Copyright is owned by the Author of the thesis. Permission is given for
a copy to be downloaded by an individual for the purpose of research and
private study only. The thesis may not be reproduced elsewhere without
the permission of the Author.



Requirements of Escherichia coli to survive stress induced by the secretin, plV

A thesis presented in partial fulfilment of the requirements for the degree of

Master of Science
in

Microbiology

at Massey University, Manawatu,

New Zealand.

Stefanie Jayne Bagley

2018






Abstract

Pathogenic Gram-negative bacteria utilise complex multiprotein and functionally
unrelated trans-envelope machineries to secrete toxins and other virulence factors.
Such machineries are referred to as secretion systems. These contain large,
membrane-inserted homologous channels called a secretin. These secretion systems
include the type Il and lll secretion systems (T2SS and T3SS), type IV pili assembly
system (T4PS), and the filamentous phage assembly-secretion system (FFSS). Secretins
are homomultimers with radial symmetry blocked by an inner gate or septum and

have a pore size of up to 10 nm.

As determined by previous studies on the FFSS secretin, plV, and the T3SS secretin,
InvG, there is a cost associated with the insertion of large membrane channels.
Membrane integrity is disrupted, leaving the bacterial cell highly susceptible to
antibiotics and environmental stressors. As a result, Gram-negative bacteria have
developed stress response pathways which upregulate genes to mitigate this secretin-
induced stress. These are the Phage Shock Protein response (Psp), Conjugative plasmid
expression (Cpx), Regulation of capsular synthesis (Rcs), and SoxRS Superoxide
response (Sox). Not all individual genes within these stress response pathways are

necessarily required for the survival of Escherichia coli expressing secretin.

Stress can be induced in E. coli by expression of leaky plV mutants as they are open,
not gated, under physiological conditions and imitate the actively secreting channel. A
synthetic lethality assay was performed to determine the importance of the key
regulators from four stress response pathways (PspF, CpxR, RcsA, RcsB, SoxR, and
SoxS) on cell viability in the presence of the leaky secretin mutant, pIV-E292K. Here it
was determined that the Psp, Rcs and, (to a lesser extent), Cpx regulons, confer a
protective effect on E. coli K-12 experiencing stress induced by plV-E292K. Expression
of pIV-E292K mutant also induced an Rcs-dependent capsular polysaccharide
phenotype indicating upregulation of Rcs in response to leaky plV production. These
three responses are potential drug targets in the fight against antibiotic-resistant
infections. Inhibition of the stress response may prevent mitigation of membrane

stress, thereby killing the channel-expressing bacteria.
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Chapter One: Literature Review

1.1 Secretion systems of Gram-negative bacteria

The bacterial cell membrane maintains a stable internal environment for cellular
functions, protecting against external changes in pH, nutrient availability, and
osmolarity (Silhavy, Kahne, & Walker, 2010). This protective function relies on an
undisrupted membrane. Yet, the ability to transfer proteins across the cellular
membrane is also an essential component of the living bacterial cell. Protein secretion
in bacteria has many roles, such as inter- and intra-species communication, nutrient
sequestration, the promotion of survival in certain environments, and virulence
(Koraimann, 2003; Kulp & Kuehn, 2010; Schauder & Bassler, 2001; Skaar, 2010; Tseng,
Tyler, & Setubal, 2009). Secreted substances include proteins, macromolecular
complexes, enzymes, and toxins, which can be released into the extracellular
environment, associated to the outer membrane, or released directly into target cells

(Thanassi & Hultgren, 2000).

The cell wall of Gram-negative bacteria (such as Escherichia coli and Salmonella spp.)
contains both an inner and outer membrane (Figure 1), which contrasts with that of
Gram-positive bacteria, (including, Streptococcus spp. and Staphylococcus spp.), which
have a single membrane. Possessing two membranes allows the Gram-negative
bacteria to be particularly resilient to environmental change and impermeable to many
toxic compounds that they may encounter (Zgurskaya, Lopez, & Gnanakaran, 2015).
However, protein secretion becomes complex as fatal disruption of membrane
integrity must be avoided. In consequence, secretion systems with rather complex

secretion machinery have evolved.
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Figure 1: Structure of the Gram-negative cell wall.

The cell wall comprises of an inner membrane (IM) consisting of the phospholipid
bilayer for rigidity, a periplasm (Peri.), and an outer membrane (OM). The outer
membrane is made up of a single phospholipid layer and lipopolysaccharide (LPS) (inset)
with hydrophobic lipid A, core polysaccharide, and variable O-antigen polysaccharides.

Reproduced with modification and permission from Spagnuolo (2015).



The secretion systems of Gram-negative bacteria can be separated into two categories;
those that span the outer membrane only, and those that span both the inner and
outer membrane. The former includes the type V secretion system (T5SS) in which the
substrate (such as a virulence factor) binds to the secretion pore and is released via an
‘auto-transportation” mechanism (Costa et al., 2015). In addition, the P pilus biogenesis
system and the curli biogenesis systems also utilise a two-step secretion mechanism.
Initial transfer of the substrate across the inner membrane for these systems is usually
facilitated by the SecYEG translocon or, less commonly, the twin-arginine translocation
(Tat) system (Costa et al., 2015). The actual mechanism is dependent on the folding
state and signal sequence of the substrate (Natale, Briiser, & Driessen, 2008). In
contrast, double-membrane spanning secretion systems identified so far include the
T1SS, T2SS, T3SS, T4SS, type IV pilus assembly system (T4PS), and the filamentous
phage assembly-secretion system (FFSS) (Figure 2). These large, trans-envelope
organelles vary in complexity, mode of action, and substrate (Korotkov, Gonen, & Hol,

2011).
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Figure 2: The type 2 (T2SS) and 3 (T3SS) secretion systems and the filamentous phage

assembly secretion system (FFSS).

