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Pseudomonas aeruginosaa grarmegative opportunistic pathogen that produces highly
antibiotic-tolerant biofilms that create an enormous therapeutic burdenthey cause many types
of chronic infections.The reasorP. aeruginosiofiims are problematic im part due toreduced
growth activity anddownregulaton of metabolic processewithin biofilmsthat are typically the
target ofantibiotics.There is an unmeheed for novel strategiethat aim to either disrupt the
biofilm itself ormodulatemetabolicactivity and cell grvical mechanisms within biofilma
relatively unexplored mechanism for disrupting the metabolic adaptabili®).@eruginosés via
inhibition of serind threonine phosphorylation pathways of eukaryetixe serind threonine
kinases in biofilmsThese kiases areharacterised by aatalyticHankstype domainthat
reversibly phosphorylates serine or threonine residaésarious proteins in many cellular
processes, including several regulatory proteins of other signalling casddmefcus of this
studywas to investigatehe role ofS { ¢ i B deruginosiofilm development and their impact

on metabolism and adaptive responses.

¢ KSNBE | NB ¥ 2Pdadiughps@endnie. AR fgur af tieSe genes were deleted from
PAOL1 individually and sequenhato produce a quadruple knockout mutant termed QKO.
addition,three were deleted individually from. aeruginos®A2192acyctic fibrosiglinical
isolate. Using multiple strategies such as confocal microscopy andaiélled proteomics
analysis we showed that deletion of a single eSTK, YeaG, of PA2192 can inhibit aggregate
formation, and that the metabolic adaptability of the QKO mutanP&fO1 is significantly
disrupted andwhich leads tomajor alterations withinintracellular signalling pathway$his leads
to a compromised membrane phenotype that allows greater influx of positively charged
compounds such as propidium iodiddthough we did not seeany increase in the susceptibility

of the QKO mutant to tobramycin in the model usdtke apparentcellularstressexhibited bythe



QKO mutant and the inhibited aggregation of the PA2A923 3 S a (i { Kpoténtiafy{ ¢ Y Q& I NB

interesting drug tagetswith therapeutic potential in the control d®. aeruginosaéiofilms.
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Chapterl LYUGNRRdAzOGAZ2Y

Biofilms were first discovered by Van Leeuwenhoek wéaamining the dental plaque on his own
G§SSGK Ay GKS MTGK OSylGdNE® | 26SOSNE Al 61 ayQ
established. Investigations into marine ecosystems showed that bacteria are surrounded by
polysaccharide fibres which allow timeto tenaciously adhere to surfaces and form matrix

enclosed biofilmshat are very different to their planktonic counterpart€osterton, Geesey and

Cheng, 1978)Since this discovenrer40 years ago our appreciation and understanding of the
nature, architecture and clinical relevance of biofilms has substantially increased, with research

into anti-biofilm therapeuticdeing an area of intense research.

1.1 Hallmarks of a biofilm

Biofilm formation constitutes an alternative lifestyle that enables planktonic cells to assume a
multicellular structure in which coperation facilitates and prolongs survival in adverse

environments (Kostakioti, Hadjifrangiskou and Hultgren, 2013)

1.1.1 Adhesion

The first step in the aggregation of these cells is surface attachment which can be further

subdividedmto three stagegFigurel):
Formation of the conditioning layer:

Many inert surfaces such as glass or painted metal will not provide sufficient attachment surfaces
for biofilm formation. However, a layer composed of many organic and inorganic particles present
in a bulk fluid can settle onto a substrate. This layer favourably modifies the substrata for
bacterial adhesion by providing greater scope for cellular intevas that will result in adhesion

(Hermansson, 1999; O'Toole, Kaplan and Kolter, 2000; Télkéen, 2015)
Reversible adhesion:

Initially, planktonic cells move from the liquid media to the attachment surface by g@thysices

or bacterial appendages such as flagella. A small portion of these cells reversibly adsorb to the
surface(Hermansson, 1999; O'Toole, Kaplan and Kolter, 2000; fdikézen, 2015)Marshall,

Stout and Mitchell, 1971described reversible adhesion of bacteria to a surface as a balance of
repulsive forces and attractive van der Waals forces. Togetlemetican be called the DVLO

forces.
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Irreversible adhesion:

The switch from reversible to irreversible adhesion is considered a time dependent préobéess
was shown byMarshall, Stout and Mitchell, 197 1)vho reasoned this was due to the production
of polymeric bridges between the bacteria and the surface. They observed that polymeric fibrils

were made by an irreversibly adher®deudomonastrain.

This study was furthgoroved by(O'Toole and Kolter, 1998)ho used genetic analysis, and kneck
out strains ofPseudomonas fluorescens,identify the pathways involved in biofilm

development. One process found to be important is protein synthesis. Inhibiting this pathway
using tetracyclingo inhibit the ribosomecaused biofilm formation to decrease but did not reduce
planktonic cell viability. Thisffect can only be seen during biofilm development, as treating a
fully established biofilm with tetracycline shows no consequence. Thus, providing evidence that

the bacterial interaction with a surface requires protein synthesis.

To find out whether thenewly synthesised proteins were extracytoplasmic, the protease Pronase
E was used. A significant decrease in attached cells was observed in the presence of Pronase E,
and again there was no effect on planktonic viability. This suggests that extracytapfasteins

are involved in bacterial attachmer(D'Toole and Kolter, 1998)

1.1.2 Binary population growth and matrix formation

After adhesion, binary population growth occurs and genes that promote sessility are

upregulated. This includes genes that are responsible for the formation of the extracellular matrix
GKFG adNNRdzyRa GKS LRLIzZ F GA2y f Sdosed yiidobialz § KS
L2 Lddzt | GA2ya GKEG FRKSNB (2 S (PdentCaribeedatall y R G 2
1999)(Figurel).

1.1.3 Dispersal

Biofilm dispersal provides a mechanism for escape as the biofilm matures and a planktonic
lifestyle becomes more advantageous. In many biofilms, inclUdiagruginosabiofilms, cdi-
GMP acts as a nutrient sensor and has been extensively implicatedshithbetween sessility
and motility. Generally, an increase nlieGMP promotes sessility and a decrease promotes

motility (Barraud et al., 2009usually in response to fluctuating levels of carbon and nitrogen

RSTAY.
a dzNJF | |
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sourceqSauer et al., 2002. aeruginosdas a plethora of other méanisms that contribute to
biofilm dispersal, namely alginate lyase production for degradation of the EPS, increased
rhamnolipid/surfactant production and programmed cell death which creates a void that aids
dispersalKostakioti, Hadjifrangiskou and Hultgren, 2013 2008k dispersed planktonic cells
ultimately reinitiate the process of biofilm formation when they encounter a suitabl
environment, resulting in an overall biofilm population that will be more likely to survive an
unfavourable change in environmental conditiqh®stakioti, Hadjifrangiskou and Hultgren, 2013)
(Figurel).

T

1. Attachment 2. Biofilm Formation 3. Dispersal

Figurel: The life cycle of a biofilm. Firstly, the bacterial cells adhere to the suffaczis followed
by population growth and biofilm formation, resulting in nutrient fluations that
trigger dispersal pathways in some cells (Red cells). Lastly, the sougllajfrcells
break out of the biofilm and disperse. The cycle would then repeat resulting in

diversification and microcolony formation.

1.1.4 Characteristics of the EPS

Bacteria in a biofilm only make up about 10% of the mass, the other 90% is contributed by
extracellular polymeric substances (EPS) produced by the baffeimming and Wingender,
2010) The exact composition of the EPS varies with the species of bacteria and environmental
conditions, resulting in differing biofilm phengies. However, the EPS of a biofilm is usually a
mixture of polysaccharides, extracellular DNADOMA), and proteins. These components

contribute to the overall structure and tolerance of biofilifWei and Ma, 2013)nP. aeruginosa
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in vitro it results in the formation of mushomn-like microcolonies protruding out of the biofilm
surface. This is thought to allow nutrients to reach more of the bigfiflemming and Wingender,
2010)

A study by Davies and colleagues in 1998 revealed how important therbioéitrix is for its

inherent tolerance. They performed an experiment which knocked out genes required for the las
guorum sensing network, implicated in the upregulation of genes required for biofilm formation.
They found that the signalling mutant formedtf undifferentiated biofilms, due to issues in
formation of the extracellular matrix. In fact, they shared physiology to that of their planktonic
counterparts, and as a result were significantly more susceptible to the surfactant sodium dodecyl
sulphate(Sauer et al., 2002No conclusions were drawn about this at the time, but more recent
studies attributed the lack ofd®NA release, and thefore reduced mechanical protection from

harmful compounds, as a potential reason for susceptibififiesenrHolm et al., 2006)

Another critical aspect of biofilm EPS is the production of virulence factors that interfere with the

host innate immune response. In particular, rhamnolipidduction via the Rhl quorum sensing

YySGig2N] KlFLa 0SSy akKz2gy G2 OFdzaS ySONRGAO RSIFOGK 2F |
vitro. In 2009, Van Gennip et al induced an inactivating mutation in the quorum sensing controlled

gene rhlA, usually responsiblor rhamnolipid production. They found that the inactivating

Ydzi F A2y NBadZ 6SR Ay aASOSNBfe& AYyKAOAUGUSR NXKIFYy2f ALK

vitro, and increased clearance in comparison to the wild type in(Man Gennip et al.,ad9)

Furthermore, the E® immobilises biofilm cells allowing rapid and strongaallcommunication,
providing a mechanism for the cells in the biofilm to synchronise behaviours in response to
environmental stimuli, and a high level of DNA exchange/ conjugation, increasisgreeed of
antibiotic resistance and other useful genes. This ultimately serves to benefit the population
(Flemming and Wingender, 2010)he matrix also contributes towards different cellular
phenotypes as a result of differing migint availability. Rapidly proliferating cells at the edge of

the biofilm will receive more nutrients than the metabolically less active cells in the d@niaeia,
RojoMolinero and Oliver, 2014)The idea tht bacteria grow preferentially in a matrix enclosed
biofilm was not immediately accepted, however, more advanced imaging technigues such as
confocal microscopy soon revealed the clinical importance of biofilms. Biofilms were found to be
a cause of persistt/chronic infectionand occur commonly on inert and biological surfaces
(Costerton, Stewart and Greenberg, 1999 19%®y this reason, biofilm related nosocomial
infections in American hospitals alone account for an estimated 1.7 million infections and 99,000

associated deaths each year:
1 32% of all healthcarassociated infection are urinary tract infections

4
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1 22% are surgical site infections
1 15% are lung infections

1 14% bloodstream infectionglevens et al., 2007)

1.2  Chemical gradients and physiological heterogeneity in biofilms

contribute to multi-drug tolerance and persistence

It is well establishethat cells in a biofilm are physiologically different to their planktonic counter
parts, and that most biofilms consist of microcolonies with an EPS that contributes to a
structurally complex, channelled architecture that is thought to allow nutrient®ézh the

whole biofilm. Despite this, mature biofilms contain concentration gradients of both metabolic
substrates and produci@-igure?), and also have noticeabtijfferent proteomes to their

planktonic counter part§Sauer et al., 2002; Stewart et al., 2015; Wdtkabel and Kwan, 2013)

Nutrient gradient

Figure2: Bacteria encased in a biofilm, where the grey cells are metabolically aciil/eed cells
are metabolically inactive. The change in colour from the outer edgjeetoentre
simulates the chemical gradient caused by rapidly proliferating cells oouter edge of

the biofilm

The efficacy of antimicrobials in vitro is rarely regetstive of the efficacy in vivo. Numerous
studies indicate that environmental conditions that lead to nutrient starvation could be
responsible for this marked difference in susceptibilfield et al., 2005; Hill et al., 2005; King et
al., 2010) A leading hypothesis is that nutrient demtion leads to reduced metabolic activity,
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which in turn inactivates many processes such as translation, transcription and cell wall synthesis

that are targeted by antibiotics.

1.2.1 Biofilm induced hypoxia

Cells in bacterial biofilms are often starved of menits due to the rapidly proliferating, and
therefore rapidly metabolising, cells on the outer edge of the biofilm preventing effective nutrient
penetration into the centre of the biofilmFjgure2). This creates a nutrient gradient that leads to

a well characterised state of nutrient deprivati@dguyen et al., 20110xygen depletion in

biofilms is by far the most studied, and there have now been numerous reports showing the
effect of this in vitro(King et al., 2010; Field et al., 2005; Hill et al., 2005)

A study by Boriello and colleagues showed thaaeruginosan 48 hour old biofilms were
incompletely killed when exposed to tobramycin, ciprofloxacin, carbenicillin, ceftazidime,
chloramphenicol or tetracycline for 12 hours. Using oxygen microelectrideas shown that

the biofilms contained large anoxic regions, and that oxygen only penetrated roughly 50 um into a
210 um thick biofilm. Furthermore, the regions of active protein synthesis were visualised using
an inducible GFP protein. They found ttfze regions of active protein synthesis only extended
roughly 30 um deep into the biofilm from its interface with the air. Interestingly, the tolerance to
antibiotics was only found to exist in 4&id biofilms, with 4 hour, mostly aerobic biofilms still

being susceptibléBorriello et al., 2006)it could be arged, that poor antibiotic penetration was a
leading contributor to this tolerance, rather than nutrient limitation and metabolic inactivity.
However, a similar article showed that there was no acceleration in killiRgaeruginosa

biofilms treated with bbramycin and ciprofloxacin, even after antibiotic penetration. This was
determined by a diffusion cell bioassay, and oxygen limitation was again correlated with antibiotic

tolerance(Walters et al., 2003howing the significance of gradients in biofilms.

A recent study by Williamson et al showed that ribosome hibernation factors (RMF) are
upregulated in slow growing, antibiotiolerant sub populations of PA biofilms in response to
hypoxia. This was done via microarray analysis of the transcriptome of isolated biofilm
subpopulations. It was demonstrated that cells at the top of the biofémnutrient wealthy, had

high mRNA abutances for genes involved in general metabolic functions, while the mRNA
abundance of housekeeping proteins were much lower at the bottom of the biofilm. Interestingly,
ribosomal rRNAs were abundant throughout the biofilm, but were inactivated in the @noxi

G2t SN yi &adzoll2LJzZ | GA2yad ¢KAA Aa fAlSfte RdzS
promoting factors (HPF), which are upregulated in this giMiliamson et al.,, 2018 wa CQa
ultimately inhibit binding at the ribosomal& A 1 S g KSNBIF & |t CQa Ol dza$s
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ribosomes into an inactive state. Critically, they only act ontnanslating ribosomesallowing
for the present round of translation to finigfPolikanov, Blaha and Steitz, 20.1Another study
showed that a minimum number of functional ribosomes is required for resuscitation of the slow
growing, blerant populations. This was found to require the hibernation promoting factor

PA4463 irP. aeruginosawhich preserves ribosomé¢akiyama et al., 2017)

1.2.2 Amino acid and carbon starvation in antibiotic tolerance

While oxygen depletion is clearly a factor in physiological heterogeneity, there are also other well
characterised mechanisms of heterogeneity correlatethwdepletionof other nutrients. One of

the best characterised is amino acid/ carbon starvation and the stringent resgbiggae3).

An experiment designed by Beeniet al used Escherichia coli auxotroph mutants unable to
synthesise the amino acids leucine, cysteine and lysine. The auxotrophic mutants were isolated
from tolerant subpopulations dE. colbiofilms and showed significantly greater survival and
recalctrance than their wild type counter parts when treated with ofloxacin and ticarcillin in
media lacking the amino acid they were deficient in. Furthermore, the susceptibility of the
mutants was restored when grown in LB media supplemented with the amiddtzati the E. coli

was unable to synthesise, highlighting the importance of nutrient deprivation. Ofloxacin is a
secondgeneration quinolone that works by inhibiting DNA gyrase, halting DNA replication, and
leading to cell death. This is interesting adscdb not need to be metabolically active to be

targeted, suggesting that a specific mechanism, rather than growth arrest is responsible.

Further experimentation by Bernier et al revealed that in addition to the stringent response, the
SOS response is irkad upon nutrient starvation and is indispensable for ofloxacin tolerance
(Bernier et al., 2013However, they were unable to identify the specific genes/ proteins that
contributed to this tolerance. The SOS response was first observed in strgettells, which
implies a link between th80S response, cellular metabolism and cellular adaptétat,

Campoy and Barbe, 2007Mhe SOS response is induced upon DNA breakage when RecA
dependent cleavage of theOS gene repressor LexA occurs. This allows the transcription of
roughly 40 genes that eordinate multiple cellular processes that include DNA repair and cell

division arres(Erill et al., 2016)

Another more recent study by Kwan et al mimicked the role of cellular inhibition of certain
processes irk. colisuch as, i) Transcription, by gireating with rifampin which inhibits mRNA
synthesis by binding and inactivating RNA polymerase ii) Translation, ngatiag with
tetracycline and iii) ATP synthesis by-memating with carbonyl cyade 3-chlorophenylhydrazone.
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All of these treatments showed a significant increase (100,000 fold) in persistence to

ciprofloxacin and ampicillin over untreated culturg&van et al., 2013)

The mechanisms above along with the fact that spontaneous, stochastic formation of persister
cells is extremely rar@Balaban et al., 2004; Kwan et al., 20d8jnonstrate the importance of

environmental stresses in leading to enhanced antibiotic tolerance and persistence.

Amino Acid Carbon

: RelA binds to A-site !
Starvation finger and recruits starvation etc.

\ Deacetylated tRNA /

ATP +GTP -
ATP +GTP

(P)PPGPP +AMP
(P)PPGPp +AMP

SpoT (P)PPGPP %
moderates
turnover of

G
(PlppGep GDP + PPi

Figure3: (p)ppGpp induction in response to nutrient starvationlAie activated when a
deacetylated tRNA binds to the ribosome and results in (p)ppGpp production, whereas, (p)ppGpp

production as a result of other stressers is controlled by SpoT

1.3 Persister cells

The mechanisms above show the potential importance of envirental stresses, and the ability

of bacteria to adapt to these stresses, in multidrug tolerance and persister formation. These cells
were first observed in 1944 by Joseph Bigger when penicillin would not sterilize flask cultures of
Staphylococcus aureusstead 1% of the cells would remain and repopulate the flask. These cells

were aptly named persistef8igger, 1944)

131 Defining a persister cell: A historical perspective

The persister phenomenon has been poorly defined for a long time, however, the field is now

O2YAy3 G2 | O2yasSysada 2 yWad Knabelland KiSan,R018; WéoN) OSf f

Song and Yamasaki, 2019; Brauner et al., 2016)

A a
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Originally, the general consensus was that persistence existed as etNgette either not
growing or were growing very slow{Brauner et al., 2016;aaban et al., 2004)This was when
Balaban et al coined the term type | and type Il persisters, where typeel neg growing and

type Il were slow growinfBalaban et al., 2004)

This theory was accepted for a long time, andi e the study of the mechanisms of slow growing
cells to help study persisten¢&im and Wood, 2017However, type Il persister cells were
obtained after several treatments acklls with ampicillin, had an inherited phenotype, and were
growing before addition of antibiotidBalaban et al., 2004This is in direct contradiction of two

of the key hallmarks of a persister cell, they must not have an inherited phenotype and must be
dormant. This confusion on exactly what a persister is has led to the publication of studies that
have thought thg were studying persisters, but in fact were studying tolerant, slow growing cells
(Kim and Wood, 2017However, a more unified stance on exactly what a persister is has now
been obtained(Kim and Wood, 2017; Kim et al., 2018; Wood, Song and Yamasaki,2019)
persister cell must be dormant, must not have an inherited phenotype, and must be able to be
resuscitatedWood, Song and Yamasaki, 2009)¢ KA a Kl a | faz2 fSIFR G2
published by Kim and Wod&im and Wood, 201 That should be adhered to when directly

studying persister cells:

1 The number of putative tolerant cells should not increase prior to antibiotic treatment
and should not change rapidly during treatment.

1 The number of putative tolerant cells should be measuabdve the MIC, ensuring that
the cell number does not change as a function of antibiotic concentration.

1 The number of putative persister cells should not be increasing in the absence of
antibiotics and nutrients.

1 At no point should the putative persisteelts come into contact with a high nutrient
medium that will cause them to resuscitai€im and Wood, 201 Hopefully these new
guidelines, along with a unified consensus on tdhaersister is, will allow for the

accurate study of potential mechanisms leading to their formation.
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Antibiotic Stress
Antibiotic Stress
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Figured: A bacterial biofilm where grey cells are metabolically active and
red cells are metabolically inactive (Persistefsgatment with antibiotic
results in only toleant persisters remaining, which then become
metabolically active and repopulate wheine stress is removed. Upon
repopulation, different cells may become persisters.

1.4  The role of the stringent response artdxin anti-toxin systems in

translation inhibition

Before talking about the potential genes and mechanisms involved in persister formation as a
result of nutrient deprivation, it is important to understand the transcriptome of a cell during the

stringent esponse.

A study by Durfee and colleagues induced the stringent response in a wild type steaioatif

K12 and a RelA mutant using the compouwsetinehydroxamate (SHX), which inhibdsrine

tRNA synthetase and therefore mimics amino acid starvalfibis revealed that almost 500 genes
were differentially expressed as a result of the stringent response. Interestingly, more genes were
up-regulated than dowrregulated. Among the upegulated genes were Toxins of TA systems and

exopolyphosphate (Ppx), witi activates Lon proteag®urfee et al., 2008)

Lon protease is essential to TA system mediated induction of the stringent response as it degrades
anti-toxins e.g. RelB of the RelEB TA module, and fresathe proteins. This leads to activation

of the autotoxic toxins of the TA modules and protein synthesis inhibition. Furthermore,

activation of ribosome dependent mRNA endonucleases, such as RelE, rescues ribosomes from

stalling, critical during amino acedarvation(Durfee et al., 2008)

TA systems are small genetic elements composed of a toxin gene and its cognate antitoxin. These
systems are grouped into five classes, depending on their interactiontaiéimii-toxin. The most

well studied, and most relevant TA systems to this project are Type Il TA systems. Within this class
both the toxin and the antioxin are small proteins that form a neutral protgmotein complex.

The toxin is usually more stablayt the antitoxin is produced at a much greater rate. When the

10
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cells environment changes e.g. nutrient deprivation, the-émtin is rapidly degraded by Clp or
Lon proteases, allowing the toxin to act on its cellular tafgatterholzner, Poppenberger and
Rozhon, 2013)interestingly, studies have shown that TA systems verytafédg induce a non
growing state from which cells can easily be resuscitated by addition of the cognateani
showing that they could be extremely relevant in persister formation and rdulig tolerance

(Maisonneuve and Gerdes, 2014)

Type Il TA systems are known to have an effect on a variesilofar targets, these include DNA
replication machinery, mRNA, tRNA, 30S ribosomes, 50S ribosomes and cytoskeletal proteins.
Interestingly, mMRNA is the most frequent targe&incoli possibly due to the fact that inhibition of
protein synthesis at thenRNA level is arguably less severe than direct inhibition of a protein. As
these proteins cleave cellular mMRNAs, they are termed mRNA interferases. These can then be
further classified into ribosomdependent or ribosome independent mRNA interferases
(Maisonneuve et al., 2011; Maisonneu@gstreCamargo and Gerdes, 2013; Yamaguchi and

Inouye, 2011)

14.1 Ribosomeindependent mRNA intgerases

Ribosomeindependent mRNA interferases, like th¢il- Y SaRej cleave free floating mRNA
independently of any translation machinery. The MazF, ChpBK, MgsR, YhaV, HicA and RnlA TA
systems all fall into this category, however the MazF systemfarhilie best characterised
(Yamaguchi and Inouye, 2011 the MazF system, ppGpp results in the activation of Lon or Clp
protease which ultimgely breaks down the antioxin MazE. MazF is then activated and able to
cleave single strands of mMRNA specifically at ACA sites and halt protein sy{@hesiset al.,

2003) Interestingly, rRNAs and tRNAs are protected from MazF by ribosomal proteins and

secondary structurefyamaguchi and Inouy2011)

1.4.2 Ribosomedependent mRNA interferases

Ribosomedependent mRNA interferases associate with mRNAs at the ribososit Atimately
resulting in cleavage. The RelE, YoeB, YafQ, YafO and HigA TA systems are all part of this sub
group, with RelE bemmthe most characterise@famaguchi and Inouye, 2011)

The RelEB TA system consists of the RelE toxin and its cogndtexenRelB. RelE itddas no
endoribonuclease activity, however it is thought to activate the endogenous ribonuclease activity
of ribosomes and preferentially cleaves mRNA encoding stop codons at the ribossiteal A
(Starosta et al., 2014RelE has been shown to act on its cellular target in response to nutritional

stress, due to the degradation of the adixin byLon proteasd€Christensen et al., 2001)

11
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1.4.3 Other TA systems

Another TA system, HipAB, was originally thought to phosphorylate Elongation Factefliw) (EF
causing inhibition of translatio(Schumacher et al., 20Q9his conclusion wasade using in vitro
experimentation by cloning both genes into an expression vector and using mass spec to
determine if phosphorylation had occurred. However, recent evidence has suggested this may not
be the only mechanism by which HipA induces stasiX, @h aminoacfiRNA synthetase that
OrdGrteasSa GKS GNIXyaFsSNI 2F 3JfdziiFYFGS G2 dwb! X
HipA was found to phosphorylatesarineresidue on Gltx and therefore induce strong inhibition

of translation and induion of ppGpp. This mechanism was confirmed by adding saturating

amounts of GItX to cells over expressing HipA, significantly reducing the t¢&ieityain et al.,

2013)

Interestingly, there is a TA system that uses phosphorylation-aiuEds a mechanism of
translation inhibition. The prophage P1Bfcoliencodes doc toxin of the dgahd TA system and
was originally thought to block the ribosomakie (Liu & al., 2008b)

However, later studies showed that doc phosphorylates a highly consémeshineresidue
(Thr382) on EAu inE. colwhich is critical for function. This inhibits the formation of the EF

Tu:GTP:tRNA complex and therefore induces s(&sistreRoa et al., 2013; Cruz et al., 2014)

While TA systems can clearly result in cellular stasis, they are mostly foumddal strains and

are likely the result of evolutionary selection and advantage. Bacteria lacking TA operons almost
certainly still need to tightly regulate their rate of protein synthesis, suggesting undiscovered,
alternative mechanisms to the ones al@oexist. This was further demonstrated when a hipAB
deletion mutant did not result in the reduction of persister cell format{&orch, Henderson and

Hill, 2003)

1.4.4 Controversy surrounding Toxin Antitoxin Systems

A study by Maisoneuve et al revealed that TA operon transcription was turned on in a stochastic
manner at low frequencies in exponentially growkgcolicells. The frequency at which this

occurred was similar to the frequency of persister formatio& ircoli With this information they
concluded that TA systems are the final effectors of bacterial persister form@fiaisonneuve,
CastreCamargo and Gerdes, 2018jowever, this study has sparked controversy with issues in
reproducibility, and does not fit in with other recent debates in the field. The authad treir
previous work as a model to critically examine common experimental procedures in an attempt to

overcome the inconsistencies in results produced by other laboratories. The results showed that
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seemingly simple assays are very sensitive to alteratiortulture conditions and growth phase.
Furthermore, and most importantly, thig. colistrain being used in the study was found to be
infected by bacteriophage 80. Lysogenisation of this bacteriophage was shown to be the cause of
many of the phenotypeseported in this study, in particular, the role of TA moduleE.roli

persister formation under unstressed conditions i.e. stochastic induction of TA modules was no
longer supported. The importance of ppGpp and Lon (Which degrades antitoxins of tatoxiant

modules) are still supportefHarms et al., 2017)

1.5 The mechanisms and advantages of eukaryotic translation
inhibition in response to cellular stress in éttumour

microenvironment

The studies mentioned earlier serve to show the critical importance of elucidating the biochemical
mechanisms by which biofilm induced nutrient deprivation can lead to persister formation in
bacteria. While biofilms are exclusitebacteria, there are other examples of acute nutrient
deprivation in response to poor nutrient utilisation, such as the often nutrient deprived and
hypoxic tumour microenvironmer(teprivier et al., 2015)ranslational regulation in nutrient
deprived tumour cells igell characterised, and the mechanisms employed may provide an

insight into similar and conserved mechanisms in bacteria.

