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Abstract

Efflux pumps are an essential mechanism for bacteria that can account for antibiotic
resistance. If an efflux pump can expel an antibiotic so that its concentration within
the cell is below a killing threshold the bacteria can become resistant to the antibiotic.
Efflux pumps may be specific or they may pump various different substances and com-
pounds. The latter is one main reason that many eflux pumps are linked with multi
drug resistance (MDR). In particular overexpression of the AcrAB—TolC efflux pump
system is commonly linked with MDR in both Escherichia coli (E. coli) and Salmonella.
We look at the complex gene regulation network (GRN) central to controlling the efflux
pump genes acrAB and acrEF in Salmonella and their resulting effect on intracellular
antibiotic concentration. By using mathematical modelling, we first represent the gene
regulatory network solely, we present a model in the form of a system of ordinary differ-
ential equations (ODEs). Using time dependent asymptotic analysis, we can examine in
detail the behaviour of the efflux system on various different timescales before analysing
asymptotically approximated steady states. In our second model, we produce a spatial
model governing the diffusion and eflux of antibiotic in Salmonella, via the eflux pumps
AcrAB, AcrEF, MdsAB and MdtAB. Using parameter fitting techniques on experimental
data, we are able to establish the behaviour of multiple Salmonella strains, which enables
us to produce efflux profiles for each individual efflux pump system. In our final model,
by using insights from our asymptotic analysis we produce a multiscale model, combining
our ODE and PDE models. This model implements a feedback mechanism between the
intracellular antibiotic concentration and components of the GRN, enabling us to model
the behaviour of the bacteria in response to antibiotic. By performing parameter sensi-
tivity analysis, we are then able to look into various different methods to inhibit efflux

pumps, preventing expulsion of antibiotic to counter MDR.
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CHAPTER 1

INTRODUCTION

1.1 Antibiotic resistance

Antibiotics are a type of drug that are used to treat bacterial infections, by interfering
with the growth or an essential mechanism for survival of the bacteria. These essential
mechanisms can include maintaining the structure of the cell envelope, protein production
and DNA replication [86]. The World Health Organisation (WHO) has declared antibiotic
resistance a crisis that must be dealt with the utmost urgency. Antibiotic resistance is
reaching alarming levels, with treatment options for various infections becoming ineffective
[64, 65]. The use of antibiotics has been prevalent since the discovery of penicillin by
Alexander Fleming in the early twentieth century [23]. However, the widespread use of
antibiotics has exerted selection pressures on bacteria, causing mutant strains that are
antibiotic resistant. There are currently 17 classes of antibiotics, but for each of these a
mechanism for resistance has emerged [23]. Whilst the development of new antibiotics
is a possibility for treating these resistant bacteria, the discovery of new antibiotics has
massively slowed within the twenty first century, with the possibility of a post antibiotic
era in the coming years [2|. Thus, there is massive importance to look into alternative and
novel treatments for fighting bacterial infections. In February 2017, the WHO released a
priority list of antibiotic resistant bacteria in need of new antibiotics. Enterobacteriaceae,

which is a large family of Gram-Negative bacteria including Salmonella and FEscherichia



coli (E. coli) were marked in the first priority group, labelling their carbapenem and
cephalosporin resistant strains as a critical priority for new antibiotics to be sought.
Salmonella resistant to fluoroquinolone was marked as a high priority in the second group

[100].

1.2 Gram-Negative bacteria including Salmonella

Gram-negative bacteria are a group of bacteria that are defined by the Gram staining
method of differentiating bacteria. The Gram staining method determines whether a
bacteria is Gram-positive or Gram-negative by detecting peptidoglycan in the bacteria’s
cell wall. Gram-negative bacteria’s cell walls are much thinner meaning they contain
much less peptidoglycan [7]. This is not the only difference, as Gram-positive and Gram-
negative bacteria vary in many of their structures between the plasma membrane and the
capsule as shown in Figure 1.1. The main noticeable difference is the inclusion of the
outer membrane in Gram-negative bacteria.

Salmonella is a genus of rod shaped pathogenic bacteria that is Gram-negative. There
are two species in this genus, Salmonella enterica and Salmonella bongori [1]. This type
of bacteria is one of the main causes of intestinal infections from food, most commonly
from poultry products. In most cases of infection, antibiotics are not needed, however for
Salmonella typhi which causes Typhoid fever, antibiotics are necessary [80]. Salmonella
typhi can transmit from human to human by the fecal to oral route, and hence bad
sanitation is a leading cause of transmission [81]. Salmonella typhi not only infects the
intestines, but has developed to grow in tissues of other organs. Due to overuse of many
different types of antibiotics, multi drug resistant (MDR) strains have developed, most
prominently in South Asia and Africa. Large mortality rates are highly prominent in
developing countries in these regions, due to poor sanitation and the high prevelance of

immunodeficiency diseases [80].
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Figure 1.1: The differences in structure between Gram-negative and Gram-positive bacte-
ria between the plasma membrane and the capsule. On the left we exhibit Gram-Negative
with its double membrane structure, whereas on the right we have the Gram-Positive sin-
gular membrane structure. Recreated from [7].

1.3 Efflux pumps

Efflux pumps are an essential mechanism for bacteria that can account for antibiotic resis-
tance. However, they are not exclusive to bacteria as they are found in all three domains
of life: Eukaryota, Bacteria and Archaea [82]. Efflux pumps are transport proteins found
on the cell membrane that expel substances into the external surrounding environment.
If an efflux pump can expel an antibiotic so that its concentration within the cell is below
a killing threshold the bacteria can become resistant to the antibiotic. Efflux pumps may
be specific or they may pump various different substances and compounds. The latter
is one main reason that many efflux pumps are linked with MDR. Many bacteria that
confer MDR exhibit overexpression of eflux pumps. Overexpression is often caused by
mutations of local gene repressors or changes to transcriptional regulators that affect the

production of proteins associated with eflux [97].
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Many efflux pumps that exhibit MDR are part of the resistance nodulation division
(RND) family [32]. This family of efflux pumps found in Gram-Negative bacteria, span
both membranes meaning they can expel a substance straight from the cell’s cytoplasm to
the outside of the cell. In particular, a member of this family is the AcrAB-TolC system
which is common between both E. coli and Salmonella. We exhibit this system in Figure
1.2. The AcrAB-TolC system is tripartite, composed of the transporter protein AcrB, the
accessory protein AcrA and an outer membrane protein TolC [26]. The efflux of drugs
and other substances through the AcrAB-TolC system is induced by proton motive force.
Proton motive force is caused by hydrogen ions moving from the bacteria’s periplasm to
the cytoplasm, this movement causes an electrochemical gradient that drives transport
of the drug through the eflux pump, expelling the drug or other undesired substances
from the bacteria [68]. From genomic analysis, it has been shown that Salmonella strains
contain five RND efflux pump systems, AcrAB, AcrAD, AcrEF, MdsAB and MdtAB [41].
Of special note is the efflux pump system AcrEF-TolC, which is highly homologous to
the AcrAB-TolC system. Various studies have shown that strains deficient in AcrAB

commonly exhibit upregulation of AcrEF [12, 104].

Figure 1.2: The AcrAB-TolC system common in E. coli and Salmonella, exhibiting proton
motive force. Reproduced from [70].



1.4 Gene regulatory networks

In response to environmental stimuli, bacteria are able to control expression of certain
genes via gene regulatory networks (GRNs) [34]. This includes altering the expression of
eflux pump genes in response to a certain antibiotic. In order for a gene to be expressed, it
must undergo the processes of transcription (messenger ribonucleic acid [mRNA| synthesis
from a deoxyribonucleic acid [DNA] template) and translation (protein synthesis from
mRNA by ribosomes). In bacteria, translation in most cases takes place as soon as
transcription of mRNA occurs. This is due to the lack of a nuclear membrane and the high
instability and degradation of mRNA molecules. In addition, one strand of mRNA can be
translated multiple times before it is degraded. For these reasons it means that bacteria
can quickly adapt to changes in environmental stimuli [71]. Certain genes however cannot
simply be expressed as they may be part of a regulatory network, where they need to be
activated by another gene’s activator protein or repression by a repressor protein must
be removed for transcription to occur. Repressor proteins bind to an operator site of a
certain gene, which blocks transcription, whereas activator proteins bind to the promoter
site of a certain gene, which promotes the initiation of gene transcription. We exhibit
these processes in Figure 1.3. All bacteria have complicated networks of genes controlling
gene expression, which enable the bacteria to change their behaviour depending on which

genes are expressed [101].
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Figure 1.3: Processes of gene regulation and protein synthesis. We exhibit here a gene
in the DNA (blue helix) being transcribed to mRNA (red strand), the mRNA is then
translated to create a protein (orange chain). Here both mRNA and protein undergo
degradation. We also exhibit by the dashed lines the potential activation or inhibition
from a protein within the system upon the transcription and translation processes.

Gram-negative bacteria express a significant number of eflux pumps on their cell mem-
branes. This causes them to be naturally resistant to various antibiotics. Overexpression
of these eflux pumps often confers MDR. However, regulation of efflux pump expression
is complicated and it is therefore important to understand the processes governing it. In
Figure 1.4, we look at the regulation of AcrAB, these are two of the proteins that form
the AcrAB-TolC system. In our first chapter, we use mathematical modelling techniques
to represent this GRN with a system of ordinary differential equations (ODEs). This will
further our understanding of the regulation of these genes and hence the AcrAB-TolC

system, enabling us to look into inhibition to counter MDR.
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Figure 1.4: The GRN governing the expression of acrAB in Salmonella. We represent
activator genes in green, repressor genes are coloured red and the eflux genes in blue.
The shapes along the lines with text in italics are the genes themselves, with shapes
under the top line being lesser underlying regulators. The other shapes without text are
the proteins produced by the genes. If a protein is on the same line before a gene, it
is either activating or repressing the gene’s transcription. We note the yellow enzyme
Lon Protease, this enzyme degrades RamA protein. Finally, the dashed lines show the
processes that are limited when the triangular protein RamR is bound. This network has
been reproduced from [10].

1.5 Antibiotic adjuvants

Due to the emergence of MDR pathogens and lack of new antibiotic discovery, novel
treatment methods have been sought. Antibiotic adjuvants are molecular compounds
that are used in combination with antibiotics, to enhance the activity of the antibiotic
against the pathogen [102]. There are many forms of adjuvants that include anti-virulence
and anti-resistance drugs. Anti-virulence drugs operate by disarming certain mechanisms
of the bacteria, rather than killing them [6]. In addition, anti-virulence drugs do not
directly prevent bacterial growth. These factors are thought to put less evolutionary
pressure on the bacteria and thus have a low chance of contributing to the emergence
of new resistant strains [72]. There are various different anti-virulence drug strategies,
including reducing bacterial adhesion to host cells, inhibiting toxins, and disrupting gene

regulation conferring determinants of virulence [73]. Virulence is defined as the ability of



a pathogen to infect and cause damage to its host [16]. There are many determinants of
virulence in bacteria including: quantity of bacteria, entry route to the host, virulence
factors (gene products that enhance virulence potential) and host defence mechanisms
[67]. Notably, it has been shown that AcrB defective mutant Salmonella showed reduced
virulence as a result of the lack of efflux pump activity [95]. For a comprehensive study
linking various efflux pumps and virulence see [3, 68].

Anti-resistance drugs are also used to enhance the activity of an antibiotic against the
pathogen, however, they operate by targeting the pathogen’s mechanisms of resistance
[102]. Examples of anti-resistance drugs include S-lactamase inhibitors, drugs that affect
membrane permeability and efflux pump inhibitors (EPIs) [53]. Notably, EPIs inhibit
the action of eflux pumps, they can target efflux pumps directly (efflux inhibitors), or
can be used indirectly to target gene expression (efflux modulators) [35]. Their main
purpose is to increase the intracellular concentration of antibiotic, such that the bacteria
is unable to survive [84]. The development of novel EPIs is considered a promising strategy
with the ability to make a bacterium more sensitive to antibiotics and reverse MDR [87],

particularly the development of EPIs to treat Gram-negative infections [13].

1.6 Previous mathematical models of efHlux pumps
and gene regulatory networks

Firstly, it must be noted that there are no known mathematical models that consider
wider GRNs that control eflux pump expression. Current models only consider the efflux
pump gene with a maximum of two regulatory genes. Thus, in this section we will look
to models of GRNs that control expression of different mechanisms, as well as looking
into models of efflux pump function. We begin by discussing general efflux pump models,
moving onto larger scale models that include eflux and finally, discussing various different
methods of modelling GRNS.

Michelson and Slate [57] present a model of the p-glycoprotein pump, associated with



MDR in cancer patients. This pump is energy dependent, meaning it relies on the process
of dephosphorylation of adenosine triphosphate (ATP) to adenosine diphosphate (ADP)
to function. This is different to the proton motive force driving the AcrAB efflux pump.
They formulate a combined partial differential equation (PDE) and ODE model for the
concentration of drug within the system, relating it to the concentrations of ATP and
ADP using Michaelis-Menten Kinetics. They run simulations of the model, with different
initial conditions of ATP and ADP. Their findings show that the pump is much more
effective at pumping the drug out of the system from an initial state that contains ATP
and ADP than an initial state of ATP depletion. However, they also showed that depleting
a cell completely of ATP would not be enough to be an effective method for blocking drug
efflux.

Michelson and Slate [58] also expand on their previous model of the p-glycoprotein
pump, in this case including the presence of an inhibitor that prevents the drug from
binding to the pump. Three situations, competitive inhibition (multiple molecules are able
to bind to the efflux pump binding site), non-competitive inhibition (only the inhibitor
is able to bind to the efflux pump binding site) with inhibitor eflux and non-competitive
inhibition without inhibitor eflux were modelled. In the competitive case it was shown
that by decreasing the size of the dissociation constant of this inhibitor binding to the
pump, there was increased overall drug exposure. There were larger differences in drug
exposure with a larger initial concentration of drug, with little differences in drug exposure
for smaller initial concentration of drug. For the non-competitive cases, firstly with eflux
of the inhibitor, the drug exposure is slightly more than the competitive case. For the
case with no efflux of the inhibitor the drug exposure is further increased for inhibitors
that have a high affinity to bind. Thus, this shows that a non competitive inhibitor that
cannot be effluxed itself would be the most effective treatment method for blocking drug
efflux.

Yi et al. [103] develop a single cell model that encompasses drug delivery and efflux

simultaneously to look into MDR of cancer cells. In this model a cell is impaled with



a diffusional microburet which can deliver a drug into the cell by controlled diffusion.
Efflux is modelled through active transport using Michaelis-Menten equations, building
from Michelson and Slate [57, 58]. Efflux is also modelled through passive transport,
simulations of this model show that passive transport can have a large effect on the cells’
intracellular concentration of the drug at steady state.

Perez et al. [66] use an ODE model efflux in E. coli by TetB, a member of the major
facilitator superfamily of efflux pumps. This type of eflux pump spans one membrane
and is responsible for resistance to tetracycline antibiotics. In this model, we have dif-
fusion through two membranes of the antibiotic into the cytoplasm, with eflux from the
cytoplasm to the periplasm. By finding the steady states of the model, binding constants
for the pump were found as well constants relating to the pump efficiency.

Diao et al. [25] produce an ODE model of a yeast efflux pump found in Saccharomyces
cerevisiae. They model the negative feedback loop of a regulator, efflux pump and inducer
(a substrate of the efflux pump). Charlebois et al. [18] also produce an ODE model of
the eflux pump in Saccharomyces cerevisiae. Here a more complex model is produced,
consisting of three genes that are part of a drug resistance network involved with efux
pump expression.

Nagano and Nikaido [60] present an ODE model of antibiotic efflux in E. coli, from the
AcrAB-TolC efflux pump system. This model includes the enzyme [S-lactamase located in
the periplasm, which breaks down the antibiotic. They assume efflux transport undergoes
Michaelis-Menten kinetics, with diffusion into the cell given by Fick’s law. By using
parameter fitting techniques, they are able to find various binding coefficients for various
antibiotics with AcrB. Lim and Nikaido [51] continue this work, extending the study to
find binding coefficients for various different penicillins.

The AcrAB-TolC efflux pump system and genes that govern the system’s expression
have been the topic of other mathematical models. Rossi et al. [79] experimentally ma-
nipulated the degradation of MarA (a known activator of acrAB expression) in E. coli, to

see the resulting effects on downstream genes. A generic mathematical model was formu-
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lated consisting of three genes: an activator and two downstream genes. This ODE model
showed that activators with a long half life had an advantage by increasing the coordina-
tion of the downstream genes. The analytical results were replicated experimentally with
marA and downstream genes inaA and acrAB.

Langevin and Dunlop [48] exhibit an ODE population model of E. coli undergoing
stress from two diverse chemicals, the antibiotic chloramphenicol and the jet biofuel pre-
cursor pinene. Both of these chemicals can be efluxed by the AcrAB-TolC system. Ex-
periments are taken on different strains of bacteria (wild-type and acrAB knock outs),
introducing chemical stressors as step functions at different rates. The experiments look
into the cost of eflux pumps, and show that at certain low levels of antibiotic the bacteria
without eflux pumps is more likely to survive. The mathematical model created has
two species competing against each other consuming a substrate. By parameter fitting
techniques the model is able to show agreement to the experimental data. Conclusions
were then able to be made to find the conditions where expressing the AcrAB-TolC efflux
pump would be more beneficial. It is shown that the benefit of eflux pumps is highly
dependent on the rate of stress introduction.

None of the above models, take into account the wider system of genes governing the
regulation of the proteins that make up these eflux pumps. Thus, they do not have
the potential to ascertain the complete switch dynamics of the cell in response to the
antibiotic. To fully model this behaviour, we would need to include the wider GRN
governing these pumps. We now look into various methods of modelling GRNs. We
include a selection to showcase a variety of techniques but our review is by no means
exhaustive. See also [44], for example, for a more complete overview and review of some
of these methods.

Glass and Kauffman [36] were the first to present a Boolean model of GRNs. Here,
they propose modelling genes as switches of expression where they can be active (1) or
inactive (0). All genes in the network undergo regulation functions which change their

value depending on whether a gene is an activator or repressor and the current state of
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expression. Although this type of modelling is limited due to the level of the detail, it
was found useful for proving the existence of steady states. If a steady state is found for a
discrete model, then a corresponding steady state should be approached by a homologous
continuous model. In addition, oscillatory behaviour in a homologous continuous model,
will have a closed cyclic path in the discrete model.

Shmulevich et al. [85] expand on the work of Glauss and Kauffman to produce a
probabilistic Boolean model of GRNs. In this model, genes can have multiple regulation
functions, with the choice of regulation function being probabilistic. This type of model
has been proven useful when not enough is biologically known about the GRN and how
certain genes interact with each other. One of the downsides of these Boolean models
is that experiments on GRNs do not produce discrete valued measurements and do not
have discontinuous jumps between states at certain time steps. Thus discrete models lose
detail and accuracy when data is discretised to fit them. An alternative is to model these
networks continuously.

Weaver et al. [96] present a linear model of GRNs. In this model, each gene’s ex-
pression level depends on a summation of the levels of its regulators. In this model this
summation is scaled in order to limit the concentration to be between 0 and 1. This
squashed function is then multiplied by maximal expression levels from data to provide a
realistic fit. One of the issues of this model is the low level of detail and little information
that can be extracted from it, including analysis of the processes in the network.

Nachman et al. [59] increase the level of detail in their model of GRNs by delving
deeper into transcription, including transcriptional factors that can bind to the promoter
site of a gene. They start by modelling one singular gene, deriving equations that model
the effects of having one or multiple regulators. They construct a differential equation
governing mRNA concentration, including transcriptional and degradation terms. By
applying and fitting this to data, they show that transcriptional rate parameters can be
gained. One issue with this model is transcriptional factors are likely to be proteins also

in the system, and equations governing their behaviour have not been defined.
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Li et al. [50] model the GRN governing the cell division cycle in the bacterium
Caulobacter crescentus. This bacterium can be divided into types, a mobile swarmer
cell or an immobile stalked cell. The stalked cell is able to replicate the division cycle
and it is on this that the model focuses. The process is centred around the expression
of three proteins CtrA, GerA, and DnaA. To model this process, a system of 16 ODEs
were derived to model a simplified version of the cycle. These ODEs contain 44 parame-
ters, however in this model the size of these were determined by trial and error. Despite
this, the model has proved to be very accurate, matching up to experimental data of the
wild-type strain and 16 mutant strains.

Tian and Burrage [89] develop a general technique for producing stochastic models of
GRNs. This technique involves introducing Poisson random variables into ODE models.
Their method showed that they are able to include stochastic elements into robust ODE
models, without deriving equations from first principles. They applied this technique to
various existing ODE models of GRNs and ran simulations of the models. From this, they
were able to demonstrate the effect of noise on these networks.

Davidson et al. [22] model the regulatory network governing extra-cellular protease
(exoprotease) production in the Gram-positive bacterium Bacillus subtilis. They investi-
gate the role of the two regulators DegU and SpoOA, however the model itself is centered
on the auto-regulation of DegU, which includes phosphorylation processes. An ODE sys-
tem consisting of 6 differential equations and 14 parameters is produced to determine the
dynamics of exoprotease expression. Steady state analysis was implemented on the model
which revealed three different zones of responses from the system.

Finally, Jabbari et al. [42] produce a model of the agr operon that governs quorum
sensing in Staphylococcus aureus. They produce a system of 12 ODEs with 17 parame-
ters. However as data upon these parameter sizes were not yet available at the time, they
nondimensionalised their model. This took away the dependence on specific parameter
values, resulting in 11 parameter groupings where approximate sizes could be given de-

pendent on the size of certain reactions in relation to each other. They perform a series
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of time dependent asymptotic analyses upon the nondimensionalised system. Doing this
provided insights to the behaviour of the system on various different timescales. This
enabled them to produce a step by step breakdown of the dominant processes that govern
the GRN that control the quorum sensing process.

These GRN models are only a small sample of possible GRN models in bacteria, there
are even more GRN models that we have not considered in Eukaryota. Here, we have
covered a large range of mathematical models from literature and we will use ideas from
these papers in our methodology. In Chapter 2, we formulate a mathematical model of
the GRN governing the AcrAB-TolC system, using ODEs to provide a sufficient amount
of detail and insights into the network. We could have instead opted for a PDE model,
however as there is little data on the spatial dynamics of the gene products within the
GRN, we use ODEs to reduce the number of unknown parameters in the model. We
ran simulations of the ODE model, using parameters from the biology of the network
and consultations with the Piddock Laboratory (University Of Birmingham) to produce
realistic results. In Chapter 3, we nondimensionalise our model to reduce the dependency
on specific parameter values. We are then able to complete a set of time dependent
asymptotic analyses to simplify our model into a step by step breakdown of the GRN.
In chapters 4 and 5, we formulate a PDE model to model the effect of various efflux
pumps in Salmonella (including AcrAB-TolC) on expelling a substrate ethidium bromide.
We implement parameter fitting techniques on the model using experimental data in
order to ascertain efflux profiles of each eflux pump system. Finally in Chapter 6, we
produce a multiscale model by combining our GRN and substrate models. This enables
us to make predictions on manipulating the GRN, displaying the resulting effects on
the spatial dynamics of the substrate. By producing this final model, we are able to
target and highlight areas of the GRN that the intracellular substrate concentration is
most sensitive. We are then able to hypothesise new treatment methods that keep the

intracellular concentration above a killing threshold to combat MDR.
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CHAPTER 2

MODEL FORMULATION

2.1 Model schematic & reactions

To formulate our model of the GRN governing acrAB expression, we must first delve into
the processes governing the GRN. We exhibit a detailed schematic of the GRN in Figure
2.1. We note that in this network, we also include the homologue of acrAB, acrEF. Ex-
perimentally, this eflux pump gene expression has been shown to become more prevalent
when there is less production of AcrAB or the acrAB genes are deleted, inactivated, or
when the protein is produced, but non-functional [95].

We will consider two strains of Salmonella Typhimurium (S. Typhimurium) in this
model. Firstly a wild-type strain, this is a typical strain of S. Typhimurium that we
would expect to encounter in a natural population. Secondly, we consider the strain
S. Typhimurium (SL1344), this strain displays MDR as a consequence of a ramR::aph
mutation in the ramR gene, resulting in production of a non-functional RamR protein
[77]. For simplicity, we will refer to this strain as the RamR variant or mutant strain.
To consider as much of the GRN around efflux as possible, we assume that the strains
are subject to stress, e.g. antibiotic or oxidative stress. We detail the steps involved in
acrAB and acrEF regulation shown in Figure 2.1 below, exhibiting the processes involved
in the wild-type case before explaining the differences in processes of the MDR-associated

RamR variant [10, 98].
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Wild-type strain:

e Expression of ramR results in the production of the RamR protein, which can bind

to the ramA operator site, the network’s main transcriptional activator [77].

e Expression of the ramA gene is repressed by bound RamR protein, less RamA is

produced compared to the variant below.

e We assume that the cell is stressed and thus secondary transcriptional activators
soxS, marA and rob are expressed constitutively resulting in production of SoxS,

MarA and Rob protein [63].

e We assume that the gene envR/acrS (which for simplicity, we will refer to as envR

for the rest of this thesis) is expressed constitutively, resulting in production of

EnvR.
e EnvR protein binds to the operator region of acrEF inhibiting its expression [38].

e The acrR gene is expressed resulting in production of AcrR protein which shares
the same site as EnvR protein in binding to the inhibitor region of the acrAB gene,

both inhibiting its expression [52].

e RamA protein shares the same site with SoxS to bind to the acrAB promoter region,

activating its expression.

e Post transcription of acrA B, the RNA protein CsrA acts as a stabiliser of translation

of acrAB mRNA into AcrAB protein [75].
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RamR variant (mutant) strain:

e Mutations in ramR cause a conformational change to RamR protein meaning it is
unable to bind to the ramA operator site. Therefore inhibition of ramA expression

is lost in this mutant.

e The ramA gene is expressed more highly than in the wild-type resulting in higher

concentrations of RamA protein.

e RamA is regulated post-translationally through degradation by the enzyme Lon
Protease [76].

e RamA binds to its own promoter site and activates its transcription.

e A high concentration of RamA protein (compared to the wild-type) shares the same

site with SoxS to bind to the acrAB promoter region, activating its expression.

e Transcription of the acrAB gene occurs at a high rate compared to the wild-type

case, due to the high RamA protein concentration compared to the wild-type.

We note that whilst the processes upon ramA regulation are only listed in the RamR
mutant strain, they may still occur in the wild-type strain. However we expect the effect
from these processes to be minimal due to the lower concentration of RamA in the strain.
Furthermore, mathematically each of the secondary transcriptional activators (secondary
TAs) soxzS, marA and rob would have equivalent representations. Thus for simplicity,
we group these activators together and refer to them as soxS or secondary TAs for the
remainder of the work.

It has been shown experimentally that with decreased acrAB expression, greater
expression of the homologue efflux pump gene acrEF occurs (which operates similarly
to acrAB) [12]. This may be through known mechanisms in the network, for example
through the repressor envR. However, since these mechanisms have not yet been fully elu-

cidated, we capture this behaviour in the model by a simple direct link between AcrAB
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levels and expression of acrEF, noting that this is an area where extra detail can be in-
corporated in future work. Finally, we note that RamA protein is believed to be capable
of binding at the acrR gene, however no effect on acrR transcription has yet been demon-
strated. We nevertheless include this in our model under the assumption that RamA

inhibits acrR transcription to explore the potential effects upon efflux pump expression.
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2.2 Modelling activation and inhibition of gene tran-
scription

In order to model our biological system mathematically, we must look into the kinetics
of how activator proteins activate or repressor proteins inhibit a gene by binding to an

operator site. In the following subsections, we model all situations that are present in our

GRN.

2.2.1 One protein and one binding site

The first situation that we model is one protein and one binding site that the protein
can reversibly bind to. We show this in Figure 2.2. In order to model this and further
situations, we look into the proportion of time that a protein is bound or unbound to a
binding site. Our aim is to obtain equations for these time proportions in terms of the
protein concentrations and their binding and unbinding rates. To be able to do this, we

introduce the following notation:

®: Proportion of time that the binding site is empty (all proteins are unbound),

®x: Proportion of time that the binding site is occupied by protein X (protein X is
bound).

We could also alternatively consider these proportions of time as probabilities. Since
we are dealing with proportions, it follows that all proportions of time must add up to
unity

Dy (t) + B(t) = 1. (2.1)
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Figure 2.2: One protein with one binding site. Here we exhibit the protein X binding to
the site at rate a; and unbinding from the site at rate J;.

Using the law of mass action which states that “The rate of a chemical reaction is
directly proportional to the product of the concentration or active masses of the reacting
substances” [83], we can construct ordinary differential equations (ODEs) for each pro-
portion of time. In this case we are interested in the change of the proportion of time
that protein X is bound:

dd x

7 = C(qu) - ﬁlq)X (22)

By assuming that there is enough protein in the system that all proportions of time are

at quasi-steady state (QSS) [14], and by using equation (2.1) we obtain
0= alX(l - (I)X) - qu)X' (23)

Rearranging, we can find our desired equation for ®x and also for ® by using (2.1)

X Kx

S — o=—" 2.4
X+ Ky’ X+ Ky’ (2:4)

dx

where Kx = % is the dissociation constant for protein X. We comment that the behaviour
of these COIlStaIlltS are such that as Ky — 0, ® — 0 and ®x — 1, conversely as Ky — oo,
® — 1 and &x — 0. We must now apply these equations to an ODE for the rate of
change of an arbitrary gene’s mRNA, which we denote as G,,. Note that mRNA will

undergo degradation at some rate, which we include in the following equations as d,,.
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Protein X is an activator protein binding to a promoter site.

In this case, we assume that there is a high level of transcription of the gene’s mRNA when
the activator protein is bound. It is often the case that there is a small basal transcription
rate (k) regardless of whether protein X is bound. It is particularly useful to include this
basal rate when a gene is self activating: by including this rate we reduce the risk that

the gene quickly reaches steady state at zero. Thus the equation we achieve is as follows

dG,,
— = ®x + k= 0 G, (2:5)
X

Protein X is a repressor protein binding to an operator site.

In this case, we assume that if a repressor is bound, there will be no transcription. This
means we must look at when there is no protein bound for transcription to occur. Thus

in this case the equation we achieve is as follows

dG,,
Mk ® — 2.
o k1 OmGom, (2.7)
o KX

2.2.2 Two proteins with one binding site each

In this situation, we model two proteins with one binding site each that the protein can
reversibly bind to, we show this in Figure 2.3. As there is an extra protein and an extra

binding site in this case, we must introduce some new notation:

®x: Proportion of time that the binding site is occupied by protein X (protein X is
bound),

®y: Proportion of time that the binding site is occupied by protein Y (protein Y is
bound),
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® yy: Proportion of time that the binding sites are both occupied (proteins X and Y are

bound).

Figure 2.3: Two proteins with two distinct binding sites. Here we exhibit the protein
X binding to a site at rate a; and unbinding from the site at rate g;. We also have a
different shape protein Y binding to a different binding site at rate as and unbinding from
the site at rate (3.

Using the the law of mass action, we can find equations for the rate of change of all

proportions of time that proteins are bound to any of the binding sites

ddx

7 = OélX(I) -+ BQCDXY — ﬁlq)X — CYQY(I)X, (29)

dd

d_tY = Oéqu) + BICI)XY - BQ(I)Y — OleCI)y, (210)
dd

d;(Y = Oéqu)y + CYQY(I)X - ﬁlq)XY - 52q)Xy. (211)

By assuming that there is enough protein in the system that all proportions of time are

at quasi-steady state (d‘;% =0, ‘13% = 0 and dq)d% = 0), and by using a similar equation

to (2.1) that all time proportions must add to unity, we obtain:

OZOélX(l—(I)X—q)y—q)xy)—f—ﬁgq)xy—ﬁlq)x—Oéqu)x, (212)
0= O[QY(l - q)X - q)y - (I)Xy) + qu)xy - ng)y - OélXCI)y, (213)
0= O[1X©y + (XQYCI)X - /qu)XY - BQ@X}/. (214)
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We now have a simultaneous system of equations which we can solve for to achieve

Kx Ky

b= 2.15
KxKy + Ky X + KxY + XY’ ( )
Ky X
by = Y : (2.16)
KxKy + Ky X + KxY + XY
KxY
Dy = X : (2.17)
KxKy + Ky X + KxY + XY
Oyy = XY (2.18)
T KxKy + Ky X + KxY + XY ‘
where Kx = & and Ky = & are dissociation constants for proteins X and Y respectively.
aq (6]

Protein X is an activator protein binding to a promoter site and protein Y is
a repressor protein binding to an operator site.

In this case, we assume that there is no transcription if the repressor protein Y is bound
to the site. We also have a higher transcription rate when only protein X is bound. In
addition we could include a basal transcription rate that is active regardless of whether

protein X is bound. Thus the equation we achieve is as follows

o _ b + by — G, (2.19)

dt
. Ky X
TN Ky + X)(Ky +Y)

2.2.3 Two sets of two proteins binding to one binding site for
each set

In this situation, we model two sets each consisting of two proteins and one binding site.

Within each set, the proteins share the same binding site that they can reversibly bind.

We display this in Figure 2.4. As there are two extra proteins in this case, we introduce

some new notation:

®y: Proportion of time that the binding site is occupied by protein W (protein W is
bound),
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& y: Proportion of time that the binding site is occupied by protein X (protein X is
bound),

®y: Proportion of time that the binding site is occupied by protein Y (protein Y is
bound),

®,: Proportion of time that the binding site is occupied by protein Z (protein Z is bound),

®yy: Proportion of time that the binding sites are both occupied (proteins W and Y are

bound),

®y 22 Proportion of time that the binding sites are both occupied (proteins W and Z are

bound).

® xy: Proportion of time that the binding sites are both occupied (proteins X and Y are

bound).

®x: Proportion of time that the binding sites are both occupied (proteins X and Z are

bound).