Substrate export is ATP-dependent, and each contains the secretin channel (dark grey). Type 2
secretion system substrates enter the apparatus in the periplasm for release to the
extracellular environment. Type 3 secretion system substrates enter the needle complex
through the middle of the apparatus for transport directly into the host cell. Filamentous
phage assembly is initiated when the ssDNA phage genome is targeted to the IM pl/pXI
complex, and pV is removed (1). pVIlI (coat protein) is assembled onto the phage filament (2)
as it is moved through the open plV secretin channel (not shown). The phage is released into
the extracellular environment upon addition of plll (3). Reproduced from Spagnuolo (2015)

with permission.



1.1.1 Pathogenicity and secretion systems

The double-membrane-spanning T2SS, T3SS, and T4PS are used for a pathogenic effect
by many Gram-negative bacteria. The T2SS (Figure 2) is made up of 12-14 different
proteins that form an outer membrane (OM) complex, a filamentous pseudopilus (in
the periplasm), and inner membrane (IM) platform. Toxins and hydrolytic enzymes
enter the T2SS secretion apparatus in the periplasm for transfer outside the bacterial
cell. Vibrio cholerae (cholera) and enterotoxigenic E. coli (ETEC) (diarrhoea) secrete the
cholera toxin and enterotoxin, respectively, using this system (Johnson, Abendroth,

Hol, & Sandkvist, 2006).

Gram-negative pathogens including Salmonella typhimurium (typhoid fever),
enteropathogenic E. coli (EPEC) (diarrhoea), and Pseudomonas aeruginosa (pneumonia
and wound infections) utilise the T3SS (Figure 2) to secrete virulence factors directly
into host cells (Hueck, 1998). The T3SS is composed of the trans-membrane secretion
apparatus and extracellular needle complex. Upon contact with host cells, the needle
complex forms a pore in the host cell membrane through which virulence factors are
transported to modulate host inflammatory responses, cytoskeleton modelling,

apoptosis and phagocytosis (Tsai, Burkinshaw, Strynadka, & Tainer, 2015).

The T4PS consists of twelve or more proteins and consists of an IM complex, OM
secretin, and pilus that extends through the periplasm to the outside of the bacterium
(Korotkov et al., 2011). It secretes pilin subunits for the assembly of extracellular pili on
the surfaces of Gram-negative pathogens, such as Neisseria gonorrhoeae
(gonorrhoea), P. aeruginosa, and V. cholerae. This allows for several functions, which
include; twitching motility, biofilm formation, DNA uptake, and host cell attachment

(Pelicic, 2008).



1.1.2 The Filamentous phage assembly-secretion system

Filamentous bacteriophage Ff (F1, fd, and M13) that reproduce within F-positive E. coli
are released without bacterial cell lysis via the filamentous phage assembly-secretion
system (FFSS) (Figure 2) (Rakonjac, 2012). The filamentous bacteriophage is a virus of
bacteria which has a characteristic long rod shape consisting of an inner core of single-
stranded DNA (ssDNA) surrounded by several thousand identical coat protein subunits
(Marvin, Symmons, & Straus, 2014). The FFSS is composed of only three proteins but is
incorporated across the entire E. coli envelope. They include pl and pXI which form a
multimer in the IM and plV (a large channel called a secretin), in the OM. Within the
periplasm, the periplasmic domains pl/pXI interact with that of plV (Feng, Model, &
Russel, 1999). The start and end of filamentous phage assembly and release has not
been fully elucidated. However, it is likely to be linked to the opening and closing of
the secretin, plV, gate (Marciano, Russel, & Simon, 1999; Marciano, Russel, & Simon,

2001).

During replication, the plus strand of filamentous ssDNA genome enters the E. coli K-12
cytoplasm. Following which, the second (minus) strand of Ff DNA is replicated by host
proteins, producing a circular double-stranded DNA (dsDNA) molecule. This dsDNA is
used as a template for transcription of phage-encoded proteins, and for the replication
of the plus strand. The ssDNA-binding protein, pV, and plus-strand ssDNA form a
complex that becomes the substrate for the assembly-secretion process. The complex
is targeted to the IM pl/pXI complex, and pV is removed. The pVIll (coat protein) is
then assembled onto the phage filament before translocation through an open plV
secretin channel. A high number of filamentous phage are released (<103 phage/mL)
without causing cell death. However, production of phage slows bacterial growth,
resulting in an increased generation time (Rakonjac, 2012). Filamentous phage
assembly and secretion is dependent on proton motive force and ATP hydrolysis (Feng
et al., 1999). Therefore, despite its relative simplicity to other secretion systems, the
lysis-independent Ff production still creates a physical and energetic burden on the
bacterial cell due to the release of hundreds of virions, as well as virion protein

integration across the cell envelope (Rakonjac, 2012).



1.2 Secretins

The T2SS, T3SS, T4PS, and the FFSS are particularly notable as each contains a secretin,
which is a large, homologous outer membrane channel (Korotkov et al., 2011). As
several of these systems are involved in pathogenicity and are utilised by many animal,
human, and plant pathogens, the secretin has been proposed to be a target for

antibiotic development (Baron, 2010).

Secretins are a family of large, gated channels in the OM of Gram-negative bacteria.
They provide a pathway to the extracellular environment by allowing the passage of
DNA, and single or multi-subunit proteins (Korotkov et al., 2011). Secretins have radial
symmetry and are 12-, 13-, or 14-mers that have structural similarity (Gold, Salzer,
Averhoff, & Kiihlbrandt, 2015; Opalka et al., 2003; Tosi et al., 2014). The secretin
internal channel is large (with diameters up to 10 nm) and is blocked by a plug or
septum (Tosi et al., 2014). Closed state secretins, as determined by physiological
assays, contain pores that are smaller than porins (plV, (Tosi et al., 2014)), equal to
porins (PulD, (Tosi et al., 2014)), or larger than porins (YscC, (Burghout et al., 2004)). All
have a highly conserved C-terminal secretin homology domain and a less conserved
periplasmic N-terminal domain (Daefler, Guilvout, Hardie, Pugsley, & Russel, 1997)
(Figure 3). Some secretins have an additional S domain at the C-terminal end of the
secretin homology domain, which is involved in the assembly and insertion of the
secretin into the OM in conjunction with lipoprotein chaperones (pilotins) (Korotkov et

al., 2011).
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Figure 3: Domain organisation of secretins.

