (E. coli - 5000 x g, 10 minutes, 4 °C), and the cell pellet was
resuspended in 28 mL ice-cold 0.1 M CaCl,. After chilling and following centrifugation to isolate
the cells, the cell pellet was resuspended in 1 mL ice-cold 0.1 M CaCl, and incubated on ice for 2
hours. Ice-cold LB media containing 30% v/v glycerol (500 uL) was then added to the suspension
and 100 pL aliquots were snap frozen in liquid nitrogen. The cell aliquots snap frozen with liguid

nitrogen and were stored in a -80 °C freezer.

To transform CaCl,-competent E. coli strains, cells were first thawed on ice. Purified plasmid (50
ng) was added and, after gentle mixing, the sample was incubated on ice for 10 minutes. The
sample was then heat-shocked for 90 seconds at 42 °C, incubated on ice for 5 minutes, and
transferred to 950 puL of non-selective LB media. Selective solid media was then spread plated
with 500 or 1000 pL of transformation mixture. Following overnight incubation (typically 12-16
hours) at 37 °C, a well-isolated single colony of transformants was used to inoculate fresh LB

(liquid) media for overnight incubation.
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For high efficiency transformations, electrocompetent E. coli or K. pneumoniae were used. To
prepare electrocompetent cells, saturated overnight cultures were diluted 1:100 into fresh 200 mL
LB and incubated until an ODeoo of ~0.4, cells were then centrifuged four times (E. coli 5000 x g
or K. pneumoniae 15000 x g, 10 minutes, 4 °C) where the cell pellet was resuspended using
increasingly smaller volumes of ice-cold glycerol (10 % v/v) (e.g. 25 mL, then 12.5 mL, then 6.25
mL, then 1 mL. Aliquots (100 uL) were either used for transformation immediately, or snap frozen
in liquid nitrogen and stored at -80 °C. When required, frozen aliquots were thawed on ice before

incubation with plasmid.

For transformation, electrocompetent cells were incubated on ice for 3 minutes with 50 ng of
purified plasmid. After transferring to pre-chilled ice-cold electroporation cuvettes (1 mm gap),
cells were electroporated (E. coli 1800 V or K. pneumoniae 2500 V, 200 Q and 100 pF) and then
immediately transferred to 900 puL of non-selective LB media. Following a 1-hour incubation,
selective solid media was spread plated with 500 -1000 pL of transformation mixture. Following
overnight incubation (typically 12-16 hours) at 37 °C, a well-isolated single colony of transformed
bacteria was used to inoculate fresh LB (liquid) media for overnight incubation.

2.1 DNA/RNA based techniques
The plasmids and synthesised DNA fragments (gBlocks™) used in this study are listed in Table

2.0.2. Oligonucleotides used in this study are listed in 2.0.3.

Plasmid isolation
Plasmids were isolated from saturated overnight cultures (5 mL) using the Wizard® Plus SV
Miniprep DNA purification system (Promega) kit as per manufacturer's instructions.

Genome isolation
Genomic DNA was isolated from saturated overnight cultures using the GenElute™ Bacterial

Genomic DNA Kit (Sigma-Aldrich) as per manufacturer's instructions.
Polymerase chain reaction (PCR)

Oligonucleotide primers used for PCR were designed using SnapGene® viewer (GSL biotech)
and were synthesised by Integrated DNA Technologies (USA). For PCR amplifications,
Phusion® High-Fidelity DNA polymerase (New England Biolabs) or Tag DNA polymerse
(Roche) kits were used as per manufacturer's instructions. The template DNA used for PCR were
either isolated genomic DNA (gDNA), synthesised DNA fragments “gBlocks” (IDT), or DNA in
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a single colony picked from solid media after an overnight incubation and resuspended directly
into the PCR reaction. DNA amplifications were stained using SYBR® Safe (Thermo Fisher
Scientific) as per manufacturer's instructions and visualised using a LAS-3000 Imaging system
(Fuji). Slices corresponding to the amplified PCR fragments were purified using the Wizard® SV
Gel and PCR Clean-Up System kit (Promega).

Restriction digestion and alkaline phosphatase treatment

Restriction enzymes (New England Biolabs) used for digestion of plasmids or purified PCR
amplicons were used as per manufacturer's instruction. Linearised plasmids were treated with
alkaline phosphatase (Promega, M182A) for 1 hour as per manufacturer's instructions. After
alkaline phosphatase treatment and/or restriction enzyme digestion, DNA samples were analysed
by gel electrophoresis using 0.5-2.5 % w/v molecular biology grade agarose (Scientifix, 9010E)
in TAE buffer (CSH protocols, 2013). DNA was stained using SYBR® Safe (Thermo Fisher
Scientific) as per manufacturer's instructions and visualised using a LAS-3000 Imaging system
(Fuji). Slices corresponding to the digested vector or insert were extracted and DNA was purified
using the Wizard® SV Gel and PCR Clean-Up System kit (Promega).

DNA Ligation

The relative amount of purified plasmid and insert DNA was estimated using the NanoDrop 1000
Spectrophotometer (Thermo Scientific) as per manufacturer’s instructions. Ligation using the T4
DNA Ligase (New England Biolabs) system was performed as per the manufacturer's instructions,
usually using a 1:3 vector:insert ratio. Ligation mixture (10-20 uL) was used to transform

chemically competent E. coli DH5a (instead of 1 uL purified plasmid).

DNA sequencing
Plasmid and/or PCR products were sequenced by Macrogen, Inc. (South Korea). The sequence
data obtained was then evaluated manually to determine if the desired deletions, insertions or

mutations were present.
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Total RNA isolation

K. pneumoniae cultures were grown to exponential phase (ODsoo ~0.6) or stationary phase (ODeoo
~0.6) phase and 5 mL of cell culture media was added to 10 mL of RNAprotect Bacteria Reagent
(Qiagen). Samples were immediately vortexed for 5 seconds and incubated for an additional 5
minutes at room temperature. Samples were then centrifuged (15000 x g, 10 minutes, room
temperature) and the supernatant discarded. Total RNA was then isolated from the bacterial
pellets using a RNeasy Plus Mini kit (Qiagen) according to the manufacturer’s instructions.
Extracted RNA samples were quantified using a NanoDrop 1000 spectrophotometer and the
quality of the isolated RNA was checked by visualisation on agarose gels and by measuring the

sample’s Aze0:Azg0 ratio (>1.8).

gPCR analysis

Two micrograms of isolated total RNA was used for cDNA synthesis, using 70 ng of random
hexamers (Invitrogen) and Superscript Il Reverse Transcription Kit (Invitrogen), all according to
the manufacturer's guidelines. Quantification of the expression of the target genes was performed
using SYBR Green Master (Roche) with primer pairs used at 0.125 puM each; Cycling conditions
using the LightCycler480 instrument (Roche) were as follows: 95°C for 10 min followed by 35
cycles of 95 °C for 30 sec, 55 °C for 60 sec and 72 °C for 15 sec. Primer specificity was
determined by melting curve analysis and normalised cycle threshold (Ct) values were obtained
using open source qPCR data analyser LinReg (Ruijter et al., 2009). All gPCR sample reactions

were performed in triplicate.

Construction of K. pneumoniae mutant strains

Knock-out and knock-in mutants, in which target genes were deleted or replaced by allelic
exchange with a kanamycin resistance-encoding gene, were constructed in K. pneumoniae B5055
using the “gene gorging” technique (Herring et al., 2003, Lee et al., 2009). All oligonucleotide
primers: for generation of DNA regions, flanking homology arms, antibiotic cassettes or plasmid
backbones, are listed in Table 2.0.2.

‘Donor’ plasmids carrying the desired mutation were constructed as follows. The kanaymcin gene
was amplified from pKD4 using primers kanF and kanR. The resulting product included flanking
fragment length polymorphism (FLP) recombinase target (FRT) sites to permit subsequent
kanamycin cassette excision through use of a helper plasmid. DNA fragments were joined using

the Gibson assembly® Master Mix (New England Biolabs) as per manufacturer’s instructions.

41



Plasmid pACBSR carries genes encoding the I-Scel endonuclease and lambda Red recombinase
where their expression can be induced by addition of L-arabinose. Donor plasmids and pACBSR
were transformed into electrocompetent B5055 cells (0.1 cm gap-width cuvette; 200 ohms, 25
pF, 1.8 kV) and selected on LB agar containing kanamycin and chloramphenicol. A single co-
transformant was inoculated into 1 mL LB containing 0.2% L-arabinose (Sigma-Aldrich) and
chloramphenicol and grown in a shaking incubator at 37°C for 16 hours. Cell dilutions were
grown on LB agar containing kanamycin, and resultant colonies were screened by colony PCR
using primers flanking the targeted region. The loss of pACBSR was induced by 0.2% L-
arabinose without selection. When required, the kanamycin resistance gene was excised via the
FRT sites using the FLP helper plasmid pCP20. All mutations were confirmed by PCR analysis,
using primers flanking the targeted regions. Schematics for donor plasmids used for gene gorging
can be found in the following sections: Figures 3.3.2, 3.45, 4.2.2,5.3.2 and 5.5.1.

Generation of a gain-of-function mutagenesis library and insertion site screening

Separate overnight starter cultures (5 mL) of E. coli S17-Apir harbouring suicide vector pUT-
mini-Tn5Km2 and K. pneumoniae B5055%" AbamK::AmpR were diluted into 25 mL of fresh LB
media to a starting ODeoo 0f 0.05 with appropriate antibiotics. Cultures were grown to logarithmic
phase (ODsoo ~0.6) and were mixed in a 1:1 ratio in a final volume of 10 mL for 1 hour at 37 °C
static growth for liquid mating. The conjugation mix was then centrifuged (15000 x g, 10 minutes,
room temperature), resuspended in 1 mL LB and spread plated onto non-selective LB agar and
incubated at 37 °C overnight for solid mating. The resultant confluent bacterial growth was
scraped and resuspended in LB (1.5 mL) and spread plated onto LB agar plates containing
kanamycin and rifampicin and incubated at 37 °C overnight. Single K. pneumoniae B5055R
AbamK::AmpR colonies which showed kanamycin (transposon marker) and rifampicin resistance
were replica plated to LB plates that contained kanamycin, rifampicin and ampicillin plates
incubated at 37 °C overnight. The K. pneumoniae B5055% AbamK::AmpR colonies which
showed kanamycin (transposon marker), rifampicin and ampicillin resistance (bamK proxy
expression) were subsequently store at -80 °C. The sequences flanking the Tn5Km2 transposons
were amplified by Y-linker ligation PCR (Kwon & Ricke, 2000).

DNA binding reactions and Electrophoretic mobility shift assay (EMSA)
DNA-binding activity was determined by mixing cleared cell lysate, containing putative DNA-
binding proteins, with double-stranded DNA amplified by PCR to represent regions of the

putative bamK promoter. Cleared cell lysate was isolated from K. pneumoniae B5055 using
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detergent-based protein extraction reagent B-PER Il (Thermo-Fisher) as per manufacturer’s
instructions. A constant amount of purified PCR amplicons (250 nmol) acted as the “bait” titrated
against an increasing amount of “prey” DNA-binding protein present in the cleared cell lysate.
Binding reactions were performed in 20 pL final volume with a binding buffer (10 mM Hepes pH
8.0, 50 mM NacCl, 20 mM MgCl, 20 mM DTT). The binding reaction was performed at room
temperature for 30 minutes. The synthetic polynucleotide, poly(dl-dC) (Roche), was used as a
competitor for nonspecific DNA binding and was added to the purified DNA amplicons for 30
minutes before the addition of cleared lysate. Prior to loading for TBE-PAGE, 6x EMSA loading
buffer (0.25% bromophenol blue, 10 % glycerol (v/v)) was added to the binding reaction and ran
on a TBE gel for 120V until the bromophenol blue marker migrated three quarters down the gel.
DNA-protein bands were detected by placing the TBE-PAGE gel into a GelRed™ DNA staining
solution for 10 minutes then visualised using a Bio-Rad Chemidoc XRS+ as per manfacturer’s

instructions.

2.2 Protein based technigues

Polyacrylamide Gel Electrophoresis

Proteins were analysed by polyacrylamide gel electrophoresis (PAGE) using Mini- PROTEAN®
Tetra vertical electrophoresis cell (Bio-Rad) equipment as per manufacturer's instructions.
Polymerization of in-house gel solutions was initiated by the addition of 50 uL of APS (20% w/v)
and 10 pL of TEMED, per 10 mL of gel solution, immediately before casting the gel.

For sodium dodecyl sulphate (SDS)-PAGE analysis previously described methods were used but
with some modifications (J Simpson, 2006). Gels were cast using a 0.75 mm spacers and combs.
Stocks for the two gel layers were at 4x resolving gel buffer (1.5 M Tris pH 8.8, 0.4 % w/v SDS
and 2 mM EDTA) and 4x stacking gel buffer (1.0 M Tris pH 6.8, 0.08% w/v SDS and 2 mM
EDTA). For resuspension or dilution of protein samples, the final concentration for SDS sample
buffer was: 100 mM Tris-HCI pH 6.8, 10 % v/v glycerol, 1 % w/v SDS, 100 mM DTT and 0.01
% w/v bromophenol blue. A 40% acrylamide solution (Bio-Rad, #1610146) was adjusted
accordingly for the resolving (gradient 4-16 % or uniform 8 %, 10 %, 12 % or 15 %) for specific
applications. The same 40 % stock was used to prepare the stacking gel (3 %) solutions. Gradient
gels were prepared using the Hoefer™ SG 50 gradient maker (GE Healthcare Life Sciences) as
per manufacturer's instructions. For molecular weight markers, Dual colour Precision Plus
Protein™ Pre-stained standards (Bio- Rad) were diluted 1:10 with SDS sample buffer (without
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boiling) and 5 uL was loaded into polyacrylamide gels for SDS-PAGE analysis. SDS running
buffer comprised of 25 mM Tris, 192 mM glycine and 0.1 % SDS was used to separate proteins
by electrophoresis. Protein samples loaded per well were normalised where appropriate and
typically volumes of 1-10 pL or 5-50 pug were used unless otherwise stated.

For semi-native (SN)-PAGE analysis, a similar method to SDS- PAGE was used but that buffers
were of a modified composition. Instead of SDS running buffer, MES running buffer was used,
containing 50 mM 2-(N- morpholino)ethanesulphonic acid (MES) (50 mM MES pH 7.3, 2 mM
EDTA and 0.2 % w/v SDS). Instead of SDS sample buffer, SN sample buffer (40 mM Tris-HCI
pH 6.8, 10 % v/v glycerol, 0.2 % w/v SDS, 0.01 % w/v bromophenol blue) was used. Instead of
4x resolving and stacking gel buffers, 4x SN gel buffer was used (2.0 MM EDTA and 1.5 M Tris
pH 8.8) with no stacking layer. SN-PAGE analysis used 4-16 % gradient gels for pulse-chase
assay experiments. Gradient gels were prepared using the Hoefer™ SG 50 gradient maker (GE
Healthcare Life Sciences) as per manufacturer's instructions. For molecular weight markers,
Kaleidoscope™ Pre-stained standards (Bio- Rad) were diluted 1:10 with SN sample buffer
(without boiling) and 5 uLL was loaded into polyacrylamide gels for SDS-PAGE analysis. Protein
samples loaded per well were normalised where appropriate and typically volumes of 1-10 uL or

5-50 pg were used unless otherwise stated.

For TBE-PAGE analysis non-denaturing and reducing conditions were used to facilitate protein-
DNA interactions. Gels were casted using a 0.75 mm spaced plates and well combs. Similar to
SN-PAGE analysis, TBE-PAGE analysis also did not feature a stacking gel layer. TBE gel
solution was comprised of a final concentration of 0.5x TBE buffer (CSH Protocols, 2006)
adjusted with 40 % acrylamide solution (Bio-Rad, #1610146) and deionised water (MilliQ®).
TBE-PAGE analysis was performed using 4-8 % gradient gels for DNA-protein binding
experiments. Gradient gels were prepared using the Hoefer™ SG 50 gradient maker (GE

Healthcare Life Sciences) as per manufacturer's instructions.

Blue native (BN)-PAGE was used to resolve OM protein complexes of E. coli and K. pneumoniae
under native conditions. Gels were cast using 1.5 mm width spacers and well combs. A 3x BN-
gel buffer (150mM Bis Tris pH 7.0, 200 mM n-amino caproic acid) was used for the resolving
and stacking gel solution. A 40% acrylamide solution (Bio-Rad, #1610149) was adjusted
accordingly for the resolving and stacking solutions. Based on previously published work (Webb
etal., 2012b), a BN-PAGE sample buffer comprising 5% Brilliant blue G, 500 mM amino caproic
acid in 100 mM Bis-Tris pH 7.0 and 5-16 % gradient gels were used to visualise the BAM
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complex. Gradient gels were prepared using the Hoefer™ SG 50 gradient maker (GE Healthcare
Life Sciences) as per manufacturer's instructions. For molecular weight markers, 0.6 mg mL™
ferritin, 0.6 mg mL* BSA 0.5 mL* was diluted with BN sample buffer to 1 mL final volume
(without boiling) and 50 puL was loaded into polyacrylamide gels for BN-PAGE analysis. An
anode buffer comprised of 50 mM Bis-Tris pH7.0 and cathode buffer comprised of 15 mM Bis-
Tris pH 7.0, 50 mM Tricine, 0.02% Brilliant Blue G250, 0.03% DDM were used to separate native
proteins by electrophoresis.

Protein samples of 50 pg of total membranes were prepared by adding ACA750 buffer (50 mM
Bis-Tris pH 7.0, 750 mM n-amino caproic acid, 0.5 mM EDTA) to a final volume of 18 pL then
solubilised with 2 uL. 10% DDM for 20 minutes on ice with gentle mixing. Samples were cleared
by centrifugation (20,000 x g, 10 minutes, 4 °C) to pellet any non-solubilised membranes. The
solubilised portion was added to 5 pL of 5x BN-sample buffer prior to loading. BN-PAGE gels
were run overnight at 120 V, 4 °C. The next day the cathode buffer was replaced with fresh buffer
without Brilliant Blue G250 and run at 800 W until the detergent front has run off the gel.

Coomassie staining and destaining of polyacrylamide gels

For some applications, following SDS-PAGE analysis gels were stained with Coomassie staining
solution, comprising 50 % v/v methanol, 10 % v/v acetic acid and 0.05 % w/v Coomassie Brilliant
Blue R-250. Gels were incubated in Coomassie staining solution for at least 1 hour with gentle
shaking (40-50 rpm, 32 mm orbit), and the stain was then gradually removed with a destaining
solution comprising 5 % v/v methanol and 7 % v/v acetic acid. Gels were usually destained for
up to 24 hours at 40-50 rpm (32 mm orbit), until the background staining was minimal and the

proteins of interest remained visible.

Western transfer and immunoblotting

Following PAGE analysis, proteins were transferred from gels to 0.45 um hydrophobic
immobilon-P PVDF transfer membranes (Merck Millipore), or transferred to 0.45 pm Protran
nitrocellulose hybridisation transfer membranes (PerkinElmer). Western transfer was performed
using mini Trans-Blot® electrophoretic transfer cell (Bio-Rad) as per manufacturer's instructions,
except that transfer buffer A also contained 10 % v/v methanol. In the case of membrane transfer
BN-PAGE analysis, gels were first soaked in 10x SDS running buffer for 10 minutes (additional

denaturation of proteins aiding antibody detection) then transferred as detailed above.

For immunoblotting, antibodies and conjugates used as detection reagents in this study are listed

in Table 2.0.4. Primary antibodies, secondary antibodies and conjugates were diluted in blocking
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solution (5 % (w/v) instant skim milk powder (Coles)) in Western washing buffer. Western
washing buffer was prepared as per CSH Protocols (2013) except the final concentration of
Tween-20 was 0.2 % v/v. All incubations were performed at room temperature at 40-50 rpm (25
mm orbit) unless otherwise indicated. Primary and secondary antibodies were stored at -80 °C
and -20 °C, respectively, and when required aliquots were thawed on ice and subsequently stored
at 4 °C. Antibodies (either concentrated or diluted in blocking solution) were usually
supplemented with 0.025 % w/v sodium azide for prolonged storage at 4 °C, except for antibodies
conjugated to horse-radish peroxidase (HRP). For direct HRP conjugates, Precision Protein™
StrepTactin- HRP conjugate (Bio-Rad) and HisProbe™-HRP Conjugate (Thermo Scientific),
these probes substituted as the primary antibody incubation but did not require a secondary

antibody incubation.

Following Western transfer, membranes were incubated for 1 hour in blocking solution at room
temperature. After removing the blocking solution, the membrane was incubated for one hour in
the diluted primary antibody solution. The primary antibody solution was removed and stored at
4 °C for reuse, and the membrane was washed thrice for 5 minutes in Western washing buffer.
The membrane was incubated for 45 minutes in secondary antibody solution and washed as
before. Strep-Tag Il or a polyhistidine tags were fused to the Biorad™ pre-stained markers, thus
lanes containing the standards were removed from the membrane prior to immunoblotting, and
then reattached (for size referencing) before exposure to film. This was to ensure the extremely
strong signal from the markers did not interfere with the much weaker signal from the protein(s)

of interest.

Protein detection was performed using the enhanced chemiluminescence method with the ECL
Prime Western blotting detection reagent (GE Healthcare Life Sciences) as per manufacturer’s
instructions. Chemiluminescent membranes were then exposed to Super RX-N film (Fujifilm) in
an Amersham Hypercasesette™ (GE Healthcare Life Sciences) for up to 1 hour (usually 5
minutes). Immunoblot images were scanned using CanoScan 8600F with software version 5.0.1.2
(Canon).

Mass spectrotrometry (MS) analysis

DNA-protein gel bands were analysed by liquid chromatography-mass spectrometry (LC-MS) to
identify DNA binding protein candidates. Gel pieces were washed, and the samples reduced and
alkylated, and digested overnight with Trypsin (Promega) in a 20mM ammonium bicarbonate

buffer with a total sample volume of total of 50 pL. Tryptic digests were analysed by LC-MS/MS
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using the Ultimate 3000 nano HPLC (Thermo Scientific) coupled with a MicroTOFg mass
spectrometer (Bruker Daltonics). For separation of peptides, digested samples were loaded onto
a 75 pum i.d. PepMap™ 100 (C18) nanocolumn and eluted at a flow rate of 300 nL/minute using
a linear gradient from 95% buffer A (0.1% Formic acid) to 70% B (80% Acetonitrile 0.1% formic
acid). The eluted peptides were nebulised and ionised using the nanoESI source with a capillary
voltage of 4000V. The chromatographic system was interfaced to an amaZon ion trap (Bruker-
Daltonics) operating in AutoMSn (with n=2) in Enhanced Resolution (maximum speed=8100 m/z
per s) for MS mode and Ultrascan Mode for MS/MS. Prior to analysis, the qTOF mass

spectrometer was calibrated using tune mix.

Data from LCMSMS run was exported in Mascot generic file format (*.mgf) and searched against
an in-house curated database of protein sequences obtained from Uniprot using the MASCOT
search engine (version 2.4). The following search parameters were used: missed cleavages, 1;
peptide mass tolerance, £ 20ppm; peptide fragment tolerance, + 0.04 Da; peptide charge, 2+, 3+

and 4+; fixed modifications, carbamidomethyl; Variable modification, oxidation (Met).

Pulse-Chase Assay

Radioactive labelling of proteins and pulse-chase assays were performed as previously described
(Stubenrauch et al., 2016), with some modifications. Overnight cultures of E. coli BL21 Star™
(DE3) strains harbouring expression plasmids (inserts for LptD, LptE, LptDE or PhoE) were
diluted 1:50 with fresh LB and incubated to an ODeoo of ~0.6 at 37 °C with shaking. Cells were
subjected to centrifugation (4600 x g, 10 min, 4 °C), washed and resuspended in M9-S media.
Following a 30-minute incubation at 37 °C with shaking, cells were diluted with an equal amount
of glycerol (40 % (v/v), aliquoted and snap frozen in liquid nitrogen. Aliquots from the same
batch were considered to be technical replicates, and aliquots from different, independent batches
were considered to be biological replicates.

When required, aliquots were thawed on ice, subjected to centrifugation (3000 x g, 5 min, 4 °C)
and resuspended in M9-S media. Following addition of 0.5 mg/mL rifampicin, cells were
incubated for 1 hour at 37 °C, 400 rpm (3 mm orbit), 0.2 mM isopropyl-p-D-thiogalactoside
(IPTG) was added and cells were incubated for a further 5 minutes. Samples were ‘pulsed’ by
addition of 22 uCi mL—1 [®*S]-methionine and [*S]-cysteine (NEG072, Perkin Elmer) for 60 s
without shaking, subjected to centrifugation (3000 x g, 5 min, 4 °C), and then ‘chased’ by
resuspension in M9+S media for up to 32 min (the chase temperature was 37 °C (static) for both
PhoE and LptDE assembly assays).
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To track PhoE or LptDE assembly, aliquots were removed to SN-sample buffer at 10 seconds, 2,
4, 8, 16 and 32 min. Samples were incubated for 10 minutes at 37 °C or at 100 °C as a control to
denature any assembled oligomers. Samples were analysed by SN-PAGE using 4-16% gradient
gels. Proteins were transferred to 0.45 pm nitrocellulose membranes using standard techniques,
membranes were air-dried, and radiation was captured using a storage phosphor screen (GE

Health Sciences) and detected using Typhoon Trio (at 320 nm).

From at least three biological replicate gels (n=3), PhoE or LptDE band densities were measured
using ImageQuant™ TL software version 7.0 (GE Health Sciences) with the local average
background correction tool. To be able to compare biological replicates, ‘normalised density’
values were calculated by dividing the density measurements of the six timepoints by the greatest
density measurement among those timepoints. To calculate the observed rate constant, the
‘normalised density’ values were subsequently determined using the one-phase decay or
exponential nonlinear regression tool from GraphPad Prism software version 7.02 (GraphPad

software, Inc.).

Isolation of total membranes from E. coli or K. pneumoniae

A 5 mL overnight starter bacterial culture of E. coli or K. pneumoniae was diluted into 400 mL of
fresh LB media to a starting OD600 of 0.05. Cultures were grown to logarithmic phase (OD600 ~0.6)
and cells were harvested by centrifugation (E. coli 5000 x g or K. pneumoniae 15000 x g, 10 min, 4
°C). For strains harbouring an inducible plasmid, cultures were grown to logarithmic phase (OD600
~0.6) then induced with arabinose to a final concentration of 0.05 % (w/v) for 3 hours. Cell pellets
were then resuspended in TS buffer (10mM Tris-HCI, 0.75 M sucrose pH 7.5). To aid in cell lysis,
addition of lysozyme (50 pg/ml), PMSF (2mM) and 2 volumes of 1.65 mM EDTA (pH 7.5), were
added sequentially before homogenising cells (2-3 passes) with an EmulsiFlex (Avestin Inc.) at
15,000 psi. Debris was pelleted (15000 x g, 10 minutes, 4 °C) and soluble membranes were collected
by ultracentrifugation (100000 x g, 10mM Tris-HCI, 1 hour, 4 °C) and washed in TES (3.3 mM Tris-
HCI, 1.1 mM EDTA, 0.25 M sucrose pH 7.5) buffer. Membranes were pooled (~8 ml) with TES and
collected by centrifugation (100000 x g, 1 hour, 4 °C) and then resuspended in ~400 pl 25% (w/v)
sucrose in 5 mM EDTA (pH 7.5) and stored at -80 °C.

Sucrose density fractionation

To separate outer and inner membrane fractions based on density differences, total membrane
samples (~400 pl) resuspended in 25% (w/v) sucrose were overlain on a six-step sucrose gradient
(1.9 mL each of 35:40:45:50:55:60% (w/v) sucrose in 5 mM EDTA (pH 7.5). After isopycnic
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density centrifugation using ultracentrifugation in a SW40 Ti rotor (34,000 rpm, 17 hours, 4 °C),
the sucrose gradient was fractionated into 1 mL fractions, which were stored at — 80 °C until

required for analysis by SDS-PAGE and immunoblotting.

Identification of exoproteins in culture supernatants

A 5 mL overnight starter culture of K. pneumoniae B5055 harbouring pBAD-bcLV was sub-
cultured into 25 mL of fresh LB media to a starting ODsgo 0f 0.05. Cultures were grown to
logarithmic phase (ODeoo ~0.6) then induced with arabinose to a final concentration of 0.05 %
(w/v) for 3 hours. Two different methods were used to enrich for proteins in the culture
supernatants which were presumed to represent secreted exoproteins. The first method was direct
precipitation of proteins in the culture supernatant using trichloroacetic acid (TCA). Culture
supernatants were initially passed through a 0.2 um filter before the addition of trichloroacetic
acid (TCA; 10% final concentration) and incubated on ice for 1 hour. Precipitated proteins were
collected by centrifugation (15,000 rpm, 30 minutes, 4 °C) and protein pellets were washed twice
with ice cold 100% methanol. Pellets were air-dried to remove excess methanol and resuspended
in 50 pl SDS sample buffer. The second method was enrichment of exoproteins in the culture
supernatant using a centrifugal filter. Bacteria were centrifuged at 4000 x g and supernatants were
aspirated and clarified by using 0.2 pum filters. Exoproteins were concentrated by centrifugal
filtration with 3 kDa cut-off Amicon ultra filtration tubes (EMD Millipore) to a final volume of 1
mL. Enriched exoprotein samples were analysed by 3-14% gradient SDS-PAGE gels for

subsequent Coomassie blue staining and immunoblotting.

Urea Extraction of peripherally associated membrane proteins

Total membrane samples (50 pg protein) from K. pneumoniae B5055 harbouring pBad24-bcLV
were treated with 1 mL of 1x PBS (CSH protocols, 2006) or 5M urea and allowed to mix on a
rotary wheel for 1 hour at room temperature. Insoluble and extracted fractions were separated by
ultracentrifugation (100,000 x g, 50 minutes, 4 °C). The soluble fraction containing the urea-
extracted proteins was precipitated with TCA (10% final concentration) on ice for 30 min.
Precipitated proteins were collected by centrifugation (20000 x g, 20 min, 4 °C) and protein pellets
were washed twice with cold 100% acetone. Pellets from the soluble fraction were dried at 37 °C
and both soluble and insoluble fractions were resuspended in SDS sample buffer. As controls,
equivalent amount of total membranes (50 pg) of the tested strains were loaded in parallel to
demonstrate the initial material amount prior to PBS or urea treatment. Proteins were separated
by SDS-PAGE (12%) and analysed by immunoblotting.
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Protein-protein interaction: affinity purification

To assay for binding between BamL and LupV, affinity purification was undertaken using the
introduced C-terminal tags and affinity resins (i.e. Strep-Tactin® Superflow® 50% suspension
(IBA lifesciences) and Ni-NTA resin (Thermo scientific) for polyhistidine tags) (Refer to Figure
4.5.1). Total membrane samples (50 g protein) isolated from K. pneumoniae B5055 harbouring
pBad24-bcLV were initially solubilised using 1% DDM. To remove insoluble material, the
solubilised membranes were centrifuged (20,000 x g, 15 min, 4 °C) and the resulting soluble
fraction was added to 50 pL of Strep-Tactin® Superflow® or Ni-NTA resin, and the sample
gently rotated at 4 °C for 1 hour. The resin samples were washed with wash buffer (20 mM Tris-
HCI, 0.15 DDM, 50 mM NaCl, pH 7.5, 1 mM phenylmethyl sulphonyl fluoride (PMSF) and 10%
(w/v) glycerol) three times before the bound protein fraction was eluted directly with SDS-PAGE
sample buffer. In the case of affinity purification assays utilising Strep-Tactin® Superflow® 50%
suspension (IBA), proteins were instead eluted using Buffer E (IBA) a desthiobiton based elution

buffer. The eluted proteins were analysed by SDS-PAGE and immunoblotting.

BamL Protein purification

Unless stated otherwise, the entire purification protocol was performed on ice. E. coli C41 cultures
harbouring plasmid pET-20b(+)-BamL were routinely cultured to ODsgo 1.0 before addition of
0.1mM IPTG for overnight protein expression induction. Cells were harvested by centrifugation at
(5000 x g, 10 minutes, 4 °C), resuspended in lysis buffer (50 mM Tris-HCI pH 7.5, 0.15 mM DDM,
150mM NaCl, 300 pg/mL lysosome, 1 pg/mL DNase solution) and then disrupted using a high-
pressure homogeniser (Emulsiflex-B15, Avestin). Cell debris was pelleted by centrifugation at
(15,000 x g, 20 minutes, 4 °C) and crude membrane fractions were collected from the remaining cell
extract by ultracentrifuge (100000 x g, 1 hour, 4 °C).

For solubilisation of membrane-bound proteins, Elugent (Calbiochem) was added to the crude
membrane preparations to a final concentration of 2% in a final volume of ~60 mL. The preparation
was left to solubilise for 30 minutes at room temperature with end-over-end rotation. Insoluble debris
was removed from the preparations by centrifugation (15,000 x g, 20 minutes, 4 °C) and soluble
preparation was affinity purified using a HisTrap column (GE Healthcare) on an AKTAexplorer
system (GE Healthcare). The column was equilibrated with a buffer consisting of 50 mM Tris—HCI
pH 8.0, 300 mM NaCl, 10 mM imidazole. The target protein was eluted with a buffer consisting of
50 mM Tris—HCI pH 8.0, 100 mM NaCl and 1 M imidazole using a linear gradient from 0.1 to 50%.
The presence and purity of the BamL in the resulting elution fractions was confirmed by SDS-PAGE

(12%).
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In order to further purify the recombinant BamL, fractions from the HisTrap column were pooled and
concentrated utilising a centrifugal filter with a 30 kDa cutoff. The salt concentration of the final
sample was set to 150 mM through buffer exchange to suit the buffers utilised in Size exclusion
chromatography. The buffer exchanged and concentrated recombinant BamL samples were loaded
onto a Superdex 200 column (GE Healthcare) connected to an AKTAexplorer system (GE
Healthcare) and gel filtration buffer (50 mM Tris-HCI, 0.15 mM DDM, 100mM NaCl pH 7.5) was
pumped through at a flow rate of 1 mL/min at room temperature. The resulting elution fractions were
tested by 12% SDS-PAGE to confirm the presence and purity of recombinant BamL, and then

combined for antibody production, protein crystallisation or saved in -80°C for future analyses.

If detergent exchange was required, eluted recombinant BamL from the size exclusion step were
pooled and bound to 50 puLL of Ni-NTA resin (Thermo scientific). Samples were gently rotated at
4 °C for 1 hour. The bound resin samples were then washed with wash buffer (50 mM Tris-HCI,
0.15 mM DDM, 100mM NaCl, 10 mM imidazole pH 7.5) three times before the bound protein
fraction was eluted directly using elution buffer (50 mM Tris-HCI, 0.10 mM CgE4, 100mM NaCl,
400 mM imidazole pH 7.5). Imidazole was buffer exchanged out of the protein sample using an
Amicon Ultracel 30K cut-off concentrator (Merck Millipore) using the above elution buffer

omitting imidazole.

BamL immunisation for antibody production

For antibody production, 150 ug of purified recombinant BamL protein (DDM micelle) was
emulsified using Freund’s complete adjuvant (Sigma) for the primary immunisation of a rabbit.
Subsequent booster immunisations were administered in Freund’s incomplete adjuvant (Sigma) and
utilised 50 pg of purified recombinant BamL protein (DDM micelle). An equal volume of adjuvant
and purified recombinant antigen (i.e. BamL) were mixed into an emulsion using a stopcock
(DISCOFIX®) and 1 mL syringes. New Zealand White rabbits free of leptospiral antibodies were
injected subcutaneously on day 1 and as boosts to the immune response, immunisation was performed
again on day 21, day 42 and day 63. An antiserum was retrieved prior to the day 1 injection (pre-
bleed), and thereafter on day 28 (test bleed 01) and day 49 (test bleed 02) in 1 mL aliquots. The third
and final bleed (test bleed 03) was performed on day 65. The BamL-antisera were stored at —20 °C
until required. Animals were housed in accordance with the ethical principles and experimental
procedures with animals were approved by the Animal Care and Use Committee of the Faculty of
Medicine, Nursing and Health Sciences, Monash University (Ethics approval MARP/2016/147, Chief

Investigator Dr. Steve Comber)
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X-ray crystallography trials

For crystallisation, purified recombinant BamL (DDM or CgEs micelles) was concentrated to 5
mg/mL using an Amicon Ultracel 30K cut-off concentrator (Merck Millipore) without
precipitation. High-throughput crystallisation experiments were performed at 20 °C and setup as
sitting-drops by the Mosquito® (TTP LabTech Ltd). Commercial crystallisation screens selected
for use were PACT premier™ and JCSG-plus™ (Molecular Dimensions). Crystallisation drops
were setup in a Swissci (MRC) 96-well 2-drop UVP plates at 200 nL volume (100 nL BamL +
100 nL reservoir condition) with a 50 pL reservoir volume. Crystallisation drops were monitored

and imaged automatically over a 90-day period.