Using the the law of mass action, we can find equations for the rate of change of all

proportions of time that proteins are bound to any of the binding sites

% =W+ B3Py + LaPwz — b1Pw — asY Py — au ZPyy, (2.21)
% = X P + f3Pxy + LuPwz — folx — a3Y Px — ay ZPx, (2.22)
d;}% = YO+ 1Py + SoPxy — B3Py — a1 WDy — ap X Dy, (2.23)
d;% = ZP + 51Pwyz + foaPxz — baPz — WPy — aa XDy, (2.24)
dCIZ;;/Y =Wy + asY Oy — 51Pwy — B5Pwy, (2.25)
dq;vtvz =Wy +aZPy — f1Pwz — LaPwz, (2.26)
di;(y = XPy +a3Y Oy — Bo®Pxy — B3Pxy, (2.27)
dCI;;(Z = X0y + ZPx — [2Pxz — LaPxz. (2.28)
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Figure 2.4: Two sets of two proteins binding to one binding site for each set. Here we
exhibit the protein W binding to a site at rate a; and unbinding from the site at rate
B1. This protein is in competition to bind for the same site as protein X which binds to
the site at rate ap and unbinds from the site at rate B5. We also have a different shape
protein Y binding to a different binding site at rate a3 and unbinding from the site at
rate (3. This protein is in competition to bind for the same site as protein Z which binds
to the site at rate oy and unbinds from the site at rate (;.

By assuming that there is enough protein in the system that all proportions of time
are at quasi-steady state and by using a similar equation to (2.1) (now ® = 1 — oy —
Oy — Py — Py — Py — Pz — Pxy — Pxz) we have a simultaneous system of equations

that can be solved to obtain

KywKxKy Ky

o= , 2.29
(KxW + KX + KxKw)(YK7 + ZKy + K7 Ky) (229)
WEKyKy Ky
Dy = , (2.30)
(KxW + KwX + KxKw)(YKz + ZKy + K7Ky)
XKwKyKy,
Oy = , (2.31)
(KxW + KX + KxKw)(YKz + ZKy + K7Ky)
YKy KwK;
Dy = , (2.32)
(KxW + KX + KxKw) YKz + ZKy + K7Ky)
ZKxKw Ky
D, = , (2.33)
(KxW + KX + KxKw)(YKz + ZKy + K7Ky)
WY KxKy

Dyy = , 2.34
YT (KxW 4+ KwX + KxKw)(YKy + ZKy + Kz Ky) (2:34)
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WZKxKy

P = 2.35
V2T (KxW + KwX + KxKw)(YKz + ZKy + KzKy)’ (2.35)
XYKwKy,
(I)XY = ) (236)
(KxW + KwX + KxKw) YKz + ZKy + Kz Ky)
XZKwK
Dyy = WY : (2.37)
(KxW + KwX + KxKw)( YKz + ZKy + Kz Ky)
where Ky = é, Ky = &, Ky = & and K, = é are dissociation constants for
o Q9 Q3 Qy

proteins W, X, Y and Z respectively.

Protein W and X are activator proteins binding to a promoter site and proteins
Y and Z are repressor proteins binding to an operator site.

In this case, we assume that there is no transcription if either of the repressor proteins Y
or Z is bound to the site. We also have a higher transcription rate when either W or X

is bound. In addition we could include a basal transcription rate that is active regardless

of whether protein W or X is bound. Thus the equation we achieve is as follows

dG,,
KyKz(XKw + WKy)

=k
"(KxW + KwX + KxKw)(YKy + ZKy + K;Ky)

+ky — 0,,Gr. (2.39)
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2.3 Ordinary differential equation models

In this section we produce a model of the GRN in Figure 2.1. In section 1.6 we compared
various different modelling techniques for GRNs. We choose to use a system of ordinary
differential equations (ODEs) to provide a sufficient level of detail and insights into the
network. For GRNs, the principal processes affecting mRNA and proteins are transcrip-
tion, translation and degradation. We exhibit this in equation (2.40). Here G,, and G
represent mRNA and protein respectively associated with an arbitrary gene. We note
that transcription and translation terms may be affected by the concentrations of other

proteins, with translation terms always being reliant on the same gene’s mRNA [24].

dG,, dG

— = k - 0G, . — = mG, — 0G . 2.40
SN~ Transcription  Degradation ~~ Translation  Degradation
Rate of change Rate of change
of mRNA of protein
concentration concentration

The equations for the GRN model are as follows:

AR,

—t =k = 6B, (2.41)
d% v Kffé% VR T o 24
% = kgﬁ — 6mCon, (2.43)
% = (KcE + KEzKl(iﬁ};C;}éi?KZﬁg i)KAls + KsA) OB (244)
D by 5 (2.45)
% = ko — 6 Epm, (2.46)
L —— (2.47

% = u(my Ry — 6,R), (2.48)

% = My Ay, — 6,A — dy LA, (2.49)

% = m3Cly — 6,C, (2.50)
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dB Ty

= - "% B, —§,B, 2.51
dt Tc + KTC M4 b ( )
s
E = m5Sm — 5pS, (252)
dE
E = ngm - (SpE, (253)
dF KgF,

Bm _§,F. (2.54)

at - ""BY K,

We note that all of the differential equations have linear terms regarding degradation,
which we group as the same rate for mRNAs and proteins respectively (d,, and d,). RamA,
SoxS and MarA are the only proteins that we know of that undergo enzyme degradation
in the GRN, all degraded by Lon Protease. The secondary TA Rob however does not
experience this degradation [30]. Since we have grouped together SoxS, MarA and Rob
together, we opt not to include this additional enzyme degradation, instead only including
enzyme degradation for RamA in equation (2.49).

In the case of transcription and translation, the terms are not so straightforward. In
equation (2.42), we exhibit the activation of ramA transcription by its own protein, whilst
being repressed by RamR protein at the ramA operator site, derived from (2.20). In equa-
tion (2.43), we have the potential repression of transcription of acrR mRNA transcription
by RamR protein, derived from (2.8). In equation (2.44), we see the effect of the activator
protein RamA and the underlying activators Rob, SoxS and MarA (which we group as
one variable S) binding to a promoter site to activate transcription of acrAB mRNA,
whilst the proteins AcrR and EnvR bind to an operator site to repress acrAB mRNA
transcription, derived from (2.20). In equation (2.47), we have the repression of tran-
scription of acrEF mRNA transcription by EnvR protein, derived from (2.8). In equation
(2.51), we see the activation effect from CsrA in the translation terms for AcrAB, derived
from (2.6). Furthermore in equation (2.54), by including AcrAB in the translation term,
we are able to include the link between AcrAB and AcrEF concentrations, derived from
(2.8). Finally, we incorporate the RamR variant via a mutant coefficient (x) in equation

(2.48). By setting this value to zero, we can replicate the case of mutated RamR as this
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results in no translation of ramR mRNA. Conversely by setting this value to one we have
full translation, but also degradation of RamR protein.

We denote all of the variables and parameters used to run simulations of our GRN
model in Table 2.1 and Table 2.2. We note that our model does not contain a signal (such
as an antibiotic or toxic substrate) that activates the GRN. Instead, we have chosen our
model to focus solely on the GRN to first greater understand the processes within the
network, leaving the introduction of an explicit signal for later work in Chapters 4-6. For
our simulations, we have chosen initial conditions of all mRNA and protein variables to be
very small (0.01nM), such that the system starts from a down-regulated state. Here, we
are making the assumption that there is at least a low concentration of mRNA and protein
of all genes at all times in the system. Whilst a down-regulated initial state may not be
the case in all scenarios (genes also involved with other cellular processes may already be
up regulated), we have chosen these initial conditions in order to show a greater potential
of processes within the GRN. We exhibit the notation for these conditions in (2.55) for

the mRNA and protein of an arbitrary gene:

G (0) = Gino, G(0) = Go. (2.55)

2.3.1 Simulations

By using estimated parameter values shown in Table 2.2, we produce numerical simu-
lations of the GRN model for both wild-type and RamR mutant strains using ode45 in
MATLAB, exhibited in Figure 2.5. Where possible we have been guided by data in the
experimental literature for parameter values. Remaining parameters are chosen to give
biologically plausible results. We note that between strains, we have identical simulations
of both mRNA and protein for sozS and envR. This is expected as the expression of these
genes are constitutive in both strains. We see sizeable differences in the concentrations
of RamR (Figure 2.5(h)) between both strains due to the mutation of this protein in the

RamR mutant strain. We see resulting increased expression of ramA, producing larger
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Variables Description

Units

R,, Concentration of ramR mRNA

R Concentration of RamR
A, Concentration of ramA mRNA

A Concentration of RamA
Cm Concentration of acrR mRNA

C Concentration of AcrR
B, Concentration of acrAB mRNA

B Concentration of AcrAB

Sm Concentration of rob, soxS and marA mRNA
S Concentration of Rob, SoxS and MarA
E,, Concentration of envR mRNA

E Concentration of EnvR

F,, Concentration of acrEF mRNA

F Concentration of AcrEF

nM
nM
nM
nM
nM
nM
nM
nM
nM
nM
nM
nM
nM
nM

Table 2.1: Variables used in our GRN model along with their respective units.

Parameter Description Estimate Units Reference

k1 Transcription Rate of ramR mRNA 30 nM min~*

mi Translation Rate of RamR 1 min—! [93]
ko Transcription Rate of ramA mRNA 1 nM min~!

ma Translation Rate of RamA 1 min~! (93]
ks Transcription Rate of acrR mRNA 10 nM min~!

ms Translation Rate of AcrR 1 min~! [93]
ky Transcription Rate of acrAB mRNA 1 nM min~!

my Translation Rate of AcrAB 1 min~! (93]
ks Transcription Rate of rob, soxS and marA mRNA 1 nM min~!

ms Translation Rate of Rob, SoxS and MarA 1 min~! [93]
ke Transcription Rate of envR mRNA 10 nM min~!

me Translation Rate of EnvR 1 min~! [93]
k7 Transcription Rate of acrEF mRNA 0.1 nM min~!

my Translation Rate of AcrEF 1 min~! (93]
K, Lower Transcriptional Rate of RamA 0.01 nM min~?

Om Degradation Rate of mRNA 1 min~! [74]
Op Degradation Rate of proteins 0.02 min~! [40]
d L Degradation caused by Lon Protease 0.37 min~! [76]
Kgr Dissociation Constant of RamR 65.8 nM 8]

Ka, Dissociation Constant of RamA with ramA and acrAB 2 nM

Ky, Dissociation Constant of RamA with acrR 2 nM

K Dissociation Constant of AcrR 20.2 nM 8]

Kg, Dissociation Constant of EnvR with acrEF 20.2 nM

Kpg, Dissociation Constant of EnvR with acrAB 20.2 nM

Kg Dissociation Constant of rob, soxS and marA 200 nM

Kt Dissociation Constant of CsrA 0.02 nM

Kp Chemical Signals Constant of AcrAB 1 nM

Tc Concentration of CsrA 1 nM
Iz Mutation Coefficient Oor1l N/A

Table 2.2: A table of parameters used in our GRN model and their estimated values.
Those with estimates gained from references are noted in the reference column.
remainder have been chosen through investigation and discussion with the Piddock labo-
ratory (University Of Birmingham) to give biologically plausible results.
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concentrations of mRNA and protein (Figures 2.5(b) and (i)) in the RamR mutant strain.
Since we have a higher concentration of RamA in the RamR variant, we see inhibition of
acrR expression, resulting in lower concentrations of mRNA and protein (Figures 2.5(c)
and (j)) in the RamR variant strain. We see a resulting larger concentration of acrAB
mRNA and protein (Figures 2.5(d) and (k)) in the RamR variant strain with a lower
concentration of the homologue efflux pump protein AcrEF (Figure 2.5(n)) compared to
the wild-type. These simulations clearly exhibit the potential of the RamR mutant strain
to display MDR, with the steady state concentration for AcrAB (Figure 2.5(k)), the main
eflux pump in the GRN, being over four times larger in the mutant strain than the wild-
type. This results in the combined efflux of both AcrAB and AcrEF concentrations being
much larger in the RamR mutant strain, even with the increased concentration of AcrEF

in the wild-type strain.
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2.4 Discussion

In this chapter, we have formulated an ODE model of the GRN. We started our model
formulation by listing the processes governing the expression of the eflux pump genes
acrAB and acrEF. In order to assist detailing the processes within the network, we
introduced two strains of Salmonella, namely a wild-type and a RamR variant. By first
listing the processes of the wild-type strain, we displayed the differences in the RamR
variant, highlighting areas of the network that causes the RamR variant strain to confer
MDR.

We have then exhibited our method for deriving our ODEs. By modelling the propor-
tion of time that a protein is bound to a gene binding site, we can formulate equations
of gene expression based on whether the binding protein is an activator or repressor. We
have detailed our derivations for all binding processes that feature within the GRN. By
using these derivations, we have then detailed our ODE model for the GRN, consisting
of fourteen differential equations and twenty nine parameters.

Finally, we have run numerical simulations of our model, using a combination of
parameter values from data as well as estimates drawn from investigation and discussion
with the Piddock laboratory (University Of Birmingham). This has enabled us to view the
behaviour of the network and an overview of how the genes within the network interact,
starting from basal initial conditions of concentration.

This model does however have limitations. One downside of the model is that it is too
complex to yield analytically tractable solutions. In addition, results are dependent on
parameter values, making it difficult to draw strong conclusions from the model. In the
next chapter, we will use asymptotic techniques to break the full solution into separate
timescales. This analysis should reduce the dependency on precise parameter values and
give us analytical solutions for various different timescales, enabling us to draw stronger

conclusions from further analysis into the network.
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CHAPTER 3

TIME-DEPENDENT ASYMPTOTIC ANALYSIS

3.1 Motivation

As shown in the previous chapter, the GRN we are modelling is complex and thus in
order to look into effective inhibition techniques to combat efflux pump expression, the
processes within the system need to be fully analysed. With our previous model, we do
not have a full set of analytically solvable solutions or steady states. Thus we are limited
in the analysis we can conduct on the model without using numerical simulations.

In this chapter, we will use a series of asymptotic analyses to approximate these steady
state values and gain analytical solutions for the variables on intermediate timescales. This
analysis will enable us to show the effect upon variables at different timescales by varying
parameters in the GRN. We will conduct two full asymptotic analyses for the wild-type
and mutant strains, separate analysis for each strain is needed as the steps involved to
reach each timescale will differ. By discovering the behaviour on each timescale, we are
able to see the dominant processes involved in the GRN between both strains. By deriving
the asymptotically approximated steady states, we will also be able to compare different

strategies to inhibit efflux expression that will be most effective for individual strains.
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3.2 Nondimensional model

We nondimensionalise the model from Chapter 2 by using the following variable scalings:

kl
— 1 Rr
5771 m
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=247
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ks
LYo
O™
k4
—2p
O™

Ry,

A

Cm

By,

Sm

Ey,

Fo,
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ks
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ke

=L
O
ke
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=KgrR",

A=K, A",

C =KqC",

k4
B=-%pB
o

S:Kss’.

E =Kp,E*,

kemy
-5 F*,

1

F

(3.1)

here the asterisks denote nondimensional variables. We have chosen these scalings in or-

der to simplify our system of equations and create nondimensional parameters over which

we have insight into their relative sizes. We note that these have the added effect of sim-

plifying the somewhat complex transcription and translation terms. Substituting these

scalings (dropping the asterisks) reduces the model to the following system of equations,

A,

dR,,
— = 1= Ry,
ar 1
dA, A n
= o —
dT ~ (A+1)(R+1)
dC,, A
ar Axa Om
dBm A+ S
dT  (1+S+A)(1+E+C)
s,
— =1 ms
ar S
dE
— " _1-FE,
ar ’
dr',, n

—m_ 1 [
aT n+kE

(3.2)

(3.3)
(3.4)

m»

(3.5)
(3.6)

(3.7)

(3.8)
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The nondimensionalised parameter groupings that have emerged are as follows

(Sp k2m2 ]{?57715 m4TC
A =< = ) g = ) 6 = )
Om, (57271[(,4 6r2nKS Om, (TC + KTC)
kymy di L Kg, ¢ keme
= Vv =— = =
p 572nKR7 5m ) 77 KE2 ) 5»,2nKE2 )
ks kamg i\ Ka, k4
ko' T TR RS Ka,’ onKs

We assume that all mRNAs and proteins are initially present at a low concentration
to monitor how the system upregulates. Thus, we choose low value generic dimensionless

initial conditions as follows

R(0) = A(0) = C(0) = B(0) = S(0) = E(0) = F(0) = 0.01. (3.16)

From here on we will refer to these initial conditions with the following notation (similar
to the previous chapter). For any gene G, we will refer to the mRNA initial condition as

G0 and the protein initial condition as Gy.

3.3 Parameter grouping sizes

By using information about the size of certain parameters compared to others, we can esti-
mate relative parameter sizes within the nondimensional groupings. We start by choosing
a parameter grouping that we know to be small (and denote it having the value €):

_ ks _
-2=

«

€. (3.17)

The grouping « is the ratio of a low basal rate of transcription to the higher transcription

rate of ramA mRNA. We now assign the remaining parameter groupings an order of
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magnitude relative to (3.17). We assume that

J

A= =0(), (3.18)

i.e. mRNA degradation occurs at a much faster rate than the degradation of proteins. We
do not know all of the exact degradation rates for the mRNAs and proteins of genes within
the network. However, in a similar Gram-negative bacteria E. coli it was observed that
80% of 4,288 mRNAs had half-lives between 3 and 8 minutes [9], whereas for proteins, the
vast majority have half-lives of between 5 and 20 hours [54]. In Salmonella, on a study
of 870 proteins, the calculated median half-life was 99.30 minutes [94]. For individual
proteins within the GRN, it has been shown for RamA in a mutant strain with no Lon
Protease, there was very little observable degradation within 10 minutes, indicating that
the protein is highly stable [76]. Finally, in E. coli it has also been observed that AcrA
and AcrB lasted for approximately six days [17].

At O(e%) we have the following parameter groupings

dy _ ksms

keme
—_— g = —
Om 02 K¢’

02 Kg,

v =

¢ (3.19)

Having v = O(e2) follows from (3.18), as the rate of degradation of RamA by Lon protease
(dyL) is larger than the natural rate of protein degradation (é,) [76]. Thus, we expect
this grouping to be a larger order of magnitude than A. For o, as the secondary TAs
are all underlying activators, we expect that the dissociation constant is relatively large,
(furthermore by setting this grouping to this size we obtain the most realistic behaviour).
Finally, for £ the transcription and translation rates for EnvR should be small as this is a
repressor of the homologue efflux pump system AcrEF, and thus we expect this grouping

to be the same size as o which governs similar underlying genes.
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Finally, we have the parameter groupings that we choose to be O(1). Firstly,

K, Kp, ks

= s = w =
K, "

A )
[(Eg7 6mKB

(3.20)

For A, the dissociation constants that make up this grouping correspond to the same
proteins, but binding to different binding sites. With no evidence to the contrary, we
make the assumption that the constants are roughly equal. For 7, there is contradictory
evidence in the literature over whether EnvR preferentially binds acrAB, acrEF or both
equally [38, 37]. As a result, we also assume these dissociation constants are roughly equal
and explore variations to this choice in the parameter sensitivity section. As for w, we
know very little about the chemical signals that cause activation of AcrEF, and hence we

keep this as O(1) for simplicity. The rest of the O(1) parameter groupings are as follows

k?gmg klml k:3m3 m4TC

0 — - = = )
2K, P Ky TR Ky b o (To + K1)

(3.21)

The groupings in (3.21) correspond to the expression of RamA, RamR, AcrR and AcrAB
respectively. These four proteins constitute the primary TAs and the central pathway
for the GRN, and thus it is not unreasonable to assume that expression of their genes
is relatively high and the respective dissociation constants are likely to be smaller. It
has also been shown experimentally in a wild-type Salmonella strain, that expression of
ramA and acrAB was higher than soxS, marA and acrEF [99]. Therefore, we expect these
groupings to be the largest in order. Testing more subtle differences in size did not bring
significant variations to the behaviour of the model. In Table 3.1, we summarise all of the
above parameter grouping sizes, chosen for definiteness. We could alternatively choose
another size for the intermediate scaling between O(€) and O(1), however in the following
analysis sozS (¢) and envR (&) translation appear together independently on the same
timescale. Therefore, whilst the time scaling to reach this timescale may change, we do
not expect change in the order of the following processes in the analysis. In addition,

the remaining parameter refers to RamA degradation (v) which will primarily affect the
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steady states of variables, the dependence on this parameter scaling is therefore covered
in the sensitivity analysis in Section 3.8. The parameters below are therefore scaled as

follows

A =N, 0 =0’ o =c20,

p=p, v =3, n=n, (3.22)
a =ed, v =, A=N,

/8 :/8,7 5 :61/25,7 w :w,7

where the parameters with primes are taken to be O(1). By substituting these into our
nondimensional model and dropping primes, we obtain the following system of equations,

where all parameters are O(1):

dR,,
— =1-R,, 3.23 d
dﬂleT ) (3:23) ﬁ = up R — 1eA R, (3.30)
== +ea— A, (3.24
daT (A+1)(R+1) (324) % =0 A, —eAA—P0A (3.31)
dc A
= = - : d
aT C Axa Om (3:25) % O, —eAC, (3.32)
ABpm A+ S 3 e
dT (1+S+A)(1+E+0O) s ﬁzﬁBm—eAB, (3.33)
(32600 9o o N
& Sy — €A S, 3.34
—dij —1— S, Bon)  dT € oomTe (3:34)
b 1/2
— — €% E,, — eAE, 3.35
W _y_p, 328) dT © ¢ ‘ (3:35)
difT il i AF (3.36)
- = — € .
m__1__p (329) dT wB+1 ’

dT  n+E ™

with initial conditions (3.16). We will follow some numerical simulations of the model
with a time-dependent asymptotic analysis in order to extract the dominant behaviours
over time. Throughout our simulations, we take ¢ = 0.01, and all other parameters as

unity.
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Nondimensional Parameter  Size

a, O(e)
v, 0, ¢ O(e2)
p, 0,7, B, A\ w O(1)

Table 3.1: Nondimensionalised parameter groupings and their orders of magnitude.

3.4 Numerical simulation

We exhibit a numerical simulation of (3.16) and (3.23)-(3.36) in Figure 3.1 showing both
the wild-type and RamR variant cases. For both cases, we see the rapid production of
mRNA (a)-(g), reaching steady state very quickly for most variables. The efflux genes’
mRNAs (d) and (g) reach steady state more slowly due to being affected by regulatory
protein concentrations. All proteins (h)-(n) reach steady state at a later timescale than
the mRNA. These simulations enable us to exhibit the differences between mutant and
wild-type strains, caused by the mutation to RamR protein (h). This mutation causes
overexpression of ramA mRNA (b) and protein (i) which in turn causes lower concentra-
tions of acrR mRNA (c) and protein (j). These concentrations combined result in a higher
concentration of acrAB mRNA (d) and protein (k), which itself causes lower expression
of AcrEF (n). We note that the steady state concentration of AcrAB is significantly
higher in the mutant case than the wild-type case. Unless otherwise stated, these are the
numerical simulations that we match our asymptotic approximations to in the following

sections.
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3.5 Asymptotic analysis for ¢ — 0

We now exploit asymptotic analyses to break down the full solution into smaller timescales
to investigate how the system evolves over time. For an insight into various asymptotic
techniques and methods, some used in this section, see [45]. Variable scalings on each
timescale are obtained by first finding the long-term behaviour of each variable on the
previous timescale. Once this long-term or near blow up behaviour is found, we can
identify the scalings based on how each variable behaves compared to our time variable
T. For example if a nondimensionalised variable GG behaves on the previous timescale as
follows

G~TasT — oo,

then to move to the next timescale we must scale G' in the same way that we do for 7.
The scalings to reach each timescale mathematically appear in a set sequence, where new
behaviour entering the leading order balance determines the scaling for 7. These scalings
could also be revealed by analysing the correction terms for the asymptotic approximations
on each timescale. In Section 3.6.1, we exhibit both methods of revealing the scalings
to reach the next timescale. Throughout the next sections, we will draw comparisons
between the numerical solutions and asymptotic approximations. In all figures asymptotic
approximations will be shown in circles, whereas the numerical simulations will be shown

as solid lines. We take ¢ = 0.01 unless otherwise stated.

3.6 Asymptotic analysis of the wild-type dynamics

We begin with the wild-type case where RamR protein is not mutated (i.e p = 1). We
denote the variable scalings for each timescale in Table 3.2. Here the scalings are given

in relation to the original nondimensionalised variables in (3.1).
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3.6.1 Timescale 1: mRNA transcription

On this initial timescale all variables must be scaled to O(¢) to reflect their initial condi-

tions. We thus take the following scalings

T = ET, R,, = (—:]?im, A, = eAm, Cp = eém, B,, = eém,
S = €S, E,, = €E,, E, = ¢k, R =€R, A=¢A,
C =eC, B = €B, S = €S, E =€k, F=¢F (3.37)

dR, - dR - -
o7 =1—€R,,, T = upeR,, — EQIMAR,
dA cA A A
== — . + e — €Ay, A ged, — od—eAd
dT  (eA+1)(eR+1) g7 = fedAn —evd=cnd,
dC, A . . : .
AL — —eCyp, de =veC,, — 2AC,
dT €A+ A dT
dBAm = - 64 5 - — — eém, d—Bi = BeB,, — €AB,
dT (1+eS+eA)(1+eE+€C) dT
. d$ . .
dSin :1_63, 5::63/205m—62AS,
T " T
. B . .
dEIn = 1—€Em7 ! S 263/2§E’m_62AE7
' dT
- dF £, -
Al _ n__.p I YN (3.38)
4T 1+ ek dT ewB+1

At leading order, we have the following system of equations

de” =1, d}? =0,
dT dT
dA dA
m— ), ~ =0,
dT dT
G, ©
dT dT
dB,, B
o, dA:Q
dT dT
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A

dS:n — 1’ dév :()7
dT AT
dE A
m_ . & _ .
dT dT
dF,, dF
™1, — (3.39)
dT dT

The ODE system has now been reduced and we can extract the dominant behaviour
on this timescale. Solving the reduced model subject to the initial conditions gives the

following asymptotic approximations on this timescale:

Ry =T + Rpo. R = Ry, Ay = Ao, A= A,
Con =T+ Chro, C = C,, B,, = B, B = B,,
Spn =T + Sio, S =S5, Ep =T + Epy, E = E,,
Ep =T+ Fpp, F=F,. (3.40)

We plot the asymptotic approximations of all variables on this timescale against the nu-
merical solutions in Figure 3.2. As expected, we see the transcription of various gene’s
mRNA occurring first with protein levels remaining at their initial value. The transcrip-
tion of ramA and acrAB mRNA are currently not active due to there being insufficient
levels of activator protein bound to their promoter sites to achieve any level of transcrip-
tion at leading order. We have now analysed this first timescale and must determine the
scalings necessary to reach the next timescale. We now demonstrate two possible methods

for revealing these scalings.

Method 1: Analysing the leading order balance

In this method, we determine the scalings for each variable by first analysing their long
term behaviour on the current timescale. We can then look at which new terms will first

enter the leading order balance on the next timescale to reveal the exact scaling. For this
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timescale, as T — oo we have
Rm>ém7‘§maEm7Fm NT» (341)

with every other variable still constant at their initial condition. We now propose a new

time scaling to reach the next timescale:
T =46(e)T, (3.42)

where d(¢) is a function of €. Since we are scaling forwards in time, we must have that
d(e) > 1. Substituting this scaling (3.42) into the solutions (3.40) for our variables that

evolve on this timescale . We have

A

Ry, = 6(€)T + Rino, Chn = 0(6)T + Cho, S = 0(6)T + Spno,
By = 0(€)T + Eno, B, =

5()T + Foo. (3.43)

Notably, we have terms of O(d(e)) > O(1), in order for these terms to be O(1) on the

subsequent timescale, we must then take the following variable scalings

dR,, - 1 dR .,

——— =1—¢d(€)R,,, ——— =€) R, — AR, 3.45
o7 €d(e) 50 dT ed(€)pp €p (
1 dA,, €A . 1 dA A s . .
- = —— ~ +ea — €A, — =l A, —ec2vA—EAA
o(€) dT  (eA+1)(eR+1) 5(e)dT 0 An — v com
dC,, A . 1 dC 5 .
AL — —€6(€)C,, ——— =5y C,, — EEAC 3.46
iT At (€) 500 dT €d(€)y eAC,  (3.46)
1 dB,, €A+ €S . 3 . .
o R ——— —€B,, LL:%}%-&AB,
6(€) dT (14 €S +eA)(1+€FE +eC) 6(e) dT
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s . 1 s o
GOm 80 1 — A8,
o7 1 — €6(€)Spm, 50 €26(e)o S — €©AS
dE ;

‘ .

= =1 —eb(€) B, =2t B, — AR,

S
5_]( '\](‘
=g
—~
(@)
~—

d
d

‘ .

€d(€)Fp,
ewB +1

m_ — €6(€)F,
n+ek

e e e
555555

— EAF. (347

3
(%)

(€)
We can see from this system of equations that the smallest scaling d(€) that brings
in a new term to the leading order balance is d(¢) = ¢~2. This scaling brings in RamR,

AcrR and AcrEF translation in equations (3.45), (3.46) and (3.47) respectively.

Method 2: Analysing the correction term

In this method, we look at the behaviour of the correction terms on the current timescale
to determine the time scaling to reach the subsequent timescale. For all 14 of our variables
we take the following asymptotic expansions, with notation for a gene mRNA G,, and

protein G.

G =9m0+€%9m1+€9m2+.--, G:go%—e%gﬁ—egg%—.... (3.48)

In addition to the leading order system of equations (3.39) and solutions (3.40), the first

non trivial correction terms are defined by the following system of equations

A7 ma ar

0
~— = —T'mo, ~ = "m0,
dT ° g M
dGma dag
— = ag + o — Ao, ~ = Bano,
q7 0 0 0
démz:—@—c déoz c
dT )\ 'm0 - YCmo,
dby, db
o7 = ag + 50 — b, P:Bbm(b
dSmo . d3o
~ — T om0, ~ = 0Smo,
7 0 0
démo — e dég ~ e
dT muU» A muU»
m2— 2 foo, = = fmo- 3.49
q7T . Jmo J7 Jmo ( )
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Solving this system of equations we have:

A ~ 1. ~ ~ 1 ~ ~
Rm ~T + RmO +e€ <_§T2 - Rm0T> ’ R~ RO + € <§,UpT2 + :upRm(]T) )
Am ~ AmO + € ((AO + o — Amo)T> s A ~ A[) + € <9Am0T> s

. 1., (A N\ - 1 .
C(m'\"Tj_‘_C’mO_‘_E _§T_ T—i_omﬂ T ) C"\'C’O_‘_E §7T +70m0T )
By ~ Buo + € <(Ao + S0 — BmO>T) ) B~ DBy+e (5Bm0T> )

N ~ 1~ ~ N 1 - ~
S~ T + Spo + € (—§T2 — SmoT) : S~ Sy €2 <§aT2 + aSmOT) ,

A ~ 1. ~ ~ 1 - ~
Em ~T + EmO +e€ <—§T2 - Em0T> s FE ~ EO + 6% (§€T2 + fEm0T> 5

L 1. E . - 1. .
Fpy~T+Fpo+e (—§T2 — <—° + Fm0> T) , F~Fy+e (§T2 + FmOT) . (3.50)
n

For the variables that have not evolved at leading order, we can see that the correction
terms for R, C' and F become O(1) when T'= O(e~2). Since this is the smallest possible
time scaling to bring in correction terms, this gives us our time scaling T = ¢e:7T to
reach the next timescale. The variables S and E become leading order at 7' = O(e’%)
whilst the variables Am, fl, B,, and B become leading order at T = O(e™ 1), which gives us
insight into potential scalings for future timescales past the subsequent timescale. For the
variables that have evolved at leading order, applying the scaling T' = e 2T, the leading
order terms become O(e~2). For these terms to be O(1) on the subsequent timescale we

must also apply the following variable scalings

~

R, =¢

N

Rm, C, =c¢

[NIE
NG

= _1 _1 ~ _1
Cma Sm:‘fzma Em:€2Em7 F;n:62

Notably, both methods return the same scalings as they are mathematically set in sequence

and cannot be chosen. For brevity, we omit the steps involved in these methods for the

subsequent timescales.
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3.6.2 Timescale 2: Protein translation

We move onto the second timescale, here protein translation occurs for RamR, AcrR and

AcrEF in equations (3.53)-(3.55). We take the following scalings based on the variables

on the previous timescale’s long-term behaviour

T eféT,

~

Sm

_1 X
€ 25,

A 7; ~ A 71 ~
Rm =€ ZRm: Cm =€ 20y,
A 7; ~ A 71 ~
E,=¢2FE,, F,=¢czF,,.

After rescaling, the system of equations for the second timescale is

dém_ s dR 3
ar T 4T M T AR
dzzl E%A 1 A 1

™ —_ta—erA,, A G9A A
a7 (A+ D)(R+ 1) 17 =20 A, —evA—e2AA,
dC,, A 1 dC - 3

— = = —EQCm, — m iA s
AT ~ A+ a7~ Cmmeac

5 14 14 R B A
dva: i e2AA+ezS —E%Bm, LzeégBm_ngB7
dT  (1+eS+eA)(1+eE+eC) arT

Q d 1 ~ ~
d_mzl_eég —5:2650 m— €2AS,
dT ms d]:

? dE 1.
dE_vmzl_E%V —V:eﬁfEm—egAE,
daT " dij
dFjﬂ i - —G%Fm d—}?— ij — e AF
dT  n+eE ’ dT ewB+1

A _ .
dT
dA,,
—V:O,
dVT
4Cm _ o
dT

dR v
A Rm7
T =P

dA

—_— = 0,

dT

dC .
A Cma
a7

o1

(3.55)



—_— = _v:07
dT 0 dT
—den =1, d_‘Sj:O’
dT dT
dE 5
—jnzl, d—l?zo,
dT dT
dF,, dF

=L, (3.56)

Q.
~

Q.

N

Solving this reduced system of ODEs and matching to the long-term dominant be-

haviour on the previous timescale gives the following asymptotic approximations

Ry =T, R="L2T"+ R Ay = Apo, A = Ay,
=T, ¢ = %T2+CO, By, = Byo, B = By,
Sn =T, S =35, B, =T, E = E,,
E,=T, F= %TQ + . (3.57)

We plot these asymptotic approximations against the numerical solutions in Figure 3.3.
We see the translation of some of the genes transcribed on the previous timescale appear-
ing at leading order on this timescale. This is expected as bacteria have fast translation
processes, such that translation occurs as soon as the gene is transcribed. The transla-
tion is not present for EnvR and the underlying activators which agrees with what we
might expect from biological intuition as these are a homologue gene and secondary TAs

respectively, thus we expect lower expression of these genes.
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3.6.3 Timescale 3: SoxS and EnvR translation

On this third timescale protein translation occurs at leading order for the rest of the
proteins for which transcription of their corresponding mRNA occurred on timescale 1 in

equations (3.59)-(3.60). We take the following scalings:

T = e*iT, Rm = e*%Rm, C’m = E*i(jm,
S’m = 67i _m, Em = e*i _m, Fm = e*iF’m,
R= e*%R, o= 67%07 F=e¢2F (3.58)

dR - _
__771,: — €4 dR — 5 _
AT 1 €4Rm7 d_T:MpRm_€4MAR7
dzzl CiA 1 1 A 4
AL -~ — +EZOJ—€ZAm, dA 1,4 3 ~ 5 ~
dT  (eA+1)(e2R+1) ﬁ—649Am—64UA—64AA,
dém A 15 dé = 5 =
= = = —€iCp, — =70, — et AC,
iT ~ A+ r ar ~ Vom e
3 TA+ €S . dB 1 - .
dB_m - _ 641A4+€4SA _ —E%Bm, ﬁ:eiﬂBm—EEAB,
dT (14 eS+eA)(1+eE+e20) 5
q d — 5 . A
dSm 1g 2 =58, —€iAS (3.59)
—_:1— 4 m ) .
oo it
- 5
Bm _ SR S =€ B = AL, (3.60)
T I '
AFm _ 0 ap LN SN
dT  p+eE " dT  ewB+1

AR, dR _
Z=mo_q i
iT g7 = 1o ftms
dA,, dA
T—O, ﬁ—o,
dC,, e _
—7 =1 T ms
T g7 ¢

o4



S
s

3—; -

dE _

a7 = B

dF _

-7 =T (3.61)

Taking this leading order balance, solving and matching to the long-term dominant

behaviour on the previous timescale gives the following asymptotic approximations

R, =T,
Sy
¢ _7T
F,=T,

> HP 70
R=-—/—T

2 )
~ Vo
C==T

2 7
S:%T2+So,
_ 1 -
F=-T"

2

Am - Am07
Bm = Bm07
E,=T,

A=A,
B:BOa
E = §T2+E0,

(3.62)

We plot these asymptotic approximations against the numerical solutions in Figure 3.4.

On this timescale, we see the translation of all mRNAs that were previously transcribed on

the earlier timescales. This makes logical sense as we expect rapid translation in response

to changes at the transcriptional level.

95



~
~

(

v

T

oury,

T 8'0 90 0 20 0
100
200
€00
00
oo [r————————" e N
o s¥og
[¢] 900
SUOIRIPIIOUO)) SXOG
oty
T 8'0 90 0 Z0 0
00

worewrxorddy opoydwidsy O
° yurey

7 144

SUOTIRINIIUOL) YR

wonewxorddy opoydwdsy O 7

VNYUW g o0

SUOIJRIUSIUO)) g |/-4ID

G100

200

G200

UOIRINUDOUO))

—~
—
~—

UOIRINUDOUO))

UOIYRINUDIUO))

€00 AUV

oury,
80 90 0 1Y

wonemoaddy onoydwdsy O
avoy

SUOIYRINIPOUO) VIO

auIL,
80 90 14Y <o

100
5100
a
g
200 =
g
£
£
5200

UOTYRIFUSOUO )

wopemxorddy onoydwdsy O
VNHW 57400

7 80

SUOTIRIYUSIUO)) JH4ID

auILy,

80 90 0 20

o T

UOTYRIFUSOUO )

0| wonemmorddy onoyduissy O

7 80

SUOIJRIFUIIUOY) 3LID

oy,
80 90 0 20 0

UOI}RINUOOUO))

wogewxorddy opoydwidsy O
JADY

7 0

SUOIRIJUDOUO)) JHIOY

oy,
80 90 0 o 0

UOI}RIFUOOUO))

woremrxorddy opoydwidsy O
ywy

7 0

L

=}
—~
—
~

SUOIRIJUSOUO)) IOV

ourLy,
80 90 0 [ 0

UOI}RIFUDOUO))

worpemrxorddy opoydwidsy O
VNHW

7 80

-
—~
S

~—

SUOIYRIJUSOUO)) AU

100
2100

a

S

v100 £

g

9100 £

=]

=3
wopeurxoaddy onjoydwidsy O 8100

VA um

200 AQV

SUOTRIJUSIUO)) [ ULDL

PN EYNGBETEERN Amuvg pue Q&Q ye ouwr)
oARY sofeosawr) juanbasqns pue snorsid 9y} ‘edudIdfRl 10 'r3 = [, PULOIR 9)RINDOR ¢ O} sonjoyduwAse o) 100dxo om 0s ‘Z9T1¢ ()
)O st owry ‘oreosowury siyy u() (1070 = 2) sorueudp odA)-prim oyj 10§ ¢ oeosowur) uo suorpewrrxoidde o1jojdwAsy ¢ oIS

o,
0
100
200
Q
€00 %
8
=S
g
00 &
g
=
oo wopemxorddy onordwisy O 500
o g
o 90’
SUOIRIUIOUO[) YAUH AEV
ouury,
T 80 90 v0 20 0
100
a
5100 &
2
8
=8
g
£
z00 F
wonenroddy onodumisy O
yurey
SUOTYRINIIIUO)) YIIEY Aﬁv
oL,
T 80 90  v0 z0 0
o

woyemxorddy onoydwdsy O
VN

SUOIRIFUSDUO)) GTOS

auIL,
T 80 90 0 o

UOTYRIIUSOUO)

—

—
)

~—

O [ wonemxorddy onoyduissy O
© VMW s

SUOIYRIJUOOUO)) JULDL

UOIRIFUSOUO))

56



3.6.4 Timescale 4: acrAB mRNA transcription

For this timescale, transcription of the eflux pump gene acrAB emerges in equation

(3.64). We take the following scalings:

T = 6_12T, Rm — 6_12Rm, Cm = ¢ 12 ém; Sm = 5_125‘m7
E, = e_TgEm, F, = 6_T12 ~m, R = 6_%}?, C = e_%é,
S =¢85, E=¢iF, F=¢oF (3.63)

L~
—N:1—€€Rm, » ~ ~
aT A d—]? = up R, — €s uAR,
dA,, et A L dT
mo_ — +esa —es Ay, dA A 2 A T
dT  (eA+1)(esR+1) — =¢€50 A, —e3vA— e AA,
. dT
aC,, A 1= ~
— = — —es(C)y, dC ~ -
dT €A+ ) jfvam—wAC,
A l/\ ~
dB~m: _ 66AA+S5N _ —Eéém, dB P 7 .
ar (1+esS+€eA)(1+esE+e3C) ﬁzeﬁﬁBm—EﬁAB,
(3.64) 45
G 1~ —~:O'»§m—€6Ag,
Lr 15, a7
- dE - 7. =
1~ —= = Em—EgAE,
- dF F,, 7. =
dFm n 1~ — = = —EgAF
= 5~—€€Fm, d ECL)B"—l
dT n+eskE

dR., dR _
—~:]_, = = Rm7
AT ar M
dA |
—T:O, d—/}:O,

dNT dYN’

dC,, dC ~
—,V:]., —Wz’ycm,
dT dT

o7



dB

—~:0,
17

as ~
—= = O0Om,
17

dF .
= = Em7
T
ar -

Y B, (3.65)
aT

Solving this leading order system of ODEs and matching to the dominant behaviour

on the previous timescale gives us

R,=T,
Cn=T,
S =T,
-

5 HP 52
R="CT
2 M
= Y 2
C=-T
2 b)
~ O ~
S=_-T?
2 M
- 1 -~
F=-T2
2

ml UU> :b>
I Il
IS

(3.66)

We plot these asymptotic approximations against the full solution in Figure 3.5. This

is the first timescale on which the efflux gene acrAB is transcribed. We notice that this

is being driven by the secondary TAs binding to the promoter site of acrAB.
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3.6.5 Timescale 5: AcrAB translation

We move onto the fifth timescale, here the translation term for AcrAB appears in the
leading order balance in equation (3.68). We take the following scalings based on the

variables on the previous timescale’s long-term behaviour

T=e2uT Rp=¢ #R Cpn=¢2C! Sm =€ 28
E, = efiET’n, F, = 672714F7§1, R=e¢ bR C =1l
S=c1s, E=c1FE, F=c¢muF By, =€ 5B . (3.67)
The system of equations rescaled for the fifth timescale is
dR! L
mo__ 1 _ .3 dR/
dT’ 1 Es-RT:L,A dT/ :upR;n—ES,uAR/,
dAm = ~ 681411 —{—eéa—eéflm, dA 1, 4 5 A 9 ~
dT"  (eA+1)(ciR +1) o7 =es0 A, —esvA—esAA,
ac! A 1 ac’ 0
A Om a7~ 1 On A0
/ 1A / dé .
dB,,,1 _ i €4AA + S 3 B =8B, —SAB, (3.68)
dT" (1 +€iS +eA)(1+ei B +eil) C(lig/
! 9
CcllSTT :1—6554,1, dT’ =05, —eAS,
dE/ 1 dE/ _ E/ QA E/
dTTzl—GgE;nv g~ S e ’
dF’ n ) - SAF
= gL 0 AT~ wB+1
dT’ n+ ey m €wb +
At leading order, we have the following system of equations
dR! dR'
m — 1 — /
dT/ Y dT/ /’LpR’n“H
dA,, dA
= O =
a1’ ’ a1’ 0
ac’, ac’ ,
a ~ b ar
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dB!,
a7’
ds'
1T’
dE'".
T’
dF'".
a1’

dB

1B _ s,
=S

W _ ek,

Z? R, (3.69)

Solving this leading order system and matching to the long-term dominant behaviour

on the previous timescale gives the following asymptotic approximations

R =T,
c =T,
S =T
F =T,

R = %T’Q,

C = %T’Z,
o

S = ?T’Q,

F' = §T’2.

Am = Am07 A = AOa
B/ — %T/3, B = g_Z-TM +BO,
E/ _ Tl El/ _ §T/2

) 9 )

(3.70)

The above asymptotic approximations are plotted against the full solution in Figure

3.6. In this timescale, we have translation of AcrAB at the leading order, we note that

this is being driven here by the secondary TA. We note there is disparity between the

approximations and numerics. We could eliminate this by matching to additional orders

of behaviour on the previous timescale, however for simplicity in solutions for the latter

timescales, we have opted not to do so. We also note that these discrepancies decrease

when ¢ — 0.
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3.6.6 Timescale 6: mRNA degradation and full protein transla-
tion

For this timescale, mRNA degradation and expression of ramA enters the leading order

balance in all mRNA equations and (3.72). We take the following variable scalings

T =¢ =T, R =¢sRl, C =esCl, S =e¢s8 E =¢sE
Fl =¢sFl R=ciRrl, O =ecict, §=ciust, FE=ciEl

F'=ciFf, B =¢sBl B=¢:B (3.71)

=€
After rescaling, the system of equations for the sixth timescale is

dR},

—1— Rt dRt
dTt fo <77 = Mo Rl — en AR,
dA,, A ) .
= ~ +OZ—Am, dA ~ 1 A ~
ATt (eA+1)(Rt +1) g =0 Am — v A—eAA, (3.72)
dcCt A JCt
n=———-Cf — A CF _eACT
f LA t dB*t
dBm: : 6{1—1-5 : —B;rn, —:BBL—EABT,
ATV (14 €28t + eA)(1 + ez ET 4 CF) leg:
%:1_51 ﬁZUSJn—eAST,
dTt m ot
@:1—ET WngL_EAET7
dTt m T T
i dF Et
dF n = — eAFT.
§ = -~ ATt eswBf+1
dTt 4 ez Bt

At leading order, we have the following system of equations

dRt,, dR?
_ T _ i
dA,, A R dA .
ey — Am, - moy
A a7~ 04
dct dct
aTt i =1-0h dTt =7Ch,
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dBt,, St T dB!

Tt itor Om ari ~ 7B
%:1—5&, %=05L7
o1 m), w—cr),
% —1-F!, j—g:F;, (3.73)

Solving and matching to the long-term dominant behaviour on the previous timescale

gives the following asymptotic approximations

R, =1—¢"", Rf=pp(Tt =™ —1), Ch=1-¢T, Ct=n(rt—e T -1),
Tt In(Ty + 1
_B;LL:O-—7 BT:/B_O-<TT_ n( Py—i_ ))’ S;:l_e—TT’ ST:U(TT—G_TT—]_)’
VTt +1 gt v
El, =1—e™ Ef=¢1t—e™ —1), Fl =1 —e T plopt T,
(3.74)

while the behaviour for both ramA mRNA (A,,) and RamA protein (A) depends on the

0
relationship between the parameters p,0 and p. If — # 1 we have

1 (upAo — 0 (a+ Ao)) (TTpp+ 1) + (TTup + 1) b

" (up — 0)(npTt 4 1) ’
0
- (updo — 0 (a+ Ag)) (TTup+ 1) + (Thup+1) 0
A e | (3.75)

0
In this case we have different long term blow up behaviour depending on whether — <1

f1p
0 0
or — > 1, detailed below. For the case where — = 1 we have
o wp
Ap=aln(TH+1)+Ag+a, A= (aln (T +1)+4) (TT+1). (3.76)

Here we have taken the case where § = 1,4 = 1,p = 1 for simplicity of displaying the

solutions.
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We can see that we have three cases of long-term behaviour for both ramA mRNA

~

(A,,) and RamA protein (A). We exhibit the relation between this long-term behaviour

and our parameter groupings as follows

Cy for “i <1, TT, for é <1,
A, ~ (T for o =1, (3.77) A~ 3T In(TT) for =1 (3.78)
0 o
Tt b for % > 1, Tthe for % > 1,

where here Cy is a constant. We note that the parameter 0 relates to RamA production,

whilst p relates to RamR production. Since RamR is a repressor of ramA expression, we
0

might expect its rate of production to dominate, thus we note that the case — < 1 is the
Hp

most biologically plausible and use the resulting behaviour to move to the next timescale.

For all future numerical simulations, we set # = 0.5 to satisfy this inequality.

We plot these asymptotic approximations against the full solution in Figure 3.7. This
is the first timescale where the ramA gene is expressed at leading order, this is due to
there being little RamA protein in the system to activate its own expression. We note we
have transcription of ramA mRNA and translation of RamR coming into this timescale.
In addition to this we have degradation terms for all mRNAs, this is causing the mRNAs
to level off and reach steady state. In addition to this, the local repressor of acrAB (AcrR)
is bound to the operator site of acrAB which is in effect limiting the transcription of this
gene. For acrAB mRNA we have a slight mismatch of the approximation to the solution,
we could prevent this by matching to lower orders of behaviour on the previous timescale
(or reduce the discrepancy with a smaller value of €). However, we have chosen not to do

this for simplicity of solutions on this and further timescales.
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3.6.7 Timescale 7: Degradation of RamA, inhibition of acrAB
and acrEF

For this timescale, we have a change of the terms involved in transcription of acrAB and
acrEF, with new terms emerging at leading order in equations (3.80) and (3.81). We also
have RamA degradation entering the leading order balance in equation (3.82). We take

the following variable scalings:

k (3.79)

1 m — 1 . 1- i
T B dan = up Rl — e2uA R,
W dTt m
An _ A fba—di dA’
AT T Gar et " gy = A —vAT Al
1dCY, ) ot (3.82)
€ = —
i 1 m dC*
ATt ez AT 4\ ) T — ~Cl — s ACH,
€ = — € ) 1
T e Yo R A - S
(3.80) chi
L dST M 6t A G
Ezdiﬁ—l_s;, agi = 7 On A5,
dE} et ¢E! — e AE
1 = — €2
o =1- B, T+ m ¢ !
dF} L SAF
1 = — € .
ez m il f (3.81) ATt~ wBi+1

- ~F
dTt  n+ E? m

At leading order, we have the following system of equations

dR?

Rl, =1, aTE pp R,

. At At .

Am:ﬁ—i—a, %ZGAW—’UAi,
dct

ch =1, ITi = v O,
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; gt dB*

B = - T /BBIn?
™ (14 SHOE dTt
Sio=1, T71 = 7Om:
dE}
El =1,  _¢E!
A dF* _ F},
n+ E* ATt~ wBi+ 1 (3.83)

Solving the leading order balance and matching to the long-term dominant behaviour

on the previous timescale gives the following asymptotic approximations

. T OoppTH

Rl =1 RY = ppT* A = QOHPET At — _YORpLT
=1 Cf = ~Tt BTZA St =1

m ) ’y ) m ,y(O_T:I: + 1)7 m )

St = Ti, Dl 1, Ef — Ti7 i = L7

r_ B t 1 t
B* = =1In(cT* + 1), F* = ok In(fwIn(ET* 4+ n) + 7). (3.84)
o w

We plot asymptotic approximations of those variables that evolve on this timescale against
the numerical solutions in Figure 3.8. On this timescale, we have repressor proteins dom-
inating the transcription terms for acrAB and acrEF. With lower levels of transcription,
degradation dominates and the concentrations of the mRNAs lower. We note that in this
wild-type case RamA production occurs late compared to other proteins (starting on the
previous timescale) and is quickly degraded to achieve only low levels in comparison to
other proteins in the system. On this timescale, all other mRNAs have reached steady
state and AcrAB and AcrEF grow logarithmically. With logarithmic behaviour for both

B* and F*, we must justify the scalings we take to the next timescale. Suppose we scale
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our variable as TF = ¢ *T° then

B ~ In(T%), (3.85)
~ In(e™*T"),
~ aln(1l/e) + In(T°),

~ In(1/€) + In(T°).

This means that moving to the next timescale, we should scale B* by In(1/¢). We can

apply a similar process again supposing we scale our variable as 7% = ¢~ *T* then

F* ~ In(In(T%)), (3.86)
~ In(In(e™*T7)),

~ In(aIn(1/e€) + In(T°)),
In(7°)

~ In(aIn(1/e)(1 + aln(1/e)

),

In(7°)
~ In(a) +In(In(1/€)) + In(1 + W%
In(7°)

~ In(a) 4+ In(In(1/€)) + ln(m)7

~ In(In(1/¢)) + In(In(7)).

This means that moving to the next timescale, we should scale F* by In(In(1/e)).
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3.6.8 Timescale 8: AcrEF degradation

On this timescale, degradation of AcrEF emerges in equation (3.88). We take the following

scalings:
Tt = e 21n(1/e) " In(In(1/€)) "1, R = e 2 In(1/e) " In(In(1/e)) ' R°,
Ct=e2In(1/e) ' In(In(1/€)) " C", St=e2In(1/e) " In(In(1/e)) 7S,

Ef = e 2In(1/e) ' In(In(1/e)) " E°, Bl = e21n(1/€) In(In(1/e)) B2,
Ft = e2n(1/€) In(In(1/e)) F2, BY = n(1/e)B°,

F' =In(In(1/€))F°. (3.87)

For simplicity in presentation, we choose to express the log functions as ¢ = In(1/e)™!

and 6 = In(In(1/€))~'. Using these scalings, the system of equations rescaled for the

eighth timescale is

dR° R
T e = BB, — GOuARS,
dR
g @ e 1 P 1
€0 dTe B, 62¢1513—1;0 =0A,, —v At — 2 AAF
3,11 dA, At 1 I
2618 = +eza—e€2A,, oV 1
’ AT (3 At + 1)(e1¢dR° + 1) J7e = 1 O — 90ACT,
T dB°
Ed)ldlcclz(%: - 1Ai+ 5~ O 00 g = BB — ABY,
€2
e ,dB, 2 At 4 e 2050 s
SO 2dT<> = 1 T 1 1 —ep 07 By,
(1+€e2¢05° +e2 AN (1 + e 20 E° + e 1pdC?)
dSt dse
—15-1 mo_ 1 _ t = [ OAS®
€p 0 e S, T oS! — dSIAS®,
dET db®
-15-1%"m _ 1 _ it — BT — GSAE®
EQS 5 _dTO 1 Em? dTO 5 m §b )
3, oo odEy n R SR R —15—1dF<>: I — AF°
€220 ITe _7]+€_%¢5E<> e2¢p 0 F, ¢ iT° ~ wB° + ¢ .
(3.88)
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At leading order, we have the following system of equations

. dR°
fi =1, dTe UPR;rm
Am = Q, Ai — QAm’
Ch=1 dce U(JT
- =~Cf,
- i
mo (eéqb*lé*l + 50)007 =0,
aTe
<&
S;[ﬂ:l’ ;lio :O'S;fnv
Bl =1 o e,
Fo = d dF°

e%qﬁ_lé_ln + Ee’ dT® =0. (3.89)

To be able to match to the logarithmic behaviour on the previous timescale, we
must go to second order for B and F'. By taking the expansions B = by + ¢b;... and
F = fo+¢df1 + ..., we have the following equations

dbe . dfy _ F,
are = PBm (3.90) dT* — Wiy

YN (3.91)

Solving and matching to the long-term dominant behaviour on the previous timescale

gives the following asymptotic approximations

Rl =1, R® = pupT?, A, =a,
Aize—o‘, ch =1, C® =~T°,
v
Sto=1, S° =0T, El =1,
E0:€T<>7 Bfn: 1 7 ; F;;: 1 7 )
v(ezp=1o—1 + oT°) e2p 1o In+ £T°
B°® = £ + <;Sé(1n(aT<> +e2'67h) + In(96)),
2y vy
ny my my o, Lo1c1y, MY
= — +6—"—In(Bw) + dd(=—=1In(ET° + €20 0 ) + —— In(dd) + 7). 3.92
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We plot these asymptotic approximations against the full solution in Figure 3.9. We
include the second order terms to show the logarithmic behaviour of AcrAB and AcrEF.
We note there is disparity in fit for the plots of AcrAB and AcrEF, therefore we include
additional plots (Figure 3.9 (o) and (p)) with a smaller value of € to prove the accuracy

of the asymptotic approximations.
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3.6.9 Timescale 9: final timescale, protein degradation

We move onto the final timescale, here degradation for all proteins that were not already
at steady state emerge in the leading order balance. We take the following final scalings

based on the variables of the previous timescale’s long-term behaviour

T° = In(1/€) In(In(1/e))T, R® = In(1/¢) In(In(1/€)) R,

C° = In(1/¢) In(In(1/€))C, S° = In(1/¢) In(In(1/€))S+,

E° = In(1/¢) In(In(1/e)) E*, B2 =In(1/¢) " In(In(1/e)) "' B,

F© =1n(1/¢) " In(In(1/e)) " F:. (3.93)

Our system of equations rescaled for the ninth timescale is

dR™
6% =1 RT L dA* ~ 1
dT+ m’ € -7 =0A, —vA — e AAY
%dAm A + %a %A act T
€ = € — € ms _ +
dT* (3 A+ 1)(e 'Rt +1) Trr = 1 Om — ACT,
dct A dB®
m ot = B —AB°
6dT+ A+ +)\ Cm, dT+ /B¢ m )
ede;; B At St B
ATt (14 e 28+ + A1+ e 2B+ +e o)
i ds+
Ejiﬁzl—ﬂna dT+:USIﬂ_AS+’
dET dE+ B ; N
ed_TT:1_Ejn’ dT+_£Em_AE 9
s dFT n ) dF* B POF T o
€2 —2 — —e2FF + o — AR
dT+ 1 N m? dT (CUB —f‘ﬁb)
n+erk (3.94)

Here, the terms ¢ = In(1/¢)~! and § = In(In(1/€))~! have emerged from logarithmic
behaviour on previous timescales. With the value of € = 0.01, these terms are effectively
O(1), so we include them in the leading order balance. Matching to the long-term domi-

nant behaviour on the previous timescale gives the following asymptotic approximations
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dR*

Rl =1, 277 = ko Rl — pARY,

An=a. 4t ="4,,

ch=1 %zycﬂn—AC*,

Bl = g O = 69B}, — AB”

Sho=1, %:asjn—Ast

El, =1, ZiTi —¢El - ABT

Ff == A __9F AR (3.05)

dT+  (wB° + ¢)
This system of ODEs can be solved, matching to the long-term dominant behaviour

on the previous timescale gives the following asymptotic approximations

Rl =1, R+:£(1—e_“AT+), A, = a, Ai:%,
cl =1, C*= %(1-5“), Sh=1, St = %(1—6*@),
El,=1, E'= %(1 —e A7) B = S0 = 577 _iAw), F= g(l+éﬂ+),

B°® = %(1 +In(y(eAT" —1))e 2T, Fo — %(1 + 6%@_AT+). (3.96)

On this final timescale, we see all proteins reaching a steady state as their degradation
terms appear at leading order. We note that the approximated steady states match closely
to the numerics. Thus we should be able to draw strong conclusions by performing steady

state analysis on the approximations.
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3.6.10 Summary

In Figure 3.11 we exhibit the leading order processes in timescale order from our asymp-
totic analysis for the wild-type case. We detail the order of dominant processes shown in

the schematics. As predicted by the analysis:

e Genes that are not highly regulated by proteins are expressed, resulting in their

mRNA transcription and protein translation.

e If produced subject to the relevant stress, SoxS (the secondary TAs) does not signif-
icantly increase acrAB expression but the asymptotic analysis reveals that it may

effect the timescale on which expression of acrAB first occurs.

e When produced, RamR inhibits ramA expression, preventing RamA from achieving
activation of acrAB at leading order. AcrR also lowers (but does not shut off

entirely) transcription of acrAB.
e EnvR binds to the promoter site of acrEF repressing its transcription.

e Degradation of all proteins brings the system to a steady state. The system would
remain at this state with eflux proteins present until the relevant stress is removed

from the cells, at which point the system would revert to a state of basal eflux.

We note that at steady state, the local repressors of the efflux pumps (acrR and envR)
have been expressed to a large enough concentration that they are dominant in the leading
order processes and are the only gene products impacting efHux pump expression. We can
see at this point the system is reduced to four genes affecting eflux pump expression, and
thus at steady state for this case we should focus on these genes as potential inhibition
targets. This concludes the wild-type asymptotic analysis. We have broken down the
system into nine timescales. For each of these timescales we have obtained full analytical

solutions.
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3.7 Asymptotic analysis of the mutant dynamics

In this section we take the case where RamR protein is mutated (i.e g = 0). We remind
ourselves that this mutation results in a strain that displays MDR. Therefore, we expect
the dynamics to be different to the wild-type case. In order to gain further insight into
the behaviour of this strain, we must consequently undertake a new series of asymptotic

analysis. We denote the scalings we must take in order to reach each timescale in Table

3.3.

3.7.1 Timescale 1: mRNA transcription

As with the wild-type case, on this first initial timescale we address the issue of the

systems initial conditions of all variables being O(€). We must take the following scalings

T = ET, R, = d?m, A, = eAm, Cpn = eé’m, B, = eém,
S = €S, E, = eEm, F, = GFm, R = GR, A= efl,
C =eC, B = B, S =S, E = ¢FE, F=cF (3.97)

Using these scalings, our system of equations rescaled for the first timescale is

A

dRin == 1—€Rm, d}? =0
dAT | 47 ;
d € A A
= — - +ea — €A, dA 4 R T N DN
AT (eA+1)(eR+1) o7~ fedn —evd— A4,
dC,, A . ; . .
— = — — eCpy, dCA’ =~eC,, — EAC,
dT €A+ )\ d
B A+ €S . 3 . .
d m _ i e:l—eS ] _ B, L:ﬁEBm—ezAB,
dT (1+eS+eA)(1+eE+eC) dT
A d/\ R R
45m =1—eS,, d; = /%6 S, — A8,
dT
dT
dFw — ¢k AF _ P _opp (3.98)
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At leading order, we have the following system of equations

dRi" =1, d}? =0,
dT dT
dA A

= =0, d—’ilzo,
dT dT
dCfn :1’ d_q:O7
dT dT
dB dB

Am :O, —A:O,
dT dT
—dSI” =1, ds: =0,
dT dT
dE}” =1, dEA =0,
dT dT
dF,, dF

==, - =0. (3.99)
dT dT

This system of ODEs can be solved analytically and as there is no previous timescale,

we match these solutions to our initial conditions to give the following asymptotic ap-

proximations
R’m :T+Rm07 RZRO) Am :Am07 AZAO)
CA”m :T+Cm0a ézCO) Bm :Bm(); BZBO;
gm:T—FSmo, S:SO, Em:T+Em07 E:E(),
Ep =T+ Fpp, [ =F, (3.100)

We plot these asymptotic approximations against the numerical solutions in Figure 3.12.
As expected, we see the transcription of various gene’s mRNA occurring first. The tran-
scription of ramA and acrAB mRNA are currently not active due to there being very
little activator protein bound to their promoter sites to get a high level of transcription.
As there is no translation of RamR protein, we see our asymptotic approximation already
encompasses the full behaviour of this protein. We note that the behaviour of almost
all variables on this timescale are almost identical to the wild-type timescale 1 (Section

3.6.1), with the exception of RamR protein.
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3.7.2 Timescale 2: protein translation

For this timescale, we take the following scalings:

T

S

_ 1.~ 1~ ~
e 2T, € 2R, Cm
F,

_ 1 x _1 >
€ 25, € 2k,

1
€ 2

my

3. (3.101)

These scalings result in the translation terms for AcrR and AcrEF entering the leading

order balance in equations (3.102)-(3.103). We note that this timescale has the same time

scaling as Timescale 2 on the wild-type analysis. Our system of equations rescaled for the

second timescale is

—dRZﬂ =1- E%Rm,
dT
dflm €z A

A 1.

— = — —e2C,,
dT €A+ A\
dém_ G%A%—e%g
dT (14 eS+eA)(1+e
d—inz]_—E%Sm,
dT
dE,, .
— =1—€2 ms
dT
o 0 ap
dT n+ekl

i :0,

dT

d—/} = E%HAm —ewA— E%AA,

dT

dC . s

— =~C,, —e2AC, 3.102
T =" € (3.102)
d—Bi = e%ﬁém — e2AB,

dT

d—bj — ¢ig S — G%AS‘,

dT

d—l? = eéfEm — G%AE,

dT

dF F,,

S e 7Y (3.103)
d ewB +1

dR
—V_O,
dT

dA
—VZO,
dT

dC .
A Cm7
a7
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—_— = _v:07
dT 0 dT
—dSznzl, d_‘Sj:O’
dT dT
dE 5
—jnzl, d—l?:O,
dT dT
dF,, dF

=F,. (3.104)

Q.
~

Q.

N

Solving this reduced system of ODEs and matching to the long-term dominant be-

haviour on the previous timescale gives the following asymptotic approximations

Rn,=T, R=R, A = Ao, A = A,
=T, é:%ﬁ+qb B,y = By, B = B,
Sop =T, S =S, E,=T, E = Ey,
E,=T, F:%T?+%. (3.105)

We plot these asymptotic approximations against the numerical solutions in Figure 3.13.
As expected, we see the fast translation of the genes transcribed on the previous timescale.
However, as RamR protein is mutated and is not produced in a form that affects any other
gene in the network, we see no translation from ramR mRNA. The translation is not
present for EnvR and the secondary TAs as these are a homologue gene and underlying

activators respectively, thus we expect less expression of these genes.
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3.7.3 Timescale 3: SoxS and EnvR translation

We move onto the third timescale, we take the following scalings based on the variables

on the previous timescale’s long term behaviour

T = e_iT, R, = e_iRm, Cn = € i s
Sm = E_i 7m7 Em - E_i 7m7 Fm = e_i 7m’
C=c:C, F=eif. (3.106)

These scalings result in the rest of the translation terms for all mRNAs that are under-
going transcription entering the leading order balance in equations (3.107)-(3.108). We
note that this timescale coincides with timescale 3 on the wild-type asymptotic analysis.

The system of equations rescaled for the third timescale is

1 = _
T 1 —€iR dR
ms _7:()’

i, A 1

mo_ - fo— et A A ) ) )

aT (eA+1)(ezR+ 1) Teta—ctdm, Z—T:eiHAm—eivA—eiAA,
dC,, A g dC _ _

— = — — €10y, —= =70, —e1AC,
dT €A+ ) ‘ a7 ! ¢

A 12 1A . B N R
dBJn_ i 641A4+€4SA _ —eiBm, d——zeiﬁBm—elAB,

dT  (1+eS+eA)(1+ ek +e2C) aT

. y i )
dSm _ | _ 13 5 55, —ing, (3.107)
dT m jg
dE,, 12  _¢E, —ciAE 3.108
—dT :1—€4Em7 dz‘v g 711 €4 ) ( . )
Fm __m__ ap %E—— Fn _ _ SAF

dT  n+eFE ’ ewB +1

—dR,m:L d_}?_o
dT dT ’
dA,, dA

_— :O —_— =

ar a7 ="
dC,, dC ~
— =1, —= = 70U,
dT dT
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S
s

s
dfzs
iE
ar b
iF
== =Fu. (3.109)

We solve the leading order system of ODEs and match to the long term dominant

behaviour on the previous timescale, giving us the following asymptotic approximations

R, =T,
T
5 T
F, =T,

=5

Q)

D

F

ROJ

T2,
2

o —

§T2+SO,
17
ST

Am - Am07
Bm - Bm07
E, =T,

A=A,
BZBO;
E=§T2+E%

(3.110)

We plot these asymptotic approximations against the numerical solutions in Figure

3.14. Following from the previous timescale, here we introduce the fast translation of the

secondary TAs and EnvR.
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3.7.4 Timescale 4: acrAB mRNA transcription

For this timescale, we have transcription of acrAB mRNA entering the leading order

balance in equation (3.112). We take the following scalings:

T= e_TIQT, Rm = E_TIQRm, C’m = 6_5@”, S’m = e_éﬁm,
Emze_l%Em, sze_l%ﬁm, C’ze_%é, 5':6_%5,
E=etE, F=¢oF. (3.111)

This timescale occurs at the same time as timescale 4 on the wild-type analysis. After

rescaling, the system of equations for the fourth timescale is

ARy, -
—~:1—€ng7 >
aT d—}?:(),
dlem G%A 1 14 d]:
= = A 1~ +esa— €5 A, dA 1. 2 A 7oA
dT  (eA+1)(e3R+1) — =€i0 A, —esvA— et AA,
= aT
dCp, A 1~ N
— = — — €60y, aC ~ 7~
aT €A+ A ﬁ:")/cm—GGAC,
dBln = EEAA—i_S == —E%Bm, dB 1, TAA
dT  (1+ €88+ cA)(1+ s E +e30) —7 =B Bn—SAB,
(3.112) 43
~ 7 ~
- — =05, — € AS,
ddeT :1_6%87717 d]:
5 dFE ~ 7. =
. — =¢E, —esAFE,
%%gzz1—eéEm, dT ¢ "
dF,, n 1~ d—}?: }Tm — 6 AF
— = — — €6 F,, dT  ewB+1
aT n+esk

Ao _ ar_y
dT dT

dA,, A
—~:O, d—I%:O,
a7 aT

acC,, dC .
—~:1, _NZ’Y ms
dT dT
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dB,, =~ dB
— = :S, e
dT dT
dSm _ ds
dT ’ dT
dE,, . dE
dT ’ dT
dF,, . dF
dT ’ dT

= F,. (3.113)

Taking this leading order balance, solving and matching to the long-term dominant

behaviour on the previous timescale gives the following asymptotic approximations

Rm = T, E - Ro, Am - Amo,

ém = T, é = 2T27 Bm = Ejﬁ + BmO;
2 6

~ ~ ~ O =9 ~ ~

S =T, S:§T’ E,=T,

~ ~ ~ 1 =

"21 = A07

é - Bo,

E=t7
2

(3.114)

We plot these asymptotic approximations against the full solution in Figure 3.15. This

is the first timescale where our eflux gene acrAB is transcribed. We notice that this is

being driven by the underlying regulators Rob, SoxS and MarA binding to the promoter

site of acrAB.
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3.7.5 Timescale 5: AcrAB translation

For this timescale, we take the following scalings based on the variables on the previous

timescale’s long term behaviour

T= e_ﬁT’, R, = e_iRﬁn, C, = 6_7140;,1, S = e_iS;n,
E, = e_iE;n, F, = e_iFJn, C=cul, S=e1g,
E=e¢up, F=c¢nuF, By =¢sB, (3.115)

These scaling result in AcrAB translation terms entering the leading order balance in
equation (3.116). We note that this timescale matches the same time scaling as timescale

5 in the wild-type asymptotic analysis.The system of equations rescaled for the fifth

timescale is

dR!

=1 SR, iR _

i 1a arr

= — €8 — €8 A, 1,4 54 9 0 4

AT (A +1)(eiR +1) T = Ay — v A— A4,
ac!, A . qc
AT~ A+ N O di, =G, — AL,

’ Ay S dB .
B, __@ArS  _ap P daB (3.116)
AT (14 €18 +eA)(1 4 €1 B+ eiC") (cilg’
ds,, =1—es9 dT’ =08, —cAS,
dT’ m
dE, 1 dE/ _ El %A E/
i =1 a7 =€ Fn = A E
dF’ dF’ Fr/n 2 /

mo__ 77 o éF/ ; - PN - ESAF .
ar’ 77+E%E’ € Fmo dT"  ewB +1

At leading order, we have the following system of equations

AR’ :

dT/ dT, )
dA,, dA

ar Y o =0
e’ ac’
b a7 = G
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dB’,
dT’
s’
dT’
dE!
dT’
ary,
T’

s S/’

=1,

=1,

dB )

g~ DB

ds’

a7 = 5w

dE’ ,

i ~ B

dF’

= Fh. (3.117)

This system of ODEs can be solved, matching to the long term dominant behaviour

on the previous timescale gives the following asymptotic approximations

R =T, R = Ry,
C/ — T/ Cl — zTIQ
m ? 2 )
S/ _ T/ S/ — ET/2
) 9 )
F/ — T/ Fl — lT/Q
) 9 .

Am = Am07 A = AO’
B %T’S, B = Q—ZT’4 + By,
E/ _ T/ E/ _ §T12

Y 2 )

(3.118)

We plot these asymptotic approximations against the full solution in Figure 3.16. In

this timescale, we have translation of AcrAB, we note that this is still being driven by

the underlying regulators Rob, SoxS and MarA. We note that this is the last timescale

that displays almost identical behaviour (apart from RamR protein) to the respective

timescale on the wild-type asymptotic analysis.
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3.7.6 Timescale 6: mRNA degradation and full protein transla-
tion
We move onto the sixth timescale, here mRNA degradation and expression of ramA appear

at leading order in all mRNA equations and (3.120). We take the following variable
scalings

T =Tl R, =¢sRl, Cl, =c5Cl, 8 =c58]

m’

1
I ipt
E, =e€e¢3b,
1 1

F,'n:e_éF;ﬁL, C'=e 10T, S =18t E =¢1E" F' =¢aFT,

B, =¢ 8Bl B=¢2Bl (3.119)

This is the last timescale that matches on time scalings compared to the corresponding
number timescale on the wild-type analysis. Using these scalings, our system of equations

rescaled for the sixth timescale is

dR} .
=1-R!, dR
daTt L
i dTt
dA,, A N i Y
= ~ ~ a — Ap, N 1 N N
ATt (eA+1)(eR+1) =0 AL — v A— A4, (3120)
dC; A ;
mo_ —C dct - :
dTT  ¢A+ 2 m a7 =~C) —eACT,
t s A+ S dBt
dBm: {1 +S5 : —B;rn, TIBBL_GABT7
dTT (14 e2ST +eA)(1 + ez ET + CF) dgT
d
ds), 457 ot _ A S
dTT_l—ST dTT—aSm eA ST,
Bt
dETTn_l Ef d—szL—eAET,
qart T dTI T
dF,, - " _ Ft ;l;:r = it — eAFT.
ATt p+ et m e2wBt +1

At leading order, we have the following system of equations
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dRt,
fTT =1-Rl, jﬁ 0
dA,, - A )
arr = AT A 255 =
dCt dct
ZZm 1 of — T
dBt,, St dBt 35!
dTt 1+ Ct m art T
st dst
—1- S, _ _at
ATt =1-5 dTt 7 5m;
dE! dET
— T Ef
art ~ 1T En art ~ S
dF}, dFT
_ Rt e o
YV =1-F" 7 = Fl. (3.121)

Solving and matching to the long term dominant behaviour on the previous timescale

gives the following asymptotic approximations

R, =1-¢", R=R, Cl=1—eT, Cl=ny(T" e -1,
Tt In(THy +1
Bl =-—2— BT:ﬂ—0<TT——n( i )>, Sh=1—eT St=ort—eT -1,
VTt +1 gt v

Ejnzl_e_TTa ET:§<TT_6_TT_1)5 FJL:l—e_TT, FT:TT—B_TT—L
—14+viFae)Tt

4 (VIT 400+ VI T E040+2A00 + o+ Ag) ez

m = — Q,

2v1+40
(—1+vitae)rt

A_((a+Ao)\/1+40+(29+1)Ao+a)e 2 (3.122)
B 2v1+40 ' '

We plot asymptotic approximations of those variables that evolve on this timescale against
the numerical solutions in Figure 3.17. In this timescale, we have most of the mRNAs’
asymptotic approximations reaching near steady state as their degradation takes effect.
The only mRNA not reaching steady state is ramA mRNA, which is exhibiting exponential
growth. There is the same exponential growth for RamA protein, both of these growth
behaviours are caused by the positive feedback loop with the ramA gene upon itself. In
contrast to the wild-type system, without any presence of RamR protein to repress this

feedback loop, we see rapidly increasing expression of ramA.
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3.7.7 Timescale 7: activation of acrAB by RamA

For this timescale, we require the following values ¢ = In(1/e) ™ and k = 1(—1++/1 + 46),
resulting from the logarithmic and exponential behaviour on the previous timescale re-
spectively. Activation of acrAB mRNA transcription via RamA protein now appears in

equation (3.124). We take the following variable scalings:

1 . .
T = o In(1/e) +TF A, = e_%Afﬂ, A=Al CT =1In(1/e)C*
K
= In(1/¢) B, ST=1In(1/e)S*, E'=In(1/e)E*, F'=1In(1/e)F*. (3.123)
This timescale takes place between timescale 6 and timescale 7 (Sections 3.6.6-3.6.7)

of the wild-type asymptotic analysis. The system of equations rescaled for the seventh

timescale is

dRT dR
_ Rt — =0

1 i At
dAm: . A _ 4_5%04_14};”7 d i—@Ai —e2v At — eAAT,
dTH  (e3 At +1)(eR +1) -
dct, A o b 1dTi yCl — ep P ACH,

i Lt m’
dT ezA Y+ )\ , dB! .
dB}, At 4 ¢p7LsH ¢ ETﬁ Bf, —e¢p™'A BY,
AT (1+ e3¢ 1St + s A (1 +e3gp BF +¢71CF)

(3.124)

s}
ZZmo 1 gt gt
ari = L7 5w 6! dTi — oS! — e LA S

i
B gt _,dB! ) N
dTTi pE = EEm— 0T AE
dr i

mo__ _ FT 1 dF'i }7Jr —1

i 1, m) = m — AFI-
dT 77+€2¢ 1Ei ¢ dTi G%Qﬁ*lei—i—l €¢

At leading order, we have the following system of equations

dR? dR

Zom_ 1Rt R

aTt Bom: a7t =Y

d A dAt
ome_oAf g — oAl
dCy, dCt

art ~ 1O i =G
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dBt, At 4 o71SH dBt
= 1 - B;{n? e ¢BB;27,7
dT# 1+ ¢~ 1CH dTt
dst ds*
d_ﬁzl_sjm ﬁ:¢05;7
dE} dEt
dTY;L —1— Eim aTE ¢£E7Tm
dFf dFt
art =1 Fw ari = 9

(3.125)

We solve the leading order system of ODEs and match to the long term dominant

behaviour on the previous timescale, giving us the following asymptotic approximations

Rl =1-—¢T" R = Ry,
Age?™" + ¢ LoTH
Ci — (Ti o -7t - 1> BT _ 0
QZS’}/ € Y m ¢_17Ti + 1 9
St = go <Ti—e_Ti—1), E’;zl—e_Ti,
B =g (TH—e™ =1),  Fl=g - -1),

(-14viFao)TH

(AoV1+40+2A,00 + Ag) (-1+V1+40)e 2

i
" 461+ 46 ’
(—1+vitao)Tt

AoV1+40+2A,00 + Ag) e 2
2v/1+ 46 ’

A

At

Ch=1-¢e"
St =1—¢"T
ngzl—e_T

Bt e v Ei

2

gl gl g Y

_BoAy o (LQTJFQ)+6¢0T_6¢01n(T7¢9+¢9)'

1

1

I

1

9

(3.126)

Notably here we have the function F7 that represents the exponential integral func-

tion. In order to move to the next timescale we must determine the long term dominant

behaviour in terms of elementary functions by taking their series expansions at infinity.

For the exponential integral function as z — oo we have [29]

Bi(z) = %ez (1+0 (%)) |

(3.127)

We plot asymptotic approximations of those variables that evolve on this timescale

against the numerical solutions in Figure 3.18. In this timescale we still have exponential
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growth of ramA mRNA and RamA protein caused by the positive feedback of the ramA
gene. This growth has resulted in activation of acrAB mRNA which now exhibits long
term exponential growth. This is being translated to AcrAB protein which now also ex-
hibits long term exponential growth. This behaviour varies from the wild-type analysis,
where there is no direct activation of acrAB mRNA from RamA on any timescale. Com-

paratively, this results in a larger concentration of acrAB mRNA in the mutant analysis.
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3.7.8 Timescale 8: ramA mRNA reaching steady state

For this timescale, the limitation of ramA activating its own expression enters the leading
order balance in equation (3.129). We take the following scalings based on the variables

on the previous timescale’s long term behaviour

T = 2i In(1/€) + T°, Ab =249 At =3 A°,
K
Bl = €2 In(1/e) ' B2, C* =1In(1/€)C?, S*=1n(1/€)S°,
Bt=¢2 In(1/e)*B° E* =1In(1/e)E°, F*=1In(1/e)F°. (3.128)

Comparatively, this timescale takes place between timescale 6 and timescale 7 (Sec-

tions 3.6.6-3.6.7) of the wild-type asymptotic analysis. The system of equations rescaled

for the eighth timescale is

are = 1 “are
dA® !
dA, A° . L OA° — o A° — AL
7>~ (At Dera) A dT° m T VAT ERA,
(A°+ 1)(eR+ 1) ,dC® ) 3 A vo
(3.129) o T = vCl —ep 2 AC?,
dCf A o
m o — —C;rn, dB :QSBBO—EABO
AT~ A°+ A I m ,
¢dBf5 B A° 4 e2g28° 4B
dT° (14 e2¢725° + A°)(1 + €2¢2E° + ¢=2C°) "

s} ds°
dTrz =1-51, o2 d?’o =08l —ep2AS°,

El o dE” _
2TTZ=1—E;, ¢2dTQ=§EL—€¢ *NE°,
dF;r1 B n gt = dF°® _ FTL e AR
dT° 4 esg2pe ™ dT°  wB°+ 1 '

At leading order, we have the following system of equations

'|' A~
dfT:lzl—R;%a an _
dA°  A° a1

m — _ A<> dAO o>
dTe  Ac+1 ™ ITe = 0A,,
dC A dCe

m o _ 42 T
dTe  A°+ )\ Com dT° =" O,
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t o .
o 1+ A°><?+ 5c P 7 = 9555
B o1, g% = s},
1 g, 7 =<5l

Taking this leading order balance, solving and matching to the long-term dominant

behaviour on the previous timescale gives the following asymptotic approximations

Rinzl—e_To, R:RO, C’;El:l—e_:ﬂ>
2y A In (0T° 4+ X o o
CO:QSFy n; + ), F;:l—e_T, SL:l—e_T,
S*=¢’c(T°—e ™ —1), El=1-¢", E=¢¢T - 1),
W ( (Ao\/1-i-ﬁ-i-214m09-1—140)69T<> )
o 2v/IT40 o —w (AgV1 440 + 24,060 + Ag) €°
" (AoV/TH10+2 4,00+ Ao ) 0T ’ 2/1+ 40 ’
W 2v/1+46 + 1
R ¢716)T<>

T (14 0T0) (1 A OTEN )

0
B°® = ée_v%Ei (1, In(67 + \) + —)\) _8 In (YA In(0T + A) +6),
g Y

Y
F° = ¢—2 A In*(07° + ) + = In(07° + \) (3.131)
Bw \ 20 A ' '

Notably here we have the functions W that represents the Lambert W function. In
order to move to the next timescale we must determine the long term dominant behaviour
in terms of elementary functions by taking their series expansions at infinity. For the

Lambert W function as z — oo we have [19]

W(z) =In(z) + O(In(In(z))). (3.132)

We plot asymptotic approximations of those variables that evolve on this timescale

against the numerical solutions in Figure 3.19. In this timescale the ramA gene’s positive
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feedback has been limited, causing at long term the gene’s mRNA to approach steady state
and the gene’s protein to have linear growth. This change of behaviour of RamA from
exponential growth causes acrAB mRNA and protein to no longer display exponential
behaviour. Notably this behaviour is not present in the wild-type analysis as the ramA
gene positive feedback loop is not present at leading order on any timescale. We note
that we have disparity of fit for both acrAB mRNA and protein. Therefore, we include
additional plots (Figure 3.19 (o) and (p)) with a smaller value of € (¢ = 0.0001) to prove
the accuracy of the asymptotic approximations. Disparities in other simulations could

also be reduced by a smaller € value.
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3.7.9 Timescale 9: degradation of RamA protein

We move onto the ninth timescale, here degradation of RamA protein caused by Lon
Protease enters the leading order balance as well as EnvR repression of acrEF in equations
(3.134)-(3.135). We take the following scalings based on the variables on the previous

timescale’s long term behaviour

T° = ¢ 2T, A° =2 AT, 50 = 28",
E°=¢2E", BS =In(1/e)"' B}, B® =€ 2In(1/e)'BY,
Ch = et C° =In(1/e)CH, F° =1In(1/e)?F*. (3.133)

In relation to the wild-type asymptotic analysis, this timescale transpires between
timescale 8 and timescale 9 (Sections 3.6.8-3.6.9) . The system of equations rescaled for

the ninth timescale is

€3 aR =0
SABL ar+
dT+ m’ dA* —0A° — At 2 AAT
§ 4Am A +ea— A ZE 3,135
€ = = € — ms .
dT+ (e 2 AT +1)(eR+1) Jo+ ( )
L S g ¢_3W =y CF—e163ACT,
ATt 5 A+ 4 ) " dB+ T
_1 _ - = BT —e¢2A B
6%¢2 dB} _ e 2AT 425t a7+ ¢2¢Bﬂ+ m € )
AT (14 ¢728% + € 2AT)(1 4+ ¢ 2B+ + ¢73CH) "
;
e jiﬁ =1-5n ds*
o 022 =S —erphi A ST,
6% mo_— 1= ET dT+
+ m dE+ 1
E 6 = 6Bl oA B
€2 —1 = —~ ! (3.134)
+ -2+ m? + T )
AT+ 1+ ¢2FE - dF o A6AFt

AT+ ¢uB* + e

At leading order, we have the following system of equations

dR

R, =1, ar+

A =1, dA* .
W = QA:n — UA 5
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Solving and matching to the long term dominant behaviour on the previous timescale

gives the following asymptotic approximations

AO:QQ e, A =1, Ri =1, R = Ry,
()
3
C;rz = 0(1 /\:—UT+)7 C+ - ¢ ZAUTJr? SZ@ - 17 SJF = ¢20T+7
+ _ 1 ET -1 Bt ¢2§T+ T Ui
m ¢2(1+§T++%T+)7 m ) ) m +£T+7
8620 In ((¢3y Av + PO &) T + ¢30) o*n(yAv + 6€)
Bt = Ft = In(¢® In(T+ + 1)).
PR VT Y: , €70 n(¢” In(7T" + 1))

(3.137)

We plot asymptotic approximations of those variables that evolve on this timescale against
the numerical solutions in Figure 3.20. In this timescale we have RamA protein reach-
ing steady state from degradation via Lon Protease. With this, we have acrR mRNA
also reaching steady state. With less RamA protein due to degradation, the repressors
dominate expression of acrAB, causing its inhibition. We also have EnvR protein causing
inhibition of acrEF mRNA. This inhibition of mRNAs causes logarithmic behaviour for
both AcrAB and AcrEF. Comparatively to the wild-type analysis, for both strains we
see the emergence of repressor proteins on the latter timescales. Interestingly though
however is the repression of acrR mRNA transcription by RamA, which is not present in

the wild-type analysis.
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3.7.10 Timescale 10: full protein degradation, with all proteins
reaching steady state

For this timescale, we use § = In(In(1/¢))~!, emerging from the logarithmic behaviour on
the previous timescale. On this timescale protein degradation emerges for the rest of our

proteins. We take the following variable scalings:

TJr:e_%T7 ct :e_%Cu’, St :E_%S,
Bt = bE, BY =B, Fj, = i,
B* =In(1/€)B, F* =In(In(1/€))F. (3.138)

Comparatively, this timescale takes place after timescale 9 (Section 3.6.9) of the wild-

type asymptotic analysis. The system of equations rescaled for the tenth timescale is

i
EQd};’ =0
dR!
€ o=1— R;fm At
dT G%duzeAjn UA‘F_E%AA—‘,-’
dAy, e 2 At . o CZTC*
€= = - e — AS )
AT (e 3AT +1)(R+1) ANt TN
s dC T A\ L dT
€2 Cn = —3 — 650:17 dB o g y
dT €z AT+ )\ dT—¢BBm—AB,
12 i TEAY 4 dgS o
‘ r G r- - — € ms
AT (1+e 3628+ e 1 A)(1+ e 36—2E + e 36-30)
ds? }
m — o T )
“ar = o ¢‘25‘; =a S, —¢7?AS,
edEZT” =1-E, dE )
dT ¢—2 uZSEIn—¢_2AE7
3 di’m n lf;’ Zg F
“ r 3 n  Cim m A e o
iT  nreloth T L TN

Rl =1, dff—o,
dT
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A =1, At = —A°
v
A e 5
y 1 B y 5
Bm:¢_2 o 3N du :¢2ﬁBm_ABa
(p—2E + ¢=3C) dT
ds y
Sto=1, d;z = ¢*0SH — AS,
E 3
El =1, ZT = $2¢E! — AR,
y dF E, y
By = ; ZE % = ) = - AF (3.140)
- w

This system of ODEs can be solved, matching to the long term dominant behaviour

on the previous timescale gives the following asymptotic approximations.

Riﬂ: 1’ R:R07 A;;: s
ar=? e R
. 1 } 36 _Af
mT e L o “ATY B=———(1-¢*%7), Sh=1,
P*(x + Kg) (1 —e2T) YAV + 08
§= T (1=, B=gh(1i- ), Bl =1,
y U o o (yAv +6¢ _
F, = T~y F= <§w59 )(1 AT (3.141)
A

We plot asymptotic approximations of those variables that evolve on this timescale against
the numerical solutions in Figure 3.21. In this timescale we have all variables reaching
steady state. We note that compared to the wild-type analysis, the steady state values
for RamA and AcrAB are much larger in the mutant strain. Due to disparity in the
asymptotic approximations of some variables, we have included the second order terms in

the asymptotic approximations (we could instead use a smaller value for €) obtained via

Van Dyke’s rule [91].
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3.7.11 Summary

In Figure 3.22 we exhibit the leading order processes in timescale order from our asymp-
totic analysis for the mutant case. We note that the schematics are not on identical
timescales to the wild-type case as the scalings to reach each of the timescales are dif-
ferent. Here we detail the differences in the order of dominant processes shown in the

schematics compared to the wild-type case. As predicted by the analysis:

e In this case, functional RamR is not produced. This allows the positive feedback
loop on ramA expression to dominate at leading order, resulting in high production

of RamA and activation of acrAB expression.

e Any activation by secondary TAs (that may occur under the appropriate stress) is
overshadowed by RamA and relegated to lower order behaviour. RamA also lowers

AcrR levels, yielding higher expression of acrAB in the analysis.

e RamA is regulated by degradation through the Lon protease, allowing AcrR and

EnvR to dominate acrAB expression.

e Degradation of all proteins brings the system to a steady state.

At steady state, as expected this mutant strain also has RamA dominating the be-
haviour (in addition to those considered in the wild type strain). The analysis therefore
identifies ramA, acrR, envR, acrAB and acrEF as the most likely potential targets for
eflux pump inhibition. In regards to the other timescales, this breakdown highlights the
importance of the positive feedback loop of ramA. With the release of ramA expression
in this mutant case, various different interactions between genes and proteins become
dominant. In particular, we see direct and indirect activation of acrAB, with the latter
as a result of its local repressor, acrR, itself being inhibited (by RamA). It is interesting
to note that the direct activation from RamA only dominates at leading order prior to
steady state and without undergoing our time-dependent analysis we may have not iden-

tified this key mechanism in the activation of the eflux pump genes under this parameter
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set. Reducing the activation from RamA may be enough to minimise early expression of
acrAB, enabling the antibiotic to kill bacteria before its eflux pumps are overexpressed.
For example, an efflux inhibiting adjuvant targeting RamA may be more successful if ad-
ministered with or before antibiotic. It is also important to note that in the wild-type case
we see no leading order activation processes caused by RamA (though this will be present
at lower orders). Thus whilst choosing ramA as an inhibition target seems plausible, this
may only revert the GRN to the wild-type case rather than knocking out efflux expres-
sion entirely. This concludes the mutant asymptotic analysis. We have broken down the
system into ten timescales. For each of these timescales we have obtained full analytical

solutions.
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3.8 Steady State Analysis

Upon reaching the final timescale, all of our variables attain a steady state. For the full
nondimensionalised model it is not possible to derive a set of analytically solvable steady
states. However, in both wild-type and mutant cases we can achieve analytical expressions
for the asymptotic approximation of the steady states. We know from our GRN that
reducing the concentration of the main eflux pump protein AcrAB results in increased
concentration of the homologue eflux pump protein AcrEF. Thus we must consider both
eflux pump protein concentrations simultaneously. We perform a sensitivity analysis
of the sum of the asymptotic approximations of the steady states of AcrAB (including
second order terms) and AcrEF, the proteins that form the efflux pump complexes (i.e.
this reflects the total efflux “power” of the bacteria). By conducting this analysis we hope
to identify potential targets for eflux inhibition. Here, we use relative sensitivity in order
to draw comparisons on how much individually changing a parameter affects the overall
eflux. We define our equation for the relative sensitivity as
d(B+ F)

e L} 142
S T (3.142)

where d(B + F) represents the change of the efflux pump genes steady state and dP
represents the change of the nondimensional parameter being varied.

To conduct our sensitivity analysis, we vary all our nondimensional parameters in a
bounded parameter space. For both wild-type and mutant strains, the space is bounded
to the range of €5 to €5 to maintain consistency with the parameter sizes used in the
asymptotic analysis. By using a Latin hypercube method of sampling, we choose 10000
points in the parameter space for each parameter and find the relative sensitivity for each
point. The resulting relative sensitivities are then plotted on box plots in order for us to
view the distribution of sensitivity. We exhibit the results of the sensitivity analysis in

Figure 3.23.
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Figure 3.23: Box plots showing the relative sensitivity of nondimensional parameters on
the combined asymptotic approximated steady states of AcrAB and AcrEF. In (a) we
denote the sensitivity in the wild-type case whereas in (b) we denote the mutant case.
For (b), mutations to RamR protein results in more parameters involved in our steady
state approximation.

We can see from the wild-type case (a), that the parameter to which efflux is most
sensitive is 7, here all points correspond to the same value as this grouping only affects
AcrEF and does so linearly. Our next most sensitive parameter is £, which also has the
largest spread of sensitivity of all parameters in this case. We note that our most sensitive
parameter groupings n and £ relate to the binding coefficients of EnvR to the two efflux
pump genes, and the expression of envR respectively. Since both of these parameters
involve envR mRNA or protein, the analysis suggests that this gene could be a possible
target for inhibition of efflux in this case. Our next most sensitive parameter is w relating
to the link between the concentration of AcrAB and activation/repression of acrEF the
homologue efflux pump gene. Unfortunately as we do not know the full mechanisms
involved causing this link, this does not provide a realistic target for inhibition. However,
this does lead us to believe that with more biological knowledge of this link there could

be a potential inhibition target worth pursuing. Finally with similar sensitivities are
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v (acrR expression) and [ (acrAB expression). Since the former of these parameters
has a relatively low sensitivity compared to other parameters, the analysis predicts that
this may not be a target worth pursuing. The latter is an expected target, relating to
direct expression of one of the efflux pump genes. It is interesting to note that some
parameters in the system (that do not affect the efflux pump genes directly) provide a
greater sensitivity than 3, that is directly related to AcrAB concentration.

In the mutant case (b), it comes to note that we have double the amount of parameters
that affect the eflux pump steady states compared to the wild-type case. This is partially
due to including second order terms, however it is only the parameters A and ¢ that do
not appear at leading order. With only one change in the GRN (to RamR protein),
the change in the amount of parameters demonstrates the unpredictability and sensitive
nature of this network. We note that here, the parameter to which the steady state of
efflux proteins is most sensitive is £ (envR expression). Additionally we also see high
sensitivity to the parameter n (EnvR binding affinity). This similarity with the wild-
type system further highlights the case for targeting the gene envR for inhibiting efflux.
Our next most sensitive parameter is § (acrAB expression) which differs from the wild-
type case where it was one of the least sensitive parameters. This could be due to the
overexpression of acrAB in this mutant case. The parameters A (RamA binding affinity),
0 (ramA expression), v (RamA degradation from Lon Protease), v (acrR expression) and
w (AcrAB and acrEF link) all show a degree of sensitivity, meaning that any of these
parameters could prove to be a realistic target to inhibit efflux. However it is interesting
to note that parameters associated with ramA, which is over expressed in this mutant
case, is not the most sensitive target for inhibiting eflux. The rest of the parameters
A (degradation of mRNA and proteins) and o (sozS mRNA expression) have a low
sensitivity in this case, which we should expect as these parameters are only prevalent
in the second order terms. Thus the analysis suggests that these parameters may not be

realistic targets for inhibiting efflux.
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3.9 Discussion

Antimicrobial resistance is a topic with ever increasing importance. With the threat to
human health worsening as more bacteria evolve resistance to antibiotics, it is clear we
must urgently seek novel treatment methods in order to combat antibiotic resistance.
By delving into GRNs governing resistance mechanisms, it is possible to identify certain
targets to potentially prevent resistance in bacteria. We believe that our asymptotic
analysis has given us useful insights into the network governing eflux pump expression.

We first nondimensionalised our model, resulting in nondimensional parameter group-
ings. By using information from the biology of the network and consultations with the
Piddock Laboratory (University Of Birmingham), we were able to estimate sizes for these
parameter groupings and focus on relative parameter sizes rather than absolute parame-
ter values. We performed two independent series of time dependent asymptotic analyses,
modelling the dynamics of the wild-type and mutant strains. This enabled us to break
down our nondimensional model (which does not have a full set of analytical solutions)
onto various timescales, exhibiting the order of dominant processes within the network. In
both cases on the early timescales, genes that are not highly regulated are transcribed and
quickly translated. On the middle timescales we see translated proteins inhibiting and
activating expression of other genes within the network. Finally on the later timescales
we have degradation of proteins bringing the system to a steady state. We noted that
for the mutant strain, as non-functional RamR is produced, the expression of ramA and
resulting reactions feature heavily in the dominant processes within the network. This
ultimately results in a steady state where more genes are active at leading order than
the wild-type case. Notably RamA only directly affected acrAB expression on the middle
timescales, whereas on the later timescales acrA B expression was affected indirectly. This
leads us to believe that if we were to choose ramA as an inhibition target, the timing of
an adjuvant in relation to antibiotic administration could be crucial.

After achieving asymptotically approximated steady states for the system in both

strains. We have performed parameter sensitivity analysis upon the steady state values.
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This enabled us to determine which parameter groupings the strains are most sensitive
to for inhibiting efflux. We saw that amongst both strains, the most sensitive parameters
were linked to the gene envR. This closely aligned with the biology of the network as
the gene’s protein is capable of directly inhibiting both acrAB and acrEF expression.
Many other parameter groupings displayed reasonable sensitivity and hence showed us
multiple inhibitory targets. It was interesting to note the sensitivity of the link between
the concentration of AcrAB and the activation / repression of acrEF. Although we do
not know the full biology behind this mechanism, this sensitivity gives us strong reason

to further delve into the processes causing this link.
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CHAPTER 4

A SPATIAL MODEL OF SUBSTRATE EFFLUX

4.1 Motivation

The Resistance-Nodulation-Division (RND) family of transporters are common to extrude
a range of antibiotics and can account for multi drug resistance (MDR) [69]. From genomic
analysis, it has been shown that Salmonella strains contain five RND eflux pump systems.
Various antibiotics have been shown to be substrates of multiple of these efflux pump
systems [61]. Thus inhibition of one of the efflux pump systems could mean that substrate
extrusion will be picked up by another efflux pump system.

In the previous chapters we have modelled and analysed the GRN governing expression
of two members of the RND family of transporters. This model has given us useful insights
into potential inhibitory targets for the aforementioned efflux pumps. However, our model
does not consider the link between eflux pump gene expression and the resulting effects
on substrate concentration. In this chapter we will consider a cellular model of substrate
eflux governed by multiple members of the RND family, with the aim of linking this model
to our gene regulatory model in further chapters. We will attempt to parametrise this
model in order for us to replicate the experimental data. By successfully parametrising our
model, we will then be able to conduct analysis into the role of efflux upon the bacterial

cell and its environment.
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4.2 Experimental Protocol

We base our mathematical model upon experiments completed by the Blair laboratory,
based at the University of Birmingham [56]. Cultures of Salmonella are adjusted to an
optical density (measured at a wavelength of 600nm, OD600) of the value 0.2 and are
placed into standard 96 well plates. Salmonella are rod shaped bacteria and generally
range between 2-5um long and 0.5-1.5um wide [4]. Individual cultures are loaded with
high concentrations of ethidium bromide (a substrate of multiple RND efflux pumps).
At this stage, an efflux inhibitor is present which prevents proton motive force of the
RND efflux pumps, resulting in substrate accumulation. Ethidium bromide is a DNA-
intercalating agent that fluoresces when it is bound to DNA [28]. Due to this fluorescing,
the concentration of ethidium bromide within a culture can be approximated. Once the
cells are washed to remove extracellular substrate the fluorescence is measured. The
cells are then re energized so that the eflux pumps begin to extrude the substrate. The
fluorescence is then monitored and measured over various time points [11]. Experiments
have taken place on various different cultures of Salmonella, including a wild-type case
and various cases with efflux gene knock outs. By comparing multiple experiments, we
are able to see the effects of the eflux pump systems. For these experiments four RND
eflux pumps have been considered: AcrAB, AcrEF, MdsAB and MdtAB. All of these
eflux pump proteins share the same outer membrane protein TolC, with MdtAB having

the ability to also form a system with the outer membrane protein MdtC [61].

4.3 Cell model formulation

We choose to model these experiments using partial differential equations (PDEs). Whilst
currently the spatial effects may not have a huge bearing on the results, by choosing PDEs
it gives us the potential to apply the model to situations where spatial effects could be more
important, such as in vivo experiments. To formulate our model, we assume that each

cell in a population acts identically. We also assume that the concentration of ethidium
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bromide is evenly distributed in the population such that every cell has an identical initial
concentration of ethidium bromide. We assume this distributed concentration of ethidium
bromide is independent to each cell, meaning that if the substrate has been expelled into
the extracellular space, it can only diffuse back into the original cell. Since we do not
know the correlation between fluorescence of ethidium bromide and the concentration of
ethidium bromide within the culture, we assume a directly proportional relation between
the two. By making these assumptions, we are able to model the full culture population
via a single cell model where that cell displays the typical behaviour of all cells in the
population. We exhibit a schematic of our single cell model in Figure 4.1. To model the
cell, we follow a similar method to Carr and Pontrelli [15]. We use spherical coordinates to
model an axisymmetric spherical cell with radius Ry, surrounded by extracellular (outside
of a cell) space with an outer boundary of radius Rp. At the cell radius (Ry/), we have
a thin permeable membrane which contains all of the eflux pump systems that expel
substrate from the intracellular (inside of a cell) space to the extracellular space. This
limit to the amount of extracellular space is represented by the outer boundary radius

(Rp). The equations for this model are as follows

Ocy _Dp, (@201 2%) 7

ot or2 ' r or
aCE o 62CE 2 80E
ot D ( or2 ' r or ) ' (4.1)

Here we have split the ethidium bromide into two concentrations for intracellular (¢;) and
extracellular (cg) concentration under the assumption that the ethidium bromide diffuses
at a different rate within the intracellular space (with coefficient Dy) to the extracellular

space (with coefficient Dg) [20].
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Fxtracellular T

Intracellnlar

Figure 4.1: A schematic of the single cell eflux model. The solid circle denotes our
membrane boundary at the distance from the centre R;;, whilst the dotted line denotes
our outer boundary at distance Rp. We place our model equations in the intracellular
and extracellular regions where they apply.

4.3.1 Boundary Conditions

The first boundary conditions for our system is

der

=0. 4.2
Dor 0 (4.2)

Here we assume axisymmetric properties of the cell for the intracellular concentration.
Our secondary boundary condition is at the membrane Rj;, which we demonstrate in
Figure 4.2. We choose to model our membrane with small but finite thickness d, with the
fictitious points R,, and R}, being the intracellular and extracellular membrane points
respectively. We can see that we have both diffusion and eflux through the membrane
and thus the total flux through the membrane will be a combination of both diffusive

flux and advective flux (via efflux). Via Fick’s law [33], we can calculate the diffusive flux
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through the membrane:

JD = —DMVC(RM,T), (43)
C<R;\r/[7 T) B C(R&v T)
6 Y
—_D CE(RM, T) — C[(RM,T)
— M 9
)

= = (er(Bar, T) = cn(Ra, T)).

— Dy

Here D), denotes the diffusion coefficient inside the membrane. In regards to the advective

flux, this is proportional to the concentration times the volume flow from efflux X [46]

Ja=Xc(Ry,, T), (4.4)

=X C[(RM, T)
Therefore the total flux through the membrane is

J = Jp+Ju, (4.5)

=P (C[(RM,T) — CE(RM, T)) + XC[(RM,T).

D
Here P = TM is a mass transfer coefficient related to the permeability of the mem-
brane. Finally, we require continuity of flux at the membrane and therefore the boundary

condition at R = R); can be written as
— D[— = — DE— = (P + X) C](RM,t) — PCE(RM,t). (46)

In summation, this condition encompasses flux continuity between the intracellular and
extracellular space, with interface conditions that characterise the properties of the mem-
brane which we assume are constant for the full duration of our simulations [21]. If we set
X = 0 such that there is no eflux, we can see that as P — 0 this condition becomes a no

flux boundary condition (which is expected with no membrane permeability), in contrast
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as P — oo we approach ¢;(Ryy,t) = cg(Ryr,t) which models the case with no membrane.
In addition to the above boundary conditions, we have the outer boundary condition (at

r = Rp). There are two methods by which we choose to model this:

1. We assume that the culture is surrounded by enough extracellular space that the
substrate dissipates. Here we set the outer boundary to be at the far field where

the concentration is always zero,

ce(Rp,t) = 0 as Rp — 0. (4.7)

2. We assume that the extracellular space is limited, such that substrate expelled out
of the cell will always be within range to diffuse back in. Here we set the outer

boundary to be a closer boundary with no flux,

8CE
Dp—— = 0. 4.
B 0 (4.8)

r=Rp

Whilst we expect the extracellular space to be limited meaning our secondary boundary
condition would be more relevant to the experiments, we do not know the extent of
the extracellular space in comparison to the individual cell and thus our first boundary
condition would provide a simpler model for numerical simulations in the case of a large

extracellular space [31].
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Figure 4.2: A schematic showing the processes involved at the membrane Rj; with small
finite thickness §. We show fictitious points R}, and R}, that are part of the intracellular
and extracellular space respectively. We show the process of efflux of substrate from the
intracellular space direct to the extracellular space through the RND eflux pumps. In
addition we exhibit diffusion of substrate in both directions through each membrane from
the intracellular and extracellular spaces into the periplasm.

4.3.2 Initial Conditions

As the cultures are washed to remove extracellular substrate before the initial fluorescence
is measured, we assume that there is no substrate in the extracellular space initially. In
regards to the intracellular space, we assume that all substrate fluoresces. The initial

conditions for the model are therefore

cr(r,0) = Cy cp(r,0) =0, (4.9)

where here Cy denotes a constant for the initial intracellular concentration of substrate.
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4.3.3 Model Solution

We adopt the method of separation of variables to obtain a solution to this PDE model,
adopting an approach that has been used to solve similar spherical models [43]. By
proposing separated solutions ¢;(r,t) = F;(r) G;(t) for i = I, E' and substituting into (4.1)
we obtain

2
F. G, = D, <F Gi+ —F’i’Gi) , (4.10)
T

which rearranges to
1 G{L B FWiII 2 _F‘li/

—— = - 4.11
DG, B rF (4.1
We set both sides equal to a negative constant
1 G 2 H2F 2
Ea——)\i, E+;E—_)‘ia (4.12)
admitting the following general solutions
Fi(r) = hy COS(:\] r) h s1n(:1 7“)’ Gi(t) = e~ Pt (4.13)
A in(A >
Fu(r) = kscos( ET) N k4sm( ET)7 Gi(t) = e P¥et, (4.14)
r r
: Dpg L
By setting G(t) = Gg(t) such that A\g = F)\I, the boundary conditions (4.2)-(4.8)
I
(using the no flux outer boundary condition) become:
Fi(0) =0, (4.15)
—DrFi(Ry) = (P + X) Fr(Ru) — P Fe(Rur), (4.16)
—DpFy(Ry) = (P + X) Fr(Ry) — P Fp(Ru), (4.17)
FL(Rp) = 0. (4.18)
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From the boundary condition (4.15), we get k; = 0, giving us the updated solution

Fi(r) = kzw, (4.19)

The remaining boundary conditions (4.16)-(4.18) leave us with a system of equations with
unknown constants ks, k3, k4. To find a non trivial solution of this system of equations we
require the determinant of a coefficient matrix of system to be non zero. We can use this
condition to determine an infinite set of eigenvalues A;,, (n = 1,2,...) with the following

eigenfunctions and time solutions

FI,”(T) = k’gn—7, (420)

sin( /%)\Ln T)
! 4.21
" : (4.21)

r
cos(4/ %)‘Ln T)
FE,n(T) - k3,n TI

Gra(t) = Gpa(t) = e Pint) (4.22)

+ k4,n

The general solution to (4.1) is therefore
Ci(rt) =3 @i Fyp(r)e P10, (4.23)
n=1

Here i = I, E' and the constants a,,, are Fourier coefficients that are determined by the
initial conditions (4.9). Notably this solution is only valid if the parameters P and X
are constant. In Section 5, we introduce variable eflux X and thus this general solution
will not be valid for the models presented in the section. Furthermore, to solve the
determinant matrix to find the unknown coefficients and eigenvalues we must employ the
use of numerical methods. In this thesis we have instead opted to use finite difference
numerical methods to produce numerical simulations of the model, which can be utilised

on both models in this section as well as Section 5.
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4.4 Numerical Method

In order to produce numerical simulations of the model, we use a combination of finite
difference methods [49, 92]. We discretise both time and space into a finite grid with

spacing At and Ar respectively, resulting in the coordinates r; = iAr and t, = nAt

for i = 0,1,..., R (where R = %) and for n = 0,1,...,7. We then use forwards time
r

centralised space (FTCS) scheme to approximate our model as

n+1 n n n n ik 7
CI’L' _CIi Cu+1_2011‘+01i71 2011'4»1_6]2'*1 2
Rl L)) ’ ’ : B ’ O(At) + O(A
At I( Ar? +7”z‘ 2Ar OO,
n+1 n 7 T A 7 s
Cei — Cpj Cpitn — 2k T Cpin  2CEi1 — Chia 2
’ i_p , ; : S L st Ut O(At) + O(Az?).
At E( Ar? +n 2Ar OB T oA

(4.24)

Here ¢}, and cf;; denote the intracellular and extracellular concentrations respectively.

Discarding the truncation error terms and solving (4.24) for c?;“l and C%J;-l gives
.y — 2.+, 2ct.. 4 —ct,
n+1 _ DAt Ii+1 1,i Ii—1 “ Ii+1 Ii—1
“Li Crit P ( Ar? + i 2Ar ’
Chii1— 2Ch, +Ch.; 2Chi1— Ch;
n-l—'l _.n D At FEi+1 E Ei—1 “ Ei+1 Ei—1 ) 425
Cri = Cpit PE ( Ar? + r; 2Ar ( )
The model discretisation simplifies to
Ar Ar
C?:}'l = 9[ (1 + r. ) C?,’i—‘rl + (1 - 29[) C?ﬂ' + 9_[ <1 - r ) C?,’i—l’
Ar Ar
where
DAt DpAt
0 = — Or = : 4.27
N g Ar? (4.27)

These discretisations will apply to all spatial points not at the boundaries, which

we must incorporate using different approximations. For the point rq = 0, we need to
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2 dc ) . .
consider the singularity from the term ——. We use L’Hopital’s rule to approximate this

ror
term:

. 1 601 0201

e e (4.28)

substituting this approximation into equation (4.25) we have

(4.29)

n+1 n n n n

Cro —Cro Cr1— 261,0 +Cr

——— =3D; 5 )
At Ar

We now discretise the no flux boundary condition using central difference, involving a

ghost point (a point out of the concentration’s spatial domain) cf _,

7 e
Cri1— €11

pu 4-
2Ar 0 (4.30)

achieving cf | = c,. We can then substitute this into (4.29) to achieve the discretisation
for this boundary point

ot = (1—=60)ct, +60c],. (4.31)

For our outer boundary condition (the coordinate rg = Rp) we have two possibilities of
boundary condition, a far field boundary condition and a no flux boundary condition.

The far field condition is simply a perfect sink condition
cgpr="0. (4.32)

For the no flux boundary condition, we follow a similar method to the boundary at ry,

discretising the no flux boundary condition using central difference

T "
CE.R+1 ~ CE,R-1

2Ar

—0, (4.33)
obtaining ¢ p,; = ¢} z_;, which substituting into (4.26) simplifies to

i = (1=20p)ch g+ 206Ch 5y (4.34)
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Finally we have our membrane boundary condition which we define to be at the point

ry = Ryr. We discretise this boundary condition using central difference

c? —c?
T, M+1 I,M—1 n n
—D; Ar = (P+ X)cy y — Pcp s

T
D Ce,m+1 — €
SR Ar

AL — (P + X))y — P (4.35)

By solving this condition as a system of simultaneous equations, we are able to find
equations for the ghost points of each of the concentrations cf ., and ¢} 5, ;. These are
ghost points as ¢; does not exist in the extracellular space and cg does not exist in the

intracellular space.

" QPATCn 2P+ X)Ar

n n
c = — ———C"\ tc
T,M+1 E,M 1M I,M—1
D; Dy

= ANrCpar — MCa + Cr a1 (4.36)

2PAr 2P+ X)Ar "
CEM-1 = _D—ICE,M + D—ICI,M + CE M1

= _)‘EC%,M + 77ECTIL,M + C%,MJrlv (4.37)

where here we have used the following for simplicity in presentation

2PAr 2(P+ X)Ar
A pu— = —-——— 4.
I D[ ) nr .D[ ) ( 38)
2PAr 2(P+ X)Ar

Now that we have these equations, we can apply them to our finite difference method by
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substituting into equations (4.26)

nr 0r Ar n n
%a) Cra+20r¢t g,

)\E QE AT) n

i

Ar
0?341291)\1 <1+ >0%7M+(1—291—77](91—

Ar

C%ﬁlIQET]E (1+ )C?,M—i_ (1_29E_)\E0E_ CE,M+26EC%,M+1'

i r;

(4.40)

Thus by collating our approximations our full finite difference method to approximate
our model is represented in equation (4.41). We implement this method in MATLAB
to produce various different simulations of our model. Unless otherwise stated we set

our spatial step Ar = 0.1pm, with membrane at radius 2um. Furthermore in order to
2

maintain stability of our finite difference method we set At = , where Dyax =

MAX
max(Dy, Dg) [78]. The model has also been tested at different resolutions using smaller
values for Ar, the size of Ar here provides a sufficient degree of accuracy whilst not taking

an extensive time to produce simulations.
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4.4.1 Numerical Simulations

As we are modelling the Salmonella cells as spheres rather than rods, we choose a cell
radius (2um) that yields a similar spherical volume and surface area to the maximum
cylindrical volume and surface area of Salmonella’s typical rod shaped dimensions.

We exhibit simulations of the single cell model with a zero far field outer boundary in
Figure 4.3. Here we have set the far field boundary (at 10um) to be far enough from the
membrane (at 2um). We also set the initial intracellular concentration to be 1 mol/um?3.
For simplicity, we have set the diffusivity coefficients of the intracellular and extracellular
substrate to be identical (0.1um?s™1).

In Figure 4.3 (a), we can see the results of an impermeable membrane with no efflux.
We see no transfer of substrate from the intracellular space, with a uniform distribu-
tion throughout for all time. In (b), we see the introduction of a permeable membrane.
Here we can immediately see that substrate is able to diffuse across the membrane. This
results in a decrease in the intracellular concentration. The rate of expulsion from the
intracellular space slows as time gets larger, as the membrane surrounding extracellular
concentrations become similar to the intracellular concentration. In (c), we see an im-
permeable membrane with active efflux pumps. Whilst being similar to the simulations
in (b), we note that substrate is not free to diffuse back into the intracellular space once
being expelled. This results in almost all substrate being expelled from the intracellular
space, even with higher extracellular concentrations surrounding the membrane. In (d)
we exhibit a permeable membrane with active efflux pumps. In this simulation, we see
a combination of the characteristics of simulations (b) and (c). Whilst the eflux pumps
expel a large concentration of substrate, some substrate is able to diffuse back into the
intracellular space through the permeable membrane. We note that in the latter sim-
ulations (b), (c) and (d) the extracellular concentration dissipates due to the zero far
field boundary condition. Thus the system will only reach steady state once there is zero
concentration in all regions.

We exhibit simulations of the single cell model with a no flux outer boundary in
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Figure 4.4. Here we have set the outer boundary (at 4um) to be close to the membrane
(at 2pum). We note that the simulations in each case are similar to those in Figure 4.3.
We see however with the introduction of a no flux boundary, the simulations approach
steady state as time grows. In Figure 4.4 (b) the substrate is free to diffuse across the
membrane. However as the extracellular space is limited and is not depleting, we see
the intracellular and extracellular concentrations approaching steady state at the same
concentration. In (c¢) we see the impermeable membrane with active efflux; here the
extracellular concentration approaches a steady state but is unable to diffuse back into
the cell. Thus we see the intracellular concentration being completely expelled via the
cell’s efflux pumps. Finally in (d) we see the mixture of diffusion and expulsion via efflux
pumps, with a steady state being approached for both intracellular and extracellular
concentrations. However, we note that the intracellular concentration steady state is
higher than the intracellular concentration in (c), due to the membrane permeability

enabling substrate to diffuse back in from the extracellular to the intracellular space.
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Figure 4.3: Simulations of the cell model with a zero far field outer boundary condition,
with Ry, = 2um and Rp = 10um. We exhibit the distribution profiles on the left,
with resulting averaged intracellular concentrations on the right. In simulation (a) P =
Oum, X = Oum, (b) P = 0.1um, X = Oum, (¢) P = Oum, X = 0.1um and (d) P =
0.1pm, X = 0.1um. 137
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4.5 Parametrisation Data

Experiments have taken place on various different cultures of Salmonella, with various
eflux pump knockouts as described in Section 4.2. We detail the strains used in the

experiments as:
e Wild-type strain; in this strain we have all four efflux pump systems active.

e AcrAB knockout strain (A Knockout); in this strain we have only AcrEF, MdsAB
and MdtAB active.

e AcrEF knockout strain (E Knockout); in this strain we have only AcrAB, MdsAB

and MdtAB active.

e MdsAB knockout strain (S Knockout); in this strain we have only AcrAB, AcrEF

and MdtAB active.

e MdtAB knockout strain (T Knockout); in this strain we have only AcrAB, AcrEF
and MdsAB active.

e AcrAB and AcrEF knockout strain (AE Knockout); in this strain we have only

MdsAB and MdtAB active.

e Full RND knockout strain (AEST Knockout); in this strain we have none of our
four eflux pumps active. Thus the only transfer of substrate will be through the

cell membrane or through other lesser eflux pump systems.

We summarise all of these strains and their corresponding efflux parameters in Table
4.1. In regards to efflux parameter notation, we list the efflux pumps that are still active
in the subscript (e.g. A knockout would be noted by Xggr). We include each strain’s
eflux parameter in the following parameter fitting exercises by modifying the membrane

boundary condition for each strain:

_ DL =— Dp—= = (P + Xp)cr(Rar, t) — Pep(Ray,t), (4.42)

139



Strain Name Active Efflux Pumps Efflux Constant

Wild-type AcrAB, AcrEF, MdsAB, MdtAB XapsT

A Knockout AcrEF, MdsAB, MdtAB XEesT
E Knockout AcrAB, MdsAB, MdtAB XasT

S Knockout AcrAB, AcrEF, MdtAB XaET
T Knockout AcrAB, AcrEF, MdsAB Xags
AE Knockout MdsAB, MdtAB Xsr
AEST Knockout N/A N/A

Table 4.1: A summary of the strains involved in the experiments. We list each strain’s
active eflux pumps as well as their corresponding efflux rate constant.

here X denotes the efflux for the strain of which the pump(s) I are active. This enables
us to find the corresponding efflux value for each strain through multiple parameter fitting
exercises.

For each experiment with a given strain, we have multiple assays (biological repeats).
Within these individual assays, we have technical repeats for each strain. The mean and
standard deviations are found of these technical repeats and we plot these in Figures 4.5-
4.11. Under advice from the Blair laboratory, we have taken each assay’s initial data point
to be the start of the final peak of fluorescence. This is due to unknown experimental
errors upon measuring fluorescence on very early time points. Fluorescence for each assay
is measured in arbitrary units. In order to combine the data from all assays we normalise
our data by dividing the fluorescence over time by the peak initial fluorescence. In Figures
4.12 and 4.13, we show the results of normalising our data. As not all assays run for the
same length of time, we split our combinations into three time periods (short, medium and
long time). Whilst the short time plots include data of all assays, the medium and long
time plots are restricted to the assays that reach the final time point on the corresponding

plot.
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Figure 4.5: Experiments taken upon the wild-type strain consisting of 18 assays. In each
individual assay we have plotted the mean (solid line) and standard deviation (shaded
error bar) of three technical repeats.
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Figure 4.6: Experiments taken upon the A knockout strain consisting of 19 assays. In each
individual assay we have plotted the mean (solid line) and standard deviation (shaded
error bar) of three technical repeats.
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Figure 4.10: Experiments taken upon the AE knockout strain consisting of 6 assays.
In each individual assay we have plotted the mean (solid line) and standard deviation
(shaded error bar) of three technical repeats.
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Figure 4.11: Experiments taken upon the AEST knockout strain consisting of 17 assays.
In each individual assay we have plotted the mean (solid line) and standard deviation
(shaded error bar) of three technical repeats.
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Figure 4.12: Normalised eflux assay data, for each plot we have the mean of the assays
(solid line) and standard deviation (shaded error bar). We have combined (a) Wild-type,
(b) A Knockout and (¢) AEST knockout. We have split the data of each strain into three
time regions, only including the assays that reach the maximum time point.
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Figure 4.13: Normalised efflux assay data, for each plot we have the mean of the assays
(solid line) and standard deviation (shaded error bar). We have combined (a) E knockout,
(b) S knockout, (¢) T knockout and (d) ST knockout. For (d) we have split the data for
the strain into two time regions, only including the assays that reach the maximum time
point.

4.6 Parametrisation Methods

We employ the use of the function fminsearch in MATLAB to obtain our parameter
estimates. The function uses the Nelder-Mead simplex method (described in [47]) to
minimize a given objective function starting from initial parameter guesses. In order to
obtain these parameter guesses, we use a latin hypercube method of sampling as described
by McKay in [55]. By establishing realistic upper and lower parameter bounds, we create
a parameter space from which a range of initial parameter guesses are chosen. We use
this sampling method in order to choose a well-spread distribution of initial parameter

guesses (something that is not guaranteed from using a random method of sampling).
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Our objective function that we attempt to minimise is as follows:

= [Tt - 1 (143

tmax

where

Rr

1 :
I(t) = %WT?M ///V r? sin(0) c;(r, ) dr df de
3

= = r?cy(r,t) dr.
M Jo

Here y denotes the experimental data, I denotes the averaged intracellular concentration
of substrate, R); denotes the distance from the cell centre to the cell membrane and ¢,,,, is
the maximum time for the simulations. We have opted to divide our objective function by
the amount of data points in the corresponding assay to which we are fitting. This gives
us a comparison point between the accuracy of fits to different strains that differ in assay
length. In addition we have applied a constraint to our parameters to be non-negative,
we have included this by ensuring that the absolute value of each parameter is taken
through every iteration of finding the objective function. We note that our data values are
measured in relative fluorescence and our model in concentration. However, as we have
assumed a directly proportional relationship between the fluorescence and intracellular
concentration of substrate, we choose to model in terms of relative concentration so we
can directly fit the model to the data. Finally, we list all parameters used in this model,
noting the parameters being varied in Table 4.2. For simplicity in presentation, we will

omit the units of each fitted parameter in our following optimal parameter sets.

4.7 Results

As in our numerical simulations in section 4.4, for the following we set the cell to have

a radius of 2um. Since we do not know the link between fluorescence and concentration
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Parameter Description Value Units

Ry Membrane Radius 2 wm

Rp Outer Boundary Radius Not Set um
P Permeability Mass Transfer Coefficient Not Set  pummin~!
XAEST Efflux Conversion Constant For Wild-type Case Not Set  ummin~!
Xest Efflux Conversion Constant For A Knockout Case Not Set  ummin~!
XasT Efflux Conversion Constant For E Knockout Case Not Set  ummin~!
XasT Efflux Conversion Constant For S Knockout Case Not Set  pummin~!
XAEs Efflux Conversion Constant For T Knockout Case Not Set  ummin~!
XsT Efflux Conversion Constant For AE Knockout Case Not Set  ummin ™!
Dy Diffusion Coefficient Of Intracellular Substrate Not Set  pm? min~!
Dg Diffusion Coefficient Of Extracellular Substrate Not Set  pum?min=1!

Table 4.2: All parameters used in our single cell model and their respective units. If we
vary a parameter we will list it as “Not Set” in the “Value” column, otherwise if the
parameter is not varied we list its fixed value.

of substrate, we assume that the fluorescence is directly proportional to the averaged
internal concentration of ethidium bromide such that the relative fluorescence and relative
concentration of substrate is equivalent. By modelling in terms of relative concentration,
we can then produce a fit to the relative fluorescence. For the parameter fitting exercises in
this chapter, unless otherwise stated we have taken 1000 sets of initial parameter guesses,
finding the local minimum objective function and corresponding optimised parameters
for each parameter set. By then comparing the resulting objective functions, we have
been able to deduce the optimal set of fitted parameters. We have taken the step sizing

2
-
Ar = 0.25 and At = ——— for efficiency to reduce the time taken to run parameter

Dyax
fits of all of the samples whilst maintaining small enough step sizes to produce accurate
simulations. For all parameter fits, we fit to the long time data only, withholding the

short time and medium time assays for testing of the accuracy of the fit.

4.7.1 Zero far field boundary condition

We first run exercises upon our model with a zero far field boundary condition. For the
simulations in this subsection, we have taken our far field boundary to be at a radius of

10pm.
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AEST knockout

In order to start fitting our model to the data, we initially fit to the data where no RND
eflux pumps are active in the strain. Whilst there is the possibility of less significant efflux
pump systems being active in this case, we choose to assume that the eflux contributed
from these pumps will be negligible compared to the eflux caused by the RND efflux
pumps and membrane permeability. Thus by initially fitting to this data we can construct
a base for the diffusion parameters and membrane permeability as these should not vary
between experiments. We plot the optimal parameter fit in Figure 4.14 which corresponds

with the following parameters:

[Dr, D, P] = [2.45 x 1072,1.01 x 1072,2.72 x 107, (4.44)

given to three significant figures and resulting in an objective function of 8.07 x 104, We
note that in general the fit for long time is reasonable, with the model residing within
the standard deviation error bars for the majority of long time. We do however note
that whilst the data appears to be reaching some kind of steady state, the model does
not encapsulate this and by the end of the simulation the concentration appears to be
decreasing faster than in the data. When comparing to the (b) medium time and (c)
short time assays, we can see that the early time behaviour is missing. Quite prominently
the data suggests a delay in the decreasing of concentration, however there is no delay in

the model as the concentration clearly undershoots this.
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Figure 4.14: Parameter fitting results of the model with a zero far field boundary condition
to the AEST knockout data. In (a) we show the fit to the assays that reach long time,
(b) the assays that reach medium time and (c) all assays shown upon short time.
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Individual efflux knockouts

By fixing our optimal parameters from the AEST knockout case, we can continue to find
the remaining efflux parameters from the other strains. As a reminder for efflux parameter
notation, we list the efflux pumps that are active in the subscript. For the following fits,
we include the individual pump knockouts, meaning in each strain three other RND efflux
pumps will be active. We exhibit the optimal fits in Figure 4.15 with the corresponding

parameters:

[(Xgsr, Xast, Xapr, Xags] = [2.50 x 1072,6.68, 0.729,0.718], (4.45)

given to 3 significant figures and a combined objective function of 2.16 x 1072. We note
that whilst the fit for the A knockout is similar to the data, the E, S and T knockouts are
not reasonable fits and exhibit largely different dynamics to the data. As the A knockout
corresponds to the strain containing a knockout of the most dominant efflux pump AcrAB-
TolC, we expect this case to be the closest to the AEST knockout in that we expect little
efflux, which could explain the closeness of fit. Whilst this case does provide the most
realistic fit, the key dynamics are missing, with the model not approaching a steady state

at long time and no delay of decrease of concentration in the early time.
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Figure 4.15: Parameter fitting results of the model with a zero far field boundary condition
to the individual knockout strains after fixing AEST parameters (4.44). We exhibit the
A knockout strain in (a) long time, (b) medium time and (c) short time. The rest of the
strains are exhibited as (d) E knockout, (e) S knockout and (f) T knockout.
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Wild-type strain

Since we have estimated parameters for eflux of the individual knockouts, if we assume
that all efflux is additive, we can use simultaneous equations to find efflux parameters for
the individual pumps. From these individual parameters, we can produce an approxima-

tion for the eflux parameter for the wild-type strain. If we assume that

Xg+ Xs+ Xr = Xgsr, (4.46)

Xa+ Xg+ Xp = Xysr, (4.47)

XA+ Xg+ Xr = Xapr, (4.48)

Xa+ Xg+ Xs = Xgs, (4.49)

Xa+ Xgp+ Xs+ Xr = Xupsr, (4.50)

then we can solve for

Xa= %(XAST + Xapr + Xaps — 2Xgsr), (4.51)

Xp = %(XEST + Xagr + Xaps —2Xasr), (4.52)

Xs = %(XEST + Xasr + Xaps — 2Xagpr), (4.53)

Xr = %(XEST + Xasr + Xapr — 2Xaps). (4.54)

Using the optimal parameters from our individual knockouts strains (Xgsr, Xasr, Xapr, Xars)
we are able to find the efflux values of our individual eflux pumps (X4, Xz, X5, X7) and

combine them to estimate the efflux in the wild-type case:

(X4, Xp, Xg, X7, X apsr] = [2.69, —3.96,1.99, 2.00, 2.72], (4.55)

given to three significant figures. We plot our model with the estimated wild-type param-
eter in Figure 4.16. It is clear to note that in the long time the simulated efflux is larger

than measured in the data, with the concentration reaching null values at long time. We
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also note that the individual eflux value for X is negative, this leads us to believe that
in this model efflux from each individual pump is not additive as negative eflux is not

possible.
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Figure 4.16: Comparison of the estimated wild-type efflux constant (4.55) applied to our
model with a zero far field boundary condition to the wild-type data after fixing AEST
parameters (4.44). In (a) we show the fit to the assays that reach long time, (b) the assays
that reach medium time and (c) all assays in the short time.

Since our estimated efflux parameter does not provide a realistic fit, we run a parameter
fit for the wild-type eflux parameter. We plot this in Figure 4.17 with the corresponding

parameter:

[Xapsr] = [0.247), (4.56)

given to three significant figures and an objective function of 4.50x 1073, Here we note that

the fit at long time is better than our previous estimated parameter, with the concentration
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not reaching null values. However, again like the individual knockouts the dynamics of
the data is missing, especially shown against the short time assays. Finally, we note that
the efflux parameter is less than those fitted of the individual knockouts. We believe this
to be because we are fitting to a longer time region in this wild-type data compared to
the individual knockout data. In addition compared to the individual efflux knockouts
in Figure 4.15, we see that at longer time the individual knockout fits would likely hit
null values quicker than the wild-type case, which should not be possible as the wild-type
case is where efflux should be at a maximum compared to other strains as all pumps are

active.
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Figure 4.17: Parameter fitting results of the model with a zero far field boundary condition
to the wild-type data after fixing our AEST parameters (4.44) and using a parameter fitted
efflux rate constant (4.56). In (a) we show the fit to the assays that reach long time, (b)
the assays that reach medium time and (c) all assays in the short time.
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4.7.2 No-flux boundary condition

Whilst the fit for the zero far field boundary condition model was reasonable in the AEST
knockout case, the model failed to capture the dynamics of all cases with eflux. Given
that one element of this was the model’s failure to reach a steady state (guided by our
results of section 4.7.1) we now fit our model with a no-flux outer boundary condition.
For the following fits we also vary the position of the extracellular boundary (Rp), by
using 125 initial parameter guesses into fminsearch for each integer between 3um and

10pm inclusive, resulting in 1000 sets of optimal parameters.

AEST knockout

As with the zero far field boundary model, we set our baseline parameters in the AEST
knockout case where we assume that efflux is not active. We plot the optimal fit in Figure

4.18, with corresponding parameters:

[Rp, D;, D, P] = [4,0.102,7.00 x 1072,9.42 x 107?], (4.57)

given to 3 significant figures and an objective function of 7.2 x 107%. We note that in
regards to the objective function, the fit here is better than the previous model for this
strain in Section 4.7.1. However we note that the fit is still very similar and is notably
still missing the early and mid time dynamics, with only a small improvement to the long

term dynamics.
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Figure 4.18: Parameter fitting results of the model with a no flux outer boundary condition
to the AEST knockout data. In (a) we show the fit to the assays that reach long time,
(b) the assays that reach medium time and (c) all assays in the short time.

Individual efflux knockouts

For the individual eflux knockouts, we again follow the method used in Section 4.7.1. By
fixing our parameters gained from the AEST knockout case, we are able to find the eflux
parameters for our individual eflux knockout strains. We plot these fits in Figure 4.19

and the corresponding parameters are:

[(Xesr, Xast, Xapr, Xaps] = [6.54 x 107,4.94 x 1072,4.10 x 10724.07 x 1072], (4.58)
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given to 3 significant figures and a combined objective function of 1.56 x 1072. We note
that the combined objective function is immediately improved compared to the zero far
field boundary model. Our fit for the A knockout model in (a) still undershoots the data
in the long term, however it is closer to reaching a steady state than the previous model.
Again we note that the early dynamics are missing in the short and medium time. The
fits for the E, S and T knockouts (d)-(f) are also improved compared to section 4.7.1, with

the model approaching a steady state that fits within the standard error of the data.
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Figure 4.19: Parameter fitting results of the model with a no flux outer boundary condition
to the individual knockout strains having fixed our AEST parameters (4.57). We exhibit
the A knockout strain in (a) long time, (b) medium time and (c) short time. The rest of
the strains are exhibited as such (d) E knockout, (e) S knockout and (f) T knockout.
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Wild-type strain

By following the method in Section 4.7.1, we are able to estimate the eflux parameters
for each of the individual eflux pumps. We plot our estimated wild-type efflux in Figure

4.20, with the following corresponding parameters

(X4, X5, Xs, X7, Xapst] = [3.94x107%, —3.54x107%,4.90x 1073, 5.18 x 107%,4.59x 107,

(4.59)
given to three significant figures. We note that the estimated wild-type parameter (X 4ps7)
causes the model to undershoot the data, however the model does approach a steady state
as the experimental data suggests. Again early dynamics are missing as there is no delay
in concentration decreasing and past this delay the decrease in concentration is not fast
enough to encapsulate the behaviour shown by the data. In addition, as for the individual
efflux values, our parameter for efflux by AcrEF (Xg) is again negative. This again leads
us to believe that for our current model the individual eflux parameters are not additive
and may differ from strain to strain. Since our estimated eflux parameter again does not
provide a realistic fit, we run a parameter fit for the wild-type eflux parameter in Figure

4.21 with the corresponding parameter:

[(Xapst] = [3.57 x 1077, (4.60)

given to three significant figures and an objective function of 3.48 x 1073, This parameter
is similar to our estimated wild-type efflux parameter and the resulting model has similar
dynamics. Whilst in the long time the model reaches a steady state, the early dynamics

exhibited by the data are still missing.
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Figure 4.20: Comparing our estimated wild-type efflux constant (4.59) in our model with
a no flux outer boundary condition to the wild-type data with fixed AEST parameters
(4.57). In (a) we show the fit to the assays that reach long time, (b) the assays that reach
medium time and (c) all assays in the short time.
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Figure 4.21: Parameter fitting results of the model with a no flux outer boundary condition
to the wild-type data using using (4.57) having fixed our AEST parameters (4.57). In (a)
we show the fit to the assays that reach long time, (b) the assays that reach medium time
and (c) all assays in the short time.

4.8 Discussion

We have formulated a spatial model that encapsulates the behaviour of substrate concen-
tration of a single cell, demonstrating the physical effects of eflux pump activity upon
substrate concentration. By making assumptions on the far field boundary conditions
for this model, we have created a single cell model that can potentially encapsulate the
behaviour of a Salmonella culture.

By using finite difference methods, we have discretised our domain and produced

numerical solutions for our model. These simulations have presented insights into the
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behaviour of the mass transfer coefficients, showing clear differences between the coeffi-
cient related to efflux and the coefficient related to permeability. By producing likewise
simulations for the model with differing outer boundary conditions (zero far field and
no flux), we have been able to show the effects these give to our model. With the zero
far field boundary condition, we see the intracellular concentration more likely to fully
deplete. In the long term, the model with this boundary condition would achieve a steady
state of fully depleted concentration in all space, unless we have no transfer of substrate
through the membrane. This would physically represent a Salmonella population that
has plentiful extracellular space, such that once substrate is expelled from the cells it
disperses and does not diffuse back into the population. With the no flux condition, the
system may reach a non zero steady state. Since there is no depletion at the far field, at
long time both intracellular and extracellular concentrations will reach steady state. This
represents physically a Salmonella population that has limited extracellular space, such
that we see diffusion of expelled substrate back into the cell.

We have implemented parameter fitting techniques for the eflux model to experimental
data consisting of various different strains with different efflux pumps active. By varying
the extracellular boundary condition, we have been able to fit two versions of the model
to the data. Whilst the zero far field boundary model provided a reasonable fit to the
AEST knockout data, the flaws in the model were realised upon adding efflux. Not only
were efflux dynamics missing upon early time, upon long time the model concentration
would keep on decreasing when the data suggests an approach to a steady state. In
regards to the no flux boundary model, we saw better fits across all strains, shown by the
objective functions of each of the fits. Whilst again, short time dynamics were missing
upon our fits, the long time fits were improved in all strains. The model in all fits appeared
to reach or be approaching a steady state at long time. Whilst the fits would give a
reasonable approximation to modelling the experimental data, it is clear that our model
needs adaptation to encapsulate the data better and primarily the short and medium time

dynamics. In the next chapter, we will attempt to adapt our existing model to greater

164



encapsulate the dynamics of the data.
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CHAPTER 5

SPATIAL MODEL IMPROVEMENTS

5.1 Motivation

In the previous chapter we have modelled our efflux data via a single cell model, including
variations upon the model’s extracellular boundary condition. However, when attempting
to fit the model to data, flaws were exhibited. Early time and medium time dynamics
in particular did not correspond with the data. It is clear that our current model is
oversimplified and needs adaptation.

As stated in the previous model, ethidium bromide is a DNA-intercalating agent that
fluoresces when it is bound to DNA. Due to this fluorescing, the concentration of ethidium
bromide within a culture can be approximated. However in our previous model, we have
made assumptions that the fluorescence is directly proportional to the concentration of
ethidium bromide. In reality, we will have two states of ethidium bromide; bound ethidium
bromide that is fluorescing and unbound ethidium bromide that is not fluorescing. In
addition, as we know from our gene regulatory model the expression of efflux pump genes
is not constant. In our previous model, we have taken efflux to be constant and to be fully
expressed from the start of the assay, when in reality this may not be the case. This may
be a reason for the disparity in results for strains that included eflux. By considering
these aspects we adapt our previous model with the hope of finding a better fit to our

data.
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5.2 Bound ethidium bromide model formulation

We formulate our model in a manner similar to the previous model by again assuming
that each cell acts identically. We also assume that the concentration of ethidium bro-
mide is evenly distributed in the population such that every cell has an identical initial
concentration of ethidium bromide. We assume this distributed concentration of ethid-
ium bromide is independent to each cell, meaning that if the substrate has been expelled
into the extracellular space, it can only diffuse back into the original cell. In this model
however we consider ethidium bromide in two states. The first state is ethidium bromide
that fluoresces because it is bound to DNA, we will further refer to this state as bound
ethidium bromide. In this state the ethidium bromide cannot pass through the cell mem-
brane via eflux or diffusion. The second state is ethidium bromide that is not bound
to DNA. We will further refer to this state as unbound ethidium bromide. In this state,
ethidium bromide does not fluoresce but can move freely through the cell membrane via
eflux or diffusion. Since one state is bound, we assume that the two states will diffuse
at different rates and hence apply a different diffusion coefficient for each state. Again
similar to the previous model, we do not know the correlation between fluorescence of
ethidium bromide and the concentration of bound ethidium bromide within the culture,

we thus assume a directly proportional relation between the two.

167



== = DpV?cs — acp + Ber

= D;V%c; + acp — Bey
ot

(?CE

=L DpVicg
ot R

Figure 5.1: A schematic of the bound ethidium bromide model. The solid line represents
our cell membrane at radius R);, whereas the dashed line represents our outer boundary
at radius Rg. We have placed our equations where they apply in the intracellular and
extracellular space.

We exhibit a schematic of our model in Figure 5.1. Again, we use spherical coordinates
to model an axisymmetric spherical cell with radius Rj; surrounded by extracellular space
with an outer boundary of radius Rg. At the cell radius, we have a thin permeable
membrane which contains all of our eflux pump systems that expel unbound substrate
from the intracellular to the extracellular space. The equations for this model are as

follows

0

% = DBVQCB —acp + BC[, (51)
% = D[V2C[ + acp — ﬂC[, (52)
dc

a—f = DpVics. (5.3)

Here cp denotes the bound concentration of substrate, ¢; denotes the intracellular un-
bound concentration of substrate and cg denotes the extracellular unbound concentration

of substrate. The intracellular ethidium bromide undergoes DNA binding at rate g and
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unbinding at rate a. We assume that there is always a sufficient concentration of DNA
that is well mixed throughout the cell such that ethidium bromide is able to bind at all

times.

5.2.1 Boundary Conditions

The first boundary conditions are

Jcg Jcy
Dp—— =0 D;— =0 5.4
B ar o ) Iar —o ) ( )
_ Dl% — _ DEaﬂ = (P+ X)cr(Rp,t) — Peg(Ryy, t), (5.5)
or _ or | _
r=Rps r=Rs
aCB
Dp—=2 —0. )
G| 0 (5.6)

Similar to the previous model, we assume axisymmetry of the cell, resulting in two bound-
ary conditions at the cell centre for both bound and unbound ethidium bromide concentra-
tions. We also uphold flux continuity between the intracellular and extracellular space for
the unbound substrate. The bound ethidium bromide however, cannot pass through the
membrane via either efflux or diffusion, thus we introduce the no flux boundary condition
(5.6).

In addition to the above boundary conditions, we have the outer boundary condition.
After analysing parameter fitting results from the previous model we discount the zero
far field boundary condition. Thus we assume that the extracellular space is limited, such
that substrate expelled out of the cell will always be within range to diffuse back in. Here

we set the outer boundary to be a closer boundary with no flux,

8cE

r=Rp
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5.2.2 Initial Conditions

As with the previous model, we assume that there is no substrate in the extracellular
space. In regards to the intracellular space, we do not know the ratio of unbound to bound
substrate, thus we introduce the parameter v into our initial conditions that will define
the ratio of unbound to bound substrate. The initial conditions for each concentration

are as follows
cp(r,0) = Chpy, cr(r,0) = v Cgo, ce(r,0) =0, (5.8)

where Cpg is the initial concentration of bound substrate.

5.2.3 Variable Efflux

In our previous model, we chose our rate of eflux to be constant. In reality we know that
the rate of efflux is not likely to be constant as expression of the proteins that constitute
the eflux pumps can vary. We model efflux as a simple eflux pump formation model with

the following equation and initial condition

dd_f — 65X, X(0) = Xo, (5.9)

where ¢ is our eflux pump formation rate, § is our efflux pump degradation rate and X
is a constant determining the initial rate of eflux. In addition, the formation of eflux
could be dependent upon the antibiotic concentration within the cell, we could model this
as

dX 1 Rm
— =¢; 1 — X, X(0) = Xo, I(t) = — cp(r, t)dr, (5.10)
dt Ry Jo

where ¢; is the efflux pump formation rate dependent on substrate concentration and I

is the averaged intracellular concentration of substrate. We will consider both cases of
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eflux in our simulations, hoping to give us further insights into the dynamics of eflux

over the course of the experiments.

5.3 Numerical Method

We follow a similar method for discretisation as used on the previous model in Section 4.4.
In the interests of brevity, we omit most trivial steps, only exhibiting the main differences

in the FTCS numerical method. By introducing the notation:

the model discretisation in this case simplifies to:

A A
cyit = 0p (1 + T—T) Cpiy1 + (1 =20 —alt)cp; + 0p (1 )

7

) 073,2'—1 + BAtC}L,m

(5.12)

A A
C?:l = 0] (1 + _T) C?,i—o—l + (1 — 20[ — 5At) Crii + 9[ (1 — "

7 %

) C?,i—l + aAtC%,ia
(5.13)

) Cpi1- (5.14)

Ar Ar
C%—EI = QE <1 + 7“_> c%,i—i—l + (1 - 29E) C%,i + QE <1 -

T

In regards to our boundary conditions, we omit our conditions due to following similar
discretisation to the boundary conditions in Section 4.4. By collating our approximations
our full finite difference method to approximate our model is represented in equation
(5.15). We implement this method in MATLAB to produce various different simulations

of our model. Unless otherwise stated we set our spatial step Ar = 0.1 with Ry, = 2um.
Ar?
4Dprax’

Again, in order to maintain stability of our finite difference method we set At =

where DMAX = HlaX(D[,DE, DB)
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5.3.1 Numerical Simulations

For the following simulations, we choose our cell radius to be 2um, with a far field
boundary at 4um. We set the diffusivity of unbound ethidium bromide to be equal
at Dy, Dg = 1um? min™!, whilst we set the bound ethidium bromide to have diffusivity of
Dp = 0.1pm?min~'. Finally, we set the initial intracellular concentrations of bound and
unbound ethidium bromide to be equal at 1mol /m3. We exhibit various simulations of
our bound ethidium bromide model, exhibiting various features of the model’s dynamics
in Figures 5.2-5.4. In these simulations, we vary membrane permeability, efflux rate and
finally the binding and unbinding rates of the intracellular ethidium bromide.

In Figure 5.2 (a), we see the results of an impermeable membrane with no efflux
and equal binding and unbinding coefficients. We see no transfer of substrate from the
intracellular space, with a uniform distribution of both concentrations throughout for all
time due to equal rates of binding and unbinding. In (b), we maintain an impermeable
membrane, however here the unbinding rate dominates the binding rate. We see the
bound substrate concentration decrease over time and unbound substrate concentration
increase until both concentrations reach a steady state.

In Figure 5.3 (a), we maintain an impermeable membrane, however here the binding
rate dominates the unbinding rate. We see the opposite to the previous simulations, with
the bound substrate concentration increasing until reaching steady state. In (b), we set
the binding and unbinding rates to be equal but introduce a permeable membrane. We
can see here that the unbound substrate concentration quickly disperses into the extra-
cellular space until a steady state is reach between the unbound and bound substrate
concentrations. We note that on very early time the bound substrate concentration has
a delay upon unbinding, with the bound substrate concentration only reaching a max-
imum unbinding rate when the unbound intracellular concentration has decreased and
reached steady state. When the unbound substrate concentration has reached its lowest
point, we see the greatest decrease of bound substrate concentration, due to there being

the minimal intracellular unbound substrate concentration available to form bound sub-
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strate concentration. Finally at long time both concentrations reach a steady state as the
unbound substrate concentration has fully dispersed and unbound and bound substrate
concentrations have reached an equilibrium point.

In Figure 5.4 (a), we introduce efflux to the permeable membrane. We note that the
simulation is similar to Figure 5.3 (b), however with the efflux rate only expelling unbound
substrate concentration from the intracellular to extracellular space, the intracellular and
extracellular concentrations reach different steady states at long time. Due to introducing
efflux the unbound intracellular substrate concentration reaches a steady state lower than
achieved via diffusion through the membrane alone (i.e. Figure 5.3 (b)). This has a
resulting effect on the bound substrate concentration as we reach a lower concentration
and equilibrium point between both concentrations at long time. Finally in (b), we
maintain our efflux values but exhibit a case of the unbinding rate dominating the binding
rate. Again, we have similar dynamics to the previous simulation, however instead of the
intracellular and extracellular concentrations reaching an equilibrium at the same steady
state concentration, we see the bound substrate concentration continuing to unbind and
almost fully depleting at long time.

We can compare the dynamics of these simulations to the previous single cell model
(with no flux outer boundary condition) simulations in Section 4.4.1 by comparing the
intracellular bound concentration of substrate in this model against the concentration of
intracellular substrate of the single cell model. By comparing the cases with active eflux
(Figure 5.4 against Figure 4.4 (c) and (d)), it is notable that the long term dynamics
are very similar, with the concentration of substrate appearing to reach a steady state
in both models. However, the main differences are noted upon the early and mid time
dynamics, with the bound ethidium bromide model having a delay in decrease of substrate
concentration during early dynamics. A maximum decrease of substrate concentration is
then reached which then slows upon mid time. This is promising as our parameter fitting
results with the previous model showed that the long term dynamics matched, however

the model was not able to replicate the early and mid time dynamics of the data.
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5.4 Parametrisation Methods

We follow similar methods to our previous parameter fitting exercises in Section 4.6. We
again employ the use of the function fminsearch in MATLAB with a latin hypercube
method of sampling to produce initial parameter guesses, with the only difference being
our objective function. Our objective function that we are attempting to minimise for

this model using our initial parameter guesses in fminsearch is as follows:

= " ) - 1) | de (5.16)

tmaa;

where

3 Ry
I(t) = R_3/0 r? cg(r,t) dr.
M

Here y denotes the experimental data, I denotes the averaged intracellular concentration
of the bound substrate, R, denotes the distance from the cell centre to the cell membrane
and t,,,, 1S the maximum time for the simulations. Again, we note that our data values are
measured in relative fluorescence and our model in concentration. However, as we have
assumed a directly proportional relationship between the fluorescence and intracellular
bound concentration of substrate, we choose to model in terms of relative concentration
so we can directly fit the model to the data. We list all parameters used in this model,
noting the parameters being varied and their respective units in Table 5.1. For simplicity
in presentation, we will omit the units of each fitted parameter in our following optimal

parameter sets.

5.5 Results

As with our previous parameter fitting methods, we set the cell to have a radius of 2um.
Ar?
4Dy ax

exercises we have taken 1000 sets of initial parameter guesses, finding the optimal case,

We have taken the step sizing Ar = 0.25 and At = . For most parameter fitting
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Parameter Description Value Units

Ry Membrane Radius 2 wm
Rp Outer Boundary Radius Not Set wm
P Permeability Mass Transfer Coefficient Not Set  ummin !
XAEST Efflux Conversion Constant For Wild-type Case Not Set  ummin~!
Xgsrt Efflux Conversion Constant For A Knockout Case Not Set  ummin~!
XasT Efflux Conversion Constant For E Knockout Case Not Set  pmmin~!
XasT Efflux Conversion Constant For S Knockout Case Not Set  pummin~!
XAEs Efflux Conversion Constant For T Knockout Case Not Set  ummin~*
XsT Efflux Conversion Constant For AE Knockout Case Not Set  ummin~*
Dg Diffusion Coefficient Of Bound Substrate 0 pm? min =t
Dy Diffusion Coefficient Of Unbound Intracellular Substrate Not Set  um?min=—1!
Dg Diffusion Coeflicient Of Unbound Extracellular Substrate Not Set  um? min~!
Q Unbinding Rate Of Bound Substrate Not Set min~!
B Binding Rate Of Unbound Substrate Not Set min~!
y Initial Ratio Of Unbound To Bound Substrate Concentrations Not Set N/A

Table 5.1: All parameters used in our bound ethidium bromide model and their respective
units. If we vary a parameter we will list it as “Not Set” in the “Value” column, otherwise
if the parameter is not varied we list its fixed value.

fitting to the long time data only. We withhold the short time and medium time assays for
testing of the accuracy of the fit. For simplicity of our parameter fitting exercises, we set
our bound ethidium bromide diffusion rate to be zero (Dp = 0) reducing the number of
parameters in the following fits. This is under the assumption that the bound molecules
will be large compared to unbound molecules such that the diffusion will be negligible
compared to the unbound state. Initially, we will consider efflux to be constant for all
parameter fitting exercises in this section. We do this in order for us to gain more insights
firstly into the binding dynamics by drawing comparisons against the single cell model in

Chapter 4.

AEST knockout

We follow parameter fitting exercises to the AEST knockout strain with the previous
models in Sections 4.7.1 and 4.7.2 by continuing to assume that there is no efflux in this

case. We plot the optimal parameter fit in Figure 5.5 which has the following parameters:

[Rp, D;, D, P,a, B,7] = [4,5.26,6.47 x 1072,6.63,9.15 x 1072,2.38 x 1072,39.4], (5.17)
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given to three significant figures and resulting in an objective function of 1.23 x 1074, We
note that in Figure 5.5 (a) the fit is near perfect, with almost all of the model fitting within
the standard error of the data. The model differs in very early time, where the bound
substrate concentration increases and peaks before decreasing. We can see from (d) and
(e) that with a high initial unbound substrate concentration (caused by the fitted ratio
~), that the binding process dominates over unbinding. Over time the unbound substrate
concentration diffuses out of the cell into the extracellular space, resulting in a lower
intracellular unbound substrate concentration. At this point the unbinding processes
dominate as the unbound substrate cannot bind when it is situated in the extracellular
space. Finally, as the expulsion of intracellular unbound substrate concentration slows,
this means that both intracellular concentrations appear to reach an equilibrium with its
unbinding and binding processes. This results in a near steady state of bound substrate
concentration at the end of the simulation. Testing the fit including the medium and short
time assays in (b) and (c), shows improved results to the previous model in Section 4.7.2.
Whilst the model may not fit within the standard error of the data for both medium and

short time, the model closely mimics the dynamics of the data.
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Figure 5.5: Parameter fitting results of the bound ethidium bromide model to the AEST
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that reach medium time and (c) all assays in the short time. Finally in (d) and (e) we
demonstrate the distribution profiles for both concentrations upon fitting to the long time

data.
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Wild-type strain

Similar to the previous model, we fix our optimal parameters from the AEST knockout
case, as we assume these should not vary in each strain. Since our individual knockout
cases did not give insight into predicting the wild-type case in Chapter 4, we skip param-
eter fitting to the individual knockout cases instead immediately providing a parameter
fit to the wild-type case. We will instead use our individual knockout cases in later pa-
rameter fitting exercises to help ascertain estimates of individual eflux parameters. We
plot our optimal fit for the wild-type strain in Figure 5.6, with the corresponding optimal
parameter

(X apst] = [37.5], (5.18)

given to three significant figures and resulting in an objective function value of 3.65x 1073.
We note that although the earlier dynamics are improved, the overall objective function of
this fit is larger than the best fit to this wild-type strain of the previous model in Section
4.7.2. As with the AEST knockout case, a high initial unbound substrate concentration
causes a delay on early time in the decreasing of bound substrate concentration. The
efflux parameter is comparatively much larger than the permeability parameter, however
even with this large efflux rate, our bound substrate concentration cannot unbind quickly
enough to follow the dynamics of the data. We can see from the distribution profile in
(e) the intracellular concentration is expelled extremely rapidly such that there is a large
localised concentration in the extracellular space close to the membrane of the cell. The
bound intracellular concentration decreases until the bound and unbound intracellular
concentrations have reached an equilibrium point. We note that although the model’s
bound substrate concentration steady state does not fit in the standard error of the data
at long term in (a), the model still achieves a steady state. It is clear from this parameter
fit that the optimal parameters fixed from the AEST knockout case do not provide realistic

dynamics to the wild-type case.
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Figure 5.6: Parameter fitting results of the bound ethidium bromide model to the wild-
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AEST knockout and wild-type strain

Since the previous optimal parameters for the AEST knockout case did not provide a
base for a realistic fit to the wild-type case, we now produce fits for both cases simultane-
ously. For this parameter fitting exercise, we minimise the combined sum of the objective
functions calculated for each data set. We plot the optimal parameter fits for the AEST

knockout in Figure 5.7 and wild-type strain in Figure 5.8 using the following parameters:

[Rp, D5, D, P,a, B,7, Xapsr] = [4,7.44,1.65,2.00 x 107%,1.32,0.86, 1.75,5.70 x 10~?],

(5.19)
given to three significant figures and resulting in a combined objective function of 2.58 x
1073. We can immediately see that the fit to the wild-type case (Figure 5.8) has much
improved, with the majority of the model fitting within the standard error of the data in
(a). In terms of parameters, the binding and unbinding rates are much faster enabling the
bound substrate concentration to unbind and therefore be expelled from the intracellular
space at a faster rate. We also have a lower initial concentration of unbound substrate
concentration (), which in turn results in smaller permeability (P) and efflux activity
parameters X gsr. We thus now do not see a spike in the external unbound substrate
concentration at early time near the membrane. Whilst the fit for the wild-type case has
improved, further shown by comparing to the test data of short time and medium time
assays (b) and (c), we have compromised the fit for the AEST knockout (Figure 5.7).
In (a)-(c) we now have a large peak upon early time where the intracellular unbound
substrate concentration is still at high concentrations such that binding is dominating.
We also have reduced similarities in behaviour in the long term as (although the model
still fits within the region of standard error for the data) the model looks as though it

will hit a steady state much earlier than the data suggests and at a higher concentration.
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Figure 5.7: Parameter fitting results of the bound ethidium bromide model to both the
AEST knockout and wild-type data simultaneously, comparing against the AEST data. In
(a) we show the fit to the assays that reach long time, (b) the assays that reach medium
time and (c) all assays in the short time. Finally in (d) and (e) we demonstrate the
distribution profiles for both concentrations upon fitting to the long time data.
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5.6 Improving the wild-type fit

Whilst simultaneous parameter fits have improved our fit for modelling the dynamics of
the wild-type case, it is clear that the eflux knockout is compromised. Thus it is possible
that we are not encapsulating the effect of eflux with our constant eflux parameter. For
the next parameter fits, we look into improving the fits for the wild-type case upon the

model with no bound substrate diffusion and variable efflux.

5.6.1 Variable Efflux

AEST Optimal Parameters

Initially, as these parameters provided a realistic fit to the AEST case, we fix the following

parameters from the AEST knockout
[Rp, Dy, D, P,a, B,7] = [4,5.26,6.47 x 1072,6.63,9.15 x 1072,2.38 x 1072, 39.4], (5.20)

given to three significant figures and resulting in an objective function of 1.23 x 104, We
then fit our eflux parameters. Since we do not know the initial condition of efflux, we

include this in the parameter fit. Our following fitted parameters are:
[Xo, ¢, 0] = [149,0.31,0.085], (5.21)

given to three significant figures and resulting in an objective function of 7.58 x 107%.
We plot the optimal fit in Figure 5.9. We note that here with variable efflux, the overall
objective function has significantly decreased. This is mainly due to the increased accuracy
of replicating the data’s steady state in (a). Whilst we note here the long term dynamics
are much improved, the short term dynamics are still not being encapsulated. The initial

condition of efflux is set to a very large value causing the model to undershoot the data.
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Figure 5.9: Parameter fitting results of the bound ethidium bromide model with variable
efflux to the wild-type strain data, fixing AEST parameters from (5.20). In (a) we show
the fit to the assays that reach long time, (c) the assays that reach medium time and (d)
all assays in the short time. In (b) we exhibit the resulting eflux profile, with (e) and (f)
demonstrating the distribution profiles for both concentrations upon fitting to the long

time data.
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Combined Optimal Parameters

Since the optimal AEST parameters did not produce a realistic fit for the wild-type case
upon early and mid time, we now produce fits for the wild-type case by considering each
of the top 100 sets of parameters for the fit to the AEST data. Then by combining their
objective functions, we choose a case that is optimal and realistic to both the AEST and

wild-type cases. The parameters we fix from the AEST data are

(R, Dr,Dg, P,a, B,7] = [4,6.13 x 1072,1.14 x 107%,4.26 x 1072,0.21, 3.44 x 107%,6.15],
(5.22)
given to three significant figures and resulting in an objective function of 2.15 x 1074

This results in the following parameters when fitting to the wild-type case:

(X0, ¢,0] = [86.9,9.17 x 1073, 0.34], (5.23)

given to three significant figures and resulting in an objective function of 4.55 x 104, We
plot the fits for the AEST and wild-type case in Figures 5.10 and 5.11 respectively. We
note here, we have made barely any compromise to the fit to the AEST data but have
achieved a much more realistic fit for the wild-type case. For the wild-type (Figure 5.11),
the short time behaviour is much improved, with the model only just undershooting the
data. In regards to the eflux dynamics in (b) we note that the initial condition of efflux

is initially very large and greatly decreases over time.
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Figure 5.10: Parameter fitting results of the bound ethidium bromide model with variable
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Figure 5.11: Parameter fitting results of the bound ethidium bromide model with variable
efflux using the top 100 fits to the AEST data and fitting to the wild-type data, shown
against the wild-type data. In (a) we show the fit to the assays that reach long time, (c)
the assays that reach medium time and (d) all assays in the short time. In (b) we exhibit
the resulting efflux profile, with (e) and (f) demonstrating the distribution profiles for

both concentrations upon fitting to the long time data

191



5.6.2 Substrate Dependent Efflux

Combined Optimal Parameters

It is clear from the previous fits that not only is eflux unlikely to be constant, the optimal
fits start with a high level of eflux that decreases over time. We note that the eflux rate
very closely matches the concentration of internal antibiotic, thus we produce a fit to a
model where the rate of eflux is dependent on the internal antibiotic concentration using
(5.10). As with the previous fit, we consider each of the 100 best sets of parameters for
the AEST case for the wild-type case, finding the minimal combined objective function.

The parameters we choose from the AEST data are

[Rp, Dy, Dg, P, B,7] = [4,2.30,1.01,1.47 x 1072,0.22,8.89 x 1072,2.59],  (5.24)

given to three significant figures and resulting in an objective function of 2.44 x 1074

Fitting to the wild-type we achieve the parameters

[Xo, ¢,0] = [4.00 x 1072,7.99 x 10~2,0.60], (5.25)

given to three significant figures and resulting in an objective function of 3.76 x 10~
We plot the resulting parameter fits in Figures 5.12 and 5.13. We note again that there
is barely any compromise in regards to fitting to the AEST knockout data (Figure5.12).
However the fit to the wild-type case is much improved (Figure 5.13). We note that
the long term dynamics are well approximated in (a), whilst the short term dynamics
are further encapsulated with a small delay in the initial decrease of bound substrate
concentration. We can see that the time course of the efflux rate is very different in (b)
to previous fits. The initial condition of efflux is small, however there is a sharp increase
in efflux before decreasing to reach a steady state. We note that we have seen similar

behaviour to this when simulating the protein expression of these eflux pumps in our

GRN model in Chapter 2.
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Figure 5.12: Parameter fitting results of the bound ethidium bromide model with variable
efflux dependent on substrate using the top 100 fits to the AEST data and fitting to the
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Finally in (d) and (e) we demonstrate the distribution profiles for both concentrations

upon fitting to the long time data.
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Individual Efflux Knockouts

Since we have found parameters that encapsulate the behaviour of the two most extreme
cases (AEST knockout and wild-type) we fix the AEST parameters (5.24) and fit new
eflux parameters for each case of eflux knockouts. For notation, we list all fitted param-
eters as Xqgo, ¢ and dg together with their corresponding objective function 6, where
G represents the efflux pumps that are active in that case. The parameters we achieve

are

[(XEst0, dpsT, OpsT, Opst] = [8.99 x 107%,4.89 x 1073,0.26,4.53 x 107%], (5.26)
(X asT0, asT, OasT, Oasr] = [1.35 x 1072,4.18 x 1072,0.24,6.15 x 1077, (5.27)
[XAE'T07 ¢AET7 5AET7 QAET] = [701 X 1078,4.30 X 1072, 032, 6.53 x 1074], (528)
(X aps0;, OaES, 0aEs, Oaps] = [7.87 x 107°,3.42 x 1072,0.25,9.53 x 1074], (5.29)

[(Xs70, P57, 057, 057] = [2.12 x 107*,1.57 x 107%,2.94 x 107%,1.30 x 107?],  (5.30)

given to three significant figures and resulting in a combined objective function of 3.98 x
1073, Notably we have very small values for X gy and X sggo which could depend on
the resolution of the numerical method. These initial conditions however have been tested
these at value zero and have obtained similar results. We plot the resulting fits in Figures
5.14 and 5.15. We can immediately see that for each efflux knockout case, the dynamics
are closely matched with the majority of the model fitting within the standard error of the
data. It is also interesting to note that nearly all efflux profiles (barring the AE knockout)
start off at a low value, then rapidly increase before decreasing to a steady state value
(Figure 5.14 (d), (f), Figure 5.15 (b) and (d)). The efflux profile for the AE knockout in
Figure 5.15 (e) and (f) we note has a very different efflux profile to the other cases. This
could be due to the fact that in this case only the efflux pumps MdsAB and MdtAB are

active, these are both lesser efflux pumps compared to AcrAB and AcrEF and we should
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expect less eflux and hence a lesser or no initial peak of efflux caused by these pumps.
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Figure 5.14: Parameter fitting results of the bound ethidium bromide model to the data
of individual knockouts, having fixed AEST parameters (5.24). In (a), (b) and (c) we
show the model fitting to the A knockout, firstly to long time and then testing against
medium and short time data respectively. In (d) we show the resulting efflux variable. In
(e) we show the fit to the E knockout and resulting efflux parameter (f).

196



(a)1.2 . - (b)o.12
Data
E 1 ——— Model 4 0.1tFf
E
= 0.8 1 0.08 -
)
Q
g 06} ] > 0.06
O
)
2 04r 1 0.04 r
+~
=
Q T n—
~ 0.2r \\\_; 1 0.02
0 : : 0 : :
0 20 40 60 0 20 40 60
Time (m) Time (m)
(c)1.2 . - (d)o.12
Data
.5 1 ———— Model 4 0.1
=
g
= 0.8 1 0.08
!
g 0.6 < 0.06 |
O
.QZJ 04r 1 0.04
e
=
[}
=02 CRNR | o
0 : : 0 : :
0 20 40 60 0 20 40 60
Time (m) Time (m)
(€)12 .
Data
g 4 ——— Model
g
5]
2
508}
=
-
E 061
)
=
© 04t
0.2 : : : : 0 : : : :
0 20 40 60 80 100 0 10 20 30 40 50
Time (m) Time (m)

Figure 5.15: Further parameter fitting results of the bound ethidium bromide model to
the data of individual knockouts, having fixed AEST parameters (5.24). In (a) we show
the S knockout with resulting efflux parameter in (b). In (c¢) we show the T knockout with
resulting efflux parameter in (d). Finally, in (e) we show the AE knockout with resulting
efflux parameter in (f).
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In Figure 5.16 (a) we show all of our fitted efflux profiles compiled onto one plot.
Similar to Section 4.7.1, we assume that eflux from each individual eflux pump is the
same from strain to strain (when said efflux pump is active) and is additive, we can find
the level of eflux from each efflux pump by solving a system of simultaneous equations.

In (b) we plot the individual efflux variables derived under this assumption.
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Figure 5.16: Compiled eflux profiles from our parameter fitting results of the ethidium
bromide model with substrate dependent efflux. In (a) we show the profiles of our efflux
knockout strains, in (b) we show the profiles of our estimated individual efflux profiles.

We can see that this puts the value from the efflux pump AcrEF (Xg) to be negative.
We know this is not possible and thus the assumption made above must not be correct.
However, we know from our GRN model that if AcrAB levels are high AcrEF levels are
low and there is a switch between these pumps. Thus we make another assumption that
there is no AcrEF (Xgp = 0) when AcrAB (X,4) is active and also group MdsAB and
MdtAB as one pump (Xg + X7 = Xgr), due to both pumps not being involved in our

GRN model. Thus our simultaneous equations to be solved are

XA+ Xsr = Xasr, (5.31)

Xg+ Xsr = Xgsr, (5.32)
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which results in the efflux values

X4 = Xasr — Xgr, (5.33)

XE = XEST — XST- (534)

We plot these values in Figure 5.17, showing the efflux profile for AcrEF only when
AcrAB is not active. All profiles are now positive which could possibly suggest that there
is interplay between the efflux pumps and that when a pump is knocked out, there is a
noticeable effect upon the other pumps in the cell. In addition the behaviour for the two
main efflux pumps is very similar, showing an early increase before rapidly decreasing to
reach a steady state. These factors could be due to many mechanisms, however our GRN-
model efflux proteins (AcrAB and AcrEF) do exhibit similar behaviour to these efflux
profiles. Therefore the interaction of genes that govern expression of the eflux pumps
could be prominent in determining the eflux profiles of the RND pumps. Thus the GRN
behaviour may provide a pivotal role in substrate eflux over long time and determining
the spatial distribution of substrate concentration within the Salmonella cells and their

environment.
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Figure 5.17: Efflux profiles from our parameter fitting results of the ethidium bromide
model with substrate dependent efflux. Here we show the profiles of our estimated eflux
profiles for AcrAB and AcrEF, with strain results for ST (MdsAB and MdtAB).
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5.7 Compartmental Model

In the previous subsections, we have produced a PDE model and applied parameter fitting
techniques on the spatial average of the intracellular concentration to fit to experimental
data. An alternative approach however, could have been taken utilising compartmental
models using ODEs. In this section, we compartmentalise our model (5.1)-(5.3) and
compare the differences in simulations between the ODE and PDE models. In order to

compartmentalise our PDE model we must first define our spatial average

G — % / / /V v2 sin(6) es(r, ) dr d0 deb
3

Rmaz
= T / r?¢i(r,t) dr, (5.35)

mazx mzn)

Rmin
which has the time derivative
851' 3 Rmas 2 801-
— = d 5.36
ot (R;;’Laz - R?mn) /Rmm : ot " ( )

where ¢ = B, I, E. If we take the volume integral of our equation for bound ethidium

bromide (5.1) we have

1 1
— /// r? sin(@)% drdf dp = —/// r? sin(0) (DgVZcp — acp + Ber) dr df do,
V], ot v /]l

(5.37)
which by substituting (5.35) and (5.36), simplifies to
Jecg 1 5 . 5 _ _
—_— = = r* sin(0) DpV<cp drdf dp — acg + Ber (5.38)
oV v
3 deg™ ~
= R, [DB TZW] , — acp + fey, (5.39)
3 0
= —-— DBﬂ —acp + BE[, (540)
RM 8’/’ r=Ras
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Now by using the no flux boundary condition at r = R,; for bound ethidium bromide
(5.6), we have

dcp

—5 = —ats + fer. (5.41)

Next, we assume that all rates of diffusion are much faster compared to other reaction rates
such that the concentrations within the compartments are constantly uniform (¢; = ¢;),

we can write:
dCB

= ocs + Bey. (5.42)

Now following the same method for the unbound ethidium bromide (5.2), we achieve

85[ 3 803
- D,—=
ot Ry 'or

r=Rps

In this case, we substitute our membrane boundary condition for unbound intracellular

ethidium bromide at r = Ry, (5.5), to get

oz 3
T 2 ((P+ X)er(Rag, t) + Peg(Rur, b)) — acp + 521, (5.44)
ot Ry

We again assume that the compartment concentrations are uniform (hence ¢; = ¢; and

¢i(Rar,t) = ¢;), thus we can write:

dey 3P S(P + X)
Sl S S — 4
di R CE R Cr T QCR ﬁcb (5 5)

Finally we apply this method to the extracellular ethidium bromide (5.3), giving us

% ____3 (DE R, 9o ) . (5.46)
r=Rpr

ot (R}, —R3)) B or
In this case, we use our boundary conditions for the extracellular ethidium bromide. We

- M
r=Rp or

have a no flux boundary at r = Rp (5.7), and the membrane condition at r = Ry (5.5).
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Substituting and assuming that the compartment concentrations are uniform gives us

dep 3Rﬁ4(P+X)C _ 3RyP )
it — (R, —RY) ' (RL,-RY) "

(5.47)

We have now derived our compartmental model and the corresponding ODE equations

are as follows

d

—;f = —acp + 60[, (548)
dc 3P (P+X

d_tI = ECE — (R—]M)CI + acp — /8017 (549)
d 2 (P+X 2P

== —————-Cp.
dt — (R, —RY) (R, —R3,) "

We note that this model retains the majority of the parameters from the PDE model,
however there is no dependence on the diffusion coefficients Dg, D; and Dg. In Figure
5.18, we exhibit the simulations comparing the ODE and PDE models, using the optimal
parameters for the AEST and wild-type cases in Section 5.6.2. We can see from the
simulations that for the chosen parameters the ODE model encapsulates the behaviour
of the PDE model well, with little difference in their simulations. In Figure 5.19 however,
we exhibit the simulations with slower diffusion rates (by a factor of 100). We can see
that there are large differences between the model simulations, with the ODE model not
being able to encapsulate the changes in behaviour to the PDE model. In Figure 5.20, we
exhibit a parameter variation plot comparing the root mean square error (RMSE) of all
concentrations between ODE and PDE models, using the optimal wild-type parameters.
We can see that when either diffusion rate is small enough, the assumption of a uniform
concentration within the compartments fails and thus the behaviour in the ODE model
does not match up to the behaviour in the PDE model. Therefore, whilst for the optimal
parameters chosen the ODE model may be sufficient, if we were to model a different
substrate that diffuses differently we may not encapsulate the substrate’s full behaviour.

In addition if we were to introduce a synthetic molecule to try to combat substrate eflux
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the ODE model may not be sufficient i.e. a molecule that binds to the substrate affecting
its diffusion dynamics. For these reasons, we continue using the PDE model for the

remaining sections.
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Figure 5.18: Simulations comparing the compartmental ODE and spatial PDE model. In
(a) we exhibit simulations using the AEST optimal parameters, whilst in (b) we use the
optimal wild-type parameters.
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Figure 5.19: Simulations comparing the compartmental ODE and spatial PDE model

with slower substrate diffusion (by a factor of 100). In (a) we exhibit simulations using
the AEST optimal parameters, whilst in (b) we use the optimal wild-type parameters.
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Figure 5.20: Parameter variation plots exhibiting the RMSE between the ODE and PDE
models for all concentrations, varying the log of diffusion parameters D; and Dg to greater
show the differences in RMSE for small values of diffusion. In (a) we exhibit a 3D mesh
and (b) a contour plot.

5.8 Discussion

We have adapted our previous spatial model to greater encapsulate the dynamics of sub-
strate expulsion of a single cell by including the binding dynamics of ethidium bromide.
By using finite difference methods, we have discretised our domain and produced numeri-
cal solutions for both concentrations of bound and unbound ethidium bromide, including
the interplay between both concentrations. We have produced multiple simulations, vary-
ing parameters to best present insights into the model. Whilst the long term dynamics
are similar to the original model, it is shown that the short and medium term dynamics
have changed. By introducing two states of ethidium bromide we have caused the fluo-
rescing intracellular substrate concentration to decrease more slowly at early time, with
the depreciation depending on the binding and unbinding rates as well as the membrane
permeability and eflux parameters.

We have then implemented parameter fitting techniques using our more in depth
bound ethidium bromide model. Upon initial parameter fitting exercises, it was shown

that although the model fitted well to the AEST knockout data, it struggled to model
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the wild-type dynamics when including an eflux parameter. We have conducted joint
parameter fitting exercises, minimising a combined objective function for both data sets.
Whilst the fit for the wild-type case was much improved, the fit for the AEST knockout
was compromised, with a greater peak at initial concentration and the model appearing
to reach a steady state at a higher concentration than the data suggests.

It is clear that the efflux behaviour in the model was not fully accurate, with the
constant efflux parameter unable to fully replicate the dynamics of the drop in substrate
concentration seen in the data. By including efflux as a variable instead, we have been
able to improve our model fits for both cases of knockout and wild-type, with the model
demonstrating the difference in dynamics between both cases. By again fitting to both
cases simultaneously with a joint objective function, we have further been able to improve
our fits, with minimal compromise to the fit of the AEST case. Furthermore, we have
produced fits where efflux is dependent on the internal substrate. This has provided us
with our optimal fits and also interesting profiles for our efflux variables. We noted that
the efflux profiles are similar to simulations of the expression of genes in our GRN model,
leading us to believe that gene expression could be the cause of this eflux profile on this
time period. This suggests that combining our GRN model with our spatial model is an
appropriate next step and will enable us to make predictions about adaptations to the
GRN and how they could affect the antibiotic concentration within the cell. In addition,
we have compartmentalised our model, simplifying our existing PDE model into an ODE
model. Whilst the ODE model provided good simulations with our optimal parameters,
we have shown the limitations of the ODE model for modelling different substrates or
manipulations. Therefore in the following sections we opt to use our PDE model rather

than the compartmental ODE model.
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CHAPTER 6

MULTISCALE MODEL

6.1 Introduction

In the previous chapters, we have constructed two independent models. The first in Chap-
ter 2, is a model of the GRN governing the expression of efflux proteins that constitute
the eflux pumps AcrAB and AcrEF for a Salmonella cell. The second model in Chapter
5, is a spatial model of substrate efflux from a Salmonella culture, exhibiting the efflux
caused by four RND efflux pumps AcrAB, AcrEF, MdsAB and MdtAB. Upon parameter
fitting of the spatial model, we were able to gain insights into the eflux dynamics over
time when a culture was subject to a stressor, namely Ethidium Bromide. From multiple
parameter fitting exercises, it was shown that these dynamics in the spatial model were
similar to the expression of efflux pump proteins in the GRN model. It was also shown
that substrate dependent efflux best captured the dynamics of the data, agreeing with
our knowledge that bacteria can react to their environment. One way that we already
know bacteria can do this is by varying expression of genes that control aspects of the
bacterial behaviour. In this chapter, we will combine the GRN model with the spatial
model, in order to create a multiscale model of the Salmonella population and its envi-
ronment. This model will enable us to draw hypotheses on manipulating aspects of the
GRN and the resulting effect upon substrate concentration in a culture. By creating this
multiscale model, we have a more realistic and complete model that should capture more

of the important aspects of the population’s behaviour than the previous models.
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6.2 GRN Model Adaptation

Following our asymptotic analysis in Chapter 3, we have identified the genes that dominate
processes within the network. Thus for simplicity, in this section we use this analysis
to create a simplified version of the GRN in Chapter 2. One change is to remove the
secondary TAs soxS, marA and rob. Our asymptotic analysis concluded that once ramA
is expressed, these secondary TAs did not produce a noticeable effect at long time on the
expression of the eflux pump genes. The second change to the network is to remove the
post transcriptional activator CsrA. Since this protein was not linked to other mechanisms
within the network, mathematically we can easily incorporate the effect of this protein
by altering the translation rate of acrAB mRNA. Thus for simplicity, we choose to omit
this protein from the network.

Since our initial construction of the GRN, the knowledge of the mechanisms within
the network has been broadened [27]. In order for our model to fully encapsulate the
new mechanisms within the network, we further adapt our GRN model. We exhibit our

updated network in Figure 6.1, with the following changes exhibited by dashed lines:
e RamA activates acrEF as well as acrAB [5].

e The link between the expression of acrAB and acrEF, is governed by heat-stable

nucleoid-structuring protein (H-NS) [62].

In regards to the first change, previously the expression of acrEF was only governed
by EnvR. Thus we should see new interesting dynamics to the network with acrEF now
also being dependent on the activator protein RamA to be transcribed. In regards to the
second change, we have replaced our theoretical link between both efflux pumps in our
previous GRN model with the molecule H-NS. We exhibit the interactions that involve
H-NS in Figure 6.2. When H-NS is active, it inhibits expression of both envR and acrEF
[12]. H-NS is believed to be involved in the experimentally observed switching dynamics
of the two efflux pumps, such that acrEF expression is activated when acrAB expression

is low. We include these switching dynamics by assuming that a high concentration of
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AcrAB will activate the molecule H-NS, hence inhibiting the expression of both acrEF
and envR. To include this into our model we assume that the variable H-NS will vary
between 1 (when active) and 0 (when inactive). We represent the variable for H-NS
through the following equation

dH

where kj, is the activation rate of H-NS linked to AcrAB concentration and my, is the

deactivation rate of H-NS. For simplicity, we take (6.1) to be in quasi steady state, with
mp
Ky =—:
H= 7
B
B+ Kpg'

envR acrEF

Figure 6.2: A schematic of a section of the GRN model, demonstrating the interactions
that involve H-NS. This includes the proteins AcrAB and H-NS, and the genes envR and
acrEF.

From our parameter fitting exercises, we achieved the best results when efflux was
dependent upon the substrate concentration. To combine the two models, rather than
choosing the substrate concentration to have a direct effect upon the expression of both
eflux pumps, we choose to target the areas in the network that are most likely to be
affected by a stressor, backed up by consultations with the Blair group and Piddock
group at the University of Birmingham. We plot our updated GRN model that has

substrate concentration as a signal in Figure 6.1, with the following changes exhibited by
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dot dashed lines:
e The internal substrate concentration inhibits expression of ramR [39].

e The internal substrate concentration inhibits the concentration of Lon Protease

within the cell [39].

In regards to the first change, ramR is the local repressor of ramA, the primary activator
of both efflux pumps. By targeting ramR, we should see an indirect effect upon ramA
expression. For the second change, by targeting Lon Protease concentration, we indirectly
affect RamA concentration by altering the protein’s degradation. In regards to the eflux
of the substrate, we assume that efflux will correspond with both translation of AcrAB
and AcrEF. We incorporate this by assuming that the eflux rate is proportional to the
combined concentrations of these efflux pump proteins. In addition, since both MdsAB
and MdtAB (which were both involved in the experiments) and their corresponding genes
are not involved in this GRN, we include their corresponding efux rates from their
parameter fitted equations in the previous chapter. The equations for the combined GRN

model are as follows:

L (6.3)
R R R 6
% - k?’ﬁ = OmCon, (6.5)
% i (Kok + KEQI[((CEiLKIC(iC)(KAI +A) Om Bom (6.6)
E i ks% = OmEin, (6.7)
dc% - kG(KH + B)([;Zfﬁ)(f% +A) OmFm: (6.8)
% = plma B = 0, ), (6.9)
% = madn = oA —dy Kﬁ 74 (6.10)
% = maCm = 05C, (6.11)
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i myB,, — 9,8, (6.12)
U B~ 5, (6.13)
% = meF,, — 0, F, (6.14)
d)(jfT = ¢sr I — 057 XsT, (6.15)
aaif = DpV?cp — acg + Bey, (6.16)
% = D;V?c; + acg — Bey, (6.17)
aaif = DpVieg, (6.18)
I(t) = % /ORM r? cp(r,t) dr. (6.19)

Here I denotes the averaged internal concentration of bound substrate. As the mRNAs
and proteins in the GRN only exist in the intracellular space, for simplicity of reducing
the number of unknown parameters we have opted to not include spatial effects on these
variables. In regards to our GRN equations, these have been modified compared to our
model equations in Chapter 2. Firstly by using insights into the asymptotic analysis we
have adapted equations (6.6) and (6.12). From the former we have removed activation
from SoxS (also removing sozS mRNA and SoxS entirely from the model) whilst the
latter we have removed CsrA from the translation terms of acrAB. By using updates from
further knowledge into the GRN, we have updated equations (6.7) and (6.8), including
the assumption that H-NS must not be active for mRNA transcription in both equations,
whilst including dependence on RamA concentration on the latter. In addition, we have
modified our basal ramA transcription rate in (6.4). Rather than including a standard
basal transcription rate regardless of whether a protein is bound to the promoter region
of ramA, we have chosen to only include transcription in the times where RamA or no
proteins are bound to the promoter region. Finally, we have included the GRN influence
from internal bound substrate by regulating ramR mRNA transcription in (6.3) and
regulating Lon Protease degradation in (6.10). Whilst MdsAB and MdtAB do not feature

within the GRN we include their rate of efflux in (6.15), this is in order for us to replicate
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the full dynamics of the spatial model shown from the parameter fitting results in Chapter

5. The boundary conditions used in the above model are

8CB 86[
B =0 — =0 6.20
5 or r=0 7 Vor r=0 , (020
o 0 B+ F
Dfﬁ = DEﬂ = | P+ i + Xsr | cr(Rar, 1) — Pep(Rag 1), (6.21)
or|._ or | _ Xc
r=Rps r=Rn
o 0
p, o 0, Dy 28 = 0. (6.22)
or | or | _
r=Rps r=Rp

The first set of boundary conditions (6.20) represent axisymmetry in both angular di-
mensions for bound and unbound substrate. The boundary condition (6.21) represents

our membrane boundary condition for unbound substrate. In this boundary condition
B+ F
Xc
and MdtAB directly as Xg7 in this equation, however for AcrAB (B) and AcrEF (F)

we set our efflux rate X = + Xgr. We have included the efflux rate of MdsAB

we link their concentrations to their eflux rates by assuming a directly proportional re-
lationship, dividing both concentrations by an eflux rate constant Xs. The final set of
boundary conditions (6.22) represents no flux boundary conditions, for bound substrate
at the membrane and unbound substrate at the outer boundary. The initial conditions

for each concentration are as follows

Cpo, 0<r <Ry, v7Cpo, 0<1r < Ry,
cp(r,0) = cr(r,0) = (6.23)

0, RM<’I“§RB, 0, RM<T‘§RB,

where Cpq is the initial concentration of bound substrate. These initial conditions denote
the concentrations for bound and unbound substrate. We express the initial condition
for the unbound substrate as a ratio of the bound substrate using v. In regards to the
initial conditions for the GRN and efflux we have down-regulated initial conditions for the

mRNAs and proteins of all repressor genes (ramR, acrR and envR). For the mRNAs and
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proteins of the remaining genes (ramA, acrAB and acrEF), we will estimate their initial
conditions in order to replicate the experiments. In the experiments, the cell has had a
short amount of time to react to the substrate before the first measurement is taken and
thus we should expect some activation of expression of the eflux genes and their activator
genes. This behaviour is also shown in the parameter fitted eflux dynamics, as the initial
conditions for the eflux rates of individual pumps are not fully down regulated. Finally,
the initial condition for the efflux rate of MdsAB and MdtAB follows from our fitted
initial condition in the previous chapter. The notation for the initial conditions are then

as follows:

R (0) = Cp(0) = Ep(0) = Go, R(0) = C(0) = E(0) = Gy, Xsr(0) = Xsgro, (6.24)
An(0) = Ao, By (0) = Bo, F,(0) = Fro,  (6.25)

A(0) = Ay, B(0) = By, F(0)=F,.  (6.26)

We will provide the exact values in the following section. We list all of the variables and

parameters used in our model in Tables 6.1 and 6.2. In all future simulations, we will be

using the finite difference method in Chapter 5 to approximate our model, using spatial
2

step Ar = 0.25 and time step At = , where Dy ax = max(Dy, Dg, Dp).

Dyrax

6.3 Numerical Simulations

In this section, we will exhibit numerical simulations of the multiscale model, attempting
to replicate similar results from fitting to the same data used in Chapter 5. As we have
assumed a directly proportional relationship between the fluorescence and intracellular
bound concentration of substrate, we again model our substrate in terms of relative con-
centration so we can compare the model directly against the data. Since we have data
for both wild-type and EST knockout strains, we compare the model against the data of
these strains using parameter values from Table 6.2. We have aimed to keep parameters

as similar as possible to those in the previous GRN model in Chapter 2 and have main-
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Variables Description Units

R, Concentration of ramR mRNA nM

R Concentration of RamR nM
A, Concentration of ramA mRNA nM

A Concentration of RamA nM
Ch Concentration of acrR mRNA nM

C Concentration of AcrR nM
B, Concentration of acrAB mRNA nM

B Concentration of AcrAB nM
E,, Concentration of envR mRNA nM

E Concentration of EnvR nM
F Concentration of acrEF mRNA nM

F Concentration of AcrEF nM

X Combined efflux rate of all pumps wmmin ™t
Xsr Efflux rate of MdsAB and MdtAB pmmin =1
cB Relative concentration of bound substrate N/A

cr Relative concentration of unbound substrate N/A
N Averaged intracellular concentration of bound substrate N/A

Table 6.1: Variables used in our multiscale model along with their respective units.

Parameter Description Estimate Units

k1 Transcription Rate of ramR mRNA 10 nMmin~!
mi Translation Rate of RamR 1 min~1
ko Transcription Rate of ramA mRNA 10 oM min~—!
Mo Translation Rate of RamA 1 min ="
ks Transcription Rate of acrR mRNA 10 nMmin~!
ms Translation Rate of AcrR 1 min~!
ky Transcription Rate of acrAB mRNA 10 nMmin—!
my Translation Rate of AcrAB 1 min =1
ks Transcription Rate of envR mRNA 10 nMmin~!
ms Translation Rate of EnvR 1 min ™"
ke Transcription Rate of acrEF mRNA 10 nMmin !
me Translation Rate of AcrEF 1 min~!
Om Degradation Rate of mRNA 1 min =t
Op Degradation Rate of proteins 0.05 min =t
di L Degradation caused by Lon Protease 0.37 min !
Kgr Dissociation Constant of RamR 6.58 nM
Ka, Dissociation Constant of RamA with ramA and acrAB 2 nM
Ka, Dissociation Constant of RamA with acrR 2 nM
Ky, Dissociation Constant of RamA with acrEF 60 nM
K¢ Dissociation Constant of AcrR 20.2 nM
Kg, Dissociation Constant of EnvR with acrEF 20.2 nM
Kg, Dissociation Constant of EnvR with acrAB 20.2 nM

K Saturation Constant of Substrate 0.3 nM
Ky Dissociation Constant of H-NS 1 nM

I Mutation Coefficient Oor1 N/A

P Permeability Mass Transfer Coefficient 0.01 pmmin~!
Xc Efflux Conversion Constant 500 nM min pm ™!
Dp Diffusion Coefficient Of Bound Substrate 0 um?min =t
Dy Diffusion Coefficient Of Unbound Intracellular Substrate 2.30 or 1 pm? min~!
Dg Diffusion Coefficient Of Unbound Extracellular Substrate 1.01 pm?2min =t
Ry Membrane Radius 2 wm
Rp Outer Boundary Radius 4 um

« Unbinding Rate Of Bound Substrate 0.22 min !

B Binding Rate Of Unbound Substrate 0.09 min~!
¢sT Increase In MdsAB And MdtAB Efflux Rate 1.57 x 1074 pmmin !
osT Decrease In MdsAB And MdtAB Efflux Rate 2.94 x 1072 pmmin =1

Table 6.2: Parameters used in our multiscale model with their estimated values and units.
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tained the fitted spatial parameters from Chapter 5. We opt not to compare against the
data of the remaining strains: AST (AcrAB, MdsAB and MdtAB), AET (AcrAB, AcrtEF
and MdtAB), AES (AcrAB, AcrEF and MdsAB), ST (MdsAB and MdtAB). We do not
use this data as the first three strains (which have AcrAB active) do not hugely differ in
dynamics to the wild-type strain. Furthermore for the last strain, the genes that govern
MdsAB and MdtAB do not feature within our GRN. For comparing against the data for
the EST strain, we have knocked out acrAB in the GRN by setting k4, my = 0. Although
we do not have the data for any RamR mutant strain, we will run simulations to predict
the behaviour of the strain by mutating RamR in the GRN, setting i = 0. Recall that
this mutation is known for causing the strain to confer MDR. In total we simulate four

strains: wild-type, EST knockout, RamR mutant and EST RamR mutant, detailing them

in Table 6.3.
Strain Name Active Efflux Pumps Mutations
Wild-type AcrAB, AcrEF, MdsAB, MdtAB N/A
EST AcrEF, MdsAB, MdtAB N/A
RamR Mutant AcrAB, AcrEF, MdsAB, MdtAB RamR
EST RamR mutant AcrEF, MdsAB, MdtAB RamR

Table 6.3: A summary of the strains involved in this section. We list each strain’s active
eflux pumps and any mutations to their GRNs.
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For the following simulations, we set down-regulated initial conditions for the repressor
mRNAs and proteins (G,,0 = Gy = 0.0lnM) and set the initial condition for the efflux
rate of MdsAB and MdtAB from the parameter fitting results (Xgro = 2.12 x 10~*nM).
For the mRNAs and proteins of the remaining genes ramA, acrAB and acrEF, their initial
conditions will vary depending on the strain we are modelling. To choose these initial
conditions, we first run a simulation for each strain with down-regulated initial conditions
for all mRNAs and proteins (A0 = Ao = Bmo = By = Fino = Fo = 0.01nM). For the
wild-type and RamR mutant strains, we expect acrEF expression to be down-regulated
as acrAB is active, so we maintain the initial conditions F),y = Fy = 0.01nM. For the
EST and EST RamR mutant strains, the gene acrAB is knocked out entirely so we set
B0 = By = 0. For the remaining variables, in the wild-type and EST strains, we choose
the initial condition of the variables to be half of the maximum value over the full time
course in the down-regulated simulation i.e. the system has had a short period of time
to react from a down-regulated state. For the RamR mutant and EST RamR mutant
strains, we choose the initial condition of the variables to be the steady state values in
the down-regulated simulation i.e. with RamR mutated there is always high expression of
ramA and acrAB or acrEF. In addition, as RamR is mutated in the latter two strains, we
set the initial condition of RamR protein R(0) = OnM. We display these initial conditions
in Table 6.4. We produce simulations using these initial conditions in Figures 6.3-6.6
for the wild-type strain, EST (AcrAB knockout) strain, RamR mutant strain and EST

RamR mutant strain respectively.

Strain Name Amo (nM)  Ap (nM)  Bpo (nM)  Bp (nM)  Fpo (nM)  Fyp (nM)  Go (nM)  R(0) (nM)
Wild-type 3.6256 12.1458 3.1665 36.9524 0.01 0.01 0.01 0.01
EST 3.5985 12.2401 0 0 0.4798 3.5434 0.01 0.01
RamR Mutant 10 25.3726 5.0964 102.0014 0.01 0.01 0.01 0
EST RamR mutant 10 33.5428 0 0 0.3297 6.7758 0.01 0

Table 6.4: Initial condition values for strains involved in this section.
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For the wild-type strain mRNAs (Figure 6.3 (a)) and proteins (Figure 6.3(b)), at early
time we see low concentrations of ramR mRNA and RamR as the gene is inactive in the
presence of a high internal substrate concentration. This in turn allows fast expression
of ramA, resulting in large concentrations of RamA protein, activating the expression of
the efflux pump gene acrAB. Since the local eflux repressor acrR is inhibited by a large
concentration of RamA, we see higher expression of acrAB. This leads to an increase in
efflux rate (Figure 6.3(d)) and resulting expulsion of substrate from within the cell (Figure
6.3(c)). Once the intracellular bound substrate concentration is sufficiently low, we see
increased activation of ramR expression resulting in inhibition of the expression of the
network’s main activator ramA. The local efflux repressor acrR is able to express at a
faster rate due to a lower concentration of RamA. The lower concentration of RamA and
larger AcrR concentration result in less acrAB expression both indirectly and directly
respectively. This results in a decrease in efflux rate and results in an equilibrium be-
tween the transfer of intracellular and extracellular substrate. We note that the model
comparison to the data (Figure 6.3(c)) is not perfect, with mid time dynamics appear-
ing outside the standard error of the data. However, we have opted not to largely differ
our GRN parameter choices from Chapter 2 by manually editing parameters as little as
possible. Alternatively, we could run new parameter fitting exercises including the GRN
parameters, however due to the high number of parameters within the network compared
to the available data, there will likely be many non identifiable parameters.

We show the simulation of the EST strain in Figure 6.4. For (a) and (b), we note
that for all time there is no expression of acrAB due to the gene being knocked out in
this strain. Without the presence of AcrAB in this strain, there is no activation of H-NS
meaning that both envR and acrEF can be expressed freely. Thus at early time, similar
to the wild-type strain, with low concentrations of ramR mRNA and RamR due to a high
internal substrate concentration, we see activation of ramA expression, with RamA this
time activating expression of acrEF. Due to the difference in the dissociation constants of

RamA with acrEF and acrAB, we see less acrEF expression compared to the expression
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of acrAB in the wild-type strain (Figure 6.3(a) and (b)). The expression of acrEF' is also
reduced by the constitutive expression of envR and hence we see a lower efflux rate (Figure
6.4 (d)) than in the wild-type strain (Figure 6.3 (d)). Thus substrate is expelled from the
intracellular space at a slower rate (Figure 6.4 (c)). There is also less expression of ramR
due to a higher intracellular substrate concentration, which reaches an equilibrium steady
state with the extracellular substrate at a higher concentration than that of the wild-type
strain. We note that we have achieved a good model fit to the data in this case (Figure
6.4 (c)), with almost all of the model fitting within the standard error of the data.

We show the simulation of the RamR mutant strain in Figure 6.5, exhibited against
the simulation of the wild-type strain in 6.5 (c) as a comparison (recall that there is
no experimental data for this strain). Following from Chapter 2, we have assumed that
RamR protein is mutated and thus there is no functional RamR in the system (Figure 6.5
(a) and (b)). This means that there is no inhibition of ramA expression, resulting in large
concentrations of RamA activating acrAB expression. This results in a large eflux rate
(Figure 6.5 (d)), comparatively larger than the wild-type strain (Figure 6.3 (d)). As the
intracellular bound concentration of substrate decreases (Figure 6.5 (c)), we see increased
degradation of RamA caused by an increased concentration of Lon Protease. At long
time we see both concentrations of RamA and AcrAB reach steady state, with almost all
substrate expelled from the intracellular space. Compared to the wild-type strain (Figure
6.5 (c)), we can see that there is less feedback from the internal substrate concentration
within the GRN on mid and long time. Mainly, the intracellular bound substrate reaches
a steady state that is below the concentration shown by the wild-type, clearly exhibiting
the strains ability to display MDR.

We show the simulation of the RamR mutant EST strain in Figure 6.6, exhibited
against the EST strain simulation for comparison in Figure 6.6 (c¢). Similar to the previous
strain there is no restriction upon expression of ramA due to no presence of RamR (Figure
6.6 (a) and (b)). However in this strain as acrAB is knocked out, we see RamA activating

acrEF expression. Whilst early time does not hugely differ from the normal EST strain,
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we see that with a higher RamA concentration, the concentration of AcrEF achieves a
higher steady state. This results in an efflux rate (Figure 6.6 (d)) similar to the wild-type
case (Figure 6.3 (d)) and a steady state of intracellular bound substrate concentration
(Figure 6.6 (c)) lower than the normal EST strain (Figure 6.4 (c)) i.e. this strain is

predicted to have a higher eflux capability.
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Figure 6.3: Our multiscale model of the wild-type strain, run for the time course of the
wild-type data. In (a) we show the concentration of mRNAs over time, (b) we show
the concentration of proteins. In (c) we exhibit the substrate concentration over time
against the experimental data and (d) the corresponding efflux rate X, with efflux rate
contributed by AcrAB (AB), AcrEF (EF) and the sum of MdsAB and MdtAB (ST).
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Figure 6.4: Our multiscale model of the EST strain (acrAB knockout,

ks, my, B, (0), B(0) = 0), run for the time course of the EST data. In (a) we show
the concentration of mRNAs over time, (b) we show the concentration of proteins. In
(c) we exhibit the substrate concentration over time against the experimental data and
(d) the corresponding efflux rate X, with efflux rate contributed by AcrAB (AB), AcrEF
(EF) and the sum of MdsAB and MdtAB (ST).
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Figure 6.5: Our multiscale model showing a RamR mutant strain (u, R(0) = 0), run
for the time course of the wild-type data. In (a) we show the concentration of mRNAs
over time, (b) we show the concentration of proteins. In (c) we exhibit the substrate
concentration over time compared against the simulation from the wild-type strain and
(d) the corresponding efflux rate X, with efflux rate contributed by AcrAB (AB), AcrEF
(EF) and the sum of MdsAB and MdtAB (ST).
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Figure 6.6: Our multiscale model showing the RamR mutant EST strain (ky, my, By, (0),
B(0),u, R(0) = 0), run for the time course of the EST data. In (a) we show the con-
centration of mRNAs over time, (b) we show the concentration of proteins. In (c) we
exhibit the substrate concentration over time compared against the simulation from the
EST case and (d) the corresponding efflux rate X, with efflux rate contributed by AcrAB

(AB), AcrEF (EF) and the sum of MdsAB and MdtAB (ST).
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Finally, in Figure 6.7, we compare the substrate expulsion of all strains. In (a) we plot
all time dependent simulations of the strains on one plot. In (b) we use the trapezium
rule (function “trapz” in MATLAB) to approximate the area under the curve (AUC) of
each strain simulated in (a). The AUC shows us the overall relative substrate exposure
over the simulated time course [90]. Immediately we can clearly see the benefits of the
RamR mutation for both strains as there is a clear reduction in substrate over all time for
strains with this mutation over their counterparts (Figure 6.7(b)). It is also interesting
to note that at steady state the EST RamR mutant achieves a similar value to that of
the wild-type strain (Figure 6.7(a)). This shows that even with acrAB knocked out, the
strain (which has mutated RamR) is able to compensate by using the secondary pump
system acrEF to achieve similar eflux in the long term to that of the wild-type. Finally
we note that, initially, the wild-type strain and RamR mutant display similar levels of
efflux (albeit the RamR mutant exhibiting slightly faster expulsion). However in the long
term, the RamR mutant maintains high levels of eflux, almost eliminating all substrate
from the intracellular space. This clearly shows the advantages of the RamR mutation,
the strain is able to prevent large concentrations of intracellular substrate and this is a

huge contributor to its ability to exhibit MDR.
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Figure 6.7: Our multi scale model showing the intracellular bound substrate concentration
over time for all strains. In (a) we show time dependent plots of all strains, in (b) we
approximate the AUC of the strains in (a) using the trapezium rule, to show the overall
relative substrate exposure. The wild-type strain is simulated using all parameters values
in Table 6.2, the EST case has k4, my = 0, RamR mutant y = 0, and EST RamR mutant
k4, my, W = 0.
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6.4 Parameter Sensitivity

Similar to analysis in previous chapters, we conduct a sensitivity analysis of the parameters

in our model. Here our equation for the relative sensitivity is

51
- 9
§ =5, (6.27)

where 61 represents the change of bound intracellular substrate concentration steady state
for the simulated strain, and o P represents the change of the parameter being varied. If
we define P* to be the default parameter value for the current parameter being varied,
we then vary the parameter in the space [0, 10P*]. By using a Latin hypercube method
of sampling, we choose 10000 points in the parameter space and apply these to each
individual parameter, finding the relative sensitivity for each point. We choose to omit
the parameters primarily involved in the spatial distribution of substrate, only varying
parameters involved in the GRN, since this is the mechanism we wish to target. We also
choose to omit the degradation parameters, since these are mostly universal to all of the
genes. Hence varying these parameters would involve targeting all genes simultaneously
which is not only an unrealistic target but will exhibit similar behaviour to preventing

the whole network from being expressed.

6.4.1 Wild-type strain

We exhibit the parameter sensitivity results using the steady state for the wild-type strain
with box plots in Figure 6.8. In (a) we denote the dissociation and saturation constants
involved in the model, we can immediately see that the dissociation constant related to
RamR (KR) is the most sensitive. By varying this parameter we should see direct effects
on the activation of ramA transcription. It is interesting to note that the sensitivity of
this parameter is larger than that of any of the dissociations constants related to RamA
(K 4,). Thus in this strain, targeting ramA expression via a repressor to reduce the genes
expression may be a more effective method than targeting the RamA binding process to

the promoter regions of various other genes in the network. However, we must note that
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the sensitivity of all RamA dissociation constants are still significant, with the dissociation
with ramA and acrAB (K 4,) showing more sensitivity than the dissociation with acrR
(Ka,) and acrEF (K4,). This is expected, as in this wild-type strain we have normal
levels of acrAB expression, so we should expect lower expression of acrEF and hence a
smaller sensitivity upon parameters related to it. We note that the other two parameters
with notable significance, are related to AcrR (K¢) and substrate (K7). The first of
these is expected due to direct inhibition of expression of the eflux pump gene acrAB.
Regarding K;, we do not know the full mechanisms behind how the substrate interacts
with the network, but this could provide insight for potential further research. We show
transcription and translation rates in (b). We note that for each individual gene the
transcription rates show similar sensitivity to the translation rates. Thus when targeting
gene expression, both transcription and translation seem to be feasible targets. It is clear
that the wild-type system is the most sensitive to the expression of four genes, namely
ramR and ramA, acrR and acrAB. This gives us clear insights into the most important
genes to target when inhibiting eflux in a wild-type strain. The other genes are envR
and acrEF, with the strain exhibiting little sensitivity to either. This again is expected,
as with no major restrictions upon acrAB expression we expect H-NS to be prevalent and

the expression of envR and acrEF to be minimal.
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Figure 6.8: Box plots showing the relative sensitivity of parameters involved in the GRN
for the wild-type strain, varying parameters in the region [0, 10 P*|, where P* is the default
parameter value. In (a) we depict the dissociation and saturation constants, in (b) we

depict the various transcription and translation rates related to mRNAs and proteins.
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6.4.2 EST strain

We exhibit the parameter sensitivity results using the steady state for the EST strain in
Figure 6.9. As expected due to the gene being knocked out, we can immediately see that
all parameters involved with acrAB have lost all sensitivity. In (a) the most sensitive
parameter is the dissociation of RamA with acrEF (K 4,). This is expected as AcrEF is
the only active efflux pump in this strain. Compared to the wild-type strain (Figure 6.8),
we can see decreased sensitivity to the dissociation of RamR (Kg). This could be due
to RamA having a smaller activation effect on acrEF expression than acrAB expression,
thus inhibition of ramA expression from RamR would have less of an effect. We also
see increased sensitivity of the dissociation of EnvR from acrAB and acrEF. With envR
being constitutively expressed in this case, we should expect higher sensitivity from this
local repressor. In (b) we note the most sensitive parameters are related to the expression
of ramR, ramA, envR and acrEF. The strain shows similar sensitivities to all of these
genes and thus targeting any of their expressions should be a viable target for inhibiting
eflux. Notably however, the strain is most sensitive to envR and acrEF, leading us to
believe that repressing acrFEF expression directly or via envR may be a more effective

target than preventing activation of the gene’s expression.
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Figure 6.9: Box plots showing the relative sensitivity of parameters involved in the GRN
for the EST strain, varying parameters in the region [0, 10P*], where P* is the default
parameter value. In (a) we depict the dissociation and saturation constants, in (b) we
depict the various transcription and translation rates related to mRNAs and proteins.
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6.4.3 RamR mutant strain

We exhibit the parameter sensitivity results using the steady state for the RamR mutant
strain in Figure 6.10. Immediately, compared to the wild-type strain (Figure 6.8) we can
see that all of the parameters relating to ramR (Kgr, k1 and m;) all have no sensitivity
due to the mutations of RamR. Additionally the sensitivity of the desaturation constant
relating to substrate (K7) is reduced, which could be due to the substrate only now having
an effect on Lon Protease concentration due to the mutations of RamR. In (a) we can see
that the dissociation of RamA with acrR (K 4,) is the most sensitive, this is interesting
to note as our time dependent asymptotic analysis uncovered this link as one of the
key mechanisms for activating eflux in this mutant strain. The other RamA dissociation
parameters range of sensitivity are both decreased compared to the wild-type strain, which
could be due to the higher concentration of RamA in this strain, such that large activation
will occur regardless of the dissociation constant. We note the sensitivity of dissociation
related to acrEF (K 4,) is minimal, which is expected due to high acrAB expression in this
strain. We also see an increase in the dissociation of H-NS (K ), which could be due to a
higher concentration of RamA. If H-NS does not inhibit acrEF expression so strongly, we
would see higher activation of acrEF expression through large concentrations of RamA. In
(b), we can see that the most sensitive parameters are related to the expression of ramA,
acrR and acrAB. The strain is most sensitive to acrAB expression, which we would expect
as it is direct expression of one of the eflux pumps, which is over-expressed in this strain.
Interestingly, there is increased sensitivity to changes in envR expression compared to the
wild-type (Figure 6.8). Whilst we have hardly any expression of envR in this strain, the
sensitivity increase here could be due to the overexpression of acrAB. We note that both
RamR mutant and wild-type strains exhibit similar sensitivity to changes in ramA and

acrR expression, even with the differences within their GRNs.
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Figure 6.10: Box plots showing the relative sensitivity of parameters involved in the GRN
for the RamR mutant strain, varying parameters in the region [0, 10P*], where P* is the
default parameter value. In (a) we depict the dissociation and saturation constants, in (b)
we depict the various transcription and translation rates related to mRNAs and proteins.

6.4.4 EST RamR mutant strain

We exhibit the parameter sensitivity results using the steady state for the EST RamR
mutant strain in Figure 6.11. As there are multiple manipulations to the genes in this
network, we can see that the amount of parameters that exhibit sensitivity has decreased
compared to the wild-type strain. As expected, all parameters relating to acrAB and
ramR are fully insensitive. Compared to the EST strain (6.9), we can see in (a) that the
most sensitive parameter is the dissociation constant of EnvR from acrEF and acrAB
(Kg). This could be due to the overexpression of acrEF in this strain and hence the
local repressor would be likely to exhibit higher sensitivity. We note that the dissociation
of RamA with acrEF (K,,) has reduced in this strain, which could be due to a higher
concentration of RamA in the system and hence large activation is likely to occur regard-
less of the dissociation constant. In (b) we can see that the parameters related to the
expression of all genes have become much more sensitive compared to the EST strain,
with the strain most sensitive to changes in envR and acrEF expression. Again, this
leads us to believe that repressing acrEF expression may be a more effective target than

preventing activation of the gene’s expression.

229



—~
Y
~—
o
(¢)
—~
o
~—~
o
a1

Relative Sensitivity
o
|
|
|
|
|
HH
Relative Sensitivity
o
|
[
|
[
|
[

-0.5

-0.5

KR I(A1 KAZ I(A3 KC K].; KH K[ k‘l my k2 mo k‘g ms k‘4 my k’5 ms kﬁ meg

Figure 6.11: Box plots showing the relative sensitivity of parameters involved in the GRN
for the EST RamR mutant strain, varying parameters in the region [0, 10P*], where P* is
the default parameter value. In (a) we depict the dissociation and saturation constants,
in (b) we depict the various transcription and translation rates related to mRNAs and
proteins.

6.5 Network Manipulation

While the parameter sensitivity analysis has given us insight into the sensitivity of the
substrate at steady state, it is important to note that we do not know the effects caused
by manipulating parameters through the rest of the timecourse. Therefore we take the
parameters to which the model is most sensitive in the above analysis and plot relevant
time dependent simulations. As we would like to repress efflux expression for all strains,
we omit parameters relating to ramR expression, as RamR is not present in our mutant
strains. In addition we also omit direct acrAB and acrEF expression through transcrip-
tion and translation, due to them both being trivial targets to vary efflux expression. For
each parameter, we either multiply or divide the original parameter by a factor of ten, in
order to exhibit a proportionally sizeable manipulation from the original parameter value.
To exhibit our manipulations, for each strain we plot a simulation with default parameter
values against a simulation with manipulated parameter values. We find the AUC for
both of these simulations using the trapezium rule (function “trapz” in MATLAB) and

plot the difference between AUC for both default and manipulated simulations.
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Firstly, we show the effects of varying gene expression through transcription, demon-
strated by Figures 6.12-6.14. In Figure 6.12, we can see the effects of decreasing expression
of ramA. We note that a decrease in efflux is universal between all strains i.e. the intra-
cellular substrate increases. This is further highlighted in Figure 6.12 (e) as the change
in overall substrate exposure is large for all strains. However, we note that when it comes
to the EST strain (Figure 6.12 (b)), the steady state is hardly altered compared to the
normal simulation. This highlights the importance of time dependent simulations as there
is a sizeable difference in mid time dynamics which is missed by the parameter sensitivity
analysis.

In Figure 6.13, we can see the effects of increasing expression of acrR. Notably we see
no effects in either of the EST strains (Figure 6.13 (b), (d) and (e)). This is expected as
AcrR is the local repressor of acrAB, which is not present in these strains. Noticeable
differences to eflux dynamics is however shown in the wild-type and RamR mutant strains,
with an increase in intracellular substrate concentration over all time.

In Figure 6.14, we can see the effects of increasing expression of envR. Similar to
ramA, we can see notable differences to the eflux dynamics in all strains, shown by
notable differences to the substrate exposure (Figure 6.14 (e)). However, barring the EST
RamR mutant strain (Figure 6.14 (d)), there is very little difference to the steady states of
all manipulated strains. This clearly differs from the early and mid time dynamics, with
sizeable differences compared to the default simulations. Thus, this may give us insights
into how envR expression effects the long term dynamics: the analysis leads us to believe
that there are only large changes to the steady state of substrate concentration when a
large concentration of AcrEF is present. In comparison between all three manipulations
(Figures 6.12-6.14), acrR expression is only a viable target for inhibiting efflux in strains
with acrAB expression. We can see that varying ramA expression has the largest effect
upon the long term dynamics of substrate concentration in the majority of the strains,
whereas interestingly varying envR expression has the largest effect on the early and mid

time dynamics of substrate concentration.
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Figure 6.12: Plots exhibiting the effects of varying ramA expression (default parameter
value k2 = 10) on the intracellular bound substrate over time. In (a) we have the wild-
type strain, (b) the EST strain, (c¢) the RamR mutant strain and (d) the EST RamR
mutant strain. Finally in (e) we exhibit the difference in AUC between the manipulated
parameter value simulation to the default parameter value simulation for each strain.
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Figure 6.13: Plots exhibiting the effects of varying acrR expression (default parameter
value k3 = 10) on the intracellular bound substrate over time. In (a) we have the wild-
type strain, (b) the EST strain, (c¢) the RamR mutant strain and (d) the EST RamR
mutant strain. Finally in (e) we exhibit the difference in AUC between the manipulated
parameter value simulation to the default parameter value simulation for each strain.
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Figure 6.14: Plots exhibiting the effects of varying envR expression (default parameter
value k5 = 10) on the intracellular bound substrate over time. In (a) we have the wild-
type strain, (b) the EST strain, (c¢) the RamR mutant strain and (d) the EST RamR
mutant strain. Finally in (e) we exhibit the difference in AUC between the manipulated
parameter value simulation to the default parameter value simulation for each strain.
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In regards to the dissociation and saturation constants, we only vary the parameters
K,,, Kg, Ky and K since these parameters are connected to multiple genes. With
dissociation constants that are connected to singular genes, we should expect similar
results to directly varying the target gene’s expression as per the previous manipulations.
In Figure 6.15, we can see the effects of varying RamA dissociation from ramA and acrAB.
Interestingly whilst this manipulation has changed the dynamics of the wild-type strain
(Figure 6.15(a)), the RamR mutant strain (Figure 6.15(b)) has only very small reductions
in efflux over all time periods (further shown by total exposure in Figure 6.15(e)). This
could be due to the overexpression of ramA in this strain meaning there is plenty of RamA
to activate acrAB expression regardless of the dissociation constant. When it comes to
the EST strains (Figure 6.15(b) and (d)), we note that there is only a minute difference in
dynamics to the normal simulations. Whilst this is expected for the activation of acrAB
expression (since the gene is not present), this gives us insight into the self activating
nature of ramA expression. These results suggest that the effect of this is minimal and
does not play a huge part in the network.

In Figure 6.16, we can see the effects of varying EnvR dissociation from acrAB and
acrEF. Notably, the manipulations to all strains do not differ hugely from varying the
direct expression of envR in Figure 6.14, again exhibiting larger effects in the early time
dynamics. Thus targeting the expression of the gene and the protein produced appear to
be viable targets.

In Figure 6.17, we can see the effects of varying H-NS dissociation from envR and
acrEF. For the EST strains (Figure 6.17 (b) and (d)), we can clearly see no effect upon
the efflux over time, further shown by the total substrate exposure (Figure 6.17 (e)).
This is expected as with no AcrAB in the system we should expect fully inactive H-NS
regardless of its dissociation constant. In regards to the wild-type and RamR strains
(Figure 6.17 (a) and (c)), we can see a minimal effect on efflux. Since increasing the
dissociation of H-NS alleviates the inhibition of acrEF expression, this agrees with the

view that if acrAB is active, then the expression of acrEF has little effect upon the overall
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efflux, matching experimental results.

In Figure 6.18, we can see the effects of varying the saturation of substrate with ramR
and ramA (via Lon Protease degradation). Whilst it is clear there are differences in all
strains, the effect upon efflux and substrate exposure (Figure 6.17 (e)) is minimal. Notably
both RamR mutant strains (6.18 (c¢) and (d)) provide a smaller difference in efflux to their
counterparts (Figure 6.18 (a) and (b)). This is most likely due to mutated RamR in these
strains, such that there is less feedback from intracellular concentration upon the GRN.
Comparatively between all manipulations, we can see that the dissociation constants
relating to ramA and envR are the most sensitive for affecting substrate concentration,

and thus have the most potential for inhibiting eflux.
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Figure 6.15: Plots exhibiting the effects of varying RamA dissociation with ramA and
acrAB (default parameter value K4, = 2) on the intracellular bound substrate over time.
In (a) we have the wild-type strain, (b) the EST strain, (¢) the RamR mutant strain and
(d) the EST RamR mutant strain. Finally in (e) we exhibit the difference in AUC between
the manipulated parameter value simulation to the default parameter value simulation
for each strain.
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Figure 6.16: Plots exhibiting the effects of varying EnvR dissociation with acrAB and
acrEF (default parameter value K = 20.2) on the substrate over time. In (a) we have the
wild-type strain, (b) the EST strain, (¢) the RamR mutant strain and (d) the EST RamR
mutant strain. Finally in (e) we exhibit the difference in AUC between the manipulated
parameter value simulation to the default parameter value simulation for each strain.
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Figure 6.17: Plots exhibiting the effects of varying H-NS dissociation with envR and
acrEF (default parameter value Ky = 1) on the substrate over time. In (a) we have the
wild-type strain, (b) the EST strain, (¢) the RamR mutant strain and (d) the EST RamR
mutant strain. Finally in (e) we exhibit the difference in AUC between the manipulated
parameter value simulation to the default parameter value simulation for each strain.
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Figure 6.18: Plots exhibiting the effects of varying substrate desaturation with ramR and
ramA (via Lon Protease) (default parameter value K; = 0.3) on the substrate over time.
In (a) we have the wild-type strain, (b) the EST strain, (¢) the RamR mutant strain and
(d) the EST RamR mutant strain. Finally in (e) we exhibit the difference in AUC between
the manipulated parameter value simulation to the default parameter value simulation
for each strain.
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Whilst manipulating one parameter did provide notable changes to the efflux dynamics
of the strains, our results show that in order to provide broader changes, further manipu-
lations are needed. It was shown from varying the dissociation constants of proteins that
the results did not hugely differ from varying the expression of genes that produce these
proteins. In addition the only expression of genes that had notable change to all strains
were the expression of ramA and envR. In Figure 6.19, we show the effects of varying
both ramA expression and envR expression. The combination of manipulations has clear
effects on the dynamics in all strains, although the EST strains (Figure 6.19 (b) and (d))
do show a lesser change in dynamics to the wild-type and RamR mutant strains (Figure
6.19 (a) and (c)). In addition, the total substrate exposure (6.19 (e)) has similar dif-
ferences in exposure for one manipulation in all strains, however multiple manipulations
have larger effects to the wild-type and RamR mutant strains than the EST and EST
RamR mutant strains. These differences are likely due to there being one eflux pump
already inactive in the latter strains. In both RamR mutant strains (Figure 6.19 (c) and
(d)) however, we see much larger changes to the dynamics compared to their non mutant
counterparts (Figure 6.19 (a) and (b)). This is a useful insight as the RamR mutation
has been proven to cause MDR. We note that in all strains there is a notable difference in
the mid time dynamics, with the efflux rate of substrate slowed. Thus, in regards to an
antibiotic substrate, the slowing of efflux time may be crucial. If cells within the culture
cannot expel enough antibiotic at a fast enough rate, the antibiotic may have already
caused irreversible damage to the cells and hence the cells may die even if they are able to
pump out enough antibiotic to a low enough concentration that would normally be under

a killing threshold, thus preventing MDR in the strain.
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Figure 6.19: Plots exhibiting the effects of varying ramA and envR expression (default
parameter values ks = 10, k5 = 10) on the bound intracellular substrate over time. In (a)
we have the wild-type strain, (b) the EST strain, (c) the RamR mutant strain and (d)
the EST RamR mutant strain. Finally in (e) we exhibit the difference in AUC between
the each of the manipulated parameter value simulations to the default parameter value
simulation for the strains.
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6.6 Discussion

By combining our two previous models of a GRN and substrate eflux, we have created
a multi scale model that better encapsulates the behaviour of how a Salmonella culture
expresses genes in order to react to a substrate stressor. Firstly, by using information
from further studies into the network as well as insights from the asymptotic analysis
in Chapter 3, we have adapted and simplified our GRN model from Chapter 2. Using
this updated GRN model, we combine the model with our spatial model on substrate
eflux from Chapter 5 to create a multi scale model. We have achieved this by linking
the concentration of eflux pumps with the eflux rate in our spatial model, as well as the
substrate having effects upon expression of ramR and degradation of RamA. By keeping
our parameters as similar as possible to our previous GRN model simulations, we have
recreated the efflux dynamics fitted to our spatial model for the wild-type and EST strains.
This has enabled us to run simulations of the model, in order to exhibit the effect of the
substrate upon the expression and behaviour of genes within the GRN. In addition to the
wild-type and EST strains, we have also simulated potential RamR mutant counterparts
in order to see the effect of mutations in the GRN to the spatial dynamics of substrate.
Similar to previous chapters, we have produced a parameter sensitivity analysis on
parameters in the GRN using the steady state of the intracellular substrate. We have
completed sensitivity analysis for all four simulated strains, in order for us to identify
targets for inhibiting efflux for each strain. By taking these parameters forward, we have
produced time dependent simulations in order for us to show the effect of varying these
parameters on the full time course. Whilst the long term behaviour was expected from
the parameter sensitivity analysis, we gained important insights with certain genes having
a larger effect upon short and mid time efflux behaviour. Comparing the manipulations
on all strains, we have identified the genes ramA and envR as the most viable targets
for inhibiting eflux. This is due to the strains displaying the most sensitivity to the
parameters linked with these genes. We have exhibited the effects of manipulating both

genes across all strains, with sizeable effects shown to the eflux dynamics. Thus, by
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creating this multi scale model, it has enabled us to identify the potentially most important
genes in the network to inhibit efflux and combat MDR.

In summary, whilst our GRN model in Chapter 2, gave us insight into the interplay
of genes that govern efflux, it did not give us insights into how the expression of these
genes affect the Salmonella cell and population. In addition, the spatial model in 5 gave
us insights into how a Salmonella population expels substrate, however it did not give
us insights into how the cells activate mechanisms in order to react to the substrate. By
combining these two models we can manipulate any part of the GRN and find the resulting
larger scale effect upon substrate dynamics. Conversely, we can alter the spatial dynamics
of substrate surrounding and within a population and find the smaller scale reaction of
cells by gene expression. This model provides a useful tool for achieving new hypotheses
on new and existing strains, enabling us to identify new biological experiments to help

further our knowledge and combat MDR.
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CHAPTER 7

CONCLUSIONS

With the ever growing threat of antibiotic resistance, MDR Salmonella strains have been
listed as a high priority for where new treatment methods are required [100]. One of the
main defensive mechanisms used by Salmonella is efflux pumps that can expel multiple
different antibiotics from the cytoplasm of the cell. The AcrAB-TolC and the AcrEF-TolC
systems have been identified as major efflux pumps that contribute to MDR [10]. Inhibi-
tion of these eflux pump systems is a potential method to combat antibiotic resistance in
bacteria, preventing the bacteria from being able to expel antibiotics via active transport
[68]. However, inhibition of these efflux pumps is a complex process, as the regulation
of these efflux pumps are governed by complex gene regulation networks and inhibition
of one efflux pump system can cause up regulation of another efflux pump system [12].
These GRNs contain multiple different genes and proteins that interact with each other’s
expression, ultimately leading to the expression of the genes that produce structural ef-
flux pump proteins when the cell is under stress. The genes within these networks vary in
expression between different strains, with overexpression of eflux pump genes being com-
mon in mutant MDR strains [97]. In this thesis, we have produced multiple mathematical
models to investigate strains of Salmonella, including wild-type and MDR strains. These
models have ranged from the cellular scale of gene regulation to the population scale
of antibiotic distribution within bacterial strains and their environments. By modelling

these strains on multiple scales, we have gained many insights into the role of eflux in
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causing MDR.

Our first model in Chapter 2 models the intracellular processes of gene regulation
governing the expression of the efflux pump genes acrAB and acrEF. For this model, we
consider two strains: a wild-type strain and a mutant strain. Both of these strains consist
of the same genes governing efflux pump expression, however the latter has non-functional
RamR protein which indirectly causes overexpression of eflux pump genes. Thus in order
for an inhibition adjuvant to antibiotic treatment to be developed, the GRN processes
must be fully understood. For the inhibition to be effective, it must be able to repress the
eflux pump systems in multiple different strains. We produce simulations of this model,
starting from a down regulated state. Whilst this model gave us basic insights into how a
cell reacts to a constant stressor via gene expression, the combination of a large number
of parameters and multiple indistinct parameter values meant we were unable to draw
firm conclusions from the model simulations.

In Chapter 3, we have applied asymptotic techniques to reduce the need for specific
parameter values for the model in Chapter 2. This approach enabled us to complete
a series of time dependent asymptotic analyses upon the wild-type and mutant cases,
revealing nine and ten timescales respectively. We see mRNA transcription being domi-
nant on the early timescales, with protein translation closely following for those mRNAs.
As protein levels increase, inhibition of relevant transcription begins, decreasing certain
mRNA concentrations. Finally, degradation comes into effect bringing all variables to
steady state. By doing this process, we have broken down our nondimensional model
(which does not have a full set of analytical solutions) into a step by step model of each
dominant process. Thus, we are left with simplified models of our system, only taking
into effect the dominant behaviours that control the GRN.

By performing this asymptotic analysis, we have also achieved asymptotic approxima-
tions to the steady states of the system, which were not analytically solvable in our full
model. On most timescales we have full analytical solutions for each variable’s behaviour,

enabling us to see the full breakdown of how each variable acts and how step by step
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the system evolves over time. By performing parameter variations upon the steady state
values, we have been able to identify certain parameter groupings that have the most
effect on the expression of efflux genes in both the wild-type and mutant case. For both
cases, it was shown that both n and ¢ relating to the binding affinity of EnvR to the two
eflux pump genes and envR expression exhibited some of the strongest sensitivities, thus
showing evidence for the gene envR to be a potential inhibition target. This is biologically
plausible as envR is the local repressor of the efflux gene acrEF but also can repress the
gene acrAB. As this gene affects both pumps directly, by targeting envR we may be able
to maximise inhibition of both eflux pumps. Notably however, the processes of EnvR
repression on the eflux pump genes were only dominant on the latter timescales. On early
timescales these repression processes did not appear at leading order. This may show the
limitations of envR as an inhibition target, with the gene more likely to affect the long
term behaviour only.

Most other parameters exhibited a reasonable relative sensitivity, providing evidence
that multiple genes could provide realistic inhibitory targets. Perhaps more importantly
however, was the sensitivity of w relating to the link between the concentration of AcrAB
and the activation / repression of acrEF. Notably, this link appeared as a dominant
process in both strains on the latter timescales. Whilst we do not currently know the full
biological details of this link, the sensitivity of this parameter grouping suggests that it
could provide a possible efflux inhibition target. This provides a strong case to delve into
and further understand the mechanisms linking the various efflux pumps, as they could
provide the key to inhibiting efflux.

Whilst exploring the steady state analysis has provided plentiful insights into efflux
inhibition targets at the system’s long term behaviour, it is important to note that this
does not fully encompass the system’s earlier behaviour. By summarising the asymptotic
analysis showing the dominant behaviour on all timescales, we are able to exhibit a step
by step breakdown of the system. With this summary, we were able to distinguish easier

the differences of behaviour between the wild-type and mutant cases. In particular we
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noted the importance of ramA in the mutant case, with direct and indirect activation of
acrAB through RamA. Whilst at steady state the indirect activation (via AcrR) is still
prevalent, at leading order in the mathematical analysis the direct activation is not and
appears to be an important factor in early activation of acrAB expression. This has given
us reasonable grounds to consider ramA as a potential inhibition target, targeting acrAB
expression directly at early time, and indirectly at long time. Although this gene may not
be one of the most sensitive targets at long term behaviour, the step by step breakdown
shows that the early interactions of the gene are of huge significance. Thus by targeting
ramA, we may provide a method for inhibiting early efflux expression enough so that an
antibiotic can kill the bacteria before its efflux pumps become fully active. The analysis
has therefore also revealed the possible importance of effective timing of eflux inhibition
and how this may vary between targets.

Although this model gave us insight into how genes interplay starting from a down-
regulated state, it did not consider how a change in antibiotic concentration could itself
affect the network. In Chapters 4 and 5, we produce models of the distribution of an
antibiotic concentration within and surrounding a Salmonella population. In these models
we consider an antibiotic that is a substrate of four eflux pumps: AcrAB, AcrEF, MdsAB
and MdtAB. Notably two of these efflux pumps are apparent in our GRN model in
Chapter 2. We produced these models in order to replicate experimental data of ethidium
bromide efHux assays. This data consists of experiments taken upon a wild-type strain of
Salmonella and various efflux pump knockout strains. By replicating this data, we hoped
to achieve insights into the dynamics of the four eflux pump systems.

We started with a simplistic model in Chapter 4, formulating a PDE model of sub-
strate concentration of a spherical cell and surrounding extracellular space. We produced
numerical simulations of the model by discretising the domain using finite difference meth-
ods. By then using parameter fitting techniques, we were able to fit the model to each of
the Salmonella strains by varying the efflux parameter X. Initially, we proposed differing

outer boundary conditions for the model (zero far field and no flux). Whilst the parameter
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fitting results for this model did not show strong alignment to the data for both boundary
conditions, it was shown that for the long time behaviour, having a no flux boundary con-
dition produced fits that aligned better to the data. This gave us reason to believe that
in the experiments, the extracellular space is limited enough such that expelled substrate
(via either efflux or diffusion) is constantly diffusing back into the strains. In addition, it
was interesting to note the disparity between the reasonable fits to the AEST knockout
strain (all efflux pumps knockout) against the substandard fits to any strain with eflux
active. Furthermore, in fits to all strains, the model could not replicate the early time
dynamics that were shown by the data. These results made it clear that the current
model was missing essential dynamics and thus needed adaptation to fully encapsulate
the behaviour exhibited by the strains.

In Chapter 5, we formulated a model improving on the model in Chapter 4. As the
early dynamics of the strain were not present in the previous model, we firstly introduced
binding dynamics of the substrate. Ethidium bromide is a DNA-intercalating agent that
fluoresces when bound to DNA and thus is found within the cell in two states (bound and
unbound), by including these binding dynamics the model was expanded into a system
of PDEs. Parameter fitting techniques immediately displayed the improvements to the
model, with the model being able to replicate early and intermediate time behaviours,
producing a near perfect fit of data of the AEST strain. The model showed improvements
on the wild-type strain compared to the previous model. However it was clear that the
constant efflux parameter was incapable of encapsulating the behaviour of strains that
had active eflux. Therefore we adapted our efflux parameter to be variable, defined by a
simple formation and deformation ODE. Parameter fitting results showed the model better
replicated the dynamics of the wild-type strain with strong alignment to the experimental
data on all time scales. However, the efflux variable now showed unrealistic behaviour,
with the eflux depleting very quickly and only present for a short period of the experiment.
By making the increase of eflux dependent on the intracellular substrate concentration,

not only did we achieve more realistic eflux dynamics, we achieved fits with stronger
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alignment to the data. This lead us to believe that the strains have some feedback
mechanism involving the rate of efflux and the internal substrate concentration.

By using the optimal parameters for the most extreme cases: AEST (no active efflux)
and wild-type (full efflux), we were able to produce fits for the efflux pump knockout
strains. This enabled us to produce efflux profiles for each strain, which after making
assumptions we used to estimate the eflux profile of each individual eflux pump system.
We noted that these eflux profiles displayed similarities to the behaviour of our efflux
pump variables in our model in Chapter 2. This gave us good reason to believe that the
feedback mechanism between the internal substrate concentration and efflux could be the
result of the regulation of genes within a GRN.

In Chapter 6, we produced a multiscale model, linking the models in Chapters 2
and 5 to simulate a GRN feedback mechanism. By using new knowledge from further
studies into the network, we were able to adapt our GRN model from Chapter 2. In
addition, by using insights gained from the asymptotic analysis in Chapter 3, we further
adapted the GRN, simplifying the model by removing elements that were not influential
in the dominant processes revealed by the asymptotic analysis. Lastly, by linking the
intracellular substrate to certain mechanisms of the GRN (repressing ramR expression
and Lon Protease degradation), we were able to combine our ODE and PDE models, using
similar finite difference methods from Chapter 5 to produce numerical simulations. For
this model, we compared wild-type, EST (AcrAB knockout) strains and respective RamR
mutant counterparts. By using the final fitted parameters in Chapter 5, we compare our
model to the data of the wild-type and EST strains, maintaining as many parameter
values as possible from Chapter 2. We then simulated the RamR mutant counterparts
strains by manipulating the GRN, enabling us to predict how these strains behave in the
presence of a substrate stressor.

Similar to our asymptotic analysis in Chapter 3, we performed parameter sensitiv-
ity analysis varying GRN parameters, this time however measuring the difference to the

steady state of the intracellular substrate concentration. Taking forwards the most sen-
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sitive parameters for all of the strains from this analysis, we performed time dependent
simulations showing the effects of manipulating these parameters. These simulations en-
abled us to exhibit the effects on the dynamics of substrate eflux throughout the full time
course of the simulations. It was shown that the genes ramA and envR were the most
viable targets for inhibiting efflux in all strains, which aligned with our results from the
asymptotic analysis in Chapter 3. Therefore experimenting with an inhibition adjuvant
that targets processes involving these genes could prove useful to inhibiting efflux.

We have only displayed some of the many capabilities that this multiscale model
provides in Chapter 6. By creating this model we have provided a basis for understanding
MDR in Salmonella with multiple opportunities for further research. The model provides
the ability to target or manipulate any area of the GRN or cell spatial structure to
achieve new hypotheses on how the culture will react to the substrate. Manipulations
could be achieved by the addition of new variables into the model, such as including the
dynamics of an adjuvant that targets the GRN, or a synthetic molecule that slows efflux
activity or alters membrane permeability. In addition to this further research, another
clear extension to this thesis would be extending the time dependent asymptotic analysis
from Chapter 3 to incorporate all elements of the multiscale model. By breaking down
the GRN model to multiple different timescales, we demonstrated the increased volume
of information we were able to obtain from the analysis. If we were to apply this method
to the multiscale model, we would be able to obtain more in depth information of the
workings of the bacteria, with the ability to determine which genes are the most influential
on the expulsion of substrate at various different timescales.

There are of course many other areas where we could expand this model, one of these
being the inclusion of stochastic events. This could be incorporated through multiple
processes in the model, for example: gene expression, degradation, binding dynamics and
substrate diffusion. Specifically for gene expression, we could consider the effects caused
by intrinsic (process that affect singular genes) and extrinsic noise (global processes that

could affect multiple genes). As the concentration for specific genes within our GRN are
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low, we therefore have a low copy number of mRNAs and proteins. These concentrations
are therefore susceptible to intrinsic noise as the fluctuations in the processes affecting
these molecules can not be assumed as negligible (which is the case in larger concentra-
tions). In regards to extrinsic noise we have not considered cell growth, death and changes
to the physical environment in our models, which could have effects on the gene expression
of all or individual cells within the population [88]. In addition, cell growth and death
could be linked to the expression of eflux pump genes. Not only through their link to
the antibiotic concentration, the production of the efflux pump proteins could be costly
to the population and prevent or reduce the ability for cells to produce other essential
survival mechanisms.

We believe that this work has provided useful insights into the mechanisms behind
MDR in Salmonella. In the multiscale model, we have created a basis with positive capa-
bilities for future research, we hope that the success of this model will inspire the creation
of other GRN and efflux models for different bacterial species. With the hypotheses we
have generated on potential inhibitory targets and pathways, this should provide evidence
for further investigation of certain areas of the network. We hope the analysis will also
inspire potential therapies to be tested experimentally in order to produce new strategies

against eflux related MDR bacteria.
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