The N-terminal NO domain (purple) is followed by one or more N1-N3 domains (green). These
N-terminal signal sequences are cleaved off by a signal peptidase (grey) or a prolipoprotein
(yellow) upon translocation across the inner membrane. The C-terminal secretin homology
domain is shown in blue. Some secretins require the binding of lipoproteins, called pilotins, to
target the channel to the outer membrane. Binding sites for pilotins are denoted by an ‘S’.
Secretin domains with unidentified topology are indicated in white. Reproduced with

permission from Korotkov et al. (2011).



1.2.1 Outer membrane targeting and assembly

Mature monomers of secretins are transported across the IM by SecYEG translocons
(Korotkov et al., 2011). In the periplasm, the secretin is translocated to the OM
(Korotkov et al., 2011) by one of two ways. Secretins are either transported partially
(T3SS secretin, InvG), or fully (T2SS secretin, PulD) to the OM, by cognate chaperones
called pilotins, which bind to the C-terminal pilotin binding domain (S) (Figure 3)
(Daefler & Russel, 1998; Guilvout, Chami, Engel, Pugsley, & Bayan, 2006). For some
secretins which are lipoproteins, partial transport to the OM is facilitated by an N-
terminal lipidation signal such is the case for HxcQ, a T2SS secretin (Viarre et al., 2009).
The targeting of the FFSS secretin, plV, to the OM occurs by neither of these methods
as it lacks a cognate chaperone, pilotin-binding domain, and an N-terminal lipidation
signal. Rather, it is fractionated equally between the IM and OM (Russel &
Kazmierczak, 1993). Fusing the pilotin-binding domain of PulD to the pIV C-terminus
and co-expressing the pilotin, PulS, allows for plV to be inserted into the OM almost

exclusively (Daefler et al., 1997).

1.2.2 Secretin structure and channel gating

Up until very recently, structural analysis of secretin channels had only been carried
out at low resolution, primarily via electron microscopy (EM)-based techniques. For
example, Chami et al. (2005) showed that the T2SS secretin, PulD, from Klebsiella
oxycota was organised as a cylindrical, 12-mer, with two rings on either side of a
central disc or plug. One ring was inserted into the periplasm, and the other was
inserted into the OM. Based on these observations, a mechanism was proposed in
which the substrate (pullulanase) binds to the ring within the periplasm allowing
displacement of the plug and subsequent secretion through the remainder of the
secretin. This was supported by a cryo-EM study which identified the symmetrical 12-
meric structure of T2SS secretin, EpsD, from V. cholerae (Reichow, Korotkov, Hol, &
Gonen, 2010) (Figure 4). The EspD channel also features a periplasmic gate, and

therefore a similar secretion mechanism to PulD was proposed.



In addition, the three-tiered ring structure of FFSS secretin, plV, has been elucidated by
cryo-electron microscopy (cryo-EM) and single particle analysis (SPA) (Figure 5) (Opalka
et al., 2003). The N- and C-terminal entrances to the channel are large, at 6.0 nm and
8.8 nm in diameter, respectively. This size allows the entrance of antibiotics and bulky
proteins that are too large to cross the lipopolysaccharide (LPS), yet, plV does not
render the cell sensitive to these due to the presence of the septum which closes the
channel. Other evidence in support of the existence of a gate opening mechanism is
the discovery that the pore size of plV in its closed state is smaller than the

filamentous phage it secretes (Opalka et al., 2003).
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Figure 4: Three-dimensional cryo-EM model of T2SS EspD from Vibrio cholerae.

(A) Side, (B), top, (C), and bottom views at 19 A resolution. (D) A slice view shows the internal
structure of the channel featuring the extracellular gate and chamber, periplasmic gate,
constriction, and periplasmic vestibule. Taken with permission and modified from Reichow et

al. (2010).
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Periplasm

Figure 5: Model and electron micrograph of FFFS secretin, plV.

(A) plV secretin in the context of the outer membrane. The C-terminal domain (C) is inserted
into the outer membrane (OM), and the M-ring (M) and N-terminal domain (N) are in the
periplasm. The secretin is shown with a segment removed to show the septum that blocks the
channel at the M-ring. (B) A single particle electron micrograph reconstruction of plV with a
side (left) and top (right) view showing the N-terminal domain (N), M-ring forming the septum
(M), and C-terminal domain (C). Both images are taken with permission and modified from

Opalka et al. (2003).
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The N-terminal domain of the secretin is comprised of independently folded
subdomains; NO and one or more of N1-N3 (Figure 3). The NO subdomain has
previously been shown to interact with other periplasmic and IM secretion system
components leading to the suggestion that it allows for specificity in substrate
secretion (Reichow et al., 2010). A crystallographic study of the N-terminal domain of
T2SS secretin, GspD, from enterotoxigenic E. coli (ETEC) revealed the presence of two
globular lobes: NO and N1 (Korotkov, Pardon, Steyaert, & Hol, 2009). These N-
subdomains, which form rings, are believed to form the periplasmic portion of the
secretin where the rest of the channel is inaccessible due to the periplasmic gate. As it
was suggested by Reichow et al. (2010), perhaps, upon docking of the appropriate
substrate at the N-subdomain, a conformational change in the periplasmic gate occurs,

allowing translocation of the substrate to the extracellular environment.

