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Abstract

Increasing global demand for high-clarity and high tensile strength plastic has led to
industrial interest in a fermentation process for monomer production from non-
petrochemical sources. The main roadblock in a monomer fermentation is the
toxicity of the solvent product to the production organism. Pseudomonas spp. are
promising candidates as production organisms as their intrinsic levels of solvent
tolerance is well known. Intrinsic levels of tolerance to many substances allows
Pseudomonas aeruginosa to persist in infection, particularly demonstrated during
infection in patients suffering with cystic fibrosis. PA14 transposon insertion mutants
of the genes encoding subunits of the MexAB-OprM multi-drug efflux system show
increased sensitivity to industrial solvents compared to the wild type. We have
identified a group of membrane bound metalloproteins belonging to the Cbbs
cytochrome oxidase family and an associated maturation system which also show an
increase in solvent sensitivity after transposition. We believe this family of
metalloproteins drives RND efflux activity by maintaining a proton gradient within
the cell. We demonstrate the purification of subunits of the MexAB-OprM system
and Cbbs proteins belonging to the maturation system that we believe are essential
for solvent tolerance in PA14 for functional characterization using solid supported
membrane electrophysiology. The transcriptomic response of P. aeruginosa PA14 to
the industrial solvents BMA, styrene and ethylbenzene alongside the cystic fibrosis
transmembrane conductance regulator modulator drugs Kaftrio and lIvacaftor is
described. We provide further evidence of a functional relationship between

resistance nodulation division type efflux systems and the Cbbs cytochrome oxidases

16



and suggest its application in bioprocess development. A transcriptional response to
Kaftrio and Ivacaftor is also described, providing the basis for further study on the
effect of these therapeutics on P. aeruginosa in vivo. We therefore demonstrate
biochemical, transcriptomic and genetic approaches for the detection of tolerance

conferring systems in P. aeruginosa PA14 for industrial and medical benefit.

17



1 Introduction

1.1 The Demand for High Quality Materials Has Resulted in the
Popularity of Acrylics

The demand for feedstocks in the aviation, automotive and construction industries is

increasing alongside new technologies and the growing world population. Today’s

industries require sustainable materials which are high in quality and easy to

produce. Plastic is easy and cheap to manufacture and is highly versatile, which has

seen its popularity soar in recent years. It is estimated that in 2015, 407 million

tonnes of plastic were produced to satisfy industry demand (Rhodes 2018).

One type of plastic which has found wide industrial application in recent times is
acrylic plastic. Acrylic plastics are a group of polymers produced using a form of
acrylic acid, the most common acrylic plastic being polymethyl-methacrylate
(PMMA). PMMA is formed using methacrylate esters such as methyl methacrylate
(MMA) and n-butyl methacrylate (n- BMA) (Table 1), which can be executed via a
variety of pathways. One of the world’s biggest producers of PMMA today is
Mitsubishi Chemical Corporation UK. The company was the first to invent an
industrial process for PMMA polymerization in the 1930s when the company was
known as ICI Acrylics, starting production in the 1940s. Today, Mitsubishi Chemical
manufactures over a third of all acrylic plastic and is the largest producer of MMA
globally, seeing the application of acrylic in a diverse range of roles (International

2020a).
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Table 1: Chemical structures of poly-methyl methacrylate and the precursors n-butyl
methacrylate and methyl methacrylate.

Chemical Structure
Methyl methacrylate o
HaC
DCHs
CH3
n-butyl methacrylate (BMA) o
HaG NS
o CH,
CHy
Poly-methyl methacrylate T l:l:HE,
C—C
H | n
HH G
"o
|
GHa
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The demand for acrylic comes from its useful properties and its advantages over
conventional materials such as glass. PMMA has a high optical clarity, is particularly
UV resistant, possesses high tensile strength, is biocompatible and can be easily
coloured ((Mitsubishi Chemical Corporation UK 2021). A market analysis report
published in 2019 estimated that by 2025 the PMMA market will be worth $8.16
billion (Grand View Research 2019). Construction, transport and sign and display
industries are among the main consumers of acrylic plastic. Examples of its use range
from replacing glass in aeroplane windows to the manufacture of luxury items such

as furniture (Figure 1).
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Figure 1: The uses of acrylic plastic are diverse. Pictured are some examples of uses of
acrylic as an alternative to glass. Acrylic sound barriers are seen lining a busy motorway
in Denmark (left). The manufacture of luxury items such as decorative furniture from
acrylic is becoming increasingly popular (right). Photographs obtained from Lucite
International Case Studies. Available at luciteinternational.com/case studies accessed
March 2020.
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1.2 Manufacturing the Raw Materials for PMMA Production

As aforementioned, the production of PMMA requires methacrylate ester such as
MMA as a starting material. The esterification of MMA can produce alternative
methacrylate esters for PMMA production such as BMA, ethyl methacrylate and
isobutyl methacrylate (Bauer, 2012). An efficient manufacturing process for MMA

generation is therefore at the core of successful acrylic production.

1.2.1 Methyl Methacrylate Production via the Acetone Cyanohydrin
Pathway
The first chemical process for methyl methacrylate production on an industrial scale
was developed in the 1930s by ICI Acrylics and DuPont and named the acetone
cyanohydrin (ACH) process. During this process, sulphuric acid is used to hydrolyse
acetone cyanohydrin to alpha-hydroxyisobutyramide (HIBAM) and alpha-
sulfatoisobutyramide (SIBAM). Using heat, HIBAM and SIBAM are converted to
methacrylic acid (MAA). Treatment with methanol leads to subsequent esterification
of MAA to methyl methacrylate (Lemonds n.d.; Spivey et al. 1997). This monomer can
be produced via a variety of pathways, but the acetone cyanohydrin (ACH) pathway

is unmatched in efficiency, producing yields of 80-90% (William Bauer and Co. 2012).

The ACH pathway was used by Mitsubishi Chemical Corporation (formerly known as
Lucite International). However, there are several issues associated with the process.

Firstly, the huge volumes of hydrogen cyanide and sulfuric acid required for the
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process presents as an environmental and health hazard. Working with large volumes
of these chemicals is therefore costly as the handling and disposal of hydrogen
cyanide and sulfuric acid must be carried out to comply safety regulations (Patnaik
2010). Secondly, the production of MMA via the acetone cyanohydrin pathway is a
complicated process, requiring several sophisticated vessels such as acid stripping
columns, dehydration distillation columns and various types of reactors (Willim Bauer
and Co. 2012). Maintenance and operation of such a diverse range of vessels required
for production is costly. Thus, production of methacrylate esters through this process

is highly energy intensive and comes at a high economic and environmental cost.

The escalation of global warming is increasing pressure on companies to decrease
their carbon footprint. Mitsubishi Chemical Corporation have an interest in
developing a novel process for the production of methacrylate esters that avoids the
use of large volumes of toxic materials and requires a simple production process. In
line with the United Nations Sustainable Development Goals Mitsubishi Chemical aim
to achieve carbon neutrality by the year 2050 (United Nations, 2023). To achieve this,
Mitsubishi are funding research to develop a novel biological process to produce this
platform chemical in the form of a fermentation. The shift to bioproduction of
methacrylate ester promises a dramatic decrease in energy input, could lead to an
increase in product yield, and could be a significant step in the Mitsubishi Chemical

obtaining carbon neutral status by the year 2050.
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1.3 The Bioproduction of Products for Industrial use Has a Successful
History
There are many examples of successful bioprocesses which have been developed for
the production of various industrially relevant chemicals, pharmaceuticals and fuels
(Katz et al. 2018). The first industrial scale production of a chemical by a
microorganism was developed in the 1920s by James Currie and Charles Pfizer.
Before the 1920s, citric acid was isolated from unripe citrus fruits which had to be
imported from overseas at a high cost. Currie and Pfizer developed the first
fermentation process in which Aspergillus niger utilised sugar to generate large
qguantities of citric acid (RABER 2008). Pfizer later went on to optimise the
fermentation through the development of a deep-tank fermentation, which would
later be adapted to drive penicillin production to serve the needs of the US and UK
during World War 1l (Bud 2011). Now, pharmaceutical companies such as Pfizer and
GlaxoSmithKline continue to mass produce many of their products such as penicillin

G and clavulanic acid through fermentation processes (Paradkar 2013; Patnaik 2000).

1.4 A Novel Bioprocess for Methacrylate Ester Production Will Require
the Application of Synthetic Biology

Synthetic biology involves the application of engineering principles to genetic

engineering. This principle is applied to the modification or building of biological

circuits for the creation of novel pathways and biological processes. When applied to

industrial biotechnology, there is great opportunity to create microbial strains with
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the ability to produce high yields of products which may be difficult and costly to
generate chemically (Boehm and Bock 2019; Hutchison et al. 2016). Methacrylate
esters are not naturally occurring chemicals in the environment and are not naturally
produced by any living organisms. Therefore, a bioprocess for methacrylate ester
production requires a microorganism which has been genetically engineered to
contain a biosynthetic gene cluster for the manufacture of these chemicals. The
leading biotechnology company Ingenza Ltd have developed a synthetic pathway for
methacrylate ester production in several microorganisms including Pseudomonas

putida KT2440 and Escherichia coli.

1.5 A Successful Methacrylate Ester Fermentation Will Require a
Highly Tolerant Production Microorganism
The success of a fermentation for methacrylate ester production will rely heavily on
the use of a microorganism with a high tolerance for these solvents. Strains of
bacteria such as E. coli are commonly used in industrial bioprocesses as they are easy
to cultivate and genetically engineer (Marisch et al. 2013). However, methacrylate
ester production proves problematic for these strains as the product itself has toxic
effects on cells (Dahl, Garvik, and Lyberg 1994). These hydrophobic molecules disrupt
cell membranes-demonstrated by their toxic effects on liposomes (Fujisawa, Atsumi,
and Kadoma 2008). Trial fermentations of MMA and BMA production using E. coli
and P. putida at Ingenza Ltd showed that the toxicity of these products is the most

significant bottleneck in the bioprocess currently. Therefore, developing a
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fermentation process for methacrylate esters will be challenging for most
microorganisms, as the production of small concentrations of the desired product
has an inhibitory effect on the process itself. A successful bioprocess will therefore
require a tolerant microorganism which can withstand large enough concentrations
of these monomers to make a fermentation feasible. There is particular focus on
Pseudomonas species as candidate organisms for a methacrylate ester fermentation,

as their tolerance to many compounds is well established.

1.6 Pseudomonas Species are Extremely Adaptable, Tolerant
Organisms
Pseudomonas species are known for their intrinsic and acquired resistance and
tolerance to a range of substances (Hoffland, Hakulinen, and Van Pelt 1996), and can
survive in a spectrum of environments. This is because these microorganisms have
evolved a number of mechanisms that allow them to tolerate and thrive in otherwise
uninhabitable environments (Grosso-Becerra et al. 2014). These characteristics have
allowed several Pseudomonas species to establish themselves as successful human

pathogens.

1.6.1 Pseudomonas aeruginosa in the Clinic

The most important Pseudomonas species in the clinic is Pseudomonas aeruginosa.
This is the causative organism of many nosocomial infections and is a common

pathogen in patients suffering from underlying health conditions, frequently cystic
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fibrosis and burn wound patients (Bodey et al. 1983). The resistance of P. aeruginosa
to many harsh chemicals and environments makes it a promising candidate as a
production organism for a methacrylate ester bioprocess. Understanding this
microorganism’s range of mechanisms of tolerance will allow for a better
understanding of how it can be genetically manipulated to optimise the production

of these platform chemicals.

As P. ageruginosa is a significant human pathogen, its use as a production strain is not
feasible. This pathogen has become the universal model for biofilm formation and
guorum sensing (De Kievit 2009; Mcdougald et al. 2008) in Pseudomonas species.
Here, we demonstrate the use of P. aeruginosa as a model organism for tolerance in
Pseudomonas species. Another Pseudomonas species that we considered a promising
candidate as a host for a methacrylate ester bioprocess was Pseudomonas putida,
this strain is currently undergoing fermentation trials at Ingenza Ltd. Like P.
aeruginosa, P. putida can colonise a wide range of environments and exhibits a high
level of innate tolerance to many substances (Calero et al. 2018), meaning it is
commonly used as the species of choice for many bioprocesses, such as the
bioproduction of terpenoids (Loeschcke and Thies 2015). Due to its pathogenicity, P.
aeruginosa is not suitable as a production organism, however, the genetic similarity
of P. aeruginosa and P. putida coupled with the availability of a strain library of P.
aeruginosa meant that during this study, P. aeruginosa PA14 was used as a tool to

identify homologue systems of interest for further investigation in P. putida.
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1.7 P. aeruginosa Displays a Variety of Effective Mechanisms of
Tolerance to Many Compounds Including Antimicrobials

1.7.1 P. aeruginosa is a Prolific Producer of Biofilms

P. aeruginosa is a prolific producer of biofilms (Thi, Wibowo, and Rehm 2020). It does
so in order to protect cells from harsh conditions within the environment, making
populations of the pathogen difficult to eradicate from the body or medical
equipment using antibiotics or disinfectant products such as hydrogen peroxide
(Lineback et al. 2018). Biofilms create a barrier between cells and the extracellular
environment by encapsulating the cells within a mucus matrix, rendering them
resistant to the effects of antimicrobial agents such as antibiotics and even the
immune system (Maurice, Bedi, and Sadikot 2018). The formation of biofilms enables
populations of P. aeruginosa to colonise environments that would be otherwise
challenging for other species, such as fast-moving streams and hot tubs (Lutz and Lee

2011).

1.7.2 Multidrug Resistant Strains of P. aeruginosa are a Significant Cause of
Persistent Infection

P. aeruginosa is associated with multidrug resistant infections (Oliver et al. 2000).

This pathogen has a level of intrinsic resistance to many commonly used antibiotics.

For example, encoded on the P. aeruginosa genome is a B-lactamase AmpC, allowing

for the degradation of B-lactam antibiotics such as penicillins- commonly the first line
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of defence against bacterial infections (Hancock and Speert 2000)(Majiduddin,

Materon, and Palzkill 2002).

The ability of P. aeruginosa to tolerate and adapt in the presence of many antibiotics
makes it an effective pathogen and presents a problem in the treatment of infections.
Antibiotic resistance has been named one of the top three major threats to human
health, and some strains of P. aeruginosa infections have been reported as resistant
to all known antibiotics (Cabot et al. 2016). This makes this Pseudomonas species one
of the most lethal of the ESKAPE pathogens (Santajit and Indrawattana 2016).
However, the ability of this Pseudomonas species to tolerate concentrations of many
antimicrobial agents suggests that it may possess tolerance to concentrations of

methacrylate esters that other common industrial microorganisms cannot.

1.7.3 The Membrane Permeability of Pseudomonas species is Altered to
Confer Solvent Tolerance

In the presence of high solvent concentrations, P. putida alters its outer membrane
composition, increasing the percentage of fatty acids and altering its
lipopolysaccharides in order to reduce membrane permeability to increase its
tolerance to various solvents (Pinkart et al. 1996). As methacrylate esters are
hydrophobic molecules (Azhar et al. 2020), they integrate into the phospholipid
membrane of cells and disrupt them. It has been shown that imipenem resistant

strains of P. aeruginosa have less permeable membranes than susceptible strains
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(Studemeister and Quinn 1988). However, the role of the membrane itself in drug
resistance has recently been rethought. The protection conferred by the outer
membrane can be partly explained by another resistance mechanism- efflux

(Livermore 2002).

1.8 Traits Beneficial for Methacrylate Ester Bioproduction in P.
aeruginosa Contribute to Pathogenicity
The mechanisms of tolerance displayed by P. aeruginosa which make it a promising
candidate for methacrylate ester bioproduction are the same mechanisms of
tolerance which make this strain one of the most significant human pathogens. In
patients suffering from cystic fibrosis (CF), the tolerance mechanisms described are
often used by P. aeruginosa to evade antimicrobials to proliferate and persist within
the CF lung (Thomas E. Barton et al. 2022; Lyczak, Cannon, and Pier 2002; Yoon et al.
2002). Therefore, understanding these tolerance mechanisms for exploitation for
industrial benefit can also provide insights into how these survival strategies can be
targeted for improved treatment outcomes in chronic infection commonly occurring

in sufferers of cystic fibrosis.
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1.8.1 Efflux is a Major Mechanism of Tolerance in Pseudomonas Species

Perhaps the most important tolerance mechanism in P. aeruginosa is the export of
toxic substances from the cell, mediated by a sophisticated network of multidrug
efflux pumps within the cell membrane (Aeschlimann 2003). Although it has been
shown that this pathogen is capable of transcribing up to 12 of these systems (Stover
et al. 2000), efflux in P. aeruginosa is mainly mediated through four major systems,
all from the resistance nodulation division family of efflux pumps (Table 2)(Masuda

et al. 2000).
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Table 2: Pseudomonas aeruginosa expresses four main efflux systems

MexAB-OprM

MexCD-Opr)

MexXY-OprM

MexEF-OprN

Intrinsically expressed at high levels.

Commonly overexpressed in pathogenic
strains. Basal levels of expression

provide resistance to many chemicals.

Not expressed during regular growth.
Expressed during stress conditions,
providing acquired resistance to some

chemicals.

Intrinsically expressed at low levels.
Commonly overexpressed in pathogenic
strains. Basal levels of expression
provide some resistance to many

chemicals.

Not expressed during regular growth.
Expressed during stress conditions,
providing acquired resistance to some

chemicals.
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These systems actively transport harmful substances out from the cell, meaning
intrinsic levels of their expression give P. aeruginosa an innate level of resistance to
concentrations of the substances they extrude (Li, Plésiat, and Nikaido 2015). When
subjected to antibiotics, solvents, dyes or other chemicals harmful to cells, an
increase in transcription of these systems is observed (Dean et al. 2003; Gotoh et al.
1994; Lorusso et al. 2022) providing resistance in many cases. This makes these
systems significant in the clinic, as their overexpression is the cause of many
antibiotic resistant P. aeruginosa infections (Fabre et al. 2021; Lee et al. 2000). The
intrinsic and acquired resistance to many drugs through active efflux is observed over

several Pseudomonas species (Nikaido and Pagés 2012a).

In the wider context of a methacrylate ester fermentation, the ability of P. aeruginosa
to actively export substances from the cell reinforces its potential as a promising
production microorganism. If methacrylate esters can be transported from the cell
before their toxic effects on the cell membrane are seen, then larger concentrations
of these chemicals can be produced during a fermentation without compromising

productivity. Efflux of methacrylate esters from the cell will be a focus of this study.
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1.9 n-Butyl Methacrylate is an Attractive Methacrylate Ester for
Bioproduction
Currently, methyl methacrylate is the main methacrylate ester produced by
Mitsubishi Chemical Corporation. However, there are a few properties of n-butyl
methacrylate (BMA) which make it an attractive fermentation product. Firstly, BMA
is currently derived from MMA, but development of a bioprocess for BMA involves
the production of BMA itself, negating the need for an additional production step
involving the modification of MMA. Also, while MMA is slightly soluble in water, BMA
is completely insoluble in water, meaning that downstream processing of BMA is
simpler as the product would float on top of the growth medium. Reduction of
downstream processing steps will result in a bioprocess which is more cost effective
and less energy consuming. For these reasons, there is focus on BMA as the

methacrylate ester of choice for this bioprocess.

A disadvantage of BMA production compared to MMA is that BMA is more
hydrophobic than MMA. This means it can integrate into and disrupt cell membranes
more easily, so this will be a challenge of the bioprocess which must be addressed.

Efflux pumps will play a key role in overcoming this issue.

1.10 Previous Work: a BMA Sensitivity Assay
In 2017 a BMA sensitivity assay was carried out on Pseudomonas aeruginosa

transposon mutants by Dr Walid El Bestawy at the University of Strathclyde (Bestawy
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2017a) by conducting a transposon mutant library screen. These mutants had a
mariner transposon insertion in one gene which resulted in the downregulation or
complete obstruction of that gene (Liberati et al. 2006). These mutants were
subjected to growth with and without BMA, and the difference in growth was

recorded as the difference in the area under the plotted growth curve Table 3.
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Table 3: BMA sensitivity assay results conducted by Walid El Bestawy
(University of Strathclyde). Difference in growth of transposon mutants grown
with and without BMA as measured by the area under the growth curve were
compared. The red boxes highlight the top hits from the assay, showing the
two distinct groups of genes which resulted in the biggest difference in growth.
* note that PA14 61980 is not part of the Cbbsz cytochrome oxidase family of

proteins and is an outlier.

LocusID Description %AUC
-63.12
-55.70
-55.29
PA14_44460 cytochrome complex assembly. -51.03
putative cation-transporting Ptype
o) PA14 44440 ATPase -49.85
> l|PAL4 61980 chromosomepartitioningprotein -45.27
— putative cytochrome oxidase
‘D [ PAL4 44450 maturation protein cbb3-type 45.11|
c = 44.40
(9’3 PA14_43950 SucC -41.62
Q carbamoyl-phosphate synthase small
e PA14 62930 chain subunit -36.09
o
E PA14_66310 dihydrolipoamide acetyltransferase aceF -34.58
PA14_43940 SucD -34.18
PA14 69620 Uncharacterised -32.67
PA14 13660 TpbA -32.47
PA14 57560 putativecytochromeb -29.86
PA14_05620 Sadenosyl-L-homocysteine hydrolase -27.23
PA14 19630 fol EL GTP cyclohydrolase -4.89
PA14 26130 Morphinonereductase 7.37
— PA14_39560 putative chemotaxistransducer 8.97
% PA14_58260 Unknown function 10.55
PA14 22020 MinD 10.78
m PA14_30290 RsK 11.48
A PA14 27070 YphA 11.74
& PA14 23460 TpbB 12.05
(D) PA14_20080 Smilarity HlyD secretion protein 13.16
B toluate 1,2-dioxygenase alphasubunit.
E PA14_32080 xylX 14.05
PA14_51430 pgsA 15.98
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Strains that displayed the largest D%AUC have a transposon insertion in a gene that
confers a selective advantage for growth in the presence of BMA. Of the top genes
which showed the largest difference in growth in this transposon mutant library
screen, 6 of these transposon mutants correspond to genes from two distinct systems

as is demonstrated by Table 3.

Transposon insertions within genes PA14 05550, PA14 05540 and PA14 05530
(OprM, MexB and MexA respectively) all correspond to P. aeruginosa strains with a
downregulation of one component of the MexAB-OprM efflux system. Genes
PA14 44460, PA14 44440 and PA14 44450 all correspond to mutants with
transposon insertions on genes for proteins associated with the assembly of the Cbbs
cytochrome oxidase complex. As these strains displayed the largest difference in
growth during the transposon mutant library screen, these systems must play a
crucial role in the tolerance of P. aeruginosa to BMA- as reducing their transctiption

resulted in decreased growth in the presence of BMA.

Transposon mutants which displayed an increased tolerance to BMA are also shown
in Table 3. However, the difference in AUC for these strains were significantly lower
than in the strains which became more sensitive, and therefore the gene
downregulations which resulted in an increase in BMA sensitivity are more attractive
as targets for increasing the tolerance of P. aeruginosa to n-BMA in terms of

bioprocess development. Although the significance of these genes cannot be ignored,
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this study will focus only on the gene downregulations which produced more

sensitive P. aeruginosa mutants.

1.11 Two Distinct Systems were ldentified by the Transposon Mutant
Library Screen

1.11.1 The MexAB-OprM Multidrug efflux System

The three transposon mutants which produced the largest difference in growth in

response to BMA had transposon insertions within the genes MexA, MexB and OprM.

These genes are all components of the MexAB-OprM system which is the main efflux

machinery utilised by P. aeruginosa, spanning the inner and outer membrane (Figure

2).

This protein complex belongs to the resistance nodulation division (RND) family of
multi-drug exporters, which are ubiquitous to Gram negative bacteria (Nikaido 2010)
and are powered by proton motive force (PMF) within the cell. P. aeruginosa
expresses several RND efflux systems (Table 2), but the MexAB-OprM is the major
mediator of efflux within this microorganism. This RND pump is expressed at intrinsic
levels within the cell and is the main system responsible for the extrusion of a broad

range of toxic substrates across the double membrane (Li et al. 2015).
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Outer membrane
OprM
MexA
MexB
Inner membrane

Figure 2: The MexAB-OprM protein complex is formed from three subunits, MexB, MexA and OprM. Protein complex is in the
0-degree state. Protein structure diagram generated using PyMol using the protein database (PDB) structure generated by
Tsutsumi et al. 2019, pdb code: 6/0K.

40



The MexAB-OprM complex is formed from an inner membrane spanning RND
protein, a periplasmic membrane fusion protein and an outer membrane factor
(OMF) protein (Figure 2). Each of these subunits play a role in the function of the

pump, each being essential for in vivo activity of the system (Du et al. 2018).

The substrate specificity of the MexAB-OprM system is extremely broad (Nikaido and
Pages 2012b). This protein complex supports the extrusion of most categories of
antimicrobial agents, dyes, detergents, organic solvents and even quorum sensing
molecules from the cell (Table 4)- making it a powerful mechanism of broad tolerance
in P. aeruginosa. Substrates of this pump vary greatly in molecular weight and charge,
showing that the mechanism of transport is complex and sophisticated. The
versatility of this system continues to place clinical interest upon it as a drug target,
as its role in broad antibiotic resistance of P. geruginosa has been demonstrated

widely (Goli et al. 2018).
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Table 4: the MexAB-OprM multidrug efflux system supports a wide range of

substrates. These substrates vary greatly by molecular weight. Biochemical evidence
of efflux is listed for each substrate.

Substrate Molecular Biochemical Evidence Literature
Weight (gM)
Organic Toluene 92.14 Active energy dependant (Isken and
Solvents efflux of toluene in solvent
De Bont
tolerant P. aeruginosa
1996)
n-butyl 142.20 Significant reduction of n- (Bestawy
methacrylate BMA tolerance in P. 2017b)
aeruginosa with transposon
insertion within genes
MexB, MexA and OprM
Detergents n-dodecylID- 510.60 Binding of maltoside (Sennhauser
maltoside component of DDM
P et al. 2009)
(DDM) observed in MexB crystal
structure
Antimicrobial = Chloramphenicol 323.13 Loss of chloramphenicol (Guan and
Agents resistance in MexB P.
: Nakae
aeruginosa mutants
2001)
novobiocin 612.6 Binding of novobiocin to (Tsutsumi et
MexB distal drug bindin
& & al. 2019)

pocket in cryo-EM analysis
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Dyes Ethidium

bromide

2-4-dimethyl-
aminostyryl-1-

ethylpyridinium

(DMP)
Quorum 3-oxo-acyl-
Sensing homoserine
Molecules lactone
HSL inhibitor L-
homoserine
lactone (OdDHL)
Other Protons (H*)

Neopentyl glycol

derivative C7NG

394.29

380.27

213.23

101.1

1.01

1028

Transport of EtBr by (Verchere et

MexAB-OprM through in

al. 2015)
vitro double membrane
system
Transport of DMP into (Guan and
MexB proteoliposomes Nakae
2001)
Loss of HSL dependant (Minagawa
response upon breakdown et al. 2012)
of MexAB-OprM function by
knocking out MexB
Increased potency of (Moore et
OdDHL in MexAB-OprM al. 2014)
knockouts
Loss of efflux upon addition (Nikaido
of proton uncoupler 1996)
carbonyl cyanide m-
chlorophenylhydrazone
(cccp)
Resolved crystal structure (Sakurai et
of MexB with C7TNG
W al. 2019)

inserted within the distal

binding pocket
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The functional subunit of MexAB-OprM is MexB, this subunit forms the RND
component of the MexAB-OprM complex (Fernando and Kumar 2013). The crystal
structure of MexB has been resolved, revealing its tripartite structure (Figure 3). Each
monomer spans the inner membrane of P. ageruginosa 12 times, and these 12
transmembrane (TM) domains are positioned in a complex configuration leading to
the intricate tertiary structure of the inner membrane protein. Elongated curved
structures protruding from regions TM1/TM2 and TM7/TM8 form the framework of
a periplasmic domain which fold into six subdomains. These subdomains facilitate
the binding of substrates to MexB in a pore region and forms an interaction site which
allows the membrane fusion protein (MFP) MexA to dock onto MexB (Tsutsumi et al.

2019).
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(b)

Inner membrane

Figure 3: (a) the tripartite structure of MexB (b) the position of MexB within the inner membrane. Protein structure
diagram generated using PyMol using the PDB structure generated by Sennhauser et al. 2009, PDB code: 2V50.
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It is widely accepted that MexB is the active component of the MexAB-OprM
complex. At any one time, each of the three monomers adopts a different
conformational state: the access, binding or extrusion state. During the access state,
two binding pockets are made accessible for the capture of substrate from either the
periplasm or from within the membrane. The binding site is only accessible on the

monomer which has taken the access conformation at that time (Seeger et al. 2006).

The binding conformation involves the closing off of the binding site after compounds
have bound, preventing the backflow of substrate back through MexB. It has always
been accepted that a distal binding pocket allows for the capture of low molecular
mass substances, and a proximal binding pocket was responsible for the capture of
larger molecular mass compounds. However, it has been shown that the distal
binding pocket is capable of capturing substances of both low and high molecular
weights (Sakurai et al. 2019). A third biding site has recently been discovered localised
within the periplasmic portion of MexB responsible for the efflux of substances from
within the membrane and the periplasmic space (Oswald, Tam, and Pos 2016). When
the extrusion state is adopted, substrates are pumped through various channels
within MexB which open upon adoption of this state and feed to the membrane
fusion protein MexA. The three subunits shift between these three states, and in
doing so efflux of substrate from MexB to MexA and then through OprM is mediated

(Sennhauser et al. 2009).
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MexA is the membrane fusion protein component of the MexAB-OprM system. Its
structure is complex, comprising of 13 subunits which form a long boomerang shaped
structure (Figure 2)(Akama, Matsuura, et al. 2004). MexA occupies the periplasmic
space, acting as a bridge between the inner membrane protein MexB, and the outer
membrane protein (OMP) OprM. MexB and OprM only weakly interact, and so MexA
has been described as an adaptor protein which connects the two subunits

(Symmons et al. 2009).

The outer membrane component of the MexAB-OprM complex is OprM. Like MexB,
this structure is also tripartite, with each protomer assembled to form a pore
structure (Figure 2), mediating the movement of substrate in one direction only
(Akama, Kanemaki, et al. 2004). This protein mediates the extrusion of substrates
across the outer membrane of P. aeruginosa, and it has been proposed that this

process is activated by the interaction of OprM with MexA (Lépez et al. 2017).

