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Abstract

Antimicrobial resistance is increasingly noted in clinical samples. The multiple antibiotic
resistance (mar) operon, found in many Gram-negative bacteria, contributes to an increase in
susceptibility to a broad range of antibiotics. The mar encoded activator, MarA,
transcriptionally regulates a range of genes that contribute to multidrug resistance. Multidrug
resistance can be caused by loss-of-function mutations in marR, encoding the repressor of the
mar operon. Investigating the mechanisms of MarA-related multiple drug resistance in Gram-

negative bacteria is essential to understand widespread antibiotic resistance.

The outer membrane and peptidoglycan layer of Gram-negative bacteria acts as an external
barrier to reduce diffusion of antimicrobial agents into the cytoplasm. This work has
characterised the regulation of several novel MarA targets involved in outer membrane
biosynthesis and peptidoglycan hydrolysis. MarA activates [pxC, [pxL and waaY, which encode
enzymes involved in LPS biosynthesis. Additionally, MarA represses pbpG, encoding a

peptidoglycan hydrolase enzyme.

We hypothesised that MarA-regulated cell envelope genes could act synergistically to improve
barrier function. Consistent with this, we found that combining defects in the cell wall and
outer membrane barriers significantly changes antibiotic susceptibility. mlaFEDCB, encoding
an ABC transport system involved in lipid trafficking, has previously been demonstrated to be
activated by MarA. Mutating marboxes upstream of mlaFEDCB, waaY and pbpG
independently caused no change in antibiotic susceptibility. However, mutating marboxes
simultaneously resulted in significantly increased antibiotic susceptibility. Thus, this work
predicts that MarA targets multiple cell envelope genes to improve barrier function, reducing

antibiotic uptake and resulting in the mar phenotype.
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Chapter 1 - Introduction



1.1. Transcription in prokaryotes

1.1.1. The central dogma of molecular biology

The central dogma of molecular biology describes the flow of genetic information from
deoxyribonucleic acid (DNA) to protein (Crick, 1958; Cobb, 2017) (Figure 1.1). Firstly, RNA
polymerase (RNAP) catalyses transcription by copying information from the genes within
DNA into messenger RNA (mRNA) (Brenner, Jacob and Meselson, 1961). mRNAs are then
translated into proteins by ribosomes. Both transcription and translation are highly regulated
(Cases, de Lorenzo and Ouzounis, 2003; Tollerson and Ibba, 2020). Thus, protein expression
is tightly controlled in response to environmental stimuli, which modify patterns of gene

expression.

1.1.2. Transcription in bacteria

Transcription in Escherichia coli is catalysed by RNAP, a DNA-dependent enzyme consisting
of five subunits: axpp’'® (Zhang et al., 1999). The core enzyme interacts with a sigma factor to
form the RNAP holoenzyme (Murakami and Darst, 2003). The first stage of transcription is

initiation, and this is followed by elongation and termination (Figure 1.2).

1.1.2.1. The bacterial promoter

The RNAP holoenzyme recognises promoters, which are located upstream of the transcription
start site (TSS). Promoter elements are denoted relative to the TSS at +1. Transcription begins
with the recognition of specific promoter elements, allowing RNAP to form the ‘closed
complex’. The sigma factor is vital in enabling promoter recognition; it makes specific
interactions with a conserved -35 element (5'-TTGACA-3') and non-specific backbone
interactions with a conserved -10 element (5-TATAAT-3") (Campbell et al., 2002; Chen et al.,

2020). The spacer region between the -10 and -35 sites is 17 base pairs (bp) and is important
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Figure 1.1. The central dogma of molecular biology.

This describes the flow of genetic information from DNA to proteins. DNA and mRNA are
shown in grey. Amino acids are shown as coloured circles, separated by grey peptide bonds.
The pale pink and orange oval is RNAP. Pink shapes show the ribosome and coloured shapes
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factor and the promoter DNA. B. Schematic showing transcription initiation, elongation and
termination. Promoter recognition by the RNAP holoenzyme and subsequent binding induces
the formation of the closed complex. The DNA unwinds to form the open complex, and the
initiating NTP is added to form the initiating complex. RNA synthesis begins by the formation
of phosphodiester bonds between nucleotides. RNA may be released in abortive transcription
or continue to elongation, and finally termination (adapted from Browning and Busby, 2016).

Created with Biorender.



in enhancing promoter strength (Walker and Osuna, 2002; Typas and Hengge, 2006). The
sigma factor makes contacts with the -18 position, and the B’ subunit of RNAP is thought to
make interactions with the spacer region around the -21 position (Singh et al., 2011;
Yuzenkova et al., 2011; Warman et al., 2021). Additional promoter elements enhance
promoter strength. The extended -10 element (5'-TG-3') immediately upstream of the -10
element interacts with the sigma factor to stabilise polymerase:DNA interactions (Barne et al.,
1997). The UP element, found upstream of the -35 element, is found at some promoters. The
UP element (5'- AAAWWTWTTTNNNAAANN -3'), targeted by the o subunit C-terminal
domain (aCTD), is the only specific promoter element that is recognised by core RNAP (Ross
et al., 1993; Estrem et al., 1998). UP elements increase promoter activity up to 30-fold (Rao et

al., 1994).

1.1.2.2. Initiation

DNA downstream of the -10 element, notably the region of -2 to +2, interacts with RNAP to
introduce a 17° bend in the DNA, positioning the downstream promoter DNA above the DNA-
binding cleft of RNAP (Chen et al., 2020). Melting, or unwinding, of around 12 bp of the DNA
surrounding the TSS then occurs to produce the ‘open complex’ (deHaseth, Zupancic and
Record, 1998; Tsujikawa, Tsodikov and deHaseth 2002; deHaseth, 2003). During open
complex formation, the -10 element is recognised specifically, with the adenine of position 2
and thymine of position 6 being flipped into a specific pocket of the sigma factor (Feklistov
and Darst, 2011; Bae et al., 2015). Promoter melting is coupled with the downstream DNA
duplex moving into the RNAP cleft, whilst the single stranded template DNA of the
transcription bubble is loaded into the RNAP active site (Boyaci et al., 2019). This allows the
TSS to be positioned at the catalytic centre of the active site. Recent work has shown that the

transition between the closed complex and open complex can proceed in a single step or involve



a short-lived intermediate state (Malinen et al., 2022). The intermediate arises due to an

incompatible conformation regarding loading the template strand into the active site cleft.

The initiating nucleoside triphosphate (NTP) is placed into the active site to form the ‘initiating
complex’ (Kapanidis et al. 2006; Revyakin ef al. 2006). Ribonucleic acid (RNA) synthesis
begins with the formation of phosphodiester bonds between adjacent NTPs (Steitz, 1998). As
phosphodiester bond formation continues, the template strand of DNA moves into the active
site 1 bp at a time and is accommodated there, a process known as ‘scrunching’ (Kapanidis et
al. 2006). This continues to produce longer RNA transcripts. The mechanism is similar to a
spring, in which the ‘scrunched’ DNA eventually springs out to release free energy and RNAP
is returned to the promoter open complex state (abortive initiation) or escapes the promoter
(elongation) (Arnaud-Barbe et al, 1998; Feklistov et al., 2014; Henderson et al., 2017).
Abortive initiation, whereby small RNA molecules are released, may occur repeatedly before
the elongation phase of transcription is reached. The elongation phase is reached when the
RNA molecule extends beyond approximately ten nucleotides, and the polymerase forms the
‘elongation complex’ (Korzheva et al., 2000). Conformational changes then occur in the

holoenzyme to allow release of the sigma factor (Murakami and Darst, 2003).

1.1.2.3. Elongation

Polymerase translocates along the DNA to catalyse elongation of the RNA chain by acting as
a 'ratchet' device alongside substrate DNA (Averall et al., 2001). The transcription elongation
complex is extremely stable, and transcription can proceed at 30-100 nucleotides per second
(Levin, Krummel and Chamberlin, 1987). The rate of elongation is regulated by additional
elongation factors known as NusA and NusG (Borukhov, Lee and Laptenko, 2005). These two

proteins are essential in E. coli and have been demonstrated to have opposing effects on the



rate of elongation: NusG increases the rate of elongation, whereas elongation is slowed by

NusA.

Both NusA and NusG physically interact with the RNAP core and Rho factor (Burns,
Richardson and Richardson, 1998; Straul3 et al., 2016). NusA, a 55 kDa protein, decreases the
elongation rate by increasing polymerase pausing at natural pause sites, as well as Rho-
dependent pause sites (Kassavetis and Chamberlin, 1981; Keseler et al., 2017). Additionally,
NusA has been found to increase the efficiency of termination (Schmidt and Chamberlin,
1987). NusG, a 21 kDa protein, forms part of the antitermination complex (Li et al., 1992).
The complex prevents premature termination of RNA synthesis by disregarding numerous
intrinsic termination signals in favour of Rho-dependent termination sites (Weisberg and
Gottesman, 1999; Said et al., 2017). The opposing activities of NusA and NusG have been
demonstrated to be non-competitive and therefore the proteins interact with different sites of

RNAP and Rho (Burns, Richardson and Richardson, 1998; Straul} ez al., 2016).

1.1.2.4. Termination

Elongation continues until RNAP encounters a termination signal (Yarnell and Roberts, 1999).
This can either be an intrinsic termination signal or a protein termination factor. Intrinsic
termination, also known as factor-independent termination, involves a GC-rich hairpin
structure within the mRNA (Yarnell and Roberts, 1999). The high proportion of guanine and
cytosine bases result in the formation of hydrogen bonds and a stable hairpin structure. The
GC-rich sequence is closely followed by a chain of uracil bases. As a result of a temporary
pause at the hairpin, and weak uracil-adenine bonds, RNAP dissociates completely from the

DNA to terminate transcription.



Termination factors include Rho, NusA, Tau and Mfd (Roberts, 1969; Whalen, Ghosh and Das,
1988; Briat et al., 1987; Park, Marr and Roberts 2002). Rho-dependent termination is an
important mechanism in Gram-negative bacteria. Rho, an ATPase-dependent helicase, binds
to the rho utulisation site (rut) in the mRNA (Hart and Roberts, 1994; Zhu and von Hippel,
1998). This site is an extended region of single-stranded RNA (ssRNA) that is rich in cytosine
and poor in guanine. Recent cryogenic electron microscopy (cryo-EM) structures of the pre-
termination complex reveal that Rho contains a central channel that accommodates mRNA
(Molodtsov et al., 2022). Sequence-specific interactions are made between mRNA and Rho: 6
bp interact with the central channel and an additional 60 bp interact specifically with the
exterior of Rho. The protein factor is oriented relative to RNAP to allow mechanical
translocation along the mRNA, towards the 3" end. Rho reaches the RNA-DNA hybrid and
uses helicase activity to unwind the duplex structure. The RNA transcript is released from the
DNA and RNAP is removed. In both cases, once polymerase dissociates from the DNA, it can

re-bind a sigma factor to begin the transcription cycle once again (Murakami and Darst, 2003).

1.1.3. RNA polymerase

In Gram-negative bacteria, the RNAP core enzyme has a total molecular mass of around 400
kDa, and is made up of five subunits: B, B' ®, and two o subunits (Figure 1.3) (Buck et al.,
2000a). The multi-subunit molecule has a crab-claw structure formed of the large  and P’
subunits (1342 and 1407 residues, respectively) (Korzheva et al., 2000). The claw structure is
also known as the B-clamp and can switch from an open conformation to a closed conformation
with the help of the hinge region located at the base of the clamp. The pincer opens for DNA
loading and closes for transcription initiation. The active site channel, which accommodates

the DNA double helix, is found within the B-clamp. Within the active site is a catalytic Mg>*
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Figure 1.3. Schematic showing subunits of the RNAP holoenzyme.

A. Crystal structure of RNAP complexed with ¢’ (Murakami et al., 2013). Subunits are
coloured according the the key. Image generated using PYMOL. B. The 3 and ' subunits are
shown in pink and orange, respectively. The a are in red. aCTD interacts with the UP element
found in some promoters. The ® subunit is shown in purple. The sigma factor is shown in pale
yellow and consists of 4 subunits. o4 and 6> interact with the -35 and -10 elements, respectively.
o3 binds to the extended -10 element. Adapted from Browning and Busby, 2004. Part B created

with Biorender.



ion held in place by three aspartate (Asp) residues (Darst et al., 1989; Zhang et al., 1999,
Murakami et al., 2002; Murakami, 2013). The active site contains a bridge helix that, alongside
substrate DNA, acts as a ‘ratchet’ device (Averell ef al., 2001). The ‘ratchet’ allows movement

of the B-subunits to drive elongation (Bar-Nahum et al. 2005; Hein and Landick, 2010).

The identical a subunits (329 residues) are comprised of two independently folded domains
(aNTD and aCTD). These domains are joined by a flexible linker of 13 to 15 amino acids (Jeon
et al. 1997). aNTD (residues 8-235) is involved in the assembly of the core enzyme: the two
oNTD domains form a dimer and the other polymerase subunits assemble around them
(Igarashi, Fujita and Ishihama, 1991). As noted above, aCTD (residues 249-329) plays a role
in promoter recognition (Burgess et al., 1969; Gourse, Ross and Gaal, 2000). aCTD dimerises
and can recognise UP elements of promoters by binding of residue R265 to the minor groove
of DNA (Ross et al., 1993; Blatter et al., 1994). It should be noted that, although the o subunits
play a role in promoter recognition, the sigma factor is still required. Thus, sequence-specific

transcription initiation can only occur with the full holoenzyme.

In comparison, the small @ subunit (91 residues) has no direct role in transcription. Instead it
acts as a chaperone to assist correct folding of the B’ subunit (Hampsey, 2001). Many studies
have demonstrated that ® is not essential (Gentry and Burgess, 1989; Kojima et al., 2002;
Mathew and Chatterji D, 2006). However, the ® subunit has been demonstrated to facilitate
small molecule ppGpp binding to RNAP. Therefore, ® has an important role in gene expression
patterns during the stringent response in certain bacteria (Martucci et al., 2012; Gunnelius et

al.,2014; Weiss et al., 2017).
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1.1.4. Sigma factors

Bacteria have a range of sigma factors that recognise distinct sets of promoters in response to
different environmental stimuli (Gruber and Gross 2003; Feklistov et al. 2014). This is
important in stress-response, allowing rapid alteration of transcriptional output. The
predominant sigma factor is known as the housekeeping sigma factor. This is essential for
viability of the cell and recognises the majority of promoters under ‘normal’ conditions.

Alternative sigma factors bind a smaller set of promoters.

Recognition of -10 and -35 elements is an important activity of the housekeeping sigma factor
and is the vital step in promoter recognition (Figure 1.4). At the -35 site, the sigma factor
interacts with the major groove of DNA from -37 to -30 (Campbell et al., 2002). Sequence-
specific interactions are important in positioning and fixing the RNAP holoenzyme at the
promoter. Conversely, the -10 element interacts with the sigma factor non-specifically by
phosphate-backbone interactions (Feklistov and Darst, 2011; Chen et al., 2020). Specific

interactions occur after DNA opening.

1.1.4.1. The housekeeping sigma factor in E. coli

The housekeeping sigma factor in E. coli is 67°, also known as RpoD (Gruber and Gross, 2003).
There are 1643 binding targets of 6’ on the E. coli genome (Helmann and Chamberlin, 1988;
Cho et al., 2014). 6'°is formed of 4 domains, connected by flexible linker regions (Campbell

et al., 2002). Each domain interacts with specific promoter elements.

Domain 1 (c') interacts with the discriminator region, located between the -10 element and the

TSS (Mekler et al., 2002). Binding of the discriminator region induces a conformational change

in the holoenzyme facilitating DNA access to the active site only after promoter recognition.
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Figure 1.4. Promoter elements in bacteria.

The consensus sequence of each promoter element is shown, as well as their relative position
compared to the TSS (+1). Sigma factor is shown in yellow. Binding of the sigma factor
domains to promoter element is demonstrated: domains 1-4 interact with the discriminator
region, -10 element, extended -10 element and -35 element, respectively. The aCTD of RNAP

(red) interacts with the UP element found in some promoters.
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Domain 2 (c?) is used in non-specific interactions with the -10 element, in which the -10
element DNA is attracted to a basic channel on the surface of the holoenzyme (Chen et al.,
2020). Domain 3 (¢?) interacts with an extended -10 element (Gross ef al., 1998). Domain 4
(c*) forms the important sequence-specific interactions with the -35 element (Chen et al.,
2020). Binding of ¢’ to the core RNAP enzyme is facilitated by o?> and o*. Firstly, a
hydrophobic pocket of o* interacts with a conserved a-helix of the B-subunit (Campbell ez al.,
2002; Murakami and Darst, 2003). Following this, ¢? interacts with a coiled-coil of the B-

subunit.

1.1.4.2. Alternative sigma factors of E. coli

E. coli has 6 alternative sigma factors, which respond to different environmental stimuli and
recognise distinct subsets of promoters (Table 1.1). All sigma factors, with the exception of
o4, are members of the ¢’ family (Merrick, 1993). The ¢’° family sigma factors are structurally
related, and often have overlapping but distinct groups of promoter recognition sites. The
number of promoters recognised by alternative sigma factors differs greatly, between 7
promoters (¢'?) and 903 promoters (c®) (Gruber and Gross, 2003; Maeda, Fujita and Ishihama,
2000; Cho et al., 2014). It should be noted that ¢'° was originally thought to bind 1 promoter.
Recent evidence suggests that this alternative sigma factor actually binds 7 promoters (Cho et

al., 2014).

o8, or RpoS, is a key alternative sigma factor of E. coli, and is important in adaptation to
stationary phase of growth and starvation response (Lange and Hengge-Aronis 1994, Mandel
and Silhavy 2005; Rahman ef al., 2006). Environmental stresses, such as nutrient availability
or entry into stationary phase growth, cause an increase in o°® activity, due to an interaction

with sigma factor binding protein Crl (Figure 1.5) (Pratt and Silhavy 1998; Bougdour, Lelong
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Table 1.1. ¢ factors produced by E. coli.

The alternative name for each sigma factor is included, along with function and the reported
number of binding site (Maeda et al., 2000; Gruber and Gross, 2003). Note that Fecl has been
hypothesised to only have 1 binding site, but newer ChIP-chip evidence suggests 7 Fecl
binding sites (Cho et al., 2014).

o factor Function Number of binding sites
o’/ RpoD Housekeeping o 1643
factor for general gene expression
o*%/ RpoS Starvation / stationary phase 903
o2/ RpoH Heat shock 312
o>/ RpoN Nitrogen metabolism 180
o?*/ RpoE Extracytoplasmic stress e.g. heat, extracellular 65
proteins
o?® / RpoF Flagellar assembly 51
c'? / Fecl Iron starvation 7

14
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Figure 1.5. Regulation of sigma factor switching between ¢’° and ¢ under starvation or

stationary phase conditions.

In the presence of a stress response signal, 67° is sequestered by binding of protein Rsd to free

c’® and binding of RNAP-c"° to 6S RNA. Simultaneously, 6% is recruited by sigma factor

binding protein Crl. 6°® binds to RNAP to activate stress response genes, including poS in a

positive feedback mechanism. Once the stress response signal is absent, free 6°% is degraded by

protease ClpXP (Zhou and Gottesman, 1998). ¢’° is released from Rsd and 6S RNA and

remaining ¢ is outcompeted for RNAP binding. Transcription of housekeeping genes is

resumed. Created with Biorender.
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and Geiselmann, 2004). Simultaneously, ¢’ activity is reduced via an interaction with anti-
sigma factor Rsd (Jishage and Ishihama, 1998). It has been suggested that sequestration of ¢7°
by Rsd requires crosstalk with non-coding 6S RNA, as Rsd alone appears to only have a minor
effect on transcription (Lal, Krishna and Seshasayee, 2018; Rahman, Hasan and Shimizu,
2006). Crl and Rsd proteins redirect transcription towards stress response genes. Studies have

demonstrated that *® regulates approximately 23 % of the E. coli genome (Wong et al., 2017).

o*is structurally unrelated to the other sigma factors in E. coli. 6°* does not interact with -10
or -35 elements, but instead interacts with -12 and -24 positions on specific promoters
(Wigneshweraraj et al., 2008). The ¢>* holoenzyme requires additional DNA-binding proteins;
integration host factor (IHF) and enhancer binding proteins (Buck et al., 2000b; Colland et al.,
2000). ITHF binds to specific DNA sequences to cause bending of the DNA (Friedman, 1998).
Bending of the DNA allows the 6°* holoenzyme to interact with an upstream ATP-dependent

enhancer to allow the formation of an open complex (Yang et al., 2015).