The tumour microenvironment and a biofilm are homologous in the sense that rapidly
proliferating cells can result in severe nutriemgpivation and acute hypoxia, necessitating the

tight and rapid regulation of energy consuming processes such as protein synthesis. There are a
plethora of mechanisms that tumour cells utilise to regulate their translation in response to
nutrient deprivaton, and range from selectively translating certain mRNA transcripts, to direct
inhibition of translation machinerfleprivier et al., 2013; Leprivier et al., 2015; Koromilas, 2015)
The direct inhibition of translation machinery is primarily contrdllsy four differentSeriné
Threoninekinases; PERK, HRI, Gecn2 and eEF2k. PERK, HRI and Gcn2 altoivbileetfEF2k

inhibits eER2. Briefly, PERK has been found to be activated as a result of reactive oxygen species
(ROS) and the unfolded proteinsgonse (UPR), HRI is activated as result of oxidative stress, Gcn2

is directly activated by uncharged tRNA and eEF2k by severe nutrient deprivation.

151 Direct inhibition of translation machinery

Hypoxia in the tumour microenvironment is commonplace and mestlnaged for the tumour
to progress. Hypoxia exerts a selective pressure on the tumour cells, favouring the emergence of

hypoxiaresistant, and therefore chemo and raelioerapy resistanc¢Hochachka et al., 1996;
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Thomas, 1996; lpzivier et al., 2015)Overall translation inhibition is primarily at the initiation
stage, and is facilitated by the phosphorylation of eukaryotic initiation factor two alpha (elF2) by
PERK. This prevents the recruitment of methianiglator tRNA to the 40S subiirof the

ribosome. Under severe hypoxia elF2 is phosphorylated extremely rapidly (less than 1 hour)
(Koritzinsky et al., 2006PERK is a type | tramembrane protein that is usually associated with
the UPR and acts as a quality control mechar{iShrakrabarti, Chen and Varner, 201The PERK
elF2 pathways thought to be induced by ROS created during hypoxia. Indeed, treatment of
hypoxic cells with antioxidants resulted in the inhibition of this path¢ay et al., 2008a)n

addition to this pathway, the eEFBEF2 pathway is strongly induced under hypoxia, leading to

the inactivation of eER and inhibition of translation elongatiai€onnollyet al., 2006)

Nutrient deprivation is also a major contributor to global translation arrest and a key component
of tumour expansion. Usually, nutrient deprivation acts as barrier against tumour development,
as oncogenic mutatiandramatically sensitise them to this. This is due in part to the inability of
oncogenic cells to restrict anabolic processes or upregulate catabolic processes in nutrient
deprived environment$Buzzai et al., 2005; Leprivier et al., 20¥)elatively recent paper by
Leprivier and colleagues showed that the eukaryotic elongation factor tweZpEF
phosphorylated by eukaryotic elongation factor two kinase {BEHn severely nutrient starved
tumour cells. In a murine model this ultingdy resulted in translation elongation inhibition and
therefore halting of protein synthesis, protecting the cells against starvation iregsivier et

al., 2013) Additionally, Leprivier and colleagugstermined that HeLa cellshe first successfully
cloned human cell line frequently used in research today) that were knocked down @ eEF
showed reduced cell death in comparison to siRNA controls under nutrient deprivation, and that
over expression ofdEF2k increased Hela cell survival. Furthermore, it was reported that

increased expression of eRk correlated with a reduced survival rate in glioma.

Arguably the most interesting part of the study by Lepriver et al wasGlagnorhabditis elegans
defident in efkl, an eERk orthologue, had a markedly reduced life span compared to the wild
type in a low nutrient environment. This ultimately serves to show that elongation factor

inhibition may be a highly conserved mechanism.

Gcen2 is anotheBering Threoninekinase that phosphorylates and inactivates elF2. Gen2 is

directly activated by uncharged tRNA i.e. tRNA without an attached amino acid, allowing the tight
regulation of translation during amino acid strékeprivier et al., 2015; Castilho et al., 20T#)is
mechanism is absolutely conserved in eukaryotes and is found to provide tumours with a

protective effect against amino acid starvation. The targeted disruption of Gen2 ai2d elF
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inhibition was found to severely compromise cell surk{¥a et al.2010) Furthermore, Gcn2

inhibition was shown to prevent growth of tumour xenografts in immunocompromised mice.

The action of many antiancer drugs and antibiotics involve the induction of oxidative stress
(Belenky et al., 2015)n cancer, the buildip of damaged biomolecules can then lead to the
activation of the apoptotic pathway, or the production of antioxidants by (&8 et al., 2009;

Levine, 1997)Tumour cells can hijack this mechanism to protect against oxidative stress, and
therefore chemo therapeuticiRotblat et al., 2013)Upon oxidative stress HRI is activated and
phosphorylates elF2, resulting in global translation arrest and a protective effect. Indeed, deletion
of HRI dramatically compromises the survival of tumour cells under Arsenite exjbitEaen

etal., 2005)

Another citical step is the inactivation of mMTORC&privier et al., 2015mMTOR is a catalytic

subunit of the TOR complex and functions &e&né Threonineprotein kinase. The mTOR

subunit is further composed of two subunits mMTORC1 and mTORC2, which are defined by their
regulatory unit RAPTOR or RICTOR respeciiZelycu, Efeyan and Sabatini, 201hfORC1

promotes capdependent translation itiation by preventing the inhibition of elF4E, furthermore,

it acts a nutrient sensing subunit that becomes inhibited by AMPK (Or other mechanisms) during
severe hypoxia, nutrient deprivation and genotoxic stress. AMPK is activated during many cellular
stress responses, however, the most well characterised mechanism of activation is by the relative
ratios of AMP:ATP and ADP:ATP. This provides a very intimate link between cellular stress and
global translation inhibitiofLeprivier et al., 2015)

15.2 Selective mRNAranslation

The inhibition of elF2 and mTORCL1 inhibitsdaependent translation, promoting cap

independent (elF5B) and therefore, selective mRNA translation.

The advantages of these mechanisms is clear, phosphorylation is a robust and rapid method of
inhibiting global translation. Allowing the cell to quickly adapt to unfavourable conditions
promoting survival, not unlike the role of persister formation in biofilms. Therapeutically,

targeting these mechanisms would be very attractive, and could resutipgroved clearance of
cancerous cells. If similar mechanisms existed in prokaryotes, targeting these mechanisms could

reduce persister formation, improve treatment and ultimately quality of life.
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1.6  Bacterial and eukaryotic translation: a comparison

Before deermining whether a mechanism similar to the ones above may exist in bacteria, it is
necessary to compare the mechanistic tresrinvolved in translation of mMRNA in both eukaryotes

and bacteria.

1.6.1 Initiation

Initiation involves a significantly more complex rhanism in eukaryotes and archaea than it does

in bacteria, however, there are similarities between them. Both bacteria and eukaryotes use AUG

as the initiating codon. However, while bacteria use the addition of a formyl group to determine

between initiatirg methyl tRNA and internal methyl tRNA, eukaryotes usually just use the AUG

O2R2y Ofz2aSaid G2 GKS pQ SyR 2F (GKS Ywb! &SljdsSyOSo
site, and is therefore likely to only code for one protaimocistronic). Whereas btarial mMRNA

may contain multiple start sites, allowing for the simultaneous coding of many different proteins

(Polycistronic)l.ac operork. coli The way initiation codons are identified is also different in

bacteria, a specific sequence called a Stidegjarno sequence (after the discoverers) aligns the

Ywb! @Al &ALISOATFTAO o61FasS LIANARY3I ySIFENI G§KS 0Q GSNYAYdz
mRNAs that have a ribosome bindinyS i K& f 3dz y2aAyS OF LI i GKSANI pQ (S
ribosome then scangdm to find a start codon. This is consistent with the polycistronic and

monocistronic nature of the translation machinery. Briefly, translation initiation in bacteria

involves:

1 The binding of three initiation factors to the 30S subunil ]2 and IF3

1 The initiator Fmet tRNA sequence binding to2Fassociated with GTP, and the release of
IF-3 to allow the recruitment of the 50S subunit

1 This then triggers the hydrolysis of GTP bound 2, lfesulting in the dissociation of-1F
and IF2 (Bound to GB). The ribosome is now prepared for the elongation stage of

translation

Translation initiation in eukaryotes requires a minimum of ten initiation factors and is therefore

significantly more involved. In summary:

1 The eukaryotic initiation factors elF; eF1A and el bind to the 40S sub unit

1 elF2 associates with the initiator methionyl tRNA

 Theelm 3ANRdzZL) 2F AYyAGALIGAZ2Y FFOG2NBR NBO23IyAasS GKS
40S subunit.
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62 A 0K SLCQAAUGIinifidticd Ko8RO 0 K ¢

When this is located, elbA triggers the hydrolysis of eBFEGTP to elF2:GDP, resulting in

the release of the initiation factors and the binding of the 60S subunit to create the 80S

complex.

In terms of functionality, only elEand IF2 have similar roles in initiation of translation. Which is

interesting considering & has greater homology to elF5B (That helps to join the two ribosomal

subunits together) than to etE(Lee et al., 2002)or a siddy-side comparison se€ablel.

Tablel: Comparison between Bacterial and Eukaryotic translation initiation

BACTERIA EUKARYOTES
Threeinitiation  factors Initiation  factors elF1,
bind to the 30s subunit: {E, IFelF1A and elB bind to the 40!
2 and IF3 subunit

The initiator Fmet tRNA
sequence binds to {E as
sociated with GTP

el2 associates with the
initiator methionyl tRNA

IF-3 isreleased to allow the

recruitment of the 50s subuni

The el group of initiation
FIF OG2NAR NBO213
the mMRNA and recruit it to the
40S subunit

This triggers the hydrolysis of

GTP bound to &

¢KS nn{ &adz dzy
attached) thenscan the mRN/
for an AUG initiation codon.

This results in the dissociatio

elR5A triggers the hydrolysis

of IF1 and IF2 (bound to GDRelR2:GTP to el2:GDP

The Initiation factors are
released

The 60S subunit binds to
create the 808omplex.

1.6.2 Elongation

The elongation step of translation is highly similar between bacteria and eukarfotese5s):
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f

Firstly, EHu in bacteria or eEFin eukaryoes complexed with GTP binds to the
aminoacy! tRNA and escorts it the ribosomatdite

The GTP is then hydrolysed to GDP, causi¥iuEEFEFL to dissociate and facilitate the
translocation of the aminoacyl tRNA to the ribosomadite. The hydrolysis of GT®®GDP
is the rate limiting step in translation elongation, and provides a period of time for
incorrectly, and therefore weakly associated tRNA to dissociate from the ribosome.
Making this step critical for translation accuracy.

The next step is translocation of the now uncharged tRNA to the ribosositd tr
ejection. This requires either e2Hn eukaryotes or EE in bacteria coupled with GTP.
EFG binds to the 30s subunit of the ribosome and results in hydrolysis of G3IPRp
facilitating the translocation of the tRNA to theske, and movement of three new
nucleotides into the ribosomal-gite, ready for another round of translation elongation
(Cooper, 2000)

EF-G:GDP +Pi 4——// g

EF-G:GTP % H\p

TN
3 &

i) EF-TU.GTP
i) (
/ EF-Tu:GDP + Pi

EF-G:GTP

Figureb: The stages of translation elongation in bacteria. HTEESTP:tRNA binds to the

ribosomal Asite ii) EFTu:GTP is hydrolysed to-E&:GDP, facilitating translocation of
tRNA to theibosomal Psite iii) EFG:GTP binds the 30s subunit of the ribosome, is
digested to Ef&:GDP, resulting in translocation of tRNA to the ribosonsiie:

where it is ejected iV) The ribosome is now ready for another round of translation

elongation.
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1.7  Ubiquitous nature of translation machinery and the evolution of

protein synthesis regulation

Protein synthesis is a necessity for life and is therefore conserved to some extent across all
phylogenetic domains. However, some translation machinery is more highseosed than
others, particularly between eukaryotes and bacteria. This needs to be investigated further in

order to reliably ascertain which mechanisms of translation regulation could be conserved.

1.7.1 Translation initiation factors

Translation initiation vaes significantly in complexity, with bacteria only needing three initiation
factors, and eukaryotes needing té@ooper, 2000)There is structural homolodpetween IF1

and elF1, and also K2 and elF5B. There is arguably functional homology betwe2raltd elR2

(As they both ultimately recruit the initiating tRNA), however, there is no homologue for bacterial
IF3 (Benelli, La Teana and Londei, 20ITHis suggests that any mechanism employed by
eukaryotes to regulate initiation factors, principally the phosphorylation of theZ#tbunit, is

unlikely to be conserved in bacteria.

It has been suggested that divergent evolution is responsible for this change. Eukaryotes evolved
significantly more completranslational apparatus to match their more sophisticated and

accurate protein synthesis regulation. Whereas, bacteria use the bare minimum of accessory
factors for initiation, furthermore, transcription and translation are simultaneous in bacteria,
mearing there is not much scope for sophistication of regulating mRNA translation at the

initiation stage(Benelli, La Teana and Londei, 2017)

1.7.2 Translation elongation factors

Translation Elongation Factors are found in every known organism on the planet and are very
highly conserved between these organissesiving to highlight how critical translation elongation

is to life as we know it.

To gain an understanding of how well conserved elongation factors are, it is necessary to firstly
compare the percentage identity of Hlea and Ef& of different bacterialgecies, and to their

human orthologuesTable2).
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Table2: Identity matrix of EF u from model pathogenic bacteria and Eukaryotic-&#EBm

Homo sapiens

Species Identity%

Homo sapiens 100.00 (18.61 18.12 [17.52 (20.80 [20.58
Mycobacterium 18.61 [100.00 [70.96 [72.96 [75.26 [73.21
tuberculosis
Streptococcus 18.12 [70.96 [100.00 [75.13 ([73.35 [69.29
pneumoniae
Staphylococcus 17.52 ([72.96 [75.13 [100.00 [74.87 [73.86
aureus
Escherichia coli 20.80 ([75.26 ([73.35 [74.87 [100.00 [85.03
Pseudomonas 20.58 [73.21 1[69.29 [73.86 [85.03 [100.00
aeruginosa

It is clear that there is very high homology between allltheterial elongation factors listed in

this table. However, there does not appear to be a very high level of homology between the
eukaryotic elongation factor 1 (eBf and EHu (Table2), or eER2 and EFS (Table3). While this
information shows that a conserved and regulated mechanism of translation elongation in
response to nutrient deprivation across the bacterial domain is certainly possible, it would also
suggest that any conserved mechanism of translation elongation factor inhibition in humans, such

as the one described by Leprivier and colleagues, would edikbly to be present in bacteria.

Table3: identity matrix of Efs from model pathogenic bacteria and Eukaryotic-2Eem Homo

sapiens

Species Identity%

Homo sapiens 100.00 27.79 [29.93 2791 [28.70 [29.15
Mycobacterium 27.79 |100.00 [69.13 [59.28 1[60.06 [59.83
tuberculosis
Streptococcus 29.33 169.13 [100.00 [57.12 [59.71 [58.61
pneumoniae
Staphylococcus 27.91 [59.28 [57.12 (100.00 [59.83 |60.89
aureus
Escherichia coli 28.70 60.06 [59.71 [59.83 [100.00 {76.59
Pseudomonas 29.15 [59.83 [(8.61 1[60.89 ([76.59 |100.00
aeruginosa
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However, percentage identity only tells a small portion of the story. The function and basic
mechanism of elongation factors is ubiquitously conserved, suggestingukatyotic and

bacterial elongation factors could be subject to similar mechanisms of regulation.

The functional regions of elongation factors are so well conserved that they are already the
targets for some bacteriostatic antibiotics and secreted toxtigomycin and Fusidic acid target
EFTu, and Ef& respectively. Kirromycin mostly affects the release of GDP frehu Efhereas,
Fusidic acid works by ultimately stalling the ribosq(f@erg et al., 2015; Wolf, Chinali and
Parmeggiani, 1974 se6 secreted . aeruginosanduces stasis and also associates with and
inhibits all bacterial EFu, however, the inhibition of EFuU is not thought to & the primary
mechanism of Tse6. The authors suggest that Tse6 targefta BEcause of its ubiquitous nature,
which then causes Tse6 to activate and drastically reduce cy€lib&ilevels in the cgWhitney

et al., 2015)

Eukaryotic elongation factor targeting by bacteria is also known to occur with exotoxin Afrom
aeruginosaand diphtheria toxin from @ynebacterium diphtheria both targeting a ubiquitously
conserved residue, Diphthamide, on eEH his ultimately halts protein synthesis and induces cell

death and necrotic tissue via apoptoéidichalska and Wolf, 2015; Murphy, 2011)

There is approximately 900 million years between the first bacterial and eukaryot{€oelper,
2000) This suggests that bacteria would have had to regulate protein synthesis in response to
stress well before the first eukaryotic cell, and therefore the firdtaryotic translation regulation
mechanism came into existence. Regulation of translation is primarily controlled by-typeks
serind threoninekinases in eukaryotic cells, probably due to the robustness, speed and
reversibility of phosphorylation as agt translational modificatiofLeprivier et al., 2013 2015;
Leprivier et al., 2015 2015%ince the genomes of bacteria suciPaseruginosaMycobacterium
tuberculosisandS. aureusiave been sequenced, many Haitige sering threoninekinases have
been dscovered in the bacterial phyla. The potential importance of these kinases have been
mostly ignored, due to originally thinking that bacterial signalling was totally controlled by
histidine kinases. However, recent studies are starting to show their irapoe in cell regulation
(Canova and Molle, 2014; Kant et al., 2017; Klein et al., 2008; Krupa and Srinivasan, 2005; Prisic
and Husson, 2014}t could be possible that regulation of translation machinery by Hapes
serind threoninekinases wa a prokaryotic invention that was ultimately conserved in

eukaryotes.
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1.8 The bacterial vs human kinome

The difference between the kinomes of bacteria and humans is vast, with humans understandably
having a significantly larger and more complex kinome. Aesutempleted in 2002 predicted that
humans have 518 protein kinase genes, roughly 2.3% of the whole gdiMamaing et al., 2002)
Since then, the number has further increased to give a total of at least 568 kinases. Nearly all of
these areserind threoninekinases, a smaller portion are tyrosine kinases, and a smaller portion
again are atypical protein kinas@éisai, Safaei and Pelech, 2016§ these, 175 have been directly
implicated in disease via mutation, megpression or copy number changes. This is partigular

true for cancer where 121 protein kinases are implicated, 51 of these being tyrosine kinases
(Manning and Hunter, 2010)n general, prain kinases seem to make up approximately 2%
(+/0.2%) of all eukaryotic genomes includ®gccharomyces cerevisiaed C. elegansThe

protein kinases of higher eukaryotes also all belong the Heyges (HT) family. This is ultimately
characterised by a ufying two lobe architecture and conserved motifs, namely a small N
terminal lobe forming asheet and a larger-@rminal lobe composed chelices(Nguyen et al.,

2017)

Bacterial kinomes are diverse across the phythpagh in a stark contrast to their eukaryotic

counterparts, have very few Hankge serindthreoninekinasegNguyen et al., 2017)t is for

this reason that signalling by these kinases has generally been overlaniétie focus put onto
thetwo-O2 YLR Yy Sy i aeadsSy o¢/ {0d ¢/ {Qa dzadzrfte O2yaraid 2
that transduces a signal as a result of an environmental stimulus and an effector molecule inside

the cell. The number of these systems enaddle the genome varies significantly wih

aeruginos&K | @A y' 3 NEHcolhaving f0aad@acillus subtiliaving 7QBalasibramanian et

al., 2013)

While, in general, there are very few Hartigkpe serind threoninekinases in bacterial genomes,
the ones that are present have recently been shown to be play essential roles in many cellular
processegDwokkin, 2015) Furthermore, some bacterial species are shown to have significantly
more Hankdype kinases, such &4. tuberculosisvhich has 11 antyxococcus xanthughich

has over 10@Nguyen et al., 2017)

The difference between the eukaryotic and bacterial kinome is clear, however, there are distinct
similarities in the way the kinases are utilised. In particular, the way they regulate intracellular

process such as protein synthesis.
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1.9 Translation machineryphosphorylation in response to nutrient

deprivation in bacteria

There are multiple confirmed roles of Hanks tygegindthreonine] A Yy aSa 6S{ ¢YQao
ranging from virulence and secretion to cell wall metabol{®workin, 2015)For a

comprehensive list se@ereira, Goss and Dworkin, 20L Hor the purpose of this review | will be
RA4A0dzaaAy3a GKS NeftSa 2F S{¢YyQa Ay (GKS NBIdzZ |

As discussed earlier the Doc toxin can phosphorylaeemnineon EFTuleading to its
AYFEOGAGlIGAZ2Y D |1 256SOSNE GKSNB AayQild Fye aidNRy
response to nutrient deprivation, and this mechanism is only fourtel ieoli Protein synthesis is

one of the most energy demanding processethe cell and so needs to be regulated under
conditions where nutrients are not abundant. Proteins, such aSuEhich mediate these

processes are often found in the phosphoproteomes of diverse organisms, suggesting that they
could be regulated this waMacek and Mijakovic, 2011 owever, Ef uis the most abundant

protein in the cell, and only 10% is found to be phosphorylated. Suggesting that phosphorylation

alone is therefore unlikely to be what induces stgSiandro F. F. Pereiraa, 2015)

In 2015 Pereiraa and colleagues ugatillus subtilias a model organism to investigate whether
phosphoryation of EFTu inhibited its GTPase activity, preventing its release from the ribosomal
A-site and inducing stallin@Pereira, Gonzalez and Dworkin, 20ER)subtiligesponds to nutrient
deprivation by foming a highly resistant, proteinaceous endospore. During this sporulation
process, cells undergo an asymmetric division that generates two compartnaeiai®e spore and
the mother cell B. subtiligherefore allows the study of two genetically identidalit differently
metabolising cells. Indeed, they found thaThreonineresidue conserved across all translational
GTPases was being phosphorylated by a Ser/Thr kinase expressed selectively during sporulation,
YabT. Furthermore, EFu was found to elutenithe ribosome fraction when using
ultracentrifugation and a sucrose cushion, more so in the endospore than the mother cell. This
suggests that the GTPase of EFwas being inhibited, preventing the release from the ribosomal
A-site and inducing stalling-his was thought to have a dominant negative effect and so explains
why a relatively small proportion of phosphorylated BFcould induce cellular stagB8andro F. F.
Pereiraa, 2015)However, there is conflicting evidence to the mechanism eFlEF

phosphorylation induced stasis described above. A vemmntgeaper showed that

phosphorylation of EfFu by Doc toxin traps it in the open conformation (Almost identical tdiEF
bound to GDP), preventing ternary complex formation with the ribosome and halting translation

(Talavera et al., 2018Yhe authors also observed that phosphorylation eTHFrastically
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reduces its solubility and aggrags, potentially explaining why Hl was found in the ribosome

fraction by Pereiraa et gTalavera et al., 2018)

A previous study by Macek and colleagues cormpdine phosphoproteomes of the gram positive
B. subtilisand the gram negative bacterta coli They found that between the two
phosphoproteomes there were 14 direct orthologous proteins, witiTEPBeing included in this.
Furthermore, a recent study shaa that EFTu and EF's both appear in the phosphoproteome
of P. aeruginosauring the planktonic state and during biofilm developmépétrova and Sauer,

2009) This could suggest a conserved mechanism across different species of bacteria.

Biofilm induced Controlled inhibition Inactivation of processes
starvation of protein synthesis targeted by antibiotics
Antibiotic
stress
-- ==
== Cell
i * > > death
=) .- :
Rapidly proliferating Rapid metabolism and Unregulated disruption of

cells at edge of biofilm protein synthesis cellular processes

Figure6: The potential mechanism of kinase induced dormancy and how this benefitaithival
of cells in response to stres3he red cells are metabolically inactive and the grey

cells are metabolically active

1.10 The structure and activabn of Hanks typesering threonine kinases

Hankstype serindthreoninekinases share 12 conserved subdomains that ultimately fold into the
typical twolobe catalytic core with the active site in the cleft between the two lolfiésupa and
Srinivasan, 2005; Janczarek et al., 2018; Hanks, Quinn and Hunter, Tl'888)0 lobes have
different functions, the Nerminal lobe takes on the job of binding and correctly orienting the
ATP molecule, whereas thet€&minal lobe is essential for binding to the substrate and transfer of
the donated phosphate grou@Hanks, Quinn and Hunter, 1988; Janczarek et al., 20h8&ke

lobes ultimately control the switch between the active and inactive state of the kinases-The C
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terminal and Nterminal lobe undergo numerous conformational changes that are essential for

the transition between these states. Upohgsphorylation, the @elix is directed towards the

active site, allowing multiple interactions between the two lobes required for activdtiuse ad
Kuriyan, 2002; Pereira, Goss and Dworkin, 2011; Hanks, Quinn and Hunter, 1988; Janczarek et al.,
2018) The activation loop is clearly the most important part of kinase regulatighin this loop

are the conserved DFG and APE maotifs that define the activation segN@en, Taylor and

Ghosh, 2004)The magnesium binding loop, activation loop, and the P+1 loop are contained

within thissegment and is ultimately responsible for substrate specifitityse and Kuriyan,

2002; Nolen, Taylor and Ghosh, 2004, Pereira, Goss and Dworkin, 2011; Janczarek et.al., 2018)
They are usually activated by phosphorylation of at least®@eneor Threonineresidue in the

activaion loop via either trans or autphosphorylation, stabilising the activation loop.

Py EfA1S LIK2ALK2NRBELFGA2Y 2y KAAGARAYS FyR I aLdk
highly stable interaction between theering threonineand the phosphateThis ultimately means

that a specific phosphatase is required to reverse the action of the kinase, and also to switch the
kinase to the inactive conformation. These phosphatases usually have significant homology to
their eukaryotic counterparts and arberefore termed eukaryotdike serindthreonine

phosphatase¢Pereira, Goss and Dworkin, 2011)

There are two Hankgype serindthreoninekinases that have been formally identified previously
in P. aeruginosaStkl and PpkA. Another kinase, YeaG, has been studied in other bacteria in some
detail and exists in thP. aeruginosgenome, but at the time of reading has not been formally

identified.

1.10.1 Stkl

Stk1 has been characterised from a biochemical standeidhas had some phenotypic analysis
performed(Mukhopadhyayet al, 1999; Zhet al., 2021b) The protein was first identified as
being a Hanks type kinase by developing an 800 bp probe from the conserved regions of
serindthreoninekinases conserved in Mycobacteria. After the proteias identified, it was
cloned into the pGEXAT1 plasmid and expressedincoli After purification, an in vitro kinase
assay showed that Stk1 is able to autophosphorylate, and is capable of phosphorylating
eukaryotic histone H1, a commonly used subtfar kinases of this typéMukhopadhyay et al.,
1999; Sarg et al., 2006)

A phenotypicand proteomicanalysidy zhu et alshowed that a stkl deletion mutawmtf P.
aeruginosaPAOlhad significant downregulation of type IMysrelated proteins and

upregulation of T6SH1-related proteins This was linked to a reduction in typé pilus mediated
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twitching motility andan increase in growth competition advantagkely moderatecdby the

T6SSH1-related proteingZhuet al,, 2021b)

1.10.2  PpKA

PpkA has been characterised extensively in terms of Type six secretion (T6SS) mediated virulence,
however, there is very little on its role in adaptation to changing remmental conditions
(Goldova et al., 2011; Pan et &017a; Mougous et al., 2007; Hsu, Schwarz and Mougous,.2009)

In 2007, Mougous et al iddified that PpkA post translationally regulates Hcp secretion island
encoded type VI secretion systemRfaeruginoséMougous et al., 2007)The T6SS consists of a
membrane and tail complex that are equivalent to contractile phage tails and the Hcp secretion
island is resposible for Hcpl secretion, believed to form nanotubes on the bacterial surface
which may allow transport of other T6SS effect@spluverez, Devos and Devreese, 20PHKA
was found to catalyse thiactivity by acting on a FHA domain containing protein named Fhal. It
was later found that Fhal is a core scaffolding protein of the Hcp island Wié8§ous et al.,

2007) It was postulated that the post translational regulation of this systenthigonine
phosphorylation likel reflects its requirement to rapidly respond to change in environmental
conditions(Goldova et al., 2011; Pan et al., 2017a; Michalska and Wolf, 2015; Mougous et al.,
2007)

More recently, in 2017 Pan et al broadly examined the potential roles of PpkA in regulation of
cellular processes including: biofilm formation, pyocyanin production, oxidative and osmotic
stress response, cell invasion and plant virulefitan et al., 2017aYhey found that biofilm

formation was ginificantly reduced in the PpkA deletion strain compared to the wild type,
however, although complementation of the mutant restored biofilm formation to that of the wild
type, this data is not supported by our study. It is possible that this is due tdiffeeent

experimental procedures used, in particular the media. Our study uses a nutrient deficient M9
medium, whereas, Pan et al used a nutrient rich LB broth which may be more likely to support
planktonic growth. It was alsiound that the PpkA deletiomutant was also significantly more
sensitive to hydrogen peroxide induced oxidative stress, as well as NaCl induced osmotic stress.
Furthermore, the mutant strain was found to have decreased pyocyanin production and
significantly reduced ability to invaddeLa cells and lettuce le@an et al., 2017ayVhile this

study is certainly informative in terms of the potential roles of PpkA, it does not provide any detail

on the potential mechanistic pathways by which these phenotypes are produced.

