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Abstract

Microbial hosts have been engineered to produce a diverse range of high-value
chemicals including butyl methacrylate (BMA), an acrylic polymer precursor, from
renewable feedstocks such as glucose. However, yields are often limited by end
product accumulation and toxicity. Owing to their substrate promiscuity, bacterial
efflux pumps have previously been exploited for their ability to export toxic end
products from the cell, thus increasing productivity and yield.

In order to identify efflux pumps that export BMA, genes encoding bacterial
efflux pumps were cloned and expressed in an efflux deficient E. coli strain and
screened for efflux activity. Cell viability assays demonstrated that the resistance-
nodulation-division (RND) family efflux pumps AcrAB-TolC, MexAB-OprM and
MexCD-OprJ, as well as the major facilitator superfamily (MFS) transporter MdtM,
conferred significantly enhanced tolerance to BMA and a range of other organic esters.
Viability assays were combined with a commercially available ATP assay to show that
BMA causes a rapid loss of viability, likely by partitioning into biological membranes.
Transporters of the RND family were able to increase the LDso of BMA and reduce
both the rate and extent of loss of viability. The efflux pumps identified here represent
promising candidates for expression in the BMA production strain to enhance product
export and increase productivity.

Bacterial efflux pumps also have diverse physiological functions, although the
native substrates of the Proteobacterial antimicrobial compound efflux (PACE) family
transporters have remained elusive. The prototypical PACE family gene, acel, and
eight of its homologues were expressed in E. coli where transport of cadaverine, a
biologically and industrially relevant diamine, was identified as a conserved function

of PACE proteins. Acel was purified and reconstituted into proteoliposomes, where a



cadaverine-dependent alkalisation of the proteoliposome lumen was observed. These
data add to existing evidence that transport of short chain diamines, which play
essential roles in a diverse range of cellular processes, is the conserved physiological

function of PACE family proteins and that they function as substrate/proton antiporters.
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Chapter 1

Introduction



1. Introduction

Metabolic engineering describes the modification of host metabolism to redirect and/or
increase flux through native or engineered pathways for increased production of
valuable metabolites or enhanced cellular properties. Pathways can be systematically
designed and optimised, often using Escherichia coli as a tractable host system, to
produce high value products such as biofuels, pharmaceuticals and monomers from
simple sugars and other renewable feedstocks. These approaches provide
alternative, sustainable routes of production for compounds typically derived from
crude oil. However, intracellular accumulation of often-toxic end products remains a
major bottleneck, preventing high yields and economic viability from being achieved.

E. coli has previously been engineered to produce butyl methacrylate (BMA)
(Yiakoumetti, unpublished), a ubiquitous acrylic polymer precursor with high
commercial value. Toxicity of highly hydrophobic solvent-like compounds such as
BMA is of particular concern due to their tendency to accumulate in biological
membranes (Isken and de Bont, 1998), disrupting essential cellular processes.
Accumulation causes changes in membrane fluidity, integrity and porosity, leading to
perturbation of membrane potential (Huffer et al., 2011) and eventually causes a
collapse in ATP synthesis (Ramos et al., 1997), thus having a profound effect on cell
productivity and survival.

Tolerance engineering is a growing field that aims to overcome these toxicity
issues by identifying and exploiting natural host stress responses. Transcriptomic and
mutational analyses have highlighted solvent stress responses such as lipid-modifying
enzymes (Junker and Ramos, 1999; Heipieper et al., 2003), altered expression of
global regulators (Asako et al., 1997; Asako et al., 1999) and up-regulation of efflux

systems (Muller et al., 2007; Rojas et al., 2001) as important tolerance mechanisms



and potential targets for tolerance engineering (Kell et al., 2015; Mukhopadhyay,
2015). Naturally occurring efflux pumps are particularly promising solvent-tolerance
factors owing to their ability to capture and export substrates from the membranes and
periplasm (Tal et al., 2009; Elkins and Nikaido, 2002), where these compounds
typically accumulate (Sikkema et al., 1995). In a large-scale industrial process,
extracellular release of BMA would allow for continuous product extraction using a
two-phase system to maintain a BMA concentration below its toxic threshold,
simultaneously increasing yield and simplifying downstream processing (Luo and Lee,
2017; Malinowski, 2001). The present research therefore aims to identify bacterial
efflux pumps involved in tolerance to organic esters, particularly BMA, in the hope that
their expression in the final production strain results in a more efficient and therefore

economically viable process.

1.1 Overview of protein structure

In order to understand the properties and roles of membrane proteins, a basic
understanding of protein structure is necessary. Proteins are polymers consisting of
individual amino acids, each of which has its own unique structure and properties (Fig.
1.1). Amino acids are covalently bound by a peptide bond between the carboxyl group

of one amino acid and the amino group of another to form proteins (Fig. 1.1).

1.1.1 Primary structure

The formation of this bond is energetically unfavourable and thus requires the energy
released from ATP hydrolysis to form, resulting in a condensation reaction with the
release of one molecule of H.O (Mathews et al., 2000; Voet and Voet, 2004). This is

typically carried out by the ribosome, the molecular machinery responsible for



translation of mMRNA into its corresponding amino acid sequence. This sequence of
amino acids in a polypeptide chain is referred to as protein primary structure (Mathews

et al., 2000; Voet and Voet, 2004).

1.1.2 Secondary structure

The primary structure of a protein will dictate how it folds once synthesised and
typically one of two secondary structures will be adopted. An a helix is a right-handed
helix formed when the polypeptide chain is twisted around each of its a carbon atoms
(Fig. 1.2). This structure is stabilised by the formation of hydrogen bonds between the
hydrogen of the N-H group and the oxygen of the C=0 group of every fourth amino
acid in the chain (Fig. 1.2) (Mathews et al., 2000; Voet and Voet, 2004). An a helix
has 3.6 residues per turn and a pitch (distance between turns) of 5.4 angstroms (Fig.
1.2) (Mathews et al., 2000; Voet and Voet, 2004).

The other most commonly occurring secondary protein structure is the 3
pleated sheet (Fig. 1.2). Rather than forming hydrogen bonds within a single
polypeptide chain as observed in a helices, 3 sheets form hydrogen bonds between
adjacent chains running parallel or antiparallel to one another. In these chains, each
amino acid is rotated 180° relative to the previous residue, resulting in the
characteristic ‘pleat’, and are stabilised by the formation of hydrogen bonds between
the hydrogen of the N-H group and the oxygen of the C=0O group of adjacent
parallel/antiparallel chains residues per turn and a pitch (distance between turns) of
5.4 angstroms (Fig. 1.2) (Mathews et al., 2000; Voet and Voet, 2004). 3 sheets formed
from antiparallel chains are thought to be more stable than those formed from parallel
chains due to the closer packing of antiparallel sheets and therefore shorter hydrogen

bond distances.
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Figure 1.1. General structure of an amino acid (A) and the 20 commonly
occurring amino acids (B). Image adapted from Frihart and Birkeland, 2014.
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Figure 1.2. The common secondary structures of proteins. Image taken from
http://dnacamp.cgrb.oregonstate.edu/w1d5_930.html

1.1.3 Tertiary structure

The tertiary structure of a protein describes the folding of secondary structures into a
larger three-dimensional conformation as well as the resulting organisation of amino
acid side chains. Fibrous proteins adopt elongated forms and are largely defined by
their secondary structure. For example, keratin consists of two a helices coiled around
one another (coiled coil) (Voet and Voet, 2004), while fibroins consist of stacked 3
sheets (Koh et al., 2015). Globular proteins, however, fold due to a combination of
hydrophobic interactions, hydrogen bonds, ionic bonds, van der Waals forces and
disulphide bridges within a single protein molecule to adopt a much more compact

conformation and include enzymes, receptors and transport proteins (Mathews et al.,



2000; Voet and Voet, 2004). Globular proteins often consist of both a helices and 3

sheets.

1.1.4 Quaternary structure

Quaternary structure refers to the assembly of multiple protein subunits into a larger
multi-subunit assembly. Proteins interact specifically with one another at
complementary interfaces via the same noncovalent interactions that stabilise tertiary
structure. These interactions can be transient or result in a more stable complex either
with multiple copies of the same protein (homotypic) or with various other proteins
(heterotypic). For example, the AcrAB-TolC efflux pump of E. coli is an assembly of
the AcrB, AcrA and TolC proteins in a 3:6:3 stoichiometry (Du et al., 2014; Shi et al.,

2019).

1.2 Bacterial membranes and membrane proteins

Bacteria are broadly categorised into two groups, Gram-positive and Gram-negative.
These groups get their name from the Gram stain, which was first described by Hans
Christian Gram in 1884 and is still used to this day to categorise bacteria based on
their membrane structures (Moyes et al., 2009). Gram-positive bacteria possess a
thick, highly cross-linked peptidoglycan layer at the cell surface (Fig. 1.3), which
retains a crystal violet/iodine stain complex, staining cells purple (Moyes et al., 2009).
Gram-negative bacteria, such as Escherichia coli, are characterised by a thin
peptidoglycan layer situated between an inner and outer membrane (Fig. 1.3). During
a Gram stain, a solvent rinse dissolves this outer membrane and destains the thin
peptidoglycan layer, allowing cells to then be counterstained pink using safranin

(Moyes et al.,, 2009). The outer membrane of Gram-negative bacteria acts as a



selective permeability barrier and is responsible for the higher level of intrinsic
resistance to a number of toxic agents compared to Gram-positive bacteria (Silhavy

et al., 2010; Goessens et al., 2013; Martorana et al., 2014).
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Figure 1.3. The general structure of Gram-negative (A) and Gram-positive (B)
bacterial membranes. Gram-negative bacteria possess an inner and outer
membrane, the latter of which is rich in lipopolysaccharide and acts as a permeability
barrier. Between these two membranes is the periplasm and a thin layer of
peptidoglycan. Gram-positive bacteria lack an outer membrane but instead have a
much thicker peptidoglycan layer, which is anchored to the cytoplasmic membrane by
lipoteichoic acids. Adapted from Brown et al., 2015.

1.2.1 Membrane lipids

Biological membranes are composed primarily of glycerophospholipids (GPLs), which
are amphipathic molecules consisting of a hydrophilic head group and hydrophobic
lipid tail (Fig. 1.4A; Fig. 1.4B). While membrane composition varies greatly across
different bacterial genera, E. coli membranes are constituted predominantly of
phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and cardiolipin (CL)
(Sohlenkamp and Geiger, 2015). A glycerol-3-phosphate molecule forms the
backbone of the GPL and is esterified with fatty acids at its C1 and C2 positions and

with an alcohol at its phosphoryl group (Fig. 1.4A). The most abundant lipid species,
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Figure. 1.4. Overview of membrane glycerophospholipids (GPLs). Structural (A)
and space-filling model (B) of a GPL and organisation of the lipid bilayer (C). GPLs
comprise a glycerol-3-phosphate backbone esterified to two fatty acid chains at C1
and C2 and a variable alcohol (R) at the phosphoryl group. Owing to their amphipathic
nature, GPLs spontaneously form bilayers in which the hydrophobic tails pack together
and the hydrophilic head groups are exposed to the aqueous environment. Image
adapted from https://alevelbiology.co.uk/notes/lipids-triglyceride-and-phospholipid-

synthesis/

PE, is zwitterionic and constitutes roughly 72-80% of the E. coli inner membrane
(Morein et al., 1996). As the predominant species, PE is essential to a number of
membrane-localised processes such as the electron transfer chain, motility and

assembly and function of transport proteins (Mileykovskaya and Dowhan, 1993; Shi



et al., 1993; Bogdanov et al., 1999; Bogdanov et al., 2010). PG and CL are both
anionic and constitute approximately 17-21% and 4-7% of the E. coliinner membrane,
respectively (Morein et al., 1996), and are known to play roles in DNA replication and
in the translocation of proteins to the outer membrane (Kusters et al., 1991; Xia and
Dowhan, 1995). Lipid modifications are also observed in E. coli and often occur in
response to environmental stress. For example, cyclopropanation of lipids is
commonly seen in cells entering stationary phase, where cell densities are high and
nutrients are depleted, and are derived from in situ methylenation of the double bond
of cis-unsaturated fatty acids (Grogan and Cronan, 1997). In-silico models have
suggested that the presence of cyclopropanyl lipids simultaneously increases fluidity
of the membrane while also promoting a more ordered, stable state of the lipid chains
(Poger and Mark, 2015). As such, cyclopropanyl lipids are thought to reduce the
permeability of the membrane to toxic compounds and therefore may play a role in
tolerance to organic solvents.

Fatty acid tails vary and are synthesised from an acetoacetyl-CoA precursor in
E. coli, which is derived from the central metabolite acetyl-CoA. This precursor then
undergoes cyclic elongation by a series of acyl carrier proteins (ACPs), which are
small soluble proteins that are covalently linked to each of the fatty acid intermediates
(Lennen and Pfleger, 2012). Bacteria use predominantly fatty acids of 16 or 18 carbon
atoms in length and can be saturated or unsaturated, although bacteria usually lack
polyunsaturated fatty acids (Cronan and Thomas, 2009). The most abundant fatty
acids in E. coli are palmitic acid, palmitoleic acid and cis-vaccenic acids (Cronan and
Thomas, 2009). The amphipathic nature of GPLs causes them to spontaneously
form a bilayer, where the hydrophobic lipid tails face inwards and the hydrophilic heads

face outwards to interact with the aqueous environment (Fig. 1.4C) (Engelman, 2005).
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1.2.2 Lipopolysaccharide (LPS)

The outer leaflet of the outer membrane of Gram-negative bacteria is structurally
distinct as it is composed primarily of lipopolysaccharide (LPS) (Fig. 1.5). LPS is
essential to the integrity of the outer membrane and consists of a lipid A anchor, which
is attached to a core oligosaccharide region (Nikaido et al., 2003; Zhang et al., 2013;
Maldonado et al., 2016). A repeating O-antigen (O-polysaccharide) caps the LPS (Fig.
1.5) and is responsible for the activation of the innate immune system associated with
Gram-negative infections, while also protecting the cell from immune attack (Vaara,
1992; Maldanado et al., 2016). LPS is polyanionic and forms electrostatic interactions
with adjacent LPS molecules via divalent cations (Mg?*, Ca?*), creating a dense,
hydrophilic barrier that is effective in excluding a range of hydrophobic drugs (Vaara,

1992; Erridge et al., 2002; Agrawal and Weisshaar, 2018).

O-antigen
repeats

Core |
region

Lipid A 1

Figure. 1.5. Overview of lipopolysaccharide (LPS) structure in Gram-negative
bacteria. Lipid A anchors LPS to the outer membrane and is attached to a core
oligosaccharide, which is then capped by a repeating O antigen. Image created using
BioRender.com.
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1.2.3 Membrane proteins

Proteins are a major component of biological membranes and are thought to be
roughly equal to phospholipids by weight in E. coli (Kadner, 1996; Strahl and Errington,
2017). Membrane proteins are a diverse group of proteins found in all forms of life,
where they are responsible for a range of activities such as membrane transport, cell
signalling, signal transduction, homeostasis and pathogenesis (Yeagle, 2016). It is
estimated that 20-30% of all genes in both eukaryotes and prokaryotes encode
membrane proteins and that this class of proteins accounts for over 50% of all known
drug targets (Schlegel et al., 2010; Mathieu et al., 2019), indicating their importance
in essential biological functions. Membrane phospholipids have no direct catalytic
activity, thus the protein content of a biological membrane broadly determines its
function (Yeagle, 2016). Membrane proteins can be broadly categorised into two

groups.

1.2.3.1 Integral membrane proteins. Integral membrane proteins (IMPs) have
hydrophobic surfaces that allow them to be accommodated within the membrane,
where they can span the entire membrane (transmembrane) or are anchored to one
side. These characteristic hydrophobic stretches also allow putative identification of
IMPs from genome sequences (Ren et al., 2007; Elbourne et al., 2017). Topological
predictions can also be made using the ‘positive inside rule’ first described by von
Heijne (1989), who observed that positive residues are abundant in the cytoplasmic
domains of IMPs and depleted in external/periplasmic loops (von Heijne, 1989; von
Heijne, 2006). Lipids are closely associated with integral membrane proteins and
protein-lipid interactions often modulate enzyme activity and stabilise quaternary

protein structures (Phillips et al., 2009; Contreras et al., 2011; Pyle et al., 2018; Pyle
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et al., 2019). The lipid environment of IMPs is therefore essential for correct function,
which is important to consider when engineering strains using components from
heterologous hosts. As IMPs are deeply embedded in the membrane, extraction of
IMPs requires dissolution of the membrane using amphipathic detergents, which will
be discussed later.

In Gram-negative bacteria, inner membrane IMPs are typically a-helical, while
outer membrane IMPs are predominantly B-barrels (Shulz, 2002) and are marked for
translocation across the membrane(s) by the presence of an N-terminal signal
sequence (Beck et al., 2000; Driessen and Nouwen, 2008; Lycklama a Nijeholt and
Driessen, 2012). In the case of inner membrane proteins, translocation is thought to
happen co-translationally via the Sec translocation machinery and is initiated by
binding of the signal recognition particle (SRP) to the N-terminal signal sequence
(Valent et al., 1998; Beck et al., 2000; Driessen and Nouwen, 2008). The SRP then
directs the nascent polypeptide chain and associated ribosome to the membrane-
associated Sec machinery (Ménétret et al., 2007; Frauenfeld et al., 2011; Singh et al.,
2014). Alternatively, periplasmic or outer membrane proteins may be translocated
post-translationally via the association of the cytoplasmic chaperone SecB, which
stabilises the full length preprotein allowing it to reach the Sec machinery in an
unfolded state (Valent et al., 1998). The SecYEG heterotrimer forms a pore through
which the unfolded protein or nascent polypeptide chain can pass, energised by the
associated ATPase ‘motor protein’ SecA (Lycklama a Nijeholt and Driessen, 2012;
Bauer et al., 2014). Once in the periplasm, membrane-bound peptidases cleave the
N-terminal signal sequence, while insertases and periplasmic chaperones ensure
correct folding and/or insertion of membrane proteins into the inner membrane (Scotti

et al., 2000; Luirink et al., 2014).
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An extra step is required to ensure that outer membrane proteins are correctly
inserted into the outer membrane and is carried out by the Bam (-barrel assembly
machinery) complex. BamA is itself an outer membrane (-barrel pore possessing five
polypeptide transport-associated (POTRA) domains on its periplasmic side, which are
the binding sites of four associated lipoproteins designated BamB-E (Bakelar et al.,
2016; Gu et al., 2016; Han et al., 2016). The mechanism by which translocation of
outer membrane proteins occurs is still poorly understood, although existing data
suggest multiple periplasmic chaperones, particularly SurA, are responsible for
delivering outer membrane proteins to the Bam complex (Rizzitello et al., 2001; Skalr
et al., 2007; Fardini et al., 2009). Multiple mechanisms of protein translocation have
been suggested (Hagan et al., 2011; Konovalova et al., 2017), but recent data suggest
that partially folded outer membrane proteins form an asymmetrical hybrid barrel with
the Bam complex, allowing entry into the outer membrane and facilitating folding to

result in fully folded, membrane-inserted protein (Doyle and Bernstein, 2019).

1.2.3.2 Peripheral membrane proteins. Conversely, peripheral membrane proteins
(PMPs) are weakly associated with the membrane via interactions with IMPs and/or
membrane phospholipids. Unlike IMPs, it is difficult to putatively identify PMPs based
on their gene sequences as they are soluble (i.e. do not possess characteristic
hydrophobic regions) and are not preceded by membrane-targeting sequences
(Papanastasiou et al., 2013). PMPs can exist on either side of the membrane, allowing
them to carry out functions in the cytoplasm, periplasm or at the cell surface and can
be recruited on demand (Papanastasiou et al., 2013). PMPs associate with biological
membranes or IMPs through electrostatic and moderate hydrophobic interactions and

thus can be dissociated easily from the membrane using high salt concentrations,
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altering the pH or using chaotropes without disrupting the lipid bilayer (Papanastasiou
et al., 2013; Yeagle, 2016). Their simultaneous interactions with membranes and
cellular compartments make them key proteins in electron transport chains, cell

signalling and membrane regulation (Yeagle, 2016).

1.2.4 Challenges in membrane protein expression

The natural abundance of membrane proteins is typically too low to isolate sufficient
material for functional characterisation, which has led to developments in membrane
protein production in heterologous hosts in order to increase yield and simplify the
purification process. E. coli is the most widely used expression host for bacterial
membrane proteins due to its fast growth, availability of genetic tools and ease of
manipulation, the ability to reach high cell densities in inexpensive media and its well-
characterised genetics, metabolism and physiology (Schlegal et al., 2014; Schlegel et
al., 2015; Snijder and Hakulinen, 2016). A number of strategies have been developed
to successfully produce membrane proteins in E. coli expression hosts but their
production, purification and characterisation remains difficult compared to soluble
proteins and overexpression often results in poor yields of correctly folded, functional
protein (Mathieu et al., 2019). The hydrophobic surfaces of membrane proteins cause
them to aggregate in the cytoplasm when produced in large quantities, resulting in
large inclusion bodies consisting of the overproduced protein(s) as well as
chaperones, proteases and other membrane proteins (Wagner et al., 2007). This
appears to happen as a result of saturation of the Sec and BAM membrane protein
translocation machinery, resulting in induction of the envelope stress response and

up-regulation of periplasmic proteases, eventually resulting in a strong reduction in the
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levels of membrane-bound respiratory chain complexes with profound effects on the

cell (Alba and Gross, 2004; Wagner et al., 2007; Meuskens et al., 2017).

1.2.5 Expression hosts

A number of engineered E. coli strains have been developed and commercialised for
their ability to achieve increased yields of membrane proteins. Consistent with the
findings of Wagner et al. (2007), deletion of genes encoding naturally abundant outer
membrane proteins has been shown to improve yield of recombinant membrane
proteins, due to reduced strain on cellular machinery (Meuskens et al., 2017).
Similarly, E. coli strains commonly used in membrane protein expression studies, such
as the BL21 and its C43 derivative used in this study, have been shown to possess
mutations that reduce levels of promoter-specific RNA polymerases in order to reduce
the rate of protein production and prevent overloading of translocation machinery
(Miroux and Walker, 1996; Wagner et al., 2007; Wagner et al., 2008; Zhang et al.,
2015; Baumgarten et al., 2017). Although this may seem counterintuitive, preventing
overloading of cellular machinery by reducing the rate of expression ultimately allows

a higher yield to be achieved.

1.2.6 Expression vectors

A wide range of expression vectors have been developed for use in E. coli to provide
control over production of recombinant proteins. The backbone of any expression
vector encodes a selection marker, typically an antibiotic resistance determinant
allowing for selection of cells carrying the plasmid, an origin of replication that dictates
the plasmid copy number per cell and therefore gene copy number, a multiple cloning

site allowing for insertion of a gene of interest and either a constitutive or inducible
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promoter. Inducible promoters are particularly useful when producing membrane
proteins in E. coli as they allow for tuneable expression of toxic genes to be ‘switched
on’ on demand, preventing toxic effects of gene expression in the early stages of
growth when increasing biomass is the main goal. The most commonly used inducible

promoter systems are based on the piac and psap promoters.

1.2.6.1 piac-based expression. In the piac promoter system, gene expression is
induced by addition of lactose. Isopropyl $-d-1-thiogalactopyranoside (IPTG), a non-
hydrolysable lactose analogue, is used in the lab as it is not metabolised by E. coli and
thus the cellular concentration remains stable. The pic promoter is followed
immediately by an operator site to which the repressor protein Lacl binds and blocks
transcription. IPTG binds to the Lacl repressor, causing it to dissociate from the
operator region and allowing transcription to occur (Yildirim and Mackey, 2003;
Santillan and Mackey, 2008; Bornwing et al., 2019). Systems such as the T7
expression system rely on lactose/IPTG-inducible expression of specific polymerases
on the chromosome to provide tighter regulation than the classical Plac system
(Rosano and Ceccarelli, 2014), while Plac fusions such as Ptac provide lower levels
of basal expression making them more appropriate for the expression of toxic genes
(de Boer et al., 1983; Beckwith, 2013). The ptc promoter was used in this study for
the production of Proteobacterial antimicrobial compound efflux (PACE) family

proteins and is discussed further in Chapter Four.

1.2.6.2 peap-based expression. The pgap promoter system works in a similar manner

to the Plac system but is induced by addition of L-arabinose. Consumption of L-

arabinose can be circumvented by the use of E. coli BW25113, in which the araBAD
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genes involved in arabinose metabolism have been deleted (Datsenko and Wanner,
2000; Fritz et al., 2014). When L-arabinose is absent, the regulatory protein AraC
binds to the |4 site upstream of the psap promoter and distal Oz site causing looping of
the DNA (Fig. 1.6), thus making the promoter physically inaccessible to RNA

polymerase and resulting in little to no basal transcription (Schleif, 2000).

- Arabinose

+ Arabinose

polymerase

Figure 1.6. Regulation of gene expression by the psap promoter system. In the
absence of arabinose, the AraC protein binds the |1 and distal O sites causing looping
of the DNA upstream of the promoter, making the promoter inaccessible to RNA
polymerase. When arabinose is present, the AraC dimer undergoes a conformational
change causing it to release the O site and instead bind I2, relaxing the DNA and
allowing transcription to occur. Image adapted from Schleif, 2010.

Binding of L-arabinose to the N-terminus of AraC causes conformational changes
resulting in one AraC monomer being released from the O site and instead binding
the |2 site adjacent to |1 (Schleif, 2000). This relaxes the DNA looping, leaving the
psap promoter accessible to RNA polymerase resulting in markedly increased levels

of transcription (Fig. 1.6) (Schleif, 2000). The psap system has a significantly lower
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basal transcription level and demonstrates an induction/repression ratio of 1,200-fold,
compared to just 50-fold for the p:ac promoter (Guzman et al., 1995), hence its use in

this study.

1.2.7 Purification of membrane proteins

Once appropriate expression levels are achieved, purification is the next hurdle faced
in the characterisation of membrane proteins. Owing to their hydrophobicity and
incorporation into the membrane, IMPs are insoluble in aqueous buffers and require
extraction from their native lipid environment prior to purification. Detergents provide
a more tractable environment for the study of IMPs and have been widely used to
purify and study IMPs from all manner of organisms (Seddon et al., 2004; Vinothkumar
and Henderson, 2010; Anandan and Vrielink, 2016; Rawson et al., 2016). Detergents
are amphipathic and consist of a hydrophilic headgroup and hydrophobic tail group
and therefore mimic the native lipid environment of IMPs (Seddon et al., 2004).
Detergents used to extract membrane proteins are broadly categorised into three
groups. lonic detergents such as sodium dodecyl sulphate (SDS) possess a charged
head group and are excellent at solubilising membranes but are typically harsh and
denature proteins to varying extents. Zwitterionic detergents, such as 3-((3-
cholamidopropyl) dimethylammonio)-1-propanesulfonate (CHAPS), have both
positively and negatively charged groups resulting in a neutral net charge and are
generally less denaturing than ionic detergents (Seddon et al., 2004; Anandan and
Vrielink, 2016). Nonionic detergents are characterised by an uncharged head group
and are typically milder (ie. less denaturing) than both ionic and Zwitterionic detergents
as they are less likely to disrupt protein-protein interactions, resulting in better retention

of protein structural and functional properties (Seddon et al., 2004; Anandan and
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Vrielink, 2016). An example of a nonionic detergent is n-Dodecyl B-D-maltoside
(DDM), which is used widely in the field of membrane biology due to its compatibility
with a broad range of membrane proteins (Seddon et al., 2004; Smith, 2011; Anandan
and Vrielink, 2016). The amphipathic nature of detergents means they spontaneously
form spherical micelles in solution (Fig. 1.7) when above their respective critical
micelle concentration (CMC). The detergent micelles have a hydrophobic core perfect
for capturing hydrophobic membrane proteins and it is therefore essential that
detergent is included in all purification buffers well above its CMC in order to effectively
disrupt the membrane, delipidate the protein of interest and prevent precipitation of
the hydrophobic protein (Helenius and Simons, 1975, Schimerlik, 1998; Lin and
Guidotti, 2009).

Delipidation of membrane proteins can however lead to further loss of activity
as the native lipid environment often modulates activity and stabilises structure of IMPs
(Phillips et al., 2009; Contreras et al., 2011; Pyle et al., 2018; Pyle et al., 2019).
Various methods have been developed to overcome this, including the employment of
a styrene-maleic acid (SMA) copolymer to act as a ‘molecular cookie cutter’. When
used to solubilise membranes, SMA forms ~10 nm discs, termed SMA lipid particles
(SMALPs), consisting of membrane proteins and their surrounding lipid bilayer
encased in the SMA polymer (Postis et al., 2015; Dorr et al., 2016; Simon et al., 2018).
This retention of the local lipid environment means that membrane proteins purified
this way are more thermostable and more likely to retain their native structure and
function than when purified in detergent (Postis et al., 2015; Dorr et al.,2016; Simon

et al., 2018).
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Extracted protein in
detergent micelle

Membrane disruption

Figure 1.7. Overview of membrane protein solubilisation using detergents.
Amphipathic detergents first intercalate with biological membranes and as the
concentration increases, so does the level of membrane disruption. Above their
respective critical micelle concentration (CMC), detergents form micelles with
hydrophobic cores that solubilise and stabilise membrane proteins in aqueous buffers.
Image adapted from https://www.sigmaaldrich.com/technical-
documents/articles/biology/detergent-solubilization-of-membrane-proteins.html

Following solubilisation, membrane proteins can be purified following standard
protocols with the addition of solubilising agent. Poly-histidine tags are widely used in
the purification of membrane proteins as they are small and rarely disrupt IMP
structure, stability or function (Bornhorst and Falke, 2000; Graslund et al., 2008; Smith,
2011), hence their use in this study. Solubilising agents can however cause problems
in downstream applications and it is therefore necessary to minimise their
concentration following purification. Excess detergent can interfere with protein
quantification assays, chromatography columns, SDS-PAGE and crystallisation
efforts and can be removed using dialysis, a hydrophobic adsorption matrix, gel

chromatography or ultrafiltration (Seddon et al., 2004). Excess SMA can be removed
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from solution by dialysis, although SMALPs are known to rapidly lose structural
integrity in the presence of divalent cations (Simon et al., 2018), which should be

considered when designing experiments using SMA-solubilised protein.

1.2.8 Reconstitution of membrane proteins

Reconstitution of membrane proteins into lipid vesicles is a technique that has been
widely used to study the function of membrane proteins in isolation from native IMPs
of the expression host. While detergent-solubilised membrane proteins are limited to
substrate binding studies, reconstituted systems provide a more native environment
in which to study the mechanism of transport across a membrane. Proteoliposomes
can be formed by mixing detergent solubilised protein and detergent solubilised lipids,
then slowly reducing the detergent concentration using dialysis, hydrophobic
adsorption or gradual dilution (Sejwal et al., 2017). However, reconstitution of
membrane proteins into preformed liposomes has become a preferred method as it is
reported to result in more unidirectional insertion of proteins (Rigaud and Levy, 2003)

and will be the method discussed here.

1.2.8.1 Formation of empty liposomes. The first step in liposome preparation is to
rehydrate a dried lipid film using the appropriate buffer to form large multilamellar
vesicles (LMVs) (Fig. 1.8). Lipid composition can be altered easily to investigate the
roles of specific lipid-protein interactions. Total E. coli polar lipid extract is
commercially available and is isolated from total biomass by solvent extraction using
polar solvents such as chloroform and methanol. This polar lipid extract is commonly
used as the composition roughly reflects that of whole cells and in the case of this

study, the lipid composition is relevant to the final production strain.
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Figure 1.8. An overview of reconstitution of membrane proteins. To generate
empty liposomes, E. coli lipid extract is dried and rehydrated using the appropriate
buffer (shown here as buffer A). Rehydration causes the lipids to spontaneously form
large multilamellar vesicles (LMVs), which can then be extruded through a filter
membrane to generate small unilamellar vesicles (SUVs). Addition of octylglucoside
(OG) destabilises the SUV membrane and allows insertion of a detergent-solubilised
membrane protein. Excess OG is then removed by dilution and sedimentation of
proteoliposomes, which can then be diluted in an appropriate buffer B to generate
electrochemical gradients across the proteoliposome membrane for measurements of
transport activity. Image adapted from Sejwal et al., 2017

The chosen rehydration buffer will dictate the conditions in the (proteo)liposome lumen
and can be tuned easily to most applications, for example to a desired pH or to
include/exclude substrates, salts and environment sensitive dyes. Prior to addition of

protein, LMVs are broken down to generate small unilamellar vesicles (SUVs) using
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freeze thawing, sonication, homogenisation or extrusion through a filter membrane
(Fig. 1.8). Extrusion has a number of benefits including tunability, reproducibility and
homogeneous size distribution (Mui et al., 2003; Ong et al., 2016), while also being

relatively gentle compared to the other methods listed above.

1.2.8.2 Incorporation of protein to generate proteoliposomes. Generation of
proteoliposomes is achieved by addition of a membrane protein solubilised in mild
detergent, such as DDM. Addition of a second detergent with a high CMC, which
facilitates later removal, intercalates with SUV lipids to destabilise them and allow
insertion of the detergent-solubilised protein (Fig. 1.8). Octylglucoside is typically used
for this purpose and can then be removed by either hydrophobic adsorption, dialysis
or by rapid dilution, then proteoliposomes harvested by ultracentrifugation (Rigaud and
Levy, 2003; Sejwal et al., 2017). More recently, reconstitution into lipid bilayers has
been achieved following SMA solubilisation of IMPs, circumventing detergent-
solubilisation and therefore delipidation altogether (Dorr et al., 2014; Smirnova et al.,
2018).

It is also important to understand in which direction the reconstituted protein is
inserted into the proteoliposome as measurements of transport are of course
dependent on orientation. A range of methods have been used to determine the
orientation of membrane proteins in lipid vesicles including electron microscopy,
proteolytic digestion, antibody labelling, inhibitor studies and spectroscopic studies
(Madden, 1988; Rigaud and Levy, 2003). Resuspension of harvested
proteoliposomes in a buffer different to that of the lumen, along with addition of

ionophores such as nigericin, valinomycin or CCCP, allows for manipulation of
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electrochemical gradients in order to study the mechanism/energetics of transport.

This is discussed further in Chapter Four.

1.3 Membrane transport
The hydrophobic phospholipid bilayer acts as a physical barrier to ionic and polar
substances, necessitating the presence of membrane transport proteins that mediate
uptake or removal of nutrients, signalling molecules, secretory proteins, secondary
metabolites and more. Transport across biological membranes can occur down or

against a concentration gradient and be either passive or active.

1.3.1 Simple and facilitated diffusion

Diffusion describes the passive movement of a solute down its concentration gradient
ie. from an area of high local concentration to an area of low local concentration (Voet
and Voet, 2004). Lipophilic compounds and small, uncharged molecules such as
oxygen and carbon dioxide can freely cross the bilayer by simple diffusion. Facilitated
diffusion is the term used to describe diffusion of a solute across the membrane via a
protein channel. In both cases, the energy required for transport is derived solely from
the concentration gradient itself and therefore the rate of transport is proportional to
the size of the gradient (Mathews et al., 2000; Voet and Voet, 2004). Porins are a
well-characterised group of membrane proteins that form water-filled channels in the
membrane allowing for facilitated diffusion of a range of solutes (Fig. 1.9). In E. col,
three major porins have been identified and display broad selectivity for cationic
molecules in the case of OmpC and OmpF and for anionic molecules in the case of

PhoE (Vergalli et al., 2020).
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1.3.2 Group translocation

In bacteria, uptake of carbohydrates can be mediated by phosphotranferase systems
(PTS). These systems consist of an integral membrane protein component and
multiple cytoplasmic phosphoryl transfer proteins that work to simultaneously transport
the carbohydrate into the cell while also catalysing the transfer of a phosphate group
from phosphoenolpyruvate, rather than ATP, to the carbohydrate (Fig. 1.9) (Erni,
1992; Deutscher et al., 2014). These transporters generally have high specificity for
a single carbohydrate and systems involved in the uptake of fructose, glucose,
mannose, ascorbate and mannitol have been identified and characterised (Erni, 1992;
Deutscher et al., 2014). The lipid bilayer is impermeable to phosphorylated sugars so

once inside the cell they cannot freely diffuse out (Voet and Voet, 2004).

1.3.3 Primary active transport

Primary active transport of a substrate against its concentration gradient is
energetically unfavourable and therefore must be coupled to an exergonic process,
such as ATP hydrolysis, to provide the required energy. A relevant example is the
ATP-binding cassette (ABC) family of transporters, which are discussed further in
Section 1.4.2, and consist of a transmembrane pump domain and a cytoplasmic
nucleotide-binding domain responsible for the hydrolysis of ATP (Fig. 1.9) (Rees et
al., 2009).

Bacteria also possess both P- and F-type ATPases. P-ATPases have been
shown to hydrolyse ATP to pump a range of ions such as H*, Na*, K*, Ca?* and Mg?*
from the cytoplasm, generating electrochemical gradients that are essential for various
cellular processes including secondary active transport (Mathews et al., 2000; Voet

and Voet, 2004). Although F-ATPases are also able to hydrolyse ATP to transport
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Na* or H* from the cytoplasm, their primary function is as an ATP synthase. The F-
ATP synthases harness the energy stored in the transmembrane H* or Na* gradient

by allowing movement of these ions down their concentration gradient into the

Primary active transport
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Facilitated
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Figure 1.9. Bacterial membrane transport. A simplified view of an E. coli cell is
shown with the outer membrane (OM) shown in blue, the inner membrane (IM) shown
in purple and the periplasm (PP) shown in light blue. An electrochemical gradient of
H* is generated by respiration, or by photosynthesis in photosynthetic bacteria, which
is then used to drive ATP synthesis via F-ATP synthase. F-ATP synthase can also
have ATPase activity, hydrolysing ATP to drive H* transport in the opposite direction
(primary active transport). A simplified view of facilitated diffusion, PEP-dependent
group translocation and both primary and secondary active transport are also shown.
Image created using BioRender.com.
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cytoplasm. This movement of ions drives the functional rotation of the F-ATP synthase
complex to generate ATP from ADP and inorganic phosphate (Pi) (Mathews et al.,

2000; Voet and Voet, 2004) (Fig. 1.9).

1.3.4 Secondary active transport

Secondary active transporters derive their energy from electrochemical gradients
generated during respiration by respiratory chain complexes (Fig. 1.9). These
transporters use the movement of ions down a concentration gradient to energise the
transport of a substrate against its concentration gradient and can function as
antiporters or symporters. An antiport mechanism involves the simultaneous
movement of substrate and the driving ion (for example H*) in opposite directions
across a membrane, while symporters move both in the same direction (Fig. 1.9)
(Boudka and Verdon, 2010; Forrest et al., 2011). Secondary active transporters have
a range of physiological functions including but not limited to nutrient uptake, cell
signalling, homeostasis and extrusion of toxic compounds (Voet and Voet, 2004;
Boudka and Verdon, 2010; Forrest et al., 2011). Other than the ABC family, all other

efflux pumps found in bacteria are secondary active transporters.

1.4 Bacterial efflux pumps
Bacterial efflux pumps have been widely studied for their diverse physiological roles
in virulence, pathogenicity, homeostasis, quorum sensing, heavy metal extrusion and
particularly for their roles in antibiotic resistance (Piddock, 2006; Sun et al., 2014; Li
et al., 2015; Blanco et al., 2016; Alav et al., 2018). These pumps can be categorised

into six major families based on their sequence and structure.
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1.4.1 Resistance-nodulation-division (RND)

RND family transporters are the largest of the bacterial efflux pumps and consist of 12
transmembrane helices as well as a large periplasmic domain and typically assemble
to form functional trimers that act as substrate/proton antiporters (Fig. 1.10) (Murakami
et al., 2002; Sennhauser et al., 2009; Tsutsumi et al., 2019). The trimeric RND pump
then also associates with an outer membrane channel via a periplasmic linker protein
to allow transport of substrates across the outer membrane of Gram-negative bacteria
(Fig. 1.10) (Du et al., 2014; Daury et al., 2016; Tsutsumi et al., 2019). The prototypical
member of the RND family is the AcrAB-TolC pump of E. coli, which has been studied
extensively for its notable substrate promiscuity and has been shown to confer
tolerance to diverse antibiotics, organic solvents, detergents, uncoupling agents, dyes,
biocides and more (Cha et al., 2014; Ramaswamy et al., 2017; Du et al., 2018). Itis
widely accepted that RND pumps recruit their substrates from the periplasm and inner
membrane (Fig. 1.10) (Elkins and Nikaido, 2002; Lomovskaya and Totrov, 2005;
Nikaido and Takatsuka, 2009), making RND pumps particularly important in the
removal of hydrophobic/lipophilic agents. In AcrB, at least 2 substrate binding sites
have been identified in the periplasmic domains (Yu et al., 2005; Cha et al., 2014) and
a possible third site recently proposed (Zwama et al., 2018), while mutational analyses
also confirmed that substrate specificity is defined by these periplasmic domains
(Elkins and Nikaido, 2002). When no substrate is bound, the AcrB pump exists in an
apo state in which all three protomers adopt a loose conformation (Murakami et al.,
2006; Wang et al., 2017). The RND trimer is thought to use a peristaltic mechanism
to export substrates, in which each protomer cycles through loose, tight and open
states upon substrate binding (Murakami et al., 2006; Seeger et al., 2006). Substrates

are thought to first interact with AcrB in the loose conformation via a periplasmic
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access site and are then moved into the deep substrate pocket in the tight
conformation, before finally being extruded in the open conformation via the
associated outer membrane channel (Murakami et al., 2006; Seeger et al., 2006;

Nikaido, 2010).

1.4.2 ATP binding cassette (ABC)

The ABC family of efflux pumps are primary active transporters that hydrolyse ATP to
catalyse transport of substrates across the membrane (Fig. 1.9). ABC transporters
are hetero- or homodimeric, with each subunit possessing one nucleotide binding
domain (NBD) and one a helical transmembrane domain (TMD) (Dawson and Locher,
2006; Davidson et al., 2008; Wilkens, 2015). Structural data suggest an alternating
access mechanism for these pumps, in which transporters shifts between inward
open, occluded and outward open conformations driven by hydrolysis of ATP (Jones
and George, 2002; Wilkens, 2015). In bacteria, ABC transporters for both uptake and
efflux have been identified with some utilising extracytoplasmic solute-binding proteins
(SBPs) to bind substrate molecules with high affinity and ‘deliver’ them to the ABC
transporter (Fig. 1.9) (Hosie et al., 2001; Yadava et al., 2016). Examples include
MsbA, a lipid flippase’ in E. coli that is responsible for transport of lipid A and
lipopolysaccharide from the cytoplasmic leaflet to the periplasmic leaflet of the inner
membrane (Fig. 1.10) (Zhou et al., 1998; Doerrler and Raetz, 2002; Ward et al., 2007).
The MacB pump of E. coli has also been shown to form a large tripartite complex,
similar to an RND pump, with the MacA periplasmic linker protein and TolC outer
membrane channel to transport substrates across the outer membrane (Fitzpatrick et

al., 2017). A periplasmic opening was also identified in MacB, suggesting that this
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member of the ABC family captures substrates from the periplasm rather than the

cytoplasm (Fitzpatrick et al., 2017).

1.4.3 Major facilitator superfamily (MFS)

MFS transporters have been identified in all domains of life and represent the largest,
most diverse group of transporters. They possess 12-14 transmembrane helices
organised into two structurally similar domains and typically function as monomers
(Fig. 1.10) (Quistgaard et al., 2013; Kumar et al., 2014). Members of the MFS derive
their energy from the movement of protons across the membrane and while both
symporters and antiporters have been identified, all MFS transporters known to be
involved in multidrug resistance are drug/proton antiporters, including EmrD from E.
coli (Fig. 1.10) (Yin et al., 2006; Yan et al., 2013). Much like ABC transporters, those
of the MFS are also thought to function via an alternating access mechanism that is
driven by substrate binding and protonation/deprotonation of conserved glutamate and
aspartate residues (Quistgaard et al., 2013; Kumar et al., 2014). EmrB of the MFS
also forms ftripartite assemblies with the outer membrane channel TolC and the
periplasmic linker protein EmrA (Lewis, 2000; Tanabe et al., 2009; Tikhonova et al.,
2009), similar to an RND assembly. Capture of substrate from the cytoplasm and
transport across both the inner and outer membrane of Gram-negative bacteria has
been suggested for EmrAB-TolC (Tanabe et al., 2009), although no clear evidence

exists to support this mechanism.