1.2. Regulation of transcription

1.2.1. Molecular mechanisms of transcriptional regulation

Transcription in bacteria must be highly regulated to allow variation in the expression of genes
at the appropriate time. There are various mechanisms by which transcription is regulated:
chromosomal structure, promoter sequence, sigma factors, small molecules, and transcription

factors (Figure 1.6).

1.2.1.1.Chromosomal structure
Most bacteria contain a single circular chromosome of double-stranded DNA (dsDNA)

(Holmes and Jobling, 1996). In a relaxed form, DNA is usually negatively supercoiled and one
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Figure 1.6. Schematic demonstrating different transcription regulatory mechanisms in
bacteria.

A. Chromosomal structure can affect transcription from promoters due to DNA bending,
wrapping and supercoiling. Nucleoid-associated proteins (NAPs) (e.g. H-NS) bind to
sequences within DNA to change DNA topology and further genome condensation. H-NS is
shown in cyan to bind AT-rich sequences. B. Promoter sequences themselves act to regulate
transcription. Some promoters have optimal promoter elements and additional promoter
elements to recruit RNAP. Other promoters do not have optimal promoter elements and are not
favoured by RNAP. These promoters often require additional regulators to increase
transcription. C. Sigma factors have specific sets of promoters that they bind. The
housekeeping sigma factor may be displaced by an alternative sigma factor under
environmental stress to cause a change in transcription. 6'° (blue) displaces ¢’° (yellow) under
iron starvation conditions to redirect RNAP towards transcription of iron starvation genes. D.
Small molecules can bind to RNAP to affect activity. ppGpp (blue) interacts with RNAP bound
to DnaK suppressor (DksA) (purple) to destabilise open complex formation at certain genes,
including rn P1 which encodes ribosomal RNA (Gaal et al., 1997; Dalebroux and Swanson,
2012). E. Transcription factors can interact with RNAP to affect the rate of transcription. A

transcriptional activator is shown in green to recruit RNAP by binding aCTD.
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complete turn of the DNA helix is 10.5 bp (Rhodes and Klug, 1981). Negative supercoiling is
advantageous as it aids in compaction of DNA into the bacterial cell, as well as facilitating
strand unwinding during replication and transcription (Stuger et al., 2002; Witz and Stasiak,
2010). The shape of DNA can be changed by further supercoiling, bending or wrapping.
Nucleoid-associated proteins (NAPs) interact with DNA to change DNA topology (Dorman
and Dillon, 2010). Examples of NAPs include Factor for Inversion Stimulation (Fis) and
histone-like nucleoid-structuring (H-NS) protein. H-NS binds to AT-rich regions and
oligomerises, resulting in bending of the double helix (Navarre ef al., 2006; Lang et al., 2007).
Clusters of H-NS are able to interact to cause genome condensation. Variable DNA
supercoiling is a fundamental principle in controlling gene expression, likely due to changes in

the distribution of RNAP.

1.2.1.2. Promoter sequences

Promoter sequences act themselves as regulators of genes. Genes are expressed at different
levels because some promoters have low basal activity, or no activity at all. This is largely
based on the sequences of the -10 and -35 element sequences (Campbell et al., 2002).
Additional promoter elements increase promoter activity; many of the strongest bacterial
promoters contain UP elements whereas weak promoters have UP elements with low consensus
sequence or no UP element at all (Gourse, Ross and Gaal, 2000; Browning and Busby, 2016).
The strength of promoters determines the distribution of RNAP, therefore determining the
extent of gene expression. This type of regulation is a static mechanism that allows genes to be
expressed correctly under ‘normal’ conditions. It does not enable gene expression changes in

response to environmental stimuli.
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1.2.1.3.Sigma factors

Sigma factors alter the binding specificity of polymerase by alternating between the
housekeeping sigma factor and alternative sigma factors. Sigma factor regulation is an
excellent example of how gene expression changes in response to environmental stimuli.
Sigma factors themselves can be regulated by anti-sigma factors and non-coding RNA
molecules, which sequester ¢, enabling an alternative sigma factor to bind polymerase (Lal,
Krishna and Seshasayee, 2018; Rahman, Hasan and Shimizu, 2006). It has recently been
determined that phosphorylation of alternative sigma factors acts as an additional regulation
mechanism. It is proposed that some alternative factors are in an inactive state until they are
phosphorylated (Iyer et al., 2020). Once phosphorylation occurs, the sigma factor can bind

RNAP.

1.2.1.4. Small molecules

Small ligands are able to contact RNAP to cause changes in transcriptional patterns. For
example, ppGpp, a small molecule that plays a role in stringent response, interacts with RNAP
and works by destabilising the open complex at some promoters (Ross et al., 2013; Barker et
al., 2001). The promoters targeted by ppGpp are mainly those that express genes required for
the ribosome, the translation machinery. By preventing transcription of such genes, translation

of all RNA in downregulated.

Additionally, the availability of nucleotides can act as a regulatory mechanism. For instance,
the genes encoding curli fibres, which are involved in extracellular adhesion and cell
aggregation, have been reported to be modulated by the intracellular nucleotide concentration
(Garavaglia, Rossie and Landini, 2012). This may act through additional sensor proteins, or

through a signalling molecule, such as c-di-GMP (Weber et al., 2006). Another example is that
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of ribosomal RNA (rRNA), which encodes the RNA component of the ribosome. Transcription
of rRNA requires a high concentration of NTPs, and therefore a low availability of NTPs acts
as a limiting step in transcription of rRNA, and therefore translation of other genes (Gaal et al.,

1997).

1.2.1.5. Transcription factors

Transcription factors are important proteins that interact with the promoter and cause up- or
downregulation of transcription (Babu and Teichmann, 2003). E. coli contains an estimated
314 different transcription factors (Pérez-Rueda and Collado-Vides, 2000). The proteins bind
specific binding sites within the promoter DNA, known as ‘operator’ sequences (Robison,
McGuire and Church, 1998). Binding to a specific operator sequence allows regulation of
specific promoters only, similar to regulation by sigma factors. Transcription factors often bind
as multimers (Robison, McGuire and Church, 1998). The proteins can cause activation or
repression of transcription initiation. Some transcription factors can act as both an activator
and repressor depending on the promoter and operator sequence they bind (Pérez-Rueda and

Collado-Vides, 2000).

Some transcription factors bind a wide range of promoters, thereby regulating large numbers
of genes. In E. coli, it is estimated that 50 % of regulated genes are controlled by 7 global
transcription factors (CRP, FNR, IHF, Fis, ArcA, NarL and Lrp) (Vicente, Chater and De
Lorenzo, 1999; Martinez-Antonio and Collado-Vides, 2003; Perrenoud and Sauer, 2005). In
contrast, specific transcription factors regulate only a small set of promoters, with only 24

single-target regulators reported in E. coli K-12 (Shimada et al., 2018; Shimada et al., 2021).
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Transcription factors are grouped into families based on sequence, structure and function
(Pérez-Rueda and Collado-Vides, 2000). Common families include the LuxR family, OmpR
family, Lacl family, LysR family, AraC/XylS family, and CRP family. Briefly, the CRP family
will be discussed as this family are the best-studied transcription factors and have historically
been known as the paradigm of transcriptional regulators, as well as AraC family transcription

factors, which are the topic of research throughout this work (Kolb ef al., 1993).

CRP family: The cyclic AMP receptor protein (CRP) family of transcription factors respond
to a variety of stress signals, including temperature and oxidative stress (Jeong, Baumlerb and
Kaspar, 2006; Uppal et al., 2011; Li et al., 2002). The best-known member of the CRP family
is CRP, which has a regulon of around 200 genes in E. coli (Figure 1.7) (Zheng et al., 2004).
Many CRP-regulated genes encode proteins involved in catabolism. Fumarate and nitrate
reductase regulator protein (FNR) is another member of the CRP family, which regulates genes
involved in the response to a lack of oxygen (Shaw, Rice and Guest, 1983). These transcription
factors are characterised by a C-terminal helix-turn-helix (HTH) DNA-binding motif and an
N-terminal domain to bind effector molecules, such as cyclic AMP (cAMP) (Weber and Steitz,
1987; Korner, Sofia and Zumft, 2003). CRP forms dimers of two identical subunits (Lawson
et al., 2004). Dimerisation requires hydrophobic interactions between amino acids in the N-
terminal domain. Subsequently, the dimer binds cAMP to bring the C-terminal domain into an
optimal position to interact with DNA. CRP-cAMP interacts with the major groove of DNA
(Lawson et al., 2004). There are three activating regions (AR 1-3) on the surface of CRP, which
make contacts with the RNAP holoenzyme (Busby and Ebright, 1999; Benoff et al., 2002).
Thus, activation by CRP results in increased RNAP binding, and therefore elevated promoter

activity.
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Figure 1.7. The CRP transcription factor.

CRP is shown in yellow and orange. cAMP is shown in red. A. Crystal structure of CRP
complexed with cAMP and DNA (Schultz, Shields and Steitz, 1991). CRP-cAMP binds with
DNA as a dimer. DNA shown in grey. Image generated using PYMOL. B. cAMP binding to
CRP causes activation of the transcription factor. C. CRP bound to DNA can recruit RNAP for
activation of transcription. An example of this is the /ac operon. Panel C created with

Biorender.
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AraC/XylS family: The AraC family constitutes 830 members across a wide range of Gram-

negative bacteria (Egan, 2002). Some of these transcription factors are specific and some
regulate a vast array of genes. The proteins are involved in stress response, pathogenesis, and
carbon metabolism. In E. coli, there are several well-characterised AraC family transcription
factors: AraC, MeIR, MarA, SoxS and Rob (Greenblatt and Schleif, 1971; Howard et al., 2002,
Duval and Lister, 2013). MarA, SoxS and Rob are multidrug resistance regulators, which play
a vital role under antimicrobial stress. RamA is an additional multidrug resistance regulator
that is not found in E. coli, but is important in other Gram-negative bacteria (George, Hall and
Stokes, 1995; van der Straaten et al., 2004). Typically, these regulatory proteins are
characterised by a conserved 100 amino acid C-terminal DNA-binding domain containing two
HTH motifs that bind asymmetrical sites (Rhee et al., 1998; Grainger et al., 2003). The N-
terminal domain is approximately 200 amino acids, and acts to sense ligands. These DNA-
binding proteins are highly similar and recognise the same DNA target site, although Rob
differs in that it contains an additional C-terminal domain and binds more degenerate sequences
(Martin et al., 1999; Kwon et al., 2000). Some AraC family proteins contain an additional N-

terminal dimerisation domain to enable oligomerisation (Soisson et al., 1997).

1.2.2. Transcriptional activation

Transcriptional activators stimulate transcription by increasing RNAP binding to promoters.
They often target promoters with low, or no, basal activity. There are four main mechanisms
by which activators recruit RNAP: Class I and Class II activation, indirect mechanisms,

including remodelling of promoter DNA, and anti-repression (Figure 1.8).

1.2.2.1.Class I activation

Class I activation targets operator sequences upstream of the -35 element (Ebright, 1993).
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Figure 1.8. Schematic demonstrating mechanisms of activation in bacteria.

Activator proteins are shown in green, and in the schematic we are assuming they are binding
as dimers. Repressor proteins are shown in red. A. Class I Activation: the activator binds to a
site upstream of the -35 element and is able to contact aCTD of RNAP. B. Class II activation:
the activator binds next to, or overlapping with, the -35 element and contacts domain 4 of the
sigma factor within the RNAP holoenzyme. C. Promoter remodelling: activators, including
NAPs, can bind to the promoter to remodel the -10 and -35 elements into an optimal structure
for binding polymerase. D. Anti-repression: activators can bind to transcriptional repressors to
inhibit their repressing activity. Adapted from Browning and Busby, 2004. Created with

Biorender.
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The activator recruits RNAP by direct contact with aCTD (Chen, Tang and Ebright, 2003). An
example of Class I activation is CRP activation of the lac promoter (Gaston et al., 1990; Landis,
Xu and Johnson, 1999). It has been noted that Class I activation is more efficient with an

optimal UP element (Zhou et al., 2014).

1.2.2.2. Class II activation

Class II activation targets operator sequences overlapping with the -35 element. The activator
contacts o* and, often, the aCTD and aNTD of RNAP (Belyaeva et al., 1996; Busby and
Ebright, 1999; Dove, Darst, and Hochschild, 2003). This interaction results in recruitment of
RNAP to the promoter. The DNA-activator interaction means that aCTD cannot bind to the
usual binding site and may bind further upstream. An example of Class II activation is CRP

activation of the gal/ promoter (Gaston et al., 1990).

1.2.2.3. Class III activation

Class III promoters require multiple activators for full activation. Two transcription factors
may work together to activate transcription, and this can be a combination of Class I and Class
I mechanisms. This easily permits a response to multiple environmental stimuli. An example
of Class III activation is of the ansB promoter. Co-activation is achieved by binding of CRP
and FNR to binding sites at -91 and -41 bp, respectively (Scott, Busby and Beacham, 1995).
Binding induces promoter activity by RNAP recruitment by both Class I and Class II

mechanisms.

1.2.2.4.Indirect activation

Class I and Class II activation require a direct interaction between the activator and polymerase.

However, there are mechanisms that indirectly recruit polymerase. One such mechanism has
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been previously discussed: NAPs can induce changes in DNA topology to enable a change in
RNAP activity. Bending, wrapping or looping of the chromosome may increase access to
RNAP by enabling optimal spacing of promoter elements. An example of this is integration
host factor (IHF), which is known as a DNA-bending protein (Parekh and Hatfield, 1996). IHF
binds an upstream activating sequence within the i{/vPG promoter to alter to structure of the
DNA helix surrounding the -10 element. This is proposed to increase the efficiency of open

complex formation at this promoter.

Another mechanism of indirect activation is anti-repression. In this case, activators can interact
with transcriptional repressors to lift repression. For instance, the YcgF activator binds to
repressor protein YcgE to release it from the promoter of YcgE-regulated genes, including
ymgA and ymgB, which activate biofilm formation through a complex phosphorelay system

(Tschowri, Busse and Hengge, 2009).

1.2.3. Transcriptional repression

There are four key ways that transcriptional repressors inhibit or decrease gene expression:
steric hindrance, remodelling of promoter DNA, interaction with RNAP and anti-activation
(Figure 1.9). Repression can be caused by one, or a combination, of these mechanisms

(Browning and Busby, 2004).

1.2.3.1.Steric hindrance

Predominantly, transcriptional repression is via steric hindrance, in which a repressor protein
blocks DNA access to RNAP by binding over the -10 or -35 elements (Browning and Busby,
2004). An example of steric hindrance is seen with the Lacl repressor (Lewis, 1996). There

may be multiple adjacent binding sites, increasing repression of that particular promoter.
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Figure 1.9. Schematic demonstrating mechanisms of repression in bacteria.

Repressor proteins are shown in red and activator proteins are shown in green. A. Repression
by steric hindrance: promoter recognition sites are blocked by the repressor. B. Repression by
anti-repression: Repressor proteins can bind to activators directly or to promoter DNA,
blocking the activator operator sequence. C. Repression by changes in DNA topology: DNA
remodelling is important in giving RNAP access to the promoter. One mechanism that causes
repression is DNA looping. D. Repression by a direct interaction with polymerase: some
repressors can directly bind RNAP to block activity. Adapted from Browning and Busby, 2004.

Created with Biorender.
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1.2.3.2.DNA looping

Alternatively, there can be operator sequences at distal sites; repressors bound to distal sites
can interact with each other to cause DNA looping, thereby blocking RNAP access to the
promoter. The combination of steric hindrance and DNA looping increases the strength of the
transcriptional repressor (Swint-Kruse and Matthews, 2009). The GalR repressor causes such
DNA looping. Repression by chromosomal rearrangement, via the activity of NAPs, is also a

form of repression by DNA looping.

1.2.3.3. Repression by polymerase binding

Repressors can directly interact with RNAP to inhibit transcription (Adhya, 2001). One
example of this is protein Gp2 encoded by phage T7, which infects E. coli (Camara et al., 2010;
Bae et al., 2013). The protein interacts with the ¢! subunit and B’ jaw of the RNAP holoenzyme
to occupy part of the active site channel. This sterically blocks the correct positioning of DNA
in the channel to prevent open complex formation. As some repressors directly interact with
polymerase, they may also target transcription elongation, as well as initiation. NusA and NusG
are examples of transcription factors that interact with RNAP (Burns, Richardson and
Richardson, 1998). As previously discussed, NusA interacts with RNAP to decrease the

elongation rate.

1.2.3.4. Anti-activation

Some transcriptional repressors act as anti-activators; that is, they bind to transcriptional
activators to block their activity (Browning and Busby, 2004). The CytR repressor can
simultaneously interact with DNA and CRP to block the activator binding to aCTD of RNAP

(Valentin-Hansen et al., 1996).
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1.3. Antibiotic resistance in Gram-negative bacteria

The introduction of antibiotics into the clinic has revolutionised medicine and increased life
expectancy (Adedeji, 2016). Administration of antimicrobial agents, alongside vaccination, has
led to a significant reduction in the morbidity and mortality rates of communicable diseases.
Unfortunately, bacteria can acquire resistance to drugs due to spontaneous mutations or
acquisition of novel DNA. This can increase their ability to resist the inhibitory or killing
effects of antibiotics and, due to selection pressure, these bacteria multiply to lead to
widespread resistance. Increasing multidrug resistance has been accelerated by the overuse of
antibiotics in the healthcare and agriculture settings, as well as a decrease in drug development
by largescale pharmaceutical companies. It is estimated that by the year 2050, there will be
approximately 10 million deaths per year attributable to antimicrobial resistance (O’Neill,
2014). The antibiotic resistance phenomenon is an increasing problem in both the community
and hospital settings (Ventola, 2015). In particular, Gram-negative bacteria form the majority
of multidrug resistant bacteria; this is especially prominent in the hospital setting where
‘superbugs’ have arisen that are resistant to all known antibiotics (Boucher et al., 2009;

Hampton, 2013).

1.3.1. The definition of clinical resistance

Bacteria can be divided into three categories based on their level of susceptibility to any
particular antibiotic (Rodloff et al., 2008). These categories, or clinical breakpoints, are"
susceptible", "intermediate" and "resistant". Clinical breakpoint concentrations consider both
the minimum inhibitory concentration (MIC) and pharmacokinetics to establish the true
effectiveness of clinical use (EUCAST, 2023). A bacterial strain is "susceptible" to an

antibiotic when it is effectively inhibited with therapeutic success. Microorganisms are deemed

"intermediate" when the level of antimicrobial activity of a given antibiotic is associated with
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uncertain therapeutic effect. "Resistant" strains are defined as having a high likelihood of
therapeutic failure for a particular antibiotic, or a range of antibiotics in the case of multidrug

resistant isolates.

1.3.1.1. Resistance and tolerance

Resistance results in the ability of a microorganism to grow at high concentrations of an
antibiotic, and therefore the MIC is high. In contrast, "tolerant" bacteria can survive antibiotic
treatment for prolonged periods (Balaban et al., 2013). This may be due to slowing down an
essential bacterial process. For instance, tolerance to B-lactams can occur in slow-growing
bacteria, associated with slower cell wall biosynthesis (Tuomanen et al., 1986). This results in
a longer treatment duration regardless of the antimicrobial concentration. Hence, the MIC can
remain unchanged. Tolerance can be acquired by environmental conditions, such as nutrient
deprivation that slows cell growth, or through mutations (Brauner et al., 2016; Levin-Reisman

et al., 2019).

1.3.1.2. Intrinsic and acquired resistance

Bacteria can be intrinsically resistant to an antibiotic, or they may acquire resistance due to
mutations or horizontal gene transfer (Nikaido, 1994; Cox and Wright, 2013). Intrinsic
resistance is defined as resistance due to pre-existing characteristics. For instance, the outer
membrane of Gram-negative bacteria provides a permeability barrier that some molecules are
unable to penetrate (Vance and Vance, 1996). Another example of intrinsic resistance is the
activity of efflux pumps that actively remove antibiotics from the cytoplasm (Livermore, 2003;
Randall et al., 2013). As well as intrinsic resistance, bacteria can acquire resistance to
antibiotics due to the acquisition of genetic material that confers resistance. Mechanisms of

acquired resistance are explored below.
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1.3.2. Mechanisms of multidrug resistance

There are several major mechanisms by which bacteria can resist the activity of antibiotics:
inactivation of the drug, alteration of the drug target, decreased accumulation of the drug,
protection of the drug target and target bypass (Jovanovi¢ et al., 2008; Darby et al., 2023).
Multidrug resistance is most often caused by a combination of mechanisms, providing high

levels of resistance to multiple antibiotics.

1.3.2.1. Inactivation of antibiotics

Bacteria can produce enzymes that modify the structure of antibiotics or destroy them
completely. For instance, resistance to ciprofloxacin, and other quinolone antibiotics, is often
caused by a plasmid-encoded acetyltransferase that can inactivate the drug by acetylation (Tran
and Jacoby, 2002). Inactivation may also occur through other modifications, such as

phosphorylation or adenylation (Munita and Arias, 2016).