In the absence of active secretory activity, secretion systems are generally regulated so
they remain closed until the appropriate condition arises. The T3SS, which injects
effector proteins into host cells (Figure 2), only becomes functional upon contact with
host cell membranes (Nans, Kudryashev, Saibil, & Hayward, 2015). It would make
sense that such large channels remain closed when non-functional to avoid negatively
impacting OM integrity. A study of T4PS secretin, PilQ, from Thermus thermophilus,
showed that the N-terminal periplasmic 5-ring (NO-5) opened up and the NO-N3
subdomains moved towards the IM for the secretion of pilin subunits (Gold et al.,
2015). In addition, when the T3SS secretin, CdsC, from Chlamydia trachomatis, makes
contact with the host cell, it compresses, allowing for translocation of effector proteins
(Nans et al., 2015). Although these exact mechanisms are likely secretion system
specific, it is plausible that the existence of a conformational change to regulate the

channel is conserved between secretins.

It is only very recently that near-atomic resolution structures of secretins InvG from S.
typhimurium T3SS and GspD from the T2SS of V. cholerae and pathogenic E. coli were
elucidated (Worrall et al., 2016; Yan, Yin, Xu, Zhu, & Li, 2017). These structures show

that the secretin homology domain forms a double-barrel channel.
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Furthermore, the secretin homology domain of GspD shows high sequence similarity
to those of the FFSS secretin, plV, and T2SS secretin, PulD (Figure 6A) (Yan et al., 2017).
The higher resolution structures have also enabled insights into the long-elusive gate
opening mechanism. Worrall et al. (2016) showed the secretin homology domain of
GspD comprises several B-strands between unstructured linker loops and a cap gate,
which is also a B-hairpin. They proposed that the unstructured linker loops might pivot,
allowing the cap gate to uncover the channel. Indeed, when Yan et al. (2017) solved
the structure for GspD mutant G453A (glycine substituted for alanine at position 453),
the mutation caused the tilting of the B-hairpin towards the channel wall by 25° (Figure
6D). Many residues within the secretin homology domain (including G453) are highly
conserved between secretins (such as PilQ of T4PS, and plV of FFSS) indicative of a
similar gate-opening mechanism (Reichow et al., 2010; Worrall et al., 2016; Yan et al.,

2017).

Figure 6: Alignment and structural features of the secretin homology domain.

(A) InvG-PulD-plV alignment showing regions of sequence homology. Only the C-terminal
secretin homology domain is shown. Red boxes below the PulD sequence and yellow boxes
below the plV sequence show mutations that result in a leaky (open) channel phenotype (see
1.2.4 Leaky plV mutants, (Khanum, 2015; Spagnuolo et al., 2010)). Reproduced with
permission from Khanum (2017) (Unpublished). (B) plV secretin homology domain multimer
modelled on the T2SS secretin, GspD, from E. coli (Yan et al., 2017). Model created using
SWISS-MODEL (Waterhouse et al., 2018) (C) Topological model showing GspD secretin
protomer secondary structure in the context of the outer membrane. Dashed lines indicate
unsolved parts of the structure. Reproduced with permission from Yan et al. (2017). (D)
Density maps in section view of wildtype GspD (left) and G453A mutant (right) (low-pass
filtered to 7A) in section view. The gate of the G453A mutant is open (red lines) and rotated
upward by approximately 25°. In comparison, the gate of wild-type GspD remains closed

(green lines). Reproduced with permission from Yan et al. (2017).
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1.2.3 The model secretin, plV

The filamentous bacteriophage f1 genome encodes the plV secretin of the FFSS. The
plV channel is a multimer composed of 14 identical subunits with 14-fold radial
symmetry (Figure 6B). It inserts into the OM as part of the FFSS (Figure 2), where it
translocates filamentous bacteriophage into the extracellular environment. The
opening and closing of the channel is likely regulated via a yet to be characterised

conformational change (Opalka et al., 2003).

The plV channel has been used as a model for the T2SS, T3SS, and T4PS as, being the
smallest of the homologues, it is relatively simple and has genetic versatility (because
the secretion substrate (virion) carries the coding sequence for its own secretion
system) (Marciano et al., 2001; Russel, 1998; Russel, Linderoth, & Sali, 1997). Although
high-resolution structural studies have not been carried out on plV, high sequence
similarity in the secretin homology domain in comparison with other secretins (for
example, T2SS secretin, GspD (Yan et al., 2017)), allows the structure to be modelled in

silico (Figure 6A & 6B).

1.2.4 Leaky plV mutants

A study by Spagnuolo et al. (2010) used random mutagenesis followed by positive
selection to determine the residues involved in the gating of plV. This resulted in the
creation of “leaky” protein channels, which retained the correct folding and sometimes
secretory function but had lost the ability to be gated (Spagnuolo et al., 2010). The
residues were mapped to two central areas within the conserved C-terminal domain
named GATE1 and GATE2 (Figure 7A & 7B). Examples of leaky plV mutants include plV-
E292K, which has a GATE1 mutation and plV-5324G which has a mutation in GATE2.
plV-E292K contains a missense mutation in which a glutamic acid residue has been
substituted for lysine at position 292. Comparatively, the plV-S324G mutant has a
missense mutation in which a serine residue has been substituted for glycine at
position 324 (Spagnuolo et al., 2010). It was suggested that these GATE regions were
flanked by transmembrane B-sheets, facilitating a gating mechanism (Spagnuolo et al.,

2010).

16



The aforementioned near-atomic resolution study by Yan et al. (2017) supports the
mapping of GATE1 and GATE2 to the central region of the channel gate (Spagnuolo et
al., 2010). Where, GATE1 is a B-hairpin that forms most of the gate and GATE2 forms a
smaller loop above it (Figure 7C). Furthermore, the crystal structure of the GATE1
mutant, G453A, showed that the mutation caused the tilting of the B-hairpin towards
the channel wall by 25°, resulting in pore formation (Figure 6D) (Yan et al., 2017). This
provides further support that the plV mutant is leaky and that the mutation affects the

gate or septum without adversely affecting the channel assembly or function.
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Figure 7: GATE1 and GATE2 domains of plV and InvG secretins.