The paper by Pan et al does however seem quite redundaehvooking at the paper released

by Goldova et al six years pri@oldova et al., 2011¥0ldova et al discovered through a global
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transcriptome analysis thateges regulating oxidative stress and iron metabolism were down
regulated, providing a potential mechanism for the effect that was seen by Pan et al. However,
Goldova et al were examining the effect of a RPkA double knockout mutant, making it

difficult to assume that PpkA was solely responsible for regulating these processes.

1.10.3 YeaG

YeaG has been shown to be essential for long term nitrogen starvation slvina] as well as
being required for full induction of the stringent response via RpoS. @kibéen linked to its role
in the denitrification pathway via the nitrogen starvation protein ntrc and the anaerobic regulator

anr (Figueira et al., 2015)

1.10.4 The role of adjacent phosphatases

Both PpkA and Stkl have adjacent phosphatases. Tikislysdue to the highly stable bond
formed when aserineor threonineresidue is phosphorylated, necessitating a specific
phosphatase to remove the phosphate group from the resif@workin, 2015)Furthermore,
Mougous et al showed that PppA is critical for attenuating PpkA moderated secretion of Hcpl

(Mougous et al., 2007)

1.11 Which translation factors are the most effective targets for cellular

protein synthesis imibition?

It is clear looking at the discussed literature that direct and indirect Translation factor inhibition in
response to cellular stress is a utilised, and relatively conserved mechanism from humans to
bacteria(Pereira, Gonzalez and Dworkin, 2015; Leprivier e2@13). While this certainly shows

that this mechanism may exist iA. aeruginosathere is still no hard evidence. It is therefore

important to consider which factor is likely to be inhibited and cause cellular quiescence.

1.11.1 Initiation Factors

As shown earlier, eukaryotic organisms have a comparatbeghplex mechanism for initiation of
translation using at least 10 discrete initiation fact@ree et al., 2002 urthermore,

transcription and translation do not occur simultaneously in eukaryotes. This provides a lot of
scope for inhibition of initiation factors by €8T & & dzO (Castillib etRIQ30#4Yhis makes a
lot of sense as @uitment of the initiating Fmet tRNA to the ribosomakike is the rate

determining step (RDS) in eukaryotic translatigoromilas, 2015)Theoretically, inhibiting 2 in
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bacteria would also result in inhibition of recruitment of initiator tRNA to the ribosome. However,
IF2 does not appear in the phosphoproteomeRfaeruginsa(Ravichandran et al., 2009)

could be further arguethat bacteria do not require inhibition of translation initiation due to
translational control by operons and attenuation. This is where the rate of translation alters the
structure of the RNA, which influences the rate of transcrip{idrantl, 2004) This information
suggests that translational regulation in response to nutrient deprivation is likely controlled at the

elongation stage.

1.11.2 Elongation Factors

Most characterised mechanisihat inhibit translation elongation factors in bacteria, do so by
inactivating EF u(Pereira, Gonzalez and Dworkin, 2015; Cruz et al., 2014; Germain et al., 2013)
This is the bacterial orthologue of eEfFand so differs to the mechanism characterised by

Leprivier and colleagues where eERhe orthologue of EE, is inhibitedLeprivier et al., 2013)

Theserindthreonineprotein kinases PrkC &f. subtilishas been shown to phosphorylate a
threonineresidue of Ef& in vitro, and that PrpC regulates this actiyiBaidenko, Kim and Price,
2002) The authors hypothesised that this served a regulatory role in stationary phase B.subtilis
cells, andhat disruption of this mechanism affected the cell density at stationary phase
(Gaidenko, Kim and Price,®). It had also been previously stated thatGkvas possibly related

to regulation of sporulation iB. subtiligMitchell, Morris and Vary, 1992)

EFP is another ubiquitous, ribosome dependent translation elongation factor that is critical for
virulence and high stress survival in bacteriaPEeviates ribosome stalling polyproline

stretches and has been associated with production of CadC, which induces an appropriate stress
response to abnormal pH levels. The ability 6PEB alleviate ribosome stalling is dependent on

its lysinylation by YjeK and YjeA. Interestingly, YjeA uses arsimithanism as an aminoacyl

tRNA synthatase and catalyses the transfer of RBsiae to K34 on EF and activates it with

ATP. In fact, it is homologous to lysine tRNA synthetase, with the exception of the codon
recognising Nerminal domain. Genomic atysis has revealed that there is an abundance of
polyproline stretchcontaining proteins not only in bacteria, but also archaea and eukaryotes.
Therefore, high stress conditions that result in the expression of polyproline peptides will require
EFP, Yjekand YjeA. The absence of any of these genes has resulted in defects in the stress
response, sporulation and critically antibiotic sensitigitye et al., 2013; Starosta et al., 2014;
Navarre et al., 2010A deletion mutant of a protein homologous to YjeA, PoxA, in Salmonella was
found to persistently respire under nutrieqoor conditions, whereas wild type cells would cease.

The explanation put forward by the authors is that the mutaguited in translational errors of
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YSYONIYS LINRPGSAYya GKFG NBaLRyR @2t ASYREAINRPG/AYNTY
respiration under these conditions potentially lead to the formation of radicals and therefore,
increased general antibiotic sensitiv(Navarre et al., 2010)nterestingly, this is an example of

where an elongation factor is induced in response to nutrient deprivation, but inhibiting either

PoxA or EP via pharmaceuticals could help reduce persistence.

The final biquitous and essential elongation factor isE: When an EFUGTP:tRNA complex
interacts with the ribosome, the GTPase activity 6flEHs activated and results in its dissociation
from the ribosome. Effu is now associated with GDP and currentlgastive. The role of EFs is

to catalyse the removal of GDP fromHF, allowing for another round of elongation. When EF
Tu:GDP and EFs from Heliobacter pylori were piacubated in a 1:2 molar ratio the Hre:GDP
levels dropped by 15.6%, highlightithge effectiveness of this mechanism. Furthermore,TEF

and EFTu were found to have a synergistic effect on molecular chaperoning. The information
suggests that inhibition of EFs would indeed prevent GDP release/TERurnover and inhibit
translation dongation and induce stasis. However, the presence of 1 molar equivalen{Tsf EF
was found to completely inhibit the GTPase activity oTEFpreventing further translation. This
mechanism is mimicked by the therapeutic, Bismuth. Bismuth was foundrease turnover of
EFTu via GDP release, but inhibited the intrinsic GTPase activity of the enzyme. In this manner,
cellular inhibition of this elongation factor to induce persistence seems unlikely due to the
GR2dz0f S SRISR &g 2 NREffuBciohs dérnalive§Wang & & 2A1B)5 4 Sy OS
However, EH's does appear in the phosphoproteomePofaeruginos@Petrova and Sauer, 2009)

This suggests that both Hl and EH's are inhibited simultaneously.

This information certainly suggests thatEirand Ef's are the most Iy targets for cellular

inhibition.

1.12 Aims and Hypothesis

The overall aim of this project is to investigate the role of multiple Hanks Sgjed threonine
kinases irP. aeruginosaYecifically to investigatethe formation of metabolically inactive cells,
biofilm development and viability, and the ability tdapt to nutrient starvation. At the time of
writing, there are no studies in this area fer aeruginosaThis affords the opportunity for

discovery of new mechanisms and ultimately next generationtaofilm therapeutic.
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2.1 Introduction

With recent advances in long read gene sequencing complementing shotgun sequédiysiog et
al., 2018) and the whole genome sequenceRfaeruginos®A01 énd other strains) being
revealed with fewer and fewer contigs, it has becomei@athan ever to identify and delete
targets inP. aeruginosavith the help of high throughput techniques. These techniques allow a

robust method for elucidating the function, and downstream effectors of a specific gene.

To facilitate the study oftheeSTKET A RSYUGAFASR Ay t lidemtifythemi &1 a
delete them from the genome individualynd sequentially to account for any redundancy

between the kinases targe{®Pereira, Goss and Dworkin, 2011)

The general methodologies and theories used to create the deletion mutants in this study will be
reviewed and summarised below. Theree methodologies were used for PA2192, but the genes

were only deleted individually due to time constraints.

PCR 1: .

— »
“— -~ -«
N/ N/

PCR 2: y N
EcoRl TarT7 Hindlll
Ligase

Digest 2/PCR 3: —_—

| | —
Smal Smal
T4 Ligase Q Gibson assembly

Smal Linearised pEX100T

Digest 1:

pEX100T with Insert

Figure7: Summary of the steps used to create the construct. i) Sequences flanking the gene of
interest and thegentamicin resistance cassette were amplified ii) These were
digested with EcoRI and Hindlll, then ligated with T4 or T7 ligase iii) The resulting
fragment was amplified iv) The fragment and pEX100T vector were digested with

Smal, then ligated with T4 liga

31

F



Chapter 2

2.1.1 Rationale for glecting the plasmid vector and marker to facilitate gene deletions in

P. aeruginosa

Many different methods have been developed to allow transfer of recombinant plasmls to
aeruginosasuch as transformation of chemically competenmtelectroporated cells. However,
conjugation is the most frequently used due to the reduced need for specialist equipment
(required for electroporation), comparatively simple manipulation procedures, and that the
resulting conjugally transferred DNA isdesusceptible to host restrictig®chweizer, 1992)
Therefore, it is necessary for the selected plasmid to be maintained and to be able to replicate in
E. coliand conjugate intd. aeruginosgas well as containing a sufficient number of restriction
sites and selectable marke{Schweizer, 2004 1992; Schweizer, 1992 19823 method used in

this study was developed by Herbert Schweizer, however was simplified and streamlined in our
lab by Yuming CéCai, 2018as part of previous project and used the pEX100T plasmid developed
by Herbert Schweizdchweizer, 1992)
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Figure8: pEX100T plasmid developed by Herbert Schweizer and useddie the deletion

mutants in this study

The pEX100{Figure8) vector is a derivative of the original pUC19 ved®chweizer, 1992nd

has the following features that are relevant to this gene deletion method:

9 oriis a ligh copy number ColE1/pMB1 origin of replication that can only be indudéd in
coli. InP. aeruginosathe plasmid cannot replicate and so must undergo allelic exchange
of to obtain the resistance encoded by the marker on the plagi®ahweizer, 1992)

1 blais a beta lactamase that will degrade any Hatsamantibiotic, such as ampicillin or
carbenicillin. This allows for the selection of the plasmiH.icoli and for counter
selection inP. aeruginos&Schweizer, 1992)

9 oriT is the origin of transfer thatlaws the conjugation of the plasmid ®. aeruginosa
from the conjugativeE. colstrain (S17) iv) sacB frorBacillus subtilisesults in secretion
of levansucrase which renders bacterial growth sensitive to sucrose. This allows for
selection of doublessover mutants, as opposed to the more common merodiploids

(Steinmetz et al., 1985; Schweiz1992)
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1 Unigue cloning sites for Smal an8del (Rare meganuclease site) to allow greater access

to cloning sites

To facilinte the actual deletion, and the selection of the deletion mutar®iraeruginosaa
gentamicin resistance cassette flanked by the upstream and downstream sequences that were
adjacent to the gene to be deleted were uggdgure?). This allows for allelic exchange to occur
after conjugation, chromosomal deletion mutants rely on host recombination systems to facilitate

allelic exchange between the plasmid vector and tiost chromosoméHmelo et al., 2015)

BylIT (555

;233) BsmBI - Esp3T PsaBI* (6

(453) PAFI- Tthi1a1 BsaWI - BSHKAI - Bsp12861 {534)
Tsol (57} [ BseRI (720] EcoRV (854)

(433) Nspl
Start (1) (255) BsrGL Tatl (429) AL Pml“ ‘ BtgZI (35/) | BsaAl (7/3) Eagl (30} |Hmc]I [c) End (1063}

2507 E 7507

16307
[ rr g > T EEp
< promoter

1063 bp

Figure9: Gentamicin esistance cassette flanked by FRT sequences from pFGM1 plasmid
developed by Herbert Schweizevhich was used to create the markerless deletion

mutants in this study

The Gentamicin resistance cassegfiégure9) contains a gentamicin acetyl transferase which
inactivates gentamicin. The sequence was obtained from the pFGM1 plasmid developed by
Herbert Schweizer and is flanked by FRT sites on each side, which all@mthal of the marker
from the genome by FLP recombindBarekzi et al., 2000; Schweizer, 20@3scussed in detall
in 2.1.3).

2.1.2 Methodologies used to create recombinant constructs in plasmids

Many protocols require that the fragments immediately upstream and downstream of the gene

are amplified and ligated to a selectable marker, followednbggration into aplasmid to

facilitate the deletion of the genéChoi ¢ al., 2005; Hmelo et al., 2015; Schweizer, 1982iring

this study a restrictiodigation method(Figure7), and Gibson assembly were used to accomplish

this (Gibson et al., 2009Rriefly, the restrictiodigation method involves amplifying the upstream

and downstream fragments using prérs that introduce specific restriction sites to the end of

these sequences. The DNA is the digested using the specific restriction enzymes and ligated to the

appropriate fragment using a DNA ligase e.g. T4 oFigurEe7).

Gibson assembly is a relatively new method that, instead of using restriction enzymes, relies on
overlapping sequences. In short, the upstream and downstream fragments are amplified using

long prirers that are designed so that they create an overlap with the fragment that they are to
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be annealed to. The fragments are then mixed into a single vessel, Gibson assembly master mix
l RRSRE YR AyOdol 6GSR G pnc/ © ¢ BOSAapdyenerptes@E 2y
sticky end, followed by ligation by a DNA ligase to join the fragments. Gaps are then filled in by a
DNA polymeraséGibson et al., 2009A major advantage of this method is that it is, relatively
speaking, sequence independent. Normally, with a restnn ligation method it is hecessary to

ensure that the upstream and downstream sequences do not contain any restriction sites that will

otherwise be used to ligate the fragments together. However, as Gibson assembly negates the use

for restriction sitegGibson et al., 20Q9here is no need for this.

2.1.3 Method used to create a markerless deletion
The FLP recombinase mediated system developd@€hbgi and Schweizer, 200Bas used forhe
removal of the gentamicin resistance marker from feaeruginosgenome after homologous

recombination.
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| SgrAl (4820)

(5862) BamHI |
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FigurelQ: pFLP3 plasmid used for FLP mediated remowleofF R Tlankedgentamicin resistance
marker

The FLP recombinase system is nativBaocharomyces cerevisiaed is found on a 2 pm

plasmid(Gronostajski and Sadowski, 19@5gurel0). It has been shown that this system
promotes efficient recombination betven two identical FLP recombination sites on the plasmid.

When the FRT sites are inverted there is an inversion event, and a deletion event when the sites
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are in a direct orientation. This confers no advantag8 taerevisigehowever is still conserved

(Gronostajski and Sadowski, 1985, Schweizer, 2003).

When using a resistance marker that is flanked by FRT sites, this system can be exploited to
remove the marker that would otherwise be permanently part of the genome. Firstly, an
appropriate plasmid expresgy the FLP recombinase must be chosen. For this study the pFLP3
plasmid developed bfChoi and Schweizer, 20083s used in combination with the gentamicin

FRT cassette described in 2.1.1. The key features of the pFLP3 plasmid are:

The pRO1600 oriV origin of replication, and the pRO1600 RE#mp1tbis origin of replication
allows the plasmid to replicate when the REP protein is pre®it.H. West, 1994)

1 TcR, encodes a tetracycline efflux protein
T FLP, encodes the FLP recombinase

1 SacB, ori, bla (Discussed in 2.1.1.)

2.2 Materials and Methods

2.2.1 Blast searchoonserved domain searchnd multiple sequence alignment

The BLASTP search against the PAOL1 reference strain and PA2192 was conducted on
pseudomonas.com with all settings on default. The protein sequences used for the alignment
were a Hanks type consensugjgence(Stancik et al., 2018PknB frormM. tuberculosisand PrkA

from B. subtilis

The multiple sequence alignment wasrformed using the Clust@limegaalgorithm onthe ebi

website

2.2.2 Strains and plasmids relevano this chapter

The pEX100T plasmid was kindly donated by Herbert Schweizer. The PpkA mutant strain and the
wild type were donated by the Mougous L@ougous et al., 2007and pFLP3 and pFGM1 were

purchased from AddGene.
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Table4: Strains and plasmidssed during this study

Strains/ Plasmids

Characteristics/reference Source

Pseudomonas aeruginosa

PAO1

PA2192

t L3 !

- —°

M
D

=< <t xt = =t
—~
Uy S

kKt! MTYyH

k. SID
K{dG1m

Escherichia coli

Plasmids

DH5h

S17

PEX100T

pFLP3

pFGM1

t! MTVYH

tadlktLA! K

Reference strain with
moderate drug
Resistance (Mougous et

al., 2007)

Referred to as Pstk

(Mougous efal., 2007)

This Study
This Study

Referred to as QKO

Cystic fibrosis isolate
with a mucoid mutation

Referred to as Pstk

This Study
ThisStudy

adzLd 9nnX
Mc okt O%k a
endAl, hsdR17, thil,
gyrA96, relAl,

kK LJA NLJKI 3S¢t @&
TpR, SMR, recA, thi, pra
hsdRM+RP4: 2Tc:Mu:
YY ¢yT

Gateway compatible
genereplacement

Vector with ampicillin
resistance (Quenee,
Lamotte and Polack,

2005)

Expresses FLP
recombinase

Encodes a Gm cassette
with FRT sites (Choi anc
Schweizer, 2005)

Mougous
lab

This Study

Mougous
lab

This Study
ATCC

This Study

Donated
by
Herbert
schweizer

Purchased
from
Addgene
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2.2.3

Table5: The primers used to create and confirm the deletion mutants used during this study

Primers used in this study

Oligo name Sequence Bases
GmFrt-F ATGC GAATTC AGCTCGAATTGGGGATCTT 29
GmFrt-R ATGC AAGCTITCGAATTAGCTTCAAAAGCGC 32
PstkUp-F ATGC CCCGGG TATTTCCACGACCAGTACG 29
PstkUp-R ATGC GAATTC CAGCGCGTCCTGGTTTT 27
PstkDwn-F ATGC AAGCTT TCCTGGT CTGGCTGAA 26
PstkDwn-R ATGC CCCGGG GGAGCTT GATGCCGTT 26
PstkUp-F (S) TTCTTCTACAGCGTCAC CTT 20
PstkDwnR (S) TCGATCTGCACCACCTT 17
Stk:Up-F CCTGTTATCCCTACCCATCGTCACCAGCCTGG 32
Stk:Up-R ATGC GAATTC GACAGCG GTTCGTTCAT 27
Stk:Dwn-F ATGC AAGCTT CGTTCTT GCCCGTTGA 26
Stk:DwnR GATAACAGGGTAATCCCTCGATCCGCTCGGTTTCG 35
Stk:Fwd (S) AACGAGGATGCCTTCCT 17
StkIRev (S) TCGCATGAATTCATTCG CC 19
PpkAUp-F (S) TTCGTCAGCAGCCTGAT 17
PpkADWNRR (S) ACATCGAGGAACTCGAG C 18
YeaGUp-F ATGC CCCGGG GCACATC GACAACCACTC 28
YeaGUp-R ATGC GAATTC ACGTCTC CTCGCTCGAT 27
YeaGDwnF ATGC AAGCRGTTGGC TGTCCTACGAGA 29
YeaGDwnR ATGC CCCGGG GCACCG GTTCGTCGATAT 28
224 DNA extraction

Whole genome extraction from PAO1 was performed using the Wizard Genomic DNA Purification

YAG & LISNI YEydzFI OGdzZNBENRA Ay ad NHzQidgs enhoiLldriah GSNY A I K (G
Bertani medium with PAO1 from a glycerol stock. This was then aliquoted into 1.5 ml Eppendorf

tubes which were centrifuged at 16,000 x g for 2 minutes to pellet the cells. Once the cells were

pelleted, the supernatant was poured off a6@0 pl of Nuclei Lysis Solution was added to

resuspend the pellet. This was followed by incubation at 80°C for 5 minutes to lyse the cells.

Once the solution had returned to room temperature, RNA contamination was avoided by adding
3 ul of RNase Solutioo the cell lysate, mixing, and then incubating at 37°c for 45 minutes. The
sample was again allowed to return to room temperature and 200 pl of Protein Precipitation
solution was added to precipitate any contaminating proteins, followed by vortexing wigigro

for 20 seconds. The vortexed cell lysate was then cooled on ice for 5 minutes and centrifuged at
16,000 x g for 3 minutes. Contaminating protein was precipitated and pelleted at the bottom of

the microcentrifuge tube. The supernatant, which contaims DNA, was transferred to a clean
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microcentrifuge tube containing 600 pl of isopropanol to precipitate the DNA. The solution was
gently mixed until threadike strands of DNA formed a visible mass, this was then centrifuged at
16,000 x g for 2 minutes foellet the DNA. The supernatant was then poured off and 600 pul of
room temperature ethanol added and mixed to wash the DNA pellet. This was then centrifuged
again at 16,000 x g for 2 minutes and the supernatant poured off. The pellet was then air dried for
15 minutes and 100 ul of DNA Rehydration solution was added. The DNA was incubated at 65°c

for 1 hour to facilitate rehydration.

2.25 PCR

DNA in the samples were denatured by heating to 98°C for 30 seconds, or 5 minutes for colony
PCR. This wésllowed by 35 cycles of 98°C for 5 seconds to denature the DNA, 15 seconds of a
temperature determined by the annealing Tm of the primers, and 72°C for a length of time
determined by how long the fragment in question was for elongation. Immediately ke85

cycles, a final elongation stage was done at 72°C for 2 minutes. The PCR reaction was then cooled
to 4°C as a holding temperature. All fragments were amplified with 12.5 pl of 2x Q5 high fidelity
polymerase from NEB, 1.25 pl of each relevant priadetO uM, 2.5 ul of DNA at 10 ng/ul for

plasmid DNA and 100 ng/ul for genomic DNA and molecular grade water up to 25 pl. NEB Q5
polymerase is known to work at approximately 30s per Kb, so elongation times were worked out
accordingly. All PCR purificatiomsvcarried out using the QIAquick PCR Purification Kit. All

centrifugation steps were at 17,900 x g for 60 seconds.

2.2.6 Agarose Gel Electrophoresis

Agarose gels were composed of High Molecular Grade Agarose from Bioline with no detectable
DNase or RNase activi 100 ml of 1x Tri#\cetateEDTACrabbe et al.and 10 ul of SYBR safe

DNA stain from Invitrogen. Gels were composed of <1% agarose i.e. <1 g in 100 ml of TAE to
facilitate DNA purification via gel extraction to facilitate good band separation and gel extraction.
All Gels were run at 9Mlts, 300 mA and 10 watts and all gel extraction was carried out using the

QIAquick Gel Extraction kit with centrifugation steps carried out at 17,900 x g for 60 seconds.

2.2.7 Restriction Enzyme mediated digestion Construction of Mutant fragments

All restriction endonucleases were supplied by New England Bioloabs. Digestion of the gene
fragments and the Gentamicin resistance cassette (Gm cassette) was performed in a thermocycler

at 37°C for 2 hrs to facilitate digestion, followed by 30 minutes of heat inactivati80°C.
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22.7.1 Upstream and downstream fragments

The upstream fragments were cleaved with 1 pl EcoRI, while the downstream fragments were
cleaved with Hindlll. In addition, 2 ul of Cutsmart buffer, 500 ng of DNA, and water to make up to
20 pl were added.

2.2.7.2 Gentamicin resistance cassette

The Gm cassette was digested with two restriction endonucleases, EcoRI and Hindlll. As above, 1
ul of each restriction endonuclease, 2 pl of Cutsmart buffer, and water to make up to 20 pl were
added.

2.2.7.3 Construction of Gateway compiole knockout vector €xcluding Stk1)

The reactions contained 500 ng of KO fragment and the pEX100T vector, which were digested
with 1 pl of Smal. In addition, 2 ul of buffer and water up to 20 pl were added. The digest was
performed in a thermocycler &5°C for 2 hours, this was followed by the addition of 1 pl of rSAP
and an hour at 37°C to dephosphorylate the ends and preventigatfon. rSAP and Smal were

then heat inactivated at 80°C for 30 minutes.

2.2.8 Ligation

All ligations were performed using emperature gradient. A water bath was heated to 37°C and
the ligation reaction placed into it. This was then placed in a fridge at 4°C overnight. The reactions

contained the relevant DNA, 0.5 ul of T4 ligase, 1 ul of T4 buffer and water to make up to 10 pl

2.2.9 Gibson Assembly

The Stk1 Knock out fragment was ligated to the pEX100T vector by means of Gibson assembly.
Briefly, the pEX100T Vector was linearised by digestion with Smal, follthisngpproximately

0.25 pmols of vector and 0.25 pmols of the Stkbdknout fragment were mixed. To this, 10 pl of
2x Gibson assembly master mix (NEB) and a volume of Deionized H20 up to 20 pl were added.
This mixture was then incubated in a thermocycler at 50°C for 1 hour to facilitate ligation of the

fragmentsand storedat -20°C for subsequent transformation.

2.2.10 Miniprep

lff aAyYALINBLIQE ¢6SNB OF NNASR 2dzii dzaAy3a GKS vL!Ildza O]

out at 17,900 x g for 60 seconds
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2.2.11 Transformation ofE. coli

E. colDH5ancE. coliS17 were both transformedising the high efficiency protocol developed by
NEB. Briefly, the cells were thawed on ice until the last ice crystals melted. This was then followed
by adding 40 pul of the relevai. colicells to 4 pl of plasmid DNA and gently mixing. After allowing

to cool on ice for 30 minutes, the mixture was heat shocked at 42°C for 30 seconds and then
placed back on ice for 5 minutes. 950 ul of LB broth was then added to the mixture and incubated
at 37°C in a shaking incubator at 180 rpm for at least 60 minuteseluere then plated on the

appropriate selective media.

2.2.12 Transformation ofP. aeruginosastrains

P. aeruginosavas grown overnight at 42°C to reduce expression of restriction systems that
severely limit the introduction of foreign DNA. The following d&@ fl ofE. coliS17 and 500 pl

of P. aeruginosare mixed in an Eppendorf. This mixture is then filtered through 0.45 pum filter
paper (Millipore), which allows the liquid to pass through, while the cells remain on the filter disc.
The filter paper is the incubated on LB agar for 4 hours at 37°C, allowing for conjugation and
growth to occur. The bacteria were thensespended in 1 ml of sterile PBS and plated on the

appropriate selection media

2.2.13 Selection of Deletion Mutants

For plasmid maintenance B. ©liDH5" = (G KS YSRALF 41 & &dzLJLX SYSy (S
gentamicin and 100 pug/ml of ampicillin simultaneously for selection, ang.fopliS17, 50 pg/ml

of streptomycin was also present. Deletion mutant$?studomonas aerugino®A01 were

initially selested for by plating onto cetrimide agar (Sigma Aldrich) containing 30 pg/ml of
gentamicin. The resulting colonies were then stabbed into cetrimide agar containing 30 pg/ml of
gentamicin and 10% sucrose, to select for double crossover mutants and curashagh All

strains were grown aerobically in an incubator at 37°C. The same procedure was used for PA2192,

but with 60 pg/ml of gentamicin.

2.2.14 FLP Recombinase Mediated Marker Deletion

FLP mediated recombination was achieved via transformation of the pFagt8iglinto the
Kt!.---+- tlhm adNIAYy® ! FGSNI GKAAaS GKS adNI Ay
agar supplemented with 200 pg/ml Tetracycline, colonies are picked, and are then stabbed into
certrimide agar containing Tet 200 pg/ml or Gentam 30 pg/ml. Colonies that grew on

Tetracycline plates, but not gentamicin plates, were picked and stabbed onto 15% sucrose agar
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until the plasmid had diluted out. This was confirmed by counter selection by 400 pg/ml

carbenicillin.