1.3.2.2. Alteration of the drug target

Alteration of the target of the antibiotic is a common mechanism of resistance in bacteria.
Resistance to glycopeptide antibiotics, such as vancomycin, is often achieved by the activity
of enzymes encoded by the vand and vanB gene clusters. The enzymatic activity of these
proteins modifies the peptidoglycan precursor D-Ala-D-Ala to D-Ala-D-Lac, which
vancomycin binds with much lower affinity. The presence of these gene clusters is being
increasingly noted in clinical isolates of a range of bacteria (Hashimoto et al., 2018; Kutkowska

et al., 2019; Shanmugakani et al., 2020).
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1.3.2.3. Decreasing intracellular antibiotic concentration

Another mechanism of resistance is to decrease the intracellular antibiotic concentration,
through either reduced uptake of a drug or increased efflux. It should be noted that Gram-
negative bacteria already have an advantage due to their outer membrane (OM) acting as an

additional barrier.

Reducing antimicrobial uptake: Resistance to f-lactam antibiotics, such as penicillin, is often

due to loss of porins OmpF and OmpC. These proteins form pores through cellular membranes
to allow small hydrophilic molecules into the cytoplasm (Nikaido, 1992). Therefore,
downregulation of the ompF and ompC genes leads to decreased membrane permeability and
reduced accumulation of B-lactams. This mechanism of resistance has been understood for
many years but has recently been noted increasingly in clinical strains (Harder, Nikaido and
Matsuhashi, 1981; Majewski et al., 2020; Chetri et al., 2020). Of significance, some clinical
isolates that are resistant to carbapenems, current last resort antimicrobials, have been

demonstrated to downregulate ompF and ompC (Majewski et al., 2020).

Removal of antibiotics from the cytoplasm by efflux pumps: Efflux of drugs, and other small

molecules, is executed by specialised protein translocation systems known as membrane-
spanning efflux pumps (Marshall and Piddock, 1997). There are six major families of efflux
pumps: the ATP-binding cassette (ABC) superfamily, the small multidrug resistance (SMR)
superfamily, the multidrug and toxic compound extrusion (MATE) superfamily, the resistance
nodulation division (RND) superfamily, and the major facilitator superfamily (MFS), and the
proteobacterial antimicrobial compound efflux (PACE) family (Sun, Deng and Yan, 2014;
Hassan et al., 2015). Efflux pumps can be single-component inner membrane transporters or

tripartite complexes that span the inner and outer membranes (Neuberger, Du and Luisi, 2018).
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The majority of tripartite efflux pumps are members of the RND family. Some RND efflux
pumps have a broad specificity and are therefore responsible for the removal of multiple classes
of antibiotics, dyes and detergents via active transport (Nikaido and Pagés, 2012). It should be
noted that these molecules are not the natural substrates of efflux pumps (Piddock, 2006). It is
suggested that the natural role of efflux pumps is in virulence and biofilm formation, but they
have evolved to remove antimicrobial agents due to a combination of their natural role and
selective pressure. Efflux pumps contribute to the basal level of resistance of Gram-negative
bacteria. Efflux-associated resistance is mainly due to altered regulation of genes encoding

efflux pumps, resulting in overexpression (Yasufuku et al., 2011).

1.3.2.4. Target Protection

Bacteria can produce protection proteins that bind to the drug target and prevent drug action.
Tetracycline resistance can be caused by the TetM and TetO proteins, which interact with the
ribosome and cause release of tetracycline (Connell et al., 2003). Additionally, a
conformational change occurs in the ribosome to prevent re-binding of tetracycline (Donhofer

etal. 2012).

1.3.2.5. Target Bypass

Evolution of new targets that lead to an alternative pathway and redundancy of the original
pathway is another mechanism that causes resistance. The alterative pathway accomplishes
similar biochemical functions but is not targeted by the antibiotic (Munita and Arias, 2016).
For instance, resistance to methicillin, a B-lactam antibiotic that binds to penicillin-binding
proteins (PBPs) can be caused by the acquisition of an exogenous PBP (PBP2a) (Ubukata et

al., 1989). PBP2a has low affinity to B-lactam antibiotics and therefore is not inhibited by them.
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1.3.3. The impact of antimicrobial resistance in Gram-negative bacteria

In 2017, the World Health Organisation (WHO) published a list of antibiotic resistant priority
pathogens, and the majority of this list are Gram-negative bacteria (WHO, 2017). Those noted
as in critical need for new antibiotics include carbapenem-resistant Acinetobacter baumannii,
Pseudomonas aeruginosa and Enterobacteriaceae, which include E. coli, Salmonella and

Klebsiella pnuemoniae, amongst others.

1.3.3.1. Multidrug resistance in Escherichia coli

E. coli is a genetically diverse species that is divided into five phylogroups: A, B1, B2, D and
E (Wirth et al., 2006; Chaudhuri and Henderson, 2012). This classification is based on seven
housekeeping genes (Wirth et al., 2006). Human commensal strains, which can inhabit the
intestine without causing disease, mainly belong to group A (Escobar-Paramo et al., 2006; Li
et al., 2010). This includes the model organism E. coli K-12. Pathogenic E. coli are divided
into two main groups: intestinal pathogenic E. coli (InPEC) and extraintestinal pathogenic E.
coli (ExPEC) (Méndez-Moreno et al.,2022). The groups are sub-divided into several virotypes,
each of which encode distinct virulence factors and cause a variety of infections. For instance,
there are six known virotypes of InPEC and four known virotypes of EXPEC (Bhunia, 2018;
Pokharel, Dhakal and Dozois, 2023). Interestingly, these virotypes do not always cluster
together into phylogroups. For example, enterohaemorrhagic E. coli (EHEC) strain O157:H7
is classified into phylogroup E but EHEC strain O103:H2 is classified into phylogroup B1
(Wirth et al., 2006). Estimates suggest that the E. coli core genome contains between 867 and
2200 genes (Touchon et al., 2009; Yang et al., 2019). However, the pan-genome may contain

up to 43,415 genes (Yang et al., 2019).
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Pathogenic E. coli are a major causative agent of gastroenteritis and urinary tract infections
(UTlIs), as well as meningitis and septicaemia and a range of other infections (Johnson et al.,
2003; Kaper, Nataro and Mobley, 2004). Pathogenic E. coli remain a huge problem due to their
low infectious dose, transmission in ubiquitous mediums; such as food and water; and high
morbidity and mortality worldwide. These pathogens are the major cause of infant and
traveller’s diarrhoea in developing countries, with Enterotoxigenic E. coli (ETEC) estimated
to cause 2.5 million cases and 700,000 deaths in infants aged below 5 annually (Lamberti et al.,

2014).

Multidrug resistant E. coli strains are of critical priority. Those encoding extended-spectrum-
beta-lactamases (ESBLs) appear to be on the rise and are a major concern in UTIs (Ukah et al.
2018). Additionally, the mcr-1 gene, conferring resistance to colistin, has been identified in E.
coli clinical isolates (Liu et al., 2016; Velasco et al., 2020). This antimicrobial resistance has
been accelerated by the distribution of antibiotics without prescription in developing countries,

often those where ETEC is endemic (Chuc and Tomson, 1999).

1.3.4. The multiple antibiotic resistance (mar) phenotype

Multiple antibiotic resistance in Gram-negative bacteria is often controlled by the mar locus.
Although the mar locus alone generally does not cause clinical resistance; with the exception
of resistance to tetracycline, nalidixic acid and rifampicin; it can cause decreased sensitivity to
a large number of antibiotic classes (Alekshun and Levy 1997; Randall and Woodward 2002).
This accelerates the development of further changes in antimicrobial tolerance or acts together
with an existing resistance mechanism to increase resistance to antimicrobial agents (Cohen et
al., 1989; Tavio et al., 2010). For instance, it has been demonstrated that E. coli strains with

mar mutations develop resistance to fluoroquinolones at a faster rate than wildtype strains
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(Cohen et al., 1989). Thus, the mar locus plays a significant role in the development of clinical
antibiotic resistance. The mar locus regulates a variety of activities, including drug efflux and
porin expression. These mechanisms combined cause a reduced accumulation of antimicrobial

agents in the cytoplasm.

1.4. The marRAB operon

The mar locus is comprised of two divergent transcriptional units, marRAB and marC (Figure
1.10) (Alekshun and Levy, 1997). A central operator marQO is positioned between the two units,
and regulates marRAB expression via two promoters (Cohen, Hachler and Levy, 1993). The
operon is repressed by MarR and activated by MarA (Seoane and Levy, 1995). MarR binds as
a dimer to two 21 bp palindromic sequences within the marO operator (Martin, Nyantakyi and
Rosner, 1995). Tetracycline, the phenolic compound salicylate, and the acidic compound 1,4-
dihydroxy-2-naphthoic acid can all bind and inactivate MarR (Seoane and Levy, 1995;
Doukyu, Fujisawa and Saito, 2022). MarA binds as a monomer to a 15 bp DNA-binding

sequence known as the marbox (Jair ef al., 1995; Martin et al., 1996).

The marbox is located further upstream of the MarR operator sequence. Fis is an accessory
activator that binds upstream of the marbox and results in further activation through DNA
looping (Martin and Rosner, 1997). MarA is also regulated post-translationally by Lon
protease, which rapidly degrades MarA to ensure a quick response to environmental signals
(Griffith, Shah and Wolf, 2004). Recent research has demonstrated that Lon protease degrades
free H-NS but not DNA-bound H-NS in Salmonella enterica (Choi and Groisman, 2020). It is
likely, albeit unconfirmed, that Lon protease degrades MarA by a similar mechanism

throughout Gram-negative bacteria.
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Figure 1.10. mar operon of Gram-negative bacteria.

The mar operon is formed of divergent transcriptional units — marC and marRAB. marQO is a
central promoter containing recognition sites. The operon is regulated by a negative feedback
loop, in which MarR acts as a repressor of the operon and binds marO as a dimer. MarR itself
is repressed by small molecules, such as salicylate. Displacement of MarR leads to activation
of the operon, and expression of the multiple antibiotic resistance regulator MarA. It is assumed
in the schematic that MarA is acting as an activator, but it can also repress gene expression.
Multiple antibiotic resistance in clinical samples is often achieved due to mutations in marR to

cause constitutive expression.
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MarB is a periplasmic protein of unknown function. Some research has suggested that it acts
to indirectly repress marRAB, but the mechanism remains unknown (Vinué¢, McMurry and
Levy 2013). MarC is an inner membrane (IM) protein of unknown function. As it is divergently

transcribed, it is not required for the mar phenotype (McDermott et al., 2008).

Constitutive expression of the marRAB operon is caused by mutations in marR or marQO
(Cohen, Hachler and Levy, 1993; Ariza et al., 1994). These mutations allow expression of
marA, a positive feedback loop of marRAB expression, and constitutive activation of the mar
phenotype. Clinical isolates with mutations in the mar locus are increasingly noted (Keeney et
al., 2007; Pérez et al., 2012; Majewski et al., 2020; Goodarzi et al., 2021; Albarri et al., 2022).
These studies demonstrate constitutive overexpression of MarA due to the mutations identified.
Additionally, mutations that cause overexpression of other AraC family global regulators,
including soxS, rob and ramA, are also associated with multidrug resistance (Pérez et al., 2012,
Majewski et al., 2020; Goodarzi et al., 2021; Albarri et al., 2022). Overexpression of the
multidrug resistance regulators lead to constitutive activation or repression of the genes they
regulate. In turn, this contributes to a decrease in the susceptibility to numerous antibiotics by

targeting important cellular processes, including efflux and porin expression.

1.4.1. The MarA regulator

MarA is a member of the AraC/XylS family of transcription factors. MarA contains two HTH
binding motifs, which insert into the major groove of DNA (Figure 1.11). (Rhee et al., 1998).
The protein binds as a monomer. Conserved residues R46, T93 and R96, at the N-terminus
form important electrostatic interactions with the DNA backbone (Rhee et al., 1998). Other
amino acids, Y39, S40, H43 and K49, have been noted to make non-specific phosphate

interactions with the DNA backbone and, alongside the conserved arginine residues, are the
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Figure 1.11. Crystal structure of MarA complexed with the marbox.

Diagram made in PYMOL using crystal structure data (Rhee et al., 1998). The DNA double
helix is shown in black and MarA is shown in green. MarA is a 129-residue protein comprised
of 7 a-helices. The N-terminal HTH motif is formed of helices 2 and 3. The C-terminal motif
is formed on helices 5 and 6. The major DNA binding elements, helix 3 and helix 6, bind two

adjacent major grooves and cause bending of the DNA.
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major contributors towards marbox affinity. It is predicted that MarA makes 15 contacts with
DNA. Binding results in bending of the DNA by 35 °. NMR analysis suggests that the N-
terminal tail may also be involved in DNA-binding (Dangi et al., 2001). Due to the non-specific

backbone interactions, MarA can bind divergent sequences.

1.4.2. The marbox

The marbox is bound by MarA, as well as SoxS and Rob in E. coli (Martin et al., 1999; Chollet
et al., 2004). Due to this, it is often also called a ‘soxbox’ or ‘robbox" but hereafter will be
referred to as a marbox, regardless of which other factors bind to the operator sequence
(Fawcett and Wolf, 1995; Jair et al., 1996). The marbox is a non-palindromic and highly
degenerate sequence of 15-20 bp (Figure 1.12) (Rhee et al., 1998; Sharma et al., 2017). The
marbox is characterised by two important conserved motifs, a 5' GCA motif and a 3' AAA
motif, separated by a poorly conserved sequence (Sharma et al., 2017). Within the E. coli
genome, there are approximately 13,000 copies of the marbox (Griffith ez al., 2002). However,
most are not bound by MarA in vivo and it is suggested that MarA regulates around 100 genes

(Barbosa and Levy, 2000).

The marbox is generally found in one of two positions, and therefore promoters regulated by
MarA can be divided into two classes. At Class I promoters, the marbox is found in the
backwards orientation and is located upstream of the -35 element (Martin et al., 1999). An
interaction with aCTD of RNAP is required (Jair et al., 1995; Jair et al., 1996). Surface
residues D18, W19, D22 and R36 of MarA play an important role in this interaction (Dangi et
al., 2004). At Class II promoters, the marbox is oriented in a forward position and overlaps
with the -35 element (Martin et al, 1999). An interaction with domain 4 of the sigma factor

may be involved (Zafar, Sanchez-Alberola and Wolf, 2011).
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Figure 1.12. The marbox consensus sequence.
Sequence generated by a ChIP-seq experiment (Sharma et al., 2017).
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1.4.3. Regulation of antibiotic resistance by MarA

The mar phenotype is associated with decreased sensitivity to a range of antibiotic classes and
stresses, including oxidative stress. The phenotype is induced once MarA binds to the marbox
of target promoters and regulates gene expression accordingly. An important focus of the mar
phenotype is the increased levels of resistance to a range of antibiotics. This is achieved through

increased efflux and decreased uptake of drugs (George, 1996; Cohen et al., 1989).

For instance, MarA is a known activator of the acr4B operon and the f0/C gene. Together these
genes encode the clinically relevant AcrAB-TolC efflux pump, which is widely distributed in
Gram-negative bacteria (Okusu, Ma and Nikaido 1996). This efflux pump is a tripartite
complex formed of an IM transporter (AcrB), a periplasmic adapter protein (AcrA) and OM
channel (TolC) (Yamasaki ef al., 2011). The complex has a broad specificity and is responsible
for removing a range of antibiotics from the cytoplasm, including fluoroquinolones and f-
lactam antibiotics (Blair, Richmond and Piddock, 2014). Overexpression of these genes is
commonly found in clinical isolates of multidrug resistant Gram-negative bacteria (Buckley et

al., 2006; Blair et al., 2009; Swick et al., 2011; Majewski et al., 2020).

Additionally, the mar phenotype is achieved by decreased uptake of antimicrobial agents
through the OmpF and OmpC porins (Cohen et al., 1989). These proteins form pores in the
OM to allow passive diffusion of small molecules into the periplasm (Nikaido and Vaaro,
1985). MarA indirectly downregulates ompF and ompC expression through activating
transcription of the non-coding RNA micF (Miller and Sulavik, 1996; Delihas and Forst, 2001).
micFF RNA binds to target mRNA to inhibit translation and accelerate degradation.

Downregulation of these broadly specific major OM proteins results in less passive diffusion
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of molecules into the bacterial cell and is noted increasingly in clinical isolates (Chetri et al.,

2019; Majewski et al., 2020).

Many additional genes have been proposed to be MarA targets. It has been determined that
MarA activates the mlaFEDCB operon (Sharma et al., 2017). It is hypothesised that this
regulation controls OM permeability to reduce antimicrobial uptake. Furthermore, other MarA
targets include the ycgZ-ymgABC operon and xseA, which inhibit biofilm formation and control
DNA repair, respectively (Kettles et al., 2019; Sharma et al., 2017). In Salmonella, MarA
represses fIhDC involved in the production of flagella, to reduce motility (Thota and Chubitz,
2019). Other genes confirmed to be regulated by MarA in a range of Gram-negative bacteria
include inaA, a stress response gene; ybjC, encoding a putative IM protein; and zwf, involved
in glucose metabolism (Rosner and Slonczewski 1994, Jair et al., 1995, Martin et al., 2002). It

remains unclear if these genes play a role in the mar phenotype.

1.4.4. MarA as a transcriptional repressor

Binding of MarA to a marbox usually results in activation of promoter activity. However, it
should be noted that MarA may also act as a repressor. For instance, at the rob promoter MarA
binds in a backward orientation overlapping with both the -10 and -35 promoter elements to
repress by steric hindrance (Schneiders et al., 2004; McMurry and Levy, 2010). Alternatively,
at the hdeA and pur4 promoters, MarA binds to a site overlapping with the -35 element in the
backward orientation. This is different to Class II activation whereby MarA binds to the site in
the forward orientation. It has been proposed that repression occurs due to DNA bending

(Schneiders and Levy, 2006; McMurry and Levy, 2010).
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1.4.5. Pre-recruitment of RNAP

Recruitment of RNAP usually occurs via a traditional method, as previously discussed: Class
I and Class II activation require an activator to first bind an operator sequence, followed by
RNAP recruitment (Browning and Busby, 2004). Conversely, MarA activates via a pre-
recruitment mechanism, in which the activator first binds RNAP (Martin et al., 2002). This
complex scans the DNA to bind a marbox only in the correct orientation and position relative
to the -10 and -35 elements. Considering the high frequency of marboxes in the E. coli genome,
the pre-recruitment model partly explains why the majority of these operator sequences are not
bound by MarA, and why there are only a comparatively small number of genuine MarA
targets. SoxS has also been demonstrated to activate via a pre-recruitment mechanism (Griffith
et al., 2002). The role of pre-recruitment in repression by steric hindrance, as with the rob

promoter, remains unclear (McMurry and Levy, 2010).

1.4.6. MarA as a potential target for new antimicrobial therapy

Considering the increasing propensity of MarA in clinical resistance, MarA could be an
interesting target for new therapeutics. Artesunate, primarily used as an anti-malarial drug, has
been demonstrated to bind MarA (Pan et al., 2020). This inhibits MarA binding to the marA
promoter to prevent activation. Interestingly, artesunate binding to MarA does not directly
prevent MarA binding to other marboxes. Thus, the drug appears to specifically target self-
regulation of MarA to prevent further regulatory activity. Independently, artesunate has no
direct antibacterial effect but, in combination with B-lactams antibiotics, has a synergistic

effect. This antimicrobial enhancement could prolong the usefulness of current antibiotics.
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1.5. AraC/XylS regulators SoxS, Rob and RamA

As previously mentioned, there are three MarA paralogues throughout Gram-negative bacteria.
E. coli contains two of these homologs, whereas RamA is found in most other Gram-negative
bacteria. These transcription factors share the degenerate binding site, meaning that all are
capable of binding to the marbox. This explains the overlap in the regulons of these proteins.

Despite this, the regulators respond to different environmental stimuli.

1.5.1. SoxS

Much like MarA, SoxS binds to promoter sequences as a monomer using two HTH motifs that
bind to the major groove of DNA (Li and Demple, 1994). SoxS shares 41 % sequence identity
with MarA. In contrast to marA, soxS is divergently transcribed from the gene encoding its
own regulator soxR (Wu and Weiss, 1991). SoxR binds as a dimer to the soxS promoter to
repress transcription. Oxidative stress agents, such as paraquat, oxidise a [2Fe-S] cluster of
SoxR by redox-cycling, which consequently turns it into an activator of soxS (Wu and Weiss,
1992; Hidalgo et al., 1998). Thus, regulation of soxS expression is determined by a redox-

regulated transcriptional switch by use of allosteric regulation.