1.11.2 MexAB-OprM Requires a Proton Gradient Across the Biological
Membrane to Function

Initiation of transport across the biological membrane by MexB requires a proton

gradient within the cell (Verchére, Broutin, and Picard 2012). A proton gradient is

generated when there is a higher concentration of hydrogen ions (protons, or H*) in

the periplasmic space than there are within the cell. This creates an electrochemical

gradient across the inner membrane, which allows certain systems within the
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membrane such as MexB to transport substances across the membrane using proton
motive force (PMF) instead of hydrolysing adenine triphosphate (ATP)(Alberts B,
Johnson A, Lewis J 2002). Without a proton gradient, the MexAB-OprM system is not
able to extrude substrate from the cell against its concentration gradient. This was
demonstrated in 1994, when Li et al. observed a loss of MexAB-OprM mediated drug
resistance upon the addition of a proton uncoupler CCCP to the growth medium of

P. aeruginosa (Li, Livermore, and Nikaido 1994).

In order to mediate substrate extrusion, H* ions are captured from the periplasmic
space by MexB and transported down their concentration gradient into the
cytoplasmic space. The energy generated in this proton transport powers efflux (Du
et al. 2018). Charged residues within MexB which are highly conserved across the
RND transporters are situated between TM4 and TM10. Among these are Asp407 and
Asp408 situated in TM4, and Lys939 on TM10. These residues are thought to form a
portion of a channel mediating the translocation of protons through the RND
transporter. Substitution of any of these conserved residues for alternative amino

acids results in the breakdown of efflux (Guan and Nakae 2001).

1.12 The Cbbsz Cytochrome Oxidases
Three transposon mutants which produced the largest difference in growth in

response to BMA had transposon insertions within the genes PA14 44460,
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PA14 44440, and PA14 _44450. These genes are all components of the Cbbs

cytochrome oxidase assembly system.

These protein complexes were first discovered in Bradyrhizobium japonicum within
the root nodules of nitrogen fixing plants. These systems played an essential role in
the respiratory chain of this microorganism, maintaining the energy demand for the
highly energy taxing process of nitrogen fixation from the atmosphere in the root
nodules of legumes (Elmerich, Kondorosi, and Newton 1994). Now, these membrane
proteins have been identified in a number of microorganisms, including

Pseudomonas aeruginosa.

When oxygen is not a limiting factor, P. aeruginosa transcribes five terminal oxidases
(Arai et al. 2014). Two of these are Cbbs type cytochrome oxidases: Cbbs-1 and Cbbs-
2, which are under the control of separate promoters. These systems catalyse the
reduction of oxygen to water, generating energy. Cytochrome oxidases are the final
enzymes involved in the electron transport chain, and use the energy produced from
oxygen reduction to transport H* ions across the cytoplasmic membrane, generating
a proton gradient within the cell (Hill 1991). These systems therefore play an essential

role in bacterial energetics.
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The P. aeruginosa Cbbs cytochrome oxidases are structurally complex and are
comprised of four distinct subunits (Figure 4). The transmembrane catalytic subunit,
CcoN contains the active site of the protein complex, a haem-copper metallocentre
where the four electron reduction of oxygen occurs (Pitcher and Watmough 2004).
CcoN interacts with two other subunits: CcoO and CcoP to mediate the translocation
of protons across the inner membrane. Two channels are involved with proton flux.
Channel K transports H* ions from inside the cell towards the haem-copper
metallocentre, and channel D mediates the flux of protons across the inner
membrane into the periplasmic space (Comolli and Donohue 2004). A fourth subunit,

CcoQ has an unknown function.
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Figure 4: ribbon structure of the Cbb3 cytochrome oxidase from Pseudomonas stutzeri from a front and back view. Protein structure
diagram generated using SWISS-MODEL. Subunit CcoN is shown in blue, subunit CcoO is shown in yellow and subunit CcoP is shown in
purple. Three Heme C molecules are bound within unit CcoP, and a hexacyanoferrate molecule is observed at the apex of CcoP. Other
bound ligands include Copper(ll) ions and calcium ions.
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This membrane protein is complex in structure, and assembly of a functional Cbbs
system requires the expression of an operon encoding Cbbs maturation proteins
(Zufferey et al. 1996). Although there are two copies of the Cbbs cytochrome oxidase
genes on the P. geruginosa genome, there is only one copy of the genes encoding the
machinery for the Cbbs assembly system. One of the genes which displayed the
highest difference in growth during the transposon mutant library screen was a
member of this assembly system- PA14 44440, a copper transporting p-type ATPase
CopA2 shown in Figure 5. This protein is homologous with the protein CopA
responsible for copper tolerance in P. aeruginosa (Hofmann, Hirsch, and Ruthstein

2021).

52



(a)

(b) @

Inner membrane

Figure 5: (a) monomeric Cbb3 copper transporting p-type ATPase CopA2. Diagram generated using SWISS-MODEL
(b) dimeric CopA2 from Archaeoglobus fulgidus within the inner membrane. Diagram generated using SWISS-MODEL
SMTL ID: 3j09.1
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This p-type ATPase is positioned within the inner membrane of P. aeruginosa (Figure
5) and is a copper transporting complex also involved in maintaining the proton
gradient within the cell. ATPases catalyse the hydrolysis of adenosine triphosphate
(ATP) to adenosine diphosphate (ADP), a process which generates energy. ATPases
use this energy to transport ions across the cell membrane. In the case of
PA14 44440, CopA2, this p-type ATPase transports copper ions across the
cytoplasmic membrane into the periplasmic space. These copper ions are accessed
by Cbbs from the periplasm and used for the formation of the haem copper catalytic
centre situated within the CcoN subunit. Therefore, as well as playing a role in the
assembly of the Cbbs complex, this p-type ATPase also plays an important role in
copper tolerance in P. aeruginosa by extruding copper ions from the cytoplasmic

space (Rademacher and Masepohl 2012).

1.13 A Functional Relationship Between MexAB-OprM and Cbbs
cytochrome Oxidases is Proposed
A functional relationship between MexAB-OprM and the Cbbs cytochrome oxidases
has not been reported in the literature. It is expected that the MexAB-OprM system
would play an integral role in BMA tolerance, as it plays an essential role in the
tolerance of P. aeruginosa to many other toxic substances. However, the same
cannot be said of the Cbbs proteins. It is known that these proteins have a primary
role in the respiratory chain, but their role has never been explored in relation to

tolerance.
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As the MexAB-OprM system requires proton motive force to mediate efflux of
substances out of the cell, this study hypothesises that the P. aeruginosa Cbbs
cytochrome oxidases or components of its assembly system provide the proton

gradient in order for MexAB-OprM to function Figure 6.
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Figure 6: proposed model of MexAB-OprM BMA efflux powered by Cbbs. From the right-hand side of the schematic: PA14_44440- the Cbbs
assembly copper transporting p-type ATPase catalyses the hydrolysis of ATP to ADP, using the energy generated in doing so to transport copper
() ions across the inner membrane into the periplasm. These copper (Il) ions are accessed in the periplasm by Cbbs and are used for the
construction of the haem-copper metallocentre on subunit CcoN. Cbbs catalyses the four-electron reduction of dioxygen to water and used the
energy generated in doing so to transport protons into the periplasm and generation of a proton gradient is obtained within the cell. Note that
in the cell there are two copies of Cbbs being transcribed: Cbbs-1 and Cbbs-2, so the proton gradient generated by Cbbs is significant. MexAB-
OprM utilises the PMF to extrude BMA from the cell. A proton is transported down its electrochemical gradient, and the energy generated in
doing do is used to transport BMA from the cell, which is accessed in the periplasm. Diagram generated using Biorender.
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Although E. coli and P. aeruginosa share a high degree of homology between their
main RND efflux pumps, AcrAB-TolC and MexAB-OprM respectively, it is P.
aeruginosa which exhibits such a high degree of innate resistance and tolerance
which has allowed the microorganism to establish itself so successfully within the
environment and in the clinic (De Bentzmann and Plésiat 2011). E. coli possesses only
one Cbbs type cytochrome oxidase (Pitcher and Watmough 2004) compared to the

two Cbbs systems represented by P. aeruginosa.

Possessing a second copy of Cbbs which has a higher affinity for oxygen (Pitcher and
Watmough 2004) and is transcribed under low oxygen conditions may allow P.
aeruginosa to more easily preserve a proton gradient within the cell where other
microorganisms would struggle to do so. This study hypothesises that P. aeruginosa
is such an established tolerant organism because even though its efflux machinery
shares a high degree of similarity to that or other Gram-negative bacteria, it has the
tools to power that machinery more effectively-specifically through the Cbbs
cytochrome oxidase system and the efficient generation and maintenance of proton

gradient within the cell.

If this hypothesis is correct, the basis for the exploitation of these systems is proposed
for the generation of tolerant strains for industrial benefit. The proposed functional

relationship between MexAB-OprM and the Cbbs cytochrome oxidases could also be
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responsible for the tolerance of P. aeruginosa to many antimicrobials allowing the

pathogen to persist in infections, particularly in patients suffering with cystic fibrosis.

During this study, we propose a biochemical and transcriptomic approach to
elucidating this potential functional relationship while identifying tolerance
conferring mechanisms of P. aeruginosa PA14 to a number of substances including
BMA, styrene, ethylbenzene and the cystic fibrosis transmembrane conductance
regulator modulator drugs Kaftrio and Ivacaftor at 1 x and 100 x serum

concentrations.
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2 Materials and Methods

2.1 Chemicals and Reagents Used Throughout This Study

Table 5: chemicals and reagents used in this study

1kbp plus ladder

250kDa protein ladder
Acrylamide

Agar

Agarose

Ampicillin

CaCl;

Carbenicillin

Copper(ll) Sulphate
Dimethyl Sulfoxide (DMSQO)
DNAse

dNTP Mix

DTAB

Ethidium Bromide

Gibson Assembly Mastermix
Glucose

Glycerol

New England Biolabs UK

New England Biolabs UK

Scientific Laboratory Supplies Limited

Sigma-Aldrich
Sigma-Aldrich
Melford Laboratories Ltd
Sigma-Aldrich
Melford Laboratories Ltd
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
New England Biolabs UK
Sigma-Aldrich
Sigma-Aldrich
New England Biolabs UK
Sigma-Aldrich

Sigma-Aldrich
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GoTaqg DNA Polymerase

Green GoTaqg Reaction Buffer

IPTG
Kanamycin
KH2PO4
Loading Dye
Lysozyme
MgSQO4

n-Dodecyl-B-D-maltoside

Na;HPOs-7H,0
NaCl

NH4CI

PDVF membrane
PMSF

Primary antibody

Q5 High Fidelity DNA Polymerase

Q5 High GC Enhancer

Q5 Reaction Buffer

RNAlaterd Stabilisation Solution

RNAseZapd RNAse Decontamination

Solution

PureLinkd DNase Set

Promega

Promega

Melford Laboratories Ltd
Melford Laboratories Ltd
Sigma-Aldrich

New England Biolabs UK
Sigma-Aldrich
Sigma-Aldrich

Melford Laboratories Ltd

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Cytiva Lifesciences
Sigma-Aldrich
ThermoFisher Scientific
New England Biolabs UK
New England Biolabs UK
New England Biolabs UK
Invitrogen

Invitrogen

Invitrogen
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Secondary antibody
Sodium Citrate

T4 DNA Ligase
TEMED
Tetracycline

Tris Base

Tris-CL

TRIzol RNA Isolation Reagent
Tryptone

Wattman paper
X-Gal

Yeast Extract

ThermokFisher Scientific
Sigma-Aldrich

New England Biolabs UK
Sigma-Aldrich

Melford Laboratories Ltd
Sigma-Aldrich
Sigma-Aldrich
Invitrogen
Sigma-Aldrich

Cytiva Lifesciences
Promega

Sigma-Aldrich
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2.2 Preparation of Solutions
All solutions were prepared using deionised water from the Purite HP deionised
water dispension system. Solutions were sterilised by autoclaving at 121 C for 20

minutes at 15psi or by filter sterilisation using filters with pore size of 0.22 micron.

2.2.1 Media and Solution Composition

Table 6: Reagent/media composition of solutions used in this study

5x SDS PAGE loading dye (50mL) 30% glycerol, 10% SDS, 5% B-

mercaptoethanol, 0.02% bromophenol

blue, 250mM Tris-Cl(pH 6.8)

10% APS (50mL) 5g ammonium  persulphide was

dissolved in 50mL ddH,0

10x SDS PAGE running buffer (1L) 30g tris base, 144g glycine, 10g SDS

20x NPS 25% glycerol, 2.5% glucose, 10% lactose
50x 5052 0.5M (NH4),S04, 1M KH,HPO4
Autoinduction media (200mL) 200uL Amplicillin (100mg/mL), 10mL

20xNPS, 4mL 50x5052, 200uL 1M

MgSOa, up to 200mL with ZY broth
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Gel destain solution

Gel stain solution

IMAC A solution

IMAC B solution

LB agar (250mL)

LB broth (250mL)

M9 minimal media (500mL)

M9 salts (1L)

Membrane protein stabilisation lysis

buffer (35mL)

40% methanol, 10% acetic acid, 50%

H20

0.1% Coomassie blue, 50% methanol,

10% acetic acid

50mM TrisCl (pH8), 500mM NaCl, 10%

glycerol, 0.03% DDM, 10mM imidazole

50mM TrisCl (pH8), 500mM NaCl, 10%

glycerol, 0.03% DDM

1.25g yeast extract, 2.5g tryptone, 1.25g

NaCl, 2.5g agar

1.25g yeast extract, 2.5g tryptone, 1.25g

NaCl

100mL M9 salts, 1mL MgSO4 1M, 10mL

sodium citrate 20% w/v, 50N CaCl 1M

64g NaHPO4-7H,0, 15g KH,POs, 2.5g

NaCl

35nL. DNase, 700nmL. PMSF, 150mg

lysozyme,0.7g DDM, 3.5mL glycerol
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MSA media (1L)

MSB media (1L)

MSX minimal media

Mueller Hinton broth (1L)

PBS (1L)

SOC broth (100mL)

Solution 2

Solution 3

TBS-T (1L)

TBST- 5% Milk

7.89g KH,PO4 2.63mL vishniac trace

elements

15g NH4Cl, 2g MgS04.7H,0

760mL MSA media, 200mL MSB media,

40mL 12.5% (w/v) glucose

21g Mueller Hinton

1.44g Na,HPO4 0.24g H,PO, 0.2g KCl, 8g

NaCl

2g tryptone, 0.5g yeast extract, 0.06g
NaCl, 0.02g KCl, 0.2g MgCl,6H,0, 0.36g

glucose

1.5M TrisCl (pH 8.8), 0.3% SDS

0.5M TrisCl (pH6.8), 0.3% SDS

8.76g NaCl, 6.05g TrisCl, 500uL Tween

20

TBS-T supplemented with 5% dried milk
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Transfer buffer (1L) 14.4g glycine, 3g Tris base, 1g SDS 20%
methanol
ZY broth (1L) 10g tryptone, 5g yeast extract up to 1L

with ddH.0

2.3 Equipment Used Throughout This Study

The equipment used throughout this study is listed in Table 7.
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Table 7: equipment used throughout this study and their suppliers are shown.

2100 Bioanalyzer Agilent

Benchtop centrifuge ThermoFisher Scientific
Bio-Rad Mini PROTEAN Tetra Vertical Bio-Rad
Electrophoresis Kit

Gel visualisation camera Syngene Bioimaging
LI-COR Odyssey Imager LI-COR

Microbiological Safety Cabinet (MSC) ThermoFisher Scientific

Microfuge ThermoFisher Scientific
MonarchN DNA Gel Extraction Kit New Wngland Biolabs United Kingdom
Nanodrop spectrophotometer ThermoFisher Scientific

Nonstick, RNAse-free microfuge tubes | Invitrogen

2.0mL

Protein gel doc Syngene Bioimaging
RNA 6000 Nano Chips Agilent

RNA 6000 Nano Kit Agilent

Rotating wheel ThermoFisher Scientific
Semi dry transfer system ThermoFisher Scientific
TRIzol& Plus RNA Purification Kit Invitrogen

WizardN Plus Minipreps DNA Promega United Kingdom

Purification Systems
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2.4 Bacterial Strains Used During This Study
The bacterial strains used throughout this study and their genotypes are shown in

Table 8.
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Table 8: bacterial strains used throughout this study and their genotypes.

C43(DE3) Escherichia coli

DH5a Escherichia coli

P. aeruginosa PA14_WT

pETER1

pETER2

DE3 T7 DNA polymerase
gene cassette. Optimised
membrane

for protein

overexpression

High yield and quantity of

DNA due to endA mutation

PA14 wild type strain

(S.Wagner et al. 2008)

(J. Lin 1992)

(Liberati et al. 2006)

C43(DE3) Escherichia coli @ This study

transformed with CopA2
overexpression plasmid

pETER1

C43(DE3) Escherichia coli This study

transformed with MexB
overexpression plasmid

pETER2
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2.5 Cultivation of Bacteria

Single colonies of E. coli and P. aeruginosa were obtained by streaking onto LB agar
plates and incubating in a static incubator at 37 C for 16 hours. 10mL Overnight
cultures were inoculated using a single colony of bacteria in LB broth (supplemented

with antibiotics where appropriate) and shaking for 16 hours at 37 C 250RPM.

2.6 Cryostock Preparation

Cryostocks of bacterial strains were prepared for long term storage in the -80 C
freezer. 5 mL of bacterial culture in stationary phase was mixed gently with 400 ni. of
sterile 60% glycerol and added to a sterile cryogenic tube. Cryostocks were stored at

-80 C.
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2.7 DNA Amplification

DNA was amplified throughout this study by polymerase chain reaction (PCR). PCR
reactions were set up as detailed in Table 9. Negative controls were setup with no
DNA template and positive controls with a known DNA template were setup

alongside PCR reactions.
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Table 9: PCR reaction composition

Q5 reaction buffer 5x 10m
Q5 High GC enhancer 5x om
Q5 high fidelity DNA 2000 u/ml 1m
polymerase
Forward primer 10 mM 25nm
Reverse primer 10 mM 25m
dNTP mixture 10 mM 1m
Template DNA <100 ng
DMSO 25m
Deionised H,O -

Total volume 50 m
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PCR reactions were carried out following the reaction cycle shown in Table 10.
Denaturation, annealing, and elongation cycles were repeated 34 times before the

final elongation step.
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Table 10: PCR reaction cycle conditions.

Initial denaturation 95 3:00
Denaturation 95 0:30
Annealing (dependant on primer 0:30

Tm)
Elongation 72 1 minute per kbp
Final Elongation 72 5:00
Hold 4 o}
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Primers for PCR reactions were synthesised by Integrated DNA Technologies and
used at a concentration of 10 mM in the reaction. The primers used throughout this

study are listed in Table 11.
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Table 11: primers used for PCR reactions throughout this study.

PA14_05540Gibfwd

PA14_05540Gibrev

PA14_44440Gibfwd

PA14_44440Gibrev

RNA DNA check
intergenic region

Fwd

RNA DNA check
intergenic region

Rev

ITTTGTTTAACTTTAAGAAGGAGATATACATATG

TATGAGCAAGTTCTTTATTGACCG

GAGGCCCCAAGGGGTTATGCTAGTTATTGCTC,

TAGTGGTGGTGGTGGTGGT

GAGGCCCCAAGGGGTTATGCTAGTTATTGCTT/

GTGGTGGTGGTGGT

GAGGCCCCAAGGGGTTATGCTAGTTATTGCTT/

GTGGTGGTGGTGGT

AGCCCGCCTCCGCCAGTGC

GTTGCCCTCCCATGGGCACCGCG
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2.8 Agarose Gel Electrophoresis

DNA samples were analysed using agarose gel electrophoresis. Gels were cast using
100mL of 1x TAE buffer in which 1 g of agarose was added and melted in a microwave.
2L of ethidium bromide was added per 100 mL of molten gel. Gels were resolved at
90V constant for 60 minutes. Samples were prepared by adding 1 nl of 5 x loading

dye per 5 ni. of sample.

2.9 Gel Purification of DNA Fragments Resolved Using Agarose Gel
Electrophoresis
Fragments were isolated after resolution using agarose gel electrophoresis using the

Monarch N DNA Gel Extraction Kit obtained from New England Biolabs.

Fragments to be purified were removed by excision using a sterile scalpel and
transferred to a sterile 1.5 mL Eppendorf tube. Purification of DNA was carried out
following the Monarch N DNA Gel Extraction Kit protocol and DNA concentration was

measured using the Nanodrop 2000c spectrophotometer.

2.10 Plasmid DNA Isolation
10mL overnight cultures of E. coli transformed with the plasmid of interest in LB were
inoculated using a single colony from a transformation. After a 16-hour incubation at

37 C 250 RPM the cells were collected by centrifugation. Plasmid DNA was isolated
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from cultures using the WizardN Plus Minipreps DNA Purification Systems kit and
following the appropriate protocol for bacterial cultures. Plasmid DNA was eluted in

50 ulL of H;0 and quantified using the Nanodrop 2000c spectrophotometer.

2.11 DNA/RNA Quantification

Quantification of DNA was obtained using the Nanodrop 2000c spectrophotometer.

1 m. of DNA/RNA was loaded onto the nanodrop and the concentration was

measured.

Quantification of DNA and RNA was obtained using the Qubit O DNA HS Assay Kit
and the Qubit O RNA HS Assay Kit. Samples were prepared using the appropriate
protocols for the kits and measured straight after preparation. Fresh standards were

prepared for each new group of samples. Samples were measured on the QubitO

fluorometer.

2.12 Preparation of Chemically Competent Cells

Chemically competent Escherichia coli CA3(DE3) and DH5a aliquots were prepared.
LB agar plates were streaked for single colonies and incubated overnight at 37 Cin
a static incubator. One single colony was used to inoculate a 10 mL overnight culture

in LB broth and incubated overnight at 37 C 250 RPM.
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1 mL of overnight culture was used to inoculate 50mL of LB broth in a sterile flask and
incubated at 37 C 250 RPM until the ODeoo is between 0.4 and 0.6. The culture was
decanted into a 50 mL falcon and stored on ice for 10 minutes to halt growth. The
cells were pelleted by centrifugation and the supernatant was discarded. Cells were
resuspended gently in 10 mLice cold 0.1 M CaCl; and incubated on ice for 20 minutes.
Cells were pelleted by centrifugation and resuspended in 0.1 M CaCl; 15% glycerol.
The suspension was aliquoted into 501 aliquots in sterile Eppendorf tubes and snap

frozen using liquid nitrogen and stored immediately at -80 C.

2.12.1 Transformation of Chemically Competent Cells

Heat shock transformations of chemically competent Escherichia coli C43(DE3) and
DH5a were carried out. 50 nl. aliquots of previously prepared chemically competent
cells were removed from storage at -80 C and thawed on ice for 10 minutes. Under
sterile conditions, 100 ng of plasmid DNA was added to selected aliquots and 1 ni of
sterile H,O was added to an aliquot as a negative control. Cells were incubated on ice
for 18 minutes before heat shocking at 42 C for 30 seconds and returned to ice for a

further 2 minutes.

90 ni. of sterile LB broth or SOC broth was added to each aliquot and the cells were
left to recover for one hour at 37 C 250 RPM. After recovery 100 ni of cell culture

for each plasmid/negative control was spread on an LB plate supplemented with the
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appropriate antibiotic using a sterile spreader. In some cases 100 ni of 1:10 and
1:1000 dilutions prepared using LB broth were prepared. Plates were incubated at 37

~C for 16 hours before inspection for single colonies.

2.13 Restriction Digestion of DNA

All enzymes and buffers used for restriction digests were obtained from New England
Biolabs. Reaction compositions were as described in Table 12. Reactions were
incubated at 37 C for 2 hours before visualisation using agarose gel electrophoresis.
Where double digests were carried out, one enzyme was added at the beginning of
the reaction for 1 hour before the other was added before leaving the reaction for 1
more hour. Where a high efficiency of digest was required, a further 0.2 L. of enzyme

was added after 1 hour of the reaction.
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Table 12: restriction digest reaction composition

Restriction enzyme 0.1 units
DNA to be digested 1ng
Cutsmart buffer (10x) 5m
Deionised H;0 Up to 50
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2.14 Gibson Assembly of DNA Fragments
Gibson assembly was used to assemble DNA fragments for overexpression construct

generation and gene knockout plasmid construction.

Vector and insert preparation was carried out by PCR amplification followed by
agarose gel fragment purification and restriction digest where necessary. Gibson
Assembly reactions were carried out using the Gibson AssemblyN Master Mix
obtained from New England Biolabs. Reactions were set up following the kit’s
protocol to final reaction volumes of 10Nt in 100m. tubes. Reactions were incubated

at 50 C for one hour in Bio-Rad T100 Thermal Cycler.

The entire 10 Nl reaction volume was used to transform the appropriate strain of
Escherichia coli (one aliquot was used, prepared as described above) and plated on
LB agar plates supplemented with the appropriate antibiotic. 5 single colonies from
each transformation were used to inoculate 10 mL overnight cultures and plasmid
was purified from each culture and screened using restriction digest and PCR

amplification.
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2.15 Growth of Cultures for RNA Isolation

2.15.1 Growth of BMA, Styrene and Ethylbenzene Cultures for RNA Isolation

Single colonies of Pseudomonas aeruginosa PA14 were obtained by streaking from a
cryostock onto an LB agar plate and incubating in the static incubator at 37 C for 16
hours. Using single colonies obtained from this plate, 10 mL overnight cultures in MSX
minimal media were inoculated and incubated for 16 hours overnight at 37 C 250

RPM.

50mL cultures in the MSX minimal media were inoculated using the overnight
cultures to a starting ODgoo of 0.05 in 250 mL flasks. Cultures were incubated at 37 C
250 RPM and the ODgoo Was measured periodically until the cells reached an ODeno

between 0.7 and 0.8.

When at the correct ODggo Was obtained, 4 x 2 mL samples of culture were transferred
to a 2 mL tube for the negative control. Cells were pelleted at 4 C using the Thermo
Scientific Medifuge Small Benchtop centrifuge at 4,900 RPM for 5 minutes and both
pellets were resuspended in one fresh tube containing 500 uL of RNALater. Nonstick,
RNAse-free 2.0 mL microfuge tubes obtained from Invitrogen were used for all

culture collection for RNA isolation.
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BMA, styrene and ethylbenzene were added to the cultures to obtain final overall
concentrations of 20 % BMA, 10 mM styrene and 10 mM ethylbenzene and cultures
were returned to the incubator for 15 minutes before taking samples as described

for the control samples.

2.15.2 Growth of lvacaftor and Kaftrio Cultures for RNA Isolation

Kalydeco tablets containing 150 mg ivacaftor and Kaftrio tablets containing 75 mg
ivacaftor, 50 mg tezacaftor and 100 mg elexacaftor were obtained from Vertex
Pharmaceuticals through collaborators at the Queen Elizabeth University Hospital,

Glasgow.

Stock solutions were freshly prepared from tablets. Tablets were weighed using the
ABS analytical microbalance and ground using a pestle and mortar to obtain a
homogenous thin powder before dissolving in DMSO. The mass of ground tablet
required to generate stock solutions are shown in Table 13. To recreate the reported
blood serum concentration of ivacaftor of 0.001 mg/mL a stock solution of 10,000 x

(10 mg/mL) concentration was prepared.
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Table 13: an overview of the weights and APl composition of Kalydeco and Kaftrio

used to determine stock solution composition

elexacaftor

Kalydeco Ivacaftor 562 37.46 374.6
Kaftrio Ivacaftor, 501 66.8 668
tezacaftor,
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50mL cultures of the Mueller Hinton broth were inoculated using the overnight
cultures to a starting ODego of 0.05 in 250mL flasks. Cultures were incubated at 37 C
250 RPM and the ODgoo Was measured periodically until the cells reached an ODeno

between 0.7 and 0.8.

When this ODsoo Was obtained, 500 uL of DMSO was added per 50 mL of culture to
the control flasks and incubated for a further 30 minutes before samples were taken.
4 x 2mL samples of culture were transferred to a 2 mL tube and cells were pelleted
at 4 C. Both pellets were resuspended in one fresh tube containing 500 pL of
RNALater and stored at 4 C until ready for RNA extraction. Nonstick, RNAse-free 2.0
mL microfuge tubes obtained from Invitrogen were used for all culture collection for

RNA isolation.

When the correct ODgoo of 0.7-0.8 was obtained, stock solution was added to cultures
as previously described for the negative control. 5ulL of stock solution per 50 mL of
culture was added to the 1 x ivacaftor and 1 x Kaftio cultures supplemented with 495
puL of DMSO per 50 mLs of culture to normalise the volume of DMSO across all
cultures. 500 pL of stock solution was added to the 100x ivacaftor and Kaftrio cultures
per 50 mL of culture. 4 x 2 mL samples of culture were transferred to a 2 mL tube and

cells were pelleted at 4 C. Both pellets were resuspended in one fresh tube
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containing 500 pL of RNALater and stored at 4 C until ready for RNA extraction. All

cultures were performed in quadruplicate.

2.16 RNA Extraction and DNase Treatment

All RNA work was carried out in a microbiological safety cabinet (MSC) cleaned
thoroughly with 70 % ethanol solution followed by RNAseZapd RNAse
Decontamination Solution using blue roll. The Sigma 1-14K microfuge required for
column purification steps was moved into the MSC and decontaminated with the rest
of the cabinet as previously described. Starlab filter tips were used for all RNA work
and only fresh bags of unopened 1.5 mL Eppendorf tubes and 2mL RNase free tubes
(Thermo Fisher Scientific) were used. Reagents and equipment were thoroughly

cleaned with RNAseZapa& RNAse Decontamination Solution before entering the MSC.

4 mL culture samples pelleted and resuspended in 500 pL of RNAlater were removed
from 4 C storage and spun down in the Sigma 1-14K microfuge at maximum speed
for 3 minutes at 4 C. Samples were resuspended in 700 puL TRIzol& RNA Isolation
Reagent and RNA was isolated using the TRIzol& Plus RNA Purification Kit following
the user guide. During purification, RNA was DNase treated using the Purelinka
DNase Set as described in the TRIzola Plus RNA Purification Kit following the user
guide. RNA was checked for DNA contamination by PCR using primers designed to

amplify a region of intergenic Pseudomonas aeruginosa DNA and products were
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visualised using agarose gel electrophoresis as compared to a positive control using
PA14 gDNA as a PCR template. RNA was eluted in 20 pL of RNase free H,0 and stored
at -80 C. The integrity of RNA after isolation was evaluated using the Agilent 2100
Bioanalyzer. 1 uL of each sample was loaded into each sample well of an RNA 6000
Nano Chip. Chips were prepared using the RNA 6000 Nano Kit. RNA integrity numbers
(RINs) were obtained and RNA electropherograms and gels were inspected before

proceeding to rRNA depletion.

2.17 Analysis of lllumina Sequencing Data using Galaxy Europe

To analyse the reads from Illumina sequencing, a variety of programmes were used
through Galaxy Europe (Afgan et al. 2018). All reads were trimmed using TrimGalore!
(Kreuger, 2021) and aligned to the Pseudomonas aeruginosa PA14 genome using
HISAT2 (Kim, Langmead, and Salzberg 2015). The number of aligned reads mapping
to features on the chromosome were counted using Htseq-count (Anders, Pyl, and
Huber 2015) and the differential expression of genes in each solvent treated
condition was calculated based on the control samples using DESeqg2 (Love, Huber,

and Anders 2014).
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2.18 Overexpression of Membrane proteins using E. coli C43(DE3)
An overnight culture was used to inoculate overexpression cultures to obtain a
starting optical density of ODggo 0.05. Overexpression cultures were incubated in

sterile conical flasks of various sizes depending on culture volume.