2.3 Results andiscussion

2.3.1 BLASTP sear@nd AlphaFoldstructural analysigeveals that proteins with
conserved Hanks typsering threonine kinase domains exist i?. aeruginoséPAO1

and PA2192

BLASTP analysis revealed a total of five genes that contain regions homologous to the Hanks type
serindthreoninekinase templates that we useddlde 6). The emplates were PknB froix.
tuberculosisa Hanks typserindthreoninekinase consensus sequen@ancik et al., 2018and

PrkA fromB. subtilis BLASTP against PknB revealed three homologous prd®pika, Stkl and a
probableserindthreonine protein kinase, hereafter referred to as Psiiafie 6). The conserved

domain search of these proteins revealed that all three contain a specific area ofdgpnimked

to PknB, and that Pstk also contains a region homologous to RpGagphatase), leading to the

annotation of bifunctionaserind threoninekinase/phosphatase.

When compared to the hanks type consensus sequégtancik et al., 2018jour proteins were
identified, the same three as above and PA27palde 6). PA2727 has a conserved PKC super
family region, however, did not have any specific hits on the conserved domain search. The ATP
binding domain of DNA helicasegm also found on the sequence, and PA2727 was found to

bare homology to other putative DNA helicases in other bacteria. It was decided that there would
be no further study of this protein due to being unable to determine whether PA2727 was a
kinase or hetase. However, this could be an interesting avenue for future work if the function

could be determined by an in vitro kinase assay.

PAO0588, hereafter referred to as YeaG, was identified when compared to Prk/ fisubtilis
t NJ! FlFYAf& Signmatichan theiNd&nBXaumdspart, so the conserved domain

search simply revealed that YeaG has homology to PrkA fasniiyeprotein kinases.

The AlignmentFigurel1) showshomologyd S ¢ SSy bff°SaerGg{nds®ADAat the ATP
binding site and active sites of the kinases, mahomology in other aread he binding site and

active siteare within theconservedHankstype regiors of the kinases.
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Talde 6: Homologous proteins identified Ilseudomonas aeruginosdter a BLASTP search
against PknB from Mycobaterium tuberculosis, a Hanks type consensus sequence, and PrkA from
Bacillus subtilig t & 1] A a & K aliiethfe@nNaéLINPBNBSoAlYd 1S\ Yy 8 Sé F f t

studied further

Blast Homologous

Search Proteins

Query Homologous Proteins  Identified in

sequence ldentified in PAO1 PA2192 Conserved Domains

PknB Mycobaterium tuberculos)s
PAOO074/PpkA PA2G_03986 STKc_PknB_like

PA1671/Stk1 PA2G_00652 STKc_PknB_like

STKc_PknB_like + PTC1 Bifunctional
PA1782/Pstk* PA2G_00764 serindthreoninekinase/phosphatase

Hanks Type Consensus Sequence
PA0074/PpkA PA2G_03986 STKc_PknB_like

PA1671/Stk1 PA2G_00652 STKc_PknB_like

STKc_PknB_like + PTC1 Bifunctional
PA1782/Pstk* PA2G_00764 serindthreoninekinase/phosphatase

PA2727/Hypothetical
Protein PA2G_01841 PkC Superfamily Kinase + Putative DNA helicase

PrkA Bacillus subtilis

PA0588/YeaG PA2G_04508 PrkA Familgerineprotein kinase

43



Chapter 2

YeaG/1-640
Stic1/1-329
Pl 1-531
FpkAf1-1032
PimBr1-626

Yea G/ 1-640

Stic1/1-329 T

............................................................. MNEPLSSLELLPE----.--EEBBANLTYFAFAAPTASAPDL- 35

Pt/ 1-531 108 LRRTSDHVWEQPHMOHYLTRALGBLDOHL VWD YLEGDLEPBSOWLLYSDGVWATLBDSE |RSILRNAEEPORSAEALVRAAHLABSODNASALLYRVEAVPABSLBDAL 218

PokA/1-1032
PHNB/1-626

Yea G/ 1-640 1T----
Sthi/1-329 3/ - - - -
Pstid1-531 217 AQCLBHWPLPPPL KP QLF.GWRURGLLGESRGSLL RWME
--------- MBI ELPGFD |ERELGEGAMATUNLATORSLO -

PokAf1-1032 1.
------ uTTRsHLUs B LGE 1 LereansEMHMLARBLRLA- - - - - -ROMaVBVLRADLARDPSFYLRERREAQNAA - ALNHRA | MAMYD TBEAE TRABRL

PinB/1-626 T

YeaG/1-640 22 u
Sthi/1-329 136 M

FPokAA-1032 B85 M
PinBr1-626 oz M

VeaG/1-640 54 ... .

Stic1/1-329 243 AR
Pt/ 1-531 413 RQ
FokAf1-1032 186 RA)
PimBr1-626 106 RS

rrrrrr ms s FQ.Ri.ATH

LPNG
VDGV

PAVLPEGPLPBVLSGRYMRLERMLGAGGME TV RAHILLHEQFEDPAPL\IAL LLNESVAESPD—ASALLYSEFALTRHLHHPN\.’VHLFTFD\.’D——TAGI

E 21
135
GOG - Q- -PWL-LETLPAARADBPLATOALLLEEWFLR- RVOGRHFPEL- - - HGL - - AQR M
REKMALBVMAAALAADPSFAERFLREGRTLA- RLSHRNTMTIHD IGNY - - - -GSC a4
PY IV

a1

LDL - eem e e Guok TRMasE. .- ... AERLLMA [BEPELLBl- - - - - v v o ot oo et e e e e e 53
LMPGLPLDHLLCERPEGLPWS LSAIARPLLOVLAYNMHEQEGWLHG

Potid1-531 312 MREHRPGE RLRN-HGFLSLP LGLANILLRGLGQL RRNLLHR
LK R

R

L

LIEP E LlLGFI GELRLLBFGLAWCPG - LSREDP- - -HLLPGTPS¥LAPECFSETSPSV 412
VEPANILFRABG TAVL FEIAKS| - - -ERNT-QFRQVEFAVGTPS¥MSPEQARGQEIDE 185
VIEPANTMISATNAVKVMBEG | ARAL - - - ADSGNSVEQTAAVIGTACKLSPEQCARGDSVWDA 105

P S VMLGEIE MRLF FGLGQ&QAEIL.GLPQL.RGR\DA PGYAAPELLEGAPLSR 242

RIQ- - -Q8LDOPE ELA.VR VAAALGYAHSQGLW
IMHT - EGPMTPKRAIEVIADACOALNF QNG

ALABYL LADER PFRRLPSNQAREQS- - - LERQL - RAPRHLPRREWPALRTALSLDPER,
ATEGWEL I F‘ GE|EAFQHPRFB- - -RPVPPSRYRPDLPAWIBDLLLRAVACDBPAQ)

ALGWVL GKLP¥WNGKDSLSTALAHLTE-PLRELPIEQGR- - - MoD[ILROLLAKRBIPAE
SLECVL GEPPFETEDSPVEVAYQHVREDP IPPSARHEGLSADLBANVL KALAKNPEN|

AGALI - - - - - - - - - AALDRL - APSALEATQ IRPLATRQ 270

TSU.SRLSR\FSNKVIR FAFA.FHEMEEC\DOIVAFFRHAAUELEEKKUILYLLEF‘V 112
C |
AABMR - - - - - ADLVRV-HNG- - - - - - - 270

IAE.WL --------- Usloo@-Ea- - LPAAATRELL - - - s02

Yea G/ 1-640 EDYG\PRRYLRS\MSPWATKRLNEFGSDISQFR\.’\.’KL---lPlILNQ 202
Sitkc1/1-329 MRELQEA 315
Pstif 1-531 1aLLBLAAn 521
PokA/1-1032 PRAGGSRTPL I AAARA- - - - AMLLA 368
PinB/1-626 pRS I BsvERwWYAvvAvLAML BV T 347
Yea G/ 1-640 203 |ANAKT- - -EPGDENNQD | SALVEKVD IRKL - EEYPOQNDADAYSYSE - ALCRANQGLMEFVEMF KARP I KVLHPLLTA- - - - - - - - - - - -0 274
Sthi/1-329 316 LEARREWLAGVLAR 320
Pstid1-531 S22 LALLLVWLEKER - - - - - - - o o o m o o ot e e e e n e e e o e e e o e e e o e e e o e e e o e o e e i
FokA/1-1032 367 |GEGAWWLLESGDAPSAADPAPLEOTRPADKPQOQTRVADAEQDGGERPLLMPEKKTL - - FORVLTKPBAAIS - - - - - - oo oo imme e s AEABGPPRABAVPA 450
PinBr1-626 342 JAIINTF- - -8-6 I TRDVOVPDVRBOSSADA . - - - - - - - o v o e o IATLOMNRGF - -KIRTLOQKPDST IPPDHYV IGTDRPAANTSVSABDE I TYNVSTGRPEQREIRD 431

VeaG/1-840 275 - - - -

7 - T
POtK(I-B3T oo

PokA1-1032 451 FSVL - YVYARKQVEGSPWLRVEASSNGEGDBWLRAS - AWSDWKASLVL - -NSAEQWERLL- - - - - GoTRAARDALTRAVDHK 837
PimB/1-626 432 VSTLTYAEAVKKLTAABFE- - - - - - - - - .. RFKQANSE - - - - - - oo STRELVBKVI- - - - - GTHRPANG SITH- 4E2
Yea /1640 - TDPKAKS |QEYR-DSABVDEGMAB- LSTRFAFKIL. - - SKVFNFDEHEV 435

Stic1/1-329
Pt/ 1-531

PokA/1-1032 538 BDPQVVAWEPNDRA IPQ- - - - - - .- D--0FY¥L-LPIFDSKESFDADGOPAQLLEVAS IDPEGSARAPQAPGOABD - BBASBAASDTFRTEIVLYYDTSYSMARYID 631
PimBr1-626 483 VWV I I IVESEPATKD IPDVAGQTWDVAQKNLNYYE- FTKFSQA- - - - - - - - - - - - - SVDSPRPAGEWTETNRPR- - - - - - - - - - - ---- - - AGTTVPVDSVIELQWVS- - 556

Yea G/ 1-640 436 AANPVHLLYVLEQQ |EQEQ- - - - - - - - - - - FQPET-RERYLRF IKEYLAR- - - - - - - - RYVEF IGKEIQTAYLESYSEY@QNIFDRY - - VLYADFWIQDQEYR- - -DF 518

Sitkc1/1-329
Pstid1-531
PokA/1-1032 632 R -

PknB/1-626 857 - - - -

YeaG/1-640 510 ETBE |

Sthi/1-329
Potid1-531

-VREVIDBLORQ IBERBDLDKYSFELVEFRNNTDKTEBLEYYSKTLVRLOPENDACRFAELSSQ- VRATDV - SSHSFNEDAFAG IMOAVDEMDWSPYABRVVLLYT 735
---------------------------------------------------------------------- KBNGF - - - - .- - VMEDLSGWMFWVDAERRLRALG - 582

FpkAf1-1032 736 DAGALRKNDP--LGRTGMIEAE --------- VRQAALRKGVKIYALHLRTPAEKINHGYAEGQYRSLTADANPKIADLY\PVAGGE\.’NAFGNTVKEIGTVFADLVHDA 832

PinBr1-626 583 WTEBMLDKGADVDAGGSOH

YeaG/1-640
Stic1/1-329
Pt 1-531

RVV - - eeee e s YANRR- - e ABTEVMRDE I I TLRFBO- - - - - - 626

FpkA/1-1032 833 GNRKPQAPRFDAAPSVASKSAA |GYAMOMEFLERRDOPYRAPQVV TAWTADRDLTNPALPAFQVCVLLSKLQLNELQQSLKL IVDAAKRTQTSPKDFFQEIASASAYMS 040

PimBr1-626

Yea G/ 1-640
Sitkc1/1-329
Pt/ 1-531

&40

PokA/1-1032 941 RDPAQLVKBSNLAOSBYLBEYLEGLPYRSKSLNMTODLWLSLSVAEQQDF IDELESKIRLYETFHNDVANWYRFGDADAGDALYRVPLSTLPR 1032

PinB/1-626 S

Figurell: Alignment of the fouserindthreoninekinases fronPseudomonas aeruginoselected

for study, with PknB fronMlycobaterium tuberculosigeing used a root. The
Alignment shows less similarity between YeaG and the other kinases, howeker the
is still homology at the regions corresponding to the ATP binding site and the active

site
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Figurel2: Structure predictions frordlphaFold show conserved and overlapping regions of their
protein secondary structuresd) Pstk B) PpKA C) Stkl D) YEpGupeimposed
image of all the kinases selected for studyseudomonas aerugiongsand PkB of
Mycobaterium tuberculosigsa root/reference(orange) The overlapping regions are

mostly linked to the ATP bindindess and active sites of the kinases.

The AlphaFold structural analysisgurel?) also shows homology between the secondary
structures of theHankstype domains of the kinasewith no homology in any of the other
regions. It is possible that the lack of homology inskgquence and secondaryrsttures of the

kinases outside of the Hankgpe domains are what infers their specificity to their substrates.

The combined results of the alignmeffitigurell), conserved domain search and the AlphaFold
analysigFigurel?) show that the proteins/genes seleatdor studyall have aonserved
serindthreoninekinase catalytic domaitiat is strongly linked to a Hankype catalytic domain
and that theyare promising targets to studgr the role oftranslation inhibition and metabolic

adaptation inP. aeruginos.

2.3.2 Individual deletion mutants

Individual mutants were constructed as described in the methods section (SectioRigLitpl3

shows that all the gene deletions were achieved and that all PCR amplification products are the
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expected size. The PpkA deletion band is much smaller due to the deletion being markerless

(Mougous et al., 2007)ThePpkA mutant was not achieved for PA2192 due to time constraints.

Promega 1Kb
Ladder Stk1 Pstk PpkA YeaG

KO-WT KO-WT KO-WT KO-WT

1% agarose

Figurel3: Gel showing the size differences of the amplified genomic area between the wild type
and mutant strains, confirming that individual knockouts were achidee®AQ1. The ladder

used was tha®Kb laddeffrom Promega

Promega 1Kb PpkA Stk1 PStk YeaG

Ladder WT-KO WT-KO WT-KO WT-KO

250, 253

1% agarose

Figurel4: Gel showing the size differences of the amplified genomic area between the wild type
and mutant strains, confirming that individual knockouts wachieved for PA2192xcept for

PpkA The ladder used was th#Kb laddefirom Promega
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2.3.3 Multiple deletion mutants

All multiple deletion mutants were constructed as described in the method section (Section 2.2).
All PCR amplification products were the esiggl size Figurel5). The Stkl, PpkA and Pstk strains

are markerless in the QKO mutant.

Promega 1Kb
Ladder Stk1 Pstk PpkA YeaG

KO -WT KO -WT KO -WT KO -WT

250, 253

1% agarose

Figurel5: Gel showing the siaifferences of the amplified genomic regions of the quadruple
deletion mutant of PAO1 compared to the wilghe strain, confirming that the deletions had

been achieved in the desired location. The ladder used wa¥ie laddefirom Promeg.

In conclusion, the work in this chapter FaR Sy G A FA SR T2 dzNJ P{akrdghdsa A Y
PAO1 and PA2192 via a blast sedfi@tie 6), multiple sequence alignment and conserved

domain analysigFigurell) and through structural predictions provided by alphaf¢figurel2).

This was followethe constructon of multiple chromosomal deletion mutants Bf aeruginosa
PAOland PA21922 NJ t ! hmX I f f Hakedees deletédbath indRiGudllyt and A S R
sequentially, whereas for PA2192, it was not possible within the time frame of this project to
constuct thek ppkadeletion mutantdue to difficulties preparing the knockout fragment i.e. the
flanking genomic regions and the gentamicin resistance cassetirefore, for PA2192 the

individual mutants for the other three kinases were constructed
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Chapter3 t KSYy 2 ®& M) OGSNR Al GA2Y

V4 N

RSt SiA2y YdAiBgaRETRY A Al 81

3.1 Introduction

Reversible phosphorylation is a key mechanism that allows robust and rapid responses to changes
in environmental conditions such as nutrient availabilRgreira, Gonzalez and Dworkin, 2015;
Janczarek et al., 2018; Bhagirath et al., 20T8)s is controlled by various protein kinases in

bacteria, including: Histidine kinases, Tyrosine kinases, Arginine kinases, andyigar{s
eukaryotelike) seringthreonine] A y I & S &(JancBafek et 8.32018nhP. aeruginosaSensor
KAAUARAYS (AylLasSa yR Gg2 02YLRY SRaerugindshasS Y &
2P0SNI cn RAFFSNBY(O ¢/ {Qa IyR KIS 0SSy &aKz2gy
an environmental stimulus such hgpoxia or nutrient deprivatioBhagirath et al., 2019 his is

partly howP. aeruginos@d Y Sil 62t A0 @S NKSivanedonala., 2@Fgr 0S5 SE
example, the GacS/GacA TCS has been shown to regulate biofilm formation and the switch to a

chronic infective phenotypéAlirAhmad et al., 2017; Sivaneson et al.1 2D

However, in recent years the role of hanks tyaeind threoninekinases in the regulation of
physiological processes in bacteria have become appd@miz et al., 2014; Pereira, Gonzalez

and Dworkin, 2015; Chawla et al., 2014; Sajid et al., 26t }examplelMycobaterium

tuberculosiK & mm S{¢YQa GKIG NBIdzZ S I oNBFR NIy
regulateseveral proteins involved in physiological processes such as: Heat shock (GroEL1), Cell
wall synthesis (GImU), Oxidative stress response (SigH), and Glycogen recyclingéBGezajek

et al., 2018)In particular, we ard Y 1 SNB&a i SR Ay GKS NRtS 2F S{¢Y
adaptability, with particular relation to the stringent response in the nutrient deprived biofilm
SYGANRYYSylid 2SS 06StAS@PS GKI G OrNRryghdsaiy | f £ & R
potentially prevent the regulation of metabolic processes that would usually facilitate the ability

of the biofilm to be highly metabolically plastic, occupy multiple niches and form dormant cells.

In this study, we focus on elucidating the roles of foreY Q&4 A RSYUGAFASR. OAl |
aeruginosaPAO1 and PA2192, with a particular focus on biofilm development, viability and

susceptibility thore details in 3.3).
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3.2 Materials and Methods

3.2.1 Construction of Knockout mutants

The PAO1 PpkA mutant was gengsly donated by the Mougous lab (Univeristy of Washington),

and the other knockouts were prepared as stated in Chapter 2.

3.2.2 Growth curves

An overnight culture of bacteria was diluted 16f20d in LB broth (LB broth lennox Formedium).
This was then aliquoteitito a 96 well plate and placed in a plate reader (FLUOstar OPTIMA BMG

LabTech). Measurements were taken up to every 30 minutes at 584 nm.

3.2.3 Minimum Inhibitory Concentration and Minimum Bactericidal Concentration of

planktonic bacteria

The antibiotic was fét prepared in a sterile water solution, diluted to a concentration in the first
row of a 96 well plate and serially diluted 7 times, with the last well as a sterile water control. 20
pl from each well was transferred to a fresh 96 well plate, with 286f it1000 overnight culture
(Mueller Hinton Brothg Sigma Aldrich) of the bacteria being added to that. This was incubated
statically at 37°C for 24 hours. The wells were visually inspected for growth to determine the
Minimum Inhibitory Concentration. Feéine Minimum Bactericidal Concentration, viable cell
counts were performed on the two wells with the lowest concentration showing no visible

growth, and were compared to the viable cell counts of the inoculum.

3.24 96 well plate crystal violet assay

An overnightculture of bacteria (LB broth) was diluted Hadd into a defined M9 medium

containing 1x M9 salts (Formedium), 20 mM Glucose, 100 uM CaCl2 and 2mM MgS0O4 (M9 media
mix). This was then aliquoted into a 96 well plate and water added to the outer welie plate

to help reduce evaporation. The plate was then incubated at 37°C for 24 hours and rinsed with
sterile M9 salts to remove planktonic cells. If a biofilm longer than 24 hours was required, M9
media mix was added into the rinsed wells and left talate for another 24 hours. If the

biomass of the biofilm was to be measured, 0.1% Crystal Violet (Sigma Aldrich) (CV) was added.
The wells were then emptied, rinsed with water, and allowed to dry for at least overnight.

Following this, the biofilm was dislved with 30%cetic acid and absorbance of the wells

measured on a plate reader at 584 nm.
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3.25 Microfluidic flow cell setup Coverslip and device preparation

The glass coverslips were washed with 0.3% RBS 35 soap (Prepared in dH20), rinsed with water
and then immersed in 100% ethanol for 5 minutes. This was followed by another water rinse step,
5 minutes incubation in 100% methanol, rinsing with water, then autoclaving at 121°C for 15
minutes. The microfluidic device (Channel dimens®im x 2mm 200 um) was constructed

from PDMS, specifically, Sylgard 184 and RT cure at a ratio of 10:1. Using a 1 mm biopsy punch,
holes were created at the inlet and outlet of the device channels. The device was then naturally

adhered onto the glass coverslip.

3.25.1 Connecting the syringe pump to the device

The device was placed on a hot plate at 37°C, two needles (0.5 x 16 mm) were then broken
approximately in half ensuring that the core remained intact. The sharp end of this needle was
inserted into LDPE tubin@nfernal diameterg 0.38 mm/externaldiamaterc¢ 1.09 mm), and the
blunt end into either the inlet or outlet hole. The outlet tubing was then placed into a 50 ml
falcon tube to collect the flow through. The inlet tubing had an intact needle inserted irttweit
other end of this needle was then ultimately connected to a syringe containing the appropriate

solution.

3.25.2 Preparing the inoculum

A MuellerHinton broth overnight culture is prepared from a glycerol stock and grown for 16

hours at 37°C. The overnightlture is used to inoculate M9 medium at a ratio of 1:100,

containing 1x M9 salts, 5 mM Glucose, 100 uM CaCl2 and 2mM MgSO4. After growth for 16 hours
at 37°C, the M9 overnight culture is centrifuged at 4000 xg for 10 minutes to pellet the cells, the
supemnatant poured off, and the pellet rsuspended in PBS. This is repeated, followed by diluting

iKS az2fdziAzy G2 F LAMNBBEAYI GSt& mny / C! Q& Yfi
3.25.3 Disinfecting, inoculating, and flowing media through the device

The device was disinfected by flowing throuf)¢o ethanol at 50 pl mih for 5 minutes. This was
followed by a wash step with sterile PBS at 50 pkinfor 5 minutes, then a priming step where
the M9 medium (3.2.5.3) is flowed through at 50 ul fifor 5 minutes. The inoculum is then

flowed throughthe device at 5 pl mii for 1 hour, followed by M9 media being flowed through

at 5 pl minl for the remainder of the experiment.
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3.254 Staining the biofilm with Baclight Live/Dead stain

3 ul of Propidium iodide and 3 pl of Syto 9 (BacLight Live/Dead kit)agieled to 1ml of PBS. This
was flowed through the device at 50 pl riruntil the device had filled with the stain, then flow
reduced to 5 pl mifll for 15 minutes. The biofilm was then destained with PBS flowed through
the device at 50 pl mid until the device had filled, then flow reduced to 5 ul nirfor 15

minutes.

3.2.6 Confocal

Confocal microscopy was conducted on a Leic8 &hfocal system using the 63x oil immersion
objective. Images were taken using the Leica LasX software and firmware. The DP&®Brand A
lasers were used, with initial laser power being set to 2%.-$ytas imaged at a wavelength of
488 nm, and propidium iodide at 561 nm. All images were taken with a resolution of 1024x1024

and each =&lice was 1 ym apart.

3.2.7 Live and dead cell quantifation

The biofilm images had the background fluorescence subtracted using the background subtraction
option on IMARIS (Rolling ball method). The surfaces tool was then used to identify and quantify

live and dead cells in the biofilm.

3.2.8 Mean fluorescent intersity quantification

Images from 50% along the length of the channel were taken and mean fluorescent intensity

calculated using IMARIS

3.2.9 Biofilm antibiotic susceptibility

Antibiotics were suspended in M9 minimal media and ran through the flow cell at 5 piidmanx
hours. Bacteria were then scraped from the channel and resuspended in PBS, followed by plating

on LB for counting of viable cells.
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3.3 Results

3.31 Growth curves of the mutant and wild type strains in LB media

96 well plate planktonic growth curve agsavere used to determine the growth kinetics of the
mutant strains compared to the wild typ€&igurel6). Importantly, this ensures that we are
inoculating with cultures that are at the correct stage of growth, and that any perceived change in
the antibiotic susceptibility or biofilm phenotyps the mutant is not simply due to the bacteria

growing more slowly than the wild type planktonically.
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Figurel6: Absorbance readings of planktonic growth in LB medRsetidomonas aeruginosa
PAOL1 and eSTK mutants over 24 hounmigasure growth kineticsThere is no difference
observed in the growth kinetic&rror bars show standard deviatiohhree replicates were

performed on different days
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The data(Figurel6) shows no noticeable difference in the planktonic growth kinetics of the
mutants compared to the wild type in nutrient rich media with PAOL. This is not necessarily
unexpected in nutrient rich media with an acutely infectious stfi&ie PAOL due to a lack of

environmental pressure.

Interestingly, the YeaG mutant of PA21®yurel?7) shows a delayed entry into stationary phase
compared to the WT and the other mutants. WT PA2192 readily forms aggregates when growing
in LB overnight cultures with shaking at 180 rpm, tha&enutant did not seem to form

aggregates under these conditions, leading to an increase in planktonic growth.
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Figurel7: Absorbance readings of planktonic growth in LB medRsetidomonas aeruginosa
PA2192 and eSTK mutants ovédrtburs to measure growth kineticEhere is an observable

difference in themaximumturbidity of the sampldor the YeaG mutant. The large standard
deviatonA & L2 aaAiofe | NBadzZ G 27F Yozdic®gath 8t nfeddy LJA Q LI 4 & A
measuing. Error bars show standard deviatiohhree replicates were performed on different

days

54



Chapter 3

3.3.2 Planktonic antibiotic susceptibility assays of stationary phase cultures of the wild

type and mutant strains to tobramycin

aL/ Qa FyR a./ Q& péfdnied indrdeNtb detertihe/if thers atdany

differences in the planktonic antibiotic susceptibility of mutants compared to the wild fi/ablé

7). For PAO1 the results showed that there is no change in the MIC value for the mutants
compared to the wild type, and that there are no major changes in the MBC values. The Pstk and
Stk1l deléion mutants show a very slight increase in the MBC, however, is hot enough to say that
the tolerance has increased. For PA2{B&ble7), there were no differencestall in the

planktonic susceptibility of the mutants compared to the WT. As with the planktonic growth
curves, this is not necessarily unexpected as the experiment is performed in nutrient rich media

that does not result in environmental stress.