1.5.2. Rob

Despite Rob sharing 51 % sequence identity with MarA, the protein binds DNA by a different
mechanism (Kwon et al., 2000; Taliaferro et al., 2012). Although Rob binds as a monomer and
contains two HTH motifs, it is hypothesised that one of the motifs interacts with the DNA
backbone instead of inserting into the major groove of DNA. Due to this, Rob can bind
sequences with greater degeneracy. Notably, Rob contains a C-terminal domain not found in

the other paralogues (Kwon et al., 2000). This domain is involved in the sequestration of Rob
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into inactive foci that are protected from Lon protease degradation and are unable to contact
promoter DNA (Griffith et al., 2009). This post-translational regulation of Rob means that it
can be constitutively expressed. Inducers of Rob, including fatty acids and dipyridyl, interact
with the C-terminal domain to mediate dispersal of Rob foci (Rosner et al., 2002; Griffith et

al., 2009). Individual Rob proteins can interact with promoter DNA to regulate activity.

1.5.3. Crosstalk between MarA and the paralogues

There are many genes activated by several MarA paralogues. For example, MarA, SoxS, and
Rob have all been reported to activate the acrAB operon, as well as activate the micF promoter
(Rosner and Slonczewski, 1994; Martin, Gillette and Rosner, 2000; Nikaido et al., 2011).
Additionally, several other genes have been reported to be regulated by more than one of these
transcription factors, including fumC, sodA and zwf, which are associated with respiratory and
oxidative stress (Duval and Lister, 2013). The transcription factors are also able to regulate
each other. In E. coli, MarA, SoxS and Rob can activate marA and repress rob and soxS (Martin
and Rosner, 1997; Michan, Manchado and Pueyo, 2002; Schneiders and Levy 2006; Chubiz,
Glekas and Rao 2012). The full extent of cross talk between MarA, SoxS, Rob and RamA

remains poorly understood.

1.6. Objectives of this project

In recent years, a number of novel MarA targets have been identified by ChIP-seq analysis.
This works aims to follow up on one of these novel targets, as well as find additional MarA
targets. Furthermore, this work looks to understand how different MarA regulated genes can
work together. This will allow further characterisation of the MarA regulon in order to
understand the mechanisms by which MarA elucidates the multiple antibiotic resistance

phenotype.
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Chapter 2 — Materials and Methods
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2.1. Materials

2.1.1. Buffers, reagents and solutions
All solutions were made with deionised and distilled water (ddH>O) unless stated. Solutions

were autoclaved for 20 minutes at 121 °C.

Polymerase chain reaction (PCR)

e 100 mM dANTP mix (Bioline): made up of 25 mM dATP, dGTP, dCTP and dTTP. The
mix was diluted to 10 mM in ddH>O.

e Velocity DNA polymerase (Bioline)

e 5 x Hi-Fi Buffer (Bioline)

e MyTaq™ Red mix (Bioline)

Restriction digests

e 10 x CutSmart® Buffer (New England Biolabs): made up of 50 mM potassium acetate,
20 mM Tris-acetate, 10 mM magnesium acetate and 100 pg/ml BSA pH 7.9.

e Calf Intestinal Alkaline Phosphatase (CIP) (New England Biolabs)

Agarose gel electrophoresis

e Powdered agarose (Bioline)

e SYBR Safe (Thermo Fisher Scientific)

e 5 x TBE (Thermo Fisher Scientific): made up of 0.445 M Tris borate pH 8.3 and 10
mM NaEDTA. Diluted to a 1 x stock in ddH>O.

e 6 x gel loading dye (New England Biolabs): made up of 10 mM EDTA 3.3 mM Tris-

HCI, 2.5 % Ficoll®-400, pH 8, 0.02 % pink/red dye and 0.001 % blue dye.
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Phenol-chloroform extraction/ ethanol precipitation

e Phenol/chloroform/isoamyl alcohol pH 8 (25:25:1)
e 100 % (v/v) ethanol
e 70 % (v/v) ethanol

e 3 M sodium acetate pH 4.8

Ligation of PCR roducts in plasmid vectors

e T4 DNA ligase (New England Biolabs)
e 10 x T4 DNA ligase buffer (New England Biolabs): made up of 50 mM Tris-HCI, 10

mM MgClz, 10 mM DTT pH 7.5 and | mM ATP.

Preparation of chemically competent cells

e 100 mM CaCl; (Sigma-Aldrich)

e 50 % (v/v) glycerol

Preparation of electrocompetent cells

e 15% (v/v) glycerol

Polyacrylamide gel electrophoresis (PAGE) and denaturing sequencing gels

e UreaGel® Dilulent (National Diagnostics): made up of 7.5 M urea.

e UreaGel® Concentrate (National Diagnostics): made up of 237.5 g acrylamide, 12.5 g
methylene bisacrylamide and 7.5 M urea (per litre).

e UreaGel® Buffer (National Diagnostics): made up of 0.89M Tris-Borate, 20 mM

EDTA pH 8.3 and 7.5 M urea.
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10% (w/v) ammonium persulfate (APS) (Sigma-Aldrich): made up by dissolving 100
mg APS in 1 ml ddH;O.
TEMED (N,N,N’,N'-Tetramethyl ethylenediamine) (Sigma-Aldrich)

ProtoGel® 30% (National Diagnostics): made up of 37:5:1 acrylamide:bisacrylamide

Purification of recombinant proteins

1 M IPTG solution

Lysis buffer: 50 mM Tris-HCI (pH 7.5), | mM EDTA, 1 M NaCl

Wash buffer: 50 mM Tris-HCI (pH 8.5). 4 M urea

Denaturing buffer: 50 mM Tris-HCI (pH 8.5), 6 M guanidinium-HCl

Buffer A: 50 mM Tris-HCI (pH 8.5), 1 m NaCl

Buffer B: Buffer A + 1 M imidazole

Buffer X: 1 M NaCl, 50 mM HEPES, 1 mM dithiothreitol, 5 mM EDTA, 0.1 mM Triton
X-100

Thrombin Sepharose beads (BioVision): 6 % cross-linked Sepharose beads in 50 %

slurry with glycerol

Radiolabelling of DNA fragments for EMSA

G-50 sephadex beads (Sigma-Aldrich): these were re-suspended with Tris-EDTA (TE)
to form a 12% (v/v) slurry.

Tris-EDTA (Sigma-Aldrich): made up of 10 mM Tris-HCI and 1 mM EDTA pH 8.0
T4 polynucleotide kinase (New England Biolab)

10 x T4 polynucleotidekinase buffer (New England Biolabs): made up of 70 mM Tris-
HCIL, 10 mM MgClz and 5 mM DTT pH 7.6.

[y-3?P]-ATP (Perkin Elmer): 10 pCi/ul

50



Electrophoretic mobility shift assay (EMSA)

10 x Transcription buffer (TNSC buffer): made up of 400 mM Tris acetate pH 7.9, 10

mM MgCl, 1 M KCL, 10 mM DTT.

B-galactosidase assays

Z-buffer: made up of 8.53 g Na,HPO,, 4.87 g NaH,P0,.2H20 0.75 g KCI, 0.25 g
MgSO, per litre of ddH,0, then autoclaved.

1 % (w/v) sodium deoxycholate (Sigma-Aldrich)

100% (v/v) toluene

13 mM 2-Nitrophenyl B-D-galactopyranosidase (ONPG) (Sigma-Aldrich): made up in
‘Z-buffer’

B-mercaptoethanol (Sigma-Aldrich): added to ONPG/Z-buffer solution immediately
before use to make a final ONPG concentration of 13 mM (e.g. 100 mg ONPG
dissolved in 250 ml Z-buffer, 677 pl -mercaptoethanol).

1 M sodium carbonate (Sigma-Aldrich)

In vitro transcription assays

NTP mix: 1 mM ATP/GTP/CTP and 50 uM UTP (Thermo Fisher Scientific), final
concentrations in assay 200 uM ATP/CTP/GTP and 10 uM UTP.

1 mg/ml bovine serum albumin (BSA) (Sigma-Aldrich)

10 x Transcription buffer (TNSC buffer): made up of 400 mM Tris acetate pH 7.9, 10
mM MgCl, 1 M KCl, 10 mM DTT.

STOP solution: made up of 97.5 % (v/v) deionised formamide, 10 mM EDTA, 0.3 %

(v/v) bromophenol blue and 0.3 % xylene cyanol.
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e [a-*’P]-UTP (Perkin Elmer): 10 uCi/pl

e FE. coli RNA polymerase core enzyme (New England Biolabs)

Generation of ‘G+A’ ladder

e DNase I blue: 5 M urea, 20 mM NaOH, 1 mM EDTA, 0.025 % (v/v) bromophenol blue,
0.025 % (v/v) xylene cyanol.

e 10 M piperidine (Sigma-Aldrich)

e 100 % (v/v) formic acid (Sigma-Aldrich)

e 0.3 M sodium acetate (Sigma-Aldrich)

e 20 mg/ml glycogen (Sigma-Aldrich)

Generation of M13 T7 sequencing reactions

e 2 M sodium hydroxide (Sigma-Aldrich)

¢ 3 M sodium acetate pH 4.8 (Sigma-Aldrich)

¢ Annealing buffer (USB): made up of 1 M Tris-HCI pH 7.5, 100 mM MgCl. and 160
mM DTT.

e ‘A’ mix short (USB): made up of 840 uM dCTP, dGTP and dTTP each, 93.5 uM dATP,
14 uM ddATP, 40 mM Tris-HCI pH 7.5 and 50 mM NaCl

e ‘C’ mix short (USB): made up of 840 uM dATP, dGTP and dTTP each; 93.5 uM dCTP;
17 uM ddCTP; 40 mM Tris-HCI pH 7.5 and 50 mM NacCl.

e ‘G’ mix short (USB): made up of 840 uM dATP, dCTP and dTTP each; 93.5 uM dGTP;

14 uM ddGTP; 40 mM Tris-HCI pH 7.5 and 50 mM NacCl.
e ‘T’ mix short (USB): made up of 840 uM dATP, dCTP and dGTP each; 93.5 uM dTTP;

14 uM ddTTP; 40 mM Tris-HCI pH 7.5 and 50 mM NacCl.
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Label mix ‘A’ (USB): made up of 1.375 mM of dCTP, dGTP, and dTTP each and 333.5
mM NaCl.

T7 polymerase dilution buffer: made up of 25 mM Tris-HCI pH 7.5, 5 mM DTT, 100
ug BSA/ml and 5% glycerol.

T7 DNA polymerase (USB): 8 units/ul in glycerol solution.

STOP solution: made up of 97.5 % (v/v) deionised formamide, 10 mM EDTA, 0.3 %
(v/v) bromophenol blue and 0.3 % xylene cyanol.

[a-32P]-UTP (Perkin Elmer): 10 pCi/ul

Primer extension assays

All solutions DEPC-treated or made up with DEPC-treated H>O.

1 x hybridisation buffer: made up of 20 mM HEPES, 0.4 M NaCl and 80 % (v/v)
formamide

100 % (v/v) ethanol

70 % (v/v) ethanol

3 M sodium acetate pH 4.8 (Sigma-Aldrich)

3 M sodium acetate pH 7.0 (Sigma-Aldrich)

T4 polynucleotide kinase (New England Biolab)

10 x T4 polynucleotidekinase buffer (New England Biolabs): made up of 70 mM Tris-
HCIL, 10 mM MgClz and 5 mM DTT pH 7.6.

AMYV (Avian myeloblastosis virus) Reverse Transcriptase (Promega)

Reverse Transcriptase Buffer (Promega): made up of 250 mM Tris-HCI pH 8.3, 250
mM KCI, 50 mM MgCls, 2.5 mM spermidine, 50 mM DTT.

RNasin ® (Promega)

10 mg/ml RNase A (Thermo Fisher Scientific)
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e DTT (Sigma-Aldrich)
e STOP solution: made up of 97.5 % (v/v) deionised formamide, 10 mM EDTA, 0.3 %
(v/v) bromophenol blue and 0.3 % xylene cyanol.

e [y -*P]-ATP (Perkin Elmer): 10 uCi/ul

Crystal violet accumulation assays

e 10 pg/ml crystal violet (C25H30N3Cl) solution; 0.001 % (w/v) crystal violet aqueous

solution (Sigma-Aldrich)

e 0.05 mM phosphate-buffered saline pH 7.4 (Thermo Fisher Scientific)

Membrane separation

e 10 mM HEPES buffer (Thermo Fisher Scientific)
e 10 x cOmplete™ Protease Inhibitor Cocktail (Sigma-Aldrich)
e DNase I and DNase I buffer (Thermo Fisher Scientific)

e 20 % (v/v) sucrose (Sigma-Aldrich)

Sodium dodecy! sulphate (SDS) -PAGE

e NUPAGE™ LDS Sample Buffer (Thermo Fisher Scientific)

e 5x SDS loading dye: made up of 5 % B-Mercaptoethanol (5 %), 0.02 % Bromophenol
blue, 30 % glycerol, 10 % sodium dodecyl sulfate (SDS) and 250 mM Tris-Cl pH 6.8.

e Mini-PROTEAN TGX gel 4-15% (Bio-Rad)

e 10 x Tris-Glycine SDS running buffer (Bio-Rad)

¢ InstantBlue™ Protein Stain (Sigma Aldrich)

e Colour Prestained Protein Standard, Broad Range (10-250 kDa) (New England

Biolabs)
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Lipid extraction

e 100% (v/v) methanol (Sigma-Aldrich)
e 100% (v/v) chloroform (Sigma-Aldrich)

e 100% (v/v) acetonitrile (Sigma-Aldrich)

Liquid chromatography/mass spectrometry

e 100% (v/v) 2-propanol (Sigma-Aldrich)
o 100% (v/v) acetonitrile (Sigma-Aldrich)
¢ 10 mM ammonium acetate (Sigma-Aldrich)

Flexible recombineering using integration of thvA (FRUIT)

e L-arabinose (Sigma-Aldrich)

e Trimethoprim (Sigma-Aldrich)

2.1.2. Strains and plasmids
All bacterial strains used in this study are shown in Table 2.1. All plasmid vectors used in this

study are shown in Table 2.2.

2.1.3. Oligonucleotides
Oligonucleotides were produced by Thermo Fisher Scientific, Merck or Eurofins Genomics.

All oligonucleotides used in this study are shown in Table 2.3.

2.1.4. Media
LB broth (Sigma-Aldrich), LB agar (Sigma-Aldrich), MacConkey agar (Oxoid) and M9

minimal media agar were used for bacterial growth. Media was dissolved and autoclaved. Agar
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plates were dried for 20 minutes before use. M9 minimal agar was not autoclaved but all
components were autoclaved separately prior to preparation.

LB broth: 20 g powdered broth dissolved in 1 L ddH-O.

LB agar: 35 g powdered agar dissolved in 1 L ddH»O.

MacConkey agar: 52 g powdered agar dissolved in 1 L ddH>O.

M9 minimal agar: 100 ml M9 salts (made up of 60g Na,HPO4, 35 g KH2POy4, 5 g NaCl and 10
g NH4Cl per litre of ddH20), 1 ml 1 M MgSOs, 1 ml 100 mM CaClz, 10 ml 20 % fructose, 5

ml 20 % casamino acids, 875 ml agarose.
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Table 2.1. Strains used in this study.

The genotype and source of each strain is depicted. All strains are derivatives of E. coli K-12

MG1655 (F- lambda- ilvG- rfb-50 rph-1).

araC FLAG3-thyA

terminus of araC, FLAG;

inserted at C-terminus of thyA

Strain Description Source
JCB387 AnirB Alac Typas and Hengge, 2006
JCB387 AthyA AnirB Alac AthyA This work
JCB387 AthyA waaY M* AnirB Alac AthyA PwaaY -48:- | This work
46 GCA — TGT
JCB387 AthyA pbpG M* AnirB Alac AthyA PpbpG -27:- | This work
25 GCA —» TGT
JCB387 AthyA mlaF M* AnirB Alac AthyA PlmlaF -37:- | This work
35 CCA — TGT
JCB387 AthyA pbpG M* AnirB Alac AthyA PpbpG -27:- | This work
mlaF M* 25 GCA — TGT, PlmlaF -37:-
35 CCA — TGT
JCB387 AthyA waaY M* AnirB Alac AthyA PwaaY -48:- | This work
mlaF M* 46 GCA — TGT, PlmlaF -37:-
35 CCA — TGT
JCB387 AthyA pbpG M* AnirB Alac AthyA PpbpG -27:- | This work
waaY M* mlaF M* 25 GCA — TGT, PwaaY -48:-
46 GCA — TGT, PlmlaF -37:-
35 CCA — TGT
MG1655 AthyA FLAG:- AthyA FLAGs inserted at C- Kindly  donated by

Professor Joseph Wade

and Anne Stringer
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BW25113

ApbpG

AmlaE

AmlaF

NCTC 10418

ATCC 25922

T7 Express

rrnB3 AlacZ4787 hsdR514
A(araBAD)567 A(rhaBAD)568
rph-1

rrnB3 AlacZ4787 hsdR514
A(araBAD)567 A(rhaBAD)568
rph-1 pbpG: :kan

rrnB3 AlacZ4787 hsdR514
A(araBAD)567 A(rhaBAD)568
rph-1 mlaE: :kan

rrnB3 AlacZ4787 hsdR514
A(araBAD)567 A(rhaBAD)568
rph-1 mlaF': :kan

Reference strain

Reference strain

fhuA2 lacZ::T7 genel [lon]
ompT gal sulA11
R(mcer73::miniTnl0--T etS)2
[dcm] R(zgb-210::Tnl0--TetS)
endAl A(mcrCmrr)114::1S10

Datsenko
and Wanner,

2000; Baba et al., 2006

Baba et al., 2006

Baba et al., 2006

Baba et al., 2006

London, 1965
Minogue et al. 2014
(Human clinical sample,

Seattle, 1946)

New England Biolabs
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Table 2.2. Plasmid vectors used in this study.

Plasmid

Size

Description

Map

Source

pRW50

pSR

pJ203 +

marA

pJ203 +
pbpG

16.9 kb

4 kb

53kb

5.9kb

Contains a cloning site
upstream of a lacZ fusion.
This is flanked by EcoRI
and HindIII restriction sites.
Encodes Tet®. Used for B-

galactosidase assays.

Contains a cloning site
upstream of a Aoop
terminator site. This is
flanked by EcoR1 and
HindIII restriction sites.
Derived from pBR322.
Encodes AmpR. Used for in

vitro transcription.

A derivative of pJ203
containing marA with a
strong constitutive promoter
cloned into Ndel and HindIII
restriction sites. Derived
from pBR322. Encodes

CamR®.

A derivative of pJ203
containing the MG1655
pbpG gene with a strong
constitutive promoter cloned
into Ndel and HindIII
restriction sites. Derived
from pBR322. Encodes

CamR®.
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University of
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PAM +

soxS

PAM +
IpxC/L

pACBSR

pAMDO01

3.1kb

4.6 kb

7.3 kb

3.8kb

A derivative of pJ201
containing an N-terminal
FLAG; tag and the
Salmonella Typhimurium
SL.1144 soxS gene with a
strong modified lacUV5
promoter cloned into HindIII
and Kpnl restriction sites.
Derived from pBR322.

Encodes Kan®.

A derivative of pJ201
containing a C-terminal
FLAG; tag and the MG1655
IpxC and IpxL genes with a
strong modified lacUV5
promoter cloned into HindIII
and Kpnl restriction sites.
Derived from pBR322.

Encodes Kan®.

Recombination plasmid
containing arabinose
inducible A Red genes.
Encodes Cam®. Used for

FRUIT.

pGEM-T containing the
MG1655 thy4 gene with a
strong constitutive promoter.
Encodes Amp®. Used for
FRUIT.
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Constructed by
Alistair
Middlemiss, The
University of

Birmingham

Backbone from
Atum Bio. This

work

Herring et al.,

2003

Stringer et al.,

2012
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Table 2.3. Oligonucleotides used in this study.

Name
(F- forward,
R- reverse)

Sequence (5' = 3")
Restriction sites are shown in bold

Oligonucleotides for amplification of /pxC regulatory region

IpxC.1-F and I[pxC.1M-F was used alongside /pxC-R to generate derivates of the /pxC

IpxC.1-F

IpxC.1M-F

IpxC-R

promoter region

GGCTGGAATTCTGCGTAAGCAAGCTGATTAAGAAT

GGCTGGAATTCTGCGTAAGCAAGCTGATTAAGAATTGACTG
GAATTTGGGTTTCGAGTGTGTTTGTGCTAAACTGGCCCG

GCCCGAAGCTTCATCGTATTATCTCGCCAAATTACCTAT

Oligonucleotides for amplification of regulatory regions of potential MarA targets

wbbK.1-F

wbbK.1-R

wzxC.1-F

wzxC.1-R

waaU.1-F

waaU.1-R

weaD.1-F

wecaD.1-R

identified using bioinformatics

GGCTGGAATTCATTGGCCAGAGGGTTTGGTTG

GCCCGAAGCTTCATAATTTGGTCTCATGATTG

GGCTGGAATTCGCGCATAACGAACAGTATCG

GCCCGAAGCTTCATATCAATATGCCGCTTTGTTAACG

GGCTGGAATTCGTAGGGATTTATTCAAAATATTG

GCCCGAAGCTTCATTTTTATACCATATTATTTTAG

GGCTGGAATTCGGTGATTGCCACCCATAG

GCCCGAAGCTTCATACTCCTCCAGCATC
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wze.1-F

wze. 1-R

rfaJ.1-F

rfaJ.1-R

waaA.l1-F

waaA.1-R

rffA.1-F

rffA.1-R

rfaD.1-F

rfaD.1-R

waaY.1-F

waaY. 1M-F

waaY.1-R

IpxL.1-F

IpxL.1MI-F

GGCTGGAATTCATGCTGTTTGGTCACTGGG

GCCCGAAGCTTCATTCTTATACCTGCTCTGCG

GGCTGGAATTCGCAATCAATTAAGATATAGCGC

GCCCGAAGCTTCACAATGCTACCCTTATATC

GGCTGGAATTCGGGCCGAGTTTCAATGAATC

GCCCGAAGCTTCATAGTAAATAGCTGACTTATGG

GGCTGGAATTCGGACGCGGTGCAGGTG

GCCCGAAGCTTCATGTGATCACCTGTATAACC

GGCTGGAATTCGCACTATTCACATGCAAAACCAAC

GCCCGAAGCTTCATAACTGTAACCTTCGAATTATG

GGCTGGAATTCTGCAACTAAACCGTGG

GGCTGGAATTCTGCAACTAAACCGTGGCACAAATGGGCAA

TTTATCCATCGGTAAAATACTATAAAATAGCTTTAGAAAATT

CCCCCTGGAAAGATGACTCTCCACGAGATCGGCCCTCAA

GCCCGAAGCTTCATAATAAACCAGTTAAATG

GGCTGGAATTCCATGGTGTACGGTTCCTG

GGCTGGAATTCCATGGTGTACGGTTCCTGCGAGATGGGAAA

GTAAAAATCCGCGGCATGATATATGTATTATCGATAATTAA
CATCC
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IpxL. IM2-F

IpxL.IM3-R

IpxL.1-R

amiC.1-F

amiC.1-R

pbpG.1-F

pbpG.1M-F

pbpG.1-R

dacB.1-F

dacB.1-R

mepA.1-F

mepA.1-R

GGCTGGAATTCCATGGTGTACGGTTCCTGCGAGATGGGAAA

GTAAAAATCCGCGGCATGATATAGCAATTATCGATAATTAA

CATCCACACATTTTACGCTACATTACAGCATTAAAAATTATT

TG

GCCCGAAGCTTCATATCAATCCTGTTTTTCAACCTATTCGGG

CAATTGTATGTATTGTCGCATTTTTTCGCCCGCAACCAAAAT

TTGTGGCTGAAGACTGGCGGCCCTTGCCG

GCCCGAAGCTTCATATCAATCCTGTTTTTCAACC

GGCTGGAATTCGTAAATTTTATGCGAGAGCGAC

GCCCGAAGCTTCATGCCTCTCCCG

GGCTGGAATTCGGCGTAAATGTCAGCAATGC

GGCTGGAATTCGGCGTAAATGTCAGCAATGCAGCATTTCCT
CACGATTCTCCTTTGACGATCTGTCTTTTTGCTCGT

GCCCGAAGCTTCATGATGAGCATTCAGATAG

GGCTGGAATTCCCTCTTGAATATTCCTGATGG

GCCCGAAGCTTCATAATCTCGCGCTAACAAC

GGCTGGAATTCGCATTACCGTGCCGG

GCCCGAAGCTTCATTTTTTACCAGCGTGGAATATC

Oligonucleotides for sequencing and amplification of DNA fragments from pRWS0

and pSR
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pSR-F CCATATATCAGGGTTATTGTCTC

pSR-R CATCACCGAAACGCGCGAGG
pRWS50-F GTTCTCGCAAGGACGAGAATTTC
pRW50-R AATCTTCACGCTTGAGATAC

Oligonucleotides for primer extension

Universal primer GTAAAACGACGGCCAGT

D49724 GGTTGGACGCCCGGCATAGTTTTTCAGCAGGTCGTTG

Oligonucleotides for generation of pbpG overexpression plasmid (pJ203 + pbpG)

The pbpG gene was ligated into pJ203 using ligation with Ndel and HindlIlI restriction
sites. Flanking primers were used for amplification and sequencing

pbpG-ORF-F GGCTGCATATGATGCCGAAATTTCGAGTTTC

pbpG-ORF-R GCCCGAAGCTTTTAATCGTTCTGTGCCGTCT

pbpG-flank-F GGCTGCTACGGTTATCGTTTGTTCTAG

pbpG-flank-R GCCCGGAACTGCTACAGCAG

Oligonucleotides for generation of IlpxC and IpxL overexpression plasmid (pJ203 +
IpxC/L)

The IpxC and IpxL genes were ligated into pJ203 using ligation with Ndel and HindIII
restriction sites. The genes were ligated together with the EcoRI restriction site. Flanking
primers were used for amplification and sequencing

[pxC-ORF-F GCCCGGAATTCTTATGCCAGTACAGCTGAAG
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[pxC-ORF-R GGCTGGAATTCATGACGAATCTACCCAAGTTC

IpxL-ORF-F GCCCGAAGCTTTTAATAGCGTGAAGGAACGC
IpxL-ORF-R CGTCCTGAAATCACTCTGGTGACCA
IpxC-flank-F GATAATACAAAATATAATACAA

IpxC-flank-R GTGCGACGATAGATGACCCCGGTGT
IpxL-flank-F TACACTCGCCCAAAAACATTCAGCG
IpxL-flank-R ACGTTACTTGTCATCGTCATC

Oligonucleotides for generation of Escherichia coli AthyA JCB387 used in FRUIT

TwW472 CCGACGCGCAGTTTA

JwW473 CACGTTGTGTTTTCATGC

Oligonucleotides for amplification of thyA cassettes and amplification of mutagenesis
cassettes for FRUIT

Regions that anneal to pAMDO001 are underlined

Targeting AAGACAAAACACATCAAAACTATAAAAAGCTGATTACAGA

upstream waaY AAGTACTCTTCTTATTCATTATACAGGTGCAACTAAACCGTA
GACAGCTGCATGCAT

Targeting GGAGAGTCATCTTTCCAGGGGGAATTTTCTAAAGCTATTTTA

downstream waaY TAGTATTTTACCGATGGATAAATTGCCCATTTGTGCCAGTGT
AGGCTGGAGCTG

65



Mutagenesis

upstream waal

Mutagenesis

downstream waaY
Targeting

upstream pbpG

Targeting
downstream pbpG

Mutagenesis

upstream pbpG

Mutagenesis

downstream pbpG
Targeting

upstream mlaF

Targeting

downstream mlaF

Mutagenesis

upstream mlaF

Mutagenesis

downstream mlaF

GATGACATTATTTTTGCCTCGTGAG

GCTATAATTCCTGAGATATAATGATGTTGCAC

GTTCTAGAAAGTTCTTTGACGTTGCATTGCTGGCGTAAATGT
CAGCAATGCAGCATTTCCTCACGATTCTCCTTTGACGATAGA
CAGCTGCATGCAT

TTCACGCGCACGGGTTGCGCACCGCCGGAGTAAGGATTTAC
TGAGGCTAGCGACGCCATCATAACGAGCAAAAAGTGCGAG
TGTAGGCTGGAGCTG

CTTAGCTTCTCTAGTTCGACGCTGG

CTGCGGTGCAAAAGGCACAGCCAGCA

TTTCTTCAGGTATACTCGCCGGTCCGCTGAAGATTTTCAGAA
AGCCGTAACGGATGCTTAATTTTGACTTTATGCGGCTATAGA
CAGCTGCATGCATCTTTGTTATGGTGTGTTC

CTCAATTTAACCTTGAACCCAACATATTTACAGAATATTACC
CGCCGTGGTTAGCGAAAGCTGGCATTTGTTTTACTTTTGTGT
AGGCTGGAGCTGTTAGATAGCCACCGGCGCTT

CTTAGCTTCTCTAGTTCGACGCTGG

CGCATATCGACTAAATTCGC
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Targeting
upstream /pxC

Targeting

downstream /pxC

Targeting
downstream /pxC-

promoter

Targeting

upstream /pxL

Targeting

downstream /pxL

Targeting
downstream IpxL-

promoter

TGCGCCGCAAACTGCGAAAGAGCCGGATTATCTGGATATCC
CAGCATTCCTGCGTAAGCAAGCTGATTAAGAATTGACTGTA
GACAGCTGCATGCAT

CGCCAAATTACCTATCCAACCGAAGTGTACTATACATTCGG
CGGGCCAGTTTAGCACAAAGAGCCTCGAAACCCAAATTC
GTGTAGGCTGGAGCTG

TCGCCTGAACGATACGTTTAAGTGTCCTTTGTTTGATcatCGT
ATTATCTCGCCAAATTACCTATCCAACCGAATTATAGCACAGA
TGCTGGATCTGTGTAGGTGTAGGCTGGAGCTG

CGCGTCGTTGGAAATGCGGTTGTGTAACACTGGCATGGTGT
ACGGTTCCTGCGAGATGGGAAAGTAAAAATCCGCGGCATTA
GACAGCTGCATGCAT

GCTTGTAAATAACAAATAATTTTTAATGCGCAAATGTAGCG
TAAAATGTGTGGATGTTAATTATCGATAATTGCTATATCGTG
TAGGCTGGAGCTG

TGCGGTGGAGAACTTGGGTAGATTCGTcatATCAATCCTGTTT
TTCAACCTATTCGGGCAATTGTATGTATTATTATAGCACAGAT
GCTGGATCTGTGTAGGTGTAGGCTGGAGCT

Gene strand sequences for introducing point mutations using FRUIT

waaY M*

Point mutations are underlined

GATGACATTATTTTTGCCTCGTGAGTACAATACAATTTATAC
AATTAAAAGTGAATTAAAAGACAAAACACATCAAAACTAT
AAAAAGCTGATTACAGAAAGTACTCTTCTTATTCATTATACA
GGTGCAACTAAACCGTGTIGTAAATGGGCAATTTATCCATCG
GTAAAATACTATAAAATAGCTTTAGAAAATTCCCCCTGGAA
AGATGACTCTCCACGAGATGCGAAATCAATTATTGAATTTA
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pbpG M*

mlaF M*

AAAAAAGATATAAACATCTTTTAGTGCAACATCATTATATC
TCAGGAATTATAGC

CTTAGCTTCTCTAGTTCGACGCTGGCGATTGGCGTGCTGGTA
CTGGAAGTGCTGCTCGCCCTAACCGTTATACTATGGGGCTA
CGGTTATCGTTTGTTCTAGAAAGTTCTTTGACGTTGCATTGC
TGGCGTAAATGTCAGCAATGCAGCATTTCCTCACGATTCTCC
TTTGACGATCTGTCTTTTTGCTCGTTATGATGGCGTCGCTAG
CCTCAGTAAATCCTTACTCCGGCGGTGCGCAACCCGTGCGC
GTGAACCACTATCTGAATGCTCATCATGCCGAAATTTCGAG
TTTCTTTATTTAGCCTGGCCCTGATGCTGGCTGTGCCTTTTGC
ACCGCAG

CAGGCGGTCGGCACTGTAAACGACCAAAAGTAAACCAACA
ATTAACAGTGCCGTAGCTAAAAGCATCTAACGTCCTTTCTTC
AGGTATACTCGCCGGTCCGCTGAAGATTTTCAGAAAGCCGT
AACGGATGCTTAATTTTGACTTTATGCGGCTAAAAAGTAAA
ACAAATGTGTGCTTTCGCTAACCACGGCGGGTAATATTCTGT
AAATATGTTGGGTTCAAGGTTAAATTGAGCGCCATGCTTAG
AAAATCAACGCAAGACGAAGGGTGAATTATGGAGCAGTCT
GTGGCGAATTTAGTCGATATGCG

Oligonucleotides for colony PCR and sequencing confirmation for FRUIT

waaY-amplify-F

waaY-amplify-R

pbpG-amplify-F

pbpG-amplify-R

mlaF-amplify-F

GGCTGCTAACAGAAAAAGCGTTGTC

GCCCGGATCTTGCTCTTCTGAATCAT

TGGTATTCCGAGCTTCCTGAATATC

CGCAACGGCCTGCGGTGCAAAAGGC

ATCAGCGGCGGGATGCCAAAGGTTC
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mlaF-amplify-R

IpxC-amplify-F

IpxC-amplify-R

IpxL-amplify-F

IpxL-amplify-R

CATCGCGCATATCGACTAAATTCGC

CGTCCTGAAATCACTCTGGTGACCA

GTGCGACGATAGATGACCCCGGTGT

TACACTCGCCCAAAAACATTCAGCG

AGCAGTGCGGTGGAGAACTTGGGTA
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2.1.5. Antibiotics

Antibiotics were added to media to select for specific plasmids and strains. Bicyclomycin and
rifampicin were for additional experiments. The stock solutions as follows were stored at -20
°C:

Ampicillin: 100 mg/ml (dissolved in water). Final concentration in media was 100 pg/ml.
Bicyclomycin: Unknown concentration, obtained from lab in America.

Chloramphenicol: 35 mg/ml (dissolved in ethanol). Final concentration in media was 35 pg/ml.
Doxycycline: 1 mg/ml (dissolved in water). Final concentration in media was 1 pg/ml.
Kanamycin: 50mg/ml (dissolved in water). Final concentration in media was 50 pg/ml.
Rifampicin: 50 mg/ml (dissolved in methanol). Final concentration in media was 50 pg/ml.
Tetracycline: 35mg/ml (dissolved in methanol). Final concentration in media was 35 pg/ml.

Trimethoprim: 20 mg/ml (dissolved in DMSO). Final concentration in media was 20pg/ml.

2.2. Methods

2.2.1. Polymerase chain reaction (PCR)

PCR reactions were done in a 50 pl volume with 0.5 mM deoxynucleotide triphosphates
(dNTPs), 1 ul Velocity DNA polymerase, 10 pl reaction buffer, 20 pmol of each primer and
50-200 ng template DNA. For colony PCR, MyTaq™ Red Mix was used with dH>O and 20
pmol each primer in a 50 pl final volume. The template was derived from a bacterial boilprep,
genomic DNA preparation or a colony dilution in dH20. The annealing temperature varied and
were calculated as 5 °C below the T, of the lowest primer Tm. A typical PCR cycle is shown

in Table 2.4.
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Table 2.4. Typical PCR cycling conditions used throughout.

Stage Description Temperature Time Number of
cycles
1 Initial denaturation 95°C 5 minutes 1
2 Denaturation 95°C 30 seconds 35
Annealing 50°C-72°C 30 seconds
Elongation 72°C 30 seconds
3 Final elongation 72°C 10 minutes 1
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2.2.2. PCR purification
PCR products were purified using the Qiagen PCR Purification Kit, according to the

manufacturer’s instruction.

2.2.3. Restriction digests

Following PCR purification, the products were digested with appropriate restriction enzymes
supplied by New England Biolabs. DNA was digested by addition of sterile water, appropriate
restriction enzyme(s) and CutSmart® buffer. This was incubated at 37 °C for 3 hours. 4 pl Calf
Intestinal Alkaline Phosphatase was added to digested plasmids for the final 30 minutes to

prevent self-ligation.

2.2.4. Gel extraction

To further purify DNA, either gel extraction or phenol-chloroform extraction was used. DNA
was first separated on a 1 % agarose gel. Briefly, the agarose gel was prepared by dissolving 1
g of agarose in 100 ml 1 x TBE. The agarose was dissolved by microwaving for 1 minute.
SYBR Safe was added just before the gel was poured. Separation was achieved by running the
gel at 150 V for approximately 30 minutes in 1 x TBE buffer. After separation, the appropriate
band was cut out using a razor blade. DNA was extracted from this section of gel using the

Qiagen Gel Extraction Kit, according to the manufacturer’s instructions.

2.2.5. Phenol-chloroform extraction/ ethanol precipitation of DNA

An equal volume of phenol-chloroform was added to the plasmid preparation. This was
vortexed for 15 seconds before centrifugation at 17,000 x g for 3 minutes. The upper aqueous
phase was transferred to a new tube, and 3 x volume of ice-cold 100 % ethanol and 0.1 x

volume of 3 M sodium acetate pH 5.2 was added. The sample was precipitated at -80 °C for 30
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minutes, followed by centrifugation at 17,000 x g for 30 minutes at 4 °C. The pellet was dried
under a vacuum, washed in 750 pl ice-cold 70 % ethanol and centrifuged at 17,000 x g for 20

minutes at 4 °C. The pellet was dried under a vacuum and re-suspended in dH>O.

2.2.6. Ligation of PCR products in plasmid vectors

DNA fragments were ligated with vectors containing complementary 5' and 3' overhangs.
Ligation reactions were done in a 20 pl reaction with approximately 50 ng vector, 100-200 ng
purified insert, 2 pl 10 x DNA ligase buffer and 2 pl T4 DNA ligase (New England Biolabs).
Note that vectors smaller than 10 kb were purified using gel extraction as described above.
Vectors larger than 10 kb were purified using phenol-chloroform extraction and ethanol
precipitation, as described above. Ligation reactions were left at room temperature for 2 hours.

A vector-only reaction was used as a negative control.

2.2.7. Nucleic acid extraction using Qiagen Kits

All nucleic acid extractions were done using the Qiagen kits, in which DNA is bound to a silica
column, washed with a high salt solution and eluted with water. The Qiagen miniprep kit was
used to extract plasmids of high copy number (such as pSR) for cloning vectors. The Qiagen
maxiprep kit was used to extract plasmids of low copy number (such as pRW50). 5 ml
overnight cultures were used for miniprep extraction, compared with 250 ml cultures for a

maxiprep. The Qiagen RNeasy kit was used to extract RNA for use in primer extension assays.

2.2.8. Sequencing of plasmids and DNA fragments
All sequencing was carried out by the Functional Genomics Facility at The University of
Birmingham by Sanger sequencing. Each reaction had a total volume of 10 pl and contained 1

pl 10 uM primer and approximately 200 ng of DNA.
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2.2.9. Growth of bacterial cultures

Overnight cultures were grown in LB broth at 37 °C with 200 rpm shaking for 16 — 18 hours.

2.2.10. Preparation of chemically competent cells

1 ml of an overnight culture was used to inoculate 50 ml fresh LB medium. This was incubated
at 37 °C with 200 rpm shaking until the ODgso was between 0.4 and 0.5. Cultures were chilled
on ice for 20 minutes and harvested by centrifugation at 1,600 x g for 10 minutes at 4 °C. Cells
were re-suspended in 25 ml 100 mM ice-cold calcium chloride, incubated on ice for 30 minutes
and re-harvested by centrifugation at 1,600 x g for 10 minutes at 4 °C. The pellet was re-
suspended in 3.3 ml ice-cold 100 mM calcium chloride and was left on ice overnight. Cells

were mixed with 50 % glycerol, aliquoted into microfuge tubes and stored at -80 °C.

2.2.11. Preparation of electrocompetent cells

1 ml of an overnight culture was used to inoculate 50 ml fresh LB medium. This was incubated
at 37 °C with 200 rpm shaking until the ODgso was between 0.4 and 0.5. Cultures were chilled
on ice for 20 minutes and harvested at 1,600 x g for 10 minutes at 4 °C. Cells were re-suspended
in 50 ml 15 % ice-cold glycerol and re-harvested by centrifugation at 1,600 x g for 10 minutes
at 4 °C. The glycerol wash was repeated 3 times. Finally, cells were re-suspended in 500 pl 15

% glycerol, aliquoted into microfuge tubes and stored at -80 °C.

2.2.12. Transformation of bacterial cells

To transform bacterial cells with circular plasmid DNA, the ligation reaction or 10 ng plasmid
DNA were incubated on ice with 100 pl chemically competent cells for 1 hour. Cells were heat
shocked at 42 °C for 2 minutes, then transferred to ice for 5 minutes. 1 ml LB broth was added

to the cells. The reaction was incubated at 37 °C with 200 rpm shaking for 1 hour. The cells
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were pelleted by centrifugation at 2,400 x g for 3 minutes. The pellet was re-suspended in 100
ul LB and plated onto selective agar. To transform bacterial cells with linear DNA, 200 ng
DNA was incubated on ice with 45 pl electrocompetent cells for 1 hour. Cells were transferred
to a pre-chilled 1 mm electroporation cuvette and subjected to an electric field of 1700 V. 1 ml
LB broth was added to the cells and the reaction was incubated, centrifuged and plated as

previously described.