1.4.4 Multidrug and toxic compound extrusion (MATE)

In bacteria, MATE transporters are proton and/or sodium-driven antiporters (Fig.1.10).

MATE transporters in bacteria are best characterised for their role in export and
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therefore tolerance to a number of polyaromatic and cationic antibiotics such as
fluoroquinolones and aminoglycosides (Kuroda and Tsuchiya, 2009; Kusakizako et
al., 2020). MATE transporters were originally thought to belong to the MFS family due
to their predicted 12 transmembrane helices arranged into two transmembrane
domains (He et al., 2010). While structural data have revealed MATE family members
share a number of common structural features with the MFS and also function as a
monomer, the two transmembrane domains appear to be topologically distinct from
MFS transporters (He et al., 2010; Radchenko et al., 2015). Examples include the
NorM multidrug efflux pump from Vibrio cholerae, which has been shown to confer
resistance to fluoroquinolones, aminoglycosides and norfloxacin (Morita et al., 1998;

Singh et al., 2006; Kitaoka et al., 2011).

1.4.5 Small multidrug resistance (SMR)

Members of the SMR family are known to transport quaternary ammonium compounds
and other small cationic antimicrobials in a substrate/proton antiport mechanism and
are characterised by their small size, possessing just four transmembrane helices
which function as homo- or heterodimers (Fig. 1.10) (Bay et al., 2008). The EmrE
transporter from E. coli has been the focus of much study and has been shown to
function as a dimer in which the two protomers sit antiparallel to one another and
exchange conformations in order to alternate between inward open and outward open
states (Fig. 1.10) (Morrison et al., 2012; Du et al., 2015). This switching of
conformations means that both functional states are in fact identical and differ only in
their orientation in the membrane (Morrison et al., 2012; Du et al., 2015). A conserved
glutamate residue in transmembrane helix one (TM1) has also been shown to be

essential for function of EmrE, indicating a role in proton translocation across the
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membrane (Muth and Schuldiner, 2000; Du et al., 2015). Recent research has
identified guanidinium, a small cationic metabolic byproduct, as the physiological

substrate of SMR family transporters (Kermani et al., 2018).

1.4.6 Proteobacterial antimicrobial compound efflux (PACE)

The most recently described family of efflux pumps is the PACE family. The
prototypical PACE family protein, Acel, was first identified as a chlorhexidine
resistance determinant in Acinetobacter baumannii and sequence homology has since

identified numerous other PACE transporters in a range of Gram-negative pathogens,

RND

ADPPI - (AcrAB-TolC)

ABC
(MsbA)

Figure 1.10. Efflux pump families found in bacteria. @ Members of the
Proteobacterial antimicrobial compound efflux (PACE) family, small multidrug
resistance (SMR) family, multidrug and toxic compound extrusion (MATE) family,
major facilitator superfamily (MFS), ATP-binding cassette (ABC) and resistance-
nodulation-division (RND) family are shown. Efflux pumps transport substrates (green
circles) across the inner membrane (IM), peptidoglycan layer (PG) and outer
membrane (OM) by hydrolysing ATP or in exchange for cations. Example members
of each family are shown in brackets and structures from the Protein Databank (PDB)
are shown for EmrE (PDB ID 2168, Fleishman et al., 2006), NorM (3MKU, He et al,,
2010), EmrD (2GFP, Yin et al., 2006), MsbA (5TV4, Mi et al., 2017) and AcrAB-TolC
(5066, Wang et al., 2017). Image created using BioRender.com.
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although they are not found in the core genome of E. coli (Hassan et al., 2013; Hassan
et al, 2018). Much like SMR transporters, PACE family proteins are known to
transport small cationic antimicrobials such as benzalkonium and acriflavine (Hassan
et al., 2015) and are predicted to have four transmembrane helices (Hassan et al.,
2018). Experimental data suggest that PACE proteins are proton-driven antiporters
(Fig. 1.10) (Hassan et al., 2019) and, like the SMR transporter EmrE, neutralisation of
the highly conserved glutamate residue in TM1 has been shown to abolish transport
activity (Hassan et al., 2013; Hassan et al., 2019). The oligomeric state of functional
PACE transporters is as yet unknown. Acel and other PACE family proteins are the

subject of Chapter Four and are discussed further there.

1.5 Microbial production of renewable chemical feedstocks
The development of improved, sustainable bioprocesses in recent years offers
exciting new routes of production for a range of biofuels and commodity chemicals
and promises to reduce reliance on fossil fuels and crude oil derivatives in these
industries (Chen et al., 2013; Adkins et al., 2012; Liao et al., 2016). The Biotechnology
and Biological Sciences Research Council (BBSRC) lists industrial biotechnology and
bioenergy as their second strategic research priority to ‘reduce dependence on fossil
fuels and help drive the UK bioeconomy’ (BBSRC, 2014). For this purpose,
microorganisms have been engineered to produce high value commodity chemicals,
pharmaceuticals and fuels from renewable feedstocks such as sugars, atmospheric
CO2 and plant biomass and have been reviewed extensively (Rojo, 2008; Liao et al.,
2016; Selas et al., 2018; Pham et al., 2019; Jiang et al., 2019). However, production
of these compounds is often hindered by their toxicity, inhibiting cell growth and

therefore limiting yield.
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1.5.1 Methacrylate monomers

Methacrylate esters, particularly methyl methacrylate (MMA), are industrially relevant
monomers used in the manufacture of acrylic glass, resins, paints, coatings and more.
One major application of these monomers is in the manufacture of acrylic glass
(polymethyl methacrylate), which is used in vehicle lights, television and computer
displays, commercial signage, work surfaces and medical equipment, to name just a
few, due to its excellent durability, UV and abrasion resistance and strength (Lucite

International, 2016; Gantrade, 2018).

1.5.2 Chemical synthesis of methacrylate esters

Production of acrylic monomers is traditionally an energy and resource-intensive
process, relying on crude oil derivatives and generating large volumes of chemical
waste. The current dominant route of MMA synthesis uses acetone and hydrogen
cyanide (ACH route) as the two main feedstocks. Acetone cyanohydrin is generated
from the reaction between acetone and hydrogen cyanide, which then reacts with
excess concentrated sulfuric acid to generate methacrylamide sulphate (Mahboub et
al., 2018). Methacrylamide sulphate is then hydrolysed and esterified with excess
aqueous methanol to yield MMA and ammonium bisulphate. This process has a
number of disadvantages, including the use of the highly toxic reactant hydrogen
cyanide and the production of ~1.2 kg of the ammonium bisulphate by-product per 1
kg of MMA (Nagai, 2001; Mahboub et al., 2018). These considerations make the
development of an alternative, more sustainable route to manufacture an attractive

proposition.
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1.5.3 Production of butyl methacrylate in E. coli

E. coli has previously been engineered to produce methacrylic acid from glucose,
which could then be esterified with an alcohol co-feed to generate methacrylate esters
(Eastham et al., 2016). This process offers a renewable, more sustainable route of
methacrylate ester production. Butyl methacrylate was chosen as the desired target
product due to its reduced toxicity compared to MMA and the reduced toxicity of the
butanol co-feed compared to methanol.

The engineered biosynthetic pathway for BMA can be divided into two key
steps. The first step in the pathway aims to increase flux through the valine
biosynthetic pathway in order to increase production of ketoisovalerate (Fig. 1.11A).
Acetolactate synthase (AlsS) from Bacillus subtilis converts two molecules of
pyruvate, a central metabolite derived from a chosen carbon source such as glucose,
into acetolactic acid (Fig. 1.11A) (Aristidou et al., 1994). Acetolactate is then
converted to 2-ketoisovaleric acid in a two-step reaction catalysed by acetohydroxy
acid isomeroreductase (llvC) and dihydroxy acid dehydratase (llvD) from E. coli (Park
et al., 2007), which is then fed into the second part of the process, the engineered
BMA production pathway (Fig. 1.11A).

A branched-chain alpha-ketoacid dehydrogenase (BCKD) from P. aeruginosa
is responsible for the dehydrogenation of KIV and addition of coenzyme A (CoA) to
yield isobutyryl-CoA (Fig. 1.11B) (Sokatch et al., 1981; Sykes et al., 1987). Acyl-CoA
oxidase (Acx4) from Arabidopsis thaliana then carries out the oxidation of isobutyryl-
CoA to methacrylyl-CoA (Rylott et al., 2003), which in the final step of the pathway is
esterified with butanol by alcohol acyltransferase (AAT) from Malus pumila (apple) to

yield butyl methacrylate (Fig. 1.11B) (Souleyre et al., 2005).
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Figure 1.11. Overview of the engineered butyl methacrylate synthetic pathway
in E. coli. Pyruvate from central metabolism is converted to 2-ketoisovaleric acid by
acetolactate synthase (AlsS), acetohydroxy acid isomeroreductase (llvC) and
dihydroxy acid dehydratase (llvD) (A), which is then converted to butyl methacrylate
in a three-step reaction using branched-chain ketoacid dehydrogenase (BCKD), acyl-
CoA oxidase (Acx4) and alcohol acyltransferase (AAT) (B).

1.6 Aims and objectives
In order to improve production of BMA in an engineered E. coli production strain, this
study aims to identify bacterial efflux pumps that may transport BMA out of the cell,
thereby maintaining lower intracellular concentrations and increasing cell viability. In
the final industrial process, increased cell viability means a greater population of

productive cells and therefore higher product yields. Export of BMA from the cell also
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allows for continuous product removal, significantly simplifying downstream

processing and reducing equipment down-time. These process improvements will

result in a more economically viable process and contribute towards the development

of a sustainable route to acrylic polymer production from renewable feedstocks such

as glucose. Ultimately, this research aims to reduce reliance on crude oil and its

derivatives in the production of acrylic polymers, thus greatly reducing the

environmental impact of this industry. Research toward this goal was conducted as

follows:

1.

Identification, using published literature as well as mutational and
transcriptomic analyses performed previously, of efflux pumps thought to be

involved in tolerance to BMA and other organic solvents.

. Cloning and expression of these efflux pumps in E. coli laboratory strains to

facilitate further characterisation.

Using the fluorescent substrate Nile Red to measure the activity of cloned efflux
pumps and attempt to measure competitive transport between Nile Red and
BMA.

Using traditional culture-based techniques to measure changes in cell viability
upon exposure to BMA and other organic esters and the effect of efflux pump
expression on tolerance to these compounds.

Measuring cellular ATP content upon exposure to BMA in order to further
characterise the effect of BMA on cells, the ability of efflux pumps to enhance
tolerance to BMA and the metabolic burden of efflux pump expression and

function.
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An additional aim of this research was to investigate the physiological roles of the most
recently described family of efflux pumps, the Proteobacterial antimicrobial compound
efflux (PACE) family. Transport of cadaverine, an industrially relevant diamine used
in polyamide production, was measured using radiolabelled uptake assays and a
reconstituted proteoliposome system. Acel and its homologues serve as valuable
model systems for the study of transport across biological membranes, while also

being relevant to the field of biotechnology.
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Chapter 2

Materials and Methods
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2.1 Sources of materials
Chemicals of the highest available purity were used throughout the project. All
solutions were prepared using MilliQ™ water. Media and solutions were sterilised by
autoclaving at 121°C for 20 minutes at 15 psi. Heat labile solutions were sterilised

using 0.2 uM nitrocelullose filters.

2.1.1 General laboratory reagents

General laboratory reagents were purchased from:

Sigma Chemicals Co., Poole, Dorset, UK

Merck Chemicals Ltd., Chilworth, Southampton, UK

Thermo Fisher Scientific UK Ltd., Loughborough, Leicestershire, UK
Melford Laboratories Ltd., Chelsworth, Suffolk, UK

BDH Chemical Supplies (distributed by VWR international Ltd., Poole, Dorset, UK)

2.1.2 Bacteriological media and additives

Bacteriological yeast extract, tryptone and agar were purchased from Melford
Laboratories Ltd.

Carbenicillin  disodium salt, kanamycin monosulfate and Isopropyl B-D-1-
thiogalactopyranoside (IPTG) were also purchased from Melford Laboratories Ltd.
L(+)-Arabinose was sourced from Acros Organics, distributed by Fisher Scientific,

Loughborough, Leicestershire, UK.

2.1.3 Recombinant DNA reagents

Molecular biology grade agarose was purchased from Melford Laboratories Ltd.
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All other recombinant DNA reagents, enzymes, molecular weight markers, purification
kits and buffers were purchased from New England Biolabs (NEB), distributed by CP

Laboratories, Bishop Storton, Herts, UK.

2.1.4 Equipment for membrane isolation and protein purification

n-Dodecyl B-D-maltoside (DDM) was purchased from Anatrace, Maumee, OH, USA.
Ni-NTA agarose resin was purchased from Qiagen Ltd., Crawley, West Sussex, UK.
HisPur cobalt resin was purchased from Thermo Fisher Scientific UK.

Sucrose was purchased from Merck Chemicals Ltd.

Lysozyme was purchased Sigma Chemicals Co.

Econo-Pac disposable columns and Econo-Pac10DG desalting columns were
purchased from BioRad Laboratories Ltd, Hemel Hempstead, Hertfordshire, UK.
VivaSpin protein concentrators of various volumes and molecular weight cut offs were
purchased from Sartorius AG, Gottingen, Germany.

The Pierce BCA protein assay kit was purchased from Thermo Fisher Scientific Ltd.

2.1.5 SDS-PAGE and Western Blotting

40% acrylamide, 2% bis-acrylamide were purchased from BioRad Laboratories Ltd.
Polyvinylidene difluoride (PVDF) membranes of 0.2 yM pore size were purchased
from Roche Holding AG, Basel, Switzerland.

HisProbe™-HRP Conjugate was purchased from Thermo Fisher Scientific UK Ltd.

Clarity Western ECL Substrate was purchased from BioRad Laboratories Ltd.
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2.1.6 Reconstitution of membrane proteins

E. coli polar lipid extract and Mini-Extruder set were obtained from Avanti Polar Lipids
Inc., Alabaster, AL, USA.

Dithiothreitol was purchased from Melford Laboratories Ltd.

Pyranine (8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt) was purchased from
Sigma Chemicals Co.

n-Octyl-d17-B-D-glucopyranoside-d7 (OG) was purchased from Anatrace.

2.1.7 Assays for transport of radiolabelled substrates

Cadaverine [1,5-'“C] dihydrochloride was purchased from American Radiolabeled
Chemicals, St Louis, MO, USA.

n-Butyl [1-'*C]methacrylate was purchased from Pharmaron, Cardiff, Wales, UK.
Emulsifier-Safe liquid scintillation cocktail was purchased from Perkin Elmer,
Waltham, MA, USA.

All membrane filters were purchased from Merck Chemicals Limited.

2.1.8 Efflux substrates and dyes
Acriflavine, ethidium bromide, Hoechst 33342 and Nile Red were purchased from

Sigma Chemicals Co.

2.1.9 CPM thermostability assay

7-Diethylamino-3-(4-maleimidophenyl)-4-methylcoumarin (CPM) was purchased from

Sigma Chemicals Co.
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2.2 General Microbiology

2.2.1 Bacterial strains

The bacterial strains used in this study are detailed in Table 2.1.

Table 2.1. Bacterial strains used throughout this study

Strain/Plasmid

Genotype

Source

E. coliBW25113

F-, A (araD-araB)567, lacZ4787(del)::rrnB-3,
LAM, rph-1, A (rhaD-rhaB)568, hsdR514

Datsenko and
Wanner, 2000

E. coli BL21

F-ompT gal decm lon hsdSg(rs"mg~)
[malB*]k-12(AS)

Studier and
Moffatt, 1986

E. coli Omnimax

F’ {proAB lacli lacZAM15 Tn10(Tet? )
A(ccdAB)} merA A(mrr hsdRMS-mcrBC) &
80(lacZ)AM15 A(lacZYA-
argF)U169 endA1 recA1 supE44 thi-

1 gyrA96 relA1 tonA panD

ThermoFisher

E. coli C43 (DE3)
AacrAB

ompT hsdSB (rB- mB-) gal
dcm (DE3) AacrAB

Du et al., 2014

2.2.2 Plasmids

pTTQ18 was a gift from Michael Stark (Addgene plasmid # 69122

http://n2t.net/addgene:69122 ; RRID:Addgene_69122). The pBAD expression vector

used throughout this study was a gift from Dr. Vincent Postis of Leeds Beckett

University. pCR3 and pCG3 (the progenitor of pGNTK constructs) were gifts from

Ingenza Ltd., Roslin, Edinburgh.

The pTTQ18 acel constructs were created by

Hassan et al., (2013), as were the PACE family acel homologue contructs (Hassan et

al., 2015). Full details of each plasmid can be found in Table 2.2.
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Table 2.2 Plasmids used throughout this study

Strain/Plasmid

Plasmid Description

Source

pBAD-arcABHisg-

acrA, acrB, tolC. C-terminal Hiss-tag on

Du et al., 2014

tolCStrep acrB and C-terminal Strepll-tag on tolC. psap
arabinose-inducible promoter
pBAD-mexAB- mexA, mexB, oprM. C-terminal Hisg-tag on | This study
oprMHisg oprM. psap arabinose-inducible promoter
pBAD-mexCD- mexC, mexD, oprJ. C-terminal Hiss-tag on | This study
oprJHisg oprd. psap arabinose-inducible promoter
pBAD- acrA, acrB, tolC. C-terminal Hisg-tag on This study
acrABtolCHissg tolC. psap arabinose-inducible promoter
pBAD- emrA, emrB, tolC. C-terminal Hiss-tag on | This study
emrABtolCHisg tolC. psap arabinose-inducible promoter
pCR3-tolCacrAB tolC, acrA, acrB. Constitutive expression. Ingenza Itd.,
Edinburgh
pBAD-emrDHisg emrD, C-terminal Hiss-tag. psap arabinose- | This study
inducible promoter
pBAD-mdIBHisg mdiIB, C-terminal Hiss-tag. psap arabinose- | This study
inducible promoter
pBAD-msbAHiss msbA, C-terminal Hiss-tag. psap arabinose- | This study
inducible promoter
pBAD-mdltLHiss mditL, C-terminal Hiss-tag. psap arabinose- | This study
inducible promoter
pBAD-mdtMHiss mdtM, C-terminal Hiss-tag. psap arabinose- | This study
inducible promoter
pBAD-acrAHisg acrA, C-terminal Hiss-tag. psap arabinose- | This study
inducible promoter
pET24acrBHise acrB, C-terminal Hise-tag, T7 IPTG-inducible | Pos and
promoter Diederichs,
2002
pGNTK- acrA, acrB, tolC. C-terminal Hisg-tag on This study
acrABtolCHissg tolC. pgntk promoter
pGNTK-mexAB- mexA, mexB, oprM. C-terminal Hisg-tag on | This study
oprMHisg oprM. pgntk promoter
pGNTK-mexCD- mexC, mexD, oprJ. C-terminal Hiss-tag on | This study
oprJHiss oprd. pgntk promoter
pGNTK- emrA, emrB, tolC. C-terminal Hiss-tag on | This study
emrABtolCHisg tolC. pgntk promoter
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Table 2.2 Plasmids used throughout this study

Plasmid Plasmid Description Source
pTTQ18-acelHiss | acel wild-type, C-terminal Hisg-tag, ptac IPTG | Hassan et al,,
inducible promoter 2013
pTTQ18- acel E15Q mutant, C-terminal Hisg-tag, ptac | Hassan et al.,
acelE15QHiss IPTG inducible promoter 2013
pTTQ18- A1S_1503 PACE family gene, C-terminal Hiss- | Hassan et al.,
A1S_1503Hiss tag, ptac IPTG inducible promoter 2015
pTTQ18- Fbal_3166 PACE family gene, C-terminal Hisg- | Hassan et al.,
Fbal_3166Hisg tag, ptac IPTG inducible promoter 2015
pTTQ18- Mlut_15630 PACE family gene, C-terminal Hassan et al.,
Mlut_15630Hiss Hisg-tag, ptac IPTG inducible promoter 2015
pTTQ18- PFL_4558 PACE family gene, C-terminal Hiss- | Hassan et al.,
PFL_4558Hiss tag, ptac IPTG inducible promoter 2015
pTTQ18- PSPTO_3587 PACE family gene, C-terminal | Hassan et al.,
PSPTO_3587Hiss Hisg-tag, ptac IPTG inducible promoter 2015
pTTQ18- STY3166 PACE family gene, C-terminal Hisg- | Hassan et al.,
STY3166Hiss tag, ptac IPTG inducible promoter 2015
pTTQ18- Tmarg PACE family gene, C-terminal Hisg-tag, | Hassan et al.,
TmargHiss ptac IPTG inducible promoter 2015
pTTQ18- VP1155 PACE family gene, C-terminal Hiss- | Hassan et al.,
VP1155Hisg tag, ptac IPTG inducible promoter 2015

2.2.3 Bacterial growth and storage conditions

All E. coli strains were grown in lysogeny broth (LB) and on LB agar. All agar plates

were incubated at 37°C in a static incubator while all broths were incubated at 37°C

with shaking at 200 RPM. Starter cultures of 10 ml in 50 ml Falcon tubes were

inoculated with a single E. coli colony taken from LB agar and incubated overnight

(maximum of 16 hours) at 37°C with shaking at 200 RPM. For long term storage, E.

coli strains were grown on LB agar overnight then harvested with a sterile cotton swab

and suspended in 1 ml volumes of freezing mixture (see Table 2.3). These stock

cultures were snap frozen in liquid nitrogen and stored at -80°C. To revive stock
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cultures, a small amount of cell material was scraped from the surface of the stock
culture using a sterile inoculation loop and streaked onto LB agar with the appropriate

antibiotic and incubated overnight at 37°C.

Table 2.3 Growth and storage media composition

Media Composition for 1 litre

Lysogeny broth 10g granulated tryptone, 5 g granulated yeast extract,
10 g NaCl, pH adjusted to 7.5

Lysogeny broth agar 10 g granulated tryptone, 5 g granulated yeast
extract, 10 g NaCl, 15 g bacteriological agar, pH
adjusted to 7.5

Super Optimal Broth 20g granulated tryptone, 5g yeast extract, 0.58 g
with Catabolite NaCl, 0.19 g KClI, 2.4 g MgSOs. Sterile glucose
repression (SOC) solution was added to a final concentration of 0.4%

after autoclaving and cooling.

Freezing mixture 12.6 g KaHPO4, 0.9 g Na3sCsH507.2H20, 0.18 g
MgS04.7H20, 1.8 g (NH4)2S04, 3.6g KH2PO4, 96 g
glycerol, made up to 1 L with MilliQ water

2.2.4 Preparation and use of antibiotics and inducing agents

Carbenicillin disodium and kanamycin monosulphate were dissolved in MilliQ water to
100 mg/ml and 50 mg/ml, respectively. L(+)-Arabinose was dissolved in MilliQ water
to 100 mg/ml while IPTG was dissolved to 1 M, also in MilliQ water. All antibiotic and
inducer stocks were filter sterilised using a 0.2 yM syringe filter and stored at -20°C,
except for L(+)-arabinose which was stored at 4°C. Carbenicillin and kanamycin were
added to LB or cooled LB agar to 100 pg/ml and 50 pg/ml, respectively. L(+)-
Arabinose was added to cultures to a final concentration of 1 mg/ml while IPTG was

added to 0.2 mM.
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2.2.5 Small scale growth of cells to test gene expression

A single E. coli colony was taken from LB agar containing the appropriate antibiotic
and used to inoculate a 10 ml LB starter culture in a 50 ml Falcon tube. After
incubating overnight, this starter culture was diluted 1/100 in 50 ml LB containing the
appropriate antibiotic in a 250 ml baffled flask. Cells were grown at 37°C with shaking
at 200 RPM until an ODeoo of 0.8 £ 0.05 was reached. Gene expression was induced
by addition of either L(+)-arabinose to 1 mg/ml or IPTG to 0.2 mM and cells
reincubated for 2 hours. Cells were then harvested by centrifugation at 5,000 x g for
5 minutes and washed twice with phosphate buffered saline (PBS, 137 mM NaCl, 2.7
mM KCI, 10 mM Na2HPO4, 1.8 mM KH2PO4 pH 7.2). The cell pellet was resuspended
to an ODeoo of 1.0 and divided into 500 pl aliquots. Aliquots were centrifuged at 13,000
x g for 1 minute and the supernatant discarded, then the pellet gently resuspended in
1x SDS loading dye (50 mM Tris pH 6.8, 2% w/v SDS, 10% v/v glycerol, 5% v/v
mercaptoethanol, 0.01% w/v bromophenol blue). Resuspended samples were
incubated at room temperature for 20 minutes and then centrifuged for 20 minutes at
13,000 x g. Samples of 10 pl were then taken from the surface of the sample tube
and loaded onto an SDS-PAGE gel for protein detection by Western blotting (see

Section 2.6.1).

2.2.6 Large scale growth of cells for protein purification

E. coli stocks were revived and grown in 50 ml starter cultures as described in Section
2.2.5. The starter culture was diluted 1/100 in fresh LB with the appropriate antibiotic
(500 ml in a 2 L baffled flask) and incubated at 37°C with shaking at 200 RPM then

induced as described in Section 2.2.5. Cells were harvested by centrifugation using
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a Beckman Avanti 8.100 rotor at 14,000 x g for 30 minutes then resuspended in 20

mM Tris, 0.5 mM EDTA, 10% glycerol, pH 7.5 and stored at -80°C.

2.2.7 Growth of cells for transport assays

Cells were revived and starter cultures prepared exactly as described in Section 2.2.5.
Starter cultures were used to inoculate 10 ml LB with appropriate antibiotic in 50 ml
Falcon tubes, which were then incubated at 37°C with shaking at 200 RPM. Cells
were grown and induced as described in Section 2.2.5. Following induction, cells were
washed 3 times and resuspended in 5 ml of the appropriate transport buffer (see
Section 2.4). After incubating cells for a further 10 minutes to ensure any remaining
carbon sources were consumed, the resuspended cells were diluted to an ODeggo of

1.0 or 2.0, depending on the assay being performed.

2.3 Recombinant DNA Work
2.3.1 Plasmid DNA preparation
Cultures of 10 ml LB with appropriate antibiotic were grown in 50 ml Falcon tubes
overnight at 37°C with shaking at 200 RPM. DNA was then isolated using the Monarch
Plasmid MiniPrep kit (NEB) following the manufacturer’s instructions using an

Eppendorf MiniSpin microcentrifuge (Eppendorf, Hamburg, Germany).

2.3.2 Quantification of DNA

DNA concentration was determined using a DeNovix DS-11 spectrophotometer.
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2.3.3 Agarose gel electrophoresis

Agarose gels were prepared by dissolving agarose to a final concentration of 1% in
Tris acetate EDTA buffer (TAE, 40 mM Tris, 20 mM acetic acid, 1 mM EDTA, pH 8.3).
Agarose was added to TAE buffer and heated in a microwave oven until fully
dissolved. After cooling to approximately 50°C, SYBR Safe DNA gel stain
(ThermoFisher) was added at a dilution of 1 in 10,000. Samples were prepared in 6x
DNA gel loading dye (NEB), loaded into wells and run at 100 volts for 15 to 30 minutes.

Quick-Load® Purple 2-log DNA Ladder (NEB) was used as a standard.

2.3.4 Isolation of DNA fragments from agarose gels

After separation of DNA fragments by electrophoresis (see Section 2.3.3), fragments
were visualised on a Safe Imager Transilluminator (ThermoFisher) and excised from
the gel using a clean razor blade. DNA was then extracted from the gel using a

Monarch DNA Gel Extraction Kit (NEB) following the manufacturer’s instructions.

2.3.5 Restriction digestion

Restriction digests were performed at 37°C with shaking at 1000 RPM for 1 hour using
the reaction composition detailed in Table 2.4. Double digests were performed in the
same way with 1 ul of each restriction enzyme added per 50 ul reaction. All restriction

enzymes and buffers were purchased from New England BioLabs (NEB).
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Table 2.4 Restriction digest reaction components

Component 50 pl reaction
DNA 1 ug total DNA
10x CutSmart buffer (NEB) 5 pl
Restriction enzyme 1 pl (20 units)
Nuclease-free water to 50 pl

2.3.6 DNA Ligation

Ligation reactions were prepared at room temperature using T4 DNA ligase and the

supplied buffer (NEB) as detailed in Table 2.5 before briefly chilling on ice to aid sticky

end annealing. Reactions were then incubated overnight at 16°C. DNA was ligated

at a range of plasmid:insert molar ratios

calculated using NEB Bio Calculator (NEB).

Table 2.5 Ligation reaction composition

(typically 1:3, 1:5 and 1:10) which were

Component 20 pl reaction
DNA 50 ng vector DNA, variable insert based
on molar ratio
10x T4 DNA Ligase Buffer 2 pl
Nuclease-free water To 20 pl

T4 DNA ligase

1 ul (400 units)

2.3.7 DNA purification

Following PCR or other enzymatic reactions, the resulting DNA was purified from the

reaction mixture using the Monarch PCR Cleanup Kit (NEB) following the

manufacturer’s instructions.
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2.3.8 Polymerase chain reaction (PCR)

Target genes were amplified by PCR from Escherichia coli MG1655 or Pseudomonas
aeruginosa PAO1 genomic DNA using Q5 High-Fidelity DNA Polymerase (NEB). For
reaction compositions see Table 2.6. For cycling programmes, see Table 2.7. Primer

melting temperatures (Tm) were calculated using NEB Tm Calculator (NEB). Cycling

was carried out in a BioRad T100 thermal cycler (BioRad Laboratories Ltd.).

Table 2.6 Composition of PCR reactions

Component 50 pl reaction Final concentration
5X Q5 Reaction Buffer | 10 pl 1X
10 mM dNTPs 1 ul 200 uM
10 uM Forward Primer | 2.5 pl 0.5 uM
10 uM Reverse Primer | 2.5 pl 0.5 uM
Template DNA variable 1 ng-1 ug gDNA
Q5 Polymerase 0.5 pl (1 unit) 0.02 units/pl
5X Q5 High GC Enhancer | (10 pl) (1X)
(optional)
Nuclease-Free Water to 50 pl
Table 2.7 PCR cycling conditions
Step Temperature Time
Initial Denaturation 98°C 30 seconds
Amplification 98°C 5-10 seconds

35-40 Cycles Lowest primer Tm +3°C | 10-30 seconds
72°C 20-30 seconds/kb
Final Extension 72°C 2 minutes
Hold 12°C -

2.3.9 Primers used for cloning of target genes

Cloning primers were designed using Benchling Biology Software and synthesised by

Eurofins Genomics (Eurofins Scientific, Luxembourg). Primers used in this study are

detailed in Table 2.8.
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Table 2.8 Primers used for cloning of target genes. Endonuclease restriction sites
are shown in red. Bases preceding restriction sites were added to aid endonuclease
sequence recognition and binding.

Target Restriction
sequence Primer pair sequences (5’ - 3’) sites
introduced
ATAACCTAGGAACAAAAACAGAGGGTTTACGCCTC Avrll, Sacl
acrAB AAATGAGCTCTCAATGATGATCGACAGTATGGCTG
TTTAGAGCTCATGAAGAAATTGCTCCCCATTC Sacl, Sbfl
tolC TTTTCCTGCAGGGTTACGGAAAGGGTTATGACC
mexAB- CCGGCTAGCCAACGAACGCCAGCCATGCGTGTAC Nhel, Nsil
oprM AAAAATGCATGAGCCTGGGGATCTTCCTTCTTCGCG
mexCD- AAAAATGCATGACTCCTGCCGCCTCG Nsil, Nhel
oprJ CCGGCTAGCGCTGATTTGCGTGCAATA
AAATCCTAGGTCTCAGGTGTCTGGCAGCGTG Avrll, Sacl
emrAB TTTTGAGCTCTTAGTGCGCACCGCCTCC
AAAAGCTAGCAAAAGGCAAAGAAACGTCAATTTG Nhel, Nsil
emrD AAAAATGCATTAACGGGCTGCCCCTGATG
AAAAGCTAGCCGTAGTTTTAGCCAACTGTG Nhel, Nsil
mdlB AATTATGCATAGGCGCTCAATGATTCCTC
TTTTGCTAGCTCCCGCTTTTTGATTTGTAGTTTTG Nhel, Nsil
mdtL TTTTATGCATAAGCGTGGTGATGGATTTCTTC
AAAAGCTAGCCCACGTTTTTTTACCCGCCATGC Nhel, Nsil
madtM AAAAATGCATACTGCTCCTCCACTAGCTCGGCTG
TTTTGCTAGCCATAACGACAAAGATCTCTCTACG Nhel, Nsil
msbA TTTTATGCATAACATTGGCCAAACTGCATTTTGTG
acrA ATAACCTAGGAACAAAAACAGAGGGTTTACGCCTC Avrll, Sbfl
AAAACCTGCAGGAGACTTGGACTGTTCAGGCTGAG
pGNTK AAAACCTAGGCAAGACGTAAATGTGGTGATCATGG Avrll,

2.3.10 Preparation of chemically competent cells

Cultures of E. coli (10 ml in 50 ml Falcon tubes) were grown overnight in LB at 37°C
with shaking at 200 RPM then used to inoculate 1 L of fresh LB, as described in
Section 2.2.5. Cells were grown at 37°C with shaking at 200 RPM in 2 L baffled shaker
flasks to an ODsoo of 0.35-0.4, at which point they were immediately placed on ice and

kept chilled for the remainder of the procedure. Cells were sedimented at 3000 x g for
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15 minutes and resuspended in approximately 400 ml of ice cold 100 mM MgCl». Cells
were sedimented at 2000 x g for 15 minutes and resuspended in 200 ml of 100 mM
CaCly, incubated on ice for 20 minutes and sedimented again. A final wash in 50 ml
of 85 mM CaCl, with 15% glycerol was performed before finally resuspending the cell
pellet in 2 ml of the same solution. Aliquots of 50 ul were prepared and snap frozen

in liquid nitrogen before storing at -80°C.

2.3.11 Transformation of chemically competent cells

Chemically competent cells were thawed on ice and used immediately by adding 1 pg-
100 ng of plasmid DNA and gently mixing before re-incubating on ice for 30 minutes.
Cells were then heat shocked at 42°C for 30 seconds and returned to ice for 5 minutes,
after which 450 pl of SOC medium (see Table 2.3) was added and cells incubated at
37°C with shaking for one hour. Finally, transformation mixtures were diluted in LB
broth and spread onto agar plates containing the appropriate antibiotic then incubated

overnight at 37°C.

2.3.12 Colony PCR

Follwing transformation, colonies that grew in the presence of appropriate antibiotic
were screened for the correct plasmid insert by colony PCR (cPCR). A cPCR
mastermix was prepared using Tag DNA polymerase (NEB) according to Table 2.9
and aliquoted into 10 pl volumes. Individual transformant colonies were carefully
picked using a sterile toothpick and used to inoculate a fresh LB plate with appropriate
antibiotic. The same toothpick was then briefly dipped in a 10 pl reaction. In order to
select for plasmids with the correct insert in the correct orientation, one vector-specific

and one insert-specific primer was used for each cPCR. Cycling programmes are
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detailed in Table 2.10. DNA loading dye was added directly to the PCR mixtures and
each reaction loaded onto an agarose gel (see Section 2.3.3). Colonies yielding a
PCR product of the expected size were subcultured and tested for protein expression

(see Section 2.2.5).

Table 2.9 Colony PCR mastermix composition

Component For 100 pl (10 reactions)
Nuclease-free water 83.5 ul
10x ThermoPol buffer 10.0 pl

10 mM dNTPs 2.0l

10 uM Forward primer 2.0yl
10 uM Reverse primer 2.0 ul
Taq DNA polymerase 0.5 pl (2.5 units)

Table 2.10 Colony PCR cycling conditions

Step Temperature Time
Initial denaturation 95°C 2 minutes
Amplification 95°C 20 seconds
30-35 cycles Lowest primer Tm -5°C 30 seconds
68°C 1 minute/kb
Final extension 68°C 5 minutes
Hold 12°C -

2.3.13 Plasmid sequencing

Plasmids were sequenced by Eurofins Genomics using a Mix2Seq kit, which uses the
Sanger chain termination method for DNA sequencing. Sequencing results were
analysed and aligned to the template plasmid sequence using Benchling Biology

Software.
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2.4 Measurement of Efflux Activity

2.4.1 Preparation and use of stock solutions

Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) was dissolved in 100% ethanol
to a concentration of 1 mg/ml and stored at -20°C protected from light. This stock was
diluted in 1 mM NaOH immediately before use and used only on the same day. Nile
Red and Hoechst 33342 were both dissolved to 3 mM in DMSO and MilliQ water,
respectively, and stored at room temperature protected from light. Both of these
substrates were added to cells at a final concentration of 5 yM. Ethidium bromide was
purchased as a solution in water and further diluted to 2.55 mM in MilliQ water and
stored at room temperature protected from light. Ethidium bromide was added to cells
at a final concentration of 130 uM. For Nile Red, excitation and emission wavelengths
were 552 nm and 636 nm, respectively. Ethidium transport was measured using
excitation and emission wavelengths of 526 and 588, respectively. Transport of
Hoechst 33342 was monitored at excitation and emission wavelengths of 355 and 457,
respectively. All fluorescence measurements were made at a rate of 1/s™! with slit
widths of 0.6 mM and a path length of 1 cm. Sample cuvettes were maintained at

25°C throughout.

2.4.2 Measuring uptake and efflux of fluorescent substrates

Cells were prepared as described in Section 2.2.7 using PBS supplemented with 1
mM MgClI, to wash and resuspend cells to ODeso0=1. For efflux assays, CCCP was
added to a final concentration of 10 uM to dissipate the proton motive force (PMF) and
cells incubated at room temperature for 20 minutes. Fluorescent efflux substrates
were then added to cells at the appropriate concentration (see Section 2.4.1) and cells

incubated for 30 minutes at 37°C with shaking. Preloading of cells with Nile Red was
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always performed in glass test tubes as Nile Red adsorbs to plastics. After loading
with dye, cells were dispensed into 1 ml volumes and centrifuged at 5,000 x g for 5
minutes. The supernatant was removed as thoroughly as possible and discarded;
then cell pellets were stored on ice until needed. Measurements were taken by
resuspending cells in 1 ml PBS with 1 mM MgCI2 and immediately transferring to a
quartz cuvette with a magnetic stirrer in a Quantamaster spectrophotofluorometer
(Photon Technology International) and data acquisition started immediately. After 50-
60 seconds, efflux was initiated by addition of sterile glucose solution at a range of

concentrations.

2.4.2.1 Efflux competition assays To measure competition between BMA and
fluorescent efflux substrates, BMA was added to cells at a range of concentrations
immediately after CCCP addition, then the protocol followed with addition of glucose

as described in Section 2.4.2.

2.4.3 Monitoring uptake of fluorescent substrates

To measure uptake of fluorescent substrates, cells were prepared and diluted as
described in Section 2.4.2 and the suspension kept on ice. For each measurement, 1
ml of cell suspension was transferred directly to a quartz cuvette and allowed to
equilibrate to 25°C in the fluorimeter for 1 minute. Glucose was added to the cell
suspension at a range of concentrations and data acquisition started immediately.
After 1 minute, fluorescent substrate was added to the appropriate final concentration

(see Section 2.4.1) and fluorescence monitored continuously.
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2.4.4 Radiochemical accumulation assays

2.4.4.1 Preparation of cells and sampling procedure Cells were prepared as
described in Section 2.2.7 then washed 3 times in the appropriate buffer before
resuspending to OD600=2.0. Cells were kept on ice until required and warmed to
room temperature for a minimum of 15 minutes before use. Glucose was added to a
final concentration of 26 mM and cells incubated at room temperature for 1 minute.
After precisely 1 minute, the appropriate radiolabelled substrate was added and the
sample mixed by vortexing. Samples of 100 pl were filtered at defined time points
through 0.45 yM pore size membrane filters then washed with 2.5 ml of appropriate
uptake buffer. Filters were then placed in 20 ml plastic scintillation vials and 10 ml
Emulsifier-Safe scintillation fluid added. After vigorous mixing, samples were left
overnight then direct disintegrations per minute (DPM) counted in a Tri-Carb liquid
scintillation counter with a count time of 5 minutes per sample. Rate of uptake was
calculated using the following formula:

[total volume] 1 1
Uptake (nmol/mg of cells) = (DPM-blank) x X X

[sample volume] [mg of cells] [DPM std/nmol std]

mg of cells = Volume of cell suspension x Aeso x 0.68

DPM - disintegrations per minute

2.4.4.2 [1,5-1“C-]Cadaverine uptake assay

For cadaverine uptake experiments, cells were washed and resuspended in 20 mM 4-
(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), 145 mM NaCl and 5 mM
KCl at pH 7.0. The assay began with 740 pl of ODgp0=2.0 cells to which 40 pl of 20%

glucose solution was added, followed by 20 ul of 2 mM ['*C]-cadaverine to give a final

58



concentration of 50 uM. Samples of 100 pl were filtered at 0.5, 2.0, 5.0, 10.0, 20.0,

30.0 and 40.0 minutes through nitrocellulose 0.45 uM filters.

2.4.4.3 ['“C]-BMA uptake assay

For BMA uptake experiments, cells were washed and resuspended in 20 mM 4-
morpholinepropanesulfonic acid (MOPS), 140 mM KCI and 1 mM MgCl2 at pH 6.6.
PVDF filters (0.45 uM pore size) were briefly wet in 100% ethanol then equilibrated in
uptake buffer before use. Samples of 100 ul were filtered at 0.5, 2.0, 5.0 and 10.0

minutes.

2.5 Measuring the Effect of Esters on Cell Viability

2.5.1 Measuring the effect of BMA exposure on cell viability

Cells were prepared exactly as described in Section 2.2.7, then resuspended to an
ODeoo of 2.0 in PBS with 1 mM MgCl.. Glucose was added at a final concentration of
22 mM and cells incubated at room temperature for 3 minutes. For cell viability
assays, samples of 20 pl were taken as pre-exposure controls, then BMA added to a
final concentration of 2 mM and incubated at room temperature for one hour with
regular mixing. Further samples of 20 ul were taken after 10 and 60 minutes. All
samples were serially diluted in 180 pl volumes of PBS (10-fold dilution series) in a 96
well polypropylene plate. Multiple dilutions of each sample were plated onto LB agar
containing the appropriate antibiotic by inoculating 20 ul onto the surface of well-dried
plates in triplicate (9 drops per plate) and allowing the samples to dry thoroughly.
Plates were incubated overnight at 37°C then colonies counted to calculate the
number of colony forming units per ml of cell suspension (CFU/ml) using the following

equation:
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(Mean no. of colonies per drop x 50) x dilution factor

2.5.2 Measuring the effect of BMA exposure on the abundance of cellular ATP

Cellular ATP was quantified following exposure to BMA as a proxy for measuring the
PMF. Cells were prepared and treated with BMA exactly as described in Section 2.5.1.
After 1 hour, 20 ul samples were taken and diluted in 180 pl of cold PBS at pH 7.2 in
in order to dilute the BMA to a sub-toxic concentration. Samples of 100 pl were
transferred to a white polypropylene 96-well plate for luminescence measurements
and gently mixed 1:1 with rehydrated BacTiter-Glo reagent (Promega Corporation, WI,
USA) then incubated at room temperature for 5 minutes. Luminescence was read
using a Tecan Spark 10M plate reader with an integration time of 0.1 seconds per well.
The remaining diluted samples were used to perform viability counts, as described in

Section 2.5.1.