Overexpression cultures of various volumes, media compositions, IPTG
concentrations (IPTG was prepared fresh for each overexpression by dissolving in
deionised H,O and filter sterilising using a filter with a pore size of 22 microns),
incubation times and incubation temperatures were carried out. Cultures always had
a final concentration of 100 pug/mL carbenicillin. Where protein overexpression was
being induced by the addition of IPTG, the cultures were grown to an ODeoo of 0.6
when sterile IPTG stocks were added to achieve the appropriate IPTG final

concentration.

2.19 Overexpression Culture Cell Lysis

After overexpression, cell cultures were aliquoted into 200mL samples and pelleted
at 4000 RPM. The supernatant was discarded and each pellet was resuspended in
5mL membrane protein stabilisation lysis buffer. The solution was incubated at room
temperature on the rotating wheel for 2 hours to lyse the cells. Cell debris was
pelleted at 4000 RPM for 20 minutes and the supernatant was analysed either by SDS

PAGE gel or western blot.
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2.20 SDS PAGE Analysis

In this study protein size was determined by resolving proteins using sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS PAGE). All SDS PAGE gels used in
this study were hand cast. SDS PAGE gel composition for 4 gels 10% acrylamide is

detailed in Table 14.
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Table 14: SDS PAGE gel composition

Component Volume (mL) Component Volume (mL)
Acrylamide 6.5 Acrylamide 1.5
Solution 2 5 Solution 3 2.5
H.0 8.5 H20 6
10% APS 200pL 10% APS 100pL
TEMED 20pL TEMED 10pL
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Glass moulds were set up using the Bio-Rad hand cast gel system and filled with water
prior to casting to check the system for leaks. Once the systems were confirmed as
watertight, the water was drained from the systems and the moulds were filled to %
volumes with separating solution using a stripette gun. 500 uL of isopropanol was
pipetted over the separating solution to straighten the top of the gel and the gels
were left at room temperature to set. Once set, the isopropanol was removed, and
the mould washed with water before filling with stacking solution to the top with a
stripette gun and the well mould added and left to set. Once set, gels were wrapped
in damp tissue and sealed using foil wrap to prevent drying and stored at 4 2C until

used.

SDS PAGE gels were used to visualise protein samples. 7 uL of New England Biolabs
protein ladder was always loaded in the first well of all gels. 20 pL of sample was
mixed with 5 pL of 5x SDS loading dye supplemented with fresh B-mercaptoethanol
before loading onto the gel. Gels were run using the Bio-Rad Mini PROTEAN Tetra

Vertical Electrophoresis system for 1 hour at 150V.

After running, gels were added to gel stain buffer and left to stain overnight. The next
day, destain was added to gels for 20 minutes and the gels washed with water and
added to fresh water for a day to rehydrate before visualising using the protein gel

doc.
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2.21 Sonication

Sonication was carried out using the Bioruptor Plus Sonicator. Cells were kept on ice
at all times in 50 mL falcon tubes. Using 50 % amplitude, cells were pulsed for 3
minutes pulsing for 10 seconds on and 10 seconds off continuously. The tip was never
allowed to touch the side of the falcon tube. After pulsing, the cell debris was pelleted

and the lysate visualised using SDS PAGE.

2.22 Western Blotting
Western blotting was used to confirm the existence of histidine tagged membrane

proteins from overexpression cultures.

Two identical SDS PAGE gels were resolved of the samples to be visualised. One was
stained as normal and protein was transferred from the other SDS GEL to PDVF

membrane using the semi dry transfer system.

To prepare for protein transfer, 6 pieces of Wattman paper were cut with dimensions
8.5 x 6.5 cm. One piece of PDVF membrane was also prepared at the same size, care
was taken to only handle the membrane by tweezers at the very edge at all times.
The PDVF membrane was activated by soaking in ethanol for one minute before
moving to transfer buffer for equilibration for 10 minutes. Whatman paper was also
equilibrated in transfer buffer for 1 minute. Three pieces of Whatman paper were
removed from transfer buffer and stacked on the semidry transfer system, followed

by the PDVF membrane, SDS PAGE Gel, and finally the 3 remaining pieces of
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Whatman paper on top. The sandwich was pressed to remove any air bubbles and
the lid was placed on top. A heavy bottle was always placed on top of the lid to keep
the sandwich compressed inside the system. The semi dry transfer system was run

for 30 minutes 221 mA constant.

The PDVF membrane was removed from the semi dry transfer system and placed in
TBS-T 5% milk to block for one hour, before adding 2.5 pL and leaving overnight to
incubate at 4 2C on a shaking platform. After the overnight incubation the membrane
was washed thoroughly with TBS-T to remove all primary antibody by rinsing and
shaking with TBS-T for 15 minutes 3 times. Fresh TBS-T 5 % milk was then added and
2.5 pL of secondary antibody was added and incubated at room temperature for 2
hours. The container was wrapped with metal foil to protect the membrane from
light as the secondary antibodies are light sensitive. The membrane was then

thoroughly washed as before and visualised using the LICOR system.
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3 Results Chapter 1: The Biochemical Characterisation of

CopA2 and MexB from Pseudomonas aeruginosa
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3.1 Introduction

3.1.1 Identifying Methacrylate Ester Tolerance Conferring Systems in
Pseudomonas aeruginosa PA14

One of the problematic bottlenecks in methacrylate ester bioproduction is the
toxicity of these compounds to production strains such as E. coli (Ingenza Ltd,
personal communication). ldentification of systems within the host strain which
confer tolerance to these products and their subsequent exploitation could prove as
a useful strategy in production strain development (Dai and Nielsen 2015; Nanda,
Kumar, and Sharma 2019). In 2017, Dr Walid El Bestawy carried out a BMA sensitivity
transposon mutant library screen in the Tucker lab at the University of Strathclyde to
identify possible tolerance conferring systems within Pseudomonas aeruginosa PA14

at the University of Strathclyde.

3.1.2 A Transposon Mutagenesis Methacrylate Ester Sensitivity Assay Has
Identified Systems Which Confer n-Butyl Methacrylate Tolerance
The transposon mutagenesis sensitivity assay carried out by Walid El Bestawy has
provided evidence that specific systems play a role in methacrylate ester tolerance in
P. aeruginosa PA14 (Bestawy 2017a; Liberati et al. 2006). During this experiment,
over 6000 strains of P. aeruginosa PA14 were subjected to growth in the presence
and absence of the methacrylate ester n-butyl methacrylate (BMA). Each PA14 strain
had a transposon insertion within one gene resulting in the downregulation or

complete silencing of that gene. Growth of strains with and without BMA was
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measured by the difference in the area under the growth curve (AUC) and the

difference in AUC between conditions was measured (Table 3).

Several transposon mutant strains of PA14 showed a reduction in AUC when BMA
was present. This decrease in growth was suggestive of a reduction in BMA tolerance
which could be attributed to the disrupted gene containing the transposon insertion

within that P. aeruginosa strain.

3.1.3 The MexAB-OprM and Cbbs Cytochrome Oxidase Systems Play a Role
in BMA Tolerance
A% AUC in the presence and absence of BMA for each transposon insertion mutant
was calculated and is described in Table 3. This data shows that from the strains with
the highest A% AUC, 6 of the top 7 strains correspond to transposon insertions within
genes which all belong to the MexAB-OprM multidrug efflux pump or the Cbbs
cytochrome oxidase assembly system. The large decrease in growth of these
transposon mutant strains in the presence of BMA is suggestive that the MexAB-
OprM and Cbbs cytochrome oxidase systems provide a level of tolerance to BMA in

P. aeruginosa PA14.
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3.1.4 The Transposon Mutagenesis Results May Suggest a Functional
Relationship Between MexAB-OprM and the Cbbs Cytochrome
Oxidase Systems

In this study, we hypothesise that when BMA is present within P. aeruginosa cell

culture the MexAB-OprM multi-drug efflux pump extrudes BMA from the periplasmic

space and the cell membrane. We hypothesise that the Cbbs cytochrome oxidase
system is responsible for the maintenance of the PMF required to power the efflux
of BMA from the cell through the highly energy intensive process of extrusion

through MexAB-OprM.

Investigating the functional relationship between these systems and how this plays a
role in methacrylate ester tolerance will provide valuable targets for production
strain improvement. This will also aid in the understanding of the response of P.
aeruginosa PA14 to other toxic substances such as antimicrobials or therapeutics
which could be useful from a clinical perspective and provide possible new drug
targets. Gaining an insight into P. aeruginosa bacterial energetics under stressful
conditions could provide answers to why this microorganism is such a successful

pathogen.
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3.1.5 The Biochemical Characterization of These Systems Will Provide an
Insight into the Bacterial Energetics of P. aeruginosa

The biochemical characterisation of these systems will be determined throughout

this study, and the implications this has for Pseudomonas aeruginosa PA14 BMA

tolerance will be investigated. The aim of this study is to express and purify P.

aeruginosa MexB and CopA2 from Escherichia coli CA3(DE3) and measure the

translocation of proxy substrates through these systems using SSME technology.

In order to develop an assay to measure transport of substances through these
systems quantitatively, a technique called solid supported membrane
electrophysiology (SSME) will be used (Bazzone et al. 2013). This technology can
detect minute charge translocation across biological membranes using
proteoliposome systems, providing precise quantitative transport kinetics of
membrane proteins (Bazzone, Barthmes, and Fendler 2017). This will allow for the
development of an in vitro assay for transport measurement, where variables such
as substrate, substrate concentration and pH can be easily altered to gather valuable
transport kinetics data for each transport protein under a range of conditions (Figure

7).
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Figure 7: Representation of charge transport measurement using SSME technology. Proteoliposomes are shown with MexB
reconstituted. Proteoliposomes are loaded onto a gold sensor chip, creating a double capacitance system. Non activating (left) and
activating (right) solution are passed over the proteoliposomes. The non-activating solution is a neutral solution, and the activating
solution contains substrate. Transport of charged substances into the proteoliposome is measured through the double capacitance

system and shown as a trace. Using several traces, valuable enzyme kinetics can be calculated for the protein systems used.
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BMA is not a charged substance, and therefore SSME cannot be used to directly
measure the transport of the monomer through these protein systems. However,
analysis of transport of similarly sized and shaped molecules may provide an insight
into how the MexAB-OprM complex actively transports this substance out from the
cell. The effect of different ranges of proton gradients across the membrane on
MexAB-OprM transport will be measured by altering the pH inside the
proteoliposomes. In the case of the Cbbs proteins, important quantitative analysis of
the proton gradient generated by ATP hydrolysis can be obtained, which may give
insights into the relationship between Cbbs and MexAB-OprM in relation to proton

motive force.

SSME analysis has not been carried out on either of these systems before, and so the
guantitative insights into the transport and enzyme kinetics of MexAB-OprM and
Cbbs will be significant. In the wider context of methacrylate ester tolerance, an
understanding of how these systems interact to provide a level of tolerance in
Pseudomonas aeruginosa will be valuable for the development of a production strain.
As MexAB-OprM is also an important protein in the clinic, this information could
provide important insights into how multidrug resistant infections are treated and

how novel therapeutics can be developed.



3.2 Results

3.2.1 Cloning of Overexpression Plasmids for Expression of MexB and
CopA2 in Escherichia coli C43(DE3)
To biochemically characterise MexB and CopAz2, constructs for their overexpression

were generated using the overexpression vector pET21a+ by Gibson assembly (Figure

8).
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Figure 8: Plasmid map of the overexpression vector pET21a+. pET21a+ was used
in this study for the expression of MexB and CopA2 in Escherichia coli C43(DE3).
This vector utilises the T7 viral overexpression system controlled by the lac
operator system to allow for inducible expression of proteins in the presence of
lactose or IPTG. The vector contains an ampicillin resistance cassette to ensure the

plasmid is maintained in the presence of ampicillin.
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Plasmids containing sequences for the genes MexB and CopA2 which were codon
optimised for Escherichia coli were obtained from Ingenza Ltd. Primers
PA14 MexBGibFwd, PA14 MexBGibRev, PA14 CopAGibFwd and PA14_CopAGibRev
were used to amplify both genes via polymerase chain reaction (PCR) using Q5 high
fidelity polymerase. During DNA amplification histidine tags and tobacco etch virus
(TEV) protease cleavage sites were incorporated onto the C terminus of each protein.
Blunt overhangs complimentary to the pET21a+ vector were also incorporated and
the resulting PCR products were visualised using agarose gel electrophoresis (Figure

9).
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Figure 9: PCR extension of CopA and MexB for Gibson Assembly. Fragments of
2.3Kbp for CopA2 and 3.2Kbp for MexB genes are observed, confirming the genes

were fully amplified.
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Linearised pET21a+ was obtained via PCR and restriction digested using the enzymes
Blpl and Ndel. MexB and copA2 genes amplified using PCR were cleaned up and
Gibson assembly reactions for each gene were setup (Figure 10). The resulting
plasmids were named pETER1 and pETER2 for CopA2 and MexB respectively (Figure
11). Overexpression constructs were created for each gene and the resulting

plasmids were used to transform Escherichia coli DH5a chemically competent cells.
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Figure 10: Schematic of the principle of a Gibson assembly reaction. (A) Insert DNA is

amplified using PCR to obtain ends which are complimentary to the ends of the
linearized vector backbone. (B) Insert and vector DNA are added to Gibson assembly
mastermix containing T5 exonuclease to chew back blunt ends and generate cohesive
overhangs, Q5 DNA polymerase to fill any gaps in the DNA, and T4 DNA ligase to anneal

DNA fragments together.
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Figure 11:Overexpression Constructs (A) pETER1 (CopA) and (B) pETER2 (MexB). The
pET21a+ overexpression vector utilises the T7 viral expression system which results in
a high level of protein expression. the T7 system is under the control of the Lac
operator meaning protein overexpression can be induced by either lactose or IPTG.

Genes copA2 and mexB are annotated in grey.
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Single colonies of transformed E. coli DH5a were used to inoculate 10 mL overnight
cultures of LB broth supplemented with ampicillin and incubated at 37 C 220RPM
overnight. Plasmid DNA was purified from overnight cultures and restriction digested
to confirm the Gibson assembly was successful (Figure 12). Purified plasmid was
sanger sequenced by Eurofins Genomics to confirm successful Gibson assembly and
maintenance of the correct gene sequences for Copa and MexB on the pET21a+

vectors.
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Figure 12: Restriction digest map of the (A) CopA2 overexpression plasmid pETER1 (B)

the MexB overexpression plasmid pETER2 (A) Uncut pERTER1 plasmid, pETER1 plasmid

cut with Xbal to linearise, and pETER1 plasmid cut with Ncol which has liberated a

fragment of 1.5Kbp (B) Uncut pETER2 plasmid, pETER2 plasmid cut with Ncol to liberate

a fragment of 1.2 kbp, and pETER2 plasmid cut with Blpl and Xbal to liberate a fragment

of 2.7 kbp (C) eurofins sequencing results of pETER1 and pETER2 aligned with the

reference sequence over the T7 promoter showing the sequence is correct and in frame

with the T7 promoter
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3.2.2 Optimisation of Overexpression of Membrane Proteins in C43(DE3)
Escherichia coli
To biochemically characterise the proteins MexB and CopA2, plasmids pETER1 and
PETER2 were used to express these proteins in E. coli C43(DE3). This strain of E. coli
has been engineered for overexpression of membrane proteins at non-toxic levels
and was used for all membrane protein expression throughout this study. E. coli
C43(DE3) possesses the T7 polymerase gene cassette (DE3) compatible with the T7
promoter present on the pET21a+ overexpression constructs pETER1 and pETER2
(Dumon-Seignovert, Cariot, and Vuillard 2004). To determine whether expression of
membrane proteins MexB and CopA2 were induced using the plasmids pETER1 and
PETER2, overexpression cultures were run testing a range of conditions and the

protein content of these cultures was analysed by SDS PAGE.

3.2.2.1 Lysis of Overexpression Cultures Using a Boiling Method

To determine whether expression of CopA2 and MexB could be induced in E. coli
C43(DE3) using the pETER1 and pETER2 plasmids, 100 mL cultures were inoculated
with E. coli C43(DE3) transformed with pETER1 and pETER2 plasmids to generate the
strains pETER1 and pETER2 respectively. When the cultures reached an ODggo of 0.6
they were induced with IPTG at varying final concentrations. IPTG cannot be
metabolised by E. coli and therefore should activate continuous induction of the T7

overexpression system. Cultures were incubated with IPTG for 6 hours before
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samples were taken and lysed using the boiling technique described in the methods

and the protein content of the cultures was analysed using SDS PAGE (Figure 13).
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Figure 13: SDS PAGE analysis of lysed cell cultures (A) pETER1the CopA2
expression strain and (B) pETER2the MexB expression strain after a 6-hour
incubation. Cultures were grown to an ODego of 0.6 before the addition of IPTG at

final concentrations of 1 mM, 0.75 mM, 0.5 mM and 0.2 mM.
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Using SDS PAGE, CopA2 should resolve at a size of 90 KDa and MexB should resolve
at 95 KDa. If protein overexpression was achieved, it would be expected that a large
band corresponding to the correct sized for each protein would be present in the
IPTG induced cultures which would be faint or absent in the uninduced control. As
Figure 13 shows, protein bands in the uninduced control sample appear very faint.
However, as the bands present in the induced samples can be seen in the control
samples, and they are present in both pETER1 and pETER2 cultures it is assumed they

are naturally occurring. Therefore, no protein overexpression is observed.

To determine whether a longer incubation time after IPTG addition would result in
protein overexpression, cultures were set up as previously described and incubation

after IPTG addition was extended from 6 hours to 16 (Figure 14).
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Figure 14: SDS PAGE analysis of lysed cell cultures (A) pETER1the CopA2 expression
strain and (B) pPETER2he MexB expression strain after a 16-hour incubation. Cultures
were grown to an ODeoo of 0.6 before the addition of IPTG at final concentrations of 1

mM, 0.75 mM, 0.5 mM and 0.2 mM.
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As before, Figure 14 shows that the uninduced controls for both pETER1and pETER2
overexpression cultures show only faint bands of protein and there are no significant
bands present at the corresponding sizes expected for CopA2 and MexB proteins and

SO no overexpression was observed.

3.2.3 Lysis of Overexpression Cultures Using Sonication

To determine whether protein overexpression was in fact occurring, but the method
of cell lysis by boiling in SDS loading dye was not efficient, a different method was
trialled. Overexpression cultures were setup as previously described, but instead of
boiling the cultures in SDS loading dye cells were subjected to sonication before SDS
PAGE analysis (Figure 15). A positive control was used which has been visualised using
the same overexpression culturing method, EcCAmtB. ECAmtB should resolve using

SDS PAGE at the same size expected for CopA- ~ 95 kDa.
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Figure 15: SDS PAGE analysis of cell cultures lysed by sonication of E. coliC43(DE3)
transformed with pETER1, the CopA2 expression plasmid pETER2, the MexB
expression plasmid and an overexpression plasmid for the bacterial ammonium
transporter ECAmtB. Cultures were setup as previously described with a 16-hour

incubation with IPTG at a final concentration of 1 mM.
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No overexpression of CopA, MexB or ECAmtB is observed using SDS PAGE when the
cultures are lysed by sonication, even in the positive control protein ECAmtB (Figure
15). Sonication was therefore disregarded as a lysis tool for analysis of overexpression

cultures.

3.2.4 Using an Alternative Method of Induction for the Overexpression of
CopA and MexB

To try and generate overexpression of CopA2 and MexB from E. coli C43(DE3) an
alternative method of induction was trialled. Autoinduction media negates the need
for IPTG addition into the cell culture media once a high cell density has been
obtained within the culture. The media contains glucose which is the preferred
carbon source for E. coli and lactose which is an inducer of the T7 overexpression
system. Using autoinduction media the cells use glucose as the preferred carbon
source- allowing the culture to reach a high cell density before the glucose content
of the media is exhausted. Once the cells have used up the glucose content of the
media, lactose is taken up by the cells and the T7 overexpression system is activated

and should result in protein overexpression.

To determine whether protein overexpression detectable by SDS PAGE analysis could
be induced using autoinduction media, 100 mL cultures were setup using
autoinduction media and inoculated using a fresh overnight culture to obtain a

starting ODegoo of 0.05 and incubated at 37 C for 19 hours. Cultures were lysed using
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the boiling method previously described and the protein content of the cultures
analysed using SDS PAGE (Figure 16). As before, ECAmtB was used as a positive

control.
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Figure 16: SDS PAGE analysis of the protein content of CopA2, MexB and EcCAmtB E.
coli C43(DE3) overexpression cultures induced using autoinduction media. 100 mL
cultures were setup using autoinduction media as described in the methods and
incubated at 37 C for 19 hours before lysing culture samples using the boiling

method.
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No large band was visualised at the expected size for CopA2, MexB or EcCAmtB
overexpression cultures using autoinduction media (Figure 16). It was unclear
whether there was no protein being overexpressed in the pETER1, pETER2 or ECAmtB
cultures or if the visualisation method was preventing the detection of these proteins
by SDS PAGE, as the positive control did not show that the visualisation technique

was performing as expected.

3.2.5 An Alternative Method of Cell Lysis Allows for the Detection of Proteins

by SDS PAGE and Western Blot

3.2.5.1 Increasing Membrane Protein Stability using a Lysis Buffer

Supplemented With Dodecyl-beta-Maltoside (DDM)
As boiling culture samples in loading dye and sonication both proved unsuccessful as
tools for the preparation of overexpression cultures for SDS PAGE analysis, an
alternative method of cell culture lysis was trialled. To determine whether membrane
protein stability after overexpression was too poor for visualisation using SDS PAGE,
the use of a chemical lysis buffer with a membrane protein stabilisation detergent
was used to lyse cells after overexpression. Lysis buffer was used containing 2 % n-
dodecyl-beta-maltoside (DDM) detergent which is known to increase the stability of
membrane proteins (Privé 2007). Overexpression cultures were setup and induced
using IPTG for 3 hours as previously described. After incubation, cells were harvested

and lysed using the DDM cell culture lysis method described in the methods. The
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protein content of the soluble fractions of lysed cell cultures was analysed using SDS

PAGE (Figure 17).
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Figure 17: SDS PAGE analysis of the protein content of CopA2, MexB and ECAmtB E
coli C43(DE3) overexpression cultures induced using IPTG and lysed using a lysis
buffer supplemented with DDM to increase membrane protein stability. 100 mL
cultures were induced with IPTG at an ODeoo of 0.6, incubated for 3 hours and lysed
using the DDM lysis buffer as described in the methods. After lysis, samples were
pelleted, and the protein content of the soluble fraction was analysed using SDS

PAGE.
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An increase in band intensity for CopA at ~90 kDa and for ECAmtB at ~95 kDa was
observed compared to their no IPTG controls (Figure 17). This is indicative of an
increase in solubilised protein in the IPTG cultures. The use of a lysis buffer containing
DDM led to stabilisation of both CopA2 and EcAmtB at a level that they could be
visualised using SDS PAGE. This method of cell lysis was adopted from this point

forward.

3.2.5.2 Western Blot Analysis of Overexpression Cultures Lysed Using a
Lysis Buffer Supplemented With DDM

An increase in expression of CopA2 and EcAmtB was visualised using SDS PAGE after
cell culture lysis using lysis buffer supplemented with DDM. An increase in expression
of MexB was not observed using SDS PAGE analysis. To determine whether there was
any expression of MexB by E. coli C43(DE3), western blot analysis was carried out on

the content of overexpression cultures.

Western blotting detects histidine tagged proteins using fluorescently tagged
antibodies which bind the histidine tag that has been artificially added to the
membrane proteins being overexpressed. Overexpression cultures were setup as
previously described using autoinduction media and cell cultures were lysed using
the lysis buffer supplemented with DDM to improve membrane protein stabilisation.
Western blot analysis as described in the methods was carried out on the soluble

fraction of lysed CopA2, MexB and EcCAmtB E. coli CA3(DE3) cultures (Figure 18).
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Figure 18: Western blot analysis of soluble fractions of DDM lysed E. coliC43(DE3)
cultures expressing CopA2, MexB and EcAmtB. Using a semi-dry transfer system,
proteins were transferred along with the ladder from the SDS PAGE gel onto a PDVF
membrane. This membrane was incubated with mouse primary antibody which binds
specifically to the histidine tag on the membrane proteins. This antibody was washed
from the PDVF membrane and incubated with a secondary fluorescent antibody
specific for the mouse primary antibodies. Using fluorescent imaging, the detection

of histidine tagged proteins is observed.
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Western blot analysis of the soluble fractions of DDM lysed CopA2, MexB and ECAmtB
E. coli C43(DE3) overexpression cultures revealed the presence of each protein at the
expected size. Detection of these proteins via their histidine tags confirms that their
expression is induced by the T7 expression system in pETER1 and pETER2. Figure 18
therefore confirms that expression of CopA2 and MexB was occurring in in cultures

of pETER1 and pETER2.

To show that the detection of these proteins via western blot was not due to empty
pET21a+, overexpression cultures of E. coli C43(DE3) transformed with pET21a+,
PETER1 and pETER2 were setup using autoinduction media and lysed using lysis
buffer supplemented with DDM and the soluble and insoluble fractions were

analysed using western blot (Figure 19).
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Figure 19: Western blot analysis of soluble and insoluble fractions of DDM lysed E
coli C43(DE3) cultures expressing pET21a+ plasmid, pETER1 the CopA2 expression
plasmid and pETER2 the MexB plasmid. No histidine tagged protein is observed in
the empty pET21a+ plasmid control. A very faint band is observed at ~90KDa in the
soluble fraction of the CopA culture and a band for MexB is observed in both the

soluble and insoluble fractions.
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When E. coli C43(DE3) is transformed with pET21a+ vector no histidine tagged
protein is detected by western blot analysis as is shown in Figure 19. CopA2 is
observed in the soluble fraction of DDM lysed cells and MexB is detected in both the

soluble and insoluble fractions.

3.2.6 Membrane Proteins Could not be Visualised Using Sepharose Bead
Micropurification

In order to concentrate the low levels of CopA2 and MexB expression in E. coli

C43(DE3) overexpression cultures, sepharose bead micropurification was carried out

and the fractions were analysed using SDS PAGE.

Micropurification works on the basis that proteins can be captured by their histidine
tag by passing them through sepharose beads fixed on a filter which are loaded with
metals with a high affinity for the histidine tag. Proteins can then be eluted using
imidazole which outcompetes with the metal for the histidine tag. Overexpression
cultures were setup as before in autoinduction media and lysed using lysis buffer
supplemented with DDM. The soluble fraction was passed through a
micropurification filter plate loaded with sepharose beads charged with cobalt. Load,
wash, and 2 elution fractions were collected and the protein content was analysed

by SDS PAGE (Figure 20).
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Figure 20: SDS PAGE analysis of DDM lysed E. coliC43(DE3) cultures expressing
CopA2, MexB and EcAmtB subjected to cobalt sepharose bead
micropurification. Load, wash and 2 elution fractions were analysed for the

soluble fraction of each overexpression culture.
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In the load fraction for all cultures a range of proteins can be seen none of which
correspond to CopA MexB or EcAmtB. In the wash and both elution fractions, no

CopA, MexB or ECAmtB is observed.

To determine whether loading the sepharose beads with a metal with a stronger
affinity for the histidine tag would result in the capture of enough protein to visualise
using SDS PAGE, micropurification was carried out again this time loading the
sepharose beads with nickel (Figure 21). The micropurification was carried out as
before and this time EcAmtB proteoliposomes were used as a positive control for the

micropurification process.
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Figure 21: SDS PAGE analysis of DDM lysed E. coliC43(DE3) cultures expressing

CopA2, MexB and EcAmtB subjected to nickel sepharose bead micropurification.
Load, wash and 2 elution fractions were analysed for the soluble fraction of each

overexpression culture.
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As before, no protein was observed in any of the fractions at the expected sizes for
any of the proteins (Figure 21). As the EcCAmtB proteoliposome sample contains
EcAmtB only, yet other proteins are observed in all fractions it seems that sample
from the other wells in the micropurification plate are leaking into each other. No
EcAmtB was observed for the proteoliposome sample in any fractions meaning that
the micropurification process itself was not working and no protein is being retained

on the sepharose beads.

3.2.7 IMAC Column Manual Purification of Membrane Proteins Analysed
Using SDS PAGE and Western Blot

In order to determine whether CopA2 and MexB membrane proteins could be
expressed and purified to high enough levels to detect using SDS PAGE analysis,
purification of membrane proteins was carried out manually using an ion metal

affinity column (IMAC) column loaded with nickel.

500 mL autoinduction overexpression cultures were grown of E. coli C43(DE3)
transformed with overexpression plasmids for CopA2, MexB and EcCAmtB. Cells were
broken as before using lysis buffer supplemented with DDM. Cell lysis supernatant
was manually passed through a 1 mL His-Trap column loaded with nickel before
washing with IMAC buffer A containing a low concentration of imidazole and then

eluted using IMAC buffer B containing a high concentration of imidazole to elute all
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bound protein from the column. SDS PAGE and western blot analysis was carried out

for all fractions for each protein (Figure 22).
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Figure 22: SDS PAGE analysis of IMAC column purification of the soluble fraction

of lysed E. coliC43(DE3) expressing (A) CopA2 (B) MexB and (C) ECAmtB. Loading,

wash and 2 elution fractions for each culture are shown.
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Proteins were not successfully purified using the manual IMAC column method as no
visible bands corresponding to any of the three purified proteins were visible using
SDS PAGE analysis shown in Figure 22. To determine whether any membrane
proteins were present in the IMAC collection fractions, the same samples were

subjected to Western Blot analysis (Figure 23).

135



Figure 23: Western blot analysis of IMAC column purification of the soluble fraction
of lysed E. coliC43(DE3) expressing (A) ECAmtB (B) CopA2 and (C) MexB. Loading,

wash and 2 elution fractions for each culture are shown.
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Western blot analysis of the manual IMAC column purification detected both ECAmtB
and MexB in the elution fractions (Figure 23). However, CopA2 was not detected.
Although these proteins are detected by western blot and are therefore present in
the soluble fraction of the cell lysate, they were not present in large enough

quantities to be detectable via SDS PAGE analysis.

3.2.8 Analysis of the Insoluble Fraction of Cultures Lysed Using DDM Lysis
Buffer Leads to the Detection of Membrane Protein

After chemical lysis with buffer supplemented with DDM, the insoluble pellet fraction

of CopA2 and MexB overexpression cultures was analysed using SDS PAGE and

western blot to determine whether the CopA2 and MexB proteins were present in

this fraction (Figure 24, Figure 25).
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Figure 24: Analysis of the insoluble fraction of E. coli C43(DE3) CopA2
overexpression culture lysed using lysis buffer supplemented with DDM by (A)
SDS PAGE and (B) western blot analysis. Various volumes of resuspended pellet
were run in each lane of the gels to obtain optimal resolution of the resolved

proteins. CopA2 is detected in the insoluble fraction by both SDS PAGE and Western

blot analysis.
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Figure 25: Analysis of the insoluble fraction of E. coliC43(DE3) MexB overexpression
culture lysed using lysis buffer supplemented with DDM by (A) SDS PAGE and (B)
western blot analysis. 2uL of resuspended pellet were run in each lane of the gels to
obtain optimal resolution of the resolved proteins. MexB is detected in the insoluble

fraction by both SDS PAGE and western blot analysis.
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Western blot analysis showed that a large quantity of both CopA2 and MexB were
present within the insoluble pellet fraction of cultures after lysis with buffer
supplemented with DDM. These proteins are observed using both SDS PAGE and
western blot analysis. Various volumes of E. coli C43(DE3) resuspended pellet were
run on the SDS PAGE gel and the volume of 2 M. gave optimal resolution of the protein
content of the sample. Therefore, this volume was loaded into every well of the MexB
SDS PAGE gel/western blot. To determine whether solubilised protein could be
obtained from overexpression cultures, the French press method of breaking cells

was trialled once this equipment became available.

3.2.9 Using the French Pressure Cell to Break Cells Allowed for the Detection
of CopA and MexB using SDS PAGE and Western Blot
At the end of this study, access to working French pressure cell was obtained. To
determine whether the French pressure cell method of breaking cells would lead to
detection of larger quantities of the membrane proteins CopA2 and MexB, 200 mL
overexpression cultures were grown using autoinduction media as previously
described. The cells were harvested after 19 hours and resuspended in the breaking
buffers described in the methods and subjected to a pressure of 1100 Psi 3 times
through a French pressure cell. Broken cell cultures were subjected to 2 rounds of
centrifugation at 20,000 RPM followed by 100,000 RPM to obtain cell membrane. Cell

fractions were collected from each step and analysed using SDS PAGE and western
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blot (Figure 26, Figure 27). For both cultures ~25 mg of membrane was obtained

which was resuspended in solubilisation buffer for analysis.
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Figure 26: Analysis of E. coliC43(DE3) CopA2 overexpression culture broken

using a French pressure cell and processed by various centrifugation steps.
Using (A) SDS PAGE and (B) western blot. Pellets and supernatant from high-
speed centrifugation and ultracentrifugation are shown. CopA2 protein is

visualised at ~90KDa using both SDS PAGE and western blot.
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Figure 27: Analysis of E. coliC43(DE3) MexB overexpression culture broken using
a French pressure cell and processed by various centrifugation steps. Using (A)
SDS PAGE and (B) western blot. Pellets and supernatant from high-speed
centrifugation and ultracentrifugation are shown. MexB protein is visualised at

~115KDa using both SDS PAGE and western blot.
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Using the French press method to break cells after overexpression allowed for the
detection of both CopA2 and MexB using SDS PAGE and western blot analysis.
Collecting pure membrane from 200 mL of overexpression culture provided
membrane proteins in enough quantity to visualise a thick band using SDS PAGE
which was not possible using the other methods trialled throughout this study such
as boiling in SDS loading dye, sonication, and chemical lysis using buffer
supplemented with DDM. Membrane proteins were also present in the soluble
fraction of lysed cell cultures in large quantities which was only observed in the

insoluble fraction of lysed cell cultures previously.
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3.3 Discussion

3.3.1 Biochemical Characterization of Membrane Proteins of Interest

A BMA sensitivity transposon mutant library screen carried out by Dr Walid El
Bestawy provided evidence that the MexAB-OprM and Cbbs type cytochrome oxidase
maturation proteins play a role in methacrylate ester tolerance in P. ageruginosa
PA14. To determine whether these systems have a functional relationship, this study
set out to biochemically characterise these systems and measure the transport of
proxy substrates through these proteins using SSME technology. This study focused
on the proteins CopA2 and MexB. To biochemically characterise these proteins, large
guantities of these proteins must be isolated. Constructs for their overexpression in
Escherichia coli C43(DE3) were generated and various methods of expression were

trialled.

3.3.2 P. aeruginosa Proteins CopA2 and MexB were Successfully expressed
using Escherichia coli C43(DE3)
We describe the expression of the P. aeruginosa proteins CopA2 and MexB in E. coli
C43(DE3) using overexpression constructs pETER1 and pETER2 generated using
Gibson assembly. E. coli C43(DE3) has been widely demonstrated in the literature as
an expression system optimised for membrane protein overexpression (Wagner et
al. 2008)(Miroux and Walker 1996). Mutations present within several genes including
the lac repressor lacl in this bacterial strain result in overexpression of membrane

proteins at levels which are non-toxic to the bacteria, compared to the lineal strain
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Escherichia coli BL21(DE3) (Kwon et al. 2015). MexB expression has been achieved in
E. coli C43(DE3) previously (Mokhonov et al. 2005), therefore this expression system
was chosen during this study. CopA2 of P. geruginosa has not been characterised
previously (Gonzalez-Guerrero et al. 2010), so we demonstrate the first purification

of this protein using E. coli C43(DE3).

Using western blot analysis, the presence of both proteins CopA2 and MexB were
detected in overexpression cultures, confirming overexpression constructs pETER1
and pETER2 facilitate the expression of these P. aeruginosa proteins in E. coli
C43(DE3). We therefore demonstrate the heterologous expression of these P.
aeruginosa proteins using E. coli C43(DE3) as the precursor to the biochemical

characterisation of these systems using SSME analysis.

3.3.3 Breaking Cells using the French Pressure Cell System and
Supplementation of Buffer with the Detergent DDM Results in the
Generation of Solubilised Membrane Protein

During the period of this study the use of various cell lysis methods were trialled to
obtain soluble protein detectible by SDS PAGE and western blot. The success of cell
lysis using a French pressure cell system and preservation of membrane protein
integrity has been demonstrated previously (Molloy 2008; Moore, Hess, and
Jorgenson 2016), and so this was the preferred method of cell lysis during this study.

However, the lack of availability of this system at the beginning of this study meant
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that other lysis methods including sonication, chemical and a boiling method were
used. Using these lysis techniques poor solubilisation of membrane protein was
observed by SDS PAGE and western blot analysis. When the French press system

became available it proved as a superior method of cell lysis.

Using the French pressure cell in combination with the supplementation of
resuspension buffer with the detergent DDM allowed for the isolation of membrane
from E. coli C43(DE3) CopA2 and MexB expression cultures and subsequent
visualisation of these membrane proteins within the soluble fractions using SDS PAGE
and western blot. DDM is a known protectant and stabiliser of membrane proteins
including MexB (Mokhonov et al. 2005; Seddon, Curnow, and Booth 2004).
Maintaining the stability of membrane proteins once they are isolated from bacterial
membranes has long been a challenge in the purification of membrane protein
systems (Kotov et al. 2019). We show an improvement in solubility of MexB and
CopA2 when resuspended using buffer supplemented with DDM and provide the
basis for further study regarding the solubility of these proteins using solubility trials

to test a range of detergents.

3.3.4 Optimisation of CopA2 and MexB Expression Conditions During this
Study

During this study, various cell culture conditions were trialled to induce expression of

CopA2 and MexB in E. coli C43(DE3) transformed with the plasmids pETER1 and

147



PETER2. Induction of the T7 overexpression system using IPTG at various
concentrations for different lengths of incubation time were trialled as well as the
use of autoinduction media containing lactose. These methods are widely reported
in the literature as effective for protein overexpression in E. coli (Angius et al.
2018)(Du et al. 2021). Using autoinduction media, a high density of cells in culture is
achieved before protein overexpression is induced by lactose uptake (Fox and
Blommel 2009), negating the need to measure the ODgoo during cell culture which
risks contamination and reduces culture yield. This method of induction was
determined as the most efficient induction system for growth of expression cultures

during this study.

During this study, we demonstrate the heterologous expression of the P. aeruginosa
membrane proteins CopA2 and MexB in E. coli C43(DE3) that were identified as
tolerance conferring systems to methacrylate esters in P. aeruginosa PA14 previously
(Bestawy 2017a). Using autoinduction media for growth and French pressure cell lysis
to obtain purified membrane subsequently resuspended with DDM supplemented
buffer allowed for the visualisation of soluble CopA2 and MexB proteins using SDS
PAGE and western blot. To biochemically characterize these systems using SSME
technology, large amounts of these solubilised proteins must be produced to
construct proteoliposomes (Bazzone et al. 2017). We present the basis for an
expression system which can be developed into an efficient overexpression system

to allow for the purification of these proteins required to conduct this biochemical
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characterisation. Unfortunately, due to time restrictions because of the Covid-19

pandemic, this was not possible during the period of this study.
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3.4 Future Work

3.4.1 Purification of Solubilised MexB and CopA2 in the Future will allow for
the Biochemical Characterization of these Membrane Proteins Using
Solid Supported Membrane Electrophysiology

The aim of this study was to biochemically characterize the membrane proteins MexB
and CopA2 using solid supported membrane electrophysiology (SSME). To enable
characterization using this technology, purified membrane proteins must be
reconstituted into liposomes which required large quantities of pure solubilised
protein. Due to time restrictions imposed on this study by the Covid-19 pandemic,
the purification of the membrane proteins MexB and CopA2 was not achieved.
However, we during this study we demonstrated that these membrane proteins can
be overexpressed in E. coli C43(DE3) and the presence of solubilised protein was
demonstrated from liquid culture. Therefore, we present the basis for future work to
be carried out to purify these membrane proteins in the quantities needed required

for liposome reconstitution to allow for SSME study of these system.

3.4.2 The Biochemical Characterisation of MexB and CopA2 Could be
Conducted Using SSME Technology

If purified soluble MexB and CopA2 protein is generated in the future, this can be
used to reconstitute into liposomes (generating proteoliposomes) which can be used
to conduct SSME studies on these membrane protein systems. The measurement of

translocation of proxy substrates through these proteins can be measured with high
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sensitivity using this technology through the displacement of charge across a double
capacitance system (Bazzone et al. 2013, 2017). This technology allows for high
throughput screening of transport under a wide range of conditions allowing for the

biochemical characterization of these systems in vitro.

3.4.3 Site Directed Mutagenesis of Membrane Proteins and Biochemical
Characterization using SSME Could Lead to the Generation of Bacterial
Strains with Increased Tolerance to BMA

Random or site directed mutagenesis of MexB or CopA2 could be carried out and
used to complement knockout strains of P. aeruginosa which could be fed back
through the transposon mutant library screen described earlier in this chapter.
Strains with an increased tolerance to BMA due to mutated complemented protein
could be further analysed by purified protein characterization using SSME
technology. If increased transport is observed using SSME due to mutation of these
proteins then these proteins could be used instead of the WT to generate production
strains with an increased tolerance to BMA for fermentation. This process is

described in Figure 28
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Figure 28: The process for BMA tolerant strain development using mutagenesis and SSME is shown



Tolerant strain production generation following the process detailed in Figure 28 was
the original aim of this study. However, due to time constraints caused by the Covid-

19 pandemic it was not possible to carry out this work.
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4 Results Chapter 2: Transcriptomic Characterisation of BMA

Tolerance in P. aeruginosaAil4
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4.1 Introduction

4.1.1 The Identification of Tolerance Conferring Systems Using a Transposon
Mutant Library Screen
P. putida is a promising candidate as a production strain for Mitsubishi Chemical
Corporation’s methacrylate ester fermentation as it displays an intrinsic level of
tolerance to BMA and can produce promising yields of the compound. However, BMA
toxicity still presents as a bottleneck in test fermentations carried out by Ingenza Ltd
(Mitsubishi Chemical, Personal Communication). The identification of BMA tolerance
conferring systems in P. putida could generate targets for exploitation to generate
even more successful candidates for fermentation. During this study, the availability
of an ordered, nonredundant P. aeruginosa PA14 transposon insertion mutant library
meant that this strain was used as a model organism for tolerance in Pseudomonas
species (Liberati et al. 2006). As this microorganism is a human pathogen it would not
be suitable as a production strain, however, this strain was used as a tool to identify

homologue systems of interest for further investigation in P. putida.

A transposon mutant library screen identified systems within Pseudomonas
aeruginosa PA14 which resulted in decreased tolerance to the methacrylate ester
BMA when disrupted by a transposon insertion (Table 3),(Bestawy and Tucker,
Personal Communication). Using this approach, the MexAB-OprM and Cbbs

cytochrome oxidase assembly systems were identified as possible BMA tolerance
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conferring systems in P. aeruginosa PA14 and were therefore subjected to further

study through biochemical characterisation.

4.1.2 The Limitations of a Transposon Mutant Library Screen

Although a useful tool for high throughput phenotypic analysis of PA14 mutants,
transposon mutant library screening has limitations. Transposon mutagenesis can
lead to polar effects of gene expression downstream from the transposon insertion
site. This means that some genes may be categorised as crucial during the
experimental conditions when in fact what is being observed is the polar effect of
transposition (Calos and Miller 1980; van Opijnen, Bodi, and Camilli 2009). The
position of the transposon within a gene or operon may also lead to partial
expression of some systems meaning that functional genes of interest are not
identified by %D AUC (Liberati et al. 2006). Transposon mutant library screening was
also only carried out using the methacrylate ester BMA and therefore the effect of

other solvents such as styrene and ethylbenzene was not investigated.

4.1.3 Using a Transcriptomic Approach to Identify Solvent Tolerance
Conferring Systems in P. aeruginosa PA14

The availability and accuracy of next generation sequencing technologies means that
the characterisation of the bacterial transcriptome is now accessible and precise
(Denoeud et al. 2008; Holt and Jones 2008; Mutz et al. 2013). RNA sequencing has

been demonstrated previously as a useful tool in the characterisation of the
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transcriptomic response of Pseudomonads to solvents such as toluene (Molina-

Santiago et al. 2017).

Here, the transcriptomic response of P. aeruginosa PA14 to the solvents BMA,
styrene and ethylbenzene was investigated by whole transcriptome analysis using
RNA sequencing. The solvents styrene and ethylbenzene are also platform chemicals
of the plastics industry and were chosen alongside BMA to provide further
understanding of the transcriptomic response of P. aeruginosa PA14 to other
solvents as well as BMA. Ethylbenzene is used in the production of the monomer
styrene, which is polymerised to form polystyrene (Bethany Halford 2021). These
chemicals display similar octanol/water partition coefficients (log Kow) which is a

measure of hydrophobicity (Figure 29).
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Figure 29: The structures and log Kow values for BMA, styrene and ethylbenzene

are shown.
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Using this approach, the differential expression of genes when P. aeruginosa PA14 is
challenged with various solvents was determined, providing a valuable insight into
which systems within the cell play an important role in solvent tolerance. The
identification of such systems will be valuable in the generation of a suitable
production strain for a BMA fermentation process. Investigating the transcriptomic
response of P. aeruginosa PA14 to other platform chemicals of the plastics industry
such as styrene and ethylbenzene will aid in the understanding of the general stress
response of this pathogen. Here, it is demonstrated that whole transcriptome
analysis by RNA sequencing in conjunction with a transposon mutant library screen
is a powerful tool for understanding the mechanism of intrinsic solvent tolerance in

P. aeruginosa PA14.
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4.2 Results

To characterise the transcriptomic response of P. aeruginosa PA14 to the solvents
BMA, styrene and ethylbenzene, P. aeruginosa PA14 cultures were grown in the
presence and absence of these solvents. RNA was isolated from cultures and analysed

using lllumina Miniseq sequencing.

4.2.1 Isolation of RNA from P. aeruginosa PA14 Cultures Treated with
Solvent
Cultures of P. aeruginosa PA14 were grown in MSX minimal media to be consistent
with similar experiments carried out at Ingenza Ltd and by Charles Begley (Begley and
Tucker, Personal Communication). When the ODeoo of the cultures reached 0.6, the
cultures were supplemented with either 20% BMA, 10 mM styrene or 10 mM
ethylbenzene. No solvent controls were left untreated. Cultures were incubated for
15 minutes with solvent before cells were harvested and RNA was isolated from each
sample using the Trizol™ RNA Plus Purification Kit. To determine if the quality of
isolated RNA from cultures was sufficient for ribosomal RNA (rRNA) depletion, RNA
samples were subjected to chip electrophoresis using the Agilent Bioanalyzer (Figure

30).
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Figure 30: (A) Chip electrophoresis electropherograms of example RNA extractions for
each solvent treated sample generated using the Agilent Bioanalyzer. Cultures and
RNA extractions were performed in triplicate, however, one of each is shown here as an
example. Two ribosomal RNA peaks are observed in each sample, showing each sample
has not degraded (B) RNA integrity numbers (RINs) of each RNA extraction in triplicate
are shown. A RIN above 8 for all samples is observed, indicating that the quality of each

RNA extraction was high.
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The results show two peaks in each RNA sample electropherogram which represent
the 16S and 23S ribosomal RNA subunits which is characteristic of intact RNA (Figure
30). The RNA integrity number (RIN) for each sample was above 8 which showed the

samples were of a high quality.

To determine whether any of the samples were contaminated by DNA, samples were
used as templates for PCR using primers to amplify a region of intergenic DNA (Figure
31). Primers for the amplification of a 500 bp region of intergenic DNA was designed
as this region of DNA would not be transcribed into mRNAs and therefore would

provide as a reliable target for DNA detection (Table 11).
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Figure 31: Contamination analysis of RNA extractions (A) Schematic diagram of the
500 bp region of intergenic DNA used for PCR amplification. PCR primers were
designed to amplify the 500 bp region between the genes PA14 44510 and
PA14 44520. Cytoplasmic genes are represented in red and inner membrane
proteins are shown in orange. Figure generated using Pseudomonas.com (B) PCR and
agarose gel electrophoresis analysis of extracted RNA. Each RNA extraction sample
was used as template. P. aeruginosa PA14 genomic DNA was used as a positive

control reaction template and a no template reaction was run as a control.
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DNA products were not amplified from any of the RNA extraction samples (Figure
31). The samples were therefore considered free of DNA contamination and were

taken forward for further analysis.

4.2.1.1 Ribosomal RNA Depletion of RNA Extractions

Total RNA extracted from cell cultures contains ~80 % ribosomal RNA (rRNA).
Therefore, to obtain a high read depth of mRNA from each sample using sequencing
by synthesis technology, the rRNA content must be removed from total RNA samples.
rRNA was depleted from each RNA sample as described in the methods, and to
determine whether any rRNA remained in the samples, RNA samples were subjected

to chip electrophoresis using the Agilent Bioanalyzer (Figure 32).
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Figure 32: Chip electrophoresis electropherograms of example ribosomal RNA
depleted RNA extractions for each solvent treated condition generated using
the Agilent Bioanalyzer. Only one rRNA depletion for each solvent treatment
group is shown as an example although this was performed in triplicate. No
ribosomal RNA is observed in the electropherograms of any samples. After the
removal of the rRNA from each sample, an mRNA peak is observed between 25-

35 seconds for every sample.
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Once the ribosomal RNA was removed from RNA samples it was possible to identify
MRNA peaks between 25-35 seconds on the sample electropherograms (Figure 32).
Peaks resolving at this retention time range are characteristic of high-quality mRNA.
No 16S or 23S ribosomal RNA was observed in the electropherograms, showing that

rRNA had successfully been depleted from all samples.

4.2.1.2 Preparation of Complimentary DNA Sequencing Libraries of RNA
Extractions
To sequence the purified mRNA from each sample, complimentary DNA (cDNA)
libraries were generated for lllumina sequencing. Adaptor ligated and indexed double
stranded paired end libraries were generated with an average length of ~300 bp using
a New England Biolabs library preparation kit. After library preparation, to ensure the
libraries were free from adapter and primer contamination and were the correct size,
the libraries were subjected to chip electrophoresis using the Agilent Bioanalyzer

(Figure 33).
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Figure 33: Chip electrophoresis electropherograms of example cDNA library
preparations for each solvent treatment sample generated using the Agilent
Bioanalyzer. One library preparation for each sample is shown although this was
performed in triplicate. The size distribution of each library ranges from ~200 bp

to ~400 bp, peaking at ~300 bp.
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The chip electrophoresis electropherograms generated on the Agilent Bioanalyzer
demonstrate that the average size of each cDNA library was ~300bp (Figure 33).
Libraries were quantified using a Qubit fluorometer and diluted to a final pooled
loading concentration of 5 pM. cDNA libraries were sequenced using an lllumina
Miniseq sequencer loaded with a high throughput cartridge and flow cell. The
sequencing run had a cluster density of 344 K/mm2 of which 80% passed the quality
filter. Between 3 and 5 million reads were obtained for each indexed sample, totalling
an output of ~40 million reads. The quality of the reads was determined using FastQC

(Wingett and Andrews 2018).

4.2.2 Principal Component Analysis Confirms the Absence of Outliers in the

Data
To determine whether any of the replicates were technical outliers, principal
component analysis (PCA) was carried out on all RNA sequencing data through the
DESeq2 Galaxy Europe package (Figure 34). The PCA software finds patterns in high
dimensional data, PCA establishes groups of variables within datasets allowing for
the identification of data which deviates within replicates with high sensitivity. PCA
plots show the differences within datasets calculated by the algorithms as
represented by distance on the plot. This means that datasets which are deemed
highly similar will reside close together on the plot. Therefore, triplicates of datasets

with no technical outliers are expected to reside close to one another on a PCA plot,
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and datasets which deviate from the other triplicates are represented as far from the

other datasets on the plot.
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Figure 34: Principal component analysis of differential gene expression between
control, BMA treated, styrene treated and ethylbenzene treated samples in triplicate.
The PCA plot shows grouping of samples in triplicate. This figure was generated using

DESeq2 in Galaxy Europe.
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All triplicates within the BMA, styrene, ethylbenzene and control samples were
clustered together on the PCA plot, providing evidence that there were no outliers

within the datasets (Figure 34).
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4.2.3 Analysis of Differential Gene Expression in Solvent Treated Samples
Reveals Significantly Different Expression Profiles Between Control
and Solvent Treated Samples

To determine changes in the transcriptome of solvent treated P. aeruginosa PA14

cultures, analysis of differential gene expression was carried out using DEseqg2 in

Galaxy Europe. DESeq2 uses the number of reads from the sequencing data mapped

to each feature on the chromosome by Htseg-count and calculates the differential

expression of genes within high dimensional data based on negative binomial

distribution. Differential gene expression is calculated as the logarithm to the basis 2

of the fold change (LFC) of the number of reads in the treated sample compared to

the untreated control. The p was is calculated for each LFC and corrected for false
discovery rate using the Benjamini-Hochberg procedure. Results were outputted as

a tabular file containing the LFC of every gene within the dataset listed in order of

significance. Using this kind of analysis allowed for the identification of the

significantly upregulated and downregulated genes in P. aeruginosa PA14 in response
to BMA, styrene and ethylbenzene. Tabular output files from DESeq2 were used to

generate volcano plots using Volcano Plot in Galaxy Europe (Figure 35, Figure 41,

Figure 42).
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4.2.4 Analysis of Differential Gene Expression in P. aeruginosa PA14 Treated

with the Methacrylate Ester BMA
Tointerpret the DESeq2 analysis carried out on BMA treated PA14 cultures, a volcano
plot was generated showing all genes with a significant logarithmic fold change in

expression compared to the control samples (Figure 35).
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Figure 35: (A) Histogram of p-values of log fold change in expression of upregulated and downregulated genes in P. aeruginos
PA14 when exposed to the methacrylate ester BMA (B) Volcano plot of differentially expressed genes in P. aeruginosePA14
when exposed to the methacrylate ester BMA. Genes which showed no significant differential expression are shown in grey,
genes which showed a significant increase in expression are shown in red and genes which showed a significant decrease in
expression are shown in blue. The top 20 most significantly differentially expressed genes are labelled. Unannotated genes are

labelled with locus tag and the gene name is given where possible.
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The frequency of differentially expressed genes within the dataset with a p value
close to zero was significant, providing evidence that the dataset is reliable (Figure
35). The volcano plot representation of this data shows the top twenty differentially
expressed genes with the most significant p values in P. aeruginosa PA14 when
treated with BMA. The genes identified can be categorised into groups based on their

function, which is carried out throughout this chapter.

4.2.5 Comparison of Transposon Mutant Library Screen and Transcriptomic
Analysis of BMA Cultures

To determine whether the same systems shown in the transposon mutant library
screen were significantly upregulated in the RNA sequencing data, the data was

compared in Table 15.
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Table 15: Comparison of the D% AUC and LFC of the top 10 genes of interest identified during the transposon mutant library
screen. The mean number of reads mapped to each gene, change in expression, LFC, and p value significance from the RNA

sequencing data are shown.

Transposon Mutant Library Screen Transcriptomic Analysis

Gene ID Description A%AUC Mean Number of Change in Expression Log Fold Change in P Value < 0.05?
Reads Across All Expression
Samples Mapped to
Gene
PA14 05550 Opri -63.12 1032 Increase +1.36 Yes
PA14 05540 MexB -55.70 2700 Increase +1.41 Yes
PA14 05530 MexA -55.29 1658 Increase +1.59 Yes
PA14 44460 Cbb; Cytochrome -51.03 39 No Change +0.46 No
Oxidase Assembly
PA14 44440 Chb; Cytachrome -49.85 193 Increase +1.10 Yes
Oxidase Assembly
CopA2
PA14 61980 Chromosome -45.27 13 No Change -0.39 No
Partitioning Protein
PA14 44450 Cbb; Cytochrome -45.11 6 No Change +0.27 No
Oxidase Assembly
PA14 07760 Surh, -44.40 588 Decrease -0.43 Yes
PA14 43950 SueC -41.62 3508 Increase +0.32 Yes
PA14 62930 Carbomyl-phosphate -36.09 439 Increase +0.16 No
synthase small chain
subunit

176



The RNA sequencing data corresponding to the top 10 systems of interest identified
during the transposon mutant library screen is shown in Table 15 . All components of
the MexAB-OprM system were significantly upregulated in the RNA sequencing
dataset, and one component of the Cbbs cytochrome oxidase maturation system was

significantly upregulated, as indicated by green font.

4.2.5.1 RNA Sequencing Data Reinforces the Importance of the MexAB-

OprM in BMA Tolerance
There is an increase in transcription of oprM, mexB and mexA in P. aeruginosa PA14
in response to treatment with the methacrylate ester BMA (Table 15). These 3 genes
also showed the most significant A%AUC in response to BMA during the transposon
mutant library screen. The RNA sequencing data shows that these 3 genes all show
an increase in the average number of reads across all samples, and an increase in the
LFC which is statistically significant. The significant increase in gene expression of
every subunit of the MexAB-OprM when BMA is added to culture provides further

evidence of its importance in the role of tolerance to this methacrylate ester.

4.2.5.2 The MexAB-OprM is not the only Efflux System Upregulated in
Response to BMA

An increase in gene expression was observed for several efflux systems in P.
aeruginosa when BMA was added to the culture. These systems are listed in Table

16.
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Table 16: Significantly upregulated efflux systems are shown from the top 300

upregulated genes from Pseudomonas aeruginos®A14 in response to BMA.

These genes showed a significantly increased LFC in expression compared to

the control samples. The LFC is shown for each gene within the systems which

are upregulated

MexAB-
OprM

MexCD-
Oprl

MexPQ-
OpmE

MexGHI-
OpmD

TriABC

Genes
Significantly

Upregulated

MexA, MexB,
OprM

MexC, MexD,
OprJ

MexQ, OpmE

MexG, MexH

TriA, TriC

logarithm
to the

Basis 2 of

the Fold
Change

+1.59,
+1.41,
+1.36

+7.23,
+5.04,
+3.74

+2.5, +3.0

+2.07,
+0.94

+1.48,
+1.12
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The range of efflux systems upregulated P. aeruginosa PA14 in response to BMA are
shown in Table 16. Components of these 5 systems each displayed an LFC > +1, all of
them being RND type multi-drug exporters. The increase in gene expression of so
many RND type exporters in P. aeruginosa PA14 provides evidence that these multi-

drug efflux pumps play a key role in BMA tolerance.

The efflux system which showed the highest increase in expression was MexCD-Opr]J.
MexC, mexD and opr) were placed amongst the top 11 genes with the highest
increase in gene expression levels in response to BMA. Despite the disruption of the
MexAB-OprM system generating the largest D% AUC during the transposon mutant
library screen, the level of gene expression of components of this system were only
shown to slightly increase in comparison to other pumps such as MexCD-OprJ using
RNA sequencing. To further understand the gene expression levels of the MexAB-
OprM in comparison to other upregulated RND systems such as MexCD-OprJ, the raw
number of reads associated with components of these systems from RNA sequencing

data were analysed (Figure 36).
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Figure 36: The average number of raw sequencing reads mapped to MexAB-OprM and MexCD-OprJ genes using htseq-count for

Average Number of Reads Mapping to Gene Across Samples
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both control and BMA cultures is shown. Standard deviation from the mean is shown for the number of reads mapping to each gene.
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The log fold changes in expression of mexA, mexB and oprM were low in comparison
to mexC, mexD and oprJ as is demonstrated in Figure 36. However, analysis of the
raw number of reads obtained for each of these genes during RNA sequencing shows
that mexA, mexB and oprM were expressed at high levels when BMA is both present

and absent.

The number of transcripts sequenced corresponding to the MexCD-OprJ genes show
that the efflux pump was expressed at relatively low levels in the absence of BMA
(average reads mapped to MexC = 16, MexD = 64, OprJ = 30). In comparison, MexAB-
OprM genes are expressed at high levels even in the absence of BMA (average reads
mapped to MexA = 912, MexB = 1281, OprM = 602). Therefore, the increase in
expression of the MexCD-OprJ pump led to a large significant increase in log fold
change in expression in comparison to the MexAB-OprM genes despite this pump is
being highly expressed in both conditions. Taking raw reads into account as well as
log fold change in expression is therefore important as systems which are functional
at their background levels during the experimental conditions will not be reflected in

the data using this kind of analysis alone.

The levels of expression of the MexCD-OprJ genes in the presence of BMA are not
much higher than that of the MexAB-OprM in the control samples (average number
of reads mapped to MexC = 2156, MexD = 1504, OprJ = 347 in the BMA samples vs

MexA = 1126, MexB = 1687and OprM = 1500 in the control samples as is

181



demonstrated in Figure 36).Even though the expression of the MexAB-OprM pump
is increased and shows a significant log fold increase in expression, this value is lower
than that of the MexCD-OprJ because the pump is already intrinsically expressed at
high levels. This data is suggestive that levels of expression of mexA, mexB and oprM
are at levels high enough to provide some BMA tolerance in even the control sample,
and a small increase in MexAB-OprM expression therefore provides sufficient

tolerance for survival under the experimental conditions.

4.2.6 There is Significant Upregulation in P. aeruginosa PA14 in Components
of the Cbbs Cytochrome Oxidase Maturation System in Response to

BMA
A transposon mutagenesis library screen showed that disruption of genes involved in
the maturation and assembly of the Cbbs cytochrome oxidase system resulted in
significant D% AUC in the presence and absence of BMA, suggesting these genes
could play a role in tolerance to BMA. The Cbbs cytochrome oxidases play a role in
bacterial energetics in P. aeruginosa- their role is to maintain the proton gradient
within the cell. The Cbbs maturation genes ensure that fully functional Cbbs-1 and
Cbbs-2 proteins are formed within the cell (Pitcher and Watmough 2004). To further
investigate the role of these proteins in BMA tolerance, whole transcriptome analysis
was carried out and the differential expression of these systems using the RNA

sequencing data was analysed Figure 39.
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PA14 44420 Ferrodoxin 574 +0.55 yes
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Figure 37: (A) the Cbbs maturation operon genes and their differential expression
in response to BMA treatment is shown (B) the number of reads mapped to each
of the genes in the Cbbs; maturation operon on the chromosome is represented
as read depth. Control reads are shown in red and BMA treated reads are shown
in green. Separation of genes in the operon is represented by blue vertical lines.
The depth scale is shown for each condition. Figure generated from the first BAM

file of the samples in triplicate.
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Whole transcriptome analysis shows that the levels of expression of all components
of the Cbbs cytochrome oxidase assembly system were upregulated when BMA was
present (Figure 39). PA14 44420, PA14 44430 and CopA2 displayed significant

increases in expression when cultures were treated with BMA.

The ferrodoxin gene PA14 44420 displayed a small increase in log fold change in
expression and a large number of average sequencing reads were mapped to this
gene in the BMA treated samples (LFC = 0.55 and average number of sequencing
reads mapped to PA14 44420 = 574). The unannotated gene PA14 44430 also
showed positive log fold change in expression (LFC = 1.23 and average number of
sequencing reads mapped to PA14 44430 = 156). The highest log fold change in
expression from this group of genes was seen for the copper transporting p-type
ATPase copA2 (LFC=1.09 and average number of sequencing reads mapped to copA2
= 193). The 3 Cbbs type maturation proteins which were identified during the
transposon mutant library screen were copA2, PA14 44450 and PA14 44460.
Although the RNA sequencing data showed that all these genes increased in
expression during the experimental conditions, this change was only statistically

significant for copA2 and PA14 44430.

The disruption of the Cbbs maturation protein gene copA2 led to the highest D% AUC
during the transposon mutagenesis library screen. This gene also showed one of the

highest log fold changes in expression when treated with BMA from the whole
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transcriptome analysis discussed throughout this chapter. This provides further
evidence that CopA2 could play a crucial role in the tolerance of P. aeruginosa to

BMA.

4.2.7 Investigation of the General Cell Envelope Stress Response of P.
aeruginosa PA14 to BMA
Personal communication with Ingenza Ltd and Mitsubishi Chemical Corporation UK
revealed that during trial fermentations with Pseudomonas putida KT2440, carbon
was not directed efficiently towards BMA production and large amounts of carbon
could not be accounted for during the fermentation trials. The hydrophobicity of
BMA places stress on the cell envelope and so a general cell envelope stress response
to BMA in culture is expected. The production of trehalose as an osmoprotectant is a
common osmotic stress response in Gram negative bacteria (Larsen et al. 1987,
Woodcock et al. 2021). Here, we hypothesised that the redirection of carbon away
from BMA production and towards trehalose production may be responsible for the
loss of carbon observed in trial fermentations. Genes upregulated in the whole
transcriptome analysis were investigated to further understand the general cell
envelope stress response of P. aeruginosa PA14 to BMA and whether this was the

cause of unaccounted carbon during trial fermentation runs at Ingenza Ltd.
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4.2.7.1 Genes Associated with Osmotic Stress are Upregulated in P.

aeruginosa PA14 in Response to BMA
The RNA sequencing data was analysed using the functional analysis and gene
enrichment tool Funage-Pro. Genes associated with the general cell envelope stress

response and osmotic stress were identified amongst the upregulated genes (Table

17).
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Table 17: Upregulated genes associated with osmotic stress within the RNA sequencing
data using Funage Pro are listed. Genes associated with osmotic stress which were within

the top 300 significantly differentially expressed genes are shown

Osmotic Stress Response Genes Identified by Funage Pro

Gene_ID Gene Name Product Logarithm to the
Basis 2 of the Fold
Change
PA14_ 36630 GlgXx Glycogen operon protein +3.4
PA14 36840 GlgP Glycogen phosphorylase +2.72
PA14_36570 GlgA Glycogen synthase +2.74
PA14 36710 GlgB 1,4-alpha-glucan branching enzyme +3.19
PA14 33450 TreA Trehalase +1.53
PA14_36605 - Maltooligosyl trehalose synthase +3.33
PA14_ 36730 Tres Trehalose synthase +3.13
PA14_38350 Gall UTP- glucose-1-phosphate +2.34
uridylyltransferase
PA14 13580 OsmV Osmoprotectant import ATP-binding  +2.11
protein
PA14 13610 OsmY Osmoprotectant import permease +2.03
protein
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Genes associated with osmotic stress are significantly upregulated in response to
BMA, as shown in Table 17. Significant upregulation of the osmoprotectant genes
osmV and osmY are indicative of cell envelope stress(Frossard et al. 2012). The other
upregulated genes which were identified play a role in the biosynthesis of trehalose
and glycogen within the cell. The role of these genes in the trehalose biosynthetic

pathway are displayed in Figure 40.
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The P. aeruginosa PA14 starch and sucrose metabolism pathway is shown in Figure
40. Genes associated with the conversion of glycogen to trehalose are upregulated
as indicated by boxes with a red border. The data represented by the KEGG map
shows clearly that P. aeruginosa PA14 displays a specific response associated with
trehalose production in response to treatment with BMA. This is evidence of a
generalised cell envelope stress response to BMA and the production of trehalose as
an osmoprotectant could be responsible for the redirection of carbon away from

BMA production observed in trial fermentations at Ingenza Ltd.

4.2.8 There is Significant Downregulation of some Genes in Response to
BMA
The top 5 genes with the highest significant downregulation in response to BMA are

shown in Table 18.
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Table 18: The top 5 genes with the highest significant downregulation in P

aeruginosaPA14 in response to BMA are shown. The LFC is displayed for each gene.

Annotation Logarithm to the Basis 2

of the Fold Change

PA14 19680 Putative peptidoglycan -3.97
hydrolase

PA14 68470 Carbon storage regulator -3.34
RsmN

PA14 22990 Sugar transporter GI/tF -3.05

PA14 23000 Sugar transporter G/ItG -2.90

PA14 23010 Sugar transporter G/tK -2.80
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The top 5 downregulated genes in P. aeruginosa PA14 in response to BMA include a
peptidoglycan hydrolase, the carbon storage regulator rsmN and three sugar

transporters.

4.2.9 Analysis of Differential Gene Expression in P. aeruginosa PA14 Treated
with the Solvents Styrene and Ethylbenzene

To determine whether P. aeruginosa PA14 exhibited a similar transcriptomic
response to BMA when treated with the platform chemicals styrene and

ethylbenzene, the RNA sequencing data was analysed using DeSeq?2.

To interpret the DESeqg2 analysis carried out on styrene and ethylbenzene treated
PA14 cultures, volcano plots were generated showing genes with a significant LFC in
response to these solvents. The top 20 most significantly upregulated genes are
labelled. Also shown are histograms of the p values of differentially expressed genes

within each dataset (Figure 41, and Figure 42 ).
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The frequency of differentially expressed genes within both the styrene and
ethylbenzene datasets with a p value close to zero was significant, as shown in Figure
41 and Figure 42. This provides evidence that the dataset is reliable. The volcano plot
representation of these datasets shows the labelled top 20 significantly differentially
expressed genes in P. aeruginosa PA14 when treated with the solvents styrene and
ethylbenzene. The genes identified can be categorised into groups based on their

function.

4.2.10 Comparison of BMA Transposon Mutant Library Screen and
Transcriptomic Analysis of Styrene and Ethylbenzene Treated Cultures

To determine whether the same systems shown in the BMA transposon mutant
library screen were significantly upregulated in the styrene and ethylbenzene RNA

sequencing data, the data was compared (Table 19).
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Table 19: The A% AUC and log fold change in expression of the top 10 systems of interest identified during the BMA transposon mutant library

screen are shown alongside the differential expression analysis of the same systems from the BMA, styrene and ethylbenzene RNA sequencing

data. BMA Transposon Mutant Library Screen

Gene ID

PAl4 05550

PAL4 05540

PA14_ 05530

PA14_ 44460

PAL14_ 44440

PA14 61980

PA14_ 44450

PA14 07760

PA14 43950

PA14 62930

Description

Opriv

MexB

Mexh

Chbs Cytochrome
Oxidase Assembly

Chb: Cytochrome
Oxidase Assembly
Copa2

Chromosome
partitioning protein

Cbb: Cytochrome
Oxidase Assembly

Surh

SucC

Carbomyl-phosphate
synthase

A%ALUC

-63.12

-55.70

-55.29

-51.03

-49.85

-45.27

-45.11

-44.40

-41.62

-36.09

I S N S,

+0.79

+1.05

+0.70

-0.15

+1.01

+0.35

40.24

+1.75

P Value <
0.057?

yes

Yes

Yes

Yes

Yes

Yes

Yes

+1.07

+1.68

+1.37

+1.46

+0.56

-0.75

P Value <
0.057
Yes

Yes

Yes

Yes

Yes

Yes

+1.36

+1.41

+1.59

+0.46

+1.1

-0.39

+0.27

-0.43

+0.32

+.16

P Value <
0.057
Yes

Yes

Yes

Yes

Yes

Yes
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The differential expression of the top 10 systems of interest identified during the
BMA transposon mutant library screen was analysed in response to treatment BMA,
styrene and ethylbenzene (Table 19). Genes which displayed significant upregulation
across all solvent-treated samples are indicated by green text. The genes oprM,
mexB, mexA, copA2, and sucC were all upregulated by P. aeruginosa PA14 in response

to BMA, styrene and ethylbenzene.

4.2.10.1 RNA Sequencing Data Reinforces the Importance of the MexAB-
OprM in Solvent Tolerance
There is an increase in transcripts detected of the genes oprM, mexB and mexA genes
in P. aeruginosa PA14 in response to treatment with the solvents BMA, styrene and
ethylbenzene (Table 19). These 3 genes also showed the most significant A% AUC in
response to BMA during the transposon mutant library screen. The RNA sequencing
data shows that these three genes all show an LFC in expression which is statistically
significant. The significant increase in expression of every subunit of MexAB-OprM
when BMA, styrene and ethylbenzene are added to cultures provides further

evidence of its importance in the role of tolerance to these solvents.
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4.2.10.2 The MexAB-OprM is one of Several Efflux System Upregulated
in Response to Styrene and Ethylbenzene

Several efflux systems in P. aeruginosa showed an increase in expression when

styrene and ethylbenzene were added to the cultures. The efflux systems significantly

upregulated in the RNA sequencing datasets for these solvents are shown in Table

20.
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Table 20: Significantly upregulated efflux systems are shown from the top 300 upregulated genes from Pseudomons
aeruginosaPA14 in response to the solvents styrene and ethylbenzene. All genes listed showed a significantly increased LFC
in expression compared to the control samples.

MexAB-OprM

MexCD-Oprl

PA14_46580, RND
type membrane
fusion protein

MexEF-OprN

PA14_ 48630, MSF
type transporter

MexGHI-OpmD

PA14_16800, RND
type MFP

PA14_20900, MSF
type transporter

MexPQ-OpmE

Genes Significantly

Upregulated
MexA, MexB, OprM

MexC
PA14 46580

MexE, MexF, OprN

PA14 48630

MexG, MexH, OpmD
PA14 16800

PA14_20900

MexP, MexQ, OpmE

Log Fold Change in Gene

Expression

+0.70, +1.05, +0.79

+5.6,
+4.1

+1.58, +3.78, +1.62

+2.63

+2.41, +1.09, +0.50
+2.07

+1.81

+1.58, +3.78, +1.62

Genes Significantly

Upregulated
MexA, MexB, OprM

MexC, MexD
PA14_46580

MexE, MexF, OprN

PA14_48630

MexG, MexH
PA14 16800

PA14_20900

MexP, MexQ, OpmE

Log Fold Change in
Gene Expression

+1.37, +1.68, +1.07

+6.90, +1.63
+1.5

+1.63, +4.60, +4.86

+2.39

+2.06, +0.33
+1.52

+1.69

+1.63, +4.60, +4.86
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The range of efflux systems with an increase in expression in P. geruginosa PA14 in
response to styrene and ethylbenzene are shown in Table 20. Components of these
systems appeared within the top 300 most highly upregulated genes within the
datasets, all of them being RND type multi-drug exporters with the exception of two
MFS-type exporters. The increase in expression of so many RND-type exporters in P.
aeruginosa PA14 provides further evidence that these multi-drug efflux pumps play
a key role in solvent tolerance. Most efflux systems upregulated in response to
styrene and ethylbenzene are upregulated in both datasets. Therefore, according to
the differential expression analysis carried out on the RNA sequencing data, the
profile of exporting systems upregulated in P. aeruginosa PA14 in response to these

systems is highly similar.
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4.2.10.3 Components of the Cbbs Cytochrome Oxidase Assembly
System are Upregulated in Response to Styrene and Ethylbenzene
Some components of the Cbbs maturation system showed an increase in expression
when treated with styrene and ethylbenzene. The p-type ATPasecCopA2 which
showed the highest D% AUC during the BMA transposon mutant library screen when
disrupted showed a significant increase in expression when treated with BMA. The
same result is observed when P. aeruginosa PA14 is treated with styrene and
ethylbenzene, this gene showing the highest upregulation of Cbbs maturation genes
across all solvent treated samples as is shown in Table 19. These results provide
further evidence of the importance of this membrane protein in tolerance to all three

solvents tested during this study.

There was no significant change in expression of the Cbbs assembly gene PA14 44460
across any of the solvent treated samples, despite the disruption of this gene
exhibiting one of the highest D% AUC during the BMA transposon mutant library
screen. The gene PA14 44450 showed a significant decrease in expression when
treated with styrene. However, this result is not replicated in the ethylbenzene and
BMA treated samples which do not show a statistically significant change. The
transposon mutant library screen demonstrated that some Cbbs maturation genes
could play a role in BMA tolerance, however, whole transcriptome analysis for BMA,
styrene and ethylbenzene treated P. aeruginosa PA14 cultures reinforces this for the

p-type ATPase gene copA2.
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4.2.11 Components of the Cbbs Cytochrome Oxidase System are Upregulated
in Response to Styrene and Ethylbenzene
The BMA transposon mutant library screen demonstrated that components of the
Cbbs maturation system could play a role in BMA tolerance in P. aeruginosa PA14.
The differential gene expression analysis of components of the Cbbs assembly system
from the RNA sequencing data generated from BMA, styrene and ethylbenzene
treated samples are shown in Table 21. This data shows the increase in expression of
copA2 but a significant increase in expression of other Cbbs type assembly genes is
not observed. As there is only one set of genes encoding the maturation system of
Cbbs cytochrome oxidases, but 2 sets of genes encoding the cytochrome oxidases
themselves, this study set out to investigate the role of these systems in solvent
tolerance in P. aeruginosa PA14. To investigate the role of these systems further,
differential gene expression analysis was carried out on components of the Cbbs

cytochrome oxidase genes in response to BMA, styrene and ethylbenzene (Table 21).
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Table 21: Comparison of the log fold change in expression of Cbb; cytochrome oxidase genes between BMA, styrene and ethylbenzene

treated samples. Shown is the LFC for each gene and the significance is indicated by a p value is less than 0.05.

Cbb, -1 Genes Log Fold Log Fold Log Fold

Change in Change in Change in

Expression P Value<0.05? Expression P Value<0.05? Expression P Value<0.05?
PA14 44340 -0.19 no +1.86 yes +1.51 yes
PA14 44350 +1.0 yes +3.18 yes +2.94 yes
PA14 44360 +1.38 yes +3.28 yes +3.30 yes
PA14 44370 +0.46 yes +1.08 yes +1.45 yes
PA14_ 44380 -0.43 yes +0.33 yes +0.26 no
PA14_44390 -0.77 no -0.53 no -0.34 no
PA14_44400 -0.27 yes +0.62 Yes +0.31 yes
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Shown in Table 21 is the differential gene expression analysis carried out on all Cbbs-
1 and Cbbs-2 genes in P. aeruginosa PA14 in response to BMA, styrene and

ethylbenzene.

Wole transcriptome analysis of BMA treated samples did not indicate the potential
for a large increase in expression of any Cbbs cytochrome oxidase genes. The genes
PA14 44350 and PA14 44360 from Cbbs-1 and PA14 44370 from Cbbs-2 showed a
small significant increase (LFC= 1.0, 1.38, and 0.43 respectively), while the rest of the
genes showed slight decreases in expression, however, these were not all statistically

significant.

42.11.1 An Increase in Expression of Cbbs-1 Cytochrome Oxidase is
Associated with Exposure to Styrene and Ethylbenzene
In response to exposure to styrene and ethylbenzene, a large significant increase in
RNA transcripts was observed in the Cbbs-1 genes PA14 44340, PA14 44350 and
PA14 44360. The gene PA14 44360 was within the top twenty significantly
upregulated genes in both the styrene and ethylbenzene datasets. Although some
significant upregulation is observed for Cbbs-2 genes under these conditions, the
differential expression of genes associated with Cbbs-1 is significantly higher as is
indicated by green text in Table 21. This provides further evidence that the Cbbs
cytochrome oxidase system plays a key role in solvent tolerance in P. aeruginosa

PA14. Additionally, this data suggests that the Cbbs; cytochrome oxidase which is
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facilitating styrene and ethylbenzene tolerance is Cbbs-1 due to the large significant
increase of RNA transcripts mapping to the Cbbs-1 associated genes under these

conditions.

4.2.12 The P. aeruginosa PA14 Transcriptomic Response to the Solvents
Styrene and Ethylbenzene

Using RNA sequencing analysis of P. aeruginosa PA14 cultures treated with BMA,

styrene and ethylbenzene the differential expression of genes was analysed in

response to each solvent. To compare the similarity of the transcriptomic response

of P. aeruginosa PA14 to each of these solvents, the frequency of significantly

upregulated genes within each dataset was compared. The top twenty and top 300

significantly upregulated genes were compared from each solvent condition (Figure

43).
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Figure 41: Summary of common upregulated genes among solvent treated cultures
(A) Venn diagram representation of upregulated genes (top twenty) (B) Venn
diagram representation of the number of upregulated genes within the top 300
genes shared between different solvent treatment groups is shown (C) Table
describing the upregulated genes shared between solvent groups from within the
top twenty upregulated genes, listed with their functions. Where genes aren’t fully
functionally annotated, their predicted function using gene ontology functional

annotation using InterPro2GO Mapping is shown and indicated by ‘possible’.
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The number of significantly upregulated genes shared between the top 20 and 300
upregulated genes within the different solvent-treated RNA sequencing datasets are

displayed in Figure 43.

From the top twenty upregulated genes from each treatment group three genes are
shared by all groups, five genes are shared between styrene and ethylbenzene and
three are shared between all groups. The RND type exporter MexC is shared by all
solvent treatment groups as one of the most highly upregulated genes within the
dataset, exhibiting the highest significant LFC in expression of all genes within the
dataset for all groups (LFC = 7.23, 5.57 and 6.89 for BMA, styrene and ethylbenzene
respectively). This indicates the importance of the function of the MexCD-OprJ in
solvent tolerance and provides evidence for the multi-drug efflux pumps broad

specificity for the range of solvents tested during this study.

Also shared between the top 20 significantly upregulated genes by all solvent
treatment groups are the genes PA14 53530, a possible metal dependant hydrolase
and PA14 36920, a possible histidine kinase. These genes are not fully functionally
annotated and so their functions were assigned using gene ontology functional
annotation through InterPro2GO Mapping. The significant increase in RNA transcripts
mapping to these genes throughout all three datasets suggests they play a crucial

role in solvent tolerance in P. aeruginosa PA14. The three shared genes between all

207



solvent treatment groups indicates a small but universal response occurs to BMA,

styrene and ethylbenzene.

The five genes shared between the top twenty upregulated genes within the styrene
and ethylbenzene datasets are shown in Figure 43 . Among these genes is the RND
type exporter mexF. This RND exporter is differentially expressed only in the styrene
and ethylbenzene datasets and is absent from the top 300 upregulated genes in the
BMA treatment group. This suggests a substrate-specific response of efflux pump
upregulation between the treatment groups. Table 16 and Table 20 show there are
many shared efflux pumps upregulated between the datasets, however, the number
of RNA transcripts mapping to mexF was unchanged between the control and BMA
treatment group. The increase in RNA transcripts mapping to mexF is specific to

styrene and ethylbenzene.

Among the five upregulated genes shared exclusively between styrene and
ethylbenzene from the top twenty upregulated genes within the dataset are
PA14 24940, a possible putative oxidase (functional annotation analysis carried out
using InterPro2GO Mapping) and PA14 44360, a subunit of the Cbbs-1 cytochrome
oxidase. This result supports the hypothesis that these cytochrome oxidase systems
play a key role in solvent tolerance and suggests this response is more prominent

when cultures are treated with styrene and ethylbenzene in comparison to BMA.
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The genes PA14 18830, an adenylosuccinate lyase and PA14 44510, a possible
metal dependant hydrolase (functional annotation analysis carried out using
InterPro2GO Mapping) are also upregulated in the top 20 upregulated genes within

the styrene and ethylbenzene datasets.

42.12.1 A Significant Number of Upregulated Genes are Shared
Between the Styrene and Ethylbenzene Treated Cultures
Of the top three hundred significantly upregulated genes in P. aeruginosa PA14 to
styrene and ethylbenzene, 170 of these genes are shared between the two groups,
compared to 38 genes shared between all three groups Figure 43. This data suggests
that the transcriptomic responses of P. aeruginosa PA14 to the solvents styrene and
ethylbenzene share a relatively high degree of similarity in comparison to the
response of these solvents compared to the methacrylate ester BMA. The high
degree of structural similarity between styrene and ethylbenzene could explain this

result.
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4.3 Discussion

The need for industrially capable microorganisms for fermentation processes has put
an emphasis on the discovery of tolerance conferring mechanisms within these
microorganisms to the platform chemicals they produce (Mohedano, Konzock, and
Chen 2022). Advances within synthetic biology have meant that the generation of
production strains to overcome bioprocess bottlenecks such as tolerance has been
demonstrated (Katz et al. 2018; Nicolaou, Gaida, and Papoutsakis 2010). During this
study, the identification of tolerance conferring systems within P. aeruginosa PA14
to various platform chemicals of the plastics industry is demonstrated through whole
transcriptome analysis using RNA sequencing and in-depth differential gene
expression analysis, in addition to a complimentary transposon mutant library screen

previously carried out by Walid El Bestawy.

4.3.1 High Quality RNA was Extracted from Cultures Using a Trizol™ Column
Based Method of Isolation
RNA was extracted from P. aeruginosa PA14 cultures using Trizol™ in combination
with the Trizol™ Plus RNA Purification Kit. This method was chosen over other
common methods such as bead-bashing or sonication as it has been widely reported
in the literature as a successful technique for the generation of high-quality RNA
isolation from P. aeruginosa cultures (Pust et al. 2022; Waite et al. 2005; Whiteley et
al. 2001). Using the Trizol method of RNA extraction ensured that there was no

solvent carryover from cultures, as solvent is efficiently separated from the RNA
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during phase separation stage of the protocol (Rio et al. 2010). This was
demonstrated by the high quality of RNA extracted using this method as indicated by

the RIN numbers of samples (Figure 30 and Figure 32).

4.3.2 Transcriptomic Analysis in Combination with a Transposon Mutant
Library Screen is an Efficient Method for Demonstrating the Importance
of Efflux in Tolerance to BMA, Styrene and Ethylbenzene in P.
aeruginosa PA14

A transposon mutant library screen showed the importance of the RND MexAB-OprM
multi-drug efflux pump in BMA tolerance in P. aeruginosa PA14. This was
demonstrated by the largest D% AUC in response to BMA when the genes mexA,
mexB and oprM were disrupted by transposition. Although transcriptomic analysis
reinforced the importance of this system, the data has showed that many other efflux
systems are significantly upregulated in response to BMA, styrene and ethylbenzene.
Here, our data shows that efflux of solvents from the cell is a major component of
tolerance, and that both intrinsic levels of expression and upregulation of RND

systems are important for tolerance to these solvents.

The solvents used in this study are toxic as they partition themselves within the cell
membrane and the periplasmic space, causing the disruption of cell membranes
because of their hydrophobicity (Fujisawa et al. 2008; Stancu 2018). RND systems are

widely reported in the literature to be a crucial tolerance mechanismin P. aeruginosa

211



and their role is most important in exponential growth phase when the membrane is
most unstable (J. Blair, personal communication). During this study, solvents were
added to cultures in exponential phase when cell membranes are already reported

to be weakened, increasing the need for efflux of these solvents from the cell.

During the transposon mutant library screen the impact on growth of P. aeruginosa
when the efflux genes mexA, mexB and oprM was demonstrated by the largest D%
AUC reported during the experiment. During this study, whole transcriptome analysis
demonstrated that the number of RNA transcripts mapping to various efflux systems
in the presence of BMA, styrene and ethylbenzene showed a significant increase
compared to no solvent control samples. These results compliment what is already
known about the relationship between efflux and solvent tolerance (Fernandes,
Sommer Ferreira, and Sampaio Cabral 2003; Li, Zhang, and Poole 1998a; Ramos et al.
2003), and further demonstrate the importance of RND type efflux pumps in solvent

tolerance in P. aeruginosa PA14.

4.3.3 RND Efflux Systems Play a Significant Role in P. aeruginosa PA14

Solvent Tolerance
4.3.3.1 MexAB-OprM and MexCD-OprJ are Upregulated in Response to BMA
Analysis of the RNA sequencing data using DESeqg2 revealed that all the MexAB-OprM
genes identified during the transposon mutant library screen were upregulated in P.

aeruginosa PA14 response to BMA. However, despite the genes encoding this system
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showing the largest D% AUC during the transposon mutant library screen, the
increase in RNA transcripts mapping to these genes in response to BMA exposure was
less than other efflux pumps as is demonstrated in Figure 36. The efflux pump with
the largest increase in RNA transcripts mapping to itself in response to BMA is

MexCD-Oprl.

Analysis of the raw number of sequencing reads aligned to the mexA, mexB and oprM
genes showed that the MexAB-OprM system is highly expressed in both the BMA and
control samples. Although the pump is upregulated in response to BMA, its
expression in the control samples is at a high level in comparison to other efflux
pumps such as MexCD-OprJ as is demonstrated in Figure 36. This is consistent with
that demonstrated previously in the literature- intrinsic levels of constitutive MexAB-
OprM expression conferred tolerance to many antimicrobial agents (Li, Poole, and
Nikaido 2003; Lopez-Causapé et al. 2018; Nakae et al. 1999). This data shows that the
basal levels of expression of MexAB-OprM are sufficient to provide a level of BMA
tolerance such that the upregulation required for the pump’s expression is small in

the BMA cultures.

The number of sequencing reads mapped to mexC, mexD and oprJ in the control
sample are low in comparison to the MexAB-OprM genes within the same sample-
the average number of RNA transcripts mapped to mexA, mexB and oprM were 1126,

1687 and 765 respectively compared to 16, 64 and 30 for mexC, mexD and oprJ.
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Despite the large change in expression associated with the MexCD-OprJ efflux pump
in response to BMA, the raw number of reads of the mexC, mexD and oprJ genes is
comparable to that of the MexAB-OprM genes in the BMA sample- the average
number of RNA transcripts mapped to mexC, mexD and opr) were 2156, 1504 and

347 respectively compared to 2540, 3348 and 1500 for mexA, mexB and oprM.

Overexpression of MexCD-Opr) in the clinic is associated with increased
pathogenicity and resistance to a range of compounds including chloramphenicol and
ciprofloxacin (Jeannot et al. 2008). The results demonstrated during this study are
consistent with previously reported results in the literature showing that the
upregulation of MexCD-OprJ is associated with tolerance to many compounds as
opposed to its intrinsic levels of expression (Llanes et al. 2004; Poole et al. 1996).
MexCD-Opr] provides acquired tolerance rather than intrinsic to several antibiotics
(Masuda et al. 2000). Both MexAB-OprM and MexCD-OprJ are implicated in the
solvent tolerance of P. aeruginosa to organic compounds such as hexane and xylene
(Li et al. 1998a). These results suggest that in contrast to MexAB-OprM, the basal
levels of MexCD-Opr)J expression is not sufficient to provide BMA tolerance since its

upregulation to BMA is one of the largest in the dataset.

Using differential gene expression analysis on its own can have limitations (Uygun et
al. 2016). Here it is shown that using differential gene expression analysis alone

shows that the most highly upregulated efflux pump within the BMA dataset is the
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MexCD-OprlJ. However, when the number of raw sequencing reads is considered, it
is clear the MexAB-OprM efflux pump also plays a key role in tolerance. The results
of this study demonstrate that analysing the differential expression of genes in
combination with the raw number of sequencing reads means that systems with
important intrinsic function are not overlooked. Having transposon mutant library
screening data to compliment the whole transcriptome analysis carried out during
this study also accounts for these limitations of using differential gene expression

analysis alone.

4.3.4 Systems Involved With Cell Wall Degradation and Sugar Transporters
are Downregulated in Response to BMA
The gene which showed the highest significant decrease in number of RNA transcripts
mapping to the gene in the BMA dataset was a putative peptidoglycan hydrolase. The
role of peptidoglycan hydrolases in P. aeruginosa and other Gram-negative bacteria
is to hydrolyse portions of peptidoglycan within the cell wall to enable the insertion
of newly synthesised peptidoglycan for cell wall strengthening (Vollmer et al. 2008).
During this study, the addition of BMA placed stress on the cell membrane and a
decrease in the number of RNA transcripts sequenced of this peptidoglycan
hydrolase was observed in comparison to the no BMA control. The downregulation
of this enzyme may be caused by the compromised cell envelope due to high

concentrations of BMA in the cell culture, as hydrolysing peptidoglycan within the
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cell wall has short-term weakening effects which cannot be afforded when the cell

envelope is already compromised.

The second gene within the BMA dataset exhibiting the largest significant decrease
in RNA transcripts sequenced in comparison to the control sample is the regulator
rsmN. This regulator has been shown to repress exopolysaccharide synthesis genes,
and so its downregulation is suggestive that genes involved with cell wall synthesis
are being derepressed (Irie et al. 2010; Romero et al. 2018). This in addition with the
downregulation of the peptidoglycan hydrolase provides evidence that P. aeruginosa

PA14 is protecting and regenerating its cell wall in response to BMA.

The number of RNA transcripts mapping to the genes gltF, gltG and gltK significantly
decreases in response to BMA. These genes involved in glucose transport within the
cell, as glucose was the main carbon source during this experiment and so this result
is surprising. However, the downregulation of these genes in P. aeruginosa in the
literature has been implicated in the general cell envelope stress response which may
explain this effect (Chevalier et al. 2017). Downregulation of these transporters may
aid in membrane stabilisation by making room for the large number of RND pumps
upregulated in these conditions, as overexpression of membrane proteins at high
levels has been demonstrated in the literature to destabilise the cell membrane

(Bernaudat et al. 2011; Errasti-Murugarren, Bartoccioni, and Palacin 2021).
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4.3.5 RNA Sequencing Data Shows the Importance of Efflux in P. aeruginosa
PA14 to BMA, Styrene and Ethylbenzene

The fundamental role of efflux systems in the tolerance of gram-negative bacteria to

various organic solvents has been widely described (Rojas et al. 2001)(lkehata and

Doukyu 2022)(Vasylkivska and Patakova 2020)(Ramos et al. 2003). In this study we

describe the potential significant upregulation of a wide range of RND efflux pumps

in P. aeruginosa PA14 in response to BMA, styrene and ethylbenzene.

4.3.5.1 The Profile of Upregulated of Efflux Pumps Between Different Solvent
Groups Varies
The wide range of RND efflux pumps in Pseudomonas aeruginosa display broad
specificities covering many substrates of varying sizes, charges and toxicities (Nikaido
and Pagés 2012a). The substrate overlap between some RND efflux pumps means the
expression of several pumps at one time gives P. aeruginosa the ability to efflux an
enormous number of substrates from the cell at any one time (Murata et al.
2002)(Mao et al. 2002)(Nikaido and Pages 2012a). Although there is a degree of
substrate overlap between some RND pumps, these systems do display their own
specificities (Puzari and Chetia 2017). Here, we describe the profile of significantly
upregulated RND efflux pumps in P. aeruginosa PA14 in response to BMA, styrene

and ethylbenzene.
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4.3.5.2 Efflux Systems are Upregulated in Response to all Three Solvents

Differential gene expression analysis of the RNA sequencing data revealed that four
RND type efflux pumps are significantly upregulated in response to BMA, styrene and
ethylbenzene. A significant increase in the number of RNA transcripts mapped to
MexCD-Oprl, MexAB-OprM, MexGHI-OpmD and MexPQ-OpmE are observed in all
three datasets. This provides evidence that these RND systems can export BMA,
styrene and ethylbenzene. It has been reported previously that P. aeruginosa is able
to tolerate a larger range of compounds at higher concentrations by expressing
various RND type pumps simultaneously (Lee et al. 2000; Llanes et al. 2004). We
report the increase in RNA transcripts transcribed for a wide range of efflux pumps
in response to BMA, styrene and ethylbenzene in P. aeruginosa PA14. This
simultaneous expression of various RND pumps at once could be responsible for the

high levels of solvent tolerance exhibited by this microorganism during this study.

4.3.5.3 Efflux Systems Within the Datasets Display Specificity to Solvents

Although there is overlap of RND efflux pumps between the various solvent treated
cultures, some significantly upregulated efflux pumps show specificity within the

data.

The number of RNA transcripts sequenced corresponding to the triclosan efflux pump
TriABC is significantly upregulated in the BMA data only, providing evidence that it

exports BMA from the cell but not styrene and ethylbenzene. TriABC is unusual in its
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structure in that it has two membrane fusion components, it is hypothesised that this
could explain its narrow substrate specificity in comparison to other RND efflux
pumps (Mima et al. 2007). This pump has a small repertoire of only three known
substrates (Fabre et al. 2021). Here, we report the fourth substrate of TriABC - BMA.

Gene knockout and recomplimentation studies could be carried out to confirm this.

Differential gene expression analysis shows the efflux profile of P. aeruginosa PA14
to styrene and ethylbenzene are similar. Although there is slight variation between
the genes within RND systems which have an increase in transcription, the RND
systems exhibiting an increase in RNA transcripts for both solvents are the same. This
could be explained by the highly similar structures of styrene and ethylbenzene. Here
it is shown that the RNA transcripts mapping to nine efflux systems are significantly
increased in response to styrene and ethylbenzene whereas only five are increased
in response to BMA. The similar response of Pseudomonas species to styrene and
ethylbenzene has been demonstrated previously (Mosqueda, Ramos-Gonzalez, and
Ramos 1999; Stancu 2018). Styrene and Ethylbenzene display higher log Kow values
which pertain to hydrophobicity than BMA, meaning their membrane disruption
mediated toxicity is higher. This could explain the more defined efflux response in
the styrene and ethylbenzene treated cultures. Although some efflux pumps were
upregulated in response to all solvents in this study, here it is shown that the efflux

mediated response of P. aeruginosa PA14 to styrene and ethylbenzene is distinct.
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4.3.6 P.aeruginosa PA14 Exhibits a General Cell Envelope Stress Response

to BMA
We report the general cell envelope stress response of P. aeruginosa PA14 to BMA
characterised by the increase in RNA transcripts mapped to a range of trehalose
biosynthesis genes. Trehalose production by Gram negative bacteria has been
demonstrated previously as an osmotic stress response (Larsen et al. 1987; Reina-
Bueno et al. 2012; Woodcock et al. 2021). During this study, the treatment of
bacterial culture with the toxic hydrophobic methacrylate ester leads to upregulation
of genes involved with trehalose biosynthesis as an osmoprotectant strategy. During
trial BMA fermentations using P. putida at Ingenza Ltd, carbon was not being
efficiently directed towards BMA production and carbon could not be accounted for
after fermentations. Here, we propose that the upregulation of trehalose
biosynthesis genes in response to BMA accumulation within the fermenter could be
responsible for this inefficient direction of carbon towards BMA production. Based
on this data, the deletion of trehalose biosynthesis genes could be a useful strategy

to redirect carbon towards BMA production in trial fermentations.

4.3.7 Some Genes are Implicated in the P. aeruginosa PA14 Response to all
Solvents in the Study
4.3.7.1 Three Genes are Significantly Upregulated in Response to BMA,
Styrene and Ethylbenzene
As previously discussed, the RND exporter MexC is the most highly upregulated

system within all datasets. The genes PA14 53530 and PA14 36920 encoding a
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possible metal dependant hydrolase and possible histidine kinase respectively are

also upregulated within all 3 datasets.

Mitsubishi Chemical Corporation are in the process of developing a fermentation
process for BMA production where BMA is sequestered away from the production
microorganism within the fermenter by sequestration by the solvent hexadecane.
Here, we present the increase in transcription of a possible metal dependant
hydrolase gene in response to all solvents; PA14 53530. This gene is important in the
survival of P. aeruginosa in fluid interfaces caused by solvents such as hexadecane
(Niepa et al. 2017). The upregulation of this gene in response to BMA could be
advantageous in a fermentation vessel where hexadecane is present in large
guantities to sequester BMA as its role in tolerance of both BMA and hexadecane has
been reported. This protein has also been implicated in P. aeruginosa transcriptomic
response to fuel and has been shown to play a role in the hydrocarbon degrading
capabilities of Pseudomonas and Alkanivorax species previously (Gunasekera et al.
2017; Martins et al. 2021). This gene has further been characterised as part of the P.
aeruginosa general stress protection transcriptional response (Rodriguez-Rojas and
Blazquez 2009). The possible histidine kinase upregulated within all datasets in this
study has an involvement in virulence in P. aeruginosa strains in the clinic (Francis,

Stevenson, and Porter 2017; Kaihami et al. 2017).
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4.3.7.2 Genes are Upregulated in Response to Styrene and Ethylbenzene

The RND type exporter mexF was significantly upregulated in the styrene and
ethylbenzene datasets only, suggesting its export substrate specificity is inclusive of
styrene and ethylbenzene but not BMA. Deletion of the MexEF-OprN operon has
been demonstrated to result in increased susceptibility to chloramphenicol and
ciprofloxacin (Kohler et al. 1997). Here, we report this genes involvement in P.

aeruginosa styrene and ethylbenzene tolerance.

PA14 24940, a putative oxidase has also been implicated in fluid interface tolerance
in the presence of hexadecane (Niepa et al. 2017). Further promising evidence that
P. aeruginosa will exhibit tolerance to hexadecane in a fermentation vessel.
PA14 44510, another possible metal dependant metal dependant hydrolase has also
been shown in the literature to play a role in hexadecane fluid interface tolerance as
well as hydrocarbon degradation in niches such as fuel tanks (Gunasekera et al.

2017).

4.3.8 The Cbbs Maturation Protein CopA2 is Upregulated in Response to
BMA, Styrene and Ethylbenzene

The transposon mutant library screen identified three Cbbs maturation genes

(PA14_44460, PA14 44440 and PA14_44450) to be important in BMA tolerance in P.

aeruginosa PA14. The whole transcriptome analysis carried out during this study

found no change in the level of transcription of PA14 44460 and PA14_44450 when
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the cultures are treated with BMA, however, a significant increase in reads mapping
to CopA2 and PA14 44430 was observed. The expression of copA2 is also significantly
upregulated in response to styrene and ethylbenzene, however, the number of RNA

transcripts mapping to PA14_44450 and PA14_44460 decreases.

The Cbbs maturation gene PA14 44430 which showed a significant increase in
transcription in response to BMA is unannotated. However, the literature shows that
upregulation of expression of this gene is implicated in increased virulence and
multidrug resistance (Beaume et al. 2017; Montemari et al. 2022; Morgan et al.
2019). CopA2 is essential for the maturation and assembly of fully functional Cbbs
cytochrome oxidases in the cell, its role being to transport copper into the periplasm
where it accessed to form the catalytic core of the Cbbs cytochrome oxidases
(Zufferey et al. 1996). Deletion mutants of CopA2 display a large reduction of Cbbs
cytochrome oxidase activity (Hassani et al. 2010), showing the essential indirect role
this protein plays in bacterial energetics. The upregulation of CopA2 in response to
all solvents supports the hypothesis that the Cbbs cytochrome oxidases play a
principal role in bacterial energetics associated with tolerance to BMA. We
hypothesise that expression of Cbbs in P. aeruginosa drives the generation of a
proton gradient essential for the function of many RND efflux pumps in the presence
of toxins such as BMA, styrene and ethylbenzene. Overexpression of the Cbbs
cytochrome oxidases in bacteria has been shown to aid pathogenesis in the literature

(Pitcher and Watmough 2004), supporting this hypothesis.
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4.3.9 P. aeruginosa PA14 Upregulates Expression of Cbbs-1 in Response to
Styrene and Ethylbenzene
In P. aeruginosa, there are two copies of the Cbbs; cytochrome oxidase genes but only
one copy of the genes associated with their maturation (Buschmann et al. 2010). The
transposon mutant library screen did not provide evidence whether Cbbs-1, Cbbs-2
or both proteins were responsible for BMA tolerance, as only Cbbs maturation and
assembly proteins were identified during this experiment. Here, whole transcriptome
analysis shows an increase in RNA transcripts associated with all Cbbs-1 genes are
increased in P. geruginosa in response to styrene and ethylbenzene, and an increase

in transcription of some Cbbs-1 genes are observed in response to BMA.

Cbbs-1 is responsible for proton gradient generation in high oxygen conditions
(Comolli and Donohue 2004). During the experimental conditions in this study,
oxygen was not a limiting factor in bacterial cultures and so it is unsurprising that an
increase in transcription of Cbbs-1 but not Cbbs-2 is observed. This increase in RNA
transcripts mapping to Cbbs-1 was more prominent in the styrene and ethylbenzene

cultures as described in Table 21.
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4.3.10 Whole Transcriptome Analysis Provides Evidence that Cbb3-1 Could
be Powering RND Efflux Systems in P. aeruginosa PA14 to Mediate
Tolerance

The increase in transcription of efflux systems is pronounced in all three solvent

conditions during this study. However, more efflux systems were upregulated in P.

aeruginosa PA14 in response to styrene and ethylbenzene. It is in these cultures that

the increase in transcription of Cbbs-1 is more evident. We therefore present the
increase in transcription of Cbbs-1 alongside RND efflux systems to mediate tolerance
to solvents by their extrusion from the cell. In this study we hypothesise that the role
of the Cbbs cytochrome oxidases in tolerance is to generate the proton gradient
required to power the energy intensive process of efflux of solvents from the cell. We
also suggest that P. geruginosa PA14 and other Pseudomonas species have such a
high level of intrinsic tolerance to many substances because they possess many RND
efflux systems as well as the ability to power their use under a range of oxygen
conditions using the Cbbs cytochrome oxidases. Here, our data supports this
hypothesis and we present the increase in transcription of many RND systems as well
as the Cbbs-1 cytochrome oxidase in response to BMA, styrene and ethylbenzene in

P. aeruginosa PA14.

4.3.11 Exploitation of RND Efflux Pumps Alongside Cbbs Cytochrome
Oxidases for Solvent Tolerant Strain Generation

These findings present possible application to the generation of a tolerant production

strain for methacrylate ester production. Previously, managed expression of the
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efflux pump TtgABC in P. putida has been used to optimise tolerance to several
biofuels in culture (Basler et al. 2018). The importance of these efflux pumps in P.
aeruginosa solvent tolerance has been previously demonstrated (Nicolaou et al.
2010)(Li, Zhang, and Poole 1998b) and so these findings suggest that the homologues
of these systems present as potential targets for strain engineering using synthetic
biology in P. putida. Upregulation of the homologues of the RND systems identified
during this study in P. putida could increase tolerance to BMA and therefore yield in
a fermenter. We propose that the findings of this study suggest that overexpression
of RND efflux pumps in P. putida alongside the Cbbs cytochrome oxidase assembly
system and Cbbs-1 could generate a highly BMA tolerant strain fit for fermentations
generating high quantities of product without the limitations of a tolerance

bottleneck.
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4.4 Future Work

4.4.1 Complementation Studies Could Build Upon the Transcriptomic Data
Gathered During this Study
The generation of complete gene knockouts of genes identified as tolerance
conferring systems by the transcriptomic data generated during this study and
subsequent complementation of these genes could be carried out in the future. Loss
and restoration of the tolerance phenotype in P. aeruginosa PA14 by these genes
would provide substantial evidence that these systems are responsible for tolerance
to the industrial solvents BMA, styrene and ethylbenene. This strategy could also be
used to further investigate the hypothesised functional relationship between RND
type efflux systems and the Cbbs type cytochrome oxidases. Using Cbbs type
cytochrome oxidase gene knockouts, the expression of RND type efflux pumps could
be monitored to confirm if the loss of these systems to ‘power’ efflux has an effect

on the transcription of these systems to facilitate efflux.

4.4.2 Targeted Engineering of P. putida to Generate Efficient Bioproduction
Strains is an Attractive Strategy in Bioprocess Development

The transcriptomic data we report in this study provides the basis for targeted
engineering of solvent tolerant strains to overcome the bottleneck of BMA toxicity
during fermentation. We report data suggesting there is a functional relationship
between RND type efflux systems and the Cbbs type efflux systems. The development

of strains overexpressing these systems simultaneously in P. putida could generate
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production strains with enhanced efflux capabilities as well as the ability to power
the use of these energetically demanding efflux systems. Trial fermentations utilising
such strains could be carried out at Ingenza Ltd to demonstrate the potential

tolerance capabilities of such strains in a real fermentation.

4.4.3 Comparison of the Results Demonstrated During this Study with a P.
putida Study Would Provide Insights into the Effectiveness of P.
aeruginosa as a Model Organism for Tolerance in Pseudomonas
Species

Since the completion of this study, a similar experiment has been reported

investigating the transcriptomic response of P. putida KT2440 to BMA, styrene and

ethylbenzene (Tucker and Begley 2021). The comparison of the results of this study
against the findings we report would provide as a useful tool to gauge the
effectiveness of the use of P. aeruginosa as a model organism for tolerance in

Pseudomonas species. A comparison of these data could also provide insights into

the difference in tolerance conferring mechanisms to these industrial solvents

between these two Pseudomonas species.
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5 Results Chapter 3: Transcriptomic Characterisation of the
Response of Pseudomonas aeruginogal4 to Kaftrio and

lvacaftor
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5.1 Introduction

5.1.1 Cystic Fibrosis

Cystic fibrosis is the most prevalent autosomal recessive disorder in Caucasians
today, caused by the inheritance of a mutation in the cystic fibrosis transmembrane
conductance regulator (CFTR) gene from both parents (Goldstein and Prystowsky
2017). First identified as a disease of the pancreas in 1938, this genetic disorder now
affects over 70,000 people across the globe and results in mortality before the age of

40 in half of patients affected (McColley et al. 2022).

The CFTR gene encodes the cystic fibrosis transmembrane conductance regulator
protein which facilitates the export of chloride ions across epithelial tissues, most

notably within the respiratory and digestive organs.

5.1.2 Pathogenic Mutation within the CFTR Gene is Diverse

Over 1500 mutations in the CFTR gene have been recorded, some of which lead to
defective or absent CFTR protein causing disease (Castellani et al. 2008). Mutations
in the CFTR gene are traditionally divided into 6 major categories described in Table
22. Although this classification system is widely used, some mutations cannot be
defined by one category. In two thirds of CF cases the disease-causing mutation is
F508del. F508del results in the deletion of a phenylalanine residue which leads to the
generation of misfolded and non-functional proteins which are degraded in the

proteosome (Wang and Li 2014). This mutation is categorised as a class 2 mutation,
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however, F508del mutants also display features of both class 3 and 7 mutants (Veit

et al. 2016).
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Table 22: The 6 classes of CFTR protein mutations which cause cystic fibrosis are

described.

Class of CFTR | Category Description Consequence for CFTR
Mutation Protein

Class 1

Class 2

Class 3

Class 4

Class 5

Class b6

Protein production

Protein processing

Gating

Conduction

Low CFTR levels

Low CFTR stability

Nonsense/frameshift
mutation results in
truncated mRNA

Missense mutations or
amino acid deletions
result in misfolded
CFTR protein

Missense mutations or
amino acid changes
result in CFTR proteins
with closed channels

Missense mutations
and amino acid
changed lead to
reduced chloride
conduction

Splicing defects and
missense mutations
lead to reduction in
CFTR synthesis

Missense mutations
and amino acid
changes lead to
misfolded CFTR protein

No functional CFTR
protein translated

Misfolded CFTR is
degraded in the

proteosome (e.g.
F508del)

CFTR chloride channels
are closed and non-
functional. Protein is
present in sufficient
quantities in the
membrane but can’t
transport substrate

CFTR protein is present
in sufficient quantities
at the membrane but
exhibits reduced
chloride permeability

Only small amounts of
CFTR proteins are
synthesised and are
present within the
membrane

Misfolded CFTR protein
in the membrane is
destroyed by
endoplasmic reticulum
associated degradation
(ERAD)
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Pathogenic CFTR mutation ultimately results in the accumulation of chloride and
sodium ions within epithelial tissues causing the disruption of water movement
across these tissues. This leads to the formation of thick and sticky mucus which

cannot be swept to the larynx for mucociliary clearance by ciliated cells (Elborn 2016).

Bacteria which are cleared to the larynx by the cilial epithelia in healthy individuals
are able to proliferate and reside within the lung mucous in CF patients. CF patients,
therefore, experience infections commonly throughout their lifetime (Yoon et al.
2002). Infection in CF patients subsequently leads to the onset of inflammation and
the infiltration of the lungs by immune cells which deliver a damaging immune
response causing lung atrophy and disease progression (Gibson, Burns, and Ramsey

2012).

The most common pathogens of people with CF are Staphylococcus aureus and
Pseudomonas aeruginosa. In early childhood, S. aureus is the most common cause of
infection in CF patients, infecting more than 50% of CF children under the age of two
(Rumpf et al. 2021). The Annual Data Report curated by the Cystic Fibrosis
Foundation in 2022 reported that in individuals over the age of 35, P. geruginosa

becomes the leading cause of airway infection (Cystic Fibrosis Foundation, 2022).
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Lung colonisation by this pathogen in individuals with CF is associated with increased

morbidity and is a major cause of death (Emerson et al. 2002).

5.1.3 The Availability of the Triple Combination Therapy Kaftrio has
Revolutionised CF Therapy

There is no cure for cystic fibrosis, and until recent years the availability of treatment
for the symptoms has been limited. For patients carrying less common CFTR
mutations, lung transplant is still the only main treatment for the chronic symptoms
of the disease (Edmondson and Davies 2016). Where treatment has been available,
it has largely been aimed to treat the downstream symptoms such as mucous

viscosity rather than the underlying cause of disease (Ratjen 2009).

The triple combination therapy Kaftrio (known as Trikafta in the United States)
developed by Vertex Pharmaceuticals was approved for use in the UK in July 2020.
This therapy is a combination of the three drugs elexacaftor, tezacaftor and ivacaftor
and has been approved for use for individuals carrying the most common mutation

type F508del and has revolutionised CF therapy for thousands of patients.
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Table 23: The chemical structures of elexacaftor, ivacaftor and tezacaftor are shown.

Chemical structures obtained from the CHEMBL database

Drug

Chemical Structure

Elexacaftor

Ivacaftor

Tezacaftor

OH

__ 7{:2 T I—I:‘,IJNJ/(

— OH
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Kaftrio is one of the few available drugs which targets the underlying cause of CF
symptoms; lack of or defective CFTR protein at the cell surface. lvacaftor falls within
a category of drugs called modulators, which improve the function of defective CFTR
proteins which are at the cell surface (Veit et al. 2020). Ivacaftor is further classed as
a CFTR gating potentiator, targeting the gating defects observed in class two, three
and six CF mutations. Ivacaftor interacts with CFTR through an unknown mechanism
and facilitates channel opening and therefore partially restores chloride transport

(Tomati et al. 2022).

Tezacaftor and elexacaftor are categorised as CFTR correctors, targeting folding
defects of the protein. Reducing misfolding of CFTR results in less degradation of
proteins and therefore more protein being successfully trafficked to the cell surface
(Donaldson et al. 2018). The triple combination therapy of the correcting and
potentiating properties of these drugs has been proven as an effective treatment for
sufferers of CF, resulting in the partial restoration of CFTR function to levels which
allow for thinning of mucous and therefore a reduction of typical symptoms (Aspinall

et al. 2022; Keyte et al. 2022; Zhang et al. 2022).

5.1.4 There is a Lack of Knowledge of the Response of CF Pathogens to
Kaftrio
Thinning of the mucous and the alleviation of some CF symptoms upon the prolonged

use of Kaftrio has allowed patients to clear persistent lung infections of pathogens
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such as Aspergillus (Chesnay et al. 2022). However, in many patients, even with
prolonged use of Kaftrio is unable to clear P. ageruginosa infection (Gordon
MacGregor, personal communication). There has been little study carried out on the
effects of this drug on CF lung pathogens. One study showed a positive effect on the
lung microbiome as a result of Kaftrio treatment, but the results show an increase in
the number of patients with P. aeruginosa residing within the lungs (Sosinski et al.

2022).

Throughout this study, the stress response of P. aeruginosa to various solvents has
been investigated. During this chapter the response of this pathogen to the CF drug
Kaftrio was investigated to further characterise the general stress response of this
pathogen. To gain an understanding of the general stress response profile of P.
aeruginosa to various substances, full transcriptome analysis was carried out in the
presence and absence of Kaftrio in liquid culture. As the Ivacaftor component of the
Kaftrio triple combination therapy is often taken alone, we also set out to investigate
the transcriptomic response of P. aeruginosa to Ivacaftor alone compared to
Ivacaftor in combination with elexacaftor and tezacaftor as Kaftrio. Here, we present
the first study of this kind and we describe the possible effect of Kaftrio and Ivacaftor

on pathogenesis during CF infection with P. aeruginosa.
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5.2 Results

To characterise the transcriptomic response of P. aeruginosa PA14 to the triple
combination CF therapy Kaftrio and lvacaftor, P. aeruginosa cultures were grown in
the presence and absence of 1x and 100x serum concentrations of Kaftrio and
Ivacaftor. RNA was isolated from cultures and analysed using Illumina Miniseq

sequencing.

5.2.1 Isolation of RNA from P. aeruginosa PA14 Cultures Treated with Kaftiro
and lvacaftor
Cultures of P. aeruginosa PA14 were grown in Mueller Hinton broth which was
selected as it is commonly used for antibiotic susceptibility testing. When the ODgoo
of the cultures reached 0.6, cultures were supplemented with either 1 x or 100 x
serum concentration of Kaftrio, 1 x or 100 x serum concentration of Ivacaftor (as
described in the materials and methods). As Kaftrio and Ivacaftor were solubilised in
DMSO, control samples were supplemented with DMSO alone. The concentration of
DMSO across all cultures was consistent at 1%. Cultures were incubated for 15
minutes with solvent before cells were harvested and RNA was isolated from each
sample using the Trizol™ RNA Plus Purification Kit. To determine if the quality of
isolated RNA from cultures was sufficient for ribosomal RNA (rRNA) depletion, RNA
samples were subjected to chip electrophoresis using the Agilent Bioanalyzer (Figure

44).
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Figure 42: Chip electrophoresis electropherograms of example RNA
extractions for each drug treated and control sample generated using the
Agilent Bioanalyzer. Cultures and RNA extractions were performed in
quadruplicate, however, one of each is shown here as an example. Two
ribosomal RNA peaks are observed in each sample, showing each sample
has not degraded. A third peak is observed in the ribosomal RNA region

which could represent ribosomal RNA.
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The results show two peaks in each RNA sample electropherogram which represent
the 16S and 23S ribosomal RNA subunits which is characteristic of intact RNA. The
RNA integrity number (RIN) for each sample was above 8 which showed the samples
were of a high quality. A third peak is observed in the large ribosomal RNA region of

the electropherogram of each sample.

To determine whether any of the samples were contaminated by DNA, samples were
used as templates for PCR using primers to amplify a region of intergenic DNA (Figure
x). Primers for the amplification of a 500 bp region of intergenic DNA was designed
as this region of DNA would not be transcribed into mRNAs and therefore would

provide as a reliable target for DNA detection.
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Figure 43: Contamination analysis of RNA extractions (A) Schematic diagram of the 500
bp region of intergenic DNA used for PCR amplification. PCR primers were designed to
amplify the 500 bp region between the genes PAI14 44510 and PAI14 44520.
Cytoplasmic genes are represented in red and inner membrane proteins are shown in
orange. Figure generated using Pseudomonas.com (B) PCR and agarose gel
electrophoresis analysis of extracted RNA. Each RNA extraction sample was used as
template. P. aeruginosa PA14 genomic DNA was used as a positive control reaction

template and a no template reaction was run as a control.
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DNA products were not amplified from any of the RNA extraction samples (Figure
45). The samples were therefore considered free of DNA contamination and were
taken forward for further analysis. DNA contamination was ruled out as the cause of

the third peak observed in the electropherograms for each RNA extraction.

To remove rRNA from RNA extractions to obtain high sequencing read depth of
mMRNAs, RNA extractions were subjected to rRNA depletion. To determine whether
any rRNA remained in the samples, RNA samples were subjected to chip

electrophoresis using the Agilent Bioanalyzer (Figure 46).
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Figure 44: Chip electrophoresis electropherograms of example
ribosomal RNA depleted RNA extractions for each drug treated
condition generated using the Agilent Bioanalyzer. Only one rRNA
depletion for each solvent treatment group is shown as an example
although this was performed in triplicate. No ribosomal RNA is observed
in the electropherograms of any samples. After the removal of the rRNA
from each sample, an mRNA peak is observed between 25-35 seconds for

every sample.
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Once the ribosomal RNA was removed from RNA samples it was possible to identify
MRNA peaks between 25-35 seconds on the sample electropherograms (Figure 46).
Peaks resolving at this retention time range are characteristic of high-quality mRNA.
No 16S or 23S ribosomal RNA was observed in the electropherograms, showing that

rRNA had successfully been depleted from all samples.

5.2.1.1 Preparation of Complimentary DNA Sequencing Libraries of RNA
Extractions

To sequence the purified mRNA from each sample, complimentary DNA (cDNA)

libraries were generated for lllumina sequencing. After library preparation, to ensure

the libraries were free from adapter and primer contamination and were the correct

size, the libraries were subjected to chip electrophoresis using the Agilent Bioanalyzer

(Figure 47).
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Figure 45: Chip electrophoresis electropherograms of example cDNA
library preparations for each solvent treatment sample generated using
the Agilent Bioanalyzer. One library preparation for each sample is
shown although this was performed in triplicate. The size distribution of

each library ranges from ~200 bp to ~400 bp, peaking at ~300 bp.
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The chip electrophoresis electropherograms generated on the Agilent Bioanalyzer
demonstrate that the average size of each cDNA library was ~300bp (Figure 47).
Libraries were quantified using a Qubit fluorometer and diluted to a final pooled
loading concentration of 5 pM. cDNA libraries were sequenced using an lllumina
Miniseq sequencer across two high throughput cartridges and flow cells. Control and
ivacaftor 1x/100x were run on one sequencing run which had a cluster density of 316
K/mm2 of which 80.9% passed the quality filter. Kaftrio 1x/100x samples were run
on another sequencing run which had a cluster density of 296 K/mm?2 of which 80.5%
passed the quality filter. Between 3 and 5 million reads were obtained for each
indexed sample. The quality of the reads was determined using FastQC (Wingett and

Andrews 2018).

To analyse the reads a variety of programmes were used through Galaxy Europe
(Afgan et al. 2018). All reads were trimmed using TrimGalore! (Kreuger, 2021) and
aligned to the Pseudomonas aeruginosa PA14 genome using HISAT2 (Kim et al. 2015).
The number of aligned reads mapping to features on the chromosome were counted
using Htseq-count (Anders et al. 2015) and the differential expression of genes in
each solvent treated condition was calculated based on the control samples using

DESeq?2 (Love et al. 2014).
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5.2.2 Principal Component Analysis Confirms the Absence of Oultliers in the

Data
To determine whether any of the replicates were technical outliers, principal
component analysis (PCA) was carried out on all RNA sequencing data through the
DESeq2 Galaxy Europe package (Figure 48, Figure 49). As described in the previous
chapter, using various algorithms to find patterns in high dimensional data, PCA
analysis establishes groups of variables within datasets allowing for the identification
of data which deviates within replicates with high sensitivity. PCA plots show the
differences within datasets calculated by the algorithms as represented by distance
on the plot. This means that datasets which are deemed highly similar will reside
close together on the plot. Therefore, triplicates of datasets with no technical outliers
are expected to reside close to one another on a PCA plot, and datasets which deviate

from the other triplicates are represented as far from the other datasets on the plot.
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Figure 46: Principal component analysis of differential gene expression between
control (DMSO only), ivacaftor 100x and ivacaftor 1x treated samples in
quadruplicate. The PCA plot shows grouping of samples in quadruplicate. This figure
was generated using DESeq2 in Galaxy Europe.
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Figure 47: Principal component analysis of differential gene expression between
control (DMSO only), kaftrio 100x and kaftrio 1x treated samples in quadruplicate.
The PCA plot shows grouping of samples in quadruplicate. This figure was generated

using DESeq2 in Galaxy Europe.
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All quadruplicates were clustered together on the PCA plot, providing evidence that

there were no outliers within the datasets (Figure 48, Figure 49).

5.2.3 Analysis of Differential Gene Expression in lvacaftor and Kaftrio Treated
Samples Reveals Significantly Different Expression Profiles Between
Treatment Groups

In order to determine if there were changes in the transcriptome of P. aeruginosa

PA14 when subjected to exposure to Ivacaftor and Kaftrio at 1 x and 100 x serum

concentrations, analysis of differential gene expression was carried out using DEseq2

in Galaxy Europe. DESeq2 uses the number of reads from the sequencing data
mapped to each feature on the chromosome by Htseq-count and calculates the
differential expression of genes within high dimensional data based on negative
binomial distribution. Differential gene expression is calculated as the logarithm to
the base 2 of the fold change (LFC) of the number of reads in the treated sample
compared to the untreated control. The p value is calculated for each LFC and
corrected for false discovery rate using the Benjamini-Hochberg procedure. Results
are output as a tabular file containing the LFC of every gene within the dataset listed
in order of significance. Using this kind of analysis allowed for the identification of
the significantly upregulated and downregulated genes in P. aeruginosa PA14 in

response to ivacaftor and Kaftrio and 1 x and 100 x serum concentrations.
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To visualise the differential gene expression between control and drug treated
samples, tabular output files from DESeq2 were used to generate volcano plots using

Volcano Plot in Galaxy Europe (Figure 50, Figure 51, Figure 52 and Figure 53).
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Figure 48: (A) Histogram of p-values of log fold change in expression of upregulated and downregulated genes in P. aeruginosaPA14 when
exposed to Ivacaftor at 1 x serum concentration (B) Volcano plot of differentially expressed genes in P. aeruginosaPA14 when exposed to
Ivacaftor at 1x serum concentration. Genes which showed no significant differential expression are shown in grey, genes which showed a
significant increase in expression are shown in red and genes which showed a significant decrease in expression are shown in blue. The top 20
most significantly differentially expressed genes are labelled. Unannotated genes are labelled with locus tag and the gene name is given where

possible.
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Figure 49: (A) Histogram of p-values of log fold change in expression of upregulated and downregulated genes in P. aeruginosa PA14 when
exposed to lvacaftor at 100 x serum concentration (B) Volcano plot of differentially expressed genes in P. aeruginosa PA14 when exposed to
Ivacaftor at 100 x serum concentration. Genes which showed no significant differential expression are shown in grey, genes which showed ¢
significant increase in expression are shown in red and genes which showed a significant decrease in expression are shown in blue. The top 20
most significantly differentially expressed genes are labelled. Unannotated genes are labelled with locus tag and the gene name is given where

possible.
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Figure 50: (A) Histogram of p-values of log fold change in expression of upregulated and downregulated genes in P. aeruginosé?A14 when
exposed to Kaftrio at 1 x serum concentration (B) Volcano plot of differentially expressed genes in P. aeruginoséPA14 when exposed to
Kaftrio at 1x serum concentration. Genes which showed no significant differential expression are shown in grey, genes which showed a
significant increase in expression are shown in red and genes which showed a significant decrease in expression are shown in blue. The top 20
most significantly differentially expressed genes are labelled. Unannotated genes are labelled with locus tag and the gene name is given where
possible.
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Figure 51: (A) Histogram of p-values of log fold change in expression of upregulated and downregulated genes in P. aeruginosé?A14 when
exposed to Kaftrio at 100 x serum concentration (B) Volcano plot of differentially expressed genes in P. aeruginosé?A14 when exposed to
Kaftrio at 100 x serum concentration. Genes which showed no significant differential expression are shown in grey, genes which showed a
significant increase in expression are shown in red and genes which showed a significant decrease in expression are shown in blue. The top 20
most significantly differentially expressed genes are labelled. Unannotated genes are labelled with locus tag and the gene name is given where
possible.
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The frequency of differentially expressed genes within the dataset with a p value
close to zero was more abundant than p values with larger values equalling
insignificant results, as shown in (Figure 50 (A), Figure 51 (A), Figure 52 (A) and Figure

53 (A).

There is significant differential gene expression in response to the drugs ivacaftor and
Kaftrio at 1 x and 100x serum concentrations in P. geruginosa PA14, This is clearly
demonstrated in Figure 50 (B), Figure 51 (B), Figure 52 (B) and Figure 53 (B). The
volcano plot representation of this data shows the top twenty differentially
expressed genes with the most significant p values in P. aeruginosa PA14 when
treated with the drugs at both serum concentrations. The genes identified can be
categorised into groups based on their function, which is carried out throughout this

chapter.

5.2.4 Analysis of the Transcriptome of P. aeruginosa PA14 in response to
Treatment with Ivacaftor at 1 x Serum Concentration

When treated with ivacaftor at 1 x serum concentration for thirty minutes, significant
differential expression of genes is observed in P. aeruginosa PA14 as shown in Figure
50. To determine whether genes with associated functions were differentially
expressed in response to lvacaftor at 1x serum concentration, the RNA sequencing

data was analysed using the functional analysis and gene enrichment tool Funage-
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Pro. Using this tool, differentially expressed genes were grouped by function (Table

24).
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Table 24: Differentially expressed genes in response to Ivacaftor at 1 x serum concentration are displayed as groups
based on function. This data generated using the gene enrichment analysis tool Funage Pro.

Downregulated Genes Upregulated Genes

Class
Description

Arginine
Deaminase
Pathway

Glycine
dehydrogenase
(cyanide forming)
activity

Iron Transport
system FecR

2FE-2S cluster
binding

Heme binding

Gene Name/Function

ArcA - arginine deiminase

ArcB - orthinine carbamoyltransferase,
catabolic

ArcC — carbamate kinase

HenA — hydrogen cyanide synthase subunit
HecnB - hydrogen cyanide synthase subunit
HenC - hydrogen cyanide synthase subunit

PA14_06170, PA14_13450, PA14_32720,
PA14_39810, PA14_47390

FeoB - ferrous iron transport proteinB
Sir2 - sulfite reductase (ferrodoxin) 2

Sir2 - sulfite reductase (ferrodoxin) 2

CcoN1 - Chb3 type cytochrome oxidase
(PA14_10500, PA14_44340)

CcoP2 — Cbb3 type cytochrome oxidase
CcmF = Cytochrome c type biogenesis protein

Class Description

2FE-2S cluster assembly

Lipopolysaccharide
transport

Structural constituent of

ribosome

Translation elongation

factor

Sulfate starvation
response

Gene Name/Function

IscS — cysteine desulfurase IscS
IscS — cysteine desulfurase IscS
(locus tags: PA14_14730, PA14_37830)

LptD — LPS assembly protein
MsbA — ATP dependant flippase

RplM, RplU, RplY, Rpll, RpmG, RplV, RplP,
RpiIN, RplX, RplE, RplH, RplF, RplO, RplT,
RplU, RomB— 505 ribosomal subunit
protein

RpsT, RpsR, RpsF, RpsL, RpsG, RpsS, RpsE,
RpsD, RpsB, RpsQ, RpsK, — 305 ribosomal
subunit protein

InfA — translation initiation factor

RimM - ribosome maturation factor

Tuf2, FusA, Tsf, Efp, LepA — elongation
factor

PA14 03700, PA14 45110 - sulfate
binding protein

CysA - sulfate binding protein
CysNC — sulfate starvation protein
CysD — sulfate anenylyltransferase
TauA — taurine binding protein
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Using Funage Pro, functional group of genes which exhibited significant differential
expression in P. aeruginosa PA14 in response to Ivacaftor at 1 x serum concentration

were identified as shown in Table 24.

5.2.5 Genes Associated with Translation were Significantly Upregulated in P.
aeruginosa PA14 in Response to Ivacaftor at 1 x Serum Concentration

There is significant upregulation of genes associated with translation in response to
Ivacaftor at 1 x serum concentration (Table 24). 16 50 subunit (50S) and 11 30 subunit
(30S) genes encoding ribosomal subunit proteins were upregulated, as well as infA —
a translation initiation factor and rimM — a ribosome maturation protein. Five

translation elongation factor proteins were also significantly upregulated.

The ribosome is composed of two subunits- the small 30S and large 50S subunits,
these are the structural components of the bacterial ribosome which make up the
functional 70S ribosomal complex (Sykes and Williamson 2009) The translation
initiation factor infA plays a role in the association of the 70S ribosomal complex, this
process is essential for protein synthesis (Sette et al. 1997). The ribosomal maturation
factor rimM has a functional role in the maturation of a functional 30S ribosomal
subunit (Suzuki et al. 2007). Significant upregulation of five translation elongation
factors is shown, these proteins chaperone transfer RNAs (tRNAs) to the ribosome

during the elongation phase of translation (Hughes 2013).
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The significant upregulation of so many genes associated with translation is indicative
that P. aeruginosa PA14 is increasing protein synthesis in response to Ivacaftor at 1 x
serum concentration. During this study, potential differential gene expression in
response to various stimuli is measured by the characterization of the transcriptome
using RNA sequencing. However, regulation of gene expression can also occur at the
level of translation (Tollerson and Ibba 2020a). These results indicate that there is not
only a clear transcriptomic response to treatment with this drug at this
concentration, but the upregulation of so many genes associated with translation

clearly shows there is also a significant response at the level of protein synthesis.

5.2.6 Genes Associated with Lipopolysaccharide Transport are Upregulated
in Response to Ivacaftor at 1 x Serum Concentration
IptD, a lipopolysaccharide (LPS) assembly protein and msbA, an ATP dependant
flippase were significantly upregulated in response to lIvacaftor at 1 x serum
concentration (Table 24). LptD is involved in the delivery of LPS to the outer
membrane, and MsbA is an ABC transporter responsible for transport of LPS across
the inner membrane (Ghanei, Abeyrathne, and Lam 2007; Sciuto et al. 2018).
Lipopolysaccharide is a core component of the outer membrane of most Gram-
negative bacteria (Bertani and Ruiz 2018). This molecule is a major stimulant of the
human immune system and plays a significant role in the pathogenesis of P.

aeruginosa (Huszczynski, Lam, and Khursigara 2020). Distinct changes in LPS
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structure have been linked to chronic infection in cystic fibrosis patients, and
upregulation of these genes is associated with disease persistence (Maldonado, Sa-
Correia, and Valvano 2016; Moskowitz and Ernst 2010). A lipopolysaccharide
mediated response to the cystic fibrosis drug Ivacaftor at serum concentration could

have negative implications for patients.

5.2.7 A Sulphate Starvation Response is Observed in P. aeruginosa PA14 in
Response to lvacaftor at 1 x Serum Concentration
Five genes associated with sulphate starvation displayed significant upregulation in
response to lvacaftor at 1 x serum concentration. It is unclear why this response as
induced by the CF drug. However, it has been reported in the literature that a known
response of P. aeruginosa to sulphur limitation is the utilisation of human mucin as a
source of both sulphur and carbon (Quadroni et al. 1999). Upregulation of sulphate
starvation genes has been shown to have an association with virulence in the P.

aeruginosa strain PAO1 (Tralau et al. 2007).

5.2.8 P. aeruginosa PA14 Displays a Clear Response Associated with Iron
Acquisition in Response to lvacaftor at 1 x Serum Concentration

A range of genes with functions associated with iron acquisition were differentially
expressed in response to Ivacaftor at 1 x serum concentration (Table 24). /scS (locus
tags PA14 14730, PA14 37830) showed significant upregulation. These genes are

associated with iron-sulphur cluster assembly. Iron sulphur clusters are essential
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components of the catalytic sites of various enzymes, and therefore play a vital role
in many biochemical pathways in the cell (Wofford et al. 2019). Formation of these
clusters can also be a stress response to protect the cell from the toxic properties of
free iron and sulphide molecules within the cell (Ayala-Castro, Saini, and Outten
2008). Upregulation of these genes is therefore indicative of an abundance of iron in

the environment.

In contrast to iscS, significant downregulation of many iron acquisition genes is
observed. Five genes associated with the iron transport system FecR and the iron
transporter FeoB were significantly downregulated in response to Ivacaftor at 1 x

serum concentration.

It is reported in the literature that upregulation of the FecR system occurs when iron
is in abundance in the environment (Ochs et al. 1995). Downregulation of this system
is therefore indicative of low amounts of iron in the environment during the
experimental conditions in this study, it has been reported in the literature that lack
of iron leads to inactivation of FecR (Van Delden, Page, and Kohler 2013). FeoB has
been widely reported in the literature as another transporter responsible for the
import of ferrous iron in P. aeruginosa. When grown in iron starved conditions,
upregulation of FeoB is observed. The FeoB system has been shown in the literature
as an important iron uptake system during infection in the CF lung (Konings et al.

2013). Here, P. aeruginosa PA14 exhibits significant downregulation of the ferrous
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ion transporter FeoB in response to Ivacaftor at 1 x serum concentration. The
downregulation of both of these iron uptake systems suggests that iron uptake is
being switched from these uptake systems to alternative systems during the
experimental conditions, or that an abundance of iron during the experimental
conditions limited the need for iron acquisition in the first place. The iron content of
the Mueller Hinton broth used during this study is not known, however, there is no

iron present in the Ivacaftor tablets used during this study.

Significant downregulation of several iron binding proteins is observed in response
to Ivacaftor at 1 x serum concentration, including four proteins associated with the
Cbbs type cytochrome oxidase system. The Cbbs cytochrome oxidases possess an iron
and copper catalytic centre, and their downregulation could be associated with the

clear response to iron acquisition observed in this RNA sequencing data.

Genes associated with the formation of hydrogen cyanide are also significantly
downregulated in this dataset. Formation of this compound in P. aeruginosa has been
shown in the literature as a consequence of iron abundance and concentrations of
hydrogen cyanide produced have been shown to be proportional to levels of iron in
the environment, although the reason for this link is not well understood (Blumer and
Haas 2000). Production of hydrogen cyanide has been shown to inhibit the function

of iron containing enzymes such as cytochrome c oxidases (Manoj et al. 2020). This is

263



further evidence of a response associated with iron as a consequence of treatment

with Ivacaftor at 1 x serum concentration.

It has been reported in the literature that P. aeruginosa species have been shown to
produce hydrogen cyanide when at high cell densities in order to compete for
resources with S. aureus species (Létoffé et al. 2022). This has been shown to occur
within the lungs of CF patients and is associated with increased pathogenicity of the
strain (Ryall et al. n.d.; Tuon et al. 2022). This differential gene expression associated
with and downregulation in hydrogen cyanide production is also observed in P.

aeruginosa PA14 treated with Kaftrio at 100 x serum concentration.

5.2.9 Genes Associated with the Arginine Deaminase Pathway are
Significantly Downregulated in Response to Ivacaftor at 1 x Serum
Concentration

ArcA, arcB and arcC all displayed significant downregulation in response to treatment

with Ivacaftor at 1 x serum concentration. These genes all play functional roles in the

arginine deaminase pathway, the pathway converting arginine to ammonia, ATP and
carbon dioxide (Xiong et al. 2016). The reason for the downregulation of this system

in response to the CF drug is not clear.
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5.2.10 Analysis of the Transcriptome of P. aeruginosa PA14 in response to
Treatment with lvacaftor at 100 x Serum Concentration
When treated with ivacaftor at 100 x serum concentration for thirty minutes,
significant differential expression of genes is observed in P. aeruginosa PA14 as
shown in Figure 51. To determine whether genes with associated functions were
differentially expressed in response to lvacaftor at 100 x serum concentration, the
RNA sequencing data was analysed using the functional analysis and gene
enrichment tool Funage-Pro. Using this tool, differentially expressed genes were

grouped by function Table 25.
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Table 25: Differentially expressed genes in response to Ivacaftor at 100 x serum concentration are displayed
as groups based on function. This data generated using the gene enrichment analysis tool Funage Pro.

Downregulated Genes Upregulated Genes

Class
Description

Phenazine
biosynthesis

Arginine
Deaminase
Pathway

Heme Binding

Pseudomonas
Quinolone
Signalling

Gene Name/Function

PhzB, PhzC ,PhzD, PhzD1, PhzB1, PhzA1, PhzA2
= phenazine biosynthesis protein

ArcB - orthinine carbamoyltransferase,
catabolic
ArcC— carbamate kinase

Sir2 - sulfite reductase (ferrodoxin) 2

CcoN1 - Cbb3 type cytochrome oxidase
CcoP — Cbb3 type cytochrome oxidase

CcmF - cytochrome c type biogenesis protein
CcmB — heme exporter protein

CcmC — heme exporter protein

Cyp107B1 - cytochrome 107B1

NirM — cytochrome C

PgsA, PgsB, PgsC, PgsD, PqgsE — secondary
metabolite biosynthetic process quinolone

signalling process

Class Description

Sulfate starvation
response

Structural constituent of
ribosome/translation

Bacteriocidin production

Gene Name/Function

PA14_03700, PA14_45110 - sulfate
binding protein

CysA — sulfate binding protein
CysW = sulfate binding protein
CysU — sulfate binding protein

RplV, RplP, RpiN, RpIX, RpIE, RplU, Rpml,
RpmE, RpmG, = 505 ribosomal subunit
protein

RpsL, RpsS, RpsC, RpsQ, RpsM, RpskK, RpsD,
RpsB- 30S ribosomal subunit protein
RimM = ribosome maturation factor

Def — peptide deformylase

Pys2 — pyocin 52 type (PA14_13940,
PA14_49520, PA14_59220)
(Associated with iron starvation)
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Using Funage Pro, functional groups of genes which exhibited significant differential
expression in P. aeruginosa PA14 in response to Ivacaftor at 100 x serum

concentration were identified as shown in Table 25.

5.2.11 Phezanine Biosynthesis Genes are Significantly Downregulated in P.
aeruginosa PAl14 in Response to Ivacaftor at 100 x Serum
Concentration

Seven genes associated with the biosynthesis of phezanine compounds were

significantly downregulated in response to Ivacaftor at 100 x serum concentration.

These proteins were categorised as phenazine biosynthesis proteins by the functional

analysis and gene enrichment tool Funage Pro. A diverse range of phenazines are

expressed by pseudomonads in comparison to other bacteria, and their roles within
the cell range from electron acceptors to antibiotics (Pierson and Pierson 2010). It is
unclear why these genes are downregulated in response to lvacaftor at 100 x serum

concentration.

5.2.12 Quinolone Signalling Proteins are Differentially Expressed in P.
aeruginosa PAl14 in Response to Ivacaftor at 100 x Serum
Concentration

P. aeruginosa is well known for its ability to communicate in a cell density dependant

manner by quorum sensing (Rutherford and Bassler 2012). There are three main

guorum sensing systems in P. aeruginosa. The Pseudomonas quinolone signal (PQS)
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system has been shown to regulate the gene expression of over 10% of P. aeruginosa
genes and is associated with significantly increased virulence of the pathogen
(Schuster et al. 2003). A significant decrease in transcription of the PQ system genes
pgsQ, pgsB, pgsC, pgsD and pgsE was observed in response to treatment with
Ivacaftor at 100 x serum concentration, suggesting there was a decrease in the
expression of PQ genes and therefore PQ signalling. The upregulation of this system
is associated with the induction of many virulence factors such as biofilm formation
and persistent infection of the cystic fibrosis lung (Winstanley and Fothergill 2009),
making it an attractive therapeutic target for chronic infection (Jiang et al. 2019). A
reduction in PQS signalling due to Ivacaftor could lead to good outcomes for patients,
however, further research is required to confirm this effect. Differential expression
of these genes was not observed due to treatment with Ivacaftor at 1 x serum
concentration, therefore, this effect may only be due to the significant
concentrations of the drug present under these experimental conditions which is not

representative of the CF lung.

5.2.13 Pyocins are Differentially Expressed in Response to Ivacaftor at 100 x
Serum Concentration

An increase in the transcription of three genes associated with pyocin production in

P. aeruginosa PA14 was observed during this study. These bacteriocins are produced

by bacteria as a weapon against other bacteria in the fight for resources by

puncturing the cell membrane (Michel-Briand and Baysse 2002). The importance of
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pyocyins in P. aeruginosa cystic fibrosis infection is disputed in the literature; some
studies suggesting it is a mechanism used by strains to dominate and persist in
infections and others suggesting the role of pyocins in the CF lung is not significant
(Ghoul et al. 2015; Oluyombo, Penfold, and Diggle 2019). Here, the significant
increase in transcription of three pyocin production genes is observed in response to
Ivacaftor at 100 x serum concentration. However, this effect is not observed when P.
aeruginosa PA14 is treated with Ivacaftor at 1 x serum concentration suggesting this

effect is dose dependant.

5.2.14 Similarities in Differential Expression of Genes is Observed Between 1
x and 100 x Serum concentration Treated Cultures of P. aeruginosa
PAl14
The differential expression of genes associated with the arginine deaminase pathway,
iron acquisition, sulphate starvation and translation are observed in P. aeruginosa
PA14 is observed in response to both concentrations of Ivacaftor treatment carried
out during this study. The results of this study show the differences in differential
expression of genes observed between 1 x and 100 x Ivacaftor serum concentration
treated samples are concentration dependant. These results show the differences
between the transcriptome of P. aeruginosa PA14 when treated with this drug at
serum concentration and 100 x serum concentration. As the 100 x serum
concentration of Ivacaftor is significantly higher than serum concentration, the

differences in transcription observed in these cultures may be indicative of a stress
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response of the pathogen to the drug. As 100 x serum concentration is not indicative
of concentrations of Ivacaftor found in the cystic fibrosis lung, the changes in
transcription observed in these conditions are unlikely to be reflective of P.

aeruginosa strains in the clinic.

5.2.15 Analysis of the Transcriptome of P. aeruginosa PA14 in response to
Treatment with Kaftrio at 1 x Serum Concentration

When treated with Kaftrio at 1 x serum concentration for thirty minutes, significant
differential expression of genes was observed in P. aeruginosa PA14 as shown in
Figure 52. To determine whether genes with associated functions were differentially
expressed in response to Kaftrio at 1 x serum concentration, the RNA sequencing data
was analysed using the functional analysis and gene enrichment tool Funage-Pro.

Using this tool, differentially expressed genes were grouped by function Table 26.
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Table 26: Differentially expressed genes in response to Kaftrio at 1 x serum concentration are displayed as
groups based on function. This data generated using the gene enrichment analysis tool Funage Pro

Downregulated Genes Upregulated Genes

Class Description

Arginine
Deaminase
Pathway

Heme Binding

Iron Transport
systems

Pseudomonas
Quinolone
Signalling

Gene Name/Function

ArcA - arginine diaminase
ArcB - orthinine carbamoyltransferase, catabolic

CcoP - Cbb3 type cytochrome oxidase
PetA — Cytochrome c iron sulphur subunit
CycC - Cytochrome oxidase ¢ type

FecA — Fe(3+) dicitrate transport protein
FpvA - Ferripyoverdine receptor

HmuS —Heme transport protein

HmuR — Heme receptor

PqsA, PgsB, PqsC, PgsD, PgsE — secondary
metabolite biosynthetic process quinolone
signalling process

Class Description

Pyoverdine iron acquisition
system

Pyochelin iron acquisition
system

Osmotic Stress

Iron storage/acquisition

Lipopotein

Efflux systems RND type

Gene Name/Function

PvdL, PvdO, Pvdl , PvdD, PvdY, PvdP, PvdG,
PvdN, PvdF- pyoverdine peptide sythetase

PchE — pyochelin synthase

PchG, PchD, PchC - pyochelin biosynthetic
protein

PchF — Pyochelin synthase

PchB - salicylate biosynthesis protein

PchA - Isochorismate synthase

FptA — pyochelin outer membrane receptor

OsmC, OsmE - osmotic stress protein
TreA — periplasmic trehalase

HasAp- heme acquisition protein
PA14_64520 — bacterioferritin

OsmE — osmotically inducible lipoprotein
PA14_16640, PA14_43900 - lipoprotein

MexH — membrane fusion protein

AprE — membrane fusion protein

OmpA — outer membrane protein

PA14_ 31890, PA14_ 31900 — putative RND
type exporter
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Using Funage Pro, functional groups of genes which exhibited significant differential
expression in P. geruginosa PA14 in response to Kaftrio at 1 x serum concentration

were identified as shown in Table 26.

5.2.16 Treatment with Kaftrio at 1 x Serum Concentration Induces Differential
Expression of RND type Efflux Pumps

Kaftrio at 1 x serum concentration was the only treatment group to induce
differential expression of RND type efflux pumps in this study. An increase in
transcription is shown for the membrane fusion protein MexH. This effect was also
observed when P. ageruginosa PA14 was treated with the acrylic solvents BMA,
styrene and ethylbenzene in the previous chapter. MexH is the membrane fusion
component of the RND pump MexGHI-OpmD which has been shown in the literature
to contribute towards PQS signalling and pathogenicity (Aedekerk et al. 2005). In
contrast to the increase in transcription of MexH, the PQS genes PgsA, PqgsB, PgsC,
PgsD, and PgsE all exhibited a decrease in transcription under the experimental
conditions. This suggests that the potential upregulation of MexH observed during
this study is not associated with the PQS system. The other RND systems which
showed an increase in transcription in Kaftrio 1 x serum concentration cultures were
not differentially expressed in the solvent treated cultures and so their increase in

transcription is Kaftrio dependant.
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5.2.17 Iron Acquisition Systems are Differentially Expressed in P. aeruginosa

PA14 in Response to Treatment with Kaftrio at 1 x Serum Concentration
A Significant increase in transcription in 8 genes associated with the pyochelin
siderophore system was observed after treatment with Kaftrio at 1 x serum
concentration, and no other treatment group. This response in conjunction with the
increase in transcription of genes associated with pyoverdine synthesis as well as iron
acquisition and storage genes show that P. aeruginosa PA14 displays a clear response
to Kaftrio at 1 x serum concentration associated with iron starvation. However, a
decrease in transcription in other iron transport systems is also observed such as
FecA, HmuS and HmuR. The genes HasAP and PA14_ 64520 a bacterioferritin

associated with iron storage also showed an increase in transcription.

5.2.18 Treatment with Kaftrio at 1 x Serum concentration Results in an
Increase in Transcription in Osmotic Stress Genes

The genes OsmC and OsmE displayed an increase in transcription as a result of
treatment with Kaftrio at 1 x serum concentration. Expression of these proteins is
characteristic of the P. aeruginosa osmotic stress response (Atichartpongkul et al.
2001). A similar osmotic stress response was described in the previous chapter in
response to treatment with the methacrylate ester BMA. Upregulation of the OsmE
gene encoding lipoprotein has an association with increased pathogenicity in people
with CF and is related to the virulent mucoid phenotype (Firoved and Deretic 2003;

Firoved, Ornatowski, and Deretic 2004).
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5.2.19 Analysis of the Transcriptome of P. aeruginosa PA14 in response to
Treatment with Kaftrio at 100 x Serum Concentration

When treated with Kaftrio at 100 x serum concentration for thirty minutes, significant

differential expression of genes was observed in P. aeruginosa PA14 as shown in

Figure 53. To determine whether genes with associated functions were differentially

expressed in response to Kaftrio at 1 x serum concentration, the RNA sequencing data

was analysed using the functional analysis and gene enrichment tool Funage-Pro.

Using this tool, differentially expressed genes were grouped by function Table 27.
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Table 27: Differentially expressed genes in response to Kaftrio at 100 x serum concentration are displayed as groups based
on function. This data generated using the gene enrichment analysis tool Funage Pro

Downregulated Genes Upregulated Genes

Class Description

Gene Name/Function

Class Description

Gene Name/Function

Arginine ArcA = arginine diaminase Bacteriocidin production Pys2 — pyocin 52 type (PA14_ 13940,

Deaminase ArcB, ArcC — orthinine carbamoyltransferase, PA14 49520, PA14 59220)

Pathway catabolic (Associated with iron starvation)

Phenazine PhzB, PhzC ,PhzD, PhzD1, PhzB1, PhzA1, PhzA2, Pyoverdine iron acquisition  FpvA — Ferripyoverdine receptor

biosynthesis PhzF, PhzS, PhnB, PhnA, — phenazine biosynthesis  system PvdA, PvdQ, PvdO, PvdP - pyoverdine peptide

protein sythetase

Glycine HcnA = hydrogen cyanide synthase subunit Iron storage/acquisition Fur = Iron uptake regulation protein

dehydrogenase HcnB - hydrogen cyanide synthase subunit

(cyanide forming) HenC - hydrogen cyanide synthase subunit

activity

Pseudomonas PgsB, PgsC, PqsD - secondary metabolite Structural constituent of Rpsl, RpsL, RpsT - 305 ribosomal subunit

Quinolone biosynthetic process quinolone signalling process  ribosome protein

Signalling RpmE, RpmF, RpmG — 505 ribosomal subunit
InfA — translation initiation factor

Heme Binding CycC — Cytochrome oxidase c type

CcoP— Chb3 type cytochrome oxidase
CcoN1 — Cbb3 type oxidase c type
NirM — Cytochrome oxidase c type
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Using Funage Pro, functional groups of genes which exhibited significant differential
expression in P. aeruginosa PA14 in response to Kaftrio at 100 x serum concentration

were identified as shown in Table 27.

5.2.20 Correlation of Differential Gene Expression Between P. aeruginosa
PA14 Cultures Treated with Kaftrio at 1 x and 100 x Serum
Concentrations

Both Kaftrio treatment groups displayed an increase in transcription of genes

associated with the siderophore system pyoverdine. However, while Kaftrio at 1 x

serum concentration causes upregulation of both pyoverdine and polychelin genes,

only the former iron acquisition system is upregulated in response to Kaftrio at 100 x

serum concentration. A decrease in the transcription of genes associated with the

PQS system is observed in Kaftrio at 1 x and 100 x serum concentrations as well as

Ivacaftor at 100 x serum concentration. Arginine deaminase pathway genes are also

downregulated in response to treatment with Kaftrio at 100 x serum concentration.

This is another response which is displayed by all treatment groups during this study.

5.2.21 The Iron Acquisition Response of P. aeruginosa PA14 when Treated
with Kaftrio at 1 x and 100 x Serum Concentrations shows Similarities

Heme binding enzymes show a decrease in transcription across all testing conditions

in this study. Most notably, Cbb3 type cytochrome oxidases are amongst these genes.



This is in contrast to the response of P. aeruginosa PA14 in the previous chapter
where these genes were upregulated in response to treatment with the acrylic

solvents BMA, styrene and ethylbenzene.

Both Kaftrio treatment groups of P. aeruginosa PA14 show an increase in the
transcription of genes associated with iron acquisition. At 100 x serum concentration
of Kaftrio, a significant upregulation of the Fur ferric uptake regulatory protein gene
is shown. Fur is upregulated when iron is scarce within the environment and regulates
the expression of a large network of genes linked to iron scavenging (Reinhart and
Oglesby-Sherrouse 2016). The induction of many virulence factors is controlled by
the activation of Fur when iron is scarce, as the host environment is usually lacking in
free iron (Cornelis and Dingemans 2013a). The significant increase in the transcription
of Fur is indicative of the activation of iron scavenging mechanisms as well as
virulence factors. This is consistent with the data in this study which shows that when
treated with Kaftrio at 100 x serum concentration, pyoverdine and pyocin associated
genes are upregulated. This is mirrored in the Kaftrio 1 x serum concentration
treatment group, where iron storage genes are upregulated alongside pyoverdine

and pyochelin siderophore genes.
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5.2.22 Correlation of Differential Gene Expression Between Kaftrio 100 x and
Ivacaftor 100 x Treated Groups
A decrease in transcription of genes associated with phenazine biosynthesis is
displayed in both Kaftrio 100 x and Ivacaftor 100 x serum concentration treatment
groups. The same similarity is observed between these groups with the upregulation
of genes associated with the production of bacteriocidins. As these changes in gene
expression were not observed in the cultures treated with drugs at 1 x serum
concentration, this response appears to be dose specific to the higher concentrations

of drug tested.
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5.3 Discussion

The availability of the drugs Kaftrio and Ivacaftor to cystic fibrosis patients to treat
the underlying cause of disease has been a breakthrough in the treatment of those
suffering from the disease (Hussey et al. 2023; Mathews and Kirby 2022; Purkayastha
et al. 2023). Although CFTR modulator therapy in the form of Kaftrio and Ivacaftor
results in a clear improvement in patient outcomes for CF patients, communication
with the CF respiratory consultant Gordon MacGregor revealed that patients
undergoing treatment within his clinic struggle to clear P. aeruginosa infections
despite prolonged use of Kaftrio and lvacaftor (Gordon MacGregor, personal
communication). During this study, the transcriptomic response of P. aeruginosa
PA14 to the CF modulator drugs Kaftrio and lvacaftor is demonstrated using RNA

sequencing and in-depth differential gene expression analysis.

Research on the effect of CFTR modulator drugs on patient outcomes has been
extensive and clearly shows the benefits these drugs offer to patients suffering from
the symptoms of CF (Bear 2020; Graeber et al. 2021; Ridley and Condren 2020). The
bacterial population within the CF lung has been studied pre and post-Kaftrio
treatment and has been shown to be responsible for a substantial change in the
biochemistry of the lung resulting in a population change in the lung microbiome
(Sosinski et al. 2022). Although the population change observed during this study is a
positive one showing a decrease in the number of pathogenic bacteria residing within

the lungs of CF patients, an increase in the number of patients with P. aeruginosa
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within the lungs showed an increase. This data is consistent with the observation
made by Gordon MacGregor described earlier in this chapter. As P. ageruginosa is the
most significant CF lung pathogen (Graeber et al. 2021), the transcriptomic effect of
CFTR modulators on P. ageruginosa could aid in understanding why it’s hard to shift

this pathogen despite the hugely positive effect these drugs have on patients.

Research has been conducted to study the effect of Kaftrio on sputum composition
(Lepissier et al. 2023), biofilm formation (Jones et al. 2023) and inflammatory
response (Gabillard-Lefort et al. 2022). There are currently no published studies
documenting the transcriptomic response of P. aeruginosa to the CFTR modulators
Kaftiro and Ivacaftor. Here, we report the first study of this kind using P. aeruginosa
PA14. The transcriptomic response of P. aeruginosa PAl4 to these drugs was
measured at 1 x and 100 x serum concentration. It must be noted that 100 x serum

concentration is not comparable to conditions in the CF lung.

5.3.1 The Difference in the Growth Conditions used Throughout this Study
and the Conditions Within the Cystic Fibrosis Lung are Substantial
During this study, cultures of P. aeruginosa PA14 were grown in laboratory conditions
using Mueller Hinton broth. The differences between these conditions and the
conditions within the CF lung must be noted. The development of antimicrobials
against P. aeruginosa infections for CF patients often face the challenge of

successfully mimicking the conditions found within the CF lung to ensure the benefits
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observed in vitro translate to in vivo (Thomas E Barton et al. 2022). It must be noted
that the growth conditions used throughout this study lack the complexity of the CF
lung niche and this could be explored in future work. Acidic pH, availability of
extracellular DNA and unique microbial population within the CF lung are some of the
many conditions which must be recreated to ensure the CF lung environment is
successfully recreated in vitro (Losada et al. 2016; Marcos et al. 2015; Tate et al.
2002). The results described throughout this study provide evidence that P.
aeruginosa PA14 shows a significant transcriptomic response to Kaftrio and Ivacaftor
under the experimental conditions tested, which can be explored further in the
future using conditions more representative of the CF lung as described in the future

work section of this chapter.

5.3.2 P. aeruginosa PA14 Shows a Transcriptomic Response to the Cystic
Fibrosis Modulator Drugs Kaftrio and Ivacaftor at 1 x and 100 x Serum
Concentrations under the Growth Conditions used Throughout this
Study

During this study, cultures of P. aeruginosa PA14 were subjected to treatment with

the CF modulator drugs at 1 x and 100 x serum concentrations. RNA was extracted

and sequenced using the Illumina Miniseq and the transcriptome was sequenced
against a DMSO only control culture. Differential gene expression analysis carried out
using DESeq2 shows that significant differential gene expression was observed in

response to both drugs at both serum concentrations tested.
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5.3.3 P. aeruginosa PA14 Exhibits an Increase in Transcription of Genes
Associated with Translation in Response to Ivacaftor at 1x and 100 x
serum concentration and Kaftrio at 100 x serum Concentration

Translation is an essential part of cell growth and is a common target of antibiotics
against various pathogens (Willner et al. 2022). We report an increase in the
transcription of genes in P. aeruginosa PA14 associated with translation initiation and
ribosome structure in response to treatment with Ivacaftor at 1 x and 100 x serum
concentration and Kaftrio at 100 x serum concentration. Early research found that
during exponential phase the synthesis of ribosomal RNAs is at the cells highest in E.
coli (Bodilis et al. 2012). However this can’t be responsible for the increase in
transcription observed during this study as differential gene expression was
measured against a DMSO only control at the same stage of growth as the drug

treated cultures.

Bacteria have differing numbers of operons responsible for the synthesis of rRNA,
allowing for the rapid synthesis of rRNAs when required by the cell (Tollerson and
Ibba 2020b). These operons have been named rrns and seven have been reported in
P. aeruginosa (Bodilis et al. 2012). When environmental changes or stressful
conditions for the cell are encountered, these operons are activated allowing for the
synthesis of the translational machinery required to synthesise complex proteins

required to overcome the change in environmental condition (Condon et al. 1995;
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Gyorfy et al. 2015). The increase in transcription of structural constituents of the
ribosome as well as translation initiation factors in this study could be indicative of
the activation of multiple rrns associated with the P. aeruginosa stress response,
however, further work is required to confirm this. This response was lvacaftor specific
at 1 x serum concentration, which is interesting as the concentration of ivacaftor was
consistent across both drug treated cultures. This effect was observed in both
treatment groups with 100 x serum concentration of drug present. 100 x serum
concentration of these drugs present is far higher than would be found in the CF lung
and so is not indicative of what might happen during infection, therefore this
response to 100 x serum concentration both drugs present may indicate the stress

response of P. aeruginosa PA14 in these conditions.

However, this response at 1 x Ivacaftor serum concentration could mimic infection
within the CF lung as this concentration of drug is consistent with the conditions
during infection. The translational stress response of pathogenic bacteria has been
linked with virulence (Starosta et al. 2014), and so could explain bad patient
outcomes associated with P. aeruginosa infections despite prolonged use of

Ivacaftor.
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5.3.4 A Clear Iron Associated Transcriptional Response is Observed in P.

aeruginosa to all Drugs at both Serum Concentrations During this Study
The link between iron acquisition and virulence in P. aeruginosa is widely reported in
the literature (Lamont et al. 2002). The iron acquisition machinery of P. aeruginosa is
highly sophisticated and allows the pathogen to proliferate within a wide range of
niches with various levels of iron availability (Balasubramanian et al. 2013). As such,
iron uptake systems are a popular target for antimicrobials (Tyrrell and Callaghan
2016). As an important virulence factor, the transcriptional response we report of P.
aeruginosa PA14 to the CFTR modulators Kaftrio and Ivacaftor towards iron
acquisition is significant and could provide insights into the response of this pathogen

to these drugs in vivo.

5.3.4.1 The Response of P. aeruginosa PA14 to all Drug Conditions is
Indicative of Low Iron Availability

We report that across all conditions tested during this study, there is a transcriptional
response observed in P. aeruginosa PA14 which is indicative of low iron availability
within the surrounding environment. Iron is taken up by this pathogen in two main
forms from the surrounding environment — Fe?* and Fe3* (Andrews, Robinson, and
Rodriguez-Quifiones 2003). The availability of each of these forms of iron is
dependent on the environment and the uptake of these forms of iron differs and
involves different iron uptake systems (Xiong et al. 2000). The results of this study

show a cellular response to low levels or iron across all treatment conditions,
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however, the response between different conditions varies. We cannot rule out that
the drugs Ivacaftor, Elexacaftor and Tezacaftor sequester iron and create an iron
limited environment which elicits this response in P. aeruginosa PA14. Further

experimentation is required to explore this hypothesis further.

5.3.4.2 An Increase in Transcription in Siderophores is observed in P.

aeruginosa PA14 in Response to treatment with Kaftrio and lvacaftor
There is an increase in transcription in P. aeruginosa PA14 of genes associated with
the siderophore pyoverdine in response to treatment with Kaftrio at 1 x and 100 x
serum concentrations. P. aeruginosa pyoverdines are synthesized and released to
scavenge extracellular Fe3* from the environment (Kang et al. 2018). The release of
pyoverdines has been described in the literature as essential for virulence in P.
aeruginosa infections and the use of pyoverdines as opposed to other siderophores
has a link with acute infection in the CF lung (De Vos et al. 2001). Pyoverdines are
found to accumulate in the sputum of CF patients and a positive correlation between
pyoverdine concentrations within the CF lung and severity of disease outcome has
been reported in mouse models (Kang et al. 2019; De Vos et al. 2001). The release of
pyoverdines by P. aeruginosa is associated with the production of other virulence
factors and plays a role in the formation of biofilms (Cornelis and Dingemans 2013b).
Here, we report the increase in transcription of genes associated with the pyoverdine
iron acquisition system in vitro in response to Kaftrio at 1 x and 100 x serum

concentrations. If this effect is representative of the effect of Kaftrio on P. aeruginosa
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within the CF lung this could be indicative of negative patient outcomes because of

this pathogenic response.

We also report an increase in transcription of the siderophore polychelin in response
to treatment with Kaftrio at 1 x serum concentration. Like pyoverdine, this
siderophore is used to scavenge extracellular Fe3* from the environment but has a
lower affinity for Fe3*than pyoverdine (Britigan, Rasmussen, and Cox 1994). In the CF
lung, the release of polychelin is associated with inflammation, tissue damage and

prolonged infection (Lyczak et al. 2002).

As described, the release of the siderophores pyoverdine and pyochelin by P.
aeruginosa in the CF lung is widely reported in the literature to have a detrimental
effect on patient outcomes. In this study we describe the induction of this response
by treatment of P. aeruginosa PA14 to Kaftrio at 1 x and 100 x serum concentrations.
The induction of this response within the CF lung would typically lead to infection
progression, our results show that the presence of Kaftrio at 1 x and 100 x serum
concentrations within the environment may play a role in initiating this Fe3* iron

acquisition response associated with virulence in P. aeruginosa PA14.

Uptake of soluble Fe?* by P. aeruginosa is controlled by the FecR system (Tyrrell and

Callaghan 2016). Here, we describe the decrease in transcription of genes associated
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with the FecR Fe?* uptake system in response to treatment with Ivacaftor and Kaftrio
at 1 x serum concentrations. Phenazines are released into the extracellular
environment by P. aeruginosa to catalyse the reduction of Fe3*to Fe?* so iron can be
taken up as Fe?* through systems such as FecR (Cornelis and Dingemans 2013b). We
report that phenazine biosynthesis is decreased at the transcriptional level in
response to Kaftrio and Ivacaftor at 100 x serum concentrations. This shows a switch
in iron uptake from soluble Fe?* from the environment to Fe3* using siderophores in
the Kaftrio 1 x serum concentration treated geoup. As previously discussed, this is

indicative of a pathogenic response to low amounts of iron in the environment.

5.3.4.3 There is a decrease in Transcription of Iron Binding Protein Genes
Observed in all Treatment Groups

In all treatment groups described in this study, there is a decrease in transcription of
heme binding protein genes including components of Cbbs type cytochrome oxidases
described in the previous chapter. This conflicts with the decrease in transcription of
HCN production genes observed in Ivacaftor 1 x serum concentration and Kaftrio 100
X serum concentration groups. HCN production has been shown in the literature to
limit the activity of iron binding proteins (Blumer and Haas 2000). HCN production
has also been reported as a mechanism used by P. aeruginosa to dominate infection
in the CF lung and is associated with mature biofilm formation (Létoffé et al. 2022;
Manoj et al. 2020; Ryall et al. n.d.). As HCN production genes are downregulated it is

surprising that there is also a decrease in transcription of iron binding protein genes.
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This data suggests that the downregulation of heme binding proteins observed during
this study is HCN independent. The decrease in transcription of heme binding genes
is consistent with the low iron availability response of P. aeruginosa, this response

may be due to lack of available iron to form these proteins.

The transcriptomic response of P. aeruginosa PA14 to the CFTR modulator drugs
associated with iron acquisition that we report is significant. As iron acquisition is
tightly linked to virulence and plays a clear role in infection progression within the CF
lung (Reinhart and Oglesby-Sherrouse 2016), gaining an in depth understanding of
the effect of Kaftrio and Ivacaftor on this pathogen within the CF lung could provide
insights into why this pathogen is able to reside within the lung even after prolonged
treatment with these drugs. Further study in vivo to complement the data recorded
during this study could aid to further understand the iron acquisition response

observed here.

It is unclear why P. aeruginosa PA14 exhibited such a clear response associated with
iron starvation when exposed to Kaftrio and Ivacaftor at 1 x and 100 x serum
concentrations during this study. However, the implications for infection within the
CF lung are distinct. The induction of iron scavenging using the siderophores
pyoverdine and pyochelin is clearly described in the literature to have negative
consequences for CF patients suffering from P. aeruginosa infection (Darling et al.

1998; Martin et al. 2011; Mossialos and Amoutzias 2009). The data we present
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suggests a decrease in iron uptake in the FeZ* form towards Fe3* uptake using
siderophores. Further study is needed to confirm that these effects are mirrored in

vivo during infection within the CF lung.
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5.4 Future Work

5.4.1 The use of Active Pharmaceutical Ingredients Instead of Tablets Could
Strengthen the Reliability of the Data Generated During this Study
During this study, whole tablets of lvacaftor and Kaftrio were used to investigate the
transcriptomic response of the pathogen P. aeruginosa to these drugs in vitro. As
these tablet drugs are formulated using a variety of compounds the transcriptomic
effects of these drugs on the P. aeruginosa PA14 could be in part due to the presence
of any of these compounds. To mitigate this in the future, the use of the active
pharmaceutical ingredients instead of drug tablets within the P. aeruginosa cultures
could be used to gain more accurate data about the transcriptomic response of this
pathogen to the CFTR modulators. Discussions were underway with Vertex
Pharmaceuticals before this study was carried out to provide the APIs required for
this study, but time constraints due to the Covid-19 pandemic meant that it was not
possible to obtain these APIs and therefore, the tablet form of these drugs was

provided by Gordon MacGregor as previously described.

5.4.2 Further investigation of the Translational Response of P. aeruginosa to
Kaftrio and Ivacaftor Could Provide Valuable Insights into Infection in

the CF Lung
During this study, a defined translational response of P. aeruginosa PA14 to Kaftrio
and lvacaftor was observed as an increase in transcription of structural components

of the ribosome as well as translation initiation factors. Proteomic studies in the
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future could provide insights into whether the transcriptional responses observed
during this study are carried through to expression at the protein synthesis level of

expression.

5.4.3 The Use of A Cystic Fibrosis Lung Model Could Strengthen the
Reliability of the Data Produced during this Study
Cultures during this study were grown in Mueller Hinton broth as this culture media
is commonly used for antibiotic susceptibility trials in P. aeruginosa and other
pathogens. To improve the similarity of the experiment to the CF lung, artificial cystic
fibrosis sputum media could be used to grow cultures of P. geruginosa in the future.
As this media better mimics the conditions found within the CF lung, a
transcriptomics study carried out using this as a growth media would provide a more

reliable simulation of P. aeruginosa infection within the CF lung.

5.4.4 A Clinical Trial is Currently Underway which Provides a Reliable in vivo
Model of the Transcriptomic Study we Report Here

Currently, the clinical trial ‘Trikafta/Kaftrio and Pseudomonas aeruginosa’ (Clinical

Trial.gov identifier: NCT05675592) is in the recruiting stage. This study will take

samples of P. aeruginosa from infected cystic fibrosis patients before and after taking

Kaftrio at timepoints of 12 and 18 months and sequence these strains to look for

genetic differences before and after treatment. This approach will solve the issues

associated with our experiment model by measuring the changes induced by the
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active pharmaceutical ingredients within a real CF lung model. Although this study
will not look at the transcriptome of these P. aeruginosa isolates, the genetic changes
that these strains undergo after treatment with Kaftrio which will be measured will
provide invaluable insights into the response of the pathogen to this drug and could
lead to the identification of new drug targets to be used in conjunction with Kaftrio
therapy. The timepoints measured during this study were also small (30 minutes
exposure with Kaftrio or lvacaftor), however, this clinical trial will measure the long-
term effects of usage of Kaftrio which is representative of real-life treatment as this

therapy is used long term.
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6 Discussion

The bioproduction of industrially relevant products using bacteria and fungi is
becoming an increasingly popular energy efficient alternative to traditional chemical
methods of platform chemical production (Gavrilescu and Chisti 2005; Murphy 2011;
Willke and Vorlop 2004). A common bottleneck in industrial bioprocesses is the
toxicity of the final products to the production strain (Akinosho et al. 2015; Borden
and Papoutsakis 2007). Gaining insights into the mechanisms of tolerance of
historically successful production strains can provide targets for exploitation and
subsequent bioprocess improvement. The improvement in the tolerance of yeasts to
bioethanol to enhance yields in fermentation is an example of successful exploitation
of tolerance conferring systems for bioprocess improvement (Kim et al. 2011;
Teixeira et al. 2009; Yazawa, lwahashi, and Uemura 2007). Understanding the
response of bacteria to relevant stimuli can similarly identify tolerance conferring
systems which may provide as drug targets to improve the treatment of infection
(Goossens, Sampson, and Van Rie 2021; Kim et al. 2013). Here, we present the
investigation of the response of P. aeruginosa PA14 to platform chemicals of the
plastics industry and the CFTR modulators Kaftrio and Ivacaftor for bioprocess and

patient outcome optimisation.

During this study, we use P. aeruginosa PA14 as a model organism for tolerance in
Pseudomonas species. As a human pathogen P. ageruginosa PA14 is not a suitable

candidate as a bioproduction strain, however, this strain was used as a tool to identify
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homologue systems of interest for further investigation in P. putida. This pathogen
has become the universal model for biofilm formation and quorum sensing (De Kievit
2009; Mcdougald et al. 2008). Here, we demonstrate P. aeruginosa as a model
organism for tolerance. This strain is, however, relevant for the investigation of the
response to the CFTR modulators Kaftrio and Ivacaftor as P. aeruginosa is the leading
pathogen of interest in those suffering from cystic fibrosis (Malhotra, Hayes, and

Wozniak 2019).

6.1 A Multidisciplinary Approach for Identifying Tolerance Conferring
Systems was Utilised Throughout this Study
Throughout this study, we describe the identification of solvent tolerance conferring
systems in P. ageruginosa PA14 using a combination of genetic, biochemical and
transcriptomic approaches. Previous work carried out using a transposon mutant
library screen provided the basis for the biochemical characterization of the proteins
CopA2 and MexB (Bestawy 2017a). Disruption of expression of Cbbs type cytochrome
oxidase assembly system or MexAB-OprM genes during this study resulted in a
significant decrease in growth in growth conditions when the methacrylate ester
BMA was present. A functional relationship between these systems wherein the Cbbs
cytochrome oxidase system powers the sophisticated network of efflux systems of P.
aeruginosa by providing the proton gradient necessary for their function is

hypothesised in this study. The exploitation of this functional relationship has
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significant industrial application in the development of bacterial strains with high

levels of tolerance to this methacrylate ester.

6.1.1 The Biochemical Characterization of CopA2 and MexB Could Provide
Insights into a Functional Relationship
The overexpression, purification and subsequent characterization of the membrane
proteins Cbbs and MexB was aimed to be carried out during this study. Because of
the time constraints placed on this study due to the Covid-19 pandemic, purification
and biochemical characterization using SSME was not carried out, however, the
expression of both CopA2 and MexB was achieved in E. coli C43(DE3). Here, we
demonstrate the first study aiming to understand the potential functional
relationship between Cbbs and MexB using biochemical characterization in

conjunction with transcriptomic studies.

The measurement of proxy substances through CopA2 and MexB using SSME
technology in the future could provide insights into the hypothesised functional
relationship between these membrane proteins. Understanding this potential
relationship holds incredible industrial and medical value. The intrinsic tolerance of
Pseudomonas species to a wide range of compounds is well described in the literature
(Ciofu and Tolker-Nielsen 2019; Cox and Markham 2007). Understanding the
mechanisms of these tolerance conferring systems will not only provide as targets for

exploitation for subsequent industrial strain development but could also provide as
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drug targets for drug resistant strains (Sanya et al. 2023). The effectiveness of SSME
to biochemically characterize proteins has been demonstrated previously by the
identification of substrates and transport mechanisms of the bacterial ammonium
transporter AmtB (Tamburrino 2018; Wacker et al. 2014; Williamson et al. 2020).
Here, we aimed to apply this approach to MexB and CopA2, however, this will have
to be carried out in future work. We demonstrate that soluble protein can be
expressed in E. coli C43(DE3) which is the first step in this biochemical

characterization approach.

6.2 Investigating the Transcriptomic Response of P. aeruginosa PA14
to Industrially relevant Solvents has ldentified Targets for the
Optimisation of a BMA Fermentation for Mitsubishi Chemical
Corporation UK

Mitsubishi Chemical Corporation UK in collaboration with Ingenza Ltd are developing

a fermentation process using P. putida for the bioproduction of the methacrylate

ester BMA. This process will replace their energy intensive chemical process currently

in use. The toxicity of BMA to P. putida is the biggest bottleneck currently within the
process (Ingenza Ltd n.d.), therefore, the identification of tolerance conferring
systems within Pseudomonas species will provide as targets for exploitation and
subsequent bioprocess optimisation. Analysis of the transcriptional response of
bacteria to platform chemicals such as isobutanol and styrene has previously

identified mechanisms of tolerance with industrial application (Gupta et al. 2020;
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Machas et al. 2021). Here, we describe the transcriptomic characterization of the
response of P. ageruginosa PA14 to BMA to identify tolerance mechanisms for
potential exploitation. The transcriptomic response of this pathogen to the platform

chemicals of the plastics industry styrene and ethylbenzene was also investigated.

6.2.1 The Importance of RND type Efflux in Solvent Tolerance is Reinforced
by this Transcriptomic Data
The increase in transcription of RND type multidrug efflux pumps was ubiquitous
across all solvent conditions tested throughout this study. This data clearly presents
evidence that these efflux systems are integral to the tolerance of P. aeruginosa PA14
to BMA, styrene and ethylbenzene. This data reinforces what is already heavily
reported on in the literature about the tolerance of P. aeruginosa tolerance to many
substances including solvents (Carrara et al. 2022; Li, Zhang, and Poole 1998c; Poole
and Srikumar 2005). This data even reports BMA as the fourth known substrate of

the triclosan efflux pump TriABC.

Improved tolerance in bacteria to toxic products of fermentation through
overexpression or genetic engineering of RND type efflux pumps has been
demonstrated as a successful tool in improving product yields in bioprocesses
previously (Dunlop et al. 2011; Fisher et al. 2014; Jones, Hernandez Lozada, and
Pfleger 2015). The data in this study shows that this approach could provide benefit

in the context of a BMA fermentation using P. putida. Optimisation of efflux of BMA
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from the cell would not only improve tolerance and vyield, but efficient excretion of
BMA from the cell using RND efflux systems after production within the cell could
also expedite costly and time-consuming downstream processing steps to recover
BMA sequestered within cells. Active efflux of styrene and ethylbenzene from the cell
as a mechanism of tolerance has been reported previously in P. putida (Kieboom et
al. 1998; Tucker and Begley 2021). Here, we report similar findings using P.

aeruginosa PA14.

6.2.2 An Increase in Transcription of Cbbs Cytochrome Oxidase Assembly
Genes was Demonstrated Across all Solvent Treatment Groups

Here, we report an increase in transcription of Cbbs cytochrome oxidase assembly
genes including copA2 in response to BMA, styrene and ethylbenzene. The data
presented here supports the functional relationship between the Cbbs cytochrome
oxidases and RND efflux systems hypothesised throughout this study, as both groups
are upregulated in response to solvent treatment in P. aeruginosa PA14. The
evidence supporting this functional relationship is demonstrated across all three
solvents tested. The role of CopA2 and the Cbbs cytochrome oxidases in bacterial
energetics, virulence and drug tolerance has been reported (Buschmann et al. 2010;
Hamada et al. 2014; Pitcher and Watmough 2004). The clear upregulation of CopA2
and the Cbbs cytochrome oxidases in response to BMA, styrene and ethylbenzene

alongside RND efflux systems supports the hypothesis that the Cbbs cytochrome
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oxidases play a principal role in bacterial energetics associated with solvent

tolerance.

Here, we provide further evidence that expression of the Cbbs cytochrome oxidases
in P. aeruginosa drives the generation of a proton gradient essential for the function
of many RND efflux pumps which aids in bacterial tolerance to various solvents. This
data is consistent with the findings of the transposon mutant library screen which
highlighted the MexAB-OprM and Cbbs cytochrome oxidase assembly systems as
important for P. aeruginosa PA14 tolerance to the methacrylate ester BMA. Our
findings build upon the observations taken from this experiment and reinforce the
hypothesis that these systems have a functional role related to tolerance within the
cell. The industrial application of this functional relationship could allow for the
engineering of bacterial strains not only with the biochemical machinery to mediate
efficient efflux of BMA from the cell, but with a sophisticated energetics system
providing the necessary conditions to allow for the function of the energetically
expensive efflux through RND pumps. Understanding this functional relationship
could also provide advancements in the identification of potential drug targets for
multi drug resistant strains of P. aeruginosa. Efflux of antimicrobials through RND
systems is a widely used virulence tactic employed by P. aeruginosa in the clinic
(Hirakata et al. 2002; Lorusso et al. 2022). If the Cbbs cytochrome oxidase system aids

in powering efflux of antimicrobials from the cell through RND efflux systems then
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this presents as an attractive therapeutic target. Here, we report the first study

proposing this functional relationship.

We demonstrate the benefit of combining a transposon mutant library screen plus
transcriptomic analysis as a tool for the identification of tolerance conferring systems
in P. aeruginosa PA14. The data we present in favour of the functional relationship
between RND systems and Cbbs cytochrome oxidase systems is strengthened the
combinatorial approach through which the data was accumulated. Developing a
transposon mutant library screen to identify tolerance conferring systems to Kaftrio
and Ivacaftor could strengthen the reliability of the transcriptomic dataset described

throughout this study.

6.2.3 The Cell Envelope Stress Response of P. aeruginosa PAl14 to BMA
could Explain Anomalous Results Observed During Fermentation at
Ingenza Ltd

Trial BMA fermentations carried out at Ingenza Ltd using P. putida as a production
strain encountered issues directing carbon flux towards BMA production efficiently.
At the end of fermentation runs carbon could not be accounted for. Here, we report
the upregulation of trehalose biosynthesis genes as a result of treatment with BMA
consistent with the inefficient direction of carbon towards BMA production observed
during fermentation trials. Inefficient direction of carbon towards products of

fermentation is reported as a common bioprocess bottleneck (Tilloy, Ortiz-Julien, and
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Dequin 2014; Varela, Baez, and Agosin 2004). Our findings suggest that efficient
bioproduction of BMA Pseudomonas species could be optimised by deletion of
osmoprotectant genes involved in trehalose biosynthesis- the effects of this on

cellular susceptibility to BMA must be investigated.

6.3 We Report the First Study Investigating the Transcriptional
Response of P. aeruginosa PA14 to the CFTR Modulators Kaftrio
and lvacaftor

We report the transcriptional response of P. aeruginosa PA14 to the CFTR modulators

used for CF therapy Kaftrio and Ivacaftor at 1 x and 100 x serum concentrations in

vitro. P. aeruginosa infection is a significant cause of death in patients suffering from

CF (Hasan et al. 2022). Although treatment using Kaftrio and lvacaftor has

significantly improved the outcomes of disease for many patients, P. aeruginosa is

often able to persist within the CF lung (Sosinski et al. 2022). The mechanisms behind
the persistence of P. aeruginosa within the CF lung must be elucidated to improve
the outcome of chronic infection, here, we provide data suggesting that further study

built upon the work conducted here could be beneficial in understanding infection.

6.3.1 We Report a Transcriptional Response P. aeruginosa PA14 to Kaftrio
and lvacaftor at 1 x and 100x Serum Concentrations

Under the conditions tested throughout this study, we describe the distinct increase

in transcription in P. aeruginosa PA14 of genes associated with translation of proteins
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and iron acquisition. This transcriptional response is distinct from the response
described to BMA, styrene and ethylbenzene. Upregulation of translation and iron
acquisition systems have both been linked to virulence in the literature (Reinhart and
Oglesby-Sherrouse 2016; Starosta et al. 2014; Xiong et al. 2000). If these results are
mirrored in vivo this would implicate the response of P. aeruginosa to these drugs in
pathogenicity. Upregulation of RND efflux systems in conjunction with Cbbs type
cytochrome oxidases was not observed in response to Kaftrio and Ivacaftor at 1 x or

100 x concentrations.

The lack of complexity of the growth conditions used throughout this study in
comparison to the CF lung must be noted. Typical lab growth conditions such as are
described throughout this study have been shown in the literature to lack the
complexity required to recreate bacterial behaviours in vivo (Thomas E. Barton et al.
2022; Ruhluel et al. 2022). The data we report here provides the basis for further

study using more sophisticated culturing methods in vitro.

6.4 The Benefits of a Multidisciplinary Approach for the Identification of
Tolerance Conferring Systems in P. aeruginosa PA14 is Described
Throughout this Study

Here, we describe a multidisciplinary approach to understanding the mechanisms of

tolerance and resistance in P. aeruginosa PA14 in an industrial and medical context.

We clearly demonstrate the benefit of acquiring transcriptomic data to compliment
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a transposon mutant library screen for identifying solvent tolerance conferring
mechanisms in P. aeruginosa PA14, particularly in the context of strain development
for BMA fermentation development. The importance of this data to Mitsubishi
Chemical Corporation UK in the development of an industrially relevant strain cannot
be undermined. This study reports the identification of BMA tolerance conferring
systems as well as evidence to suggest a functional relationship between RND type
efflux systems and the Cbbs cytochrome oxidases which could be exploited for
industrial benefit. The redirection of carbon towards BMA production by knocking
out trehalose biosynthesis genes in P. aeruginosa PA14 has been identified as a
solution to carbon flux issues described during trial fermentations at Ingenza Ltd. The
basis for further study including a transposon mutant library screen of P. aeruginosa
PA14 against Kaftrio and Ivacaftor and the use of a CF lung model is also

demonstrated.
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