2.2.13. Purification of recombinant proteins

MarA, SoxS and Rob were purified using an adapted protocol (Jair ef al., 1995). Purification
of MarA was carried out by Dr Rachel Kettles and purification of SoxS and Rob was carried
out by Dr Alistair Middlemiss, both at The University of Birmingham. The open reading frame
encoding the appropriate protein was amplified by PCR, digested with Ndel and BamHI and
ligated with pET28a downstream of the T7/ac promoter, inducible with IPTG. Constructs were
used to transform E. coli T7 Express cells. Recombinant proteins were overexpressed by
growth in LB with 0.4 mM IPTG to an ODsso of 0.8 — 1.2. Cells were harvested by
centrifugation at 1,600 x g for 10 minutes at 4 °C. Pellets were washed with 25 ml lysis buffer

and incubated at -80 °C for 16 hours.

Frozen pellets were re-suspended in 40 ml lysis buffer. Cells were lysed using an Avestin
Emulsiflex C3 high pressure motorised homogeniser. Cells were pelleted by centrifugation at
75,000 x g for 30 minutes and re-suspended in 40 ml wash buffer. Centrifugation was repeated
and the pellets were re-suspended in 40 ml denaturing buffer. A final centrifugation step was
carried out and the supernatant was loaded onto a HisTrap™ 1 ml pre-charged Ni Sepharose
High Performance column. Unbound protein was washed away using Buffer A and bound

protein was eluted with buffer B. An elution peak was noted at 0.22 M imidazole, fractions
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were confirmed using SDS-PAGE and the desired fractions were dialysed against Buffer X

overnight.

Following dialysis, the proteins were concentrated to 1 mg/ml using a 5000 MWCO (molecular
weight cut-off) Vivaspin 20 column. The His tag was removed by adding 15 pl of thrombin
Sepharose beads per mg protein and incubating at room temperature for 5 hours with gentle
rocking. Removal of the His tag was confirmed by SDS-PAGE. Thrombin beads were removed
by centrifugation of 1,600 x g for 5 minutes. Digested His tags were removed using the
HisTrap™ column with flow-through retained and dialysed with Buffer X + 20 % glycerol

overnight. Recombinant proteins were stored at -20 °C.

2.2.14. Radiolabelling of DNA fragments for EMSA

DNA fragments for use in electrophoretic mobility shift assays (EMSA) were prepared by PCR
amplification and purification, digestion with EcoRI and gel extraction. Fragments were
radiolabelled at the 5' end by addition of 16 ul digested DNA, 1 ul T4 polynucleotide kinase,
2 ul 10 x T4 polynucleotide kinase and 1 pl [y->*P]-ATP. Unincorporated nucleotides were

removed by passing labelled DNA through two G-50 Sephadex columns.

2.2.15. Electrophoretic mobility shift assay (EMSA)

Approximately 30 counts of [y->*P]-ATP labelled DNA fragments were mixed with 1 x TNSC
buffer and 12.5 pg/ml Herring sperm DNA, in a final volume of 10 pl. This was incubated with
10 pl MarA/1 x TNSC mix for 20 minutes at 37 °C. Reactions were loaded onto a 7.5 %

polyacrylamide gel. The gel was run at 150 V for 1-2 hours and vacuum dried and exposed to

a phosphorscreen overnight. It was visualised using a Biorad FX® phosphoimager.
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2.2.16. B-galactosidase assays

Promoter fragments of interest were ligated into pRW50 upstream of lacZ. E. coli JCB387 was
transformed with these plasmids and used for B-galactosidase assays. Three overnight cultures
were set up for each construct. 100 pl of each overnight culture was sub-cultured into 5 ml LB
broth with selective antibiotics. Cultures were grown to mid-log phase (ODgso = 0.3 — 0.6).
Cells were lysed by adding 3 drops of 100 % (v/v) toluene and 3 drops of 1 % (w/v) sodium
deoxycholate, followed by vigorous vortexing. Lysates were aerated at 37 °C for 20 minutes to
allow for toluene evaporation. The reaction was started by adding 100 pl lysate to 2.5 ml ONPG
solution at timed intervals. The solutions were incubated at 37 °C for 15 minutes, or until they
turned yellow. Reactions were stopped at timed intervals by the addition of 1 ml 1 M sodium
carbonate. The absorbance at ODa420 was measured.

B-galactosidase activity was calculated using the following formula:

0D420X total reaction volume

Promoter activity (Miller units) = 1000 x

0D650 X lysate volume X reaction time

Data shown is the mean from three technical replicates carried out on three different days, each
containing three biological replicates. A transformant containing empty pRW50 was used as a

negative control for background -galactosidase activity.

2.2.17. Determination of minimum inhibitory concentration (MIC)

Overnight cultures were diluted to an ODegso of 0.05 in sterile distilled water, before being
further diluted 1 in 20 in LB. A 96-well flat bottomed microtitre plate was prepared using the
double dilution method (Andrews, 2001). Each well contained 50 pl diluted culture in a final
volume of 100 ul per well with an appropriate concentration of antibiotic. A growth control

was included, with LB and culture only. A sterility control was included, with LB only. The
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plate was incubated for 18 hours at 37 °C. The MIC was recorded as the lowest concentration
that prevented bacterial growth. E. coli strains NCTC 10418 and ATCC 25922 were used as
controls. Results were only accepted if the MIC was within one double dilution of the expected

MIC for these strains.

2.2.18. Growth curves

Overnight cultures were diluted to an ODgso of 0.05 in LB. These were incubated at 37 °C with
200 rpm shaking. Over the first 8 hours, samples were taken every 40 minutes and ODsso was
measured. Once the ODeso was beyond 0.8, samples were diluted 1 in 10 with LB to account
for inaccuracy of the spectrophotometer. After this, cultures were grown at 37 °C with 200 rpm

shaking until they had been growing for 24 hours. A final ODsso measurement was taken.

2.2.19. Statistical analysis

Statistical significance of B-galactosidase activity was tested using a one-way analysis of
variance (ANOVA) using a Geisser-Greenhouse correction to assume equal variability of
differences. This was followed up with a post-hoc Tukey’s HSD test with a 95 % confidence
interval to allow for pairwise comparisons. An ANOVA was used rather than a t-test because
experiments were grouped and therefore all means were compared. Statistical significance of
growth curves was tested using a two-way ANOVA using a Geisser-Greenhouse correction to
assume equal variability of differences. This was followed up with a two-stage step-up method
of Benjamini, Kreiger and Yekutieli to control the false discovery rate. Pairwise comparisons
were compared for each time point. Significance for each time point was defined as a g-value
(adjusted p-value) < 0.05 and an overall statistical significance in growth was determined when
over 50 % (7/14) time points had a significant g-value. Statistical significance of growth rate

was tested using an unpaired two-tailed t-test with a 95 % confidence level with appropriate

78



pairwise comparisons. All statistical analysis was carried out using Graphpad Prism 9 and

significance was defined as p < 0.05.

2.2.20. Bioinformatic analysis to locate putative MarA binding sites

Novel putative marboxes were located by scanning the E. coli K-12 MG1655 genome with a
15 bp marbox motif (5'— GCANNNNNNGCNAAA-3") using Colibri. Search parameters were
filtered to identify sites up to 200 bp upstream of start codons, with only 1 mismatch and
associated with "lipid", "lipo" or "LPS". Targets were manually sorted by discarding genes of
unknown function. Of the remaining targets, only those directly involved in cell envelope
biosynthesis, including outer membrane biosynthesis and cell wall biogenesis, were chosen for

further experimental testing.

2.2.21. In vitro transcription assays

pSR plasmid containing a promoter of interest upstream of ori7T were used for in vitro
transcription. 335 ng pSR maxiprep was mixed with 1 x TNSC buffer, 100 pg/ml BSA, 200
uM ATP/GTP/CTP, 10 uM UTP and 4 uCi [0->’P]-UTP. The reaction was made up to 11 pl
with ddH20 and incubated with 0 — 5 pM MarA at 37 °C for 10 minutes. RNAP core enzyme
and o’° were incubated at 37 °C for 5 minutes, and 4 pl reaction mix was added in timed
intervals. The reaction was run for 10 minutes at 37 °C and terminated by addition of 20 pl
STOP solution. Reactions were loaded onto a 6 % denaturing gel. The gel was calibrated using
a G+A ladder or M13 T7 sequencing reactions. Denaturing PAGE was carried out at 60 W for
approximately 1 hour in 1 x TBE running buffer. The gel was vacuum dried and exposed to a

phosphorscreen overnight. The screen was scanned using a BioRad FX® phosphoimager.
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2.2.22. Generation of ‘G+A’ ladder

The DNA sequence of interest was cloned into pSR and digested using Aatll and HindIII. The
fragment was radiolabelled at the HindIII end (as Section 2.2.12). 100 ng of this fragment was
diluted in 8 pl dH,O and mixed with 50 pl formic acid. This mixture was left at room
temperature for 2.5 minutes. 200 pl 0.3 M sodium acetate, 1 pl 20 mg/ml glycogen and 700 ul
ice-cold 100% ethanol was added. DNA was precipitated at -80 °C for 15 minutes and
centrifuged at 17,000 x g for 15 minutes at 4 °C. The pellet was washed with 70 % ethanol and
centrifuged for 17,000 x g at 4 °C for 10 minutes. This was repeated two times. The pellet was
dried in a vacuum and re-suspended in 1 M piperidine. The reaction was incubated at 90 °C for
30 minutes and stopped by adding 1 ul glycogen, 10 pl 3 M sodium acetate, and 300 pl ice-
cold 100 % ethanol. DNA was precipitated at -80 °C for 15 minutes. DNA was centrifuged at
17,000 x g for 15 minutes and washed twice in 70 % ethanol. The pellet was dried under a

vacuum and re-suspended in DNAse I blue.

2.2.23. Generation of M13 T7 sequencing reactions

M13 sequencing reactions were generated using the T7 sequencing kit supplied by USB. The
template DNA was denatured by mixing 2 g single-stranded template M13mp18 phage DNA
with 24 pl ddH2O and 8 pl 2 M NaOH. The mixture was left at room temperature for 10
minutes. 7 ul 3 M sodium acetate (pH 4.8), 4 ul ddH>O and 120 pl ice-cold 100 % ethanol was
added. The mixture was precipitated at -80 °C for 15 minutes, then centrifuged at 17,000 x g
for 30 minutes at 4 °C. The pellet was washed with ice-cold 70 % ethanol and centrifuged at
17,000 x g for 10 minutes at 4 °C. The pellet was dried under a vacuum and re-suspended in 10
ul ddH>O. The primer was annealed to the DNA by adding 5-10 pmol of undiluted universal
primer stock and 2 pl annealing buffer, before vortexing. The mixture was incubated at 65 °C,

37°C and room temperature for 5 minutes, 10 minutes and 5 minutes, respectively. 2.5 ul each
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of “A/C/G/T Mix-short” was transferred into four tubes. 1 pl T7 polymerase stock was diluted
by the addition of 4 ul T7 dilution buffer. 3 pl label mix “A”, 1 ul [a-*?P]-ATP and 2 pl diluted
T7 DNA polymerase was added to the template mixture and incubated at room temperature for
5 minutes. During the last minute of incubation, the "A", "C", "G", and "T" reactions were
incubated at 37 °C. Termination of the reactions was achieved by transferring 4.5 pl reaction
into each of the 4 tubes, mixing gently and incubating at 37 °C for 5 minutes. The reactions
were stopped by adding 8 pul STOP solution. Tubes could be used immediately or stored at -20
°C. Reactions were used as calibrations for primer extensions. Before loading onto a 6 %

denaturing gel, the tube was heated at 80 °C for 2 minutes. 1-3 pl of each sample was loaded.

2.2.24. Primer extension assays
Primer extension reactions were carried out using RNA purified from E. coli JCB387
transformants containing the pPRW50 plasmid with the promoter of interest. The experiment

was carried out over 2 days.

Day 1: 0.5 pul 100 uM D49724 primer (anneals on pRWS50 downstream of HindIIl) was
radiolabelled by adding 2 ul polynucleotide kinase buffer, 15.5 ul dH>O, 1 ul [y-*?P]-ATP and
1 pl T4 polynucleotide kinase. This was incubated for 30 minutes at 37 °C, followed by 10
minutes at 68 °C to inactivate the enzyme. 30 ug purified RNA was mixed with 1 pl
radiolabelled D49724 primer and precipitated using 1/10 volume 3 M sodium acetate pH 7.0
and 2.5 volumes of ice-cold 100 % ethanol and incubated at -80 °C for 30 minutes. The mixture
was centrifuged at 17,000 x g for 20 minutes at 4 °C. The pellet was washed with 750 pl ice-
cold 70 % ethanol and centrifuged at 17,000 x g for 10 minutes at 4 °C. The pellet was dried
under a vacuum and re-suspended in 30 pl hybridisation buffer, before mixing and incubation

at 50 °C for 5 minutes. To anneal the primer, the solution was incubated at 75 °C for 15 minutes,
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then 50 °C for 3 hours. 75 pl ice-cold 100 % ethanol was added and the sample was incubated

overnight at -80 °C.

Day 2: The annealed primer/RNA sample was centrifuged at 17,000 x g for 20 minutes at 4 °C.
The pellet was washed by addition of 750 pl ice-cold 70 % ethanol and centrifuged at 17,000
x g for 10 minutes at 4 °C. The pellet was dried under a vacuum and re-suspended in 31 pl
dH>O. Primer extensions were carried out by adding 10 ul 5 x reverse transcriptase buffer, 1 pl
50 mM DTT, 5 ul 10 mM dNTPs (giving final concentration of 0.2 mM), 2.5 ul AMV reverse
transcriptase and 0.6 pl RNasin®. The sample was incubated at 37 °C for 1 hour, followed by
inactivation of the enzyme at 72 °C for 10 minutes. RNA was degraded by addition of 1 pul 10
mg/ml RNase A and incubated at 37 °C for 30 minutes. DNA was precipitated by the addition
of 6.7 ul 3 M sodium acetate pH 4.8 and 125 pl ice-cold 100 % ethanol and incubation at -80
°C for 30 minutes. The sample was centrifuged at 17,000 x g for 20 minutes at 4 °C. The pellet
was washed in 1 ml ice-cold 70 % ethanol and centrifuged at 17,000 x g for 10 minutes at 4
°C. The pellet was dried under a vacuum and re-suspended in 4 ul STOP solution. 1-3 pl was

run on a 6 % denaturing gel with M13 sequencing reactions at 60 W for 2 hours.

2.2.25. Crystal violet assays

Membrane permeability was measured using a crystal violet assay described by Halder et al.,
2015. Briefly, cell cultures were harvested at 4500 x g for 5 minutes at 4 °C. Cells were washed
three times and re-suspended in 0.5 mM phosphate-buffered saline (PBS) (pH 7.4) containing
10 pg/ml crystal violet. This was incubated at 37 °C for 10 minutes and centrifuged at 13,400
x g for 15 minutes. The absorbance of the supernatant at ODsoo was measured. The absorbance

of PBS solution was used as a blank. The ODs99 of PBS with 10 pg/ml crystal violet was
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considered as 100 %. Percentage uptake of crystal violet was calculated using the following

formula:

0D590 (sample)

[ =
Dye uptake (A)) 100 x 0D590(CV solution)

2.2.26. Membrane separation

Overnight cultures were diluted to an ODgso of 0.8 in LB. Samples were harvested at 11,300 x
g for 10 minutes at 4 °C using a JA 10.5 rotor. Pellets were re-suspended in 10 mM HEPES
buffer and harvested at 4300 x g for 10 minutes at 4 °C. Pellets were re-suspended in 3 ml 10
mM HEPES, 300 pl 10 x cOmplete™ Protease Inhibitor Cocktail, 100 pl DNase I buffer and
10 ul DNase I. Cells were lysed using 4 passes on a French pressure cell press at 1000 psi.
Lysed cells were centrifuged at 4300 x g for 10 minutes at 4 °C. 10 mM HEPES was added and
samples were harvested at 75,600 x g for 60 minutes at 10 °C using a JA 25.5 rotor. Pellets
were re-suspended in 10 mM HEPES and re-harvested. Pellets were re-suspended in 20 %
sucrose (in 10 mM HEPES). A sucrose gradient was prepared in a 14 ml ultracentrifuge tube.
Briefly, 3.3 ml 73 % sucrose was added to the tube, followed with 6.7 ml 53 % sucrose. The
sample re-suspended in 20 % sucrose was layered on top. The sucrose gradient was centrifuged
at 141,000 x g for 16 hours at 4 °C in a SW40 rotor with maximum acceleration and a
deceleration of 5. Inner and outer membrane bands were removed by pipetting at sucrose
interfaces and diluted to 30 ml in 10 mM HEPES. Separated membrane samples were harvested
at 75,600 x g for 60 minutes at 10 °C using a JA 25.5 rotor. The pellet was re-suspended in 10
mM HEPES and re-harvested. The pellet was re-suspended in 1 ml 10 mM HEPES. Membrane

samples were stored at stored at -80 °C.
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2.2.27. SDS-PAGE

SDS-PAGE was used to check that the inner and outer membrane samples had distinct profiles,
therefore confirming successful separation. 5 pl of membrane samples were mixed with 12.5
ul NUPAGE™ LDS sample buffer and 27.5 pl sterile water and boiled at 72 °C for 10 minutes.
Samples were mixed with 5 x SDS loading dye and loaded onto a Mini-PROTEAN TGX gel
4-15 % in 1 x Tris-Glycine SDS running buffer for 20 minutes at 200 V. Gels were treated with
InstantBlue™ Coomassie stain for 16 hours then destained by washing with water three times

for 15 minutes.

2.2.28. Lipid extraction

Overnight cultures were diluted to an ODegso of 0.05 in LB. These were grown at 37 °C with
200 rpm shaking until ODsso was equal to 0.5. 1 ml of this culture (or 500 pl separated
membrane sample) was added to a 2 ml Chromacol vial and harvested at 2880 x g for 15
minutes at 4 °C. The pellet was re-suspended in 500 pl ice-cold methanol, 300 pul dH>O and 1
ml chloroform. The vial was centrifuged at 2880 x g for 15 minutes at 4 °C with the brakes off.
The chloroform-rich bottom phase containing phospholipids was transferred to a fresh vial and
dried under nitrogen. This was re-suspended in 1 ml 100 % acetonitrile. Lipid extractions was

stored at -80 °C.

2.2.29. Liquid chromatography/mass spectrometry (LC/MS)

LC/MS was performed using a Dionex UltiMate 3000 with a 2.5 um, 3 mm x 150 mm BEH
Amide XP column coupled to a Bruker amazon SL electrospray ion-trap spectrometer and a
beta-RAM radio chromatography detector. The column had been stored at 30 °C and the needle
was cleaned with 10 % isopropanol. The column was equilibrated for 10 minutes with 95:5

(v/v) 100 % acetonitrile:10 mM ammonium acetate. 5 pl lipid extractions were injected onto
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the LC/MS and separated on a stepwise gradient from 0-28 % ammonium acetate using a
constant flow rate of 150 pl min™! for 15 minutes. The negative ion ESI/MS and MS/MS were
set as follows: capillary voltage 3500 V, end plate offset 500 V, 8 L min™! drying gas at 300
°C, nebulizing gas pressure 15 psi. Qualitative and quantitative analyses were performed using
Bruker Compass™ software. Compounds were identified by comparing their respective
retention times and spectra (MS and MS-MS) to previous lipidomic studies and the

LIPIDBLAST database (Kind et al., 2014).

2.2.30. Flexible recombineering using integration of thy4 (FRUIT)
To introduce chromosomal point mutations, a novel recombineering technique, known as
Flexible Recombineering Using Integration of thyA (FRUIT), was used (Stringer et al., 2012).

This is shown in Figure 2.1.

Generation of Athy4d JCB387: Genomic DNA from AthyA MG1655 Fz-araC-Fs-thyA was
isolated. Primers JW472 and JW473 were used to amplify thyA flanking regions. The PCR
product was purified using a Qiagen Gel Extraction kit. This was electroporated into JCB387
cells containing pACBSR, which had previously been grown in LB containing 0.2 % arabinose
to induce expression of the A Red genes, before being made electrocompetent. Following the
electroporation, cells were recovered at 37 °C for one hour and plated onto M9 minimal
medium containing 100 pg/ml thymine, 20 pg/ml trimethoprim and chloramphenicol. Colonies
were confirmed using colony PCR with primers flanking the thyA site. Single colonies were
inoculated into MyTaq™ Red mix with appropriate primers. PCR was carried out as Table 2.4.
Colony PCR products were sequenced and successful Athy4 recombinants were re-streaked

onto the same medium.
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Figure 2.1. Flexible recombineering using integration of thy4 (FRUIT).

A thyA cassette containing the thyA gene and a strong constitutive promoter was amplified
from pAMOO1 using primers with 5’ regions that anneal to the desired region of recombination
e.g. in the waaY promoter, as shown in this example. The marbox is shown in red.
Recombinants were confirmed using colony PCR and sequencing. A. The thyA cassette was
electroporated into AtiyA cells containing pACBSR, grown with chloramphenicol, 100 pg/ml
thymine, 20 pg/ml trimethoprim and 0.2 % arabinose to allow expression of A Red genes.
Recombinants were selected on M9 minimal medium containing chloramphenicol. B. A PCR
product containing the desired point mutations (*) was electroporated into thy4+ intermediate
cells containing pACBSR, grown with chloramphenicol and 0.2 % arabinose to allow
expression of A Red genes. Recombinants were selected on M9 minimal medium containing
chloramphenicol, 100 pg/ml thymine and 20 pg/ml trimethoprim. Based on Stringer et al.,
2012.
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Genome Editing: A thyA cassette, which contains a strong constitutive promoter, was amplified
using primers with 80 bp 5’ sequence that matched the desired site of recombination
(“Targeting Upstream” and “Targeting Downstream” primers). pAMDO001 was used as a
template for this, as described in Stringer et al., 2012. PCR products were purified using a
Qiagen Gel Extraction kit. These were electroporated into Athy4 JCB387 cells containing
pACBSR, which had previously been grown in LB containing chloramphenicol, 100 pg/ml
thymine and 0.2 % arabinose to induce expression of the A Red genes, before being made
electrocompetent. Following the electroporation, cells were recovered at 37 °C for one hour,
plated onto M9 minimal medium (lacking thymine) containing chloramphenicol, and grown at
37°C for 24 — 48 hours. Colonies were confirmed using colony PCR with primers flanking the
expected site of thyA4 insertion. Colony PCR products were then sequenced and successful
thyA+ intermediates were re-streaked onto the same medium. The desired chromosomal
sequence, containing the point mutations, was ordered as a gene strand from Eurofins and
further amplified using primers to amplify the entire fragment (“Mutagenesis Upstream” and
“Mutagenesis Downstream” primers). PCR products were purified using a Qiagen Gel
Extraction kit. These were electroporated into thy4+ intermediate cells containing pACBSR,
which had previously been grown in LB containing chloramphenicol and 0.2 % arabinose to
induce expression of the A Red genes, before being made electrocompetent. Following the
electroporation, cells were recovered at 37 °C for one hour, plated onto M9 minimal medium
containing 100 pg/ml thymine, 20 pg/ml trimethoprim and chloramphenicol, and grown at 37
°C for 24 — 48 hours. Colonies were confirmed using colony PCR with primers flanking the
expected site of mutagenesis. Colony PCR products were then sequenced, and successful

mutants were re-streaked onto the same medium.
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Chapter 3 — MarA Activation of IpxC
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3.1 Introduction

The MarA regulon has been researched increasingly in recent years. Estimates suggest that the
regulon comprises around 100 genes but only 32 experimentally confirmed targets are listed in
Ecocyc (Griffith ef al., 2002; Barbosa and Levy, 2000). Recently, 33 novel MarA targets were
identified in a ChIP-seq experiment (Sharma et al., 2017). Some of these have been proven
experimentally to be regulated by MarA, including the mlaFEDCB operon (Sharma et al.,
2017). Briefly, the mlaFEDCB operon encodes an ABC transport system that removes
unwanted phospholipids from the outer leaflet of the OM (Malinverni et al., 2009). This is
important because the barrier function of the Gram-negative cell envelope heavily relies on
OM asymmetry (Kamio and Nikaido, 1976). Thus, it is hypothesised that upregulation of
mlaFEDCB by MarA improves barrier function (Sharma et al., 2017). This also suggests that
additional cell envelope factors may be regulated by MarA. In further ChIP experiments, [pxC
was identified as a SoxS target in E. coli (Seo et al., 2015). Additionally, /pxC has been
demonstrated to bind RamA, a MarA paralogue found in K. pneumoniae (De Majumdar et al.,

2015). IpxC is an essential gene that encodes a protein involved in lipid A biosynthesis.

The cell envelope of Gram-negative bacteria is characterised by an IM and OM (Glauert and
Thornley, 1969). Between these membranes is the periplasm, which contains the peptidoglycan
cell wall (Figure 3.1). Unlike the IM, which is a phospholipid bilayer, the OM is highly
asymmetric. The inner leaflet is a phospholipid layer but the outer leaflet is made up of
lipopolysaccharide (LPS) (Kamio and Nikaido, 1976). LPS is composed of lipid A, a core
oligosaccharide, and the O-antigen (Raetz and Dowhan, 1990). Lipid A, a hydrophobic
glucosamine disaccharide, forms the outer leaflet of the OM. Lipid A is linked to a core

oligosaccharide, which contains 3-deoxy-D-manno-octulosonic acid (KDO) residues,
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Figure 3.1. The Gram-negative cell envelope.

The IM is a phospholipid bilayer that surrounds the cytoplasm. These phospholipids are
composed of a variable head group, a phosphate moiety, a glycerol backbone and hydrophobic
fatty acid chains. The periplasm is found between the IM and OM and contains a peptidoglycan
cell wall layer. The OM contains phospholipids on the inner leaflet and LPS on the outer leaflet.
LPS is composed of O-antigen, a core polysaccharide and lipid A, which anchors it into the
membrane. Membrane proteins and porins are important components found within the

membranes.
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heptoses, and hexoses. The O-antigen is attached to the core oligosaccharide and is composed

of two to eight sugars.

Lipid A biosynthesis begins with a UDP-GIcNAc precursor (N-acetyl glucosamine linked to a
nucleotide carrier) (Anderson, Bulawa and Raetz, 1985). In the cytoplasm, UDP-GIcNAc is
acylated to produce UDP-3-O-(acyl)-GlcNAc by enzyme LpxA. This reaction is unfavourable,
so the first committed step of lipid A biosynthesis is the deacetylation of UDP-3-O-(acyl)-
GlcNAc to UDP-3-O-(acyl)-GlcN achieved by LpxC. Considering that LpxC catalyses the first
committed step in lipid A biosynthesis, it is an important regulatory control point for the
pathway (Sorensen et al., 1996). UDP-3-O-(acyl)-GlcN is acylated further and the nucleotide
carrier is removed by LpxD and LpxH, respectively, to generate 2,3-diacylglucosamine-1-
phosphate, or ‘lipid X’ (Kelly et al., 1993; Ray, Painter and Raetz, 1984; Babinski, Kanjiala

and Raetz, 2002). Lipid X is added to UDP-2,3-diacylglucosamine, the product of the LpxD
reaction, and the UDP carrier is released (Ray, Painter and Raetz, 1984). The resulting product
is referred to as lipid A disaccharide, and this is inserted into the IM. LpxK phosphorylates
lipid A disaccharide at the 4' position to become lipid IV (Ray and Raetz, 1987). Two KDO
sugars of the core oligosaccharide are added to lipid IVa by enzyme WaaA (Brozek et al.,
1989). Further acylation events, catalysed by LpxL and LpxM, occur to produce KDO»-Lipid
A (Brozek and Raetz, 1990; Clementz, Bednarski and Raetz, 1996; Clementz, Zhou and Raetz,

1997). Figure 3.2 illustrates the lipid A biosynthetic pathway.

LPS provides the OM with a permeability barrier again small, hydrophobic molecules (Silhavy,
Kahne and Walker, 2010). Compounds with a molecular weight (MW) of over 600 Da cannot
penetrate the OM (O'Shea and Moser, 2008). This explains why many Gram-negative bacteria

are intrinsically resistant to some antibiotics, such as vancomycin and daptomycin. Lipid A
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Figure 3.2. Lipid A biosynthesis (The Raetz pathway).

The UDP-GIcNAc precursor is used to make KDO»-Lipid A through the Raetz pathway, which
relies on enzymes LpxA, LpxC, LpxD, LpxH, LpxB, LpxK, WaaA, LpxL and LpxM,
respectively. Straight black arrows demonstrate the reaction direction. Curved black arrows
demonstrate additional substrates used in the reaction, including where they are used. Dotted
red arrows demonstrate substrates that are re-used later in the pathway. Adapted from Emiola,

George and Andrews, 2015.
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biosynthesis is a promising target for new therapeutic agents. Inhibitors of LpxA and LpxD
have been designed and are currently undergoing further research (Ryan et al., 2021; Ma et al.,
2020). Multiple LpxC inhibitors have reached clinical trials but, so far, all have failed due to

unexpected toxicity in mouse models (Cohen et al., 2019; Theruetzbacher et al., 2020).

In this chapter we show that MarA activates [pxC expression in vitro and in vivo. This requires
binding to a marbox, in the forward orientation, overlapping the [pxC promoter -35 element.
Hence, IpxC is controlled by a Class Il MarA activated promoter (Martin et al., 1999). Prior to

this work, regulation of this gene by MarA has not been shown in E. coli.

3.2. Regulation of /pxC by MarA

3.2.1. MarA binds to a marbox in the /pxC promoter

The DNA sequence upstream of /pxC is shown in Figure 3.3 (Panel A). The region has 2
promoters (P1/pxC and P2/pxC) (Beall and Lutkenhaus, 1987; Mendoza-Vargas et al., 2009).
The putative marbox sequence overlaps the -10 element of P1/pxC and the -35 element of
P2lpxC. A 123 bp DNA sequence, containing the marbox and all promoter elements, was
prepared and referred to as IpxC.1 (Figure 3.3, Panel A). This DNA fragment was used in an
EMSA with purified MarA. Briefly, DNA was radiolabelled with [y->*P]-ATP and incubated
with increasing concentrations of MarA. The complexes were separated on a 6 %
polyacrylamide gel. A DNA-protein complex was formed when MarA was added (Figure 3.3,
Panel B). As the concentration of MarA increases, more MarA:DNA complexes form, and
there is less free DNA. This indicates that MarA binds to the marbox within the /pxC regulatory

region.
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A. & r PllpxC

GACTGGAATTTGGGTTTCGAGGCTCTTTGTGCTAAACT -GCCCGCCGAA
-35 -10 +1

TGTATAG TCGGTTGGATAGGTAATTTGGCGAGATAATACGATG

+1

wildtype marbox
GCTCTTTGTGCTAAA P1IpxC
-l u — MarA-DNA IpxC.1 *ATG

- — Free DNA

‘ — MarA-DNA mutated marbox

TGTGTTTGTGCTAAA P1/pxC
[y v “ — Free DNA IpxC.1" + ATG

Figure 3.3. Binding of MarA to the marbox of PlpxC.

A. The PlpxC regulatory region. The promoter region contains two promoters, P1/pxC and
P2/pxC, shown in green and yellow, respectively. The -10 and -35 elements of P1lpxC are
shown in green. The -10 and -35 elements of P2/pxC are shown in yellow and underlined.
Transcription start sites are labelled as +1. The /pxC start codon is shown in blue. B. Binding
of MarA to the P/pxC marbox in an EMSA. Images of 6 % polyacrylamide gels used to separate
MarA:DNA complexes are shown. The EMSA assay was carried out with the /pxC.1 promoter
derivatives shown. Increasing concentrations of MarA (1 uM — 2 uM — 4 uM) are shown by

green triangles. MarA:DNA complexes and free DNA are indicated.
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To determine the importance of the marbox sequence of PlpxC, key residues were mutated.
The GCA motif at positions 1-3 (as Figure 1.12) is highly conserved due to contacts with MarA
amino acids R96 and T93 (Rhee et al., 1998). The marbox of PlpxC is already a suboptimal
GCT at these positions (Figure 3.3, Panel A). To prevent MarA binding, mutations were made
at positions 1 and 2 as well as the adjacent C at position 4 (Figure 3.3, Panel B). This /pxC.1M
derivative was used in an EMSA, as previously. Mutating this motif was sufficient to reduce
binding of MarA substantially. MarA:DNA complexes only formed at the highest
concentration of MarA (4 uM), in contrast to binding at the lowest concentration (1 pM) for

the wildtype /pxC.1 derivative.

3.2.2. MarA activates [pxC expression in vivo

To understand how MarA affects the expression of IpxC, the IpxC.1 and IpxC.1M fragments
were cloned in reporter plasmid pRW50, containing promoterless lacZ. E. coli JCB387 was
transformed with these pRWS50 derivatives and B-galactosidase activity was measured. A
significant increase in promoter activity was seen when marA was expressed (Figure 3.4). This
suggests that MarA activates [pxC. A reduction in promoter activity was noted when the
marbox was mutated, consistent with loss of binding demonstrated in Figure 3.3, Panel B

(Figure 3.5).

3.2.3. MarA activates lpxC expression in vitro

In vitro transcription was used to further investigate activation of [pxC by MarA. The /pxC.1
and IpxC.1M fragments were cloned into plasmid pSR, upstream of the phage-derived
transcription terminator Aoop. The RNAP holoenzyme was added to initiate transcription from
PlpxC and transcripts were terminated at Aoop. The RNALI transcript acts as an internal control

for RNAP activity and gel loading. Increasing concentrations of MarA were added to generate
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Figure 3.4 In vivo activation of the IpxC regulatory region by MarA.

Promoter activity was determined by assessing [-galactosidase activity in E. coli JCB387 cells
transformed with pRWS50 containing IpxC.1 (wildtype marbox). Cells containing empty
pRWS50 were used as the control. Promoter activity shown in Miller units is the mean of assays
from 3 separate days, each day comprising of 3 biological replicates. MarA was provided on
pJ203 with constitutive expression of mar4. The mean activity and standard deviation is
shown. A one-way ANOV A was calculated using the promoter activities, showing the analysis
was significant (p <0.0001, F (2,24) = 54.39299). A post-hoc Tukey’s HSD test showed that

all groups were significantly different from each other (p<0.05 for each pair compared).
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Figure 3.5. In vivo activation of the /JpxC regulatory region by MarA requires the marbox.
Promoter activity was determined by assessing [-galactosidase activity in E. coli JCB387 cells
transformed with pRWS50 containing either /pxC.1 (wildtype marbox) or [pxC.1M (mutated
marbox). Cells containing empty pPRW50 were used as the control. Promoter activity shown in
Miller units is the mean of assays from 3 separate days, each day comprising of 3 biological
replicates. MarA was provided on pJ203 with constitutive expression of marA4. A one-way
ANOVA was calculated using the promoter activities, showing the analysis was significant (p
<0.0001, F (2,24) = 45.06). A post-hoc Tukey’s HSD test showed that all groups were

significantly different from each other (p<0.05 for each pair compared).
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[a-*?P]-UTP labelled transcripts prior to analysis on a denaturing gel (Figure 3.6). An increase
in the intensity of a 118 nt transcript corresponding to that from P2/pxC was seen when MarA
was added. This suggests that MarA activates transcription of [pxC from P2lpxC. A decrease
in the amount of a 140 nt transcript from P1/pxC was observed in parallel. This suggests that
MarA represses transcription of [pxC from P1/pxC. When the marbox was mutated, no increase
in the intensity of the band derived from P2/pxC was demonstrated, showing that activation no

longer occurs. Repression of P1/pxC is still observed but greatly reduced.

3.3. Investigating the Repression of P1/pxC by MarA

Activation of [pxC by MarA in vivo is significant (Figure 3.4). However, in vitro, activation of
P2IpxC is offset by repression of P1/pxC (Figure 3.6). There is no significant difference in the
additive transcript levels, demonstrated by P1/RNAI and P2/RNAI ratios, as MarA is added.
Hence, there is little change in overall /pxC transcription. We next aimed to understand the

discrepancy between the observations noted in vitro and in vivo.

3.3.1. The transcripts from P1/pxC and P2/pxC are degraded at the same rate

First, we considered the possibility that the stability of the mRNA generated from each
promoter might be different in vivo due to the presence of RNA processing factors. In
particular, the transcript from P1/pxC could be degraded at a faster rate than the P2/pxC
transcript. This might explain why there is activation of /lpxC in vivo despite the small overall

change in transcription demonstrated in vitro.

To characterise stability of the /pxC transcripts, primer extension assays were done in the
presence and absence of rifampicin (Figure 3.7). Rifampicin inhibits RNAP activity to inhibit

transcription elongation and thus, transcription is inhibited (Wehrli, 1983). After the addition
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Figure 3.6. MarA activation of transcription from the P/pxC promoter.

Images of 6 % polyacrylamide gels used to separate transcripts generated in vitro using the

IpxC.1 and IpxC.1M derivatives, respectively. Assays were done with RNAP-c°. Increasing

concentrations of MarA (1 uM — 2 uM — 4 uM — 5 uM) are shown by green triangles. Bands

formed by transcripts originating from P1/pxC, P2IpxC and RNAI are indicated by solid lines.

The ratio of transcript to PlpxC:RNAI is shown.
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Figure 3.7. Analysis of /JpxC transcript stability using primer extension and inhibition of
transcription.

E. coli JCB387 transformants containing pRWS50 with /pxC.1 (wildtype marbox) and pJ203
with marA were incubated with rifampicin. RNA was isolated 0, 2.5, 5, 10 and 20 minutes after
rifampicin addition (Lanes 1 — 5, respectively). RNA was used for a primer extension assay
and run of a 6 % polyacrylamide gel. Transcripts from P1/pxC and P2/pxC were determined to
be degraded at similar rates based on quantitative analysis of band intensities. The gel was
calibrated using M13 T7 sequencing reactions. Note the presence of a new potential
transcription start site (denoted “?”’). Based on sequence analysis, it was determined that this is

likely an artefact.
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of rifampicin, degradation of existing transcripts can be measured over time. To monitor this
degradation, we used primer extension, a technique to map the level and 5’ end of RNA
transcripts. Briefly, a radiolabelled primer anneals to a region within the RNA and reverse
transcriptase is used to synthesise complementary DNA (¢cDNA). The product is run on a gel
to determine quantity and size. RNA was isolated from E. coli JCB387 containing the /pxC.1
fragment cloned into pRWS50 at intervals between 0 and 20 minutes after rifampicin addition.
A 115 bp product was observed that maps to the transcription start site (+1) at P2lpxC (Figure
3.7). There were 3 TSSs for P1/pxC, as demonstrated by 137, 141 and 145 bp products. There
was an overall decrease in the amount of RNA present between 0 and 20 minutes, indicated by
a decrease in band intensity. The final percentage decrease of band intensity, indicative of RNA
stability, was 68.22% and 67.12%, respectively, for transcripts from P1/pxC and P2lpxC.

Hence, there was no difference in degradation over this time course.

3.3.2. Termination of transcription from P1/pxC and P2/pxC occurs at the same rate

We next hypothesised that the longer 5" UTR of mRNA transcribed from P1/pxC might be a
better target for the termination factor Rho. Briefly, Rho binds the 5' end of mRNA, translocates
along to the RNA-DNA hybrid and unwinds the duplex structure using helicase activity. To
investigate the role of Rho, primer extension assays were done in the absence and presence of
bicyclomycin, which inhibits Rho (Figure 3.8, Panel A). RNA was isolated from E. coli
JCB387 containing the IpxC.1 and [pxC.1M fragments. In the absence of bicyclomycin (Figure
3.8, Panel A, Lanes 1 - 4), MarA activated transcription from P2/pxC in a marbox dependent
manner, demonstrated by an increase in the band intensity as RNA is increased. A similar result
was obtained in the presence of bicyclomycin (Figure 3.8, Panel A, Lanes 5 — 8). There was
also no significant difference in [pxC expression in vivo when bicyclomycin was added (Figure

3.8, Panel B). Hence, termination by Rho does not explain the discrepancy between our in vitro
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Figure 3.8. Understanding differences in Rho-dependent transcription termination of the
IpxC transcripts.

A. E. coli JCB387 transformants containing pRW50 with IpxC. I (wildtype marbox) and pJ203
with mar4 were incubated with bicyclomycin. RNA was isolated from these cells and used for
a primer extension assay and run of a 6 % polyacrylamide gel. There were no notable
differences in promoter activity in the absence and presence of BCM. M13 T7 sequencing
reactions were used to calibrate the gel (not shown). B. Promoter activity was determined by
assessing B-galactosidase activity in E. coli JCB387 cells transformed with pRW50 containing
either /pxC.1. Cells containing empty pRWS50 were used as the control. Promoter activity
shown in Miller units is the mean of assays from 3 separate days, each day comprising of 3
biological replicates. MarA was provided on pJ203 with constitutive expression of marAd. A
one-way ANOVA was calculated using the promoter activities, showing the analysis was non-
significant (p = 0.0547, F (1.003, 2.007) = 16.70). A post-hoc Tukey’s HSD test showed that

addition of BCM was non-significant (p > 0.05 for each pair compared).
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transcription and lacZ assays. We also note that in vitro, P2lpxC is activated to a far higher
level than that observed for P1/pxC in the absence of MarA (Figure 3.8, Panel A, Lanes 1 and

2). This is consistent with previous in vitro transcription assays (Figure 3.6).

3.3.3. The small net change in overall transcription in vitro is due to promoter saturation
P2/pxC is a much more active promoter than P1/pxC (Figure 3.8, Panel A). To understand
combined transcription from P1/pxC and P2/pxC further in vitro, transcription assays were
repeated using decreasing concentrations of RNAP to prevent saturation of the promoters
(Figure 3.9). This is likely to mimic the cellular environment more accurately, whereby RNAP
is less readily available. Only the /pxC.1 derivative was used. Strong activation of P2/pxC is
noted at all RNAP concentrations, highlighting the importance of MarA-mediated activation
of IpxC. Conversely, as RNAP levels fall, transcription from P1/pxC is lost. Hence, in vitro
transcription with lower levels of RNAP more faithfully match in vivo assays of promoter
activity (Figure 5.9, Lanes 6 — 10). Thus, it is suggested that P1/pxC is a weak promoter
meaning that transcription of P1/pxC is minimal and makes a small contribution to overall

transcription.

3.4. Sodium salicylate, a natural inducer of the mar operon, causes activation

of IpxC expression in vivo

MarA activation of PlpxC was further verified by measuring -galactosidase activity with and
without the addition of 5 mM sodium salicylate to the growth media (Figure 3.10). Salicylate

induces MarA by binding to, and inhibiting, the MarR repressor. This results from a
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Figure 3.9. In vitro transcription assays with decreasing RNA polymerase concentrations
to prevent promoter saturation.

Images of 6 % polyacrylamide gels used to separate transcripts generated in vitro using the
IpxC.1 derivative and decreasing concentrations of RNAP-¢” (4 uM — 2 uM — 1uM).
Increasing concentrations of MarA (1 uM —2 uM —4 uM — 5 uM) are shown by green triangles.
Bands formed by transcripts originating from P1/pxC, P2/pxC and RNAI are indicated by solid
lines. Repression of P1/pxC is not seen at 1 pM RNAP-c7°.
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Figure 3.10. Effect of sodium salicylate on in vivo promoter activity from the IpxC
regulatory region.

marA expression was induced by the addition of 5 mM sodium salicylate, a natural inducer of
the mar operon. Promoter activity was determined by assessing B-galactosidase activity in .
coli JCB387 cells transformed with pRWS50 containing /pxC.1 (wildtype marbox), with and
without the addition of 5 mM salicylate to LB media. Sodium salicylate was added to LB after
overnight growth, and cells were grown to mid-log phase. Cells containing empty pRW50 were
used as the control. Promoter activity shown in Miller units is the mean of assays from 3
separate days, each day comprising of 3 biological replicates. A one-way ANOVA was
calculated using the promoter activities, showing the analysis was significant (p <0.0001, F (3,
32) =333.3). A post-hoc Tukey’s HSD test showed that all groups were significantly different
from each other, with the exception of the control in the absence and presence of 5 mM
salicylate (p<0.05 for each pair compared; >0.9999 for the pairwise comparison between

Control (LB) and Control (LB + 5 mM salicylate).
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conformational change in MarR and de-repression of the marRAB operon (Alekshun and Levy,

1999). When salicylate was added to the media, there was an increase in promoter activity.

3.5. Discussion

LPS, the main constituent of the outer leaflet of the OM, serves as an effective barrier against
antimicrobial agents (Snyder and McIntosh, 2000). Evidence suggests that lipid A and the core
polysaccharide provide this barrier property, whereas the O-antigen does not affect membrane
permeability (Schnaitman and Klena, 1993; Heinrichs, Yethon, Whitfield, 1998). Thus,
changes in the structure of both core polysaccharide and lipid A could be a useful strategy in
improving the barrier function of the OM. Previously, the gene waaY, associated with LPS core
biosynthesis, was shown to be activated by SoxS and MarA (Lee et al., 2009). This causes
modification of LPS. Considering that LPS biosynthesis is a complex process, it is likely that

other genes encoding enzymes involved in this biosynthesis pathway are targeted by MarA.

LpxC-dependent deacetylation of UDP-3-O-(acyl)-GlcNAc to UDP-3-O-(acyl)-GlcN is the
first committed step of lipid A biosynthesis. The aim of this chapter was to confirm /pxC as a
novel MarA target. Previous work identified a putative soxbox upstream of /pxC, by ChIP-exo,
and lpxC was noted to be activated by SoxS in RNA-seq (Seo et al., 2015). Activation of [pxC
by RamA, an AraC family transcription factor related to MarA, found in some Gram-negative
bacteria, was demonstrated in K. pneumoniae (De Majumdar et al., 2015). The data in this
chapter shows that MarA binds to the marbox upstream of IpxC in E. coli and activates

expression of the gene.

There are 2 promoters found within the /pxC regulatory region. The marbox overlaps with the

-10 element of P1/pxC and the -35 element of P2/pxC. The [pxC marbox is in the forward
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orientation. In vitro transcription assays showed that P2/pxC is activated by MarA and that
P1/pxC is repressed simultaneously. Hence, P2/pxC is a Class II MarA-dependent promoter. In
initial in vitro experiments, this suggested that the overall level of /pxC transcription did not
change in the presence of MarA (Figure 3.6). Rather, addition of MarA caused a shift from use
of P1/pxC to use of P2/pxC. Conversely, in vivo, overall levels of transcription from the [pxC
regulatory region increased due to MarA (Figure 3.4). Furthermore, primer extension assays
showed that P2/pxC was much more active than P1/pxC (Figure 3.8). In vivo it is likely that
the concentration of RNAP is lower than that supplied in the in vitro assay due to many more
promoters competing to bind RNAP. Thus, further in vitro assays were carried out with a lower
concentration of RNAP (Figure 3.9). Transcription from P1/pxC was greatly reduced, whilst
activation of P2/pxC by MarA remained. Overall, results suggest that MarA activates the
expression of [pxC from P2/pxC and that this promoter is much more active than P1/pxC, which

is repressed. Thus, MarA leads to high level activation of /pxC expression.

Considering the importance of LPS, lipid A biosynthesis is a logical target for antimicrobial
activity. Inhibitors of LpxC, such as carbohydroxamido-oxazolidin, exhibit antibacterial
activity against E. coli JB 1104 (Jackman et al., 2000). It is thought that this compound
coordinates the active site zinc ion on LpxC, which is required for catalytic activity (Jackman,
Raetz and Fierke, 1999). More recently, several novel LpxC inhibitors have been identified
(Clements et al., 2002; Chen et al., 1999; Dreger et al., 2021; Zhou and Hong, 2021) Of most
interest, a novel non-hydroxmate LpxC inhibitor was demonstrated to have in vitro and in vivo
antibacterial activities against carbapenem-resistant Enterobacteriaceae in murine infection

models (Fujita et al., 2021; Fujita et al., 2022).
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In summary, this chapter has identified lipid A as a novel MarA target. The hypothesis is that
MarA upregulates lipid A biosynthesis to improve the barrier function of the OM. Thus, less

antibiotics agents can enter the cell via passive diffusion.
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Chapter 4 — Elucidation of Novel
MarA Targets
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4.1. Introduction

As outlined previously, the outer leaflet of the OM is primarily LPS, composed of lipid A, a
core oligosaccharide, and the O-antigen. The core oligosaccharide of LPS is an important linker
between lipid A and the O-antigen on the surface. The core oligosaccharide is divided into two
regions: the inner core and outer core (Holst, 1999). The inner core, which is well conserved
within a genus or family, is composed of KDO and phosphorylated L-glycero-D-manno-
heptose (Hep) residues (Holst and Brade, 1992). The outer core is typically composed of
glucose (Glc) and Hep residues and is much more diverse than the inner core. For example, 5
known outer core structures have been demonstrated in E. coli (Whitfield et al., 1999). Core
oligosaccharide assembly on KDO»-lipid A occurs via sequential glycosyl transfer from sugar
precursors, as shown in Figure 4.1. Enzymes required for biosynthesis of the inner core are
encoded by the waaDFC operon (Yethon et al., 1998). The outer core biosynthetic process
occurs via enzymes encoded by the waaQ operon (Pradel et al.,1992; Yethon et al., 2000).
Biosynthesis begins with assembly of the inner core. The heptosyltransferases WaaC and WaaF
transfer the first and second Hep residues, respectively, onto KDO,-Lipid A (Chen and
Coleman, 1993). WaaD encodes an L-glycero-D-manno-heptose-6-epimerase. This catalyses
the conversion of D-glycero-D-manno-heptose to L-glycero-D-manno-heptose, the preferred
substrate of WaaC and WaaF (Coleman, 1983). The kinase enzymes WaaP and WaaY add
phosphate groups to the first and second Hep residues, respectively (Yethon et al., 1998). The
heptosyltransferase WaaQ adds a third Hep to the second Hep. These modifications must occur
in a specific order with the enzymes WaaP, WaaQ and WaaY. Following this, biosynthesis of
the outer core begins with the transfer of the first Glc residue to the second Hep residue by the
glucosyltransferase enzyme WaaG (Yethon et al., 2000). Modification of the Glc residue is
achieved by WaaB, which allows the transfer of a galactose (Gal) residue. Glucosyltransferases

WaaO and WaaR add two more Glc residues (Yethon et al., 1998; Qian,

110



KDO,-Lipid A
[
WaaC
— v
P = WaaP = Hep,

[
Inner core — WaaF

V
P = WaaY ->Hep,|<- WaaQ - Hep|||
|
WaaG
— \/
Glc, < WaaB - Gal
|
WaaO
\
Glc,

|
Outer core — WaaR

\/
Gley,

|
WaaU

Hepy

.

waaD waaF waaC waal waal waaY waaR waaO waaB waaP waaG waaQ

Figure 4.1. Structure and biosynthesis of LPS core oligosaccharide in E. coli K-12.

The organization of the waa locus, including the waaDFC operon, the waaL gene and the waaQ
operon is shown. Gene sizes not to scale. Heptosyltransferase enzymes that construct the inner
core and the genes encoding these enzymes are shown in orange. Enzymes involved in
modification of the inner core and the genes encoding them are shown in green.
Glycosyltransferase enzymes that construct the outer core and the genes encoding them are
shown in yellow. The overall structure of core oligosaccharide is shown in blue. waal is
thought to be involved in ligation of the core oligosaccharide to the O-antigen (Klena, Ashford

and Schnaitman, 1992). Adapted from Raetz and Whitfield, 2002.
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Garrett and Raetz, 2014). Finally, WaaU transfers a fourth Hep residue to the outer core
(Heinrichs, Yethon and Whitfield, 1998). This outer core structure is found in E. coli K-12
(Whitfield et al., 1999). Other outer core structures can be composed of alternate Glc and Gal
residues. The core oligosaccharide is vital in the stability of the OM, as well as bacterial
viability and biofilm formation (Yethon et al., 1998; Yethon et al., 2000; Loutet et al., 2006;

Wang et al., 2015).

Peptidoglycan acts as an additional permeability barrier. Peptidoglycan, found within the
periplasm of Gram-negative bacteria, is made up of alternating N-acetylglucosamine (GIcNAc)
and N-acetyl muramic acid (MurNAc) sugars that form glycan chains (Figure 4.2) (Rogers et
al., 1980). These glycan chains are cross-linked by chains of amino acids (Schleifer and
Kandler, 1972). Peptidoglycan is a highly dynamic molecule due to constant remodelling
(Holtje, 1998; Layec et al., 2008). This is achieved by enzymes capable of hydrolysing glycan
chains or peptide cross-links (Shockman & Holtje, 1994). The endopeptidases, including PBP7
(PbpG), PBP4 (DacB) and MepA in E. coli, cleave within the peptide cross-links (Henderson

et al., 1995; Kishida et al., 2006; Keck and Schwarz, 1979).

In Chapter 3, MarA was demonstrated to target lipid A biosynthesis through the activation of
IpxC, a novel MarA target identified by ChIP experiments. Additionally, MarA activates
transcription of the mlaFEDCB operon, which encodes a lipid trafficking ABC transport
system to remove unwanted phospholipids from the outer leaflet of the OM (Sharma et al.,
2017). Targeting the barrier of the cell to alter cell permeability is an excellent strategy to alter
uptake of antimicrobial agents. In this chapter, we searched for other novel MarA target genes

encoding functions associated with the cellular envelope.
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Figure 4.2. The structure of peptidoglycan.

Peptidoglycan, found within the periplasm, is composed of glycan chains. These are made up
of alternating GIcNAc and MurNAc sugars (hexagons), which are linked by B-1->4 bonds.
Chains of amino acids are attached to MurNAc sugars. This peptide stem is commonly made
up of L-Ala, D-Glu, L-Lys and D-Ala. Adjacent stems are cross-linked, which commonly
occurs between the carboxyl group of position 4 D-Ala and the amino group of position 3 L-
Lys. The endopeptidase enzymes cleave these cross-links during peptidoglycan hydrolysis.

Information from Rogers et al., 1980.

113



Using a bioinformatic approach to search for novel MarA binding sites, putative marboxes
were found in several promoters of genes associated with OM biosynthesis and cell wall
biogenesis. Subsequently, MarA was shown to regulate the promoters of /pxL and pbpG, not
previously identified as MarA targets. A SoxS target, waaY, appeared in the search and was
demonstrated to be activated by MarA (Lee et al., 2009). LpxL and WaaY are involved in lipid
A biosynthesis and core oligosaccharide biosynthesis, respectively. PbpG is an endopeptidase
involved in peptidoglycan biogenesis. SoxS and Rob regulation of these promoters, as well as

IpxC from Chapter 3, was also investigated.

4.2. Identification and confirmation of novel putative marboxes in promoters

of genes associated with the cell envelope

ChIP-seq previously identified many MarA targets in E. coli. However, this technique is prone
to false negatives. Using the DNA-binding motif identified by ChIP, a bioinformatic approach
was used to identify novel putative marboxes in the E. coli genome that may have been missed
previously. Briefly, the E. coli genome was searched for marboxes with 1 mismatch to the
sequence GCANNNNNNGCNAAA. Results were filtered to include only intergenic sites up
to a maximum of 200 bp upstream of a start codon. 585 matches were identified. These are
shown in Appendix 1. 255 (43.59%) of these targets were found in promoters of genes with
unknown function and these were discounted. The remaining 330 targets were searched
manually to identify target genes involved in cell envelope biology. Table 4.1 shows the chosen
15 targets, with the function of the genes, potential marbox sequence, and strand information

shown.
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Table 4.1. Putative marboxes found in promoters of genes associated with outer
membrane biosynthesis and cell wall biosynthesis and degradation.

Bioinformatic analysis was used to identify novel putative marboxes throughout the E. coli
genome. Parameters allowed up to 1 mismatch. Functions were limited to those associated with
OM biosynthesis (O-antigen biosynthesis, colonic acid biosynthesis, LPS core biosynthesis,
lipid A biosynthesis and Enterobacterial common antigen biosynthesis) and cell wall
biogenesis (peptidoglycan synthesis, hydrolysis and degradation). Gene names are shown
alongside the function of the encoded proteins. The marbox sequence is shown with the

appropriate DNA strand and the location of the marbox relative to the TSS.

Gene | Function Marbox Strand
sequence

wbbK O-antigen biosynthesis (putative glycosyltransferase) ggagtaccagcaaaa -
(Stevenson et al., 1994)

wzxC Colanic acid (capsule) biosynthesis (Stevenson et getggegeggegaaa - -150
al., 1996)

waaU LPS core biosynthesis (glycosyltransferase) (Parker ef al., gcagaagaatcaaaa - -104

(rfak) 1992)

weaD Colanic acid (capsule) biosynthesis (Stevenson et al., ggaagtgttgcaaaa - -167
1996)

wze Colanic acid (capsule) biosynthesis (Stevenson et al., gcaaaagccgggaaa - -94
1996)

waaJ LPS core biosynthesis (glucosyltransferase) gcatagatatctaaaa - -103

(rfad) (Carstenius, Flock and Lindberg, 1990)

waaA Lipid A biosynthesis (Clementz and Raetz, 1991) gcagatcagaccaa s -109

(kdtA)

rffA Enterobacterial common antigen biosynthesis (Meier- gcaaacggegctaaa  + -146
Dieter et al., 1990)

waaD LPS core biosynthesis (Pegues et al., 1990) gaaggactagctaaaa + -149

(rfaD)

waaY LPS core biosynthesis (Parker ef al., 1992) gcacaaatgggcaat - -143

(rfaY)

IpxL Lipid A biosynthesis (Brozek and Raetz, 1990) gcaattatcgataa, - -174,

(waaM) ttacgctacatttgc, -144,

tttcgeccagtette -93

amiC Degradation of peptidoglycan during cell division gcgtetttcgetaaa - -78

(vgdN) (Uehara and Park, 2008)

pbpG Cell wall hydrolysis (Henderson, Templin and Young, geattgctggegtaa - -157

(vohB) 1995)

dacB Cell wall hydrolysis (Henderson, Templin and Young, ggaccagaagcaaaa + -30
1995)

mepA Cell wall hydrolysis (Henderson, Templin and Young, gcaacgggegcaaaa - -52

1995)
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4.3. MarA binds putative marboxes in the promoter regions of IpxL, waaY

and pbpG

To determine whether MarA bound to the 15 putative marboxes identified, DNA fragments for
each target gene were generated by PCR. The DNA sequences are shown in Appendix 2. DNA
binding was measured using an EMSA. DNA was radiolabelled with [y 3*P]-ATP, incubated
with increasing concentrations of MarA and separated on a 6 % polyacrylamide gel. Of the 15
putative marboxes found, 3 were demonstrated to bind MarA (Figure 4.3). The data indicate
that MarA binds to DNA fragments /pxL.1, waaY.1 and pbpG.1. and therefore, the regulatory

regions of PlpxL, PwaaY and PpbpG.

4.4. The marbox sequence is important for transcriptional regulation of

IpxL, waaY and pbpG

Within the /pxL regulatory region, 3 putative marboxes were identified. Each marbox was
separately mutated and these promoter derivatives ([pxL.1™M!, IpxL.1M? and IpxL.1M?) were used
in an EMSA, as described previously (Figure 4.4). Mutating marboxes 2 and 3 did not prevent
MarA binding (Figure 4.4, Panel iii and Panel iv). Mutating marbox 1 was sufficient to prevent
MarA binding (Figure 4.4, Panel ii). Hence, MarA binds to marbox 1. The putative marboxes
in the regulatory regions of waaY and pbpG both match the consensus GCA sequence. To
prevent MarA binding, mutations were made in these positions (Figure 4.5). These promoter
derivatives (waaY.1™ and pbpG.1M) were used in an EMSA. As expected, the mutations were
sufficient to prevent binding of MarA in both cases, confirming correct identification of the

marbox.
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Figure 4.3. Images showing EMSASs to assess the binding of MarA to 15 marboxes found
using bioinformatic analysis.

Images of 6 % polyacrylamide gels used to separate MarA:DNA complexes are shown.
Increasing concentrations of MarA (1 uM — 2uM — 4uM) are shown by green triangles.
MarA:DNA complexes and free DNA are indicated. Binding of MarA to the marbox is
demonstrated by MarA-DNA and shown in red.
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Figure 4.4. Determining the marbox of P/pxL that is bound by MarA in vitro.

An EMSA was carried out with the IpxL.1, IpxL.1M!| IpxL.1M? and IpxL.1M? derivatives shown.
Images of 6 % polyacrylamide gels used to separate MarA:DNA complexes are shown.
Increasing concentrations of MarA (1 uM — 2uM — 4uM) are shown by green triangles.
MarA:DNA complexes and free DNA are indicated. Binding of MarA occurs when no
marboxes are mutated, as expected (i), When putative marbox 2 and putative marbox 3 are
mutated, this binding still occurs (iii and iv). Only mutating putative marbox 1 prevents binding

of MarA.
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Figure 4.5. Binding of MarA to the PpbpG and PwaaY promoter regions in an EMSA.
Images of 6 % polyacrylamide gels used to separate MarA:DNA complexes are shown. A. The
panels show experiments for EMSA assays done with i) the pbpG.1 promoter derivative with
a wildtype marbox present, and ii) the pbpG.1M derivative with a mutated marbox. B. The
panels show experiments for EMSA assays done with i) the waaY.1 