2.3 Cell based techniques

Automated growth curves

In order to examine bacterial growth, bacterial strains were grown overnight in LB broth (M9
minimal media, or DMEM) with orbital shaking at 200 rpm, diluted to a starting optical density
at 600 nm (OD600) of 0.05 into fresh LB broth (M9 minimal media, or DMEM), placed into 96-
well plates (Falcon-BD), and shaken at 200 rpm for 24 hours. Values for the OD600 of each
sample were recorded at regular intervals using the Tecan Spark™ 10M, and all strains were

assayed in three independent biological replicates in technical triplicates.

Construction of gfp reporter fusions and GFP fluorescence measurements

DNA fragments 500bp directly upstream of the translational start site of bamA or bamK were
amplified from K. pneumoniae B5055 genomic DNA and were cloned into reporter plasmid
pPROBE'-gfp[tagless] digested with BamHI and EcoRI. The vector is a broad-host range reporter
plasmid with a “promoterless” open-reading frame encoding the green fluorescent protein (GFP;
Miller et al., 2000). To modify the bamK promoter segment (“non-palindrome” mutant),
nucleotide gene blocks (gBlocks, from IDT) were synthesised and cloned into pPROBE'-
gfp[tagless] as above. Resultant gfp reporter fusion plasmids were transformed into

K. pneumoniae B5055 via electroporation.

Overnight cultures of the reporter strains were diluted to a starting OD600 of 0.05 into fresh LB
broth and incubated for 3 h at 37 °C on an orbital incubator shaker (180 rpm). From the mid-
logarithmic reporter strain cultures, 1 mL aliquots were then harvested (15000 x g, 10 minutes,

room temperature) and washed three with PBS. Washed cells were then resuspended in PBS back
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to 1 mL and GFP fluorescence emission was measured using filter set at 488 nm excitation and
512 nm using a Spark™ 10M multimode plate reader (Tecan). All GFP measurements were

performed in triplicate and were normalised to its cell density (ODeoo).

Mouse infection and analysis

Mice (6-week-old, male BALB/c) were infected by intranasal delivery with 8-9 x 10° CFU of
B5055 wildtype or the isogenic AbamK mutant strain. After 4, 24, 72 and 96 hours post- infection,
mice were euthanised and bacterial counts from lungs and liver determined. All animal
experiments were conducted at The University of Melbourne, approved by The University of
Melbourne Animal Ethics Committee, and were conducted in accordance with the Prevention of
Cruelty to Animals Act (1986) and the Australian National Health and Medical Research Council
Code of Practice for the Care and Use of Animals for Scientific Purposes (1997).

Macrophage uptake assays and live cell imaging

Macrophages were isolated from the femurs and tibias of 6-8 weeks old C57BL/6 mice. Bone marrow
were flushed from the bones using a 26G x 1/2 in needle and 10 mL of macrophages medium (RPMI-
1640 media supplemented with 10% FBS, 15% L-cell supernatant, 25 mM HEPES and 100 U/mL
Penicillin/Streptomycin (Sigma)). Cells were then placed in a T25 flask overnight at 37°C, 5 % CO.,
allowing adherent cells to be separated from non-adherent monocytes. Monocytes were then
transferred to petri dishes and differentiated in macrophages medium for 7-14 days, at 37 °C, 5 %
COa.. For culture periods longer than 7 days, the medium was replaced after one week. Macrophages
were gently scraped from petri dishes using a cell scraper and were seeded in tissue culture-treated

24-well plates at a density of 2.5 x 10° cells/well.

For infections with K. pneumoniae, bacterial cultures were pelleted (15000 x g, 15 minutes, room
temperature) and washed with x1 PBS (CSH protocols. Bacteria were then resuspended in
macrophages medium without penicillin/streptomycin and added to the cells at a multiplicity of
infection (MOI) of 25 or 50. The infected cells were then centrifuged (300 % g, 5 minutes, room
temperature) and incubated at 37 °C for 2 hours. Macrophages were then washed thrice with PBS.
After washing, macrophages were incubated with macrophages medium containing 200 ug/mL
gentamicin at 37 °C for 40 min to prevent extracellular bacterial growth. Finally, macrophages were
replaced with macrophages medium, and infections proceeded at 37°C for 2 or 6 h. For all

experiments, control cells were mock-infected with PBS.
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To harvest bacteria from cells, culture medium was removed, and macrophages were lysed in 200
uL of PBS containing 1% (w/v) Saponin at room temperature for 10 minutes. Serial dilutions (10
to 10°) of the cell lysates were then plated drop onto LB agar plates and colonies forming units

(CFU) were enumerated after incubation at 37°C for 12-18 hours.

Live cell imaging was used to follow the cell death events of K/ebsiella-infected macrophages in real-
time. Infected macrophages were replaced with culture medium containing 600 nM Draq7 (Abcam)
after gentamicin incubation. Experiments were performed on a Leica AF6000 LX epi-fluorescence
microscope equipped with an incubator chamber set at 37 °C, 5 % CO2 and an inverted, fully-
motorised stage driven by Leica Advanced Suite Application software. Time-lapse images were
acquired with bright-field and Y5 filters every 30 minutes for up to 24 hours using a 10x/0.8-A
objective. The images were analysed in ImageJ software.

Sequence analysis

DNA regions were scanned for promoter elements using pattern locator algorithm PATLOC
(Mrazek & Xie, 2006). Calculations for predicting DNA curvature of DNA sequences utilisied
the bend.it® online bioinformatics service (Vlahovicek et al., 2003). Calculations for predicting
the folding and hybridisation of nucleic acid sequences utilised the Mfold web server (Zuker,
2003).

To determine the primary sequence of mature protein following signal peptide cleavage, analysis
of the preprotein by SignalP version 4.1 was performed (Petersen et al., 2011). To predict the
number and orientation of IM transmembrane a-helices, TMHMM server version 2.0 was used
(Krogh et al., 2001).

ExXPASy ProtParam (Gasteiger et al., 2003) was used to estimate molecular weight and calculate
the distribution of amino acids or atoms within a protein. Multiple sequence alignments were
performed using the MUSCLE algorithm (Edgar, 2004).

Protein structures were predicted using Phyre2 (Kelley et al., 2015, Kelley & Sternberg, 2009) or
utilised actual structures deposited into the RCSB protein data bank (PDB) (http://www.rcsb.org).
The models were further evaluated using I-TASSER (lIterative Threading Assembly Refinement)
(Roy et al., 2010, Zhang, 2008) to provide validation to the predicted Phyre2 generated structures.
Rendering of protein images to PNG files, including superimpositions, of the models and crystal
structures were generated using PyMOL™ Open-Source version 1.8.2.1 (Schrddinger).
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Figures
Unless otherwise stated, all figures were prepared using Adobe Illustrator (version 2018.22.1) and

where required, images were cropped or re-sized using Adobe Photoshop (version 2018.19.1.5).
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Table 2.0.1.: Strains used in this study.

Strains Genotype or description Reference/Source
E. coli BL21 Star™ F-ompT hsdSe (rs'ms’) gal dcm rne A(DE3) Invitrogen
(DE3)
E. coli DH5a F- endAl hsdR17 (rk2",mk*) supE44 thi-1 X" recAl | Invitrogen
gyrA96 relA1 deoR A(lacZYA-argF)-U169
®80dlacZAM15; NalR
E. coli S17 Apir recA, thi, pro, hsdR-M*RP4::2-Tc::Mu::Km Tn7 Richard A. Strugnell, University of Melbourne

E. coli BL21 Star™
(DE3) AbamA::KpbamA
E. coli BL21 Star™
(DE3) AbamA::KpbamK
K. pneumoniae AJ218
K. pneumoniae AJ218
Ahns

K. pneumoniae
MGH78578

K. pneumoniae B5055

K. pneumoniae B5055Rif

K. pneumoniae B5055Rif
AbamK::AmpR

K. pneumoniae B5055
AbamK

K. pneumoniae B5055
AbamA::KpbamK

K. pneumoniae B5055
AdksA::KanR

K. pneumoniae B5055
AhupA::KanR

K. pneumoniae B5055
AlupV-bamL::KanR

Apir, TpR SmR

Native bamA gene functionally replaced with
B5055 bamA

Native bamA gene functionally replaced with
B5055 bamK

K54:07? serotype, hospital isolate, AmpR
AJ218 mutant, hns gene deleted

K52:07? serotype, laboratory reference strain

K2:01, mouse lethal clinical isolate, laboratory
reference strain

B5055 spontaneous rifampicin mutant, isolated by
gradient plate method (Carsenti-Etesse et al.,
1999)

B5055 spontaneous rifampicin mutant, bamKgene
replaced with Ampicillin resistance gene from
pGEM-T easy

B5055 mutant, bamK gene deleted

Native bamA gene functionally replaced with
B5055 bamK

B5055 mutant, dskA gene deleted

B5055 mutant, hupA gene deleted

B5055 mutant, lupV-bamL genes deleted
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This study
This study

Richard A. Strugnell, University of Melbourne
Richard A. Strugnell, University of Melbourne

Richard A. Strugnell, University of Melbourne
Richard A. Strugnell, University of Melbourne

This study

This study

Abigail Clements, Imperial College London
This study
This study
This study

This study



Table 2.0.2.: Plasmids and synthesised DNA fragments (gBlock™) used in this study.

Plasmids or gBlock Genotype or description Reference/Source
Plasmids
pET-15b Empty vector, IPTG inducible, Amp' Novagen

pKSO07 (pET-15b)

pETDuet-1
pCJS42 (pETDuet-1)

pCJS43 (pETDuet-1)

pCJS44 (pETDuet-1)

pACBSR
pKD4

pCP20
pBAD24
pBAD24-bcLV

PET-20b (+) modified

PET-20b (+) modified-
BamL

pKpBK-KpBA
donor_Kp
pKpBA-EcBA
donor_Kp
pKpBK-EcBA
donor_Kp
pAmp-KpBK
donor_Kp

pKan-dksA donor_Kp

pKan-hupA donor_Kp
pKan-bamLALL
donor_Kp

pGEM-T Easy

pJET (1.2)

pUA139
pUA139[bamA]

pUA139[bamK]
pPROBE'-gfp[tagless]
pPROBE'-gfp[bamA]
pPROBE'-gfp[bamK]
pPROBE'-gfp[tamA]
pPROBE'-gfp[bamL]
pPROBE'-gfp

[bamK non-
palindrome]

pBR:BamK + prom #15

gBlock™
bamK non-palindrome

phoE from from E. coli K-12 strain MG1655
cloned into MCS

Empty vector, IPTG inducible, Amp'

IptD from from E. coli K-12 strain MG1655
cloned into MCS1

IptE from from E. coli K-12 strain MG1655
cloned into MCS2

IptD and IptE from from E. coli K-12 strain
MG1655 cloned into MCS1 and MCS2,
respectively.

Ara promoter controlling I-Scel & A Red
FRT-kan-FRT oriR6K Amp’

cI857 APR flp pSC101 oriTS Amp" Cam")

ori pMB1, Amp’

Duet expression of B5055 Omp85 genes lupV and
bamL under arabinose control

N-terminal modifications: pelB signal sequence, a
Hisio-tag and a TEV cleavage site. IPTG
inducible, AmpR

PET-20b (+) modified that expresses B5055
BamL without its native signal peptide

Donor plasmid for replacing B5055 native bamA
with bamK

Donor plasmid for replacing B5055 native bamA
with B5055 bamA

Donor plasmid for replacing BL21 Star native
bamA with B5055 bamK

Donor plasmid for replacing B5055 native bamK
with ampicillin resistance from pGEM-T easy
Donor plasmid for replacing B5055 dksA with
kanamycin cassette from pKD4

Donor plasmid for replacing B5055 hupA with
kanamycin cassette from pKD4

Donor plasmid for replacing B5055 bamL and
lupV with kanamycin cassette from pKD4
Cloning vector AmpR

Cloning vector AmpR Blunt end cloning for
gBlocks™

Reporter plasmid promoter, CamR

pUA139 with bamA promoter from B5055 in
front of gfp reporter CDS

pUA139 with bamK promoter from B5055 in
front of gfp reporter CDS

Broad-host range reporter plasmid promoter,
KanR

pPROBE'-gfp[tagless] with bamA promoter from
B5055 in front of gfp CDS
pPROBE'-gfp[tagless] with bamK promoter from
B5055 in front of gfp CDS
pPROBE'-gfp[tagless] with tamA promoter from
B5055 in front of gfp CDS
pPROBE'-gfp[tagless] with bamL promoter from
B5055 in front of gfp CDS
pPROBE'-gfp[tagless] with bamK promoter from
B5055 containing a disrupted palindrome
sequence in front of gfp CDS (see Figure 3.2.2)
B5055 bamK with 500 bp putative promoter
region in pBR322

Contains 500 bp upstream of B5055 bamK CDS
with disrupted palindrome (see Figure 3.2.2),
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Stubenrauch et al. (2016)

Novagen
Stubenrauch et al. unpublished

Stubenrauch et al. unpublished
Stubenrauch et al. unpublished
Herring et al. (2003)

Datsenko and Wanner (2000)
Cherepanov and Wackernagel (1995)
Guzman et al. (1995)

This study

Susan Buchanan, NIH, USA

This study
This study
This study
This study
This study
This study
This study
This study

Promega
Thermo Scientific

Zaslaver et al. (2006)
This study

This study
Miller et al. (2000), Addgene
This study
This study
This study
This study

This study

Abigail Clements, Imperial College London

Integrated DNA technologies (IDT)



cloned into pJET then sub-cloned into pPROBE'-
gfp[tagless]
LupV_BamL_polycis Contains CDS for lupV and bamL from B5055 Integrated DNA technologies (IDT)
with native signal sequences for localisation and
biochemical studies, cloned into pJET then sub-
cloned into pBAD24 (see Figure 4.5.1)
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Table 2.0.3.: Oligonucleotides used in this study.

Function Primer Sequence (5°—3°)
gene knock-in:
bamA replaced by B5055 VVT029 tagggataacagggtaataggtaaggcggaagggttcg
bamkK, in B5055
VVT022 ctgatgatatgagtcttttttaacatcgttattatgcgttcttcc
VVT023 atgttaaaaaagactcatatcatcagc
VVTO024 gaagcagctccagcctacacactaccaggttttgccgatattaaac
VVT030 ctaaggaggatattcatatgttgttggcggcaacggaatg
VVT031 tagggataacagggtaatcgctctgtacggcagtctggatac
bamA replaced by B5055 VVT150 cgttattatgcgttcttcctaacta
bamA,in BL21 Star™ (DE3)
KpBamA-F tagttaggaagaacgcataataacgatggcgatgaaaaagttgctcatagc
KpBamA-R gaagcagctccagcctacacattaccaggttttaccaatgttaaactggaac
bamA replaced by B5055 VVT021 tagggataacagggtaataatggtaaagcgattggttttg
bamK,in BL21 Star™ (DE3)
VVT027 ctaaggaggatattcatatggtgttctccacaaaggaatgtagtgg
VVT028 tagggataacagggtaatcggatttcacagcagtctggatacg
bamK replaced by ampicillin VVTO096 tagggataacagggtaataggcgaccctactgtattctge
resistance gene, in B5055
VVT097 gggcgacacggaaatgttgaatactcatgaatgtgtcgtctacgagataatgagcaatag
VVT098 atgagtattcaacatttccgtgtcgecc
VVT099 gaagcagctccagcctacacattaccaatgcttaatcagtgaggcacc
VVT100 ctaaggaggatattcatatgggctccaacggggcectgatag
VVT101 tagggataacagggtaatttcattgttataaatcgcaagcaccccty
gene knock-outs:
dksA knock-out VVT120 tagggataacagggtaatatgaccgacaaaactgctatattg
VVT121 Gaagcagctccagcctacacagttgcttctccttaacacgcactatc
VVT122 ctaaggaggatattcatatgtcccctgcetgcectcactctctggeg
VVT123 tagggataacagggtaatgcgcagacggtcgctaaactgcagcaccg
hupA knock-out VVT200 tagggataacagggtaatccatagacgcttgcgtggegttga
VVT201 gaagcagctccagcctacacaaagttatccttacaatgtgtttatcge
VVT202 ctaaggaggatattcatatggaccgcgtggcagtgaacagtttta
VVT203 tagggataacagggtaatttccagcgcccctgeccgcaggacga
lupV-bamL locus knock-out VVT204 tagggataacagggtaatatgatgattgatgagccggcaatcc
VVT205 gaagcagctccagcctacacagaaaagtatgatgttagttctgagt
VVT206 ctaaggaggatattcatatgcgcctcctccccttaattttctcte
VVT207 tagggataacagggtaatcatagtcattttccagtacccactg
Sequencing primers for genomic integration:
bamK replaced by ampicillin VVT102 ttagaaccatgcgcttcagaaaaagttcc
resistance gene, in B5055
VVT103 gaagagaggaccatagcaggcagctattta
hupA knock-out VVT094 gaggctggcgagagcaatattggtataa
VVT095 cattgagttcgataagcgccagttgat
dksA knock-out VVT092 ggaactttctacgacgaggatgactctga
VVT093 tcaagctggcgcaggatggtat
lupV-bamL locus knock-out VVT086 gaaccttgaagatggcgttgcc
VVT087 gagtccttgtgctctatgtgtactgc
bamA replaced by B5055 VVTO063 ccagttagagattcggagtccgttctg
bamkK, in B5055
VVT064 ggacgcaacgcceggtg
bamA replaced by B5055 VVT148 gccgcaaattgaacctgtactggaaa
bamA or bamK, in BL21
Star™ (DE3)
VVT149 tgtgacctgtttgtgcagattgcat

Promoter regions for gfp reporter pProbe,

unless otherwise stated:
bamA

VVTO007
VVTO008

gcggcgaattcaggtaaggcggaagggttcg
ccgcgggatcccgttattatgegttcticctaacaaactctcttataace
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bamK VVT003
VVT004
tamA VVT015
VVTO016
bamL VVT011
VVT012
bamA (pUA139) VVT005
VVT006
bamK (pUA139) VVT001
VVT002
EMSA PCR amplicons from putative bamK
promoter:

Fragment 1(220 bp) VVTO069
VVT072
Fragment 2(140 bp) VVT069
VVTO071
Fragment 3 (83 bp) VVTO069
VVT070

Cloning for BamL protein expression

pET-20b (+) modified - bamL | VVTO059
VVT050

Kanamycin cassette gene from pKD4:

VVT025
VVT026
pPGEM T-easy backbone for gene doctoring:
VVT019
VVT053
gRT-PCR:
bamA KpB5_01_gPCR
KpB5_02_gPCR
bamK KpB5_03_gPCR
KpB5_04_gPCR
tamA KpB5_05_gPCR
KpB5_06_gPCR
bamL KpB5_07_gPCR
KpB5_08_gPCR
dnaG KpB5_09_gPCR
KpB5_10_gPCR
Glk KpB5 11 gPCR
KpB5_12_gPCR
gyrA KpB5_13_gPCR
KpB5_14_gPCR
rpoD KpB5_15_gPCR

KpB5_16_gPCR

ccggceggtaccaggegaccctactgtattctge

gcgegggatcegaatgtgtegtetacgagataatgagcaatage

gcgggaattcagtcacgecggategtcg
ccgegggatccggtegecctetttaaacggeac
gcegegaattcgggatgcaggatctcgactttegtete
cggcggatccaagcgatactcgecggcaataaag

gccggggatccaggtaaggcggaagggtteg

ccggectcgagegttattatgegttcttcctaacaaactctcttataace

gccggggatccaggegaccctactgtattctge

ggcggctcgaggaatgtgtegtctacgagataatgagcaatage

ttagaaccatgcgcttcagaaaaagttc
catgaatgtgtcgtctacgagataatgagc
ttagaaccatgcgcttcagaaaaagttc
aaaatatgcgacagaaaataacctgageg
ttagaaccatgcgcttcagaaaaagttc
caaaatggagaaaaaatggatgttaaagcatctt

gcgegteatgattgaggegctcageegeg
gcggecgagctcttaaaacgettcgecgacctgg

gtgtaggctggagcetgctte
catatgaatatcctccttag

attaccctgttatccctagtcatagetgtttectgtgtg
attaccctgttatccctaactggecgtegttttacaacy

cccgacgccgtttattagt
ttttgaacggttgggcgtag
gtcgtgaaatgcgecaaatg
ccaggcccacattgaatgag
tttatcctggggtetcggty
accttgtcaaagttgtcge
gacgatcggccgaagataga
tatcgctacctaatccggge
gatctgagtactccggacgg
gccattttccgectgtttty
ttaccgctgtttcaatggec
aatcaacatgaccgccttcg
tatcaggtgaacaaagcgeg
gagctaccatgttgatgccg
caatgaccatctgccggaag
cttcggcagcatcttcatce
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Table 2.0.4.: Antibodies and conjugates used in this study.

Antibody Type Dilution used Reference/Source

Mouse aBamK Primary 1:100 This study

(MK1)

Mouse aBamK Primary 1:100 This study

(MK2)

Mouse aBamK Primary 1:100 This study

(MK3)

Mouse aBamK Primary 1:100 This study

(MK4)

Mouse aBamK Primary 1:100 This study

(MK5)

Rabbbit aBamL Primary 1:10000 This study

(TB1-TB3)

Rabbit aF1p 1:5000 In-house, Lithgow Laboratory
(Mitochondrial)

Mouse aBamA Primary 1:20000 Susan Buchanan, NIH, USA
Mouse cBamB Primary 1:40000 Susan Buchanan, NIH, USA
Mouse oBamC Primary 1:20000 Susan Buchanan, NIH, USA
Mouse aBamD Primary 1:20000 Susan Buchanan, NIH, USA
Mouse aBamE Primary 1:5000 Susan Buchanan, NIH, USA
Rabbit aBamB Primary 1:20000 In-house, Lithgow Laboratory
Rabbit aBamC Primary 1:20000 In-house, Lithgow Laboratory
Rabbit aBamD Primary 1:20000 In-house, Lithgow Laboratory
Rabbit aBamE Primary 1:20000 In-house, Lithgow Laboratory
PrecisionProtein™ Primary (HRP Conjugate) 1:5000 Bio-rad

StrepTactin

HisProbe™ Primary (HRP Conjugate) 1:5000 Thermo Scientific

Goat aMouse-HRP Secondary 1:20000 Sigma (A4416)

Goat aRabbit-HRP Secondary 1:20000 Sigma (A6154)
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Results: Genetic expression of Omp85 family genes in K. pneumoniae

3.0 Introduction

Like many Gram-negative bacteria, the outer membrane of K. pneumoniae is crucial as it provides
the first line of defence against a range of host innate defensive mechanisms, antimicrobials and
reactive oxygen species but also plays a critical role in host—pathogen interactions (Nikaido, 2003,
Nikaido, 1989, Kuehn & Kesty, 2005). Associated with these protective and virulence-associated
functions, are the B-barrel OMPs embedded within this asymmetric lipid bilayer, which are almost
exclusively assembled and inserted by the B-barrel assembly machinery (BAM) complex (Knowles
et al., 2009, Silhavy & Malinverni, 2011). The core protein of the BAM complex is essential OMP
BamA, a member of the Omp85 protein family (Hagan et al., 2011). Members of the Omp85 protein
family function as protein translocases or as outer membrane protein assembly factors and are defined
by unique shared sequence motifs (Mazar & Cotter, 2006, Hagan et al., 2011). An interesting
observation found in many bacterial species is that whilst BamA is essential for the assembly of -
barrel OMPs, additional orthologous copies are also maintained within the same genome of some
species most with unknown functional roles. One such example can be found in K. pneumoniae

B5055, which harbours 4 distinct omp85 family members: bamA, tamA, bamK, and bamL.

Gene expression of bacterial OMPs are differentially regulated by environmental signals (e.g. the
abundance or absence of specific nutrients/cofactors), enabling these bacteria to adapt to a range of
different hosts and environments (Guilhen et al., 2016, Li et al., 2015a, Van Laar et al., 2015). A gap
in knowledge exists for the differential gene expression and regulatory networks which control
Omp85 expression in bacterial species that have varied copy-numbers of these genes. Are certain
Omp85s expressed only during certain environmental conditions? What transcriptional/genetic
factors are regulating their expression? In this chapter, | present results investigating the gene
regulation and expression of these genes, with a particular focus on bamK expression, to better

understand how they contribute to outer membrane biogenesis.
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3.1 Investigating gene expression and promoter activity of Omp85 family genes in K. pneumoniae
B5055
To determine the general level of gene expression of Omp85 family genes in K. pneumoniae B5055,

| performed quantitative PCR (qPCR). The qPCR technique is a method for assaying gene expression
under a different growth conditions and is favoured because of its simplicity, reproducibility and
accuracy (Thellin et al., 2009). For this study, relative transcripts of target genes were normalised to
a reference gene illustrating its fold change under different conditions. The genes used as references
are often referred to as “housekeeping genes” and are assumed to be constitutively expressed under
the selected growth conditions or treatments. However, from a study by Rocha et al. (2015),
expression levels of these so called "housekeeping genes” varied in different bacterial species and
certain growth conditions. Therefore, for gene expression analyses of the omp85s in K. pneumoniae
B5055, | first evaluated the expression levels of a selection of candidate reference genes for their
reproducibility and level variations in the intended growth conditions and culture media. Shown in
Figure 3.1.1, expression profiles of the candidate reference genes were investigated at logarithmic
(ODeoo = ~0.6) and stationary growth phases (ODeoo = ~1.6) cultured in LB media. The genes gyrA
and rpoD were most consistent in transcript abundance within the same growth phase but were
expressed at differential levels when comparing one growth phase to another. Of the four candidate
references, rpoD was selected for gene expression normalisation in downstream studies based on its
invariability expression pattern in the tested conditions Additional validation gPCR assays can be
found in Appendix 1 for gPCR assays performed during this study.
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dnaG glk gyrA rpoD

Figure 3.1.1: Comparison of candidate reference gene expression in K. pneumoniae B5055 cultured in LB media.
Transcript levels for Omp85 genes in K. pneumoniae B5055 were determined through qPCR at logarithmic and stationary
growth phase grown in rich LB media. The expression levels of candidate reference (dnaG, glk, gyrA and rpoD) genes
were determined using cycle threshold (Ct) values through real-time gPCR. A “Ct value” represents the amplification
cycle number at which the fluorescence signal of the reporter dye reaches above an arbitrarily placed baseline threshold
(Schmittgen & Livak, 2008). Thus, a lower Ct value corresponds to a higher abundance of a transcript, whereas a higher
Ct value corresponds to a lower abundance of transcript. (n=3, error bars represent SD).
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After selecting rpoD as the preferential reference for gene expression studies in K. pneumoniae
B5055, | determined the relative expression levels of the genes encoding Omp85 family members
under standard planktonic growth conditions. Figure 3.1.2 shows that under planktonic growth, bamA
was the highest in relative expression of the four Omp85 genes in both mid-logarithmic and stationary
growth phases when grown in nutrient rich LB media. Furthermore, when shifting from logarithmic
to stationary growth phase, the relative expression of bamA decreased but tamA had a notable
increase. Relative expression of bamK and bamL transcripts were very low and growth phase did not
seem to modulate these levels.

LB

1.517

BN bamA
1.0 4 BN bamK
BN tamA
BN bamL

0.5

Fold expression
(relative units)

Figure 3.1.2: Transcript levels of Omp85 genes at different growth phases in K. pneumoniae B5055. Transcript
levels for Omp85 genes in K. pneumoniae B5055 were determined through qPCR at logarithmic and stationary growth
phase grown in rich LB media. Data is expressed relative to control transcripts from the constitutively expressed
housekeeping gene: rpoD. (n=3, error bars represent SD).

In a parallel assay, qPCR was also performed on K. pneumoniae B5055 cultured in DMEM, which
has been used to mimic “in-host” growth conditions and macrophage development (Trouplin et al.,
2013, Kawakami et al., 2016). It was again observed relative expression levels of the Omp85 genes
mirrored that of the LB planktonic growth conditions (Figure 3.1.3). For all gPCR assays, transcript
levels of each gene were normalised to a reference gene selected by its mMRNA stability in the tested
conditions. For relative gene expression calculations, rpoD was selected as the preferential reference

based on similar evaluation experiments as described in Figure 3.1.1 (Appendix 1, B).
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Figure 3.1.3: Omp85 transcript levels at different growth phases in K. pneumoniae B5055. Transcript levels for
Omp85 genes in K. pneumoniae B5055 were determined through gPCR at logarithmic and stationary growth phase grown
in “host-like” culture conditions by growth in DMEM. Data is expressed relative to control transcripts from the
constituently expressed housekeeping gene -rpoD. (n=3, error bars represent SD)

Genes of the BAM complex (bamA through bamE) in E. coli (Dartigalongue et al., 2001, Onufryk et
al., 2005), and Salmonella enterica subsp. enterica serovar Typhimurium (Li et al., 2015b) are known
to be part of the ot regulon, which maintains outer membrane homeostasis. The cE-regulon is an
adaptive response, which can be triggered by growth at non-optimal temperatures (Mecsas et al.,
1993, Raina et al., 1995). To that end, gPCR assays were performed to examine relative expression
levels of the genes of interest in response to temperature “shocks”. Log-phase (ODesgo= ~0.6) K.
pneumoniae B5055 cultures grown at 37 °C were pelleted and then resuspended in pre-heated media
for an immediate temperature “shock” and incubated for 1 hour at temperatures of 30, 37 or 42 °C.
The rationale was to minimise the time for cultures to adapt to the change in temperature. Shown in
Figure 3.1.4, the transcript levels of essential gene bamA was the highest in the three temperature
conditions tested, with expression of bamK, tamA, and bamL found at dramatically lower levels
(Figure 3.1.4). For relative gene expression calculations, rpoD was elected to be a preferential

reference based on evaluation experiments described in Figure 3.1.1 (Appendix 1, C).
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Figure 3.1.4: Relative gene expression of Omp85 genes of K. pneumoniae B5055 subjected to different temperatures
shocks. Transcript levels for bamA, bamK, tamA and bamL of K. pneumoniae B5055 cultures subjected to different
temperatures “shocks”. The temperature “shock™ was the transfer of mid-log cultures grown at 37 °C subjected to pre-
heated media at three different growth temperatures 30 °C, 37 °C or 42 °C. Data is expressed relative to control transcripts
from constitutively expressed housekeeping gene rpoD. (n=3, error bars represent SD).
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As it was clear the levels of bamK, tamA, and bamL remained at or below the limit of detection in
each of the test conditions, | interpreted this to mean either the transcript itself is unstable (short half-
life) and/or the transcript is not being produced (incorrect inducing conditions). To test whether the
transcripts themselves had short half-lives, reporter gene fusions were constructed. Reporter gene
fusions are powerful experimental tools that allow effective monitoring of gene expression, by fusing
a relatively stable gene, such as the green fluorescent protein (GFP) gene to a promoter of interest
(Southward & Surette, 2002, Miller et al., 2000). Each of the four upstream putative promoters were
amplified using primers for regions upstream of the corresponding CDS (except for bamL, where the
primers were designed to amplify the upstream region of lupV, which shares the promoter with bamL)

into broad-host range reporter plasmid pProbe (Figure 3.1.5) (Miller et al., 2000).
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Figure 3.1.5: Schematic outlining the genomic region cloned into GFP reporter plasmids for transcriptional
studies. Operon organisation of the four genes (white text) encoding for the Omp85s present in K. pneumoniae B5055.

The star (%) indicates the 3” hydroxyl end of a 500 bp region (i.e. immediately upstream of Omp85 translation start sites)
cloned into the reporter plasmids used in this study (pProbe or pUA139).

Under the identical growth conditions performed for qPCR transcript quantification, promoter
activity of K. pneumoniae B5055 genes bamA and tamA were found to be the highest whilst genes
bamK and bamL were below the level of detection. This was observed for both growth phases when
cultured in nutrient rich LB media (Figure 3.1.6). Controls included non-transformed (wildtype)

K. pneumoniae B5055 and K. pneumoniae B5055 transformed with the control plasmid.
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Figure 3.1.6: Promoter activity of Omp85 genes at two different growth phases in K. pneumoniae B5055. Analysis
of the expression of bamA, bamK, tamA, and bamL in K. pneumoniae B5055 carrying pProbe transcriptional fusion
(bamA::gfp, bamk::gfp, tamA:;gfp, and bamL.::gfp) reporter plasmids. Bacteria grown in LB were measured for promoter
activity at different growth phases plotted as paired colour-coded data sets. Wildtype — B5055 no harboured reporter
plasmid. empty — B5055 containing empty vector pProbe (n = 3, where error bars represent SD and horizontal bar
represents the mean).

Previous studies in E. coli showed that osmoregulation is an intricate process that involves concerted
control of membrane associated transcription factors (e.g. OmpR) and OMPs such as the porins,
OmpC and OmpF (Yoshida et al., 2006). The assembly of most OMPs in this species requires the
BAM complex, and as previously mentioned, bamA and the other subunits of the BAM complex (i.e.
bamB-bamE) are subject to control by the 6= regulon. K. pneumoniae is closely related to E. coli and
is thought to share many gene regulatory networks (Kim et al., 2012, Seo et al., 2012), | hypothesised
that bamA and other genes in K. pneumoniae B5055 may be osmoregulated. To test this, | cultured
K. pneumoniae B5055 harbouring Omp85 GFP-promoter fusion plasmids in low-osmolarity and
high-osmolarity media. As shown in Figure 3.1.7, the promoter activity of bamA was highest followed
by tamA. For the Klebsiella specific Omp85 genes, bamK and bamL, promoter activity was very low
and mirrored the previous set of g°PCR and GFP-fusion assay results suggesting the promoters are
tightly regulated. Altogether, these data suggest the expression and regulation of bamK and bamL is
cryptic and not expressed under the tested standard laboratory conditions and therefore factors could

be inhibiting or repressing their expression.
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Figure 3.1.7: Promoter activity of Omp85 genes at two different osmotic concentrations in K. pneumoniae B5055.
Analysis of the expression of bamA, bamkK, tamA, and bamL in K. pneumoniae B5055 carrying pProbe transcriptional
fusion (bamA::gfp, bamk::gfp, tamA:;gfp, and bamL::gfp) reporter plasmids. Mid-logarithmic K. pneumoniae B5055
grown in LB supplemented with or without 20% sorbitol (corresponds to high and low osmolarity, respectively). Wildtype
— B5055 no reporter plasmid. empty — B5055 containing empty vector pProbe. (n = 3, horizontal bar represents the mean).
(n =3, where error bars represent SD and horizontal bar represents the mean).

3.2 Promoter analysis of the novel K. pneumoniae Omp85, bamK

The qPCR and promoter-gene fusions revealed little to no expression of bamK using various media,
osmolarity, temperature and growth phases. Indeed, the promoter-gene fusion experiments
consistently revealed that levels of GFP were equivalent to the empty vector controls. To determine
whether the bamK promoter was actively being repressed, the bamK promoter region was analysed
for common regulatory elements. Shown in Figure 3.2.1 are putative promoter elements identified
within the 500 bp region upstream from the bamK translational start site: (1) The —10 and —35
elements characteristic of ’° promoter binding site were identified, an overlapping (2) stem loop
structure and a predicted (3) ribosomal binding site (RBS). While the RBS was identified within 6 bp
of the bamK start codon, the more distal “—35 and —10”-like promoter elements were found 173 and

197 bp upstream, respectively.

-500 AGGCGACCCTACTGTATTCTGCTATTTTGAGGAAAATATGGAGATGTTTG
-450 CCAACGGCGTCTGGCGGTGAATTCGGGGTAGAATGTTGTGATATCAGTTG
-400 CATAATTTATTCAATTTCTCTTCATTAAATCTGCTGGGTTGCAGGTTATT
-350 TTTCTCCCTGTTCCTGGTGATCCCAGAGAGCATCATTCCTAACGAGATCC
-300 TTCCCCCTTTCCATTAATAAGAAAGGGGGCTTTTTATTAATAARAACGTTC
-250 AGGCAAATCTAAATATAGTACTGGTGTTGGCCATTAGAACCATGCGCTTC
-200 AGAAAAAGTTCCATCATTAAATATATTTTTAAAGATGCTTTAACATCCAT
-150 TTTTTCTCCATTTTGTCGCCATAATTGCATGTAATTCTGCGCCTCGCTCA
-100 GGTTATTTTCTGTCGCATATTTTAGAGATGCATCCTGAACAAATAAGCTC
-50 AACGCCAGCAGGACACTGCTATTGCTCATTATCTCGTAGACGACACATTC ARG

Figure 3.2.1: Putative transcription elements of 5’ region of bamK. Sequence (500 bp) upstream of the bamK open-
reading frame. The putative “~35 and —10” like elements of the predicted 6’° promoter is labelled in red, a palindromic
sequence overlapping the —10 element is underlined potentially forming a stem loop structure. The predicted ribosome-
binding site (RBS) is shown in blue boldfaced and the ATG start codon is highlighted in green. Performed by Dr. Ji Yang
(The University of Melbourne, Australia)
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The presence of stem-loop structures in prokaryotic genomes are known to be involved in gene
regulation at the transcriptional and translational levels (Diwa et al., 2000, Kozak, 2005). In the case
of the putative bamK promoter region, a palindromic sequence was noted because of its potential to
form a stem loop structure, which would overlap the —35 element. Such a structure might repress
gene expression. Therefore, to examine if the predicted stem loop structure influences bamK
expression, | constructed another series of GFP reporter plasmids. This construct (-palindrome)
contained a synthetic 500 bp promoter sequence, where the palindromic sequence was disrupted by
modifying select nucleotides that would prevent the ability of the stem loop structure to form
hydrogen bonds. As shown Figure 3.2.2 A, the proposed stem loop structure nucleotide sequence
within the bamK upstream sequence, CATCATTAAATATATTTTTAAAGATG, was modified to
CATCATTAAATATATTAAATTACTAC. This mutant sequence (-palindrome) was introduced

into the same reporter-fusion plasmid system. As seen in Figure 3.2.2 B, the promoter activity of
bamK with the native or modified (- palindrome) stem loop structure sequence did not influence
bamK gene expression. Together, these data suggest the predicted stem loop structure within the
upstream putative promoter region does not play a major role in gene expression of bamK under the

conditions tested or other sequence determinants may be involved.
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Figure 3.2.2: Disruption of predicted palindrome and its influence on promoter activity of bamK in K. pneumoniae
B5055. (A) Depiction of the predicted palindrome found in the putative bamK element which forms a hairpin/stem-loop
structure potentially affecting transcriptional regulation. Below, the introduced synthetic sequence aiming to disrupt the
hydrogen bonds forming the hairpin structure. The predicted AG for the hairpin loop was —3.17 kcal/mol whilst the
synthetic sequence was at 0.21 kcal/mol using the Mfold RNA folding prediction server (Zuker, 2003). (B) Analysis of
the promoter activity in K. pneumoniae B5055 carrying pProbe transcriptional fusions with: (i) bamA, a (ii) native or (ii)
synthetically altered bamK promoter (bamk::gfp, bamK-palindrome:;gfp) reporter plasmids . All bacteria were grown in
LB media to mid-logarithmic phase then measured for promoter activity using the Spark™ 10M multimode reader.
Wildtype — B5055 no harboured reporter plasmid. Empty — B5055 containing empty vector pProbe. (n = 3, horizontal bar
represents the mean).

Intrinsically curved genomic DNA regions can be caused by properties such as poly(A) tracts
(Matsushita et al., 1996, Cheema et al., 1999), and such regions have a propensity to be targeted by
silencing proteins, including global transcriptional regulators such as H-NS (Owen-Hughes et al.,
1992, Yamada et al., 1991). Therefore, to determine if the putative promoter region of bamK included
a DNA region with high curvature, the publicly available bend.it® server was employed by inputting
the 1000 bp upstream region as the query (Vlahovicek et al., 2003). From the output, a highly AT-
rich region upstream of the bamK locus was predicted to contribute to a highly curved DNA
secondary structure (Figure 3.2.3). Based on the predicted high DNA curvature region, it was
hypothesised that global gene regulator H-NS, known to bind highly curved DNA regions, might be

repressing bamK expression (Figure 3.2.4).
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Figure 3.2.3: In silico analysis of intrinsic curvature of the 5’ regulatory region of bamK. In silico analysis of intrinsic
curvature of the 5” regulatory region of bamK was predicted with bend.it® (Vlahovicek et al., 2003) and regions with >5
degrees per helical turn of DNA (in red) correspond to highly curved regions of DNA. The 200 bp region of the genome
immediately upstream of the start start codon of bamK is summarised as an inset.
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Figure 3.2.4: H-NS schematic showing the hypothetical gene repression of bamK. (i) As predicted in Figure 3.2.3, a
highly curved region is situated before the translational start site of the bamK locus. These DNA regions have been
reported previously to bind to global gene regulators like H-NS (Owen-Hughes et al., 1992, Yamada et al., 1991). (ii) H-
NS oligomerisation can exclude RNA polymerase (and other co-factors) by obstructing promoter binding elements. (iii)
H-NS oligomer dissociates upon environmental cues, such as temperature or metal ion concentrations (Ono et al., 2005,
Amit et al., 2003), allowing promoter binding by RNA polymerase (RNAP) for transcription initiation.

This non-coding region is 100 % conserved, suggesting in both K. pneumoniae strains B5055 and
AJ218 that regulation and binding of any transcription or translation factors would be identical. To
investigate if H-NS regulates bamK expression, gPCR was employed on K. pneumoniae AJ218 Ahns
and its isogenic parent, (K. pneumoniae AJ218) (strains were obtained from Prof. Richard Strugnell,
The University of Melbourne). In Figure 3.2.5, gene expression data revealed that relative
transcription levels for bamK were unchanged even in the absence of H-NS. These results could
suggest in a hns mutant strain, the single deletion of the global regulation is not enough to derepress
(or activate) transcription. For relative gene expression calculations, rpoD was selected as the
preferential reference based on similar evaluation experiments as described in Figure 3.1.1 (Appendix
1, D). The putative promoter region of bamK (=500bp) is highly conserved in many K. pneumoniae
species (Appendix 2), and therefore the observed low transcript levels may not be unique to the strains
tested (i.e. B5055 and AJ218).
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Figure 3.2.5: Gene transcript levels of bamA and bamK in K. pneumoniae AJ218. Relative transcript levels for bamA
and bamK in K. pneumoniae AJ218 were determined by gPCR from cells grown to mid-logarithmic phase cultured in
rich LB media. Data is expressed relative to control transcripts from the constituently expressed housekeeping gene -
rpoD. (n=3, error bars represent SD).

To selectively detect expression of BamK and measure protein expression levels, the BamK protein
sequence was analysed for a peptide sequences which differed between BamK (KpBamK) and BamA
(KpBamA) of K. pneumoniae B5055 to be used for monoclonal antibody production. The peptide
IALNEGERYRVDRT?71 located between POTRAS 3 & 4 was selected based on its unique sequence
and predicted flexibility and therefore accessibility for immunoblot detection for natively folded
proteins. (Figure 3.2.6) (Grant, 2003).

-{K\ ; |POTRA314 peptide: IALNEGERYRVDRT,,,
2N

injected into mice,
immune response monitored by western blot to BamK protein

hybridoma supernatants screened by ELISA to peptide

monoclonal antibodies screened by:

ELISA to peptide

C SDS-PAGE western to bamA::bamK cell extracts
A BN-PAGE western to bamA::bamK cell extracts

Figure 3.2.6: Flow chart for generation and identification of a suitable monoclonal antibody of BamK. Strategy for
the screening of monoclonal antibodies (MK1 through MK5) made to a diagnostic peptide (IALNEGERYRVDRT7,) of
BamK not present in BamA based on multiple sequence alignment analysis. At left, a structural overlay of the modelled
structures for KpBamA (red) and KpBamK (blue).

Monoclonal antibodies against this peptide were produced from five hybridomas (MK1 through
MKS5) with preliminary ELISAs confirming positive detection to the diagnostic BamK peptide
(performed by Monash MATF). The antibodies MK 1 through 5 were tested by immunoblotting on
K. pneumoniae B5055 AbamA::bamK (Explored further in Chapter 5) whole cell lysates analysed by
SDS-PAGE (Figure 3.2.7 A) or prepared total membranes analysed by BN-PAGE (Figure 3.2.7 B).
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It was found that clones MK 3 and 5 were able to detect BamK under denaturing conditions, whereas
only MK3 could detect BamK under native conditions. Consequently, both MK3 and MK5 were

subsequently immortalised for large scale production for future assays.

880kDa =
440 =
— BAMKBCDE
232 -
132 =
66 =
MK1 MK2 MK3 MK4 MKS

Figure 3.2.7: Generation and identification of a suitable monoclonal antibody for BamK identification. (A)
Immunoblotting for BamK with 5 candidate mouse monoclonal antibodies on whole cell lysates of wildtype B5055 and
AbamA::bamK analysed by (12%) SDS page. (B) Immunoblotting for BamK with 5 candidate mouse monoclonal
antibodies on prepared total membranes isolated from wildtype B5055 and AbamA::bamK analysed by (5-16%) BN-
PAGE.

85055

The putative bamK promoter region is highly conserved, and | hypothesised that the corresponding
low transcript levels could be limited by the strength or likely gene repression of this promoter region.
To test this, | performed immunoblot analysis looking at select K. pneumoniae strains that shared an
identical upstream bamK region. Shown in Figure 3.2.8, BamK was not detected in the selected strains
and only expressed in a control strain where the putative promoter region was replaced with the
known constitutive promoter of bamA (Refer to Chapter 5.0, section 5.3). Together, these data suggest

that the putative bamK promoter could be a rate-limiting factor in its transcription and translation.

Figure 3.2.8: Western blot analysis of K. pneumoniae strains harbouring BamK. Whole cell lysates from select
K. pneumoniae strains analysed by SDS-PAGE (12%) then detected with a monoclonal BamK antibody Whole cell
lysates were prepared from mid-logarithmic cultures grown in nutrient rich LB media. Control — bamK under the promoter
of bamA B5055 — K. pneumoniae B5055, K. pneumoniae AJ218 and K. pneumoniae MGH78578. The putative promoter
region of bamK (500 bp upstream region) of all three strains have 100 % sequence identity. The protein coding region
has >99.5 % identity between all three strains.
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3.3 Generation of a mutagenesis library to identify potential repressor(s) of bamK

Transposon mutagenesis is a powerful genomic technique that can identify essential genes or fitness
conferring genes in defined environmental conditions (Mazurkiewicz et al., 2006, Baba et al., 2006).
The basis of this technique is the mobility of genetic elements, termed transposons, that are capable
of self-excision and reinsertion within a target genome at random or in a site-specific manner
(Reznikoff, 2003). In the case of bamK, | hypothesised that its expression is inhibited by
transcriptional repressors under standard laboratory conditions; consequently, negative selection for
its functional role would not be discernible. Therefore, | instead aimed to generate a library screening
for gain-of-function mutations where bamK expression is detected by proxy of antibiotic resistance.
To identify genomic regulators of bamK by way of a gain-of-function screen, a transposon
mutagenesis library was generated in K. pneumoniae B5055 where the coding region of bamK was
precisely replaced with a B-lactamase gene (hereafter referred to as AmpR) (Figure 3.3.1). The gene
replacement and subsequent excision of a kanamycin cassette (here after Kan®) was confirmed by
PCR and sequencing, using primers flanking the targeted regions (Figure 3.3.2). The resultant strain,
K. pneumoniae B5055 AbamK::AmpR, expressed the B-lactamase gene under the control of the
original bamK promoter. In Chapter 5.0, a K. pneumoniae B5055 AbamK strain is further investigated

for phenotypic and molecular characterisation.

-Scel and A red genes encoded by pACBSR facilitates homologous recombination

Linear DNA fragment
from donor plasmid

K. pneumoniae B5055

l Region is replaced with gene of interest with kanamycin cassette

Ao sy~ ——— D I —)———C -
AbamK::Ampf-Kan®

l Kanamycin cassette is flipped out using helper plasmid pCP20

K. pneumoniae B5055 __-—|—\ n /‘|
AbamK:Amp® v

Figure 3.3.1: Strategy for genomic gene replacement of bamK with AmpR in K. pneumoniae B5055. Schematic
showing the replacement of the bamK coding sequence with an ampicillin resistance coding sequence to produce gene
replacement strain K. pneumoniae B5055 AbamK::AmpR. The ‘gene-gorging’ method utilises a two-plasmid system for
genetic manipulation in broad range of bacterial species (Herring et al., 2003). Briefly, a donor plasmid (plasmid 1)
containing the kanamycin cassette with flanking homology regions is excised into a linear fragment by I-Scel by
recombineering plasmid (plasmid 2) pACBSR. The recombineering plasmid pACBSR carries the A-Red and I-Scel
endonuclease genes, under the control of an araBAD promoter. The obvious advantage of this system is that multiple
copies of the homologous DNA are present in the bacterial cell, which increases the number of potential recombination
events. The gene replacement of the bamK CDS with the ampicillin resistance gene (AmpR) is under control of the putative
bamK promoter.
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Figure 3.3.2: PCR confirmation of bamK replacement with AmpR in K. pneumoniae B5055. Left hand side, cartoon
showing the expected fragment lengths of K. pneumoniae B5055 at different stages during the gene knock-in process
(refer to Figure 3.3.1). Right hand side, PCR confirmation illustrating the intermediate gene knock-in strains by PCR
amplification using primers, VVT0102 and VVT103, which lie outside the region of genomic integration. PCR products
were analysed by 1 % TAE agarose gel and sequenced to confirm the gene replacement.

Details pertaining to the generation of transposon library can be found in Chapter 2.0 ‘Materials and
Methods’. The creation of a preliminary transposon insertion library was successfully achieved in
recipient strain K. pneumoniae B5055 AbamK::AmpR via a bacterial conjugation-based system
utilising donor E. coli S17-Apir harbouring the suicide vector, pUT-mini-Tn5Km2 (Figure 3.3.3). The
spontaneous mutant K. pneumoniae B5055%T AbamK::AmpR, was isolated via gradient plate method
to allow antibiotic selection from susceptible donor E. coli S17-) pir after solid and liquid mating
techniques. The rationale for this strategy was that a triple antibiotic selection screen would be able
to identify K. pneumoniae B5055%" (rifampicin-resistant), integrated with a Tn5 transposon
(kanamycin marker), with reporter B-lactamase expression (ampicillin resistance) as a proxy for
bamK expression (Figure 3.3.4). A total of 150 ampicillin-resistant transposon mutants (bK-

candidates) were archived for further analysis.

Kanamycin cassette

pUTmini-Th5Km2

genomic DNA transposition genomic DNA plasmid suicide genomic DNA

OO0 v )R D

L. coli S17-Apir K. pneumoniae B5055% AbamK::Amp~

Figure 3.3.3: Tn5Km2 transposon integration into K. pneumoniae B5055%" AbamK::AmpR. Schematic illustrating
the generation of transposon mutants using a conjugation strategy. The mini-transposon plasmid pUTmini-Tn5Km2 is a
suicide vector that is unable to replicate upon conjugal plasmid transfer into its recipient cell. A spontaneous rifampicin
mutant of K. pneumoniae B5055R" AbamK::AmpR was isolated to allow selection for K. pneumoniae mutants from
E. coli S17-Apir harbouring the suicide vector. The resulting transconjugant K. pneumoniae B50558" AbamK::AmpR
mutants would theoretically be kanamycin and rifampicin mutant, and only ampicillin resistant if bamK expression was
de-repressed/activated.

genamic DNA transfer
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Figure 3.3.4: Schematic flowchart of generating a mutagenesis library to identify proxy bamK expression in
K. pneumoniae B5055Rif AbamK::AmpR. A flow chart illustrating the strategy to generate and identify gain-of-function
mutants as a reporter proxy for bamK expression. i) Donor strain, E. coli S17-Apir harbouring suicide transposon plasmid
pUT-mini Tn5, was conjugated with K. pneumoniae B50558f AbamK::AmpR. K. pneumoniae B5055% AbamK::AmpR is
a spontaneous rifampicin resistant mutant isolated by gradient plate method as described previously (Carsenti-Etesse et
al., 1999). The donor E. coli S17-Apir is susceptible to rifampicin. ii) Mutant K. pneumoniae B5055%" AbamK::AmpR,
with successful integration of transposon Tn5 (kanamycin marker), were selected by plating on LB-agar supplemented
with kanamyecin and rifampicin. iii) Transconjugant colonies from (ii) were replica plated to LB-agar supplemented with
kanamycin, rifampicin and ampicillin. The inclusion of ampicillin would select for transconjugate K. pneumoniae
B5055R AbamK::AmpR mutants with a gain-of-function resistance mutation (i.e. to ampicillin) as a proxy for bamkK
expression. These mutants were termed bK-candidates. iv) DNA was isolated from bK-candidates and were subjected to
Y-linker ligation PCR to identify the genomic integration sites of the Tn5 transposons (Kwon & Ricke, 2000). v)
Confirmation of bamK expression was screened promoter-fusion GFP assays.

To establish how effective this system was in generating gain-of-function mutants, | determined the
frequency of ampicillin-resistant bK-candidates (iii) within the initial K. pneumoniae B5055
transconjugate pool (ii) (refer to Figure 3.3.4). To elucidate this, appropriately diluted conjugation
mixtures (i) were replica-plated to LB-kanamycin/rifampicin or LB-ampicillin/kanamycin/rifampicin
agar plates (Figure 3.3.5). Replicate plating revealed ~5% (29/562) of transconjugants were
ampicillin, kanamycin and rifampicin resistant, which were the suspected gain-of-function bK-
candidates that would need to be validated and screened. Assuming the Tn5 transposon was randomly
integrating into the K. pneumoniae B5055%'" AbamK::AmpR genome without bias, | posited that a 5
% frequency for gain-of-function mutants were the result of selecting false-positives with

spontaneous mutations that conferred ampicillin-resistance.
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Figure 3.3.5: Flowchart and strategy to determine gain-of-function mutants as proxy for bamK expression.
Schematic showing the approach taken to determine the percentage of gain-of-function mutants from the transconjugant
mix (see Figure 3.3.3). Using this transposon mutagenesis system method, a library of 25,787 transconjugant clones would
theoretically saturate the genome of K. pneumoniae B5055 with 99% confidence using a commonly used Poisson-
statistics based formula (calculations found in Appendix 4) (Zilsel et al., 1992).

To determine if this was the case, i.e. that the designed gain-of-function screen generated false-
positive mutants for screening, five randomly selected bK-candidates were further investigated by a
series of PCR reactions. As a preliminary screen, total DNA was isolated then analysed by PCR for
presence of a Tn5 transposon and the upstream promoter region of bamK as proof for transposon
integration into the genome K. pneumoniae B5055 AbamK::AmpR (Figure 3.3.6 A-B). As all five
bK-candidates contained both elements, the flanking sequences of the transposons were amplified
using Y-linker ligation PCR (Kwon & Ricke, 2000). As shown in Figure 3.3.6 C, flanking regions of
the transposons were successfully amplified from the five bK-candidates and were then gel-purified
for sequencing to allow mapping of transposon integration sites to the K. pneumoniae B5055
chromosomal and plasmid sequences (GenBanK™ accessions: FO834904, FO834905 and
FO834906).
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Figure 3.3.6: PCR analysis of randomly selected bK-candidates to confirm K. pneumoniae transconjugate and Y-
linker ligation. (A) Amplification bamK upstream region (only found in K. pneumoniae B5055) or (B) genome integrated
Tn5 transposon analysed using 1 % TAE agarose gel electrophoresis. (C) PCR amplification of the DNA sequences
flanking mini-Tn5 insertions in the chromosomal DNA of K. pneumoniae B5055 AbamK::AmpR. Included as a control
was parental K. pneumoniae B5055 AbamK::AmpR analysed using 2 % TAE agarose gel electrophoresis.
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As presented in Table 3.3.1, the transposon integration sites of the five randomly selected bK-
candidates all mapped to gene coding regions in the bacterial chromosome and neither of the plasmids
of K. pneumoniae B5055. Of the five insertions, none were linked to known transcriptional regulators
and presumably inserted and disrupted non-essential genes in the tested growth conditions (i.e. solid
and liquid culture in nutrient rich LB media). Amplification, sequencing and mapping of DNA reads
to the K. pneumoniae B5055 genome was successful, but the identified gene targets did not reflect

products involved in gene-specific repression or transcription.

Table 3.3.1: Transposon insertion sites in K. pneumoniae B5055%" AbamK::AmpR. Y-linker ligation PCR amplifying

the flanking sequences of the Tn5 transposon insertion sites were sequenced then mapped to the chromosome of K.

pneumoniae B5055 (GenBanK™ accessions: FO834904). Of the five analysed transposon insertions: (i) three mutants

were part of amino acid biosynthesis pathways, (ii) one mutant part of the proUVW operon involved in cellular

osmoregulation and (iii) one was a putative exonuclease harbouring an YqaJ domain involved in dsDNA digestion.

K. pneumoniae B5055
locus tag, location

Gene name Brief function description Library identifier

Involved in the pathway

moeA for molybdopterin biosynthesis BN49_1911, chromosome bK-candidate 01 (r-test)

ilvD In\_/olved In e pathways for_ . BN49_4589, chromosome bK-candidate 02 (r-test)
L-isoleucine. and L-valine biosynthesis

Uncharacterised protein Contains YqaJ - putative exonuclease, viral origin BN49_1464, chromosome bK-candidate 04 (r-test)

Involved in the pathway .

thrB L . BN49_4337, chromosome bK-candidate 03 (r-test)
for L-threonine biosynthesis

proV P GTE FTEl S TERSEantar SR e BN49 1115, chromosome bK-candidate 05 (r-test)

involved in glycine betaine and proline betaine uptake

To validate the bK-candidates, promoter fusion plasmids were transformed into each of them and
their bamK promoter activity was monitored. As shown in Figure 3.3.7, bamK promoter activity in
all five suspects did not have a marked difference compared to the controls. As none of these gene
disruptions targeted gene regulatory transcription factors and the promoter fusion results showed no
differences, these data suggest the strategy to use a gain-of-function mutagenesis screen was
generating false-positives mutants and an alternative strategy was devised to address the activation
of bamK.
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Figure 3.3.7: Promoter activity of bamK in candidate K. pneumoniae B5055%F AbamK::AmpR transconjugates.
Analysis of the expression of bamK in K. pneumoniae B5055 strains carrying pUA139 transcriptional fusion (bamA::gfp
or bamk::gfp) reporter plasmids. All bacteria were grown in LB media to mid-logarithmic phase then measured for
promoter activity using Spark™ 10M multimode reader. Wildtype — B5055 no harboured reporter plasmid empty — B5055
containing empty vector pUA139 (n = 3, horizontal bar represents the mean, error bars represent SD).

3.4 Identification of DNA-binding proteins that may interact with the putative promoter of bamK

To identify whether other DNA-binding proteins may be regulating the expression of bamK, a
multistep strategy using a one-dimensional electrophoretic mobility shift assay (EMSA) coupled with
mass spectrometry and immunoblotting was employed. Firstly, to determine if the putative promoter
of bamK had any interacting DNA-binding proteins, an EMSA was carried out between amplified
PCR fragments (bait) of the promoter elements mixed with K. pneumoniae B5055 cleared cell lysate
(Figure 3.4.1).

“~35 and —10"like
motifs highly curved region RBS site

/ |

I]:’\/

DNA probe Protein lysate
Electrophoretic mobility shift assay (EMSA)
nen-denaturing gel electrophoresis

O
t:.,‘;/“ OO "mfmf
Al

U VO*(D

binding reaction

Figure 3.4.1: Identification of DNA-binding protein(s) on the putative bamK promoter using EMSA. Depicted here
is a cartoon schematic outlining the strategy to identify DNA-binding proteins to the putative bamK promoter. A 220 bp
amplified fragment (above) comprised of the identified promoter elements of bamK is mixed with K. pneumoniae B5055
protein lysate. This binding reaction is then analysed under native PAGE conditions and then stained with a DNA gel
stain. The amplified nucleotide fragment (a), if bound (b-c), results in a shifted DNA::protein complex (below).
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As shown in Figure 3.4.2 A, a mobility shift occurred when the cleared cell lysate was mixed with
the amplified 220 bp fragment containing putative bamK promoter elements. A control experiment
utilising a synthetic polynucleotide, poly(dl-dC), was performed in parallel where the lysate was
initially mixed with poly(dI-dC) to act as a competitor for non-specific DNA-binding proteins before
the addition of the intended amplified promoter fragments demonstrating that the observed mobility

shift was due to a DNA-protein binding interaction (Figure 3.4.2 B).

Poly (Di-Dc) (1pg) + + + o+ 4+
DNA probe (250 nmole) + + o+ o+ - DNA probe (250 nmole) + + o+ 4+
Klebsiella lysate (ug total) 0 8 16 32 32 Klebsiella lysate (ug total) 0 8 16 32 32
DNA:protein . Y DNA:protein
complex complex
free DNA probe — M ol free DNA probe — - - -

DNAfrom = .... DNAfrom - - .

lysate lysate

Figure 3.4.2: EMSAs identifying proteins from K. pneumoniae B5055 lysate binding with an amplified bamK
promoter fragment (220 bp). (A) Bait promoter fragments PCR amplified from K. pneumoniae B5055 were subjected
to EMSA (TBE 4-8%) using cleared cell lysate (mid-log cultures lysed with detergent-based protein extraction reagent
B-PER™ (Thermo Scientifc ™) as prey. (B) Even in the presence of synthetic polynucleotide poly(dI-dC) as a competitor,
formation of a DNA::protein complex formation was still observed.

To further characterise which elements of the putative bamK promoter were interacting with the K.
pneumoniae B5055 protein lysate, additional EMSAs were performed with 3’ promoter region
truncations of the original 220 bp fragment (Figure 3.4.3 A). From these complementary pull-down
assays, it was observed that mobility shifts were seen with PCR fragments, which retained the
predicted highly curved AT-rich region (Figure 3.4.3 B). These results suggest that a protein is
selectively binding the amplified fragment representing the putative bamK promoter region and could

be the basis of its suspected gene repression.
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Figure 3.4.3: Profiling the specific promoter elements required for DNA::protein binding. (A) Cartoon
representations of the truncated PCR promoter fragments used to elucidate the key elements interacting in the DNA-
protein complex formation. (B) Truncated bait promoter fragments PCR amplified from K. pneumoniae B5055 were
subjected to EMSA (TBE 4-8%) using cleared cell lysate (mid-log cultures lysed with detergent-based protein extraction
reagent B-PER™ (Thermo Scientific ™) as prey. Protein-DNA complex are marked with white asterisks. DNA::protein
band formation was seen for fragments 1 and 2 but was not seen in 3. It should be noted, that at the utilised DNA probe
concentrations observation of a ‘Fragment 3’ with lysate formatting DNA::protein may be difficult, as the visualised
signal of the GelRed™ DNA stain intercalates nucleotide substrates in a concentration dependent based manner (Crisafuli
et al., 2014).

The candidate DNA::protein complex gel band (Figure 3.4.3) was excised and analysed by mass
spectrometry (MS) to identify DNA-binding proteins. Included as a control, a gel band in the
corresponding migration distance but without DNA probe (i.e. poly(dI-dC) and 32 pg lysate) was also
excised for analysis as a comparative baseline. The DNA::protein complex was enzymatically
digested with trypsin and the resulting peptides were determined by liquid chromatography-tandem
mass spectrometry mass spectrometry (LC-MS/MS). Using proteomics search program MASCOT
(Koenig et al., 2008), peptide hits were analysed then matched against protein entries from reference
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K. pneumoniae Uniprot proteomes (UniProt, 2015). From the list, two approaches were used to refine
the output: (i) a “Black and White” approach — where proteins exclusively found in the DNA::protein
sample but not the control, and (ii) comparative upregulation — noting proteins that are at least 2 fold
increased in the DNA::protein sample compared to the control. This combined meta-analysis resulted
in a list of 218 protein candidates Appendix 3. Presented in Table 3.4.1, proteins likely to be involved
in DNA-binding or transcriptional regulation were considered as candidates for gene knockouts to
assess for bamK de-repression. Two such candidates, dksA and hupA, were selected for subsequent
gene deletion studies based on their potential involvement in bamK gene regulation. The others were
disregarded, as they were either essential genes in E. coli or likely to be a promiscuous DNA-binding

factor not specifically involved in promoter binding and gene repression.

Table 3.4.1: Suspect DNA-binding proteins potentially regulating bamK expression identified by MS analysis. Mass
spectromry analysis generated a preliminary list of protein hits potentially interacting with the amplified PCR fragment
corresponding to the putative bamK promoter. Suspects selected for deletion studies were chosen based on their known
or predicted plausible functional roles in transcriptional regulation and their suspsected essentiality. Assumed gene
essentiality was based on the E. coli Keio deletion library study (Baba et al., 2006).

Gene name Known function? =E Lotz

(kDA) KEIO
DNA-binding protein DNA binding/pleitropic transcriptional regulator, Chromosome condensation and role 9.4768 NO
HU-alpha (hupA) in stationary phase adaptive mutations (Prieto et al., 2012, Williams & Foster, 2007). =——— ——
Transcription factor that acts by binding directly to the RNA polymerase (RNAP).
RNA polymerase- - - . . - :
| - Required for negative requlation of rRNA expression and positive regulation of
binding transcription - P - - p - 12.456 NO
factor (dksA several amino acid biosynthesis pror_noters. Also required for regulation of fis
Tactor (dksA) expression. (Paul et al., 2004, Parshin et al., 2015).
Type I restriction-
LV i, Prokaryotic defence against foreign DNA (Loenen et al., 2014) 111.98 NO

restriction subunit R

(hdsR)

DNA polymerase Il is a multi-subunit complex, subunit is the DNA clamp

S polvmerase Ll component which maintains stability of the overall DNA polymerease complex 40.481 ES
subunit beta (dnaN) ==
(Stukenberg et al., 1991).

Plays an important role in DNA replication, recombination and repair. Binds to
ssDNA and to an array of partner proteins to recruit them to their sites of action 17.867 ES
during DNA metabolism. (Meyer & Laine, 1990).

Single-stranded DNA-
binding protein (ssb)

To identify if deletion of either hupA or dksA modulated the expression of bamK, I generated gene
deletion mutants of each in K. pneumoniae B5055 using the gene gorging method (Herring et al.,
2003). This resulted in strains K. pneumoniae B5055 AdksA::Kan® and K. pneumoniae B5055
AhupA::KanR (Figure 3.4.4). The deletion strains were confirmed by PCR analysis and sequencing,

using primers flanking the targeted regions (Figure 3.4.5).
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Figure 3.4.4: Strategy for deletion of hupA or dksA in K. pneumoniae B5055. Schematic showing the replacement of
the hupA or dksA in K. pneumoniae B5055 with an excisable kanamycin cassette. The ‘gene-gorging’ method utilises a
two-plasmid system for genetic manipulation in broad range of bacterial species (Herring et al., 2003). Briefly, a donor
plasmid (plasmid 1) containing the kanamycin cassette with flanking homology regions is excised into a linear fragment
by 1-Scel by recombineering plasmid (plasmid 2) pACBSR. The recombineering plasmid pACBSR carries the A-Red and
I-Scel endonuclease genes, under the control of an araBAD promoter. The obvious advantage of this system is that
multiple copies of the homologous DNA are present in the bacterial cell, which increases the number of potential
recombination events.

Expected amplified fragment length: 1573 bp
r 1
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Expected amplified fragment length: 2878 bp
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Figure 3.4.5: PCR confirmation of K. pneumoniae B5055 AhupA::KanR and AdksA::KanR. Left hand side, cartoon
schematics of the expected fragment lengths of K. pneumoniae B5055 before and after the kanamycin cassette integration
(refer to Figure 3.4.4). Right hand side, PCR amplification of K. pneumoniae B5055 before and after the kanamycin
cassette integration. For hupA and dksA, primer pairs VVT094 and VVT095 or VVT092 and VVT093, which anneal
outside the regions of genomic integration were used, respectively. PCR products were analysed by 1 % TAE agarose gel
electrophoresis and sequenced to confirm the gene deletion.
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To confirm whether the hupA or dksA deletion strains de-repressed bamK expression, promoter fusion
plasmids were transformed into the relevant strains (K. pneumoniae B5055 AhupA::KanR and
AdksA::Kan®) and their bamK promoter activity was monitored. As shown in Figure 3.4.6 A, bamK
promoter activity in the deletion strains did not have a marked difference compared to the controls.
As an independent assessment of expression, whole cell lysates were examined by immunoblot for
BamK expression from logarithmic and stationary phase cultures of the deletion strains. In previous
studies, hupA and dksA has both been shown to have growth phase-dependent regulation (Claret &
Rouviere-Yaniv, 1997, Mallik et al., 2006). As shown Figure 3.4.6 B, expression in either deletion
strain did not result in detectable levels of BamK expression. Together, these results suggest that

single deletions of either hupA or dksA does not modulate the transcription or translation of bamK.
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Figure 3.4.6: Promoter activity of bamK and immunoblot analysis for the expression of BamK in K. pneumoniae
B5055 AhupA and AdksA. (A) Analysis of the expression of bamK in K. pneumoniae B5055 strains carrying pUA139
transcriptional fusion (bamk::gfp) reporter plasmids. In deletion strains, K. pneumoniae B5055 AhupA and AdksA,
promoter activity of bamK was also measured. All bacteria were grown in LB media to mid-logarithmic phase then
measured for promoter activity using Spark™ 10M multimode reader. Wildtype — B5055 no harboured reporter plasmid.
empty — B5055 containing empty vector pUA139. (n = 3, horizontal bar represents the mean, error bars represent SD).
(B) SDS-PAGE (12%) and immunoblot analysis of whole cell lysates from K. pneumoniae B5055 AhupA and AdksA at
either logarithmic (ODggo = ~0.6) or stationary (ODgoo = ~1.6). Included as a control is a K. pneumoniae B5055 strain
which constitutively expresses BamK (see Chapter 5, section 5.3)
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3.5 Discussion

The bacterial 6F stress response is a regulatory pathway responsible for monitoring misfolded p-barrel
sequences in the periplasm and addresses this by differentially regulating factors and OMPs to prevent
aberrant protein accumulation causing extracytoplasmic stress (Miot & Betton, 2004, Soltes et al.,
2017). Genes of the of regulon include those that encode components of the BAM complex (bamA
through bamg) (Dartigalongue et al., 2001, Onufryk et al., 2005), where bamA encodes for the core
protein of the BAM complex a member of the Omp85 protein family vital for OMP assembly (Silhavy
& Malinverni, 2011). In K. pneumoniae, four Omp85 proteins (BamA, BamK, TamA and BamL) are
conserved in the core genome (Heinz & Lithgow, 2014, Torres et al., 2018). In previous studies, the
genetic regulation and expression of BamA and TamA has been investigated in different bacterial
species (Huerta & Collado-Vides, 2003, Mutalik et al., 2009, Rowley et al., 2011); however, the
Omp85s in K. pneumoniae had remained largely unexamined. In this chapter, | presented gene
expression data of bamA, bamK, bamL, and tamA present in K. pneumoniae B5055, and further

explore the genetic elements which could be regulating novel gene bamK.

Analyses showed the relative expression of Omp85 members under various growth conditions and
demonstrated the expression of novel genes, bamK and bamL, were detected at very low levels
(Figure 3.1.2-3.1.4) or in experiments utilising promoter-fusions approaching the limit of detection
(Figure 3.1.5-3.1.6). In a study published during the course of my PhD by Guilhen et al. (2016), the
authors performed comprehensive transcriptional profiling on K. pneumoniae CH1034 to define
‘global’ gene expression signatures in different growth modes and phases. Transcription data from
this study specifically showed the Omp85 gene levels (bamA, CH1034 120163; tamA,
CH1034_6005; bamK, CH1034_60057; bamL, CH1034_10045) isolated from planktonically grown
cells at exponential or stationary phase, reflected similar transcript expression trends with my gPCR

and GFP reporter results.

In the absence of post-transcriptional regulation, transcript levels correlate with protein abundance
levels (Maier et al., 2009, Guimaraes et al., 2014, Liu et al., 2016). In a study by Brinkworth et al.
(2015), the authors investigated OMPs and exoproteins that are upregulated in K. pneumoniae ST258.
BamA was identified by liquid chromatography-tandem mass spectrometry at detectable levels in
outer membranes prepared from K. pneumoniae ST258 cultured in nutrient rich LB media in both
exponential and logarithmic phases of growth. Similarly, TamA was also identified in the outer
membranes, but only in exponential phase cells cultured in LB media. BamK and BamL were not
detected in this study. These results from this study mirror my qPCR and GFP-reporter results and

shows a correlation in Omp85 transcripts and protein levels based on the results demonstrating that
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the expression of bamK and bamL was not detected under various laboratory culture conditions.
Future studies could employ more high-throughput screening for other environmental conditions that
might induce expression such as broad-spectrum phenotype microarray analysis which includes
characterisation by metabolic capabilities or even antimicrobial susceptibility (Shea et al., 2012,
Mackie et al., 2014).

In a study by Kim et al. (2012), the authors found through chromatin immunoprecipitation combined
with microarray hybridization (ChlP-chip) assays, the consensus —35 and —10 DNA binding motifs
for o’%-dependent (i.e. RpoD) promoters in K. pneumoniae MGH78578 were TTGACA and
TATAAT, respectively. These consensus motifs were highly similar to the identified sequence motifs
found in E. coli and Salmonella Typhimurium (Typas et al., 2007, Kroger et al., 2012). Furthermore,
the authors did not report binding of RpoD near the bamK locus and its putative promoter region,
consistent with a low or no transcription scenarios. Interestingly, the predicted “—35 and —10”-like
sequence motifs (TTCAGA TATATT, respectively) of bamK from K. pneumoniae B5055 were near
identical suggesting regulation pathways of sigma factors is conserved not only in an intra-species
manner but also an inter-species manner. It should also be noted, unlike other BAM components
controlled by the oF regulon, bamK had a consensus motif for 6’° (RpoD) therefore its expression is

most likely regulated by a different set of environmental cues, cell stresses and regulatory cofactors.

Promoter analysis also highlighted two regions in the putative bamK promoter that could be
negatively modulating bamK expression, a stem-loop structure and an AT-rich region. In prokaryotes
the base-pairing of single stranded DNA has been reported to form secondary structures such as
hairpin and stem-loop structures, and have been reported to be involved in recombination, replication
and transcription (Henkin & Yanofsky, 2002, Berg et al., 1991, Jagodnik et al., 2017). A predicted
stem loop structure overlapped the —10-like/TATA-box sequence potentially inhibiting or stalling
transcription. However, through promoter activity assays, | demonstrated that abolishing the stem
loop structure did not increase promoter activity of bamK compared to its native sequence (Figure
3.2.2). Histone-like nucleoid-structuring (H-NS) protein is a global transcriptional regulator and its
function is usually to repress horizontally acquired genes (based on its higher AT-content) by binding
and silencing of transcriptional regions (Lucchini et al., 2006, Navarre et al., 2007). The regulation
of H-NS has been linked to temperature, osmolarity and metal ion levels (Ono et al., 2005, Amit et
al., 2003). Unlike classical regulatory repressor and activator proteins, H-NS does not recognise
specific nucleotide sequences but is inclined towards curved DNA regions (Owen-Hughes et al.,
1992, Yamada et al., 1991). Due to inherent AT-rich regions the putative promoter region of bamK

was predicted to be highly curved (Figures 3.2.3) and was therefore suspected to be regulated by H-
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NS. Through gPCR assays, I found that in a Ahns strain bamK transcript levels at below detectable
levels (Figures 3.2.5). It should be noted that these assays were performed in K. pneumoniae AJ218
and not K. pneumoniae B5055; it was assumed regulation between the two strains would be identical
as the upstream elements (500bp) was identical and the bamK CDS was 99.75% identical.
Immunoblot analysis confirmed that upon changing the bamK promoter to a known constitutive
promoter (i.e. bamA), a functional protein was able to be detected (further explored in Chapter 5).
From these analyses pertaining to the putative bamK promoter, | hypothesised that the upstream
region of bamK contained elements maintaining transcriptional repression despite the open-reading

frame encoding a functional Omp85 protein.

Transposon mutagenesis is one of several high-throughput strategies for discovery of virulence genes,
essential genes and even functional gene associations in K. pneumoniae (Wilksch et al., 2011, Tomas
et al., 2015). In this study, | generated a transposon mutagenesis library into a genomically modified
K. pneumoniae B5055 strain. The B5055 (CIP 52.145) strain is peculiar, as it one of the few -
lactamase-negative strains K. pneumoniae (Bialek-Davenet et al., 2014). Thus, as a screening strategy
I developed a system where the bamK coding region was precisely replaced with a 3-lactamase gene
(AmpR) resulting in strain K. pneumoniae B5055 AbamK::AmpR (Figure 3.3.3-3.3.4). If bamK was
expressed due to a transposon insertion disrupting an associated regulatory factor, an ampicillin-
resistant phenotype would reflect a gain-of-function mutation. Generation of transposon mutants was
shown to generate false-positives as indicated by (i) the frequency of gain-of-function mutants, (ii)
the identity of disrupted genes (Table 3.3.1) and (iii) the consequent promoter-fusion assays (Figure
3.3.7). I suspect the gain-of-function mutants were the result of spontaneous mutations conferring an
ampicillin-resistance phenotype. Like many other successful bacterial pathogens, K. pneumoniae has
evolved to acquire a suite of antibiotic resistance mechanisms (Lee et al., 2017, Khan et al., 2018).
In many K. pneumoniae clinical isolates, modulation of its membrane permeability by mutational loss
of its major porin(s) diminishes permeability for antibiotics (Hernandez-Alles et al., 1999, Sugawara
et al., 2016). In one such study by Tsai et al. (2011), the authors found that several clinical isolates
of K. pneumoniae are deficient of major porins, OmpK35 and OmpK36, and found that the loss of
these genes correlated with reduced susceptibility to antibiotics. A different antibiotic resistance
mechanism also reported in K. pneumoniae, is the hyper expression and/or activation of efflux pump
systems which expel a broad range of antibiotics (Padilla et al., 2010, Srinivasan et al., 2014). In a
study by George et al. (1995), the authors found that mutations in the positive transcriptional activator
ramA, or its regulatory regions, correlated with the upregulated expression of the AcrAB efflux pump.

This was further substantiated in future studies (Ruzin et al., 2008, Bratu et al., 2009, Rosenblum et

87



al., 2011, De Majumdar et al., 2015), which showed overexpression of ramA or clinical isolates with
transcriptional activator mutations resulted is ubiquitous in several multidrug resistant K. pneumoniae
isolates. Taken together, my data and the aforementioned studies suggest that the antibiotic selection
strategy utilised may have induced compensatory mutations in the engineered K. pneumoniae
B5055%T AbamK::AmpRstrain resulting in the emergence of false-positive transposon mutants. While
it would be interesting to investigate how the - lactamase-negative K. pneumoniae B5055 strain was
able to acquire a mechanism for ampicillin resistance, future studies will instead need to utilise
alternative antibiotic selection or even a different reporter system such GFP, luciferase and [3-

galactosidase.

Several previous studies have used mass-spectrometry (MS) to identify transcriptional regulators
from DNA-protein binding studies (Hellman & Fried, 2007, Jiang et al., 2009). To that end, I
attempted to identify DNA-binding proteins binding to the putative promoter of bamK, proteins which
may be modulating its transcriptional expression, by combining EMSA coupled with MS analysis.
Using K. pneumoniae B5055 cleared cell lysate as a source of prey protein, | was able to identify a
shifted complex DNA::protein complex which represented protein(s) bound to the an amplified to a
putative bamK promoter DNA fragment (Figure 3.4.2). Furthermore, | was also able to also show the
most pertinent DNA-binding domain in the putative bamK promoter was most likely the predicted
highly curved DNA region as shown by EMSA which utilised truncated promoter regions as bait
(Figures 3.4.3). Accessory roles of the other promoter elements (i.e. —35 and —10-like consequence
motifs and RBS site) should not be excluded as these other domains may provide additional binding
interfaces for stabilisation, or for other cognate transcriptional factors. Proteomic analysis of the
DNA::protein complex from the EMSA revealed a preliminary list of proteins that could be involved
in binding (Appendix 3). Since only few proteins were expected to be true transcriptional regulators
of the bamK gene, | further refined the list to 5 protein DNA-binding candidates based on their
suspected roles in gene regulation (Table 3.4.1). From this refined list, candidate gene regulators
dnaN and ssb were discounted based on their previously reported essentiality in prokaryotic genome
maintenance (Baba et al., 2006, Goodall et al., 2018). Candidate hsdR, which encodes a component
of the Type | restriction-modification system, was also dismissed as a transcriptional regulator. The
Type | restriction-modification system is a prokaryotic defence mechanism which cleaves foreign
DNA (Loenen et al., 2014), therefore binding of this subunit could occur based on the fact the bait
substrate utilised in the EMSA was an amplified PCR product not synthesised from a native
K. pneumoniae system. Of the remaining candidates, dksA and hupA, | generated single-gene

deletions in K. pneumoniae B5055 resulting in the strains K. pneumoniae B5055 AdksA::KanR and
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AhupA::Kan®R. The RNA polymerase-binding transcription factor DksA has been reported previously
to be involved in aspects of ot activation for gene regulation in response to intracellular signals related
to growth phase and nutrient availability (Costanzo et al., 2008). The other candidate, HupA, has
been reported to be an abundant nucleotide associated protein which binds preferentially to AT-rich
regions/highly curved regions for stabilisation reducing accumulation of mutations during stationary
phase (Krylov, 2001, Wojtuszewski & Mukerji, 2003, Williams & Foster, 2007). Through promoter-
fusion assays, it was found that the promoter activity of bamK was consistently low in either
K. pneumoniae B5055 AdksA::KanR or AhupA::Kan® deletion strains (Figures 3.4.6 A). As further
validation, immunoblot analysis on whole cell lysates prepared from the same deletion strains
revealed BamK was not detectable levels in either logarithmic or stationary phase (Figures 3.4.6 B).
Together, these data suggest bamK transcription and protein expression is not modulated solely by
either AdksA or AhupA under the conditions tested.

Hierarchical control between genetic regulatory systems has been reported in Gram-negative bacterial
species and allows the fine-tuned control for protein expression in respect to specific stress responses
and adaptation to specific environments (Madan Babu et al., 2007, Ishihama, 2010, Flores-Kim &
Darwin, 2014). Curli biogenesis is one such example found in E. coli: a process that describes the
production of cell-surface amyloid structures critical for biofilm formation and surface adhesion
(Barnhart & Chapman, 2006). The curli biogenesis system is encoded by the csg operon with csgD
being the master transcriptional regulator (Chirwa & Herrington, 2003, Brombacher et al., 2006). In
a study by Ogasawara et al. (2010), the authors reported an interplay between at least five
transcription factors involved in the activation (OmpR, RstA and IHF) and repression (CpxR and H-
NS) of the csgD promoter. Naturally, one could speculate that aside from functional redundancy of
global gene regulators such as H-NS (Zhang et al., 1996, Muller et al., 2006), expression of bamK
may involve transcriptional activators in a hierarchical cascade (i.e. repression supersedes positive
activation). Hence, a more complex regulatory mechanism for bamK gene regulation cannot be
excluded at this time. Another explanation of the tight regulation of bamK could be due to mMRNA
transcript instability. As replacement of the 5’region with a constitutively promoter resulted in BamK
expression, sequence motifs within this region could be leading to its rapid decay. In prokaryotes,
MRNA decay is facilitated by endonucleases which have specificity towards certain sequence motifs
or secondary structures such as hairpins and stem loop structure (Moll, 2003, Carrier & Keasling,
1997). Detailed understanding of the gene regulation governing Omp85s are important, especially in

genomes with diverse gene copy numbers, as these studies can provide better understanding how each
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member contributes to bacterial outer membrane biogenesis allowing adaptation to a range of

environments.
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Results: Identification and functional characterisation of BamL

4.0 Introduction

In a global analysis of the Omp85 protein superfamily, a phylogenetic branch termed
“noNterm” was identified as having a sporadic distribution through bacterial species and strains
(Heinz & Lithgow, 2014). The noNterm Omp85 subfamily is characterised by a lack of typical
N-terminal extensions commonly associated with a C-terminal Omp85 B-barrel domain. The
functional role of the noNterm protein subfamily is unclear, as many studies have attributed N-
terminal extensions, such as POTRAs as distinguishing and are typically vital for catalytic
function (Bos et al., 2007, Simmerman et al., 2014). One of the bacterial strains identified with
a member of the “noNterm” group was K. pneumoniae B5055. This K. pneumoniae Omp85 is
hereafter referred to as BamL (Little). In K. pneumoniae genomes, | discerned that bamL is
found in synteny with an upstream partner, hereafter referred to as lupV. This genetic
organisation is intriguing as it shares similarities to the operon arrangements of two-partner

secretion systems (TPS), a sub-class of Type V Secretion Systems (T5SS).

The various subtypes of the T5SS are related, but in seemingly disjointed ways: some subtypes
such as T5SSb and T5SSe have Omp85/TpsB B-barrel domains in common, others have
mechanistic similarities such as: autotransporters (T5SSa), trimeric autotransporters (T5SSc)
and inverse-autotransporters (T5SSe) (Jacob-Dubuisson et al., 2013, Guérin et al., 2017). TPS
systems are of the T5SSbh subclass, and are comprised of two proteins, TpsA the secreted
“effector” and cognate “transporter” TpsB. The transporter, TpsB, adopts a f-barrel structure
which features N-terminal POTRA domain(s) though fewer than the archetypal Omp85 protein
BamA (Jacob-Dubuisson et al., 2009); but a clear distinction between the Omp85 family (e.g.
BamA and TamA) and TpsB family (e.g. FhaC) subfamilies exist at the sequence level because
they have evolved in distinct evolutionary trajectories (Heinz & Lithgow, 2014). In this
chapter, | present results on the initial bioinformatic analyses, phenotypic assays and
biochemical approaches undertaken to identify and initially characterise the function of the

novel protein BamL to work towards understanding its function.
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4.1 Genomic context and protein predictions of the bamL locus

A previous phylogenetic study of the Omp85 family revealed an uncharacterised T5SS/TPS-
like operon in K. pneumoniae species (Heinz & Lithgow, 2014). Aiming to better understand
these uncharacterised genes, I investigated its genomic context. In K. pneumoniae B5055, gene
locus tags BN49 0006 (referred to as lupV) and BN49_0007 (referred to as bamL), are both
annotated as “putative outer membrane proteins” based on sequence predictions [-barrel
topologies of other known OMPs (Figure 4.1.1, A). This genetic organisation is analogous to
TPS systems found in Gram-negative bacteria where a translocon Omp85/TpsB member is
involved in the export or secretion of a B-helical TpsA (Chapter 1, Figure 1.3.2). Thus, BamL
could be a translocon OMP involved in the secretion of LupV. The dual gene locus,
henceforward termed the bamL locus, overlap by 4 bp in their predicted nucleotide sequences
suggesting co-translational regulation. A brief examination looking at the genomic context of
the locus shows direct neighbouring genes are not likely involved in OM biogenesis due to

their distance and predicted functional roles derived from conserved motifs.
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Figure 4.1.1: Genomic context and sequence predictions of the bamL locus. (A) Genomic context of the bamL
locus in K. pneumoniae B5055. Putative outer membrane locus tags, BN49 0006 and BN49 0007 were
designated as lupV and bamL, respectively. The lupV gene overlaps by 4 bp with bamL and might be a co-
expressed transcription unit. (B) Using the protein prediction server Phyre2 (Kelley et al., 2015), BamL shows
structural similarity to 3-barrel domains of BamA and TamA but lacks any N-terminal POTRA domains. (C) For
LupV, Phyre2 predicts a disordered N-terminal region with no recognisable homologous protein folds followed
by an 8-strand f-barrel similar to E. coli OmpA.
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The prediction of tertiary structures through homology modelling is a common approach to
better understand proteins of unknown function (Baker, 2001). A simplified run down of
homology modelling can be the viewed as an iterative process where algorithms consider an
input amino acid query sequence. The input sequence is then matched to solved protein
structure(s) resulting in a structural model which takes into account sequence and fold
alignment to solved structures and other biophysical constraints (Madhusudhan et al., 2005). |
generated homology models using protein prediction server Phyre2 (Kelley et al., 2015). The
predicted BamL structural models with high confidence (>95 %) as a 16-strand [3-barrel with
no POTRA domains based on its conserved sequence with solved crystal structures (Figure
4.1.1 B). Structural templates used for the BamL model included: TamA (PDB: 4C00), BamA
(PDB: 4K3B, 4N75 and 4N75) and FhaC (PDB:2QDZ). For LupV, the N-terminal region (137
residues) had no detectable domains or available homologous structures but secondary
structure prediction servers (PsiPred (McGuffin et al., 2000) and DISOPRED (Ward et al.,
2004)) detected a disordered of stretch (24 residues) followed by a putative C-terminal -barrel
domain (>95 % confidence) modelled after: (i) OmpA (PDB: 3NB3, 1QJP), (ii) autotransporter
domain of NalP (PDB: 1UYN) and (iii) attachment invasion locus (Ail) protein (PDB: 3QRA)
(Figure 4.1.1 C). Validation of the homology modelling for BamL and LupV was by manually
by inspecting the output structure and data value ouputs pertaining to confidence in the
modelled protein regions and coverage of the query sequence. It should be noted the p-barrel
domain structures of both LupV and BamL were modelled with >95 % confidence, but the
structural templates utilised had only ~18 % or ~15 % sequence identity, respectively. It should
be further noted, “confidence” does not represent the accuracy of the model but is more of a
correlated measure that the output homology model is likely to adopt the template structures
overall protein fold. To predict whether BamL or LupV were targeted to the periplasm, the
protein sequences of BamL and LupV were analysed by SignalP 4.1 and LipoP 1.0 algorithms
to determine their subcellular localisations (Petersen et al., 2011, Juncker & Willenbrock,
2003). BamL was confidently suggested to localise to the Gram-negative OM. LupV was
predicted to have a signal sequence, but this was not confidently assigned to a specific
localisation as it contained characteristics of either an OMP or lipoprotein signal peptide. These
data remain suggestive that the bamL locus encodes for a novel two-partner system or a
completely novel outer membrane imbedded system of unknown function, where one element

encodes for an Omp85.

Pseudogenes are segments of DNA which may have its original function deteriorated from
accumulated mutations and in some cases being derived from gene duplication events (Mira &

Pushker, 2005, Tutar, 2012). In most cases, pseudogenes can be differentiated from functional
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genes based on their high prevalence rates and little sequence conservation (Balakirev & Ayala,
2003). Therefore, to examine if lupV or bamL represented pseudogenes | analysed their
nucleotide conservation rates and gene prevalence on a globally diverse genomic dataset of
K. pneumoniae isolates (Holt et al., 2015b) and additional isolate genomes. A full list of
genome accession tags (705 unique identifiers) can be found in Appendix 5. Using an in-house
computational pipeline, | analysed the output data of the gene conservation and prevalence
rates of lupV and bamL within a defined set of K. pneumoniae genomes. As shown in Figure
4.1.2 A, the average nucleotide conservation rate of lupV was found to be 97.55%, and bamL
was at 98.64% in the analysed 705 genomes. When looking at the prevalence rates of both
genes in the same analysed sequences, the co-prevlance of both lupV and bamL within the same
genome was found in 561 genomes (out of 705, ~80%). A less prevalent instance was seen in
87 genomes with lupV without bamL, bamL without lupV in 53 genomes or 4 genomes had
neither. However, it should be noted, the automated script excluded bamL or lupV sequences
with any premature stop codons, poor sequence coverage and/or contig breaks (Appendix 5).
While pseudogenisation could not be ruled out from the current data, the nucleotide
conservation and co-prevalence are likely to be understated due to the scripts thresholds. So,

bamL or lupV can be considered highly conserved at the nucleotide and gene co-prevalence

levels.
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Figure 4.1.2: Nucleotide variation and gene prevalence rates of the bamL locus. Using the nucleotide
sequences for lupV and bamL of K. pneumoniae B5055 as queries, data generated by an in-house PYTHON script
(Mclntyre et al., unpublished) analysed a globally diverse genome dataset of K. pneumoniae isolates (Holt et al.,
2015b) and additional K. pneumoniae genomes available from NCBI for their prevalence and nucleotide
conservation rates. The list of sequence IDs genome assemblies (n=705) utilised for this analysis with
accompanying annotations pertaining to premature stop codons, poor coverage or assembly contig breaks are
listed in Appendix 5. (A) Scatter plot detailing the nucleotide variation of lupV (n = 648) and bamL (n = 614)
from K. pneumoniae genomes compared to query sequences of K. pneumoniae B5055. Data points excluded were
any sequences with additional stop codons (compared to the original B5055 sequences), poor coverage or contig
breaks. Note the discontinuous Y -axis. (B) Venn diagram depicting the number of K. pneumoniae genomes, which
harbour either lupV and bamL sequences (n=705). Some genomes included in the analysis had inherent issues
(poor sequence coverage or broken contigs) and therefore may understate both nucleotide conservation and gene
prevalence. Data generated by Mr. Liam Mclntyre (The University of Melbourne, Australia)
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4.2 Investigating the function of the bamL locus in K. pneumoniae B5055

In Gram-negative bacteria, OMPs are vital in the maintenance of cellular homeostasis,
allowing, secretion of toxins, efflux of noxious antibiotics and uptake of nutrients (Jeeves &
Knowles, 2015). As predicted omp85 member bamL, and its linkage with lupV suggested a co-
regulatory relationship exists between the two genes | hypothesised the two genes work
together for their function. Therefore, to address whether the bamL locus in K. pneumoniae
B5055 played a role in bacterial fitness, deletion mutagenesis was employed using the gene
gorging method resulting in the strain K. pneumoniae B5055 AlupV, bamL::Kan®R (Figure
4.2.1). This deletion strain retained its selectable kanamycin cassette and was confirmed by

PCR analysis and sequencing, using primers flanking the targeted regions (Figure 4.2.2).

I-Scel and A red genes encoded by pACBSR facilitates homologous recombination
Linear DNA fragment
from donor plasmid

K. pneumoniae (B5055)

Region is replaced with gene of interest with kanamycin cassette

K preunonice (85055) ) — A —{INaG)

AlupV, bamL::Kan®

Figure 4.2.1: Strategy for bamL locus deletion in K. pneumoniae B5055. Schematic showing the replacement
of the bamL locus coding sequence with a kanamycin cassette. The ‘gene-doctoring’ method utilises a two-
plasmid system for genetic manipulation in broad range of bacterial species (Herring et al., 2003). Briefly, a donor
plasmid (plasmid 1) containing the kanamycin cassette with flanking homology regions is excised into a linear
fragment by I-Scel by recombineering plasmid (plasmid 2) pACBSR. The recombineering plasmid pACBSR
carries the A-Red and I-Scel endonuclease genes, under the control of an araBAD promoter. The obvious
advantage of this system is that multiple copies of the homologous DNA are present in the bacterial cell, which
increases the number of potential recombination events.
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Figure 4.2.2: PCR confirmation of bamL locus deletion in K. pneumoniae B5055. Left, Cartoon showing the
expected fragment lengths of K. pneumoniae B5055 before and after the kanamycin cassette integration (refer to
Figure 4.2.1). Right, PCR amplification of K. pneumoniae B5055 before and after the after the kanamycin cassette
integration replacing the bamL locus using primers, VVT086 and VVVTO087, which lie outside the region of
genomic integration. PCR products were sequenced to confirm the locus deletion. PCR products were analysed
by 1 % TAE agarose gel and sequenced to confirm the gene replacement.
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A routine method to measure bacterial fitness is comparative growth curve analysis (Hall et
al., 2014, Dykhuizen & Dean, 1990). Figure 4.2.3 shows automated growth curves of

K. pneumoniae B5055 cultures in select liquid media. In the tested media, no major differences
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in growth kinetics were observed between the mutant AlupV, bamL::Kan® and its isogenic
wildtype. In rich LB media, a small but reproducible decrease in fitness was observed. These
results suggested that the deletion of bamL locus does not play a significant role in the
planktonic mode growth of K. pneumoniae B5055 under standard laboratory conditions.
However, the minor growth defect in the mutant AlupV, bamL::Kan® does suggest that BamL

contributes to some aspect bacterial fitness for growth in rich media.
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Figure 4.2.3: Effect of the deletion of bamL locus on growth kinetics in K. pneumoniae B5055. Automated
growth curves comparing the parent B5055 strain to K. pneumoniae B5055 AlupV, bamL::KanR. Growth kinetic
profile trends were generally the same except in rich LB media where a mild growth defect was seen in the deletion
strain compared to its corresponding parent strain (n=3, error bars represent SD).

To extend the phenotypic analysis of the AlupV, bamL::Kan® mutant, | tested whether the
mutant strains could have an altered uptake rate by mouse derived bone marrow derived
macrophages for subsequent phagocytosis. Macrophages were infected with K. pneumoniae
B5055 at two different multiplicity of infections (MOIs) (25 or 50) and observed over a 6-hour
infection period. The number of phagocytosed K. pneumoniae bacteria was determined by
osmotic lysis of macrophages and plating of serial dilutions of lysates at the indicated
timepoints (Figure 4.2.4). Observed macrophage uptake rate increased over time for the
wildtype and AlupV, bamL::Kan® strains. However, the macrophage uptake rate of the mutant
AlupV, bamL::KanR strain was found to be mildly reduced at both time points. Accompanying
live cell imaging demonstrated that co-culturing of macrophages with K. pneumoniae B5055
strains did not influence the morphology or cell death of the macrophages (Figure 4.2.5).
Altogether these results illustrate the genes encoded by the bamL locus do not play a major role
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in macrophage uptake under the tested conditions, but this does not rule out some other role in

virulence.
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Figure 4.2.4: Effect of the deletion of bamL locus on growth kinetics and macrophage uptake rate in
K. pneumoniae B5055. Macrophages were infected with K. pneumoniae B5055 for 30 minutes (MOI: 25 or 50).
Cells were then washed and incubated with medium containing gentamicin (300 pg mL™?) for 90 minutes to
eliminate extracellular bacteria, and then monitored post-infection with medium containing gentamicin (100 pg
mL ) for up to 6 hours. Intracellular bacteria were quantified by osmotic lysis, serial dilution and viable counting
on LB agar plates. Performed by Dr. Seong Chow (Monash University, Australia).
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Figure 4.2.5: Live-cell imaging of macrophages infected with K. pneumoniae B5055. Time-lapse image
snapshots of macrophages infected with K. pneumoniae B5055 wildtype or AlupV, bamL::KanR at 0 and 6 hours
post-infection. Brightfield images shows unchanged morphology of macrophages during the 6-hour infection
assay. DRAQ7™ is a far-red emitting marker that stains (blue) nuclei of dead and permeabilised macrophages.
Macrophage viability was generally unaffected over the 6-hour infection assay.
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4.3 Production of recombinant BamL

| sought to produce recombinant BamL for crystallisation and other structural analyses as
numerous 3D structures of Omp85s have enabled better understanding of their function and
mechanisms (Maier et al., 2015, Gruss et al., 2013, Fairman et al., 2011), and so that the
purified product could also be used for antibody production for assaying the localisation or
processing of BamL under more native conditions. A recombinant BamL (expected molecular
weight 43.2 kDa) was expressed in E. coli, total cellular membranes were isolated by
ultracentrifugation, followed by detergent solubilisation of the membranes, affinity purification
and finally size exclusion chromatography. A flow chart depicted in Figure 4.3.1 presents the
process undertaken in this study for purification of recombinant BamL for X-ray
crystallography and antibody production.

Expression

of recombinant protein
BamL

|

Membrane isolation
cell disruption & ultracentrifugation

|

Immobilised Metal
Affinity Chromatography
Nickel-charged column for
N-terminal polyhistdine tag

|

Size exclusion chromatography
Superdex S200 16/60
for 42 kDa recombinant BamL

/ \ Note: Sample can be detergent exchanged at this point

Antibody production X-ray crystallisation studies

In-house production of rabbit Technology research platform (MMCF)
anti-sera against BamL for high-throughput screens

Figure 4.3.1: Purification flowchart of recombinant BamL of K. pneumoniae B5055 in an E. coli expression
system. A flow chart illustrating the purification strategy for BamL. Expression of recombinant proteins were
performed E. coli C41 (DE3), a strain routinely used for membrane protein overexpression (Dumon-Seignovert
et al., 2004). After expression, membranes containing BamL were solubilised, further purified firstly by
immobilised metal affinity chromatography then size exclusion chromatography. The resulting purified product
was used for antibody production and preliminary crystallisation trials. Predicted molecular mass and
chemical/physical parameters were calculated using the online server EXPASy-ProtParam tool (Gasteiger et al.,
2003).
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Exact details pertaining to: (i) culture and protein expression, (ii) total membrane isolation, (iii)
detergent solubilisation and (iv) purification techniques and conditions are as described in
Chapter 2.0. Briefly, a modified pET-20b (+) expression vector harbouring bamL without its
native signal sequence was transformed into E. coli C41 (DE3) cells and cultured in TB media.
Whole cell lysates were analysed by SDS-PAGE and then immunoblotted with ahexahistidine-
HRP conjugate corresponding to BamL. Favourable expression conditions of BamL was found
to be better at 0.1 mM IPTG induction for 3 hours upon reaching an initial cell density of ODeoo
=~1.0. In comparison, the overnight induction condition resulted in a lower yield which echoed

the pre-induced sample (Figure 4.3.2).

aHis-HRP

Figure 4.3.2: Small-scale test expression of BamL in E. coli C41 (DE3). Depicted here is an immunoblot
detecting BamL with ahexahistidine-HRP. Whole cell lysates prepared from E. coli C41 (DE3). Pre-induced -
sample taken before protein induction with a cell density of ODggo = ~1.0; 3hrs post-induced - induction of culture
with 0.1 mM IPTG for 3 hours upon reaching a cell density of ODggo = ~1.0 and; O/N post-induced - induction of
culture with 0.1 mM IPTG overnight upon reaching a cell density of ODggo = ~1.0. The overnight expression
condition also included a lower growth temperature upon induction (i.e. 25 °C from 37 °C).

Large scale BamL production (i.e 6 litre cultures) employed the use of total membranes where
proteins detergent solubilised and loaded onto a His-Trap™ HP column for affinity
purification. A broad peak of proteins were eluted in fractions from the nickel affinity
chromatography column using a linearly increasing imidazole gradient (0-1M) (Figure 4.3.3
A). Eluted fractions were analysed by SDS-PAGE and Coomassie blue staining (Figure 4.3.3
B) that showed an eluted ~42 kDA protein, likely corresponding to BamL

99



peak 1 fractions of peak 1
1250 150
1000
+100
- 750 R
£ &
500
50
250
0 0
0 50 100
volume (mL)

Figure 4.3.3: IMAC purification of BamL using nickel-charged His-Trap™ column. (A) Chromatogram
illustrates the elution of a broad-shouldered peak eluted with a linearly increasing imidazole gradient from 0-500
mM then a step to 1M. (B) Analysed fractions of by SDS-PAGE (10%) and Coomassie staining of ‘peak 1°.
Included for comparison are: (i) total — the initial input solubilised membrane sample loaded onto the nickel-
charged column. (ii) Insoluble — material pelleted after initial membrane solubilisation with Elugent. (iii). FT —
the flowthrough material which did not bind to the nickel-charged column.

Size exclusion chromatography was employed to purify proteins based based on their mobility
corresponding to their native size. The protein material used for SEC consisted of fractions
eluted from the former IMAC step. In preparation for SEC, the IMAC fractions containing
BamL were pooled and concentrated utilising a centrifugal filter with a 30 kDa cut-off. The
salt concentration of the final samples was set to 150 mM through buffer exchange to suit the
buffers utilised in SEC. The buffer composition used for SEC for BamL was: 50 mM Tris-HCI
pH 7.5, 0.15 mM DDM and 150 mM NaCl After running the protein samples through SEC,
chromatograms recorded the retention time of macromolecular species within the pooled
IMAC samples (Figure 4.3.4). The shouldered peak elution pattern was further analysed by
SDS-PAGE and Coomassie blue straining, where the centre fitted to pure and concentrated
BamL with a of ~42 kDa.
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Figure 4.3.4: SEC purification of BamL using Superdex S200 16/60. (A) Chromatogram illustrates the
retention time of two broad-shouldered peaks. (B) Analysed fractions of by SDS-PAGE (10%) and Coomassie
staining of a single fraction of peakl (P1) and fractions of peak 2 (P2). Included for comparison is: (i) Total — the
sample input of pooled and concentrated fractions from IMAC.
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Extraction of membrane proteins from biological membranes usually utilises detergents
(Jeffery, 2016). The usage of specific detergents is an important consideration in membrane
protein biology as some are better at stabilisation which is an important factor in sample
homogeneity for crystallisation studies (Anandan & Vrielink, 2016). Therefore, for
downstream crystallisation studies | performed a detergent exchange on purified BamL
samples within a DDM micelle to CgE4. The detergents DDM and CgE4 are routinely used for
membrane protein crystallisation studies. For example, in a study by (Noingj et al., 2015), the
detergent CgE4 has even been used for crystallisation of a truncated BamA from H. ducreyi, a
protein homologous to BamL. Shown in Figure 4.3.5, BamL was detergent exchanged to a SEC
buffer containing CgE4 (10 mM) from DDM (0.15 mM) through affinity purification using an
Ni-NTA resin. The eluted protein sample was therefore of higher protein concentration, in a
smaller volume, as the imidazole concentration necessary for elution (500 mM) was already

established from Figure 4.3.2.

33—

Figure 4.3.5: SDS-page analysis for detergent exchange of BamL from DDM to CsEs. Coomassie stained
SDS-PAGE (10%) showing the detergent exchange of BamL from a DDM (0.15 mM) detergent SEC buffer to
elution in (10 mM) CgEs. Some loss of protein can be observed in the unbound and wash fractions, potentially
due to the rapid detergent exchange causing aggregation.
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4.4 Antibody production for BamL

In Section 4.3, | expressed and purified BamL to generate antibodies to better understand BamL
in the context of localisation studies and other biochemical characterisation assays. After
immunisation rabbit antiserum was harvested. A pre-immune bleed from the same rabbit was
used as a control. Specificity and sensitivity of the anti-serum was tested by western blot
analysis using whole lysates of E. coli C41 (DE3) expressing or not expressing recombinant
BamL. As shown in Figure 4.4.1 A, a ~42 kDA protein corresponding to BamL was observed
in all anti-sera but not the pre-immune serum. The specificity of the anti-sera was problematic,
particularly the TB2 and TB3 bleeds, where detection of non-specific proteins were also
observed in the control whole cell lysates of the E. coli that did not express BamL. In a follow
up immunoblot assay, duplicate samples were instead detected ahexahistidine -HRP, which
revealed a discrete ~42 kDA band corresponding to the smallest of the 3 proteins in TB1 bleed.
Altogether, these results indicate a working BamL antibody was generated, but that only the
TB1 bleed would be of utility. The identity of the ~45 kDA or ~ 48 kDa forms of BamL are
not known, but they may represent post-translational forms, and do not contain the N-terminal

polyhistidine tag.

pET-20b(+)-bamL

150 kDa—
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Pre-immune aHis-HRP

Figure 4.4.1: Evaluating the sensitivity and specificity of rabbit polyclonal anti-sera raised against BamL.
Depicted here are immunoblot detections for BamL in E. coli C41whole cell lysates. Pre-immune refers to anti-
sera harvested before challenging the rabbit with BamL. TB1 refers to ‘test bleed 1’ harvested at 4 weeks, T2
refers to ‘test bleed 2’harvested at 7 weeks and T3 refers to ‘test bleed 3’ harvested 10 weeks all post-
immunisation. The terminal bleed for complete anti-serum exsanguination was conducted at TB3. As the antigen
still retained its polyhistidine tag, duplicate samples were detected with aHis-HRP corresponding with a discrete
~42 kDa band presumably BamL. Included as a comparison, whole cell lysates of E. coli C41 (DE3) were used
to identify any non-specific protein contaminants carried through from the purification protocol of BamL. Samples
were analysed by SDS-PAGE (12%).
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4.5 Molecular characterisation of the BamL and LupV

As generation of a highly specific polyclonal BamL antibody for downstream assays was not
achieved (Section 4.4), | instead designed an epitope-tagging strategy for localisation studies
of LupV and BamL. A dual expression vector was designed where bamL and lupV featured a
C-terminal Strep-Tag Il or Hise-Tag, respectively. The tagged genes were cloned into an
arabinose-inducible expression vector (pBAD24) with C-terminal tags, whilst both retaining
their predicted native signal sequences (pBAD-bcLV, Figure 4.5.1). These tagged proteins of
the bamL locus will now be termed LupV-ST and BamL-H6.

K. pneumoniae (B5055) ——] >— bamL
Synthentic sequence: — l
bicistronic bamL operon | ——] | bami His-tag

Internal ribsome entry site (IRES)

pBAD24-bcLV %

PBR322 ori

Figure 4.5.1: Cartoon diagram showing the vector map of pBAD24-bcLV which harbors an altered bamL
locus insert. To produce recombinant bamL locus proteins for downstream analysis, a synthesised nucleotide
gBlock (IDT) separating the two genes was ligated into pPBAD24. The resultant plasmid now theoretically encoded
for C-terminally tagged LupV (LupV-ST) and BamL (BamL-H6) under an arabinose inducible promoter. Gene
overlap between lupV and bamL suggested a bicistronic transcription resulting in a single mRNA; thus, an internal
ribosome entry site was also introduced to allow co-expression of LupV-ST and BamL-H6.

To detect the recombinant proteins of interest in downstream localisation studies, | first
performed a test expression of the pBAD24-bcLV construct transformed in its native host
species K. pneumoniae B5055. The detection of protein in the whole cell lysates was
determined by western-blot, using the ahexahistidine-HRP conjugate for BamL-H6 or
Precision Protein™ StrepTactin-HRP conjugate for LupV-ST. As shown in Figure 4.5.2, test
expression conditions varying the concentration of inducing agent were used to evaluate

relative yields of LupV-ST and BamL-H6. Log-phase K. pneumoniae B5055 cultured in LB
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media induced with a final concentration of 0.05 % arabinose, incubated for 3 hours at 37 °C
was selected for further downstream studies based on expressed protein levels, cell viability

and processing duration.

arabinose (%)

250 kDa —

_/BamL-H6

N
LupV-ST

aStrep-Tactin®-HRP ahexahistidine-HRP

Figure 4.5.2: Test expression of tagged bamL locus proteins in K. pneumoniae B5055. K. pneumoniae
B5055harbouring pBAD-bcLV were grown to mid-log phase then induced with arabinose at different
concentrations (0.01 — 0.1% (w/v)) for 3hr. Cells were harvested and LupV and BamL were visualised by
analysing the whole cell lysates by SDS-PAGE (12%) then by immunoblotting with the indicated HRP-conjugate
antibodies (1:2000 dilution). It was found that 0.01-0.05% (w/v) of arabinose induction was just as effective as
0.1% (w/v). Expected molecular weights, LupV-ST (39.4 kDA) and BamL-H6 (42.2 kDa), determined by
ExPASy-ProtParam tool (Gasteiger et al., 2003).

To investigate if LupV was an effector/exoprotein, | analysed the culture supernatant for its
secretion. Recombinant bamL locus proteins were expressed under the same conditions as
previously, but instead the resulting culture supernatant was immunoblotted for secretion of
LupV-ST using Precision Protein™ StrepTactin:HRP conjugate antibody. Under the tested
growth conditions, recombinant LupV was not detected in the culture supernatants even after
protein sample enrichment using centrifugation filters or TCA precipitation (Figure 4.5.3).
These results suggest that LupV is not secreted into the supernatant and is most likely situated
in a subcellular localisation as indicated by the previous immunoblot detecting whole cell
lysates expressing LupV-ST and BamL-H6 (Figure 4.5.2).
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Figure 4.5.3: LupV is not secreted into the culture supernatant of K. pneumoniae B5055. K. pneumoniae
B5055 harbouring pBAD-bcLV were grown to mid-log phase then induced with arabinose 0.05% (w/v) for 3hr.
Whole cell lysates for the pre-induced, post-induced and post-induced culture supernatants were analysed by SDS-
PAGE (12%) followed by immunoblot detection with Precision Protein™ StrepTactin:HRP conjugate. As the
secretion of exoproteins/recombinant proteins could be relatively low, hence culture supernatants were enriched
for proteins via TCA-precipitation or using centrifugation filters (molecular weight cut off 5kDa). The above
Coomassie staining and immunoblot is a representative result for culture supernatant enriched by TCA
precipitation.

Isopycnic sucrose gradient centrifugation is a technique that can reproducibly separate the
phospholipid bilayer membrane components of Gram-negative bacteria into defined sucrose
density fractions based on their buoyant densities (Dunstan et al., 2017). Utilising the
expression conditions of recombinant LupV-ST and BamL-H6 (Figure 4.5.2), total membranes
were isolated from cells expressing LupV-ST and BamL-H6 and were subjected to isopycnic
sucrose gradient centrifugation to separate the inner and outer membranes. Included in the
assay are known membrane marker proteins FIP (inner membrane) and BamA (outer
membrane). As shown in Figure 4.5.4 A-B, SDS-PAGE analysis followed by Coomassie
staining shows separation of major OMPs (e.g. OmpA, OmpK35 and OmpK36) into heavier,
fractions which correspond to fractions of higher sucrose density. Total membranes isolated
from K. pneumoniae B5055 harbouring pBAD24-bcLV (Figure 4.5.4 B) contained distinct
protein bands in the heavy sucrose fractions which were not see in the control sample (Figure
45.4 A). To investigate if these protein bands were LupV-ST or BamL-H6 | performed
immunoblot analysis on the sucrose gradient analysed fractions show in Figure 4.5.4 B.
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Immunoblotting for LupV-ST (Strep-Tactin®-HRP) and BamL-H6 (ohexahistdine-HRP)
found that both targets localised to the outer membrane based on their co-elution in fractions
with the BamA OM control (Figure 5.3.2).

A.

sucrose

aBamA (OM)

aF1p (IM)

50 kDa—

Figure 4.5.4: Subcellular localisation studies via isopycnic sucrose gradient centrifugation of tagged bamL
locus proteins in K. pneumoniae B5055. (A) SDS-PAGE (12%) analysis of the sucrose gradient elution profile
separating the inner and outer membranes from prepared K. pneumoniae B5055 harbouring empty pBAD24 as a
control (B) SDS-PAGE (12%) analysis of the sucrose gradient elution profile separating the inner and outer
membranes from prepared K. pneumoniae B5055 harbouring pBAD-bcLV. Migrating above the abundant porin
bands was a species not observed in the control fractionation. (C) The same fractions from (B) were
immunoblotted with the indicated HRP-conjugate antibodies. The recombinant proteins BamL-H6 and LupV-ST
comigrated with OM protein marker - BamA.
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To further characterise BamL and LupV, | assessed their association levels and correct
assembly to the OM by performing a urea extraction wash on total membranes which contained
LupV-ST and BamL-H6. To differentiate between integral and peripherally associated
membrane proteins, 5M urea can be used to diminish relatively weak and exposed hydrophobic
interactions and thereby removes them from membranes (Okamoto et al., 2001). Correctly
assembled integral membrane proteins are usually highly resistant to extraction by urea
(Voulhoux et al., 2003, Collin et al., 2007). As shown in Figure 4.5.5, even after urea extraction
treatment both LupV-ST and BamL-H6 were still found in the membrane pellet (P) fractions.
The peripherally bound inner membrane F1[ was extracted into the supernatant (S) fractions,
which was included as a control. The resistance to urea suggested that both proteins were
correctly assembled and integrally associated to the OM of K. pneumoniae B5055.

pBAD24 control pBAD24-bcLV
PBS  urea PBS  urea

TSPS P TS S P

LupV-ST

BamL-H6

F1p

Figure 4.5.5: Urea extraction of tagged bamL locus proteins from K. pneumoniae B5055 membranes. Total
membranes from K. pneumoniae B5055 harbouring either pBAD24 (empty vector) or pBAD-bcLV were treated
with 5M urea or PBS and analysed by SDS-PAGE (12%) for subsequent immunoblotting with the indicated HRP-
conjugate antibodies. Extracted supernatant material (S) was separated from the integral membrane fraction pellet
(P) by ultracentrifugation. A sample of starting material was used as a total membrane reference (T).The
doublet/triplet bands could represent partially denatured forms of LupV-ST or BamL-H6.

The BamL protein is a member of the Omp85/TpsB superfamily and may play a role in
assembly and insertion of its cognate locus partner LupV into the OM and hence an interaction
was hypothesised. To test this, | performed affinity purification to assess if interactions occur
between LupV-ST and BamL-H6. Assays were performed using total membranes isolated from
K. pneumoniae B5055 cells expressing recombinant LupV-ST and BamL-H6 as bait. The bait
proteins and any ensuing binding (prey) proteins were purified using affinity resins: Strep-
tactin® and Ni-NTA beads. In the affinity purification experiments which utilised Strep-
tactin® beads, affinity binding of recombinant LupV- ST was found predominantly in the
unbound elution fractions (Figure 4.5.7, A). This suggests binding did not occur between
LupV-ST and the Strep-tactin® beads under the tested conditions. In affinity purification

experiments which utilised Ni-NTA resin, the binding of the cognate recombinant protein
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BamL-H6 did occur but co-elution of expectant LupV-ST was not observed. For Ni-NTA resin-
based affinity purifications, recombinant BamL bait protein from prepared total membranes
was able to bind and elute from the resin under the tested conditions however LupV was not
detected in the final elution (Figure 4.5.7, B). Results from these affinity purification
experiments indicate binding does not occur under the tested conditions or could be simply
unobservable using this system if the protein interaction is of a weak/transient affinity. Other
reasons could be the conformation of recombinant LupV could be forcing the C-terminal tag
to be inaccessible wherein it is buried within the folds of the structure or the length of the
affinity is too short preventing binding. Further optimisation of the binding buffer is another
factor to consider as pH, temperature, salt concentration, presence of metal cofactors are all

important for specific protein conformations and hence binding studies.
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Figure 4.5.6: Affinity purification experiments against total membranes expressing LupV-ST and BamL-
H6. (A) Total membrane extracts prepared from K. pneumoniae B5055 expressing recombinant LupV-Strep Tag
Il and BamL-Hiss was pulled down with Strep-Tactin® resin, followed by detection with the indicated antibodies
after SDS-PAGE (12%). It was found that target bait protein, LupV-Strep Tag Il, did not bind to the resin under
the tested conditions (B) Total membrane extracts prepared from K. pneumoniae B5055 expressing recombinant
LupV-Strep Tag Il and BamL- Hisg was pulled down with Ni-NTA agarose followed by detection with the
indicated antibodies after SDS-PAGE (12%). The target binding of BamL- Hisg was able to bind to the agarose
beads but co-elution of LupV-Strep Tag Il was not observed.
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4.6 Preliminary crystallisation studies for BamL

Using commercial protein crystallisation screens JCSG-plus™ and PACT, a total of 192
crystallisation conditions were screened by the hanging-drop, vapor-diffusion method using
either BamL (6 mg/mL) samples in a DDM or CgEs micelle. From the 192 crystallisations
conditions tested, a majority resulted in clear drops (Figure 4.6.1 A) suggesting the protein did
not reach saturation and thus could not nucleate into favourable crystal lattice structures (Luft
et al., 2011). In other drops, precipitation of the protein ranging from brown (Figure 4.6.1 B),
white and amorphous (Figure 4.6.1 C) blobs was observed or phase separation of the sample
from precipitants (Figure 4.6.1 D). When comparing the commercial crystallisation screens
(JCSG-plus™ and PACT), more precipitant-protein reactions occurred in the JCSG-plus™
whereas the PACT screen contained only clear drops in either DDM or CgE4 based buffers.
Altogether, these data indicate that the purified BamL samples, from Section 4.5 at the utilised
protein concentration and crystallisation conditions, did not result in positive crystal hits and

thus requires further optimisation.

A. B.

Figure 4.6.1: Selection of crystal drops results of BamL. Depicted here are select crystallisation drop results of
BamL (100 nL BamL protein plus 100 nL reservoir) prepared by using the Mosquito pipetting robot (TTP
LabTech). Crystal trays were incubated at room temperature over a 90-day screening period. (A) Clear drop:
PACT condition A1, BamL (DDM micelle) (protein), 0.1 M SPG 4 pH (Buffer) and 25 % w/v PEG 1500
(Precipitant). (B) Brown protein precipitation: JSCG-plus™ condition E1, BamL (DDM micelle) (protein), 0.1
M Na Cacod. pH 6.5 (Buffer) and 1M Naj citrate (Salt). (C) White amorphous protein precipitation JSCG-plus™
condition G11, BamL (CsE4 micelle) (protein), 0.1 M BIS-TRIS pH 5.5 (Buffer) and 2 M (NH4)2SO. (Salt). (D)
Phase separation: JSCG-plus™ condition E12, BamL (CgE4 micelle) (protein), 0.1 M imidazole pH 8 (Buffer)
and 10 % w/v PEG 8K (Precipitant).
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4.7 Discussion

The diversity of the Omp85 superfamily in pathogenic bacteria is widespread, with many
implicated in essential cellular processes and virulence (Heinz & Lithgow, 2014). Using
K. pneumoniae B5055 as a model, I investigated BamL, described previously as part of the
“noNterm” phylogenetic branch of the Omp85 superfamily (Torres et al., 2018). In this chapter,
| show that linked genes bamL and lupV encode integral proteins in the outer membrane that
do not form a classical secretion system in spite of its TPS-like genetic arrangement.

Although many genes encoding potential two partner secretion systems components have been
identified through analysis of microbial genomes, only a limited number of these putative genes
have been experimentally validated as TPS systems. Of those few characterised TPS systems,
many have been shown to play a role in cell adhesion (Serra et al., 2011), cytolysis (Palmer &
Munson, 1995, Elsen et al., 2014, Basso et al., 2017) or iron acquisition (Cope et al., 1994,
Létoffé et al., 1998) with newer functions linked to “contact-dependent growth inhibition”
(CDI) systems where inter-bacterial interactions modulate bacterial growth (Aoki, 2005). The
bamL locus of K. pneumoniae B5055 consists of two genetic elements, bamL and lupV (Figure
4.1.1), and shares a genetic arrangement akin to a canonical TPS format (TpsA-TpsB)(Jacob-
Dubuisson et al., 2013) (Guérin et al., 2017). Sequence analysis of the bamL locus genes
encoded for two proteins, both with extensive [-strand structures, potentially forming
transmembrane [-barrel domains. Interestingly, BamL also shared structural homology to
prototype translocase FhaC; a TpsB member protein necessary for extracellular localisation of

virulence associated protein FHA (Clantin et al., 2007, Delattre et al., 2011).

Homology models provided further structural clues about BamL and LupV. The predicted
BamL homology model was a single B-barrel templated from solved structures Omp85/TpsB
superfamily (i.e. TamA and FhaC) but excluded any POTRA domains (Figure 4.1.1 B). The
lack of POTRA domains does not rule out that BamL could still be involved in an aspect of
OM biogenesis, as it has been shown mitochondrial Omp85 homolog, Sam50, has been shown
to retain functionality even with removal of its single POTRA domain (Stroud et al., 2011).
Structure prediction and sequence analysis of LupV was difficult as its N-terminal region has
no recognised sequence motifs and is predicted as an intrinsically disordered ~140amino acid
stretch. While no evidence has yet been gathered, this short segment of LupV might interact
with BamL.

Distribution of genes and their conservation rates can give contextual clues of function (Blin
et al., 2017, Cooper & Brown, 2008). Thus, to better understand how ubiquitous the bamL

locus was in K. pneumoniae, | looked at its distribution, nucleotide conservation and prevalence
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rates in a globally diverse genomic dataset of isolates (Figure 4.1.2). Analysis of
K. pneumoniae sequences showed that the nucleotide conservation of the bamL locus proteins
was very high (>90%). The lack of accumulated mutations in both lupV and bamL in the
analysed genome sequences argues against the idea that they are pseudogenes. Furthermore,
this observed high conservation could also highlight that the predicted domains of BamL or
LupV all have functional value and have a similar mode of activity. When looking at the gene
prevalence rates of bamL and lupV in the same global dataset, | found that the two genes are
found together in ~80% (561 out of 705 genomes). These data suggest that two genes most
likely encode functional proteins and due to their co-prevlance rates further highlights a likely

functional association.

K. pneumoniae is a causative agent of nosocomial pneumonia and part of its success can be
attributed to its evolution in evading and survival from macrophage killing (Cano et al., 2015,
Doorduijn et al., 2016). | therefore tested whether the locus plays a role in protection against
uptake by macrophages. Illustrated in Figure 4.2.4-4.4.5, internalisation by macrophage of the
mutant strain showed only a mild difference compared to the isogenic wildtype K. pneumoniae
that are not reflective of an immunologically relevant level of attenuation. Perhaps, under the
tested growth conditions there is little to no expression of the bamL locus or is it not functioning

to protect against macrophage phagocytosis.

Immunoblotting studies did not detect LupV secretion in concentrated supernatants (Figure
4.5.3) arguing against the operon encoded for a classical Type 5 Secretion system (i.e. T5SSh).
Subsequent subcellular localisation and urea extraction analyses indicated that recombinant
BamL and LupV were both integrally associated in the outer membrane of K. pneumoniae
B5055. These analyses also suggest that it was unlikely that the C-terminal tags impacted on
the correct folding of LupV and BamL into the OM. While these data suggest that LupV and
BamK are not involved in classical Type 5 secretion, one could speculate that they assist the
secretion of other unidentified substrates. An alternative speculation, inspired by a recent study
(Hsueh et al., 2018), is that BamL could be involved in an aspect of metabolite-nutrient
transport. The authors found that deletion of P39, a noNterm Omp85 in Arabidopsis thaliana,
is non-lethal but resulted in noticeable differences in metabolite content in mature plant leaves

and speculate its function as an assembly factor for OMPs involved in nutrient transport.

The purification of recombinant BamL for antibody production and crystallisation trials proved
promising but requires further optimisation. Crystallisation of membrane proteins are
inherently difficult (Carpenter et al., 2008). One major consideration is the choice of detergent

for protein solubilisation. In this study the use of DDM was used due to its applicability for
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downstream studies and CgE4 was chosen as it has been successfully used previously for the
crystallisation of several Omp85/TpsB superfamily proteins (Noinaj et al., 2013, Ni et al.,
2014b, Fairman et al., 2011). In the aims of structure determination of BamL, commercially
available protein crystallisation screens were tested but did not result in any positive hits
(Figure 4.6.1). These specific solution and precipitant conditions are empirically derived based
on known or published crystallisation conditions of various proteins in the past, to sample as
large a range of buffer, pH, additive and precipitant components as possible, using minute
amounts of the protein target (Parker & Newstead, 2016). The lack of success in crystallising
this Bam could be due to one or more aspects which include sample homogeneity, lack of

inherent structural protein stability and starting protein concentration.

This study sets the groundwork for future investigations to fully characterise the newly-
identified proteins BamL and LupV. As discussed, genetic analysis investigated the
conservation and prevlance rates of the bamL locus. Future analyses could statistically address
whether specific pathogenic lineages of K. pneumoniae have this locus in high frequency and
whether the bamL locus and other genes show co-prevalence through specific lineages. As an
example, in K. pneumoniae a hypervirulent phenotype can be credited to its propensity to
harbour RmpA and MagA, known transcriptional activators of the capsule biosynthesis.
Dysregulation results of rmpA and rmpA2 results in a hypermucoid phenotype associated with
many virulent nosocomial isolates (Shon et al., 2013, Lai et al., 2003, Shankar et al., 2018).
Future studies could also focus on whether BamL directly assembles LupV using pulse chase
assays as developed for the assembly of other OMPs (Stubenrauch et al., 2016). Finally, if we
are to assume BamL functions as a conduit for LupV assembly/insertion/translation, the
question still remains what functional role in virulence or metabolism the latter has. Future
studies looking at the bamL locus in the context of nutrient uptake could also be explored, as
some OMP B-barrels functions as receptors, such as the TonB-dependent receptor family for
iron and vitamin B12 acquisition (Garcia et al., 2011, Shultis et al., 2006). While the precise
role of the bamL locus in OM biogenesis is still unclear, this locus is an enticing target for
further investigation given its high co-prevalence rate in K. pneumoniae genomes and its

shared homology to established virulence-associated molecules like TamA and FhaC.
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Results: Identification and functional characterisation of BamK

5.0 Introduction

In Gram-negative bacteria, the correct folding and insertion of B-barrel proteins into the outer
membrane is facilitated by the BAM complex (Knowles et al., 2009, Hagan et al., 2011). The
BAM complex is a hetero-pentameric machine that catalyses this important function by a not
fully understood mechanism but is believed to involve interactions with nascent protein
substrates, periplasmic chaperones and the outer membrane itself (Konovalova et al., 2017,
Noinaj et al., 2017). The central component of the BAM complex is BamA, that has been

shown to be essential for cell viability (Malinverni et al., 2006, Misra et al., 2015).

BamaA is the best studied member of the Omp85 superfamily of proteins in terms of structure
and function. In a comprehensive phylogenetic Omp85 study (Heinz & Lithgow, 2014), it was
reported that at least 8 sub-families exist with a myriad of different domain architectures, with
BamA representing the archetypal sub-family. In recent years the structure of BamA proteins
from various organisms have been solved by crystallography and cryo-electron microscopy
with all showing a highly conserved 16 stranded [3-barrel and five periplasmic domains termed
POTRASs (Albrecht et al., 2014, Gu et al., 2016, Han et al., 2016, ladanza et al., 2016).

In K. pneumoniae genomes, there is a bamA located in a locus conserved in Enterobacteriaceae
but also a near identical uncharacterised gene copy, | term bamK. This bamK is present at
distinct loci and is also conserved across all known K. pnuemoniae genomes. Bioinformatic
analyses showed that bamK formed a divergent monophyletic branch distinguishable from
bamA found primarily in Klebsiella spp. but also in other closely related Enterobacteriaceae
family members which include: Raoultella, Kosakonia and Mangrovicbacter spp. (Torres et
al., 2018). In this chapter, | present results on the initial bioinformatic analyses, phenotypic
assays and biochemical approaches undertaken to identify and characterise the function of this

novel Omp85 member.
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5.1 Genomic context, sequence and prevalence of bamK

Previous bioinformatic analysis of K. pneumoniae genomes revealed that two genes belonging
to the Omp85 protein family are encoded with predicted domain architectures homologous to
BamA (Heinz & Lithgow, 2014). Many studies have shown essentiality of BamA, a member
of the Omp85 superfamily involved in assembly and insertion of virtually all B-barrel proteins
for cell viability (Fairman et al., 2011, Walther et al., 2009). Therefore, | wanted to further
investigate why Klebsiella spp. would retain a duplicate gene copy paralogous to BamA. In the
genome of model strain - K. pneumoniae B5055, gene locus tag BN49 4147 is annotated as
yaeT but is designated as bamA based on its matching genomic context and sequence similarity
to that of the E. coli bamA locus (Figure 5.1.1). The second gene locus tag BN49 4981,
annotated as yaet2 | designate as bamK (Klebsiella) and is not found in E. coli genomes. Unlike
the bamA gene, neighbouring genes in proximity to bamK do not seem to have functions related

to outer membrane biogenesis.
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Figure 5.1.1: Genomic context of bamA and bamK in E. coli and K. pneumoniae. The genetic synteny at the
bamA locus was found to be identical between highly characterised lab strain E. coli K-12 and model strain
K. pneumoniae B5055. The bamA gene locus is colour coded in the same fashion to show conserved genes
between the two species even where annotated gene names differ (e.g. yaeT a previous alias of bamA in E. coli).
On the other hand, the bamK locus shown is unique to Klebsiella spp. and is not found in a gene neighbourhood
with functions known to be involved in outer membrane biogenesis (i.e. rseP - regulator of oF, involved in
envelope stress response; and skp a known periplasmic chaperone involved in transit of nascent OMPs to the outer
membrane for proper folding and assembly) (Sklar et al., 2007b).

Using the Phyre2 protein prediction server, BamK was modelled to have a high degree of
structural homology to available BamA crystal structures, reflecting its moderately high amino

acid identity of ~64% with >95% confidence (Figure 5.1.2). A closer inspection of the
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generated model of BamK showed five POTRA domains followed by prototypical Omp85 f3-
barrel paralleling an identical structure to that of BamA.
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Figure 5.1.2: Predicted domain architecture of BamK. (A) The domain architecture of the two homologous
proteins are predicted to be identical. Domains from (N-terminus to C-terminus): (i) outer membrane signal
peptide (SP), (ii) 5 POTRA domains and (iii) B-barrel. (B) Crystal structure of BamA (PDB: 5EQK) compared to
a homology structure BamK generated by PHYRE2 (Kelley et al., 2015).

To dissect the differences between the Omp85 members at the protein domain and amino acid
levels, a multiple sequence alignment of select K. pneumoniae genomes were compared (Figure
5.1.3A-B). From the multiple sequence alignment, it was observed that the POTRA domains
are typically conserved and most sequence differences between the BamA and BamK
sequences were situated in the C-terminal B-barrel domain, especially at positions in the
extracellular loops (Figure 5.1.3B). Despite this, the essential VRGF BamA motif found in
extracellular loop 6 (L6) is still conserved in BamK sequences. This could suggest a tight barrel
association with L6 of BamK is achieved analogously to the L6 function of BamA, as any
alternations in this motif compromises the folded state of the Omp85 f-barrel domain obtruding
proper function.

To identify how prevalent Omp85 bamK was in K. pneumoniae in comparison to BamA, a
bioinformatic analysis on a dataset of globally diverse Klebsiella spp. isolate genomes (Torres
et al., 2018) was previously undertaken. The analysis demonstrated that Omp85 genes, bamA
and bamK, are co-conserved in the genome of all four distinct K. pneumoniae subspecies
(Figure 5.1.4).
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|Start Potra 1

MGH78578_BamA MAMKKLLIASLLFSSATVYGAEGFVVKDIHFEGLQRVAVGAALLSMPVRPGDTVTDDDIS 60
NTUH—K20447BamA MAMKKLLIASLLFSSATVYGAEGFVVKDIHFEGLQRVAVGAALLSMPVRPGDTVTDDDIS 60
3427BamA MAMKKLLIASLLFSSATVYGAEGFVVKDIHFEGLQRVAVGAALLSMPVRPGDTVTDDDIS 60
B5055_BamA MAMKKLLIASLLFSSATVYGAEGFVVKDIHFEGLQRVAVGAALLSMPVRPGDTVTDDDIS 60
E_coli BamA MAMKKLLIASLLFSSATVYGAEGFVVKDIHFEGLQRVAVGAALLSMPVRTGDTVNDEDIS 60
MGH785787BamK MLKKTHIISGLLITPLTLYAATSYQVDDIRFEGLQRVTVGAALLSMPLHAGDAVTPEDVS 60
NTUH-K2044_BamK MLKKTHIISGLLIAPLTLYAATSYQVDDIRFEGLQRVTVGAALLSMPLHAGDAVTPEDVS 60
342_BamK MLKKTHIISGLLIAPLTLYAATSYQVDDIRFEGLQRVTVGAALLSMPLHAGDAVTPEDVS 60
B5O557BamK MLKKTHIISGLLITPLTLYAATSYQVDDIRFEGLQRVTVGAALLSMPLHAGDAVTPEDVS 60
Kk gk kkgp | kgk k3 ok kg kkkkkkkgkkkkkkkkkgy kkgk | gk
End Potra 1| |Start Potra 2
MGH78578_BamA NTIRALFATGNFEDVRVLRDGDTLLVQVKERPTIASITFSGNKSVKDDMLKQNLEASGVR 120
NTUH-K2044_BamA NTIRALFATGNFEDVRVLRDGDTLLVQVKERPTIASITFSGNKSVKDDMLKQNLEASGVR 120
3427BamA NTIRALFATGNFEDVRVLRDGDTLLVQVKERPTIASITFSGNKSVKDDMLKQNLEASGVR 120
B5O557BamA NTIRALFATGNFEDVRVLRDGDTLLVQVKERPTIASITFSGNKSVKDDMLKQNLEASGVR 120
E_coli BamA NTIRALFATGNFEDVRVLRDGDTLLVQVKERPTIASITFSGNKSVKDDMLKQNLEASGVR 120
MGH785787BamK EAVRALYASGNFENVQILRDGKTLVVQVKERPTIASVSFSGNKAVKDDALKENLTASGIS 120
NTUH—K20447BamK EAVRALYASGNFENVQILRDGKTLVVQVKERPTIASVSFSGNKAVKDDALKENLTASGIS 120
342_BamK EAVRALYASGNFENVQILRDEKTLVVQVKERPTIASVSFSGNKSVKDDALKENLTASGIS 120
B5O557BamK EAVRALYASGNFENVQILRDGKTLVVQVKERPTIASVSFSGNKAVKDDALKENLTASGIS 120

sekkk ek e kkdkkeks s kKK Kok e kokkkkkkkkkk o s khkhhk o kkkk Kkokk Khkks

End Potra 2|

|Start Potra 3

MGH78578_BamA VGESLDRTTIADIEKGLEDFYYSVGKYSASVKAVVTPLPRNRVDLKLVFQEGVSAKIQQI 180
NTUH-K2044_BamA VGESLDRTTIADIEKGLEDFYYSVGKYSASVKAVVTPLPRNRVDLKLVFQEGVSAKIQQI 180
342_BamA VGESLDRTTIADIEKGLEDFYYSVGKYSASVKAVVTPLPRNRVDLKLVFQEGVSAKIQQI 180
B5055_BamA VGESLDRTTIADIEKGLEDFYYSVGKYSASVKAVVTPLPRNRVDLKLVFQEGVSAKIQQI 180
E_coli BamA VGESLDRTTIADIEKGLEDFYYSVGKYSASVKAVVTPLPRNRVDLKLVFQEGVSAEIQQI 180
MGH78578_BamK AGSALDRNSLSEIEKGLQDFYYSAGKYSAQVHAVVTPLPRNRVDLTFVFQEGISAKIAQI 180
NTUH-K2044_BamK AGSALDRNSLSEIEKGLQDFYYSAGKYSAQVHAVVTPLPRNRVDLTFVFQEGISAKIAQI 180
342_BamK AGSALDRNSLSEIEKGLQDFYYSAGKYSAQVHAVVTPLPRNRVDLTFVFQEGISAKIAQI 180
B5055_BamK AGSALDRNSLSEIEKGLQDFYYSAGKYSAQVHAVVTPLPRNRVDLTFVFQEGISAKIAQI 180
LK iRk sa ik kkkkghkkkkk kkkkk kykkkkkkkRkkkkk KRRk Rk Kk KK
MGH78578_BamA NIVGNHAFSTDELISHFQLRDEVPWWNVVGDRKYQKQKLAGDLETLRSYYLDRGYARENI 240
NTUH-K2044_BamA NIVGNHAFSTDELISHFQLRDEVPWWNVVGDRKYQKQKLAGDLETLRSYYLDRGYARFNI 240
342_BamA NIVGNHAFSTDELISHFQLRDEVPWWNVVGDRKYQKQKLAGDLETLRSYYLDRGYARFNI 240
B5055_BamA NIVGNHAFSTDELISHFQLRDEVPWWNVVGDRKYQKQKLAGDLETLRSYYLDRGYARENI 240
E_coli BamA NIVGNHAFTTDELISHFQLRDEVPWWNVVGDRKY! {(LAGDLETLRSYYLDRGYARFNI 240
MGH78578_BamK NIIGNQAFREETLLDQLQLRDNVPWWNVVADKKYQKQKLEADLETLRSFYLDRGYARFAI 240
NTUH-K2044_BamK NIIGNQAFREETLLDQLQLRDNVPWWNVVA {YQKQKLEADLETLRSFYLDRGYARFAI 240
342_BamK NIIGNQAFREETLLDQLQLRDNVPWWNVVADKKYQKQKLEADLETLRSFYLDRGYARFAI 240
B5055_BamK NIIGNQAFREETLLDQLQLRDNVPWWNVVADKKYQKQKLEADLETLRSFYLDRGYARFAI 240
Kkokkghk 3 ky sakkkkpkkkkkRk kg kkkkkkk | AkkkkkkkpkARAKRKKE K
End Potra 3| |Start Potra 4
MGH78578_BamA DSTQVSLTPDKKGIYITVNITEGDQYKFSGVQVTGNLAGHSAEIEALTKVEPGELYNGAK 300
NTUH-K2044_BamA DSTQVSLTPDKKGIYITVNITEGDQYKFSGVQVTGNLAGHSAEIEALTKVEPGELYNGAK 300
342_BamA DSTQVSLTPDKKGIYITVNITEGDQYKISGVQVTGDLAGHSAEIEALTKVEPGELYNGAK 300
B5055_BamA DSTQVSLTPDKKGIYITVNITEGDQYKFSGVQVTGNLAGHSAEIEALTKVEPGELYNGAK 300
E_coli BamA DSTQVSLTPDKKGIYVTVNITEGDQYKLSGVEVSGNLAGHSAEIEQLTKIEPGELYNGTK 300
MGH78578_BamK ESTQVSMTPDKKSLYITIALNEGERYRVDRTQVTGDLAQHGPEIEALAQPLAGAWYSGAQ 300
NTUH-K2044_BamK ESTQVSMTPDKKSLYITIALNEGERYRVDRTQVTGDLAQHGPEIEALAQPLAGAWYSGAQ 300
342_BamK ESTLVSMTPDKKSLYITIALNEGERYRVDRTQVTGDLAQHGPEIEALAQPLAGAWYSGAQ 300
B5055_BamK ESTQVSMTPDKKSLYITIALNEGERYRVDRTQVTGDLAQHGPEIEALAQPLAGAWYSGAQ 300
LRK Kk gkkkkk  akaeks 3 kkaaks | akakykk Kk kkk ke. Kk Kk ks
End Potra 4| | Start Potra 5
MGH78578_BamA VTRMENDIKKLLGRYGYAYPRVQSQPEINDSDKTVKLHVNVDAGNRYYVRKIRFEGNDTS 360
NTUH-K2044_BamA VTKMENDIKKLLGRYGYAYPRVQSQPEINDSDKTVKLHVNVDAGNRYYVRKIRFEGNDTS 360
342_BamA VTKMENDIKKLLGRYGYAYPRVQSQPEINDSDKTVKLHVNVDAGNRYYVRKIRFEGNDTS 360
B5055_BamA VTRMENDIKKLLGRYGYAYPRVQSQPEINDSDKTVKLHVNVDAGNRYYVRKIRFEGNDTS 360
E_coli BamA VTKMEDDIKKLLGRYGYAYPRVQSMPEINDADKTVKLRVNVDAGNREYV! RFEGNDTS 360
MGH78578_BamK VITVENEIKKHFGKYGYAWPQVTSTPEIDDAHHRVVLHIQVNAGRRYSVRQIRFSGNDTS 360
NTUH-K2044_BamK VITVENEIKKHFGKYGYAWPQVTTTPEIDDAHHRVVLHIQVNAGRRYSVRQIRFSGNDTS 360
342_BamK VITVENEIKKRFGKYGYAWPQVTTTPEIDDAHHRVALHIQVNAGRRYSVRQIRFSGNDTS 360
B5055_BamK VITVENEIKKHFGKYGYAWPQVTSTPEIDDAHHRVVLHIQVNAGRRYSVRQIRFSGNDTS 360
Kk akgakkk skakkkkak gk 3 kkkgky s K kasakykk ke kkgkkk kkkkk
End Potra 5|
MGH78578_BamA KDAVLRREMRQMEGAWLGSDLVDQGKDRLNRLGFFETVDTDTQRVPGSPDQVDVVYKVKE 420
NTUH-K2044_BamA KDAVLRREMRQMEGAWLGSDLVDQGKDRLNRLGFFETVDTDTQRVPGSPDQVDVVYKVKE 420
342_BamA KDAVLRREMRQMEGAWLGSDLVDQGKDRLNRLGFFETVDTDTQRVPGSPDQVDVVYKVKE 420
B5055_BamA KDAVLRREMRQMEGAWLGSDLVDQGKDRLNRLGFFETVDTDTQRVPGSPDQVDVVYKVKE 420
E_coli BamA KDAVLRREMRQOMEGAWLGSDLVDQGKERLNRLGFFETVDTDTQRVPGSPDQVDVVYKVKE 420
MGH78578_BamK RDAVLRREMRQMEGAWLNNEKVDQGKVRLDRTGFFENVEQQIVPVNGTADQVDVVYKVKE 420
NTUH-K2044_BamK RDAVLRREMRQMEGAWLNNEKVDQGKVRLDRTGFFENVEQQIVPVNGTADQVDVVYKVKE 420
342_BamK RDAVLRREMRQMEGAWLNNEKVEQGKVRLDRTGFFENVEQQIVPVSGTADQVDVVYKVKE 420
B5055_BamK RDAVLRREMRQMEGAWLNNEKVDQGKVRLDRTGFFENVEQQIVPVNGTADQVDVVYKVKE 420

ok ok ko ok kK kK kK kK s kekkk kkek kkkk ke e kooke | kokok ok ok okok ok ok ok K

Figure 5.1.3A: Conserved sequence features in POTRA domains of BamA and BamK. Multiple sequence
alignment of the POTRA domains of a select set of BamA and BamK amino acid sequences. Residues are coloured
according to side-chain properties to guide assessment of conservative and non-conservative substitutions, (*)
indicates sequence identity (:) indicates highly conserved (.) indicates some degree of conservation. The
boundaries for the five POTRA domains are indicated, based on the crystal structure of BamA from E. coli (PDB:
5EKQ). The positions of the transmembrane B-strands in the B-barrel domain of BamA from E. coli are indicated
by arrows and are numbered (B1, B2 etc). Red dashes indicate the extracellular loop regions. Blue dots indicate
the short periplasmic turns. The multiple sequence alignment continues in Figure 5.1.3B.
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1Bl Bli--1B2 (2 eee00000 33  R3,-- B4

R4 eeeee

MGH78578_BamA RNTGSFNFGIGYGTESGVSFQAGVQQODNWLGTGYAVGINGTKNDYQTYTELSVTNPYFTV 480
NTUH-K2044_BamA RNTGSFNFGIGYGTESGVSFQAGVQQODNWLGTGYAVGINGTKNDYQTYTELSVTNPYEFTV 480
342_BamA RNTGSFNFGIGYGTESGVSFQAGVQQODNWLGTGYAVGINGTKNDYQTYTELSVTNPYEFTV 480
B5055_BamA RNTGSFNFGIGYGTESGVSFQAGVQODNWLGTGYAVGINGTKNDYQTYTELSVTNPYFTV 480
E_coli BamA RNTGSFNFGIGYGTESGVSFQAGVQQODNWLGTGYAVGINGTKNDYQTYAELSVTNPYFTV 480
MGH78578_BamK RNTGSFNVGLGFGTDSGVSYQLGVTQDNWLGTGNSVSFNGTRNSYQSYLELGATNPWETV 480
NTUH-K2044_BamK RNTGSFNVGLGFGTDSGVSYQLGVTODNWLGTGNSVSEFNGTRNSYQSYLELGATNPWETV 480
342_BamK RNTGSFNVGLGFGTDSGVSYQLGVTODNWLGTGNSVSFNGTRNSYQSYLELGATNPWETV 480
B5055_BamK RNTGSFNVGLGFGTDSGVSYQLGVTQDNWLGTGNSVSFNGTRNSYQSYLELGATNPWETV 480
Kkkkkkk kykpkkgkkkkpk Kk kkkkkkkk sk skkk gk kkyk Kk kkkgkkk
eee 35 RS ——==————- LY YYYYYYYYYYY Y Y NNcY) B7,-————~
MGH78578_BamA DGVSLGGRVEFYNDFDANDADLSDYTNKSYGTDITLGFPVNEYNTLRAGVGYVHNSLSNMQ 540
NTUH-K2044_BamA DGVSLGGRVEFYNDFDANDADLSDYTNKSYGTDITLGFPVNEYNTLRAGVGYVHNSLSNMQ 540
342_BamA DGVSLGGRIFYNDFDANDADLSDYTNKSYGTDVTLGFPVNEYNTLRAGVGYVHNSLSNMQ 540
B5055_BamA DGVSLGGRVFYNDFDANDADLSDYTNKSYGTDITLGFPVNEYNTLRAGVGYVHNSLSNMQ 540
E_coli BamA DGVSLGGRLEFYNDFQADDADLSDYTNKSYGTDVTLGFPINEYNSLRAGLGYVHNSLSNMQ 540
MGH78578_BamK DGISLGGKIFYNSYDASDADAGSYNQQSYGLGSTLGFPISENNSLNLGLDYVHNRLTNMD 540
NTUH-K2044_BamK DGISLGGKIFYNSYDASDADAGSYNQQSYGLGSTLGFPISENNSLNLGLDYVHNRLTNMD 540
342_BamK DGISLGGKIFYNSYDASDADAGSYNQQOSYGLGSTLGFPISENNSLNLGLDYVHNRLTNMD 540
B5055_BamK DGISLGGKIFYNSYDASDADAGSYNQQSYGLGSTLGFPISENNSLNLGLDYVHNRLTNMD 540
Kok g kkkky g kkk | pak KKk kg a Kk Kkkkky ok kak | Ky kkkk Kykky
——————————————————————— 1B8 R8Lee ®e 39
MGH78578_BamA PQVAMWRYLNSMGQYPDNTNDRNS----FSANDFTFNYGWTYNKLDRGFFPTEGSRVNLN 596
NTUH-K2044_BamA PQVAMWRY LNSMGQYPDNTNDRNS----FSANDFTFNYGWTYNKLDRGFFPTEGSRVNLN 596
342_BamA PQVAMWRYLNSMGQYPDNTNDRNS----FSANDFTFNYGWTYNKLDRGFFPTEGSRVNLN 596
B5055_BamA PQVAMWRYLNSMGQYPDNTNDRNS----FSANDFTFNYGWTYNKLDRGFFPTEGSRVNLN 596
E_coli BamA PQVAMWRYLYSMGEHPSTSDQDNS----FKTDDFTFNYGWTYNKLDRGYFPTDGSRVNLT 596
MGH78578_BamK PELTTWRYLSSRGIEPSVVTKDGDSGAKYSANDYFVSLGWGYNDLDRGFFPRAGNKSSLS 600
NTUH-K2044_BamK PELTTWRYLSSRGIEPSVVTKDGDSGAKYSANDYFVSLGWGYNDLDRGFFPRAGNKSSLS 600
342_BamK PELTTWRYLSSRGIEPSVVTKDGDSGAKYSANDYFVSLGWGYNDLDRGFFPRAGNKSSLS 600
B5055_BamK PELTTWRYLSSRGIEPSVVTKDGDSGAKYSANDYFVSLGWGYNDLDRGFFPRAGNKSSLS 600
* kkkK Kk K Kk o SLrikr L. KK Kk kkkkikk Ky *
B9y -~ 1B10 B10,ee oo 311 Blly————————mm
MGH78578_BamA GKVTIPGSDNEYYKATLDTATYVPIDNDHQWVVLGRTRFGYGDGIGGKEMPFYENFYAGG 656
NTUH-K2044_BamA GKVTIPGSDNEYYKATLDTATYVPIDNDHOWVVLGRTRFGYGDGIGGKEMPFYENFYAGG 656
342_BamA GKVTIPGSDNEYYKATLDTATYVPIDNDHOWVVLGRTRFGYGDGIGGKEMPFYENFYAGG 656
B5055_BamA GKVTIPGSDNEYYKATLDTATYVPIDNDHQWVVLGRTRFGYGDGIGGKEMPFYENFYAGG 656
E_coli BamA GKVTIPGSDNEYYKVTLDTATYVPIDDDHKWVVLGRTRWGYGDGLGGKEMPFYENFYAGG 656
MGH78578_BamK GKVTLPGSDNSYYKLSFDTAQYLPLSENKRWVWMERLRAGYAGGLDGKSVPFYDNFYAGG 660
NTUH-K2044_BamK GKVTLPGSDNSYYKLSFDTAQYLPLSENKRWVWMERLRAGYAGGLDGKSVPFYDNFYAGG 660
342_BamK GKVTLPGSDNSYYKLSFDTAQYLPLSENKRWVWMERLRAGYAGGLDGKSVPFYDNFYAGG 660
B5055_BamK GKVTLPGSDNSYYKLSFDTAQYLPLSENKRWVWMERLRAGYAGGLDGKSVPFYDNFYAGG 660
Kokkk g kkkkk Kkk  sakkk Ky SEK Lk Kk Kk kg kK skkkgkkkkAK
1pl2
MGH78578_BamA SSTVRGFQSNTIGPKAVYFPASSRHDDDDSYDNECKSTESAP--CKSDDAVGGNAMAVAS 714
NTUH-K2044_BamA SSTVRGFQSNTIGPKAVYFPASSRHDDDDSYDNECKSTESAP--CKSDDAVGGNAMAVAS 714
342_BamA SSTVRGFQOSNTIGPKAVYFPSSSRHDGDSGYTNDCKSTESAP--CKSDDAVGGNAMAVAS 714
B5055_BamA SSTVRGFQSNTIGPKAVYFPASSRHDDDDSYDNECKSTESAP--CKSDDAVGGNAMAVAS 714
E_coli BamA SSTVRGFQSNTIGPKAVYFPHQASN-YDPDYDYECATQDGAKDL 715
MGH78578_BamK SSSVRGFSSNTIGPKAAYYRCNGSESSY---SACPLDASS 709
NTUH-K2044_BamK SSSVRGFSSNTIGPKAAYYRCNGSESSY---SACPLDASS 709
342_BamK SSSVRGFSSNTIGPKAAYYRCNGSESSY---SACPLDASS-- 709
B5055_BamK SSSVRGFSSNTIGPKAAYYRCNGSESSY---SACPLDASS--——===~= 709
kok g kkokk kkkkkkkk ks PR
pl2,ee ee 313 BL3 |- 1p14
MGH78578_BamA LELITPTPFISDKYANSVRTSVFWDMGTVWDTHWDSSA---YAGYPDYSDPSNIRMSAGI 771
NTUH-K2044_BamA LELITPTPFISDKYANSVRTSVFWDMGTVWDTHWDSSA---YAGYPDYSDPSNIRMSAGI 771
342_BamA LELITPTPFISDKYANSVRTSVFWDMGTVWDTHWDSNA---YGGYPDYSDPSNIRMSAGI 771
B5055_BamA LELITPTPFISDKYANSVRTSVFWDMGTVWDTHWDSSA---YAGYPDYSDPSNIRMSAGI 771
E_coli BamA LEFITPTPFISDKYANSVRTSFFWDMGTVWDTNWDSSQ---YSGYPDYSDPSNIRMSAGI 772
MGH78578_BamK SEFIIPTPFVNDKYADSLRTSLFVDAGTVWSTSWHNTAQTLAAGIPDYGDPSHIRLSAGI 769
NTUH-K2044_BamK SEFIIPTPFVNDKYADSLRTSLFVDAGTVWSTSWHNTAQTLAAGIPDYGDPSHIRLSAGI 769
342_BamK SEFIIPTPFVNDKYADSLRTSLEVDAGTVWSTSWONTAQTLAAGIPDYGDPGHIRLSAGI 769
B5055_BamK SEFIIPTPFVNDKYADSLRTSLEVDAGTVWSTSWHNTAQTLAAGIPDYGDPSHIRLSAGI 769

MGH78578_BamA
NTUH-K2044_BamA
342_BamA
B5055_BamA
E_coli BamA
MGH78578_BamK
NTUH-K2044_BamK
342_BamK
B5055_BamK

hek kkkks kkkkokekkk Kk Kk kkkk Kk ok kookkok  kk e kok s kkkKk

Rl4,e B15 Bl5 === 1B16 |
AVQWMSPLGPLVFSYAQPFKKYDGDKAEQFQFNIGKTW 809
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Figure 5.1.3B: Conserved sequence features in the p-barrel domains of BamA and BamK. Multiple sequence
alignment of the B-barrel domain of a select set of BamA and BamK amino acid sequences. This multiple sequence
alignment continues on from Figure 5.1.3A. Highlighted in yellow is the conserved Omp85 VRGF motif which
has been shown to make contacts to conserved residues in the B-barrel wall for stability (Noinaj et al., 2017,
Thoma et al., 2018). Residues are coloured according to side-chain properties to guide assessment of conservative
and non-conservative substitutions, (*) indicates sequence identity (:) indicates highly conserved (.) indicates
some degree of conservation. The boundaries for the five POTRA domains are indicated, based on the crystal
structure of BamA from E. coli (PDB: SEKQ). The positions of the transmembrane B-strands in the B-barrel
domain of BamA from E. coli are indicated by arrows and are numbered (B1, B2 etc). Red dashes indicate the
extracellular loop regions. Blue dots indicate the short periplasmic turns.
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Figure 5.1.4: BamK is encoded in the core genome of K. pneumoniae. Sequence distribution of bamA and bamK genes
from a globally diverse genome dataset of K. pneumoniae isolates (Holt et al., 2015b) represented as four distinct
K. pneumoniae species (outer rings). The bamA gene is predominantly conserved among all the isolates (red inner ring)
and bamK shares a co-presence in distribution in virtually all corresponding genomes (blue inner ring). Each genome
(branch) is represented by a unique genome identifier text tag. It should be noted that the partial presence or absence of
either of the genes shown in the circular phylogram were found to be in genomes with incomplete assemblies and/or poor
sequence coverage in these specific regions, and hence may not actually reflect actual gene truncation or full absence.
Figure with caption taken directly from reference (Torres et al., 2018). Analysis performed by Dr. Eva Heinz (The
Wellcome Sanger Institute, United Kingdom).
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5.2 Phenotypic analysis of bamK and its role in a host infection model

The function of bamA is known to be essential in E. coli (Misra et al., 2015, Pfitzner et al., 2016).
Hence, | hypothesised that deletion of the highly similar bamK may impact processes fundamental
for bacterial cell physiology. To address this idea, a bamK deletion strain was constructed using the
“gene gorging” method for comparison to its isogenic parent strain - K. pneumoniae B5055
(constructed by Dr. Abigail Clements, Imperial College London). The resultant deletion strain had
no major defects in growth kinetics when compared to the wildtype, when grown in rich (LB),
minimal (M9) growth media or in DMEM which is often used as a proxy for “in host” growth
conditions (Figure 5.2.1).
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Figure 5.2.1: Deletion of bamK in K. pneumoniae B5055 and growth Kinetics in different media. The planktonic
growth of B5055 wildtype and B5055 AbamK was observed over 24 hours with reading at hourly intervals in rich media
(n=3, error bars represent SD) (LB), minimal media (M9) and “host-like” media (DMEM).

A direct assessment of the virulence phenotype of B5055 in a mouse model of infection showed that
colonisation of K. pneumoniae B5055, with or without BamK, were equivalent in lung and liver
samples of C57BL6 mice (Figure 5.2.2). For complementation, a plasmid harbouring bamK under its

native promoter was transformed into wildtype K. pneumoniae B5055 (AbamK C”).
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Figure 5.2.2: Colonisation rates of a bamK mutant in a mouse infection model. Using an intranasal murine infection
model to measure virulence, mice were infected with 8-9 x 10° CFU of K. pneumoniae B5055 wildtype, or isogenic
AbamK mutant strain, or a complemented mutant (B5055 AbamK harbouring a plasmid with bamK under its native
promoter). At time points 4, 24, 72 and 96 hours post-infection, bacteria in the lungs and liver were enumerated. the
colonization peaked in all mice by 72 hours. The geometric mean is shown for each treatment group with include at least
5 mice each. (performed by Dr. Hanwei Cao, The University of Melbourne, Australia)

As Omp85 proteins are involved in bacterial outer membrane biogenesis and integrity, | sought to
assess the integrity of the outer membrane of the AbamK mutant. Various methods can assess the
integrity and permeability barrier function of the Gram-negative outer membrane (Nikaido, 1989,
Delcour, 2009, leva, 2017). Usually the outer membrane of Gram-negatives quite effectively excludes
several antibiotics from entry into the cell; however, previous studies have reported the loss of bamB
and bamE in E. coli leads to an increase in the susceptibility against various antibiotics as a result of
increased permeability of the outer membrane (Sklar et al., 2007b). To assess if BamK also played a
role in outer membrane integrity, | investigated the susceptibility of AbamK deletion strains and the
parent strain to the antibiotics vancomycin, rifampicin, ampicillin, cefipeme, imipenem and
meropenem using an agar disk diffusion assay (Table 5.2.3). The diameter of the zone of inhibition
will determine the effectiveness of an antibiotic at its given concentration, therefore the larger the
diameter the greater sensitivity of the bacterium to its antibiotic. However, if outer membrane
integrity was compromised one would expect the diameter of the zone of inhibition to become larger

and thus more susceptible. The outer membrane integrity of the AbamK deletion strains did not reflect
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a compromised outer membrane integrity when compared to its parent strain as no marked increase

in the zone of inhibitions was observed for any of the tested antibiotics.

Table 5.2.3: Antibiotic sensitivity of B5055 parent strain compared to the AbamK strain using the (Kirby-Bauer)
disk diffusion method. The strains were tested for susceptbility using commercially available antibiotic impreganted
filter discs (BD BBL™ Sensi-disc™, U.S.), (n=9 witht indicating SEM). The non-measurable zone of inhibition of
vancomycin, rifampin and ampicillin was expected at the available concentration(s) from previously performed MIC
panels on K. pneumoniae B5055. The differences in the zone of inibition for the carbapenems (cefipeme, iminipenem and
meropenem) were neglibile between the wildtype and AbamK strain.

B5055 wildtype B5055 AbamK

zone of inhibition zone of inhibition

(mm) (mm)
Vancomycin (30 ug) Not measurable* Not measurable*
Rifampin (5 ug) Not measurable* Not measurable*
Ampicillin (10 ug) Not measurable* Not measurable*
Cefipeme (30 ug) 327+13 30.1+05
Imipenem (10 ug) 302+0.4 30.2+0.5
Meropenem (10 ug) 28.6+0.7 296+0.4

* indicates zone of inhibition was absent (presumably due to resistance) and therefore not measurable

5.3 Functionally replacing BamA with BamK in the BAM complex in K. pneumoniae B5055

In Chapter 3.0, the observed native expression levels of bamK was very low and therefore difficult to
functionally characterise. Because of the high homology between BamA and BamK (Figure 5.1.2), |
therefore wanted to ask if BamK could functionally replace BamA. To do this, a functional gene
replacement strain was constructed using the previously described “gene-gorging” method (Herring
et al., 2003). The coding region of essential gene bamA was precisely replaced with the bamK coding
region resulting in the K. pneumoniae B5055 strain with genotype AbamA::bamK (Figure 5.3.1). The
functional gene replacement and following excision of the kanamycin cassette was confirmed by PCR
analysis and sequencing using primers flanking the targeted regions (Figure 5.3.2). The resultant
strain thus had two copies of bamK, one under the constitutively expressed bamA promoter and the

other under its native bamK promoter with cryptic regulation.

-Scel and A red genes encoded by pACBSR facilitates homologous recombination
Linear DNA fragment
from donor plasmid

K. pneumoniae (B5055)

i Region is replaced with gene of interest with kanamycin cassette

K. pneumoniae (B5055) —{uppS » bamK Kan"  gLTOO
AbamA::bamK-Kan®

¢ Kanamycin cassette is flipped out using helper plasmid pCP20
K. pneumoniae (B5055) —{ uppS > bamK [hlpA>

AbamA::bamK

Figure 5.3.1: Strategy for genomic gene replacement of the bamA with bamK in K. pneumoniae B5055. Schematic
showing the replacement of the bamA coding sequence with the bamK coding sequence to produce gene replacement
strain K. pneumoniae B5055 AbamA::bamK. The resulting bamK gene replacement strain was under the bamA promoter.
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Expected amplified fragment length: 3830 bp
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Figure 5.3.2: PCR confirmation of bamA replacement with bamK in K. pneumoniae B5055. (A) Cartoon showing
the expected fragment lengths of K. pneumoniae B5055 at different stages during the gene knock-in process (refer to
Figure 5.3.1). (B) Assaying the intermediate gene knock-in strains by PCR amplification using primers, VVT063 and
VVT064, which lie outside the region of genomic integration. PCR products were analysed by 1 % TAE agarose gel
and sequenced to confirm the gene replacement.

5.4 Phenotypically characterising the BamA to BamK replacement strain in K. pneumoniae B5055

The depletion of the essential bamA gene results in abnormal membrane protein profiles due to
defective assembly and insertion of integral B-barrel proteins (Misra et al., 2015, Hoang et al., 2011).
In Section 5.3, | constructed a gene replacement strain and thus wanted to test its viability and if
BamK had any differences in total membrane protein profiles as the resultant strain presumably
lacked BamA. Thus, to test this | performed comparative analysis looking for differences in the total
membrane protein profiles and growth kinetics between the gene replacement strain (AbamA::bamK)
and its isogenic parent strain. Total membranes were prepared from K. pneumoniae B5055
AbamA::bamK and wildtype strains and profiles were compared by analysing them through SDS-
PAGE and Coomassie blue staining. When comparing the two isogenic strains, no major differences
were observed between the two isogenic strains (Figure 5.4.1 A). Furthermore, | also found that the
engineered K. pneumoniae B5055 AbamA::bamK had growth kinetics similar to the parental B5055

strain when grown in nutrient rich LB-media (Figure 5.4.1 B).
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Figure 5.4.1: Comparison between B5055 wildtype and B5055 AbamA::bamK: total membrane protein profiles and
growth Kinetics. (A) Outer membranes isolated from B5055 wildtype and B5055 AbamA::bamK were analysed by SDS-
PAGE (15%) and Coomassie stained (performed by Dr. Rhys Dunstan, Monash University), no major differences in
major porins or other OMP levels were seen. (B) Growth curves comparing the parent B5055 strain to the engineered
B5055 AbamA::bamK gene replacement isogenic strain. (n=3, error bars represent SD)
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Given the wild-type nature of the genomic replacement strains depicted in Figure 5.4.1, BamK was
presumably moonlighting as the core of the BAM complex in place of BamA. To directly establish
this point, blue native polyacrylamide gel electrophoresis (BN-PAGE) and immunoblotting were
employed to assess whether BamK is acting as substitute for the core of the BAM complex.
Immunoblot analysis showed that in the replacement strain (B5055 AbamA::bamK), BamK
comigrated with all other BAM complex subunits (BamB through BamE), confirming that BamK is
functionally replacing BamA in this strain. Immunoblotting for BamA revealed presence in only the
wildtype strain comigrating with BAM complex subunits with greater mobility when compared to

the replacement strain (Figure 5.4.2).
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Figure 5.4.2: BN-PAGE of total membranes isolated from B5055 wildtype and B5055 AbamA::bamK. (C) Outer
membranes were isolated from B5055 wildtype and B5055 AbamA::bamK and then analysed by BN-PAGE (5-16%) then
immunoblotted for BamK and BAM complex proteins (BamA through BamE).

__BAMKBCDE

BAMABCDE

123



5.5 Functionally replacing BamA with BamK in the BAM complex in E. coli BL21 Star™ (DE3)

The functional replacement of bamA with bamK was achieved in a K. pneumoniae model supporting
the idea that bamK encodes for a functional Omp85 insertase. In a previous study by Volokhina et al.
(2013), the authors demonstrated that BamA homologs from more diverse Proteobacteria:
Neisseria meningitidis, Neisseria gonorrhoeae, Bordetella pertussis, Burkholderia mallei, could not
functionally replace E. coli BamA. To further explore the species-specificity of BamA and whether
closely related Proteobacteria member K. pneumoniae could functionally complement an E. coli
AbamA mutant with bamK or KpbamA (bamA from K. pneumoniae B5055). Using the protein
expression strain E. coli BL21 Star™ (DE3), the essential bamA gene was replaced by either bamA -
BN49 4147 (resultant strain: E. coli BL21 Star™ (DE3) AbamA::KpbamA) or bamK - BN49 4981
(resultant strain: E. coli BL21 Star™ (DE3) AbamA::KpbamK) using a similar “gene gorging”
strategy as performed in K. pneumoniae B5055 (Figure 5.5.1). The resultant E. coli gene replacement
strains which now harboured K. pneumoniae B5055 BamA (AbamA::KpbamA) or BamK
(AbamA::KpbamK) were viable, had similar total membrane protein profiles and growth Kinetics

matching the parental isogenic strain (Figure 5.5.2, A & B).

I-Scel and A red genes encoded by pACBSR facilitates homologous recombination

bamK Kan®

OR

Linear DNA fragment
from donor plasmid

4

E. coli BL21 Star™ (DE3) [ ske >

¢ Region is replaced with gene of interest with kanamycin cassette
E.coli BL21 Star™ (03
AbamA::KpbamA-Kan®

¢ Kanamycin cassette is flipped out using helper plasmid pCP20
E.coli BL21 Star™ (03
AbamA::KpbamA
OR

AbamA::KpbamK

Figure 5.5.1: Strategy for genomic gene replacement of the bamA with KpbamA or KpbamK in E. coli BL21 Star™,
Schematic showing the replacement of the bamA coding sequence with the bamK coding sequence to produce gene
replacement strain E. coli BL21 Star™ (DE3) AbamA::KpbamA. For comparative studies comparing the functionality
between BamA and BamK, E. coli BL21 Star™ (DE3) AbamA::KpbamK was also constructed in a similar manner. The
resulting gene replacement strains either had KpbamA or KpbamK under the transcriptiona control of the E. coli BL21
Star™ (DE3) bamA promoter.
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Figure 5.5.2: Comparison between E. coli BL21 Star™ (DE3) AbamA::KpbamA and E. coli BL21 Star™ (DE3)
AbamA::KpbamK: Total membrane profiles and growth. (A) Total membranes isolated from E. coli BL21 Star™
(DE3) AbamA::KpbamA and E. coli BL21 Star™ (DE3) AbamA::KpbamK were analysed by SDS-PAGE (4-16%) and
Coomassie stained, no major differences in major porins or other OMP levels were seen. (B) Growth curves comparing
the parent E. coli BL21 Star™ (DE3) strain to the engineered E. coli BL21 Star™ (DE3) (AbamA::KpbamA and
AbamA::KpbamK) gene replacement isogenic strains. (n=3, error bars represent SD)

To determine if BamK was comigrating with the BAM subunits (BamB through BamE), isolated
outer membranes from the E. coli replacement strains analysed by BN-PAGE and immunoblotted
with the indicated antibodies revealed a comigration pattern of BamK with the other E. coli BAM
complex subunits in both replacement strains (Figure 5.5.3). KpBamA also reconstituted as the core
of the E. coli BAM complex as it comigrated with the BAM subunits despite being from a non-native
species (i.e. K. pneumoniae B5055).
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Figure 5.5.3: BN-PAGE analysis on total membranes of E. coli BL21 Star™ (DE3) AbamA::KpbamA and E. coli
BL21 Star™ (DE3) AbamA::KpbamK. Outer membranes were isolated from B5055 wildtype and B5055
AbamA::bamK, analysed by BN-PAGE (5-16%) then immunoblotted for BamK and BAM complex proteins (BamA
through BamE).

To confirm if BamK was actually interacting with the BAM subunits and not just coincidentally
comigrating in E. coli BL21 Star™ (DE3), subsequent gene deletions (bamB and bamC) were
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constructed in parent strain E. coli BL21 Star™ (DE3) AbamA::KpbamK, analysed by BN-PAGE
analysis then immunoblotted with the indicated antibodies. The mobility of the suspected BAMkgpe
and BAMgkcpe complexes migrated to faster positions in both AbamA::KpbamK,bamB and
AbamA::KpbamK,bamC validating interactions between BamK and BAM lipoproteins, BamB and
BamC (Figure 5.4.4). An even smaller sub-complex was also observed which may correspond to a
BAMkg architecture. A comparable modular architecture represented by small sub-complexes of the
BAM was previously reported in E. coli (Sklar et al., 2007a, Kim et al., 2007, Vuong et al., 2008,
Hagan et al., 2010, Noinaj et al., 2011, Webb et al., 2012D).
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Figure 5.5.4: BN-PAGE analysis on total mebranes of E. coli BL21 Star™ (DE3) AbamA::KpbamA, bamB and
E. coli BL21 Star™ (DE3) AbamA::KpbamK, bamC. Outer membranes isolated from E. coli BL21 Star™ (DE3)
AbamA::KpbamA, bamB and E. coli BL21 Star™ (DE3) AbamA::KpbamK, bamC analysed by BN-PAGE (5-16%) then
immunoblotted with the indicated antibodies. Performed by Dr. Chris Stubenrauch, Monash University.

5.6 An in vitro assay to measure BamK function

Because it was clear BamK could functionally replace BamA in both K. pneumoniae and E. coli
models as demonstrated by similar membrane protein profiles, growth kinetics and homologous
binding protein partners; | therefore wanted to test whether protein assembly rates of BAM substrates
are affected. The assembly of outer membrane protein complexes can be observed in vivo and
measured using a pulse-chase assay and semi-native PAGE where monomeric units assemble into
mature outer membrane protein complexes (Heinz et al., 2016, Stubenrauch et al., 2016). To
determine whether outer membrane protein assembly rates of canonical BAM substrates between
BamA or BamK differed, the previously described replacement strains in E. coli BL21 Star™
AbamA::KpbamA and E. coli BL21 Star™ (DE3) AbamA::KpbamK were used as models due to their
controllable protein expression systems with IPTG-inducible T7 promoters (Studier, 2005, Alexander
et al., 1992). To determine and compare BAM complex substrate assembly rates between the two
replacement strains, two canonical BAM complex substrates were chosen. PhoE is a homotrimeric
porin and LptDE which is a heterodimeric complex (LptD-LptE) (Figure 5.5.1). In the replacement

E. coli strains, the respective membrane proteins were introduced via IPTG-inducible plasmids that
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encode either PhoE or LptD and LptE. These strains were assayed cccording to a previously
established standard lab assay (Chapter 2.0, Section 2.3) (Stubenrauch et al., 2016). Samples were
taken at the indicated timepoints then analysed by semi-native PAGE for subsequent detection via
phosphor storage screens. It should be noted that observation of folding states and conformational

stability (i.e. trimeric or dimeric) of B-barrel proteins can be further differentiated due to their unique

property of being heat modifiable hence a heat treatment of select duplicate samples were also taken
(Noinaj et al., 2015).
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Figure 5.6.1: Biological assemblies of PhoE trimer and LptDE dimer. (A) Structure of the PhoE trimer (LPHO). The
mature porin is a homotrimer of PhoE monomers (red, blue and green), a top down view shows the “open” conformation
of the channel. (B) Structure of LptDE dimer complex (PDB:4RHB). In the correctly assembled LptDE, the lipoprotein
subunit LptE (pink) sits in the lumen as a core stabilising the B-barrel protein LptD (blue).

PhoE is an osmotically regulated homotrimeric porin in E. coli with its expression normally induced
by phosphate deprivation (Meyer et al., 1990, Vilain et al., 2002). The quaternary structure adopted
by PhoE is the grouping of three f-barrel monomers arranged at the vertices of a triangular formation
(Cowan et al., 1992). As seen in panels of Figure 5.6.2 A-B, the observation of a discrete band which
solely represents a homotrimeric species was difficult to visualise due to a smear presumably
representing a mix of oligomeric PhoE species (dimeric and trimeric). A similar smear or oligomeric
“ladder” feature has been observed for trimeric porin, LamB (Misra et al., 1991, Wu et al., 2005,
Arunmanee et al., 2016), which the authors speculated its correspondence to different oligomeric
intermediates with varying stable conformations or binding of LPS molecules. The dimeric and

trimeric species were differentiated from monomeric PhoE bands by including a duplicate heated
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sample where the dimeric/trimeric interfaces are disrupted due to the heat denaturation and SDS
present in the loading buffer. Hence, for densitometry analysis, | monitored the decrease in
monomeric PhoE band over time which should correlate to an increase in oligomeric species. As seen
in panels of Figure 5.5.2 C-D, the observed rate constants calculated from densitometry time-point
data fitted with first order curves is summarised in a histogram. The assembly of PhoE, into oligomers
over time was achieved in both replacement strains (AbamA::KpbamA and AbamA::KpbamK) but the

difference in observed rate constants was calculated to not be significant under the tested conditions.
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Figure 5.6.2: Assembly of PhoE oligomers in E. coli BL21 Star™ AbamA::KpbamA and AbamA::KpbamK. (A) The
rate of assembly of [¥S]-PhoE into PhoE oligomers was assessed in the E. coli strains: AbamA::KpbamA or (B)
AbamA::KpbamK, using a pulse chase assay as described previously (Stubenrauch et al., 2016) and in the methods section
(Chapter 2.0). (C) PhoE trimer assembly was calculated by plotting the normalised density of the corresponding
monomeric band over time fitted to a curve following a decay equation. The decrease of the monomeric band over time
was assumed to be in proportion to the oligomerisation of PhoE monomers into functional trimers. (D) Histogram of the
observed rate constants for appearance of the PhoE trimer. Error bars correspond to SEM of fit (n=3). The statistical
significance was determined by an unpaired two-tailed Student’s t test (ns, not significant). Panels (A) and (B) are
representatives of three repeated experiments.

The incorporation of LPS onto the outer membrane outer leaflet of Gram-negative is an essential
process for cell viability and is enabled by crucial steps by the dimeric LptDE complex (Bowyer et
al., 2011, Botos et al., 2016). LptDE has a novel quaternary structure comprised of a 26-stranded 3-
barrel, LptD, with the lipoprotein LptE docked into the lumen of the LptD B-barrel (Dong et al., 2014,
Qiao et al., 2014). Initial studies showed that LptDE assembly can be quantified directly (Torres et
al., 2018). Thus, unlike the densitometry analysis performed for PhoE | instead quantified the

increasing bands corresponding to the LptDE dimer complex over time (Figure 5.6.3 A-B). The
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LptDE oligomeric species was differentiated from its respective subunit species (i.e. LptD and LptE)
by including a duplicate heated sample were the LptDE dimer is destabilised due to extreme heat and
SDS. It should be noted that the LptDE dimer migrates faster than LptD, alone as LptE stabilises the
LptD B-barrel forming a compact architecture. When plotted, a first order curve to the normalised
intensities was fitted and summarised in a histogram (Figure 5.6.3 C-D). The assembly of LptDE into
a dimer complex from monomers (LptD and LptE) over time was achieved in both replacement strains
(AbamA::KpbamA and AbamA::KpbamK) but the difference in observed rate constants was
calculated to not be significant under the tested conditions. Altogether, these data suggest BamK can
functionally replace BamA as the core of the BAM complex at a seemingly analogous substrate

assembly level which results in viable cells with similar total membrane protein profiles.
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Figure 5.6.3: Assembly of LptDE dimers in E. coli BL21 Star™ AbamA::KpbamA and AbamA::KpbamK. (A) The
rate of assembly of [3S]-LptD and [*3S]-LptE into the LptDE complex was assessed in the E. coli BL21 Star™ strains:
AbamA::KpbamA or (B) AbamA::KpbamK, using a pulse chase assay as described previously (Stubenrauch et al., 2016)
and in the methods section (Chapter 2.0). (C) A representative fitted curve demonstrating LptDE dimer assembly was
calculated by plotting the normalised density of each dimeric band over time to an exponential growth equation. The
accumulation of the dimeric band over time was assumed to be in proportion to the oligomerisation of LptD and LptE
monomers into a functional dimer. (D) Histogram of the observed rate constants for appearance of the LptDE dimer. Error
bars correspond to SEM of fit (n=3). The statistical significance was determined by an unpaired two-tailed Student’s t
test (ns, not significant). Panels (A) and (B) are representatives of three repeated experiments.
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5.7 Differences in the extracellular loops of BamA and BamK

Given the observations that BamK is a functional isoform of BamA, | revisited areas of sequence
polymorphisms between the paralogous proteins for contextual clues of its specific function. Previous
structural studies have shown that BamA extracellular loop 4 (L4), loop 6 (L6) and loop 7 (L7)
contribute to a cell surface dome which stabilises the B-barrel domain (Browning et al., 2013, Bakelar
et al., 2016, Gu et al., 2016, Han et al., 2016). Comparative sequence analysis between BamA and
BamK focusing on the sequences of these loops highlighted some distinct differences. In extracellular
loops: L4, L6 and L7, notable truncations are observed resulting in presumably “shorter” loops
compared to BamA (Figure 5.7.1 A). More specifically in relation to L6, the essential VRGF BamA
motif found in the analogous extracellular L6 is also conserved in BamK sequences. Mutagenesis
studies have shown any alterations to the essential VRGF motif found in L6 of BamA compromises
the folded state of the Omp85 B-barrel domain thereby impeding proper function (Leonard-Rivera &
Misra, 2012, Noinaj et al., 2013, Wzorek et al., 2017, Thoma et al., 2018). Altogether, these
polymorphisms could suggest the loops (L4, L6 and L7) of BamK function in a similar manner to
BamA as a capping “dome” (Figure 5.7.2 B) but does not reveal a mechanism by which it provides a
selective advantage.

Differences in the lengths of these same three loops of BamA have been noted before in a previous
study which identified and isolated Shiga toxin-encoding (Stx) phage-resistant E. coli strains (Smith
et al., 2007). Under pressure from Shiga toxin-encoding (Stx) phage infection, suppressor mutants
with polymorphisms mapping to bamA were strikingly similar to the extracellular loops of Klebsiella
BamK (Figure 5.7.1 A). Structural modelling of BamA(®) and BamK, suggests substantive changes
in the dome of the B-barrel compared to a solved crystal structure of BamA (PDB: 5SEKQ) mostly due
to the different lengths of L4, L6 and L7 (Figure 5.7.1 C-D). In all three structures, the loops form a
cap but more obvious revisions of L6 are apparent in the BamA(®) and BamK homology models
when compared to structural template BamA (PDB: 5EKQ). In L4 and L7, more subtle differences
are also noted which together with L6 many completely change binding interfaces but also
conformation of the Omp85 monomer. These conserved mutations in the loop regions of BamK may
point to an adaptive evolutionary response in response to hostile phage or other loop binding agents

in the environment.
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A.

loop 4 B-strand 8 B-strand 9
KpBamA PQVAMWRYLNSMGQYPDNTNDRNS ----FSANDFTFNYGWTYNKLDRGFFPTEGSRVNLN 596
EcBamA PQVAMWRYLY SMGEHPSTSDQDNS -~~~ -FKTDDFTFNYGWTYNKLDRGYFPTDGSRVNLT 596

EcBamA(®) PQVAMWRYLYSMGEHPSVVGENVKSSADFKTDDFTFNYGWTYNKLDRGYFPTDGSRVNLT 596
KpBamK  -PELTTWRYLSSRGIERSVVIKRGRSGAKY SANDYFVSLGWGYNDLDRGFFPRAGNKSSLS 600

KpBamA  S8TREFGSNT I CPRAVY FPASSREDDDD S Y DNECK STESAP- “CKSDDAVEENRAMAVAS 714
EcBamA  SSTVRGFQSNTIGPKAVYFPHQASN-YDPDYDYECATQDGAKDLCKSDDAVGGNAMAVAS 715
EcBamA(®) SSTVRGFQSNTIGPKAVYLYKDGSP -DAVGGNAMAVAS 715
KpBamK

B-strand 12 p-strand 13 loop 7 p-strand 14
KpBamA 'LELITPTPFISDKYANSVRTSVEWDMGTVWDTHWDSSA---YAGYPDYSDPSNIRMSAGI 771
EcBamA  LEFITPTPFISDKYANSVRTSFFWDMGTVWDTNWDSSQ---YSGYPDYSDPSNIRMSAGI 772
EcBamA(®)LEFITPTPFISDKYANSVRTSFFWDMGTVWD TNWENTAETLKAGYPDYSDPSNIRMSAGT 772
KpBamK  SEFIIPTPFVNDKYADSLRTSLEVDAGTVWSTSWHNTAQTLAAGIPDYGDPSHIRLSAGI 769

C.

EcBamA

Figure 5.7.1: Comparative sequence and structural analysis between E. coli BamA, E. coli BamA(®) and
K. pneumoniae BamK. (A) Multiple sequence alignment with BamA from E. coli (EcBamA) highlights the similarities
and differences in KpBamA and KpBamK, with comparison to the modification sites found in phage-resistant
EcBamA(®) (Smith et al., 2007). (B) Structure of the E. coli BamA (PDB: 5EKQ) highlighting the extracellular strands
which contribute to a dome which covers the lumen of the barrel (Noinaj et al., 2013, Ni et al., 2014b) (C) Cartoon
representations of homology models of the p-barrel domains of BamA from phage-resistant E. coli
MC1061- MRL1(EcBamA(®)) and BamK from K. pneumoniae B5055 (KpBamK) alongside the crystal structure BamA
from (EcBamA). (D) Structural overlay of homology models, EcBamA(®) and BamK, with crystal structure of BamA
(PDB:5EKQ). Residues composing surface-exposed loops 4, 6, and 7 are coloured magenta, cyan, and yellow,

respectively Homology models were generated using the Phyre2 prediction server (Kelley et al., 2015).
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5.8 Discussion

In Gram-negative bacteria, the archetypal Omp85 BamA is involved in the efficient assembly and
insertion of B-barrel proteins into the outer membrane (Ricci et al., 2012, McCabe et al., 2017,
Hussain & Bernstein, 2018). In previous comprehensive phylogenetic analyses on the Omp85
superfamily and members, it was hypothesised that tamA evolved from an early gene duplication
event of bamA (Heinz & Lithgow, 2014, Heinz et al., 2015). Following gene duplication, it is usually
assumed a redundant copy becomes a non-functional pseudogene over time due to the accumulation
of mutations; for example, the protein coding region may contain a premature stop codon, or a
frameshift mutation, or an internal deletion or insertion relative to the native sequence (Lerat &
Ochman, 2005, Gil & Latorre, 2012). In other cases, these acquired mutations can give to rise to a
new functional role (neofunctionalisation), or a specialised functional role of its ancestral paralogue
(subfunctionalisation) (Shakhnovich & Koonin, 2006, Espinosa-Cantu et al., 2015). Of the two
processes, subfunctionalisation is thought to apply to another conserved Omp85 protein TamA, where
its function has been shown to be involved in the efficient assembly of at least some virulence
associated f-barrel proteins in concert with BamA (Stubenrauch et al., 2016, Heinz et al., 2016). In
a similar vein, bamK represents another gene duplication event of bamA and may reflect a novel
subfunctionalisation or even neofunctional role in OMP biogenesis. However, from the available data
I report bamK is in fact a functional isoform of bamA and we will discuss what implications in

K. pneumoniae outer membrane biogenesis this may have.

The construction of the gene replacement strain K. pneumoniae B5055 AbamA::KpbamK (Figure
5.3.1) allowed investigation of the functional role and constraints of bamK in the context of
substituting essential bamA. As described in Chapter 3.0, bamK was expressed at very low levels
under standard laboratory conditions making studying the protein difficult and taken together with
Section 5.2, may be reflective of a gene with cryptic regulation. Previous efforts by Dr. Abigail
Clements (Imperial College London, UK) to generate viable bamA deletions in K. pneumoniae B5055
was not achieved suggesting that the bamA gene in Gram-negative bacterium K. pneumoniae B5055
is essential in cell viability a phenomenon also seen in other phylogenetically related organisms such
as E. coli and Salmonella spp. (Baba et al., 2006, Goodall et al., 2018, Rowley et al., 2011). The
attempted deletion of bamA in K. pneumoniae B5055 was lethal presumably due to the low expression
levels of bamK, which could not rescue BamA function. Upon changing the upstream promoter
elements of bamK with the constitutively active promoter of bamA, the ensuing BamK product was
expressed and found to functionally replace essential BamA as shown through the various protein-

protein interaction assays (Section 5.4-5.5) and substrate assembly studies (Section 5.6).
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The functional gene replacement strains of BamA in both E. coli and K. pneumoniae is fascinating as
previous studies have reported high degrees of species specificity in the functioning of the BamA
component for efficient folding and insertion of OMPs (Volokhina et al., 2013, Browning et al.,
2015). In these aforementioned studies, the authors investigated if chimeric BamA proteins, carrying
either the B-barrel or POTRA domains from various BamA orthologues, can functionally replace
E. coli BamA. Results from these studies demonstrated the C-terminal B-barrel domains are
functionally interchangeable between bacterial species but the fusion to non-native/orthologous N-
terminal POTRA domains from a different bacterial species generally resulted in OMP assembly
defects. The authors suspected this was due to disruption of coordinated interactions between the [3-
barrel domain and cognate POTRA domains of the BamA protein for proper function. Results
presented in this chapter extends on this by showing that the full-length BamA and BamK from
K. pneumoniae, while still in the same major phylum of Gram-negative bacteria (Figure 5.8.1), was
able to rescue BamA function in E. coli and K. pneumoniae despite sequence differences in the
POTRA and B-barrel domains.
Kp =
Ec
St

Hi
—[ Pm

Pa _J

Nm B

Y

Figure 5.8.1: Cladistic analysis of Gram-negative bacteria based on the 16s rRNA gene. Depicted here is the genetic
relation of select proteobacteria (subclasses: Gamma and Beta) used in this study and the other BamA species-specificity
studies (Volokhina et al., 2013, Browning et al., 2015). In the study by Volokhina et al. (2013), functional gene
replacement between Neisseria meningitis (Nm) and E. coli (Ec) could not be achieved. In a later study by Browning et
al. (2015), protein chimeras keeping the native E. coli (Ec) BamA B-barrel domain but with different POTRA domains
from: Salmonella enterica serovar Typhimurium (St), Haemophilus influenzae (Hi), Pasteurella multocida (Pm),
Pseudomonas aeruginosa (Pa) and Neisseria meningitidis (Nm) were assayed for their ability to rescue BamA depletion.
Only Salmonella enterica serovar Typhimurium BamA POTRA chimera was able to support growth in an E. coli JWD3
BamA depletion strain. This study shows that full-length BamA and BamK from Klebsiella pneumoniae (Kp) was able
to functionally replace BamA in E. coli.

From a structural standpoint, the protein domain architectures between BamA and predicted BamK
are identical with five N-terminal periplasmic POTRA domains followed by a C-terminal B-barrel
OMP based on protein prediction algorithms and sequence similarity (Figure 5.1.2). As seen in the
multiple sequence alignments (Figure 5.1.3), the amino acid sequences between BamA and BamK
has high conservation in their POTRA domains where critical contacts for protein-protein interactions
are known to occur between BamA to cognate partners: BamB, BamC, BamD and BamE (Gu et al.,
2016, Han et al., 2016, Bakelar et al., 2016, ladanza et al., 2016). This was confirmed through BN-

133



PAGE analysis on total membranes prepared from functional gene replacement strain K. pneumoniae
B5055 AbamA::KpbamK where immunoblotting for BamK showed a comigration pattern with the
other BAM lipoproteins suggesting a BAM complex (BAMkecoe) with BamK serving at its core
(Figure 5.4.6). Interestingly, a similar comigration pattern was also observed in functional gene
replacement strain E. coli BL21 Star™ AbamA::KpbamK suggesting that the high genetic similarity
between the two organisms allowed cross species interaction between the non-native Omp85 BamK
and the equivalent E. coli BL21 Star™ BAM lipoproteins (Figure 5.5.3). To further confirm if BamK
was indeed interacting with the BAM components and not just merely comigrating, double gene
deletion strains in E. coli BL21 Star™. (4bamA::KpbamK, bamB and 4bamA::KpbamK, bamC BL21
Star™) were engineered for additional BN-PAGE analysis. The mobility of the suspected BAMkgpe
and BAMkcpe complexes migrated to lower positions in both AbamA::KpbamK, bamB and
AbamA::KpbamK, bamC validating interactions between BamK and BAM lipoproteins, BamB and
BamC (Figure 5.5.4). Similar modular architectures of the BAM complex have been reported
previously in E. coli (Sklar et al., 2007a, Kim et al., 2007, Vuong et al., 2008, Hagan et al., 2010,
Noinaj et al., 2011, Webb et al., 2012b) further supporting the idea that BamK is a functional isoform
to BamA as illustrated by its same binding capacities to cognate BAM partners.

Aiming to further dissect if the functional gene replacement strain impacted outer membrane
biogenesis at the membrane protein level, | performed a comparative analysis of isolated total
membranes from K. pneumoniae B5055 AbamA::bamK (Figure 5.4.5 A) and E. coli BL21 Star™
AbamA::KpbamK (Figure 5.5.2 A) compared to their isogenic parent strains. No marked difference
was observed when comparing the profiles suggesting when BamK serves as the core of the BAM
complex the OMP substrates for assembly and insertion are most likely one and the same but at
potentially different efficiencies. Hence, to elucidate if any assembly rate differences exist between a
BamA or BamK, canonical OMP substrates PhoE and LptDE were subjected to biochemical assembly
assays as previously described (Stubenrauch et al., 2016). PhoE is a class of porin in which the
functional form is a trimer (Meyer et al., 1990, Vilain et al., 2002, Arunmanee et al., 2016), whilst
LptDE is a unique hetero-dimeric protein complex comprised of the LptD B-barrel with lumen
situated lipoprotein plug LptE (Bowyer et al., 2011, Botos et al., 2016). Through assembly assays
performed in functional gene replacement E. coli BL21 Star™ strains (4bamA::KpbamA and
AbamA::KpbamK), the assembly rates between BamA and BamK are identical (Figure 5.6.1 D, Figure
5.6.2 D). These data still suggest that bamK encodes for a functional protein able to serve as a novel

component in BAM complexes in environmental scenarios that have yet to be identified.
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The essential BamA plays an important functional role in OMP biogenesis, but it has been implicated
from a number of studies that the extracellular loop regions act as a receptor for ligand binding which
can adversely affect bacterial growth (Smith et al., 2007, Aoki et al., 2008, Urfer et al., 2016,
Ghequire et al., 2018). As previously mentioned, it was found that sites within the extracellular loops
(4, 6 and 7) of BamA (formerly called YaeT or Omp85) of E. coli were the predominant elements
recognised by Stx phage for adsorption and subsequent infection (Smith et al., 2007). In a study by
Aoki et al. (2008), it was found that contact-dependent growth inhibition (CDI) as an intra-species
competitive strategy was regulated in E. coli cultures by the CdiA/CdiB two partner secretion system
identifying BamA as the likely outer membrane receptor. In a different study, it was found that lectin-
like bacteriocin LIpA from various Pseudomonas strains kills related species (or even their own) as
an interspecies control strategy which again acknowledged the surface exposed loop 6 of BamA as
the most likely receptor (Ghequire et al., 2018). Finally, it was also shown through photolabeling and
fluorescence microscopy experiments, defensin-like peptidomimetic compound JB-95 potentially

bound to BamA on its extracellular side again inhibiting cellular growth (Urfer et al., 2016).

When compared to BamA, a closer inspection of the predicted BamK sequence reveals some
differences which could highlight a neofunctional role of the protein in bacterial survival. In E. coli,
select cell surface exposed loops (4, 6 and 7) of BamA are recognized by Stx phage as a receptor for
subsequent adsorption and cell lysis facilitated through the conserved tail spike protein of the
bacteriophage (Smith et al., 2007). In the same study, the authors recovered phage-resistant E. coli
mutants which were attributed to changes in the extracellular receptor loops of BamA. Curiously, it
was found through a multiple sequence alignment, truncations and insertions in the loops of the
phage-resistant BamA variant mirrored quite closely to the K. pneumoniae B5055 BamK sequence
(Figure 5.7.1 A). One could imagine these evolutionary divergent changes in BamK provides a
selection advantage where Stx phage recognition via extracellular loop ligand binding is abrogated
as polymorphism in the loops have altered the binding interfaces found within the cell surface dome
of normal BamA (Figure 5.7.1 B-C). Whether these BamK polymorphisms actually provide a
mechanism of Stx phage-resistance remains to be investigated, but this idea runs in parallel with other
occurrences where the extracellular loops of BamA acts as a receptor in inter- and intraspecies
competition for bacterial growth as previously discussed (Aoki et al., 2008, Ghequire et al., 2018).
Here, the idea is put forward that BamK is a functional Omp85 which is expressed as a phage-resistant
mechanism or possibly a part of a decoy receptor strategy to improve bacterial fitness. As previously
discussed, antagonistic interactions can result in signalling cascades which places restrictions on

intraspecies growth and spread (Aoki et al., 2008). Contrarily, decoy receptor mechanisms are another
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strategy of some bacterial species where isoforms of a receptor are both present and expressed (Paulus
& van der Hoorn, 2018), but one may be of higher affinity or abundance and therefore acts as a sponge
for adverse agents such as phage and toxins (Figure 5.8.2). It should be noted the precedence of
additional BamA-like paralogues encoded within genomes in not only widespread in K. pneumoniae
but also other closely related Enterobactericiae family members (Heinz & Lithgow, 2014, Torres et
al., 2018). Therefore, this hypothesised resistance/decoy mechanism extends on the concept that
additional Omp85 gene copies with general insertase functions are conserved as they provide a
selective advantage. In any case, the function of BamK (or BamA-like) as a moonlighting paralogue

is curious and warrants further investigation.
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Figure 5.8.2: Schematic showing the exploitation of BamA as a receptor. Depicted here is a schematic showing agents
reported to inhibit bacterial growth by binding cell surface moieties of BamA. STX phage have been reported to bind
E. coli for adsorption mediated by extracellular loops (L4, L6 and L7) (Smith et al., 2007). The macrocyclic peptide JB-
95 has displayed potent antimicrobial activity against E. coli by binding OMPs which include BamA (Urfer et al., 2016).
The CdiA toxin, part of the CDI secretion system from E. coli EC93 recognises BamA as a cell surface receptor (Aoki et
al., 2008) (PDB: 4G6U). Lectin-like bacteriocins (LIpAs) are secreted proteins by proteobacteria which selectively kill
strains of their own and closely related species as an intra-species competition strategy. The susceptibility of
Pseudaomonas spp. to LIpAs has been linked to bind selectively to extracellular loops L4, L6 and L7 (Ghequire et al.,
2018) (PDB: 3M7H). If BamK can also be targeted by any of these reported agents remains or similar ligands remains to
be investigated. OM — outer membrane. IM — inner membrane
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Conclusion

6.0 Defining the roles of Omp85 protein family members in K. pneumoniae

In Gram-negative bacteria, OMPs are transmembrane protein that feature a B-barrel domain and are
localised to the OM (Koebnik et al., 2000). The role of OMPs are many and serve essential functions
that include nutrient uptake, cell adhesion, cell signalling, virulence, membrane structural integrity
and even OMP biogenesis (Wimley, 2003, Fairman et al., 2011). Outer membrane protein assembly
factor BamA is a member of the Omp85 superfamily and is the core protein of the B-barrel assembly
machinery involved in the assembly and insertion of Gram-negative OMPs into the OM (Noinaj et
al., 2015, Rollauer et al., 2015). Several members of the Omp85/TpsB family are known to catalyse
the efficient assembly and insertion of other nascent OMPs and are unified by shared domain
architectures and sequence motifs (Heinz & Lithgow, 2014). The best studied Omp85s in Gram-
negative bacteria are BamA and TamA; however, it is worth mentioning other Gram-negative species
harbour additional Omp85 paralogues many with unknown functions (Heinz & Lithgow, 2014, Torres
et al., 2018). In clinically relevant pathogen K. pneumoniae, additional Omp85 members, BamL and
BamK (divergent to BamA and TamA), are yet to be characterised and may represent novel
components in K. pneumoniae OMP biogenesis. In this thesis, | aimed to characterise the function
and mechanism of these K. pneumoniae specific Omp85s through different approaches that included
genetics, biochemistry, phylogenomics and molecular modeling. Although the work presented in this
study does not present holistic answers as to their function and mechanism, 1 will briefly describe our
current state of knowledge of these Omp85 members and outline some future directions.
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The expression of bamL and bamK is cryptic

In Chapter 3, results presented demonstrate that transcript levels of K. pneumoniae Omp85
members, bamL and bamK, are expressed at very low or near background levels. This observation
could reflect a cryptic genetic regulatory system for expression as transcripts were not observed under
a range of standard laboratory conditions. In many cases cryptic regulation in prokaryotes usually
applies to pseudogenes but as both Omp85 genes are prevalent in K. pneumoniae, this idea runs in
stark contrast with a pseudogene scenario as the high sequence conservation and ubiquitous
distribution suggests they are most likely expressed in as yet unidentified conditions. In this
K. pneumoniae model, the relative expression levels of bamA were more abundant than the other
three Omp85s (i.e. bamL, bamK and tamA). This suggests that OMP biogenesis in K. pneumoniae is
likely to be similar to E. coli, where BamA is the major pathway for OMP assembly. Our current
understanding of OMP biogenesis in a K. pneumoniae model posits that BamA mostly deals with the
flux of substrates for OMP biogenesis and the other three Omp85s may play more specialised roles
like E. coli TamA. While this project selected to focus on BamK, | was unable to identify conditions
or genetic regulatory factors controlling its expression (i.e. transcriptional repressors, activators or
regulatory SRNAs). The transcriptional regulation of bamK is mysterious, and it is assumed that its
expression would be in relation to its isomorphic parent bamA. Whilst BamA is the major OMP
pathway, it is tempting to speculate there could be selective pressures that would activate genetic
regulatory switches that favour expression of bamK over bamA. In other Gram-negative bacteria
regulatory systems that control OMP biosynthesis can be very intricate as several checks and balances
tightly regulate the expression and translation of OMPs. This could highlight that a more complex
regulatory network is tightly regulating the expression of these K. pneumoniae specific Omp85s.
Future studies could further dissect the promoter regions of the bamL and bamK and examine if

transcriptional activators could also be involved in the expression of these Omp85s.

The bamL locus encodes for outer membrane localised proteins, novel nanomachine?

In Chapter 4, | demonstrated that proteins of the bamL operon encoded for two distinct
integrally associated OM localised proteins. The novel Omp85 member BamL of K. pneumoniae was
suspected to represent a novel translocase OMP similar to a two-partner secretion system due to its
genetic organisation with partner protein LupV. Furthermore, BamL and LupV seemed to be co-
regulated and expressed as their coding regions overlapped. Although the function and mechanism
were not uncovered for the genes encoded by the bamL locus, the BamL Omp85 protein lacked

POTRA domains and therefore its proposed mechanism for outer membrane protein assembly may
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be different to other bacterial Omp85s such as BamA or TamA. LupV was similarly interesting as it
was predicted to have a transmembrane C-terminal OmpA-like domain with an unstructured N-
terminal domain and might represent a substrate for BamL. The unstructured N-terminal region of
LupV could be further investigated as its topology and protein fold were not elucidated during this
study. Additional future studies should look at whether the bamL locus is involved in other virulence
aspects such as cell adherence, cytolysis and iron acquisition. However, based on more recent studies
of noNterm Omp85s, this protein member may function in a more metabolic scope, forming a channel
porin in itself for diffusion of nutrients or functioning as an assembly complex which assembles and
inserts OMP substrate into the OM involved in nutrient transport. Finally, all characterised Omp85s
in Gram-negative bacteria have their functions linked to assembly and insertion of OMP substrates.
One could speculate because BamL and LupV are presumably co- regulated and expressed, LupV
may require a partner Omp85 for efficient assembly and insertion. Pulse chase assays determining if

LupV requires BamL can be undertaken to ascertain this hypothesised biogenesis pathway.

N\

extracellular milieu

periplasm

Figure 6.0.1: The roles of the BamL locus proteins are still unknown. The BamL locus proteins are integrally bound
proteins localised to the OM. The function of both proteins is still unknown. Does BamL function as a translocon OMP
for substrate passage? Do BamL and LupV proteins interact? Does LupV require BamL for efficient assembly and
insertion?

BamK can functionally replace BamA in the BAM complex for OMP biogenesis

In Chapter 5, | presented results that demonstrate the novel Omp85 BamK of K. pneumoniae
can functionally replace BamA in the BAM complex in K. pneumoniae and E. coli. This functional
gene replacement was further evaluated and found the gene replacement strain had comparable

substrate assembly rates and OMP profiles to when BamA is at the core of the BAM complex. These
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finding suggests that K. pneumoniae genomes can encode for a functional isoform of BamA but does
not reveal under what environmental conditions BamK expression would be favourable. Comparative
sequence and molecular modelling analysis revealed major differences between the extracellular
loops of BamK and BamA and may contribute to a mechanism for resistance against bacteriophage
infections or as a decoy receptor for other lethal agents (e.g. BamA specific toxins and antimicrobial
peptides). Future studies will aim to identify inducive conditions for BamK expression and determine
if known growth inhibiting BamA binding factors are able to bind to BamK. Additional structural
studies and molecular dynamics analysis could aid in better understanding if the nuanced differences

of BamK display the same mechanistic features of BamA for OMP assembly and insertion.

extracellular milieu

nascent OMP /

Figure 6.0.2: Schematic of OMP assembly with BamK as the core component of the BAM Complex. The
K. pneumoniae specific Op85 can functionally replace BamA in the BAM complex for assembly and insertion of OMPs
into the OM (see Figure 1.3.7). As BamK expression is presumably tightly regulated, are there certain
environments/growth conditions where its expression would be more favourable than BamA? Is the mechanism for OMP
assembly and insertion identical between BamA and BamK, or does BamK favour certain conformations and substrates?

The pathogenic success of K. pneumoniae can be largely attributed to outer surface features such as
LPS, CPS, porins and many are yet to be characterised. The Omp85 featuring BAM complex impacts
on the assembly and insertion of these formerly mentioned features of the OM, and the discovery of
BamL and BamK may represent evolutionary adaptations of K. pneumoniae to new environmental
niches. A better understanding of how these divergent Omp85 proteins are regulated and how each
contribute to OM biogenesis would prove valuable in understanding how some pathogenic bacteria

are more virulent or can better adapt to certain environmental pressures.
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Appendices

Appendix 1.0
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Comparison of candidate reference genes of K. pneumoniae B5055 cultured for thesis figures in Chapter 3.0. The
expression levels of candidate reference (dnaG, glk, gyrA and rpoD) genes were determined using cycle threshold (Ct)
values through real-time gPCR. A) Reference gene Ct values for Figure 3.1.2. B) Reference gene Ct values for Figure
3.1.3. C) Reference gene Ct values for Figure 3.1.4. D) Reference gene Ct values for Figure 3.2.5. A “Ct value” represents
the amplification cycle number at which the fluorescence signal of the reporter dye reaches above an arbitrarily placed
baseline threshold (Schmittgen & Livak, 2008). Thus, a lower Ct value corresponds to a higher abundance of a transcript,
whereas a higher Ct value corresponds to a lower abundance of transcript. (n=3, error bars represent SD).
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Appendix 2.0
Multiple sequence alignment of putative bamK promoters (500 bp upstream) from select strains

representing ¥
3 diverse phylogroups. '

1) K. pneumoniae: B5055, AJ218 and MGH78578
2) K. quasipnemuoniae: UI9552 and AJ055
3) K. variicola: PUS13542 and AJ292
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A palindromic sequence is underlined, probable ribosome binding site in blue. Translational start codon in green.

CLUSTAL O
UI9552
AJO55
B5055
AJ218
MGH78578
Pus13542
AJ292

UI19552
AJO55
B5055
AJ218
MGH78578
Pus13542
AJ292

UI19552
AJO55
B5055
AJ218
MGH78578
Pus13542
AJ292

UI19552
AJ055
B5055
AJ218
MGH78578
Pus13542
AJ292

UI9552
AJ055
B5055
AJ218
MGH78578
Pus13542
AJ292

UI9552
AJO55
B5055
AJ218
MGH78578
Pus13542
AJ292

UI9552
AJ055
B5055
AJ218
MGH78578
Pus13542
AJ292

UI9552
AJ055
B5055
AJ218
MGH78578
Pus13542
AJ292

UI9552
AJ055
B5055
AJ218
MGH78578
Pus13542
AJ292

(1.2.4)

multiple sequence alignment

aaggcgtccctactgtattctgctattttgaggaaaatatggagatgttcgeccatecggeg
aaggcgtccctaatgtattctgctattttgaggaaaatatgaagatgttcgecttecggeg
—aggcgaccctactgtattctgctattttgaggaaaatatggagatgtttgccaacggeg
—aggcgaccctactgtattctgctattttgaggaaaatatggagatgtttgccaacggeg
-aggcgaccctactgtattctgctattttgaggaaaatatggagatgtttgccaacggeg
—aggcgaccctactgtattctgctattttgaggaaaatatggagatgttcgttaacggece
—aggcgaccctactgtattctgctattttgaggaaaatatggagatgttcgttaacggece

Kk KKk KAKKK KKAKKK KKK KKK KA KA KKK KKK KKK K KA KKK K* X * Kk k

tctggtggtgaatacaagataaaatgttgtgatgtcgattgcataatttattcaatttct
tctggcggtgaatacaagatagaatgttgtgatgtcgattgcataatttattcaatttct
tctggcggtgaattcggggtagaatgttgtgatatcagttgcataatttattcaatttct
tctggcggtgaattcggggtagaatgttgtgatatcagttgcataatttattcaatttcet
tctggcggtgaattcggggtagaatgttgtgatatcagttgcataatttattcaatttct
tttggcagtgtatacggggtagaatgttgtgatatcagttgcataatttattcaatttct
tttggcagtgtatacggggtagaatgttgtgatatcagttgcataatttattcaatttct

kokkKk KKKk Kk kK kK KKKKKKKKKKK Kk KKKKKKKK KKK KK KKK KKK KKK

cttcattatatctgctggctttaagaatatgattgtgecctgttcecctggtgattccagaga
cttcattatatctgctggctttaagaatatgattgtgcctgttcctggtgattccagaga
cttcattaaatctgctgggttgcaggttatttttctcecectgttecctggtgatcccagaga
cttcattaaatctgctgggttgcaggttatttttctcecctgttecctggtgatcccagaga
cttcattaaatctgctgggttgcaggttatttttctcecctgttcctggtgatcccagaga
cttcattatatctgctgggtttcaggatatttttctcecectgttecctggtgatcccagaga
cttcattatatctgctgggtttcaggatatttttctccctgttecctggtgatcccagaga

Kk kkkkkk KhkkkkhkkKk Kk Kk KKk Kk K KKKk KKXKKKKK KKK KKK kKKK

acaacattcctaacgagatccttcccectttccattagcaagaaagggggctttttcaat
acaacattcctaacgagatccttcccectttccattagcaagaaagggggctttttcaat
gcatcattcctaacgagatccttccecectttecattaataagaaagggggctttttatta
gcatcattcctaacgagatccttcccectttccattaataagaaagggggctttttatta
gcatcattcctaacgagatccttcccectttccattaataagaaagggggctttttatta
gcatcattcctaacgagaattttccececttteccattaacaagaaagggggcttttttaat
gcatcattcctaacgagaattttcccecttttcattaacaagaaagggggcttttttaat

dk kK Kk ok ok Kk K Kk K kK Kok kokkkkkkk  kkkkk  kokokokokokokk ok ok koK Kok kK k

aaagaccgttcaggtaaatctaaatatagctctggtgttggccattagaatcacggegtt
aaagaccgttcaggtaaatctaaatatagctctggtgttggccattagaaccacggegtt
ataaaacgttcaggcaaatctaaatatagtactggtgttggccattagaaccatgcgett
ataaaacgttcaggcaaatctaaatatagtactggtgttggccattagaaccatgcgett
ataaaacgttcaggcaaatctaaatatagtactggtgttggccattagaaccatgcgett
aaaaaacgttcaggtaaatctaaatatagccctggtgttggeccattagaaccacggegtt
aaaaaacgttcaggtaaatctaaatatagccctggtgttggeccattagaaccacggegtt

Kok Kk kkkkkkkk KAk kkKhkkkkkkh kKKK KKK KKK KKK KKK KKK KKk K *x

caggaaaagttccatcattaaatatatttttaaacatgatttaacatcctttttttctee
caggaaaagttccatcattaaatatatttttaaacatgatttaacatcctttttttctcce
cagaaaaagttccatcattaaatatatttttaaagatgctttaacatccattttttctee
cagaaaaagttccatcattaaatatatttttaaagatgctttaacatccattttttctee
cagaaaaagttccatcattaaatatatttttaaagatgctttaacatccattttttctcc
cagcaaaagttccatcattaaatatatttttaaagatgatttaacatcctttttttctcce
cagcaaaagttccatcattaaatatatttttaaagatgatttaacatcctttttttctee

Kkk Kk Kk kK kK kK kKK kKKK Rk Kk Kk k Kk kK Kk ok Kh Kk K Kk ko kkkkkk kK koK Kok Kk kK

attttgtcgccataattgcatgtaattctgecgectegetcaggttat-ttectgtcgeata
attttgtcgccataattgcatgtaattctgcgectecgectcaggttat-ttctgtcgecata
attttgtcgccataattgcatgtaattctgcgectecgectcaggttattttectgtegeata
attttgtcgccataattgcatgtaattctgecgectegetcaggttattttectgtecgeata
attttgtcgccataattgcatgtaattctgcgectecgectcaggttattttectgtegeata
attttatcgccataattgcatgtaattctgcgectecgectcaggttattttectgtegecaca
attttatcgccataattgcatgtaattctgecgectegetcaggttattttetgtecgeaca

B i R R R R R R R R R R e e A T T TR

tcttagatacgcatcctgaacaaataagctcaacgccagcagataactgctattgcetcat
tcttagatatgcatcctgaacaaataagctcaacgccagcagataactgctattgctcat
ttttagagatgcatcctgaacaaataagctcaacgccagcaggacactgctattgctecat
ttttagagatgcatcctgaacaaataagctcaacgccagcaggacactgctattgctcat
ttttagagatgcatcctgaacaaataagctcaacgccagcaggacactgctattgctcat
ttttagagatgcatcctgaacaaataagctcaacgccagcagaatactgctattgctecat
ttttagagatgcatcctgaacaaataagctcaacgccagcagaatactgctattgctcat

Kok kk kK K KKK KKKKK KK KKK KK KK KKK KKKk KX Kk KKk K Kk kK Kk KK K kK Kk Kk

500
500
500
500
500
500
500

cgacacattc
acacattc
acacattc
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60
60
59
59
59
59
59

120
120
119
119
119
119
119

180
180
179
179
179
179
179

240
240
239
239
239
239
239

300
300
299
299
299
299
299

360
360
359
359
359
359
359

419
419
419
419
419
419
419

479
479
479
479
479
479
479




Appendix 3.0

Meta-analysis for proteins identified from suspected DNA::protein band of Figure 3.4.2.

Protein ID (UniProt) Molecular weight (kDa)

W1G8T1_KLEPN
A6TB20_KLEPN
W1HVL4_KLEPN
A6TB36_KLEP7
AGTEES_KLEP7
A6TEKO_KLEPN
W1DQO00_KLEPN
W1DDG4_KLEPN
W1HWS1_KLEPN
A6TE29_KLEPN
W1DM81_KLEPN
W1HSH6_KLEPN
W1EA36_KLEPN
W1GBT1_KLEPN
A6T882_KLEP7
W1HS05_KLEPN
W1E9HO_KLEPN
A6T8MS5_KLEP7
W1DMJ5_KLEPN
W1HTV3_KLEPN
W1H4H5_KLEPN
W1E4G7_KLEPN
W1H6R4_KLEPN
W1GNN4_KLEPN
W1HT41_KLEPN
J2DKG7_KLEPN
W1HLN9_KLEPN
W1E302_KLEPN
W1E2F9_KLEPN
W1H3J7_KLEPN
W1E1F6_KLEPN
W1DLV6_KLEPN
W1GMP7_KLEPN
W1E2G9_KLEPN
W1DQS8_KLEPN
W1E722_KLEPN
W1DCL9_KLEPN
W1I1L6_KLEPN
W1DU33_KLEPN
W1HY43_KLEPN
seq0008_CDS_-32
W1E3I1_KLEPN
W1E186_KLEPN

23.211
22.229
17.984
9.9652
28.611
17.193

35.48
23.783
54.906
23.447
28.647

24.19
42.293
28.926

38.79
97.522
36.363
41.756
30.488

16.32
72.351

35.69
24.486
30.824
75.094
40.362
12.576
44.471
40.644
43.539
20.913
42.002
27.333
98.783
31.572
60.944
39.641
26.941
19.361
40.481
30.294
47.113
44.264

Sequence Coverage (%)

26.9
35.2
21.8
10
15.2
22.9
215
27.6
8.1
16.6
25.5
9.9
28.4
22.6
33.1
213
26.1
33
31.6
22.6
12
27.6
26.1
61.3
28.6
53
29.9
17
7.6
36.9
54
41.1
11.7
234
18.6
40
47.8
12.7
5.2
194
5.9
211
23.8



W1HS10_KLEPN
W1HYZ5_KLEPN
W1E8H4_KLEPN
W1DN72_KLEPN
W1GYAS_KLEPN
W1HYJ3_KLEPN
W1GYB2_KLEPN
W1E4R7_KLEPN
W1E3Q0_KLEPN
W1E673_KLEPN
W1H1J2_KLEPN
W1GXY7_KLEPN
W1DV12_KLEPN
W1DIA3_KLEPN
W1DNS4_KLEPN
W1GGT9_KLEPN
W1DVK8_KLEPN
W1DTJ5_KLEPN
W1DHT3_KLEPN
W1E358_KLEPN
W1DJJ9_KLEPN
W1HSQO_KLEPN
W1HWJ7_KLEPN
W1DGI4_KLEPN
W1HS26_KLEPN
W1DN97_KLEPN
W1HU18_KLEPN
W110G4_KLEPN
W1HUS2_KLEPN
W1H297_KLEPN
W1DUL1_KLEPN
W1DCWS5_KLEPN
W1GZN6_KLEPN
W1DFX4_KLEPN
UPI0003529D3B
A6T9G3_KLEP7
W1I1E4_KLEPN
W1DNAO_KLEPN
W1DPZ8_KLEPN
W1HQ34_KLEPN
W1DZ02_KLEPN
W1DWY3_KLEPN
W1E946_KLEPN
W1DLE2_KLEPN
W1DWJ2_KLEPN
W1HWF9_KLEPN
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21.722
69.108
22.594
28.627
102.72
21.289
32.674
35.266
21.553
39.877
77.542
48.848
59.547
76.703
20.743
41.316
38.946
23.244
30.866
17.572
28.647
32.77
12.456
46.894
14.002
10.649
33.8
84.344
11.851
24.504
30.45
8.986
34.559
18.272
34.269
53.703
6.4692
16.061
34.49
43.156
34.953
37.207
26.175
33.025
20.763
36.99

56.2
52
314
20.9
10.5
33.3
13.2
63.4
15.3
50
54.4
39.8
56.5
30.4
22.6
37.5
25.8
37.9
315
18.6
19
5.9
28.3
31.7
315
13.5
10.2
30
47.7
52.6
36.4
36.2
47.5
17.6
5.9
5.3
32.8
21.9
14
27.5
41.9
5.6
38.2
40.1
64.2
50.9



W1DUWS5_KLEPN
W1DKQ1_KLEPN
W1DWR4_KLEPN
W1GT99_KLEPN
W1H3T5_KLEPN
W1ESF2_KLEPN
W1I3B9_KLEPN
W1DE99_KLEPN
A6T6E3_KLEP7
W1E4E3_KLEPN
A6TD99_KLEP7
W1ESES_KLEPN
W1DR59_KLEPN
W1DHP8_KLEPN
W1DIU6_KLEPN
W1DHD6_KLEPN
W1E669_KLEPN
W1HXL5_KLEPN
W1DTM5_KLEPN
W1HXB2_KLEPN
W1GHD1_KLEPN
W1HNH7_KLEPN
W1E5Y8_KLEPN
J2LVZ9_KLEPN
W1HZ56_KLEPN
W1HVX2_KLEPN
W1DP63_KLEPN
W1DKDO_KLEPN
W1DMT2_KLEPN
W1HND3_KLEPN
W1HM18_KLEPN
W1HMR7_KLEPN
W1G642_KLEPN
W1HYH2_KLEPN
W1E781_KLEPN
W1GY35_KLEPN
W1H6MS5_KLEPN
W1HQ84 KLEPN
W1HNM6_KLEPN
W1HVO00_KLEPN
W1DY12_KLEPN
W1HSM9_KLEPN
W1HYV6_KLEPN
W1HPU5_KLEPN
W1E458_KLEPN
W1E731_KLEPN

168

41.328
24.649
27.121
63.598
28.318
97.055
58.405
20.722
27.013
47.891
40.397
58.302
45.549
21.75
58.1
27.837
43.579
22.369
49.398
8.3884
20.871
16.934
71.106
33.154
42.567
48.156
32.497
17.825
33.287
34.984
25.21
51.853
14.728
21.705
30.547
54.493
18.247
34.589
24.919
41.58
50.31
12.429
53.586
45.439
50.396
58.792

11
17.6
10.6
42.9
71.6
37.6
31.1
13.9

4.5
23.9

6.1
11.9
46.1
43.4
25.7
19.7
19.9
64.5

40
16.5
45.1

27

47

7.1
23.5
27.8
28.9
19.4
27.1
26.9
13.4
19.6

5.9
25.5
38.4

26
77.1
34.1
19.6
51.8
23.2
51.7
51.1
61.8
59.6



J2E316_KLEPN
W1HTU4_KLEPN
W1DUP1_KLEPN
W1E5B3_KLEPN
W1HZU8_KLEPN
W1G8P3_KLEPN
W1DR90_KLEPN
W1DTR9_KLEPN
W1DUC4_KLEPN
W1DY56_KLEPN
W1HQH2_KLEPN
A6TBVO_KLEP7
W1DNU3_KLEPN
W1HPV1_KLEPN
W1H2R8_KLEPN
W1DRT6_KLEPN
W1GJ52_KLEPN
W1GWV4_KLEPN
W1I1363_KLEPN
W1HRH2_KLEPN
W1DMM4_KLEPN
W1DFK8_KLEPN
W1HUAS_KLEPN
W1DVI8_KLEPN
W1HV18_KLEPN
W1EAN3_KLEPN
W1HUZ8_KLEPN
W1HR31_KLEPN
W1DZ11_KLEPN
W1HZ52_KLEPN
A6TIR6_KLEP7
A6T9B7_KLEP7
W1DEE5_KLEPN
W1H3C5_KLEPN
W1DSB4_KLEPN
W1DMT6_KLEPN
ADD_KLEP7
W1GL09_KLEPN
W1DSF7_KLEPN
W1HSTO_KLEPN
W1HUP2_KLEPN
W1DUG1_KLEPN
W1HPP3_KLEPN
W1DI91_KLEPN
W1DNP4_KLEPN
W1E4J4_KLEPN
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65.395
45.056
71.604
15.526
85.648
43.507
63.267
56.52
43.519
37.576
20.274
43.441
33.076
21.946
13.8
69.095
30.628
15.154
13.771
65.489
48.532
19.721
47.165
63.383
108.25
13.589
29.247
21.461
32.564
61.328
17.867
33.084
28.541
25.9
77.159
39.284
36.23
32.085
27.636
34.625
20.158
10.483
10.235
23.926
9.4768
12.341

7.1
50.5
3.9
62.2
3.7
43.4
21.7
4.8
43
14.4
58.1
15.1
21.1
9.6
21.5
12.2
24.2
8.1
29.9
15.1
23.1
55.7
38.9
22.3
32.2
49.2
10.3
14.3
17
326
72.9
16.3
52.3
75.9
24.2
22.3
32.1
22.8
11
9.1
12.2
19.8
15.5
9.7
41.1
25.6



W1GZP4_KLEPN
W1E2K4_KLEPN
W1H028_KLEPN
W1DRI7_KLEPN
W1DM95_KLEPN
W1GIF4_KLEPN
W1DM80_KLEPN7
UPI0001660147
W1H6GS8_KLEPN
W1H2S6_KLEPN
W1E0Q5_KLEPN
W1DJ81_KLEPN
W1DIT5_KLEPN
W1DJ73_KLEPN
W1HU89_KLEPN
W1DYZ5_KLEPN
W1E189_KLEPN
W1GBN6_KLEPN
W1GYD5_KLEPN
W1GAJ8_KLEPN
W1H1E3_KLEPN
W1DY13_KLEPN
A6TCO1_KLEP7
W1E2C3_KLEPN
A6TC88_KLEP7
A6TED1_KLEP
J2LPC2_KLEPN
W1HQ45_KLEPN
W1DIL7_KLEPN
W1H513_KLEPN
W1E8K6_KLEPN
W1E9W2_KLEPN
W1GZQ3_KLEPN
seq0003_CDS_B5055_0613
W1HLS5_KLEPN
UPI0003527DF8
seq0038_CDS_B5055_4442
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51.217
39.142
39.188
57.546

49.35
40.574
32.833
31.843
46.041
30.292
59.283
66.827

32.09
20.395
34.022
36.094
56.416
116.09
46.038
64.242
43.246
20.189
45.096
37.101
71.862
53.316
28.444
94.645
10.359
25.945
111.98
41.538
52.447
17.544
9.3244
23.898
22.597

23.1
36.2
27.7
37
5.5
67.5
7.5
11.9
18.8
11
60.7
1.8
19.1
29.8
19
10.5
34.3

17.3
49.4
56.6
14.2
5.7
39
21.6
51.5
53.2
51.8
18.7
59.8
2.9
40.7
37.1
62.5
32.9
21
22.2



Appendix 4.0
Calculations theoretically estimating the number of transposon mutants to insert into every gene of

K. pneumoniae B5055 (Genome size ~5.6 Mbp) and assumed average gene size of 1 kb.

Poisson based formula for calculating genome saturated with transposon insertions:

N is the number of clones required to get P

Formula adapted from:
J. Zilsel, P.H. Ma, J.T. Beatty, Derivation of a mathematical expression useful for the construction
of complete genomic libraries, Gene, Volume 120, Issue 1,1992, pages 89-92,

N=In(1-P)=In(1-f)
Where P is the probability to disrupt a particular gene,
f is the fractional proportion of the genome represented by a single clone,

Therefore f=1/5600
Ln (1 — /) =-0.000178587
N=ln(1-P+In(1- Clones required

P Ln(1-P Jj) (rounded up)
0.1 -0.10536 589.9662 590
0.5 -0.69315 3881.278 3881
0.9 -2.30259 12893.33 12893
0.99 -4.60517 25786.65 25787
0.999 -6.90776 38679.98 38680
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Appendix 5.0
Strain IDs with nucleotide sequence identities details used for Figure 4.1.2.

Strain_ID LupV sequence identity (%)  BamL sequence identity (%)
5197 8 8 99.529 98.854
9517_7_15 Stops 99.206
14936_3_39 99.435 99.03
Klebsiella_pneumoniae_subsp_pneumoniae_LZ 99.058 99.03
14936_2_30 99.058 98.942
5151 5 12 99.341 99.295
5299 7 4 99.341 99.295
9517 71 99.341 99.295
9517_7_16 Stops 99.206
5193 7_11 99.435 99.295
5193 5 7 99.529 99.471
9263_7_56 Stops 99.206
14936_3 24 99.341 99.295
14936 _2 47 90.969 Stops

5235 78 99.529 99.383
14936_2_20 99.529 98.854
14893 8 89 99.341 99.118
5235 5 4 0 Contig

9517 7.5 99.341 99.295
10315_6_11 99.529 98.854
9263_7_T77 Stops 99.206
52352 11 99.623 99.118
14936_3_66 99.529 98.942
14936_3_85 99.529 98.854
5197 2 8 99.341 99.206
14936_3 9 90.875 Stops

14936_3_22 99.341 99.295
5193 5 4 90.875 Stops

5299 7 7 99.435 93.04
14936_2_25 99.529 98.942
Klebsiella_pneumoniae_subsp_pneumoniae_ MGH_78578 99.623 99.471
52352 4 90.781 Stops

14936_3_8 99.529 98.765
9878_1_ 8 99.812 99.206
9263_7_57 Stops 99.206
5151 2 7 91.345 89.075
14936_2_12 99.529 98.854
15277_3 61 99.341 99.206
5197 7 7 99.529 99.03
Klebsiella_pneumoniae_subsp_pneumoniae_ KPNIH22 99.529 99.471
5151 3 1 92.192 89.427
5151 6_4 99.623 99.471
9878_1 12 99.812 99.206
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Klebsiella_pneumoniae_subsp_pneumoniae_LCT-KP214
10315_6_62

5235 6 8

14936_2_62

14936_2_72

5150_2_10

51972 6

5235_7_10

14936_2_33

Klebsiella_pneumoniae_subsp_pneumoniae_ KPNIH18
Klebsiella_pneumoniae_subsp_pneumoniae_HS11286

14936_3_51

5193_7_7

10356_5_82

14936_2_48

5235 6_11

51978 3

10315_6_1

14936_3_80

5193 2 1

5193 7.3

52353 8

9517_7_3 Stops
5299 1 7

5235_3_11

5151 3 9 Contig
5193_3_11

9263 7_61 Stops
14936_3_47

14936_3 13

5235 7 6

10315_6_95

5150_5 8

14936_2_42

5193 3 8

10315_6_21

Klebsiella_pneumoniae_subsp_pneumoniae_ KPNIH7

14936_3_70

10315_6_22

14936_3 72

9263 7_55 Stops
5235 31

Klebsiella_pneumoniae_subsp_pneumoniae_ KPNIH4

5235 7 9

51501 2

9263 7_48 Stops

173

99.058
99.529
99.247
90.969
90.969
99.529
99.341
99.529
99.058
99.529
99.529
99.529
99.529
99.812
90.969
99.529
90.593
99.623
99.529
99.529
99.435
99.812

99.623
99.529

90.781

99.341
99.529
99.341
99.812
98.964
99.058
99.529
99.529
99.529
99.529
99.529
99.058

99.529
99.529
99.529
99.435

Stops
Stops

Stops

Stops

Stops

98.942
98.854
99.647

98.854
98.942
99.383
98.942
99.471
99.471
99.471
99.383
99.206

99.295

99.03
98.854
99.471
99.118
99.647
99.206

99.03
99.118
99.295

99.206
98.942
98.854
98.942
99.206
98.942
98.942
99.471
98.854
99.471

99.03
99.471
98.942
99.206
98.942
99.471
99.383

99.03
99.206



14936_3_17
9263 7_70
14936_2_32
5193 8 9
14936_3 57
5193 8 3
14936_3 42
10315 _6_41
Klebsiella_sp_MS_92-3
5150 3 2
9263_7_28
5193 7_10
Klebsiella_pneumoniae_subsp_pneumoniae_ KPNIH12
5193 2 12
51978 2
5235 8 8
0878 1 2
14936_2 39
5235 3 4
9517 7 21
5193 6 12
14936_3 91
5193 6 4
5151 5 8
5193 1 6
Klebsiella_pneumoniae_1162281
5150 3 1
14936 _2 63
14936 _2 87
5299 7 1
5299 7 3
14936_3 86
10356 _5_80
5197 8 6
9263 7_38
14936_2_83
10315_6_19
10315 _6_78
5193 7.9
10315 6 42
5235 2 6
14936 3 84
5299 1 10
14936 3 28
5197 2 2
5193 8 7

Stops

174

99.341

90.969
90.781
99.529
99.529
99.529
99.341
99.529

100
99.529
90.499
99.529
99.341
99.341
99.058
99.529
99.529
99.435
99.529
99.153
99.529
99.529
99.529
99.247
99.247
99.247
90.969
90.969
99.153
99.435
99.529
99.812
99.058
99.529
90.969
99.529
99.529
99.529
99.435
99.529
99.341
99.341
99.341
99.529
91.345

Stops
Stops

Contig

Stops

Stops

Stops
Stops

Stops

99.295
99.206

98.854
99.471
99.471
99.118
99.383

99.471

99.471
99.383
99.118
98.942
98.854
98.854
98.942
99.471
99.383
98.854
99.383

99.647
99.383
99.647

99.383
99.383
98.854
99.206
98.942
99.471

98.854
98.854
99.295
99.471
99.471
99.206
98.942
99.118
98.854
89.251



5193_6_11
14936_3 83
9263_7_31
14936_3_10
14936_3_75
Klebsiella_sp_4_1_44FAA
5151_3_8
5193_8_2
14936_3_55
5197 71
14936_3_58
5151 6_12
5235_6_6
10315_6_87
14936_2_71
9517_7_26
5151 _6_3
5193 1 12
10315_6_8
14936_2_38
14936_3_63
14936_2_73
5197_2 3
14936_2_57
5235_3 5
5151 5 6
14936_3_95
14936_2_8
5193_3_ 7
10356_5_77
14936_2_44
5299 1 2
9517_7_23
5151_6_10
5151 5.5
14936_3_62
5151 5_11
14936_2_52
14936_3_60
Klebsiella_pneumoniae_subsp_pneumoniae_ KPNIH16
10315_6_27
14936_2_29
14936_2_53
14936_2 91
5193_6_8
14936_2_43

Stops

175

99.153
99.529
99.529
90.969
99.529
99.623
91.816
99.435
99.341
99.623
99.529
91.533
99.153
99.812
90.969

99.529
99.341
99.529
99.529
99.529
99.058
99.529
90.969
99.623
91.627
99.058
99.058
99.623
99.529
90.969
99.153
99.529
99.529
99.529
99.058
99.341
90.969
99.529
99.529
99.341
90.969
90.969
90.969
99.153
90.969

Stops

Stops

Stops

Stops

Stops

Stops
Stops
Stops

Stops

99.383
99.118
99.471

99.03
99.206
89.604
99.471
98.942
99.383
98.854
89.075
99.383
99.206

99.206
99.295
99.295
98.854
98.854
99.471
98.942
99.471

99.03
89.163
98.942
98.942
99.206
98.854

98.942
99.471
99.118
98.942
98.942
99.295

99.03

99.471
99.118

99.118



10315_6_74

10315_6_40

5235 2 8

5235 5 12

9263 7_69 Stops
14936_3 65

14936_3 40

5151 2 6

5150 1 4

5193 5 2

5150 2 6

14893 8 88
Klebsiella_pneumoniae_subsp_pneumoniae_ KPNIH6
9878 1 11

5193 3 5

9263 7_24

9517_7_9 Stops
5151 5 2

5193 1 9

14936_3 49

10315 6 68

5150 5 7

5151 2 9
Klebs_pneumoniae_subsp_rhinoscleromatis ATCC_13884
Klebsiella_pneumoniae_subsp_pneumoniae_ WGLW3
9263_7_41

5193 8 5

14936 2 3

5151 2 1

14936_3 90

14936_3 44

14936_3 29

14936_2 59
Klebsiella_pneumoniae_subsp_pneumoniae_ KPNIH11
5197 2 4

14936_3 14

14936_3 23

10315_6_82

10315 _6_51

5193 6 6

5193 1 10

14936 2 34

14936_3 26

14936 2 2

14893 8 75

9263 7_68 Stops

176

99.341
99.341
99.906
99.529

99.529
99.529
99.341
99.529
99.623
99.435
99.341
99.529
99.812
99.058
99.529

99.247
99.529
99.341
99.812
99.247
90.593
99.341
99.058
99.529
99.529
99.529
99.247
99.529
99.341
99.341
99.058
99.529
90.593
99.529
99.529
99.529
99.341
99.623
92.474
90.969
99.341
99.529
99.623

Stops

Stops

Stops

99.295
99.206
99.912
99.471
99.206
98.854
99.471
99.383
99.383
99.647

99.295
99.471
99.206
98.942
99.471
99.206
99.383
99.295
98.942
99.206
98.854

99.03
98.942
99.471
99.471
98.854
99.647
98.854
99.295
99.295
98.942
99.471

98.854
98.854
98.854
99.118
99.383
89.075

99.118
98.854
99.471
99.206



9517_7_10
14936 2 4
5150 3 6
5151 6_1
5235 5 7
14936_3_30
9878_1 4
14936_2_21
9263_7_64
14936 2 54
10315 6 9
14936 2 16
14936_2_10
10315_6_34
5235 7 12
5193 5 10
14936_3_33
14936_2_67
14893 8_70
15277_3_60
5197 7 6
52355 8
5193 2 11
14936_3_48
10356_5_78
5197 2 12
14936_2_69
5151 6 6
5150 5 2
14936_3_50
Klebsiella_pneumoniae_subsp_pneumoniae_ KPNIH5
5151 3 11
52355 10
5235 7 7
14936_3_34
5193 5 6
14936_3_93
5193_8_11
5151 5 7
5151 5 9
9263_7_44
5151 3 10
5299 7 6
9263_7_36
52351 11
9263_7_58

Stops

Stops

Stops

177

99.435
99.247
99.529
99.529
99.341
99.529
99.058

90.969
99.529
99.058
99.435
99.435
99.623
99.529
99.341
90.969
99.341
90.969
99.247
99.623
99.529
99.341
99.812
90.593
90.969
99.529
91.251
99.529
99.529
99.529

99.529
99.529
90.593
99.529
99.153
99.812
91.345
99.529
99.623
99.529
99.529
99.435

Stops

Stops

Stops

Stops
Stops

Stops

Stops

99.206
99.295
99.471
99.471
99.383
99.295
98.854
98.942
99.206

98.854
98.942
99.295
99.471
99.295
98.765
99.118

99.295

99.383
99.647
99.471
98.942
99.206

99.206
89.075
99.206
99.471
99.118

99.03
98.854

99.471
99.383
99.295
89.515
99.471
99.383
99.383
99.471

99.03
99.206



5151 2 3
14936_2_26
5193 5 11
14936_3 77
9263 7_39
5235 8 4
5299 7 2
14936_3 53
10315 _6_75
14936_2 51
14893 8_69
5150_3_10
14936_2_6
5235 6_2
14936_3 76
14936_2 58
5193 1 7
5193 7.8
Klebsiella_pneumoniae_subsp_pneumoniae_ KPNIH20
10315 6 5
5150 2 8
5150 2 2
9263 7_67
5197 8 12
14893 8 80
5150_2 5
5235 8 6
9263 7 43
14936 2 78
14936 2 27
5150 2 12
14893 8 72
5150 5 5
5150 2 7
5235 2 12
5151 6 5
14936_2_55
5193 3 1
5151 2 11
5193 3 10
14936 3 18
5151 6 7
9517 7 20
5193 3 6
14936 3 52
14936_3 16

Stops

178

99.529
99.529
99.529
99.529
99.529
99.529
99.529
99.435
99.812
90.969
90.875
99.247
99.529
99.529
99.529
90.969
99.623

90.31
99.529
99.529
99.341
90.687

99.718
90.875
99.623
99.529
99.529
90.969
99.529
99.341
99.341
99.341
99.247
99.435
99.623
90.969
90.969
99.718
99.529
99.529
99.529
99.153
99.058
99.529
99.247

Stops
Stops

Stops

Stops

Stops

Stops

Contig

Stops
Stops

99.471
99.295
98.765
99.118
99.471
99.471
98.854
99.206
99.206

99.383
98.854
99.383
99.471

99.383

99.471
98.854
99.295
89.515
99.206
99.295

99.03
99.295
99.471

99.295

99.206
99.471
99.295
99.471
99.118

98.942
99.295
99.471
98.942

92.24
98.942
99.118
99.295



5193 2 8
5193 1 8
5193 3 4
5197 7 3
14936_3 36
9517 7 4
5235 1 4
5193 8 6
5235 5 11
9878 1 3
14936_3_69
5193 5 1
14936_2_41
14936_2 64
14936_3 19
5193 2 4
10315 _6_58
Klebsiella_pneumoniae_ NTUH-K2044
14893 8 84
5151 2 8
5299 1 9
5151 5 3
10315_6_61
5235 1 1
5235 7 2
14936_3_7
14936 _2 84
9263 7 50
5151 2 10
9263 7 29
10315 6 57
9517 7 28
10315 _6_49
51505 4
14936_2 19
5193 2 9
10315_6_66
9263 7_49
14936_2_92
5151 5 10
5193 8 10
9263 7 60
9517 7 14
5235 1 12
5151 6 8
10356_5_86

Stops
Stops

Stops

Stops

Stops
Stops

179

99.435

99.247
99.529
99.341
91.816
99.529
99.623
99.529
99.341
99.247
90.969
90.969
99.529
90.593
99.529
99.247
99.623
99.341
99.529
99.529
99.623
99.435
99.529
90.969
99.435

99.247
99.529
99.529
99.529
99.812
99.058
99.529
99.529
99.529

90.969
92.192
99.529

99.247
99.529
99.435

Stops
Stops

Stops

Stops

Stops

99.471
99.559
97.061
99.559
99.471
99.295
89.604
99.471
99.295
98.854

99.03
99.295

99.471

99.383
99.647
99.471
99.471
98.942
99.118
99.383
99.471
99.383

99.471
99.206
99.383
99.471
98.854
98.765
99.206
98.942
98.854
99.471
98.854
99.206

89.515
99.471
99.206
99.206
98.942
99.118
99.295



5299 1 12
5193 8 4
5151 3 6
5150 3 7
5299 1 8
9263 7_76
Klebsiella_pneumoniae_JH1
5235 2 5
5193 1 1
10315_6_2
14936_3 71
10315_6_17
14936_2_ 74
9263 7_32
14893 8 90
Klebsiella_variicola_At-22
9263 7_63
5235 8 5
5151 5 4
5150 3 11
14936_2_65
5197 8 7
9517_7_25
5299 7.5
14936_3 68
10315_6_13
14893 8 86
9263 7 73
14893 8 87
5235 3 2
5235 7 11
5150 3 3
14936 2 81
14936 3 12
5151 3 5
9263 7_40
5235 8 2
14936_2_9
14936_2_61
14936 2 90
5235 3 9
10315 6 52
10315 6 96
5197 8 4
14936 2 11
5193 1 4

Stops

Contig

Stops

Stops

Stops

180

92.286
99.341
99.529
99.623
99.435

99.435
99.247

99.529
99.153
99.529
90.969
99.529
99.341
91.345

99.435
99.529
99.623
90.969
99.529

99.623
99.058
99.529
99.341

99.623
99.341
99.529
99.623
90.969
99.341
99.247
99.529
99.247
99.529
90.969
90.969
99.718
99.623
99.341
99.435
99.529
99.247

Stops

Stops

Stops

Stops
Stops

89.515
99.118
99.118
98.942
99.295
99.206
99.206
98.942
99.295
98.854
99.559
98.854

99.471
99.118
89.075
99.206
99.295
98.942
99.383

99.471
99.206
98.942
98.942
98.854
99.206
99.206
99.471
99.471
99.383
99.383

99.324

99.03
99.471
99.559
98.854

99.206
99.03
99.295
99.03
99.383
99.647



5150 2 4

10315 6 6

14936_3_11

5150_1 5

14936_2_60

14936_2_28

14893 8_76

10315_6_39

5151 5 1

9263_7_45

14936 2 82

5151 2 5

9263_7_33
Klebsiella_pneumoniae_1191100241
5151 6 2

5235 3 6

14936_2_75

5197 2 1

10315_6_70

5235 5 2

9517_7_17

5235 2 1

51972 9

Klebsiella_pneumoniae_ KCTC_2242
5193_8_8

5151 6 11

14936 2 7

14936_3 2

14893 8 81

5150 5 11

14936_3_35

10315 6_28

5193 6 1

14936_2_86

10315_6_89

10315_6_80

9878 1 5
Klebsiella_pneumoniae_subsp_pneumoniae_1084
14936_2_35

5299 7 10
Klebsiella_pneumoniae_subsp_pneumoniae_ KPNIH21
10315 6_10

9263_7_71 Stops
5299 1 4

10356_5_76

14936_2_76

181

99.341
99.529
90.875
99.623
90.969
99.529
90.875
99.529
99.623
99.529
90.969
99.058
99.529
99.623
99.529
99.435
90.969
99.435
99.341
99.718
99.529
99.341
99.623
99.341
99.529
99.529
99.529
99.341
99.529
99.529
99.529
99.529
90.875
90.969
99.812
99.529
99.529
99.247
99.529
99.435
99.529
99.529

99.529
99.812
90.969

Stops

Stops

Stops

Stops

Stops

Stops
Stops

Stops

99.295
98.854

99.295

98.854

99.383
99.383
99.471

98.942
99.471
99.03
99.03
99.295

99.471
99.295
99.295
99.471
99.295

99.03
99.383
98.854
99.118
98.854
99.118
98.854
98.765
99.559
98.854

99.206
98.854
98.854
99.647
98.854
99.471
99.471
98.854
99.206
98.942
99.206



14936_3 54
5235 7 4
14936 2 31
5193 6_3
10315 _6_71
5235 5 5
5193_7_5
10356_5_85
5235 5 6
14936 3 37
9263_7_27
5193 3 12
14936_3_94
5150_5_9
5193.8_1
5150 3 8
10315 _6_77
5235_6_12
10315 _6_92
14936_2_50
10356_5_79
10315_6_65
9517 _7_13
9263 7_72
51933 9
14936_2_93
9263 7_74
14936 _3_27
14936_3_45
9263_7_54
14936_3_21
14936 _2_36
5193_6_10
5193 7 2
14893 8_92
9263_7_35
5150_5_10
14936_3_64
9878_1_6
5299 1 3
14893 8 85
5150 1 11
9263_7_46
Klebsiella_sp_1 1 55
14893 8 74
14936_2_66

Stops
Stops

Stops

Stops

182

99.341
99.529
99.058
99.153
99.812
99.529
99.341
99.812
99.529
99.529
99.529
99.623
99.058
99.341
99.529
91.345
99.529
99.623
99.812
90.969
99.812
99.341

99.435
90.969

99.341
99.341

99.529
99.529
99.812
99.529
99.341
99.529
99.812
99.529
99.529
99.529
99.529
99.435
99.529
91.345
99.623
99.529

Stops

Stops

98.942
99.118
98.942
99.118
99.206
99.471
99.295
99.206
98.765
99.471
99.471
99.383
98.942
98.942
99.471
89.075
98.854
93.122
99.206

99.206
98.942
99.206
99.206
99.383

99.206
99.118
98.942
99.206
98.854
98.854
99.912
99.471
99.118
99.471
99.206
98.854
98.854
99.206
99.471

99.03
99.471
89.251
99.471
98.942



14936_2_95
9517 7_12
14936_3 31
10315 _6_88
10356_5 87
9263 7_52
10315 _6_45
14893 8 71
Klebsiella_pneumoniae_subsp_pneumoniae_ KPNIH17
5150 5_12
5299 1 1
10315_6_60
5235 3 7
5193 2. 5
5197 8 1
14936_3 79
5150 1 9
10315 6 59
14936_3 56
10315 6 31
9263 7 51
14936_3_6
10315_6_7
14936_2_68
10315_6_38
14936_2_88
14893 8 91
10315 _6_20
5193 2 7
10315 6 53
10315 6_79
14936 _3 61
5235 6 7
14936_2_79
523519
14893 8 82
14893 8 77
5150 5 1
14936_2_14
9263 7 53
10315 6 44
14936 2 46
14936 3 43
5150 2 1
14936 3 3
5235 1 7

Stops

Stops

Contig

Stops

Stops

183

99.435

99.435
99.529
99.529

99.529
99.341
99.529

99.529
99.058
99.529
99.529
99.623
99.529
99.529
99.529
99.529
99.529

99.341
99.529
90.969
99.058
99.058
90.969
99.529
99.435
99.341
99.529
99.529
99.435
90.969
99.435
99.341
99.341
99.435
99.529

99.529
90.969
99.341
90.687
99.529
99.529

Stops

Contig

Contig

Stops

Stops

Stops

Stops

Stops

99.471
99.206

99.03
99.471

99.206
98.854
99.295
99.471

99.559
98.942
99.383
99.471

99.03
98.854

99.471
98.854
99.471
99.206
99.118
98.854

98.942
98.942

98.854

99.03
99.295
98.854
99.206
99.206

99.295
99.295
99.206

99.03
98.854
99.206

99.03

99.295

98.765
99.383



14936_2_ 89

5197 8 11

523515

9263_7_30

10315_6_76

Klebsiella_pneumoniae_342

52358 7

5193 2 3

14936_2_49

14936 2 24

5299 7 8

5299 1 11

Klebsiella_pneumoniae_subsp_pneumoniae_ KPNIH14

9263 7_75 Stops
5151 2 2

9517_7_18

5193 .2 2

10315 _6_67

14936_3_92

14936_3_89

9517_7_27 Stops
Klebsiella_pneumoniae_subsp_pneumoniae_ KPNIH19

9517_7_24 Stops
9517 7 7

5151 6 9

52351 8

9263 7_25

10315 6_93

5150 2 11

5193 1 5

14936 _2_17

14936 2 5

5150 5 3

5197 7.8

Klebsiella_pneumoniae_subsp_pneumoniae_ WGLW1

5197 8 5

9263 7_42

10315 _6_23

5235 73

14936 3 74

9517_7_22 Stops
Klebsiella_pneumoniae_subsp_pneumoniae_ KPNIH8

5151 2 4

5235 5 3 Contig
14936 3 1

Klebsiella_pneumoniae_subsp_pneumoniae_ KPNIH2

184

99.058
99.906
99.529
99.529
99.529
91.157
99.153
90.687
90.969
99.529
99.529
99.247
99.529

99.247
99.529
99.529
99.812
99.529
99.529

99.529

99.529
99.623
99.529
99.529
99.812
99.529
99.529
99.529
99.529
99.247
99.247
99.058
90.687
99.529
99.435
99.529
99.529

99.529
99.247

90.969
99.529

Stops
Stops

Stops

Stops

98.942
99.912
98.942
99.471
99.471
88.899
99.383

98.942
98.854
99.383
99.471
99.206
99.647
98.854
99.471
99.206
98.854
98.854
99.206
99.471
99.206
99.471
99.206
98.854
99.471
99.206
98.854
99.295
98.854
98.854
99.118
99.647
98.942

99.471
99.206
99.118
98.854
99.206
99.471
99.647
99.118

99.471



9517_7_8 99.529 99.471

14893_8 83 99.529 98.854
5235_6_5 99.153 99.383
5235 71 99.529 99.383
14936 _2 94 99.435 99.471
5197_2 10 99.529 99.471
5235 1 6 99.623 99.295
5197 2 7 99.529 99.471
52351 3 99.247 99.206
5299 7 9 99.341 99.824
14936_2_22 99.058 98.942
52351 2 99.529 99.383
14936_2_18 99.058 98.942
14893 8 73 99.341 99.295
14936_2 56 90.969 Stops

Klebsiella_pneumoniae_subsp_pneumoniae_ KPNIH10 99.529 99.471
5235 2 7 99.529 99.03
9263 7_37 99.529 99.471
5235_8_10 91.533 89.251
5151 3 7 99.623 99.03
9263_7_47 99.529 99.471
14936_3 5 90.969 Stops

5193 8 12 0 99.912
5299 1 5 91.902 Stops

10315_6_24 99.529 98.854
14936_3 41 99.529 98.854
14936_3 59 99.341 99.118
14936_3 81 99.529 98.854
5150_1 7 91.345 89.075
14936 2 1 99.153 99.559
14936_3 25 99.529 98.854
9263_7_65 Stops 99.206
14936 _2 13 99.435 99.295
5193 2 10 90.593 Stops

10315_6_54 99.341 99.295
5235 5 1 0 Stops

10315_6_29 99.529 98.854
5193 6 2 99.906 99.559
5235 6 1 99.529 98.942
5193_6_7 Stops 99.118
14936_3 15 99.529 98.854
14936 3 4 99.341 99.118
10315 6 18 99.529 98.854
14936_3 46 99.341 98.942
9517_7_19 99.529 98.854
51978 9 99.435 99.295

185



9263_7_66 Stops
14936_3 88

5150_1_10

5197_7_2

5197 7 4

5197 7.5

10315_6_69

5193 7_1

14936_2_40

5150 3 9

10315 6_73

10315 6_43

5151 2 12

14936_2_70

14936_3_38

5235_6_10

5193 5 9

14936_2_45

5150 1 3

9517_7_11 Stops
5150 1 8

5150_2_3

14936_2_85

9878_1_9
Klebsiella_pneumoniae_subsp_pneumoniae_ KPNIH1
9263_7_62 Stops
14936_3_67

14936_3_73

10356 _5_81

5235_3 12

5151 3 2

5235 2 2

10315 6_3

5197 2 11

14936_3_32

5193_6_5

5193 5 8

14936_3_82

5193 1 11
Klebsiella_pneumoniae_subsp_pneumoniae_JC2877
Klebsiella_pneumoniae_subsp_pneumoniae_ KPNIH9
5193 6 9

5193 7 6

5235 8 9

14936_3_20

14936_2_37

186

99.623
99.529 Contig
99.058
99.529
92.286
99.341
99.529
99.058
99.529
99.529
99.529
91.063
90.969 Stops
99.529
99.529
99.529
90.969 Stops
99.529

91.722
99.529
99.435
99.812
99.529

99.435
99.341
99.341
99.623
99.529
99.435
99.529
99.247
99.435
99.529
98.964
99.529
99.529
99.247 Stops
99.529
99.529
99.623
99.529
99.341
90.969 Stops

99.206
99.03

99.295
98.854
89.075
99.295
98.854
98.942
99.295
98.854
98.854
88.987

99.471
99.471
98.942

99.206
99.206
89.075
99.559
99.471
99.206
99.471
99.206
99.118
99.295
99.295
99.295
99.647
97.316
98.854
99.295

99.03
98.942

99.03
99.118
99.295

99.471
98.942
99.383

99.03
99.295



10315_6_72
5193 2 6

5193 5 12

9517 7 2

5235 1 10

5235 6 9

5235 2 3

5235 6 3

14936_3 87

14936_2 77

5197 2.5

14936_2_80

14936_2_23
Klebsiella_pneumoniae_subsp_pneumoniae_ KPNIH23
5235 8 3

5150 3 5

9263 7 59

5235 7 5

Stops

Contig

Stops

187

99.341
99.341
99.529

99.341
99.341
99.718
99.435
99.529
90.969
90.593
99.058
99.529
99.529
99.623

99.341

Stops
Stops

99.206
99.383
99.383
99.206
98.942
99.471
98.942
99.295
98.854

98.942
98.942
99.471

99.03
99.295
99.206
98.942