2.6 Protein Expression, Purification and Analysis

2.6.1 SDS-PAGE and Western blotting procedure

2.6.1.1 Separation and analysis of proteins by SDS-PAGE Samples for SDS-
PAGE were prepared in 1x SDS loading dye (50 mM Tris pH 6.8, 2% w/v SDS, 10%
v/v glycerol, 5% v/v mercaptoethanol, 0.01% w/v bromophenol blue), mixed gently by
pipetting and incubated at 37°C for at least 30 minutes. Polyacrylamide (15%) gels
were prepared at 0.75 mM thickness according to Table 2.11. Ammonium persulfate
(APS) and tetramethylethylenediamine (TEMED) were added immediately before
casting gels. Samples were run at 120 volts for 90 minutes in SDS-PAGE buffer (250

mM Tris pH 7.2, 1.9M glycine, 0.5% SDS). Gels to be stained for protein visualisation
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were places in fixing solution for a minimum of 30 minutes on an orbital shaker, then
transferred to stain 1 for 30 minutes, stain 2 for 1 hour and finally destain solution until

background staining was eliminated (see Table 2.12).

Table 2.11 Polyacrylamide gel preparation

Component Running gel Stacking gel
40% acrylamide 211 ml 385 ul
2% bis-acrylamide 245 ul 195 pl
Tris 1.5 M pH 8.8 1.41 mi -
Tris 1.5 M pH 6.8 - 375 ul
10% SDS 50 pl 25 ul
MilliQ water 1.74 ul 1.6 ul
10% APS 18.5 ul 15 ul
TEMED 6 pl 4.5 ul
Table 2.12 Gel staining solutions
Component Fixing Stain 1 Stain 2 Destain
MilliQ water 400 ml 1635 ml 2000 mi 2250 mi
Acetic acid 100 ml 250 ml 250 ml 250 ml
Isopropanol 500 mi 625 mi 250 ml -
Coomassie R250 - 625 mg 62.5 mg -

2.6.1.2 Detection of affinity-tagged proteins by Western blotting. SDS-PAGE gels
were transferred to a PVDF membrane (0.45 uM, Merck) by first equilibrating the gel
in Towbin buffer (25 mM Tris, 192 mM glycine, 15% v/v ethanol, 0.04% SDS) for 15
minutes. PVDF membranes were wet in 100% ethanol for 1 minute then equilibrated
in Towbin buffer for 15 minutes. The transfer stack was assembled in the following
order from the bottom up in a TransBlot Turbo (BioRad) transfer cell: 6 sheets of thin
filter paper soaked in Towbin buffer, PVDF membrane, polyacrylamide gel, 6 more
sheets of thin filter paper soaked in Towbin buffer. Transfer was carried out at 15 volts

for 30 minutes then the membrane blocked in Tris-buffered saline with Tween-20
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(TBS-T, 50 mM Tris, 150 mM NaCl, 0.1% v/v Tween-20, pH 7.6) with 3% bovine serum
albumin (BSA) overnight at 4 °C. The membrane was washed twice in TBS-T for 10
minutes per wash before incubating with HisProbe-HRP conjugate (ThermoFisher) or
StrepMAB-Classic HRP Conjugate (IBA Life Sciences) in TBS-T or PBS-T,
respectively, for 1 hour at room temperature, followed by 4 more washes. Membranes
were then incubated with SuperSignal West Pico substrate (ThermoFisher) for 5

minutes and visualised using a G:BOX (Syngene).

2.6.2 Small scale isolation of mixed membranes by water lysis method

Mixed E. coli membranes were prepared following the water lysis method (Ward et al.,
2000). Cell pellets from 50 ml cultures (grown and induced as described in Section
2.2.5) were resuspended in 10 ml of 200 mM Tris at pH 8.0 and mixed on rollers at
room temperature for 20 minutes. 4.85 ml lysis buffer (1M sucrose, 0.2M Tris, 1 mM
EDTA, pH 8.0) was added and mixed on rollers for 90 seconds, followed by 65 ul of
10 mg/ml lysozyme solution and a further 30 seconds of mixing. Finally, 9.6 ml MilliQ
water was added before mixing for a further 20 minutes. Tubes were centrifuged at
25,000 x g for 20 minutes to sediment spheroplasts, which were then resuspended in
MilliQ water using a glass homogeniser and incubated at room temperature for 30
minutes. Membranes were washed 3 times in 0.1 M sodium phosphate (NaPi) buffer
pH 7.2 with 1 mM mercaptoethanol (MBE), then resuspended in a minimal volume of
NaPi/MBE using a syringe and needle. Membranes were aliquoted and snap frozen
in liquid nitrogen before storage at -80°C. Total protein concentration was determined
using the Pierce BCA protein assay kit (see Section 2.6.5) according to the
manufacturer’s instructions. Membranes were resuspended in 1x SDS loading dye to

give 4 ug total protein per lane for Western blotting, and 16 ug per lane for Coomassie
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stained gels (see Section 2.2.7.1). Densitometry was performed using the Fiji software

package (Schindelin et al., 2012).

2.6.3 Large-scale isolation of mixed membranes using a cell disrupter

Frozen E. coli cell pellet was thawed at 4°C and diluted 1:3 in ice cold cell disruption
buffer (20 mM Tris HCI, 0.5 mM EDTA, pH 7.6). All suspensions were handled on ice
and all equipment maintained at 4°C throughout. The cell suspension was
homogenised to remove any lumps using a T18 ULTRA-TURRAX homogeniser (lka-
Werke, Staufen, Germany) at medium power. The Z Plus Series cell disrupter was
flushed with 200 ml of water followed by 100 ml of cell disruption buffer. The cell
suspension was passed through the disruptor twice at 30,000 PSI. The crude cell
lysate was then centrifuged at 12,000 x g for 45 minutes to sediment cell debris. The
supernatant (containing mixed membranes) was centrifuged for 2 hours at 131,000 x
g to sediment membranes. The membrane pellet was resuspended using a syringe
in @ minimal volume of 20 mM Tris-HCI pH 7.6, then snap frozen and stored at -80°C.
Alternatively, if separation of inner and outer membranes was required, the membrane

pellet was resuspended in cell disruption buffer with the addition of 25% sucrose.

2.6.4 Separation of inner and outer membrane fractions

All samples were handled on ice at all times and equipment maintained at 4°C
throughout. Using a syringe and blunt needle, a sucrose gradient was prepared in a
type 45 Ti ultracentrifuge tube (Beckman Coulter Inc.) by very gently layering 10 ml of
each of the following sucrose concentrations dissolved in cell disruption buffer: 55%,
50%, 45%, 40%, 35% and 30%. The membrane fraction suspended in cell disruption

buffer with 25% sucrose was then gently layered on top. Tubes were centrifuged at
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96,000 x g for 16 hours and the rotor allowed to stop without braking. The inner
membrane fraction was then harvested using a syringe and needle from the 35-40%
sucrose interface and the outer membrane fraction from the 45-50% interface. Each
fraction was then diluted in 20 mM Tris-HCI pH 7.6 and sedimented at 131,000 x g for
2 hours then this process repeated two more times to remove excess sucrose.
Washed membranes were suspended in a minimal volume of the same buffer and

snap frozen in liquid nitrogen before storing at -80°C.

2.6.5 Determination of total protein concentration

Membranes were diluted 1:39, 1:19, 1:9, 1:4 and 1:1 in 20 mM Tris-HCI pH 7.6 and
protein concentration determined using the Pierce BCA protein assay kit (Thermo
Fisher) following the manufacturer’s instructions, using bovine serum albumin (BSA)
standards to generate a standard curve. Sample absorbance was measured in a

Tecan Spark 10M plate reader (Tecan Group Ltd., Mannedorf, Switzerland).

2.6.6 Protein purification using immobilised metal affinity chromatography

2.6.6.1 Membrane solubilisation Frozen membranes were slowly thawed on ice and
diluted to a total protein concentration of 2 mg/ml in solubilisation buffer containing 1%
DDM (see tables 2.13 and 2.14). Samples were left at 4°C for 1 to 2 hours on a blood
wheel set to low speed in order to minimise foaming. Following solubilisation, samples
were centrifuged at 130,000 x g for 1 hour to sediment the insoluble fraction and the
supernatant retained. Before binding to IMAC resin, the supernatant was diluted 1:1
with solubilisation buffer without DDM in order to reduce the final DDM concentration

and aid binding of protein to the resin.
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2.6.6.2 Purification of AcrA/AcrB All purification steps were performed at 4°C and
samples kept on ice at all times. Fresh HisPur cobalt resin was thoroughly
resuspended (2 ml of slurry per 15 ml of diluted binding mixture) and immediately
transferred to a chromatography column and the storage buffer run off.  The resin
was washed with 10 column bed volumes (CV) of wash buffer 1 then left to equilibrate
in wash buffer 1 until needed. The diluted soluble fraction was then used to resuspend
the equilibrated resin and transferred back to a sealed tube. The resin/soluble fraction
mixture was left overnight on rollers to allow protein binding then transferred back to
a chromatography column and the unbound fraction allowed to run off. The resin was
then washed with 10 CVs of wash buffer 1 to elute unwanted proteins from the resin.
AcrA/B was eluted from the resin using 15 ml elution buffer and collected in 1 ml
fractions. Fractions were analysed by SDS-PAGE and Western blotting (see Section
2.6.1). Fractions containing high concentrations of AcrA or AcrB were pooled and
concentrated to 3.5 ml using a Vivaspin 20 protein concentrator with 10 kDa or 100
kDa molecular weight cut-off (MWCO), respectively. The concentrated protein was
then applied to an EconoPac DG10 desalting column and eluted in 4 ml wash buffer
2. Finally, the protein was concentrated to approximately 500 ul using a Vivaspin 6
protein concentrator with appropriate MWCO, aliquoted, snap frozen and stored at -

80°C.
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Table 2.13 AcrA/B purification buffers

Buffer Composition
Solubilisation/binding | 50 mM Tris
10% v/v glycerol
300 mM NaCl
20 mM imidazole
1% w/v DDM
pH 7.4
Wash 1 50 mM Tris
10% v/v glycerol
300 mM NaCl
30 mM imidazole
0.05% w/v DDM
pH 7.4
Elution 50 mM Tris
10% v/v glycerol
300 mM NaCl
250 mM imidazole
0.05% w/v DDM
pH 7.4
Wash 2 50 mM Tris
2.5% vlv glycerol
1% w/v DDM
pH 7.4

2.6.6.3 Purification of Acel All purification steps were performed at 4°C and samples
kept on ice at all times. Fresh Ni-NTA resin was thoroughly resuspended (1 ml of
slurry per 1 ml of membranes) and immediately transferred to a chromatography
column and the storage buffer run off. The resin was washed with 10 column bed
volumes (CV) of wash buffer 1 (see Table 2.14) then left to equilibrate in wash buffer
1 until needed. The diluted soluble fraction was used to resuspend the resin and
transferred to a sealed tube before mixing on rollers for 45 minutes, then the resin was
sedimented at 500 x g for 2 minutes and 75% of the supernatant discarded. The
remaining supernatant was used to resuspend the resin and transfer it back to a
column and the resin run dry. The resin was washed with 20 CVs wash buffer 1 then

Acel eluted in 10 fractions of 250 ul using elution buffer. Fractions were analysed by
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SDS-PAGE and Western blotting (see Section 2.6.1). The fraction containing the

highest Acel concentration was used for reconstitution experiments (see Section 2.9).

Table 2.14 Acel purification buffers

Buffer Composition
Solubilisation/binding | 10 mM Tris
20% v/v glycerol
300 mM NaCl
20 mM imidazole
1% w/v DDM
pH 8.0
Wash 10 mM Tris
10% v/v glycerol
20 mM imidazole
0.05% w/v DDM
pH 8.0
Elution 10 mM Tris
2.5% vlv glycerol
200 mM imidazole
0.05% w/v DDM
pH 8.0

2.6.7 Determination of purified protein concentration

The concentration of purified protein samples was determined using a Denovix DS-11
spectrophotometer by inputting the relevant molecular weight and extinction
coefficient. These values were calculated from the protein amino acid sequence using

Benchling Biology Software.

2.7 Characterisation of purified efflux proteins
2.7.1 CPM thermostability assay
2.71.1 Preparation and use of 7-diethylamino-3-(4-maleimidophenyl)-4-
methylcoumarin (CPM) CPM was dissolved in 100% DMSO to a concentration of 5

mg/ml, protected from light and stored at -80°C. Before use, CPM was thawed and
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diluted to 0.1 mg/ml in wash buffer 2 (Table 2.12) and equilibrated at room temperature

for 10 minutes.

2.7.1.2 Assessing protein thermostability using the CPM assay Purified protein
was diluted in wash buffer 2 at a range of concentrations. Diluted protein was
aliquoted into 45 pl volumes in optically clear PCR tubes and 5 pl of the diluted CPM
stock added before incubating on ice in the dark for 10 minutes. Samples were
transferred to an Agilent Mx3005P QPCR system and after a 3 minute equilibration
step at 25°C, sample temperature was increased by 1°C every 20 seconds (3°C per
minute) up to 90°C. Fluorescence endpoint measurements were recorded after every
temperature step at excitation and emission wavelengths of 460 nm and 510 nm,
respectively. To investigate if BMA binding had a stabilising effect on AcrB, BMA was
added to wash buffer 2 at a range of concentrations before adding protein. To assess
the stability of the AcrAB complex, AcrA and AcrB were mixed in a 2:1 molar ratio then

the assay performed as described above.

2.8 Reconstitution of efflux proteins into proteoliposomes

2.8.1 Formation of large multilamellar vesicles (LMVs)

In order to form LMVs, 600 ul of E. coli polar lipid extract in chloroform (approximately
15mg total) was transferred to a 20 ml glass vial and dried under a stream of oxygen-
free nitrogen while constantly turning the vial to obtain an evenly thin lipid film. Lipids
were rehydrated with 1 ml reconstitution buffer (25 mM HEPES, 200 mM NaCl, 1 mM
DTT, pH 7.0) and left on rollers at room temperature for at least 30 minutes with regular
vortexing, until a homogeneous milky suspension was obtained and no lipid film

remained on the walls of the vial.
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2.8.2 Formation of small unilamellar vesicles (SUVs) by extrusion

LMVs were extruded to produce SUVs of uniform size distribution. LMVs were
collected in a 1 ml glass syringe and passed 11 times through a 0.45 yM filter, followed
by another 11 passes through a 0.2 yM filter all at room temperature in an Avanti mini-

extruder. The 0.2 yM SUVs were kept on ice until required.

2.8.3 Reconstitution of protein into membrane vesicles

To 330 ul of SUVs, extra reconstitution buffer was added to result in a final
reconstitution volume of 500 pl, followed by 5 pl of 100 mM pyranine, 55 ul of 10% OG
and 12.5 ug of protein. Components were always added in this order to ensure
liposomes were never exposed to critically high concentrations of detergent.
Reconstitution mixtures were then incubated in the dark at room temperature for 15
minutes before rapidly diluting with 9.5 ml of ice cold reconstitution buffer.
Proteoliposomes were sedimented at 60,000 x g for 1 hour at 4°C and resuspended

in 100 pl reconstitution buffer and stored at 4°C.

2.8.4 Measurement of cadaverine transport into (proteo)liposomes using the pH
sensitive dye pyranine

Proteoliposomes were diluted 100-fold in assay buffer (25 mM HEPES, 200 mM KCl,
pH 8.0) in a quartz cuvette and immediately transferred to a fluorimeter maintained at
25°C with a magnetic stirrer. Fluorescence was monitored at excitation wavelengths
of 400 and 450 nm and an emission wavelength of 509 nm. An increase in the F509
(ex. 450 nm)/F509 (ex. 400 nm) ratio indicates an increase in proteoliposome luminal
pH, indicative of proton-coupled transport. Samples were allowed to equilibrate for

approximately 50 seconds in the fluorimeter, at which point valinomycin was added to
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5 nM. After a further 50 s, cadaverine was added to a final concentration of 1 mM and
fluorescence monitored with a frequency of 1 measurement per second. Cuvettes

were washed with potassium saturated ethanol to remove residual valinomycin.
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Chapter 3

Cloning of bacterial efflux pumps
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3.1 Introduction

3.1.1 Identification of target efflux pumps

Bioinformatic databases have become powerful tools for consolidating sequence and
experimental data. Using these tools to focus our search on solvent-tolerant
organisms or transport proteins known/predicted to export organic solvents is a
valuable approach to identify potential routes for BMA efflux in a time when traditional
lab-based research is unable to keep up with the rapid generation of new sequence
data. EcoCyc provides an E. coli specific collection of pathway and genome
databases to include metabolites, enzymes, pathways, predicted operons and
transport systems (Karp et al., 2014), while BioCyc utilises the same approach but
across a broad range of organisms (Caspi et al., 2016). TransportDB 2.0 provides
access to an increasingly large collection of data output from the Transporter
Automatic Annotation Pipeline (TransAAP), which identifies putative membrane
transport proteins based on homology to sequences deposited in databases such as
the Transporter Classification Database (TCDB) and the Protein family (Pfam)
database. These tools were utilised to complement literature searches and allowed
us to narrow our search to those systems known/hypothesised to confer tolerance to
organic solvents (Table 3.1). Since membrane proteins not only rely on successful
expression but also insertion into, and correct function inside the E. coli membrane(s),
searches were limited to Gram-negative bacteria to increase the likelihood of
successful production of functional, membrane-localised protein in a Gram-negative

expression host.
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Table 3.1. Identification of target efflux pumps. Systems cloned

in this study are

underlined.
System Family Organism Known substrate(s) Reference(s)
AcrAB-TolC RND E. coli Extremely promiscuous substrate specificity, range of organic Tsukagoshi and Aono,
solvents, multidrug, toxins etc. Increased isoprenoid yield by up to [ 2000; Wang et al., 2013;
2-fold in E. coli production strain. Up-regulated in response to Martins, unpublished;
BMA stress Menchavez,
unpublished
MexAB-OprM |RND P. aeruginosa |Up-regulated in response to solvent stress in P. aeruginosa. Tested | Li and Poole, 1999;
against hexane and xylene. Expression of mexB increased Wang et al., 2013;
isoprenoid yield by up to 70% in E. coli production strain. El Bestawy, unpublished
Disruption of genes results in dramatically reduced tolerance to
BMA in P. geruginosa.
MexCD-OprJ RND P. aeruginosa |Up-regulated in in response to solvent stress in P. aeruginosa. Li et al., 1998;
Tested against hexane, xylene and ethanol. Disruption of genes El Bestawy, unpublished
results in dramatically reduced tolerance to BMA in P. aeruginosa.
SrpABC RND P. putida Restores tolerance to mutant strains. Hexane, cyclohexane, Fukumori et al., 1998;
ethylbenzene, p-xylene, octane, toluene, dimethylphthalate. Kieboom et al., 1998
Specific to solvents.
AcrEF-TolC RND E. coli Confers/increases tolerance to n-nonane, n-octane, cyclooctane, |Kobayashi et al., 2001
diphenyl ether, n-hexane, cyclohexane
diB ABC E. coli Increased isopentenol production by 12% in engineered E. coli Foo et al., 2014
production strain.
TtgABC RND P. putida Sequential inactivation of 3 systems has additive effect on solvent |Rojas et al., 2001
TtgGHI susceptibility. Expression induced by solvents. DEF specific to
TtgDEF toluene and styrene. Possibly only aromatic solvents.
EmrD MFS E. coli Initial studies suggest expression may enhance BMA tolerance Ingenza Ltd.,
MdtL unpublished
Mdtm
MsbA ABC E. coli Gives up to 5-fold increase in secreted isoprenoids in E. coli Doshi et al., 2013; Zhang
producer strains. Increased amorphadiene production >3 fold in | et al., 2016; Ingenza
E. coli. Initial studies suggest expression may enhance BMA Ltd., unpublished
tolerance.
EmrAB-TolC MFS E. coli Enhanced tolerance to octane and nonane in E. coli. Enhanced Tsukagoshi and Aono,
amorphadiene production in E. coli production strain. 2000;
Initial studies suggest expression may enhance BMA tolerance. Zhang et al., 2016;
Ingenza Ltd.,
unpublished
EmrKY-TolC MFS E. coli Enhanced amorphadiene production >3-fold in E. coli production |Zhang et al., 2016
strain.
MacAB-TolC ABC E. coli Enhanced amorphadiene production >3-fold in E. coli production |Zhang et al., 2016
strain.

3.1.2 Tripartite efflux pumps

Pumps of the resistance nodulation division family (RND) featured heavily in these

searches (Table 3.1), perhaps due to their mechanism of action. RND pumps form

large tripartite complexes that span both the inner and outer membrane in Gram-

negative bacteria, including an inner membrane pump, a periplasmic adapter protein
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and an outer membrane channel. These large assemblies are generally thought to
recruit their substrates from the periplasm to transport compounds across the outer
membrane (Elkins and Nikaido, 2002; Lomovskaya and Totrov, 2005; Nikaido and
Takatsuka, 2009). Hydrophobic solvents, such as BMA, are likely to accumulate in
the hydrophobic environment of the membranes/periplasm upon external addition,
making them the perfect target for RND-mediated transport.

In addition to bioinformatic/literature searches, data from the University of
Nottingham (Martins, unpublished) found that components of the AcrAB-TolC efflux
pump were upregulated upon external addition of BMA. Directed evolution studies
(Menchavez, unpublished) also identified genes encoding regulators of AcrAB-TolC
expression (eg. soxR, rob) as mutational hot-spots following multiple passages in the
presence of BMA. Research carried out at the University of Strathclyde (El Bestawy,
unpublished) also used Pseudomonas aeruginosa transposon mutant libraries to
identify MexAB-OprM and MexCD-OprJ as key BMA resistance determinants. These
data complemented our in-silico searches, making RND efflux pumps a main focus of
this research.

Alternatively, the major facilitator superfamily (MFS) pump EmrB is also thought
to form a tripartite complex with the periplasmic linker protein EmrA and the outer
membrane channel TolC that spans both membranes (Neuberger et al., 2018;
Puertolas-Balint et al, 2019). However, unlike RND pumps, EmrAB-TolC is
hypothesised to export substrates from the cytoplasm directly across both the inner
and outer membranes, which would be extremely valuable in the context of internal
BMA production. However, this has only been inferred from homology to other efflux
systems such as HlyBD-TolC (Lewis, 2000; Tanabe et al., 2009; Thanabalu et al.,

1998) and there are currently no experimental data to support this mechanism of
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transport. Initial experiments performed by Ingenza Ltd. have also suggested EmrAB-
TolC may play a role in enhancing tolerance to BMA (R. Cortis, personal

communication, June 2018), hence its investigation in this research.

3.1.3 Inner membrane efflux pumps

It is also important to consider inner membrane transporters in the context of a
production strain. As mentioned previously, in order to export internally produced BMA
from the cell, a multi-step efflux mechanism may be necessary to transport BMA
across the inner membrane into the periplasm, where it can then be recruited by an
RND pump for complete removal from the cell. Five different inner membrane efflux
pumps were identified for this purpose based on preliminary data gathered by Ingenza

Ltd. and are summarised in Table 3.1.

3.1.4 The cloning strategy

The cloning strategy described here was based on a traditional ‘digest and ligate’
approach, involving restriction endonuclease digestion of both the expression vector
backbone and a gene insert, generated by PCR from appropriate template DNA, to
generate complementary ‘sticky ends’ that will anneal to one another when combined.
A ligation reaction can then be performed to covalently bond the DNA phosphodiester

backbone creating a stable plasmid construct.

3.1.4.1 The pBAD expression vector. A pBAD expression vector (provided by Dr.
Vincent Postis) (Fig. 3.2) was chosen due to its tight regulation (Guzman et al., 1995),
allowing expression of cloned efflux pumps to remain under tightly regulated control.

A full description of the psap expression system can be found in Section 1.2.6.2. The
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pBAD plasmid used here is maintained in E. coli through the introduction of an
ampicillin resistance gene under the constitutive psia promoter (Fig. 3.2). The vector
backbone also encodes the AraC protein, which regulates arabinose-dependent gene
expression through interactions with the psap promoter and adjacent sites (see Section
1.2.6.2). Immediately downstream of the psap promoter is a multiple cloning site,
consisting of 14 unique restriction sites (Fig. 3.2), allowing digestion and insertion of a
gene(s) of interest. An RGSHisg region downstream of the multiple cloning (Fig. 3.2)
site allows addition of a polyhistidine tag to the C-terminus of cloned genes, allowing
for both detection and purification of recombinant protein (Bornhorst and Falke, 2000;
Terpe, 2003). The C-terminus tag was initially chosen for expression of tripartite efflux
pumps in particular as these would require the simultaneous expression of three
separate genes under a single promoter (Fig.). Since all 3 genes will be transcribed
as a polycistronic mRNA, detection of a Hiss-tag on the final protein encoded on the
transcript can be used to infer successful transcription and translation of all three

genes (Fig. 3.1).

3.1.4.2 The pGNTK expression vector. The pGNTK plasmid utilises the pgni
promoter. Although this expression system is poorly characterised, experimental
evidence suggests that a negative feedback mechanism is used to regulate
expression of membrane proteins automatically and in response to membrane stress
(Boyarskiy et al., 2016). This promoter has previously been successfully utilised in E.
coli production strains to optimise expression of efflux pumps involved in tolerance to
organic solvents (Boyarskiy et al., 2016), hence its utility in this study. The pGNTK
plasmid carries a kanamycin resistance gene, allowing it to be maintained in E. coli

(Fig. 3.3). PCR was used to introduce a multiple cloning site immediately downstream
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of the pgntk promoter (Section 3.8.2), which was designed to allow simple amplification
of genes from the relevant pBAD construct, followed by digestion and ligation into the

pGNTK vector without loss of the Hisg affinity tag.

PLP RND OMP-Hisg Transcriptional
fusion terminator
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Figure 3.1. Design of tripartite efflux pump expression constructs. All three
genes encoding the periplasmic linker protein (PLP), RND pump component and
outer membrane protein (OMP) are inserted into the vector backbone under a single
promoter, with the OMP being fused to a His8 affinity tag allowing for protein
detection and/or purification.

77



7 <i]
b
n
°se Bap promoter vV
araC promote

Acc651

SacI  TspMI
BspOI Ecl136II CfnoI
BmtI EcQICRI  Xmal
NheI Eco53kI  Kpnl Xbal
gacgctttttatcgecaactctctactgtttctccataccegtttttttgggctagegaattegageteggtacceggggatectctagaaataattttatttaactttaagaaaggaaacag
arabinose BAD promoter | MCS »
T T T T T T
20 40 60 80 100 120

Psap Promoter Multiple cloning site

BspMI
Ecol130I BfuAl
XmaJI BveI
AvrIl SdaI
Styl $bfl HindIII

cgatgcctaggaaacctgeaggeggtegtggeagecaccatcaccatcaccatcaccattaatagggatecgaattcaagettggetgttttggeggatgagagaagattttcagectgata
1 2 3 45 6 7 8 9 10111213
R G S HHHHHHHH*x x

» MCS [ RGSHis8 region rrnB T1 T2 »:
1:0 1;0 1;0 2;0 2;0 2;0
Hisg tag region Transcriptional terminator

Figure 3.2. Plasmid map of the pBAD expression vector and multiple cloning

site (MCS)
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Figure 3.3. Plasmid map of the pGNTK expression vector and multiple cloning

site (MCS)
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3.2 Cloning the acrABtolC genes under control of the psap promoter
3.2.1 Amplification of genes using PCR
The genes encoding AcrA and AcrB are located adjacent to each other in the E. coli
chromosome, allowing them to be amplified by PCR (see Section 2.3.8) as a single
4372 bp fragment (Fig. 3.4A) from E. coli MG1655 (K12) genomic DNA (gDNA). The
gene encoding TolC (1527 bp) was successfully amplified separately (Fig. 3.4B) from

the same gDNA template. All PCR and colony PCR primers are detailed in Table 2.8.
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Figure 3.4. Amplification of the acrAB (A) and to/C (B) genes using PCR. PCR
products were analysed on a 1% agarose gel. Lanes designated ‘MW’ were loaded
with a molecular weight marker.

3.2.2 Digestion, ligation and transformation

The acrAB and tolC fragments were digested using Sacl (Section 2.3.5) and ligated
using T4 DNA ligase (Section 2.3.6) to generate a single acrAB-tolC fragment of 5905
bp, which was then purified from an agarose gel (Section 2.3.4). A second digestion

was then performed using Avrll and Sbfl to generate 3’ and 5’ overhangs. The pBAD
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empty vector was also digested using Avrll and Sbfl (Fig. 3.5), purified using a spin-
column (Section 2.3.7) and stored at -20°C to be used for all inserts. The digested
acrABtolC and pBAD fragments were ligated using T4 DNA ligase (Section 2.3.6) and
the reaction mixture used to transform E. coli C43 AacrAB cells (Section 2.3.11), which

were then grown overnight at 37°C on LB agar with 100 ug/ml carbenicillin.

Figure 3.5. Digestion of the pBAD empty vector. The pBAD plasmid was digested
with Avrll and Sbfl to generate a linear 4691 bp and visualised on a 1% agarose gel.
The digested fragment was purified using a spin-column (Section 2.3.7) to remove
undigested, supercoiled plasmid DNA visible at ~2 kb. Lanes designated ‘MW’ were
loaded with a molecular weight marker.

3.2.3 Confirming target plasmids using colony PCR and DNA sequencing

Colonies grown on LB agar with carbenicillin (Section 2.3.11) were picked with a sterile
toothpick and quickly dipped in a 10 yl PCR mixture containing an acrA forward primer
and pBAD backbone reverse primer to select for the full insert in the correct
orientation. Colony PCR composition and cycle conditions are described in full in

Section 2.3.12. Positive clones were identified by the presence of a band at ~6069 bp
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(predicted size of PCR product) on a 1% agarose gel (Fig. 3.6) (Section 2.3.3). Three
positive colonies were randomly chosen and their plasmid DNA isolated using a
MiniPrep kit (Section 2.3.1) then sent for DNA sequencing by Eurofins Genomics to

identify an error-free clone (Section 2.3.13).

=~
O
©

e e’ S S N

W ANO®O
O O000O0o

2.0 . w

Figure 3.6. Colony PCR to identify pBAD plasmids with an acrABtolC insert.
PCR was performed using acrAB forward and pBAD reverse primers and analysed
on a 1% agarose gel. Positive clones were identified by the presence of a band at
~6 kb. Lanes designated ‘MW’ were loaded with a molecular weight marker.

3.3 Cloning the mexABoprM genes under control of the psap promoter
3.3.1 Ampilification of genes using PCR
The mexABoprM genes exist as a cluster in the Pseudomonas aeruginosa genome,
allowing amplification as a single fragment from P. aeruginosa PAO1 genomic DNA.
Due to the high GC content of this region (65.9%), GC enhancer was added to the
reaction mixture according to the manufacturer’s instructions (Section 2.3.8), resulting

in successful amplification of the 5767 bp mexABoprM fragment (Fig. 3.7).
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Figure 3.7. Amplification of the mexABoprM genes using PCR. PCR products
were analysed on a 1% agarose gel. Lanes designated ‘MW’ were loaded with a
molecular weight marker.

3.3.2 Digestion, ligation and transformation

The amplified fragment was digested with Nhel and Nsil and ligated to the pBAD
vector, which had been digested with Avrll and Sbfl (Fig. 3.5) to generate
complementary sticky ends. The ligation mixture was used to transform E. coli
Omnimax cells which were grown on LB agar with 100 pg/ml carbenicillin at 37°C

overnight.

3.3.3 Confirming target plasmids using colony PCR and DNA sequencing

Colonies grown on LB agar with carbenicillin were picked with a sterile toothpick and
quickly dipped in a 10 yl PCR mixture containing a mexABoprM forward primer and
pBAD backbone reverse primer to select for the full insert in the correct orientation.

Positive clones were identified by the presence of a band at ~5981 bp (predicted size
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of PCR product) (Fig. 3.8). A random selection of three positive colonies were sent

for DNA sequencing by Eurofins Genomics and an error-free clone was identified.

W W oW W

Figure 3.8. Colony PCR to identify pBAD plasmids with a mexABoprM insert.
PCR was performed using mexABoprM forward and pBAD reverse primers and
analysed on a 1% agarose gel. Positive clones were identified by the presence of a
band at ~6 kb. Lanes designated ‘MW’ were loaded with a molecular weight marker.

3.4 Cloning the mexCDoprJ genes under control of the psap promoter
3.4.1 Amplification of genes using PCR
The mexCDoprJ genes also exist as a gene cluster in the Pseudomonas aeruginosa
genome, allowing all three genes to be amplified as a single fragment (5762 bp) from
P. aeruginosa PAO1 genomic DNA (Fig. 3.9). GC enhancer was added to the PCR

mixture to compensate for the high GC content of these genes (67.7%).
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Figure 3.9. Amplification of the mexCDoprJ genes using PCR. PCR products
were analysed on a 1% agarose gel. Lanes designated ‘MW’ were loaded with a
molecular weight marker.

3.4.2 Digestion, ligation and transformation

The mexCDoprJ fragment was digested with Nhel and Nsil, while the empty pBAD
vector was digested using Avrll and Sbfl to generate complementary sticky ends (Fig.
3.5). The two fragments were ligated together and the ligation mixture used to
transform E. coli Omnimax cells which were then incubated at 37°C overnight on LB

agar with 100 pg/ml carbenicillin.

3.4.3 Confirming target plasmids using colony PCR and DNA sequencing

Colonies grown on LB agar carbenicillin were picked with a sterile toothpick and
quickly dipped in a 10 yl PCR mixture containing a mexCDoprJ forward primer and
pBAD backbone reverse primer to select for the full insert in the correct orientation.
Positive clones were identified by the presence of a ~5890 bp (predicted PCR product

size) band on a 1% agarose gel (Fig. 3.10). A random selection of three positive

85



colonies were sent for DNA sequencing by Eurofins Genomics and an error-free clone

was identified.

Figure 3.10. Colony PCR to identify pBAD plasmids with a mexCDoprJ insert.
PCR was performed using mexCDoprdJ forward and pBAD reverse primers and
analysed on a 1% agarose gel. Positive clones were identified by the presence of a
band at ~6 kb. Lanes designated ‘MW’ were loaded with a molecular weight marker.

3.5 Cloning the emrABtolC genes under control of the psap promoter
3.5.1 Amplification of genes using PCR
Unlike the Mex systems, the genes encoding EmrAB-TolC are no co-localised in the
E. coli chromosome. The emrAB genes (2542 bp) were amplified by PCR as a single
fragment (Fig. 3.11A) from E. coli MG1655 (K12) genomic DNA and the to/C gene

(1527 bp) amplified separately (Fig. 3.11B) using the same gDNA template.
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Figure 3.11. Amplification of the emrAB (A) and tol/C (B) genes using PCR. PCR
products were analysed on a 1% agarose gel. Lanes designated ‘MW’ were loaded
with a molecular weight marker.

3.5.2 Digestion, ligation and transformation

The two fragments were digested using Sacl and ligated together to yield a 4075 bp
fragment, which was identified by size and extracted from a 1% agarose gel. The
assembled fragment was then digested using Avrll and Sbfl and ligated to the pBAD
backbone that had been digested with the same enzymes (Fig. 3.5). The ligation
mixture was used to transform E. coli C43 AacrAB cells which were grown on LB agar

with 100 pg/ml carbenicillin at 37°C overnight.

3.5.3 Confirming target plasmids using colony PCR and DNA sequencing

Colonies grown overnight in the presence of carbenicillin were picked and quickly
dipped in PCR mixture containing an emrAB forward primer and pBAD backbone
reverse primer to select for the correct insert in the correct orientation. Positive

colonies were identified by the presence of a fragment ~4239 bp (predicted PCR
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product size) (Fig. 3.12). Three positive colonies were randomly selected and
plasmids isolated using a MiniPrep kit (Section 2.3.1) then sent for sequencing by

Eurofins genomics to identify an error-free clone.

kbp MW 1 2 3 4 5 6 7 8

Figure 3.12. Colony PCR to identify pBAD plasmids with an emrABtolC insert.
PCR was performed using emrAB forward and pBAD reverse primers and analysed
on a 1% agarose gel. Positive clones were identified by the presence of a band at
~4.2 kb. Lanes designated ‘MW’ were loaded with a molecular weight marker.

3.6 Cloning inner membrane transporters under control of the psap promoter
3.6.1 Amplification of genes using PCR
All five target genes, emrd, mdIB, mdtL, mdtM and msbA were amplified by PCR from
E. coli MG1655 genomic DNA (Fig. 3.13). PCR products were identified by their
predicted sizes, which were 1236 bp, 1833 bp, 1227 bp, 1284 bp and 1803 bp,

respectively (Fig. 3.13).
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Figure 3.13. Amplification of inner membrane transporters using PCR. PCR
products were analysed on a 1% agarose gel. Lanes designated ‘MW’ were loaded
with a molecular weight marker and lane 2 was left empty.

3.6.2 Digestion, ligation and transformation

Following purification of the PCR products using a spin-column (Section 2.3.7), each
gene was digested with Nhel and Nsil and ligated to the pBAD vector, which had been
digested with Avrll and Sbfl to generate complementary sticky ends (Fig. 3.5). The
ligation mixture was used to transform E. coli C43 AacrAB cells, which were grown

overnight on LB agar with 100 pg/ml carbenicillin at 37°C.

3.6.3 Confirming target plasmids using colony PCR and DNA sequencing

Colonies that grew in the presence of carbenicillin were chosen at random for colony
PCR using one gene specific forward primer and a pBAD backbone reverse primer
(Fig.3.13). Positive colonies were identified by the presence of a band at the expected
molecular weight (see Section 3.6.1). Three positive colonies were chosen at random
for each gene and their plasmids isolated using a MiniPrep kit (Section 2.3.1) and sent

to Eurofins Genomics for insert sequencing.
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Figure 3.14. Colony PCR to identify pBAD plasmids with an inner membrane
efflux pump gene insert. PCR was performed using gene specific forward and pBAD
reverse primers and analysed on a 1% agarose gel. Positive clones were identified
by the presence of a band at ~1.2 kb for emrD, mdtL and mdtM and ~2 kb for mdIB
and msbA. Lanes designated ‘MW’ were loaded with a molecular weight marker.

3.7 Cloning the acrA under control of the psap promoter
3.7.1 Amplification of the acrA gene using PCR
The acrA gene was amplified by PCR from E. coli MG1655 (K12) genomic DNA to

generate a 1210 bp fragment (Fig. 3.15).

kbp MW acrA

Figure 3.15. Amplification of the acrA gene using PCR. PCR products were
analysed on a 1% agarose gel. Lanes designated ‘MW’ were loaded with a molecular
weight marker.
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3.7.2 Digestion, ligation and transformation

Following purification using a spin-column (Section 2.3.7), the PCR product was
digested with Avrll and Sbfl and ligated to the pBAD vector digested with the same
enzymes (Fig. 3.5). The ligation mixture was used to transform E. coli C43 AacrAB
cells which were then grown overnight on LB agar with 100 pyg/ml carbenicillin at 37°C

overnight.

3.7.3 Confirming target plasmids using colony PCR and DNA sequencing

Colonies were chosen at random and screened by colony PCR using the acrA forward
primer and pBAD backbone reverse primer (Fig. 3.16). Positive colonies were
identified by the presence of a ~1409 bp fragment (predicted size of PCR product) on
a 1% agarose gel (Fig. 3.16), then three selected at random to be subcultured for
plasmid isolation using a MiniPrep kit (Section 2.3.1). Isolated plasmids were sent to

Eurofins Genomics for insert sequencing and an error-free clone identified.

Figure 3.16. Colony PCR to identify pBAD plasmids with an acrA insert. PCR
was performed using acrA forward and pBAD reverse primers and analysed on a 1%
agarose gel. Positive clones were identified by the presence of a band at ~1.4 kb.
Lanes designated ‘MW’ were loaded with a molecular weight marker.
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3.8 Cloning tripartite efflux pumps under the pgnik promoter

3.8.1 Amplification of genes using PCR

In order to simplify the cloning procedure, genes were amplified by PCR from the
relevant pBAD plasmids and visualised on a 1% agarose gel (Fig. 3.17). The PCR
was performed using one gene-specific forward primer and one pBAD backbone
reverse primer in order to maintain the Hiss-tag introduced by the pBAD vector. The
acrABtolC-Hiss, emrABtolC-Hiss, mexABoprM-Hisg and mexCDoprJ-Hisg PCR
products had predicted sizes of 6069 bp, 4239 bp, 5981 bp and 5890 bp respectively,

which were used to identify them on a 1% agarose gel (Fig. 3.17).

kbp MW acrABtolC  emrABtolC mexABoprM mexCDopr)

Figure 3.17. Amplification of tripartite efflux pump genes from pBAD constructs
using PCR. PCR products were visualised on a 1% agarose gel. Lanes designated
‘MW’ were loaded with a molecular weight marker.

3.8.2 Digestion, ligation and transformation
The pBAD backbone contains a Hindlll restriction site immediately downstream of the
Hisg-tag site, allowing cleavage and ligation into an appropriate vector without loss of

the Hiss-tag. The pGNTK backbone was therefore linearised by PCR to introduce both
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an Avrll and Hindlll restriction site downstream of the pgnix promoter, allowing insertion
of the Hiss-tagged genes following amplification by PCR. The linearised vector was
then digested with Avrll and Hindlll (Fig. 3.18) and stored at -20°C to be used for all

inserts.
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Figure 3.18. Linearisation and digestion of the pGNTK empty vector. The
empty pGNTK vector was linearised by PCR then digested with Avrll and Hindlll
resulting in a ~4.1 kb product. The cleaved product was purified using a spin-column
(Section 2.3.7) and analysed on a 1% agarose gel. Lanes designated ‘MW’ were
loaded with a molecular weight marker.

The acrABtolC and emrABtolC genes were digested with Avrll and Hindlll, while
mexABoprM and mexCDoprJ were digested using Nhel and Hindlll before being
ligated to the pGNTK backbone. The ligation mixtures were used to transform E. coli
C43 AacrAB cells which were then grown overnight on LB agar with 50 pg/ml

kanamycin at 37°C.

3.8.3 Confirming target plasmids using colony PCR and DNA sequencing
Colonies that grew in the presence of kanamycin were selected for colony PCR. Each

construct was screened using one gene specific forward primer and a pGNTK specific
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reverse primer to select for correct inserts in the correct orientation. The predicted
PCR product sizes were 5986 bp, 4156 bp, 5898 bp and 5899 bp for acrABtolC,
emrABtolC, mexABoprM (Fig. 3.19A) and mexCDoprJ (Fig. 3.19B) respectively, and
were used to identify colony PCR positive clones. Three positive colonies were
selected at random and subcultured for plasmid isolation, then sent to Eurofins

Genomics for sequencing of each insert.
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Figure 3.19. Colony PCR to identify pGNTK plasmids with tripartite efflux pump
gene inserts. PCR was performed using one gene-specific forward and pGNTK
reverse primers and analysed on a 1% agarose gel. Positive clones were identified
by the presence of a band at ~4.2 kb for emrABtolC and ~6 kb for all other genes.
Lanes designated ‘MW’ were loaded with a molecular weight marker.
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3.9 Cloning inner membrane efflux pumps under the pgnix promoter
3.9.1 Amplification of genes using PCR
In order to maintain the Hisg-tag, inner membrane efflux pump genes were also
amplified from their respective pBAD constructs by PCR using one gene-specific
forward primer and one pBAD backbone reverse primer then identified based on their
size on a 1% agarose gel (Fig. 3.20). Predicted PCR product sizes were 1399 bp,
1447 bp, 1390, 1966 bp and 1996 bp for emrD-Hiss, mdtM-Hiss, mdtL-Hiss (Fig.

3.20A), msbA-Hisg (Fig. 3.20B) and mdIB-Hisg (Fig. 3.20C), respectively.

kbp MW emrD  mdtM  mdtlL

Figure 3.20. Amplification of inner membrane efflux pumps genes using PCR.
PCR products were analysed on a 1% agarose gel. Lanes designated ‘MW’ were
loaded with a molecular weight marker.

3.9.2 Digestion, ligation and transformation

Each of the five inserts was digested with Nhel and Hindlll and ligated to the pGNTK
backbone, which has been digested with Avrll and Hindlll (Fig. 3.18). The ligation
mixture was used to transform E. coli C43 AacrAB cells that were grown at 37°C

overnight on LB agar with 50 pg/ml kanamycin.
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3.9.3 Confirming target plasmids using colony PCR and DNA sequencing

Colonies able to grow in the presence of kanamycin were picked and quickly dipped
in 10 pl PCR reactions containing one gene-specific forward primer and a pGNTK-
specific reverse primer. Positive colonies were identified based on the PCR product
size on a 1% agarose gel (Fig. 3.21). Predicted product sizes were 1913 bp, 1316 bp,

1364 bp, 1307 bp and 1883 bp for mdIB, emrD, mdtM, mdtL and msbA respectively.

pBAD-mdIB pBAD-emrD pBAD-mdtM pBAD-mdltL pBAD-msbA

MW

Figure 3.21. Colony PCR to identify pGNTK plasmids with an inner membrane
efflux pump gene insert. PCR was performed using gene specific forward and
pGNTK reverse primers and analysed on a 1% agarose gel. Positive clones were
identified by the presence of a band at ~1.2 kb for emrD, mdtL and mdtM and ~2 kb
for mdIB and msbA. Lanes designated ‘MW’ were loaded with a molecular weight
marker.

3.10 Discussion
In order to study the efflux of butyl methacrylate and identify an efflux pump that would
effectively transport this substrate out of the cell, target efflux pumps were identified
from literature searches and preliminary in vivo studies performed at Ingenza Ltd., the
University of Nottingham and the University of Strathclyde (Table 3.1). Nine different
efflux pumps of three different families (Table 3.1) were cloned into two different E.
coli expression vectors using a restriction enzyme-based approach (Section 3.1.4).
The acrA gene was also cloned into the pBAD expression vector for future purification

in order to study the purified AcrAB assembly (Fig. 3.16).
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The MFS transporters EmrD, MdtM and MdtL, as well as the ABC transporters
MdIB and MsbA were readily amplified by PCR (Fig. 3.13), digested and ligated into
the pBAD expression vector (Fig. 3.14). Although the RND transporter AcrAB-TolC
and MFS transporter EmrAB-TolC required assembly into a single DNA fragment,
these too were easily cloned into the pBAD expression vector (Fig. 3.6; Fig. 3. 11).
Amplification of the genes encoding the RND efflux pumps MexAB-OprM and MexCD-
Oprd from P. aeruginosa gDNA (Fig. 3.7; Fig. 3.9) required the addition of GC
enhancer due to their high GC content and large size (~6 kbp). Error-free DNA
sequenvces of clones, each in the correct orientation, with an in-frame Hisg-tag
enabling both protein detection and purification, were identified for every gene cloned
into the pBAD expression vector (see appendix A for full sequences). These tagged
genes were successfully expressed in appropriate E. coli host strains (see Table 2.1)
upon addition of arabinose (see Chapter Five). Additionally, the Hisg-tagged genes
could also be used as a template to subclone all nine tagged efflux pumps into the
pGNTK expression vector (Fig. 3.19; Fig. 3.21), significantly simplifying the cloning
procedure, particularly for the tripartite pumps that required additional assembly steps
and/or PCR optimisation. The genetic constructs generated here are valuable tools
for studying efflux proteins both in E. coli whole cells and in isolation, thanks to the

addition of an affinity tag, and serve as an experimental platform for this project.
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Chapter 4

Characterisation of the PACE protein Acel and its
homologues
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4.1 Introduction

4.1.1 Acinetobacter baumannii

Acinetobacter baumanniiis a Gram-negative pathogen of significant clinical relevance.
As part of the ESKAPE group of pathogens (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
and Enterobacter species), A. baumannii is classified as one of the six leading causes
of nosocomial infections worldwide (Pendleton et al., 2013; Thombre et al., 2019). The
ESKAPE pathogens are characterised by their high virulence and multidrug resistance
phenotypes, making them a serious threat to global health and the economy (Thombre
et al., 2019; Zhen et al., 2019). A. baumannii is responsible for a broad range of
infections in clinical settings but is most commonly associated with urinary tract
infections, pneumonia and septicaemia, with mortality rates as high as 35% (Antunes
et al., 2014). It has previously been demonstrated that A. baumannii is able to survive
on surfaces for several months (Kramer et al., 2006; Wendt et al., 1997), meaning
effective decontamination of clinical environments and medical devices is vital in

preventing the spread of nosocomial infections.

4.1.2 Discovery of Acel as an active chlorhexidine efflux pump

Antiseptics are an essential tool in preventing the spread of nosocomial infections and
as such are used in hospital hand soaps, in the cleaning and treatment of wounds and
even impregnated into wound dressings and medical devices. Chlorhexidine is a
clinically relevant synthetic bisbiguanide antiseptic first described in the 1950s (Davies
et al., 1954) that has been shown to kill A. baumannii through alterations in membrane
composition and general membrane damage (Biswas et al., 2019). Chlorhexidine is

included in the World Health Organisation (WHO) list of essential medicines (WHO,
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2019), although increased levels of tolerance in a number of pathogens, including
Acinetobacter baumannii, have been widely reported (Fernandez-Cuenca et al., 2015;
Hayashi et al, 2017; Kampf, 2016; Thomas et al., 2000; Wand et al., 2017).
Transcriptomic experiments performed in A. baumannii identified ~10-fold up-
regulation of a hypothetical gene, now designated acel, upon exposure to sub-
inhibitory concentrations of chlorhexidine (Hassan et al., 2013). When cloned and
expressed in E. coli, the Acel protein was localised to the inner membrane and
conferred an 8-fold increase in resistance to chlorhexidine (Hassan et al., 2013).
Transport assays using radiolabelled chlorhexidine demonstrated that Acel is an
active chlorhexidine efflux pump (Hassan et al, 2013) belonging to the novel
proteobacterial antimicrobial compound efflux (PACE) family of efflux pumps (Hassan

et al., 2015; Hassan et al., 2018), of which Acel is the prototypical member.

4.1.3 The proteobacterial antimicrobial compound efflux (PACE) family

The PACE family of efflux pumps is characterised by 4 transmembrane helices
arranged into two tandem bacterial transmembrane pair (BTP) domains which
possess strong sequence conservation, suggesting they have arisen from a gene
duplication event (Hassan et al., 2018). Due to their small size, it is likely that PACE
family proteins function as oligomers, although there are currently no structural data
to confirm this. All PACE proteins also contain four conserved amino acids, most
interestingly a glutamic acid residue in transmembrane helix one (Hassan et al., 2018).
In Acel, substitution of this residue for a neutral glutamine residue results in a protein
that is able to bind chlorhexidine with comparable affinity to the wild-type, but has no

observable transport activity (Hassan et al,, 2013). This glutamic acid residue is
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therefore likely essential for proton translocation in a proton-driven transport
mechanism in all PACE family members.

While PACE family proteins confer resistance to a number of synthetic biocides
developed in the last century, homologous genes have been identified in bacterial
genera that diverged millions of years ago (Hassan et al., 2018), meaning these
transporters evolved to perform a different physiological function. Polyamines such
as spermine, spermidine, putrescine and cadaverine have previously been explored
as potential physiological substrates of the PACE family proteins. Polyamines were
investigated due to their natural abundance in bacterial cells, where they play
important physiological roles, and their structural similarities to chlorhexidine as they
consist of aliphatic carbon chains with multiple amino groups (Hassan et al., 2019).
Of those polyamines tested, cadaverine was of particular interest as it strongly induced
expression of acel, while deletion of the acel gene also significantly reduced the
minimum inhibitory concentration of cadaverine in A. baumannii (Hassan et al., 2019).

To investigate this further, acel and eight of its homologues were expressed in
E. coli and characterised using radiolabelled transport assays and purified protein
reconstituted into proteoliposomes. We demonstrate that Acel transports cadaverine,
a diamine that is naturally abundant in many bacterial lineages, using a proton antiport
mechanism and that short chain diamines represent the physiological substrates of
PACE family efflux pumps. This discovery also makes PACE family proteins relevant
in a biotechnological context, as cadaverine is widely used as a monomer for
polyamide production (Kind et al., 2014; Kwak et al., 2017; Qian et al., 2011; Wang et
al., 2018). As such, Acel and PACE family proteins are potentially valuable model

systems for the study of bacterial efflux pumps and their biotechnological applications.
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4.2 Screening expression levels of the PACE genes

4.2.1 Expression of the acel wild-type and acel E15Q mutant genes

The constructs used for the expression of acel wild-type and acel/ E15Q mutant were
created by Hassan et al. (2013), as were the constructs used for expression of PACE
family Acel homologues (Hassan et al., 2015). These constructs use the pTTQ18
expression vector (Stark et al., 1987) (Fig. 4.1), which has proven to be successful in
expressing a wide range of bacterial membrane proteins in a heterologous E. coli host
(Saidijam et al., 2003; Szakonyi et al., 2007; Ma et al., 2014; Hassan et al., 2015).
The pTTQ18 vector uses the strong tac promoter, a fusion of the /lac and trc promoters
(Stark et al., 1987), as well an ampicillin resistance cassette (AmpR) and ColE1 origin
of replication for maintenance of the plasmid in E. coli grown in the presence of
ampicillin or carbenicillin (Fig. 4.1). The partial Lacl? repressor encoded on the vector
backbone binds the /acO operator region to reduce ‘leaky’ expression in the uninduced
state, minimising effects of toxic gene expression during the pre-induction cell growth
stage (Stark et al., 1987). The gene of interest is placed under the control of the tac
promoter, resulting in lactose or IPTG-inducible gene expression, while introduction of
a hexahistidine affinity tag to the C-terminus of the recombinant protein (Fig. 4.1)
allows for immboilised metal affinity chromatography (IMAC) purification and protein
detection by Western blotting. The pTTQ18-acelHiss construct is shown as an
example (Fig. 4.1). Both acel wild-type and E15Q mutant genes were well-expressed
in E. coli BL21 from the pTTQ18 constructs and the Hiss-tagged proteins were
detected by Western blotting in crude cell lysates at comparable levels (see Section

2.6.1) (Fig. 4.2).

102



[ pTTQ18-aceIHis6
| 4993 bp

7590

Y
Partial 1acla

ZSIOO

Figure 4.1. pTTQ18 PACE expression vector. The pTTQ18-acelHis6 construct is
shown as an example. In all other pTTQ18 constructs, the relevant gene of interest
is substituted for the acel gene with no other changes to the vector backbone.
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Figure 4.2. Screening production of Acel wild-type and Acel E15Q mutant
proteins in E. coli BL21 cells used for ['“C]-cadaverine uptake assays. The empty
pTTQ18 vector was used as a negative control. A molecular weight marker (MW) was
loaded in the first lane (not shown). Whole cell samples were prepared as described
in Section 2.2.5 in biological triplicate and analysed by Western blotting as described
in Section 2.6.1. His-tagged proteins were detected using HisProbe-HRP conjugate.

4.2.2 Expression of Acel homologues

To investigate further the physiological role of PACE family proteins, eight PACE
family homologues of Acel that were previously found to be well expressed in E. coli
BL21 (Ahmad, 2017) were chosen for uptake experiments (Fig. 4.3). Cells were
grown and induced in 10 ml volumes as described in Section 2.2.5, then disrupted
and analysed by Western blotting (Section 2.6.1) (Fig. 4.4). Each gel was loaded
with a sample of cells expressing the acel gene as a reference sample (Fig. 4.4). All
genes were clearly expressed in E. coli and protein was detectable in all cases (Fig.

4.4), although to varying degrees.
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Figure 4.3. Sequence alignment of PACE family proteins. Sequence alignment
was performed using the Clustal Omega alignment tool (Sievers et al., 2011).
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Figure 4.4. Screening production of PACE family proteins. Screening production
of A1S_1503, Fbal_3166, Miut_15630 (A), PFL_4558 (B), PSPTO_3587 (C),
STY3166 (D), Tmarg and VP1155 (E) in E. coli BL21. Lanes designated ‘MW’ were
loaded with a molecular weight marker and Acel was loaded as a reference standard.
Whole cell samples were prepared as described in Section 2.2.5 and analysed as
described in Section 2.6.1. His-tagged proteins were detected using HisProbe-HRP

conjugate. Each image is automatically adjusted based on signal intensity, making
Acel band intensity appear inconsistent.
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4.3 Accumulation of [1,5-“C-]cadaverine by whole cells
4.3.1 Acel-mediated efflux of cadaverine
Cells expressing the acel gene maintained low intracellular concentrations of ['*C]-
cadaverine throughout the assay, with a mean accumulation of just 5.2 (+2.0 SD) pmol
after 20 minutes (Fig. 4.5). Control cells carrying the pTTQ18 empty vector showed a
mean accumulation of 56.8 (2.9 SD) pmol after 20 minutes, 11-fold higher than cells

expressing the acel gene (p=<0.0001, unpaired t-test) (Fig. 4.5).
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Figure 4.5. Accumulation of ['“C]-cadaverine by energised E. coli whole cells.
Measuring the effect of Acel wild-type (green) and Acel E15Q (red) proteins on
accumulation of ['“C]-cadaverine in E. coli BL21 energised whole cells. Gene
expression was induced by addition of 0.2 mM IPTG and cells carrying the empty
pTTQ18 expression vector (blue) were used as a negative control. Cells were
prepared as described in Section 2.2.7 and assays performed as described in Section
2.4.4.2, using 45 mM D-glucose to energise cells before addition of 50 uM [1,5-4C]-
cadaverine. Data shown are the mean of three biological replicates and error bars
show standard deviation.

4.3.2 Inactivation of Acel transport
To determine if the glutamate residue at position 15, which is conserved in PACE
family proteins, is essential for the transport mechanism of Acel, the E15Q mutant was

also screened for ['*C]-cadaverine transport. Cells expressing the acel E15Q mutant
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gene accumulated 70.5 pmol (5.4 SD) of ['4C]-cadaverine, a 13.5-fold increase over
the wild-type (p=<0.0001), despite the comparable expression level of these two
genes (Fig. 4.2). This degree of ['“C]-cadaverine accumulation was comparable with
pTTQ18 empty vector controls, demonstrating that neutralisation of the glutamate
residue abolishes transport activity. Although cells expressing the acel E15Q mutant
gene accumulated slightly more ['“C]-cadaverine than the pTTQ18 control (Fig. 4.5);
this was not statistically significant (p=0.66) and could be explained by an increase in

membrane permeability caused by overexpression of a membrane associated protein.

4.3.3 Efflux of cadaverine mediated by Acel homologues

Each of the eight Acel homologues was also screened for cadaverine transport using
the ['“C]-cadaverine accumulation assay (Fig. 4.6). Of those tested, Fbal_ 3166,
PFL_4558 and Tmarg were able to maintain intracellular ['“C]-cadaverine
concentrations significantly lower than pTTQ18 controls (Fig. 4.6; Fig. 4.7). Cells
producing A1S_1503, Mlut_15630, PSPTO_3587, STY3166 or VP1155 were unable
to maintain an intracellular ['“C]-cadaverine concentration significantly lower
(p=>0.05) than uninduced cells or cells carrying the pTTQ18 empty vector (Fig. 4.6;
Fig. 4.7). The relative accumulation of ['*C]-cadaverine in cells producing each of the

PACE family proteins after 20 minutes is summarised in Figure 4.7.
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Figure 4.6. Accumulation of ['“C]-cadaverine by energised E. coli whole cells.
Measuring the effect of the PACE family proteins A1S_1503 (A), Fbal_3166 (B),
Miut_15630 (C), PFL_4558 (D), PSPTO_3587 (E), STY3166 (F), Tmarg (G) and
VP1155 (H) (see Fig. 4.3) on the accumulation of ['*C]-cadaverine in E. coli BL21
energised whole cells. Cells were prepared as described in Section 2.2.7 and assays
performed as described in Section 2.4.4.2, using 45 mM D-glucose to energise cells
before addition of 50 uM [1,5-'*C]-cadaverine. Expression of PACE family genes was
induced by addition of 0.2 mM IPTG (green), while uninduced cells (red) and cells
carrying the empty pTTQ18 vector (blue) were used as negative controls. Data shown
are the mean of three biological replicates and error bars show standard deviation.
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Relative ['*C]-cadaverine
accumulation

Figure 4.7. Relative accumulation of ['*C]-cadaverine by energised E. coli whole
cells. Accumulation of ['*C]-cadaverine in E. coli BL21 cells expressing PACE family
genes as a fraction of accumulation in pTTQ18 control samples. Cells were prepared
as described in Section 2.2.7 and assays performed as described in Section 2.4.4.2,
using 45 mM D-glucose to energise cells before addition of 50 uM [1,5-'4C]-
cadaverine. Data are shown in order of the mean ['“C]-cadaverine accumulation after
20 minutes. Data shown are the mean of three biological replicates and error bars
show standard deviation. Lower accumulation represents increased transport of ['“C]-
cadaverine. Proteins that resulted in significantly lower intracellular ['*C]-cadaverine
accumulation compared to pTTQ18 controls (one-way ANOVA with Dunnett’'s multiple
comparisons test) are indicated as follows: **** p=<0.0001.

4.4 Measuring transport of cadaverine across proteoliposomes
4.4.1 Purification of Acel
IMAC purification of Acel was performed as described in Section 2.6.6.3 (Fig. 4.8) in
the presence of n-Dodecyl B-D-maltoside (DDM), a mild detergent. Elution fraction
four was typically used for proteoliposome reconstitution as it contained the greatest
concentration of Acel protein (Fig. 4.8), which was present at a purity of approximately
39% as determined by densitometry (Section 2.6.2). Purified Acel always appears as

three distinct bands during SDS-PAGE, as highlighted by Western Blotting (Fig.4.8),
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presumably due to the presence of different oligomeric states of the protein once
extracted from the membrane using a detergent. As such, all three of these bands
are taken into account when performing densitometry measurements. Purification of
PACE family proteins requires considerable optimisation and is discussed further in

Section 4.5.
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Figure 4.8. IMAC purification of Acel for reconstitution into proteoliposomes.
Acel was purified following the protocol described in Section 2.6.6.3 and fractions
analysed by SDS-PAGE (A) and Western blotting (B), as described in Section 2.6.1.
Lanes designated ‘MW’ were loaded with a molecular weight marker.
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4.4.2 Generation of Acel proteoliposomes

Lipids were rehydrated in reconstitution buffer (25 mM HEPES, 200 mM NacCl, 1 mM
DTT, pH 7.0) to form large multilamellar vesicles (LMVs) and extruded to form small
unilamellar vesicles (SUVs), as described in Section 2.8. Due to the instability of Acel
in DDM detergent micelles, protein was purified and reconstituted into
proteoliposomes as quickly as possible and always on the same day. Presumably
due to the poor purity of Acel, determination of protein concentration in the IMAC
column elutions was not possible using a spectrophotometer. However, the poor
stability of Acel in DDM made lengthy protein quantification protocols unfavourable,
so the maximum permitted volume (30 pl of eluted protein) was added to the
reconstitution mixture to ensure a sufficient Acel concentration while maintaining
acceptable detergent and imidazole concentrations (see Section 2.8). The
(proteo)liposomes were resuspended in assay buffer immediately before use (25 mM
HEPES, 200 mM KCI, pH 8.0) to generate an electrochemical gradient across the
membrane, with Na* at pH 7.0 inside and isosmolar K* at pH 8.0 outside. Addition of
5 nM valinomycin promotes downhill movement of the K* into the liposome lumen,

generating an electrical potential.

4.4.3 Using the fluorescent dye pyranine to measure the proton-coupled
transport of cadaverine

The inclusion of pyranine, a pH sensitive hydrophilic dye, in the protein reconstitution
step traps the dye in the (proteo)liposome lumen. Subsequent sedimentation and
resuspension of the (proteo)liposomes removes any external pyranine, allowing real-
time monitoring of lumen pH changes. The excitation maximum of pyranine shifts from

400 nm to 450 nm with increasing pH, which can be used to monitor movement of H*
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across the (proteo)liposome membrane. Valinomycin (5 nM) was added after 50
seconds to generate an electrochemical gradient across the (proteo)liposome
membrane and cadaverine (1 mM) added at 100 seconds to initiate the assay (Fig.
4.9). Empty liposomes show a gradual increase in the 450:400 nm fluorescence ratio
over the course of the assay, likely due to slow equilibration of the liposome lumen
(pH 7.0) with the external buffer (pH 8.0), with addition of cadaverine having no
additional effect (Fig. 4.9). However, in Acel proteoliposomes, a cadaverine-
dependent increase in the fluorescence ratio is observed indicating alkalisation of the
proteoliposome lumen (p=<0.0001, unpaired t-test). Movement of H* out of the lumen
therefore appears to be stimulated by cadaverine, suggesting a cadaverine/H* antiport

mechanism (Fig. 4.9).
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Figure 4.9. Cadaverine-induced pH changes inside Acel proteoliposomes.
Monitoring pH changes in the lumen of (proteo)liposomes loaded with the pH sensitive
dye pyranine. The excitation maximum of pyranine shifts from 400 nm to 450 nm with
increasing pH, which was used to infer cadaverine/H" antiport. (Proteo)liposomes
were prepared with an internal pH of 7.0 with 200 mM NaCl and an external pH of 8.0
with isosmolar KCI, as described in Section 2.8. Valinomycin (5 nM) was added after
50 seconds to generate an electrochemical gradient across the (proteo)liposome
membrane and cadaverine (1 mM) added at 100 seconds to initiate the assay. All
data are the mean of three biological replicates, each with three technical replicates,
and error bars show standard deviation.
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4.5 Discussion

As the prototypical member of the PACE family of efflux pumps, the acel gene has
been heterologously expressed in E. coli since its initial discovery (Hassan et al.,
2013), as a means to simplify its characterisation in a well-characterised model
organism that is more amenable to genetic manipulation and containment than the
native A. baumannii host. E coli is a particularly suitable expression host due to its
lack of endogenous PACE family genes, which are found in <0.2% of sequenced E.
coli genomes and have not been identified in any E. coli laboratory strains (Hassan et
al., 2013).

While both Acel wild-type and the E15Q mutant proteins were produced at
comparable levels in E. coli BL21 (Fig. 4.2), some differences in production levels
were observed for the eight Acel homologues (Fig. 4.4). It is therefore important to
determine if observed differences in ['*C]-cadaverine transport were simply artefacts
of varying PACE expression levels. By calculating Pearson correlation coefficients, it
was confirmed there was no significant correlation between gene expression level and
[4C]-cadaverine accumulation (r = -0.2877, p=0.45). Regardless, further work to
minimise the variation in expression levels of PACE genes may be useful, and could
involve exploration of different expression vectors, E. coli expression strains, inducer
concentrations, induction time periods and codon optimisation of genes for improved
expression in E. coli.

As mentioned previously, Acel was initially identified as a chlorhexidine efflux
pump (Hassan et al., 2013) although chlorhexidine has only been synthesised and
used during the last century (Davies et al., 1954), meaning Acel must have evolved to
perform a different physiological function. This led to the investigation of polyamines,

which share a number of structural similarities to chlorhexidine including interspersed
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and/or terminal amino groups, that are naturally abundant in bacterial cells (Shah and
Swiatlo, 2008; Wortham et al., 2007). Polyamines are involved in a number of
important processes in bacteria including biofilm formation, cell signalling, cell growth,
immune evasion and pathogenesis as well as oxidative and acid stress responses
(Shah and Swiatlo, 2008; Wortham et al., 2007). It stands to reason that some of
these roles, for example cell signalling, may necessitate active export of polyamines.
Alternatively, these efflux pumps may have evolved as a detoxification mechanism
since accumulation of high intracellular concentrations of polyamines is known to
inhibit cell growth (Hassan et al., 2019). Previous studies have demonstrated that the
polyamines cadaverine and putrescine induce expression of acel 20-fold in A.
baumannii (Hassan et al., 2019), while chlorhexidine induced expression just 10-fold
(Hassan et al., 2013). Similarly, while deletion of acel in A. baumannii results in an 8-
fold reduction in tolerance to cadaverine and putrescine (Hassan et al., 2019), the
same deletion only reduced tolerance to chlorhexidine 2-fold (Tucker et al., 2014). In
this study, E. coli cells expressing the acel gene did not accumulate significant
concentrations of ['“C]-cadaverine over the course of the uptake assay unlike control
cells (Fig. 4.5), meaning cadaverine is exported from the cell at a rate equal to or
greater than the rate of uptake/diffusion. Similarly, deletion of acel in A. baumannii
led to significantly increased ['*C]-cadaverine accumulation (Hassan et al., 2019). All
of these data suggest that these polyamines are the physiological substrate of the
Acel efflux pump, hence their investigation here.

Interestingly, the Acel E15Q mutant protein did not prevent accumulation of
[4C]-cadaverine (Fig. 4.5). This is consistent with previous findings that Acel E15Q is
unable to transport or confer resistance to chlorhexidine (Hassan et al, 2013),

suggesting that the glutamate residue at position 15 is essential for all Acel function.

115



This is unsurprising as this glutamate residue is one of the few that are conserved in
all PACE genes identified to date (Hassan et al., 2018). Conserved acidic residues
are also found in small multidrug resistance (SMR) and major facilitator superfamily
(MFS) transporters and are essential for proton translocation and therefore
energisation of transport (see Section 1.4) (Bay and Turner, 2006; Vishwakarma et
al., 2018). If the Acel substrate/H" antiport mechanism theory is correct, this acidic
glutamate residue at position 15 may similarly be involved in translocation of protons
across the membrane making it essential to protein function, which has been
demonstrated here (Fig. 4.5).

Of the eight Acel homologues screened (Fig. 4.3), Fbal_3166, PFL_4558 and
Tmarg were also able to prevent accumulation of ['“C]-cadaverine in E. coli (Fig. 4.6;
Fig. 4.7). These data suggest that transport of cadaverine and potentially other
polyamines is conserved in the PACE family, supporting the theory that short chain
diamines/polyamines represent the physiological substrates of PACE family efflux
pumps.

Reconstitution of membrane proteins is a powerful technique for studying the
function of isolated membrane proteins, a full description of which can be found in
Section 1.2.8. Unfortunately, purification of Acel to high purity has remained
challenging and is made more difficult by its propensity to precipitate once extracted
from the membrane using detergents, meaning purification must be performed as
quickly as possible at 4°C and all experiments performed on the day of purification.
Work is currently being performed to improve purification of Acel and its homologues
(Nikolova, unpublished), in particular those that are inherently more stable than Acel
such as Tmarg from the thermophilic bacterium Tepidiphilus margaritifer (Manaia et

al., 2003), in order to gain both functional and structural insights into this family of
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novel proteins. Regardless, in our reconstituted system we were able to observe a
protein-dependent increase in the rate of proteoliposome lumen alkalisation upon
external addition of cadaverine (Fig. 4.9), which was measured using the pH sensitive
dye pyranine. This is consistent with a cadaverine/H" antiport mechanism, in which
cadaverine is transported into the lumen of the proteoliposomes in exchange for H*.
These data, along with the E15Q loss-of-function mutation which has also been shown
to be non-functional in the reconstituted system (Hassan et al., 2019), support a
cadaverine/H+ antiport mechanism. However, it is possible that transport of
unprotonated cadaverine into the proteoliposome lumen occurs, perhaps driven by an
alternative cation such as Na*, where it can then accept protons and cause alkalisation
of the lumen. Further experiments should be carried out without addition of Na* and
in the presence of a Na* chelating agent to eliminate this possibility.

It is important to mention that purification and reconstitution of Fbal_3166 was
also attempted in the hope of performing similar measurements of cadaverine
transport. While purified protein was obtained at a purity comparable to Acel and
successfully reconstituted, Fbal_3166 proteoliposomes invariably demonstrated a
rapid cadaverine-independent alkalisation of the proteoliposome lumen upon addition
of valinomycin (data not shown). The reason for this apparent efflux of protons in the
absence of substrate is currently unknown but further work is being performed to better
understand this anomaly and the function of Fbal_3166 and other Acel homologues
in the reconstituted system.

Although cadaverine was the primary focus in this study, addition of other
polyamines (Table 4.1) in the reconstituted system has been shown to inhibit ['“C]-
cadaverine efflux, particularly the diamine putrescine (Hassan et al., 2019), suggesting

competition for the Acel efflux pump. Interestingly spermine, a tetraamine, and
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spermidine, a triamine (Table 4.1), induce acel expression and inhibit ['*C]-cadaverine
transport in proteoliposomes both to a much lesser extent than putrescine (Hassan et
al., 2019). These observations suggest that Acel shows specificity towards diamines
and it would therefore be worthwhile screening the activity of those Acel homologues
that did not appear to transport cadaverine (Fig. 4.6; Fig. 4.7) with other radiolabelled
polyamines, such as those shown in Table 4.2, in order to determine their respective
specificities.

The diverse roles that polyamines play in bacteria make the discovery of
polyamine transport proteins of particular importance. As a member of the ESKAPE
group of pathogens and therefore one of the six most common nosocomial infections

worldwide, it is essential to develop new treatments against A. baumannii infections.

Table 4.1. Potential polyamine substrates of PACE family efflux pumps

Name Structure
Putrescine HZN\/\/\NHz
Cadaverine HZN/\/\/\NHZ
Spermidine /\/\/H\/\/NHZ
H-oN
H NH
Spermine H2N/\/\H/\/\/ N N2
Cl
NH  NH
Chlorhexidine W@\NLNXNMETH N
HoHoH NH NH \©\C|
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Since polyamines play vital roles in biofilm formation, cell signalling, virulence and
immune evasion (Shah and Swiatlo, 2008; Wortham et al., 2007), transporters of these
substrates could represent promising therapeutic targets. For example, deletion of
polyamine transporters has previously been shown to significantly attenuate virulence
of Streptococcus pneumoniae in in vivo models (Rai et al., 2016; Ware et al., 20006).
The high level of conservation seen in PACE genes across a number of Gram-
negative pathogens (Hassan et al., 2018) means development of targeted
therapeutics may have broader implications in the treatment of infections caused by
other members of the ESKAPE group of pathogens.

Cadaverine is also an important molecule in the field of biotechnology, with
extensive research being performed to explore the renewable production of
cadaverine in bacteria as a monomer for polyamides such as Nylon (Kind et al., 2014;
Kwak et al., 2017; Qian et al., 2011; Wang et al., 2018). Much like butyl methacrylate,
bio-production of cadaverine can be limited by its toxicity (Wang et al., 2018), in which
case introduction of a cadaverine efflux pump, such as Acel, may help maintain
subtoxic cellular concentrations and ultimately improve yield. As such, Acel serves as
a useful model system for the characterisation of bacterial efflux pumps in this

biotechnological context.
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Chapter 5

Expression and characterisation of bacterial efflux

pumps using the fluorescent dye Nile Red
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5.1 Introduction

5.1.1 Characterising efflux using fluorescent dyes

Fluorescent efflux substrates have become a valuable tool in quantifying efflux thanks
to their availability, affordability and ease of measurement. Various fluorescent dyes
have been widely utilised in the study of not only bacterial efflux pumps, but also in
fungi to study antifungal resistance (Nakamura et al., 2001; Ivnitski-Steele et al., 2009)
and in human cancer cell lines to understand the role of efflux in resistance to
chemotherapeutic agents (Ansbro et al., 2013; Patwardhan et al., 2010). Fluorescent
dyes are valuable surrogate molecules for characterising efflux as they can be easily
quantified in situ in real-time, circumventing the need for lengthy analysis of
supernatant and cell lysate samples and avoiding the use of expensive and hazardous
radioisotope labelled substrates. The promiscuity of bacterial efflux pumps,
particularly those belonging to the RND family, has led to the utilisation of a number
of different fluorescent dyes in the study of efflux, each with different properties and
therefore use cases.

Most dyes used to quantify bacterial efflux exhibit environment-sensitive
fluorescence, allowing easy monitoring of the association and dissociation of these
dyes with biological molecules in real-time. For example, dyes such as ethidium
bromide and Hoechst 33342 are highly fluorescent when bound to nucleic acids in the
cytoplasm, but have relatively low fluorescence outside of the cell (Adhikary et al.,
2003; Blair and Piddock, 2016; Vadevanyan et al., 2003). Conversely, binding of
acriflavine to nucleic acids reduces its fluorescence compared to in the aqueous buffer
(Hassan et al., 2018). To measure efflux directly, cells can be preloaded with these
dyes in the presence of an uncoupling agent such as carbonyl cyanide 3-

chlorophenylhydrazone (CCCP) to dissipate the proton motive force and thus halt any
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proton-driven membrane transport. Excess dye and uncoupling agent can then be
washed away and cells re-energised with an appropriate carbon source, such as
glucose or glycerol, after which membrane transport resumes and efflux of the dye
can be observed. Alternatively, accumulation of a fluorescent dye can be measured
and used to infer efflux activity indirectly; cells that are able to export a substrate
actively will maintain very low intracellular concentrations, while cells unable to do so

will show gradual accumulation of the dye and thus a change in fluorescence.

5.1.2 Lipophilic fluorescent efflux substrates and their applications

While cytoplasmic dyes are useful in understanding transport across the inner
membrane of Gram-negative bacteria, RND efflux pumps have long been thought to
recruit their substrates from the periplasm (Elkins and Nikaido, 2002; Lomovskaya and
Totrov, 2005; Nikaido and Takatsuka, 2009). Efflux of cytoplasmic dyes is typically
slow, most likely due to a multi-step mechanism of efflux including dissociation from
an intracellular target, transport across the inner membrane and finally an RND-
mediated efflux step (Blair and Piddock, 2016). For these reasons, lipophilic dyes that
accumulate in the membranes and/or periplasm, such as Nile Red and 1,2-
dinapthylamine can be powerful tools in the study of RND efflux. Both of these dyes
exhibit high fluorescence in non-polar environments (e.g E. coli membranes) but low
fluorescence in aqueous solution (Bohnert et al., 2010; Bohnert et al., 2011), allowing
movement from the membranes and periplasm to the extracellular buffer, or vice
versa, to be easily monitored (Fig. 5.1). Crucially, Nile Red has successfully been
used to investigate transport of non-fluorescent substrates through the development
of a competition assay (Bohnert et al., 2011). In these assays, cells can be treated

with substrates suspected to compete with Nile Red for the same efflux pump, in which
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case a dose-dependent decrease in Nile Red efflux would be observed due to
competition for the same binding site(s) (Bohnert et al., 2011). The proven utility of

Nile Red as well as its affordability and availability led to its application in this study.
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Figure 5.1. Principle of the Nile Red efflux assay Nile Red is lipophilic and
accumulates in the membranes and periplasm, where it is highly fluorescent. Nile Red
is recruited by RND efflux pumps and transported across the outer membrane to the
aqueous buffer, where it has low fluorescence. OM — outer membrane, IM — inner
membrane.

It is demonstrated here that RND efflux pumps originating from E. coli and P.
aeruginosa are well-expressed in laboratory strains of E. coli and that these pumps
are localised to the membrane(s) where they remain functional, as shown by
measuring transport of Nile Red. Interestingly, Nile Red was useful in determining the
solubility limit of BMA due to its hydrophobicity and its propensity to partition into an
organic phase. Although efflux pumps not belonging to the RND family were also well
expressed, none showed any measurable activity with Nile Red, perhaps due to their
preference for cytoplasmic substrates. While initial Nile Red competition assays
appeared promising, toxic levels of membrane protein expression were shown to be

responsible for a decline in cell viability and therefore efflux activity, an effect that was
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abolished by reducing gene expression levels. While this made Nile Red unsuitable
as a means of measuring BMA transport, it is shown here to be a very useful tool when
cloning RND efflux pumps into a heterologous host to ensure retention of efflux

activity.

5.2 Assessing the compatibility of Nile Red and butyl methacrylate

Due to its hydrophobicity and therefore poor solubility, it was important to ensure that
BMA both remained in solution at the concentrations used during efflux assays and
had no undesirable interaction with Nile Red. For this reason, a 5 yM solution of Nile
Red was prepared in water, to which 5 mM BMA was added. At this concentration,
BMA was insoluble and formed a separate colourless phase at the surface of the
water. After five minutes at room temperature, partitioning of Nile Red into this organic

phase was clearly visible, resulting in a bright pink colouration (Fig. 5.2).

5 min

5uM Nile Red in H,O

Figure 5.2. Observing the partitioning of Nile Red into an insoluble butyl
methacrylate phase. A 5 pM solution of Nile Red was prepared by diluting a 3 mM
Nile Red stock solution prepared in DMSO into MilliQ water. Butyl methacrylate was
added to a final concentration of 5 mM and mixed vigorously, then incubated at room
temperature for 5 minutes.
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This property of Nile Red provided a simple method to determine the solubility limit of
BMA in aqueous solutions. A range of ethanol solutions with 5 yM Nile Red were
prepared to which 80 mM BMA was added (Fig. 5.3). This concentration of BMA was
chosen to minimise the final ethanol concentrations that E. coli cells were exposed to,
while avoiding liquid handling of very small volumes which can be the source of
experimental errors. As mentioned previously, Nile Red displays significantly
increased fluorescence in non-polar environments compared to in aqueous solutions,
meaning its accumulation in the BMA phase is accompanied by an increase in
fluorescence, which can be visualised under UV light (Fig. 5.3). At 80 mM BMA, large
droplets of BMA/Nile Red were clearly visible at 25% and 40% ethanol, with some
small droplets remaining at 45% ethanol (Fig. 5.3). At 50% ethanol, BMA remained in

solution and no BMA/Nile Red droplets of any size were visible (Fig. 5.3).

Figure 5.3. Using Nile Red to determine the minimum ethanol concentration
required for butyl methacrylate stock solutions. Butyl methacrylate was added to
a final concentration of 80 mM in solutions of 25% (A), 40% (B), 45% (C) and 50% (D)
v/v ethanol with 5 yM Nile Red. Samples were mixed vigorously and incubated at
room temperature for 5 minutes before being observed on a Safelmager 2.0.
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This stock solution was then diluted at a range of concentrations in PBS with 5 yM
Nile Red to mimic conditions in the efflux assay. All concentrations up to and including
2 mM BMA remained in solution and had no effect on Nile Red fluorescence, while a
5 mM BMA control exhibited phase separation and a dramatic increase in Nile Red
fluorescence (Fig. 5.4). Concentrations up to and including 2 mM BMA were therefore

deemed acceptable for Nile Red efflux assays.

0.0mM 08mM 1.0 mM 1.2 h‘lM 14mM 16mM 18mM 2.0mM

Figure 5.4. Monitoring the solubility of butyl methacrylate in efflux assay buffer
and its interaction with Nile Red. Nile Red was added to PBS (pH 7.2) at a final
concentration of 5 yM to mimic conditions in the efflux assay. BMA was then added
from an 80 mM stock solution in 50% ethanol to the concentrations shown. Samples
were mixed and incubated at room temperature for 5 minutes before being visualised
on a Safelmager 2.0.

5.3 Measuring RND-Mediated Efflux of Nile Red
5.3.1 Screening expression of RND efflux pumps
Before functional assays could be performed, each cloned RND efflux pump was

tested for expression in E. coli BL21, a strain widely used for the production of
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recombinant membrane proteins (Zhang et al., 2015; Karyolaimos et al., 2018).
Expression testing is essential as cloned genes, particularly those originating from a
heterologous host organism, will not necessarily be expressed in laboratory E. coli
strains under standard conditions. When analysing expression of membrane proteins,
it is important to consider their anomalous migration patterns observed in SDS-PAGE
gels. It has long been reported that membrane proteins, due to variations in binding
of the detergent SDS and retention of helical secondary structure under typical
denaturing conditions, show significant deviations from their theoretical mobility on an
SDS-PAGE gel (Miyake et al., 1978; Therien et al., 2001; Rath et al., 2009;
Wolkenhorst et al., 2009), a phenomenon that was also observed here (Fig 5.5).
Consequently, the appearance of a single band in only the induced sample of the
relevant Western blot at approximately the predicted molecular weight was interpreted
as successful expression of the gene(s) of interest. Functional assays were also vital
in determining that genes were successfully expressed resulting in correctly folded,
functional protein (Fig. 5.9). Full descriptions of all of the plasmids used here can be
found in Chapter Two. Each of the 3 cloned RND pumps was well-expressed in E.
coli BL21 and their abundance in the mixed membrane fraction was quantified using
densitometry (Fig. 5.5). Interestingly, TolC of the AcrAB-TolC system constituted up
to 38% of total membrane protein in E. coli BL21, while AcrB represented just 8% as
measured by densitometry (Fig. 5.5). Both mexAB-oprM and mexCD-oprJ also
appeared to be well-expressed, with MexB and OprM comprising 6% and 5% of total
membrane protein, respectively, and MexD and OprJ representing 3% and 7% of total

membrane protein, respectively (Fig. 5.5).
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Figure 5.5. Screening RND efflux pump expression. Screening production of
protein from pBAD-arcABHisg-tolCStrep (A), pBAD-mexAB-oprMHiss (B) and pBAD-

mexCD-oprJHisg (C) by SDS-PAGE (left) and Western blot (right).

Membrane

fractions of uninduced (Ul) and induced (l) cells were prepared using the water lysis
method as described in Section 2.6.2 from 50 ml cultures grown exactly as described
in Section 2.2.5. His-tagged proteins were detected using HisProbe-HRP conjugate
while Strep-tagged proteins were detected using StrepMAB-Classic HRP conjugate
antibody. Lanes designated ‘MW’ were loaded with a molecular weight marker.
Protein molecular weights shown were calculated from the relevant protein sequence
using Benchling Biology Software.
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5.3.2 Optimisation of Nile Red efflux assay

Initial attempts showed that the combination of 5 uM Nile Red and 10 yM CCCP was
sufficient to preload the cells with dye during a 30 minute incubation period, consistent
with the findings of Bohnert et al. (2010) (Fig. 5.6). Upon addition of 28 mM glucose,
initiation of efflux was extremely rapid and initial data points were missed in the time

taken to close the fluorimeter lid (Fig. 5.6).

5.3.2.1 Selection of appropriate E. coli expression strain. It was evident that the
BL21 host strain initially used for this assay had very high background efflux activity,
with even uninduced cells showing rapid efflux of Nile Red upon addition of glucose,
while the C43 AacrAB strain showed little to no background efflux activity (Fig. 5.6).
Consequently, all constructs were transformed into the C43 AacrAB strain for future

assays.

-
N
-
N

28mM Gl ) 28mM Gl
% m ucose A g’ m ucose B
% 1.0+ % 1.0
o 0-8 \ (8] 0.8 \
8 06 \ — C430acrAB S 06 \ — C43acrAB
§ \ — BL21 Uninduced § — BL21 Uninduced
—_ — BL21I
g 0.4 BL21 Induced g 0.4+ nduced
o o
3 0.2 3 0.2 —
(18 [T
0.0 T T T T T T T 0.0 T T T T T T T
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Time (s) Time (s)

Figure 5.6. Measuring efflux of Nile Red from E. coli BL21 cells carrying pBAD-
acrABHisg-toICStrep (A) or pPBAD-mexCDoprJHiss (B). Cells were preloaded with
5 uM Nile Red in the presence of 10 uM CCCP. After mild washing, efflux was initiated
by addition of 28 mM D-glucose where indicated with an arrow. Data are shown as a
fraction of the fluorescence intensity immediately before initiation of efflux.
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5.3.2.2 Optimisation of glucose concentration used to initiate Nile Red efflux. A
range of lower glucose concentrations were tested in an attempt to reduce the initial
rate of efflux and facilitate early efflux measurements. These assays demonstrated
that 1 yM glucose was sufficient to initiate efflux of Nile Red at a reduced rate, but also
highlighted the significant pre-energisation leakage of Nile Red from induced cells
(Fig. 5.7). It was suspected that the multiple washes in PBS used to remove excess
dye and CCCP were responsible for this pre-energisation leakage, perhaps due to

physical damage to membranes or contamination with a carbon source.
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Figure 5.7. Reducing the rate of efflux from E. coli BL21 cells carrying pBAD-
acrABHisg-tolCStrep using reduced glucose concentrations. Cells were
preloaded with 5 uM Nile Red in the presence of 10 yM CCCP. After mild washing,
efflux was initiated by addition of D-glucose at a range of concentrations where
indicated with an arrow. Data are shown as a fraction of the fluorescence intensity
immediately before initiation of efflux.

5.3.2.3 Optimisation of wash steps used to remove excess CCCP and Nile Red
In order to overcome this pre-energisation leakage, the assay was repeated with fewer

wash steps. This approach was successful in reducing pre-energisation dye leakage
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but also increased the concentration of glucose required to initiate efflux from 1 uM to
10 M (Fig. 5.8), suggesting that the effect was due to residual CCCP inhibiting

membrane transport.
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Figure 5.8. Assessing the effect of cell washes on Nile Red efflux in E. coli BL21
cells carrying pBAD-acrABHisg-tolCStrep. Cells were preloaded with 5 yM Nile Red
in the presence of 10 uyM CCCP. After mild washing, efflux was initiated by addition
of D-glucose at a range of concentrations where indicated with an arrow. Data are
shown as a fraction of the fluorescence intensity immediately before initiation of efflux.

5.3.2.4 Measuring Nile Red efflux using the optimised efflux assay. Using these
optimised conditions, rapid initiation of Nile Red efflux upon addition of glucose was
observed for all three RND efflux pumps (Fig. 5.9). This proved Nile Red to be a useful
tool in ensuring cloned RND pumps retain their activity when expressed in laboratory
strains of E. coli. AcrAB-TolC and MexCD-OprJ showed high efflux activity resulting
in a final mean Nile Red fluorescence reduction of 77.2% (£0.4 SD) and 75.3% (0.4
SD), respectively, while MexAB-OprM displayed significantly lower levels of efflux with

a final reduction of just 39.8% (+1.2 SD) (Fig. 5.9). The final reduction in fluorescence
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between uninduced and induced cells was statistically significant for all three

constructs (p=<0.0001, unpaired t-test).
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Figure 5.9. Optimised Nile Red efflux assay. Examples of efflux of Nile Red from E.
coli C43 AacrAB carrying pBAD-acrABHis8-tolCStrep (A), pBAD-mexABoprMHis8 (B)
or pBAD-mexCDoprJHis8 (C). Cells were prepared exactly as described in Section
2.4.2. D-Glucose was added after 50 s to a final concentration of 10 uM to initiate
efflux. Data are shown as a fraction of the fluorescence intensity immediately before
initiation of efflux.

Although RND pumps are known for their substrate promiscuity, substrate
specificity must still be considered as a factor in all membrane transport assays. It is
likely that the reduced Nile Red efflux exhibited by MexAB-OprM is simply due to a
lower affinity for Nile Red compared to the other 2 RND systems tested. Uninduced
cells demonstrated little background efflux activity, with a final mean fluorescence
signal reduction of just 7% to 15%, demonstrating that E. coli C43 AacrAB is an

excellent strain for studying RND efflux pumps.
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5.3.3 Measuring competition between efflux substrates

While the Nile Red efflux assay proved a useful measure of general efflux activity, it
was important to investigate its utility in measuring BMA transport. In order to do this
a competition assay, as described in Section 5.1.2, was developed. Due to its
relatively poor Nile Red efflux activity, MexAB-OprM was omitted from competition
assays. In the case of AcrAB-TolC, BMA concentrations up to and including 0.8 mM
had no measurable effect on Nile Red efflux, while a clear dose-dependent decrease
was observed between 1.0 and 2.0 mM (r = -1.00, p=0.001, Pearson correlation
coefficient) (Fig. 5.10). However, no such competition was observed with MexCD-
Oprd (r=-0.60, p=0.12) (Fig. 5.10). This suggested that the response observed with
AcrAB-TolC was not simply a result of non-specific toxic effects of BMA, such as
disruption of PMF, membrane damage and leakage, cell death or inhibition of glucose

uptake or metabolism and thus served as a useful control.

1.2 - 1.2
UM glucose 10uM glucose
g A o B
2 1.0 S 1.0-
e — ul pe
6 0.89—0sm 6 0.89—j
g — 1.0mM 8 — 0.8mM
S 0-61—77mm S 0-61—72mMm
Q 04 1.6mM Q 04 — 1.4mM
g T l— 20omm g g — ;Igmm
3 0.2 3 0.2 Sl
i i
0.0 T T T T T 0.0 T T T T T
0 25 50 75 100 125 150 175 0 25 50 75 100 125 150 175
Time (s) Time (s)

Figure 5.10. Effect of increasing concentrations of BMA on efflux of Nile Red. E.
coli C43 AacrAB cells carrying pBAD-acrABtolCHisg (A) or pBAD-mexCDoprJHiss (B).
Cells were prepared as described in Section 2.4.2 and preloaded with a range of BMA
concentrations as indicated by colouring. D-Glucose was added to a final
concentration of 10 yM at 50s to initiate efflux. Data are shown as a fraction of the
fluorescence intensity immediately before initiation of efflux.

133



However, cell viability assays revealed that expression of acrABto/C had a
dramatic deleterious effect on cell viability following exposure to BMA (Fig. 5.11A).
After just 10 minutes of exposure to 2 mM BMA, cells expressing acrAB-tolC from
pBAD-acrABHisg-tolCStrep showed a 119 (20 SD) fold reduction in the number of
viable cells compared to uninduced control cells (p=<0.0032, Welch’s unpaired t-test)
(Fig. 5.11A). After 60 minutes, this difference between induced and uninduced cells
was diminished but induced cells still showed a significant 29 (+3 SD) fold reduction
in viability compared to uninduced control cells (p=0.0161) (Fig. 5.11A). This led to
the theory that toxic levels of gene expression, particularly of to/C, observed from the
pBAD-acrABHisg-tolCStrep construct were responsible for both this hypersusceptible
phenotype and the BMA dose-dependent decrease in efflux of Nile Red observed in
competition assays (Fig. 5.10). The tolC gene present in the pBAD-acrABHisg-
tolCStrep construct is located independently from the acrAB genes under the control
of its own pgap promoter (Fig. 5.12A). Due to its relatively small size compared to
acrAB, this means that fo/C was likely transcribed and translated at a much faster rate
than the acrAB genes, resulting in higher protein levels. The new expression plasmid
pBAD-acrABtolCHiss was constructed to reduce the level of tolC expression by
bringing all three genes encoding AcrAB-TolC under a single promoter (Fig. 5.12B).
This new construct, pBAD-acrABtolCHiss, was successful in reducing production of
TolC to just 7% of total membrane protein, as measured by densitometry, compared
to 38% of total membrane protein when produced from pBAD-acrABHiss-tolCStrep
(Fig. 5.12). Production of AcrB remained unchanged, constituting 8% of total

membrane protein when expressed from either construct (Fig. 5.12).

134



A B

pBAD-arcABHisg-tolCStrep pBAD-acrABtolCHis,
(High tolC expression) (Reduced tolC expression)

1010 1010

*kk

10°- *
8.
1004

107_

109_
%k 3k

-

o
[-]
1

107_

-

(=)
o
|

Cell viability (CFU/ml)
S
il
*
Cell viability (CFU/ml)

i ==

T T T T
10 60 10 60

Time (min) Time (min)
1 Uninduced
E3 Induced

-_
o
2]
-
o
3]

Figure 5.11. Assessing the effect of different acrAB-tolC expression levels on
tolerance to butyl methacrylate in E. coli C43 AacrAB. For viability assays, cells
were prepared and adjusted to the same starting count as described in Section 2.5.1
then energised by addition of 22 mM D-glucose. Butyl methacrylate was added to a
final concentration of 2 mM to start the assay. After 60 minutes, viability counts were
performed as described in Section 2.5.1 Error bars show standard deviation of three
biological replicates and P values (Welch'’s unpaired t-test) are indicated as follows: *
p=<0.05, **p=<0.01, *** p=<0.001, **** p=<0.0001.

In both cases, AcrA was indistinguishable from background on a Coomassie stained
SDS-PAGE gel. The reduced expression of to/C from pBAD-acrABtolCHiss was
successful in reversing the hypersusceptible phenotype, with induced cells displaying
a 6 (x1 SD) fold greater cell viability compared to uninduced cells after ten minutes of
exposure to 2 mM BMA (p =0.0004) (Fig. 5.11B). After 60 minutes, a 30 (x7 SD) fold
increase in cell viability was observed (p =0.0207) (Fig. 5.11B). Additionally, this

construct resulted in significantly enhanced Nile Red efflux with a final mean
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Figure 5.12. Comparing expression of the acrABtolC genes from pBAD-
arcABHiss-toICStrep and pBAD-acrABtolCHissg in E. coli C43 AacrAB. Screening
production of protein from pBAD-arcABHiss-tolCStrep (A) and pBAD-acrABtoICHiss )
by SDS-PAGE and Western blot. Membrane fractions of uninduced (Ul) and induced
() cells were prepared using the water lysis method as described in Section 2.6.2 from
50 ml cultures grown exactly as described in Section 2.2.5. His-tagged proteins were
detected using HisProbe-HRP conjugate or StrepMAB-Classic HRP conjugate
antibody. Lanes designated ‘MW’ were loaded with a molecular weight marker.
Protein molecular weights shown were calculated from the relevant protein sequence
using Benchling Biology Software. Schematics showing the layout of each construct
are also shown.
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fluorescence reduction of 82.4% (£1.2 SD) (Fig. 5.13A), compared to 77.8% (£1.1 SD)
for the original expression plasmid (Fig. 5.9A) (p=0.023, unpaired t-test). However,
expression of acrABtolC from this reduced expression construct abolished the BMA
dose-dependent decrease in Nile Red efflux (r = -0.49, p=0.18) that was observed
previously (Fig. 5.13B; Fig. 5.14). These data suggest that the apparent competition
between BMA and Nile Red observed previously was in fact the additive effect of
increasing BMA concentrations on cells that are already under stress from extremely
high levels of tolC expression. The new pBAD-acrABtoI/CHisg construct was therefore

used for all future experiments.
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Figure 5.13. Activity of AcrAB-TolC expressed from pBAD-acrABtolCHiss. E. coli
C43 AacrAB cells carrying pBAD-acrABtolCHiss were screened for Nile Red efflux (A)
and using the Nile Red competition assay (B). Cells were prepared as described in
Section 2.4.2 (A and B) with the addition of a range of BMA concentrations (B only).
Glucose was added to a final concentration of 10 uM at 50s to initiate efflux. Data are
shown as a fraction of the fluorescence intensity immediately before initiation of efflux.
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Figure 5.14. Effect of increasing BMA concentrations on Nile Red efflux. E. coli
C43 AacrAB cells carrying various pBAD expression plasmids were prepared as
described in Section 2.4.2 in the presence of increasing BMA concentrations. Glucose
was added to a final concentration of 10 uM at 50s to initiate efflux. The fluorescence
endpoint was used to generate the dose-response curve.

5.3.4 Using Nile Red to test the pgnik promoter system

The Nile Red and viability assays clearly highlighted the importance of maintaining
sub-toxic production of membrane proteins, leading to the testing of the gntK
expression system, a negative feedback system that automatically reduces gene
expression upon detection of membrane stress (Boyarskiy et al., 2016). Each of the
three pumps tested was successfully expressed and detected by Western blot (Fig.
5.15), although due to the significantly reduced expression from these constructs, the
relevant bands were not discernible from background on coomassie stained gels (data
not shown). All three pumps showed statistically significant decreases in Nile Red
fluorescence compared to empty vector controls (p= <0.0001), with a final mean
reduction of 77.8% (1.1 SD), 33.4% (+2.4 SD) and 56.1% (+2.0 SD) for AcrAB-TolC,

MexAB-OprM and MexCD-OprJ, respectively (Fig. 5.16).
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Figure 5.15. Screening RND pump expression from pGNTK constructs Screening
production of protein from pGNTK-acrABtoICHisg (A), pGNTK-mexAB-oprMHiss (B) or
pGNTK-mexCD-oprJHisg (C). Membrane fractions were prepared in triplicate using
the water lysis method as described in Section 2.6.2 from 50 ml cultures grown exactly
as described in Section 2.2.5. His-tagged proteins were probed using HisProbe-HRP
conjugate. Lanes designated ‘MW’ were loaded with a molecular weight marker.

Protein molecular weights shown were calculated from the relevant protein sequence
using Benchling Biology Software.
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Figure 5.16. Nile Red efflux from cells carrying gntK expression constructs Efflux
of Nile Red from E. coli C43 AacrAB carrying pGNTK-acrABtoICHisg (red), pGNTK-
mexAB-oprMHisg (purple) or pGNTK-mexCD-oprJHiss (grey). Cells were prepared
exactly as described in Section 2.4.2. Glucose was added after 50 s to a final
concentration of 10 yM to initiate efflux. Data are shown as a fraction of the
fluorescence intensity immediately before initiation of efflux.

5.4 Nile Red as a potential substrate for non-RND pumps
Nile Red efflux assays were also performed on cells expressing a range non-RND
efflux pumps (Fig. 5.17). Both MdIB and MsbA belong to the ATP-binding cassette
(ABC) superfamily while EmrD, MdtL, MdtM and EmrB belong to the major facilitator
superfamily (MFS), with EmrB forming a tripartite complex along with EmrA and TolC.
Interestingly, none of these proteins showed any activity with Nile Red with each
resulting in a final fluorescence reduction between 5% and 13%, which was not a
statistically significant difference from uninduced control cells (p=>0.05) (Fig. 5.18).
This is consistent with the hypothesis that RND pumps recruit hydrophobic substrates
(eg. Nile Red) from the membranes/periplasm, while other pump families are
responsible for transport of cytoplasmic substrates. This assay also suggests that
despite forming a tripartite complex that spans both membranes, EmrAB-TolC may

not export substrates from the periplasm.
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Figure 5.17. Screening non-RND efflux pump expression. Screening production of
protein from pBAD-emrDHiss (A), pBAD-mdtLHiss (B), pBAD-mdtMHisg (C), pBAD-
msbAHiss (D), pBAD-mdIBHiss (E) and pBAD-emrABtoICHiss (F). Membrane
fractions of uninduced (Ul) and induced () cells were prepared using the water lysis
method as described in Section 2.6.2 from 50 ml cultures grown exactly as described
in Section 2.2.5. The first lane of each gel was loaded with a molecular weight marker
(not shown). His-tagged proteins were detected using HisProbe-HRP conjugate.
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Figure 5.18. Effect of non-RND efflux pumps on Nile Red efflux. Cells expression
a range of efflux pumps were screened using the Nile Red efflux assay. Cells were
prepared as described in Section 2.4.2. Glucose was added after 50 s to a final
concentration of 10 yM to initiate efflux. Data are shown as a fraction of the
fluorescence intensity immediately before initiation of efflux.

5.5 Discussion

Nile Red proved to be a valuable tool in determining the solubility limit of non-polar
molecules such as butyl methacrylate, thanks to its propensity to partition into the
organic phase where it displays dramatically increased fluorescence (Fig. 5.2; Fig.
5.3). This phenomenon has been observed previously and has led to the application
of Nile Red in the detection and quantification of hydrophobic cellular components
such as lipids (Krishna et al., 1998; Chen et al., 2009; Greenspan et al., 1985) and
has even been utilised to locate hydrophobic products in E. coli producer strains
(Pinzon et al., 2011). This approach could potentially be applied to a butyl
methacrylate producer strain to identify where in the cell BMA accumulates, likely in
the membranes, in order to further our understanding of toxicity of BMA in the cell.

In E. coli, basal expression of the acrAB-tolC genes is the primary mechanism

for resistance to a range of toxic hydrophobic agents (Elkins and Nikaido, 2002). Itis
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therefore unsurprising that high background activity was observed with Nile Red, a
hydrophobic dye, and abolished with the use of a AacrAB strain (Fig. 5.6). This high
background activity would likely be observed with other lipophilic fluorescent dyes due
to the promiscuity of AcrB, making a knockout of the chromosomal acrB gene essential
when studying inducible plasmid-encoded RND efflux pumps in E. coli. The C43
AacrAB strain, a derivative of E. coli BL21 originally selected for its superior production
of membrane proteins (Miroux and Walker, 1996), displayed very low background
efflux while remaining amenable to genetic modification and protein production, hence
its adoption for all further experiments.

The Nile Red activity assay proved a useful tool for ensuring cloned efflux
pumps were expressed and assembled correctly and remained functional in E. coli.
Nile Red efflux was observed for all 3 cloned RND systems in the optimised Nile Red
efflux assay, with no observable efflux in control and uninduced cells (Fig. 5.9). In all
cases, addition of 10 uM glucose was sufficient to initiate rapid efflux of Nile Red from
the cell following CCCP treatment and pre-loading with fluorescent dye, without the
need for multiple wash steps. MexAB-OprM displayed a significantly lower rate of Nile
Red efflux than AcrAB-TolC or MexCD-OprJ (Fig. 5.9C), although protein and dye
loading levels were comparable, suggesting Nile Red is a poor substrate for the
MexAB-OprM system.

The BMA competition assay initially appeared promising for AcrAB-TolC,
though later experiments proved the apparent dose-response to be a result of the
additive effect of BMA toxicity on cells pre-stressed through hyperexpression of the
tolC gene (Fig. 5.14). Additionally, no competition between Nile Red and BMA was
observed for MexCD-Oprd, despite this pump conferring significantly enhanced

tolerance to BMA in viability assays (see Chapter Six). The Nile Red efflux assay is
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therefore useful as a general activity assay but unsuitable for measuring BMA
transport, necessitating alternative methods of study.

To better understand the findings of the competition assays, more experiments
were performed using a new AcrAB-TolC construct designed to reduce expression,
particularly of tolC. In pBAD-acrABHisstolCStrepll, tolC was in isolation under the
control of its own pgap promoter (Fig. 5.12). In pBAD-acrABtolCHisg all 3 genes are
under the control of a single promoter (Fig. 5.12), which was found to both reduce
TolC protein levels in the membrane and dramatically increase tolerance to
extracellular BMA (Fig. 5.11). The greatest difference in cell viability between induced
and uninduced cells was observed in samples taken after ten minutes of exposure to
BMA (Fig. 5.11A), suggesting that overexpression of the folC gene significantly
increases the rate of entry of BMA into the cell. This increased rate of BMA ingress
may be due to general membrane damage and increased permeability caused by toxic
levels of membrane protein production, or by facilitated diffusion of BMA into the
periplasm through the TolC protein itself. TolC has previously been implicated as a
route of entry for sugars and large antibiotics such as vancomycin into the periplasm
(Bavro et al., 2008; Zgurskaya et al., 2016) and of course allows passage of
hydrophobic AcrB substrates out of the cell, indicating that facilitated diffusion of BMA
through TolC into the periplasm may be possible. Fortunately, research has shown
that depletion of TolC does not attenuate AcrAB-TolC-mediated efflux, suggesting
very small quantities of TolC are required for correct function of this pump
(Krishnamoorthy et al., 2013). Reducing expression of to/C is therefore unlikely to
impede AcrAB-TolC-mediated BMA efflux, consistent with our findings that reduced
expression actually improved efflux of Nile Red (Fig. 5.13A), while also minimising any

changes in membrane permeability caused by TolC or general toxic effects of

144



membrane protein production. By reducing the level of TolC in the membrane fraction
(Fig. 5.12), we have demonstrated the importance of optimising protein expression
levels and the effects of their overexpression on membrane integrity and cellular
stress. Wagner et al. (2007) previously demonstrated that overexpression of
membrane proteins causes severe cellular stress including the formation of large
cytoplasmic aggregates/inclusion bodies and an apparent saturation of the Sec
translocon. As a result of this, in addition to changes in membrane fluidity and
permeability, there was a marked decrease in the abundance of respiratory chain
complexes, which will have profound effects on the cell (Wagner et el., 2007).

To overcome this, strains have been developed to reduce the rate of membrane
protein expression therefore alleviating toxicity and, counter-intuitively, increase yields
of correctly folded, membrane-localised protein (Mathieu et al., 2019; Nannenga and
Baneyx., 2011; Schlegel et al., 2015; Wagner et al., 2007). Further investigations
suggest that toxic overexpression selects for non-productive cells, thus reducing
overall protein yields and in some cases finding that uninduced cells were ultimately
more productive than induced cells when using a T7 based expression system (Zhang
et al., 2015). These observations are consistent with the findings presented here that
reducing the expression level not only resulted in a strain with enhanced BMA
tolerance but also increased Nile Red efflux capacity. We have demonstrated that
overexpression of membrane proteins has profound deleterious effects in E. coli and,
particularly for functional assays, it is vital to optimise expression levels to prevent
protein toxicity and maximise the production of correctly folded, functional
transporters.

These observations led to the utilisation of the pgnk promoter, a negative

feedback expression system that is able to regulate expression of membrane proteins
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automatically in response to membrane stress (Boyarskiy ef al., 2016). This system
resulted in optimal expression of an n-butanol transporter without the need for
optimisation, resulting in a strain with increased n-butanol tolerance as well as a 40%
increase in n-butanol yield when co-expressed with the production pathway (Boyarskiy
et al., 2016). These findings demonstrate the utility of such an expression system in
an industrially relevant context. The gntK system would also be more appropriate for
use in a large-scale industrial process, as no intervention is required to induce gene
expression and the need for expensive inducing agents is circumvented, making the
process more economically viable at scale. In our hands, all 3 systems remained
active in the Nile Red assay following expression from the pgni promoter (Fig. 5.16).
None of the 6 MFS and ABC superfamily efflux pumps were able to transport
the membrane-associated Nile Red (Fig. 5.18). While it is important to consider and
investigate further the specificity of these transporters and the possibility that Nile Red
is simply an unsuitable substrate, these observations could also strengthen the
hypothesis that these families of transporters generally recruit their substrate from the
cytoplasm rather than the membranes/periplasm. This is important to consider in the
context of a BMA producing strain, as in order to effect efflux from the cytoplasm to
the external medium it may be necessary to exploit both an inner membrane pump to
transport BMA from the cytoplasm to the periplasm and an RND pump to transport
BMA across the outer membrane. Studies have demonstrated that both an RND and
an inner membrane efflux pump are required to confer high levels of resistance to a
number of antibiotics and other cytoplasmic substrates such as ethidium (Lee et al.,
2000; Tal and Schuldiner, 2009). Expression of a single efflux pump or multiple pumps

of the same family was ineffective in restoring resistance to the same levels (Lee et
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al., 2000), suggesting that the RND component is essential for full removal of substrate
from the periplasm and in preventing re-entry of substrate into the cell.

EmrB, an MFS transporter, may also be of particular interest in this context.
Just like RND pumps, EmrB forms a tripartite complex that spans both the inner and
outer membranes through interactions with EmrA, a periplasmic linker protein, and the
familiar outer membrane channel TolC (Piddock, 2006). Unlike RND pumps, it has
been suggested that EmrB is able to capture substrates from the cytoplasm and
transport them directly across both membranes through the tripartite complex (Tanabe
etal., 2009, Zgurskaya et al., 2009), although there is very little experimental evidence
to support this hypothesis at present and it seems to have been inferred from
homology to other, more highly characterised transporters such as QacA (Zgurskaya
et al., 2009). EmrB lacks the large soluble periplasmic domain found in RND
transporters (Tanabe et al., 2009) and was also unable to transport Nile Red in our
efflux assay (Fig. 5.18) supporting the suggestion that it does not capture substrates

from the periplasm, although more work is needed to understand this.
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Chapter 6

Assessing the effect of isobutyrate and

methacrylate esters on cell viability
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6.1 Introduction

Owing to their hydrophobicity, organic solvents rapidly partition into biological
membranes leading to accumulation of high local concentrations and exacerbation of
toxic effects (Sikkema et al., 1995). This accumulation in membranes would lead to
alterations in membrane fluidity and integrity, resulting in increased membrane
permeability and subsequent disruption of pH homeostasis and dissipation of
electrochemical gradients (Sikkema et al., 1995; Eberlein et al., 2018). Additionally,
solvents may interact directly with membrane-bound proteins, binding to hydrophobic
sites to inhibit enzyme activity (Backes et al., 1993; Slater et al., 1993) or displacing
native lipids, thereby disrupting key protein-lipid interactions that modulate enzyme
activity and stabilise quaternary protein structures (Contreras et al., 2011; Pyle et al.,
2018; Pyle et al., 2019). These severe perturbations to essential membrane-localised
biological processes could result in a diminution of ATP synthesis and ultimately loss
of cell viability (Sikkema et al., 1995; Oh et al., 2012; Eberlein et al., 2018). It is vital
to characterise and overcome this loss of viability brought about by butyl methacrylate
(BMA) and other esters in the context of an industrial production strain, where loss of
viability means loss of productivity.

Consequently, viability assays were performed using twelve different esters in
order to identify suitable alternative target products with reduced toxicity compared to
BMA. Eight different efflux pumps were also screened for their ability to export and
therefore enhance tolerance to these esters. Of the esters tested, five were found to
be significantly less toxic to E. coli than butyl methacrylate, while expression of acrAB-
tolC, mexAB-oprM or mexCD-oprJ provided significant protection against all seven
toxic esters. Non-RND pumps were less effective in enhancing tolerance to these

compounds, with only EmrD and MdtM providing significant protection against some
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of the esters tested here. It is also demonstrated that overexpression of membrane
proteins has additive deleterious effects on cells exposed to butyl methacrylate,
highlighting the importance of optimising gene expression in the study of membrane
proteins and in the final production strain. These findings demonstrate that bacterial
efflux pumps, particularly those belonging to the RND family, are effective in
significantly enhancing tolerance to a range of toxic esters and may have valuable
applications in a methacrylate or isobutyrate production strain and in the broader field

of biotechnology.

6.2 Determining the effect of efflux pump expression on tolerance to butyl

methacrylate

6.2.1 Identifying efflux pumps that confer enhanced tolerance to BMA

The ability to transport a toxic substrate actively out of the cell is usually accompanied
by an increase in tolerance to that substrate, due to the maintenance of lower
intracellular concentrations and therefore reduced toxicity. In order to investigate this,
viability assays were performed using extracellular addition of BMA in the presence
and absence of all cloned efflux pumps. As discussed in Chapter 5, expression of
acrABtolC from pBAD-acrABtolCHisg resulted in a 30-fold (x7) increase in cell viability
following one hour of exposure to 2mM BMA compared to cells carrying the pBAD
empty vector (p =0.0207, Welch’s unpaired t-test) (Fig. 6.1). Both MexAB-OprM and
MexCD-OprJ were also effective in enhancing tolerance to BMA, with induced cells
demonstrating a 22 (1 SD) fold increase (p =0.0006) and a 10 (+4 SD) fold increase
(p =0.0485) in cell viability, respectively, compared to control cells carrying the pBAD
empty vector (Fig. 6.1). Of the non-RND pumps tested, only MdtM provided significant

protection against BMA with a 6 (+1 SD) fold increase in cell viability (p =0.0033).
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Figure 6.1. Assessing the effect of efflux pump expression on tolerance to butyl
methacrylate in E. coli C43 AacrAB. Cells were prepared and adjusted to the same
starting count as described in Section 2.5.1 then energised by addition of 22 mM D-
glucose. Butyl methacrylate was added to a final concentration of 2 mM to start the
assay. Cells treated with glucose only were used as a negative control and showed
no significant change in viability over the course of the assay (data not shown). After
60 minutes, viability counts were performed as described in Section 2.5.1. Error bars
show standard deviation of three biological replicates and P values (Unpaired Welch'’s
t-test) are indicated as follows for efflux pumps that significantly enhanced tolerance
to BMA compared to cells carrying the pBAD empty vector (EV): * p=<0.05, **p=<0.01,
*** p=<0.001, **** p=<0.0001. The structure of BMA is shown for reference.

6.3 Screening the effect of efflux pump expression on tolerance to alternative
methacrylate and isobutyrate esters
6.3.1 Identification of esters with reduced toxicity
Acrylic polymers can be derived from a number of different ester feedstocks, some of
which may be significantly less toxic than BMA. It was therefore important to test a
selection of other esters that may be suitable alternative target molecules to BMA with
reduced toxicity, allowing higher yields to be achieved. Of the 11 esters tested,

isopropyl isobutyrate (IPIB), isopropyl methacrylate (IPMA), butyl isobutyrate (BIB),
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2-ethylhexyl isobutyrate (EHIB) and 2-ethylhexyl methacrylate (EHMA) all had no
effect on cell viability at a final concentration of 2 mM (Fig. 6.2). Therefore, these
esters may represent appropriate target products in the bio-production of acrylic

monomers due to their significantly reduced toxicity compared to BMA.

6.3.2 Determining the effect of efflux pump expression on tolerance to
alternative esters

Conversely, pentyl isobutyrate (PIB), pentyl methacrylate (PMA), hexyl isobutyrate
(HIB), hexyl methacrylate (HMA), heptyl isobutyrate (HeplIB) and heptyl methacrylate
(HepMA) were all toxic to E. coli at a concentration of 2 mM (Fig. 6.3). Interestingly,
all three RND efflux pumps were able to provide significant protection against every
one of these toxic esters (Fig. 6.3; Table 6.1). MdtM and EmrD were the only non-
RND pumps found to confer enhanced tolerance to any of the toxic esters, although
protection was only observed for pentyl isobutyrate, pentyl methacrylate and hexyl
methacrylate (Fig. 6.3; Table 6.1). All changes in cell viability are summarised in Table
6.1. No statistically significant correlation was observed between the octanol/water

partition coefficient (logPow) values and ester toxicity (r = -0.38, p = 0.26) (Fig. 6.4).
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Figure 6.2. Assessing the effect of efflux pump expression on tolerance to a
range of esters in E. coli C43 AacrAB. Cells were prepared and adjusted to the
same starting count as described in Section 2.5.1 then energised by addition of 22
mM D-glucose. The appropriate ester was added to a final concentration of 2 mM to
start the assay. Cells treated with glucose only were used as a negative control and
showed no significant change in viability over the course of the assay (data not
shown). After 60 minutes, viability counts were performed as described in Section

Ester

2.5.1. Error bars show standard deviation of three biological replicates.
structures are shown for reference.
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Figure 6.3. Assessing the effect of efflux pump expression on tolerance to a
range of esters in E. coli C43 AacrAB. Cells were prepared and adjusted to the
same starting count as described in Section 2.5.1 then energised by addition of 22
mM D-glucose. The appropriate ester was added to a final concentration of 2 mM to
start the assay. Cells treated with glucose only were used as a negative control and
showed no significant change in viability over the course of the assay (data not
shown). After 60 minutes, viability counts were performed as described in Section
2.5.1. Error bars show standard deviation of three biological replicates and P values
(Unpaired Welch'’s t-test) are indicated as follows for efflux pumps that significantly
enhanced tolerance to BMA compared to cells carrying the pBAD empty vector (EV):
* p=<0.05, **p=<0.01, *** p=<0.001, **** p=<0.0001. Ester structures are shown for
reference.
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Table 6.1. Fold-increase in cell viability conferred by efflux pumps upon
exposure to a range of esters. Values shown are means of triplicate data with
standard deviation shown in parentheses.

Compound AcrAB-TolC MexAB-OprM MexCD-Opr) EmrD MdtMm
Butyl methacrylate 30 (%7) 22 (1) 10 (+4) - -
Pentyl methacrylate 645 (+200) 1033 (+329) 1533 (+239) - 47 (+9)
Pentyl isobutyrate 46 (£14) 24 (+4) 7 (£2) 8 (£2) 9 (£2)
Hexyl methacrylate 533 (+50) 207 (+25) 133 (£35) - -
Hexyl isobutyrate 17 (x4) 191 (£39) 61 (£5) - -
Heptyl methacrylate 1137 (x273) 941 (+337) 468 (+216) - -
Heptyl isobutyrate 734 (£78) 599 (+176) 365 (+116) - -
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Figure 6.4. Comparing toxicity of different esters. E. coli C43 AacrAB cells carrying
the pBAD empty vector were prepared and adjusted to the same starting count as
described in Section 2.5.1 then energised by addition of 22 mM D-glucose. The
appropriate ester was then added to a final concentration of 2 mM to start the assay.
After 60 minutes, viability counts were performed as described in Section 2.5.1.
Toxicity is ranked based on remaining viable cell count after 60 minutes of exposure
to the relevant ester at a concentration of 2 mM. logPow values indicate the
octanol/water partition coefficient. Error bars show standard deviation of three
biological replicates and Pearson correlation coefficient (r) is also shown.
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6.4 Discussion

The AcrAB-TolC efflux pump of E. coliis a model RND system known to transport and
confer tolerance to a vast range of structurally dissimilar substrates, including organic
solvents (Tsukagoshi and Aono, 2000; Wang et al., 2013). Although overexpression
of the folC gene was found to have severe deleterious effects in E. coli upon exposure
to BMA (see Chapter Five), AcrAB-TolC produced from the new pBAD-acrABtol/CHisg
construct demonstrated significantly enhanced tolerance to external addition of BMA
(Fig. 6.1). These data are consistent with previous findings that this efflux pump is
involved in conferring tolerance to BMA in E. coli, where up-regulation and mutations
in key regulators of gene expression have both been identified (Martins, unpublished;
Menchavez, unpublished).

Previous work at the University of Strathclyde used P. aeruginosa transposon
mutant libraries to identify genes involved in tolerance to BMA (El Bestawy,
unpublished). Cells in which the mexAB-oprM gene cluster was disrupted showed the
greatest attenuation of growth, followed closely by those with disruptions in the
mexCD-oprJ cluster, suggesting that these RND efflux pumps are the major
determinants of resistance to BMA in P. aeruginosa. MexAB-OprM is considered the
major contributing factor to intrinsic multidrug resistance in P. aeruginosa and the
MexB pump component shares 83.4% similarity and 70.0% identity with E. coli AcrB.
As such, MexAB-OprM demonstrates significant substrate overlap with AcrAB-TolC
and is known to transport organic solvents and other hydrophobic agents (Li et al.,
1998; Li and Poole, 1999; Nehme et al., 2004). Similarly, expression of mexCD-oprJ
is known to be induced by membrane damaging agents in P. aeruginosa (Li et al.,
1998; Fraud et al., 2008; Morita et al., 2003), with the MexD pump component sharing

69.1% similarity and 49.9% identity with E. coli AcrB. The data presented here are
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consistent with previous findings that both of these pumps play a role in tolerance to
organic solvents and now specifically BMA, with both conferring significantly enhanced
tolerance to 2 mM BMA (Fig. 6.1; Table 6.1). MexAB-OprM appeared to provide a
greater level of protection than MexCD-OprJ (Fig. 6.1, Table 6.1), consistent with
findings at the University of Strathclyde that MexAB-OprM is the major determinant of
tolerance to BMA in P. aeruginosa (El Bestawy, unpublished).

In addition to enhancing tolerance to BMA, all three of the RND pumps tested
here were able to confer significantly enhanced tolerance to PIB, PMA, HIB, HMA,
HeplB and HepMA, (Fig 6.4; Table 6.1). RND pumps possess a hydrophobic trap in
the substrate binding pocket that is lined with hydrophobic phenylalanine residues and
is conserved in Enterobacteriaciae, including in AcrB of E. coli as well as in MexB and
MexD of P. aeruginosa (Nakashima et al., 2013; Ramaswamy et al., 2017; Aron and
Opperman, 2018). Substrate recognition and binding in AcrB is known to occur
primarily through hydrophobic interactions (Yu et al., 2003a; Yu et al., 2003b; Vargiu
et al., 2018) and pumps lacking the hydrophobic trap have significantly different
substrate profiles, including more hydrophilic antibiotics (Ramaswamy et al., 2017;
Aron and Opperman, 2018), suggesting that this conserved feature may be
responsible for the general preference of RND pumps for hydrophobic substrates. In
their biological context this preference for hydrophobic substrates seems logical
considering that RND pumps are generally thought to recruit their substrates from the
periplasm (Elkins and Nikaido, 2002; Lomovskaya and Totrov, 2005; Nikaido and
Takatsuka, 2009) where hydrophobic agents, such as the esters tested here, are likely
to accumulate.

The pgnik promoter system (see Section 5.3.4) was also tested using viability

assays for its reported ability to automatically optimise expression of integral
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membrane proteins, but anomalous growth and difficulties in obtaining consistent
starting inocula were observed, consistent with findings at Ingenza Ltd. (S. Baxter,
personal communication, June 2018). Obtaining consistent starting innocula is
absolutely essential when performing viability assays in order to accurately and
reproducibly quantify changes in the cell population, making these constructs
unsuitable for this type of assay. Additionally, any detrimental effects on the growth
rate of the host organism would be unacceptable in the final production strain, meaning
considerable characterisation and optimisation is required before the pgni expression
system would be suitable for use in this context.

The inner membrane efflux pumps had limited efficacy in viability assays. In
fact, to different degrees, their expression significantly reduced viability (Fig. 6.2; Fig.
6.3). Although no obvious signs of stress were observed when expressing these non-
RND genes in isolation, this decrease in viability is most likely due to the additive
effects of membrane protein overexpression and ester toxicity, as observed with folC
(Fig. 6.1). As mentioned previously, the pgnix promoter system was intended to solve
this issue but resulted in anomalous growth and very poor reproducibility. Further
work should therefore be performed to determine empirically appropriate levels of
expression of these genes in order to minimise toxic effects of membrane protein
production. It is also important to consider that external addition of esters may not be
an appropriate assay of the activity of inner membrane transporters. As discussed
previously, solvent toxicity appears to arise from partitioning into, and disruption of,
membranes. There is currently no evidence to suggest that, when added externally,
these esters are able to cross the inner membrane barrier and enter the cytoplasm,
where they might then be captured and transported by an inner membrane pump.

However, co-expression of both a non-RND inner membrane transporter and an RND
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pump is known to be essential for resistance to a number of hydrophobic drugs
(Holdsworth and Law, 2012; Tal and Schuldiner, 09), suggesting that some
hydrophobic agents, and therefore possibly esters, freely enter the cytoplasm and are
then exported in a two-step mechanism. This is particularly relevant in the production
strain, where BMA is produced in the cytoplasm and may require transport from the
cytoplasm to the periplasm by a non-RND inner membrane transporter, where it could
then be recruited by an RND pump for expulsion across the outer membrane. It is
therefore more appropriate and of high priority to screen the effect of these inner
membrane pumps, both alone and in combination with an RND pump, in the
production strain in order to better understand transport of these esters in the relevant
biological context.

Interestingly, EmrD and MdtM did enhance tolerance but only to BMA, PIB,
PMA and HMA (Fig. 6.3; Table 6.1). This may indicate specificity of these transporters
for these esters, or alternatively could suggest that these esters are able to penetrate
the inner membrane and enter the cytoplasm, making non-RND-mediated transport
from the cytoplasm an effective tolerance mechanism. The crystal structure of EmrD
reveals the presence of a hydrophobic core similar to RND pumps, consistent with its
preference for hydrophobic substrates (Yin et al., 2006; Sun et al., 2014). Homology
models have indicated that this hydrophobic core is conserved in MdtM (Alegre et al.,
2016) and is likely responsible for the transport of hydrophobic compounds observed
in these transporters. These structural data combined with the viability assays
presented here make EmrD and MdtM the most interesting of the non-RND proteins
and warrants further characterisation of these pumps in the production strain.

Although IPIB, IPMA, BIB, EHIB and EHMA had no effect on cell viability at a

concentration of 2 mM, it is important to consider that other native tolerance
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mechanisms may be active in the E. coli C43 AacrAB strain that have not been
accounted for. For example, other constitutively expressed efflux pumps present in
this strain could be providing protection against these compounds and further studies
to identify them, for example using gene knockout studies, may be valuable.
Microscopic examination of cells may also be worthwhile to see if cells display any
typical signs of stress, such as filamentation and other morphological changes, to
better understand the toxicity limits of these esters. Although production of these
substrates will necessitate further downstream processing, such as traditional
chemical conversion to more useful acrylic polymer precursors, the higher yields made
achievable with a reduced toxicity bottleneck may ultimately result in a more
economically viable process. Further investigation into bio-production of these
compounds is therefore of great value. Interestingly, despite it being widely reported
that toxicity of hydrophobic agents correlates with the octanol/water partition
coefficient (logPow) (Sikkema et al., 1995; Tsukagoshi and Aono, 2000; Ramos et al.,
2002; Eberlein et al., 2018; Dyrda et al., 2019), no correlation was observed here (r =-
0.38, p =0.26) (Fig. 6.4), perhaps because these logP.w values do not reflect the
complex and dynamic nature of biological membranes (Loureiro et al., 2018). Model
lipid systems and small-angle X-ray scattering (SAXS) have been used at the
University of Nottingham to show that incorporation of BMA reduces lipid transition
temperature without altering the thickness of the bilayer, suggesting that BMA
uncouples lipids by becoming incorporated between hydrophobic lipid tail groups
(Yeh, unpublished). Generally, branched esters were significantly less toxic than
unbranched, with the exception of butyl isobutyrate (Fig. 6.2C), which could suggest
that branched esters are less able to penetrate the membrane and/or pack between

lipid tails due to their increased steric bulk. Of course, those compounds that
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appeared to be non-toxic at 2 mM must be tested at higher concentrations to fully
understand their respective toxicities. Molecular dynamics simulations have also been
used to model diffusion of small molecules, including organic solvents, across
biological membranes (Bemporad and Essex, 2004; Awoonor-Williams and Rowley,
2016; Chipot and Comer, 2016) and could be useful in the future to shed light on the

movement of esters through model E. coli membranes.
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Chapter 7

Measuring cell viability and the metabolic burden
of RND efflux pumps using a luciferase-based
ATP assay
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7.1 Introduction

Luciferases are a diverse group of enzymes found in a range of both prokaryotic and
eukaryotic organisms that catalyse oxidation of a luciferin substrate to produce light
(Thorne et al., 2010; Close et al., 2012). Since the first luciferin gene was successfully
cloned (de Wet et al., 1987), the applications for these enzymes in the field of
biological research have been manifold including in hygiene and infection monitoring
(Kramer et al., 2008; Papon et al., 2014), in vivo imaging of tumours (Zinn et al., 2009;
Tiffen et al., 2010), drug susceptibility testing (Tenhami et al., 2001; Vocat et al., 2015),
DNA pyrosequencing (Ronaghi, 2001) and as a reporter of gene expression in both
prokaryotes and eukaryotes (Koncz et al., 1990; Lewenza et al., 2005; Thorne et al.,

2010). The typical reaction catalysed by luciferase enzymes is as follows:

ATP + D-Luciferin + O, » CO, + AMP + PPi + Oxyluciferin + hv (Hakilla et al., 2002)

Luciferase enzymes of eukaryotic origin invariably carry out ATP-dependent reactions,
generating a luminescence signal proportional to ATP concentration. ATP is present
in all living cells at a relatively constant concentration and degrades rapidly following
cell death (Karl, 1980; Webster et al., 1985), meaning ATP concentration and thus
luminescence signal is closely correlated to the number of viable cells in a given
sample (Hammes et al., 2010; Turner et al., 2010; Finger et al., 2012). Luciferase-
based assays have therefore been developed as rapid, high-throughput means of
quantifying cell viability. Additionally, since ATP synthesis is primarily driven by
movement of protons down their concentration gradient through ATP synthase

(Maloney et al., 1974), changes in cellular ATP concentration may be used to infer
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perturbation of the proton motive force (PMF) (Bergersen and Taylor, 1985; Farha et
al., 2013; Kurre et al., 2013).

A luciferase-based assay was investigated as an alternative to traditional
culture-based viability testing due to its dramatically reduced handling time and
reduced consumption of materials, making it preferable for use in a large-scale
industrial process where regular sampling is required. The BacTiter-Glo™ kit from
Promega is an all-in-one cell lysis and ATP quantification reagent, requiring just a 5
minute incubation at room temperature before automatic data acquisition in a plate
reader, compared to lengthy serial dilution, plating, overnight incubation and manual
counting of traditional plate count assays. A clear BMA dose-dependent decrease in
cell viability was observed with a concurrent decrease in cellular ATP concentration,
while time-course assays also demonstrated that BMA is able enter the cell and/or
membranes freely and elicits significant toxic effects within just one minute of
exposure. Expression of acrABtolC or mexCDoprJ provided significant protection
against BMA in all experiments, consistent with previous findings. Measurements of
cellular ATP concentration may also shed light on the metabolic implications of RND
efflux pump expression and function by providing evidence of changes in the proton
motive force. Throughout these experiments, a strong correlation between cell
viability and cellular ATP concentration was observed, suggesting that the ATP assay

is a suitable alternative to traditional culture-based viability testing.
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7.2 Measuring the effect of BMA on cell viability and cellular ATP

concentration

7.2.1 Measuring the effect of increasing BMA concentrations on cell viability

and cellular ATP concentration

In order to determine the toxicity limit of BMA, E. coli C43 AacrAB cells were exposed
to increasing concentrations of BMA for one hour and both cell viability and cellular
ATP concentration measured. In cells carrying the pBAD empty vector, a strong
correlation (r=0.96, p =<0.0001, Pearson correlation coefficient) between cell viability
and ATP concentration was observed (Fig. 7.1). Both cell viability counts and the ATP
assay gave an LDso value between 1.4-1.6 mM BMA (Fig. 7.1). Concentrations up to

and including 1.0 mM BMA appeared to be non-toxic to E. coli C43 AacrAB (Fig. 7.1).
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r=0.96, p =<0.0001

Relative cell viability/
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Figure 7.1. Measuring the effect of BMA on cell viability and cellular ATP
concentration. E. coli C43 AacrAB cells carrying the pBAD empty vector were
prepared to the same starting count as described in Section 2.5.1 then energised by
addition of 22 mM D-glucose. BMA was added at a range of concentrations to start
the assay. Samples were taken after one hour and both the cell viability and ATP
assays performed as described in Sections 2.5.1 and 2.5.2, respectively. All data are
normalised to an untreated control and represent the mean of three biological
replicates. Error bars show standard deviation and the Pearson correlation coefficient
(r) is also shown.
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Expression of acrABtolC from the pBAD-acrABtolCHisg plasmid conferred an increase
in tolerance to BMA as shown by both cell viability counts and the ATP assay, with no
significant change in viable count at BMA concentrations up to and including 1.6 mM,
although a decline in cellular ATP concentration was observed from a BMA
concentration of 1.4 mM (Fig. 7.2). An LDso between 1.8-2.0 mM BMA (Fig. 7.2), a
29% increase over cells carrying the pBAD empty vector, was observed both in
viability counts and the ATP assay. A strong correlation (r=0.85, p =0.001) between

cell viability and cellular ATP concentration was observed (Fig. 7.2).
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Figure 7.2. Measuring the effect of acrAB-tolC expression on cell viability and
cellular ATP concentration in cells treated with BMA. E. coli C43 AacrAB cells
carrying pBAD-acrABtolCHisg were prepared to the same starting count as described
in Section 2.5.1 then energised by addition of 22 mM D-glucose. BMA was added at
a range of concentrations to start the assay. Samples were taken after one hour and
both the cell viability and ATP assays performed as described in Sections 2.5.1 and
2.5.2, respectively. All data are normalised to an untreated control and represent the
mean of three biological replicates. Error bars show standard deviation and the
Pearson correlation coefficient (r) is also shown.
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7.2.2 Measuring the effect of BMA on cell viability and cellular ATP
concentration over time

To characterise further BMA toxicity and its rate of entry into the cell, timecourse
assays were performed in which measurements of cell viability and cellular ATP
concentration were performed over the BMA exposure period. Cells carrying the
pBAD empty vector suffered a 48% (£15 SD) decrease in cell viability after just one
minute of exposure to BMA (Fig. 7.3; Table 7.1). After ten minutes, cell viability had
decreased by 85% (+3 SD), then steadily decreased to a final reduction of 94% (2
SD) after 60 minutes (Fig. 7.3; Table 7.1). A strong correlation (r =0.92, p =0.0007)

between viability counts and cellular ATP concentration was observed (Fig. 7.3).
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Figure 7.3. Measuring the effect of BMA on cell viability and cellular ATP
concentration over time. E. coli C43 AacrAB cells carrying the pBAD empty vector
were prepared to the same starting count as described in Section 2.5.1 then energised
by addition of 22 mM D-glucose. BMA was added to a final concentration of 2 mM to
start the assay. Samples were taken at desired time points and both the cell viability
and ATP assays performed as described in Sections 2.5.1 and 2.5.2, respectively. All
data are normalised to an untreated control and represent the mean of three biological
replicates. Error bars show standard deviation and the Pearson correlation coefficient
(r) is also shown.
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Cells expressing acrABtolC from pBAD-acrABtoICHisg were protected from BMA
stress, with a mean 14% (10 SD) reduction in cell viability after one minute of
exposure to 2 mM BMA (Fig. 7.4; Table 7.1). After ten minutes, cell viability had
decreased by 48% (6 SD) and then remained stable, with a final reduction of 54%
(7 SD) (Fig. 7.4; Table 7.1). The ATP assay reflected this change in viability and a

very strong correlation was observed between the two data sets (r=0.99, p =<0.0001).
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Figure 7.4. Measuring the effect of acrAB-tolC expression on cell viability and
cellular ATP concentration in cells treated with BMA over time. E. coli C43
AacrAB cells carrying pBAD-acrABtolCHiss were prepared to the same starting count
as described in Section 2.5.1 then energised by addition of 22 mM D-glucose. BMA
was added to a final concentration of 2 mM to start the assay. Samples were taken at
desired time points and both the cell viability and ATP assays performed as described
in Sections 2.5.1 and 2.5.2, respectively. All data are normalised to an untreated
control and represent the mean of three biological replicates. Error bars show
standard deviation and the Pearson correlation coefficient (r) is also shown.

MexCD-OprJ was also able to provide significant protection against 2 mM BMA (Fig.
7.5; Table 7.1), although to a lesser extent than AcrAB-TolC (Fig. 7.4; Table 7.1),
consistent with previous viability assays (see Chapter Six). After ten minutes of

exposure to 2 mM BMA, cell viability had decreased by 68% (+3 SD) but then remained
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Figure 7.5. Measuring the effect of mexCDoprJ expression on cell viability and
cellular ATP concentration in cells treated with BMA over time. E. coli C43
AacrAB cells carrying pBAD-mexCDoprJHiss were prepared to the same starting count
as described in Section 2.5.1 then energised by addition of 22 mM D-glucose. BMA
was added to a final concentration of 2 mM to start the assay. Samples were taken at
desired time points and both the cell viability and ATP assays performed as described
in Sections 2.5.1 and 2.5.2, respectively. All data are normalised to an untreated
control and represent the mean of three biological replicates. Error bars show
standard deviation and the Pearson correlation coefficient (r) is also shown.

Table 7.1. The effect of efflux pump expression on the reduction in cell viability
over time of cells treated with 2 mM BMA. Values show the percentage reduction
in cell viability + standard deviation and are means of three biological replicates.
Samples with a statistically significant (unpaired t-test) increase in viability compared
to AacrAB cells are indicated as follows: * p=<0.05, **p=<0.01. NT — not tested.

Elapsed time (min)

Efflux pump 1 10 60
AacrAB 48 £15 85 13 94 12
AcrAB-TolC 14 £10* 48 +6** 54 +7 **
MexCD-Oprl] NT 68 +3* 64 £5 **
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stable, with a final mean reduction of 64% (£5 SD) after 60 minutes (Fig. 7.5; Table
7.1). A one minute time point was not sampled for this system owing to experimental
error. Once again, a strong correlation between viability counts and the ATP assay

was observed (r =0.94, p =0.001).

7.3 Discussion

Initial dose-response experiments demonstrated that expression of acrABtolC was
successful in enhancing tolerance to external BMA addition (Fig. 7.1; Fig. 7.2),
consistent with previous viability assays (see Chapter Six). In time course
experiments, AacrAB cells demonstrated a dramatic 47% (x15 SD) decrease in cell
viability after just one minute of exposure to BMA but were protected by expression of
either acrABtolC or mexCDoprdJ (Fig. 7.4; Fig. 7.5; Table 7.1). As discussed previously
(see Section 6.3), solvent toxicity appears to arise from rapid partitioning into the
hydrophobic environment of biological membranes where high local concentrations
accumulate, disrupting membrane structure and key membrane-associated biological
processes (Sikkema et al., 1995; Ramos et al., 2002; Eberlein et al., 2018; Dyrda et
al., 2019). This is supported by small-angle x-ray scattering experiments performed
at The University of Nottingham that demonstrated the accumulation of BMA between
lipid tail groups in model lipid systems (Yeh, unpublished), while there is currently no
evidence to suggest that BMA is able to enter the cytoplasm when added to the
external medium. These new data suggest that BMA enters the
periplasm/membranes freely and rapidly and that expression of RND pumps is an
effective means of expulsion, with both AcrAB-TolC and MexCD-Oprd conferring

significantly enhanced viability and ATP content throughout these experiments (Fig.
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7.2; Fig. 7.4; Fig. 7.5; Table 7.1). In a large-scale industrial process, continuous
product extraction using a two-phase system could be used to prevent cyclical re-entry
of BMA into the membranes/periplasm, minimising toxic effects while also simplifying

downstream processing (Malinowski, 2001; Luo and Lee, 2017).

Interestingly, in both dose-response and time course assays the observed
reduction in colony forming units (CFU) was greater than the reduction in cellular ATP
concentration in cells carrying the pBAD empty vector or pBAD-mexCDoprJHissg (Fig.
7.1; Fig. 7.3; Fig. 7.5). This could potentially indicate induction of cells into a viable
but nonculturable (VBNC) state, which has been widely reported in E. coli populations
exposed to antimicrobial compounds (Pinto et al., 2015; Bamford et al., 2017; Robben
et al., 2018; Kumar and Ghosh, 2019) and hydrophobic agents (Robben et al., 2018).
The VBNC state is a stress response by which cells reduce their metabolic activity and
enter a dormant, non-replicative state in order to evade stressors. VBNC state cells
cannot be cultured by typical techniques without resuscitation, although essential
cellular processes, such as ATP synthesis, are maintained. This has led to the
adoption of ATP assays in quantifying the proportion of VBNC state cells in microbial
populations (Lindback et al., 2010; Robben et al., 2018; Kumar and Ghosh, 2019;
Robben et al.,, 2019). The discrepancy between CFU counts and cellular ATP
concentration was not observed in cells expressing acrABtolC, which had the greatest
protective effect against BMA, could suggest that the protection provided by AcrAB-
TolC is sufficient to mitigate cell stress and prevent induction of the VBNC state when
exposed to up to 2.4 mM BMA (Fig. 7.2). Cells lacking the AcrAB-TolC pump
experience greater stress and thus may be more likely to enter a dormant state.

Further work is required to confirm if cells are indeed entering and are able to remain
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productive in a VBNC state, but this is an important consideration when scaling up the

BMA production process.

Alternatively, this discrepancy between the drop in CFU and cellular ATP
concentration may be a result of the metabolic cost of RND efflux. Since both ATP
synthase and RND efflux pumps catalyse transport of protons from the periplasm to
the cytoplasm in order to function (Zhang et al., 2017; Guo et al., 2019), it is possible
that continuous transport of BMA by AcrAB-TolC causes an accumulation of protons
in the cytoplasm. This would lead to an acidification of the cytoplasm and dissipation
of the PMF, reducing the rate of ATP synthesis and may explain the lower cellular ATP
concentrations observed in the presence of AcrAB-TolC (Fig. 7.2; Fig. 7.4).
Acidification of the cytoplasm has previously been reported in Pseudomonas
aeruginosa strains overproducing RND efflux pumps and was accompanied by an
increase in oxygen consumption, as well as up-regulation of the cbb3 terminal oxidase
gene (Olivares et al., 2014, Olivares-Pacheco et al., 2017). Similarly, work performed
in P. aeruginosa at The University of Strathclyde has suggested that co-expression of
the endogenous cbb3 gene along with an RND efflux pump results in higher levels of
tolerance to BMA than when the RND pump is expressed alone (El Bestawy,
unpublished). Cbb3 is an integral membrane protein and a terminal oxidase of the
respiratory chain, reducing oxygen to water and using the free energy generated to
pump protons from the cytoplasm to the periplasm (Huang et al., 2010). This pumping
of protons in the opposite direction to an RND efflux pump could help maintain the
PMF, fuelling further transport of BMA and preserving ATP synthesis. These studies
suggest that increased oxygen supply, such as that provided by the superior agitation
and aeration of an industrial scale reactor, could be sufficient to alleviate the fitness

costs of RND pump expression (Olivares et al., 2014; Olivares-Pacheco et al., 2017).
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Further experiments using an oxygen electrode to investigate oxygen consumption of
E. coli expressing RND pumps could help shed light on this and develop an

understanding of the fithess costs of RND pump expression.

However, a strong correlation between cell viability and cellular ATP content was
observed throughout all experiments, consistent with previous reports (Tenhami et al.,
2001; Kramer et al., 2008; Hammes et al., 2010; Turner et al., 2010; Finger et al.,
2012; Papon et al., 2014; Vocat et al., 2015). These data suggest that ATP assays
are a suitable surrogate for traditional culture-based measurements of cell viability,
which are resource- and labour-intensive and therefore unfavourable in a large-scale
production process where extensive sampling is required. Further experiments are
required to explore the effect of other efflux pumps, esters and ester concentrations in
addition to further time-resolved experiments. Ultilisation of the ATP assay described
here in the BMA production strain may help further our understanding of the effects of

BMA accumulation and export in the relevant biological context.
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Chapter 8

Conclusions and future work
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8.1 Conclusions

8.1.1 Cloning and expression of genes encoding bacterial efflux pumps

Bacterial efflux pumps of interest were identified using literature searches to focus on
those known to play a role in tolerance to organic solvents and other hydrophobic
agents (Table 3.1). Research performed at the University of Nottingham previously
identified up-regulation of genes encoding the AcrAB-TolC pump in response to BMA
stress in E. coli (Martins, unpublished), while P. aeruginosa transposon mutant
libraries generated at the University of Strathclyde demonstrated that disruption of the
mexABoprM or mexCDoprJ genes dramatically reduced tolerance to BMA (El
Bestawy, unpublished). These three efflux pumps therefore became the main focus
of the work presented here. Genes encoding bacterial efflux pumps belonging to the
RND, MFS, and ABC families were successfully amplified by PCR from genomic DNA
and assembled into pBAD and pGNTK expression vectors. Colony PCR was used to
identify positive clones, which were then confirmed to be error-free using Sanger
Sequencing. By using the water lysis method of membrane isolation combined with
SDS-PAGE and Western blotting to detect the inserted octahistidine tag, expression
tests performed in E. coli BL21 and/or E. coli C43 AacrAB host strains showed that all
cloned efflux pump genes were successfully expressed and protein localised to the

membranes.

8.1.2 Characterisation of Acel and its homologues

As the most recently described family of bacterial efflux pumps, the proteobacterial
antimicrobial compound efflux (PACE) family is still poorly characterised. Previous
work had suggested that polyamines, which have a number of physiological functions,

are the natural substrates of these efflux pumps. In the experiments presented here,
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cells expressing acel did not accumulate '“C-labelled cadaverine to significant levels,
while cells expressing the E15Q mutant or no additional efflux pump gene continued
to accumulate '#C-labelled cadaverine over the course of the assay. Similarly, eight
PACE homologues from a range of bacterial species were screened for their ability to
transport cadaverine, three of which also prevented accumulation of 'C-labelled
cadaverine, suggesting that this function is conserved to an extent across the PACE
family and polyamines are indeed the physiological substrates of these efflux pumps.
The Acel protein was purified and reconstituted into a proteoliposome system in which
a cadaverine-dependent acidification of the proteoliposome lumen was observed.
This combined with the observation that neutralisation of the conserved glutamate
residue at position 15 abolishes transport activity suggests that Acel transports
cadaverine in exchange for H* ions and is therefore a substrate/proton antiporter. Acel
served as a valuable model system for the study of bacterial efflux pumps and is also
relevant to the field of biotechnology as cadaverine is a monomer for production of

industrial polyamides.

8.1.3 Characterisation of bacterial efflux pumps using the fluorescent dye Nile
Red

Initial experiments intended to test the compatibility of Nile Red and BMA
demonstrated an unexpected use of this fluorescent dye. When BMA was added
above its solubility limit to a Nile Red solution, rapid partitioning of the lipophilic Nile
Red into the organic phase and a dramatic increase in fluorescence signal was
observed. Nile Red can therefore be used to test solubility of organic esters, to confirm
phase separation of product in lab scale fermentations and potentially to determine

where in the cell BMA accumulates upon external addition or internal production.
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The optimised Nile Red efflux assay proved useful in confirming that RND efflux
pumps cloned and expressed in E. coli laboratory strains remained functional, with
activity observed for AcrAB-TolC, MexAB-OprM and MexCD-OprJ when expressed
using either a psap or pgntk promoter system. Use of the E. coli C43 AacrAB host strain
was necessary to eliminate the extremely high background efflux activity of the native
AcrAB-TolC efflux pump; therefore this strain was used for all further experiments.
While initial assays appeared to show competitive transport of BMA and Nile Red via
the AcrAB-TolC efflux pump, this was later found to be a result of the additive effects
of toxic levels of protein overproduction and BMA toxicity and was abolished by
reducing gene expression levels. Unfortunately, measurement of competitive
transport could not be achieved. These experiments did however lead to the
development of a new acrAB-tolC expression vector that proved more appropriate for
assays of BMA tolerance and highlighted the importance of appropriate expression
levels.

No Nile Red efflux was observed in cells expressing any of the non-RND
pumps, strengthening the hypothesis that RND efflux pumps recruit hydrophobic
substrates from the periplasm, while non-RND pumps generally export cytoplasmic
substrates. This is relevant in the production strain, where internal production of BMA
may necessitate expression of a non-RND transporter to capture BMA from the

cytoplasm.

8.1.4 Assessing the effect of isobutyrate and methacrylate esters on cell viability
Traditional culture-based viability assays revealed much about the toxicity of BMA and
other organic esters. These assays clearly demonstrated the toxicity of

overproduction of membrane proteins, with cells overproducing the TolC protein
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demonstrating hypersusceptibility to BMA. Reducing the level of to/C expression was
successful in reversing this phenotype and the AcrAB-TolC efflux pump conferred a
30-fold (7 SD) increase in cell viability when exposed to 2 mM BMA, followed by
MexAB-OprM and MexCD-OprJ conferring 22-fold (x1 SD) and 10-fold (x4 SD)
increases, respectively (Table 6.1). Each of the RND efflux pumps was found to confer
significantly enhanced tolerance to all toxic esters (Table 6.1).

Viability assays also identified a number of esters with reduced toxicity
compared to BMA that may make suitable alternative target products with a reduced
toxicity limitation. Despite it being widely reported that logPow correlates closely with
the toxicity of organic solvents, no such relationship was observed with the esters
tested here. However, branched esters did appear to be significantly less toxic than
unbranched esters, perhaps due to their increased steric bulk and therefore hindered
penetration of membranes.

Expression of non-RND transporters often reduced tolerance to the organic
esters, likely due to toxic levels of protein production as observed with TolC,
suggesting that optimisation of expression levels is still needed. Unfortunately, the
pgntk promoter system intended to solve this issue had very poor reproducibility and
led to anomalous cell counts, meaning appropriate expression levels will need to be
tested and determined empirically for each efflux pump in future work. Of these non-
RND transporters, EmrD and MdtM provided moderate protection against BMA, PIB,
PMA and HMA, suggesting that these transporters either show specificity for these
esters or that these esters are able to penetrate the inner membrane to reach the
cytoplasm, where these pumps can capture them. Regardless, these assays highlight

the importance of testing the effect of efflux pump expression in the BMA production
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strain, as internal production is likely to have very different effects on the cell and will

allow the non-RND pumps to be tested in a more biologically relevant context.

8.1.5 Measuring cell viability and the metabolic burden of RND efflux pumps
using a luciferase-based ATP assay
Measurement of cellular ATP concentration was explored as an alternative to
resource- and labour-intensive culture-based viability measurements. Dose-response
assays showed that expression of either acrAB-tolC or mexCD-oprJ was effective in
significantly increasing the LDsp of BMA. Time course assays showed that BMA
toxicity occurs quickly resulting in dramatic loss of viability after just one minute of
exposure, likely due to rapid partitioning of BMA into biological membranes. However,
expression of either acrAB-tolC or mexCD-oprJ significantly slowed the loss of viability
and dramatically reduced the overall reduction in cell viability and ATP content.
Interestingly, cells not expressing RND pump genes showed consistently
higher cellular ATP concentrations relative to their viable count than those expressing
pump genes. This could indicate the metabolic burden of expression and continuous
function of RND pumps, which derive their energy from the proton-motive force and
thus could lead to reduced ATP synthase function, or could suggest that cells lacking
the protective effect of RND efflux may enter a viable but non-culturable state as a
stress response. Throughout all experiments, a very strong correlation between cell
viability and cellular ATP concentration was observed, suggesting that measurement

of ATP may be a suitable time and cost saving alternative to culture-based techniques.
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8.2 Future work

8.2.1 ATP assays

Unfortunately, due to COVID-19 laboratory closures, work on the ATP assays was not
completed. Future experiments should focus on screening the effect of all of the
cloned efflux pumps on the cellular response to organic ester stress using both dose-
response and time course assays. It was clear from viability assays that expression
of the inner membrane proteins was generally toxic to E. coli and resulted in increased
sensitivity to a number of the organic esters tested. As the pgni promoter system
proved unsuitable, further work should be performed to determine empirically
appropriate expression levels for each gene before continuing with viability and ATP
assays with these pumps. Further dose-response and time course experiments with
a range of efflux pumps and esters should shed light on the cellular response to
organic ester stress and the metabolic burden of bacterial efflux pumps in the

production strain.

8.2.2 Determining the effect of efflux pumps on internal production of BMA

Until recently, changes in the production strain could only be characterised by running
lab-scale fermentation experiments, which were resource-, time- and labour-intensive,
as well as very low throughput. However, the recent development of an agar plate-
based method allows visualisation of organic ester production with much greater
throughput, while also being cheap, fast and requiring just basic microbiological skills.
Cells are grown overnight on a filter membrane placed on LB agar, allowing all
colonies to be quickly transferred to a biotransformation medium (Fig. 8.1). This
biotransformation medium contains ketoisovalerate and butanol, which serve as

precursors for BMA synthesis through the second half of the production pathway (see
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Section 1.5.3), as well as a photoactivated fluorescent probe. Following a one hour
BMA production period on this biotransformation medium, the membrane on which the
colonies have grown is once again removed and the medium is exposed to UV light to

activate the probe, which then forms a highly fluorescent adduct with BMA (Fig. 8.1).

Transfer filter to Remove filter and UV
biotransformation irradiate to activate
Colonies grown on 0.22 um Incubate 1 hour for BMA Visualise spots of BMA production
filter on LB agar production
B Control plate

Lawn of BMA-producing colonies Screening variant libraries

Figure 8.1. Plate-based method for quantifying BMA production. Cells are first
grown on LB agar overnight on top of a 0.22 pM filter to allow for simple transfer of
colonies, then transferred onto a biotransformation medium containing BMA
precursors and a photoactivated fluorescent probe. Following a one hour production
period, the membrane is removed and the probe activated using UV light. The probe
then reacts with BMA to form a highly fluorescent adduct that can be visualised under
UV light. An overview of the protocol is shown (A) as well as example control plates
showing low, mid and high-level producers, a plate with a lawn of BMA-producing
colonies and a plate used to screen variant libraries for high-producing individual
colonies (B).
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This allows colonies with increased BMA production to be identified and then picked
from the membrane for further characterisation. It is hoped that by expressing both
the production pathway and an efflux pump of interest in E. coli, this plate-based assay
can be used to identify those pumps that are able to export BMA, therefore resulting
in greater extracellular yields. Strains carrying both the production pathway and each
of the cloned efflux pumps have already been constructed, although COVID-19
laboratory closures have prevented this work. These experiments would therefore be
a top priority in the future in order to characterise the effect of efflux pump expression
in the production strain, which is particularly important for the non-RND transporters.
As discussed previously, transport of internally produced BMA may require an inner
membrane efflux pump to transport from the cytoplasm to the periplasm, followed by
an RND pump for full extrusion from the cell. As such, following optimisation of
expression, non-RND pumps should be screened both alone and in combination with
an RND pump using this method to determine if there is a synergistic effect on BMA

tolerance and therefore production.

8.2.3 Ligand binding assays

Assays of ligand binding to purified protein can be valuable in determining the
affinity of transport proteins for a substrate and in further characterising protein-ligand
interactions. As such, both AcrA and AcrB have been successfully purified for future
study as the interaction between these proteins appears to play a vital role in ligand
binding and protein function (Zgurskaya and Nikaido, 1999) (Fig. 8.2).

Intrinsic tryptophan fluorescence of proteins can be exploited to identify
conformational changes in proteins induced by ligand binding. Tryptophan residues

are selectively excited using a wavelength of 295 nm and addition of a ligand to which
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Figure 8.3 Purification of AcrA and AcrB. SDS-PAGE (A) and Western blot (B) of
AcrA purification and SDS-PAGE (C) and Western blot (D) of AcrB purification. SDS-
PAGE analysis of the final concentrated proteins is shown in (E). Membranes were
prepared as described in Section 2.6.3 from cells carrying the pBAD-acrAHisg or
pET24aacrBHises plasmid, which were grown and harvested as described in Section
2.2.6. SDS-PAGE and Western blotting analysis were performed as described in
Section 2.6.1 using HisProbe-HRP to identify His-tagged proteins. Purification
procedures are described in Section 2.6.6.2. Lanes designated ‘MW’ were loaded
with a molecular weight marker and purification gels show the insoluble (IS) and
unbound (UB) fractions. Protein molecular weights shown were calculated from the
relevant protein sequence using Benchling Biology Software.

183



the purified protein of interest binds will induce conformational changes, resulting in
changes in the local environment of those tryptophan residues and therefore a
fluorescence change (Vivian and Callis, 2001; Akbar et al., 2016). Titration of organic
esters could therefore be used to characterise transporter binding kinetics and
understand the affinity of different efflux pumps for these substrates.

Another fluorescence-based assay uses the fluorescent dye 7-diethylamino-3-
(4-maleimidophenyl)-4-methylcoumarin (CPM). By subjecting the protein of interest
to increasing temperatures, the protein denatures to reveal buried cysteine residues
with which the CPM dye reacts resulting in increased fluorescence (Alexandrov et al.,
2008). These data can be used to determine a melting temperature (Tm) of the
protein. In the presence of a binding ligand however, proteins are generally stabilised
and will therefore have an increased Tm. This assay has however been the subject
of debate as it yields a very narrow range of melting temperatures for diverse proteins
that are not consistent with Tms determined by alternative methods (Wang et al.,
2015). This is thought to result from nonspecific interaction of the CPM dye with
hydrophobic regions of proteins, raising questions around its use in the study of
membrane proteins. This assay was tested with purified AcrAB, as described in
Section 2.7.1, but addition of BMA up to a concentration of 3 mM appeared to result
in a moderate destabilising effect (data not shown), perhaps due to the interaction of
BMA with the hydrophobic DDM micelle core causing destabilisation of the solubilised
protein. Further work is needed to determine if this assay is suitable for characterising
binding of BMA to detergent-solubilised membrane transport proteins, but its ease of
use and use of standard laboratory equipment makes it an appealing method.

Alternatively, circular dichroism (CD) monitors the differential absorption of left

and right circularly polarised light to reveal information about the secondary structure
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of a protein (Siligardi et al., 2014). For example, an inner membrane transporter is
primarily alpha helical, which will yield a characteristic CD trace. By performing a
temperature ramp on the protein of interest, the loss of secondary structure can be
monitored in real time and used to determine a protein melting temperature. As
mentioned previously, the presence of a binding ligand generally has a stabilising
effect on proteins and therefore binding of a substrate, such as BMA, should result in

an increased Tm.

8.2.4 Structural studies of efflux pumps

The efficacy of AcrAB-TolC in enhancing tolerance to BMA and other organic esters
has also led to structural investigation of the interaction between AcrB and BMA.
Cryogenic electron microscopy (cryo-EM) carried out at The University of Leeds by
the Meunch group used AcrB purified in styrene-maleic acid copolymer (SMA) in the
presence of butyl 2-(bromomethyl)acrylate in the hope of identifying a BMA binding
site. In the presence of this brominated BMA analogue, non-structural density was
observed in the periplasmic binding pocket of AcrB that is not present in the published
AcrB structure (Fig. 8.3). Initial in silico docking experiments suggest that this density
is significantly larger than the BMA analogue but this could be due to movement of the
substrate between multiple binding sites within the same substrate binding pocket,
which has been reported for AcrB substrates previously (Nakashima et al., 2011).
Regardless, further rounds of purification and data acquisition are required in order to
increase the resolution of the cryo-EM images and hopefully identify a BMA binding

site.
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Figure 8.3. Identification of non-structural density in the AcrB periplasmic
binding pocket. View of the AcrB functional trimer in the presence of butyl 2-
(bromomethyl)acrylate (A) and a detailed view of the non-structural density observed
in the substrate binding pocket at an average resolution of 4.6 A (B), compared to the
same site in the published AcrB structure (no substrate bound) at an average
resolution of 3.2 A (C) (PDB code 6BAJ, Qiu et al., 2018). A red circle marks the
location of the non-structural density. Structures are aligned with the AcrB crystal
structure, shown in green (PDB code 4C48, Du et al., 2014). Data analysed by Rachel
Johnson, University of Leeds, Leeds, UK (2019).
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8.2.5 Directed mutagenesis

Successful identification of a BMA binding site would also allow for directed
mutagenesis of AcrB to enhance transport of BMA and other organic esters.
Mutagenesis has previously been used to generate AcrB variants with up to 47% and
400% improved efflux of n-octane and a-pinene, respectively (Foo and Leong, 2013),
and E. coli strains tolerating 25% higher exogenous n-butanol concentrations than
those expressing wild-type AcrB (Fisher et al., 2014). Mutagenesis could therefore be
used to enhance transport of BMA while also minimising unwanted transport of

pathway intermediates.

8.2.6 Measuring accumulation of radiolabelled BMA

Measurements of the transport of radiolabelled substrates are extremely valuable, as
demonstrated by the assays performed in this study on the PACE family proteins (see
Chapter Four). Rather than monitoring the movement of a surrogate fluorescent
substrate, transport of any given compound can be measured directly if it is
synthesised with a radiolabel, commonly #C or 3H. Although '*C-BMA has been
synthesised for these purposes, BMA is volatile, adsorbs to filter membranes,
dissolves common laboratory plastics and partitions readily into cell membranes,
making measurements of uptake/efflux with this radiolabelled substrate incredibly
difficult. Further work should focus on optimising assays of '“C-labelled BMA transport
as, although much development is required, these assays would be invaluable in

developing our understanding of BMA transport.
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8.2.7 Cloning more genes encoding bacterial efflux pumps

Although this work largely focused on three systems, AcrAB-TolC, MexAB-OprM and
MexCD-OprJ, there are a number of naturally solvent tolerant and/or solventogenic
bacteria such as Pseudomonas putida and Alkanivorax borkumensis that represent a
rich pool of promising solvent efflux pumps that is as yet unexplored (see Table 3.1).
For example, solvent tolerance in P. putida has previously been attributed to a number
of RND efflux systems, including TtgABC, TtgDEF, TtgGHI and SrpABC (Rojas et al.,
2001; Kieboom et al., 1998), while A. borkumensis possesses a range of RND efflux
systems of the hydrophobe/amphiphile efflux-1 (HAE-1) family (Dunlop et al., 2011).
We have shown here that heterologous RND efflux pumps cannot only be cloned and
expressed in E. coli, but also retain their efflux activity and can indeed confer
enhanced tolerance to BMA. It is therefore worthwhile exploring a more diverse
selection of efflux pumps from a broader range of bacterial species in the hope of
identifying other pumps that are effective in exporting BMA and other organic esters

from the cell.

8.3 The future of sustainable polymers
While producing plastics and other polymers from renewable feedstocks provides
obvious benefits such as improved sustainability and a reduced environmental impact,
as well as economic benefits by reducing reliance on the volatile crude oil market,
plastic pollution remains a major global issue. It is estimated that eight million tonnes
of plastic waste enter the oceans each year, where they cause severe damage to
ecosystems and both disrupt and contaminate food chains that we rely on (UKRI,
2020). While recycling of plastics has become commonplace, current recycling

methods require large inputs of energy and virgin polymer, while also yielding
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materials of lower quality and value (Hopewell et al., 2009). Similarly, many
biodegradable polymer alternatives are of lower quality than traditional polymers and
struggle to match the characteristics required of these materials, such as optical clarity
and mechanical strength (Reddy et al., 2003; Thakur et al., 2018; El-malek et al.,
2020). The cost of producing ‘biopolymers’ remains relatively high compared to
traditional materials due to high research and development costs, small scale of
production and higher product recovery costs (Thakur et al., 2018; El-malek et al.,
2020). Itis therefore important that development of these technologies continues and
that these approaches be used together in order to improve the sustainability of the
plastics industry.

Recent efforts have focused on the use of cheaper alternative feedstocks, such
as agricultural and food waste, in the hopes of reducing the production costs of
biological and biodegradable polymers (Ten and Vermerris, 2013; Isikgor and Becer,
2015; Tsang et al., 2019). Another approach has been the investigation of novel
degradation and recycling of traditional polymers, such as the discovery and
engineering of enzymes responsible for the degradation of polyethylene terephthalate
(PET) (Palm et al., 2019; Knott et al., 2020; Tournier et al., 2020) and even the
discovery of waxworms that are able to consume and digest high density polyethylene
(HDPE) (Yang et al., 2014; Bombelli et al., 2017; Kundungal et al., 2019). Each of
these technologies face multiple hurdles before they can truly replace current
manufacturing and waste management practices, but by combining these approaches
to create and dispose of polymers in more sustainable, responsible ways, significant

progress can be made in reducing the impact that polymers have on the planet.
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8.4 Concluding remarks
Significant progress has been made in the characterisation of Acel and other members
of the PACE family of bacterial membrane transport proteins. The work presented
here adds to existing evidence that short chain diamines, such as cadaverine, are in
fact the physiological substrates of the PACE family efflux pumps and that these
proteins function as substrate/proton antiporters.

The major focus of this research was the identification and characterisation of
bacterial efflux pumps able to confer enhanced tolerance to butyl methacrylate, an
acrylic polymer precursor. Three RND efflux pumps, AcrAB-TolC of E. coli as well as
MexAB-OprM and MexCD-OprJ of P. aeruginosa, were found to confer significantly
enhanced tolerance to BMA and a range of other organic esters, demonstrating their
potential applications in an ester production strain. Future work should focus on
producing these efflux systems in the BMA production strain, both alone and in
combination with non-RND transporters, to determine if these pumps increase
production of BMA. The MFS transporters MdtM and EmrD conferred enhanced
tolerance to a subset of the esters tested and may be a good starting point for future
experiments. Increased production and therefore greater yields of BMA will result in
a more economically viable, sustainable route to renewable acrylic monomers from
simple sugars. This will ultimately contribute to reducing reliance on crude oil and its
derivatives in this industry, thus dramatically reducing the environmental impact of the
manufacture of acrylic polymers. This research therefore aligns with ‘Kaiteki’, a core
philosophy of our sponsors at Mitsubishi Chemicals, which refers to ‘the sustainable
well-being of people, society and our planet Earth’ (Mitsubishi Chemical Holdings

Corporation, 2020).
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Appendix A - DNA sequences of cloned genes confirmed by Sanger
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gcggtagage
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aaacgcaacc
cgccaggcgce
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gttaactcgc
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atcagtagca
atggaagcgg
acgttgtaca
ctgaatatta
gcgctgagca
aatgctattg
gcacgcacta
gaaaaataga
agcttggctg
cagaagcggt
ccccatgceccg
tgcgagagta
ccttgcggcec
actggctctt
gcgggaccaa
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gattagcgga
tttttgggct
tttacgcctc
gacaaacagg
actgaacctc
gaagttcgtc
atcgaagcag
agtgcgaaag
aatcgttatc
ctggctgatg
gcgcggatca
tcgaacgtga
cagcaacttg
aaacaggaac
atcaccagtg
gttgatcaga
ctgctgccgg
ttagtcccge
ggcgcggatyg
tggctggtga
gtgcgtcctg
gcaagcggtyg
gcctaatttc
ggcagggggyg
ggcagtaacg
gacacaggtt
cagtgactcc
tatcgcgcag
agttcagcag

aattgctccc
agaacctgat
ccgccgatcecg
agctaggttt
actctaacgc
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acgttctttc
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atagcggttc
agaacaaagt
aggtgaaaca
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ttaacgccta
gctactcggt
acgccaagca
aatcagctct
aaccggtttc
ctgatggtta
ccaccagtaa
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tttggcggat
ctgataaaac
aactcagaag
gggaactgcc
gcaaaccaat
ctcgctaacc
agccatgaca
ttatttgcac
tcctacctga
aacaggagga
tggcggtegt
cccaacaagg
tgcagatcac
ctcaagttag
gtgtctctct
gtgatctggc
agaaactgct
cgcaacaggc
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cggaaggcgce
atccgatcta
tggcgaatgg
acggcattaa
ccactgggtc
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gtgtccaggt
ctcagcctga
tttatcgatc
ctggcgatcc
atctccgcecct
atcgaacaga
acgggtaccg
gttcaggtgc
caaggggtga
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cattcttatc
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agcccggceac
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tttcagcctg
tggcggcagt
tagcgccgat
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ccccgcettat
acaaaagtgt
tttgctatgce
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gggtacctct
tcaggcagct
atgcccgcecg
ccgggtcgca
ctgaagcgta
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tacatcagta
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acccagtcca
caagagaacg
gacggtacgc
cgcgctatct
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ccgcgtggcg
atcgttgcaa
gatcgcgtag
gaagttaccg
tcttaactta
tgcgtgggtyg
ggtggcgcaa
cgctgatgcg
tatcgataac
cctgaccttt
gcagctggceg
atcatccagc
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tttctgggtt
gccttagtaa
ttaatgaagc
gcaacggcta
taactcaatc
cagggattca
ccgcttattt
aagcgatcta
tcaccgacgt
cacgtaataa
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tggcgataag
gctgcagaaa
ccagcaagcc
gttaagacat
tcatcatgtt
ttgcaccgcc
aggacacggt
tgtcctctaa
ctgatgcgga
tgccgcaaga
tggttgtcgg
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cgttatcaac
tatgaaagat
gtacgcgatg
tgatgtcatt
tacgccgccg
ctctactgaa
gctgcgtgac
taacggccaa
taccgctgcg
gaaaattgtt
taaaacgctg
cttccgecgeg
cgtccttgcec
catcggcctg
ggaagaaggt
tctggtcggt
ttctactggt
ggtactggtyg
caaaggcgat
gaagagcacg
cctggtgctg
ctccttecttg
tgcaacgcag
agaaaagaac
tcagaatacc
aaacaaagtt
gatggttttc
ctttgagctg
gttgcttgca
ggaagatacc
ttctatcaac
ctttatcgac
gctgccggat
ctcggcgttc
cctgccatcc
ggagctgatg
gatgtcctat
gattgtcgtg
tatgctggtc
gaccaatgac
cgcgatcctt
tgaagcgacg
gtttatcctc
cgcagtaggt
cgttccggta
gcacagccat

Hiss

atgcctagga
agcttagccc
gccgttggeg
cgcaccagtg
cgtaatttca
gcgacctatc
gccaatatcg
agtaagcaag
gcggcgaaag
ccgattagcg
caggcgactg
tccagcaacg
aacggcaaag
acgctggaat
atcttcccga
gaagggctta
ggcgatgcca
gcaagccagg

accgatggca
gccatcagcc
cgtatctgga
accgccatca
gtgaaaggcc
gagttcggca
gtcgcgaaga
ccggctteccg
gcaatccgtg
tacccatacg
gtcgaagcga
acgttgattc
gcctttggcet
ttggtggatg
ttgccgccaa
atcgcgatgg
gctatctatc
gcgttgatcc
cacggggaag
caccactaca
tatctgatca
ccagatgagg
gaacgtacac
aacgttgagt
ggtattgcgt
gaagcgatta
gcctttaacc
attgaccagg
gaagcagcga
ccgcagttta
gacattaaca
cgcggtcgtg
gatatcggcg
tcctettecte
atggaaatct
gaacaactgg
caggaacgtc
ttcctgtgte
gttccgctgg
gtttacttcc
atcgtcgaat
cttgatgcgg
ggcgttatgc
accggtgtaa
ttctttgtgg
actgtcgatc

acaaaaacag
taacaggatg
tagtaacagt
cctaccggat
aagaaggtag
aggcgacata
cgcaattgac
agtacgatca
ctgccgttga
gtcgcattgg
cgctggcaac
acttcctgceg
ccaaagtgtc
tctctgacgt
acccggatca
atccaaacgc
ccgtactggt
ctattggcga

ccatgacgca
gtacgtcggg
tgaacccgaa
aagcgcagaa
aacagcttaa
aaatcctgct
ttgagctggg
gtctggggat
ctgaactggc
acaccacgcc
tcatcctcgt
cgaccattgc
tctcgataaa
acgccatcgt
aagaagctac
tactgtcggc
gtcagttctc
tgactccagc
gtaaaaaagg
ccgacagcgt
tcgtggtegg
accagggcgt
agaaagtgct
cggtgttcgce
tcgtttcctt
ccatgcgtgc
tgcccgcaat
ctggccttgg
agcaccctga
agattgatat
ccactctggg
tgaagaaagt
actggtatgt
gttgggagta
taggccaggc
cgagcaaact
tctccggcaa
tggcggcgcet
gggttatcgg
aggtaggcct
tcgccaaaga
tgcggatgcg
cgctggttat
tgggcgggat
tggttcgccg
atcatcacca

agggtttacg
tgacgacaaa
caaaactgaa
cgcagaagtt
cgacatcgaa
cgacagtgcg
ggtgaatcgt
ggctctggct
aactgcgcgg
taagtcgaac
cgtgcagcaa
cctgaaacag
actgatcacc
taccgttgat
cactctgctg
tattttagtc
agttggcgceg
taagtggctg

ggaggatatc
cgtgggtgat
tgagctgaac
cgcccaggtt
cgcctctatt
gaaagtgaat
tggtgagaac
caagctggcg
gaagatggaa
gttcgtgaaa
gttcctggtt
cgtaccggtg
cacgctaaca
tgtggtagaa
ccgtaagtcg
ggtattcgta
tattaccatt
tctttgtgcecce
cttcttcgge
aggcggtatt
catggcctat
gtttatgacc
caatgaggta
cgttaacggc
gaaggactgg
aacacgcgct
cgtggaactg
tcacgaaaaa
tatgttgacc
cgaccaggaa
cgctgcatgg
ttatgtcatg
tcgtgctgcet
cggttcgccg
ggcaccgggt
gcctaccggt
ccaggcacct
gtacgagagc
tgcgttgctg
gctcacaacc
cttgatggat
tttacgtccg
cagtactggt
ggtgaccgca
ccgctttage
ccatcaccat

cctctggcgg
caggcccaac
cctctgcaga
cgtcctcaag
gcaggtgtct
aaaggtgatc
tatcagaaac
gatgcgcaac
atcaatctgg
gtgacggaag
cttgatccga
gaactggcga
agtgacggca
cagaccactg
ccgggtatgt
ccgcaacagg
gatgacaaag
gtgacagaag
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tccgactacg
gttcagttgt
aaattccagc
gcggcgggte
attgctcaga
caggatggtt
tacgacatca
accggtgcaa
ccgttcttcec
atctctattc
atgtatctgt
gtattgctcg
atgttcggga
aacgttgagc
atggggcaga
ccgatggcct
gtttcagcaa
accatgctga
tggtttaacc
ctgcgcagta
ctgttcgtgc
atggttcagc
acgcattact
ttcggctttg
gccgatcgtce
ttctcgcaaa
ggtactgcaa
ctgactcagg
agcgtacgtc
aaagcgcagg
ggcggcagcet
tcagaagcga
gatggtcaga
cgtctggaac
aaaagtaccg
gttggctatg
tcactgtacg
tggtcgattc
gctgccacct
attgggttgt
aaagaaggta
atcctgatga
gctggttccg
acggtactgg
cgcaagaatg
cattaa

tcgttctgat
aaggtggcca
tcacaaccga
ttagcgggat
ctctctatca
tggcgaaagc
tgctcggtac
aggcgaatgc
cttacaccaa
gcgcattggt
tctacgttga
atggcacgct
ttaagttccc
ggtctatcac
tcgtgcgcge
gcgtaacccg
tggaaacccg
gtctgaaagc

tggcggcgaa
tcggttcaca
taacgccggt
agctcggtgg
cgcgtctgac
cccgcegtgcet
tcgcagagtt
acgcgctgga
cgtcgggtct
acgaagtggt
tcctgcagaa
ggacctttgc
tggtgctcgce
gtgttatggc
ttcagggcgce
tctttggcgg
tggcgctgtc
aaccgattgc
gcatgttcga
cggggcgtta
gtctgccaag
tgccagcagg
atctgaccaa
cgggacgtgg
cgggcgaaga
tcaaagatgc
ccggctttga
cgcgtaacca
caaacggtct
cgctgggtgt
atgtgaacga
aataccgtat
tggtgccatt
gttacaacgg
gtgaagcaat
actggacggg
cgatttcgtt
cgttctccgt
tccgtggcect
cggcgaagaa
aaggtctgat
cctcgctgge
gcgcgcagaa
caatcttctt
aagatatcga

gctctcaggce
gcagatgccc
gcttccgggt
tatcctgaag
gattgatcct
ccaggctgca
tcagtacatc
tgcggtaact
agtcacctct
acagaacggt
tgtgacccag
gaaacaagag
gcaggacggt
cctacgcgct
acgtctggaa
tacgccgcgt
tccgatcgtt
aggcgatcgc



1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161l
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861
4921
4981
5041
5101

gtagtaataa
accgctgata
cttaaacagg
ggtgatcgcc
gcaatatcct
tgcgaaaaca
taacctgatg
ctttgagtct
ggcgatgccg
cagcagcttc
tatctccgac
tgatgttcag
gaacaaattc
ggttgcggceg
tattattgct
gaatcaggat
gaactacgac
ggcgaccggt
ggaaccgttc
gaaaatctct
ggttatgtat
ggtggtattyg
aacaatgttc
agaaaacgtt
gtcgatgggg
cgtaccgatg
cattgtttca
tgccaccatg
cggctggttt
tattctgcgce
ctatctgttc
gaccatggtt
ggtaacgcat
cggcttcgge
ctgggccgat
cgctttctcg
actgggtact
aaaactgact
gaccagcgta
ggaaaaagcg
atggggcggce
catgtcagaa
tgctgatggt
gccgcgtcectg
gggtaaaagt
cggtgttgge
accttcactg
gagctggtcg
gctggctgcecce
aaccattggg
ggataaagaa
tccgatcctg
tggtgctggt
cgcaacggta
tagccgcaag
gaagaaattg
ggccgagaac
gtctgccgece
gccacagcta
catcaactct
gaaatggcgt
gaccgatcag
tattgacgtt
aaccacccaa
acagtacgat
agagcagctg
aaactttaaa
caacctgtcg

gtgggctgca
ataaccagca
agccgttaag
attatcatca
acgattgcac
gtgcaggaca
tacatgtcct
ggtactgatg
ttgctgccge
ctgatggttg
tacgtggcgg
ttgttcggtt
cagctaacgc
ggtcagctcg
cagacgcgtc
ggttcccgeg
atcatcgcag
gcaaacgcgc
ttccecgtcecgg
attcacgaag
ctgttcctgce
ctcgggacct
gggatggtgce
gagcgtgtta
cagattcagg
gccttcectttg
gcaatggcgc
ctgaaaccga
aaccgcatgt
agtacggggce
gtgcgtctgce
cagctgccag
tactatctga
tttgcgggac
cgtccgggceg
caaatcaaag
gcaaccggct
caggcgcgta
cgtccaaacg
caggcgctgg
agctatgtga
gcgaaatacc
cagatggtgc
gaacgttaca
accggtgaag
tatgactgga
tacgcgattt
attccgttct
accttccgtg
ttgtcggcga
ggtaaaggtc
atgacctcgce
tccggcgcege
ctggcaatct
aatgaagata
ctccccatte
ctgatgcaag
gatcgtgatg
ggtttaggtg
aacgcgacca
gcgttaacgce
caaaccttga
ctttcctata
cgttttaacg
accgtgctgg
cgccagatca
accgacaaac
ctgttacagg

gaaagtgcgt
agccgcaagce
acatgcctaa
tgttggcagg
cgccggcagt
cggtgacaca
ctaacagtga
cggatatcgc
aagaagttca
tcggcgttat
cgaatatgaa
cacagtacgc
cggttgatgt
gtggtacgcc
tgacctctac
tgctgctgcg
agtttaacgg
tggataccgc
gtctgaaaat
tggttaaaac
agaacttccg
ttgccgtcct
tcgccatcgg
tggcggaaga
gcgctctggt
gcggttctac
tgtcggtact
ttgccaaagg
tcgagaagag
gttacctggt
caagctcctt
caggtgcaac
ccaaagaaaa
gtggtcagaa
aagaaaacaa
atgcgatggt
ttgactttga
accagttgct
gtctggaaga
gtgtttctat
acgactttat
gtatgctgcc
cattctcggc
acggcctgcecc
caatggagct
cggggatgtce
cgttgattgt
ccgttatgcect
gcctgaccaa
agaacgcgat
tgattgaagc
tggcgtttat
agaacgcagt
tcttcgttcc
tcgagcacag
ttatcggcct
tttatcagca
ctgcctttga
cagattacac
gtgcgtcctt
tgcaggaaaa
tcctcaacac
cacaggcaca
tgggcctggt
cgaacgaagt
ccggtaacta
cacagccggt
cacgcttgag

cctggtgtcc
ggtgctcagc
tttctttatc
ggggctggcg
aacgatctcc
ggttatcgaa
ctccacgggt
gcaggttcag
gcagcaaggg
caacaccgat
agatgccatc
gatgcgtatc
cattaccgcc
gccggtgaaa
tgaagagttc
tgacgtcgcg
ccaaccggct
tgcggcaatc
tgtttaccca
gctggtcgaa
cgcgacgttg
tgccgecettt
cctgttggtg
aggtttgccg
cggtatcgcg
tggtgctatc
ggtggcgttyg
cgatcacggg
cacgcaccac
gctgtatctg
cttgccagat
gcaggaacgt
gaacaacgtt
taccggtatt
agttgaagcg
tttcgececttt
gctgattgac
tgcagaagca
taccccgcag
caacgacatt
cgaccgcggt
ggatgatatc
gttctcctct
atccatggaa
gatggaacaa
ctatcaggaa
cgtgttcctg
ggtcgttccg
tgacgtttac
ccttatcgtc
gacgcttgat
cctcggegtt
aggtaccggt
ggtattcttt
ccatactgtc
gagcctttct
agcacgcctt
aaaaattaat
ctatagcaac
gcagttaact
agcagcaggg
cgcgaccgct
aaaagaagcg
agcgatcacc
gaccgcacgt
ctatccggaa
taacgcgctg
ccaggacctg

195

aggtaaaagc
ctgaacagtc
gatcgcccga
atcctcaaac
gcctcctacc
cagaatatga
accgtgcaga
gtgcagaaca
gtgagcgttg
ggcaccatga
agccgtacgt
tggatgaacc
atcaaagcgc
ggccaacagc
ggcaaaatcc
aagattgagc
tccggtctgg
cgtgctgaac
tacgacacca
gcgatcatcc
attccgacca
ggcttctcga
gatgacgcca
ccaaaagaag
atggtactgt
tatcgtcagt
atcctgactc
gaaggtaaaa
tacaccgaca
atcatcgtgg
gaggaccagg
acacagaaag
gagtcggtgt
gcgttcgttt
attaccatgc
aacctgcccg
caggctggcc
gcgaagcacc
tttaagattg
aacaccactc
cgtgtgaaga
ggcgactggt
tctcgttggg
atcttaggcc
ctggcgagca
cgtctctccg
tgtctggcgg
ctgggggtta
ttccaggtag
gaattcgcca
gcggtgegga
atgccgctgg
gtaatgggcg
gtggtggttc
gatcatcatt
gggttcagtt
agtaacccgg
gaagcgcgca
ggctaccgcg
caatccattt
attcaggacg
tatttcaacg
atctaccgtc
gacgtgcaga
aataaccttg
ctggctgcgc
ctgaaagaag
gcgcgcgagce

acaagaagtt
caagtcttaa
tttttgcgtg
tgccggtggce
ccggcgctga
acggtatcga
tcaccctgac
aactgcagct
agaaatcatc
cgcaggagga
cgggcgtggg
cgaatgagct
agaacgccca
ttaacgcctc
tgctgaaagt
tgggtggtga
ggatcaagct
tggcgaagat
cgccgttegt
tcgtgttcct
ttgccgtacc
taaacacgct
tcgttgtggt
ctacccgtaa
cggcggtatt
tctctattac
cagctctttg
aaggcttctt
gcgtaggcegg
tcggcatggce
gcgtgtttat
tgctcaatga
tcgccgttaa
ccttgaagga
gtgcaacacg
caatcgtgga
ttggtcacga
ctgatatgtt
atatcgacca
tgggcgcetge
aagtttatgt
atgttcgtgce
agtacggttc
aggcggcacc
aactgcctac
gcaaccaggc
cgctgtacga
tcggtgcgtt
gcctgctcac
aagacttgat
tgcgtttacg
ttatcagtac
ggatggtgac
gccgccgcett
gagagctcat
cgttgagcca
aattgcgtaa
gtccattact
acgcgaacgg
ttgatatgtc
tcacgtatca
tgttgaatgc
aattagatca
acgcccgege
ataacgcggt
tgaatgtcga
ccgaaaaacg
aaattcgcca



5161
5221
5281
5341
5401
5461
5521
5581
5641
5701
5761
5821
5881

ggcgcaggat
ctcttatagc
gggccagaac
ctcgcaggtg
ccatcgtagc
tagcattaac
agcgggctac
gtacaacgcc
tattaagtca
gagcaaaccg
tattgctgat
cactaccacc
ccatcaccat

mexAB-oprMHisg
1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161l
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001

atgcctagcecc
tcggcccttt
gggatcgtga
aatgcgttcc
ttcaaggaag
tacgaggccg
cgctacaagc
gccgcectacc
aaggtgctgt
gtgaccaacg
gacgtcaccc
ttggagcgcg
tacccgctgg
gtcaccatcc
cacgcgcagt
acccgcgacc
ctgcgggtga
aacgccggcg
aagaccgtgc
accgacagca
attttcgcgt
ctgccggtca
ccgggcgcect
aacgggatcg
atcaccgtga
aagctgcaac
accaaggcgg
accaaggaag
aagggcgtcg
ccggccaagc
cagaacgtgc
ctcaacgcca
ctgctcaagg
ctgggcggcece
gcgatcaagc
atcgccaacc
accccggtgg
ctcgtgttcc
atcgccgtac
atcaacaccc
atcgtggtgg
gcggcgcegcea
tcggcggtat
ttctccatca
ccggcgcetcet
ggcggcttct
ggcgtggegt
gccgggatga
ggcgtactgt
gtggtggact
ttcaccgtga

ggtcacttac
ggttcgaaaa
aaagttggcc
aaacaggcac
gtcgtgcaga
gcctacaaac
tcggtcggta
aagcaagagc
gctctgggta
gtttccacta
ggttatgcgc
agtaacggtc
caccatcacc

aacgaacgcc
ccgggtgegg
ccctggaagce
gcatcgccga
gcagcgacgt
actaccagag
tgctggtcgce
tgcagtccaa
cgccgatctce
gccaggccaa
agccgtccac
ccggcgacaa
aaggtcgcct
gcgccgtgtt
tgcaggaagg
tcaagggcca
tcaaggccga
acaagatcat
cggcgaagaa
agggctgatc
gggtgatcge
accagtaccc
cggccgagac
acaatctgcg
ccttcgaaca
tggccacccc
tgaagaactt
acctgtcgaa
gtgacttcca
tgaacagcta
agatttcctc
ccatcatcgg
tcaatcccga
aggactacag
tggccaccgg
tggaaccgtt
tctcggectce
tggtgatgta
cggtggtgct
tgaccatgtt
tggagaacgt
agtccatggg
tcctgceccgat
ccatcgtgtc
gcgcgaccat
tcggctggtt
cgatcctcaa
tctggatgtt
tcgcccaggt
cgatgcgcga
ccggcttcaa

cgactctgga
cccgtggtge
tgagcttctc
agtacaactt
ccgtgcegttce
aagccgtagt
cgcgtaccat
tggcgaatgc
cgttgaacga
atccggaaaa
ctgatagccc
ataacccttt
attaa

agccatgcgt
aaaaagcgag
gcagacggtyg
ggtgcgtccc
caaggccggg
cgcccaggcce
cgaccaggcc
ggcggcggtyg
cggccgcatc
cgcgatggcecc
cgccctgcetg
cgcggcgaag
cgaattctcc
ccccaacccg
cgtcaagcag
ggctaccgcg
ccgggtgatc
taccgaaggc
tgtcgcgtcc
aaggggattc
cttggtgatc
ggccatcgcc
ggtgcaggac
ctacatctcc
gggcaccgac
gctactgccg
cctcatggtg
ctacatcgtt
ggtgttcgge
ccagctgacc
cggccagctc
caagacccgc
cggttcccag
catcaacgcg
cgccaacgcg
catgccgcag
gatccatgag
cctgttcctg
gctggggacc
cggcatggtyg
cgagcgggtyg
ccagatccag
ggcgttcttce
ggccatggcc
gctcaagccg
caaccggatg
gcatcgcgcg
cacccgcatt
acagaccccg
atacctgctg
cttcgccgge

tttaacggct
cgctggtacc
gctgccgatt
tgtcggtgcecc
ctccttcaac
ttccgctcaa
tgttgatgtg
gcgttataac
gcaggatctg
cgttgcaccg
ggcaccagtc
ccgtaaccct

gtactggttc
gcgccgecgce
accctgaata
caggtgaacg
cagcagctct
aacctggctt
gtgagcaagc
gagcaggcgce
ggccgttceg
accgtgcaac
cgcctgcgcece
gtctccctga
gaggtttccg
aacaacgagc
aaggccatcc
ctggtggtga
ggcgacaagt
ctgcagttcg
gcgcagaagg
gtaatgtcga
atgctcgcgg
ccgceccggceca
accgtggtcc
tcggagagta
cccgacatcg
caggaagtgc
gtcggtgtgg
tccaacatcc
tcgcagtact
ccecggcgacg
ggcggcttge
ctgcagaccg
gtgcgcctga
cagttcaacg
ctggataccg
ggcatgaagg
gtagtgaaga
cagaacttcc
ttcggcgtge
ctggccatcg
atggccgagg
ggcgcgctgg
ggcggctcca
ctctcggtga
atcgagaaag
ttcctttcca
ccgtacctgce
cccaccgcegt
ccgggctcca
gagaaggaaa
cgcggccaga
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tctaccggga
cagtatgacg
tatcagggcg
agcgagcaac
aacattaatg
agctcattag
ttggatgcga
tacctgatta
ctggcactga
caaacgccgg
gttcagcaaa
gcaggcggtce

cggccctgcet
cggcgcaaac
ccgagctgcecc
gcatcatcct
accagatcga
cgacccagga
agcagtacgc
ggatcaacct
cggtgaccga
agctcgaccc
gcgaactggc
agctggagga
tcgacgaagg
tgctgcccgg
tcgctccgcea
acgcgcagaa
ggctggttac
tgcagccggg
ccgacgccgce
agtttttcat
gcggcctgtce
tcgccgtgceca
aggtgatcga
actccgacgg
cccaggtcca
agcgccaggg
tttccaccga
aggacccact
cgatgcgcat
tgagcagcgc
cggcggtcaa
cggagcaatt
aggacgtcgc
gcagcccggce
ccaaggcgat
tggtctaccc
ccctcggcga
gcgccacgct
tcgccgegtt
gcttgctggt
aaggcctgtc
tcggtatcgce
ccggggtgat
tcgtggcgcet
gcgaccatgg
ccacccacgg
tgatctacgt
tcctcecececcga
gtgccgageg
gctcttcggt
gttcgggcat

tttctgacac
atagcaatat
gaatggttaa
tggaaagtgc
catctatcag
acgcgatgga
ccaccacgtt
atcagctgaa
acaatgcgcect
aacagaatgc
catccgcacg
gtggcagcca

ggtcgcgatt
gccggaggte
gggccggacc
caagcgcctg
ccececgcecacce
acaggcccag
cgacgccaat
gcgctacacc
aggcgccctg
gatctacgtc
cagcggccag
cggtagccaa
caccggctcg
catgttcgtt
gcaaggcgtyg
caaggtcgag
cgaaggcctg
tgtcgaggtyg
tccggcgaaa
tgataggccc
gatcctcagt
ggtgagctac
gcagcagatg
cagcatgacc
ggtgcagaac
gatccgggtyg
cggcagcatg
ctcgcggacc
ctggctcgac
gatccaggcg
gggccagcag
cgagaacatc
cgatgtaggc
gtccggtatc
ccgccagacce
gtacgacacc
ggcgatcctc
gatcccgacc
cggcttctcg
ggacgacgcc
gccaagggag
catggtgctc
ctaccggcag
gatcctcacc
cgagcacaag
ctacgagcgg
ggtgatcgtyg
cgaggaccag
tacccaggtg
cagctcggtg
ggcgttcatc



3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861
4921
4981
5041
5101
5161
5221
5281
5341
5401
5461
5521
5581
5641
5701
5761

mexCD-o
1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021

atgctcaagc
cgcgcgcaga
tcggtactgg
gtcggccacg
ccggcgctge
atcgacgacg
tccatcgcect
gtctacctgc
gtgcgcaacg
tacggttcgc
ccggecgeccg
ttgccgaaag
tcgcaggcgce
ctgtacgaaa
ggtgcgctge
ctgttgacga
gagctgcacg
ctgcggccga
tccaccggcg
gtcactgcga
ctgttcaagg
acggtccttc
cgactaccag
gcagaacacc
cgacccgcag
cgccgcgctg
cccgcggatce
caccggcagt
actcgatctc
gaccgaacag
cctgacgctg
ccagaagagt
cctgcgccag
cctggtagcecc
cctgccgcaa
gtcggacctg
caacgccagc
cgccggcacce
gttccagccg
ctacgcgaag
gttccaggaa
gcagcgcgat
cacgggggtg
gcagcaactg
cctcggcggce
tccccaggcet

prdHisg
atgcctagcg
ttggcgggtt
gaggtcctga
gaaccggtgc
ttcgaggagg
ctgaaggctg
gaggcgcagg
caggacttcg
caggccgacc
tccgggcegcea
acgctgatgg
gccgaggcecce
caggcgctga
gccgacgtgg
ccecgacgggg
aaccaggcga
gtgatggtgg
cagggttcgc

cctgggaaga
tgcacttctt
aactgggtaa
aagtcctgct
aacgcgtgcg
agaaggccag
ggggttccag
agggcaggcec
acaagggcga
cgaagctgga
gcctgagttce
gcgttggcta
cggcgctgta
gctggtcgat
tggcgacgtc
ccatcggcct
agcagggcaa
tcgtgatgac
ccggeteggg
ccgtcctgge
acgaggcgtc
ctttccctgg
cgccccgagg
ggcgcggcgg
ttgcagcaac
aacgtcgagg
ggcgtggacg
ccggcgattt
ttcggccgece
gcgcagcgca
aaggccgacc
ttcgacctga
gcgcagaccg
caggaccaga
ggcctgggcec
ctgcaacggc
atcggcgccg
atgagccgcec
tcgatcaacc
atccagaagg
gtcgccgacg
ctggtcaagg
gacaactacc
atcaccgacc
ggctggaacc
catgcaggcg

ctgatttgcg
gtgggccgge
cggtgcaggce
gggtcgccga
gcgccgacgt
cggtgtcgeg
cgcgggtgceg
ataccgccac
tggagaccgc
tcggccgcege
cgcgcatcca
tgcgcctgeg
ccctgcgegt
cggtggatcg
tcctgctgece
tcctggtgcece
tgggcgecga
gctggcagat

gcgtcccggt
cagcttcaag
cgccaccggce
ccaggcgcgce
ccccaacggce
cgccctcggce
ctacgtcaac
ggacgcgcgg
gatggtgccg
gcgctacaat
cggtgacgcc
ctcctggacc
tgcgctgtcg
tccgttcecteg
catgcgcggc
gtcggcgaag
gggcatcgtc
ctccctggceg
cagccagcat
gatcttctgg
caagcagcag
cggtagccgce
cgccggtagce
ccgttccgge
tgatcggcgt
ccttccggge
gtagcggcac
ccagccagta
tgcgcagcecct
gcgcgcagac
aggcgcagtt
cccagcgcag
ccgtggaagg
atgcgctggt
tggaccagac
gcccggacat
cgcgcgcggce
aactgtccgg
tgccgatctt
acatcaacgt
gcctggccgce
ccagcgacga
tgaccctgct
gcctcaatca
agcagaccgt
gtcgtggcag

tgcaatagga
ggaagagcga
cgagcccctg
ggtgcgegeg
caaggctggc
cgccgagggt
tcgctacgag
cgccgacctg
gcgcctgaac
gctggtgacc
gcagctcgat
cgacgccctg
cgaagggacg
cggcaccggc
gggcatgtac
gcaacgggcc
cgagcgcgcc
caccgagggc

ggcgagaaca
gacgcgatgg
ttcgacctgt
aacaagttcc
atgagcgacg
gtgtcccttg
gatttcatcg
atgaacccgg
ttcaacgcct
ggcgtgeegg
atggcggcegg
ggcctgtcct
ctgctggtgg
gtgatgctgg
ctgtccaacg
aacgccattc
gaggcggcca
ttcatccteg
gcgatcggta
gtaccgctgt
gcgtccgteg
tgtcgttctg
cgcggcctac
cgccgacatc
ggcgctggaa
gcagtaccgc
ccgccagcegt
cggggtgacc
gcgcgaccag
caccctggtg
gcagctgacc
ctacgacgtc
cgcccgcegceg
cctgctgctg
cctgctgacc
cctcgaggcecc
gttcttcceg
cctgttcgac
caccgccggce
cgcgcagtac
gcgcggtacc
gtactaccag
cgacgcgcaa
gctgaccagc
gacccagcag
ccaccatcac

aggatcgggg
caggaggccg
gcgctgagtt
cgggtggccg
gacctgctgt
gagctggcge
ccgctggtga
cgcagcgccg
ctcggctacg
gagggcgcgce
ccgatctatg
aagaaaggca
ccctacgagce
cagatcgccc
gtgcgcgtac
gtgcaccgct
gagtcgcgca
ctggagccgg

197

gcgtgttcga
tgttcgeccectt
tcctccagga
tcatgctcgce
aaccgcagta
ccgacatcaa
accgtggccg
acgacctgag
tcgccaccgg
cgatggagat
tcgaggagat
acgaggagcg
tgttcctctg
tggtgccgtt
acgtgttctt
tcatcgtgga
tcgaagcctg
gcgtggtccc
ccggcgtgat
tctacgtggc
aaaaggggca
tccggectgcet
ccgcaagggc
ggctggcgeg
aacaaccgcg
atccagcggg
ttgccgggeg
ctgggcacta
gccctggagce
gccagcegtygg
aaggacaccc
ggcgtcgcect
accctggcgce
ggctccggga
gaagtgccgg
gagcaccagc
agcatcagcc
gccggttegg
agcctgcecgtg
gagaaggcga
ttcaccgagc
ctcgccgaca
cgctcgctgt
gaggtcaacc
cagaccgcga
catcaccatc

cgttggctat
ccgaaatggt
cggaactgcc
gcatcgtcgt
tccagatcga
ggaaccgcgce
agatccaggc
aggcggcgac
cctcggtcac
tggtcgggcea
cggatttcac
ccttggceccge
gccagggcege
tgcgcggcaa
gtacgcccca
ccagcgacgg
gcgtcggtac
gtgaccgggt

actggccaag
cgcgceccgcecg
ccaggcgggt
cgcgcagaac
caagctggag
cagcaccgtg
ggtcaagcgg
caagtggtac
caagtgggaa
cctcggcgag
cgtcaagcaa
cttgtccggce
cctggcggcecc
gggcgtgatc
ccaggtgggce
gttcgccaag
ccgcatgcegt
gctggcgatc
cggcggcatg
ggtcagcacg
atgatatgaa
cgctgatccc
aggcctacgg
agttcttccg
acctgcgggt
ccgacctgtt
acctgtcgac
ccgcctggga
agtacctggc
cgaccgccta
tgggcaccta
ccgcgctcga
agtacacccg
tcccggcgaa
cgggtctgcc
tcatggctgce
tgaccgccaa
gttcctggtt
ccagcctgga
tccagacggce
agttgcaggc
agcgctatcg
tcaccgcgceca
tgtacaaggc
agaaggaaga
accattaa

ggccatcgcg
gttgccggtyg
tgggcggatce
gcggaagcgce
tccggcaccg
ggtgctgttc
ggtcagccag
ccgctcggcec
tgcgccgatc
gggcgaggcyg
ccagaccgcg
cggcgacagc
gttgcagttc
gttcgccaac
gggcatcgac
cagcgcccag
cggcgtcatg
catagtcggc



1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161l
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861
4921
4981
5041
5101

ggcctggcetyg
caagcccagt
tccgaattct
gccggcecctge
cagatcacca
accagtgtgc
aacaactcca
ctggcccagg
gtgctgaccc
ctcagctaca
cgcaatatca
tccgaggegg
atcgacgacg
ggcagcgcac
ctggacgatc
gtccggcecteg
cgactgaacg
atccagaccg
gacatgcagt
gtgatccaca
cagaacgtcc
ctgatggtga
ctggcgatcg
atggcggagg
ggcgccatcg
gccggttegg
ttctccggcet
attcccgaag
cgcgtcaccg
atgctggtgt
gccttcgtge
gcttcgcgeg
gaggcggtygg
gccgcgctgg
gccgccgaga
gccgtgtcgce
atggaccgta
gagatccaga
caactgcgcc
atcagcggca
gggcgccaac
gtgctcgagc
agcgtgaaat
cgcatcgtcg
cgcctggect
gagaaggtct
ctgttgctgg
ccgatcggcg
tatttcaagg
gtcgagttcg
gccgcgegcec
atacccctgg
gtgatcggcg
gtctggctgce
ggggagtgaa
ccctcggcege
gctggagegg
gtttcatcgt
cgctgcgcca
ccgaccgggt
acctgtccgce
cggagtacga
agtacctggc
gccaggccta
tggtcagccg
ccgcgctgga
gcaacctgcg
atgccgcgceca

cggtgcagcc
cacctgcgcc
tcatcaagcg
tggtcatttc
tcaccgccac
tcgaggagtc
acggcaccgc
tggacgtgca
agggcctgca
aggaaggcgce
acaacgagct
ccatgcgggt
tgagcaatgc
cgggcagttc
cgcaggagtt
ccgatgtcgce
gcacgcccac
ctaccctggt
acagcgtgcecc
ccctgatcga
gctacaccct
tgtacctgct
gcatcctggt
aggggatttc
tcggcatcac
tgggggtgat
tcctcecgecect
ggcaccacga
agcgctattc
acgccggcct
cggcggaaga
tgcgcaccga
cttcggtgtt
ccttcccaac
tcgccgeget
cgccaccgat
gcggggtegg
ccaacccgaa
tgttgatcga
cgctgtccge
agcgggtggt
tatacgtgcc
gggaagaggg
gtgacgccgce
cgcagctgcc
ccgceccgggca
tggcgctcta
ccatcggcgce
tcggcctgat
ccaaggaact
tgcgcttcecg
ccctggccag
ggatgctcag
tgtcgctgcet
cgagatgcgc
ctgctccatg
cgccgccgcece
cgatgccgaa
gaccctcctg
tccgggectg
cggcaatcgc
actggacctc
cagcgaggag
cctgagctac
cgagtattcc
ctaccaggaa
gcagaaacag
ggcgattccg

gggggtgaag
gcaacagtaa
gccgaacttc
caaattgccg
ctatcccggce
gctgaacggc
cgagatcgtc
gaaccgcctg
ggtcgagcag
tcagcgcagc
gcggcgectyg
ctggatcgat
catccgcggg
cgcgcaggag
cggccaggta
gcgcctggaa
cgtgggcggg
gaaacagcgt
ctacgacacc
agcgatggtc
gatcccgtcc
ggggttctcg
ggacgacgcc
cccggecgag
cctggtgctc
ctaccagcag
gaccttcacc
gaagcgcggce
gctgctcaac
ggtggccatg
cctcggctac
tgccaccggc
cctgatctcg
cttcaaggac
gaacgagcat
caacggtctg
ccgcgaagcg
attcctttac
ccgggagaag
tgccttcgge
gatccaggcc
taacgctgct
accggtgcaa
gcccggcecttce
ggccggcatc
ggccaccagce
cgagagctgg
ggtgctegeg
caccatcatc
ctgggagcag
gccgatcatc
cggtgcecgge
cgccaccttc
gcgcagcaag
aaacctgctt
gcgccgacct
cagcgccagg
ctacgccgcec
gatatcgagg
aatgccgctg
tcggaagtgg
ttcggtcggg
gcagcgcgceg
gacggcgcecce
ttcgccctga
gcccttggece
caggcattca
cggagtccgg

atcgtgccga
gggcgggtte
gcctgggtygg
gtagcgcagt
gcctcggcga
gccaagggcc
gtcaccttcg
aagaaagccg
accagcgcecg
gacaccaccg
ccgggegteg
ccgcagaagc
cagaacgtgc
ctgacggcga
gtgctgcgeg
ctcggcaagg
gctatccagce
ctcgccgaac
tcgcgcectteg
ctggtgttcc
atcgtggtgce
gtgaacatga
atcgtggtgg
gccacggtca
tcggcggtgt
ttctcggtgt
ccggcgcetgt
ttcttcggeg
tcgaagctgg
ctcggctact
atggtggtcg
gaggagctcg
ggcttcagct
tggtccgagce
ttcgcgctge
ggtaactccg
ctgctgcagg
gcgatgatgg
gcccgtgcecce
tcggaggtga
gaacagggca
ggcaacctgg
ttggtgcgcect
agtaccggcg
ggctacgagt
ctgttcgccc
tcgatcccge
gtgatggtca
ggtctttcgg
gggcatagcc
atgacttcca
gcggcgagcc
ctcggcgtgce
ccggcaccca
tcggcgtatc
acgaacgtcc
gcgcggcgat
tggtggacat
cggcccgcgce
ccaccggcaa
ccagcagcta
tcaagagcct
cggcacggat
tgcggcgcect
tcgaccagcg
tggtggagca
acgcgctggt
ggcagcggcc
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agccggatgg
gccccgagga
tggccctgtt
accccaatgt
aggtgctggt
tgctctactt
agccgggcac
aggcgcgcat
gtttcctgct
ccctcggcga
gcaagctgca
tggtgggcett
aggtgccggce
ccctggecggt
ccaacgagga
agagctacaa
tgtcgcccgg
tgtcggcgtt
tcgacgtggc
tggtgatgtt
cggtgtgcct
tgaccatgtt
tggagaacgt
aggcgatgaa
tcctgeccget
cgctggeggt
gcgccacgct
ccttcaaccg
tggcgcgcgce
tctacctgcg
acgtgcaact
agcgcttcct
tctccggcecca
gaggcgccga
ccgacgatgg
gcggcttcgce
ctcgcgatac
aaggactggc
tgggggtgag
tcaacgactt
accggatgac
taccgctcag
ataacggcta
aagccatggc
ggaccggcct
tcgccatcct
tgtcggtgat
gcggtatgtc
cgaagaacgc
tgcgcgacgc
tggcgttcat
agcgtgccat
tgttcgtacc
tcgaacaggc
ggcgctgetyg
cgccgegecg
cgacacgctg
ggccctggat
gcagtaccga
ccgccagcgg
ccaggtcggg
gaccgacgca
cgccctggtce
ggcgctgacc
ccgcgcggcece
ggcgcgcegcec
gttgctgctg
gaagctgctg

tgcccaggcg
ttttccgatg
catctccctg
cgcgccgcca
ggactccgtc
cgagtcgacc
cgatccggac
gccgcaggcyg
gatctatgcg
ctacgccgcg
attcttctct
cggcctctcece
cggcgcctte
gaagggcacc
cggctcgctg
catttcctcg
ggccaacgcg
cttccccgag
catcgagaag
cctgttcctg
gctgggtacg
cggcatggtc
cgagcggatc
gcaggtatcc
ggctttcatg
ctcgatcctg
gctcaagccc
tggcttcgcecce
cggacgcttc
cctgccggaa
gccgcectgge
caagtcccgce
gggcgacaat
gcagtcggcecc
cacggtcatg
attgcgcctg
tcttcttgge
cgaagcgccg
cttcgagacc
caccaatgcg
cccggaaagc
cgccttegtce
cccgtcgatc
ggaaatggag
gtcctatcag
ggtggtgttce
gctgatcgtg
caacgacgtg
gatcctcatc
cgccatcgag
cctcggecgtg
cggcaccgga
tatctgtttc
cgcttcggcecc
atcgccctga
gtggccgaca
gattggaaga
aacaaccgct
atccagcgcg
cagccggccg
ctggccctge
gccctgcaac
gccgaggtca
cgtcagaccc
ggcgccgceca
gagcaggagce
ggtagcgacg
caggacatcg



5161
5221
5281
5341
5401
5461
5521
5581
5641
5701
5761

emrABtol
1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161l
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001
3061
3121

ctcccggcecac
gtttgcggge
gcctgaccgg
cgcgctcecctg
gtgccaacct
ccatccagac
gcgaagagaa
aggcacgcta
gcttcctcaa
acctgttccg

gcggcaggag

CHiss
atgcctaggt
gtaaaagaag
aaagccaaaa
aagcagttgc
tacaaccgcc
gcccgcgacyg
gccaatcagg
gccaccgaag
accggttatg
ctgatggcgg
attgccaata
gtgaaataca
cttccagcgce
atcgaactgg
gtgagcgtca
ccggtagegg
gatatcgtaa
gctggaaggce
ggtgctggac
atcgctcagce
cccgcttacc
catcgccttt
cttcttccge
attgctgaat
ggtgattgtc
ctggggctgg
gcaaactctg
ggcactgctg
ggactggttt
cttcctgatt
gtcgcgcaac
cgctattgtt
aggtttggcc
cttcgcgcat
ctgcttctac
gccgcagttt
gctgtctggt
aacgctggcg
gatgcaccat
gtacagtcaa
gcagatcacc
gatattcctc
cggcggaggce
gagcctttct
agcacgcctt
aaaaattaat
ctatagcaac
gcagttaact
agcagcaggg
cgcgaccgct
aaaagaagcg
agcgatcacc
gaccgcacgt

gccgtceccgag
gcgcaacgcg
cagcttcggce
gagcttcctg
gagcctggcecc
cgctttccge
ggccctgcge
cgagagtggc
cgagatcgcc
cgcgctcggce
tcatgcaggc

ctcaggtgtc
gcgacgtgct
ctgcactggc
aggcgaatat
gtgtgccgcet
ccgtcaccag
cgatgattct
tacgtaacgc
tctccecgeceg
tcgttccagce
tgcgtatcgg
ccggtaaagt
aaaatgcgac
accagaaaca
ataccactaa
taagcaccgc
aagctaacgc
gcgcaactgg
tccaccattg
cagggaacgt
ggctggctgg
gctattgcgt
gtgattcagg
aactacccgc
gcgccaattt
atattcttca
cgcggacgtg
gttattggta
tcatcacagg
gtctgggagce
ttcaccatcg
ctgctgccge
tctgcgccgg
aaactggata
tggcgtgcct
atccaggggt
ttgccaccgg
gggtctatcg
gcgcagttga
ctggaagggc
aatcaggggc
gtcctgctgg
ggtgcgcact
gggttcagtt
agtaacccgg
gaagcgcgca
ggctaccgcg
caatccattt
attcaggacg
tatttcaacg
atctaccgtc
gacgtgcaga
aataaccttg

ctgatcgagc
gatatcggcg
acctccagcg
ccgacgttga
gaggcgcgcea
gaggtcgecg
gccctggcga
gtcgacaacc
ttcatcgacg
ggaggctggg
ggtcgtggca

tggcagcgtyg
ggtcactctc
ttccagcgtt
tgaggtgcag
gggcaatgcc
tgcccaggceg
ggggactaaa
ctggctggceg
cgcggtacag
caccaatatg
tcagccggtc
ggttggtctyg
cggtaactgg
gctggagcaa
ccgtgacggt
gcgtgaaatc
tggctaatcc
tcattatgac
ctaacgtggc
gggtaatcac
caaagcgcgt
cgtgggcgtyg
ggattgtcgc
cagccaaacg
gcggcccgat
tcaacgtgcc
aaacccgcac
tcggcagcct
aaattatcat
tgaccgacga
gctgcttgtg
agttgttgca
tagggattat
tgcggcggcet
atacctttga
ttgcggtgge
aacgactggc
gcacgtcgat
ctgagtcggt
ttgggatgac
tgattatttc
ggctggtgtyg
aagagctcat
cgttgagcca
aattgcgtaa
gtccattact
acgcgaacgg
ttgatatgtc
tcacgtatca
tgttgaatgc
aattagatca
acgcccgcge
ataacgcggt

gacgtccgga
cggcgcgcgce
cggaaatgtc
cgctgccgat
aggattcggc
acgccctggce
acagcagcaa
acctgcgcta
gcagcaccca
acgagggacg
gccaccatca

acgaaagtct
gacccgacag
cgccaaaccc
aaaatcgccc
aacctgattg
caactggacg
ctggaagatc
ctggagcgta
cctggggege
tgggtggatyg
actatcacca
gatatgggca
atcaaagtcg
tatccgctgce
caggtactgg
agcctggcac
agaggtgcgt
gattgcgctg
gatccccact
ttctttcggg
cggggaagtg
tggtgtctcc
cgggccgttg
ctcgatcgcg
cctcggecggt
gattggcgtyg
cgaacggcgg
gcagattatg
ccttaccgtg
taacccgata
tatcagcctc
ggaggtctac
tccggtgatce
ggtaaccttc
accaggtatg
ctgcttcttt
ggcggcatcg
aaccacgacc
aaacccgttc
gcaacagcag
cgccaatgag
gtttgctaaa
gaagaaattg
ggccgagaac
gtctgccgcece
gccacagcta
catcaactct
gaaatggcgt
gaccgatcag
tattgacgtt
aaccacccaa
acagtacgat
agagcagctg
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catccttgcc
ggcgttcttce
cggcctgttce
cttcgatggc
ggtggccgece
ggccagcgat
cgaagccctg
cctcgatgcg
gcggcagatc
gagcctggtyg
ccatcaccat

gggccgataa
atgctcgcca
accagctgat
tcgcgaaagc
gtcgcgaaga
tcgcgattca
agccagccgt
ctcgtattat
aaattagccc
ccaactttaa
cggatattta
caggtagcgc
ttcagcgtct
gtatcggttt
caaataaagt
ctgtcaataa
gtgatgcaac
tcactggcga
atcgccggga
gtggcgaatg
aaactgttcc
agcagcctga
atcccgettt
ctggcgttgt
tatatcagcg
gcggtggtgt
cggattgatg
ctcgaccgcg
gtggcggtygg
gtcgatctgt
gcgtatatgc
ggttacacgg
ctgtcgccga
agctttatta
gattttggcg
atgccgctga
agcctctcta
atgtggacca
aacccgaatg
gcatcaggct
atcttctgga
ccgccatttg
ctccccattce
ctgatgcaag
gatcgtgatg
ggtttaggtg
aacgcgacca
gcgttaacgc
caaaccttga
ctttcctata
cgttttaacg
accgtgctgg
cgccagatca

gccgaacatc
ccgcgcatca
gatggcggct
gggcgcaacc
tacgagggga
accctgcgtce
aagctggcca
cagcgcagca
gccctggtceg
gtacatcgag
caccattaa

caccgatttt
ggcgtttgaa
gattaacagc
acaaagcgac
gctgcaacac
acaatacaat
gcaacaggct
cagtccgatg
aacgacgccg
agagacgcag
cggcgatgat
gttctcactg
gcctgtgcgt
gtccacgctg
acgttccact
actgatcgac
agcaaaaacc
cattcatgca
atctgggctc
ccatctcgat
tttggtccac
atatgctgat
cgcaaagtct
ggtcgatgac
ataattacca
tgatgacact
ccgtggggcet
gtaaagagct
tggctatctg
cgttgtttaa
tctacttcgg
cgacctgggc
ttatcggccg
tgtatgccgt
cgtcggcecctg
ccaccattac
actttacgcg
accgcgagtc
cccaggcgat
ggattgccca
tgtcagccgg
gcgcaggtgg
ttatcggcct
tttatcagca
ctgcctttga
cagattacac
gtgcgtcctt
tgcaggaaaa
tcctcaacac
cacaggcaca
tgggcctggt
cgaacgaagt
ccggtaacta
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ctatccggaa
taacgcgctg
ccaggacctg
tttaacggct
cgctggtacc
gctgccgatt
tgtcggtgcc
ctccttcaac
ttccgctcaa
tgttgatgtg
gcgttataac
gcaggatctg
cgttgcaccg
ggcaccagtc
ccgtaaccct

atgcctagca
gtcggtcaga
aacgtccgtg
tcacagctgt
ggaatgtcca
ttgattgccg
actttaccgc
atggggattc
tggaactggc
atggcccgcet
agttataaaa
ggtctggccg
gggctgagca
ggcgcatggt
atctgctgcc
gtctggacgc
ctggcgacca
gtcggcggte
caaaccggtc
tgctggctgce
cgtggcagcc

atgcctagcecc
tcgccgtgge
gaagtcagtg
ctgccgttga
gccgggctac
cagttgcgta
caacccgtcg
tacgttaccg
gcgatgttca
ctggtggtaa
tatttggcgg
cagtttcgtc
atggcgagga
ttttcatcgce
attgaagtgg
atcgaactga
tttgaactga
ggcaccatcg
aacattaatc
ggcaaaagca
cgccttgatg
atggtgcagc
cgggatatct
gcgcgtagca

ctggctgcgce
ctgaaagaag
gcgcgcgagce
tctaccggga
cagtatgacg
tatcagggcg
agcgagcaac
aacattaatg
agctcattag
ttggatgcga
tacctgatta
ctggcactga
caaacgccgg
gttcagcaaa

gcaggcggte

aaaggcaaag
tggcgcaaac
aaggggcggt
tttatggccc
tttttatgct
ccagcgcgat
gagatttata
tcgtcagtcc
gcgcctgtta
ggatgccgga
cgcttttcgg
ggattgccgce
gtatgacggt
ttgccggacg
tgctggctgg
tgctcgttcc
gcggcgcgat
tgcaaaacat
agggcagcct
cgctggcgac
accatcacca

gtagttttag
gtaaaccgct
ggccgctgcet
aagtggttgc
attacgcgca
ccgacgtgat
ggcaggtgat
tagtggcaac
gcctcgactg
tggtgatata
atatcaacga
agcaggcgcg
tgcaaaccct
tcattctttg
gcgtgctgta
ccacgcaaca
tggacggacc
aagtcgataa
tctctgtgcece
ccctcgeccag
gtcgtccatt
aagatccggt
ccgaagaacg
tgagcgacgg

tgaatgtcga
ccgaaaaacg
aaattcgcca
tttctgacac
atagcaatat
gaatggttaa
tggaaagtgc
catctatcag
acgcgatgga
ccaccacgtt
atcagctgaa
acaatgcgcect
aacagaatgc
catccgcacg
gtggcagcca

aaacgtcaat
catttatatt
gcagagcgta
gatttccgac
ggcaacgctg
gcaggggatg
tgaacggaca
gttgctcgca
tctctttttg
aacgcgtccg
taacagcggt
ctttgaagcc
cagtattttg
tcccaataaa
cttgctgatg
cgccgcgctg
ggagccgttc
tggttccggce
ggggttgttyg
gcggatgteg
tcaccatcac

ccaactgtgg
ggggattgceg
tatcagctat
agggctggcet
gtcgctgctg
ggatgctgcg
ttcccgegte
tgtcctgcge
gcgaatggca
ccagcgttac
cggctttaac
atttggcgaa
gcgcctcgac
tggcttgttg
tgcgtttatc
ggcgatgctg
gcgccagcaa
cgtgtcattt
ttcgcgcaat
tttattgatg
aagttcgcta
ggtgctggceg
cgtctggcag
tatttacacg

aaactttaaa
caacctgtcg
ggcgcaggat
ctcttatagc
gggccagaac
ctcgcaggtg
ccatcgtagce
tagcattaac
agcgggctac
gtacaacgcc
tattaagtca
gagcaaaccg
tattgctgat
cactaccacc
ccatcaccat

ttgttattga
ccagctattg
atgggcgctt
cgcgtgggcecc
gtcgcggtca
ggcaccggcg
cagttgcgcc
ccgctaatcg
ttggttcttt
gtcgatgcac
tttaactgtt
tgctccggeg
tttattctgce
cgcttctcca
tggatccccg
ttcttttteg
cccttectgg
gtgctggcgt
atgaccttaa
catcaggggc
cattaa

ccgactctca
gtcctgatga
tttatcgaca
gcggcgtatg
tttaatcggg
ttacgccagce
actaatgaca
agtgccgcgce
ctggtggcga
agcacgccga
gaaatcatca
cgtatggggg
ggttttctgce
atgctgtttg
agctatcttg
caacaggctg
tatggcaatg
gcttatcgcg
tttgtggcgce
ggctattacc
agtcacagcg
gataccttcc
gcgctggaaa
ccgetgggeg
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accgacaaac
ctgttacagg
ggtcacttac
ggttcgaaaa
aaagttggcc
aaacaggcac
gtcgtgcaga
gcctacaaac
tcggtcggta
aagcaagagc
gctctgggta
gtttccacta
ggttatgcgc
agtaacggtc
caccatcacc

tgttggtatt
ccgatatggc
atctgctgac
gccgaccggt
cgacctccag
ttggcggegt
atgctaacag
gcggtctgcet
gtgctggtgt
cgcgcacgcg
atttgctgat
tgctgatggg
cgattccggc
cgttaatgtg
actggtttgg
gtgccgggat
cgggcacggce
cgctctctge
tgggattgtt
agcccgttaa

agcgcctgtt
tgtgggttgc
atatggtagc
ttgggctgca
cggcagtagg
cattaagcga
ctgaagtgat
tggtgggcgce
taatgatttt
ttgtccgtcg
atggcatgag
aggccagtcg
tgcgtccgcet
gcttctccge
ggcgacttaa
ttgttgctgg
atgatcgccc
atgacaatct
tggtcgggcea
cgctaacgga
cgctgcgcca
tcgccaacgt
ccgtgcaact
agcaggggaa

cacagccggt
cacgcttgag
cgactctgga
cccgtggtge
tgagcttctc
agtacaactt
ccgtgcgttce
aagccgtagt
cgcgtaccat
tggcgaatgc
cgttgaacga
atccggaaaa
ctgatagccc
ataacccttt
attaa

actcgtggcecc
gcgcgatctce
ttacggtgtc
gatcctcgtc
tttgacggtg
aatggcgcgt
cctgttaaac
ggatacgatg
gaccttcagt
cctgcttacc
gctgattggc
cgcggtgtta
agcgtttttt
gcagtcggtt
cgtgatgaat
gctgtttccg
tggcgcgctg
gatgttgccg
gatcgtgctg
tgcaggcggt

agcgtacggt
ggcggcggca
gaaaaataac
actgtttgcc
cgtagtgcaa
gtttgatacc
ccgcgatctce
gatgctggtyg
ccecggtggtg
tgtgcgcgcece
cgttatccag
ttcacactat
gctgagtctg
cagcggcacc
cgaaccatta
tgagcgcgtg
gttacagagt
ggtgctaaag
taccggcagt
aggtgagatt
gggcgtggcea
gacgctgggg
ggcggagctyg
taatctctca
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gttgggcaaa
atccttgatg
ctggcggcgg
gttgatgccg
cagcaactgc
gaagagctgg
ggcagccacc

atgcctagcecc
accattgcgc
gccagcgata
acagatcgct
ggtatcacca
accatgcgtc
cagtcaacgg
tcttccggeg
atgatgttct
tcgattgcga
accatggggc
attttcggtg
cttcagggga
gcctctttgg
ctgactgccg
aaatcgctga
tttaccattc
actggcgacg
ttgcgtaaca
ggttcgggta
gaaatcctga
gttgctctgg
tacgcacgga
gccatggact
gtgctgctct
agcccgattc
attcaggcgg
ttgtctacca
cgcggtacgce
cagtttggcc
taa

atgcctagcect
attgatatgt
cagttgcata
ggtaaagtgg
attattgcct
tttctacagg
acgctggatg
attccggtgt
ctgttctggg
aaagaaacgc
ctgcttaacc
ctcactttcg
gaatacgcca
ccatttgcgc
ctggcggcegg
acgctgattt
ccgttttcat
tcgtcactgt
gggattctga
cgcccegttg
caccatcacc

agcaactgct
aggcaaccgc
tgcgtgaaca
acaccattct
tggcggccca
cagccagcgt
atcaccatca

ataacgacaa
ctttcaaagc
ccttcatgtt
ccgtgctggt
gctatgtctc
gccgcectgtt
gtacgctgtt
cactgattac
attacagttg
ttcgcgttgt
aggtgaccac
gtcaggaagt
tgaaaatggt
cgctggcgtt
gtacgattac
ccaacgttaa
tggacagtga
tggaattccg
tcaacctgaa
aatcaaccat
tggatggtca
tgtcgcagaa
ctgaacagta
tcatcaataa
ctggcggtca
tgattctgga
cactggatga
ttgaaaaggc
ataacgattt
aatgttatgc

cccgcettttt
acctcgttgg
ttgcgttctc
ccgatcgttc
cggtgttctg
ggttgggcge
atcgacgtcg
tagcgccagt
cgatggcaat
gcccageggce
gttttttcct
tcaacacgtc
ccattatggc
tgggaatttt
ggatcactct
gcgccggttt
tacgcgeggg
ggatttggct
ttgcctgtag
ccgctcatga
atcaccatca

ggcactggcg
cagcattgac

taccacgctg
ggtgcttcat
gggacgctac
gcgtgaagag
ccatcaccat

agatctctct
gggtctgatc
atcgctcctt
gtggatgccg
cagctactgt
tggtcacatg
gtcacgtatt
tgttgtgcgt
gcaactgtcg
atcgaagcgt
cagcgcagaa
ggaaacgaaa
ttcagcctct
tgttctgtat
cgttgttttc
cgcccagttc
gcaggagaaa
caatgtcacc
aattccggca
cgccagcctg
cgatctgcgc
tgtccatctg
cagccgtgag
gatggataac
gcgtcagcgt
cgaagctacc
gttgcagaaa
agacgaaatc
gcttgagcac
aggcggtegt

gatttgtagt
tttaccgcgce
cgtatatctg
agggagaaag
ttcactggct
aggctgttgt
ggctaaagtg
gctcggacat
gatgggcatc
ccccgcagcet
cagccgtgtt
accggtattg
gctgaccgct
taagccacgt
tgccgtttca
ctcggtaggt
cgtagccagc
ggcagcggtyg
catagtgagc
agaaatccat
ccattaa

cgcgtgctgg
tccggtactg
gtagtgattg
cgtgggcaag
tggcagatgt
gaatcattga
taa

acgtggcaga
gtggcgggcyg
aagccacttc
ctggtggtga
atctcctggg
atgggaatgc
acctacgatt
gaaggtgcgt
atcattttga
tttcgcaaca
caaatgctga
cgctttgata
tccatctctg
gcggcgagcet
tcttcaatga
cagcgcggta
gatgaaggta
tttacttatc
gggaagacgg
atcacgcgtt
gagtataccc
tttaacgata
caaattgaag
ggtctcgata
attgctatcg
tcggctctgg
aaccgtacct
gtggtcgtcg
cgcggcgttt
ggcagccacc

tttgccctgg
atcgccgcecg
gcggggatgg
ccggtcgcecca
gaaaccagca
tacgtagtgg
ctgtcattac
ctgattatgc
gcggtactga
tcggataaac
gttatcacca
ctgatggaaa
ggcgtcagca
acgttgatga
ccttcccatg
tttggtgtgg
tcgaccttag
gttggtatcg
ctgttgctga
caccacgctt
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tcgagacgcc
aacaggcgat
ctcaccgctt
ccgtggagca
atcaactgca
gcgcctatgce

cattccgccg
tagcgttaat
ttgatgatgg
tcgggctgat
tatcaggaaa
cagtttcatt
ccgaacaggt
cgatcatcgg
ttgtgctggc
tcagtaaaaa
agggccacaa
aagtcagcaa
atccgatcat
tcccaagtgt
ttgcactgat
tggcggcttyg
agcgcgtgat
cgggacgtga
ttgctctggt
tttacgatat
tggcgtcgtt
cggttgctaa
aagcggcgcg
cagtgattgg
ctcgagcctt
ataccgaatc
ctctggtgat
aggatggtgt
acgcgcaact
atcaccatca

ttttacttta
atctcaatgc
cagctgcgat
tacccggcgce
cgttatttct
cgttcgctat
tcaacggtat
ttaaattccc
tgttgtcttt
cacgagaaaa
ccctcagcegt
tcatggggtt
tgaccgtttc
tcacctcgca
cggtttctct
cgatgagtca
gtattgcgca
gcgcatggaa
ttatgttcgt
atgcaggcgg

gcaaatcctg
tcaacatgct
atcgaccatt
gggcactcac
acttgcgggce
aggcggtegt

actgtggcca
cctcaacgca
ctttggtaaa
gattttacgt
ggtggtaatg
ctttgacaaa
tgcttcttct
cctgttcatc
accgattgtt
catgcagaac
agaagtattg
ccgaatgcgt
tcagctgatc
catggatagc
gcgtccgcectg
tcagacgctg
cgagcgtgcg
cgtacctgca
tggacgctct
tgatgaaggc
acgtaaccag
caacattgct
tatggcctac
tgaaaacggc
gttgcgtgat
cgaacgtgcg
tgcccaccgce
cattgtggaa
tcacaaaatg
ccatcaccat

tcccgeecggg
cagcgaagcg
gttatttgcc
ggcgctattt
tgcaggccga
tttgcgcgac
tacctgcatc
gtggcagagt
gtttatttta
tagcgagtcg
ttcggtgatc
tgagcgcggt
attctccacg
ggtgttattc
gtttggtatc
ggcgttaggg
ggtttgcggt
tatgctgatc
cgcgcctgga
tcgtggcagce
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atgcctagcecc
attttgtatg
gtggtacgtyg
gctggcggta
ccggtgctga
acgtctatga
gccaccgttg
atggcgatta
gctctgatgc
atctcatttg
tttagcgcca
tttggcgcag
ccggtgatcc
ccggtgttcg
accgaaccgc
attgtcggca
tatgctttcg
aagttaccga
gtctcggtcg
ttagccgttg
cgccagcatc
catcaccatc

atgcctagga
agcttagccc
gccgttggeg
cgcaccagtg
cgtaatttca
gcgacctatc
gccaatatcg
agtaagcaag
gcggcgaaag
ccgattagcg
caggcgactg
tccagcaacg
aacggcaaag
acgctggaat
atcttcccga
gaagggctta
ggcgatgcca
gcaagccagg
gtagtaataa
accgctgata

gcaggcggtc

atggccaaaa
agccaggccg
cgtaagtctg
ttactgccac
aacggcatca
atgtcgaaat
tatcagaccg
aatgctattg
gatcaaacca
cgcgcacagt
gcggtagage
gtcgaaaact
aaacgcaacc
cgccaggcgce

cacgtttttt
actttgctgce
attttaatgc
tggcgttaca
ttaccggggc
cacagtttct
gttatgtcac
tcacctccat
actttatgca
ttggcttact
aaagcgtctt
caaccatctc
ttatcgatgc
gcgcggtgat
ggtttatctg
atctgctgtc
ggattggttt
aagggaccgt
aaatcggccg
tggcgggegt
aggcagccga
accatcacca

acaaaaacag
taacaggatg
tagtaacagt
cctaccggat
aagaaggtag
aggcgacata
cgcaattgac
agtacgatca
ctgccgttga
gtcgcattgg
cgctggcaac
acttcctgceg
ccaaagtgtc
tctctgacgt
acccggatca
atccaaacgc
ccgtactggt
ctattggcga
gtgggctgca
ataaccagca
gtggcagcca

aattgctccc
agaacctgat
ccgccgatcg
agctaggttt
actctaacgc
ggcgtgcgtt
atcagcaaac
acgttctttc
cccaacgttt
acgataccgt
agctgcgcca
ttaaaaccga
tgtcgctgtt
aggatggtca

tacccgccat
gtatctgtcg
cgatgtcagt
gtggctgcetyg
gctaattttt
tatcgcgcgt
ggtgcaggag
cgtactgatt
ctggaaagtc
gttggcgatg
gcgcgatttt
tttaagctat
aggcagctta
tgttgcgaat
gcgtgccgta
gccgcacgtce
gattttcccg
ctccgcatcg
ctggctatgg
tatcgtcgtt
gctagtggag
ttaa

agggtttacg
tgacgacaaa
caaaactgaa
cgcagaagtt
cgacatcgaa
cgacagtgcg
ggtgaatcgt
ggctctggct
aactgcgcgg
taagtcgaac
cgtgcagcaa
cctgaaacag
actgatcacc
taccgttgat
cactctgctg
tattttagtc
agttggcgceg
taagtggctg
gaaagtgcgt
agccgcaagce
ccatcaccat

cattcttatc
gcaagtttat
tgatgctgcc
aggtgcagat
gaccagtgcg
aacgctgcag
cttgatcctc
ctatacacag
taacgtgggc
gctggcgaac
gatcaccggt
caaaccacag
acaggcacgc
cttaccgact

gccgccacgce
acggatctga
ctggcccctg
gggccgcttt
acccttgcct
gcaattcagg
gcgttcggac
gcgccgatta
ctttttgcca
ccagagacgg
cgtaatgtct
atcccgatga
acaacttcgce
gccatcgtgg
cccattcaac
tggctgtggt
accttattcc
ctaaatatgg
tttaacggcg
ttcaccctgg
gagcagtatg

cctctggcgg
caggcccaac
cctctgcaga
cgtcctcaag
gcaggtgtct
aaaggtgatc
tatcagaaac
gatgcgcaac
atcaatctgg
gtgacggaag
cttgatccga
gaactggcga
agtgacggca
cagaccactg
ccgggtatgt
ccgcaacagg
gatgacaaag
gtgacagaag
cctggtgtcc
ggtgctcagc
caccatcacc

ggcctgagcecc
cagcaagcac
tttgaaaaaa
tacacctata
tccttgcagt
gaaaaagcag
aacaccgcga
gcacaaaaag
ctggtagcga
gaagtgaccg
aactactatc
ccggttaacg
ttgagccagg
ctggatttaa
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tgtttttccc
tccagcctgg
ctgccgtcag
ccgacagaat
gcgccgcegac
gcaccagtat
agacaaaagg
tcggcccgcet
tcattgcggt
tgaagcgcgg
tttgcaatcg
tgagctgggt
agttcgcctg
cgcgttttgt
tggtcggcct
cggtgctggg
gctttacgct
tgatcctgat
gtcgcttgcce
cgggattgct
caggcggteg

tcgttctgat
aaggtggcca
tcacaaccga
ttagcgggat
ctctctatca
tggcgaaagc
tgctcggtac
aggcgaatgc
cttacaccaa
gcgcattggt
tctacgttga
atggcacgct
ttaagttccc
ggtctatcac
tcgtgcgcge
gcgtaacccg
tggaaacccg
gtctgaaagc
aggtaaaagc
ctgaacagtc
attaa

tttctgggtt
gccttagtaa
ttaatgaagc
gcaacggcta
taactcaatc
cagggattca
ccgcttattt
aagcgatcta
tcaccgacgt
cacgtaataa
cggaactggc
cgctgctgaa
acctggcgceg
cggcttctac

gatggcgttyg
gatcattaat
tctctatctt
tggccgcagg
aatgttcaca
ctgttttatt
gatcaagttg
ttccggcgcea
tatgggtttt
cgcggttccg
gctgttcctce
ggctgtctcg
gacacaggtt
taaagatccg
ctcgctgttg
caccagtctg
gttttccaat
ggtgatgtcg
gtttcatctg
caatcgcgtg
tggcagccac

gctctcaggc
gcagatgccc
gcttccgggt
tatcctgaag
gattgatcct
ccaggctgca
tcagtacatc
tgcggtaact
agtcacctct
acagaacggt
tgtgacccag
gaaacaagag
gcaggacggt
cctacgcgcet
acgtctggaa
tacgccgcgt
tccgatcgtt
aggcgatcgc
acaagaagtt
caagtctcct

cagttcgttg
cccggaattg
gcgcagtcca
ccgcgacgcg
catttttgat
ggacgtcacg
caacgtgttg
ccgtcaatta
gcagaacgcc
ccttgataac
tgcgctgaat
agaagccgaa
cgagcaaatt
cgggatttct
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gacacctctt
aatatgggcc
gttaactcgc
agtgcccatc
atcagtagca
atggaagcgg
acgttgtaca
ctgaatatta
gcgctgagca
aatgctattg
gcacgcacta
gaaaaatagg
gtcgttctga
caaggtggcc
atcacaaccg
gttagcggga
tctctctatce
ctggcgaaag
ctgctcggta
caggcgaatg
gcttacacca
ggcgcattgg
atctacgttg
aatggcacgc
attaagttcc
gggtctatca
ttcgtgcgeg
ggcgtaaccc
gtggaaaccc
ggtctgaaag
caggtaaaag
cctgaacagt
cgatcgcccg
gatcctcaaa
cgcctcctac
acagaatatg
taccgtgcag
ggtgcagaac
ggtgagcgtt
tggcaccatg
cagccgtacg
ctggatgaac
catcaaagcg
aggccaacag
cggcaaaatc
gaagattgag
ttccggtctg
ccgtgctgaa
atacgacacc
agcgatcatc
gattccgacc
tggcttctcg
ggatgacgcc
gccaaaagaa
gatggtactg
ctatcgtcag
gatcctgact
ggaaggtaaa
ctacaccgac
gatcatcgtg
tgaggaccag
tacacagaaa
tgagtcggtg
tgcgttcgtt
gattaccatg
taacctgccc
ccaggctggc
agcgaagcac

atagcggttc
agaacaaagt
aggtgaaaca
gtagcgtcgt
ttaacgccta
gctactcggt
acgccaagca
aatcagctct
aaccggtttc
ctgatggtta
ccaccagtaa
cctaaggagg
tgctctcagg
agcagatgcc
agcttccggg
ttatcctgaa
agattgatcc
cccaggctgce
ctcagtacat
ctgcggtaac
aagtcacctc
tacagaacgg
atgtgaccca
tgaaacaaga
cgcaggacgg
ccctacgcecgce
cacgtctgga
gtacgccgeg
gtccgatcgt
caggcgatcg
cacaagaagt
ccaagtctta
atttttgcgt
ctgccggtgg
cccggcgcectg
aacggtatcg
atcaccctga
aaactgcagc
gagaaatcat
acgcaggagg
tcgggcgtygg
ccgaatgagc
cagaacgccc
cttaacgcct
ctgctgaaag
ctgggtggtyg
gggatcaagc
ctggcgaaga
acgccgttcg
ctcgtgttcc
attgccgtac
ataaacacgc
atcgttgtgg
gctacccgta
tcggcggtat
ttctctatta
ccagctcttt
aaaggcttct
agcgtaggcg
gtcggcatgg
ggcgtgttta
gtgctcaatg
ttcgccgtta
tccttgaagg
cgtgcaacac
gcaatcgtgg
cttggtcacg
cctgatatgt

gaaaacccgt
tggcctgagce
ggcacagtac
gcagaccgtg
caaacaagcc
cggtacgcgt
agagctggcg
gggtacgttyg
cactaatccg
tgcgcctgat
cggtcataac
tatacatatg
cagcttagcc
cgccgttgge
tcgcaccagt
gcgtaatttc
tgcgacctat
agccaatatc
cagtaagcaa
tgcggcgaaa
tccgattagce
tcaggcgact
gtccagcaac
gaacggcaaa
tacgctggaa
tatcttcccg
agaagggctt
tggcgatgcc
tgcaagccag
cgtagtaata
taccgctgat
acttaaacag
gggtgatcge
cgcaatatcc
atgcgaaaac
ataacctgat
cctttgagtc
tggcgatgcc
ccagcagctt
atatctccga
gtgatgttca
tgaacaaatt
aggttgcggce
ctattattgc
tgaatcagga
agaactacga
tggcgaccgg
tggaaccgtt
tgaaaatctc
tggttatgta
cggtggtatt
taacaatgtt
tagaaaacgt
agtcgatggg
tcgtaccgat
ccattgtttc
gtgccaccat
tcggctggtt
gtattctgcg
cctatctgtt
tgaccatggt
aggtaacgca
acggcttcgg
actgggccga
gcgctttctce
aactgggtac
aaaaactgac
tgaccagcgt

ggtgccgctg
ttctcgctge
aactttgtcg
cgttcctcct
gtagtttccg
accattgttg
aatgcgcgtt
aacgagcagg
gaaaacgttg
agcccggceac
cctttcecgta
aacaaaaaca
ctaacaggat
gtagtaacag
gcctaccgga
aaagaaggta
caggcgacat
gcgcaattga
gagtacgatc
gctgccgttg
ggtcgcattg
gcgctggcaa
gacttcctgce
gccaaagtgt
ttctctgacg
aacccggatc
aatccaaacg
accgtactgg
gctattggcg
agtgggctgc
aataaccagc
gagccgttaa
cattatcatc
tacgattgca
agtgcaggac
gtacatgtcc
tggtactgat
gttgctgccg
cctgatggtt
ctacgtggcg
gttgttcggt
ccagctaacg
gggtcagctc
tcagacgcgt
tggttcccge
catcatcgca
tgcaaacgcg
cttcccgtceg
tattcacgaa
tctgttcctg
gctcgggacc
cgggatggtg
tgagcgtgtt
gcagattcag
ggccttcecttt
agcaatggcg
gctgaaaccg
taaccgcatg
cagtacgggg
cgtgcgtctg
tcagctgcca
ttactatctg
ctttgcggga
tcgtccggge
gcaaatcaaa
tgcaaccggc
tcaggcgcgt
acgtccaaac

203

gtacccagta
cgatttatca
gtgccagcga
tcaacaacat
ctcaaagctc
atgtgttgga
ataactacct
atctgctggc
caccgcaaac
cagtcgttca
actggtcaca
gagggtttac
gtgacgacaa
tcaaaactga
tcgcagaagt
gcgacatcga
acgacagtgc
cggtgaatcg
aggctctggc
aaactgcgcg
gtaagtcgaa
ccgtgcagceca
gcctgaaaca
cactgatcac
ttaccgttga
acactctgct
ctattttagt
tagttggcgc
ataagtggct
agaaagtgcg
aagccgcaag
gacatgccta
atgttggcag
ccgccggcag
acggtgacac
tctaacagtg
gcggatatcg
caagaagttc
gtcggcgtta
gcgaatatga
tcacagtacg
ccggttgatg
ggtggtacgce
ctgacctcta
gtgctgctgc
gagtttaacg
ctggataccg
ggtctgaaaa
gtggttaaaa
cagaacttcc
tttgccgtcc
ctcgccatcg
atggcggaag
ggcgctetgg
ggcggttcta
ctgtcggtac
attgccaaag
ttcgagagga
cgttacctgg
ccaagctcct
gcaggtgcaa
accaaagaaa
cgtggtcaga
gaagaaaaca
gatgcgatgg
tttgactttg
aaccagttgc
ggtctggaag

tgacgatagc
gggcggaatg
gcaactggaa
taatgcatct
attagacgcg
tgcgaccacc
gattaatcag
actgaacaat
gccggaacag
gcaaacatcc
tcctcaattt
gcctctggeg
acaggcccaa
acctctgcag
tcgtcctcaa
agcaggtgtc
gaaaggtgat
ttatcagaaa
tgatgcgcaa
gatcaatctg
cgtgacggaa
acttgatccg
ggaactggcg
cagtgacggc
tcagaccact
gccgggtatg
cccgcaacag
ggatgacaaa
ggtgacagaa
tcctggtgtce
cggtgctcag
atttctttat
gggggctgge
taacgatctc
aggttatcga
actccacggg
cgcaggttca
agcagcaagg
tcaacaccga
aagatgccat
cgatgcgtat
tcattaccgce
cgccggtgaa
ctgaagagtt
gtgacgtcgc
gccaaccggce
ctgcggcaat
ttgtttaccc
cgctggtcga
gcgcgacgtt
ttgccgeccectt
gcctgttggt
aaggtttgcc
tcggtatcgce
ctggtgctat
tggtggcgtt
gcgatcacgg
gcacgcacca
tgctgtatct
tcttgccaga
cgcaggaacg
agaacaacgt
ataccggtat
aagttgaagc
ttttcgccectt
agctgattga
ttgcagaagc
ataccccgceca



4921
4981
5041
5101
5161
5221
5281
5341
5401
5461
5521
5581
5641
5701
5761
5821
5881

acrBHisg
1

6l
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161l
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761

gtttaagatt
taacaccact
tcgtgtgaag
cggcgactgg
ttctcgttgg
aatcttaggc
actggcgagc
acgtctctcc
gtgtctggeg
gctgggggtt
cttccaggta
cgaattcgcc
tgcggtgcgg
tatgccgctg
tgtaatgggc
tgtggtggtt
cgatcatcat

atgcctaatt
ttggcagggg
ccggcagtaa
gtgacacagg
aacagtgact
gatatcgcgc
gaagttcagc
ggcgttatca
aatatgaaag
cagtacgcga
gttgatgtca
ggtacgccgc
acctctactg
ctgctgcgtg
tttaacggcc
gataccgctg
ctgaaaattg
gttaaaacgc
aacttccgcg
gccgtecttg
gccatcggcecce
gcggaagaag
gctctggtcg
ggttctactg
tcggtactgg
gccaaaggcg
gagaagagca
tacctggtgc
agctccttct
ggtgcaacgc
aaagaaaaga
ggtcagaata
gaaaacaaag
gcgatggttt
gactttgagc
cagttgcttg
ctggaagata
gtttctatca
gactttatcg
atgctgccgg
ttctcggcegt
ggcctgccat
atggagctga
gggatgtcct
ttgattgtcg
gttatgctgg
ctgaccaatg

gatatcgacc
ctgggcgcetg
aaagtttatg
tatgttcgtg
gagtacggtt
caggcggcac
aaactgccta
ggcaaccagg
gcgctgtacg
atcggtgcgt
ggcctgctca
aaagacttga
atgcgtttac
gttatcagta
gggatggtga
cgccgccgcet
taa

tctttatcga
ggctggcgat
cgatctccgce
ttatcgaaca
ccacgggtac
aggttcaggt
agcaaggggt
acaccgatgg
atgccatcag
tgcgtatctg
ttaccgccat
cggtgaaagg
aagagttcgg
acgtcgcgaa
aaccggcttc
cggcaatccg
tttacccata
tggtcgaagc
cgacgttgat
ccgecctttgg
tgttggtgga
gtttgccgcece
gtatcgcgat
gtgctatcta
tggcgttgat
atcacgggga
cgcaccacta
tgtatctgat
tgccagatga
aggaacgtac
acaacgttga
ccggtattgce
ttgaagcgat
tcgcctttaa
tgattgacca
cagaagcagc
ccccgcagtt
acgacattaa
accgcggtcg
atgatatcgg
tctcctette
ccatggaaat
tggaacaact
atcaggaacg
tgttcctgtg
tcgttccget
acgtttactt

aggaaaaagc
catggggcgg
tcatgtcaga
ctgctgatgg
cgccgcecgtet
cgggtaaaag
ccggtgttgg
caccttcact
agagctggtc
tgctggctgc
caaccattgg
tggataaaga
gtccgatcct
ctggtgctgg
ccgcaacggt
ttagccgcaa

tcgcccgatt
cctcaaactg
ctcctacccce
gaatatgaac
cgtgcagatc
gcagaacaaa
gagcgttgag
caccatgacg
ccgtacgtcg
gatgaacccg
caaagcgcag
ccaacagctt
caaaatcctg
gattgagctg
cggtctgggg
tgctgaactg
cgacaccacg
gatcatcctc
tccgaccatt
cttctcgata
tgacgccatc
aaaagaagct
ggtactgtcg
tcgtcagttc
cctgactcca
aggtaaaaaa
caccgacagc
catcgtggtc
ggaccagggc
acagaaagtg
gtcggtgttc
gttcgtttcc
taccatgcgt
cctgcccgcea
ggctggcctt
gaagcaccct
taagattgat
caccactctg
tgtgaagaaa
cgactggtat
tcgttgggag
cttaggccag
ggcgagcaaa
tctctececgge
tctggcggeg
gggggttatc
ccaggtaggc

gcaggcgctyg
cagctatgtg
agcgaaatac
tcagatggtg
ggaacgttac
taccggtgaa
ctatgactgg
gtacgcgatt
gattccgttc
caccttccgt
gttgtcggcg
aggtaaaggt
gatgacctcg
ttccggecgeg
actggcaatc
gaatgaagat

tttgcgtggg
ccggtggege
ggcgctgatg
ggtatcgata
accctgacct
ctgcagctgg
aaatcatcca
caggaggata
ggcgtgggtyg
aatgagctga
aacgcccagg
aacgcctcta
ctgaaagtga
ggtggtgaga
atcaagctgg
gcgaagatgg
ccgttcgtga
gtgttcctgg
gccgtaccgg
aacacgctaa
gttgtggtag
acccgtaagt
gcggtattcg
tctattacca
gctctttgtg
ggcttcttcg
gtaggcggta
ggcatggcct
gtgtttatga
ctcaatgagg
gccgttaacg
ttgaaggact
gcaacacgcg
atcgtggaac
ggtcacgaaa
gatatgttga
atcgaccagg
ggcgctgcat
gtttatgtca
gttcgtgctg
tacggttcgce
gcggcaccgg
ctgcctaccg
aaccaggcac
ctgtacgaga
ggtgcgttge
ctgctcacaa
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ggtgtttcta
aacgacttta
cgtatgctgc
ccattctcgg
aacggcctgc
gcaatggagc
acggggatgt
tcgttgattg
tccgttatge
ggcctgacca
aagaacgcga
ctgattgaag
ctggcgttta
cagaacgcag
ttcttcgttc
atcgagcaca

tgatcgccat
aatatcctac
cgaaaacagt
acctgatgta
ttgagtctgg
cgatgccagtt
gcagcttcct
tctccgacta
atgttcagtt
acaaattcca
ttgcggcggg
ttattgctca
atcaggatgg
actacgacat
cgaccggtgc
aaccgttctt
aaatctctat
ttatgtatct
tggtattgct
caatgttcgg
aaaacgttga
cgatggggca
taccgatggc
ttgtttcagc
ccaccatgct
gctggtttaa
ttctgcgcag
atctgttcgt
ccatggttca
taacgcatta
gcttcggcett
gggccgatceg
ctttctcgceca
tgggtactgc
aactgactca
ccagcgtacg
aaaaagcgca
ggggcggcag
tgtcagaagc
ctgatggtca
cgcgtctgga
gtaaaagtac
gtgttggcta
cttcactgta
gctggtcgat
tggctgccac
ccattgggtt

tcaacgacat
tcgaccgcgg
cggatgatat
cgttctcctce
catccatgga
tgatggaaca
cctatcagga
tcgtgttcct
tggtcgttcc
atgacgttta
tccttatcgt
cgacgcttga
tcctcggegt
taggtaccgg
cggtattctt
gccatactgt

tatcatcatg
gattgcaccg
gcaggacacg
catgtcctct
tactgatgcg
gctgccgcaa
gatggttgtc
cgtggcggcg
gttcggttca
gctaacgccg
tcagctcggt
gacgcgtctg
ttccecgegtg
catcgcagag
aaacgcgctg
cccgtcgggt
tcacgaagtg
gttcctgcag
cgggaccttt
gatggtgctc
gcgtgttatg
gattcagggc
cttctttggce
aatggcgctg
gaaaccgatt
ccgcatgttc
tacggggcegt
gcgtctgcca
gctgccagca
ctatctgacc
tgcgggacgat
tccgggcgaa
aatcaaagat
aaccggcttt
ggcgcgtaac
tccaaacggt
ggcgctgggt
ctatgtgaac
gaaataccgt
gatggtgcca
acgttacaac
cggtgaagca
tgactggacg
cgcgatttcg
tccgttctee
cttccgtgge

gtcggcgaag



2821
2881
2941
3001
3061
3121

acelHiss

1

6l

121

181

241

301

361

421

aacgcgatcc
attgaagcga
gcgtttatcc
aacgcagtag
ttcgttccgg
gagcacagcc

atgaattcat
ttggtcatca
acactcggtg
ttcgaaaaag
gcgattggtt
cagatgacag
tataccttta
aaagcagcat

acelE1 5QH|38

61
121
181
241
301
361
421

1 atgaattcat
ttggtcatca
acactcggtg
ttcgaaaaag
gcgattggtt
cagatgacag
tataccttta
aaagcagcat

A1S 1503H|Ss

61
121
181
241
301
361
421

1 atgaattctt
atttcatcag
tcagtgatga
aaatgggagg
atcggatttc
atttctcttg
acgttcatat
aacactgctc

Fbal 3166H|Ss

61
121
181
241
301
361
421
481

1 atgaattccc
gtcgtgccag
atcattctgt
gtgtttggca
tttgaggcgg
ttcgttgacg
atttataatt
ccgcttggtce
taa

Miut_ 15630HI38

61
121
181
241
301
361
421
481

1 atgaattcaa
gtgccacgcg
ctgctccgtc
ggcattcttg
tcgaccgtgg
cgcttaggta
ggtgggctga
gaagcctttc
gcttacgcct

ttatcgtcga
cgcttgatgce
tcggcgttat
gtaccggtgt
tattctttgt
atactgtcga

tgatttccaa
ttgcgattgc
tgtttatggc
tagagcataa
ttgagggtgg
tgattgatgc
ttttccagtg
cacttcactg

tgatttccaa
ttgcgattgc
tgtttatggc
tagagcataa
ttgagggtgg
tgattgatgc
ttttccagtg
cacttcactg

taaaacgtcg
ttggtttggc
ttactactat
ctcgccaaga
aaattacttt
ttgccgcatt
ttaattggac
aacagggctg

gtgaacgtgt
cgggcatctt
cgctcatggce
gcaaccgcat
gtctggttac
ccctgatcat
gggcgtatga
aaacttcgac

cgcatcgcgce
gaccaggcgg
gcgtggtgta
cggcactcgg
cgttactttg
tcacaggtcg
tcgttttcct
tgattgaagc
tcgattctgt

attcgccaaa
ggtgcggatyg
gccgctggtt
aatgggcggg
ggtggttcge
tcatcatctc

gagaagactc
attaagtttt
agtggtttca
atataattgg
tttgctgatt
atttatttta
gtgttatgac
cagaggtggce

gagaagactc
attaagtttt
agtggtttca
atataattgg
tttgctgatt
atttatttta
gtgttatgac
cagaggtggc

tattgtttat
tcttttggcc
tgcggtaacg
aagtaagtcg
agtaatgttc
ttggttagat
attcgataag

cagaggtggce

gcttcattct
actgaccggg
catggcctgg
tgatcgttct
cgtcacaatt
ggatattgga
tcagtttcgt
ctgcagaggt

ccgcccgggt
tcgtgatgca
cgcggtggte
caacggtggt
gaacattgtg
tcecgtggtgg
ggtgccagct
cggtttgctg
atttggtctc

gacttgatgg
cgtttacgtc
atcagtactg
atggtgaccg
cgccgcttta
gagcaccacc

attcatgcaa
atttttaaca
gttttctgga
gaaagaacga
gcgactgtac
gatataggtt
catattgaag
cgcggcagcec

attcatgcaa
atttttaaca
gttttctgga
gaaagaacga
gcgactgtac
gatataggtt
catattgaag
cgcggcagcec

gtttcttcat
ggagatagtg
tggaacttta
cgtacggtta
ttaattccge
gttgcattta
ttatttggat
cgcggcagcec

cttctgttcg
accgatgccg
aactatgtct
tggggtcttc
ccggttctca
ttcgtagtgt
gctcgcttgg
ggccgcggca

gtagatccgg
ctggtacgtc
ttcgagttgc
ggaccctcgce
tttaactccg
gttcgcgtag
gtagcactga
gtgttctttc
ccggattccg
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ataaagaagg
cgatcctgat
gtgctggttc
caacggtact
gccgcaagaa
accaccacca

tcagttatga
tgccgatgga
atatgatttt
tccctgtacg
cgatgattgc
tgaccttatg
ataagttttt
atcaccatca

tcagttatca
tgccgatgga
atatgatttt
tccctgtacg
cgatgattgc
tgaccttatg
ataagttttt
atcaccatca

atgaaattat
tagagcacac
tctacaacat
aacgaagaat
ttattgcgtg
ttattatcat
tgcctgcectce
atcaccatca

agatgattgc
gtcatatgac
ataacctggg
gcgtgggtcea
tgtttagcct
tctttttagt
agcgtcaggg
gccatcacca

cctcggctcecc
gtcgcgtatt
tggcaattct
ttgcggtggc
tgtttgaaac
cgcacgcggt
ttctgggcat
tggtgtacgc
ccgctcgege

taaaggtctg
gacctcgctg
cggcgcgcag
ggcaatcttc
tgaagatatc
ctga

aggaatttta
agtgaccgga
taaccactat
gattttacat
atatatgatg
tattttggtt
cccaaatgct
tcaccattaa

aggaattcta
agtgaccgga
taaccactat
gattttacat
atatatgatg
tattttggtt
cccaaatgct
tcaccattaa

tggaatggtyg
tgggccactt
tctttatgaa
tgcgcatgcg
gtggatgaat
tccaatttat
tgcacaacca
tcaccattaa

attagccatc
agcaacagct
cttcgaccgce
cggagttggce
gaatttgggc
gtatgctatc
caaactggct
tcatcaccat

accgtccgac
tcgtaccccg
ttttaccacg
tgtcgtcagce
gctggagcgt
cggttttgaa
tgggctggge
ggccgtgtat
agaggcaacc
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tgcagaggtg
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PSPTO 3
1

61
121
181
241
301
361
421
481
541

STY3166Hiss
1

61
121
181
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TmargHiss
1

61
121
181
241
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421
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VP1155Hi
1

61
121
181
241
301
361

atgaattctc
gcggtgctga
ggcctggtga
ctgttcgacc
catgcgttga
ctgaatatca
ccgtacacct
cgcctggcectc
taa

587Hiss

atgaattcac
ccgccecgtgg
ggaggcgtta
attgggatta
gcattgttcg
ctgcacgcca
tggctgtcaa
ttgccatata
cgtcgtatgg
catcaccatt

atgaattcat
ccggagcgca
accacggcat
gcgaccaccg
gctcatcagg
gggtttatcg
gccttcaccce
tgggcctacg
acctgcagag

atgaattcac
cgtgaccgtg
ccgttcagcet
gctctgattg
cgtttcctge
ggttttgagg
ggttggttgg
tacgttttca

tgcagaggtg

Ss

atgaattcca
attgtaccgg
attgggctgt
tggtttggct
ttcgaagggg
tttttgcgcg
ggttttaact

gccgeggeag

agaaatccct
tctgcacccce
ccatcggcat
ggttgctcaa
tgttcgaagg
gcctgctgceca
atgtctatca
acgggtcgac

agaaagactc
tccataagac
ttttagtggc
tgacggtcat
accgtcttcg
tcggttttga
tctccttaat
ccctgttgtt
cgcgttgtga
aa

ctaaggtttt
ttttccatgce
ggctgatgca
ccatgatctg
tgcgccgtac
tcattggcgt
tggaaattgg
acgttctgcg
gtggccgegg

gcaaccaagc
tccgceccaggt
gggcctctgg
cggcactgtg
accgccgtgce
gcggactgct
aagcgttggt
actggtgtta
gccgcggcag

acgagcgcat
cggccgcegcet
cactgtacac
cgaaccgcgc
gtctgatctt
ccctgatgcet
ggctgtatga

ccatcaccat

taacgaacgc
gctgctgtcc
cggcctgttg
gcgcttgcag
cgggctggtyg
ggcgttcatc
ctgggtctac
ctgcagaggt

actgaacatg
aattcgcgaa
accactctta
gatcagcacc
cagtcgcttt
agccggcectc
gcaggcgttt
taactgggct
agtcttaacc

tagcttcatg
cgtctgcttt
acgctctgtt
gaatatcatt
agcaaaagtg
ctcgatcagtt
cttctttctg
ccaacgcatt
cagccatcac

ggtggagtct
gttagcgttc
cgcgcccgte
gaacgcgttg
agatctgcgt
tttccttacg
tgctgatctg
tgaccgttta
ccatcaccat

ttttcacgcg
gattaccggc
agtggtttgg
ggaccgtagc
tatctccatc
ggaagcgggce
taaagtacag

catcaccatt

atcttccagg
tggatcatgg
gccctggcect
tgggtccaca
gcagtgggcg
ctggacatcg
gacgtgctgc
ggccgceggcea

acgcatcgcg
cgcgccctge
gcttggatca
gtcgcgatgce
ggcttcgcta
atcctggcgg
tggcttgata
tatgataatc
tgcagaggtyg

cagcacgacg
gagggtattg
ctggagatgg
tacaatgctc
cgcgcgttac
gcctgggttce
ttctttctge
gttacccgcece
catcatcacc

aaacaggacg
gaggcgggcg
ctggattcgt
tataacacgg
cctccgetgt
ttgccggtga
ggcctggcct
tttcccattg
catcaccatt

gtgttgtttg
aaaggcagta
aattacattt
ttggcaatgc
cccgtcatcg
ttcctggtct
ccattcggga
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aa

cggtaggttt
acaagcccat
ggaacgtggt
acggttggac
taccgatgat
gcgtgctgcet
gggacaagtyg
gccatcacca

aacaaccaac
acgcgactct
tgaaccagtc
tgtggaacat
tgaccgcaat
tagtcccatt
ttggtctgtt
ttcgcgaacg
gccgcggcag

ccattcagcg
caacagcgat
gtggcctgac
tgttcgatcg
atgcattagg
tgaacgtatc
cttacactat
gtcagcagcg
attaa

gtgtcgcgcet
ggctggtgtt
tgggcctgct
tgttcgaccg
ggcgtgtage
ttgtcgcgtg
tggcgtatac
gccctaccgg
aa

agctgatggc
gtgatctggc
ataacctgta
gtctgggtca
catggtttct
tctttctgtt
agatgcgcaa

tgaactgctg
ggccgacatg
gttcaacggc
ccgggtcctg
tgcctggtygg
gttcttcctg
gctgcaacag
tcatcaccat

gcgccagcaa
gttcgaagtg
gctggccatg
ggtgtacaat
gacccgtatt
ggcggcctgg
actgatgttc
cctggttcag
ccatcaccat

ccgttcgcectg
cctggcgccc
cattcttctc
cctctggccce
attcgagtcc
cctcctgcaa
gctttacaat
tgtcagtgcc

tcgtacctgg
gattacccct
ggcacttctt
cctcgaggcet
gcacgcactg
gaccggtatg
cgtatacgcg
cgaacagacc

gttggccatc
gttagtgggt
cttcgataag
tacggtcggc
ggaaatcacg
ctacgcgacc
actgctggtc



421 acctgcagag gtggccgcgg cagccatcac catcatcacc attaa
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