Table7: Tobramycin Minimum Inhibitory Concentrations and Minimum Bactericidal
Concentrations of stationary phagptanktonicPseudomonas aerugino®A01 WT and the eSTK
mutant strains

MBC MIC MBC MIC
Value Value Value Value
Strain PAO1 PAO1 PA2192 PA2192

(Mg/ml)  (pg/ml)  (pg/ml)  (pg/mi)

Wid 925 025 025 025

Type

kKt LJl 0.25 0.25 N/A N/A

kt &ad 05 0.25 0.25 0.25

QKO 0.25 0.25 N/A N/A

k{41 05 0.25 0.25 0.25

k, SI 05 0.25 0.25 0.25

3.3.3 Crystal violet Assay shows rgignificant difference in biofilm formation between the

mutants and wild type strains

96 well plate crystal violet assays were used to determine total biofilm formation of the wild type
and mutant strains over 96 hours to see if there are any major osthefore moving onto more

precise biofilm detection methods such as CLSM
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Figurel8: Absorbance readings fro@6-well crystal violet stainingssays to measure total biofilm
formation of thePseudomonas aerugino®RA 01 strain and eSTK deletion mutants
No significant difference were observedrror bars show standard deviatiohhree

replicates were performed on different days. P < 0.05

No sigificant differences were found between the strains for PAE§jurel8), however, there is

a significant difference at 24 hrs with the YeaG mutant for PAPE@Rrel9). Interestingly there
was no significant difference after the first 24 hrs. This makes sense when looking at the
planktonic growth data in the previous secti{frigurel?), it could be hypothesised that increased
planktonic growth and reduced initial aggregation would result in less biofilm formation in the
first 24 hours, which could be followed by a reeogy. Crystal violet staining is not a sensitive

assay and does not provide any information on the structure or viability of the biofilm, and as a

NBadzZ § aK2dzZ R 2yfé 06S dzaSR F2NJ AaONBSyAy3a F2NJ £ NBS

be the onlybiofilm assay used.
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Figurel9: Absorbance readings fro@6-well crystal violetstainingassays to measure total biofilm
formation of thePseudomonas aerugino®A2192 strain and eSTK deletion mutants
No significant differences were observdgtror bars show standard deviatiohhree

replicates were performed on different days. P < 0.05

3.34 Confocal microscopy and IMARIS analysis of the wild type and knockout strain

Microfluidic PDMS devicéBbigure20) were used to grow either 24, 48, 72 and 96 hour biofilms
for PAOL, or 48 + 96 hour biofilms for PA2192 for visualisation via BacLight Live/Dea@rstain (
=Llive, Red =Dead) and confocahicroscopy. Biofilms were imaged at five points along the device
the inlet, 25%, 50%, 75% and the outlet
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Figure20: 3Drender of the PDMS flow cell device used for growth of continuous culture biofilms

Media is flowed through at a rate of8 per minutewhile the device is heated &7xC

3.3.4.1  Viabilty

Analysis with IMARIS shows that for the PpkA and QKO mutant oftR&®1s a clear increase in
the number of dead cells in the centre of the biofilRigure24), and furthermore this phenotype
becomes more evident as the age of tHeflm increasesKigure21, Figure22). This could be the
result of the mutant biofilms being unable to respond to an induced nutrient gradient. This would
normally trigger the stringent response and would have a protective effieche cells, which

may not be able to happen in the mutant strains.
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Figure21: Longitudinal IMARIS analysis showing the Live cell count compared to the dead cell
count ofPseudomonas aerugino®A01 WT and the mutant straimsbiofilms produced under

flow. Three replicates were performed on different days
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Figure22: IMARIS analysis showing the ratio of Dead:Live biomafséudomonas aeruginosa
PAO1 WT, QKO, and PpkA. P<(EdEr bars show SEM

Thelive/Dead ratios could not be determined reliably for PA2192 due to the volume of EPS
causing autofluorescence and staining of the extracellular DNA in the EPS. This is due to an issue
with the thresholding, where the imaging software cannot reliably deiae what information

from the image needs to be subtracted. However, it is fairly clear from the images that there is no
AAAYATAOI Yyl RAFTFSNBYyOSa Ay (G(KS GAlLoAtAle 27
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[ axo
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Figure23: Viablecell counts of 9éour biofilms of PAOfroduced under flowshow no significant
differencedespite seeing more dead cells in the biofilm of the QKO mutant under conkrcat

bars show standard deviation§hree replicates were performexh different days
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Interestingly, despite there being a significant difference in the dead and live populations of QKO

at 96 hours relative to the wildtype, theren® significandifference observed when measuring

the CFa LiBigire ¢ KS 01 2F RAFFSNBYOS Ay (GKS GAlFOAfA
compared to thdargeamount of stained dead cells reported by the cardbsuggests that the

OStfta GKIFG INB adrAySR Fa WRSFRQ IINB 2yfé& YSYONIyS
the membrane compromised cells to nutrient rich media such as an LB plate that was used to

IANRg (GKS / C! Qa ¢ 2 dzf pRveftingdte comprondsaddndzibyade frénFbRiBgO i =

terminal.

24 hour 48 hour 72 hour 96 hour

PpkA

QKO

PAO1 WT

Figure24: Confocal microscopy images of PAOL1 biofilms attached to a PDMS surface and stained
with BACLIGHT Live/Dead stain (Green = Live, Red = Dead). All images wdrertaitenoutlet

of the deviceThree replicates were performed on different days

3.34.2 Biofilm matrix

C2NJt! HMpHE GKSNB 488vya G2 68 I NBRAOGA2Y Ay (KS 4.
mutant (Figure25). When this is combined with the planktonic growth curve data, it could suggest

a potential decrease in the production of mucoid compounds such as alginate and psl.
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PA2192 WT

YeaG

Figure25: Confocal microscopy images of PA2192 biofilms attached to a PDMS surface and
stained with BACLIGHT Live/Dead stain (Green = Live, Red =HDglaliftting the difference in
matrix formationbetween the wildtype andthe p | S inubant at 48 hours (left) anl6 hours
(right). All images were taken from the outlet of the devidwo replicates were performed on

different days

This data is supported to an extent when looking at the mean fluorescent intensities of the
confocal imagefFigure26). Although the data is nesignificant, this is possibly a combination of

the inherent variation of biofilms and not enough replicates due to time constraints.
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Figure26: IMARIS analysis showing the mean fluorescent intensity valuestafut@and 96hour
biofilms from theoutlet of thedevice2 ¥ G KS t ! umdpH GAf RG& LErorbaysR t ! HMPpH n

show standard deviatiarP < 0.05. Two replicategere performed on different days

3.34.3 Differentiation

The differentiation of the biofilm increases significantly with age in all strains, evidenced by the
thickness of the biofilms, and by the water chanr(€ligure27). This is to be expected, as the
biofilm becomes thicker with age, it would be optimal to create more channels for nutrient

uptake. Furthermore, microcolony formation would result in increased differentiatidh age.

There is also a clear increase in differentiation as the distance from the inlet of the channel

increasegFigure27). This becomes more evident as the age of the biofilm increases, as this likely

FOda Fa | WR2dzoftAy3 dzZJQ 2F RAFTFSNBYUGAIFIGA2Yyd ¢KS Ay
nutrient availability as moving away from the inlet, and microcolonies that have dispersed

naturally from the centre of the biofilm attaching further down the channel and becoming

differentiated.
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Figure27: Differentiation down the clannel ofPseudomonas aerugino®a\01biofilmson the
PDMS flow cell at 96ours Thereappears to be increased differentiation with increased distance

along the channellikely due to reduced nutrient availability

3.344 Filamentation in the PpkA and QKO mutant

In the QKO and PpkA mutant, but not in the wild type strain, there are cells that have undergone

filamentation(Figure28). This is usually a stress response in bacteria and has been shown to be

induced by nutritional stress, ROS and DNA damage/SOS regpaatee et al., 2008; Justice et
al., 2006)

PpkA QKO

Figure28: Filamentation of the PpkA and QKO flow cell biofilms of P&{dmentation is usually
the result ofa stressful environment and is hypothesised to be a mechanism for a cell to occupy

as many niches as possible simultaneously
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3.35 Antibiotic susceptibility to tobramycin of the WT and QKO biofilms at 96 hours

The antibiotic susceptibility of the QKO mutant ichianged relative to the wild type strain at all
concentrations of tobramycin usd@&igure29). This is unusual when there is such a strong
phenotype suggesting that the permeability of the membrane has increased. This is especially
true as one of the difficulties of using tobramydgrthat it usually has to be actively transported
into the cell, however with a seapiermeable membrane this effect should be reduced and allow
more tobramycin into the cytoplasm. It is feasible that not enough tobramycin was used to
generate a significamesponse in the thick biofilms facilitated by the PDMS flow cells. However,
there does seem to have been dd reduction in the number of viable bacteria at 80 pg/ml
tobramycin relative to the control, suggesting that there should be an enough of ect ¢ff see

any difference between the wildtype and QKO if there was one.

ns
1e+08 -
Strain
1e+05 - . QKo
B owr
1e+02 -
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Antibiotic concentration ug/ml

Mean CFU/ml

Figure29: The antibiotic susceptibility to tobramycin of-86ur QKO biofilms relative to the WT
There was no significant difference observed at any comagon of tobramycindespite seeing
an increase@mount of potentially membrane compromised celighe QKO mutantError bars

show standard deviatiarP < 0.05. Three replicates were performed on different days
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34 Discussion

¢CKS NRftS 27F ntftal adapbility yf b&tgrid RasBniy fairly recently started to
become elucidatedPereira, Gonzalez and Dworkin, 2015; Pereira, Goss and Dworkin, 2011;
Figueira et al., 2015and have barely been studiedn aeruginosg§Goldoveet al,, 2011; Paret

al., 2017b; Zhet al,, 2021a; Mougoust al.,, 2007) It is therefore difficult to confidently infer any
function to the kinases based on the phenotypes seen at this stage, however, it is possible to

make some suggestions on the mechanismsbasgd (1 KS NRtS 2F S{c¢YQa A

There were no significant differences in the planktonic growth kingidgurel6, Figurel?) or

the planktonic antibiotic susceptibiliti€3 able7) between the wildtype and mutant strains of

PAOL1 or PA2192. This suggests that either the kinases are only relevant in the biofilm phenotype,
or that they are only relevant in environmentahgarsh conditions, as opposed to the high

VAdzZi NASYy G adzStftSNI I Ayd2y 2N [. ONRGKD® 2KAES A
environmental triggers in bacteria, such as YabB. isubtilisvhich has shown to be part of a

trigger in sporulation from t mother cell in harsh environmental conditiofi®ereira, Gonzalez

and Dworkin, 20153nd YeaG i&. coliwhich adapts to sustained nutrient deprivati@lRigueira et

al., 2015) and that they can & upregulated in the biofilnjVaradarajan et al., 202@)ere is also
AAIYATFAOLYG SOARSYyOS (2 akKz2g GKIG S{¢YQa I NB
normal planktonic survivgChawla et al., 2014; Janczarek et2018; Gaidenko, Kim and Price,
2002)such as cell wall synthesis by PKGBawla et al., 2014Because no differences were seen

inthe planktonicdé = A d YI & adz23asad GKFG S{¢yQa KI @S
phenotype inP. aeruginos#han in other bacteria. However, there is a difference in the

planktonic growth kinetics of the YeaG mutant in PA2(E8urel7). This could be due to a

difference in the essential genes of acute and chronic strains, such as PAO1 and PA2192
respectively. It is possible that a chronic strain that relies less on b#rgnt, and more on

biofilm formation and longevity would be more reliant on the genes controlled by YeaG to tightly

regulate planktonic growth.

Furthermore, it is notable that no significant differences were seen in the crystal violet assay for
PAOI(Figurel8), despite previous studies linking the PpkA mutant to reduced biofilm formation
(Pan et al., 2017aYhis is possibly due to the different methods employed by Pan et al to produce
the biofilms. They used LB media and no shaking in their assay, whereas we used a defined M9
medium and shaking at 5@m. For PA2192 there only seems to be a difference at 24 hrs for the
YeaG mutanfFigurel9). This is likely the result of reduced aggregation of cells and a slower
switch into the biofilm phenotype. This conclusion is supported by the growth curve data which

shows an increase in planktonic growth relative to the wildtype sffféigurel?).
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The confocal images combined with IMARIS analysis show that there is a greater ratio of

[ A@SKk5SIFR o0A2Ylaa Ay GKS nptLI! Ydzil y@igeey R vYh Ydzil
22). It is likely that the PpkA deletion is responsible for the greater dead biomass in the QKO

mutant, however, it is possible that there is a stronger phenotype in the QKO mutant due to the
GKS2NBGAOIf NBRdzy RPefeda GoastandiDiwdtdhS201ahiszduld Bdat Y Q &

that a single deletion mutant would simply result in the upretjolaof another kinase to counter

act this deletion, and that therefore, the QKO mutant would potentially result in the bacterium

not being able to sufficiently upregulate another kinase.

For PA2192, there does not appear to be a change in the viabitiy afiutant biofilms relative

to the wildtype. However, based on the imadéggure25) and mean fluorescence intensity

(Figure26) there appears to be a reduced thickness of the biofilm matrix. This could be a result of

reduced mucoid compounds that promote adhesion and the biofilm phenotype, such as alginate.

This is supportecdhiprinciple as noitlinical isolates such as PAOL usually rely on PSL as the main

component of their matrix, whereas clinical isolates, especially from CF, have been shown to

upregulate alginate productio(Franklin et al., 2011; Irie et al., 2013geing as there is no

LIKSy20eLJS Ay (GKS n,SID Ydzityid 2F t!hwmI odzi G§KSNB A

in PA2192, it is sensible to assume that this could be linked to alginate production.

There is no difference in the antibiotic susceptibility to tobramycin of théa@ér biofilms of the

QKO mutant relative to the wildtype at all the concentrations tegteidure29). This does not

seem to be reflective of the clearly stressed biofilm culture and suggests that either the

compromised membrane phenotype that has been observed is not relevant to the increased

uptake of tobramycin, or that there are other mechanisms tha counteracting the potentially

increased uptake of tobramycin. Tobramycin is an aminoglycoside that ultimately targets the 30S

ribosome, so it is possible that ribosomal proteins have been downregulated in response to

severe nutrient starvation, reduainthe effectiveness of tobramycin. This would be counter to the
KelLRiGKSaAa (KFd S{¢YQa ¢2dd R LINBZSyld (KS R2¢yNBIdA |

preventing the induction of the stringent response due to nutrient starvation.

The filamentation in tb PpkA and QKO deletion mutgRigure28) is likely to also be primarily

the result of the single PpkA deletion. Previous studies have shown PpkA to be critieal in th
adaptation and resistance &f. aeruginos#o oxidative stress and osmotic strg$§zoldova et al.,

2011; Pan et al., 2017a)xidative stress in particular has been shown to induce DNA damage and
the SOS response, which can in turn lead to filamentgtiostice et al., 2008; Justice et al., 2006)
While the role of PpkA in oxidative stress resistance is likely responsible for the increased dead
cells and filamentation, it is tempting to consider that these may be due in p&t &erughosa

not being able to effectively regulate starvation responses, as a result of reduced metabolic
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plasticity due to dysregulation of intracellular signalling. However, this would need to be proven

experimentally and will be discussed in Chapter 4.

Ly O2yOfdzaAizys Al KFra 0SSy akKzgy GKIG S{¢YQa
PA2192. In PA2192 there appears to be a reduction in the production of mucoidy compounds

such as alginate that make up the biofilm matrix, reducing initiailmdbrmation and potentially
reducing mature biofilm matrix thickness. In PAO1, a degenerative membrane compromised
phenotype has been observed that suggests significant dysregulation of intracellular processes
over time,alludingto our hypothesis of eTQa o6 SAy 3 SaaSydaialf F2NJ YS

mature biofilms being correct.
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4.1 Introduction

After determining that in PAOL there was a strong phenotype showing significantly made de
cells in the centre of the biofilm of the PpkA and QKO mufiigure24), it was decided that

proteomics and phosphoproteomics would be employed to attempt to datee which biological
pathways were causing this phenotype. Due to the significant cost involved with this type of

analysis, only QKO and the wildtype strain were studied.

Nanoflow liquid chromatography tandem mass spectrometryNISIMS}based quantitatie
proteomics and phosphoproteomics has facilitated major new discoveries in cell biology. This is
driven in part by improvements in MS instruments, phosphoproteomic enrichment protocols, and
computational tools and algorithms used to determine proteinnitky and phosphopeptide sites
(Hogrebe et al., 2018; Altelaar et al., 2018dpwever, another important aspect of proteomics

and phosphoproteomics is which labelling strategy you use. There are three approaches that can
be used for labelling proteinsr peptides for mass spec purpogédtelaar et al., 2013; Hogrebe et

al., 2018)

1 Stable isotopic labelling with amino acids in culture (SILAC)
1 Label free quantification (LFQ)
1 Isobaric labelling (TMT/ITRAQ)

The simplest of thee methods is LFQ, which involves no labelling of the sample. LFQ is arguably
the most common choice for standard shotgun proteomics as it can relatively easily be performed
by amateurs and the data analysis is simple. However, it has been found thatvegheecent
advancements in LFQ, it is the least suitable method for phosphoproteomics due to lower

precision and no possibility for multiplexifigogrebe et al., 2018; Altelaar et al., 2013)

SILAC has been the most used approach for phosphoproteawér the last decade. This is

mostly due to the enhanced sensitivity you get over LFQ which allows for easier identification of
phosphopeptides. It involves metabolically labelling certain samples with heavy labelled lysine or
arginine in culture. Thers an argument that labelling as early as possible reduces variation in the

labelling of the sample@ltelaar et al., 2013however metabolic labelling can be a complex
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process. In order to use SILAC effectivgtyy must remove the ability of the host cell to create its
own lysine and arginine. This prevents mixing of light and heavy amino acids in the proteins you
are trying to analyse. There are fundamental issues with this, mainly that you must first construc
knockouts of at least either the lysine or arginine pathway, and that doing this may alter the
phenotype of the organism you are trying to stu@jtelaar et al., 2013; Hogrebe et al., 2018;

Chua et al., 2016)

While themost used method for proteomics is LFQ and for phosphoproteomics is SILAC, isobaric
labelling strategies such as ITRAQ and TMT have recently risen in popularity foklbmgar et

al., 2013; Chahrour, Cobice and Malone, 201g)baric labelling is performed on peptides (i.e.

after protein extraction and digestion) and so there is no need to delete gengsd this method.
Furthermore, TMT has been shown to have the lowest deviation in labelling efficiency of the three
techniques(Hogrebe et al., 201&)nd has the highest capacity for multiplexing-léx for TMT
compared to #plex for SILAC at time of writing). Samples that are multiplexed will not suffer from

massspec run variation as opposed to LFQ samples.

No studies have been done on the proteome and phosphoproteome of mutants of eukdiigete
serindthreoninekinases irP. aeruginosaOf particular interest is stringent response and
translation proteins, and proteins that are linked to antibiotic resistamclerance. This chapter
will show that dual SILAC labelling withaeruginos& not advisable due to the disruption of that
arginine pathway and its effect on growth and biofilm formation, and that using TMT analysis to
analyse the proteomes of bidrfa, planktonic, and planktonic cultures treated wihrine
hydroxamate (to induce the stringent response), it was possible to begitueto the

mechanism leading to the phenotype that we saw in chapter 3.

4.2 Materials and methods

42.1 Construction of mutantdor SILAC

Mutants were constructed using the methodology described in chapter 2
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4.2.2 Strains used for this chapter

Table8: Strains and plasmids used in this chapter

Strains/ Plasmids

Characteristics/reference Source

Pseudomonas aeruginosa

PAO1

[N

Kt &
K[ &a!
k! NEHI

K[e&a! k! NHI

Escherichia coli

DH5h

S17

Plasmids

pEX100T

pFLP3

1kt LA ! K

Reference strain with
moderate drug
Resistance (Mougous et lab
al., 2007)

This
Referred to as QKO Study
: . This
Auxotrophic for lysine study
: - This
Auxotrophic for arginine study
Double auxotrophe for  This
arginine and lysine study

adzL 9nnX k¢
Mc POkt O%k a
endAl, hsdR17, thil,
gyrA9e6, relAl,

kK LJA NLIK I 3S¢

197

TpR, SMR, recA, tpro,
hsdRM+RP4: 2Tc:Mu:
YY ¢yT1T KLAN

Gateway compatible
gene replacement
Vector with ampicillin
resistance (Quenee,
Lamotte and Polack,
2005)

Expresses FLP
recombinase

Mougous
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423 Primers used for this chapter

Table9: Primers used in this chapter

Oligo name  Sequence Bases
GmFrt-F ATGC GAATTC AGCTCGAATTGGGGAT! 29
GmFrt-R ATGC AAGCTT CTCGAATTAGCTTCAAA 32
LysAUp-F ATGCCCCGAGTACAGGTAGCTGTCATC 27
LysAUp-R ATGCGAATTCGECGO CTCTCAGAAAC 27
LysADwnF  ATGCAAGCTTCQCAGACCATCCTTITG 27
LysADwnR ATGCCCCGGECACGCCATGGGGATT 25
ArgHUp-F ATGCCCGCGGGGATACAGATTGACCICCC 29
ArghUp-R ATGCGAATTCGGTATCTCTCCCTCCAAC 28
ArgHDwnF  ATGCAAGCTTTTTCTCCACCGCCA 24
ArghDwnR ATGCCCCGGGATCGAAGQCTATTACCG 27

424 Growth curves for SILAC strains

Growth curves for the validation of the SILAC strains were identicalGhsypter 2, with the

exception of adding exogenousatginine in some instances.

425 Growth curves for validation of planktonic growth conditions in M9 media with

serinehydroxamate

Mueller-Hinton broth overnight cultures were washed and resuspended in PBS. A 1:100 dilution
of this was used to create a 20 ml culture in minimal M9 medium (the same recipe used in feeding
the biofilm (see chapter 2)). Cultures were allowed to grow for 2@rRpwith relevant cultures

treated with SHX at a final concentration of 200 yu m at 6 hours. Absorbance reading were taken

using a manual spectrophotometer at 600 nm.

4.2.6 Growth conditions for microfluidic biofilms

Biofilms were grown for 96 hours. The exagltaere conditions were identical as previously

described in chapter 2 for flow cell biofilms

4.2.7 Growth conditions for planktonic cultures

Mueller-Hinton broth overnight cultures were washed and resuspended in PBS. A 1:100 dilution
of this was used to create20 ml culture in minimal M9 medium (the same recipe used in feeding
the biofilm (see chapter 2)). Cultures were allowed to grow for 26 hours, with relevant cultures

treated with SHX at a final concentration of 200 p m at 6 hours.
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4.2.8 Protein extraction

For the biofilm the microfluidic PDMS chip was removed from the glass coverslip and the biofilm
scraped into 990 ul HBSS + 10 ul Phosphatase inhibitor using a sterile tip. The planktonic cultures
were spun at 4,000 xg for 10 mins, supernatant removed, and pesuied in 990 ul HBSS + 10 pl

Phosphatase inhibitor.

The samples were then washed twice by spinning at 10,000 xg for 5 minutes, then resuspending in
990 ul HBSS + 10 ul Phosphatase inhibitor. The bacteria were then lysed using a combination of
chemical lys and freeze/thaw by resuspending in 990 pl 7 M urea, 2 M thiourea, 35 mM CHAPS,
20 mM DTT, 1M NacCl, 10 pl phosphatase inhibitor, and freezi#89 &€ for 30 minutes followed

by thawing at 34°C for 20 minutes.

4.2.9 Protein precipitation

The following were colvined in a 1:8:1 ratio:

T 1 mLcell lysate
T 8 mL 100% iceold acetone

1 1 mL 100% trichloroacetic acid (100% TCA w/v)

This was then kept a20°C for 1 hour, before being centrifuged at 20,000 xg for 10 minutes at

4°C. The supernatant was thdiscarded, and the pellet washed twice with-c&ld acetone using

the same conditions as above. After this, the pellet was allowed to air dry at room temperature

and was ultimately resuspended in 500 pl of 100 mM TEAB + 0.1% Rapigest and 5 pl phosphatase
inhibitor.

4.2.10 Protein digestion

Dithiothreitol was added to the extracted proteins at a final concentration of 2 mM, this was then
incubated at 60°C for 45 minutes. After being allowed to cool to room temperature,
iodoacetamide was added at a final concenivatof 6 mM and was incubated in the dark for 45
minutes at room temperature. Trypsin was added at a ratio of 1/50 of the sample weight, and

then incubated overnight at 37°C.

4211 Quantification of extracted proteins and peptides

Proteins and peptides were qutified using the direct detect spectrophotometer.
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4212 Phosphopeptide enrichment

Phosphopeptides were enriched using pierce TiO2 spin tips following manufacturers instruction.

4.2.13 Labelling of peptides using TMT

Peptides were labelled using the TMT-dlex kit folbwingY | y dz¥ | OristoaNighslIRith the
exception of only using 10 pl of TMT reagent to label 25 pg of peptide for whole proteome
analysis, and 2 ul of TMT reagent for labelling of phosphopeptides to save costs. Up to 8 samples
were then combined andleaned upusing the Oasis PRIME HLB pElutionPlate to carry forward

into LC MS/MS.

4.2.14 Ligquid chromatography Mass spectrometry

Peptide extracts (1 pg on column) were separated on an Ultimate 3000 RSLC nano system
(Thermo Scientific) using a PepMap Er&SYSpray LC column, 2 um particle size, 75 um x 75 cm
column (Thermo Scientific) over a 240 min (single run) linear gradieq@6P3 buffer B (0.1%
formic acid in acetonitrile (v/v)) in buffer A (0.1% formic acid in water (v/v)) at a flow rate of 300
nl/min. Peptides were introduced using an EARYay source at 2000 V to a Fusion Tribrid
Orbitrap mass spectrometer (Thermo Scientific). Each analysis was performed using the
MultiNotch MS3based TMT acquisition method (McAlister et al., 2014). The iosfeatube
temperature was set to 275°C. Full MS spectra were recorded from 300 to 1500 m/z in the
Orbitrap at 120,000 resolution with an automatic was performed using TopSpeed mode at a cycle
time of 3 s. Peptide ions were isolated using an isolation wafith6é amu and trapped at a
maximal injection time of 120 ms with an AGC target of 300,000. Higengy collisional
dissociation (HCD) fragmentation was induced at an energy setting of 28 for peptides with a
charge state of 4. Fragments were analys@uthe orbitrap at 30,000 resolution. Following
acquisition of each MS2 spectrum, MS3 spectra were collected using the MultiNotch MS3

acquisition strategy.

4.2.15 Analysis of raw files for whole proteome and phosphoproteome analysis using

MaxQuant

Raw files weranalysed using MaxQuant. The greggecific settings were setup to quantify
peptides that were identified through MS3 Jilex TMT labellinglThe group settings used were:
Type: MS3

Digestion: trypsin/P

Modifications: oxidation, Nerminal acetylation
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Match between runsvas also switched owhich improves the number of peptides identifiethe

PAOL reference strain fasta file was obtained fidniprot.

4.2.16 Statidical analysis

Data were first normalised using the quantile normalisation function inside perseus (using R
backend) and were then log2 transformékhe rest of the analysis then varied depending on the
next step.

Differential expression analysis

The proteins were then compared bping a fold change analysis (dividing one condition by the
other) and performing individuatiests on albroteins that were present in both sampleA false
discovery rate was not used. Proteins that had a greater thard log2dld change and Ralue

of >0.05 were selected for further study
WGCNA

WGCNA analysis was carried out using the WGCNA package in R

4.3 Results

431 Deletion of the ArgH gene d?Pseudomonas aeruginosasults in a death phase upon

entry into stationary phase of planktonic growth

In order to use SILAC effectively as a labelling strategy, it was first necessary to disrupt the
arginine and lysine synthesis by deleting the terminal genes from iagfrective biosynthesis

pathways.

Deleting LysA (the terminal gene in lysine biosynthesis) was well tolerated by the cell, provided
that lysine was present in the media. However, when deleting ArgH (the terminal gene in arginine
biosynthesis), instead ohé culture going into stationary phase, there is a significant drop in

optical density seen that is likely caused by cell dé€biture30). This is possibly causey the

switch from aerobic into anaerobic respiration as the culture moves into the anoxic stationary
phase. Ltarginine can be fermented to use as a carbon source in anoxic condiorndello et al.,

2006) Stationary phase can be recovered by supplementing the media with 12mM arginine, re
enforcing the importane of arginine as an energy source in stationary phase. This phenotype was
I f 42 RSY2Y&adN}GSR Ay GKS k[&éa! b k! NAlI R2dzf

used as part of the proteomics experiment.
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Figure30: Plankbnic growth of lysine and arginine auxotrophic mutants in T lysine
auxotrophic mutant shows regular growth kinetics when compared to the wild typeever the
arginine auxotroph shows a significanithigreaseddeath phasedhat is restoredvhen additonal L
arginine is addedError bars shows standadgviation. Three replicates were performed on

different days
43.11 Addition of exogenous darginine leads to significantly increased biofilm formation

After determining that it is possible to plarktically grow a dual LysA + ArgH deletion mutant, it
was necessary to see how the mutant would respond to growing as a biofilm with the amino acids
added exogenously. There is a clear phenotype showing that the addition of exogelysineL

and Largininegreatly increases biofilm formatioffrigure31). This is likely due to providing a

carbon source to the anoxic parts of the biofilm through fermentation-afdinine, resulting in

significantly increased growth in those arg€8®rriello et al., 2006)
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Due to the phenotypes seen when addigxpgenous amino acids, it was decided that dual
labelled SILAC would not be a suitable way forward Ritaeruginosalnstead, TMT 1flex

labelling was used, which does not require genetically altering the strains in any way.
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Figure31: Lysine + arginine double auxotrophic mut@gtwell crystal violetbiofilm formation
assay with exogenous 12mirarginine A significant increase in biofilm formation is observed at
all time points likely due to increased growth ahaerobic parts of the biofilmgrror bars show

standard deviationP < 0.05. Three replicates were perfodran different days

4.3.2 Characterisation of the planktonic growth of the wildtype and quadruple KO mutant
of PAO1 in M9 media with and without SHX

In order to validate thaserinehydroxamate would induce stationary phase in both strains

planktonic growthkineticswere examined(Figure32).
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P. aeruginosavild type and QKO were grown in M9 minimal media for 26 hours, with the SHX
being introduced at 6 hours when necessary. There is a clear reduction in growth when treated
with SHX in both strains.
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Figure32: Planktonic growttkineticsof PAOLWT) and the QKO deletionutant with and
without SHXn M9 growth mediaCessation of growth is inducéd response to SHX treatmeint
both QKO and the wild typdrror barshow standard deviatiarThree replicates were performed

on different days

433 DirectDetect quantification of extracted protein, peptide and phospipeptide

DirectDetect shows that protein extraction and digestion into peptides was succésigfuite33).
It is difficult to determine at this stage whether the phospgbeptide enrichment was successful,

however you would normally expect to enrich roughly 1% of the total amount of starting peptide.
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a Protein b Peptide
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Figure33: DirecDetect read outs of the protein and peptide concentratidosshow that protein
extraction and peptide purification hageen successfulhere is particularly large variation in the

results of the phosphepeptide purification Error bars show standard datibn

434 Preparing and normalising the data

After the RAW files were processed using MaxQuant, the data was log2 transformed and
normalised using the quantile normalisation function in R. Histograms were then plotted to
visually examine the data amtheck for a normal distributio(Figure34). All of the histograms
show a roughly normal distribution, so multipketsts can be used to examine differential

expresson.
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Figure34: Histograns of theLogtransformed and quantile normalised data of thfilm,
planktonic and SHX treated samples. feeow a normal distribution confirming that a

parametric ttest would besuitable for calculating significance

4.3.5 Checking for batch effects using principal component analysis

After checking for a normal distribution, it was important to check for batch effects that could

have been introduced. Principal component analysis deteesiwhat the main sources of

variation are between the samples and can then be plotted to clearly see if there are any batches.
There are three clear batches that seem to correspond to the different mass spe@gae35).

This makes comparing between samples of different mass spec runs difficult, but there is a very

tight grouping within runs which means that we can be very confident in thosgparisons.

This batch effect could have been reduced if the sample conditions were split equally within each

mass spec run, making it easier to normalise between the runs.
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Figure35: Principal component analysis by samgi®l mas spec runThis shows that the
samples in each mass spec ane highly similar, but that thee arelarge amounts of variation
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4.3.6 Identifying differentially expressed proteins

In order to determine which proteins were differaally expressed the log2 fold change was
calculated, and-tests performed on each protein across the replicates. For the purpose of this
work, differentially expressed refers to proteins that have a log2 fold change of >0.58.58 <
(equivalent to a 1.50ld change), and also have asglue of less than <=0.06igure36 shows a

side by side comparison of the data and which conditions have the most difdheexpressed
proteins. It can be seen that the biofilm and planktonic conditions seem to show a similar level of
proteins that are differentially expressed, whereas the SHX condition shows far fewer

differentially expressed proteins.
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Figure36: The total number of proteins identifielly MaxQuant compared to the number of

proteins found to be differentially express@deach sample

Volcano plots can also be used to visualise the proteins that are differentially exp(Espeac

37). The xaxis show the log2 fold change, and thaxis shows thelog10 pvalue. The red dots

show proteins that have both a sufficiently different log2 fotduwege, and a sufficiently significant
p-value. When looking at the plots we can see that although the biofilm and planktonic conditions
have similar numbers of differentially expressed proteins, the planktonic condition seems to have

proteins that are moralifferentially expressed in terms of both significance and fold change.
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4.3.7 Networks established via differential expression analysis

When the differentially expressed proteins in each sample have been deteatitrie possible to
use networking tools like KEGG, PseudoCYC,-8triagd QuickGO to group proteins into
pathways and networks. This can be helpful in determining what the overall effect of the gene

deletions are on the organism, and whether the biofphenotype in Chapter 3 can be explained.

There is significant overlap between the biofilm and planktonic conditions in terms of protein
differential expression of the QKO mutant relative to the wild type. This is surprising as no visible
phenotype was dmonstrated in planktonic culture in chapter 3, and the growth curves in M9
minimal media shown in this chapter show no significant differences. This is likely a result of the
mutations generating such a strong phenotype, that the usual phenotypic diffessthat would

be visible between a planktonic culture and a biofilm are overshadowed. Interestinglse tine
hydroxamate treated planktonic cultures show very few differentially expressed prddeaitasin

appendix)(Tablel0).
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4.3.7.1 Pathways differentially expressed when comparing QKO to the wild type

Due to the fact the biofilm and planktonic conditions show broadly very similar mechanistic
variations, and that the SHX treated samples show very few differences, the mutant and the wild

type will be compared generally across the samples.

It is temptingto make conclusions based solely on the differential expression of individual
proteins, and to not look at the networks overall. However, this can give a warped perspective of

the data and analysis in this way should be done carefully.

43.7.1.1 Iron acquisition ad utilisation

Iron is used by many bacteria as it is an ideal candidate for many-meddeotion reactions due to

its ability to exist in two oxidation states, Fe2+ and Fe3+. Fe3+, the dominant form in oxygenated
environments, has extremely low solubjiland requires dedicated mechanisms to be taken up by
the cell. Whereas Fe2+ is soluble and is most abundant under anaerobic conghtipiyen et al.,
2014; Bonneau, Roche and Schalk, 2020; Lin et al.,.2017)

P. aeruginosaises multiple strategies to acquire iron:

1 The production bthe siderophores pyoverdine and pyochelin that chelate Fe3+ and their
uptake via Tonlependent receptorgHancock and Brinkman, 2002; Luscher et al., 2018)

1 The uptake of siderophores of other bacteria (xenosiderophditasicler et al., 2018)

1 Via uptake of host haerfBonneau, Roche and Schalk, 2020; Cornelis and Dingeman
2013)

1 By reduction of extracellular Fe3+ to Fe2+ via phenazine compounds, and their uptake by

the Feo system

Whether pyoverdine, pyochelin, or both are secreted is thought to depend partly on its
autoregulation, but mostly on the iron starvatioeviel of the cell. Pyochelin is less energy
intensive to produce but has a significantly lower affinity for iron than pyoverdine. As a result,
pyochelin is released when intracellular iron levels are low, and pyoverdine when iron levels are
severely low(Bonneau, Roche and Schalk, 2020; Cornelis and Dingemans, P04r®) are likely
other factors that influence the iron acquisition strategyRofaeruginosaPyochelin and

phenazines can redaycle, potentially causing oxidative stress to the cell, and pyoverdine is
linked with expression of acute virulence factstgh as exotoxin A and with mature biofilm

formation (Correlis and Dingemans, 2013; Xie et al., 2013)

In the biofilm and planktonic conditions, fgins that control the biosynthesis of Iron acquisition

siderophores pyoverdine and pyochelin are upregulated in the QKO strain. In the biofilm, protein
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TonB3 is upregulated, however, this protein has been linked more to twitching mobility than iron
transport, explaining how a TonBependent receptor potentially involving iron transport is
simultaneously downregulategHuang et al., 2004 his seemingly counter intuitive decision to
upregulate Fe3+ iron chelation while simultaneously reducing iron transport across the
membrane could be a mechanism of oxidative stress protection via reduction of hydroxylgadica
from Fenton chemistryda Cruz Nizer et al., 2021y addition, this is likely why PhzS that is

involved in phenazine biosynthesis is downregulated in the QKO.

43.7.1.2 Detoxification of reactive oxygen species

Oxidative stress derived from reactive oxygen species (R®3Juperoxide O2H202 and

hydroxyl radicals HQis a major challenge for all living organisms. In bacteria, examples of where
ROS are produced include as part of normal aerobic respiration, through Fenton chemistry and by
phagocytes during infectio Even at relatively low intracellular levels, ROS can cause damage to
important biomolecules such as DNA, RNA and profgiasCruz Nizest al., 2021; Xie et al.,

2013; Wongsaroj et al., 2018; Ochsner et al., 2000)

The potential damage caused by ROS necessitates specific mechanisms to protect agajnst them
and due to the vastness of the challenge this is controlled by several adaptive responses to either
detoxify or repair the damage caused by ROS, such as production of siderophores to chelate free
iron, transcriptional regulators that are activated bydation such as OxyR, Fur and SoxR, protein
repair via chaperones, detoxifying enzymes such as super oxide dismutase, the glyoxylate shunt,
and the mucoid phenotypé&a Cruz Nizer et al., 2021; Xie et al., 2013; Wongsaroj et al., 2018;
Ochsner et al., 2000This section will focus on proteins that detoxifySRéhd their

transcriptional regulators, as opposed to reduce their formation, or repair the damage they cause.

In the QKO mutant strain, an equal number of genes linked to ROS detoxification are upregulated
and downregulated. Although slightly differentgbeins are significantly differentially expressed

in the planktonic and biofilm conditions, this is almost certainly due to stochastic heterogeneity as
opposed to a meaningful difference as all the proteins differentially expressed are controlled by
the sane transcription factors. The upregulated proteins are alkyl hyperoxide reductase (ahpF),
thiol peroxidase (tpx) and glutathione synthetase (gshB), which are all involved in networks that
catalyse the formation of H20O from202(da Cruz Nizer et al., 2021; Xie et al., 20T8g
downregulated proteins are superoxide dismutase (SOD) B (sodB), glutathione peroxidase
PA2826,andD& 3 LISNANBRZ2EAY f&aF! ® {h5Qa I NB LISNA LK
02 into H202and are the first line of defence against superoxide radicals, while PA2826 and IsfA
both detoxifyH202(da Cruz Nizer et al., 2021)
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P.aeruginos& & (62 {h5Qa&aX a2R. 6KAOK KlFa Fy CS O0O2NB
and sodM which has aamganese core that is expressed under iron starvation conditions. At first,
this shows a potential reasoning for the downregulation of sodB, as based on the expression of
iron chelating siderophores it can be assumed that cell is experiencing iron stapJativever, it
would be expected that this would be accompanied by an increase in the expression of sodM. As
an increase of expression of sodM is not observed, it suggests an alternative reason for the
downregulation of sodB. The large upregulation of Bhipx and gshB suggest that cell is suffering
from acute ROS stress frar202 the product of sodB and sodM mediated superoxide radical
detoxification. It is plausible that the accumulationH202is leading to reduced activity of the

SOD enzymes untilicient H20O2has been cleared. It is difficult to be sure of the reason for the
downregulation of PA2826 and IsfA, when highly similar enzymes are upregulated. However, it
could be linked to a lack of reducing power in the cell due to low levels of N&kiaPéhzymes

such as glutathione reductase use to replenish the abilitg2D2detoxifying enzymes.

4.3.7.1.3  Type VI secretion machinery

Bacteria are in a constant state of competition against multiple organisms, and therefore require
mechanisms that aw them to be dominant in an ecological niche. Type VI secretion systems
(T6SS) of gramegative bacteria resemble an inverted bacteriophage puncturing device and can
participate in several functions such as virulence, antibacterial activity and metapiake(Li et

al., 2018; Goldova et al., 2011; Mougous et al., 2007; Haehtah, 2011)

P. aeruginoséas at least three gene clusters that code for T6SS machinel6&3 tt13-T6SS.

The proteins secreted by these systems broadly fall into two families, Hcp and VgrG. Hcp is
thought to form nanotube structures on the surface of bacteria that allow transport of other T6SS
effectors into the cell, while VgrG proteins form pundtgr devices that bare homology to
bacteriophage tails, and perforate membranes to allow protein or macromolecular complex

transport(Mougous et al., 2007)

Critically, deletion of T6SS systems fiBrmaeruginoshave been shown to have attenuated
virulence in murine models, antie¢y are shown to be upregulated in chronic infections of CF

patients(Gallique, Bouteiller and Merieau, 2017)

Two proteins linked to type VI secretion are downregulated in the QKO mutant, VgrG1b and
clpV3. VgrG1lb is eexpressedvith the HET6SS, however, does not rely on or regulate this

system. It is secreted independently to any know T6$S @&eruginosaVgrGlb has also been

shown to be required for the delivery of Tse7, the expression of which induces the SOS response,
growth arrest and ultimately DNA degradation. The activity of this toxin is attenuated by Tsi7

through a proteinprotein interaction so specific that it will only bind to Tse7 from the same

86

by R



Chapter 4

isolate(Hachani et al., 2011; Gallique, Bouteiller and Merieau, 2017; Pissaridou et al., @p¥8)
LINPGSAYyAa FNB Oeiz2LXFavYao !11b 1 ¢thasSqQa SaasSy
shown b be essential to the HB6SS. Furthermore, the T3SS which is involved in the secretion of
various virulence factors such as pyocyanin, and other cellular processes such as swimming
motility and biofilm formation is downregulated in a clpV3 mutant. Intéregy, this deletion was

also shown to downregulate the HBBSS and the HB6SS but upregulate the HBSSLi et al.,

2020)

These genes are almost certainly downregulated as a result of the deletion of PpkA. It has been
shown previously that PpkA controls assembly of tHEG3S @ phosphorylation ofhreonine362

of Fhal. The mechanism was proposed by mougous et al, stating that when an environmental
signal is received, PpkA autophosphorylates and stimulates Fhal binding, phosphorylated Fhal
then eventually reaches a sufficienvid to trigger the HT6SS. The environmental sensor was
thought to be the periplasmic VWA region of PpkA, and very importantly shows that the T6SS and
P. aeruginosén general is capable of rapid response to environmental (Mesigous et al.,

2007)

Target cell

o,

Figure38: The basic mechanism of the type VI secretion machinery and how it links to the eSTK

PpkA inPseudomonas aeruginosa
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4.3.7.1.4  Protein synthesis, central metabolism, respiration and NADPH production

P. aeruginosés highly metabolically plastic and is able tovhrin a variety of environmental
conditions. This plasticity allows for rapid changes of the central metabolism, in particular, the
source of oxidiser for generating NAD(P)H. NAD(P)H is used in numerous catabolic reactions such
as in the electron transporthain and as a reducing agent when detoxifying R@£ruz Nizer et

al., 2021)In-vitro, this usually comes from a carbon source such as glucose and a combination of

several pathways:

9 Peripheral pathways that encompass the oxidative transformation of glucosstaand
glycerol

The pentose phosphate pathway (PPP)

The EntneiDoudoroff pathway (EDP)

The TCA cycle and glyoxylate shunt

= =4 4 -2

The gluconeogenic reaction

P. aeruginosa&an also use the process of denitrification which uses nitrite or nitrate as the
terminal electron acceptor in respiration, usually in response to anf@an & al., 2020;
Figueira et al., 2015)

The MEP pathway and isoprenoid production are another important aspect of respiration.
Isoprenoids are ubiquitous in the three domains of life and are involved in a wide variety of
biological functions. In bacteria, they are involved in the productiorb@jwinone and
menagquinone, which are part of the electron acceptors of the shuttles involved in the electron
transport chain. The electron shuttles couple the redox reaction to proton translocation and

conserves the redox energy in a proton gradi@éuston et al., 2012)

In the QKO mutant, there are numerous proteins that are differentially expressed that are
involved in central metabolism. Glukokinase (glk) and glyceraldeBy®sphate

dehydrogenase (GapA) are highest up the carbon utilisation pathway and are both up regulated.
Broadly, these proteins are responsible for metabolising glucose into pyruvate so that it can enter
the TCA cycle. Phosphoenolpyruvate carboxylag€)js also upregulated and catalyses the

conversion of phosphoenolpyruvate to oxaloacetédmlan et al., 2020)

There are liree genes from the MEP pathway that are differentially expressed Dxs, Dxr, Hpd and
ExaA. All three are downregulated and are involved in the biosynthesis of isoprenoids from
glyceraldehyde8-phosphate and pyruvate. This directly links to the downregutatibNuoB,

SenC, CoxB and CycB that are involved in the electron transport chain.
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Interestingly, despite the central metabolism seeming to be overall downregulated,
oxidoreductases and dehydrogenases are generally upregulated which both reduce NAD(P)+ to
NAD(P)H. This also links to the upregulation of renalase that convertd\N#digP) to NAD(P)+,

preparing for another round of reducing.

Being able to tightly regulate protein synthesis is also a key component of surviving in various
ecological niches. Pratesynthesis is the most energy expensive process in the cell and so must
be able to adapt to varying nutritional availability. In the QKO biofilm, six ribosomal proteins were
downregulated. This is linked to acute nutrient starvation and reduced proyeithesis(Starosta
etal., 2014)

4.3.7.1.5 Fatty acid synthesis

Bacterial fatty acids primarily serve the hydrophobic element of the cell membrane, however

they are also used as storage lipids, the most prevalent of these being polyhydroxyalkanoic acids.
Storage lipids are usually formed as a result of exogenous acyl chains as opposed to de novo
synthess, so are not relevant in the differential expression of fatty acid biosynthesis proteins
(Cronan and Thomas, 2009)

Gram negative bacteria generally use type Il fatty acid synthesis. This system relies cGadetyl

as a precursor and malor@loA during the elagation step, with the intermediates covalently
02dzy R (12 WFO&f OFNNASNI LINRGSAYQS + KAIKE& &l
slide in and out of the hydrophobic cavity. This achieves a compromise between shielding the acyl
chain fran any solvents and allowing access thioester acyl carbons on the proximity such that

fatty acid synthesis can proceé@ronan and Thomas, 2009)

There are three main fatty acid biosynthesis proteins that are upregulated in the QKO mutant
FabD, FabG and PA17B&\1736 is involved in the formation of octanoglA, whereas FabD is
involved in the conversion of malorgoA into amalonyt[acp]. Both of these compounds then

move into saturated fatty acid elongation, with FabG catalysing the first reaction. Integlyst
enzymes such as AccD involved in the formation of fatty acid intermediates from-@oatydre
generally downregulated. This could be linked to a downregulation of the TCA cycle and a lack of

acetylCoA being produced.

4.3.7.1.6 Biofilm formation

There are sveral important proteins for biofilm formation that are differentially expressed in the
QKO mutant. These range from protruding proteins such as pili and flagella, to alginate
production and intracellular signalling. Many of the differentially expressetéms have more

than one role in biofilm formation, so sections will be presented separately.
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The first step in biofilm formation is initial attachment to a surface, whether it be host epithelial
cells, other bacteria or an abiotic surface. The irrevdesattachment of bacteria to a surface is

often mediated by appendages that anchor the bacteria in place, such as flagella and pili. In the
QKO mutant, fliC, fliD and LecA are all downregulated, fliC is a type B flagellin, fliD a mucin
adhesion flagellacap that promotes the attachment of bacteria to surfaces, and LecA a cytoxin
lectin and adhesin that binds hydrophobic galactosides and aids attachipeygle et al., 2006;

Arora et al., 1998)On top of this, flp, a type IV pilin, and PilV, that is required for type IV fimbrial
assembly are both downregulated. Interestingly, PilR, which belongs to the PilRS two component
system is upregulated. PilR has been shown to stimulate theugtah of type IV fimbriae

through transcriptional regulation, however it is possible that the downregulation of the other
proteins is tied to a different mechanism that is preventing PilR from having the desired effect, or
that the effect of PilRisnofis2 OKA 2 YSGUNA O A®dSd Y2NB tAfw R2SayQi
(Hobbs et al., 1993; Burrows, 2012)

The production of EPS is arguably the defining feature of arbidfiprovides mechanical

protection and a mechanism for the safe passage of communal goods. There are three major
polysaccharides involved i aeruginos&PS production, PEL, alginate and the PSL
polysaccharide. Usually alginate and PSL are inverggijated, and most noi€F isolates do not
express high levels of aligngtéranklin et al., 2011Whereas, PSL is expressed by most
environmental and clinical isolates. Despite PSL and alginate usually being inversely regulated,
both the pathways a downregulated in the QKO mutafitie et al., 2017; Mann, 2015psICFG

are all downregulateénd are required for PSL production, with AlgW (a protease that cleaves
MucA and allows the transcription factor algU to stimulate alginate production) being

downregulated from the alginate pathway simultaneou&bgzairliyan and Sauer, 2009)

Twitching motility has been shown to be essenfalbiofilm differentiation and microcolony
formation. One of the significant factors controlling this are the type I\(Builirows, 2012)

Deletion mutants of genes relating to pili form thick, undifferentiated biofilms which would surely
inhibit their ability to occupy different ecological niches. The downregulation of flp and PilV

suggest thatwitching may be inhibited to a degree in the QKO mutant.

The biofilm is associated entirely with the chronic phenotype. There are several mechanisms that
are employed to start the phenotypic switch from the acute to chronic state, however only the
GacSsignalling cascade is differentially expressed in the QKO mutant. Gacs is heavily
downregulated and is part of the GacS/GacA-twemnponentsystem to control expression of

virulence related genes in response to extracellular environmental signals. Gactamedhe

activity of RsmB, that binds to and sequesters RsmA. RsmA has been shown to indirectly modulate

the transcription of a significant portion of tHe aeruginosgenome through the regulation of
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QS and controls the reciprocal expression of acuai @éronic virulence determinants via
GacS/GacfPerezMartinez and Haas, 2011; Brencic et al., 2009AAinad et al., 2017)

4.3.7.1.7 Stress response regulators

Bacteria exist in highly dynamic and often nutritionally replete environments that result in various
stressors being applied. To counter this, bacteria hasdved numerous and sophisticated stress

responses to survive and quickly adapt to changing environmental conditions.

One of the major limiting nutrients for aerobic and facultative anaerobic bacteria is oxygen.
Oxygen is used as the fir@kctron acceptor during aerobic respiration/the electron transport
chain, and so is critical in the formation of the proton motive gradient and energy production. A
f1 01 2F 2E&@3Sy G(NARIISNB (KS RAYSNRA &abkeliskzy 27
oxygen comes from its iresulphur cluster, under anaerobic conditions the cluster is A&+

that can dimerise and bind to DNA, whereas when the cluster is bound to oxygen it becomes [2Fe
2S] that leads to protein monomerization and loss of NAing abilityTrunk et al., 2010;

Tribelli et al., 2019) A recent study by tribelli et al., showed that there are at least 1ibdxes

that are common to most pseudomonas genomes, and that collectively across several species of
psewdomonas it was responsible for controlling 253 genes. In particular, genes related to
denitrification, arginine fermentation, high affinity cytochrome oxidases, and CupA fimbriae have
been shown to be regulated by Anr. Anr is upregulated in the QKO mstagdgesting a more

oxygen deprived state than compared to the wildtype. Usually, Anr would be able to trigger the
upregulation of denitrification genes, so that nitrogen can replace oxygen as the terminal electron
acceptor in respiratioriTribelli et al., 2019)However, the YeaG deletion of the QKO mutant

seems b negatively regulate nitrogen metabolism pathways, preventing this effect from being

seen(Figueira et al., 2015)

Another major component of cell survival in stressful conditions is induction of the RpoS sigma
factor (Stewart et al.2015; Snyder, Gordon and Stoebel, 2012; Durfee et al., 2008 is often

referred to as the general stress response and can be triggered by various environmental stressors
such as oxidative stress, nutrient starvation, and entry into stationary phase. The synthesis of
RpoS is governed by multiple factors, inahgdby the transcription factor DksA and the ppGpp
(Kanjee, Ogata and Houry, 2012; Lemke et al., 2Q1d)ally, as nutrients are used up and the cell
becomes starved, ppGpp will accumulate and in conjunction with DksA will mobilise a global
transcriptional response via altering the binding kio®f RNAP to combat the stre@anjee,

Ogata and Houry, 2012; Lemke et al., 20DKsA is upregulated in the QKO mutant, however

there is no significant induction of proteins related with the RpoS transcription factor. This may

suggest that ppGpp is being synthesised in lower quantitidsemtutant strain.
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4.3.7.1.8  The lack of differential expression when treated witderinehydroxamate

Relative to the biofilm and planktonic conditions, there are very few differentially expressed
proteins in the SHX treated condition. There are still around 1,80@ins identified in the mass

spec run for these samples, and the histograms show generally very low divergence from zero for
all three samples, suggesting that an issue with extraction, purification, or running on the mass

spec is unlikely to have caustds.

¢CKA& adz33sSada GKIG aAadNAYy3ISYyd NBaLRyaS AyRdzOGA2Yy OA
from the phenotype that is shown in the planktonic and biofilm samples. One theory is that the

stringent response induction is so strong that it cira@mnts the need for the activation of the

other pathways that result in the phenotype. It is also possible that the mutant is unable to

effectively produce ppGpp through natural mechanisms, so the addition of a toxin that forces its

induction may rescue ctin elements of the intracellular state. However, the most likely reason

for lack of differentially expressed proteins is due to treating the cells with SHX at approximately

mid-exponential phase. At midxponential, it can be assumed that the nutritiosthtus of the

cell is good, and that the cell is generally unstressed. The addition of SHX at this stage may induce

an effective norgrowing state that therefore protects the nutritional status of the cell.
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Figure39: Thenumber of proteins linked to each pathway/netwdide the biofilm, planktonic and

SHX treated planktonic samplé&he redoart of the bar corresponds to proteins that are

downregulated in that pathway, and the blue to upregulated proteins
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() Oxidativestress

Central metabolism

O Iron acquisition O

Figure40: Protein network interactions as provided by Strfig (stringdb.org). Proteins were uploaded to striadp in individual
clusters based on there function as determined by literature and struttexaew, these groups were then linked
together manually using using the same technique. Proteins linked to oxidative stress are in pink, central metabo
orange, iron acquisition in Blue/grey, and biofilm formation in yellow. The interactions shi@umot exhaustive and

more highlight the key findings of the differential expression analysis.
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4.3.8 Weighted Gene Gexpression Analysis (WGCNA)

Differential expression is the most common way to find proteins of interest in a proteomics
dataset. However, there are other unsupervised methods such as weighted gex@@Ession

network analysis (WGCNA) that find potentially interesting groups oemethat may not have

shown up in the differential expression analysis. WGCNA can be used for finding clusters
(modules) of ceexpressed genes, for summarizing such clusters using the module eigengene or an
intramodular hub gene, for relating modules ta@another and to external sample traits (using
eigengene network methodology), and for calculating module membership measures. Correlation
networks facilitatenetwork-basedgene screening methods that combine gene significance
information and module memhbship information to identify candidate biomarkers or therapeutic
targets (Zhang and Horvath., 2005) (Horvath et al., 2006) (Langfelder et al., 2007).

WGCNA works on the assumption that the information captured during microarray experiments is
significanty more than can be shown by a list of differentially expressed genes. Instead,

microarray data are better represented by considering the relationships between measured

protein groups (proteins), which can be assessed usingijsér correlations between ge

expression profiles. WGCNA starts at the whole matrix level which usually consists of thousands of
proteins, identifies modules relevant to a particular phenotype, and finally looks at intramodular
connectivity and gene significance to identify the Keiyers in a particular phenotype or

pathway.

An advantage of WGCNA over differential expression analysis is that it alleviates the multiple
testing problem that is inherent in microarray analysis. The multiple testing problem relates to

how testing for mnificance is performed in differential expression analysis. Usualiest is

done on each protein, which in the case of our dataset means approximately 1888 are

being performed. The issue arises from the p <= 0.05 cutoff that is clasasmdlyo determine if

a protein is significantly differentially expressed, as it is effectively being assumed that 5% of the
AAIYATFAOLYG LINRPGSAya gAft 2yfe 0SS akKz2gy a a
can be offset to an extent ugjra false discovery rate (FDR) algorithm such as Benjbiodahiberg

that alters the pvalues determined during atést, resulting in fewer significant hits being found.
However, this method has been shown to be far too extreme for our proteomics dasadet

resulted in no significant proteins being discovered in any of the conditions. Instead of relying on
this, WGCNA focuses on the relationship between a few modules and the phenotypic trait, with
the eigengene significance and correspondingapues beig calculated for each module, instead

of thousands of genes. The modules do not make use of predefined protein sets (is unsupervised),

rather the modules are constructed using hierarchical clustering. After the formation of these
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modules, they can be linkleto the biological trait and candidate biomarkers can start to be

elucidated.

Unprocessed data can be very noisy, so networks
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Figure4l: Theworkflow for Weighted gene ca&xpression analysigirstly,data are increased by a

power determined bysoft-thresholding followed byidentification of highly interconnected genes

which are then linked to an external characteristic/trait

96



Chapter 4

The first step is to remove any batch effects from the data using the R package CGNyBLET.
35shows that the data is 3 batches that relate to the different mass spec runs. Because WGCNA
looks at all the proteins together from every condition in a single matrix,ritpeitant that these
batches are removed as best as possible to prevent skewing of the data. The PERpitetip)

shows that the batch effect resultingofim the different mass spec runs has successfully been

removed.
COMBAT-adjusted
10-
® g
o Condition
— QKO.Biofilm
?J. ’ QKO.Planktonic
5 e QKO.SHX
S . .
S 0- e ®  WT.Biofilm
o WT.Planktonic
WT.SHX
[ ]
-10-
5 0 5 10
Component.2

Figure42: Data adjusted by the R packa@G®MBAT principal component analysis by strain shows
that all batch effects have been removed and that the datuitable to carry forward into the

next step of the analysis

The next step is constructing a sample dendrog(gigure43) to see if there are any outlier

samples thashould be excluded from the analysis, and then showing which traits these samples
correspond to. If an outlier sample is included in the analysis, it could have a detrimental effect on
the significance calculation and make the whole process defunctidicéise, there were no

samples that were significant outliers, so were all carried forward into the network construction.
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Sample dendrogram and trait heatmap
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Figure43: Sample dendrogram and heatmaped to determine if there are any significant outlier

samples hat should beremoved before performing the correlation analysis

The soft threshold value required to get a sensible level of scale free topology (SFTR), while

maintaining connectivity is calculated. This is necessary as the WGCNA network is constructed by

calculating the Pearson correlations for all pairs of genes in the network, however, microarray

data is often noisy and the number of samples per condition is usually low. In order to combat

this, the Pearson correlations are weighted by taking their alisolalue and raising them to the

L2 6SNI i & ¢KA& dzZf GAYF(GSte aASNWBSa (2 LddzyAakK GKS St
exponential scale. The weighted Pearson values represent the strength of the connectivity

between each gene in the network.

The minimum value of SFTR recommended for WGCNA is 0.8, in order to get this level of SFTR a
soft thresholding power of 10 is required. The connectivity gr&pgue44) shows that this
significantly reduces the random interconnectedness of the genes, while still maintaining an

element of connectivity required for module construction
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Figured4: Softthresholding (left) vs connectivity/interconnectedness (right). A soft thresholding
power of 10 was selected in order to meet the minimum level of scale free topology required for
WGCNA analysis. The Mean connectivity graph shows that this substantielig the

interconnectedness of the data set.

When the connection strengths for each gene pair has been established, they can be added
together to produce a single value of connectivity (k) that describes how strongly the gene is
connected to all other gersein the network. This is where the weighted genesgpression

analysis begins, where the k of all gene pairs in the microarray is calculated, and then ultimately
transformed into an adjacency matrix using a topological overlap matrix (TOM) based drigimil
measure i.e. a matrix of connection strengths determined after raising the correlations to the

L2 oSN O0%KFEy3d YR |1 2NBIGK Hnnps | 2NBIFGK S

There are different types of TOM provided by the WGCNA package that provide slightly different
resull 3 ¢KS (g2 YIFAY (G@8LS&a FNB WairdaySR b2si0] 0
purely at the Pearson correlation between gene pairs and ignores if that correlation is positive or
negative, whereas a signed network of any kind will take into acdbendirection of the

correlation. Peter Langfelder (one of the software developers) suggests using a signed network
variation as generally speaking the direction does matter and mixing them together makes

analysis more complicated. Secondly, because megjgtand positively correlated genes usually

come from biologically different categories e.g. they are under the control of separate

transcription factors. With this in mind, a signed Nowick TOM was chosen that groups positively
correlated and negativelgorrelated genes into separate modules. This TOM is then used in

module eigengene (ME) identification and a dendrogram is constru€tgdre45).
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Cluster Dendrogram
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Figured5: Cluster dendrogram of eigengeng®ducedusing a signed Nowick TONMhe different

colours represent clusters of @xpressed genes

The modules can then be related to traits to show moedutet relationshps in a heatmayFigure

46). Five traits/conditions were chosen to relate the modules to, samples that were grown as a

biofilm, samples growplanktonically, samples that were treated with SHX, samples that have

had the kinase genes deletebll@z(i  y G0 X | yR &l YLX S8 (Kl G SEKAOAG GKS
shown in Chapter 3. The heat map below shows the correlation (top number) and significance

(bottom number) of each module in relation to the traits.
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Module-trait relationships
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Figure46: Moduletrait relationship heatmap of a signed Nowick networke top number in the
boxes show how stronglyositively or negativelgorrelated the module iso the characterist,
with the bottom number showing how significattite correlation isMEgreen MEblack and

MEblue aresignificantly correlated to the Mutant phenotype

43.8.1 Analysis of modules that significantly link to a trait

There are three significant motks that all relate to the QKO mutant phenotype, MEgreen,
MEblack and MEblue. MEblack and MEblue are negatively correlated with the mutant phenotype,
while MEgreen is positively correlated. The fact that there are no significant modules for the other
condtions confirms how strong a driver the gene knockouts are for creating the phenotype

observed in this dataset.

The gene significance relates to the total strength of the pairwise comparisons for that gene i.e.

the further away from zero the gene significance is, the more biologically important it is. The
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module membership describes how relevant the protein is ® Module Eigengene it has been
assigned to and is ranked front@. It is important to consider both of these values when
determining how important a particular protein is. Interestingly, this is more complicated with the
modules that consist of genes thare negatively correlated with the mutant phenotype. The
correlation between module significance and gene significance is very strong for MEgreen,

however for MEblue and MEblack the correlation is much weaker
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4.3.8.2 MEDblack

MEblack is the module most negatively correlated with the mutant phenotype, with an average
gene significance score 4f.74 anda pvalue of 3ED4. The module seems to mostly consist of
genes linked to central metabolism and outer membrane proteins, however there are also

interesting proteins linked to stringent response induction.

4.3.8.2.1  Topoisomerases

Topoisomerases are essential emss that control DNA topology, specifically supercoiling and
decatenation that allow the effective nucleic acid packing and cell dyng®igsi and Palumbo,

2010) Every organism must have at least one type | and type |l topoisomerase to maintain
effective levels of supercoiling and prevent chromosomal entanglements. Bactgriasomerase

I, prevents hypernegative supercoiling of DNA during transcription and plays an important role of
transcription of stress genes during stress responses. Type IlA topoisomerases such as Gyrase an
Topoisomerase |V are crucial regulators of baat cell cycle progression and synergistically allow
control of chromosome packing and functional transcription and replicé8@si and Palumbo,

2010)

The type lIA topoisomerases, Topoisomerase IV (parEC) and DNA gyrase (gyrB), and the type |
topoisomerase (topA) are all found in this module. parEC and topA have both gelmigh
significance (GS) and module membership (MM) score, showing that they are important
biologically and are important proteins in the module. While gyrB does have good GS and MM

scores, the data suggests that it is less relevant than the other topoisses

4.3.8.2.2  Central metabolism, aerobic and anaerobic respiration, fatty acid synthesis

There are several genes of the superpathway of glycolysis, pyruvate dehydrogenase, TCA, and
glyoxylate bypass found in this module. Broadly, this is quite similaetpribteins identified as

part of the differential expression analysis, however the lack of a hard cutoff and stronger
correlations when using WGCNA allows a much clearer picture of how downregulated the TCA
cycle is in particular. On top of this, cytochremxidase proteins such as NuoBLG, MqoB, and
ccoN2 that are involved in electron transport are in this module, which ties into AtpA, which is

used to create ATP using the proton motive force generated as a result of electron transport.

The denitrifi@tion protein nirS has also been identified in this module, which is partly responsible
for metabolizing nitrogen to nitric oxide for use as a terminal electron acceptor during anaerobic

respiration and for dispersal.
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There is only one gene associatedhfiitty acid synthesis in this module (FadD1), however, due
to its very high module score and gene significance it is worth considering the role of fatty acids in

the module.

4.3.8.2.3 Biofilm formation

The proteins linked to biofilm formation stem from the samewerks as the ones found in the
differential expression analysis. This consists of PSL proteins, proteins involved in the formation of

pili and alginate production proteins.

4.3.8.2.4  Detoxification of reactive oxygen species

The sodB gene is found in this modulgmthe differential expression analysis. However, the
KatA gene that encodes catalase and is responsible for the detoxificatid®Qfis novel to this
module(da Cruz Nizer et al., 2021; Xie et al., 20TB)s is consistent with the data seen in the
differential expression that shows a paradoxical downregulation of some proteins thatifyeto

H202 despite showing a phenotype consistent with severe oxidative stress.

4.3.8.25  Transcription and translation

rpoBC forms the DNA directed RNA polymerase that is essential for transcription of DNA into RNA

and ultimately in the expression profile of thediaria.

The genes fusAl and fusA2 that both encode for the translation elongati@) &fd the
translation initiation factor infB are all found in this module. This is consistent with the
downregulation of ribosomal proteins seen in the differential egzion analysis and suggests

significant nutritional stress.

4.3.8.2.6 Membrane proteirs

P. aeruginos#s a gramnegative bacterium, and so has a cytoplasmic membrane with a

symmetrical phospholipid bilayer and an asymmetric outer membrane with a phospholipid

inwardly facing and a lipopolysaccharide outer layer, which ultimately creates a permeability

barrier. To overcome this barrier, the outer membranerofaeruginos® 2 y 0 | A y &baréelS S NI |
proteins that produce watefilled channels that allow the diffusion of nutrients into the cell or

contribute to membrane integrity, generally termed as porjMalinverni and Silhavy, 2011,

Hancock and Brinkman, 2002; Chevalier et al., 20 Yramnegative bacteria there are two

classes of outer membrane porin, ngpecific general porins and substrate specific chaniels.
aeruginosabroadly lacks general porins such as OmpFC, which contributes to its very low

membrane permeability relative to other bacteria e.g. the permeability is only about 8% tEat of

coli. This, the fact thalP. aeruginos&as specific porins fromime oprD family that uptake a
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plethora of small molecules specifically, and the expression of broadly specific outer membrane
efflux proteins such as mexB results in part to its high intrinsic resistance to antiljotiegalier
et al., 2017; Schweizer, 2012)

There are several porins and porin related proteins contained within this module. The iron and
calcium regulated OprH, which is the shasi porin inP. aeruginosand has been suggested to
strengthen the outer membrane by interacting directly with LPS. The glucose specific porin oprB,
that is transcribed as part of the gltBFGKoprB operon, has been shown to be important for type 1lI
secreton and virulence, and is usually downregulated in the biofilm relative to planktonic cultures
(Chevalier et al., 2017The more recently discovered Opr86 that has been shown to be essential
for viability, plays a key role in OMP assembly and biofilm formation in some strdns of
aeruginosaTashiro et al., 2008BamB, part of the BAM complex, is also thought to be
NEalLl2yaiotS FT2NJ hat | & a-Shedisfinko the @embrantVRlinveyiid A y a
and Silhavy, 2011)

On top of this there are more general membrane proteins that encode sodium transporters, iron
transporters, and hypothetical proteins that are predicted to be localised to the outer membrane

and play a rte in its integrity.
4.3.8.2.7 Type VI secretion

The type VI secretion proteins tagR and icmf are both found in this module. This is almost
certainly linked to the PpkA deletion and are required for full expression of thd lsgEretion

island virulence factoréHsu, Schwarz and Mougous, 2009; Mougous e2@07)

4.3.8.2.8  The stringent response, toxin antoxin systems and multidrug resistance

The induction of the stringent response has multiple regulators and has been discussed on much
greater detail in Chapter 1. Broadly, most types of nutritional starvation can lieshi

induction of the stringent response, with arguably the most powerful inducer being uncharged
tRNA entering the ribosomalgite due to amino acid starvation. This stimulates the production of
the far reaching alarmone ppGpp by réBtarosta et al., 2014; Brown et al., 2014a; Kanjeatdg
and Houry, 2012; Potrykus et al., 201hYerestingly, relA is fouhin this module and suggests a
reduced induction of the stringent response despite some clear indicators of nutrient stress. This
is especially unexpected as the growth kinetics of the mutant and wildtype strain are
indistinguishable when treated with SHBne of the effectors of ppGpp induction, lon protease, is
found in this module and is primarily associated with the release of toxins from their cognate
antitoxin in TA system@laisonneuve, Castr@amargo and Gerdes, 201Blowever, irP.

aeruginosdt has been suggested that lon proteases hawwearspecialised roles and can be
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involved in DNA replication, transcription, membrane fusion, proteolysis and protection from
nitric oxide.P. aeruginosalso has an alternative to lon proteases, asrA, that responds to heat

shock and tobramycin induced e85 is also downregulatéirdrachuk et al., 2011)

4.3.8.2.9 Chemotaxis and response to environmental stimuli

P. aeruginosas the ability to sense environmental stimuli such as changes in chemical gradients
and alter its movement behavior in response to this. This is normally melilateugh flagella or
pili-based motility, with the former being significantly more characteriggampedro et al., 2015;
Burrows, 2012)Both mechanisms effectively function in th@me way, a sensor module detects

the chemical change, followed by a transduction module launching a signaling cascade that results

in the movement of the bacteria.

There are several genes associated with type Nbaded chemotaxis found in this mdduPili
proteins already described above are obviously key to this movement. However, there are also
three chemotaxis transducers identified, and two proteins that are responsible for the
methylation of pili. The methylation of pili is a key mechanisradotrol twitching motility
(Sampedro et al., 2015)
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Figure47. MEblaclkproteins by number in eachetwork/pathway. All pathways are negatively

correlated with the mutant phenotype this module
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4.3.8.3 MEblue

MEblue is another module that is negatively correlated the mutant phenotype. The gene
significance score of 0.5 is still fairly high, however, thalpe of 0.02 is much higher relative
with the other negatively correlated modul#Eblack. As with MEblack, the majority of the
negatively correlated proteins are in the central metabolism and membrane protein sections.

However, there are more genes linked to translation and DNA repair in this module.

4.3.8.3.1 Central metabolism

There are seval proteins linked to the central metabolism found in this module. Most of them

being cytochrome oxidases or enzymes in the TCA cycle. Some of these proteins, such as isocitrate
dehydrogenase (idh), have extremely low gene significance scores, butiaalglaigh module
membership score. It is important to understand that while this does not make the protein

irrelevant, it does mean that it is highly unlikely tliatontributed significantly to the expression

profile of the bacteria.

We also see more proteins that would classically be involved in denitrification, such as ntrc and
narX. Both are part of a twoomponent system, with ntrc being a transcriptional regat that is
usually upregulated under anaerobic conditions to increase denitrification, and narX a sensor of
nitrate that upregulates its metabolisiiBrown et al., 2014a; Brown et al., 2014b; Petrova and
Sauer, 2009; Fowler and Hanson, 20T%j)ese proteins are novel to this module and contribute

significantly to the nitrogen starvation aspect of the proteome.

4.3.8.3.2 Translation

There is aluster of ribosomal proteins found in this module, consistent with the differential
expression analysis and suggests that acute nutrient starvation is occurrinis #so found but

has a very low gene significance score.

4.3.8.3.3  Quorum sensing regulation

ThelLas and Rhl quorum sensing systemB.cderuginosaegulate the production of several

virulence factors and many other proteins that are important for cell survival. The Las system
positively regulates the Rhl system due to their hierarchical organizdticaddition to this,

several other proteins have been shown to involved in the regulation of QS, such as GacAS, MVfR,

Hfg, RpoN, RpoS and Rs(®&nnleitner et al., 2006; Perdtartinez and Haas, 2011)
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Hfq is found in this module and has been found to strongly stimulate the Rhl QS system at high
celldensities. However, instead of Hfg directly inducing the upregulation of Rhl, it was found to

stabilize the small regulatory RNA RsmY that sequesters F&mAleitner et al., 2006)

The gene significance of Hfq is low, however it should be considered that proteins with low levels
of stoichiometry such as RNA binding proteins and transcriptional regulators may have their

significance underestimated by WGCNA.

4.3.8.3.4  Nutrient starvation and the stringent response

spoT which both synthesizes and metabolises ppGpp under different conditions is found in this
module, as well as the nitrogen starvation protein ntrc that has already been mentioned in the

central metabolism sectio(Nguyen et al., 2011; Starosta et al., 2014)

4.3.8.3.5 Membrane proteins

There are numerous membrane proteins in this module that haveriatyaof different functions.
OprF is the most abundant ndipoprotein OMP oP. aeruginosand has been shown to have a
variety of functions, such as: being a repecific channel, providing structural integrity due to its
interaction with peptidoglycanpiofilm formation and quorum sensing. There are also three

hat Qa GKIFIG FINBE NBalLRyaAoftS F2NJ YSaGFft A2y (NI
and oprC that transports copp€Bonneau, Rochand Schalk, 2020; Hancock and Brinkman, 2002;
Chevalier et al., 2017; Luscher et al., 2018; Minandri et al., 20it6yestingly, opdQ is also found
and seems to be linked to the NarXL tammponent system, that regulates denitrification and is
also shown to be negatively correlated with the mutant phenot{ieewler and Hanson, 2015)
There is also IptF that has been linked to alginate production and membrane integrity. loIB is
partly responsible for localizing these proteins to the outer membramd so could also be a key

driver (Tanaka, Narita and Tokuda, 2007)

¢CKSNB FNB GKNBS hatQa GKIG Fff O2NNBaLRYyR (2
YSE9 YR tYLlad® ¢KS& |NB |ff Ydz (A RNHzAtheS T Tt dzE
selective entry/removal of particular chemicals to/from the cytoplasm. This plays a rBle in
aeruginos® a4 AYKSNByYy (i NB iHeiial, 0048 Schveizer, 042 0 A 2 1 A O &

In addition, there are also several membrane bound ABC transporters identifieid imsldule.
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4.3.8.3.6 Haem biosynthesis

Haem is an iroitontaining group found in many essential proteins such as cytochromes and
haem binding globins. hemF and hemN are both found in this module and are both responsible
for the production of protoporphyrinogn IX, an intermediate in the ferrohaem production
pathway. This downregulation of haem biosynthesis is reflected in the downregulation of several
cytochromes that use ferrohaem as an electron acceptor that are involved in the central

metabolism ofP. aerginosa(Boynton et al., 2009)

4.3.8.3.7  TypeVlsecretion

Fhal is a forkheadssociated domain protein that is required for Rtirulence island secretion.
It is usually phosphorylated by PpkA, however in the mutant phenotype this is of course not

possible. It isherefore not surprising that it is found in this mod§Mougous et al., 2007)

4.3.8.3.8 Biofilm formation and motility

There are numerous proteins that are associated with biofilm formation networks found in this
module. Some have already been discussed and link to PSL formatiasspdiated
motility/attachment and flagellar based attachment. However, the regulatory protein typA, a
ribosome binding GTPase, is novel to this module. TypA has been shown to play a role in

swarming motility and biofilm formation, and virulence factopeessionNeidig et al., 2013)

4.3.8.3.9 Detoxification of reactive oxygen species

TheH202detoxifying enzyme glutathione peroxidase has been identified in this module,

consistent with the data seen in the differential expression analysis.

4.3.8.3.10 Chaperones and proteases

Chaperones help to ensure thptoteins that become misfolded due to exogenous stressors such
as metal ions and heat can be refolded and maintain their normal function. As well as this, they
allow access to cut sites for proteases when a damaged or redundant protein needs to be

degradel (Jakob et al., 1999; Kumar et al., 2021)

There are several proteins linked to this. HtpG that is a heat shock protein, clpA that is the
chaperone part of clpAP protease responsible for breaking down protein aggregates, pfpl which

has been linked to antibiotic resistance aswlarming, and PA2725 that is a probable chaperone.
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4.3.8.3.11 DNA repair

DNA repair is critical for long term survival of all organi@dliver, Baquero and Blazquez, 2002)
DNA damage can be caused by several factors such as oxidative stress and from mismatches
during DNA replition or homologous recombination. DNA that is damaged as a result of a
mismatch is repaired using the mismatch repair system (MMR). This pathway consists of three
proteins that recognize and then cleave the DNA: mutS, mutL and mutH. The DNA is made
accesible and split from its opposing strand via DNA helicase, (®iiver, Baquero and

Blazquez, 2002)nutS and UvrD are both found in this module. This could just be reflective of a
decreased transcription rate, as the replicative DNA helicase dnaB is also found in this,rasedul
well as a probable ATP dependent DNA helicase PA3950.
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Figure48: MEblueproteins by number in eachetwork/pathway. All pathways are negatively

correlated with the mutant phenotype in this module
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4.3.8.4 MEgreen

MEgreen is the only module that is positively correlated with the mupdrgnotype. It is also the
strongest correlation and most significant module in general with an average gene significance
score of 0.85 and-palue of 4ED6. The gene significance is also much more strongly correlated

with the module membership score in thinodule.

There is arguably a weak correlation to the dead phenotype i.e. mutant biofilm, with this module

as well. However, as theyalue is >0.05 this will not be discussed further.

43.8.4.1 Detoxification of reactive oxygen species

There are several genes thate linked to the oxidative stress response found in this module.
Some of these are directly or indirectly involved in detoxifying hydrogen peroxide, such as thiol
peroxidase, alkyl hyperoxide reductase and glutathione synthetase. Interestingly, super oxid
dismutase M is found in this module, and was not found in the differential expression analysis. It
is likely that sodM is positively correlated as it has a manganese core instead an iron core, unlike
sodB which has been shown to be negatively correlatgl the mutant phenotype, reflective of

the apparent iron starvation level of the célla Cruz Nizer et al., 2021; Xie et al., 20TB)s

positive correlation of sodM provides a potential mechanism for where alH2®2is coming

from and why the detoxifying enzymes are necessary. Another interesting protein found in this
module is the chperonin yrfl, which although classed as a heatshock protein, is actually regulated
by redox(Jakaob et al., 1999Dxidising conditions such BH2O2stress cause the formation of
disulfide bonds to form in yrfl, presumably causing it to activate and prevent the aggregéation

proteins due to oxidative stress.

Renalase is also found in this module, and while it is not directly involved in the oxidative stress
NBalLlR2yaSz Al LINB@GSyilia GKS wOf233Ay3a dzLlJQ 2F R

reduction ofreactive oxygen species.

438.4.2 Central metabolism

There is a plethora of proteins that are involved in the central metabolisk aéruginos&ound

in this module. Two of these proteins, fructose bisphosphate and gapA, are involved in the early

steps of glycaisis Il that produces pyruvate for entry into the TCA cycle. However, as all the other
proteins of the TCA cycle are negatively correlated with the mutant phenotype, it is probably one
of the intermediates that is important. There are proteins linked tgtophan biosynthesis

(trpEG), that catalyse the conversion of chorismate to anthranilate, with pyruvate-and L

glutamate being produced during the reaction, potentially providing an alternative mechanism for
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pyruvate production. There are also genes linkedlutamate synthesis (gdha) and cysteine
synthesis (cysM, PA0399), which is probably linked to the synthesis of glutathione for reactive

oxygen species detoxification, which starts witglutamate and tcysteine.

On top of this there are numerous dehydienase proteins that are responsible for NAD(P)H

production, explaining why renalase is the most significant protein in this module.

4.3.8.4.3  Siderophore production

Several pyoverdine any pyochelin siderophores are found in this module, consistent with the

differential expression analysis.

4.3.8.4.4 Stress responses

There are two stress response proteins, Anr which is a transcriptional regulator that mediates the
FylFSNRPOoAO aiNBaa NBaLkRyasSs FyR +F O02tR akz20]
contribute to osmoticpxidative, starvation, pH and ethanol stress tolerafi€etoTimonen et al.,
2016; Derman et al., 201®) 2 KA f S O4& L&kl cHadacieyisediir. aefuindbsadue to the
ANRSGK O2yRAGAZYA 2F GKA& SELISNAYSY(d o6ot1x/ 0

induced as a result of cold shock.

4.3.8.4.5 Biofilm formation and motility

There are some proteins linked to biofilm fortizan found in this module. Three of which
correspond to pili or flagella, and one which corresponds to the transcriptional activator algB that
results in the increased expression of alginate prof®ifood, Leech and Ohman, 200&his is
unusual, as algW which positively regulatgth increased alginate production has already been

found to be downregulated in the differential expression analysis.

4.3.8.4.6  Transcription

The RNA polymerase subunit RpoZ is found in this module. RpoZ is mostly linked to the induction
of spoT during nutrienstarvation to help induce the stringent response. However, spoT has
already been shown to negatively correlated with the mutant phenotype in MEblue, potentially

suggesting another biologically interesting role for this protein.
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4.3.8.4.7 Fatty acid biosynthesis

There are three proteins found that are linked with fatty acid biosynthesis, consistent with the

differential expression analysis.
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Figure49: MEgreemroteins by number in eachetwork/pathway. All pathways arpositively

correlated with the mutant phenotype in this module

439 Phosphoproteomics

Phosphoproteins are pogtanslationally modified and so usually are of very low abundance in
the cell and tend to cexist with their noamodified isoforms. The importance
phosphoproteins are not normally reflected by their abundance due to their very low
stoichiometry, so to combat the low abundance of phosphoproteins in the cell,
phosphoproteomics involves the enrichment of phosphopeptides from a trypsin digested cell

lysate using strategies such as TiO2 affinity chromatography columns. The principle being that
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only phosphorylated proteins remain in your sample, making them easier to quantify and to find

biologically important differences in phosphorylation.

For the phephoproteomics experiment in this study, phosphopeptides were enriched using TiO2
columns from 1 mg of starting peptides. It would usually be expected that 1% of the sample
would be enriched for phosphopeptides. Unfortunately, the enrichment for this stvalyvery

poor and so only a very small fraction of the starting peptides were enriched. This could be the
result of many factors, however most likely it will be due to human error in the enrichment

protocol, or a lack of phosphopeptides in the staring tiegp sample.

While phosphopeptides were identified, the quantification of the reporter ion by the mass spec
that would normally be used to calculate the log fold change seems to be incorrect. This can be
shown by presence of proteins in the enrichmenttsas vgrG1IlgError! Reference source not
found.) showing no significant difference, despite a significant difference almost certainly being
expected based on previous studigésu, Schwarz and Mougous, 2009; Mougous et al., 2007)

and also by the fact that several phosphoproteins were identified that had no reporter ion value.

Becausef this, it is impossible to make any conclusions from the phosphoproteomics data.
However, careful assumptions will be made based on what is seen in the phosphoproteomics and
standard proteomics data, in the hope that future work can look to confirm aydbese

assumptions.

As with the differential expression analysis, the biofilm and planktonic conditions will be

discussed together as there is significant crossover between the two.
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A fundamental issue that arises when studying phosphoproteifs akruginosand most gram
yS3ridA@S ol OGSNAI Aa GKIFIG 0S0FdzaS GKSNBE KI a
be able to reliably determine what effect the phosphorylation is having on the protein. It is more
complicated still, as phosphoproteinsually have multiple phosphosites that can be

phosphorylated in different combinations, leading to different effects.

The focus of this section will be on identifying key drivers that, if were phosphorylatedenma
or threonineresidue could lead tthe difference seen between the proteomes of the WT and
QKO mutant.

4.3.9.1 Iron storage

Bacterial ferritin (ftnA) is a nehaem binding iron storage protein that functions as a-betiging
strategy for when iron sources become depletd@o et al., 2011Furthermore, they help to

protect the cell from oxidative stress due to fenton chemistry by oxidising Fe2+ to Fe3+ using O2
or H202as an acceptor and internalise the mineral. Then when iron starvation occursothis i

reduced and ready for incorporation into cell metaboligriao et al., 2011)

The ferroxidation step takes place in tfegroxidase centres of the protein, located in the middle

of each subunifYao et al., 2011JtnA is phosphorylated athreonheresidues 80 and 81, which

are located in the ferroxidase core. It is possible, that in the QKO mutant this phosphorylation is
unable to occur, preventing the conformational change that allows the ferroxidation to take

place. If this were to be the cagbge lack of iron storage could explain the upregulation of

pyoverdine which chelates Fe3+ iron. This also links to the upregulation of certain oxidative stress
LINPGSAYasS a AdQa faz2 LkRraaAirofsS (KF GaditKkS €I O

more reactive oxygen species formation via fenton chemistry.

439.2 Central metabolism

There are a few proteins that are involved in central metabolism. PtsP and PpsA are both involved
in the production of pyruvate via glycolysis Il. If phosphorylaticthege proteins regulates their
activity and is not possible in the QKO mutant, this could prevent the adequate production of
pyruvate for the TCA cycle. Isocitrate dehydrogenase is also phosphorylated and catalyses the
formation of 2oxoglutarate, which aacontinue through the cycle or be used feglutamate
biosynthesis. Both of these mechanisms give potential reasoning for the significant

downregulation of the TCA cycle in the QKO mutant.
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4.3.9.3 Reactive oxygen species detoxification

The main phosphoprotaiof interest in relation to the oxidative stress response is the
transcriptional regulator oxyR. OxyR is a LysR type redox sensitive transcriptional regulator that
responds to high levels of intracelluld20O2 It is responsible for the induction and rdgtion of
approximately 122 genes, including mait202detoxifiers KatA and ahgRguyen et al., 2011;

da Cruz Nizer et al., 2021, Xie et al., 20T8B)s is interesting as ahpF is significantly positively
correlated with the mutant penotype, while KatA is negatively correlated. OxyR is
phosphorylated athreonineresidues 2 and 4, which are both located in the LysR like helix turn
domain that enables DNA binding. It could be possible that phosphorylation at these residues is
requiredfor effective DNA binding and therefore transcriptional upregulation at the KatA binding

site.
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Figureb0: Pathway network analysis of phosphoproteins identified in the biofilm
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Planktonic Phosphoproteins
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Figure51: Pahway network analysis of phosphoproteins identified in Planktonic culture

4.4 Discussion

LY / KFLWISNI o GKSNB g1 a I Of SINJILKSy2(08LS ARSYUGATAS
showed a significant increase in the proportion of membrane compromisdslinghe centre of

the biofilm (Figure24). This effect increased with the maturity of the biofilm and with the

sequential deletion of the kinases i.e. the effectiva Y2 NBE a4 S@SNB F2NJ vYh GKIFy A
Interestingly there was no phenotype observed when studying the planktonic cultures of QKO and

pt !z &addz33SadAay3a GKIG GKAa gl a || 0A2FALY ALISOATAO
limitation in the catre of mature biofilms was leading to the increased number of membrane

compromised cells, due to the bacteria being unable to effectively regulate its metabolism,

perhaps through lack of stringent response induction. In order to elucidate the potential

mechanisms for the membrane compromised phenotype, a proteomic analysis comparing the

QKO strain to the wildtype would be performed using three separate testing conditions:

1 96-hour flow cell biofilm in minimal media
1 26-hour planktonic culture in minimal méad

1 26-hourserinehydroxamate treated planktonic culture in minimal media
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On top of this phosphoproteomics would be performed for therasur flow cell biofilm and the
26-hour planktonic culture. Dual labelled SILAC was initially chosen to be the mechgnignich

we labelled the samples, due to the fact that it is incorporated metabolically, it does not require
an additional labelling step as with TMT. However, after deleting the terminal gene in the arginine
biosynthesis pathway ArgH, there was a shaigpdn the ability ofP. aeruginos#o survive in the
stationary phase of planktonic cultur@sigure30). This could be circumvented by the addition of
exogenous {arginine, however this resulted in significantly increased biofilm form&gtagure

31) and a reduced MIC to tobramycin. It was proposed that this was due to arginine providing
nutrients to the anoxic parts of the culture, increasing its metabolic rate and making it more
susceptible to antibiotis(Borriello et al., 2006)t would still have been posse to use SILAC by
only labelling the lysine residue, however it was determined that TMT would be more effective

than this, and due to its high multiplexing potential would also reduce cost.

Two strategies were used to identify proteinsimterest in the whole proteome samples. Firstly,
differential expression analysis was utilised by performing etesttper protein with a pralue

cut off of <=0.05 and a fold change cut off of <1.5 or $lIable10). After this, WGCNA was used

to identify modules of genes that highly correlate with a particular testing condii@ure46).

The results were broadly very similar for both analysis pathways when looking at the whole
network level. However, the unsupervised method utilised by WGCNA avoids multiple testing bias
andhard cut offs, which ultimately led to a more sensitive and thorough look at the pathways

that are differentially correlated. Both systems identified proteins that were not in the other,

showing the importance of performing more than one type of analysis.

With the exception of the SHX treated planktonic cultures there appears to be a complete
dysregulation of several important and highly interconnected pathways in the QKO mutant, such
Fad (el L aSONBGA2Y I LNRBY ( Noxificatiol tNdicEntrdl at Q& >
metabolism and nitrogen utilisation, and the stringent respo(i&ablel10). Cultures were treated

with SHX at migixponential phase whennutrSy 1a ¢ SNB NBLX SGS> &adza3as
an important role in the metabolic plasticity Bf aeruginosan nutrient depleted conditions such

as in the biofilm and in stationary phase planktonic cultures.

The differential expression of type Vicsetion machinery was expected as a result of the initial
characterisation of the role of PpkA in htpvirulence island secretiqiMougous et al., 2007)

This is particularly true of the VgrG proteins of the T6SS that form the puncturing tip of the spike
that injects the toxinnto the bacteria(Hsu, Schwarz and Mougous, 2009;udous et al., 2007)
However, based on the current knowledge available, deletion 6féRa Ay @2t GSR Ay

shown a differential expression of the trawmponent GacS/GacA system until this study. The
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GacSA system is induced with the T6SS and is thought to regulate the activity of approximately
500 genes via RsmA and quorum sensling sensor domain Gacs is downregulated {&d2ld

and is almost certainly linked to the observed phenotype. GacSA has also been shown to control
the switch to the chronic phenotype through retS and L& ezMartinez and Haas, 2011,

Brencic et al., 2009)

The Fe3+ chelators pyoverdine and pyochelin were both upregulated in the QKO mutant. The
upregulation of pyoverdine in particular suggests acute iron starvation is occurring, as &sually
aeruginosawill default to pyochelin as it much less costly to progl(€ornelisand Dingemans,

2013; Minandri et al., 2016)nterestingly, phenazine proteins were downregulated in the
differential expression analysis. Phenazines ultimately work to reduce the insoluble and non
biologically active Fe3+ to the soluble Fe2+ that can be integrated into enzyme cores. However,
excess fee-floating Fe2+ could cause the production reactive oxygen species through fenton
chemistry(da Cruz Nizer et al., 202Baradoxically, TonB dependent membrane proteins that are
involved in the transport of fersiderophores into the cell such as PfeA, FvbATaomB are
negatively correlated with the mutant phenotype. This suggests a dysregulation of the iron
gathering mechanism in the QKO mutant, as it seems unlikely that the cell would upregulate
pyoverdine unless intracellular iron levels were depleted. Bhimnsistent with the regulation of
iron uptake by the fur regulon, that is ¢epressed by intracellular Fe2+. When Fe2+ levels are
low, fur stops repressing iron uptake genes such as pyove(d@iogell and Hassan, 2013his
seemingly counterintuitive downregulation of iron uptake membrane proté&riikely linked to a
RSTSOG Ay (GKS FraaSvyofte 2F hatQa FyR gAfft 0S5

The central metabolism and other core pathways such as translation appear to be completely
dysregulated in the QKO mutant. In particular, the links bemrvglycolysis, the TCA cycle,

oxidative phosphorylation and denitrification are interesting, as there is an increase in expression
of some proteins of the glycolysis pathway such as GapA, Fbp and glk, which ultimately are
involved in pyruvate production,ub a significant downregulation in the dehydrogenases of the
TCA cycle that initiates from pyruvate, and a reduction in the ubiquinones that are involved in
oxidative phosphorylation. This could be linked to several factors, a potential lack of oxygen for
use as a final electron acceptor, feedback inhibition of the TCA cycle due to upregulation of non
TCA dehydrogenases providing sufficient NADPH, and a lack of Fe2+ iron being available for the
electron accepting cores of the ubiquinone prote{ifsunk et al., 2010; Tribelli et al., 201%he
potential of oxygen starvation being the key driver for this phenomenon is backed up by the
upregulation of the anaerobic response regulator Anr. Usually, the induction of Anr leads to a
swap from ugg oxygen as a terminal electron acceptor to denitrificaorunk et al., 2010)

However, the denitrification pathway is also dysregulated in the QKO mutant, leading to a down

122

puli

QX

O

Q)¢



Chapter 4

regulation of proteins such as nitrite reductase. This is almost certainly linked to the dedétion

YeaG from the genome, which has previously been shown to be required for survival under
sustained nitrogen starvation . col(Figueira et al., 2015The TCA cycle is inhibited when a
sufficient level of NAD(P)H is detected intracellulaalgignificant upregulation of nefiCA
dehydrogenases in the QKO mutant suggests that there would be an equal increase in the amount
of NAD(P)H produced as a result of these reactions, potentially leading to a downregulation of the
TCA cycle while not inagting glycolysis. The lack of iron being available for the enzymes involved
in oxidative phosphorylation is supported by the significant upregulation of iron chelating

siderophores.

The detoxification of reactive oxygen species is also dysregulated @Kemutant. ROS are
produced as a result of numerous processes, such as oxidative phosphorylation, fenton chemistry
in reaction with Fe2+ and from nenespiratory flavin dehydrogenaséda Cruz Nizer et al., 2021)
The superoxide dismutase proteins SodB and Sdudroduce hydrogen peroxide from oxygen
radicals are both regulated as expected, as the sodB protein is downregulated under iron limiting
conditions and sodM is upregulated to take oyga Cruz Nizer et al., 2021; Xie et al., 2013)
however the hydrogen peroxide response is not what would be expected when comparing to
previous literature. There are several upregulated proteins that detd¥@§®2such as ahpF,
glutathioneperoxidase and thiol peroxidase that use NAD(P)H to reduce H202 to 2 H20.
However, KatA that encodes catalase and is usually the RE@Rdetoxifying enzyme iR.
aeruginosds negatively correlated with the QKO mutant. KatA expression is regulated by
numerous pathways such as QS, iron levels, Anr, OxyR an@is¢Ruz Nizer et al., 2021)
potentially explaining the paradoxical downregulation of this protein despite signs of significant
H202stress. The link to the iron levels is controlled by the fur reguldmiglwallows the

transcription of certain genes when iron levels in the cell become depleted as appears to be the
case in the QKO mutafitroxell and Hassan, 2013)nr is also found to be positively regulated in
the QKO mutant and would usually elevate KatA expression, desp@2not being produced

during anaerobic respiratioiTrunk et al., 2010; Tribelli et al., 2018r is closely linked with
denitrification and nitrite reductase through the transcriptional regulator QINRNK et al., 2010)

and the regulation of nitrite reductase has been showtédmpacted as a result of deleting

YeaG from the genom@igueira et al., 2015 recent study showed that nirS deletion mutants
produced approximately 50% the KatA of WT PAQOL, suggesting that potentially a basal level of NO
is required for fll KatA activitySu et al., 2014)

Translation apparatus such as elongation and initiation factors, and ribosomal proteins are
generally downrgulated in the QKO mutant. Generally, this suggests acute nutrient deprivation

and therefore reduced protein synthesis is occurring. However, the stringent response proteins
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SpoT, RelA and Lon that would normally induce rapid growth arrest via inductpGap or TA

systems are all strongly negatively correlated with mutant phenotype. These proteins are

normally upregulated as a result of the RpoS sigma factor that has been shown to require YeaG

for full expressior{Figueira et al., 2015providing a mechanism for why these proteins are

negatively correlated with the mutant. This could mean that the cell is unable to rapidly and

effectively react to nutrient starvation via the controlled inhibition of protein synthesis.

Furthermore, the nitrogerstarvation response regulator ntrC is downregulated and is likely the

result of deleting the YeaG eS{Hgueira et al., 2015 his demonstrates that a significant

proportion of the starvation response mechanisms tRaaeruginosaelies on are dysregulated.

¢CKS R2gyNB3IdzA A2y 2F GKS&S LINRBGSAya FAGA yAOSte 4.
YSGFE62f A0 FTRFELIWGFGAZ2Y YR aGNAYy3ISyld NBalLkRyaS AyRdzO0.

reduction in metabolic activitthat would otherwise reduce the effectiveness of antibiotics.

bdzYSNRdzAi hat Qa4 NS R2gyNB3IdzA +t SR Ay GKS vYh Ydzil yid
processes that are important in regulating intracellular homeostasis and nutrient acquisition, such

asi KS S¥FtdzE 2F yliAoA2GA0a GAl GKS (Héddotkat Q&4 | yR aAh
and Brinkman, 2002; Fowler and Hanson, 2015; Chevalier et al., 2017; Luscher et al., 2018;

Schweizer, 20120n top d this, they are a crucial component in the stability of the outer

membrane. This has been demonstrated using a knockdown mutant of BamA, that is responsible

for insertion of proteins into the outer membrane, causing severe membrane stress and spurious

firhy3d 2F GKS ¢c{{ & LI NI P &ruginisiie. ™ defuginodaz NJ G1 G Q | G041 ¢
perceives the membrane stress caused to be as a result of a hostile bacteria attacking using T6SS
machinery(Malinverni and Silhavy, 2011; Stolle et al., 2021; Hews et al).2D4is link to the

T6SS suggests that the Pplededion is likely responsible for the downregulation of most of the

outer membrane proteins either directly or indirectR. aeruginosaesponds to T6SS attacks

from other bacteria by upregulating and firing its own-HASS and is thought to be in direct

response to membrane stress. This membrane stress is detected by the sigma factor RpoE, which

then leads to a cascade that ultimately results in outer membrane biogefialsverni and

Silhavy, 2011; Stolle et al., 2021; Hews et al., 201.8) feasible that this would result in the

upregulation of proteins such asBAB that work to insert proteins into the outer membrane

YR NBad2NB YSYoONIryS AydSanNrdGe FyR NBLXFOS RIYF3ASR
be negatively correlated with the mutant phenotype suggesting dysregulation between the

detection of outer menbrane stress and outer membrane biogenesis.

All of the seemingly important phenotypes thus far have been associated to the deletion of PpkA
or YeaG, however this more likely reflects the relative lack of research into Stk1l and Pstk than the

kinases beingedundant. A very recent study revealed that the proteome of a deletion mutant of

124



Chapter 4

stkl has a downregulation in type IV pili, as seen in the QKO m@hnét al., 2021a) This could
suggest that the deletion of Stks the key driver for this, however type IV pili are generally linked

to the T6SS and both Stkl and PpkA are found on T6SS loci. The study also used an unusual fold
change cut off of 1.3, which is certainly on the low end of what is actually biologialant. At

the time of writing there does not seem to be any research on the PA1782/Pstk specifically,

however one study did link it to initial biofilm maturatigGoutheyPillig, Davies and Sauer, 2005)

The phosphoproteomics was not successful in identifying any differentially phosphorylated
proteins(Error! Reference sowe not found), likely due to an issue with the enrichment or the
labelling of the peptides with the TMT reporter ions. While some inferences were made based on
the whole proteome datasets, they will noelliscussed further as it is impossible to make any
reliable conclusions based on the data. Future work should focus on repeating this experiment

and will be discussed in more detail in Chapter five.

The overarching goal of the study of the proteome wasltidate the mechanisms surrounding
the phenotype of the biofilms in Chapter 3, where there are significantly more membrane
compromised cells found in the centre of the QKO biofilms relative to the wild(Bigare24).

While this summarises the phenotype, the reality is significantly more complex. This is due to the
fact that there was no observable phenotype in the planktonic cultures and that the membrane
comprorised cell phenotype is degenerative over time. The proteomic phenotypes that have
been observed in this chapter are linked to the QKO mutant generally and not the QKO biofilm
specifically, showing that the dysregulation happens in planktonic culture tirséay phase

where nutrient starvation starts to occur. This would therefore suggest that the membrane
compromised cell phenotype would be seen at approximately equal levels across all biofilm
timepoints. As this is not the case, it must be assumed thaiphenotype is occurring as a result
of the proteome being dysregulated over time. If the membrane compromised phenotype is
broken down even further, it must be assumed that the membrane compromised cells are still
alive based on the CFU analysis showimgparable viable cells in the QKO and WT biofilms
(Figure23). In effect, the mechanism must therefore be linked to the ability for propidium iodide
(the red stain ued in Live/Dead analysis) to cross the membranes of live cells. Propidium iodide
cannot usually cross the membranes of live cells due to its exposed positive charge and the
polarisation of the cell membran@®avey and Hexley, 2011; Kirchhoff and Cypionka, 2017,
Rosenberg, Azevedo and Ivask, 20Hywever, bacteria with an increased membrane potential
have been shown to allow the passage of propidium iodideugh the outer membrane while

still being alivgKirchhoff and Cypionka, 201Th Chapter 3, it was hypothesised that the
mechanism allowing for an increase in membrane potential was linked to an increase of

intracellular ROS species, which is certasuilyported by the proteomics in this chapter.
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Therefore, the mechanism proposed for the compromised membrane phenotype in the centre of
the biofilm is as followghe deletion of PpkA from the genome dysregulates T6SS and OMP
localisation both directly trough the signalling system for membrane stress and indirectly via the
GacSA/RsmA signalling pathway. This contributes to the iron starvation issue highlighted by the
dzLINB 3 dzf  GA2Yy 2F LR2OSNRAYS YR LR20OKStdry oe
siderophore uptake. Iron starvation leads to a reduced ability of the cell to produce iron core
groups that are essential in several reducing enzymes, as well as in the enzymes of the aerobic
respiratory chain such as cytochromes. This leads to dystagulof the oxidative

phosphorylation pathway, potentially resulting in electron leakage and substantially increased
superoxide radical productiofda Cruz Nizer et al., 2021; Kussmaul and Hirst, 200@)

superoxide radicals are then detoxified by SodM IH&O2 which can lead to a vicious cycle
whereby through FentonhemistryH202can damage iron containing proteins by catalysing the
formation of ferric oxide and water from Fe2+, ferric oxide can then be converted to insoluble
Fe3+ and a hydroxyl radidala Cruz Nizer et al., 202T)he downregulation of phenazines then
meansthat Fe3+ is not being efficiently converted back into Fe2+ for use in enzymes, so the cycle
continues. Furthermore, as oxygen is being used up and converted into superoxide the
transcriptional regulator Anr is upregulated and would usually signify aterafiaerobic

respiration via denitrification, where nitrogen is used as the final electron acceptor instead of
oxygen(Trunk et al., 2010; Tribelli et al., 201Blowever, the deletion of YeaG dysregulates this
process and prevents thevitch to anaerobic respiration via denitrificatigigueira et al., 2015)

This could result in the excessive use of oxygen as a final electron acceptor and increase
superoxide production via aerobic respiration. This would presumably eventaatl to a
downregulation of the TCA cycle and oxidative phosphorylation as is supported by the proteomic
data. The abundance of intracelluld2O2then necessitates the upregulation of peroxidases such
as ahpF, tpx and glutathione peroxidase to reduaRIOS to 2 H20. A significant amount of
reducing power in the form of NAD(P)H is required, leading to an increase in activity-oO#on
dehydrogenase enzymes that catalyse the formation of NAD(P)H from NAD+. The need for these
enzymes is highlighted byatsignificant upregulation of renalase, that prevents dehydrogenases
from being clogged with NAD+. It is plausible that over time ROS will not be able to be efficiently
detoxified, and that membrane proteins will also start to become significantly damagetb

ROS attack. Potentially, this could then lead to a permeable membrane due to decreased
membrane integrity, damaged or missing membrane proteins, and due to the membrane
potential being reduced due to the significant intracellular levels of RO&didtly allowing entry

of propidium iodide into a viable cell.
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The proteome also provides some clarity on why the antibiotic susceptibility of the QKO mutant
biofilms to tobramycin is not reduced in ChaptefFigure29). Although it would be assumed that

due to the apparent increased permeability of the membrane that more tobramycin would be
transported into the cytoplasm of the QKO mutant, increasing its effectivettasgpossible that

due to the downregulation of translation proteins such as translation factors and ribosomes, that
aminoglycosides such as tobramycin that attack the 30S subunit of the ribosome may have not as

strong as an effect as would otherwise fpessible with a serpermeable membrane.

To conclude, there is very strong evidence that the metabolic adaptabilRy @agruginosis
AAIYAFAOLIyGt e NBRIdzOSR 4KSy it 2F GKS S{¢YQa
O2YLJ SGS ReaNBIdzZ I GA2Yy 2F aS@OSNIt O2NB LINRBOS
0S adzNLINAaAy3d Fa Ay 20GKSND®RKS tegulatarypioteis Thigs Qa K
research shows the potential for creating ahtofilm compounds that inhibit these systems and

ultimately reduceP. aeruginos@d | 06 Af AGe G2 adz2NBAGS | ROSNERS O
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Chapter5 / 2y Of dzaA2%1 I YR hdzif 2

Forimmuno-compromised individuals, infection with. aeruginosaan have serious implications,
as due to rapid evolution and the numerous protective mechanisms dPttaeruginoséiofilm,
antibiotics cannot effectively combat the recalcitrance ofthrganism, that can ultimately result
in mortality. This necessitates the discovery of novel, targeted adjunctive therapies that
dysregulate the protective mechanisms of the biofilm and restore the effectiveness of gelden
antibiotics Serinéthreoninephosphorylation has been mostly overlooked in bacteria as it was
originally assumed that the entirety of the intracellular signalling of prokaryotes was
accomplished through histidine kinases and fe@nponent systems. This study focused on
elucidating tle potential roles that four eukaryotike serind threoninekinases oP. aeruginosa
have on the metabolic adaptability of the biofilm, with the goal of identifying a new target for

drug discovery.

5.1 Different effects are observed when deleting YeaG fromautely

virulent strain, compared to a chronic strain

One of the questions we hoped to address within this study is if there would be a different
LKSy20e8L)¥S 20aSNIUSR sKSy RStESGAy3a S{¢cYyQa FTNRY
PAOL1 and a chranCF isolate such as PA2192. It was hypothesised that there may be a difference
as chronic and acute strains are known to use different regulatory systems to exert their
LIKSy20eLlSd ¢KSNBE ¢l ad y2 LKSy2(GeLIS 20 abiNBBER |
Ydzi I yGad | 26SOSNE  OGAaAAO0ES LIKSy20@LIS 41 & 2606
L Fy1d2yAO0O ANRGgGK OdzZNBBS 2F t! hwm (Biguel®a y2 RAT
whereas PA2192 shows a significant delay into stationary phase relative to the wikltyre

17). It was observed that when growing PA2192 owghin LB with shaking, clumps of biofilm

would still form in the culture. This is likely the result of the alginate mutation that is

OKF N} OGSNRAGAO 2F t! umcdn SyrofAy3 OStta G2 S
overnight cultures would nathow a clumping together of cells and would generally form a more
turbid culture of planktonic cells, which is almost certainly the reason for the delayed entry into
stationary phase during the growth curve experiment. It is hypothesised based on tleoprict

dataset that showed a downregulation of alginate proteins in the QKO mutant, that YeaG may be
responsible for this and in the PA2192 strain may facilitate an upregulation in the mucoid

phenotype. Whereas PAO1 being an acute strain is unlikelyytamredlginate for biofilm

formation and more likely to use PSL.
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52 S{¢YQAa INBE AYLERNIFIYyd Ay NBIdz FdGAy3T
adaptability of P. aeruginoséPAO1

I ONRGAOIE StSYSyild 2F (KA&A &dGdzRRe 41 & RHAGASNYAYyAy3I i
may provide protection from antibiotic attack due to driving biofilm adaptability. The presence of

I YSYONIYyS O2YLINBYAASR LKSy2G8LS Ay GKS vYh IyR pt|
oraSR 2y GAYS YR o0l aSR 2y thadedomghighligh&rnutarF S{ ¢YQa RS
AYLERNI YOG t£S@St 2F NBIdA FLGAzy GKFEG 6Fa 2NAIAYFEE&

However, it was interesting that the viability of the biofilm was not affected.

When examining the proteomics dataset, it becaahar how important these proteins are to the
effective functioning of the cell. There appeared to be complete dysregulation of the central
metabolism, iron sequestering and uptake, reactive oxygen species degradation, stringent
response induction, and nmebrane maintenance and integrity. The majority of this dysregulation
can likely be attributed to the deletion of PpkA and YeaG, as the key drivers of the mechanism
seems to stem from a reduction in the capacity of the T6SS to respond to membrane stress and
take up iron, and a lack of denitrification for anaerobic respiration. With this information a
mechanism was proposed for the degenerative membrane compromised phenotype of the QKO
biofilms. Broadly, it was hypothesised that dysregulation on T6SS léaghéired iron uptake

and increased membrane stress, which results in dysregulation of the TCA cycle and electron
transport that ultimately leads to greatly increased superoxide radical production. This then leads
to a vicious cycle of increased ROS proiductmembrane damage and oxygen utilisation that
results in the upregulation of Anr to swap to the anaerobic phenotype. Dysregulation of
denitrification by the deletion of YeaG prevents this happening, leading to ineffective adaptation
to ROS that causesare membrane damage and membrane depolarisation that allows the

passive entry of propidium iodide into the cells.

Even though the viability was unaffected, it is clear that the metabolic adaptability and

presumably the ability dP. aeruginos#o occupy mitiple niches has been reduced.

7

53 5SSt SiA2y 2F S{¢YQa R2Sa y20 FFFSOG {F~
PAOL1 relative to the wild type in planktonic or biofilm culture when

treated with tobramycin

It is surprising when looking at the number of membraoenpromised cells in the biofilm at 96

hours and at the proteome of the QKO mutant generally that it is not more susceptible to
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treatment with tobramycin than the wildtypé-igure29). This is especially true when considering
that one of the major difficulties of treating with tobramycin is that it relies heavily on increased
membrane permeability, which has been shown to be likely significantly increased relative to the
WT strain. lis difficult to know the exact mechanism of why this is case, however it could possibly
have been attributed to the downregulation of translation and ribosomal proteins observed in the
LINPGS2YA0a lylfearad ! fiK2dAaAK iblK&Sucitadisl yAay

major target is considered to be the 30S ribosome as with other aminoglycosides.

2 KAfS GKA&A R2Sa 2F O2dz2NAS OFftft Ayid2 ljdSadazy
for adjunctive therapies, it is worth considering thhig is only testing one antibiotic on one
strain ofP. aeruginosin-vitro. The effects of antibiotici®-vivoare rarely the same as seeniin
vitroXx YR A RAA0dzadSR [ 620S3s AYKAOGAGAZ2Y 27F S§{

strains mayshow a different effect and should be a focus of future work.

54 Follow on research

Ly GKA&a addzRe ¢S KIF@S akKz2gy GKIG GKS S{¢YQa
key processes, and that the metabolic adaptabilityPoleruginosis significantly perturbed

GgKSY Fff F2dz2NJ S{¢YQa FINBE RStSGSR FNRBY G4KS 3S
increased susceptibility ¢f. aeruginos#o tobramycin(Figure29). This is an extremely important

point to consider before conducting further research, as nebulised and inhaled tobramycin is the
major antibiotic used to trealP. aeruginosanfections in cystic fibrosis. With this in mind, it is the
belief ofthe author that due to the extent of the dysregulation and the apparent lack of prior
NBaSI NOK Ay 2 PlderNghSsihat yhae vk shvuldi e uddertaken to further

evaluate the potential for these proteins to be drug targets for adjundtiezapies.

In the first instance, there should be a focus on deleting PpkA from the genome of PA2192 and
then creating a PA2192 quadruple eSTK knockout as with PAO1. Antibiotic susceptibility
experiments should then be used to determine if there is the potentiahfoincreased

susceptibility to antibiotics of eSTK deletion mutants of CF isolates. Following this, proteomic and
phosphoproteomic experiments should then be carried out on this strain, with the
phosphoproteomics repeated for PAO1, to determine if therm@ajor differences is the

NBEIdzA | G2NE LI GKgltea O2yidNRt P.&Rugidoszel@ijetovaR d A Y
acute strain. If there does appear to be a mechanism by which the antibiotic susceptibility of the
bacteria is increased, work shduiocus on identifying a highly general eSTK inhibitor that can be

dza SR Fa | LINR2F 2F O2yOSLI B Aerugifosasy Ri Ki )it 05 { Aciy

effective. If successful, a broadly specific inhibitor that can simultaneously inhibit adffthe
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S{¢YQa AR SefujinoFalitoR being overly cytotoxic should be sought. Potential
methods for this vary, as to develop a highly effective compound it would likely require a crystal
structure of all the proteins first which is highlyng consuming, however one of the most

promising surrounds the use of bivalent kinase inhibitors that bind at the active site and one other

site on the enzyme to increase specificity.

Another avenue of future research should be the use of tissue cultutaradel systems to
determine to what extent the pathogenicity is being affected by the eSTK deletions. