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Abstract
The translocation and assembly module (TAM) is capable of assembling outer
membrane proteins, but its function has remained enigmatic in that: (i) only the
AIDA-like autotransporter family had been shown to require the TAM, and (ii)
outer membrane protein biogenesis is generally considered to be catalysed only
by the β-barrel assembly machinery (BAM) complex. To assess whether the TAM
plays a broader role in β-barrel assembly, I developed a pulse chase assay to
characterise the specific contributions of the TAM and the BAM complex for a
range of outer membrane protein substrates.

Working on the hypothesis that the TAM assembles more complicated outer
membrane proteins that diverge from the classical β-barrel architecture, five
candidate TAM substrates were analysed for their requirement of the TAM: FimD
(a fimbrial usher), intimin (an inverse autotransporter), TolC, PhoE, and LptDE.
While the PhoE data was inconclusive, the four remaining candidate substrates
were found to have varying requirements for the TAM. Furthermore, six related
fimbrial ushers and a second inverse autotransporter were also confirmed to
require the TAM for efficient biogenesis.

FimD contains an unusual extracellular loop that is readily proteolytically
degraded on addition of exogenous proteinase K. Because distinct proteolytic
fragmentation "fingerprints" were generated depending on the presence or
absence of the TAM, this provided a tool to dissect the contribution of the TAM
toward FimD biogenesis. The TAM was subsequently found to initiate β-barrel
assembly from the C-terminal end of the substrate, and while the BAM complex
iii

was also capable of assembling FimD, it was significantly less efficient because it
initiated β-barrel assembly from a central region of the protein. This data was
interpreted to mean that the BAM complex is subsidiary to the TAM during
fimbrial usher biogenesis.

In contrast, although assembly of the LptDE complex was also shown to be
assisted by the TAM, considering both the BAM and LptDE complexes are essential
(but the TAM is not), the TAM likely plays a minor role in LptDE assembly that is
subsidiary to the BAM complex. As such, the hypothesis that only the BAM
complex is necessary for β-barrel biogenesis should be extended to include the
contribution that TAM makes - depending on the substrate - as either the major or
minor outer membrane protein insertase.
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Chapter 1 – Cell envelope biogenesis
1.1 Introduction
Escherichia coli is the paradigm Gram-negative bacterium used as the preferred
model for protein purification, genetic modification and studying the biology of
phages or bacteria (Cronan, 2001). All bacterial proteins are synthesised within
the cytoplasm and constitute about 60-70 % of the dry weight of the cell
(Emmerling et al., 2002; Fischer & Sauer, 2003; Taymaz-Nikerel et al., 2010).
Roughly 70 % of proteins remain within the cytoplasm where they play diverse
roles, including catalysis of fatty acid biosynthesis, DNA replication, RNA
transcription and protein translation (Bernsel & Daley, 2009; Elofsson & von
Heijne, 2007). The remaining 30 % of the proteome is localised to the cell envelope
or secreted into the extracellular milieu (Figure 1.1.1).

Our understanding of bacterial cell biology is constantly evolving with the
technology and techniques employed to understand it. Indeed, models for cell wall
architecture and protein biogenesis are constantly being refined as new data
contradicts accepted paradigms. The traditional belief that the cell wall adopts a
uniform structure is now being overturned in favour of a non-uniform, but highly
organised architecture (Nguyen et al., 2015). What was once thought to be rare
examples of surface-exposed lipoproteins is now known to be much more
widespread (Konovalova & Silhavy, 2015; Wilson & Bernstein, 2016). The need
for the β-barrel assembly machinery (BAM) complex in assembling all integral
outer membrane proteins (OMPs) has recently been challenged (Dunstan et al.,
2015). In keeping with this evolution of our knowledge, this thesis will investigate
the importance of the translocation and assembly module (TAM) - discovered by
1

Figure 1.1.1 Extracytoplasmic proteins.
Ribbon diagrams of extracytoplasmic proteins in various sub- or extra-cellular locations. Integral
inner membrane (IM) proteins, such as SecY (PDB: 3DIN), contain at least one transmembrane αhelix. Lipoproteins, such as ApbE (PDB: 2O18) and LptE (PDB: 4N4R), contain a lipid moiety
embedded within the periplasmic leaflet of either membrane, and a globular polypeptide region
that usually resides within the periplasm. Periplasmic proteins, such as SurA (PDB: 1M5Y), are
globular and, as their name suggests, reside within the periplasm. Integral outer membrane (OM)
proteins, such as OmpG (PDB: 2X9K), typically adopt a β-barrel architecture. Proteins that are
localised extracellularly but remain associated with the cell are considered to be "secreted"
proteins. Intimin, itself a β-barrel protein (PDB: 4E1S) anchored to the cell wall (via its LysM
domain, PDB: 2MPW), secretes its passenger domain (PDB: 1F02 and a Phyre2 homology model of
residues 455-653 modelled after the same domain from invasin PDB: 1CWV) into the extracellular
milieu for host cell attachment (Leo et al., 2012). Extracellular proteins that do not remain
associated with the cell are instead referred to as "excreted" proteins. EspP contains a C-terminal
β-barrel (EspP-C, PDB: 2QOM) domain and an N-terminal protease (EspP-N, PDB: 3SZE) region,
and following an autocatalytic proteolysis event, EspP-N is excreted through EspP-C into the
extracellular milieu (Leo et al., 2012).
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Selkrig et al. (2012) - in assembling β-barrels in E. coli.

1.2 Phospholipid biogenesis
Phospholipids are the major constituents of biological membranes. They are
amphiphilic molecules comprised of two fatty acyl chains (lipophilic region) and
a phosphate-containing "head group" (hydrophilic region) connected via a
glycerol backbone. The fluidity of the membrane is controlled mainly by the
saturation of the fatty acid "tail" groups, where saturated fatty acids increase
membrane rigidity and unsaturated fatty acids increase membrane fluidity. This
aspect is especially important during thermoregulation, where cooler
temperatures require a more fluid membrane and conversely, warmer
temperatures require a more rigid membrane (Casadei et al., 2002; Morein et al.,
1996). For example, the saturated:unsaturated fatty acid ratios reported by
Morein et al. (1996), were found to be 1:1.78 at 17 °C, 1:1.18 at 27 °C and 1:0.94
at 37 °C, based on the fatty acid averages using a 2:1 weighting for inner
membrane (IM) and outer membrane (OM) content, respectively.

In practice, there may be hundreds of phospholipid species within a bacterial
membrane (Dowhan, 1997), but the most common E. coli phospholipids are
phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and cardiolipin (CL)
harbouring two of the three fatty acids: palmitic acid (C16:0), palmitoleic acid
(C16:1) or vaccenic acid (C18:1) (Lugtenberg & Peters, 1976; Morein et al., 1996)
(Figure 1.2.1). The diversity among phospholipids, at least in
Gammaproteobacteria, is in part due to their ability to incorporate exogenous
fatty acids during phospholipid biosynthesis, which are imported by the FadL3

Figure 1.2.1 Composition of phospholipids.
The chemical structure of the most common saturated (red) and unsaturated (blue) fatty acids and
phospholipid head groups (green) that comprise E. coli phospholipids are shown. Relative
amounts given are taken from (Morein et al., 1996).
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FadD pathway (Parsons & Rock, 2013; Rock & Cronan, 1996) (Figure 1.2.2).
However, the bulk of the phospholipid fatty acid component is comprised of
endogenous fatty acids, which are synthesised via the type 2 fatty acid
biosynthesis (FAS2) pathway (Parsons & Rock, 2013).

The FAS2 pathway makes use of an acyl carrier protein (ACP) (Figure 1.2.3) that
chaperones a growing fatty acyl chain between successive enzymes in a series of
elongation steps. With each cycle of elongation, two carbons are added to the acyl
chain of the acyl-ACP intermediate. When the chain-length reaches ten carbons,
the acyl chain may remain saturated or desaturate into an ω-7 fatty acid (Parsons
& Rock, 2013; Yao & Rock, 2013). In either case, chain elongation will continue
and with each successive iteration, acyl-ACPs become poorer substrates for FAS2
enzymes and better substrates for phospholipid synthesis enzymes (Parsons &
Rock, 2013; Yao & Rock, 2013).

Phospholipid biogenesis begins with the synthesis of phosphatidic acid (PA), the
simplest of, and precursor to, all phospholipid species (Yao & Rock, 2013). E. coli
contains two pathways involved in PA synthesis, the two-step PlsB pathway,
which is essential, and the three-step PlsX/Y pathway, which can only incorporate
endogenous fatty acids into PA (Yao & Rock, 2013; Zhang & Rock, 2008) (Figure
1.2.4). Following synthesis, PA is converted into a nucleolipid that acts as the
major branch point for phospholipid differentiation into negatively charged
phospholipids, PG and CL, or zwitterionic phospholipid species, including PE
(Figure 1.2.5). Although it is clear that phospholipids are constituents of the IM
and the periplasmic leaflet of the OM, the mechanisms by which trans- and inter5

Figure 1.2.2 Exogenous fatty acid import of long chain fatty acids.
An illustration of exogenous fatty acid import is shown using palmitate as the example. Chemical
structures of each fatty acid species and a ribbon diagram of FadL (PDB: 1T16) are shown.
Palmitate is imported into the periplasm through FadL and subsequently protonated in the H+-rich
periplasm to form palmitic acid. Although the mechanisms by which fatty acids enter the inner
membrane and flip to the cytoplasmic leaflet are unknown, passive diffusion is thought to play the
major role (Kamp & Hamilton, 2006). FadD responds to the presence of an appropriate substrate
(i.e. palmitic acid) by peripherally associating with the inner membrane. Following the ATPdependent activation of its substrate by the attachment of coenzyme-A (CoA), FadD dissociates
from the membrane (Yao & Rock, 2013).
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Figure 1.2.3 Acyl carrier protein maturation.
apo-ACP is converted into holo-ACP via the covalent attachment of a 4'-phosphopantetheine from
CoA onto a conserved serine residue (Roujeinikova et al., 2007). During the elongation steps of the
FAS2 pathway, acetates are sequentially added to the thiol residue of the 4'-phosphopantetheine.
In this example, a six-carbon acyl group is currently attached, but will undergo successive rounds
of elongation. Ribbon diagrams of the apo-ACP (PDB: 1T8K) and holo-ACP (PDB: 2FAC) are shown.
Ball-and-stick representations of the atoms comprising the conserved serine-36 (prosthetic group
attachment site) are coloured as follows: grey carbons, red oxygens, blue nitrogens, yellow
sulphur, green phosphor, and hydrogens are omitted.
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Figure 1.2.4 Phosphatidic acid synthesis.
PA synthesis may follow one of two pathways (Parsons & Rock, 2013). In both examples, palmitic
acids are used to demonstrate incorporation of fatty acids moieties and enzymes that form a
similar product are coloured the similarly. a, Many prokaryotes synthesise phosphatidic acid via a
three-step mechanism that can only incorporate endogenous fatty acids. b, Gammaproteobacteria
typically utilise a two-step mechanism for synthesising phosphatidic acids. The dashed lines
indicate that either exogenous or endogenous fatty acids may be incorporated. c, The chemical
structures of phosphatidic acid and its intermediates are shown, where their coloured background
corresponds to the species shown in "a" and "b". G3P represents glycerol-3-phosphate and Pi
represents inorganic phosphate
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Figure 1.2.5 Phospholipid differentiation from phosphatidic acid.
Synthesis of the major and minor E. coli phospholipid species occurs at the cytoplasmic leaflet of
the inner membrane. Precursor phospholipids (yellow) may differentiate either into zwitterionic
(green) or negatively-charged (red) phospholipids as indicated (Parsons & Rock, 2013). The
enzymes that catalyse a particular reaction are shown in bold typeface and all fatty acid moieties
depicted are derived from palmitic acid. G3P represents glycerol-3-phosphate, Pi represents
inorganic phosphate, and CMP and CTP represent cytidine mono- and tri-phosphate, respectively.
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bilayer phospholipid movement occurs are largely unknown (Figure 1.2.6).
Considering this movement is rapid in natural membranes (Donohue-Rolfe &
Schaechter, 1980; Huijbregts et al., 1998; Kubelt et al., 2002) and significantly
slower in synthetic, model membranes (Kornberg & McConnell, 1971), a protein
component is potentially involved. Indeed, MsbA which catalyses the ATPdependent 'flopping' of lipid A during LPS biosynthesis (see Section 1.3), is
thought to participate in E. coli phospholipid flopping (Doerrler et al., 2004;
Doerrler et al., 2001; Eckford & Sharom, 2010) (Figure 1.2.6a). However, whether
MsbA actually plays a role in the transbilayer movement of phospholipid species
has been met with several criticisms (Tefsen et al., 2005), especially since
phospholipid flip-flop apparently does not require ATP (Donohue-Rolfe &
Schaechter, 1980; Huijbregts et al., 1998). Indeed, (Kol et al., 2001; Kol et al.,
2003a; Kol et al., 2003b) demonstrated that - rather than MsbA specifically classical transmembrane α-helices may act like a scaffold to support phospholipid
flip-flop (Figure 1.2.6a-b), which also satisfies the proteinacious component
requirement of transbilayer movement.

An integral inner membrane protein, PbgA, was shown to be involved in
anterograde shuttling of CL in Salmonella enterica subsp. enterica serovar
Typhimurium (Dalebroux et al., 2015). PbgA forms a tunnel for CL transfer from
the IM to the OM, but how PbgA interacts with the OM is unknown. In E. coli, an
OM lipoprotein, YraP, was recently identified and is thought to contribute to PG
antereograde trafficking (Maderbocus, 2012). If the E. coli PbgA homologue, YejM,
functions similarly to PbgA it may be that PbgA and YraP form an intermembranespanning complex (Figure 1.2.6c) that together facilitate phospholipid
10

Figure 1.2.6 Phospholipid transbilayer and interbilayer movement.
In E. coli, phospholipids constitute three of the four membrane leaflets, but are synthesised at the
cytoplasmic leaflet of the inner membrane. The mechanisms by which phospholipids transfer from
one leaflet to another are unknown (as indicated by question marks), but several hypotheses have
been proposed and are depicted here. The direction and type of movement is indicated in bold
typeface, and the phospholipid's original position (blue outline) and new position (blue outline
and fill) are shown. a and b, phospholipid transbilayer movement may be catalysed by MsbA (a
only) or may spontaneously occur with or without the assistance of transmembrane α-helices
(shown in pink) that act as a scaffold. c and d, no mechanisms for interbilayer phospholipid
trafficking in E. coli are known, although a potential and putative YejM-YraP complex may
somehow be involved (c only).
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anterograde trafficking.

To maintain an asymmetrical OM lipid bilayer, E. coli employ diverse mechanisms
to remove phospholipids from the outer leaflet of the OM. During OM stress, such
as on exposure to EDTA or antimicrobial peptides, E. coli may shed LPS molecules.
To restore the bilayer, phospholipids flop from the inner leaflet as a "quick fix"
until newly synthesised LPS may be inserted (Nikaido, 2003). In response to the
OM stress, LPS molecules are modified by the addition or removal of fatty acids or
sugar moieties to improve the quality of the OM and prevent further LPS shedding
(Needham & Trent, 2013; Wang & Quinn, 2010). OmpLA (also commonly named
PldA) or the maintenance of OM lipid asymmetry (Mla) proteins then destroy or
recycle the outer leaflet phospholipids and lysophospholipids, respectively, to
ensure OM asymmetry is maintained (Chong et al., 2015; Dekker, 2000;
Malinverni & Silhavy, 2009) (Figure 1.2.7).

Apart from being the main constituent of the biological membranes,
phospholipids act as substrates in a range of other biosynthetic pathways. To
maintain osmotic homeostasis, the "head" group from PG is donated to
membrane-derived oligosaccharides (Goldberg et al., 1981) and the remaining
diacylglycerol by-product may be recycled by DgkA (Zhang & Rock, 2008). Three
fatty acid moieties, two from PG and one from PE, are donated during lipoprotein
biosynthesis, generating a free "head" group and a 2-acyl-glycerophosphoethanolamine (see Section 1.5). In E. coli, this lysophospholipid may be
degraded into a free fatty acid by PldB or acylated by Aas to reconstitute PE
(Zhang & Rock, 2008). Additionally, the LPS modifications used to alter the OM
12

Figure 1.2.7 Maintenance of outer membrane asymmetry.
Phospholipids found in the LPS layer (red) destabilise the outer membrane and are subsequently
removed. The initial and intermediate locations (blue outline) and final position (blue outline and
fill) of the LPS layer phospholipid being transferred are also indicated. a, OmpLA normally exists
as a monomer, but when phospholipids enter the LPS layer, OmpLA activates into a dimer (PDB:
1QD6) and removes the fatty acid "tail" groups (Dekker, 2000). The phospholipid "head" and "tail"
groups may then dissociate back into the outer membrane and cytoplasm, and are probably
recycled as though they were exogenous material. For clarity, OmpLA generation of LPS layer
lysophospholipids, which are thought to have an alternate but unknown recycling pathway, are
not shown. b, The Mla pathway recycles LPS layer phospholipids by retrograde trafficking to the
inner membrane (Malinverni & Silhavy, 2009). MlaA and OmpC (PDB: 2J1N) interact in the outer
membrane, and it is thought that this interaction facilitates transfer of LPS layer phospholipid to
MlaC (Chong et al., 2015). Although the leaflet where the phospholipid is ultimately transferred to
is unknown, the periplasmic leaflet is used in this example.
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quality typically require phospholipid substrates (Needham & Trent, 2013; Wang
& Quinn, 2010).

1.3 Lipopolysaccharide biogenesis
LPS is the main component of the outer leaflet of the bacterial OM and one of the
major hallmarks of Gram-negative bacteria. All LPS contain a similar amphiphilic
architecture to phospholipids, with a lipophilic "lipid A" component and
hydrophilic "core oligosaccharide" and "O-antigen" components (Figure 1.3.1).
Unlike the phospholipid leaflet, the outer leaflet of the OM is incredibly rigid, due
to the dense packing of the acyl groups (typically six) attached to lipid A, as well
as the electrostatic interactions between divalent cations (e.g. Ca2+ and Mg2+) and
the negatively charged groups in lipid A and core oligosaccharides (e.g.
phosphates) (Wu et al., 2013). It acts as a structural barrier protecting against
harmful substances, including hydrophobic antibiotics, detergents and short chain
free fatty acids (Desbois & Smith, 2010; Zhang et al., 2013). Additionally, LPS is
considered to be an endotoxin based on the toxicity of the lipid A component to
the host (Raetz & Whitfield, 2002).

The core oligosaccharide can be divided into two regions: the inner core and the
outer core. The inner core invariably contains 3-deoxy-D-manno-oct-2-ulosonic
acid residues (Kdo, keto-deoxyoctulosonate) and also often contains L-glycero-Dmanno-heptose (Hep), whereas the outer core is more diverse and is usually
comprised of neutral or basic pyranose sugars (Frirdich & Whitfield, 2005). Five
E. coli outer core architectures are known, R1 to R4 and K-12 (Jansson et al., 1981)
(Figure 1.3.2), and a sixth mixed R1R4 architecture has also been reported,
14

Figure 1.3.1 Structural example of E. coli lipopolysaccharide.
Of the 5 core oligosaccharides and almost 170 O-antigen variations, the R1 core and O6 antigen
are highly prevalent within pathogenic E. coli (Appelmelk et al., 1994; Gibbs et al., 2004; Stenutz et
al., 2006). The number of O-antigen repeating units ('n') varies between 10 and 25 (Stenutz et al.,
2006) and the carbons involved in glycosidic or phosphoester bonding are numbered as shown.
Cartoon depictions of the various subunits may be identified using the legend to the right, where
Kdo represents 3-deoxy-D-manno-oct-2-ulosonic acid and Hep designates L-glycero-D-mannoheptose.
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Figure 1.3.2 The five E. coli core oligosaccharides.
The inner and outer core are indicated, and the lipid A and known O-antigen attachment sites are
also shown. The identity of each subunit is indicated in the legend below the core structures and
carbons involved in glycosidic or phosphoester bonds are numbered as shown.
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possibly arising from co-expression within strains harbouring both R1 and R4
core synthesis genes (Amor et al., 2000; Appelmelk et al., 1994).

Bacteria with an intact LPS are said to have a 'smooth' LPS phenotype, distinct
from the 'rough' phenotype (missing O-antigen) and the 'deep rough' phenotype
(missing both outer core and O-antigen). The term "rough" is used to indicate the
increasing hydrophobicity and permeability conferred on the OM (Frirdich &
Whitfield, 2005). The lipid A component is the only "essential" component of the
LPS layer, where lipid A mutants are normally inviable (Raetz & Whitfield, 2002).
Among very few interesting exceptions are two species of colistin-resistant
Acinetobacter: A. baumannii (Henry et al., 2012) and A. nosocomialis (Vila-Farrés
et al., 2015). These bacteria do not produce LPS, due to a defect in their lipid A
biosynthesis pathway. This presumably causes the bacteria to produce an OM
bilayer comprised entirely of phospholipid, where the upregulation of a range of
cell envelope and membrane biogenesis machineries enables the bacteria to
remain viable and resistant to the LPS-targeting colistin antibiotic.

Several strains within the Neisseria and Haemophilus species - particularly the
human pathogens - naturally lack an O-antigen, and produce lipooligosaccharide
(LOS, also known as "rough" LPS) instead of traditional LPS (Harvey et al., 2001).
However, these bacterial strains modify their LOS by attaching sialic acid residues
to their core oligosaccharide moiety, which functions to mimic host-cell
glycolipids and glycosphingolipids. As a result of the similar surface epitope, these
strains are able to evade detection by the host's immune defence (Harvey et al.,
2001). Most laboratory strains of E. coli, especially E. coli K-12 and B strains,
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typically generate LOS instead of LPS (Chart et al., 2000) (Figure 1.3.3), but they
do not modify their LOS to mimic host cells. Their LOS instead likely arose as an
evolutionary adaptation resulting from the numerous rounds of in vitro culturing
and genetic modification, such that these E. coli laboratory strains are rapidly
cleared by the host immune system (Browning et al., 2013; Chart et al., 2000).

E. coli K-12 strains produce the eponymous K-12 core oligosaccharide (Figure
1.3.3a) and due to an IS5 insertion in wbbL, cannot synthesise their O16 antigen
(Browning et al., 2013; Liu & Reeves, 1994). E. coli B strains - such as BL21 and
REL606 (and their derivatives) - produce a variant of the R1 outer core that lacks
the two α-D-galactose residues (Figure 1.3.3b, cf. R1 core from Figure 1.3.2). The
resulting 3-hexose ring outer core is formed because of an IS1 element disrupting
the gene whose product is responsible for incorporating the α-D-galactose
residues, waaT (Jeong et al., 2009).

Jansson et al. (1981) and Jeong et al. (2009) reported that the waaT inactivation
produces a 2-hexose ring outer core that also lacks the β-D-glucose residue an Oantigen would otherwise attach to. This would certainly be true if waaV, which is
involved in the attachment of that β-D-glucose residue (Heinrichs et al., 1998),
was also inactivated; however, the sequence of waaV indicates that WaaV should
be functional and polarity effects can be ruled because waaV is not located within
the operon waaT is a member of (Caspi et al., 2014). Instead, Prehm et al. (1975)
demonstrated that E. coli BB produce a 2-hexose ring outer core and perhaps
because E. coli B strains REL606, BB and BL21 share a common ancestor
(Daegelen et al., 2009), later groups may have inferred that E. coli B strains BL21
18

Figure 1.3.3 Lipooligosaccharide of common E. coli laboratory strains.
While laboratory strain E. coli may harbour O-antigen biosynthesis genes, at least one is nonfunctional and therefore these strains produce a rough LPS (LOS) variant instead. Depicted here
are the LOS from E. coli K-12 or BL21 parent strains, where each subunit is indicated in the legend
and carbons are numbered if they are involved in glycosidic or phosphoester bonding.
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and REL606 produce the 2-hexose ring outer core. The reason E. coli B strains
REL606 and BL21 do not produce O-antigen is instead due to an IS1 insertion that
disrupts wbbD (Jeong et al., 2009), whose product is involved in the biosynthesis
of the O7-antigen repeating unit (Riley et al., 2005).

Lipid A is comprised of two phosphorylated and acylated glucosamine sugars
connected via a characteristic β-1,6-glycosidic bond (Raetz & Whitfield, 2002).
Lipid A variability between bacterial genera is due to the length of their β-hydroxy
fatty acids, although each bacterial species may modify their lipid A in response to
environmental pressures by removing, adding, swapping or altering fatty acid
components (Needham & Trent, 2013; Raetz et al., 2007). Lipid A, along with two
Kdo residues from the inner core, are synthesised via the Raetz pathway, and the
remaining core oligosaccharide subunits are subsequently added by a series of
glycosyltransferases to produce a LOS molecule. (Raetz & Whitfield, 2002). LOS
synthesis occurs at the cytoplasmic leaflet of the IM, and once complete, MsbA
flops the LOS to the periplasmic leaflet where WaaL can transfer the O-antigen to
it, producing LPS (Raetz & Whitfield, 2002) (Figure 1.3.4).

There are about 170 known E. coli O-antigens, resulting in a diverse range of E.
coli serotypes (Stenutz et al., 2006). Like LOS synthesis, O-antigens are
synthesised at the periplasmic interface of the IM, but may proceed via one of
three distinct pathways: the Wzy-dependent pathway, the ATP-dependent
pathway or synthase-dependent pathway (Raetz & Whitfield, 2002). The majority
of E. coli O-antigens are assembled via the Wzy-dependent pathway (Figure
1.3.4a), although up to eight E. coli O-antigens are synthesised via the ATP20

Figure 1.3.4 O-antigen biosynthesis pathways in E. coli.
There are three known O-antigen biosynthesis pathways, two are depicted here: a, the Wzydependent pathway and b, the ATP-dependent pathway. The third, synthase-dependent pathway
has not been identified in E. coli and is therefore not depicted here. In each pathway, WecA initiates
O-antigen synthesis by transferring an N-acetylhexosamine sugar onto the universal glycan lipid
carrier, undecaprenyl diphosphate (Stenutz et al., 2006). Additional sugar subunits are added by
glycosyltransferases (shown in blue, the question mark indicates that they have not been identified
yet). Floppases are coloured purple and specialised glycosyltransferases that transfer O-antigen
repeating subunits or the entire O-antigen are coloured orange. The final number of O-antigen
repeats, represented by "n", is determined by enzymes coloured pink (a ruler is also used to
highlight this step), and in the case of WbdD, a terminal sugar moiety is added to prevent the
incorporation of additional O-antigen. The final biosynthesis step involves the transfer of the entire
O-antigen by WaaL to LOS to produce LPS, which is subsequently transferred to the Lpt machinery
for OM translocation.
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Figure 1.3.5 PEZ model for lipopolysaccharide transfer to the outer membrane.
Rather than LPS biogenesis, outer membrane biogenesis of the simpler LOS is shown for clarity.
The LOS depicted is characteristic of the E. coli BL21 and its derivative strains used throughout
this thesis. LtpA (PDB: 2R19) and the periplasmic domains of both LptC (PDB: 3MY2) and LptD
each adopt a β-jellyroll architecture. Although an LptA dimer is shown, about 40 subunits of LptA
bridge LptC and the LptDE (PDB: 4Q35) complex, allowing LOS to slide from the IM to the OM in
an ATP-dependent manner (Okuda et al., 2016; Whitfield & Trent, 2014).
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dependent pathway (Raetz & Whitfield, 2002; Stenutz et al., 2006) (Figure 1.3.4b).
There are no known E. coli O-antigens that follow the synthase-dependent
pathway and, to-date, only the O:54 antigen of S. enterica subsp. enterica serovar
Borreze is known to assemble this way (Keenleyside et al., 1994).

Among the final steps in LPS biogenesis is transfer to the LPS layer in the OM from
the cytoplasmic leaflet of the IM (Whitfield & Trent, 2014), potentially followed by
their modification in response to extracellular stimuli (Needham & Trent, 2013).
LPS (or LOS) transfer to the OM is performed by the ATP-dependent Lpt
(lipopolysaccharide transport) pathway (Whitfield & Trent, 2014). Okuda et al.
(2016) suggested the 'PEZ model' for LPS transfer to the OM (Figure 1.3.5), where
LPS transfer from the IM to the OM is thought to occur along a periplasmic βjellyroll bridge formed by LptC, about 40 LptA subunits and LptD. As LPS
molecules are added to the bridge, they are pushed toward the OM, much like PEZ
candy are pushed toward the dispenser's opening. LptD contains a lateral gate that
enables the LPS molecules to enter both the bilayer and the LptD lumen
simultaneously (Li et al., 2015b). This ensures the hydrophobic portion of LPS
enters the bilayer and the hydrophilic portion enters the LptD lumen for secretion
through an exit pore into the extracellular milieu.

1.4 Peptidoglycan biogenesis
The cell wall is responsible for maintaining the shape of the prokaryotic cell and
consists of peptidoglycan, also commonly known as the murein sacculus
("murein" and "sacculus" are derived from the Latin words for wall and bag,
respectively). In Gram-negative bacteria, the peptidoglycan is found within the
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periplasmic space (Figure 1.4.1), where it envelops the cell as a continuous, meshlike macromolecule (Nguyen et al., 2015; Vollmer & Seligman, 2010). Because of
its structural role, peptidoglycan has often been inadvertently characterised as a
"rigid" (inflexible) structure, especially in an historical context (Braun et al., 1974;
Glauert & Thornley, 1969; Weidel et al., 1960) or in undergraduate textbooks
(Barton, 2005, p. 94; Kutter & Goldman, 2015, p. 867). Although peptidoglycan
does have a degree of rigidity enabling it to play that structural role, it also has a
degree of flexibility that enables it to contract or expand to protect the cell from
internal turgor pressure due to osmotic shock or mechanical stress (Turner et al.,
2013).

The term "peptidoglycan" is derived from its chemical composition, consisting of
a polysaccharide (glycan) component and a series of peptides that are derived
from several unusual amino acids. The entire peptidoglycan lattice can be
considered one of nature's largest and toughest macromolecules, due to its
extensive covalent bonded structure (Koch & Woeste, 1992). Despite the complex
three-dimensional architecture (Nguyen et al., 2015; Vollmer & Seligman, 2010),
peptidoglycan is comprised of a relatively uniform series of subunits, known as
muropeptides. Each newly synthesised muropeptide is comprised of a β-Nacetylglucosamine (NAG), a β-N-acetylmuramic acid (NAM) and a pentapeptide
connected to the lactyl group of NAM (Figure 1.4.2a).

In E. coli, the newly synthesised pentapeptide contains four amino acids: the L- and
D-enantiomers

of alanine, D-glutamic acid (where peptide linkages involve the β-

amine and ε-carboxylic acid), and meso-diaminopimelic acid (DAP), which uses its
24

Figure 1.4.1 Peptidoglycan architecture.
A cartoon representation of an E. coli cell is shown with a portion of the cell envelope removed.
The circumferential model for the arrangement of the layer is shown, where the glycan strands
(coloured ovals) wrap circumferentially around the cell and the peptide crosslinks run parallel to
the long axis of the cell (black lines running parallel to the text) (Nguyen et al., 2015; Vollmer &
Seligman, 2010).
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Figure 1.4.2 Muropeptide subunits.
a, Chemical structure of a newly synthesised muropeptide subunit. The β- and ε-carbons of D-Glu
that are positioned within the plane of the peptide bonds are indicated in red. b, Cartoon depictions
of the various monomeric muropeptides (glycan subunits are omitted for clarity) with their
average abundance indicated as per Table 1.4.1. The peptide component The peptide component
of the muropeptide is typically modified to allow for peptide crosslinkages or covalent attachment
to Braun's lipoprotein.
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L-centre

for peptide bonding in the pentapeptide chain (Vollmer & Bertsche,

2008) (Figure 1.4.2a). Interestingly, although the L-Ala-D-Glu-DAP-D-Ala-D-Ala
pentapeptide species is present in all muropeptide initially, less than 1% of
muropeptides within peptidoglycan retain it (Table 1.4.1). This is because it will
rapidly be degraded or modified on addition to the peptidoglycan network into
one of six other muropeptides (Figure 1.4.2b, Table 1.4.1).

Each muropeptide forms up to two interactions with neighbouring muropeptides,
such that peptidoglycan is considered a single macromolecule: β-1,4-glycosidic
bonds between neighbouring glycan subunits and peptide crosslinks.
Muropeptide chains consist of an average of about 33 disaccharide subunits
(Table 1.4.2), where the terminal pair contains NAG and 1,6-anhydro-NAM
subunits (i.e. NAM with an intramolecular ether linkage between carbons 1 and 6)
(Figure 1.4.3). About 45.4 % of muropeptides (Table 1.4.2) then form peptide
crosslinkages with neighbouring strands to ensure a continuous series of chains
can wrap around the cell. The majority (86-88 %, Tables 1.4.2-1.4.3) of these
interactions consist of a D,D-crosslink between a D-Ala "donor" and the D-centre of
a meso-DAP "acceptor" (Figure 1.4.4a), and the remaining 12-14 % (Tables 1.4.21.4.3) form L,D-crosslinks that occur between the L-centre "donor" and D-centre
"acceptor" of adjacent DAPs (Figure 1.4.4b).

Considering the diversity of the monomeric peptides, it is not surprising that there
are a variety of dimeric muropeptides (Figure 1.4.4) produced during the lifespan
of E. coli (Table 1.4.3). Indeed, despite the simplicity of the muropeptide subunit,
there are up to 50 distinct muropeptide structures that may be produced. These
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Table 1.4.1 The distribution of monomeric peptides depends on the strain and growth conditions.
The distribution of monomeric peptides are indicated. Only references where the author(s) determined the abundance of all known monomeric peptides were
included and used to determine monomeric peptide averages. Muropeptides may contain: dipeptides (2), tripeptides with (3-Lpp) or without (3) covalently bound
Lpp, tetrapeptides with (4g) or without (4) a glycine at position 4 and pentapeptides with (5g) or without (5) a glycine at position 5.

a

a

b

E. coli strain

Growth conditions
media °C phase

Distribution of monomeric peptides
2
3
3-Lpp
4
4g
5
5g

W7

PB

30

Exp

4.86 14.85 6.18

68.84 4.51

0.15

0.61 Glauner (1988)

KN 126
KN 126

PB

30

Exp

4.96 16.15 6.85

68.31 3.19

0.11

0.44 Glauner (1988)

KN 126

PB
PB

37
42

Exp
Exp

4.01 14.63 8.81
4.59 13.98 7.45

68.71 3.22
70.05 3.27

0.13
0.20

KN 126

LB

30

Exp

2.42 13.84 6.72

73.27 3.41

0.16

0.49 Glauner et al. (1988)
0.46 Glauner et al. (1988)
0.18 Glauner et al. (1988)

KN 126

LB

30

Sta

5.15 21.37 8.92

53.95 9.76

0.13

0.72 Glauner et al. (1988)

MC4100

LB

37

Exp

3.45 17.34 11.69 59.73 6.26

0.27

1.26 Obermann and Holtje (1994)

P678-54 minicells

LB

37

Exp

1.69 18.47 14.39 58.14 5.65

0.86

GC2700

LB

37

Exp

2.1

7.3

7.8

79.9

2.4

0.2

0.81 Obermann and Holtje (1994)
0.3 Signoretto et al. (1996)

LB + Mc 37

Exp

2.5

7.0

12.5

75.0

2.5

0.2

0.4

Signoretto et al. (1996)

LB

37

Exp

1.9

6.8

8.2

80.1

2.5

0.2

0.3

Signoretto et al. (1996)
Signoretto et al. (1996)
Signoretto et al. (1996)

GC2700
GC2702

c

GC2702

c

LB + Mc 37

Exp

2.9

9.0

15.0

69.8

2.9

0.2

0.2

GC5391

c

LB

Exp

3.1

7.5

15.3

70.8

2.7

0.2

0.4

AVERAGES

3.4

13.0

10.0

69.0

4.0

0.2

0.5

37

References

Incubation media, temperature in °C and growth phase - exponential (Exp) or stationary (Sta) - are indicated. Refer to the relevant references for the recipes to

Panassay broth (PB) and LB, and for the concentration of mecillinam (Mc). b Values were calculated (or recalculated) from raw data if provided as per Glauner (1988)
and are expressed as the percentage of total monomeric peptides. Significant figures are as per the cited article. c. Cells are coccal-shaped.

Figure 1.4.3 Glycosidic interactions between muropeptide subunits.
Each muropeptide chain has a variable number of "n" subunits and is terminated by the variant
NAG-1,6-anhydro-NAM pair. On average, about 33 muropeptides constitute each chain, but
depending on the bacterial strain and growth conditions, chains lengths of between 7 and 76
muropeptides have been observed as indicated in Table 1.4.2. Each glycan residue is connected to
the next via a β-1,4-glycosidic bond as indicated by the cartoon depiction (a) and the chemical
structure (b) of a muropeptide chain. Although one of seven peptides may be found on the NAM
residue, for clarity only a pentapeptide (in a) or an "R" to represent any peptide (in b) is shown.
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Table 1.4.2 Peptidoglycan composition.
Peptidoglycan composition is indicated. Only references where the author(s) determined each of the listed characteristics were included and used to determine
composition averages.
Growth conditions

a

E. coli strain

media °C

phase or rate

W7
W7

Min
Min

37
37

W7

Min

W7
W7

Sample
taken

b

Oligomerisation state

c

Crosslinkages

c,d

Chain
e

Lpp
c

Mono

Di

Tri

Tetra

D,D

D,L

length

48' doubling All
180' doubling All

55.3
50.6

39.1
41.7

5.2
6.8

0.4
0.9

21.7
23.7

1.6
2.3

24.3
11.1

5.6
8.0

Tuomanen and Cozens (1987)

37

360' doubling All

49.9

43.0

6.2

0.9

21.8

4.2

9.9

8.1

Tuomanen and Cozens (1987)

Min

37

828' doubling All

47.8

45.9

5.2

1.1

19.5

7.6

6.8

11.4

Tuomanen and Cozens (1987)

PB

30

Exp

54.07

41.4
2
40.5

4.36

0.15

21.54

2.19

30.3

4.97

Glauner (1988)

4.06
4.16

0.13
0.13

21.40
21.38

1.66
1.54

33.3
36.86

5.47
6.80

Glauner (1988)
Glauner et al. (1988)

3.68

0.14

20.62

2.34

37.90

5.76

Glauner et al. (1988)

5.02

0.19

22.36

2.76

25.80

4.98

Glauner et al. (1988)

9.85

0.22

26.80

5.20

17.80

8.55

Glauner et al. (1988)

3.2

0.4

19.2

0.3

42.6

1.1

de Jonge et al. (1989)

All

bound References
Tuomanen and Cozens (1987)

KN 126
KN 126

PB
PB

30
37

Exp
Exp

All
All

55.30
54.47

KN 126

PB

42

Exp

All

55.37

KN 126

LB

30

Exp

All

51.52

KN 126

LB

30

Sta

All

39.40

MC4100

Min

37

50' doubling

At 5'

62.2

2
34.2

MC4100

Min

37

50' doubling

At 35'

58.2

39.2

2.5

0.1

21.0

0.4

70.5

1.3

de Jonge et al. (1989)

MC4100

Min

37

50' doubling

At 60'

61.6

35.5

2.8

0.1

19.4

0.3

54.2

1.7

de Jonge et al. (1989)

MC4100

Min

37

50' doubling

At 80'

59.2

38.2

2.6

0.1

20.6

0.3

68.0

1.9

de Jonge et al. (1989)

MC4100 ΔlysA ΔftsA

Min

28

70' doubling

At 5'

63.7

33.9

2.3

0.1

18.5

0.1

45.4

0.4

de Jonge et al. (1989)

MC4100 ΔlysA ΔftsA

Min

28

70' doubling

At 55'

57.4

40.4

2.1

0.1

At 5'

66.7

31.7

1.5

0.1

0.1
0.1

68.0
53.0

0.4
0.3

de Jonge et al. (1989)

50' doubling

21.6
16.8

0.2

76.0

0.2

de Jonge et al. (1989)

37

f

MC4100 ΔlysA

Min
Min

37
28

f

MC4100 ΔlysA

Min

37

MC4100 ΔlysA ΔftsA
MC4100 ΔlysA ΔftsA

Min

2
41.2
4
40.8
2
43.2
7
50.5

de Jonge et al. (1989)

50' doubling
Exp

At 35'
All

67.1
52.5

31.2
42.3

1.6
4.9

0.1
0.3

16.5
23.6

1.1

31.3

4.1

de Jonge (1990)

Exp

All

53.0

41.1

5.6

0.3

23.6

0.9

31.1

3.7

de Jonge (1990)

MC4100 ΔlysA ΔftsA

Min

MC4100 ΔlysA ΔftsA

28
f

Exp

All

54.5

41.1

4.2

0.2

22.4

1.1

30.2

3.7

de Jonge (1990)

Exp

All

54.2

40.5

5.0

0.3

22.5

1.3

30.3

3.0

de Jonge (1990)

Min

37

Min

28

Exp

All

52.9

41.8

5.0

0.3

23.4

1.0

30.0

4.1

Min
Min

37
37

Exp
Exp

All
All

52.4
63.0

42.5
34.7

4.8
2.2

0.3
0.1

21.6
11.9

3.0
7.0

27.5
29.9

8.5
9.0

de Jonge (1990)
Korat et al. (1991)
Korat et al. (1991)

JM83

LB

37

Exp

All

55.3

40.0

4.5

0.2

20.5

2.6

35.0

7.9

Korat et al. (1991)

JM83 (+dacB)

LB

37

Exp

All

67.2

30.6

2.2

0.0

12.2

4.6

36.4

8.7

Korat et al. (1991)

HB101

LB

42

Exp

All

51.1

43.5

5.2

0.2

21.9

3.5

22.3

9.3

Korat et al. (1991)

HB101 (+dacB)

LB

42

Exp

All

62.1

34.5

3.3

0.1

14.4

5.2

23.1

10.2

Korat et al. (1991)

W7

Min

37

40' doubling

All

49.80 44.80

5.00

0.40

22.51

3.54

17.20

4.10

Vincent et al. (1991)

W7 (128×Ofl)

Min

37

40' doubling

All

49.30 45.96

4.37

0.37

19.48

6.67

28.33

3.35

Vincent et al. (1991)

W7 (128×Pef)

Min

37

40' doubling

All

48.25 48.73

2.70

0.32

19.01

7.39

24.27

2.96

Vincent et al. (1991)

W7 (3×Ofl)

Min

37

40' doubling

All

50.21 45.52

4.27

0.00

20.31

5.29

9.70

5.75

Vincent et al. (1991)

W7 (3×Pef)

Min

37

40' doubling

All

46.31 46.50

6.79

0.40

21.72

6.36

12.74

6.50

Vincent et al. (1991)

MC4100
P678-54 minicells

LB

37

Exp

All

47.63 45.04

7.08

0.25

23.10

2.29

29.91

8.94

Obermann and Holtje (1994)

LB

37

Exp

All

45.19 47.08

7.49

0.25

22.09

3.87

24.36

10.58

Obermann and Holtje (1994)

4.2

0.2

20.4

2.7

35.7

4.9

g

MC4100 ΔlysA pbpB
JM83
JM83 (+dacB)

r1

AVERAGES 55.1
a

40.5

Incubation media, temperature (in °C), and growth phase - exponential (Exp) or stationary (Sta) phases - or the doubling time are indicated. Refer to the relevant

references for recipes for minimal media (Min), Panassay broth (PB) and LB.

b

Either the total ("All") peptidoglycan composition was determined, or newly

synthesised peptidoglycan following at the indicated time post induction. c Values were calculated (or recalculated) from raw data if provided as per Glauner (1988)
and are expressed as the percentage of total muropeptides. Significant figures are as per the cited article. Mono-, di-, tri-, and tetra-mers are the four known peptide
oligomerisation states. d Crosslinkages refer to the bond itself, rather than the muropeptides involved in crosslinkages, which is the sum of di-, tri- and tetra-mers. e
Average muropeptide chain length was calculated (or recalculated) from raw data if provided as per Glauner (1988). f Filamentous growth. g Cells have pointed cell
poles. h Strain growth media were supplemented with ofloxacin (Ofl) or pefloxacin (Pef).

Figure 1.4.4 Peptide crosslinks between muropeptide subunits.
The two types of peptide crosslinkages that form between muropeptide subunits are shown. For
clarity: the "acceptor" and "donor" peptides are labelled; the L and D centres of DAP are depicted
in red, and; the residues and bonds that constitute the planar peptide crosslink are circled in red.
The chemical structures of the a, D,D-crosslink between tetrapeptide-containing muropeptides and
b, L,D-crosslink between tetra- and tri-peptide-containing muropeptides are shown. To the right of
each structure is a cartoon depiction of the known dimeric muropeptides (glycan subunits are
omitted for clarity) with the average abundance indicated as per Table 1.4.3.
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Table 1.4.3 The distribution of dimeric peptides depends on the strain and growth conditions.
The distribution of dimeric peptides are indicated. Only references where the author(s) determined the abundance of all known dimeric peptides were included and
used to determine dimeric peptide averages. Dimeric muropeptides contain crosslinkages beween the peptide component, where each crosslinkage may comprise:
tripeptides with (3-Lpp) or without (3) covalently bound Lpp, tetrapeptides with (4g) or without (4) a glycine at position 4 and pentapeptides with (5g) or without
(5) a glycine at position 5.
Distribution of dimeric peptides
Growth conditions
E. coli strain

Media

°C

phase

KN 126

PB

37

Exp

MC4100

LB

37

P678-54 minicells LB
GC2700
LB

a

D,D-crosslinkages

4-3

4-4

4-4g

4-5

Exp

8.83 71.21
14.35 56.44

3.65
5.68

0.42 0.80
0.89 1.26

37
37

Exp
Exp

9.60
13.3

53.54
67.0

4.44
0.0

1.77 1.06
1.3
0.3

b

L,D-crosslinkages

4-5g 4-3-Lpp

3-3

3-4

3-4g 3-3-Lpp References

7.98
11.28

0.70
1.57

5.17
6.33

0.17
0.48

1.07
1.72

Glauner et al. (1988)

12.22
7.4

2.36
0.3

10.59
8.4

1.39
0.3

3.02
1.6

Obermann and Holtje (1994)
Signoretto et al. (1996)

Obermann and Holtje (1994)

GC2700
GC2702

c

LB + Mc 37

Exp

11.6

64.5

0.0

1.8

0.3

6.8

1.3

10.0

0.3

3.4

Signoretto et al. (1996)

GC2702

LB
37
LB + Mc 37

Exp
Exp

12.5
12.6

67.2
55.6

0.0
0.0

1.3
2.0

0.0
0.9

7.2
8.3

0.6
2.3

9.1
12.9

0.3
0.6

1.9
4.9

Signoretto et al. (1996)

c

GC5391

c

LB

Exp

12.8

55.8

0.0

1.7

0.6

9.7

1.9

12.8

0.6

4.2

37

Signoretto et al. (1996)
Signoretto et al. (1996)

61.4
1.7
1.4
0.6
8.9
1.4
9.4
0.5
2.7
AVERAGES 11.9
a Incubation media, temperature in °C and growth phase - exponential (Exp) or stationary (Sta) - are indicated. Refer to the relevant references for the recipes to
Panassay broth (PB) and LB, and for the concentration of mecillinam (Mc). b Values were calculated (or recalculated) from raw data if provided as per Glauner (1988)
and are expressed as a percentage of total dimeric muropeptides. Significant figures are as per the cited article. Because this table averages a set of 8 data points and
Table 1.4.2 averages a set of 36, the average values for total percentage D,D- and L,D-crosslinks vary between the two tables. c. Cells are coccal-shaped.

differences derive from variations in the number of amino acids, type and number
crosslinks and type of disaccharide pair and are influenced by the media type,
incubation temperature, growth phase and bacterial strain (Tables 1.4.1-1.4.3). In
E. coli for example, between early logarithmic and mid-stationary phases, the
number of monomeric peptides and the average chain length decreases, whereas
the number of dimeric peptides and L,D-crosslinks increases (Table 1.4.2). Despite
this, over 50 % of muropeptide species contain the

L-Ala-D-Glu-DAP-D-Ala

tetrapeptide from monomeric to tetrameric muropeptide crosslinked species
(Tables 1.4.1-1.4.3).

Synthesis of the muropeptide subunit begins in the cytoplasm, where activated
uridine diphosphate (UDP) precursors of NAG and NAM-pentapeptide are formed
(Figure 1.4.5). Following their incorporation onto the universal glycan lipid
carrier - undecaprenyl diphosphate - at the cytoplasmic leaflet, the newly
synthesised muropeptide subunit is flopped to the periplasmic leaflet and
incorporated into a nascent muropeptide chain (Typas et al., 2012; Vollmer &
Bertsche, 2008). A series of transpeptidases and transglycosylases then ensure
that the nascent muropeptide chain is correctly incorporated into the murein
sacculus (Typas et al., 2012; Vollmer & Bertsche, 2008).

Peptidoglycan may be extensively remodelled or degraded, especially during cell
division, but also during the movement of protein across the peptidoglycan
barrier. While the average diameter of peptidoglycan pores is generally accepted
to be about 2.06 nm (Demchick & Koch, 1996), pores of up to 10 nm in diameter
have been reported in peptidoglycan (Turner et al., 2013) potentially explaining
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Figure 1.4.5 Muropeptide synthesis and chain elongation.
A cartoon depiction, including one chemical structure, of muropeptide synthesis in the cytoplasm
is shown. After UDP-NAG is converted into UDP-NAM-pentapeptide by the a series of Mur enzymes,
it is transferred onto undecaprenyl phosphate to form lipid I. UDP-NAG is then used as a substrate
to convert lipid I into the muropeptide-containing lipid II, which is subsequently flopped by MurJ
to the periplasm where one of four glycosyltransferases (GTase) attaches it to a growing
muropeptide chain of "n" subunits (Typas et al., 2012).
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how folded proteins of up to 100 kDa might pass through the peptidoglycan layer
(Vázquez-Laslop et al., 2001). Although the larger pores were not as abundant as
the ~2 nm pores (Turner et al., 2013), it is thought that the numerous enzymes
normally involved in degrading and remodelling the murein sacculus may also
facilitate passage of larger substrates by selectively generating these larger pores
(Typas et al., 2012; Vollmer & Bertsche, 2008). Indeed, flagella, type 4 pili and the
type 3, 4 and 6 secretion systems (T3SS, T4SS and T6SS, respectively) all encode
dedicated peptidoglycan degradation proteins to ensure a suitable pore size is
available for biogenesis of their periplasmic-spanning apparatus (Burkinshaw et
al., 2015; Chou et al., 2012; Herlihey et al., 2014; Scheurwater & Burrows, 2011;
Zahrl et al., 2005).

The peptidoglycan layer also provides an important structural stability to the OM
(Figure 1.4.6). A common interaction is provided by Braun's lipoprotein (Lpp),
which is anchored to the OM via its N-terminal lipid residues, and covalently
attached to the L-centre of DAP through its C-terminal lysine residue (Magnet et
al., 2007) (Figure 1.4.6a). Roughly one-third of Lpp are bound to peptidoglycan,
corresponding to 5.3% of Lpp-bound muropeptides (Table 1.4.2). Although the
function of the remaining unbound pool of Lpp is unknown, they are surfaceexposed (Cowles et al., 2011) and thought to adopt a trimeric conformation (Choi
et al., 1986; Shu et al., 2000).

The peptidoglycan-associated lipoprotein, Pal, and an integral OMP, OmpA, are
also important for anchoring the OM to the peptidoglycan layer through a strong
hydrogen-bonded network with DAP (Park et al., 2012) (Figure 1.4.6b). Like Lpp,
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Figure 1.4.6 Major interactions between the cell wall and outer membrane.
The outer membrane is tethered to the cell wall by Braun's lipoprotein (Lpp), OmpA and Pal. a,
Cartoon depiction of the covalent interaction between Lpp and a muropeptide. Below, the chemical
structure of the terminal Lpp residues (Lys-Arg-R, where "R" represents the remaining residues
comprising Lpp) covalently attached to a muropeptide (with NAG omitted) are shown. b, Ribbon
diagram of OmpA (PDB: 2GE4) and a cartoon depiction of Pal. Both proteins are tethered to the
cell wall via their similar OmpA-type peptidoglycan-binding domain, depicted as a ribbon diagram
(PDB: 4G4Z) for OmpA and as a circle for Pal. Below, hydrogen bond network formed between DAP
and the relevant OmpA residues is shown, as per Park et al. (2012).
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Figure 1.4.7 Minor interactions between the cell wall and outer membrane.
a, A number of proteins are "anchored" to the cell wall to provide structural support during cell
division or to maintain the structural integrity of secretion and motility apparatus. In addition to
the major peptidoglycan-OM interactions depicted in Figure 1.4.6, four other binding domains are
known. The shape used to depict each binding domain corresponds to the type of fold depicted in
b-e, where circles represent the OmpA-type peptidoglycan-binding domain. The combined crystal
structures of intimin (PDB: 4E1S, 1F02 and Phyre2 homology model of residues 455-653 modelled
after the same domain from invasin PDB: 1CWV) are also shown. b, The LytM-like peptidoglycanbinding domain of EnvC (PDB: 4BH5) is shown. c, The C-terminal (i.e. the second) LysM-like
peptidoglycan-binding domain of MltD (PDB: 1E0G) is shown. d, The SPOR peptidoglycan-binding
domain of DamX (PDB: 2LFV) is shown. e, A Phyre2 homology model of the PF01471
peptidoglycan-binding domain modelled after the same domain from EpsAB (PDB: 4G54).
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Pal may also be surface-exposed, although Michel et al. (2015) found that rather
than an individual cell harbouring a dual Pal orientation, Pal was surface-exposed
in an "all or nothing" manner. A number of other proteins also anchor to the
peptidoglycan layer (Scheurwater & Burrows, 2011) (Figure 1.4.7). These
proteins may facilitate interactions between peptidoglycan and cell division or
peptidoglycan degradation apparatus, or play a structural role for secretion or
mobility systems (Figure 1.4.7a). At least four other peptidoglycan-binding
domains are known (Figure 1.4.7b-e), and several others are suspected. For
example, Pucciarelli and García-del Portillo (2003) suggest proteins such as InvH,
PrgH and PrgK harbour as yet uncharacterised peptidogylcan-binding domains.

1.5 Inner membrane protein insertion and translocation pathways
Following synthesis, proteins with an extracytoplasmic destination may follow
one of several pathways to ensure correct localisation. The vast majority of
envelope proteins are transported in an unfolded state via the Sec pathway for IM
insertion or translocation (Denks et al., 2014), whereas about 28 proteins require
cytoplasmic assembly before they are exported through the twin-arginine
translocation (Tat) pathway (Palmer et al., 2005; it should be noted therein that
the authors misreported their own tabulated data, which listed 28 proteins, as
"27" Tat substrates). Additionally, bacteria have evolved several secretion
systems designed to export virulence factors to the cell surface, extracellular
milieu or host cells (Costa et al., 2015). Although some of these virulence factors
may utilise the Sec and/or Tat pathways to facilitate translocation of effector
proteins, the type 1 secretion system (T1SS), T3SS and T6SS form an
intermembrane-spanning platform capable of directly excreting effectors from
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the cytoplasm (Costa et al., 2015).

Inner membrane translocation or insertion via the Sec pathway is mediated by the
essential SecYEG complex. Translocation across SecYEG occurs through a pore of
only 2.2-2.4 nm in diameter (Bonardi et al., 2011) and IM insertion occurs through
a lateral gate in SecY that opens into the lipid bilayer (du Plessis et al., 2009). The
relatively small pore size means that SecYEG can only translocate unfolded
polypeptides or accommodate a single transmembrane α-helix, so for polytopic
inner membrane proteins, each α-helix must be transferred through the lateral
gate before the next α-helix can be assembled (Luirink et al., 2012) (Figure 1.5.1).

Sec-dependent polypeptides are transferred to SecYEG in a post- or cotranslational manner, which normally dictates whether the nascent polypeptide
chain will be translocated across or inserted into the membrane (Luirink et al.,
2012). As a rule of thumb, the post-translation pathway translocates periplasmic
proteins and integral OMPs and the co-translation pathway inserts integral inner
membrane proteins and exports lipoprotein (Denks et al., 2014). The most notable
exception includes a subset of integral OMPs, the serine protease autotransporters
of Enterobacteriaceae (SPATEs), which have been described to translocate across
the IM in a co-translational manner (Jong & Luirink, 2008; Jong et al., 2010;
Sijbrandi et al., 2003; Szabady et al., 2005).

The post-translation pathway requires the cytoplasmic tetrameric chaperone,
SecB, and the ATPase, SecA. After translation, preprotein is kept in an unfolded
state by SecB and transferred to SecA at the cytoplasmic interface of SecYEG. SecB
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Figure 1.5.1 Sec-dependent translocation pathways.
The majority of proteins translocated across the IM follow the post-translational (SecA-dependent
pathway). However, a subset of OMPs - collectively referred to as the SPATEs - translocate across
the IM via the co-translational (SRP-dependent) pathway that is usually responsible for inner
membrane protein insertion. a, A cartoon representation of the post-translational pathway is
shown and the similarly coloured ribbon diagrams of the pathway's relevant components are also
shown: SecA-SecYEG (PDB: 3DL8) and the SecB tetramer (PDB: 1QYN). For clarity, the SecB
monomers are alternately coloured grey and pink, and in the ribbon diagram only, SecE and SecG
are coloured maroon and green, respectively. b, A cartoon representation of the co-translational
pathway is shown, where both the translocation pore and lateral gate of SecYEG are coloured
orange. The RNC is depicted here as: green ribosome, brown (oversized) tRNA, blue and purple
mRNA and dark blue nascent polypeptide chain. Ribbon diagrams of SecYEG (PDB: 3DL8) and the
SRP-FtsY complex (PDB: 5GAD) are also shown. SecYEG is coloured as before, except
transmembrane α-helices 2b, 3, 7 and 8 of SecY - which constitute the lateral gate - are coloured
orange. For clarity, Ffh and the 4.5S RNA that constitute the SRP are coloured blue and dark brown,
respectively.
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dissociates from the complex as SecA energises the ATP-dependent translocation
of the unfolded substrate polypeptide into the periplasm (Luirink et al., 2012)
(Figure 1.5.1a). In contrast, during the co-translation pathway - as the name
suggests - the entire ribosome-nascent chain (RNC) complex is transferred to
SecYEG for secretion of the unfolded polypeptide chain as it is being translated
(Figure

1.5.1b).

The

signal-recognition

particle

(SRP),

which

is

a

ribonucleoprotein complex comprised of a 4.5S RNA and Ffh, is responsible for
recognising the translating polypeptide within the RNC (Denks et al., 2014). The
SRP-RNC complex then binds to FtsY at the cytoplasmic interface of SecYEG, where
FtsY in conjunction with SRP mediates the GTP-dependent secretion of
polypeptide (Denks et al., 2014).

The Sec pathway may recruit a number of auxiliary proteins to facilitate protein
translocation or insertion, but the conditions for their recruitment are not well
characterised. YidC, which may directly insert small IM proteins in a Secindependent manner (Dalbey et al., 2014), binds at the SecYEG lateral gate where
it may facilitate or direct inner membrane protein insertion (Sachelaru et al.,
2013), but Jong et al. (2010) also suggest its role extends to the post-translocation
chaperoning of SPATEs. The SecDF-YajC complex is thought to energise protein
translocation or insertion through proton motive force, but it is considered to be
a very low-abundancy partner protein to SecYEG (Pogliano & Beckwith, 1994).
The two other known auxiliary proteins, PpiD and YfgM, are thought to work
together by facilitating Sec translocation (Götzke et al., 2015; Matern et al., 2010).
PpiD competes with YidC for binding at the SecYEG lateral gate (Sachelaru et al.,
2014) and YfgM was found to form a complex with PpiD and SecYEG-PpiD but not
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YidC (Götzke et al., 2014; Maddalo et al., 2011).

The Tat machinery consists of an inner membrane protein complex, TatBC, that
on contact with its substrate, recruits a variable number of TatA monomers to
form an IM translocation pore (Tarry et al., 2009) (Figure 1.5.2). Recently
however, it has been suggested that TatA recognises Tat substrates independently
of the TatBC complex (Taubert et al., 2015). In either case, and in contrast to the
Sec-dependent translocation, the Tat pathway translocates folded proteins
through a variably-sized pore, ranging from 3 nm to 7 nm in diameter (Gohlke et
al., 2005). The differing pore sizes correlates well with the size range of the
various Tat substrates, indicating that they enter an appropriately sized
translocation pore that does not leak ions (Gohlke et al., 2005).

Although for some proteins it remains unclear why they require pre-folding in the
cytoplasm when assembly in the periplasmic assembly following Sec translocation
could suffice (Natale et al., 2008). Palmer and Berks (2012) reported that the
majority of Tat-dependent proteins fall into at least one of three categories. Firstly,
they may require complex cofactors (such as nucleotide-based cofactors or metalsulphur clusters) that are not present in the periplasm and/or require cytoplasmic
chaperones that are normally responsible for cofactor-protein complex assembly.
Secondly, they may require the cytoplasmic environment to bind low-affinity
metal cations that would otherwise be outcompeted by high-affinity metal ions if
folding were to occur in the periplasm. Thirdly, to translocate proteins without a
Tat-targeting signal, that form part of a special hetero-oligomeric complex. In this
complex, at least one protein will have a Tat-targeting signal, so any protein in the
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Figure 1.5.2 Tat-dependent translocation.
There are about 28 known or predicted Tat-dependent proteins in E. coli (Palmer et al., 2005) that
assemble in the cytoplasm before translocation. The periplasmic nitrate reductase, NapA (PDB:
2NYA), is one such example and requires the cytoplasmic incorporation of an iron-sulphur cluster
(red-orange) and a molybdenum ion (purple) coordinated to bis-molybdopterin guanine
dinucleotide (brown) (Jepson et al., 2007). A cartoon depiction is shown containing the TatBC prepore complex and monomeric TatA subunits. After NapA binds the pre-pore complex, TatBC
recruits TatA to initiate its oligomerisation into a translocation pore through which NapA may
enter the periplasm (Palmer & Berks, 2012). The final TatABC pore complex is depicted by ribbon
diagrams of the TatA oligomer (PDB: 2LZS) interacting with TatB (PDB: 2MI2) and TatC (PDB:
4HTS).
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complex without the signal will be translocated via the Tat-pathway in a 'piggyback' manner.

1.6 Sequence motifs and signal peptides
The E. coli targeting sequences, commonly known as signal sequences or signal
peptides, are located at the N-terminus of preproteins and prolipoproteins. Signal
peptides are typically comprised of an N-terminal, positively-charged "n-region";
a hydrophobic "h-region" that typically spans the IM, and; a C-terminal,
hydrophilic "c-region" (Pugsley, 1993) (Figure 1.6.1). An unusual exception are
the SPATEs, which contain an extra n- and h-region, presumably to ensure
targeting to SRP rather than SecB (Desvaux et al., 2007; Szabady et al., 2005).
Excluding the majority of inner membrane proteins, which retain their signal
sequence, signal peptides are cleaved by one of three dedicated signal peptidases
(SPases) (Paetzel, 2014; Pugsley, 1993) (Figure 1.6.2a-c) in either their c-region
(type 1 and 2 SPases) or n-region (type 3 SPases). The remaining membranespanning signal peptide by-product produced following type 1 or 2 SPase cleavage
is then degraded into smaller peptides within its h-region by SppA (Kim et al.,
2008; Wang et al., 2008) (Figure 1.6.2d) and following ejection into the cytoplasm,
they are further degraded by cytoplasmic proteases and ultimately recycled
(Novak & Dev, 1988; Novak et al., 1986).

Signal sequences contain consensus motifs that determine SPase specificity and
Sec- or Tat-dependence (Figure 1.6.1). Indeed, a number of algorithms have been
developed to predict the presence and type of signal peptide with high confidence
(Bendtsen et al., 2005a; Bendtsen et al., 2005b; Juncker et al., 2003; Petersen et al.,
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Figure 1.6.1 Sequence motifs of various signal peptides.
Several examples of signal peptides are shown. The single letter amino acids are used to indicate
the most conserved residues that are required for cleavage by the indicated SPase, and the amino
acid position is also indicated relative to the cleavage site. The "RR" indicated in the Tat signal
peptide n-region represents the conserved twin-arginine sequence motif. Tat signal peptides are
about 50 % longer than Sec pathway signal peptides as indicated, due to larger n- and/or h-regions
(Paetzel, 2014; Pugsley, 1993). Although pre-pilin may contain amino acids that correspond to a
c-region, which sometimes harbours a type 1 SPase motif, they are considered to not have a cregion because the mature protein starts before any apparent c-region (Pugsley, 1993).
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Figure 1.6.2 Mechanisms of signal peptide processing.
Shown are the three methods by which E. coli removes types 1-3 signal peptides (a-b) and how
residual signal peptides are further processed by SppA (d). a, LepB (PDB: 3S04, periplasmic
domain only) removes type 1 signal peptides, where the signal peptide by-product is further
processed by SppA. b, The three-step prolipoprotein lipidation mechanism is indicated, where a
ribbon diagram of Lgt (PDB: 5AZC) is shown. c, GspO cleaves type 3 signal peptide and Nmethylates the +1 phenylalanine residue using S-adenosyl-methionine (Strom et al., 1993), the
methyl donor normally involved in DNA methylation (Sánchez-Romero et al., 2015). For clarity,
the relevant residues in the c- and h-region are indicated and atoms that are ultimately transferred
to a new molecule are highlighted red (methyl group) or blue (water). d, Following type 1 or 2
signal peptide cleavage, the transmembrane signal peptide is further degraded by the tetrameric
signal peptide peptidase, SppA (PDB: 3BEZ, periplasmic domain only).
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2011). Tat signal peptides contain the eponymous "twin-arginine" sequence motif
within their n-region: Ser/Thr-Arg-Arg-xpol-Phe-Leu-Lys, where the two arginines
are invariable and xpol represents a polar residue (Berks, 1996). However, it is not
the twin-arginine sequence motif that prevents targeting of Tat-dependent
polypeptides to the Sec translocon, but the lower hydrophobicity of the h-region
and the presence of basic residues in the c-region of Tat signal peptides (Cristóbal
et al., 1999).

Type 1 SPases cleave a conserved sequence motif within the c-region of preprotein
(Figure 1.6.2a), which follows the "-3, -1" rule that requires small and neutral
residues at the -3 and -1 positions relative to the cleavage site (Tuteja, 2005). In E.
coli, alanine often occupies these positions, so the motif is sometimes known as
the "Ala-x-Ala" motif: Ala(-3)-xany(-2)-Ala(-1), where xany may be any residue (Tuteja,
2005). Prolipoprotein instead contains a "lipobox" sequence motif with an
invariable +1 cysteine residue: Leu(-3)-Ala/Ser(-2)-Gly/Ala(-1)-Cys(+1) (Zückert,
2014).

Following Sec or Tat translocation, prolipoproteins are converted into mature
lipoprotein by a three-step process that includes the type 2 SPase and triacylation
of the new N-terminal cysteine residue (Buddelmeijer, 2015; Kovacs-Simon et al.,
2011; Zückert, 2014) (Figure 1.6.2b). The first step involves the removal of a
diacylglycerol moiety from PG by Lgt. While the glycerol-1-phosphate by-product
is typically recycled, the diacylglycerol moiety is transferred to the thiol group of
the +1 cysteine residue to generate diacylglyceryl-prolipoprotein. Cleavage of the
type 2 signal peptide by LspA then occurs within the "lipobox" motif to generate
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(i) apolipoprotein and (ii) a signal peptide by-product that is processed by SppA.
The final step involves the transfer by Lnt of a 1-acyl group moiety from a
phospholipid substrate to the free amine group of the diacylated cysteine, thereby
generating the triacylated lipoprotein. Although Gupta et al. (1991) suggested that
Lnt is capable of using PG or CL as substrates, it typically uses PE, where the
resulting lysophospholipid by-product is either (i) degraded by PldB into smaller
components for recycling or (ii) re-acyclated by Aas (Zhang & Rock, 2008).

Type 3 SPases, originally referred to as type 4 SPases for their ability to cleave
type 4 prepilin signal peptides (Pugsley, 1993), recognise a Gly(-1)-Phe/Met(+1)
motif within the n-region of prepilin (or prepseudopilin) components in type 4 pili
and type 2 secretion system (T2SS) machinery (Berry & Pelicic, 2015). This means
that mature pilin retain their h-region to remain anchored in the IM following
SPase processing; however, the reason for this IM-anchoring remains unknown,
especially considering the extraction of these subunits from the IM to generate the
type 4 pilus or T2SS pseudopilus would be energetically expensive (Craig & Li,
2008). Many type 3 SPases also methylate the new N-terminal residue following
cleavage (Figure 1.6.2c), for which a conserved Glu(+5) is essential (Pasloske &
Paranchych, 1988); however, the reason for the N-methylation of pilin subunits
remains enigmatic, especially since it has not been observed in some bacterial and
all archael homologues (Berry & Pelicic, 2015). Several additional sequence motifs
important for inner membrane protein biogenesis are also known, but will not be
discussed here: reverse signal anchors, helical-hairpin motifs and start- and stoptransfer sequences (Xie & Dalbey, 2008; Xie et al., 2007).
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1.7 Outer membrane lipoprotein biogenesis
Lipoproteins contain a sorting signal (Zückert, 2014) that determines whether it
will remain anchored to the IM (~10%) or transferred to the OM inner leaflet
(~90%) (Tokuda & Matsuyama, 2004). Yamaguchi et al. (1988) found that
modifying the +2 residue of OM lipoproteins to aspartic acid abolished its OM
localisation. Although the residues at the +3 and +4 positions also contribute to
OM localisation in the presence of Asp(+2) (Gennity & Inouye, 1991) or IM retention
in the absence of Asp(+2) (Seydel et al., 1999), the IM retention signal is commonly
referred to as the "+2 rule" (Zückert, 2014).

The Lol (lipoprotein OM localisation) pathway (Figure 1.7.1a) is the main pathway
for lipoprotein transfer to the OM. Mature lipoprotein without an IM retention
signal are recognised by the LolE component of the LolCDE complex. Once LolC
recruits an empty LolA periplasmic chaperone, LolD energises the ATP-dependent
transfer of mature lipoprotein from LolE to LolA. LolA is then ejected into the
periplasm and transfers the mature lipoprotein to LolB (itself an OM lipoprotein),
which inserts the lipoprotein into the OM periplasmic leaflet.

The T2SS, famous for its role in excreting cholera toxin (from V. cholerae) and
heat-labile enterotoxin (from pathogenic E. coli), also plays a role in OM
lipoprotein biogenesis (Rondelet & Condemine, 2013). However, rather than
insertion into the periplasmic leaflet, the T2SS is thought to insert its lipoprotein
substrates into the OM outer leaflet (Zückert, 2014) (Figure 1.7.1b). Lipoprotein
substrates of the T2SS, including PulA from Klebsiella species and SslE from E. coli,
must contain an IM retention (Lol avoidance) signal for T2SS-dependent
50

Figure 1.7.1 Outer membrane lipoprotein transfer pathways.
The majority of lipoproteins are transferred to the OM via the Lol pathway, but some utilise the
T2SS machinery. Lipoproteins secreted by the T2SS are known to be surface-exposed, but without
a lateral gate, it is unknown how the T2SS deposits lipoproteins into the OM (Zückert, 2014). a,
The inner membrane complex recruits nascent lipoprotein and the periplasmic chaperone LolA
(PDB: 1IML). Pal is then transferred to LolA, and LolB (PDB: 1IWM) inserts Pal into the OM after
receiving the lipoprotein from LolA. Coloured arrows represent the movement of the similarly
coloured subunit or substrate. b, SslE contains a Lol avoidance signal at its N-terminus: Cys(+1)Asp(+2)-Gly(+3)-Gly(+4), and utilises the T2SS for secretion into the LPS layer (shown) or excretion
into the extracellular milieu (not shown) (Baldi et al., 2012; DeCanio et al., 2013). Although the
exact mechanism for T2SS is unknown, a series of pseudopilin subunits are thought to form a
platform comprising the major subunit GspG and the minor subunits GspIJKH that pushes a
substrate to the surface (not shown) (Costa et al., 2015).
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secretion, but how the T2SS extracts lipoprotein from the IM (which is
energetically costly) or shields its triacyl moiety during periplasmic transit
remains unknown (Rondelet & Condemine, 2013). Interestingly, by swapping the
signal sequence of PulA for the signal peptide of periplasmic MalE, PulA was still
properly secreted by the T2SS machinery (Poquet et al., 1993), making it difficult
to define a role for its lipidation.

In addition to the monotopic lipoproteins already discussed, there are several
interesting cases of polytopic lipoproteins (Figure 1.7.2). These lipoproteins are
transported to the OM via the Lol pathway and are inserted into the OM in a BAMdependent manner (NalP, RcsF or BamC) or via an unknown mechanism (e.g.
bitopic species of Lpp or Pal) that may be BAM-independent (Konovalova &
Silhavy, 2015; Wilson & Bernstein, 2016). Indeed, Dunstan et al. (2015) recently
demonstrated that transmembrane lipoproteins with either α-helical barrels
(Wza) or β-barrels (CsgG) do not require the BAM complex or the TAM for
assembly.

The BAM-dependent polytopic lipoproteins are tethered either to (i) the OM
periplasmic leaflet (NalP and BamC) or (ii) the outer leaflet (RcsF) by their lipid
moieties, and are thought to be threaded through the pore of a β-barrel
(Konovalova et al., 2014; Oomen et al., 2004; Roussel-Jazédé et al., 2013; Webb et
al., 2012). The NalP lipoprotein is an autotransporter that assembles via the type
5 secretion system (T5SS) pathway, whereby it secretes its N-terminal passenger
domain through its C-terminal β-barrel pore. While neither RcsF nor BamC
contain their own transmembrane domain, RcsF spans the OM by threading its
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Figure 1.7.2 Polytopic lipoproteins.
Ribbon diagrams of various bitopic lipoproteins are shown. Wza (PDB: 2W8I) assembles into an
8-stranded octameric α-helical barrel (Dong et al., 2006). CsgG is also membrane-spanning but it
folds into a 36-stranded nonameric β-barrel. For clarity, the secondary structural data that was
absent from the CsgG crystal structure file (PDB: 4UV3) was added as per Goyal et al. (2014). NalP
is a lipoprotein autotransporter that assembles via T5SS to secrete its N-terminal extracellular
domain through its C-terminal 12-stranded β-barrel transmembrane domain (PDB: 1UYN) (Leyton
et al., 2012). Although the orientation of the lipidated portion of NalP has not yet been determined,
it is depicted in the LPS leaflet because NalP twice cleaves itself presumably extracellularly
(Roussel-Jazédé et al., 2013). RcsF is inserted into the LPS leaflet and spans the OM by threading
its C-terminal periplasmic domain (PDB: 2Y1B) through the lumen of OmpC (PDB: 2J1N)
(Konovalova et al., 2014). Conversely, Webb et al. (2012) found that BamC has a C-terminal
extracellular domain but its N-terminus is inserted into the periplasmic leaflet of the OM. BamC
interacts with BamD in the periplasm before spanning the OM by presumably threading through
BamA to display its C-terminal helix-grip domain (PDB: 3SNS) extracellularly. BamA, BamD and
the N-terminal portion of BamC are also shown (PDB: 5D0O).
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periplasmic domain through the lumen of OmpC or OmpF (Konovalova et al.,
2014) and, although not determined experimentally, BamC may similarly thread
its extracellular helix-grip domain(s) through the lumen of BamA (Webb et al.,
2012).

1.8 Periplasmic quality control
Proteins that reach the periplasm are generally subject to various quality control
mechanisms to ensure correct protein maturation. Periplasmic quality control
proteins can broadly be categorised into proteases, folding catalysts and
chaperones (Goemans et al., 2014). The importance of these factors is
underscored by the cell's stress response being activated by the misfolding and
aggregation of periplasmic proteins (Kim, 2015; Raivio, 2014). Proteins that do
misfold and aggregate in the periplasm are targeted for degradation by the
dedicated protease, DegP (Ge et al., 2014b). However, in contrast to the protease
activity of DegP, periplasmic chaperones may protect folded proteins from
denaturation by facilitating refolding (Thoma et al., 2015) or sequester unfolded
proteins via holdase activity either to promote their correct assembly (Hennecke
et al., 2005) or to prevent their misfolding (Burmann et al., 2013).

Periplasmic chaperones may have dedicated substrates, such as the pilotins of
T2SS, T3SS and T4SS (Burkinshaw & Strynadka, 2014; Dunstan et al., 2013;
Ilangovan et al., 2015) or the fimbrial chaperones from the chaperone-usher
family (Geibel & Waksman, 2014), while others have a much broader substrate
range. In addition to LptA and LolA - which were respectively discussed in
Sections 1.3 (LPS biogenesis) and 1.5 (lipoprotein biogenesis) - several general
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(i.e. promiscuous) periplasmic chaperones involved in OMP biogenesis have been
discovered: DegP, SurA, Skp, and FkpA (Goemans et al., 2014) (Figure 1.8.1).

DegP has dual protease and chaperone activity at or below 37 °C (Figure 1.8.1a),
but during heat-shock, DegP predominantly uses its protease activity to degrade
protein aggregates (Rizzitello et al., 2001; Skorko-Glonek et al., 2007; Spiess et al.,
1999) (Figure 1.8.1b), although whether DegP indeed has chaperone-like activity
has recently been questioned (Ge et al., 2014b). OMP biogenesis is thought to rely
primarily on SurA-mediated transport from the IM to the OM under normal
conditions, whereas Skp and DegP - both of which may also bind periplasmic
proteins - are thought to work together in an auxiliary OMP biogenesis pathway
(Behrens et al., 2001; Sklar et al., 2007) (Figure 1.8.1a). The remaining periplasmic
chaperones - FkpA, Spy, HdeA and HdeB - primarily function during the cell's
stress response (Goemans et al., 2014).

During heat-shock, FkpA is thought to replace SurA and Skp as the main OMP
chaperone (Ge et al., 2014a) (Figure 1.8.1b). Whereas Spy primarily binds
periplasmic proteins during general OM stress (Stull et al., 2016), it has also been
implicated in LptD assembly when overexpressed in E. coli ΔfkpA Δskp double
knockout strains (Schwalm et al., 2013). Under acid-induced stress, HdeA (at pH
2-3) and HdeB (at pH 4-5) protect chaperones, proteins and lipoproteins from
denaturing (Dahl et al., 2015; Hong et al., 2005; Malki et al., 2008; Zhang et al.,
2011). SurA and DegP are still involved in OMP biogenesis at low pH, but require
the protection of HdeA to ensure they themselves do not misfold (Zhang et al.,
2011).
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Figure 1.8.1 Periplasmic chaperones for outer membrane protein biogenesis.
Following Sec translocation, unfolded β-barrel proteins must traverse the aqueous and oxidising
periplasm to the OM without misfolding and aggregating. As such, a number of periplasmic
chaperones are recruited to ensure these unfolded polypeptides remain in a folding-competent
state. a, During normal growth (37 °C), nascent β-barrel proteins (blue) are transferred to the OM
usually via the SurA (PDB: 1M5Y) pathway, but otherwise by the Skp/DegP pathway. Although it
is not clear how these two pathways interact, or how Skp (PDB: 1SG2) interacts with DegP (PDB:
2ZLE), these pathways are mostly redundant, where OMP biogenesis is generally still possible in
the absence of either pathway (Sklar et al., 2007). b, During heat-shock (44 °C), FkpA is the
preferred periplasmic chaperone, whereas SurA and Skp only play minor roles during OMP
biogenesis (Ge et al., 2014a). During heat shock, nascent β-barrel proteins are more prone to
misfolding and aggregating, so DegP's contribution to OMP biogenesis is mainly by proteolytically
degrading these aggregates (Spiess et al., 1999). Dimeric FkpA was generated from the monomeric
structure (PDB: 1Q6U) using the "symmetry mates" function of Pymol.
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The third class of periplasmic quality control proteins is the periplasmic folding
catalysts, which may be further divided into: the Dsb (disulphide bond forming)
proteins and peptidyl-prolyl cis-trans isomerases (PPIases) (Goemans et al.,
2014). DsbA catalyses the formation of cystine (i.e. cystine is the oxidised,
disulfide-bonded form of two cysteine molecules), but problems may arise if DsbA
substrates contain more than two cysteine residues (Figure 1.8.2a). DsbA has a
tendency to oxidise consecutive cysteine residues and can potentially produce
non-native cystine species (Kadokura et al., 2004). To overcome this problem, the
disulphide bond isomerase, DsbC, rearranges the disulphide bonds to ensure
native cystine is formed, although how it determines what is native cystine is
unknown (Berkmen, 2012). Recently, a novel folding catalyst was identified, BepA,
that was found to selectively act as a disulphide bond isomerase for LptD (Narita
et al., 2013). Interestingly, BepA was also shown to harbour independent protease
activity, where it was capable of proteolytically degrading LptD or BamA (Narita
et al., 2013).

In the highly oxidative periplasmic environment, cysteines with a free thiol group,
are susceptible to oxidation and may be converted to highly unstable sulphenic
acid species (Dutton et al., 2008). Sulphenic acids readily react with free thiols to
form non-native cystine or are irreversibly oxidised to sulphinic or sulphonic acid
species (Reddie & Carroll, 2008). Although these reactive oxygen species may be
targeted for degradation by DegP, DsbG is mostly responsible for reducing
sulphenic acids into the native thiol form (Depuydt et al., 2009), and DsbC is
involved in the reduction of subsequent non-native cystines (Denoncin et al.,
2014) (Figure 1.8.2b).
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Figure 1.8.2 Redox pathways of cysteinyl thiols.
Arrows used to indicate oxidative pathways are coloured grey and those involving reduction are
coloured white. The names of each Dsb protein are indicated next to the "active" (oxidised or
reduced) form of that protein. DsbA (PDB: 2ZUP) is maintained in an "active" (oxidised) form by
DsbB (also PDB: 2ZUP), which in turn is kept oxidised by ubiquinone (brown) or menaquinone
(not shown) generated during aerobic or anaerobic metabolism (not shown), respectively (Bader
et al., 2000). DsbC (PDB: 1EEJ) and DsbG (PDB: 1V57) are likewise kept in an "active" reduced
conformation by DsbD (PDB: 1Z5Y), which in turn is similarly maintained in a reduced form by
cytoplasmic thioredoxin (not shown) (Berkmen, 2012). a, Following Sec translocation, DsbA
oxidises nascent polypeptide; however, if more than two cysteines are present, incorrect cysteine
pairs may be oxidised. DsbC then ensures correct cystine formation, but it is unknown whether
DsbC recruits DsbA to re-oxidise the polypeptide (Berkmen, 2012). b, The oxidative periplasm
(indicated by a question mark) may cause proteins with an odd number of cysteines to oxidise into
sulphenic acids, which readily undergo further oxidation into cystine, sulphinic acids and
sulphonic acids. DsbC and DsbG are recruited to reduce these incorrect cystines and sulphenic
acids, respectively, or are otherwise degraded by DegP.
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The second group of folding catalysts are the PPIases, which are important for
ensuring prolyl peptide bonds adopt a trans conformation (Reimer et al., 1998;
Schmidpeter & Schmid, 2015) (Figure 1.8.3). While the equilibrium between cis
and trans isomers for the majority of standard peptide bonds (380/400) greatly
favours the trans isomer - resulting in 99.97% of these peptide bonds adopting the
trans conformation in proteins (Jabs et al., 1999) - the equilibrium involving the
isomerisation of the peptide bond between a prolyl nitrogen and any other residue
only slightly favours the trans isomer (Reimer et al., 1998). PPIases are therefore
required to push the equilibrium toward the trans isomer to ensure about 94.8 %
of prolyl peptide bonds adopt the trans conformation (Reimer et al., 1998;
Schmidpeter & Schmid, 2015).

There are four E. coli proteins with periplasmic PPIase domains: SurA, FkpA, PpiA
and PpiD, but a quadruple ΔsurA ΔfkpA ΔppiA ΔppiD mutant remains viable,
leading Justice et al. (2005) to conclude that PPIase activity is dispensable for
viability. Indeed, because cytoplasmic PPIases are still expressed, such as trigger
factor or SlyD (Schmidpeter & Schmid, 2015), it is possible that periplasmic PPIase
activity is functionally redundant. Perhaps the periplasmic PPIases form a
"backup" isomerisation pathway responsible for isomerising any peptidyl-prolyl
cis isomers that were missed in the cytoplasm, or have since reverted to a cis
isomer. Despite this, the functional consequences for an extracytoplasmic protein
containing one or more peptidyl-prolyl cis isomers have not been thoroughly
investigated, indicating that a quadruple periplasmic PPIase mutant may remain
viable because PPIase substrates nevertheless remain functional.
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Figure 1.8.3 Peptide bond isomerisation.
The planar peptide bonds (and atoms that exist in the plane) are highlighted in pink and may adopt
a cis- or trans-conformation. a, The majority of peptide bonds heavily favour the trans-isomer,
except b, those involving proline, where the equilibrium between trans- and cis-isomers is almost
equal. PPIases are recruited to ensure proline peptide bonds adopt the trans-isomer. E. coli
contains four periplasmic PPIases, representing the three major PPIase families. c, Shown here is
a ribbon diagram of the FKBP PPIase domain from FkpA (PDB: 1Q6U), corresponding to residues
123-225 of the mature protein. d, PpiD and SurA both contain the parvulin PPIase domain; the
second parvulin domain from SurA (PDB: 1M5Y), corresponding to residues 262-365 of the mature
protein, is depicted here. e, Shown is a ribbon diagram of PpiA (PDB: 1CLH), which is entirely
comprised of the cyclophilin PPIase domain.
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1.9 β-Barrel protein biogenesis
Omp85 proteins are a structurally conserved superfamily present in all domains
of life. They adopt a β-barrel conformation and usually have at least one
polypeptide transport associated (POTRA) domain, which are important for
binding substrates and/or auxiliary proteins (Heinz & Lithgow, 2014; Simmerman
et al., 2014). Functionally, the Omp85 superfamily may be split into (i)
translocators and (ii) β-barrel insertases: the bacterial archetypes of which are
FhaC and BamA, respectively (Heinz & Lithgow, 2014). FhaC contains two POTRA
domains and forms the translocating component of a two-partner secretion
system where it is responsible for assembling and secreting FHA via the T5SS (Leo
et al., 2012) (Figure 1.9.1).

BamA is essential for cell viability and is the main component of the BAM complex.
In addition to BamA, the BAM complex is comprised of four lipoproteins: BamB,
BamC, BamD and BamE, of which, BamD is essential, and BamC is bitopic (Noinaj
et al., 2015; Webb et al., 2012) (Figure 1.9.2). Although the precise interaction
network between the BAM complex's components, periplasmic chaperones and
substrate proteins is still under investigation, it is generally accepted that the BAM
complex accepts substrate β-barrel proteins from periplasmic chaperones - such
as Skp and SurA - and catalyses their insertion into the OM. To date, the only
known exception - but likely not the only exception - is CsgG (Dunstan et al., 2015):
a 36-stranded β-barrel comprised of nine lipoprotein monomers (Cao et al., 2014;
Goyal et al., 2014), which has an as-yet-undetermined mode of assembly.

Omp85-family translocators and insertases each contain similar but distinct
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Figure 1.9.1 FhaC structure and mechanism.
a, Structural map of FhaC, based on its crystal structure (PDB: 2QDZ), where the POTRA domain
borders are defined as per Clantin et al. (2007). b, Ribbon diagram of FhaC coloured as in "a". c,
The putative Omp85 translocation mechanism whereby FhaC (now coloured green for clarity)
secretes its partner protein, FHA (PDB: 1RWR). The N-terminal domain of FHA (indicated as Nterm)
interacts with POTRA domain 1 while FHA threads through the barrel lumen and assembles into a
β-helical structure in the extracellular milieu (Clantin et al., 2007). Once the C-terminus of FHA
(indicated as Cterm) threads through the lumen, FHA dissociates from POTRA domain 1 (Clantin et
al., 2007).
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Figure 1.9.2 The BAM complex.
a, Structural map of BamA based on its crystal structure (PDB: 5D0O), where the POTRA domain
borders are defined as per Selkrig et al. (2015). b, Ribbon diagram of BamA, coloured as in "a". c,
Ribbon diagrams of the BAM lipoproteins, where the similar colours between the POTRA domains
and lipoproteins are coincidental: BamB (PDB: 3Q7O), BamC (PDB: 2YH6 and 3SNS for its N- and
C-terminal globular domains, respectively), BamD (PDB: 3Q5M) and BamE (PDB: 2KXX).
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transmembrane domains (Heinz & Lithgow, 2014), including three subtle
structural differences that enable BamA to act as an insertase. Firstly, unlike
Omp85 translocators, which contain an "open" exit pore, the exit pore of Omp85
insertases is capped by their extracellular loop 6, suggesting a lateral transfer
mechanism (Noinaj et al., 2015). Secondly, there is a significant difference in the
size of the aromatic girdle encircling BamA (9-20 Å) compared to FhaC (16-19 Å)
(Noinaj et al., 2013). Based on the observation that the aromatic girdle is
positioned between the "head" and "tail" groups of LPS or phospholipid species
(Schulz, 2002), Noinaj et al. (2013) determined that the membrane near the short
side of BamA's aromatic girdle, when compared to the long side, was 16 Å thinner
and contained a threefold increase in lipid disorder. This structural difference is
thought to facilitate OMP insertion by destabilising the protein-lipid interface to
lower the activation energy required for protein insertion.

Thirdly, the strong hydrogen-bonding interactions between the first and last βstrands in FhaC is greatly diminished in BamA, enabling the opening and closing
of what has now been termed BamA's "lateral gate" (Noinaj et al., 2014; Noinaj et
al., 2013). Following lateral gate opening, Omp85 insertases are thought to use
their terminal β-strand to act as a template for substrate OMP β-strand assembly,
a process termed "β-augmentation" (Estrada Mallarino et al., 2015; Noinaj et al.,
2014; Noinaj et al., 2015). The current working hypothesis is that substrate OMPs
partially enter the lumen of BamA, where extracellular domains may translocate
across the OM through the hydrophilic pore, whereas the transmembrane portion
directly enters the disordered regions of the lipid bilayer and assembles via βaugmentation (Noinaj et al., 2014) (Figure 1.9.3a).
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Figure 1.9.3 Insertion mechanisms of the BAM complex and the TAM.
Shown here are the putative mechanisms by which a, the BAM complex (PDB: 5D0O) and b, the
TAM (PDB: 4C00 for TamA) assemble their substrates. The lopsided aromatic girdle of BamA or
TamA destabilises the lipid-protein interface (darker regions of the bilayer) to enhance OMP
insertion. In both examples, nascent OMP translocates across the IM via the Sec pathway and is
transferred to the β-barrel insertase via periplasmic chaperones (not shown). a, In this example,
assembly of OmpG (PDB: 2X9K) is shown. b, The TAM acts to further destabilise the lipid bilayer
where the rigid POTRA domains of TamA are thought to push the OM away from the IM (Selkrig et
al., 2015; Shen et al., 2014). In this example, assembly of Ag43 is shown. The structure of Ag43 is
comprised of its N-terminal passenger domain (PDB: 4KH3) and a Phyre2 homology model of
residues 705-1039 modelled after the same domain from AIDA (PDB: 4MEE).
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Interestingly, recent molecular dynamics simulations revealed that for BamA in
isolation, the "lateral gate" does not open and despite numerous interactions
between the POTRA domain and the OM, the authors did not report significant
disruptions to the lipid interface (Fleming et al., 2016). Considering that a
functional and efficient BAM complex does not consist of BamA alone, the BAM
lipoproteins are likely required for lateral gate opening/closing and to facilitate
OM disruption, where at least one BAM lipoprotein - BamE - has been shown to
specifically bind PG, presumably to enhance substrate insertion (Endo et al., 2011;
Knowles et al., 2011).

A second β-barrel assembling machine related to the BAM complex, is the TAM.
The TAM is comprised of (i) TamB (formerly known as YtfN), which contains a
large periplasmic β-helical subunit anchored to the IM, and; (ii) an Omp85
component harbouring three POTRA domains, TamA (formerly known as YtfM)
(Figure 1.9.4). Although each of the BAM components are separately encoded
within E. coli (Keseler et al., 2013), a 4-basepair overlap exists between tamA and
tamB (Selkrig et al., 2012). This overlap suggests a potentially important
transcriptional coupling process whereby TamA and TamB are recruited by the
same (or neighbouring) SecYEG complexes to ensure both subunits are always in
relatively close proximity for TAM assembly.

While the TAM is dispensable for viability in vitro, both subunits are required for
proper TAM function in vivo (Selkrig et al., 2012). A structural comparison of
BamA with TamA revealed the presence of a lateral gate and a lopsided aromatic
girdle, indicating they may share a similar insertion mechanism (Gruss et al., 2013;
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Figure 1.9.4 POTRA domains of TamA.
a, Structural map of TamA based on its crystal structure (PDB: 4C00), where the POTRA domain
borders are defined as per Selkrig et al. (2015). b, Ribbon diagram of TamA, coloured as in "a".

67

Selkrig et al., 2015). Intriguingly however, the flexibility observed in BamA's
POTRA domains is not reflected in TamA, where TamA's POTRA domains instead
form a rigid body that pushes onto TamB to further destabilise the OM, thereby
promoting OMP insertion (Selkrig et al., 2015; Shen et al., 2014) (Figure 1.9.3b).
Additionally, the exit pore "capping" performed by loop 6 in TamA is further
stabilised in BamA by loops 4 and 7 (Noinaj et al., 2015), perhaps indicating that
exit pore "opening" during lateral transfer is relatively simpler than in BamA.

The BAM complex has been suggested to recognise a "β-signal motif" found within
the last β-strand of its substrate, because its homologue in mitochondria, Sam50,
does (Höhr et al., 2015). This motif is reported to include a terminal phenylalanine
or tryptophan and usually a tyrosine at the third-last residue (Paramasivam et al.,
2012; Robert et al., 2006; Struyve et al., 1991). Several additional studies have also
supported this hypothesis by showing there is a reduction in OMP assembly if the
β-signal motif is removed (de Cock et al., 1997; Gessmann et al., 2014; Lehr et al.,
2010; Walther et al., 2009): PhoE (GMTYQF), YadA (SFNIEW), OmpA (GVSYRF)
and OmpC (GLVYQF), where the last six residues reported to comprise the
terminal β-strand are indicated in brackets.

However, it is hard to reconcile with the β-signal hypothesis following crystal
structure inspection of several OMPs, which have no obvious β-signal within their
terminal β-strand (Gruss et al., 2013; Koronakis et al., 2000; Phan et al., 2011;
Remaut et al., 2008; Snijder et al., 1999): OmpLA (VGVGVM), FimD (SGGVLA),
PapC (ASGGAT), TamA (QFYIGL) and TolC (SLPIYQ). If the β-signal does not need
to be within the last β-strand, then FimD's sixteenth β-strand may contain that β68

signal (GLNTAF). But the potential redundancy in this "signal" is high, and this
"match" could be coincidental: considering that a similar motif may be found in
the penultimate β-strand of CsgG (AGVFRF) (Cao et al., 2014; Goyal et al., 2014),
and yet CsgG has been demonstrated not to require the BAM complex (Dunstan et
al., 2015). Indeed, transmembrane β-strands are already characterised by the
presence of alternating hydrophobic and polar residues that are capped by
aromatic residues constituting the aromatic girdle (Jackups & Liang, 2005; Schulz,
2002), so the "β-signal" may instead be a general structural feature.

The logic used to claim a protein is BAM-dependent based on the presence of an
apparent β-signal could be considered a form of non sequitur, especially
considering that TolC and TamA, which are both BAM-dependent, do not harbour
the motif (Bennion et al., 2010; Dunstan et al., 2015; Malinverni et al., 2006;
Werner & Misra, 2005). Furthermore, if an unbiased approach was taken, after
inspecting the structures of several OMPs that reportedly contain the β-signal
motif - including PhoE, YadA, OmpC, and most OmpA structures - it appears that
the terminal phenylalanine is not part of the terminal β-strand (Arora et al., 2001;
Basle et al., 2006; Cowan et al., 1992; Johansson et al., 2007; Lou et al., 2011;
Pautsch & Schulz, 2000; Shahid et al., 2012). While it is entirely possible that the
BAM complex does recognise a signal, rather than an ability to recognise the
general structural characteristic of transmembrane β-strands, more experimental
evidence is required.

Unlike the BAM complex, the TAM has remained enigmatic in that only a single
family of proteins have been shown to assembled by the TAM: the AIDA-like
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autotransporters (Selkrig et al., 2012) (Figure 1.9.3b). As such, it is difficult to
identify any sequence or structural motifs within TAM substrates that may cause
OMP biogenesis using the TAM rather than the BAM complex. A recent study by
Heinz et al. (2015) investigating the evolutionary history of the TAM revealed that
while TamA is found almost exclusively in Proteobacteria (see also Heinz &
Lithgow, 2014), TamB is instead distributed among most Gram-negative lineages
and is potentially under positive selection (Xu et al., 2011). Indeed, Heinz et al.
(2015) reported that the original TAM and BAM complex may not have been
separate. Rather, the original β-barrel assembling machine may have consisted of
an inner membrane TamB-like component that lead to the TAM, and an outer
membrane BamA-like component that lead to the BAM complex. Even today, the
Spirochaetes appear to harbour a similar bamA-tamB operon (Selkrig et al., 2014).

The reason why two β-barrel assembling machines have been simultaneously
selected for in Proteobacteria is baffling. Surely one machine would be sufficient
to assemble all β-barrel proteins? Given the prevalence of the TAM, there must be
something that the TAM does that the BAM complex cannot do. Because the AIDAlike autotransporters are the only known TAM substrates (Selkrig et al., 2012),
and about 40% of Proteobacteria do not contain autotransporters (Celik et al.,
2012), it is difficult to define a role for the TAM in the context of that simple
evolutionary purpose. By searching for a more substantive and diverse list of TAM
substrates, it was thought that questions pertaining to the co-evolution of the BAM
complex and the TAM, and whether they are two competing machines or act in
synergy may be answered.

70

71

72

Chapter 2 – Materials and Methods
2.1 Bacterial strains and growth conditions
The E. coli strains used in this study are listed in Table 2.1.1. In several cases, E.
coli DH5α and BL21 Star™ (DE3) (and its derivatives) were transformed to
harbour one or two plasmids as listed in Table 2.1.2. E. coli were incubated in 2×
YT media (CSH Protocols, 2014) or SOC media (CSH Protocols, 2012), but usually
and unless otherwise stated, E. coli were incubated in lysogeny broth (LB) media
(Lennox formulation) (CSH Protocols, 2006a). Incubation media supplemented
with carbohydrates was filter sterilised using Stericups® with 0.22 μm Express™
Plus membranes (Merck Millipore) and media with low volumes (less than 50 mL)
was filter sterilised using an Acrodisc® syringe filter with a 0.2 μm Supor®
membrane (PALL Life Sciences). Otherwise, media was sterilised by autoclaving
at 121 °C for 20 minutes at 15 psi. When required, growth media was
supplemented with antibiotics at the following concentrations: 100 μg.mL-1
ampicillin, 30 μg.mL-1 kanamycin, 34 μg.mL-1 chloramphenicol. 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 E. coli were incubated at 37 °C on an
orbital platform rotating 200 strokes per minute (25 mm orbit). Except where
stated otherwise, E. coli were routinely incubated on solid LB media for 16-24
hours at 37 °C. Two-to-three colonies were then selected and used to inoculate
fresh LB (5-10 mL liquid) media where cells were subsequently incubated for 1216 hours. This saturated culture was typically used to prepare glycerol stock
solutions or to inoculate fresh media. To estimate the growth phase of E. coli, the
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Table 2.1.1 E. coli strains used in this study.
E. coli strains
DH5α

Characteristics
F– endA1 glnV44 thi-1
recA1 relA1 gyrA96 deoR
nupG purB20
φ80dlacZΔM15 Δ(lacZYAargF)U169, hsdR17(rK–
mK+), λ–
F- λ- ilvG- rfb-50 rph-1
Uropathogenic E. coli
isolated from the blood
and urine of a woman with
acute pyelonephritis
Enteropathogenic E. coli
isolated in Taunton, United
Kingdom, in 1969 during
an outbreak of infantile
diarrhoea

Purpose
PCR template
and vector
storage

Source or Reference
Invitrogen

PCR template
PCR template

Bachmann (1996)
Mobley et al. (1990)

PCR template

Levine et al. (1978)

F– ompT gal dcm lon
hsdSB(rB–mB–) [malB+]KS
12(λ )
BL21 λ(DE3)
BL21 (DE3) rne131

gene expression Invitrogen

BL21 Star™ (DE3) ΔtamA

BL21 Star™ (DE3)
ΔtamA::nptII (Kanamycin
resistant)

BL21 Star™ (DE3) ΔtamB

BL21 Star™ (DE3)
ΔtamB::nptII (Kanamycin
resistant)
BL21 Star™ (DE3)
ΔbamB::nptII (Kanamycin
resistant)
BL21 Star™ (DE3)
ΔbamC::nptII (Kanamycin
resistant)

gene expression Made by M. J. Belousoff,
Heinz et al. (2016), and
Stubenrauch et al.
(2016)
gene expression Made by M. J. Belousoff,
Stubenrauch et al.
(2016)
gene expression Made by M. J. Belousoff,
Stubenrauch et al.
(2016)
gene expression Made by M. J. Belousoff,
Stubenrauch et al.
(2016)

BL21 Star™ (DE3)
ΔbamE::nptII (Kanamycin
resistant)

gene expression Made by M. J. Belousoff,
Stubenrauch et al.
(2016)

K-12 strain MG1655
CFT073

E2348/69

BL21

BL21 (DE3)
BL21 Star™ (DE3)

BL21 Star™ (DE3) ΔbamB

BL21 Star™ (DE3) ΔbamC

BL21 Star™ (DE3) ΔbamE

gene expression Invitrogen
gene expression Invitrogen

Table 2.1.2 E. coli plasmids used in this study.
Name
pET-15b
pET-22b(+)
pETDuet-1

Characteristics
Base E. coli expression vector, pBR322
origin of replication, confers resistance to
ampicillin
Base E. coli expression vector, pBR322
origin of replication, confers resistance to
ampicillin
Base E. coli expression vector, pBR322
origin of replication, confers resistance to
ampicillin

74

Purpose

Source or
Reference

Base vector

Novagen

Base vector

Novagen

Base vector

Novagen

pACYCDuet1
pKS02

pKS06

pKS07

pMB11

pWAK05

pCJS29

pCJS30

pCJS31

pCJS32

pCJS33

pCJS37

pCJS40

Base E. coli expression vector, p15A
origin of replication, confers resistance to
chloramphenicol
pET-15b (NcoI/NdeI) Ω MB45/MB46 PCR
product from E. coli K-12 MG1655 gDNA
template (NcoI/NdeI; 2639 bp), confers
ampicillin resistance
pET-15b (NcoI/NdeI) Ω MB53/MB54 PCR
product from E. coli K-12 MG1655 gDNA
template (NcoI/NdeI; 1736 bp), confers
ampicillin resistance
pET-15b (NcoI/XhoI) Ω MB55/MB56 PCR
product from E. coli K-12 MG1655 gDNA
template (NcoI/XhoI; 1057 bp), confers
ampicillin resistance
pET-15b (NcoI/NdeI) Ω MB35/MB36 PCR
product from E. coli K-12 MG1655 gDNA
template (NcoI/NdeI; 1484 bp), confers
ampicillin resistance
TEV-fimD-Cstrep expression vector,
RSF1010 origin, confers kanamycin
resistance. FimD harbours an internal
TEV site (within loop 7 of the
transmembrane domain) and a Cterminal strep-II tag
pET-15b (NcoI/NdeI) Ω MB45/CSP37
PCR product from pWAK05 DNA template
(NcoI/NdeI; 2669 bp), confers ampicillin
resistance
pET-15b(NcoI/NdeI) Ω CSP32/CSP36 PCR
product using E. coli E2348/69 gDNA
template (NcoI/NdeI; 2819 bp), confers
resistance to ampicillin
pET-15b (NcoI/BamHI) Ω CSP132/CSP47
PCR product from E. coli CFT073 gDNA
template (NcoI/BamHI; 2521 bp), confers
ampicillin resistance
pET-22b(+) (NdeI/BamHI) Ω
CSP133/CSP51 PCR product from E. coli
CFT073 gDNA template (NdeI/BamHI;
2520 bp), confers ampicillin resistance
pET-15b (NcoI/BamHI) Ω CSP134/CSP55
PCR product from E. coli CFT073 gDNA
template (NcoI/BamHI; 2653 bp), confers
ampicillin resistance
pETDuet-1 (AatII/XhoI) Ω
CSP142/CSP143 PCR product from E. coli
E2348/69 gDNA template (AatII/XhoI;
2528 bp), confers ampicillin resistance
pET-15b (NcoI/BamHI) Ω CSP146/CSP91
PCR product from E. coli K-12 MG1655
gDNA template (NcoI/BamHI; 2446 bp),
confers ampicillin resistance
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Base vector

Novagen

fimD
expression
vector

Made by K. S. Tan,
Stubenrauch et al.
(2016)

PCR template

Made by K. S. Tan,
unpublished

phoE
expression
vector

Made by K. S. Tan,
unpublished

tolC
expression
vector

Made by M. J.
Belousoff,
Stubenrauch et al.
(2016)
Made by J.
Lillington,
Stubenrauch et al.
(2016)

PCR template

TEV-fimDCstrep
expression
vector
eaeA
expression
vector

This study,
Stubenrauch et al.
(2016)

yqiG
expression
vector

This study

papC
expression
vector

This study,
Stubenrauch et al.
(2016)

yfcU
expression
vector

This study,
Stubenrauch et al.
(2016)

ecpC
expression
vector

This study

ybgQ
expression
vector

This study,
Stubenrauch et al.
(2016)

This study, Heinz
et al. (2016)

pCJS42

pCJS43

pCJS44

pCJS49

pCJS50

pCJS51

pCJS52

pCJS58

pETDuet-1 (NcoI/BamHI) Ω
MB47/CSP119 PCR product from E. coli
K-12 MG1655 gDNA template
(NcoI/BamHI; 2356 bp), confers
ampicillin resistance
pETDuet-1 (NdeI/XhoI) Ω
CSP121/CSP122 PCR product from E. coli
K-12 MG1655 gDNA template
(NdeI/XhoI; 582 bp), confers ampicillin
resistance
pCJS43 (NcoI/BamHI) Ω pCJS42
(NcoI/BamHI; 2356 bp), confers
ampicillin resistance
pET-15b (NcoI/BamHI) Ω CSP141/CSP75
PCR product from E. coli CFT073 gDNA
template (NcoI/BamHI; 2587 bp), confers
ampicillin resistance
pET-15b (NcoI/BamHI) Ω
CSP152/CSP107 PCR product from E. coli
CFT073 gDNA template (NcoI/BamHI;
4249 bp), confers ampicillin resistance
pET-22b(+) (NcoI/EcoRI) Ω
CSP155/CSP156 PCR product from
pKS02 DNA template (NcoI/EcoRI; 2533
bp), confers ampicillin resistance. FimD
contains the pET-22b(+)-based pelB
signal sequence followed by an Nterminal strep-II tag instead of its own
45-residue signal sequence.
pETDuet-1 (NcoI/EcoRI) Ω
MB45/CSP156 PCR product from pKS02
DNA template (NcoI/EcoRI; 2638 bp),
confers ampicillin resistance
pCJS52 (NdeI/XhoI) Ω CSP158/CSP159
PCR product from pKS06 DNA template
(NdeI/XhoI; 1734 bp), confers ampicillin
resistance

pCJS60

pCJS52 (NdeI/XhoI) Ω CSP162/CSP163
PCR product from E. coli E2348/69 DNA
template (NdeI/XhoI; 1179 bp), confers
ampicillin resistance

pCJS64

pET-15b (NcoI/NdeI) Ω MB45/CSP172
PCR product from pKS02 DNA template
(NcoI/BspEI; 559 bp) Ω CSP173/MB46
PCR product from pKS02 DNA template
(BspEI/NdeI; 2100 bp), confers ampicillin
resistance. FimD harbours a
hexahistidine-tag between P180 and
G181 (P135/G136 of mature FimD)
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lptD
expression
vector

This study

lptE
expression
vector

This study

Dual lptD
(MCS1) and
lptE (MCS2)
expression
vector
htrE
expression
vector

This study

fdeC
expression
vector

This study, Heinz
et al. (2016)

Nstrep-fimD
expression
vector

This study,
Stubenrauch et
al. (2016)

fimD
expression
vector

This study

Dual fimD
(MCS1) and
tamA (MCS2)
expression
vector
Dual fimD
(MCS1) and
bamB (MCS2)
expression
vector
His135/136-fimD
expression
vector

This study

This study,
Stubenrauch et
al. (2016)

This study

This study

pCJS65

pCJS66

pCJS69

pCJS72

pCJS73

pCJS74

pET-15b (NcoI/NdeI) Ω MB45/CSP168
PCR product from pKS02 DNA
template (NcoI/BspEI; 787 bp) Ω
CSP169/MB46 PCR product from
pKS02 DNA template (BspEI/NdeI;
1872 bp), confers ampicillin resistance.
FimD harbours a hexahistidine-tag
between P256 and G257 (P211/L212
of mature FimD)
pET-15b (NcoI/NdeI) Ω MB45/CSP170
PCR product from pKS02 DNA
template (NcoI/BspEI; 1843 bp) Ω
CSP171/MB46 PCR product from
pKS02 DNA template (BspEI/NdeI; 816
bp), confers ampicillin resistance.
FimD harbours a hexahistidine-tag
between S608 and D609 (S563/D564
of mature FimD)
pACYCDuet-1 (NcoI/NdeI) Ω pKS06
(NcoI/NdeI; 1736 bp), confers
chloramphenicol resistance
pACYCDuet-1 (NdeI/XhoI) Ω
CSP160/CSP161 PCR product from E.
coli DH5α gDNA template (NdeI/XhoI;
3780 bp), confers chloramphenicol
resistance
pACYCDuet-1 (NdeI/XhoI) Ω pCJS60
(NdeI/XhoI); 1179 bp), confers
chloramphenicol resistance
pACYCDuet-1 (NdeI/XhoI) Ω
CSP164/CSP165 PCR product from E.
coli K-12 MG1655 gDNA template
(NdeI/XhoI; 342 bp), confers
chloramphenicol resistance
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His211/212fimD
expression
vector

This study,
Stubenrauch et al.
(2016)

His563/564fimD
expression
vector

This study,
Stubenrauch et al.
(2016)

tamA
complemen
tation
vector
tamB
complemen
tation
vector

This study, Heinz et
al. (2016), and
Stubenrauch et al.
(2016)
This study,
Stubenrauch et al.
(2016)

bamB
complemen
tation
vector
bamE
complemen
tation
vector

This study,
Stubenrauch et al.
(2016)
This study,
Stubenrauch et al.
(2016)

optical density at 600 nm (OD600) was measured with an Ultrospec 10 cell density
meter (GE Healthcare Life Sciences).

2.2 Storage conditions
Following routine incubation, an aliquot of the saturated culture was then
transferred to a cryogenic vial and mixed with an equal volume of 40 % v/v
glycerol (20 % v/v final concentration), before snap freezing in liquid nitrogen
and transferring to a long-term -80 °C storage freezer. Although plasmids were
stored in E. coli BL21 Star™ (DE3) (and its derivatives) for subsequent pulse chase
analysis, stock plasmids were stored in E. coli DH5α (which is a ΔrecA mutant).
When required, and without thawing the glycerol stock, a small portion of the
frozen the glycerol culture was used to inoculate solid LB media for routine
incubation.

2.3 Transformations
2.3.1 CaCl2 Chemically competent cells and transformations
To prepare chemically competent cells with CaCl2, saturated overnight cultures
were diluted 1:100 into fresh 200 mL LB and incubated until an OD600 of 0.5. The
cells were chilled for 30 minutes on ice, subjected to centrifugation (4415 rcf, 15
minutes, 4 °C) and the cell pellet was resuspended in 28 mL ice-cold 0.1 M CaCl2.
After chilling and following centrifugation, the cell pellet was resuspended in 1 mL
ice-cold 0.1 M CaCl2 and incubated on ice for 2 hours. Ice-cold LB media containing
30% v/v glycerol (500 μL) was then added to the suspension and 50 μL aliquots
were snap frozen in liquid nitrogen. The cell aliquots were stored at -80 °C.
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To transform CaCl2 chemically competent E. coli strains, cells were first thawed on
ice. Purified plasmid (1 μL) was added and, after gentle mixing, the sample was
incubated on ice for 20 minutes. The sample was then heat-shocked for 45 seconds
at 42 °C, incubated on ice for 2 minutes, and transferred to 950 μL of non-selective
SOC or 2× YT media for a 45-minute incubation. Selective solid media was then
inoculated with 10-100 μL of transformation mixture. Following a 24-hour
incubation at 37 °C, a well-isolated single colony of transformants was used to
inoculate fresh LB (liquid) media for overnight incubation, which was then used
to prepare a glycerol storage stock.

2.3.2 Preparing Electrocompetent cells and transformations
Electrocompetent cells were prepared if the E. coli strain was to be transformed
with a second plasmid. To prepare electrocompetent cells, saturated overnight
culture was diluted 1:50 with 30 mL of fresh LB and incubated until the OD600
reading was between 0.4 and 0.6. Cells were centrifuged four times (3488 rcf, 10
minutes, 4 °C) where the cell pellet was resuspended using increasingly smaller
volumes of ice-cold 10 % v/v glycerol: 12 mL, then 6 mL, then 3 mL, then 300 μL.
Aliquots (50 μL) 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.

To transform electrocompetent E. coli, cells were incubated on ice for 3 minutes
with 1 μL of purified plasmid. After transferring to pre-chilled ice-cold
electroporation cuvettes (1 mm gap), cells were electroporated at 1800 V, 200 Ω
and 25 μF and then immediately transferred to 250 μL of non-selective 2× YT or
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SOC media. Following a 1-hour incubation, selective solid media was inoculated
with 10-100 μL of transformation mixture and incubated overnight. Liquid media
of the same composition was then inoculated with a well-isolated single colony of
transformants and after overnight incubation, the saturated culture was used to
prepare a glycerol storage stock.

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

2.5 Plasmid construction
The plasmids constructed in this study are given in Table 2.1.2. Genes of interest
were cloned in to pET-15b, pET-22b(+), pETDuet-1 or pACYCDuet-1 and were
subsequently used in pulse chase and/or complementation experiments.
Following each purification step listed below, samples were sometimes stored at
-20 °C, and thawed on ice for use at a later time.

2.5.1 PCR
Primers were designed using Serial Cloner version 2.6.1 (SerialBasics). The
oligonucleotides were synthesised by Integrated DNA Technologies (USA), and
their sequences are listed in (Table 2.5.1.1). PCR, used to amplify a gene of interest
for cloning purposes, was performed using Expand™ High Fidelity PCR System
(Sigma Aldrich) as per manufacturer's instructions and using the appropriate
primers as indicated in Table 2.1.2. If however, the indicated template DNA was
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Table 2.5.1.1 PCR primers used in this study.
PCR primers were used to generate and/or sequence the indicated inserts. Primers may have a
restriction site incorporated within their 5' end as indicated, otherwise not applicable (N/A) is
shown.
Name

Sequence

Purpose

Site

MB35

5'-tttgacgtccatgggcaagaaatt
gctccccattcttatc-3'

tolC cloning

NcoI

MB36

5'-gttgacgtcatatgtcagttacgg
aaagggttatgac-3'

tolC cloning

NdeI

MB45

5'-tttgacgtccatgggctcatatctg
aatttaagactttaccagc-3'

fimD cloning

NcoI

MB46

5'-gttgacgtcatatgttaacgacatt
cagctgatagctg-3'

fimD cloning

NdeI

MB47

5'-tttgacgtccatgggcaaaaaacg
tatccccactctcc-3'

lptD cloning

NcoI

MB53

5'-tttgacgtccatgggccgctatatc
cgacagttatgctg-3'

tamA cloning

NcoI

MB54

5'-gttgacgtcatatgtcataattctg
gccccagacc-3'

tamA cloning

NdeI

MB55

5'-tttgacgtccatgggcaaaaagag
cactctggcattagtg-3'

phoE cloning

NcoI

MB56

5'-gttgacgtctcgagttaaaactgat
acgtcatgccaac-3'

phoE cloning

XhoI

5'-cggtgatccacggtattgctc-3'

fimD sequencing

N/A

5'-cgctggcttgatggaactgg-3'

lptD sequencing

N/A

eaeA cloning

NcoI

eaeA cloning

NdeI

KS FimD
899 F
KS LptD
852 F
CSP32
CSP36

5’-ccggcccatggttactcatggtttt
tatgcccg-3’
5’-ccggccatatgttattttacacaag
tggcataagc-3’

CSP37

5'-ccggccatatgttatttttcgaact
gcgggtggctcca-3'

strep-II tag
cloning

NdeI

CSP39

5'-tgacagtcagcatgacggacaat3'

fimD sequencing

N/A
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Source or
reference
Designed by M. J.
Belousoff,
Stubenrauch et al.
(2016)
Designed by M. J.
Belousoff,
Stubenrauch et al.
(2016)
Designed by M. J.
Belousoff,
Stubenrauch et al.
(2016)
Designed by M. J.
Belousoff,
Stubenrauch et al.
(2016)
Designed by M. J.
Belousoff,
unpublished
Designed by M. J.
Belousoff,
unpublished
Designed by M. J.
Belousoff,
unpublished
Designed by M. J.
Belousoff,
Stubenrauch et al.
(2016)
Designed by M. J.
Belousoff,
Stubenrauch et al.
(2016)
Designed by K. S.
Tan, unpublished
Designed by K. S.
Tan, unpublished
This study, Heinz et
al. (2016)
This study, Heinz et
al. (2016)
This study,
Stubenrauch et al.
(2016)
This study

CSP42
CSP43
CSP44
CSP45
CSP47
CSP48
CSP49
CSP51
CSP52
CSP53

5'-tgacgctgggtgatggttatactc
a-3'
5'-tcgtgtgacatgctgtagctggca
ct-3'
5'-tgacggtagttcactggacttctt
a-3'
5'-gctaacacgggcactaacgagtg
at-3'
5'-gccggggatccttatttgactgtttt
acaaggtaaaatt-3'
5'-ggacgctcggtaaaccgcgaca3'
5'-catctgcgaagtattactgcttccc
g-3'
5'-ccggctctagaatgcgtggaatga
aagacagaat-3'
5'-aaacgacaaacagaaatttcaca
tg-3'
5'-ccatattcacataacggtcatta3'

fimD sequencing

N/A

This study

fimD sequencing

N/A

This study

eaeA sequencing

N/A

This study

eaeA sequencing

N/A

This study

yqiG cloning

BamHI

This study

yqiG sequencing

N/A

This study

yqiG sequencing

N/A

This study

papC cloning

BamHI

This study,
Stubenrauch et al.
(2016)

papC sequencing

N/A

This study

papC sequencing

N/A

This study
This study,
Stubenrauch et al.
(2016)
This study
This study
This study,
Stubenrauch et al.
(2016)

CSP55

5'-gccggggatccttattgagttgctg
aaattgacgt-3'

yfcU cloning

BamHI

CSP56
CSP57

5'-tgacgacgatgacagcagtaa-3'
5'-acgttaacctggtagtgcgtt-3'

yfcU sequencing
yfcU sequencing

N/A
N/A

CSP75

5'-gccggggatccttactgtatctga
caacgaagc-3'

htrE cloning

BamHI

htrE sequencing

N/A

This study

htrE sequencing

N/A

This study

ecpC sequencing
ecpC sequencing

N/A
N/A

ybgQ cloning

BamHI

ybgQ sequencing
ybgQ sequencing

N/A
N/A

fdeC cloning

BamHI

This study
This study
This study,
Stubenrauch et al.
(2016)
This study
This study
This study, Heinz et
al. (2016)

fdeC sequencing

N/A

This study

fdeC sequencing

N/A

This study

fdeC sequencing

N/A

This study

fdeC sequencing

N/A

This study

lptD cloning

BamHI

This study

lptD sequencing

N/A

This study

lptE cloning

NdeI

This study

lptE cloning

XhoI

This study

CSP76
CSP77
CSP80
CSP81
CSP91
CSP92
CSP93
CSP107
CSP108
CSP109
CSP110
CSP111
CSP119
CSP120
CSP121
CSP122

5'-aatcgctatttacaacgcgatct3'
5'-ctgtttaattgtgtatcaatactct
g-3'
5'-cgattttgctggtcaccgattt-3'
5'-tgacagattggcaccaacagt-3'
5'-gccggggatccttattaatgacaa
ggtaaaatcaggcg-3'
5'-tcggcgaaaccgatttcagtt-3'
5'-tacgttcatccagcgtatcgtt-3'
5'-gccggggatccttatttctcctcag
cgccttcagt-3'
5'-tggcgcaagcctgatgtatgaa3'
5'-gcaacaaacttcagcgtttgttg3'
5'-caacaaacgctgaagtttgttgc3'
5'-agtcacggaaaccactttcagtt3'
5'-gccggggatccttacaaagtgtttt
gatacggcagaa-3'
5'-ccaaatatggatgccaccatca3'
5'-ccggccatatgcgatatctggcaa
cattgttgt-3'
5'-gccggctcgagttagttacccagc
gtggtggaga-3'
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CSP123
CSP124
CSP125
CSP126
CSP132

5'-caacgattactgttagcgttgatg3'
5'-catcaacgctaacagtaatcgtt
g-3'
5'-ctgactgttattgccggagag-3'
5'-ctctccggcaataacagtcag-3'
5'-ccggcccatggacaataaaaaca
cgttttcccgg-3'

fdeC sequencing

N/A

This study

fdeC sequencing

N/A

This study

fdeC sequencing
fdeC sequencing

N/A
N/A

This study
This study

yqiG cloning

NcoI

This study
This study,
Stubenrauch et al.
(2016)
This study,
Stubenrauch et al.
(2016)
This study,
Stubenrauch et al.
(2016)

CSP133

5'-ccggccatatgcgtggaatgaaa
gacagaat-3'

papC cloning

NdeI

CSP134

5'-ccggcccatgggtatgcctaatca
ctcaaattttcg-3'

yfcU cloning

NcoI

CSP141

5'-ccggcccatggctattaaatctact
aatcaccttacc-3'

htrE cloning

NcoI

ecpC cloning

AatII

This study

ecpC cloning

XhoI

This study

CSP142
CSP143

5'-ccggcgacgtcatgcctttacgac
ggttctc-3'
5'-gccggctcgagttaactctcattct
cttctcctgt-3'

CSP146

5'-ccggcccatggatatttatcgactc
tcttttgtatcct-3'

ybgQ cloning

NcoI

CSP152

5'-ccggcccatggcacgttataaaac
agacaataaacag-3'

fdeC cloning

NcoI

CSP156

5'-ggccggaattcttaacgacattca
gctgatagct-3'

fimD cloning

EcoRI

CSP158

5'-ggccgcatatgcgctatatccgac
agttatgctg-3'

tamA cloning

NdeI

CSP159

5'-ggccgctcgagttataattctggc
cccagaccgat-3'

tamA cloning

XhoI

CSP160

5'-ggccgcatatgagtttatggaaaa
aaatcagcctc-3'

tamB cloning

NdeI

CSP161

5'-ggccgctcgagttaaaactcgaac
tgatagagcaaatc-3'

tamB cloning

XhoI

CSP162

5'-ggccgcatatgcaattgcgtaaat
tactgctgc-3'

bamB cloning

NdeI

CSP163

5'-ggccgctcgagttaacgtgtaata
gagtacacggtt-3'

bamB cloning

XhoI

CSP164

5'-ggccgcatatgcgctgtaaaacgc
tgactg-3'

bamE cloning

NdeI

CSP165

5'-ggccgctcgagttagttaccactc
agcgcaggtt-3'

bamE cloning

XhoI

CSP168

5'-ctatctccggagtggtgatggtga
tgatgcggtattatgtctcgctcaagc
cag-3'

His211/212-fimD
cloning

BspEI
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This study,
Stubenrauch et al.
(2016)
This study, Heinz et
al. (2016)
This study,
Stubenrauch et al.
(2016)
This study, Heinz et
al. (2016), and
Stubenrauch et al.
(2016)
This study, Heinz et
al. (2016), and
Stubenrauch et al.
(2016)
This study,
Stubenrauch et al.
(2016)
This study,
Stubenrauch et al.
(2016)
This study,
Stubenrauch et al.
(2016)
This study,
Stubenrauch et al.
(2016)
This study,
Stubenrauch et al.
(2016)
This study,
Stubenrauch et al.
(2016)
This study,
Stubenrauch et al.
(2016)

This study,
Stubenrauch et al.
(2016)
This study,
Stubenrauch et al.
(2016)
This study,
Stubenrauch et al.
(2016)

CSP169

5'-cgctgtccggattacgttcccggct
gacgctg-3'

His211/212-fimD
cloning

BspEI

CSP170

5'-ctatctccggagtggtgatggtga
tgatgagaacgcagccagtggctgaa
ag-3'

His563/564-fimD
cloning

BspEI

CSP171

5'-ctatctccggagacagtaaatctc
agtggcgacatgc-3'

His563/564-fimD
cloning

BspEI

His135/136-fimD
cloning

BspEI

This study

BspEI

This study

N/A

This study

N/A

This study

N/A

This study

N/A

Novagen

N/A

Novagen

N/A

Novagen

N/A

Novagen

N/A

Novagen

CSP172
CSP173
CSP183
CSP184
CSP185

5'-ctatctccggagtggtgatggtga
tgatggggatcccataactcaggagg
aatataacc-3'
5'-ctatctccggaggtattaatgccg
gattgctcaattataatttcag-3'
5'-gtaaatatcaacctcgtcaccctg
aatg-3'
5'-cattcagggtgacgaggttgatat
ttac-3'
5'-ccagaccgtatttgctcttaacg3'

T7
Promoter

5'-taatacgactcactataggg-3'

T7
Terminator

5'-gctagttattgctcagcgg-3'

pET
Upstream

5'-atgcgtccggcgtaga-3'

DuetDOW
N1

5'-gattatgcggccgtgtacaa-3'

DuetUP2

5'-ccagaccgtatttgctcttaacg3'

His135/136-fimD
cloning
tamB
sequencing
tamB
sequencing
eaeA sequencing
pET-15b or pET22b(+)
sequencing
pET-15b, pET22b(+) or MCS2
sequencing
MCS1
sequencing
(pETDuet-1
only)
MCS1
sequencing
MCS2
sequencing
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genomic DNA (gDNA), part of a single colony from an overnight (solid media)
incubation of the indicated strain was suspended in the PCR reaction mixture.
Following PCR amplification, the sample was purified using the Wizard® SV Gel
and PCR Clean-Up System (Promega) kit.

2.5.2 Restriction digestion and alkaline phosphatase treatment
All restriction enzymes were from New England Biolabs and where possible, highfidelity versions of enzymes were used. Plasmids or purified PCR amplicons were
"double digested" as indicated in Table 2.1.2 as per manufacturer's instructions
for one hour. CutSmart® buffer was typically used during double digestion
reactions. If double restriction digests included BspEI, NEBuffer 3.1 was used
instead of CutSmart® buffer and normal-fidelity versions of the second restriction
enzyme were used. The linearised plasmid was then usually 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 purified by gel electrophoresis using 0.8-1.5 % w/v molecular
biology grade agarose (Scientifix, 9010E) in TAE buffer as per Sambrook and
Russell (2006). DNA was stained using SYBR® Safe (Thermo Fisher Scientific) as
per manufacturer's instructions. Slices corresponding to the digested vector or
insert were extracted and DNA was purified using the Wizard® SV Gel and PCR
Clean-Up System (Promega) kit.

2.5.3 DNA Ligation and plasmid sequencing
The concentration of purified vector and insert DNA was estimated using the
NanoDrop 1000 Spectrophotometer (Thermo Scientific) as per manufacturer’s
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instructions. Ligation using the T4 DNA Ligase (New England Biolabs) system was
performed as per the manufacturer's instructions, using the overnight ligation
protocol and usually a 1:3 vector:insert ratio. However, for construction of pCJS64,
pCJS65 and pCJS66 that required ligation of two DNA inserts to a pET-15b vector,
a vector:insert:insert ratio of 1:1:1 was instead used. Ligation mixture (10 μL) was
used to transform chemically competent E. coli DH5α (instead of 1 μL purified
plasmid) as described in Section 2.3.1, but the saturated overnight culture was
also used for plasmid isolation (as per Section 2.4). The plasmid was then
sequenced by Macrogen, Inc. (South Korea) using the relevant sequencing primers
listed in Table 2.5.1.1 specific for the gene of interest and/or the base vector. Silent
mutations likely generated during PCR amplification, as well as intentional
mutations introduced from the specific oligopeptide sequence, such as fusion tags,
are listed in Appendix 1.

2.6 Polyacrylamide Gel Electrophoresis
Proteins were analysed by polyacrylamide gel electrophoresis (PAGE) using MiniPROTEAN® Tetra vertical electrophoresis cell (Bio-Rad) equipment as per
manufacturer's instructions. For PAGE analysis, 10 μL of sample was loaded into
polyacrylamide gels. When preparing gradient gels, the Hoefer™ SG 50 gradient
maker (GE Healthcare Life Sciences) was used as per manufacturer's instructions.

2.6.1 SDS-PAGE
Sodium dodecyl sulphate (SDS)-PAGE analysis was performed as previously
described (Simpson, 2006) with several exceptions. The 4× resolving gel buffer
was instead comprised of 0.4 % w/v SDS, 2 mM EDTA and 1.5 M Tris, pH 8.8. The
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4× stacking gel buffer was instead comprised of 0.08% w/v SDS, 2 mM EDTA and
1.0 M Tris, pH 6.8. The SDS sample buffer (also known as SDS loading buffer) was
instead comprised of 10 % v/v glycerol, 1 % w/v SDS, 100 mM DTT, 0.01 % w/v
bromophenol blue and 100 mM Tris-HCl, pH 6.8. The 30 % T, 2.6 % C
acrylamide/bis solution was exchanged for 40 % T, 3.3 % C acrylamide/bis
solution (Bio-Rad, #1610146) and recipes for preparing the polyacrylamide gel
solutions were adjusted accordingly.

One of two molecular weight standards was used for SDS-PAGE analysis.
Kaleidoscope™ or Dual color Precision Plus Protein™ Pre-stained standards (BioRad) - which have the same molecular weight marker profile - were diluted 1:5 or
1:10 with SDS sample buffer, respectively and without boiling, 10 μL was loaded
into polyacrylamide gels for SDS-PAGE analysis. Unless otherwise indicated, 12%
polyacrylamide gels were used during SDS-PAGE analysis.

2.6.2 SN-PAGE
Semi-native (SN)-PAGE analysis was performed using a similar method to SDSPAGE, but buffers were of a different composition. Instead of SDS running buffer,
MES

running

buffer

was

used,

containing

50

mM

2-(N-

morpholino)ethanesulphonic acid (MES), 50 mM Tris, 2 mM EDTA and 0.2 % w/v
SDS (the pH was not adjusted, but was about pH 7.3). Instead of SDS loading buffer
(also known as SDS sample buffer), SN sample buffer was used, containing 40 mM
Tris (pH 6.8), 10 % v/v glycerol, 0.2 % w/v SDS, 0.01 % w/v bromophenol blue.

Instead of 4× resolving and stacking gel buffers, 4× SN gel buffer was used
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comprising 2.0 mM EDTA and 1.5 M Tris pH 8.8 (i.e. no stacking layer). SN-PAGE
analysis was performed using 4-16 % gradient gels. The same molecular weight
markers used for SDS-PAGE analysis were used, except that the markers were
diluted in SN sample buffer for SN-PAGE analysis.

2.6.3 BN-PAGE
Proteins were analysed by blue native (BN)-PAGE using the BE-250 (Bio Craft)
electrophoresis equipment as per manufacturer's instructions. BN-PAGE
molecular weight standards were freshly prepared before use and were
comprised of 1 mg.mL-1 ferritin, 1 mg.mL-1 catalase, 1 mg.mL-1 BSA, 1 mM EDTA,
50 mM NaCl, 7.5 % w/v glycerol, 55 mM 6-aminohexanoic acid, 25 mM imidazole
(pH 7.0) and 0.2 % w/v Coomassie Brilliant Blue G-250.

BN-PAGE analysis was performed as previously described by Wittig et al. (2006)
and as modified by Shiota et al. (2015), using 4-14 % gradient gels, but with
several exceptions. Cathode buffer B was replaced by deep blue cathode buffer,
comprising 0.05 % w/v Coomassie Brilliant Blue G-250 in 50 mM tricineimidazole, pH 7.0 (i.e. tricine adjusted with 1 M imidazole to pH 7.0). Cathode
buffer B/10 was replaced by slightly blue cathode buffer, comprising 0.001% w/v
Coomassie Brilliant Blue G-250 in 50 mM tricine-imidazole, pH 7.0. The 49.5 % T,
3.0 % C acrylamide/bis solution was exchanged for the 40 % T, 2.6 % C
acrylamide/bis solution (Bio-Rad, #1610148) and recipes for preparing the
polymerising solutions were adjusted accordingly. The polymerising solutions
additionally contained 3.75 % w/v glycerol (for 4 % T acrylamide/bis
polymerising solution) or 20.25 % w/v glycerol (for 14 % T acrylamide/bis
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polymerising solution).

2.7 Staining, destaining and drying SDS-PAGE gels
Following SDS-PAGE analysis, gels may be 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 at 40-50 rpm (32 mm orbit), and then destained with
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).

After destaining was completed, gels were transferred to gel drying solution,
comprising 20 % v/v ethanol, 10 % v/v glycerol and 5 % v/v acetic acid. Gels were
incubated in gel drying solution for at least 1 hour at 40-50 rpm (32 mm orbit)
and heat-dried for one hour using DryGel Jr SE540 (Hoefer Scientific instruments)
or the Slab GEL Dryer model 1125 (Bio-Rad) as per manufacturers’ instructions,
and subsequently scanned using CanoScan 8600F with software version 5.0.1.2
(Canon).

2.8 Western transfer
Where necessary, following SDS-PAGE or SN-PAGE analysis, proteins were
transferred from gels to 0.45 μm hydrophobic immobilon-P PVDF transfer
membranes (Merck Millipore), or transferred to 0.45 μm 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
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methanol.

Following BN-PAGE analysis, proteins were denatured by transferring the gel to
denaturing buffer pre-heated to 65 °C and comprising 4 % w/v SDS, 1 % w/v DTT
and 50 mM Tris-HCl, pH 6.8. Following incubation for 20 minutes at 37 °C and 4050 rpm (25 mm orbit), the gel was rinsed twice in water and incubated for a
further 10 minutes at 40-50 rpm (25 mm orbit) in CAPS buffer, comprising 10 %
v/v methanol and 10 mM 3-(cyclohexylamino)-1-propanesulphonic acid (CAPS),
pH 11. The denatured proteins were then transferred to 0.45 μm PVDF using
Trans-Blot® electrophoretic transfer cell (Bio-Rad) as per the manufacturer's
instructions, except that CAPS buffer was used as the transfer buffer.

2.9 Immunoblotting
The antibodies used for immunoblotting are listed in Table 2.9.1. Primary and
secondary antibodies were diluted (using the dilution factor indicated in Table
2.9.1) in blocking solution, comprising 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 are 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).
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Table 2.9.1 List of antibodies used in this study for immunoblotting.
Antibody
Mouse αBamA
Mouse αBamB
Mouse αBamC
Mouse αBamD
Mouse αBamE

Type
Primary
Primary
Primary
Primary
Primary

Dilution
1:2,000
1:5,000
1:10,000
1:10,000
1:500

Mouse α6×His

Primary

1:2,000

Rabbit αBamA

Primary

1:20,000

Rabbit αDnaK
Rabbit αTamA
Rabbit αTamB
Goat αMouse-HRP
Goat αRabbit-HRP

Primary
Primary
Primary
Secondary
Secondary

1:3,000
1:5,000
1:10,000
1:20,000
1:20,000

Source or reference
Webb et al. (2012)
Webb et al. (2012)
Webb et al. (2012)
Webb et al. (2012)
Webb et al. (2012)
BD Pharmingen™,
51-9000012
T. Shiota,
unpublished
Clements et al.
(2009)
Selkrig et al. (2012)
Selkrig et al. (2012)
Sigma Aldrich, A4416
Sigma Aldrich, A6154

Following Western transfer, membranes were incubated for 1 hour in blocking
solution at room temperature or incubated in 50 % v/v blocking solution in
Western washing buffer for 16 hours at 4 °C with gentle rocking. 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 twice for 5 minutes and
twice for 10 minutes in Western washing buffer. The membrane was incubated
for one hour in secondary antibody solution and washed as before.

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). Alternatively, for detection of hexahistidine-tagged proteins, the more
sensitive Amersham Hyperfilm ECL (GE Healthcare Life Sciences) was used. The
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film was subsequently processed using the FPM-100A film processor (Fujifilm) or
the SRX-101A medical film processor (Konica) as per manufacturers’ instructions,
and scanned using CanoScan 8600F with software version 5.0.1.2 (Canon).

For detection of strep-tag II, the immunoblotting method was followed with
several exceptions. The blocking solution was comprised of 5 % w/v BSA (Sigma
Aldrich, A7906) in washing buffer. The incubations with a secondary antibody and
subsequent washing steps were omitted. Instead of the primary antibody solution,
membranes were incubated for one hour with Precision Protein™ StrepTactinHRP conjugate (Bio-Rad) diluted 1:5000 with blocking solution (no sodium azide).
Because the strep-tag II is also fused to the pre-stained markers, the lane
containing the standards was 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 of interest.

2.10 E. coli membrane preparation and analysis
Saturated overnight cultures were diluted 1:100 into fresh 50 mL LB and
incubated until an OD600 between 1.2 and 2.0 was reached. Cells were isolated by
centrifugation (4609 rcf, 10 minutes, 4 °C) and the cell pellet was resuspended in
10 mL ice-cold sonication buffer, comprising 300 mM NaCl, 2 mM EDTA and 10
mM Tris, pH 7.0. The sample was sonicated using a Branson Sonifier 450 as per
manufacturer’s instructions with a 45-50 % duty cycle and up to 30 ten-second
pulses at output 5. Between each ten-second pulse, the sample was chilled for 2-3
minutes in an ice/water bath. The sonicated sample was subjected to
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centrifugation (2668 rcf, 5 minutes, 4 °C) to remove unbroken cells and the
supernatant was further centrifuged (16743 rcf, 10 minutes, 4 °C). This final pellet
corresponded to a crude E. coli membrane preparation and after resuspension in
1 mL SEM buffer, comprising 250 mM sucrose, 1 mM EDTA and 10 mM MOPS-KOH
(pH 7.2), it was snap frozen in liquid nitrogen (250 μL aliquots) and stored at
-80 °C.

Aliquots were thawed on ice and 10 μL of membrane extract (1 % v/v final) was
incubated with 0.6 % w/v SDS (in water) and boiled for 5 minutes. After isolating
the insoluble material by centrifugation (13523 rcf, 5 minutes), the optical density
of the supernatant at 280 nm (OD280) was determined using the SmartSpec™ 3000
(Bio-Rad) as per manufacturer’s instructions. The OD280 was used to estimate the
crude protein concentration and determine the amount of membrane required for
subsequent Western blot analysis following either SDS-PAGE or BN-PAGE. For
SDS-PAGE analysis, a volume of membrane extract corresponding to 0.28
μL.OD280-1 (per lane) was subjected to centrifugation (13523 rcf, 5 minutes). The
membrane pellet was resuspended in 15 μL (per lane) of SDS sample buffer, boiled
for 3 minutes and 10 μL (per lane) was used for separation by SDS-PAGE.
Following Western transfer, TamA and BAM complex proteins were detected by
as per Section 2.9.

For BN-PAGE analysis, the volume of membrane extract required for analysis was:
2.8 μL.OD280-1 (per lane) for native BAM complex and 5.6 μL.OD280-1 (per lane) for
native TAM. An appropriate volume of membrane extract was subjected to
centrifugation (13523 rcf, 5 minutes, 4 °C) and the membrane pellet was
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resuspended in 24 μL (per lane) of lysis buffer, comprising 10 mg.mL-1 DDM and
1 mM PMSF (added immediately before use) in BN-lysis buffer (Shiota et al.,
2015). Following a 30-minute incubation on ice, the sample was subjected to
centrifugation (21130 rcf, 10 minutes, 4°C) and the supernatant was transferred
to 6 μL (per lane) of 5×BN sample buffer, comprising 1 % w/v Coomassie Brilliant
Blue G-250 and 25 mM 6-aminohexanoic acid in 75 % v/v lysis buffer (in water).
For analysis, 20 μL (per lane) was analysed by BN-PAGE. Following Western
transfer, BAM complex proteins and/or the TAM were detected as per Section 2.9.

2.11 Pulse chase analysis
An extensive discussion of the pulse chase analysis method is provided in Chapter
3, including most variations used during pulse chase optimisation. The optimised
pulse chase analysis method will be described here, and the chase temperature,
unless otherwise indicated, should be taken to be 30 °C. Also, unless otherwise
indicated, samples were incubated at the indicated temperature statically and, if
not indicated, the temperature should be assumed to be the chase temperature.

2.11.1 Cell preparation for pulse chase analysis
Following routine incubation, saturated overnight cultures were diluted 1:50 into
fresh LB media, incubated until mid-log phase and normalised to an OD600 of 0.6.
The sample was subjected to centrifugation twice (4613 rcf, 10 minutes, 4 °C), and
the cell pellet washed (with M9-S media) then resuspended (after the second
round of centrifugation) in an equal volume of M9-S media (equal to the
normalised LB media volume), comprising 47.8 mM Na2HPO4, 22 mM KH2PO4,
8.56 mM NaCl, 11.1 mM glucose, 1.12 mM thiamine, 1 mM MgCl2, 0.1 mM CaCl2,
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45.4 pg.mL-1 of standard non-sulphur containing amino acids, except 227 pg.mL-1
for leucine. The sample was diluted 1:2 with 40 % v/v glycerol and snap frozen
(1.3 mL aliquots) in liquid nitrogen and stored at -80 °C.

2.11.2 General pulse chase analysis steps
Aliquots were thawed on ice, centrifuged (1693-3000 rcf, 5 minutes, 4 °C) and
resuspended in 650 µL fresh M9-S media (i.e. volume before dilution with
glycerol). Rifampicin (500 µg.mL-1) was added to inhibit transcription by
incubation at 37 °C for one hour with mixing at 400 rpm (3 mm orbit). Unless
otherwise indicated, subsequent incubations were performed at the chase
temperature without mixing. Following rifampicin treatment, 0.2 mM of prewarmed IPTG was added and the sample was incubated for 5 minutes. Cells were
'pulsed' with 22 µCi.mL-1 of pre-warmed [35S]-methionine and [35S]-cysteine by
addition of EXPRE35S35S [35S]-Protein Labelling Mix (Perkin Elmer, NEG072). It
should be noted that the volume of EXPRE35S35S [35S]-Protein Labelling Mix added
varied daily according to the residual sample radioactivity (based on its half-life
of 87 days).

After a 40-second 'pulse', the samples were immediately placed on ice, centrifuged
as before and resuspended in 650 µL of pre-warmed chase media, M9+S media.
M9+S media has a similar composition to M9-S media, except that 1 mM MgSO4
replaces MgCl2 and 45.4 pg.mL-1 methionine and cysteine were also included. The
'chase' component was considered to have begun immediately on addition of
M9+S media (rather than on resuspension of cell pellet) and may proceed up to
256 minutes. Routine incubations were for 32 or 60 minutes.
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2.11.3 Pulse chase analysis to detect oligomerisation
For analysis of PhoE or TolC oligomerisation, at each chase time point duplicate
50 μL aliquots were transferred to 10 μL of 6× SN sample buffer and incubated for
10 minutes at 37 °C or 100 °C and then transferred to ice. Samples (10 μL) were
separated by 4-16 % SN-PAGE.

2.11.4 Pulse chase analysis to detect surface localisation by protease shaving
For analysis by protease shaving, at each chase time point 50 μL aliquots were
incubated on ice for 10 minutes with (+PK) or without (-PK) 50 μg.mL-1 proteinase
K (PK) (Promega, MC500). Alternatively, the 50 μL aliquots were incubated for 30
minutes at 30 °C with (+TEV) or without (-TEV) 100 μg.mL-1 TEV protease (Selkrig
et al., 2015) and 1 mM DTT. Following proteolysis (+PK/+TEV) or 'mock'
proteolysis (-PK/-TEV), 10 % v/v TCA was added and protein precipitates were
collected by centrifugation (25000 rcf, 15 minutes, 4 °C). The precipitate was
washed with 200 μL acetone, centrifuged as before, and after removing the
supernatant, the pellet was allowed to air dry. The protein pellet was resuspended
in 60 μL SDS sample buffer, boiled for 3 minutes and 10 μL was analysed by SDSPAGE.

2.11.5 Detection of radioactivity
SDS-PAGE or SN-PAGE gels were sometimes dried (with or without the Coomassie
staining step, but with destain to 'fix' proteins in the gel) as per Section 2.7.
Alternatively, and unless otherwise indicated, gels were transferred to
nitrocellulose or PVDF membrane as per Section 2.8. Following Western transfer,
immunoblotting may be performed before or after detection of radioactivity, but
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the membrane must be air-dried before radioactivity detection. The pre-stained
molecular weight markers were marked using a red dye spiked with 0.01-0.1 %
v/v EXPRE35S35S [35S]-Protein Labelling Mix and the dye was allowed to air-dry or
was covered with clear tape. The dried gel or membrane was transferred to a
Molecular dynamics exposure cassette (GE Healthcare Life Sciences) and exposed
to a Storage Phosphor Screen (GE Healthcare Life Sciences). Radiation was
captured for 12-18 hours and analysed using Typhoon Trio (detection set to 320
nm). To prevent the dry gel from sticking to the storage phosphor screen, it was
overlaid with cling wrap. Following analysis, residual information stored in the
storage phosphor screens was removed as per manufacturer's instructions using
a light box (Medialux).

2.12 Liquid chromatography-tandem mass spectrometry
Samples that were to be analysed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) were prepared for pulse chase analysis, snap frozen in
liquid nitrogen, thawed and resuspended in M9-S media as per Section 2.10.
Duplicate samples were induced with 0.2 mM IPTG and incubated at 37 °C with
mixing at 400 rpm (3 mm orbit). After a 30-minute induction, 0.5 mg.mL-1 of
rifampicin was added for a subsequent 45-minute incubation. One sample was
pulsed as per Section 2.10 and the second was "mock" pulsed by a further 40
second incubation without radioactivity. Cells were chased for 16 minutes and
prepared as per Section 2.10, except that the entire 650 μL "mock" pulsed sample
was TCA-precipitated, thrice acetone-washed and the pellet was resuspended in
100 μL SDS sample buffer with the aid of a micropestle (Sigma Aldrich) (i.e.
concentrated 7.8 times more than the normal resuspension method). The
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radioactive and non-radioactive (both 10 μL) preparations were analysed by SDSPAGE using the same polyacrylamide gel.

The gel was cut in half, the radioactive sample was analysed as in Section 2.10 and
the non-radioactive sample was subjected to InstantBlue™ Ultrafast protein stain
(Sigma Aldrich) as per manufacturer's instructions, except that the gel was rinsed
twice with water for 2-3 hours and then once overnight. Bands corresponding to
the full length and fragment bands were excised from the gel, using the
autoradiogram obtained from the duplicate radioactive sample as a guide. For
FimD, in-gel tryptic digestion was performed as per Phu et al. (2011), and LCMS/MS analysis was performed by the Monash Biomedical Proteomics Facility as
per Stubenrauch et al. (2016). For FdeC, in-gel tryptic digestion and subsequent
LC-MS/MS analysis was performed by N. P. Croft as per Heinz et al. (2016).

2.13 Computer-based methods
All figures were prepared using Adobe Illustrator release number 2015.2.1 and
where required, images were cropped or re-sized using Adobe Photoshop release
number 2015.1.2. Protein structures were predicted using Phyre2 (Kelley et al.,
2015) and subsequent rendering of the predicted structure or actual structures
deposited into the RCSB protein data bank (PDB) (http://www.rcsb.org/) were
performed using PyMOL™ Open-Source version 1.8.2.1 (Schrödinger).

ExPASy PeptideCutter (Gasteiger et al., 2005) was used to predict the sensitivity
of a protein substrate to a particular protease. To determine the primary sequence
of mature protein following signal peptide cleavage, analysis of the preprotein by
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SignalP version 4.1 was performed (Petersen et al., 2011). To predict the number
and orientation of IM transmembrane α-helices, TMHMM server version 2.0 was
used (Krogh et al., 2001). ExPASy ProtParam (Gasteiger et al., 2005) 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) via the webtool developed by Li et al. (2015a).

Following Densitometrical analysis of radiographs was performed using
ImageQuant™ TL software version 7.0 (GE Healthcare Life Sciences) as per
manufacturer's instructions with the 1-D gel analysis module. To account for
loading and pipetting differences between timepoints, each lane was normalised
to the bands it contained and the total density count was normalised to unity.
Normalised density plots were prepared using GraphPad Prism® version 6.0h.
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Chapter 3 – Developing a method to find novel TAM substrates
3.1 Introduction
Despite being ubiquitous throughout the Proteobacterial lineage, a characteristic
of the TAM is that neither TamA nor TamB are essential for cell viability, which
allows for the recovery and analysis of deletion mutants. With the advent of both
whole genome sequencing (Loman & Pallen, 2015) and signature-tagged
mutagenesis (Saenz & Dehio, 2005) techniques in the mid-late-1990s, novel
virulence factors could be determined using high throughput screens of deletion
mutant collections. Three such studies, and a fourth utilising the advanced INSeq
technique which combines signature-tagged mutagenesis and high-throughput
sequencing (Goodman et al., 2011), reported virulence or colonisation defects
following transposon-based inactivation of at least one TAM component.

Struve et al. (2003) employed signature-tagged mutagenesis to detect novel
virulence-associated genes in Klebsiella pneumoniae. Although a ΔtamB
transposon-insertional mutant showed no in vitro growth defects, the mutant
strain was significantly outcompeted by the wildtype parent strain during cochallenge experiments in the mouse bladder, but not the gastrointestinal tract.
Burall et al. (2004) performed signature-tagged mutagenesis to survey for novel
virulence genes in Proteus mirabilis. They found that during an ascending urinary
tract infection model, ΔtamA or ΔtamB transposon-insertional mutants were
significantly outcompeted by the wildtype parent strain in the urine, bladder and
kidney of co-challenged mice. The mutants showed no in vitro growth defects and
were still capable of producing functional urease. The authors showed the
mutants were still also capable of producing the major flagella (FlaA) and major
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MRP (mannose-resistant Proteus-like) fimbrial (MrpA) subunits, but whether the
strains could still produce functional flagella or MRP fimbriae was not assessed.

Kelly et al. (2006) employed signature-tagged mutagenesis to investigate novel
virulence factors in Citrobacter rodentium. They found that C. rodentium ΔtamB
transposon-insertional mutants were significantly attenuated for the ability to
colonise the GI tract of mice during a co-challenge with the wildtype parent strain.
Selkrig et al. (2012) confirmed and extended these results by showing that, in a
similar animal model, both C. rodentium ΔtamA and ΔtamB mutants were
attenuated for colonisation in the GI tract of mice, despite normal growth in vitro.
Additionally, Selkrig et al. (2012) showed that both Salmonella Typhimurium
ΔtamA and ΔtamB mutants were significantly more sensitive to complementmediated killing in human serum than the isogenic wildtype parent strain, despite
normal in vitro growth. Brooks et al. (2014) used INSeq to identify colonisation
determinants of Aliivibrio (formerly Vibrio) fischeri, which are a fluorescent group
of oceanic bacteria that engage in a symbiotic relationship with a host species to
provide light. Although an A. fischeri ΔtamB transposon-insertional mutant had
normal growth in vitro, it was attenuated for its ability to colonise its symbiotic
host Euprymna scolopes (Hawaiian bobtail squid).

While these four signature-tagged mutagenesis studies have not formally satisfied
molecular Koch's postulates, if these data are taken together it is clear that, with
five independent mutants in four different bacteria - and with the data from
Selkrig et al. (2012) also included (nine independent mutants in five different
bacteria) - there is a general trend for the TAM to be needed for effective growth
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in vivo, rather than in vitro growth. In contrast to this trend, Aggregatibacter
actinomycetemcomitans ΔtamB (tamB was referred to as morC) mutants display
severe in vitro morphological defects (Azari et al., 2013; Gallant et al., 2008) and
an inability to secrete leukotoxin (LtxA) in vitro. The authors suggested that TamB
(and therefore the TAM) may help to assemble the T1SS responsible for secreting
LtxA, but a later report by the same group showed that T1SS levels in A.
actinomycetemcomitans ΔtamB are normal (Smith et al., 2015). By comparing the
A. actinomycetemcomitans wildtype and ΔtamB proteomes, Smith et al. (2015)
found that TamB has unusual affects on several quality control systems. They
found that the levels of three cytoplasmic chaperones (HtpX, SlyD and GroES)
were reduced and the level of a DegP homologue, DegQ, was increased, possibly
explaining the severe morphological defects. The authors also found that two
oxidative stress response proteins (SodA and MsrB) were down-regulated,
possibly explaining the loss of LtxA secretion, because the leukotoxin is rapidly
inactivated by reactive oxygen species (Balashova et al., 2007). This association
with quality control systems has not been reported for other Proteobacteria, and
highlights the importance of the TAM in the Pasteurellaceae.

A screen of 324 stress conditions for 3979 E. coli strains (comprised of 3737 nonessential gene deletion mutants, 100 sRNA deletion mutants, 133 mutants with
modified essential genes and their 9 associated control strains) revealed a
comprehensive list of E. coli mutant phenotypes (Nichols et al., 2011). Additional
data analysis on the 324 tested conditions for E. coli ΔtamA and ΔtamB (Appendix
2) reveals that E. coli had wildtype-level sensitivity to vancomycin, erythromycin
and SDS, as has been reported elsewhere (Stegmeier et al., 2007). A total of eight
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phenotypes were found for E. coli ΔtamA or ΔtamB mutants (Table 3.1.1), but the
only differential phenotype common to both E. coli ΔtamA and ΔtamB was the
increased resistance to bleomycin.

In mapping the function of the TAM, Selkrig et al. (2012) compared the
extracellular secretome and outer membrane protein extracts of C. rodentium
wildtype, ΔtamA and ΔtamB strains. Although there were no obvious differences
across the secretomes, the authors observed that a 180 kDa AIDA-like
autotransporter, p1121, was absent from outer membrane extracts of C.
rodentium ΔtamA. The authors subsequently showed that in the absence of the
TAM, p1121 would not insert into the outer membrane, and instead remained in
the periplasm. To expand their results to other AIDA-like autotransporters,
Selkrig et al. (2012) confirmed that both Ag43 and EhaA were substrates of the
TAM that could not function in cell-cell aggregation in the absence of the TAM.

In order to survey for other protein substrates of the TAM, I sought to adapt a
“pulse chase” assay (Leyton et al., 2014; Stenberg et al., 2007). Pulse chase analysis
is traditionally accomplished by "pulsing" the cells with a radioactive label, and
then "chasing" the cells with the non-radioactive isotopic form of the compound.
The Stenberg et al. (2007) method modifies the traditional rifampicin-blocking
and pulse chase techniques (Studier et al., 1990; Tabor & Richardson, 1985) by
inducing target gene expression after rifampicin treatment (Figure 3.1.1a).
Normally, 200 μg/mL of rifampicin was added after a 30-minute induction to
increase production of the target protein, but by reversing the order and reducing
the induction time (and amount of protein), the subtleties of a protein's biogenesis
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Table 3.1.1 Significant TAM mutant phenotypes indicated by colony size in the presence of
various antimicrobial agents.

This table is a shorter version of Appendix 2 listing only the "stress" conditions
where at least one concentration of each indicated antimicrobial revealed a
significant positive or negative growth phenotype for E. coli TAM mutants. The
data was originally reported by Nichols et al. (2011) as a normalised colony size
distribution, where the authors defined significant mutant phenotypes as colony
sizes located within the top fifth (more resistant) or bottom fifth percentile (more
sensitive). Shown here are the calculated percentiles from the 3979 E. coli strains,
showing 25 of 324 "stress" conditions. Significant phenotypes are highlighted in
blue with white and bold typeface.

Condition
More resistant

Target

Actinomycin

RNA biosynthesis

Bleomycin

DNA and RNA
degradation

Novobiocin

DNA gyrase

Concentrations
screened

Percentile
ΔtamA
ΔtamB

2.5 µg/mL
5.0 µg/mL
10.0 µg/mL
15.0 µg/mL
0.1 µg/mL
0.5 µg/mL
1.0 µg/mL
2.0 µg/mL
4 µg/mL
6 µg/mL
8 µg/mL
10 µg/mL
12 µg/mL
30 µg/mL

79.8
56.6
94.4
95.3
59.1
97.1
99.0
97.0
29.4
37.0
41.4
66.4
69.8
96.1

78.5
57.7
67.6
86.1
88.6
90.2
93.1
98.3
60.8
73.0
86.2
76.8
75.2
53.6

0.1 % (w/v)
0.5 % (w/v)
1.0 % (w/v)
2.0 % (w/v)
0.4 mM
0.8 mM
1.2 mM
0.1 mM
0.5 mM
1.0 mM
2.0 mM

68.9
0.3
14.7
35.4
31.9
15.8
17.4
1.3
16.7
51.5
39.0

66.5
44.7
47.4
55.0
8.1
15.0
2.4
70.7
10.1
85.5
20.3

More sensitive
Cholate

Membrane

Dibucaine

Proton motive force

H 2O 2

Oxidative stress
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Figure 3.1.1 Schematic of pulse chase techniques.
a, Stenberg et al. (2007) developed a pulse chase assay to assess the assembly of the cytochrome
bo3 complex at the IM. By radiolabelling the protein of interest with [35S]-methionine, Stenberg et
al. (2007) could forego the need to raise antibodies specific to their proteins of interest. b, The
pulse chase method developed by Leyton et al. (2014) was used in conjunction with a protease
shaving protocol using proteinase K (PK) to assess surface-exposure of Pet. By using the arabinose
expression and glucose repression system, Leyton et al. (2014) had to use antibodies specific to
Pet for detection. c, By combining both pulse chase techniques, the advantages of each method
could be used to assess the TAM dependence of a range of OMPs.
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pathway that may be lost during protein overexpression can be probed more
easily.

The radiolabelling technique is beneficial over other detection techniques,
because it foregoes the need for developing antibodies to the target protein, or the
need to functionally characterise an immunolabelled target protein. Because
Leyton et al. (2014) had prepared antibodies to their target protein, Pet, they
could perform a non-radioactive pulse chase analysis. To ensure they could still
monitor Pet's biogenesis pathway (by preventing pet overexpression), they used
the pBAD system to "pulse" by inducing gene expression with arabinose and
"chase" by repressing gene expression via glucose (Figure 3.1.1b). The main
benefit of the Leyton et al. (2014) method is that they performed an extracellular
protease shaving technique to distinguish between mature and intermediate
forms of Pet. By combining the benefits of both methods (Figure 3.1.1c), the
candidate TAM substrates may be assayed for TAM dependence.

3.2 Candidate proteins for pulse chase analysis
In considering the general properties of TAM substrates, it was clear that there is
a general trend for the TAM to be associated with in vivo growth, as opposed to in
vitro growth. Because the TAM is known to assemble AIDA-like autotransporters
(Selkrig et al., 2012), which are virulence factors involved in cell-cell adhesion and
biofilm formation (Leyton et al., 2012), the TAM may play a general role in
assembling various virulence-related β-barrel proteins. By looking to the
structures of the AIDA-like autotransporters (Figure 3.2.1a), it has been noted that
the TAM might work in concert with the BAM complex to facilitate the insertion of
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Figure 3.2.1 Known and putative TAM substrates.
Structures of the known (a) and six candidate TAM substrates (b-f), chosen for their complex
tertiary (b, c, e, f) or quaternary structure (d-f). a, Ribbon diagram of Ag43, comprising an Nterminal extracellular β-helical passenger domain (PDB: 4KH3) secreted through its
transmembrane domain (a Phyre2 homology model of residues 705-1039 modelled after the same
domain from AIDA, PDB: 4MEE). b, Ribbon diagram of FimD (PDB: 4J3O). c, Ribbon diagram of
intimin, comprising a periplasmic domain tethered to the cell wall (PDB: 2MPW), and a C-terminal
extracellular passenger domain (PDB: 1F02 and a Phyre2 homology model of residues 455-653
modelled after the same domain from invasin, PDB: 1CWV) secreted through its transmembrane
domain (PDB: 4E1S). d, Ribbon diagram of a PhoE monomer (PDB: 1PHO) that assembles into a
PhoE trimer (trimers were generated from the monomeric structure using the "symmetry mates"
function of Pymol). e, Ribbon diagram of a TolC monomer that adopts a trimeric quaternary
structure (PDB: 1EK9). f, Ribbon diagrams of the lipoprotein - LptE - and a 26-stranded β-barrel LptD - that "somehow" assemble into the LptDE complex (PDB: 4Q35).
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particularly challenging β-barrel proteins (Selkrig et al., 2014). Indeed, an
interesting mechanistic feature of the TAM is that it further destabilises the OM
following the initial destabilisation caused by the lopsided aromatic girdle of
Omp85-family proteins (Noinaj et al., 2013; Selkrig et al., 2015; Shen et al., 2014).
This destabilisation presumably corresponds to a further decrease in the
activation energy required for OMP biogenesis. Following from this hypothesis, a
short list of candidate TAM substrates containing complex non-transmembrane
domains or quaternary structure was prepared (Figure 3.2.1b-f) and tested for
TAM dependence in chapters 4 and 5.

3.3 E. coli strains to be used for pulse chase analysis
The choice of E. coli strain is generally important for protein overexpression,
especially if the protein is toxic to the cell or otherwise difficult to purify. However,
because this assay required only very low amounts of protein, strain selection was
less important. As such, there were only two E. coli strain requirements necessary
for pulse chase analysis. The first was that the strains contain the λDE3 lysogen,
which encodes T7 RNA polymerase under LacI repression. In order to utilise the
rifampicin-blocking technique, the strains must also be rifampicin-sensitive,
which therefore excluded the commonly-used rifampicin-resistant E. coli HMS174
(DE3) strain.

Plasmids encoding the λDE3 lysogen could potentially have been used, but
because they would have restricted the types of additional plasmids and antibiotic
resistance markers, strains with chromosomal λDE3 lysogens were used instead.
Two commonly used strains that both encode a chromosomal copy of the λDE3
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lysogen and are rifampicin-sensitive are BL21 (DE3) and its derivative: BL21
Star™ (DE3). Both strains are deleted for lon and ompT, which encoded proteases
that could have potentially degraded the protein of interest. BL21 Star™ (DE3)
additionally contains the rne131 allele, which encodes a defective RNase E that
cannot degrade mRNA, while retaining its 5S rRNA maturase activity. This causes
increased mRNA stability, due to decreased mRNA degradation.

3.4 Plasmids for pulse chase analysis
In considering the plasmids that will be used for expression of the target gene, the
only requirement was that the gene be transcribed from a T7 promoter.
Additionally, if complementation analyses were required, it was important that
two compatible T7 plasmids, or at least a T7 plasmid with two independent
multiple cloning sites (MCSs), was used. Fortunately, commercial vectors from
Novagen fulfilled these requirements: pET-15b, pET-22b(+), pETDuet-1 and
pACYCDuet-1 (Figure 3.4.1). The three plasmids from the pBR322 incompatibility
group - pET-15b, pET-22b(+) and pETDuet-1 - contain different MCSs. This meant
that if a gene of interest contained an internal restriction site that would preclude
its use with one pBR322-based vector, it was compatible with the alternate
pBR322-based vectors. The fourth plasmid - pACYCDuet-1 - is from the p15a
incompatibility group and was therefore used in conjunction with the pBR322based plasmids during complementation analyses.

Each of these plasmids contains a variant T7lac promoter to reduce background
(uninduced) gene expression. Novagen recommends the use of 1 mM IPTG for 23 hours for maximum expression from T7lac promoters, but considering the
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Figure 3.4.1 Base vectors used in this study.
Schematics of each base vector to scale. The major differences include the different resistance
markers, MCSs and plasmid replication systems. Although the f1 intergenic region (IGR)
responsible for ssDNA replication and packaging into phage particles is depicted, only the p15A
and pBR322 dsDNA replication systems are relevant to this study.

111

purpose of the assay was to monitor protein biogenesis, induction was reduced to
a 5-minute incubation with 0.2 mM IPTG.

3.5 Culture media to be used during pulse chase analysis
By using the EXPRE35S35S [35S]-Protein Labelling Mix (Perkin Elmer, NEG072)
comprising 73% [35S]-methionine and 22% [35S]-cysteine, it was possible to
radiolabel the proteins of interest. To maximise incorporation of 35S-methionine
and -cysteine, in place of the naturally abundant

32S-isotopic

forms, it was

important to starve the bacteria of sulphur. This was achieved by preparing a
defined minimal media, such as an M9 minimal medium (Stenberg et al., 2007)
that excludes the sulphur-containing amino acids, but also free sulphates, which
are important for cysteine and methionine biosynthesis (Sekowska et al., 2000).

Depending on the application, M9 minimal media composition can greatly differ,
but they all contain M9 salts (CSH Protocols, 2006b). M9 salts are comprised of an
HPO42-/H2PO4- buffer, sodium chloride for osmotic support, and ammonium
chloride as an important source of nitrogen, especially for amino acid synthesis
(CSH Protocols, 2006b). M9 minimal media is also commonly supplemented with
a carbon source, such as glucose, and; calcium chloride and magnesium sulphate
to enhance growth (Ca+ and Mg2+) and to provide an appropriate source of sulphur
(SO42-) (CSH Protocols, 2006b; 2010). Vitamins may also be added to support
growth, especially if the organism is auxotrophic for a particular vitamin, or the
intention is to reduce reagents required for vitamin biosynthesis.

In this study, two formulations of M9 media were required: one deficient in
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sulphur to aid in sulphur starvation (M9-S media), and one containing sulphur to
act as the "chase" medium (M9+S media). In designing M9 media, it was thought
that by exchanging ammonium chloride for a defined amino acid mixture, such as
the amino acid supplement powder without adenine, uracil, inositil and vitamin
B10 (CSH Protocols, 2016), growth would be supported by reducing the need for
amino acid synthesis.

Although only trace amounts of vitamins are required, one sulphur-containing
vitamin, thiamine, requires cysteine for its biosynthesis (others typically use ironsulphur clusters) (Leonardi & Roach, 2004; Sekowska et al., 2000), so
supplementation with thiamine should support growth in the absence of cysteine.
M9+S media was therefore based on the standard M9 minimal medium
formulation (CSH Protocols, 2010) and is comprised of: 47.8 mM Na2HPO4, 22 mM
KH2PO4, 8.56 mM NaCl, 11.1 mM glucose, 1.12 mM thiamine, 1 mM MgSO4, 0.1 mM
CaCl2, 45.4 pg/mL of standard amino acids, except 227 pg/mL for leucine.
Whereas M9-S media was similar to M9+S media, except that methionine and
cysteine were excluded, and 1 mM MgCl2 was used instead of MgSO4.

Considering M9-S media does not contain all the necessary nutrients to support E.
coli growth, prolonged incubation times with M9-S media should be avoided.
Instead, E. coli was incubated in LB media to the desired optical density before
resuspension in M9-S media for sulphur starvation. The next series of steps, which
include rifampicin treatment and introduction of radioactivity, are obviously
detrimental to E. coli cells that have been transferred from rich media (LB) to
minimal media (M9-S). Therefore, E. coli was incubated for a single doubling time
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(30 minutes) before addition of rifampicin, to allow E. coli to adapt to M9-S.

With regards to the specific order of steps in the pulse chase assay, the method of
Stenberg et al. (2007) was used as a guide, but the specific concentrations,
temperatures and timing was then optimised for OMP synthesis and targeting. In
considering the materials available and protocols for similar pulse chase analyses
of OMP biogenesis (Crowlesmith et al., 1981; Jansen et al., 2000; Leyton et al.,
2014; Misra et al., 1991; Pages & Bolla, 1988), the following steps were performed
before optimisation was required.

After the initial 30-minute incubation in M9-S media, cells were incubated for a
further 60 minutes in 200 μg/mL of rifampicin to block native E. coli transcription
and to ensure sufficient sulphur starvation. A five-minute induction with 0.2 mM
IPTG followed to ensure transcription of both T7 RNA polymerase and the
plasmid-based target genes, before a 40-second "pulse" with EXPRE35S35S [35S]Protein Labelling Mix (Perkin Elmer, NEG072), corresponding to 22 μCi/mL of
radioactivity.

Several pulse chase methods then require the “pulsed” cells to be "chased" with
excess methionine and cysteine, but initial experiments showed that removing the
IPTG and unincorporated radioactivity was important. This was achieved by
recovering cells by centrifugation at low speeds, and removing the supernatant
containing IPTG and unincorporated radioactivity. Cells were then resuspended
in M9+S media in order to "chase" the biogenesis pathway of the target protein
and aliquots were taken at a range of "chase" timepoints for subsequent analysis
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to determine whether protein biogenesis was affected in the absence of the TAM.

3.6 Analysis of radiolabelled proteins
The list of target proteins includes monomeric β-barrel proteins with complex
periplasmic or extracellular domains and β-barrel proteins that adopt quaternary
structure (Figure 3.2.1b-f). Whether the TAM facilitates the folding of nontransmembrane domains or the assembly of quaternary structures, was assessed
by utilising one of two techniques to probe β-barrel biogenesis. For multimeric βbarrel proteins, multimerisation was analysed by SN-PAGE to determine if there
was any defect or change in the quaternary structure assembly rate. For
monomeric β-barrel proteins, extracellular protease shaving using proteinase K
as per Leyton et al. (2014) was performed as a means of measuring the surfaceexposure of target proteins.

Regardless of the analysis technique used, central to the pulse chase method is the
use of the [35S]-methionine and -cysteine to radiolabel the proteins of interest.
Storage phosphor screens are capable of retaining the energy produced by
ionising radiation (including β- rays), and upon laser-induced stimulation, light
directly proportional to the amount of radioactivity in the sample is emitted. The
image produced can therefore be used to calculate the relative abundance of a
target protein, and subject to densitometrical analyses, was used to calculate
protein folding rates.

3.7 Optimising conditions for analysis with E. coli BL21 Star™ (DE3)
Because BL21 Star™ (DE3) causes increased mRNA stability, it was important to
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determine the "background" amount of radiolabelled protein due to translation of
residual mRNA after rifampicin treatment. The amount of native radiolabelled
protein was therefore determined (Figure 3.7.1a), and not surprisingly, addition
of 200 μg/mL rifampicin significantly reduced the number of radiolabelled
proteins in BL21, BL21 (DE3) and BL21 Star™ (DE3). While radiolabelled proteins
in BL21 and BL21 (DE3) were comparable, BL21 Star™ (DE3) had a higher
“background” of [35S]-incorporated proteins. Because residual protein levels
across the three strains were comparable, as adjudged by the relatively equal
amounts of BamA and DnaK present, the higher "background" for the BL21 Star™
(DE3) strain is most likely due to increased mRNA stability as a direct result of the
rne131 allele.

To reduce “background” levels of radiolabelled protein observed in BL21 Star™
(DE3), rifampicin concentration was increased and/or chase temperature was
decreased (Figure 3.7.1b). When rifampicin concentration was increased from
200 μg/mL to 500 μg/mL, there was a slight but discernible drop in the level of
background labelling. However, a greater decrease was observed when the chase
temperature was reduced from 37 °C to 30 °C, possibly due to the lower
translation efficiency at suboptimal temperatures. Choosing the correct chase
temperature may depend on the target protein or be useful for capturing
intermediates, but as a starting point: subsequent pulse chase analyses with BL21
Star™ (DE3) were performed using 500 μg/mL rifampicin and a 30 °C chase
temperature.

The background level of radiolabelled proteins in BL21 Star™ (DE3) harbouring
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Figure 3.7.1 Optimising pulse chase conditions for E. coli strains and plasmids.
Following routine incubation in LB media to OD600 of 0.6, the indicated E. coli strains with (c) or
without (a-b) the indicated plasmids were starved of methionine and cysteine by incubation in
M9-S media (200 rpm [25 mm orbit], 30 min, 37 °C). Cells were treated with 0, 200 or 500 μg.mL1

of rifampicin (200 rpm [25 mm orbit], 1 hour, 37 °C) as indicated, and then induced with 0.2 mM

IPTG (static, 5 min) at the indicated temperature. Cells were "pulsed" with 22 µCi.mL-1 of a [35S]methionine/-cysteine mixture (NEG072, Perkin Elmer) (static, 40 sec) at the indicated
temperature and then subjected to centrifugation (3000 rcf, 5 min, 4 °C). Proteins were "chased"
by resuspending the cell pellet in M9+S media (static, 10 min) at the indicated temperature where
aliquots were taken and boiled for 3 min in SDS sample buffer. Analysis was by SDS-PAGE, storage
phosphorimaging and Western blotting using rabbit antibodies specific for BamA or DnaK as
indicated. Sizes in kDa are indicated on the left. Prominent background (BG) bands are indicated
on the right. The strains, rifampicin concentration and chase temperatures used are indicated
above and/or below the autoradiograms.
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one of the base vectors depicted in Figure 3.4.1 was determined (Figure 3.7.1c).
There was no obvious difference between the amounts of radiolabelled protein in
BL21 Star™ (DE3), regardless of whether it contains one of the four plasmids or
not. While it is not clear what the identities of the background radiolabelled
proteins were, they likely arise from translation of the prominent mRNA species
present prior to rifampicin treatment. Based on the longest mRNA half-lives
reported by Taniguchi et al. (2010), the 40-45 kDa band could be LpxB (43 kDa)
and/or OmpC (40.4 kDa), and the 90-100 kDa band could be AcnB (94 kDa) and/or
AceE (99.7 kDa).

3.8 Proof-of-principle with pulse chase analysis of FimD biogenesis
In the early stages of exploring whether the pulse chase technique discussed so
far was feasible, fimD was selected from the list of candidate proteins in a proofof-principle analysis. FimD is the usher component of the chaperone-usher
secretion system that produces type 1 fimbriae, where each fimbrial subunit is
secreted through the FimD pore (Phan et al., 2011). FimD is one of the largest βbarrel proteins (24 β-strands), and contains several complex periplasmic domains
(Figure 3.8.1), which are important for substrate binding and/or occluding the
pore in the absence of substrate (Geibel & Waksman, 2014).

FimD biogenesis was assessed by protease shaving and it was noted that the
fragmentation profile was dependent on the presence or absence of the TAM
(Figure 3.8.2). When wildtype cells were exposed to extracellular PK, the portion
of 90 kDa FimD assembled in the OM was cleaved into ~50 kDa and ~40 kDa
fragments, respectively referred to as fragments A and C. Whereas, in the absence
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Figure 3.8.1 FimD structure.
a, Structural map of FimD, based on its crystal structure (PDB: 3RFZ). b, Ribbon diagram of FimD.
c, Ribbon diagrams of the four periplasmic domains of FimD in isolation, comprising: the Nterminal domain (NTD), plug domain and two C-terminal domains (CTD1 and CTD2).
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Figure 3.8.2 FimD biogenesis in the presence and absence of the TAM.
FimD biogenesis in the indicated E. coli BL21 Star™ (DE3) strains harbouring pKS02 (pET-15b with
fimD encoded) was assessed by pulse chase analysis. Cells were incubated to OD600 of 0.6 in LB
media before sulphur starvation in M9-S media (200 rpm [25 mm orbit], 30 min, 37 °C). Cells were
then treated with 500 μg.mL-1 of rifampicin (200 rpm [25 mm orbit], 1 hour, 37 °C), induced with
0.2 mM IPTG (static, 5 min, 30 °C) and "pulsed" with 22 µCi.mL-1 of a [35S]-methionine/-cysteine
mixture (NEG072, Perkin Elmer) (static, 40 sec, 30 °C). Following centrifugation (3000 rcf, 5 min,
4 °C), cell pellets were resuspended in M9+S media and proteins were "chased" for 60 minutes. At
10 seconds, 2, 5, 10, 15, 30 and 60 minutes, aliquots were taken and treated with (+PK) or without
(-PK, last timepoint only) 50 μg mL-1 proteinase K (static, 10 min, on ice). Proteins were then TCAprecipitated, washed with acetone and boiled for 3 minutes in SDS sample buffer. Analysis was by
SDS-PAGE and storage phosphorimaging. Sizes in kDa are indicated on the left, and full-length
FimD and its fragments A, B, and C are indicated on the right. The time increment is indicated above
the autoradiograms as a graded triangle and the strains are indicated to the right of the
autoradiograms.
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of either TamA or TamB, FimD was apparently cleaved into at least one 45 kDa
fragment, indicated as fragment B. While the TAM-dependence of FimD is
explored and confirmed in Chapter 4, this initial experiment indicates that, in
principle, the pulse chase method is a beneficial tool for identifying novel TAM
substrates.

By analysing the biogenesis of FimD in wildtype E. coli, several aspects of the pulse
chase assay were optimised. For storage phosphorimage analysis, radiation may
be captured directly from the polyacrylamide gel or from radioactive membranes
following Western transfer (Figure 3.8.3). However, it is clear that radiation from
nitrocellulose membranes is more effectively captured than from radioactive
polyacrylamide gels, regardless of whether the gels were stained with Coomassie
staining solution or not (Figure 3.8.3a-b). Whereas radiation from nitrocellulose
membranes or PVDF membranes was comparable when analysed by storage
phosphorimaging (Figure 3.8.3c).

Stenberg et al. (2007) used LB medium during the "chase" phase of their pulse
chase analysis of inner membrane proteins, so FimD biogenesis was assessed by
pulse chase analysis using either LB or M9+S chase media (Figure 3.8.4a).
Although a small proportion of full-length FimD was observed when LB chase
medium was used (Figure 3.8.4a, top panel: "-PK lane"), few (if any) bands
corresponding to FimD or its fragments were detected when the sample was
subjected to protease shaving. Not surprisingly, when M9+S chase medium was
used instead (Figure 3.8.4a, lower panel) biogenesis of FimD could be monitored.
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Figure 3.8.3 Radiation from membranes is captured more effectively than from radioactive
polyacrylamide gels.
FimD biogenesis in E. coli BL21 Star™ (DE3) wildtype cells harbouring pKS02 (pET-15b with fimD
encoded) was assessed by pulse chase analysis as per Figure 3.8.2. At 10 seconds, 2, 4, 8, 16 and
32 minutes, aliquots were taken and treated with (+PK) or without (-PK, last timepoint only) 50
μg mL-1 proteinase K (static, 10 min, on ice). Proteins were then TCA-precipitated, washed with
acetone and boiled for 3 minutes in SDS sample buffer. Samples were applied in duplicate to a
polyacrylamide gel and analysed by SDS-PAGE. The polyacrylamide gels were cut in half and the
proteins in one gel-half were transferred onto nitrocellulose membranes (lower panels), whereas
the other gel-half was either: incubated with (a) or without (b) Coomassie staining solution,
destain solution (a-b) and gel drying solution (a-b) (40 rpm [32 mm orbit], 1 hour each), or;
subjected to Western transfer onto PVDF membrane. Each dried gel/membrane or
membrane/membrane pair were simultaneously analysed by storage phosphor imaging (i.e.,
analysis was performed for the same length of time in the same storage phosphorimaging cassette)
and the same level adjustments were applied to the pair using Adobe Photoshop. Sizes in kDa are
indicated on the left. Full-length FimD, its fragments A and C, and prominent background (BG)
bands are indicated on the right. The time increment is indicated above the autoradiograms as a
graded triangle and the radiation "source" is indicated below the autoradiograms.
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Figure 3.8.4 Optimisation of the pulse chase protocol.
FimD biogenesis in E. coli BL21 Star™ (DE3) wildtype cells harbouring pKS02 (pET-15b with fimD
encoded) was assessed by pulse chase analysis. Aliquots were taken at 10 seconds, 2, 4, 8, 16 and
32 minutes, and treated with (+PK) or without (-PK, last timepoint only) 50 μg mL-1 proteinase K
(static, 10 min, on ice). Proteins were then TCA-precipitated, washed with acetone and boiled for
3 minutes in SDS sample buffer. Samples were analysed by SDS-PAGE and storage phosphorimaging. Sizes in kDa are indicated on the left. Full-length FimD, its fragments A and C, and
prominent background (BG) bands are indicated on the right. The time increment is indicated
above the autoradiogram as a graded triangle. a, Pulse chase analysis was performed
simultaneously using either LB or M9+S "chase" media, as indicated to the right of the
autoradiogram. The same level adjustments were applied to both autoradiograms using Adobe
Photoshop and except for the level adjustments, the "M9+S" panel is identical to the
"nitrocellulose" panel from Figure 3.8.3b. b, Pulse chase analysis was performed with or without
freeze thawing as indicated to below the autoradiogram. The same batch of cells were either: (i)
snap frozen with 20 % v/v glycerol in liquid nitrogen following sulphur starvation, (ii) or kept on
ice. Snap-frozen cells were thawed on ice, subjected to centrifugation (3000 rcf, 5 min, 4 °C) and
the cell pellet was resuspended in M9-S media. The subsequent steps were then performed
simultaneously on both sample types.
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Although the current pulse chase protocol allows analysis of up to eight samples
concurrently (with a staggered time course), preparing "pulse-chase-ready"
samples in bulk and snap-freezing them in liquid nitrogen for storage at -80 °C
was thought to be more efficacious. This is because multiple technical replicate
samples could be prepared, while minimising the number of incubation days
required for sample preparation. The best time to snap-freeze the sample was
immediately before rifampicin treatment and after the majority of cells have
adapted from LB media to M9-S media.

Glycerol was also added before snap-freezing samples to maintain cell viability
and prevent membrane damage and removed when cells were resuspended in
M9+S chase medium. There were no obvious differences between samples
prepared with or without snap-freezing, as adjudged by similar amounts and
rates of FimD biogenesis (Figure 3.8.4b), so either method may be used. If the
snap-freezing step was included, cells from the same batch were considered to
be technical replicates; whereas, cells from different batches were considered to
be biological replicates.

3.9 Conclusion
The TAM has been evolutionarily conserved together with the BAM complex as
important machinery for assembling β-barrel proteins (Heinz & Lithgow, 2014;
Heinz et al., 2015). At the commencement of this project, only the AIDA-like
autotransporters were known to be TAM substrates, but considering not all TAMcontaining bacteria harbour autotransporters (Celik et al., 2012; Heinz & Lithgow,
2014), it is difficult to ascribe a general role for the TAM in the context its
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evolutionary purpose. In considering the previous techniques used to dissect a
role for the TAM, a pulse chase assay was developed to determine novel TAM
substrates. The usefulness of this assay was then subsequently confirmed in a
proof-of-principle experiment to assess FimD biogenesis in the presence or
absence of the TAM. Chapters 4 and 5 subsequently make use of the pulse chase
assay to characterise the assembly of novel TAM substrates.
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Chapter 4 – Fimbrial ushers are substrates of the TAM
4.1 Introduction
Fimbriae are proteinacious cell-surface appendages on bacteria that facilitate
adherence to animal cells, abiotic surfaces and other bacteria. They were first
observed in 1949 (Anderson, 1949) by use of electron microscopy and were
described as “filaments”. In 1955, Duguid et al. named these filaments “fimbriae”,
from the Latin word for fibres or threads and in 1959, Brinton suggested they be
renamed to “pili”, from the Latin word for hair or fur. Both “fimbriae” and “pili”
were used as umbrella terms to refer to all non-flagella appendages, and are now
used interchangeably (Nuccio & Bäumler, 2007).

There are four major fimbrial types: conjugation pili, type 4 pili, curli fimbriae and
chaperone-usher fimbriae. Conjugation pili (also known as sex pili) are assembled
by the T4SS pathway (Cabezón et al., 2015) and are used to transfer genetic
material between a donor and recipient cell (Figure 4.1.1a). Type 4 pili may be
further divided into type 4a or type 4b pili based on the composition of their
subunits, but in both cases they are assembled by the T2SS pathway (Giltner et al.,
2012) where they are responsible for a bacterium's twitching motility, a flagellaindependent form of motility (Figure 4.1.1b). Curli fimbriae (also known as thin,
"aggregative fimbriae") are assembled by the type 8 secretion system pathway
(Evans & Chapman, 2014) where they are important for surface attachment and
cell-cell aggregation, ultimately leading to biofilm formation (Figure 4.1.1c).
Chaperone-usher fimbriae (also known as ‘common pili’) mediate attachment to
cells or other surfaces (Figure 4.1.1d) and assemble via the eponymous
chaperone-usher secretion pathway (Lillington et al., 2015).
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Figure 4.1.1 The four major fimbrial families.
A bacterium (blue) may produce one of the four major fimbriae as indicated, which are important
for cell-cell attachment and/or surface (thick black line) adhesion. a, Conjugative pili are
responsible for the dissemination of genetic material (i.e. the conjugative plasmid) between a
donor and recipient cell, usually to provide a benefit, including antibiotic resistance or xenobiotic
tolerance (Ilangovan et al., 2015). b, The general twitching motility mechanism is illustrated. Type
4 pili extend toward a surface from the pole of the cell and following attachment, the bacterium is
propelled to the attachment site by pilus retraction (Giltner et al., 2012). c, Curli fimbriae are
produced by a subset of cells within a bacterial population that will ultimately cause a biofilm layer
to form that will protect the bacterial population. d, Chaperone-usher fimbriae are normally
distributed peritrichously, but for clarity, a single type 1 fimbria is illustrated. Chaperon-usher
fimbriae are important for colonisation of the urinary tract where a fimbria may uncoil and recoil
in response to flushing mechanism of urine (Hospenthal et al., 2016).

128

A given species of bacteria may encode a number of chaperone-usher fimbriae
(Spurbeck et al., 2011) that need to be tightly regulated. Differential expression of
fimbriae may be important for different stages or types of infection, but the sheer
number of fimbrial clusters encoded by bacteria suggests a functional redundancy.
Indeed, type 1, P, S, F1C and Dr fimbriae all allow adhesion to human kidney
epithelia, although they recognise different receptor molecules (Korea et al.,
2011). By comparing the sequences of various usher proteins, Nuccio and Bäumler
(2007) developed a classification system that distributed fimbriae into six
phylogenetic clades: α (alternate chaperone-usher fimbriae), β, γ (type 1 fimbriaelike), κ (flexible fimbriae), π (P fimbriae-like) and σ (archaic chaperone-usher
fimbriae), where the γ clade were further divided into four sub-clades: γ1-γ4. One
of the best-studied examples of chaperone-usher fimbriae are the type 1 fimbriae
(γ1 clade) from E. coli encoded by the fim locus (Figure 4.1.2a).

During type 1 fimbrial biogenesis, the "chaperone" component (FimC) transports
fimbrial subunits to the "usher" component (FimD), which is a large β-barrel OMP
responsible for assembling and secreting the pilus (Lillington et al., 2015) (Figure
4.1.2b). The actual fimbrial appendage is comprised of 500-3000 copies of the
major fimbrial subunit (FimA) and a single copy of each minor subunit (Hahn et
al., 2002). The minor subunits are located at either the base or tip of the shaft. At
the base is a terminator subunit that: (i) prevents additional subunit
polymerisation and (ii) locks the fimbriae onto the usher (FimI) (Beč árová , 2015);
at the tip, adaptor subunits (FimFG) connect the shaft to the tip adhesin (FimH)
(Lillington et al., 2015). The tip adhesin contains two functional domains: an
immunoglobulin-like fold and a c-type lectin domain (Sauer et al., 2016). While
129

Figure 4.1.2 Type 1 fimbriae.
a, The genetic organisation of the nine fim genes from E. coli K-12 MG1655 (locus tags b4312b4320). b, Illustration of the chaperone-usher pathway, using biogenesis of type 1 fimbriae as an
example. For clarity, fimbrial subunit oxidation by the Dsb proteins was omitted. Following Sec
translocation, fimbrial subunits are recognised by fimbrial chaperone (FimC) and transferred to
the usher component (FimD) for subsequent secretion. Fimbrial subunits are added sequentially
to the growing pilus, starting with the minor subunits and followed by hundreds to thousands of
copies of the major fimbrial subunit. Shown are ribbon diagrams of each fimbrial subunit at the
initial stages of type 1 fimbrial biogenesis. The pilus is comprised of two subunits where FimD has
assembled FimGH and has primed FimF for insertion into the pilus by binding a FimC:FimF
complex (PDB: 4J3O for the FimCDFGH complex). Once FimD binds the FimC:FimA complex (PDB:
4DWH): FimF will be inserted into the pilus, FimC will be ejected, and FimA will be primed for
insertion.
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different tip adhesins contain similar c-type lectin domains, which are responsible
for carbohydrate binding, FimH itself recognises α-D-mannosylated glycoproteins,
especially the terminal mannose residue of uroplakins Ia and Ib found throughout
the luminal surface of the bladder epithelium (Wu et al., 1996; Zhou et al., 2001).
All fimbrial subunits are required to produce functional fimbriae: without FimA,
no fimbriae are formed; without FimI, fimbriae become too long and are
completely excreted from the cell; without the tip adhesin or adaptor subunits,
fimbriae can no longer adhere to cell surfaces (Båga et al., 1987; Lindberg et al.,
1987; Maurer & Orndorff, 1987).

Structural analysis of each fimbrial subunit reveals they contain an "incomplete"
immunoglobulin-like fold (Geibel et al., 2013; Habenstein et al., 2015): two
stacked three-stranded β-sheets in a β-sandwich conformation (Figure 4.1.3a).
However, "complete" immunoglobulin-like folds are comprised of a 7-9-stranded
β-sandwich (Bork et al., 1994). To date, literature reports suggest that the fimbrial
subunits adopt a constant 1 type immunoglobulin fold (see for example: Geibel et
al., 2013; Hospenthal et al., 2016; Phan et al., 2011; Puorger et al., 2008) (Figure
4.1.3b), but closer inspection of strand ‘D’ revealed an as yet unreported topology
(Figure 4.1.3c). In this "pilin fold", the stretch of amino acids representing strand
D is instead split into two β-strands (D1 and D2), where β-strand D1 forms part of
the first β-sheet (adjacent to β-strand E) and β-strand D2 forms part of the second
β-sheet (adjacent to β-strand C) (Figure 4.1.3d-g).

For each fimbrial subunit: the absence of the seventh β-strand in the "incomplete"
immunoglobulin-like domain leaves a series of five solvent-accessible
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Figure 4.1.3 Fimbrial subunits adopt an unusual immunoglobulin-like fold.
Immunoglobulin-like folds are 7-9-stranded β-sandwich domains important for interactions with
other proteins. Illustrations of the immunoglobulin topologies for: a, the reported "incomplete"
pilin; b, the "complete" constant 1 type immunoglobulin fold "a" was derived from, and; c, the
observed "incomplete" pilin fold. Arrows represent β-strands, where the first and second β-sheets
are comprised of grey and white arrows, respectively. Ribbon diagrams of the "incomplete"
immunoglobulin-like domain observed in type 1 fimbrial subunits, where each β-strand has been
labelled as per "c": d, residues 28-159 of mature FimA (PDB: 2N7H, chain B); e, residues 15-154
of mature FimF (PDB: 4J3O, chain F); f, residues 16-144 of mature FimG (PDB: 4J3O, chain G), and;
g, residues 160-279 of mature FimH (PDB: 4J3O, chain H).
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hydrophobic pockets (P1-P5) (Busch & Waksman, 2012). Initially, FimC - itself
comprised of two immunoglobulin-like domains with switch type topology
(Figure 4.1.4) - contributes its G1 β-strand (β-strand G from its first domain) to
"complete" a fimbrial subunit's immunoglobulin-like fold in a process known as
"donor strand complementation" (Busch & Waksman, 2012) (Figure 4.1.5). In the
now "completed" pilin fold, the G1 donor β-strand runs parallel to the acceptor's
β-strand F to protect the P1-P4 hydrophobic pockets, but not the P5 pocket, from
solvent access (Busch & Waksman, 2012). Leaving the P5 pocket unoccupied is an
important aspect for pilus biogenesis during donor strand exchange, where the G1
donor β-strand is subsequently replaced by an N-terminal extension from the
incoming fimbrial subunit, which binds to the unoccupied P5 pocket and then
sequentially displaces the chaperone's G1 β-strand in a zip-in-zip-out mechanism
(Busch & Waksman, 2012).

Once donor strand exchange between the two subunits has completed, the Nterminal extension from the incoming subunit runs anti-parallel to the acceptor
subunit's β-strand F (Figure 4.1.5). The energy to drive donor strand exchange is
thought to derive from the significantly energetically favourable conformational
change that occurs during the transition from a parallel to anti-parallel donor
strand-strand F conformation (Puorger et al., 2008; Zavialov et al., 2005).
Eventually, the termination subunit (FimI) - which does not contain a P5 pocket
for subsequent incorporation of a fimbrial subunit - will be incorporated into the
pilus, thereby completing pilus biogenesis (Busch & Waksman, 2012). FimD is a
24-stranded β-barrel with four periplasmic domains that are indispensable for
pilus biogenesis: an N-terminal domain (NTD), a plug domain and two C-terminal
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Figure 4.1.4 FimC contains two switch type immunoglobulin domains.
Topology maps (above) and ribbon diagrams (below) of FimC (PDB: 4DWH). Arrows represent βstrands, where the first and second β-sheets are comprised of grey and white arrows, respectively.
Asterisks with dashed lines are shown to indicate intentional breaks (between residues 119 and
120) or unstructured regions (residues 94-100 and 179-182) within the depicted structure. a, The
first FimC domain, which adopts a novel, as yet unreported immunoglobulin-like fold derived from
the switch type topology. b, The second FimC domain, which adopts a canonical switch type
immunoglobulin fold. c, Residues 1-119 of mature FimC and d, Residues 120-204 of mature FimC.
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Figure 4.1.5 Donor strand exchange.
Donor strand exchange occurs when an incoming N-terminal extension (blue) interacts with the
P5 pocket (purple) of an acceptor subunit, followed by the subsequent displacement of the
chaperone donor strand (G1) by that N-terminal extension. a, Surface-structure representation of
the fimbrial tip during the early stages of pilus biogenesis (PDB: 4J3O), comprising: full-length
FimFG, strand G1 of FimC (residues 101-117), and the immunoglobulin-like domain of FimH
(residues 153-279). b, Derived topology model based on "a", where each arrow represents a βstrand with the first and last residues indicated.
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domains (CTDs: CTD1 and CTD2) (Figure 4.1.6). The NTD of FimD contains a βsandwich domain, but rather than the aligned β-sandwich found in an
immunoglobulin-like fold, it adopts an orthogonal β-sandwich topology (Figure
4.1.7a). Conversely, the remaining periplasmic domains of FimD - like the fimbrial
subunits and chaperone component - contain an immunoglobulin-like topology
(Figure 4.1.7b-d) (Bodelón et al., 2013).

FimD exists in: (i) an inactive form, where the plug domain resides within and
occludes the lumen of the barrel, and; (ii) an active form - where the plug domain
is located in the periplasm where it stabilises the NTD (Phan et al., 2011) (Figure
4.1.8). Interestingly, the kidney-shaped β-barrel becomes rounder on FimD
activation, presumably to accommodate fimbrial subunits threading through the
barrel lumen (Figure 4.1.8e) (Phan et al., 2011). While the exact activation
mechanism remains to be elucidated, it is known that binding of the c-type lectin
domain of FimH stimulates this conversion from inactive FimD to active FimD
(Munera et al., 2007; Munera et al., 2008).

Both the NTD and CTDs may bind a chaperone-subunit complex, but although the
CTDs have a higher binding affinity, the NTD acts as the initial recognition site
(Munera et al., 2007; Werneburg et al., 2015). A recent study by Werneburg et al.
(2015) revealed that, in its inactive form, FimD’s plug domain masks the CTDs’
binding ability, leaving only the NTD to bind a chaperone-subunit complex.
Following activation, the CTDs are "unmasked" so a chaperone-subunit complex
will transfer from the NTD to the higher affinity CTDs, thereby once again
"masking" the CTDs and freeing the NTD (Werneburg et al., 2015). Using the NTD
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Figure 4.1.6 FimD structure.
Shown here is Figure 3.8.1. a, Structural map of FimD, based on its crystal structure (PDB: 3RFZ).
b, Ribbon diagram of FimD. c, Ribbon diagrams of the four periplasmic domains of FimD in
isolation, comprising: the N-terminal domain (NTD), plug domain and two C-terminal domains
(CTD1 and CTD2).
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Figure 4.1.7 β-Sandwich domains within FimD.
Topology maps (above) and ribbon diagrams (below) of the orthogonal β-sandwich domain (a)
and immunoglobulin-like folds (b-d) found within FimD (PDB: 3RFZ). Arrows represent β-strands,
where the first and second β-sheets are comprised of grey and white arrows, respectively.
Asterisks with dashed lines are shown to indicate intentional breaks (between residues 64 and 99
of NTD) or unstructured regions (between residues 804 and 808 of CTD2) within the depicted
structures. a, NTD, comprising residues 26-115 of mature FimD. b, The plug domain, comprising
residues 255-316 of mature FimD. c, CTD1, comprising residues 672-750 of mature FimD, where
the secondary structure was altered as per Phan et al. (2011, Supplementary Figure S3 therein). d,
CTD2, comprising residues 751-834 of mature FimD.
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Figure 4.1.8 Active and inactive conformations of FimD.
Structures of the plug and transmembrane (excluding β-strand 23') domains of FimD are shown.
a, Structural map of active FimD, based on its crystal structure (PDB: 3RFZ). b, Structural map of
inactive FimD, based on its crystal structure (PDB: 3OHN). c, Ribbon diagram of active FimD. d,
Ribbon diagram of inactive FimD. e, Ribbon diagrams of the top views of active and inactive FimD,
superimposed using the "align" function of Pymol (with a 2.0 Å cutoff, following 9 cycles).
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and CTDs as a platform, donor strand exchange will occur between two
chaperone-subunit complexes, where the NTD has bound the "incoming" subunit
and the CTDs have bound the "acceptor" subunit (Figure 4.1.9). Once donor strand
exchange occurs: (i) FimC dissociates from the CTDs, (ii) the acceptor subunit is
transferred from the CTDs to the FimD barrel lumen, (iii) the chaperone-subunit
complex is transferred from the NTD to the CTDs, (iv) donor strand exchange
repeats until the termination subunit is added (Busch et al., 2015).

One of the more intriguing aspects of pilus biogenesis is that, despite a mixed
population of chaperone-subunit complexes, fimbrial subunits are inserted in the
same order: FimH, then FimG, then FimF, then multiple copies of FimA, then finally
FimI, the termination subunit. This "ordered" assembly occurs due to the
differential binding affinities between each FimD complex and the incoming
chaperone-subunit complex, where as the each subunit is added, conformational
changes occur in FimD that enables it to selectively recruit the next subunit (Busch
et al., 2015).

An essential precursor to the assembly of chaperone-usher fimbriae is the
biogenesis of the usher component, FimD. Following translocation via the Sec
pathway, the nascent FimD polypeptide is transferred to the OM by SurA and is
thought to be assembled by the BAM complex (Palomino et al., 2011). Although
the steady-state level of FimD is (i) reduced in the absence of BamB or BamE, and;
(ii) proportional to the levels of SurA, BamB and BamA (Palomino et al., 2011),
the recent finding that TamA is assembled in a BamA-dependent manner now
adds a level of uncertainty to these past conclusions (Dunstan et al., 2015).
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Figure 4.1.9 Biogenesis of type 1 fimbriae.
Schematic of the initial stages of type 1 fimbrial biogenesis, from illustrations of FimD activation
by the FimC:FimH complex to the completed pilus tip. Ribbon diagrams are shown of the FimCDH
complex (centre, PDB: 3RFZ) and the FimCDFGH complex (right, PDB: 4J3O). Curved arrows
indicate subunit movements during donor strand exchange resulting in the subsequent FimD
complex immediately to the right. A ribbon diagram of the FimCA complex (PDB: 4DWH) is used
to indicate that the next series of steps involve the incorporation of multiple FimA subunits. FimD
domains are coloured as per Figure 4.1.6: transmembrane domain (purple), NTD (blue), plug
(green), CTD1 (light pink), and CTD2 (dark pink). The remaining fimbrial subunits are coloured as
per Figure 4.1.2: FimA (cyan), FimC (red), FimF (light green), FimG (pale yellow) and FimH
(orange).
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Considering that the TAM is also capable of catalysing OMP assembly (Selkrig et
al., 2012), it was important to dissect the relative contributions of the BAM
complex and the TAM in catalysing the biogenesis of the fimbrial usher
component.

4.2 Assembly of FimD in wildtype cells
In section 3.8, protease shaving of wildtype E. coli revealed that surface-exposed
FimD was cleaved into two major fragments (A and C). To better monitor the
formation of fragments A and C, the pulse chase analysis was repeated over a
range of chase temperatures (Figure 4.2.1). A chase temperature range between
20 °C and 30 °C was found to be ideal; whereas FimD assembly was too slow at 15
°C and too rapid at 37 °C. Importantly, protease shaving did not result in the
simultaneous appearance of FimD fragments A and C; instead, fragment C
appeared before fragment A.

To confirm this observation, the early minutes of FimD assembly were monitored
using a 30 °C chase temperature (Figure 4.2.2a). By measuring the density of the
fragments from four biological replicates, it can be seen that fragment C appears
at the first chase time of 10 seconds, whereas the appearance of fragment A is
delayed by up to 10-30 seconds (Figure 4.2.2b). The absence of fragment A at the
initial time points indicates that it was completely degraded by proteinase K,
suggesting that FimD insertion is initiated from a site within fragment C. The
protease-sensitivity of fragment A would then be protected from proteolysis in the
latter time points as the region corresponding to fragment A is assembled to
generate a mature FimD, presumably by membrane insertion.
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Figure 4.2.1 Chase temperature optimisation for FimD biogenesis.
FimD biogenesis in E. coli BL21 Star™ (DE3) wildtype cells harbouring pKS02 (pET-15b containing
fimD) was assessed by pulse chase analysis using the indicated chase temperatures. Aliquots were
taken at 10 seconds, 2, 4, 8, 16 and 32 minutes, and treated with (+PK) or without (-PK, last
timepoint only) 50 μg mL-1 proteinase K (static, 10 min, on ice). Proteins were then TCAprecipitated, washed with acetone and boiled for 3 minutes in SDS sample buffer. Samples were
analysed by SDS-PAGE and storage phosphor-imaging. Sizes in kDa are indicated on the left. Fulllength FimD, its fragments A and C, and prominent background (BG) bands are indicated on the
right. The time increment is indicated above the autoradiogram as a graded triangle and the chase
temperature used is indicated below the autoradiogram. The "30 °C" panel is identical to the
"nitrocellulose" panel from Figure 3.8.3c. Analysis at 20 °C, 30 °C and 37 °C was performed
simultaneously (i.e. same E. coli batch); analysis at 15 °C and 25 °C was also performed
simultaneously (i.e. same E. coli batch).
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Figure 4.2.2 The early minutes of FimD biogenesis.
FimD biogenesis in E. coli BL21 Star™ (DE3) wildtype cells harbouring pKS02 (pET-15b containing
fimD) was assessed by pulse chase analysis. Aliquots were taken at 10 and 20 seconds, then every
20 seconds up to 4 minutes, and treated with (+PK) or without (-PK, last timepoint only) 50 μg mL1

proteinase K (static, 10 min, on ice). Proteins were then TCA-precipitated, washed with acetone

and boiled for 3 minutes in SDS sample buffer. Samples were analysed by SDS-PAGE, storage
phosphor-imaging and densitometry. a, Representative autoradiogram from four biological
replicates. Sizes in kDa are indicated on the left. Full-length FimD and its fragments A and C are
indicated on the right. The time increment is indicated above the autoradiogram as a graded
triangle. b, Normalised band density of fragments A and C plotted versus time, where error bars
represent standard error of the mean from four biological replicates.
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4.3 The identity of fragments A and C.
The ~50 kDa and ~40 kDa fragments (A and C, respectively) appear to comprise
the majority of full-length FimD (about 90 kDa), suggesting FimD may be cleaved
at a site either 40 kDa or 50 kDa from the N-terminus. By inspecting the membrane
topology of FimD (Figure 4.3.1), there are two extracellular loops where
proteolytic cleavage would result in products of the correct sizes. Cleavage at loop
5 would result in fragment C being N-terminal and fragment A being C-terminal
(Figure 4.3.1c); however, cleavage at loop 7 would mean fragments A and C
respectively correspond to the N- and C-terminus of FimD instead (Figure 4.3.1d).

Loop 7 of FimD was previously shown to be protease-sensitive by Saulino et al.
(1998). They used exogenously added trypsin to determine the order of pilus
assembly through the FimD pore. When the correct fimbrial subunit FimH was coexpressed with FimD (and the FimC chaperone), a ~40 kDa trypsin-protected
fragment was formed. N-terminal sequencing revealed the trypsin-protected
fragment began at FTDYN, indicating proteolytic cleavage occurred between K469
and F470 of the mature protein (located within loop 7). It should be noted that the
authors reported the cleavage site as being between residues 477 and 488, likely
due to the fact that the FimD signal peptide was then thought to be 37 residues
long, but is now known to be 45 residues long (Ng et al., 2004). When FimD was
cleaved with trypsin for structural determination, Phan et al. (2011) reported that
trypsin removed two 2 kDa fragments: one at the N-terminus and another from
within loop 7, presumably leaving ~40 kDa and ~50 kDa fragments that they
could use to form crystals. Additionally, the crystal structures of FimD show that
the remaining region comprising loop 7 is disordered (Geibel et al., 2013; Phan et
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Figure 4.3.1 Predicted cleavage sites.
a, Cartoon depiction of the membrane topology of FimD. The first (1) and last (24) β-strands are
indicated, as are loops 5 (red) and 7 (yellow). b, Ribbon diagram of active FimD (PDB: 3RFZ)
coloured as in "a". Asterisks with dashed lines are shown to indicate the unstructured region
within loop 7 (between residues 453 and 474 of mature FimD). c-d, The putative identities of
fragments A and C are indicated where proteolytic cleavage occurs within loop 5 (c) or loop 7 (d).
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al., 2011), and may potentially adopt a protease-sensitive structure.

From this data, it can be seen that loop 7 is the best candidate cleavage site for
proteinase K. To test this experimentally, modified FimD constructs were used:
Nstrep-FimD, which contains an N-terminal strep-tag II (ASWSHPQFEK), or TEVFimD-Cstrep, which includes a tobacco etch virus (TEV) cleavage site (ENLYFQG)
within loop 7 and a C-terminal strep-tag II (Figure 4.3.2). Protease shaving and
pulse chase analysis of Nstrep-FimD and TEV-FimD-Cstrep revealed the modifications
do not affect the biogenesis of FimD, as judged by the similar fragmentation profile
to the unmodified FimD (Figure 4.3.3a).

The addition of strep-tag II will add 1.5 kDa to the protein (Figure 4.3.2b), which
at the range of 40-50 kDa is a size that could be resolved by SDS-PAGE analysis
(Figure 4.3.3b). Inspection of the relative fragment sizes showed that fragment A
from Nstrep-FimD and fragment C from TEV-FimD-Cstrep migrated slower than the
corresponding native fragments, suggesting these bands contained strep-tag II.
The presence of strep-tag II on these respective fragments was then confirmed by
detection with the highly specific streptavidin-HRP conjugate probe (Figure
4.3.3c). Full length and fragment A from Nstrep-FimD, but not fragment C, were
bound by streptavidin-HRP. Likewise, full length and fragment C from TEV-FimDCstrep, but not fragment A, were bound by streptavidin-HRP. This indicates that
fragment A corresponds to the N-terminal 50 kDa region of FimD and fragment C
represents the remaining 40 kDa C-terminal portion of FimD.

FimD contains a suboptimal TEV cleavage site located near the end of β-strand 5
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Figure 4.3.2 Structural maps and topologies of FimD modified to include a strep-tag II.
a, Structural map of unmodified and modified pre-FimD based on the crystal structure (PDB:
3RFZ). The signal peptides (SP) used are from FimD (native and TEV-FimD-Cstrep) or pelB (NstrepFimD). The blue region within loop 7 (ENLYFQG) indicates the TEV site and red hexagons
represent strep-tag II. Amino acid positions are indicated at the start of each domain for the
preprotein. b, The putative identities of fragments A and C are indicated where proteolytic
cleavage occurs within loop 7.
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Figure 4.3.3 The identities of fragments A and C.
Shown are cropped versions of a, Figure 4.5.2; b, Figure 4.5.3a, and; c, Figure 4.5.3b. a-c, FimD
biogenesis was assessed by pulse chase analysis in E. coli BL21 Star™ (DE3) wildtype cells
harbouring either: (i) pKS02 (pET-15b containing fimD), (ii) pCJS51 (pET-22b(+) containing NstrepfimD) or (iii) pCJS29 (pET-15b containing TEV-fimD-Cstrep). Aliquots were taken at either: a, 10
seconds, 2, 4, 8, 16 and 32 minutes; b, 32 minutes only, or; c, 16 minutes only. Aliquots were treated
with (+PK) or without (-PK, last timepoint only) 50 μg mL-1 proteinase K (static, 10 min, on ice).
Proteins were then TCA-precipitated, washed with acetone and boiled for 3 minutes in SDS sample
buffer. Samples were analysed by SDS-PAGE and either storage phosphor-imaging (a and b) or
Western blotting (c) using Precision Protein™ StrepTactin-HRP conjugate (Bio-Rad) for detection.
Sizes in kDa are indicated on the left. Full-length FimD, its fragments A and C, and prominent
background (BG) bands are indicated on the right. The time increment is indicated above the
autoradiogram as a graded triangle and whether native or modified FimD biogenesis was assessed
is indicated above or to the right of the autoradiogram.
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and within the start of loop 3: GDGYTQG (Figure 4.3.4a). Loop 3 is unusual in that
it points perpendicularly toward the barrel lumen where it plays a structurally
important role in stabilising the plug domain of inactive FimD (Volkan et al., 2013)
(Figure 4.3.4b). Interestingly, an α-helical region within loop 7 also plays a
structurally significant role in stabilising the plug domain of inactive FimD (Volkan
et al., 2013) (Figure 4.3.4b). Protease shaving analysis of FimD using TEV protease
resulted in the formation of the predicted 66.5 kDa fragment (Fragment A*, Figure
4.3.4c), indicating that TEV protease may enter the lumen of FimD to cleave within
loop 3, or that loop 3 sometimes has partial occupancy at the cell surface.

TEV protease should therefore cleave TEV-FimD-Cstrep in loops 3 and 7 to produce
fragment C and two 25 kDa fragments corresponding to fragment A. Fragment C
was produced as expected, but was found to migrate slower when TEV protease
was used instead of proteinase K, indicating that protease-sensitive loop 7 likely
contains multiple proteinase K cleavage sites (Figure 4.3.4c). Surprisingly
however, protease shaving analysis of TEV-FimD-Cstrep biogenesis using TEV
protease or proteinase K generated an equal amount of fragment A, and no
fragment A* (Figure 4.3.4c). Perhaps once loop 7 was cleaved, it acted to protect
loop 3 from further proteolysis. Considering that loop 7 contains the consensus
TEV cleavage site, whereas the site in loop 3 is suboptimal, loop 7 must always be
cleaved first, thus precluding the formation of fragment A*.

To identify the specific proteinase K cleavage site in loop 7, LC-MS/MS analysis
was performed. Non-radiolabelled full-length FimD, and fragments A and C were
excised from polyacrylamide gels, and subjected to in-gel tryptic digestion (Phu et
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Figure 4.3.4 Protease shaving analysis of FimD biogenesis using proteinase K or TEV
proteases.
a, TEV-FimD-Cstrep topology with the sub-optimal (GTGYTQG) and optimal (ENLYFQG) TEV
cleavage sites indicated. b, Ribbon diagram of inactive FimD (PDB: 3OHN). For clarity, residues
139-212 and 630-656 were omitted. Asterisks with dashed lines are shown to indicate several
unstructured regions, for residues: 244-253 (plug domain), 423-425 (turn 6), 455-470 (loop 7)
and 558-571 (turn 9). c, FimD biogenesis was assessed by pulse chase analysis in E. coli BL21 Star™
(DE3) wildtype cells harbouring either: (i) pKS02 (pET-15b containing fimD), (ii) pCJS29 (pET-15b
containing TEV-fimD-Cstrep). Aliquots were taken at 32 minutes and treated with either 50 μg mL-1
proteinase K (PK) (static, 10 min, on ice) or 100 μg mL-1 TEV protease and 1 mM DTT (static, 30
min, 30 °). Proteins were then TCA-precipitated, washed with acetone and boiled for 3 minutes in
SDS sample buffer. Samples were analysed by SDS-PAGE and storage phosphor-imaging. Sizes in
kDa are indicated on the left. Full-length FimD, its fragments A, A* and C, and prominent
background (BG) bands are indicated on the right.
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Figure 4.3.5 Boundaries of fragments A and C.
FimD structural map based on the crystal structure (PDB: 3RFZ) with the boundaries of fragments
A (red) and C (blue) - determined from strep-tag II, TEV cleavage and LC-MS/MS analysis,
indicated.
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al., 2011), which shortens the proteins into analysable peptides. Trypsin cleaves
the peptide bond following a lysine or arginine residue, whereas proteinase K has
a much broader specificity (Keil, 1992). Proteinase K has been shown to
preferentially cleave peptide bonds following amino acids with aliphatic or
aromatic side chains (Keil, 1992), but a recent study by Qasim (2014) revealed
that proteinase K also has a strong tendency to cleave the peptide bond following
threonine and glutamine, which have polar side chains.

From the LC-MS/MS data, the most prominent non-tryptic peptide that was
unique to fragment C (i.e. not observed from tryptic digestion of full-length FimD
or fragment A) was DQVIQVKPK, which corresponds to a cleavage site between
Q460 and D461 of the mature protein. Although there may be additional cleavage
sites within loop 7, fragment A roughly corresponds to a 50.7 kDa band comprised
of the NTD, the plug domain and the first 13 transmembrane β-strands (typically
D1-Q460), whereas fragment C is 40.7 kDa and represents the remaining 11
transmembrane β-strands, CTD1 and CTD2 (typically D461-R833) (Figure 4.3.5).

4.4 FimD requires the TAM for efficient assembly
When FimD assembly was monitored by pulse chase analysis, exogenously added
proteinase K cleaved FimD into 50 kDa N-terminal and 40 kDa C-terminal
fragments. In the absence of the TAM however, a 45 kDa fragment B was generated
as the major FimD proteolytic cleavage product (Figure 4.4.1). When ΔtamA or
ΔtamB strains were then complemented, FimD biogenesis levels were restored to
wild-type levels, as judged by the significant (i) increase in fragments A and C, and
(ii) concomitant decrease in fragment B (Figure 4.4.2).
153

Figure 4.4.1 FimD requires the TAM for assembly.
FimD biogenesis was assessed by pulse chase analysis in the indicated strains of E. coli BL21 Star™
(DE3) harbouring pKS02 (pET-15b containing fimD). Aliquots were taken at 10 seconds, 2, 5, 10,
15, 30 and 60 minutes, and treated with (+PK) or without (-PK, last timepoint only) 50 μg mL-1
proteinase K (static, 10 min, on ice). Proteins were then TCA-precipitated, washed with acetone
and boiled for 3 minutes in SDS sample buffer. Samples were analysed by SDS-PAGE, storage
phosphor-imaging and densitometry. a and c, Representative autoradiogram from four biological
replicates. Sizes in kDa are indicated on the left. Full-length FimD and its fragments A and C are
indicated on the right. The time increment is indicated above the autoradiogram as a graded
triangle and the strain is indicated below. b and d, Normalised band density of fragments A, B and
C plotted versus time, where error bars represent standard error of the mean from four biological
replicates and the strain is indicated above the graph.
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Figure 4.4.2 Complementation restores "wildtype" FimD biogenesis.
Shown is the "cropped" version of Figure 4.4.8. FimD biogenesis was assessed by pulse chase
analysis in the indicated strains of E. coli BL21 Star™ (DE3) harbouring pKS02 (pET-15b fimD) in
conjunction with either the pACYCDuet-1 base vector or a complementation plasmid (indicated by
"-" or "+" complemented, respectively): pCJS69 (pACYCDuet-1 containing tamA) or pCJS72
(pACYCDuet-1 containing tamB). Aliquots were taken at 16 minutes only and treated with (+PK)
or without (-PK, "wildtype" only) 50 μg mL-1 proteinase K (static, 10 min, on ice). Proteins were
then TCA-precipitated, washed with acetone and boiled for 3 minutes in SDS sample buffer.
Samples were analysed by SDS-PAGE and storage phosphor-imaging. Sizes in kDa are indicated on
the left. TamA, full-length FimD and its fragments A, B and C are indicated on the right. The strain
identities and whether they harbour a complementation plasmid are indicated above the
autoradiogram.
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In addition to fragment B, protease shaving analysis revealed that a small
proportion of fragments A and C were generated during FimD biogenesis in the
absence of the TAM (Figure 4.4.1), indicating that FimD can still assemble
correctly, albeit less efficiently. To extend this observation and determine whether
it reflects a slower assembly rate, FimD biogenesis was allowed to proceed for up
256 minutes in ΔtamA or ΔtamB mutants (Figure 4.4.3). Pulse chase analysis
revealed that at 2 minutes, fragment B is generated and from 32 minutes:
fragments A and C are also generated, with approximately equivalent amounts of
fragments A, B and C at 256 minutes. Although the function of FimD assembled in
the absence of the TAM cannot be determined during these experiments, fimbriae
assembled in the absence of the TAM were subsequently shown to be functional
(but significantly depleted) in a parallel study by I. D. Hay (Stubenrauch et al.,
2016) (discussed in Section 4.8).

The BAM complex likely fills the role of catalysing FimD biogenesis in the absence
of the TAM, hinting that even in the presence of the TAM, FimD biogenesis could
theoretically also proceed via the slower TAM-independent pathway. To confirm
this hypothesis, FimD assembly in wildtype cells was allowed to proceed for up to
60 minutes (Figure 4.4.4). Subsequent protease shaving and densitometrical
analysis revealed that, in addition to the rapid generation of fragments A and C, a
small proportion of fragment B was also produced, thereby confirming that FimD
may assemble independently of the TAM (albeit less efficiently), despite the
presence of the TAM.

Dunstan et al. (2015) previously showed that depletion of BamA results in a
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Figure 4.4.3 Correct FimD biogenesis is delayed in the absence of the TAM.
FimD biogenesis in the indicated strains of E. coli BL21 Star™ (DE3) harbouring pKS02 (pET-15b
containing fimD) was assessed by pulse chase analysis. Aliquots were taken at 10 seconds, 2, 4, 8,
16, 32, 64, 128 and 256 minutes, and treated with (+PK) or without (-PK, last timepoint only) 50
μg mL-1 proteinase K (static, 10 min, on ice). Proteins were then TCA-precipitated, washed with
acetone and boiled for 3 minutes in SDS sample buffer. Samples were analysed by SDS-PAGE,
storage phosphor-imaging and densitometry. a and c, Representative autoradiogram from four
biological replicates. Sizes in kDa are indicated on the left. Full-length FimD and its fragments A
and C are indicated on the right. The time increment is indicated above the autoradiogram as a
graded triangle and the strain is indicated below. b and d, Normalised band density of fragments
A, B and C plotted versus time, where error bars represent standard error of the mean from four
biological replicates and the strain is indicated above the graph.
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Figure 4.4.4 FimD biogenesis occurs predominantly via the TAM-dependent pathway.
FimD biogenesis was assessed by pulse chase analysis in E. coli BL21 Star™ (DE3) wildtype strains
harbouring pKS02 (pET-15b containing fimD). Aliquots were taken at 10 seconds, 2, 5, 10, 15, 30
and 60 minutes, and treated with (+PK) or without (-PK, last timepoint only) 50 μg mL-1 proteinase
K (static, 10 min, on ice). Proteins were then TCA-precipitated, washed with acetone and boiled for
3 minutes in SDS sample buffer. Samples were analysed by SDS-PAGE, storage phosphor-imaging
and densitometry. a, Representative autoradiogram from four biological replicates. Sizes in kDa
are indicated on the left. Full-length FimD and its fragments A and C are indicated on the right. The
time increment is indicated above the autoradiogram as a graded triangle and the strain is
indicated below. b, Normalised band density of fragments A, B and C plotted versus time, where
error bars represent standard error of the mean from four biological replicates and the strain is
indicated above the graph.
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concomitant decrease in the levels of TamA, indicating that the TAM itself needs
the BAM complex for TamA biogenesis. Considering the BAM lipoproteins
facilitate substrate assembly, it was hypothesised that deletion of the nonessential BAM lipoproteins may reduce the levels of TamA, and therefore the TAM.
Subsequent BN-PAGE and SDS-PAGE analysis of E. coli membranes confirmed that,
while TamA levels are not affected by deletion of bamC, the amount of TamA was
somewhat reduced in either ΔbamB or ΔbamE mutants (Figure 4.4.5). Assuming
that the BAM lipoproteins themselves are dispensable for FimD biogenesis, the
proportion of FimD assembled independently of the TAM should: (i) remain the
same in the absence of BamC, and; (ii) increase in the absence of either BamB or
BamE.

Analysis of FimD biogenesis in ΔbamC mutants indicated that FimD displayed a
wildtype preference for the TAM-independent assembly pathway (Figure 4.4.6),
as judged by the rapid generation of fragments A and C and the slow formation of
low levels of fragment B. In contrast, analysis of FimD biogenesis in ΔbamB (Figure
4.4.7a-b) or ΔbamE (Figure 4.4.7c-d) mutants revealed that in addition to the
rapid formation of fragments A and C, from about 4 minutes: a large proportion of
FimD was also proteolytically degraded into fragment B. Complementation of
either ΔbamB or ΔbamE mutants restored wildtype levels of FimD TAMdependent biogenesis (Figure 4.4.8), thereby confirming that by reducing TAM
levels, FimD biogenesis is shifted toward the less efficient TAM-independent
assembly pathway.

Because TamA levels (but not TamB levels) are decreased in ΔbamB mutants
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Figure 4.4.5 TamA levels are lower in ΔbamB or ΔbamE mutants.
E. coli BL21 Star™ (DE3) membranes were isolated from the indicated strains of E. coli and
analysed by Western blotting - following BN-PAGE or SDS-PAGE analysis - using mouse antibodies
specific for BAM complex subunits or rabbit antibodies specific for the TAM subunits. The PAGE
method and strains are indicated above the immunoblots, antibodies are indicated to the left, and
the native complex detected is indicated to the right of the BN-PAGE immunoblots.
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Figure 4.4.6 FimD biogenesis is not affected by BamC.
FimD biogenesis was assessed by pulse chase analysis in E. coli BL21 Star™ (DE3) ΔbamC strains
harbouring pKS02 (pET-15b containing fimD). Aliquots were taken at 10 seconds, 2, 5, 10, 15, 30
and 60 minutes, and treated with (+PK) or without (-PK, last timepoint only) 50 μg mL-1 proteinase
K (static, 10 min, on ice). Proteins were then TCA-precipitated, washed with acetone and boiled for
3 minutes in SDS sample buffer. Samples were analysed by SDS-PAGE, storage phosphor-imaging
and densitometry. a, Representative autoradiogram from four biological replicates. Sizes in kDa
are indicated on the left. Full-length FimD and its fragments A and C are indicated on the right. The
time increment is indicated above the autoradiogram as a graded triangle and the strain is
indicated below. b, Normalised band density of fragments A, B and C plotted versus time, where
error bars represent standard error of the mean from four biological replicates and the strain is
indicated above the graph.
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Figure 4.4.7 FimD biogenesis is affected by BamB and BamE levels.
FimD biogenesis was assessed by pulse chase analysis in the indicated strains of E. coli BL21 Star™
(DE3) harbouring pKS02 (pET-15b containing fimD). Aliquots were taken at 10 seconds, 2, 5, 10,
15, 30 and 60 minutes, and treated with (+PK) or without (-PK, last timepoint only) 50 μg mL-1
proteinase K (static, 10 min, on ice). Proteins were then TCA-precipitated, washed with acetone
and boiled for 3 minutes in SDS sample buffer. Samples were analysed by SDS-PAGE, storage
phosphor-imaging and densitometry. a and c, Representative autoradiogram from four biological
replicates. Sizes in kDa are indicated on the left. Full-length FimD and its fragments A and C are
indicated on the right. The time increment is indicated above the autoradiogram as a graded
triangle and the strain is indicated below. b and d, Normalised band density of fragments A, B and
C plotted versus time, where error bars represent standard error of the mean from four biological
replicates and the strain is indicated above the graph.
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Figure 4.4.8 Complementation analysis of FimD biogenesis in TAM or non-essential BAM
lipoprotein null-mutants.
Shown is the "uncropped" version of Figure 4.4.2. FimD biogenesis was assessed by pulse chase
analysis in the indicated strains of E. coli BL21 Star™ (DE3) harbouring pKS02 (pET-15b containing
fimD) in conjunction with either the pACYCDuet-1 base vector or a complementation plasmid
(indicated by "-" or "+" complemented, respectively): pCJS69 (pACYCDuet-1 containing tamA),
pCJS72 (pACYCDuet-1 containing tamB), pCJS73 (pACYCDuet-1 containing bamB), or pCJS74
(pACYCDuet-1 containing bamE). Aliquots were taken at 16 minutes and treated with (+PK) or
without (-PK) 50 μg mL-1 proteinase K (static, 10 min, on ice). Proteins were then TCA-precipitated,
washed with acetone and boiled for 3 minutes in SDS sample buffer. Samples were analysed by
SDS-PAGE and storage phosphor-imaging. Sizes in kDa are indicated on the left. TamA, BamB, fulllength FimD, and its fragments A, B and C are indicated on the right. The strain identities and
whether they harbour a complementation plasmid are indicated above the autoradiogram.
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Figure 4.4.9 Correct FimD biogenesis is restored on restoration of TamA in ΔbamB mutants.
FimD biogenesis was assessed by pulse chase analysis in BL21 Star™ (DE3) ΔbamB cells
harbouring either pCJS52 (pETDuet-1 containing fimD in MCS1) (indicated by "ΔbamB", top panel);
pCJS60 (pCJS52 containing bamB in MCS2) (indicated by " ΔbamB + bamB", middle panel), or;
pCJS58 (pCJS52 containing tamA in MCS2) (indicated by " ΔbamB + tamA", bottom panel). Aliquots
were taken at 10 seconds, 2, 4, 8, 16 and 32 minutes, and treated with (+PK) or without (-PK, last
timepoint only) 50 μg mL-1 proteinase K (static, 10 min, on ice). Proteins were then TCAprecipitated, washed with acetone and boiled for 3 minutes in SDS sample buffer. Samples were
analysed by SDS-PAGE and storage phosphor-imaging. Sizes in kDa are indicated on the left. TamA,
BamB, full-length FimD, its fragments A, B and C, the strain identities and whether they harbour a
complementation plasmid are indicated to the right of the autoradiogram. The time increment is
indicated above the autoradiogram as a graded triangle.
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(Figure 4.4.5), it was hypothesised that overexpressing tamA in a ΔbamB
background might similarly lead to a restoration of TAM-dependent assembly,
similar to complementation of ΔbamB with bamB. As expected, FimD biogenesis
in a ΔbamB mutant complemented with either bamB or tamA lead to a significant
decrease in the generation fragment B (Figure 4.4.9). Taken together, by
artificially increasing or reducing TAM levels, there is a concomitant increase or
decrease in TAM-catalysed FimD assembly, respectively.

4.5 The identity of fragment B
When FimD is assembled in the absence of the TAM, extracellular shaving with
proteinase K resulted in the presence of a ~45 kDa fragment B. It was tempting to
speculate that this corresponds to FimD (~90 kDa) following proteolytic cleavage
into two equal-sized fragments. By inspecting the membrane topology of FimD
(Figure 4.5.1), cleavage in extracellular loop 6 would result in two fragments of
roughly equal size. To determine if fragment B corresponds to either (or both) of
the putative 45 kDa terminal regions of FimD, strep-tag II analysis of the cleavage
products generated during Nstrep-FimD and TEV-FimD-Cstrep biogenesis was
performed.

Fragment B is generated during protease shaving and pulse chase analysis of
Nstrep-FimD and TEV-FimD-Cstrep in ΔtamA cells, indicating that the modifications
do not affect TAM-independent biogenesis of FimD (Figure 4.5.2). However,
inspection of the relative fragment sizes did not suggest that fragment B contains
the ~1.5 kDa strep-tag II (Figure 4.5.3a) and following streptavidin blotting, streptag II was not detected within fragment B (Figure 4.5.3b), despite detection of
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Figure 4.5.1 Predicted identity of fragment B.
a, FimD topology where loop 6 has been highlighted to demonstrate b, the putative identities of
fragment B following proteolytically cleavage.
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Figure 4.5.2 FimD biogenesis is not affected by the incorporation of strep-tag II.
Shown is the "uncropped" version of Figure 4.3.3a. FimD biogenesis was assessed by pulse chase
analysis in the indicated strains of E. coli BL21 Star™ (DE3) harbouring either: (i) pKS02 (pET-15b
containing fimD), (ii) pCJS51 (pET-22b(+) containing Nstrep-fimD) or (iii) pCJS29 (pET-15b
containing TEV-fimD-Cstrep). Aliquots were taken at 10 seconds, 2, 4, 8, 16 and 32 minutes and
treated with (+PK) or without (-PK, last timepoint only) 50 μg mL-1 proteinase K (static, 10 min,
on ice). Proteins were then TCA-precipitated, washed with acetone and boiled for 3 minutes in SDS
sample buffer. Samples were analysed by SDS-PAGE and storage phosphor-imaging. Sizes in kDa
are indicated on the left. Full-length FimD and its fragments A, B and C, and the type of FimD
analysed are indicated on the right. The time increment is indicated above the autoradiogram as a
graded triangle.

167

Figure 4.5.3 Fragment B does not contain the N- or C-terminus of FimD.
Shown is the "uncropped" versions of a, Figure 4.3.3b and b, Figure 4.3.3c. FimD biogenesis was
assessed by pulse chase analysis in the indicated strains of E. coli BL21 Star™ (DE3) harbouring
either: (i) pKS02 (pET-15b containing fimD), (ii) pCJS51 (pET-22b(+) containing Nstrep-fimD) or (iii)
pCJS29 (pET-15b containing TEV-fimD-Cstrep) as indicated. Aliquots were taken at either 32 (a) or
16 (b) minutes and treated with (+PK) or without (-PK) 50 μg mL-1 proteinase K (static, 10 min, on
ice). Proteins were then TCA-precipitated, washed with acetone and boiled for 3 minutes in SDS
sample buffer. Samples were analysed by SDS-PAGE and either storage phosphor-imaging (a) or
Western blotting (b) using Precision Protein™ StrepTactin-HRP conjugate (Bio-Rad) for detection.
Sizes in kDa are indicated on the left. Full-length FimD, its fragments A and C, and prominent
background (BG) bands are indicated on the right. The type of FimD analysed is indicated above
the autoradiograms and the strain background is indicated below the autoradiograms.
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fragments A or C in the same "ΔtamA" lanes. Taken together, fragment B does not
map to either termini of FimD, indicating that proteinase K must cleave FimD more
than once to generate a protease-resistant internal region corresponding to
fragment B.

In order to generate the protease-resistant fragment B, FimD must at least be
partially assembled into the outer membrane. To determine whether the known
protease-sensitive loops 3 and 7 of FimD were accessible to exogenously added
protease, TEV protease shaving analysis of FimD and TEV-FimD-Cstrep was
performed (Figure 4.5.4a). Because TEV protease can only cleave FimD once
(within loop 3) and TEV-FimD-Cstrep once (within loop 7, but not loop 3) during
TAM-dependent biogenesis, if either loop is not exposed for proteolysis during
TAM-independent usher biogenesis, this will be reflected by the absence of (or
significant reduction in) corresponding cleavage products. However, regardless of
whether usher biogenesis occurred in the presence or absence of the TAM, TEV
proteolysis generated: (i) equal amounts of the 66.5 kDa fragment A* during FimD
biogenesis, and; (ii) equal amounts of fragments A and C during TEV-FimD-Cstrep
biogenesis. This data therefore indicates that both loops 3 and 7 are surface
exposed during TAM-independent usher biogenesis, indicating that fragment B
contains the 24.5 kDa region between loops 3 and 7 (corresponding to residues
G225-I457 and about 56 % of fragment B) (Figure 4.5.4b).

Because it is now clear that fragment B represents a central portion of FimD
(where the termini of FimD have been cleaved), FimD was internally
immunolabelled. A hexahistidine tag (HHHHHHSG) was inserted into three
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Figure 4.5.4 Fragment B represents a "central" portion of FimD.
a, FimD biogenesis was assessed by pulse chase analysis in E. coli BL21 Star™ (DE3) wildtype ("+
TamA") or ΔtamA ("- TamA") cells harbouring either: (i) pKS02 (pET-15b containing fimD), (ii)
pCJS29 (pET-15b containing TEV-fimD-Cstrep). Aliquots were taken at 32 minutes and treated with
either 50 μg mL-1 proteinase K (static, 10 min, on ice) or 100 μg mL-1 TEV protease and 1 mM DTT
(static, 30 min, 30 °). Proteins were then TCA-precipitated, washed with acetone and boiled for 3
minutes in SDS sample buffer. Samples were analysed by SDS-PAGE and storage phosphorimaging. Sizes in kDa are indicated on the left. Full-length FimD and its fragments A, A*, B and C
are indicated on the right. The strains are indicated above the autoradiogram, and the type of FimD
analysed is indicated below the autoradiogram. b, FimD topology where the known structured
region of fragment B is highlighted in orange.
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positions within FimD that would ensure they reside topologically within the
periplasm (Figure 4.5.5). His135/136-FimD contains a hexahistidine tag at the Cterminal region of the NTD, between P135 and G136 of the mature protein.
His211/212-FimD contains a hexahistidine tag between P211 and L212, located
within periplasmic turn 2 (between β-strands 4 and 5). His563/564-FimD contains a
hexahistidine tag between S563 and D564, which is located within periplasmic
turn 9 (between β-strands 18 and 19).

The fragmentation profile observed following protease shaving and pulse chase
analysis of each hexahistidine-tagged construct was comparable to that of native
FimD (Figure 4.5.6), indicating that the hexahistidine tag in any of the three
positions does not affect FimD biogenesis. Immunoblotting revealed the presence
of the hexahistidine tag within: (i) fragment A generated from His135/136-FimD and
His211/212-FimD but not His563/564-FimD as expected, and (ii) fragment C generated
from His563/564-FimD but not His135/136-FimD nor His211/212-FimD, also as expected
(Figure 4.5.7a, and see Figure 4.5.5b for expected results). During usher
biogenesis in the absence of the TAM, the hexahistidine tag was detected within
fragment B generated from His135/136-FimD and His211/212-FimD, but not His563/564FimD despite the detection of fragment C in the "His563/564-FimD, ΔtamA" lane
(Figure 4.5.7a).

Taken together, fragment B must represent a portion of FimD that precedes S563,
but includes the region from G136 to L212. This extends the known fragment B
boundaries determined during TEV protease analysis to G136 and I457 of the
mature protein, corresponding to a 35.5 kDa (79 %) portion of fragment
171

Figure 4.5.5 Structural maps and topologies of FimD modified to include a hexahistidine tag.
a, Structural maps of unmodified and modified FimD based on the crystal structure (PDB: 3RFZ),
where red circles represent the hexahistidine tag. b, Topologies of fragments A or C that contain
the hexahistidine tag.
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Figure 4.5.6 FimD biogenesis is not affected by the incorporation of hexahistidine tag.
FimD biogenesis was assessed by pulse chase analysis in the indicated strains of E. coli BL21 Star™
(DE3) harbouring either: (i) pCJS64 (pET-15b containing His135/136-fimD), (ii) pCJS65 (pET-15b
containing His211/212-fimD) or (iii) pCJS66 (pET-15b containing His563/564-fimD). Aliquots were taken
at 10 seconds, 2, 4, 8, 16 and 32 minutes and treated with (+PK) or without (-PK, last timepoint
only) 50 μg mL-1 proteinase K (static, 10 min, on ice). Proteins were then TCA-precipitated, washed
with acetone and boiled for 3 minutes in SDS sample buffer. Samples were analysed by SDS-PAGE
and storage phosphor-imaging. Sizes in kDa are indicated on the left. Full-length FimD, its
fragments A, B and C, prominent background (BG) bands and the type of FimD analysed are
indicated on the right. The time increment is indicated above the autoradiogram as a graded
triangle. The strains are indicated above and below the autoradiogram.
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Figure 4.5.7 The boundaries of fragment B.
a, FimD biogenesis was assessed by pulse chase analysis in the indicated strains of E. coli BL21
Star™ (DE3) harbouring either: (i) pCJS64 (pET-15b containing His135/136-fimD), (ii) pCJS65 (pET15b containing His211/212-fimD) or (iii) pCJS66 (pET-15b containing His563/564-fimD). After 16
minutes, samples were treated with 50 μg mL-1 proteinase K (static, 10 min, on ice). Proteins were
then TCA-precipitated, washed with acetone and boiled for 3 minutes in SDS sample buffer.
Samples were analysed by SDS-PAGE and Western blotting using anti-hexahistidine antibodies.
Sizes in kDa are indicated on the left. Full-length FimD and its fragments A, B and C are indicated
on the right. The type of FimD is indicated above the autoradiogram and the strains are indicated
below the autoradiogram. b, FimD topology where the known structured region of fragment B is
highlighted in orange.
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B (Figure 4.5.7b). Interestingly, this places the second cleavage site for proteinase
K within the NTD, but structural analysis does not provide any clues as to the
relative location of the NTD cleavage site. Indeed, while the NTD from active FimD
resides within the periplasm (Phan et al., 2011), the precise topology of the NTD
for inactive FimD and, more importantly, the pre-mature FimD assembly
intermediates remains unknown.

By taking G136 and I457 to be the N- and C-terminal extremities of fragment B
respectively, a 45 kDa fragment would be generated between G136 and ~A540 or
between ~R47 and I457, indicating that fragment B resides within a ~54.5 kDa
region approximately between residues R47 and A540. To delineate the
boundaries of fragment B, non-radiolabelled fragment B was excised from
polyacrylamide gels, subjected to in-gel tryptic digestion and analysed by LCMS/MS. Unfortunately, the boundaries of fragment B could not be further
extended, because no significant fragments outside the range of G136-I457 were
identified. Inspection of the normalised density plots for the proteolytic fragments
generated during FimD biogenesis in each of the six strains (Figures 4.4.3b,d,
4.4.4b, 4.4.6b, 4.4.7b,d) revealed that rather than an equal distribution of
fragments A and C, fragment A levels were always greater than those of fragment
C.

Perhaps during TAM-independent FimD biogenesis, two major assembly
intermediates are formed before the final correct usher conformation is adopted
(Figure 4.5.8a). The first assembly intermediate has a protease-sensitive N- and
C- terminus, and so generates fragment B. Following a relatively slow assembly
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Figure 4.5.8 TAM-independent FimD biogenesis.
a, Cartoon depiction of the TAM-independent FimD biogenesis pathway. A ribbon diagram of the
BAM complex is shown (PDB: 5D0O), coloured as in Figure 1.9.3, where the partial OM destability
(darker regions of the bilayer) caused by the BAM complex is also shown. FimD is depicted (not to
scale) in teal with loop 7 coloured yellow, with its N- and C-termini indicated. Two FimD assembly
intermediates (AI) are shown in square brackets, where each of fragments A, B and/or C are
indicated below the relevant structures they may be generated from following addition of
exogenous proteinase K (PK). b, FimD structural map based on the crystal structure (PDB: 3RFZ)
and coloured as in "a". The boundaries of fragments A (red) and C (blue), and the likely boundaries
of fragment B (green), are shown.
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process, the remaining N-terminal portion is assembled correctly, and so fragment
A may be generated, thereby explaining the greater proportion of fragment A than
fragment C. Following a second relatively slow assembly process, the final correct
structure is adopted, which generates both fragments A and C. If this hypothesis
is true, then fragment B is comprised of the 45 kDa C-terminal region of fragment
A (approximately residues R47-I457), where the 5 kDa N-terminal region was
removed by exogenous protease (Figure 4.5.8b).

4.6 Other fimbrial ushers require the TAM for assembly
To determine if other fimbrial ushers also require the TAM for efficient assembly,
pulse chase analysis of six other fimbrial ushers (Figure 4.6.1) was performed. P
fimbriae (π clade) are encoded by the pap gene cluster (pyelonephritis-associated
pili) and, along with type 1 fimbriae, are the best-characterised and most-studied
chaperone-usher systems (Figure 4.6.2). There are three known tip adhesin
(papG) alleles with products that mediate nearly identical binding to a Gal-α(14)β-Gal moiety of glycolipids, but have different host specificity (Strömberg et al.,
1990).

Despite the presence of multiple papG alleles, antigenic diversity among P
fimbriae is attributable to the major fimbrial subunit (PapA), where 11 papA
alleles are known (Johnson et al., 2000). Interestingly, it is not unusual for bacteria
to harbour more than one copy of the pap gene cluster, where each cluster may
contain different papA and/or papG alleles (Johnson et al., 2000). Uropathogenic
E. coli CFT073 contains ten chaperone-usher fimbrial clusters, including two pap
clusters on separate pathogenicity-associated islands (PAI): PAI-1 and
177

Figure 4.6.1 Genetic organisation of various chaperone-usher fimbrial loci.
Seven fimbrial clusters are shown, which are derived from the same strain where the usher that
was analysed in subsequent pulse chase experiments originated from. Fimbrial types indicated on
the left and genetic organisation is as per E. coli K-12 MG1655 (Type 1 and Ybg fimbriae),
enteropathogenic E. coli E2348/69 (ECP fimbriae), or uropathogenic E. coli CFT073 (P, Yad,
Ygi/Yqi, and Yfc fimbriae). Locus tags for each loci are: b4312-20 (Type 1 fimbriae), b0716-19 (Ybg
fimbriae), E2348C_RS01300-25 (ECP fimbriae), c3582-93 where papB was later manually added
by Luo et al. (2009) (P fimbriae), c0166-72 (Yad fimbriae), c3791-4 (Ygi/Yqi fimbriae) and c287784 (Yfc fimbriae). Coloured arrows represent genes, and arrow length is proportional to the size
of each gene.
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Figure 4.6.2 Uropathogenic E. coli CFT073 harbours two copies of the pap fimbrial cluster.
Genetic organisation of the pap clusters from both pathogenicity-associated islands (PAI-1 and
PAI-2) with amino acid identity shown between homologous genes, except for papX in PAI-1, which
has no homologue (NH) in PAI-2. Amino acid sequence identities were calculated using the
MUSCLE algorithm. Locus tags for the pap cluster in PAI-1 are c3582-93 and in PAI-2 are c517989. The original annotation of uropathogenic E. coli CFT073 (Welch et al., 2002) did not include
papB in either PAI, and so were later manually added by Luo et al. (2009): the locus tag for papB
in PAI-1 is c0212r and in PAI-2 is c0290r. Coloured arrows represent genes, and arrow length is
proportional to the size of each gene.
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PAI-2 (Welch et al., 2002) (Figure 4.6.2a). While both papG are allele II, papA from
PAI-1 is allele F7-2 and papA from PAI-2 is allele F7-1 (Johnson et al., 2000).
Despite these differences, both pap clusters contain identical papC (Figure 4.6.2a),
so there was no need to clarify which PapC was used in subsequent pulse chase
analysis experiments.

In contrast to FimD biogenesis in wildtype cells, where protease shaving analysis
generated fragments A and C, the 89 kDa full-length PapC was relatively proteaseresistant in wildtype cells (Figure 4.6.3a). FimD's proteolytic degradation was
attributed to the protease-sensitivity of its 42-residue loop 7, but the equivalent
loop in PapC is only 22-residues long and does not appear to contain any
unstructured, protease-sensitive region (Figure 4.6.3b-c). During PapC biogenesis
in the absence of the TAM however, protease shaving analysis revealed that a
protease-sensitive PapC assembly intermediate was produced that was rapidly
proteolytically degraded into a ~60 kDa fragment D, indicating that PapC
biogenesis requires the TAM.

The ECP fimbriae (α clade) are involved in host cell adhesion (specifically HeLa,
HTB-4 and HEp-2 epithelial cells), invasion and biofilm formation (Lehti et al.,
2010; Rendón et al., 2007; Saldaña et al., 2014). They were originally known as
Yag fimbriae, before Pouttu et al. (2001) renamed them to Mat (Meningitisassociated and temperature-regulated) fimbriae based on their findings that only
distinct E. coli pathotypes produced Mat fimbriae. However, Rendón et al. (2007)
demonstrated that Mat fimbriae may be produced by the majority of E. coli
commensal and pathogenic strains and therefore renamed them to ECP (E. coli
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Figure 4.6.3 PapC requires the TAM for assembly.
a, Using papC from uropathogenic E. coli CFT073, PapC biogenesis was assessed by pulse chase
analysis in the indicated strains of E. coli BL21 Star™ (DE3) harbouring pCJS32 (pET-22b(+)
containing papC). Aliquots were taken at 10 seconds, 2, 4, 8, 16 and 32 minutes, and treated with
(+PK) or without (-PK, last timepoint only) 50 μg mL-1 proteinase K (static, 10 min, on ice). Proteins
were then TCA-precipitated, washed with acetone and boiled for 3 minutes in SDS sample buffer.
Samples were analysed by SDS-PAGE and storage phosphor-imaging. Sizes in kDa are indicated on
the left. Full-length PapC and its fragment D are indicated on the right. The time increment is
indicated above the autoradiogram as a graded triangle and the strain is indicated below. b, Ribbon
diagram of the transmembrane domain from inactive PapC (PDB: 2VQI) and loop 7 from inactive
FimD (PDB: 3OHN), superimposed using the "align" function of Pymol (with a 4.0 Å cutoff,
following 9 cycles). Asterisks indicate the unstructured region of FimD's loop 7, between residues
454 and 471. c, Structural map of mature PapC with amino acid positions indicated at the start
and/or end of each domain.
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common pilus) fimbriae. Pouttu et al. (2001) reported that these fimbriae were
only produced at low temperatures (20 °C), and Rendón et al. (2007) confirmed
the low temperature requirement under aerobic and anaerobic growth, but found
that low (26 °C) or high temperatures (37 °C) growth in an atmosphere containing
5 % CO2 greatly enhances ecp expression.

Using ecpC from enteropathogenic E. coli E2348/69, pulse chase analysis of EcpC
biogenesis in wildtype cells revealed that EcpC migrated as two distinct bands: the
full-length 88 kDa EcpC from the earliest timepoint, and a ~70 kDa fragment F
from about 8 minutes (Figure 4.6.4a). Intriguingly, the presence of fragment F is
independent of the presence of exogenously added protease, indicating that: (i)
fragment F is a natural degradation product of EcpC, and (ii) full-length EcpC is
relatively protease-resistant. During EcpC biogenesis in the absence of the TAM,
protease shaving analysis indicated that a full-length EcpC assembly intermediate
was degraded by exogenously added protease into smaller fragments, including
the ~75 kDa fragment E, rather than the natural degradation into fragment F
indicative of correct assembly, indicating that EcpC likely requires the TAM for
efficient assembly.

Yad fimbriae (γ4 clade) are important for biofilm formation and adherence to
abiotic surfaces (Korea et al., 2010) or human bladder epithelium (Spurbeck et
al., 2011) and appear to be expressed under acid-stress (pH 3.0) (Chingcuanco et
al., 2012) or high temperatures (41 °C) (Verma et al., 2016). The Yad fimbrial
chaperone was named EcpD based on its homology to the E. coli PapD chaperone
(Raina et al., 1993) and has only recently been renamed to YadV to avoid confusion
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Figure 4.6.4 EcpC and HtrE require the TAM for assembly.
Using ecpC from enteropathogenic E. coli E2348/69 or htrE from uropathogenic E. coli CFT073,
biogenesis of EcpC (a) or HtrE (b) was assessed by pulse chase analysis in the indicated strains of
E. coli BL21 Star™ (DE3) harbouring either a, pCJS37 (pETDuet-1 containing ecpC in MCS2) or b,
pCJS49 (pET-15b containing htrE). Aliquots were taken at 10 seconds, 2, 4, 8, 16 and 32 minutes,
and treated with (+PK) or without (-PK, last timepoint only) 50 μg mL-1 proteinase K (static, 10
min, on ice). Proteins were then TCA-precipitated, washed with acetone and boiled for 3 minutes
in SDS sample buffer. Samples were analysed by SDS-PAGE and storage phosphor-imaging. Sizes
in kDa are indicated on the left. The time increment is indicated above the autoradiogram as a
graded triangle and the strain is indicated above and below the autoradiogram. a, Full-length EcpC
and its fragments E and F are indicated on the right. b, Full-length HtrE and its fragments G and H
are indicated on the right.
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with the ECP fimbrial tip, EcpD. Using htrE (High temperature requirement gene
E) from uropathogenic E. coli CFT073, pulse chase analysis of HtrE biogenesis in
wildtype cells indicated that the 92 kDa full-length HtrE was relatively proteaseresistant (Figure 4.6.4b). In contrast, protease shaving analysis revealed that in a
ΔtamA mutant background, HtrE biogenesis produced a protease-sensitive
assembly intermediate that was rapidly proteolytically degraded into ~65 kDa
fragment G or ~55 kDa fragment H (Figure 4.6.4b). Based on the differential
protease-sensitivity, this data indicates that HtrE likely requires the TAM for
efficient assembly.

Yqi (or Ygi) fimbriae (π clade) mediate adherence to human kidney epithelium
and are important for biofilm formation and colonisation of chicken lungs (Antão
et al., 2009; Spurbeck et al., 2011). The YqiG usher from some strains are disrupted
by an insertion sequence (IS21) element, including lab strain E. coli K-12 MG1655
(Figure 4.6.5a). This IS element appears to interrupt the region comprising the
signal sequence of yqiG and presumably prevents YqiG biogenesis. However, Mohd
Yusoff et al. (2013) reported that deletion of yqiG reduces glucose utilisation when
grown anaerobically in glucose minimal media, and abolishes biohydrogen
production from glucose fermentation, indicating that presence of a yqiG
"pseudogene" product may be important for glucose metabolism.

Using yqiG from uropathogenic E. coli CFT073, pulse chase analysis of YqiG
biogenesis in wildtype cells revealed that the 90 kDa full-length YqiG remained
mostly protease-resistant, except from 16 minutes where it was partially
proteolytically degraded into one of ~45 kDa, ~60 kDa or ~65 kDa fragments. In
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Figure 4.6.5 YqiG requires the TAM for assembly.
a, Genetic organisation of the ygi/yqi clusters from E. coli K-12 MG1655 and uropathogenic E. coli
CFT073 with amino acid identity shown between homologous genes, calculated using the MUSCLE
algorithm. YqiG from either side of the IS21 was combined to calculate identity. Locus tags for the
ygi/yqi cluster in the MG1655 strain are b3043-8 and in the CFT073 strain are c3791-4. b, Using
yqiG from uropathogenic E. coli CFT073, YqiG biogenesis was assessed by pulse chase analysis in
the indicated strains of E. coli BL21 Star™ (DE3) harbouring pCJS31 (pET-15b containing yqiG).
Aliquots were taken at 10 seconds, 2, 4, 8, 16 and 32 minutes, and treated with (+PK) or without
(-PK, last timepoint only) 50 μg mL-1 proteinase K (static, 10 min, on ice). Proteins were then TCAprecipitated, washed with acetone and boiled for 3 minutes in SDS sample buffer. Samples were
analysed by SDS-PAGE and storage phosphor-imaging. Sizes in kDa are indicated on the left. Fulllength YqiG and its fragment I are indicated on the right. The time increment is indicated above the
autoradiogram as a graded triangle and the strains are indicated above and below the
autoradiogram.
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the absence of the TAM however, protease shaving analysis indicated that YqiG
was rapidly proteolytically degraded into smaller fragments at all timepoints,
including a ~50 kDa fragment I from about 8 minutes (Figure 4.6.5b). This data
indicates that in the absence of the TAM, YqiG assembles into a protease-sensitive
intermediate, suggesting that YqiG requires the TAM for efficient assembly.

Yfc fimbriae (π clade) are widely distributed among pathogenic and nonpathogenic E. coli (Wurpel et al., 2013), but the YfcU usher of some strains,
including the lab strain K-12 MG1655, contains an in-frame stop codon within the
coding sequence (Figure 4.6.6a) and is presumably non-functional. However,
Korea et al. (2010) reported that, despite the premature stop codon, expression of
the yfc operon mediated adherence to T24 human bladder cells, but whether this
alternate YfcU remains functional via translational read-through or another
fimbrial usher substitutes to assemble the Yfc fimbriae remains to be determined.
Interestingly, Schneider et al. (2000) reported that independently disrupting yfcU
with an insertion sequence improves E. coli B strain fitness in glucose minimal
media, indicating that the premature stop codon may have been selected for to
improve glucose metabolism.

Using yfcU from uropathogenic E. coli CFT073, pulse chase analysis of YfcU
biogenesis in wildtype cells indicated that the full-length ~94 kDa YfcU was
relatively protease-resistant (Figure 4.6.6b). During its biogenesis in the absence
of the TAM however, the majority of YfcU adopted a protease-sensitive
conformation that was rapidly proteolytically degraded into either a ~65 kDa
fragment J or ~60 kDa fragment K. Because the protease-sensitive intermediate
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Figure 4.6.6 YfcU requires the TAM for assembly.
a, Genetic organisation of the yfc clusters from E. coli K-12 MG1655 and uropathogenic E. coli
CFT073 with amino acid identity shown between homologous genes, calculated using the MUSCLE
algorithm. Locus tags for the yfc cluster in the MG1655 strain are b2332-9 and in the CFT073 strain
are c2877-84. b, Using yfcU from uropathogenic E. coli CFT073, YfcU biogenesis was assessed by
pulse chase analysis in the indicated strains of E. coli BL21 Star™ (DE3) harbouring pCJS33 (pET15b containing yfcU). Aliquots were taken at 10 seconds, 2, 4, 8, 16 and 32 minutes, and treated
with (+PK) or without (-PK, last timepoint only) 50 μg mL-1 proteinase K (static, 10 min, on ice).
Proteins were then TCA-precipitated, washed with acetone and boiled for 3 minutes in SDS sample
buffer. Samples were analysed by SDS-PAGE and storage phosphor-imaging. Sizes in kDa are
indicated on the left. Full-length YfcU and its fragment J and K are indicated on the right. The time
increment is indicated above the autoradiogram as a graded triangle and the strains are indicated
above and below the autoradiogram.

187

Figure 4.6.7 YbgQ requires the TAM for assembly.
Using ybgQ from E. coli K-12 MG1655, YbgQ biogenesis was assessed by pulse chase analysis in the
indicated strains of E. coli BL21 Star™ (DE3) harbouring pCJS40 (pET-15b containing ybgQ).
Aliquots were taken at 10 seconds, 2, 4, 8, 16 and 32 minutes, and treated with (+PK) or without
(-PK, last timepoint only) 50 μg mL-1 proteinase K (static, 10 min, on ice). Proteins were then TCAprecipitated, washed with acetone and boiled for 3 minutes in SDS sample buffer. Samples were
analysed by SDS-PAGE and storage phosphor-imaging. Sizes in kDa are indicated on the left. Fulllength YbgQ and its fragment L and M are indicated on the right. The time increment is indicated
above the autoradiogram as a graded triangle and the strains are indicated above and below the
autoradiogram.
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was only observed during TAM-deficient YfcU assembly, YfcU likely requires the
TAM to ensure the correct protease-resistant conformation is adopted efficiently.

Ybg fimbriae (π clade) are also widely distributed among pathogenic and nonpathogenic E. coli (Wurpel et al., 2013), but attempts to identify Ybg surface
receptors were unsuccessful (Korea et al., 2010). Using ybgQ from E. coli K-12
MG1655, pulse chase analysis of YbgQ biogenesis in wildtype cells indicated that
the 88 kDa full-length YbgQ remained protease-resistant throughout its assembly
(Figure 4.6.7). However, in the absence of the TAM, YbgQ assembled into a
protease-sensitive intermediate that was rapidly proteolytically degraded into
~70 kDa fragment L or ~60 kDa fragment M (Figure 4.6.7). This data therefore
suggests that YbgQ also likely requires the TAM for efficient assembly.

4.7 Discussion
Pulse chase analysis of seven fimbrial ushers (FimD, PapC, EcpC, HtrE, YqiG, YfcU
and YbgQ) revealed that they each require the TAM for efficient biogenesis. Unlike
the majority of fimbrial ushers that adopt a protease-resistant final conformation,
FimD contains a large extracellular loop that is readily cleaved by exogenously
added protease to generate two protease-resistant cleavage products: an Nterminal, 50 kDa fragment A and a C-terminal, 40 kDa fragment C. Using this
structural characteristic of FimD, the early minutes of FimD biogenesis were
probed and the C-terminal fragment was found to form earlier than the N-terminal
fragment. This data is consistent with the hypothesis that for the Omp85 insertase
family, β-barrel assembly is initiated within the transmembrane domain from the
C-terminal β-strands and proceeds toward the N-terminal β-strands in a strand189

by-strand fashion (Estrada Mallarino et al., 2015; Gu et al., 2016; Höhr et al., 2015).

When usher biogenesis was monitored in the absence of the TAM however, the
seven fimbrial ushers under investigation were found to adopt a proteasesensitive assembly intermediate. Following protease shaving analysis, these
assembly intermediates were rapidly proteolytically degraded into smaller
fragments that included at least one prominent cleavage product (i.e. fragments B,
D, E, and G-M). Inspection of the 45 kDa fragment B generated from the FimD
assembly intermediate revealed that it was comprised of a central portion of FimD
approximately corresponding to residues R47-I457. This indicated that assembly
in the absence of the TAM was likely initiated from a central β-strand, rather than
a C-terminal strand of the transmembrane domain. In accordance with the strandby-strand assembly hypothesis, once the "final" N-terminal β-strand is assembled,
the β-barrel is still not complete. Because assembly appears to initiate from a
central region, it is likely that the 7-10 C-terminal transmembrane β-strands were
"skipped". Nevertheless, the correct FimD tertiary structure is eventually formed,
albeit slowly, but whether the BAM complex is involved in this process or has
"disengaged" following the partial β-barrel assembly remains to be seen.

Taken together, the fimbrial ushers assemble via one of two pathways (Figure
4.7.1). In the TAM-dependent pathway, the TAM catalyses the rapid biogenesis of
fimbrial ushers where β-barrel assembly is initiated from a C-terminal β-strand.
In the TAM-independent pathway, the BAM complex instead catalyses fimbrial
usher biogenesis, but β-barrel assembly is initiated from a central β-strand and
the correct usher tertiary structure is much slower to form.
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Figure 4.7.1 Proposed mechanism of fimbrial usher assembly via TAM-dependent and TAMindependent pathways.
Fimbrial usher biogenesis is shown, using FimD biogenesis as an example. Ribbon diagrams of the
BAM complex (PDB: 5D0O) and TamA (PDB: 4C00) are coloured as in Figure 1.9.3. FimD is depicted
(not to scale) in teal with loop 7 coloured yellow, and its N- and C-termini indicated. Three FimD
assembly intermediates (AI) are shown in square brackets. a, Cartoon depiction of the TAMindependent FimD biogenesis pathway, where the partial OM destability caused by the BAM
complex is shown as darker regions of the bilayer. b, Cartoon depiction of the TAM-dependent
FimD biogenesis pathway. Although TamB has been omitted for clarity, the increased destability
of the OM caused by the TAM is shown as darker regions of the bilayer. c, A table showing the
cleavage products generated when any of the indicated structures are subjected to exogenous
proteinase K treatment.
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Using fragments A, B and C generated during FimD biogenesis as the indicator for
TAM-dependent and TAM-independent assembly, FimD was shown to assemble
via both pathways if both the BAM complex and the TAM were present (wildtype,
ΔbamB, ΔbamC, and ΔbamE cells). Furthermore, if the proportion of the TAM was
lowered (as in ΔbamB or ΔbamE) or increased (via overexpression of TamA in a
ΔbamB background), the proportion of FimD assembled via the TAM was similarly
lowered or increased. If FimD has an equal chance of assembling via the TAMdependent and TAM-independent pathways, the TAM must be significantly more
abundant than the BAM complex. However, Wiśniewski and Rakus (2014)
reported that the average copy number of BamA is about 14 times greater than
that of TamA, indicating that perhaps: (i) the TAM’s affinity for FimD is greater
than the BAM complex’s and/or (ii) the TAM has privileged access to the cargo of
periplasmic chaperones.

In the course of this work on the assembly of FimD, I. D. Hay investigated the
induction of fimD expression in the presence or absence of the TAM (Stubenrauch
et al., 2016). Uropathogenic E. coli strains CFT073 and UTI89 were modified to
contain an inducible type 1 fimbrial expression system. On induction, both strains
were capable of adhering to mannosylated surfaces, a feature that was
significantly attenuated in isogenic ΔtamAB mutants within a physiologically
relevant timeframe (20 minutes). On restoration of tamAB in trans, the
complemented strains showed complementation of adherence, thereby
establishing that the TAM is important for efficiently assembling the fimbrial
ushers used to generate type 1 fimbriae in a physiologically relevant timeframe.

192

Uropathogenic E. coli are the main etiological agent responsible for urinary tract
infections, causing up to 85 % of community-acquired urinary tract infections
(Ronald, 2002; Zhang & Foxman, 2003). Other etiological agents include K.
pneumoniae and P. mirabilis, which are also especially prevalent during (i)
nosocomial catheter-associated and (ii) complicated urinary tract infections,
respectively (Ronald, 2002; Zhang & Foxman, 2003). It is known that chaperoneusher fimbriae from K. pneumoniae (type 1 fimbriae) and P. mirabilis (MRP
fimbriae) are important for urinary tract infections (Murphy et al., 2013; Zunino
et al., 2003), and that TAM-negative mutants of K. pneumoniae and P. mirabilis are
significantly outcompeted by their respective isogenic, TAM-positive parent
strains (Burall et al., 2004; Struve et al., 2003). Taken together, it is tempting to
speculate that the TAM is also responsible for assembling the chaperone-usher
fimbriae in a physiologically relevant timeframe for these uropathogens.
Interestingly, Burall et al. (2004) did show that the major fimbrial subunit (MrpA)
was still produced in P. mirabilis TAM mutants, but the authors only analysed
overnight suspensions incubated in vitro, which is not reflective of the in vivo
conditions required for the initiation of a urinary tract infection.

Similarly to Ag43, which also requires the TAM for biogenesis (Selkrig et al., 2012),
chaperone usher fimbriae are tightly regulated by phase variation (Henderson et
al., 1999; van der Woude & Bäumler, 2004). While expression of the type 1
fimbriae are usually turned "off", following phase switching to the "on" position,
each bacterium rapidly produces 100-500 type 1 fimbriae to ensure adherence to
host cells (Gally et al., 1993; Lowe et al., 1987). The evolution of the TAM may
therefore have been an important evolutionary requirement for the rapid
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assembly of the various fimbrial ushers and AIDA-like autotransporters when
expression is turned on, that could otherwise be assembled by the BAM complex,
but outside of an appropriate physiological timeframe.
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Chapter 5 – Other substrates of the TAM
5.1 Introduction
From the models that have been proposed for β-barrel assembly catalysed by the
BAM complex (Gu et al., 2016; Noinaj et al., 2015), it is not immediately obvious
how an OMP with globular domains or quaternary structure is assembled. For two
families of proteins, AIDA-like ATs (Selkrig et al., 2012) and fimbrial ushers
(Section 4), it is clear that the TAM is also involved in assembling OMPs that
contain extracellular or periplasmic globular domains. To address the extent to
which the TAM plays a general role in assembling proteins that diverge from the
classic β-barrel architecture, pulse chase analysis of further candidate TAM
substrates was investigated (Figure 5.1.1).

Figure 5.1.1 The remaining candidate TAM substrates.
Shown here are the complex domain architectures of the remaining candidate TAM substrates as
per Figure 3.2.1. a, Intimin (PDB: 2MPW, 4E1S, 1F02 and residues 455-653 modelled after PDB:
1CWV using Phyre2). b, TolC (PDB: 1EK9). c, PhoE (PDB: 1PHO). d, LptDE (PDB: 4Q35).
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5.2 Inverse autotransporter family
The inverse autotransporters are a large family of proteins that assemble via the
T5SS pathway. They contain a large extracellular globular domain, usually
involved in cell adhesion, but sometimes host-cell invasion (Leo et al., 2015). The
N-terminal β-barrel domain typifies the inverse autotransporter family and is
highly conserved at the tertiary structure level, whereas their C-terminal
extracellular passenger domain is more structurally diverse (Heinz et al., 2016)
(Figures 5.1.1a and 5.2.1). Despite this, many members harbour immunoglobulinlike folds within their passenger domain (Bodelón et al., 2013), a motif also
observed in the TAM-dependent fimbrial ushers (Section 4.1). In a functional
sense, the two best-studied examples are intimin from pathogenic strains of E. coli
and invasin from Yersinia species, which have both been shown to depend on the
BAM complex for insertion into the OM (Bodelón et al., 2009; Oberhettinger et al.,
2012). However, in light of the recent observation that TamA itself is also
dependent on the BAM complex for OM insertion (Dunstan et al., 2015), it is
important to dissect the contribution the TAM might have on the biogenesis of
inverse autotransporter proteins.

Intimin is one of the major virulence factors associated with diarrhoeagenic
E. coli pathotypes, specifically enteropathogenic and enterohaemorrhagic E. coli
strains; C. rodentium, and; Hafnia alvei (Leo et al., 2015). Intimin binds to Tir,
which is the translocated intimin receptor injected into a host cell via a T3SS.
During disease, intimin is directly responsible for generating "attaching and
effacing" lesions in mammalian intestinal epithelia, which are an histopathological
feature involving actin pedestal formation and subsequent intimate host-cell
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Figure 5.2.1 Domain architecture of intimin.
A structural map of intimin with domain boundaries as per the corresponding structures depicted
below. Identities of each structure with PDB reference codes are also indicated, where bacterial
immunoglobulin-like (Big) domains are numbered sequentially starting from the N-terminal Big
domain.
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attachment to promote disease persistence (Lai et al., 2013). Using intimin from
enteropathogenic E. coli E2348/69, intimin biogenesis was assessed by pulse
chase analysis in the presence or absence of TamA (Figure 5.2.2). Interestingly,
the ~98 kDa mature intimin forms a doublet that includes a ~115 kDa species,
which is too large to correspond to the pre-intimin precursor. Intimin is known to
fold into a functional dimer in vivo (Touzé et al., 2004), but in addition to the ~115
kDa intimin species being too small to correspond to an intimin dimer,
dimerisation should be abolished under the denaturing conditions of SDS-PAGE.
The 115 kDa species could correspond to the fully reduced intimin species as
observed and suggested by Bodelón et al. (2009, see Figure 2 therein), indicating
that the smaller intimin band corresponded to the oxidised intimin species that
may have been insufficiently reduced by DTT (or was capable of regenerating
cystine following reduction).

Regardless, following its biogenesis in the presence of the TAM, intimin becomes
relatively protease-resistant; whereas in a ΔtamA background, intimin is
degraded into a doublet of proteolytic fragments (Figure 5.2.2a). This doublet
likely arises from the mature intimin doublets, where the reduced intimin species
had degraded into fragment O and the oxidised intimin species was degraded into
fragment P. To confirm this defect was due to the absence of the TAM, TamA was
reintroduced using a complementation vector (pCJS69) (Figure 5.2.2b) and found
to be capable of restoring the protease-resistance of intimin. This was adjudged
by the loss of fragments O and P and restoration of full-length intimin levels,
indicating that the TAM indeed contributes to the biogenesis of intimin.
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Figure 5.2.2 Intimin biogenesis requires the TAM.
Intimin (EaeA) biogenesis was assessed by pulse chase analysis in the indicated E. coli Star™ (DE3)
strains harbouring pCJS30 (pET-15b with eaeA encoded) in addition to either a, the pACYCDuet-1
base vector, or b, the pCJS69 (pACYCDuet-1 with tamA encoded) complementation vector
(indicated by "+ TamA"). At 10 seconds, 2, 4, 8, 16 and 32 minutes, aliquots were taken and treated
with (+PK) or without (-PK, last timepoint only) 50 μg mL-1 proteinase K (static, 10 min, on ice).
Proteins were then TCA-precipitated, washed with acetone and boiled for 3 minutes in SDS sample
buffer. Analysis was by SDS-PAGE and storage phosphorimaging. Sizes in kDa are indicated on the
left. TamA, the full-length intimin doublet, its fragments O and P, and the prominent background
(BG) bands are indicated on the right. The time increment is indicated above the autoradiograms
as a graded triangle and the strain is indicated below the autoradiograms.
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A comprehensive bioinformatic analysis of the inverse autotransporter family
revealed that, rather than the historical archetypes (intimin and invasin), most
members of the family resembled FdeC (Heinz et al., 2016). FdeC has a similar
architecture to intimin, except that it contains ten immunoglobulin-like domains
(Figure 5.2.3) whereas intimin has four (Heinz et al., 2016) (Figure 5.2.1). Unlike
intimin however, which is restricted to relatively few E. coli pathotypes, FdeC is
broadly conserved in E. coli and is important for a variety of diseases. In
uropathogenic E. coli, FdeC was shown to contribute to urinary tract infections
(Nesta et al., 2012), and in enterotoxigenic E. coli, the direct FdeC homologue more commonly known as EaeH in these strains - is important for host cell
attachment and facilitates heat-labile toxin delivery (Sheikh et al., 2014).

To ascertain whether FdeC also requires the TAM, the biogenesis of FdeC (derived
from uropathogenic E. coli CFT073) was also assessed by pulse chase analysis in
the presence or absence of TamA (Figure 5.2.4). Mature FdeC (150 kDa) was found
to be strongly protease-sensitive in both wildtype and ΔtamA backgrounds
(Figure 5.2.4a). In wildtype cells, FdeC was degraded into a series of proteolytic
fragments, including two prominent bands at ~100 kDa and ~50 kDa, respectively
referred to as fragments Q and R. Subsequent LC-MS/MS analysis revealed that
fragment R included the N-terminal transmembrane domain, whereas fragment
Q represented the remaining C-terminal passenger domain. Although in a ΔtamA
background FdeC was similarly degraded into fragments Q and R, fragment R was
much less prominent and the overall proteolytic fragmentation pattern was not
comparable to wildtype. This indicated that FdeC was slower to adopt the correct
tertiary structure in the absence of the TAM. To confirm this, TamA was
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Figure 5.2.3 Domain architecture of FdeC.
A structural map of FdeC with domain boundaries as per the corresponding structures depicted
below. Identities of each structure with PDB reference codes are also indicated, where bacterial
immunoglobulin-like (Big) domains are numbered sequentially starting from the N-terminal Big
domain.
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Figure 5.2.4 FdeC biogenesis requires the TAM.
FdeC biogenesis was assessed by pulse chase analysis in the indicated E. coli Star™ (DE3) strains
harbouring pCJS50 (pET-15b with fdeC encoded) in addition to either a, the pACYCDuet-1 base
vector, or b, the pCJS69 (pACYCDuet-1 with tamA encoded) complementation vector (indicated by
"+ TamA"). At 10 seconds, 2, 4, 8, 16 and 32 minutes, aliquots were taken and treated with (+PK)
or without (-PK, last timepoint only) 50 μg mL-1 proteinase K (static, 10 min, on ice). Proteins were
then TCA-precipitated, washed with acetone and boiled for 3 minutes in SDS sample buffer.
Analysis was by SDS-PAGE and storage phosphorimaging. Sizes in kDa are indicated on the left.
TamA, full-length FdeC and its fragments Q and R are indicated on the right. The time increment is
indicated above the autoradiograms as a graded triangle and the strain is indicated below the
autoradiograms.
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reintroduced by complementation (Figure 5.2.4b) and found to be capable of
restoring the wildtype proteolytic fragmentation pattern following FdeC protease
shaving analysis, thereby confirming that both intimin and FdeC require the TAM
for proper biogenesis.

5.3 TolC
TolC is the OMP component for a range of T1SSs where it plays a role in exporting
toxins, such as α-haemolysin and colicin V, through HlyAB-TolC orCvaBA-TolC
apparatus, respectively (Koronakis et al., 2004). Additionally, TolC is the OMP
component in a range of multi-drug efflux pumps, including AcrAB-TolC, AcrEFTolC and EmrAB-TolC efflux pumps (Koronakis et al., 2004). TolC adopts an
unusual and complicated quaternary structure, whereby three TolC monomers
each contribute four β-strands and four α-helices that assemble into a 12-stranded
β-barrel with a 12-helical periplasmic tunnel important for the exportation of
toxins and antimicrobials (Figure 5.1.1b).

The assembly of the TolC trimer is reported to be BAM-dependent, where
depletion of either BamD (Malinverni et al., 2006, BamD is YfiO therein) or BamA
(Bennion et al., 2010; Werner & Misra, 2005, BamA is YaeT therein) impacts on
the steady-state level of TolC trimers. Given this, it is curious that Charlson et al.
(2006) showed TolC levels almost doubled in response to deletion of bamB (yfgL
therein), and anecdotally report that TolC levels remain unaffected by deletion of
bamC (nlpB therein). The levels of BamB (but not BamC) are also important for
TAM biogenesis (Section 4.6), and analysis of the data reported by Nichols et al.
(2011) indicated that E. coli ΔtamA or ΔtamB strains have significantly increased
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resistance to bleomycin (Appendix 2), which is a drug exported via AcrAB-TolC
efflux pump (Cha et al., 2014). Taken together, these reports highlight a possible
interaction between TolC and the TAM. It was therefore important to determine
whether TolC levels will similarly increase in the absence of the TAM.

Because TolC harbours a homotrimeric quaternary structure, the assembly of TolC
from monomers to trimers can be monitored following pulse chase analysis by SNPAGE. Wildtype assembly of TolC was first optimised by modifying the chase
temperatures (Figure 5.3.1). While few (if any) bands were observed at 4 °C, TolC
trimerisation was detected partially at 16 °C and prominently at 25 °C. Subsequent
pulse chase analysis using the 25 °C chase temperature revealed a similar
trimerisation phenotype for wildtype and each deletion mutant tested (Figure
5.3.2).

To confirm whether TolC levels were affected, the observed rate constant of the
monomer band was determined for each TolC replicate by M. J. Belousoff and
reported by Stubenrauch et al. (2016). The observed rate constant of the
monomer band corresponds to how rapidly it assembles into trimeric TolC. In line
with Charlson et al. (2006), TolC monomers assembled into trimers at wildtype
levels in the absence of BamC, but the rate almost doubles if bamB is deleted
instead. Deletion of bamE does not appear to affect trimerisation of TolC, which
was also observed for the TolC homologue in ΔbamE mutants of Caulobacter
crescentus (Toporowski et al., 2004), and the absence of tamA or tamB similarly
does not appear to affect TolC trimerisation.
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Figure 5.3.1 Chase temperature optimisation for pulse chase analysis of TolC assembly.
TolC assembly was assessed by pulse chase analysis in E. coli Star™ (DE3) wildtype cells
harbouring pMB11 (pET-15b with tolC encoded), using the chase temperatures indicated to the
right of the autoradiogram. At 10 seconds, 2, 4, 8, 16 and 32 minutes, duplicate aliquots were
transferred to SN sample buffer and incubated for 10 minutes at either 37 °C or 100 °C as indicated
above the autoradiogram. Analysis was by SN-PAGE and storage phosphorimaging. Sizes in kDa
are indicated on the left. TolC monomers and trimers are indicated on the right. The time
increment is indicated above the autoradiograms as a graded triangle.
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Figure 5.3.2 Pulse chase analysis of TolC assembly.
TolC assembly was assessed by pulse chase analysis in the indicated E. coli Star™ (DE3) strains
harbouring pMB11 (pET-15b with tolC encoded) using a 25 °C chase temperature. At 10 seconds,
2, 4, 8, 16 and 32 minutes, duplicate aliquots were transferred to SN sample buffer and incubated
for 10 minutes at either 37 °C or 100 °C as indicated above the autoradiogram. Analysis was by SNPAGE and storage phosphorimaging. Sizes in kDa are indicated on the left. TolC monomers and
trimers. The time increment is indicated above the autoradiograms as a graded triangle and the
strain is indicated to the right of the autoradiograms.
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Figure 5.3.3 Efficient TolC biogenesis may require the TAM.
TolC biogenesis was assessed by pulse chase analysis in the indicated E. coli Star™ (DE3) strains
harbouring pMB11 (pET-15b with tolC encoded). At 10 seconds, 2, 4, 8, 16 and 32 minutes, aliquots
were taken and treated with (+PK) or without (-PK, last timepoint only) 50 μg mL-1 proteinase K
(static, 10 min, on ice). Proteins were then TCA-precipitated, washed with acetone and boiled for
3 minutes in SDS sample buffer. Analysis was by SDS-PAGE and storage phosphorimaging. Sizes in
kDa are indicated on the left. The monomeric TolC doublet, its fragment S, and the prominent
background (BG) bands are indicated on the right. The time increment is indicated above the
autoradiograms as a graded triangle and the strain is indicated below the autoradiograms.
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Although the TAM may not influence the rate at which TolC trimerises, it may be
possible the TAM plays a role in assembling a “functional” trimer, rather than the
folding process itself. It has previously been shown that TolC is insensitive to
extracellular protease (Werner et al., 2003), but a defective trimer may harbour
protease-sensitive loops that can be assayed via protease shaving. Preliminary
protease shaving and pulse chase analysis of TolC (Figure 5.3.3) demonstrated
that the pre-TolC precursor (top band of the "TolC" doublet) and its processed
mature form (bottom band of the "TolC" doublet) are indeed protease-resistant
when assembled in the presence of the BAM complex and the TAM. However,
during assembly in the absence of TamA, TolC was degraded (into fragment S)
following protease shaving analysis. This data suggested the TAM plays a role in
the final assembly of active TolC trimers, a role that will be worth investigating
further.

5.4 Trimeric porins
The trimeric porins are involved in passive diffusion of small solutes across the
OM (Nikaido, 2003). When crystallised, the purified porin adopts a quaternary
structure comprising three β-barrel monomers arranged in a triangular pattern
(Figure 5.1.1c), but according to Rassam et al. (2015), a higher order of amorphous
oligomers are observed in the native OM of E. coli. While a number of studies have
discussed the role of the BAM complex in assembling a porin β-barrel (Selkrig et
al., 2014), it is unclear whether the BAM complex can also contribute to the
assembly of the trimeric or higher order oligomeric structures. Several groups
have observed that deep-rough LPS mutants are severely depleted of these porins,
whereby sequentially increasing the number of sugar moieties in rough LPS
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mutants (i.e. increasing the outer core oligosaccharide length) resulted in a
concomitant increase in porin biogenesis (Hagge et al., 2002; Laird et al., 1994;
Ried et al., 1990; Sen & Nikaido, 1991). However, whether an additional protein
factor, such as the TAM plays a role in the assembly of trimeric or higher order
oligomeric porins is unknown.

Using PhoE (phosphorin) as a model trimeric porin (Figure 5.1.1c), its assembly
may be monitored by pulse chase analysis through SN-PAGE. Wildtype assembly
of PhoE species was first optimised by modifying the chase temperature during
pulse chase analysis (Figure 5.4.1). Although distinct PhoE dimers and trimers
were not observed at any timepoint for the chase temperatures tested, a smear
corresponding to an oligomeric species was observed (Figure 5.4.1, “oligomers”).
This oligomeric ladder has been observed for another trimeric porin, LamB (Misra
et al., 1991; Wu et al., 2005), where they were speculated to: (i) be caused by the
differential binding of the porin to LPS and/or (ii) correspond to various stable
and meta-stable oligomeric intermediates. The oligomeric ladder was not
observed during 16 °C chase; however, pulse chase analysis at 25 °C, 30 °C and 37
°C revealed no obvious difference in the intensity of monomeric and oligomeric
bands.

Subsequent pulse chase analysis using the 37 °C chase temperature revealed that
PhoE oligomers formed in wildtype E. coli and each non-essential BAM lipoprotein
and TAM mutant (Figure 5.4.2). The observed rate constants of monomeric PhoE
as it assembled into an oligomeric species in each of the six strains was
determined by M. J. Belousoff as reported by Stubenrauch et al. (2016), and was
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Figure 5.4.1 Chase temperature optimisation for pulse chase analysis of PhoE assembly.
PhoE assembly was assessed by pulse chase analysis in E. coli Star™ (DE3) wildtype cells
harbouring pKS07 (pET-15b with phoE encoded), using the chase temperatures indicated to the
right of the autoradiogram. At 10 seconds, 2, 4, 8, 16 and 32 minutes, duplicate aliquots were
transferred to SN sample buffer and incubated for 10 minutes at either 37 °C or 100 °C as indicated
above the autoradiogram. Analysis was by SN-PAGE and storage phosphorimaging. Sizes in kDa
are indicated on the left. PhoE monomers, the ladder corresponding to PhoE oligomers, and the
prominent background (BG) bands are indicated on the right. The time increment is indicated
above the autoradiograms as a graded triangle.
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Figure 5.4.2 Pulse chase analysis of PhoE assembly.
PhoE assembly was assessed by pulse chase analysis in the indicated E. coli Star™ (DE3) strains
harbouring pKS07 (pET-15b with phoE encoded) using a 37 °C chase temperature. At 10 seconds,
2, 4, 8, 16 and 32 minutes, duplicate aliquots were transferred to SN sample buffer and incubated
for 10 minutes at either 37 °C or 100 °C as indicated above the autoradiogram. Analysis was by SNPAGE and storage phosphorimaging. Sizes in kDa are indicated on the left. PhoE monomers, the
ladder corresponding to the PhoE oligomers, and the prominent background (BG) bands are
indicated on the right. The time increment is indicated above the autoradiograms as a graded
triangle and the strain is indicated to the right of the autoradiograms.
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found to be similar regardless of the strain background. Although this could
indicate that neither the TAM nor the non-essential BAM lipoproteins are required
for efficient PhoE assembly, because the identity of the oligomeric species is
unknown, it is difficult to rule out the possibility that alternate oligomeric
intermediates were formed during pulse chase analysis of the various strains.

5.5 LptDE
One of the final steps in LPS biogenesis is its transfer into the OM outer leaflet by
LptDE. LptDE has a novel quaternary structure comprised of a 26-stranded βbarrel, LptD, with the lipoprotein LptE docked into the lumen of the LptD β-barrel
(Dong et al., 2014; Qiao et al., 2014) (Figure 5.1.1d). It is clear that LptE is targeted
to the OM via the Lol pathway (Okuda & Tokuda, 2011), and that LptD biogenesis
proceeds via the BAM pathway (Workman et al., 2012; Wu et al., 2006). However,
it is not clear how the final quaternary structure is assembled. Do the components
meet by chance in the OM? Or are the Omp85 proteins also involved in establishing
the quaternary structure of LptDE?

Babu et al. (2011) reported that TamB forms an "aggravating" interaction with
LptD, where E. coli containing an lptD hypomorphic allele in a ΔtamB (ΔytfN
therein) background had a significant OM permeability and growth defect.
Considering the defects were not observed in the presence of TamB, is it possible
the TAM is required (but dispensable) for LptDE assembly? Unfortunately, Babu
et al. (2011) did not report the primary structure of the lptD hypomorph (except
to say that it contains a fusion tag), so experiments along those lines could not be
reproduced. Instead, LptDE assembly was directly assessed by pulse chase
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analysis in tam mutants (Figure 5.5.1).

By monitoring the assembly of LptDE through SN-PAGE analysis, it was found that
LptDE displays a "heat-modifiability" phenotype (Figure 5.5.1a). Heatmodifiability is a structural characteristic of a number of folded β-barrel proteins,
whereby the hydrogen bonding network within the β-barrel tertiary structure
allows the protein to resist SDS-denaturation, provided that the sample is not
subjected to heating (Nakamura & Mizushima, 1976). When analysed by SN-PAGE,
the compact tertiary structure of the unheated protein causes it to migrate faster
through the gel matrix than its heat-denatured counterpart.

Native LptDE was found to migrate as if it were a ~65 kDa band in both wildtype
and ΔtamA extracts. By comparison, the heat-denatured sample showed an ~90
kDa LptD band and an ~20 kDa LptE band (Figure 5.5.1a). The absence of this
native LptDE complex from cells overexpressing lptD or lptE alone indicated that
the residual levels of the second component were not sufficient to reconstitute the
quaternary structure for SN-PAGE analysis (Figure 5.5.1b). Of note, this also
revealed that LptD alone does not display the same "heat-modifiability"
phenotype as an LptDE complex, demonstrating the well-established paradigm
that LptD requires LptE for proper biogenesis of a stable β-barrel (Chimalakonda
et al., 2011; Freinkman et al., 2011; Wu et al., 2006).

During SDS-PAGE analysis of LptDE assembly, LptDE is denatured into its
constituent components, which were observed as a pair of LptE and LptD doublet
bands (Figure 5.5.2a). The 90 kDa doublet corresponded to the pre-LptD
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Figure 5.5.1 Pulse chase analysis of LptDE assembly.
LptDE assembly was monitored by pulse chase analysis in the indicated E. coli Star™ (DE3) strains
harbouring either a, pCJS44 (pETDuet-1 with lptD and lptE encoded in separate MCSs), or; b, one
of the following control vectors: pETDuet-1, pCJS42 (pETDuet-1 with lptD encoded) or pCJS43
(pETDuet-1 with lptE encoded). At 10 seconds, 2, 4, 8, 16 and 32 minutes, duplicate aliquots were
transferred to SN sample buffer and incubated for 10 minutes at either 37 °C or 100 °C as indicated
above the autoradiogram. Analysis was by SN-PAGE and storage phosphorimaging. Sizes in kDa
are indicated on the left. LptD, LptE, the LptDE complex, and prominent background (BG) bands
are indicated on the right. The time increment is indicated above the autoradiograms as a graded
triangle and the strain and plasmid details are indicated below and to the right of the
autoradiograms.
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precursor (top band of the "LptD" doublet) and its processed mature form
(bottom band of the "LptD" doublet). In wildtype cells, a ladder of proteolytic
fragments was observed during LptDE assembly (Figure 5.5.2a, top panel), which
corresponded to the same proteolytic ladder observed during LptD biogenesis
alone (Figure 5.5.2b, top panel). Rather than the native LptDE complex, which is
relatively protease-resistant, the proportion of LptD that had not yet established
its LptE-dependent quaternary structure (i.e., the LptD band observed during SNPAGE analysis of LptDE assembly at the permissive 37 °C: Figure 5.5.1a) was
responsible for this proteolytic ladder.

In contrast however, when TamA was absent, LptDE was much more sensitive to
exogenously added proteinase K, as indicated by: (i) the presence of the ~70 kDa
fragment U, and; (ii) the decrease in LptD and LptE levels over time correlating
with the concomitant increase in fragment U (Figure 5.5.2a, middle panel). The
absence of fragment U following protease-shaving analysis of cells overexpressing
lptD or lptE alone demonstrated that it was the protease-sensitivity of an LptDE
complex (rather than that of its constituents) that resulted in fragment U
formation when TamA was absent (Figure 5.5.2b).

LptD was found to be significantly more protease-sensitive during LptD
biogenesis when the TAM was absent (Figure 5.5.2b, top panel). Additionally,
when TamA was reintroduced to complement the LptDE protease-sensitivity
wildtype protease-resistance levels of LptDE (Figure 5.5.2a, bottom panel). Taken
together, this data corroborates and extends the data reported by Babu et al.
(2011), by indicating that the TAM may be required for stabilising the LptD
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Figure 5.5.2 The TAM is involved in an LptDE assembly pathway.
LptDE assembly was monitored by pulse chase analysis in the indicated E. coli Star™ (DE3) strains
harbouring either a, pCJS44 (pETDuet-1 with lptD and lptE encoded in separate MCSs) in
conjunction with the control pACYCDuet-1 base vector or the pCJS69 (pACYCDuet-1 with tamA
encoded) complementation vector (indicated as "+ TamA"), or; b, pCJS42 (pETDuet-1 with lptD
encoded) or pCJS43 (pETDuet-1 with lptE encoded). At 10 seconds, 2, 4, 8, 16 and 32 minutes,
aliquots were taken and treated with (+PK) or without (-PK, last timepoint only) 50 μg mL-1
proteinase K (static, 10 min, on ice). Proteins were then TCA-precipitated, washed with acetone
and boiled for 3 minutes in SDS sample buffer. Analysis was by SDS-PAGE - using either 10 % (a)
or 12 % (b) polyacrylamide gels - and by storage phosphorimaging. Sizes in kDa are indicated on
the left. TamA, LptE, the LptD doublet, fragment U, and the prominent background (BG) bands are
indicated on the right. The time increment is indicated above the autoradiograms as a graded
triangle and the strain and plasmid details are indicated below and to the right of the
autoradiograms.
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tertiary structure, thereby facilitating the formation of the native, proteaseresistant LptDE complex.

5.7 Discussion
The BAM complex is thought to insert β-barrel proteins within non-polar
regions - predominantly mid-cell - of a bacterial cell, where newly assembled βbarrel proteins "push" pre-existing OMPs toward the cell poles (Rassam et al.,
2015; Ursell et al., 2012). Interestingly, Rassam et al. (2015) observed a dynamic
interplay between various OMPs - including BamA - that allowed their comigration as distinct OMP islands toward cell poles. The promiscuous proteinprotein interactions within each OMP island, mediated by various hydrophobic
and aromatic residues, prevented the free diffusion of individual OMPs away from
the cell poles, resulting in a binary distribution of "old" OMPs within daughter cells
following septation. For both BtuB and CirA, β-barrel assembly cannot occur at the
cell poles (Rassam et al., 2015), indicating that the polar OMP islands may
somehow inactivate the BAM complex.

As more proteins are "pushed" to the cell poles, the BAM complex may be forced
to interact with neighbouring β-barrels such that they obstruct periplasmic
chaperone interactions and/or "restore" the distorted protein-lipid interface that
is necessary for β-barrel insertion. Considering that some autotransporters are
targeted directly to the cell poles, Kleanthous et al. (2015) therefore hypothesised
that: whereas the BAM complex assembles OMPs at non-polar regions within the
cell, the TAM may assemble OMPs at the cell poles. However, this hypothesis does
not align well with the observations that chaperone-usher fimbriae are
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peritrichously distributed across the cell surface (Thanassi et al., 2012).

Following the initial discovery of the TAM, Selkrig et al. (2012) identified three
AIDA-like autotransporters that required the TAM for assembly: Ag43 and EhaA
from E. coli and P1121 from C. rodentium. Based on the complex architecture of
these AIDA-like autotransporters, an alternative hypothesis was developed
whereby the TAM may be responsible for assembling particularly difficult OMPs
that diverge from the classic, and relatively simple, β-barrel structure. In support
of this hypothesis, pulse chase analysis of seven fimbrial ushers - each containing
four periplasmic globular domains, in addition to a large transmembrane domain
- revealed that they were dependent on the TAM for proper and efficient
biogenesis (Chapter 4). Using FimD as the model fimbrial usher, I. D. Hay - in a
parallel study reported by Stubenrauch et al. (2016) - subsequently showed that
FimD requires the TAM to ensure type 1 fimbrial biogenesis occurs in a
physiologically relevant timeframe.

In contrast to this hypothesis however, two SPATEs - which are structurally
related to the AIDA-like autotransporters - apparently do not require the TAM for
biogenesis. Sauri et al. (2009) showed that the steady-state level of Hbp is
unchanged in the absence of TamA, based on western blotting analysis of mature
Hbp. Additionally, Kang'ethe and Bernstein (2013) reported, albeit anecdotally,
that EspP does not require the TAM for assembly. However, no functional assays
were performed, and in light of the recent finding that the TAM is important for
assembling FimD to ensure that type I fimbrial biogenesis occurs in a
physiologically relevant timeframe, the conclusion that SPATEs do not require the
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TAM should be re-examined.

To extend the hypothesis that OMPs with complicated topologies require the TAM
for biogenesis, two inverse autotransporters - intimin and FdeC - were assessed
for their ability to assemble in the presence or absence of the TAM and were both
found to be TAM dependent. Intimin is normally protease resistant, but in the
absence of the TAM, intimin biogenesis produces a protease-sensitive assembly
intermediate that is readily proteolytically degraded. In contrast, the surfaceexposed domains of FdeC are normally protease-sensitive and are therefore
hydrolysed into a series of proteolytic fragments following the addition of
exogenous proteinase K. In the presence of the TAM, two prominent proteolytic
fragments are generated: ~100 kDa fragment Q corresponding to the passenger
domain, and ~50 kDa fragment R corresponding to the transmembrane domain.
When the TAM is absent however, fragment R is further degraded indicating that
the transmembrane domain adopted by the FdeC assembly intermediate is more
protease-sensitive. This is consistent with the fimbrial usher biogenesis
mechanism, where in the absence of the TAM, β-barrel assembly is initiated from
a central β-strand (rather than the C-terminus), resulting in a more proteasesensitive transmembrane domain.

The mouse pathogen, C. rodentium, is commonly used to model the equivalent
intimin-dependent human diarrhoeal disease caused by pathogenic E. coli strains
(Bhinder et al., 2013), where it is known that intimin from enteropathogenic E.
coli can complement a C. rodentium intimin-null mutant (Frankel et al., 1996).
Considering that C. rodentium TAM mutants were significantly attenuated in their
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ability to infect mice (Kelly et al., 2006; Selkrig et al., 2012), it is tempting to
speculate that in the absence of the TAM, intimin was not efficiently assembled,
which therefore enabled wildtype C. rodentium to outcompete the isogenic TAM
mutant strains. In S. Typhimurium, TAM mutants were found to be significantly
more sensitive to complement-mediated killing by human serum (Selkrig et al.,
2012). The molecular explanation for this sensitivity is not yet clear, but
S. Typhimurium are capable of producing a range of AIDA-like autotransporters,
chaperone-usher fimbriae, and inverse autotransporters that likely generally
contribute to disease severity and host-immune avoidance (Celik et al., 2012;
Heinz et al., 2016; Humphries et al., 2001), where at least some of these might
require the action of the TAM in the course of their biogenesis.

In contrast, A. fischeri do not encode chaperone-usher fimbriae, AIDA-like or
inverse autotransporters (Bongrand et al., 2016; Ruby et al., 2005), but A. fischeri
ΔtamB mutants are significantly attenuated for their ability to colonise their
symbiotic host (Brooks et al., 2014). This suggests that in addition to the three
known TAM substrate families, there are still more proteins requiring the TAM for
efficient assembly. In A. fischeri, symbiotic colonisation is mediated by a number
of factors, including numerous type 4 pili and an outer membrane protein called
OmpU (Aeckersberg et al., 2001; Bongrand et al., 2016; Stabb & Ruby, 2003), and
whether either (or both) of these colonisation factors are TAM substrates would
be worth further investigation.

There are subtle structural differences within the Omp85 insertase family that are
consistent with the hypothesis that the TAM assembles OMPs with complicated
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topologies. The BamA exit pore that is occluded by loop 6 is also further stabilised
by loops 4 and 7 (Noinaj et al., 2015), so considering that the exit pore is thought
to partially open during substrate biogenesis to facilitate passage of extracellular
loops and/or domains (Gruss et al., 2013; Noinaj et al., 2015), the TamA exit pore
that is only occluded by loop 6 may more readily adopt an "open" conformation
than that of BamA. In addition to the lopsided aromatic girdle and lateral gate
characteristic of Omp85 insertases (Noinaj et al., 2014; Noinaj et al., 2013), TamA
contains rigid POTRA domains that allow the TAM to function by further
destabilising the OM lipid-protein interface (Selkrig et al., 2015; Shen et al., 2014),
which would theoretically lower the activation energy required for the insertion
of complex OMPs. In light of these structural and functional advantages displayed
by TamA however, it is not immediately clear why the BAM complex is the
preferred (and only essential) β-barrel insertase.

The observation by Rassam et al. (2015) that the BAM complex is relatively mobile
within the OM and capable of clustering promiscuously within OMP islands could
provide a clue as to why the BAM complex is the preferred β-barrel insertase.
Kleanthous et al. (2015) hypothesised that the dynamic interplay between OMPs
within the OMP islands is especially important for the formation of β-barrels with
quaternary structure, but how this would occur mechanistically was not
discussed. Is this hypothesis correct in excluding the TAM from similarly
migrating within OMP islands to facilitate quaternary complex assembly though?
Considering the TAM forms an intermembrane-spanning complex, TamB must
permeate the peptidoglycan layer. Regardless of whether TamB is capable of
penetrating the peptidoglycan layer with or without the aid of the enzymes
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responsible for degrading and remodelling peptidoglycan, it is unlikely that the
TAM is capable of similarly migrating as a quaternary structure like the BAM
complex. However, this does not preclude the formation of a TAM following
independent diffusion events of TamA and TamB, especially considering that each
of the five BAM components must assemble together in a similar fashion.

To determine whether the BAM complex alone, or in conjunction with the TAM,
assembles β-barrel proteins that contain quaternary structure, pulse chase
analysis of TolC, PhoE and LptDE assembly was performed. While the results for
PhoE were inconclusive, the TAM was found to be required for LptDE assembly,
and preliminary data indicated that TolC may similarly interact with the TAM.
LptD alone is partially protease-sensitive, but in conjunction with LptE, it
assembles into the protease-resistant LptDE. In a ΔtamA background however,
protease shaving and pulse chase analysis indicated that LptD alone and in
complex with LptE were significantly more protease-sensitive. Indeed, while 90
kDa LptD outside of the LptDE complex was proteolytically degraded almost
completely, a ~70 kDa LptD fragment U was generated from the LptDE assembly
intermediate. However, considering that LptDE is essential, the TAM likely
participates as an insertase that is subsidiary to the BAM complex.

Previous work by Babu et al. (2011) demonstrated that E. coli had a significant OM
permeability and growth defect when either ΔtamB, ΔyfgH or ΔyceK mutants
additionally contained an lptD hypomorphic allele. While YfgH and YceK are both
known lipoproteins that respectively map to the OM and IM (Juncker et al., 2003),
they remain functionally uncharacterised. Therefore, it is tempting to speculate
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that - due to the similar phenotypes reported by Babu et al. (2011) - YfgH and/or
YceK may (i) be novel interacting partners of the TAM, or indeed novel TAM
components, or; (ii) represent components of additional assembly pathway
mechanisms that also facilitate (at least) LptDE assembly.

Until now, it has been implied that the BAM complex and the TAM work
independently toward the same goal, but this is not necessarily the case. Although
no TAM-BAM native complexes have been reported in the literature thus far (see
also Figure 4.4.5), this does not mean that the BAM complex and the TAM interact
co-dependently within the same pathway. If the assembly mechanism of these
Omp85 insertases indeed requires distortion of the protein-lipid interface (Noinaj
et al., 2015; Selkrig et al., 2015; Shen et al., 2014), it is possible that nearby BAM
complexes and TAMs may generally facilitate protein-lipid interface distortion.
One of the most important questions is therefore: what distinguishes TAM
substrates from those of the BAM complex? Does the TAM have a greater affinity
for substrates with complex domains? Or do periplasmic chaperones selectively
deliver their cargo? To date, despite the number of known OMP periplasmic
chaperones (Rollauer et al., 2015), the only known interaction between
periplasmic chaperones and Omp85 insertases is between SurA and BamA (Sklar
et al., 2007).

Regardless of whether the two β-barrel assembly pathways physically interact, it
is clear that during fimbrial usher biogenesis the BAM complex is subsidiary to the
TAM, and during LptDE biogenesis the TAM is subsidiary to the BAM complex.
Although there is a general consensus in the field that the BAM complex assembles
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all β-barrel proteins (Fleming, 2015; Rollauer et al., 2015), this work expands that
hypothesis by demonstrating that the TAM also plays various major and minor
roles in β-barrel biogenesis.
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Appendices
Appendix 1 - List of plasmid mutations located within the gene of interest
All vectors used in this study are as per Table 2.1.2. The gene of interest in each vector may contain a number of intentional mutations to
ensure an optimal start or stop codon, or incorporation of particular cleavage site or fusion tag. Alternatively, silent mutations are listed
that were introduced (presumably) during PCR amplification of the gene of interest.
Mutations
Plasmid

Gene

Locus tag
identifier1

pKS02

fimD

b4317

pKS06

tamA

b4220

pKS07

phoE

b0241

pMB11

tolC

b3035

pWAK05

fimD

Start
codon2

c.1G>A

in signal
peptide due to
NcoI3
c.3_4insGGC
(p.M1_S2insG)
c.3_4insGGC
(p.M1_R2insG
c.3_4insGGC
(p.M1_K2insG)
c.3_4insGGC
(p.M1_K2insG)

b4317

pCJS29

fimD

b4317

pCJS30
pCJS31

eaeA
yqiG

E2348C_3939
c3792

c.3_4insGGC
(p.M1_S2insG)
c.4A>G (p.I2V)
c.4A>G (p.N2D)

Stop
codon4

Other intentional mutations5

c.397_398delinsTG (p.D133C); c.1489_1508delinsATGA
ATGGCTACAACATCGA (p.496R_504TdelinsENLYFQG);
c.2401_2403delinsACG (p.T801C); c.2634_2635ins30
(p.R878_*879insASWSHPQFEK)
c.397_398delinsTG (p.D133C); c.1489_1508delins20
(p.496R_504TdelinsENLYFQG); c.2401_2403delinsACG
(p.T801C); c.2634_2635ins30
(p.R878_*879insASWSHP QFEK)

PCR6

pCJS32

papC

c3590/c5186

pCJS33
pCJS37
pCJS40

yfcU
ecpC
ybgQ

c2883
E2348C_0248
b0718

pCJS42

lptD

b0054

pCJS43
pCJS44
(MCS1)
pCJS44
(MCS2)
pCJS49
pCJS50

lptE

b0641

lptD

b0054

lptE

b0641

htrE
fdeC

c0170
c0415

pCJS51

fimD

b4317

pCJS52

fimD

b4317

fimD

b4317

tamA

b4220

fimD

b4317

bam
B

E2348C_2795

pCJS64

fimD

b4317

pCJS65

fimD

b4317

pCJS66

fimD

b4317

pCJS58
(MCS1)
pCJS58
(MCS2)
pCJS60
(MCS1)
pCJS60
(MCS2)

c.165T>C (still G);
c.291A>G (still P);
c.300T>C (still C)
c.4T>G (p.C2G)
c.1G>A

c.4A>G (p.N2D)
c.3_4insGGC
(p.M1_K2insG)

c.1G>A
c.3_4insGGC
(p.M1_K2insG)
c.1G>A
c.1G>A

c.2354G>A
c.581G>A
c.2354G>A
c.581G>A

c.4A>G (p.T2A)
c.4A>G (p.K2E)
c.1_135delins99
(p.1_45delinsMKYLLPTAAAGLLLLAAQ
PAMAMASWSHPQFEK)

c.1G>A

c.3_4insGGC
(p.M1_S2insG)
c.3_4insGGC
(p.M1_S2insG)
c.3_4insGGC
(p.M1_R2insG
c.3_4insGGC
(p.M1_S2insG)
c.3_4insGGC
(p.M1_S2insG)
c.3_4insGGC
(p.M1_S2insG)
c.3_4insGGC
(p.M1_S2insG)

c.540_541insCATCATCACCATCACCACTCCGGA
(p.P180_G181insHHHHHHSG)
c.768_769insCATCATCACCATCACCACTCCGGA
(p.P256_L257insHHHHHHSG)
c.1824_1825insCATCATCACCATCACCACTCCGGA
(p.S608_D609insHHHHHHSG)

pCJS69
pCJS72

tamA

b4220

c.1G>A

c.3_4insGGC
(p.M1_R2insG)

tamB b4221
c.3780G>A
bam
pCJS73
E2348C_2795
B
bam
pCJS74
b2617
E
1 Locus tag is used because GI numbers are being retired as of September 2016. 2 Mutations that alter the GTG to ATG start codon (silent mutation). 3 Mutations
introduced from cloning into NcoI restriction site, which contains an out-of-frame start codon (usually resulting in the second amino acid being glycine). Because this
mutation is within the cleavable signal peptide region, this mutation will not affect the mature protein's primary sequence. 4 Mutations that alter the stop codon used
(silent mutation). 5 Other mutations that were introduced by primers, including fusion tags and protease cleavage sites. 6 Silent mutations that were likely introduced
during PCR amplification

Appendix 2 - TAM mutant phenotypes indicated by colony size in the
presence of various "stress" conditions
This data was originally reported by Nichols et al. (2011) as a normalised colony
size distribution, where the authors defined significant mutant phenotypes as
colony sizes located within the top fifth (more resistant) or bottom fifth percentile
(more sensitive). Shown here are the calculated percentiles for the 324 "stress"
conditions of both E. coli TAM mutants, according to their "ranking" within the
3979 E. coli strains originally tested. Significant phenotypes are highlighted in
blue with white and bold typeface. The six antimicrobials where at least one
concentration indicated a significant growth phenotype are listed at the top of the
table and were reproduced for Table 3.1.1. The remaining 299 "stress" conditions
that did not show significant growth phenotypes are listed below.
Condition
More resistant

Target

Actinomycin

RNA biosynthesis

Bleomycin

DNA and RNA
degradation

Novobiocin

DNA gyrase

Concentrations
screened

Percentile
ΔtamA
ΔtamB

2.5 µg/mL
5.0 µg/mL
10.0 µg/mL
15.0 µg/mL
0.1 µg/mL
0.5 µg/mL
1.0 µg/mL
2.0 µg/mL
4 µg/mL
6 µg/mL
8 µg/mL
10 µg/mL
12 µg/mL
30 µg/mL

79.8
56.6
94.4
95.3
59.1
97.1
99.0
97.0
29.4
37.0
41.4
66.4
69.8
96.1

78.5
57.7
67.6
86.1
88.6
90.2
93.1
98.3
60.8
73.0
86.2
76.8
75.2
53.6

0.1 % (w/v)
0.5 % (w/v)
1.0 % (w/v)
2.0 % (w/v)
0.4 mM
0.8 mM
1.2 mM

68.9
0.3
14.7
35.4
31.9
15.8
17.4

66.5
44.7
47.4
55.0
8.1
15.0
2.4

More sensitive
Cholate

Membrane

Dibucaine

Proton motive force
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H 2O 2

Oxidative stress

0.1 mM
0.5 mM
1.0 mM
2.0 mM

1.3
16.7
51.5
39.0

70.7
10.1
85.5
20.3

68.7
30.1
34.5
55.8

48.2
36.2
42.0
36.2

67.5

60.4

13.3

38.7

17.9

58.8

49.6

78.1

35.2

44.0

14.9
46.4
8.3
26.6
7.1
90.2
84.0
16.9
91.5
38.5
22.1
51.5
23.5
41.1
69.8
73.4
77.1
42.8
91.4
82.6
30.8

79.3
20.8
66.5
65.0
89.8
87.3
68.1
39.0
86.1
43.7
34.1
30.7
46.1
15.9
58.9
68.8
92.2
57.0
31.8
67.6
56.4

40 ng/mL

68.7

72.4

100 µg/mL
200 µg/mL
300 µg/mL
pH 8.0 in 100 mM
buffer
pH 9.0 in 100 mM
buffer
pH 9.5 in 100 mM
buffer

55.4
52.2
47.0

34.7
69.2
62.5

43.9

25.3

47.8

37.7

35.0

18.5

pH 10.0 in 100 mM
buffer

60.4

24.8

1 µg/mL
10 µg/mL
25 µg/mL
1 µg/mL

32.5
44.7
17.0
44.9

42.8
75.7
49.9
35.9

No growth phenotype
A22

MreB inhibitor

0.5 µg/mL
2.0 µg/mL
5.0 µg/mL
15.0 µg/mL

Acetate (in M9
media)

Alternative carbon source

0.6 % (w/v)

acidic pH (MESHOMOPIPES)

-

Acriflavine

Peptidoglycan dye

Amikacin

protein synthesis: 30S
ribosomal subunit

Amoxicillin

peptidoglycan
biosynthesis:
transpeptidases

Ampicillin

peptidoglycan
biosynthesis:
transpeptidases

Anaerobic

-

Azidothymidine

DNA damage (strand
breakage)

Azithromycin

protein synthesis: 50S
ribosomal subunit

Aztreonam

peptidoglycan
biosynthesis:
transpeptidases

Bacitracin

peptidoglycan
biosynthesis: bactoprenol

basic pH (TAPS)

Benzalkonium
Bicyclomycin

-

Membrane

pH 4.0 in 100 mM
buffer
pH 4.5 in 100 mM
buffer
pH 5.0 in 100 mM
buffer
pH 6.0 in 100 mM
buffer
2.0 µg/mL
10.0 µg/mL
0.05 µg/mL
0.10 µg/mL
0.20 µg/mL
0.25 µg/mL
0.50 µg/mL
1.00 µg/mL
1.50 µg/mL
1.0 µg/mL
2.0 µg/mL
4.0 µg/mL
8.0 µg/mL
0.5 ng/mL
1.0 ng/mL
2.5 ng/mL
0.02 µg/mL
0.10 µg/mL
1.00 µg/mL
20 ng/mL
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Transcription termination
factor, Rho

10 µg/mL

38.7

64.9

Bile salts

Membrane

0.1 % (w/v)
0.5 % (w/v)
1.0 % (w/v)
2.0 % (w/v)

72.7
33.2
28.6
52.1

53.6
83.5
49.2
56.3

Calcofluor
White M2R

Cellulose and chitin dye

50 µg/mL

76.5

73.3

Carbenicillin

peptidoglycan
biosynthesis:
transpeptidases

Carbonyl
cyanide 3chlorophenylhy
drazone

disrupts proton motive
force

0.5 µg/mL
1.0 µg/mL
1.5 µg/mL
0.1 µg/mL

76.4
55.5
75.8
64.1

38.8
24.6
29.1
75.8

0.5 µg/mL

58.9

62.0

Cecropin B

Membrane

Cefaclor

peptidoglycan
biosynthesis:
transpeptidases

Cefoxitin

peptidoglycan
biosynthesis:
transpeptidases

Cefsulodin

peptidoglycan
biosynthesis:
transpeptidases

2.0 µg/mL
0.1 µg/mL
0.3 µg/mL
1 µg/mL
2 µg/mL
3 µg/mL
0.25 µg/mL
0.50 µg/mL
0.75 µg/mL
1.00 µg/mL
6 µg/mL
12 µg/mL
18 µg/mL
24 µg/mL

57.6
71.9
62.3
69.0
83.5
71.5
16.5
41.8
5.8
17.8
47.1
17.9
63.7
39.0

50.7
73.8
45.1
88.6
85.2
90.0
26.5
55.5
55.9
59.6
39.0
50.4
37.8
48.9

Cefsulodin (Cef)
+ Mecillinam
(Mec)

as single compounds

6 µg/mL (Cef) + 0.03
µg/mL (Mec)

44.7

19.9

Ceftazidime

peptidoglycan
biosynthesis:
transpeptidases

Cerulenin

Fatty acid biosynthesis

CHIR-090

LPS biosynthesis: inhibits
LpxC

Chloramphenic
ol

protein synthesis: 50S
ribosomal subunit

Chlorpromazine

Membrane

Ciprofloxacin

DNA gyrase

Cisplatin

DNA

25 ng/mL
50 ng/mL
75 ng/mL
1 µg/mL
2 µg/mL
4 µg/mL
6 µg/mL
20 ng/mL
25 ng/mL
40 ng/mL
50 ng/mL
75 ng/mL
0.5 µg/mL
1.0 µg/mL
1.5 µg/mL
2.0 µg/mL
3 µM
6 µM
12 µM
24 µM
4 ng/mL
6 ng/mL
8 ng/mL
20 µg/mL
50 µg/mL
100 µg/mL

33.7
67.1
74.0
15.4
16.9
8.0
22.2
75.6
80.7
66.4
79.9
65.5
64.8
78.9
86.9
51.9
61.5
60.0
44.2
74.3
86.9
81.1
94.5
11.5
19.1
44.0

59.5
69.2
55.8
51.8
79.4
57.3
81.2
33.8
60.8
32.5
79.6
74.6
74.6
73.3
64.2
55.8
62.3
64.5
49.7
44.3
46.6
64.6
83.8
14.7
82.9
62.2
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Clarythromycin

protein synthesis: 50S
ribosomal subunit

Cobalt stress
(CoCl2) in LB

-

Cold shock

-

Copper stress
(CuCl2) in LB

-

Cycloserine D

Peptidoglycan
biosynthesis: racemase
and ligase

Deoxycholate

Membrane

Doxorubicin

ArcB (multidrug
transporter)

Doxycycline

protein synthesis: 16S
ribosomal subunit

EDTA

Outer membrane

EGTA

Outer membrane

Epigallocatechi
n gallate

Fatty acid biosynthesis

Epinephrine

QseC (quorum sensor
kinase)

Erythromycin

protein synthesis: 50S
ribosomal subunit

Ethidium
Bromide

DNA

EtOH

protein folding

Fosfomycin

Peptidoglycan
biosynthesis: NAM
synthesis

Fosfomycin +
Glucose-6Phosphate
(G6P)

same as single compounds

Fusidic acid

protein synthesis:
Elongation factor G

0.1 µg/mL
1.0 µg/mL
5 µg/mL
10 µg/mL
0.1 mM
0.5 mM
16 °C
18 °C
20 °C
1 mM
2 mM
4 mM

16.1
30.9
7.2
33.8
53.1
73.6
83.9
42.7
58.9
68.6
76.0
82.7

53.3
81.6
73.1
74.1
76.5
49.7
76.6
86.4
31.3
58.6
68.3
77.5

16 µg/mL

42.7

22.3

0.1 % (w/v)
0.5 % (w/v)
2.0 % (w/v)
1 µg/mL
10 µg/mL
0.25 µg/mL
0.50 µg/mL
0.75 µg/mL
1.00 µg/mL
0.1 mM
0.5 mM
1.0 mM
0.1 mM
0.5 mM
1.0 mM
2.0 mM
5 µM
20 µM
50 µM
50 µM
250 µM
1000 µM
0.1 µg/mL
1.0 µg/mL
5.0 µg/mL
10.0 µg/mL
2 µg/mL
10 µg/mL
50 µg/mL
2 % (v/v)
4 % (v/v)
6 % (v/v)

62.6
39.6
17.4
12.9
13.5
84.2
88.0
63.8
40.3
19.2
26.0
48.5
53.8
79.1
74.7
68.4
68.2
75.5
50.9
92.8
62.5
68.3
37.5
60.1
69.4
70.4
35.8
61.5
54.9
41.8
67.2
59.4

58.7
26.6
68.9
68.3
87.4
27.3
45.9
18.7
21.1
58.3
54.8
20.0
76.7
50.5
55.7
73.5
67.0
65.4
43.5
60.0
45.3
29.8
52.8
81.3
75.6
76.3
67.8
44.4
55.6
39.4
23.1
37.1

1 µg/mL

31.3

10.7

41.1

27.4

44.8

37.4

10.6
6.0
11.2

62.6
73.2
94.3

0.05 µg/mL + 50
mg/mL (G6P)
0.20 µg/mL + 50
mg/mL (G6P)
1 µg/mL
5 µg/mL
20 µg/mL
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Gentamicin
Glucosamine (in
M9 media)
Glucose (in M9
media)
Glycerol (in M9
media)

protein synthesis: 30S
ribosomal subunit

50 µg/mL
50 ng/mL
100 ng/mL

36.6
75.2
85.2

83.3
82.8
90.7

alternative carbon source

0.2 % (w/v)

59.3

41.3

alternative carbon source

0.2 % (w/v)

59.2

87.8

alternative carbon source

0.4 % (w/v)

83.3

61.3

40 °C
42 °C
43.5 °C
45 °C
1 mM
5 mM
10 mM
0.1 µg/mL

72.9
33.5
49.4
26.8
48.2
56.0
84.7
86.3

84.6
50.2
52.7
59.4
45.0
17.2
22.2
52.8

-

1 mM (normal
[FeSO4] 100 µM)

60.8

44.3

-

2 µM (normal
[FeSO4] 100 µM)

66.6

42.5

DNA gyrase

0.2 mM
1.0 mM
1.5 mM
2 ng/mL

63.1
20.3
30.4
31.4

20.7
79.9
26.5
17.2

alternative carbon source

0.1 % (w/v)

78.8

66.0

30 ng/mL
60 ng/mL
90 ng/mL
120 ng/mL
1 µg/mL
25 µg/mL
0.2 µg/mL
0.5 µg/mL

54.5
39.6
33.8
60.7
26.2
22.3
93.1
49.2

65.8
65.2
61.8
44.5
55.1
82.9
42.2
32.9

1.0 µg/mL

34.1

21.2

0.1 µg/mL

35.4

30.7

DNA damage
(methylation)

0.05 % (w/v)

20.2

24.9

alternative carbon source

0.15 % (w/v)

52.4

49.7

150 mM
300 mM
450 mM
600 mM
0.5 µg/mL
1.0 µg/mL
1.5 µg/mL
2.0 µg/mL

35.0
63.4
77.5
68.9
68.2
50.0
65.0
42.9

25.1
28.6
67.6
66.9
79.8
85.6
48.0
58.6

9.5 mM

36.8

53.4

Heat shock

-

Hydroxyurea

DNA damage

Indolicidin
Iron excess
(FeSO4) in
MOPS
Iron starvation
(FeSO4) in
MOPS

Outer membrane and LPS

Isoniazid
Levofloxacin
Maltose (in M9
media)
Mecillinam

Methotrexate
Minocycline
Mitomycin C
Methyl
methanesulfona
te
N-acetyl
Glucosamine (in
M9 media)

Mycobacterium antibiotic:
mycolic acid biosynthesis

peptidoglycan
biosynthesis:
transpeptidases
folic acid biosynthesis:
dihydro folate reductase
protein synthesis: 16S
ribosomal subunit;
also binds AcrB
(multidrug transporter)
DNA and RNA synthesis

NaCl

-

Nalidixic acid

DNA gyrase

NH4Cl (in
MOPS)

alternative nitrogen
source
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Nickel stress
(NiCl2) in LB

-

Nigericin

Proton motive force

Nitrofurnatoin

DNA and Krebs cycle

Norepinephrine

QseC (quorum sensor
kinase)

Norfloxacin

DNA gyrase

Oxacillin

peptidoglycan
biosynthesis:
transpeptidases

Paraquat
dichloride

oxidative stress

Phenazine
methosulfate

Superoxide stress

Phleomycin

DNA damage

Polymyxin B

LPS

Procaine

Membrane: EnvZ/OmpR
two-component system

Propidium
iodide

DNA/RNA

Puromycin

protein synthesis
inhibitor

Pyocyanin

Superoxide stress

Radicicol

HtpG and PhoQ

Rifampicin

RNA polymerase

SDS

Membrane

0.1 mM
1.0 mM
0.1 µM
1.0 µM
5.0 µM
0.1 µg/mL
0.5 µg/mL
1.0 µg/mL
1.5 µg/mL
2.0 µg/mL
100 µM
1000 µM
10 ng/mL
20 ng/mL
40 ng/mL
0.5 µg/mL
5.0 µg/mL
40.0 µg/mL
0.2 µM
1.0 µM
5.0 µM
10.0 µM
18.0 µM
20 nM
50 nM
100 nM
0.2 µg/mL
0.5 µg/mL
1.0 µg/mL
1 µg/mL
2 µg/mL
4 µg/mL
6 µg/mL
1 mM
5 mM
10 mM
30 mM
1 µg/mL
20 µg/mL
50 µg/mL
1 µg/mL
5 µg/mL
25 µg/mL
0.2 µg/mL
1 µg/mL
10 µg/mL
1 µM
5 µM
10 µM
1 µg/mL
2 µg/mL
0.5 % (w/v)
1.0 % (w/v)
2.0 % (w/v)
3.0 % (w/v)
4.0 % (w/v)
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43.0
72.6
22.7
19.1
19.5
53.5
63.6
85.1
65.9
73.4
31.2
64.9
21.3
72.4
75.8
67.4
45.0
83.1
72.0
10.4
18.1
67.6
66.9
82.0
80.0
74.3
18.6
83.6
84.9
9.8
15.0
54.4
10.0
48.4
10.3
53.5
20.0
56.8
90.6
64.2
26.6
57.5
22.2
16.9
33.9
21.8
74.7
32.2
58.6
12.7
51.9
85.5
60.9
35.6
55.9
53.0

73.2
39.7
91.5
82.5
86.8
93.4
59.2
53.9
68.5
86.9
37.3
63.0
46.8
71.6
76.1
65.2
77.6
61.6
78.3
50.9
11.9
89.6
42.3
20.9
39.0
31.9
31.7
56.5
57.5
18.2
19.6
11.9
10.1
50.6
46.6
47.6
41.8
88.0
84.7
86.0
64.4
37.2
68.9
69.7
48.2
42.9
51.5
43.7
48.4
44.1
77.0
32.9
22.2
28.7
34.7
25.2

SDS+EDTA

0.5 % (w/v) SDS +
0.1 mM EDTA
0.5 % (w/v) SDS +
0.5 mM EDTA
1.0% (w/v) SDS + 0.5
mM EDTA
4 µg/mL
6 µg/mL
1 µg/mL
5 µg/mL
20 µg/mL

Membrane

85.6

12.2

92.6

21.0

52.7

9.5

77.4
87.4
22.3
77.9
65.1

30.9
66.9
73.8
66.7
79.9

Spectinomycin

protein synthesis: 30S
ribosomal subunit

Spiramycin

protein synthesis: 50S
ribosomal subunit

Streptomycin

protein synthesis: 30S
ribosomal subunit

0.05 µg/mL

77.8

43.2

Streptonigrin

DNA metabolism:
respiration

0.1 µg/mL
0.2 µg/mL
0.5 µg/mL

81.4
43.2
72.1

75.6
42.3
67.9

Succinate (in
M9 media)

alternative carbon source

0.3 % (w/v)

66.4

44.8

Sulfamethizole

folic acid biosynthesis

Sulfamonometh
oxine

folic acid biosynthesis

Taurocholate

Membrane

Tetracycline

protein synthesis: 30S
ribosomal subunit

Theophylline

-

Thiolactomycin

Fatty acid biosynthesis

Tobramycin

protein synthesis: 30S
ribosomal subunit

Triclosan

Fatty acid biosynthesis

Trimethoprim

folic acid biosynthesis:
dihydro folate reductase

100 µg/mL
200 µg/mL
300 µg/mL
50 µg/mL
100 µg/mL
0.1 % (w/v)
0.5 % (w/v)
1.0 % (w/v)
0.25 µg/mL
0.50 µg/mL
0.75 µg/mL
1.00 µg/mL
10 µg/mL
100 µg/mL
1 µM
5 µM
50 µM
50 ng/mL
100 ng/mL
200 ng/mL
400 ng/mL
0.05 µg/mL
100 ng/mL
200 ng/mL
300 ng/mL
400 ng/mL

75.7
34.8
67.5
48.5
64.6
18.0
5.0
6.0
85.8
82.4
66.3
82.9
82.4
83.6
70.6
65.1
84.8
37.6
39.5
76.3
75.5
85.2
68.2
60.5
26.6
77.3

40.7
56.5
27.6
66.5
27.5
67.4
65.7
51.1
51.8
31.4
61.3
67.5
68.4
79.7
74.1
26.9
22.2
81.6
61.4
86.8
76.5
55.8
66.6
31.7
51.6
53.4

Trimethoprim
(Tri) +
Sulfamethizole
(Sul)

same as single compounds

0.1 µg/mL (Tri) + 50
µg/mL (Sul)

26.2

31.5

Triton X-100

Membrane

Tunicamycin

peptidogylcan
biosynthesis: MraY

UV

DNA damage

0.01 % (v/v)
0.03 % (v/v)
0.20 % (v/v)
1.0 µg/mL
3.0 µg/mL
7.5 µg/mL
6 seconds
12 seconds
18 seconds

53.4
55.7
62.8
81.6
56.6
20.4
88.0
7.9
53.2

58.7
54.1
82.1
91.4
64.5
68.1
63.9
94.3
94.2
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Vancomycin

peptidoglycan elongation

Verapamil

cell division and proton
motive force

Sulfamonometh
oxine

folic acid biosynthesis

Taurocholate

Membrane

Tetracycline

protein synthesis: 30S
ribosomal subunit

Theophylline

-

Thiolactomycin

Fatty acid biosynthesis

Tobramycin

protein synthesis: 30S
ribosomal subunit

Triclosan

Fatty acid biosynthesis

Trimethoprim

folic acid biosynthesis:
dihydro folate reductase

Trimethoprim
(Tri) +
Sulfamethizole
(Sul)

same as single compounds

Triton X-100

Membrane

Tunicamycin

peptidogylcan
biosynthesis: MraY

UV

DNA damage

Vancomycin

peptidoglycan elongation

Verapamil

cell division and proton
motive force

24 seconds
10 µg/mL
20 µg/mL
50 µg/mL
0.1 mM
0.5 mM
1.0 mM
200 µg/mL
300 µg/mL
50 µg/mL
100 µg/mL
0.1 % (w/v)
0.5 % (w/v)
1.0 % (w/v)
0.25 µg/mL
0.50 µg/mL
0.75 µg/mL
1.00 µg/mL
10 µg/mL
100 µg/mL
1 µM
5 µM
50 µM
50 ng/mL
100 ng/mL
200 ng/mL
400 ng/mL
0.05 µg/mL
100 ng/mL
200 ng/mL
300 ng/mL
400 ng/mL

85.7
33.4
31.6
81.8
57.3
34.0
20.2
34.8
67.5
48.5
64.6
18.0
5.0
6.0
85.8
82.4
66.3
82.9
82.4
83.6
70.6
65.1
84.8
37.6
39.5
76.3
75.5
85.2
68.2
60.5
26.6
77.3

79.8
67.8
87.3
83.3
61.9
16.3
39.3
56.5
27.6
66.5
27.5
67.4
65.7
51.1
51.8
31.4
61.3
67.5
68.4
79.7
74.1
26.9
22.2
81.6
61.4
86.8
76.5
55.8
66.6
31.7
51.6
53.4

0.1 µg/mL (Tri) + 50
µg/mL (Sul)

26.2

31.5

0.01 % (v/v)
0.03 % (v/v)
0.20 % (v/v)
1.0 µg/mL
3.0 µg/mL
7.5 µg/mL
6 seconds
12 seconds
18 seconds
24 seconds
10 µg/mL
20 µg/mL
50 µg/mL
0.1 mM
0.5 mM
1.0 mM

53.4
55.7
62.8
81.6
56.6
20.4
88.0
7.9
53.2
85.7
33.4
31.6
81.8
57.3
34.0
20.2

58.7
54.1
82.1
91.4
64.5
68.1
63.9
94.3
94.2
79.8
67.8
87.3
83.3
61.9
16.3
39.3
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