(A) Schematic representation of plV and organisation of the C-terminal domain (C; light pink),
M-ring (M; dark pink), and N-terminal domain (N; orange). Reproduced with permission from
Spagnuolo et al. (2010). (B) A linear representation of plV showing the N-terminal domain
(orange) and C-terminal domain (pink) with the GATE1 (green) and GATE2 (purple) regions.
Reproduced and modified with permission from Spagnuolo et al. (2010). (C) Secretin homology
domain structure of InvG (T3SS secretin). Reproduced modified with permission from Worrall
et al. (2016). The diagram shows N3 domain (blue), secretin domain outer B-sheet (cyan),
secretin domain inner B —sheet (green), and secretin membrane association, AHL, and
membrane insertion domain lip (gold). GATE regions (red circles), B-strand functional roles and
numbers are indicated. (D) plV secretin homology domain modelled on GspD (T2SS secretin) of
E. coli. Positions of the mutations E292K and $324G (white arrows) which result in a leaky

phenotype and GATE regions (white circles) are indicated.
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Unlike wild-type plV, leaky pIV mutants are also characterised by their permeability to
maltopentaose, sensitivity to bile salts (deoxycholate), and/or sensitivity to
vancomycin and bacitracin which would not normally penetrate the Gram-negative
membrane (Spagnuolo et al., 2010). Electrophysiology experiments revealed the
increased permeability of leaky plV in comparison with wild-type plV. High voltage
(200 mV) was required to open the wild-type plV channel (Marciano et al., 2001), while
a significantly lower voltage of 80 mV was necessary to open the channel of leaky

mutant, plV-S324G (Marciano et al., 1999).

Regarding the significance of these leaky mutants, it has been proposed that they are
more representative of functioning secretin channels, because, in the absence of
secretion, the wild-type secretin gate remains closed, in contrast to the leaky mutant,
which remains open. Expression of the leaky mutant has been used as a method to
examine the stress exerted on the Gram-negative cell during secretion when the

channel is open (Spagnuolo, 2015).

1.3 Secretin-induced stress responses

Gram-negative bacteria utilise stress response pathways to maintain membrane
integrity during secretin expression and virulence factor secretion. The insertion of
large channels like secretins into the membrane disrupts membrane integrity and
proton motive force (PMF) by allowing protons to leak across the inner membrane (IM)
(Darwin, 2013). The three envelope stress responses include; Phage Shock Protein
(Psp) response, Regulation of capsular synthesis (Rcs), and Conjugative plasmid
expression (Cpx). In addition, Gram-negative bacteria also utilise the Superoxide stress
response (Sox), which responds to oxidative stress in the cytoplasm. Upregulation of
genes within these pathways and their corresponding regulons (groups of genes
regulated by the same regulatory protein) in response to leaky or wild-type pIV

expression in E. coli K-12 can be seen in Figure 8 (Spagnuolo, 2015).
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It was originally thought that Cpx, Rcs, and Sox pathways were not induced by secretin
stress (Bury-Mone et al., 2009). However, the induction of Psp has previously been
correlated with the mislocalisation of the secretin multimer into the IM. The secretin
plV induces Psp response as it inserts into both the IM and OM (Darwin, 2013).
Moreover, all four pathways were recently shown to be upregulated in response to
plV-induced stress (Spagnuolo, 2015). To better understand Gram-negative bacterial
pathogenesis, it would be useful to further elucidate the responses of these pathways

to secretin-induced stress further.
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Figure 8: Differential expression overview

Transcription factors are shown in bold; arrowhead shapes indicate the type of regulation according to published data; pointy and flat arrowheads
indicate, respectively, positive and negative regulation. The expression of individual genes is shown as fold-change relative to the vector control.

Cross-through boxes indicate non-significant differential expression (i.e. FDR > 0.05) (Spagnuolo, 2015). Reproduced with permission from Spagnuolo

(2017) (Unpublished).
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1.3.1 The phage shock protein (Psp) response

The Psp response (Figure 9) was initially discovered in response to filamentous phage
infection of E. coli (Brissette, Russel, Weiner, & Model, 1990). Genes of the Psp
response include the pspABCDE operon and pspF, which is located upstream from the
pspABCDE operon and is divergently transcribed from a constitutive sigma-70-
dependent promoter. The expression of an unlinked gene, pspG, is also induced and is
co-regulated with the pspABCDE operon and pspF. In the absence of stress, PspA
protein binds to and represses PspF, which prevents it from activating the other genes
in the pathway. PspA is a negative regulator of the pathway, as in its absence, Psp
expression is at high levels without inducing stimuli, and PspA null mutants don’t have
reduced survival in the presence of inducing stimuli (Jovanovic, Weiner, & Model,
1996). When induced, PspBC binds PspA by an unknown mechanism. This frees PspF, a
sigma-54 transcriptional activator to interact with RNA polymerase holoenzyme
allowing transcription of pspA-E and pspG (Yamaguchi, Reid, Rothenberg, & Darwin,
2013). PspE is a periplasmic rhodanese which has recently been shown to restore
disulfide bonds in cell envelope proteins in conjunction with the protein DsbC (Chng et

al., 2012).

Several environmental conditions have been found that induce the Psp response to
overcome membrane stress. This includes extreme heat shock (52°C), increased
osmolarity, and ethanol treatment. Furthermore, the response is induced by
expression of secretins and other large outer membrane channels that mislocalise into
the inner membrane, most likely, dissipating proton motive force (PMF) (Brissette et
al., 1990; Jones, Lloyd, Tan, & Buck, 2003; Jovanovic et al., 1996). The induction of Psp

response due to secretin-induced stress has been documented (Darwin, 2013).
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A recent study by Spagnuolo (2015) using RNA-Sequencing (RNA-Seq) analysis revealed
that pspA-D and pspG transcription were upregulated 10-fold and 8-fold, respectively,
upon induction of the leaky GATE1 mutant, plV-E292K (Figure 8). In addition, pspF and
pspE transcription was downregulated 2-fold (Spagnuolo, 2015), which has been
mentioned previously (Lloyd et al., 2004). Other stimuli that induce the expression of
Psp genes include biofilm formation, bacterial protein secretion and translocation.
Overload of the inner membrane protein translocation complex SecYEG, and
mislocalised proteins in the membrane are also implicated (Beloin et al., 2004; Jones et

al., 2003).
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Figure 9: Organisation and induction of the Phage Shock Protein response pathways.

(1) In the uninduced state, PspC covers the cytoplasmic domain of PspB which cannot bind
PspA (the negative regulator). PspA binds to the response regulator PspF, inhibiting its activity.
(2) In the event of membrane stress (e.g. mislocalisation of secretin into the inner membrane),
PspC undergoes a conformational change and uncovers the cytoplasmic domain of PspB which
then binds to PspA (3). (4) PspF (a 0> transcriptional activator) is then free to upregulate the
pspABCDE operon, its own expression (the pspF gene under control of a 6’° dependent
promoter), and unlinked gene pspG. The pspA and pspG promoters are 6>* dependent.

Reproduced with modification and permission from Spagnuolo (2015).
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1.3.2 The Rcs phosphorelay system

The Rcs response (Figure 10) is a phosphorelay system and is widely known to be
involved in colanic acid capsular exopolysaccharide synthesis, which is considered to
be important for biofilm formation (Laubacher & Ades, 2008; Pando, Karlinsey, Lara,
Libby, & Fang, 2017). Known genes of the Rcs system include rcsA, rcsB, rcsC, resD, and
rcsF. When induced by outer membrane and periplasmic stressors, the lipoprotein,
RcsF, in the outer membrane, transmits a signal to the sensor kinase, RscC, in the inner
membrane. RcsC then activates RcsB by phosphorylating one of its N-terminal aspartic
acid residues. RcsD, a histidine-containing phosphotransmitter facilitates this
activation of RcsB. RcsB is a transcriptional regulator that binds to DNA and
upregulates target genes either as a homodimer or bound to RcsA as a heterodimer
(Flores-Kim & Darwin, 2014). RcsA and RcsB both contain C-terminal helix-turn-helix

motifs supporting their role as DNA binding proteins (Bury-Mone et al., 2009).

It has been proposed that the Rcs system, directly and indirectly, affects the expression
of up to 2.5% of the E. coli genome (Ferrieres, Aslam, Cooper, & Clarke, 2007). Target
genes directly affected can be divided into two groups: RcsA-dependent (which
typically induces the expression of capsular polysaccharide synthesis operons) and
RcsA-independent. At RcsA-dependent targets, RcsB binds with RcsA 50-100
nucleotides upstream from the -35 promoter to a conserved RcsAB box, and RcsA is
thought to enhance the regulatory activity of RcsB. RcsB homodimers (RcsB2) can also
regulate gene expression in the absence of RcsA (Pannen, Fabisch, Gausling, & Schnetz,
2016) by binding to a conserved box situated directly after the -35 promoter (Wehland
& Bernhard, 2000). Targets for RcsB2 binding include genes for cell division, protein
folding and sorting, osmotic shock and acid resistance, and the alternative sigma
factor, RpoS/038 (Francez-Charlot et al., 2003; Krin, Danchin, & Soutourina, 2010). In
addition, the genes bdm and osmB encoding a motility modulator, and osmotically
inducible lipoprotein, respectively, were highly upregulated in response to leaky plV-
E292K expression (Figure 8) (Spagnuolo, 2015). These genes are controlled by RcsB2
indicating an upregulation of the Rcs phosphorelay in the presence of secretin-induced

stress (Spagnuolo, 2015).
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Figure 10: Organisation and induction of the Rcs phosphorelay system.

Upon induction of the pathway (1), RcsF, in the outer membrane, transmits a signal to RcsC
sensor kinase in the inner membrane. Damage to the peptidoglycan may directly stimulate
RcsC. ResC transfers phosphate to ResD (2) which phosphorylates and activates RcsB (3). RcsB
may then form a homodimer and regulate the expression of RcsA-independent genes (4) or
form a heterodimer with RcsA to regulate the expression of RcsA-dependent genes and rcsA

(5). Reproduced with modification and permission from Spagnuolo (2015).
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1.3.3 The Cpx two-component regulatory system

The Cpx regulatory system (Figure 11), encoded by the cpxRA operon, is often thought
to be required for conjugal DNA transfer and controls the expression of 38 other
transcriptional units (Raivio, Popkin, & Silhavy, 1999). Upon induction, CpxA, the inner
membrane sensor kinase, is autophosphorylated. The signal is then transmitted by
subsequent phosphorylation of the response regulator, CpxR, which targets down-
stream stress-mediating genes. The gene cpxP, which encodes the periplasmic protein,
CpxP, is located upstream of the cpxRA operon. CpxP inhibits the system during non-
inducing conditions by binding phosphorylated CpxA to its operator. Structural studies
show CpxP has a concave surface made up of positively charged residues that allow
inhibitory activity by binding to the negatively charged residues of CpxA’s periplasmic
domain (Zhou et al., 2011).

Since its discovery, the Cpx response has been implicated in responses to several
different inducers, including; alkaline pH, overproduction of extracytoplasmic proteins,
detection of cell adhesion to surfaces, misfolded proteins, and overproduction of the
protein, NIpE. Genes upregulated by CpxR include dsbA, degP, rotA, ppiA, and ppiD
which are all involved in protein folding (Duguay & Silhavy, 2004; Hunke, Keller, &
Miller, 2011) Furthermore, a recent study by Spagnuolo (2015) found that cpxP is
upregulated as a result of leaky plV-E292K expression, suggesting an involvement of

the pathway in mediation of secretin-induced stress (Figure 8).

31



---0’--
oM
@ OOPO
‘ nd

Q.QQ.C@ﬁa 00000

Inducers

Peri.

'H'
Q..QQQQQQ»vaQQQQQQQ.

IM

OFNC
7N
@

(3)
— cpxP cpxR > CPXA >—

32



Figure 11: Organisation and induction of the Cpx two component regulatory system.

In the absence of membrane stress, CpxP inhibits activation of CpxA and the pathway is
uninduced. The cytoplasmic ATPase domain of CpxA is induced by aggregated or misfolded
proteins, or the overproduction of specific protein NIpE (the inducers) (1). The response
regulator, CpxR, is then activated by phosphorylation (2) and regulates the expression of the
cpx operon (3) and stress mediating genes (Regulon) (4). Reproduced with modification and

permission from Spagnuolo (2015).
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1.3.4 The soxRS signal transduction pathway

The SoxRS pathway (Figure 12) upregulates genes to prevent and mitigate stress
resulting from the presence of reactive oxygen species (ROS) in Gram-negative
bacteria. Sources of oxidative stress include products of aerobic metabolism and
oxidants produced as a result of the activation of the host immune response
(Blanchard, Wholey, Conlon, & Pomposiello, 2007). The pathway is composed of two
cytoplasmic proteins: SoxR (the redox-sensing transcriptional activator) and SoxS (a
DNA-binding transcriptional activator). In both inducing and non-inducing conditions,
SoxR binds to the operator of soxS. SoxR is a dimer that contains one [2Fe-2S] cluster
per monomer and can only upregulate the expression of soxS when the cluster is in the
oxidised, not reduced state. The reduction of the [2Fe-2S] cluster is NADPH dependent,
however, during oxidative stress, NADPH is depleted in the cell. This prevents the
reduction and inactivation of SoxR and allows the upregulation of soxS and subsequent
expression of ROS-induced stress mediating genes including sodA (superoxide
dismutase) and katE (catalase) (Srijaruskul et al., 2015). Interestingly, it appears that
open secretin channels do not increase ROS stress, as soxS transcription has been
shown to be upregulated in response to wild-type plV expression, not leaky plV (Figure

8) (Spagnuolo, 2015).

Figure 12: Organisation and induction of the SoxRS signal transduction pathway.

The proteins SoxR and SoxS regulate the superoxide stress response. When uninduced, SoxR is
reduced by NADPH-dependent activity (1). In the presence of superoxide (O,"), SoxR is
oxidised (2) allowing it to upregulate soxS expression and regulate its own expression. SoxS is a
DNA-binding transcriptional regulator which controls the expression of superoxide stress-
mediating genes (Regulon) (4). Reproduced with modification and permission from Spagnuolo

(2015).
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1.3.5 Response pathways required for secretin-induced stress

The activation of these stress responses causes alterations in gene expression which
allows for the preservation of membrane integrity in response to secretin-mediated
stress (Spagnuolo, 2015). As the Psp, Rcs, Cpx, and Sox pathways regulate genes
enabling a pathogenic phenotype (expression of a functional secretion system), a
possible strategy against disease is to target components of these pathways
(Worthington, Blackledge, & Melander, 2013). Microarray transcriptome analysis on
cells expressing the wild-type FFSS secretin plV, and the T3SS secretin, YsaC, from
Yersinia enterocolitica showed induction of the Psp regulon but not the regulons of
several other stress responses (Jovanovic, Lloyd, Stumpf, Mayhew, & Buck, 2006). If
these pathways are required for the survival of Gram-negative bacteria secreting
virulence factors, these pathways as a whole and specific effectors could be potential
drug targets that when inactivated, allow the killing of pathogenic bacteria (Costa et
al., 2015). This, in turn, would provide a means to combat infections by Gram-negative
bacteria, some of which urgently require the discovery of new antibiotics for
treatment (Bonomo et al., 2017; Karaiskos & Giamarellou, 2014; Wellington et al.,

2013; Zowawi et al., 2015).

1.4 Aims

This aims of this project are to:

1. ldentify the stress response pathways that are required for the survival of leaky
plV secretin expression, and
2. Use transmission electron microscopy (TEM) to determine the effect of leaky

secretin on the bacterial cell membrane.
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Chapter Two: Materials and Methods

2.1 Bacterial strains, Plasmids, and growth conditions

All bacterial strains are laboratory E. coli K-12 strains and are shown in Table 1. The

plasmids used in this work are listed in Table 2.

All cultures were grown in 2xYT (Difco™, Bectone-Dickinson) liquid media with shaking
or on 2xYT solid media (1% v/v bacteriological agar (Neogen)) at 37°C for 18 hours
(Sambrook, Fritsch, & Maniatis, 1989) unless otherwise specified. Dilutions were

performed in 2xYT liquid media unless otherwise stated.

The liquid or solid media was supplemented with the appropriate antibiotic for
selection based on antibiotic resistance markers; tetracycline (Tet, 10 pg/mL),
chloramphenicol (Cm, 25 pg/mL), kanamycin (Km, 50 ug/mL), or ampicillin (Amp, 100
pg/mL). Plasmids containing the tac promoter were induced on 2xYT solid media by
the addition of isopropyl B-D-1-thiogalactopyranoside (IPTG) at 0.1 mM or 1 mM.
Plasmids containing the araBAD promoter were induced on solid media containing
arabinose (2 g per litre) or repressed with the addition of glucose (2 g per litre). All
antibiotics and IPTG were purchased from GoldBio (USA). All analytical grade chemicals

were sourced from Sigma Aldrich unless otherwise stated.
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Table 1: Bacterial strains.

Strain Parent Genotype Reference
K1822 MC1061 MC1061, Hfr (Feng et al., 1999)
F-, A(araD-araB)567,
Alacz4787(::rrnB-3), N
BW25113 ! Baba et al., 2006
rph-1, A(rhaD-rhaB)56s, (5203 €t al, 2006)
hsdR514
JW2205-2 BW25113 BW25113, ArcsB::kan (Baba et al., 2006)
JW1296-5 BW25113 BW25113, ApspF::kan (Baba et al., 2006)
JW3883-1 BW25113 BW25113, AcpxR::kan (Baba et al., 2006)
JW4023-5 BW25113 BW25113, AsoxS::kan (Baba et al., 2006)
K1508 MC4100 MC4100, AlamB106 (Baneyx & Georgiou,
1991)
K2384 K1508 K1508, AcpxR772 (Rehm, 2016)
K2385 K1508 K1508, ArcsB770 (Rehm, 2016)
K2386 K1508 K1508, AsoxS756 (Rehm, 2016)
K2388 K1508 K1508, ApspF739 (Rehm, 2016)
(Khanum, 2015)
KnR marker removed by
FLP recombination by
K2458 K1508 K1508, ArcsA726 expression of FLP
recombinase from plasmid
pCP20 (Cherepanov &
Wackernagel, 1995).
(Khanum, 2015)
KnR marker removed by
FLP recombination using
K2459 K1508 K1508, AsoxR757 by expression of FLP

recombinase from plasmid
pCP20 (Cherepanov &
Wackernagel, 1995).
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Table 2: Plasmids.

Plasmid Description Reference
Contains a Cm® marker and colD origin of
pGZ119EH replication; protein expression cassette is  (Lessl et al., 1992)
driven by the tac promoter.
(Linderoth,
A derivative of pGZ119EH; expresses g/V Model, & Russel,
pPMR132 wild-type under the control of the tac 1996; Linderoth,

pPMR132-E292K

pGZ119EHt

pPMR132t

pPMR132t-E292K

pSB-RcsB

promoter.

Mutant of pPMR132 encoding pIV
containing E292 - K missense mutation.

pGZ119EH containing the Tet® marker
instead of the CmR marker.

pPMR132 containing the Tet® marker
instead of the Cm® marker.

pPMR132-E292K containing the Tet®R
marker instead of the CmR marker.

Kan® marker and ColA origin of replication;
driven by the araBAD promoter with
corresponding regulator gene, araC.
Constructed to contain the gene, rcsB.

Simon, & Russel,
1997)

(Spagnuolo,
2015)

(Spagnuolo,
2015)

(Spagnuolo,
2015)

(Spagnuolo,
2015)

This study
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Table 2: Plasmids (Continued).

Plasmid Description Reference

pCA24N::rcsB, Agfp. Complementation (Kitagawa et al.,

- a
PCA24N-RcsB vector for K2385. 2005)

Contains an expression cassette (encoding

an N-terminal glll signal sequence, and C-

terminal polyhistidine (6xHis) tag and c- (Guzman, Belin,
pBAD/gllI myc epitope) containing an araBAD Carson, &

promoter (araBAD) regulated via the araC  Beckwith, 1995)

gene, AmpR marker, and pBR322 origin of

replication.

Contains two multiple cloning sites

(encoding a His-tag or S-tag) regulated by  (Tolia & Joshua-
a T7-lac promoter, Kn® marker, and ColA Tor, 2006)
origin of replication.

pCOLADuet™-1

2pCA24N vector (Kitagawa et al., 2005) contains an expression cassette (encoding an N-
terminal His-tag and a C-terminal GFP tag) controlled by T5-lac promoter, Cm® marker and pUC
(high-copy-number) origin of replication. For the plasmid used in this work, the sequence
encoding the C-terminal GFP tag was deleted from all pCA24N-derived plasmids, as described
by Spagnuolo (2015).
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2.2 Construction of a novel expression plasmid containing a Kan®
marker and the araBAD promoter

Construction of the vector, named pSB-RcsB, was carried out by PCR and by Gibson
Assembly (Gibson et al., 2009) using the NEBuilder HiFi DNA Assembly master mix
(New England Biolabs). The PCR was used for amplifying three sections in three
reactions with primer pairs listed in Table 3 (Integrated DNA Technologies, US).
Primers were designed to amplify the araBAD promoter and araC of the pBAD/glll
vector (Invitrogen); rrnB-T1 terminator and rcsB of pCA24N-RcsB; and, Kan® and ColA
origin of replication from pCOLA-Duet™-1 (Novagen). For the construction of pSB-
RcsB, primer pairs include; SBOO1 and SB002; SBO03 and SB004; and SBOO5 and SB006.
The template for the three reactions were pBAD/glll, pCA24N-RcsB, and pCOLAduet™-
1, respectively. Polymerase PRIMESTAR (Takara, Japan) was used for all PCR
amplifications, according to the Tn, of the specific primers, processivity of polymerase,
and the manufacturer’s instructions. The PCR products were joined, without
purification, with NEBuilder HiFi DNA Assembly master mix (New England Biolabs),
according to the manufacturer’s instructions. The mixture was used for transformation
by electroporation (see 2.4.2) into electrocompetent K1822 cells. Individual colonies
from agar plates containing kanamycin were isolated and the plasmid DNA purified
(see 2.5). The plasmid was purified from the transformants and analysed by restriction
endonuclease analysis (enzyme was from New England Biolabs) and sequenced
(BigDye® Terminator V3.1 Chemistry; Massey Genome Service, NZ) using two primers

(SBSeq1 and SBSeq2) that flanked the promoter region and rcsB (Table 3).
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Table 3: List of primers.

Primer Sequence (5'-3’) Details
BAD/glll, f

SBO0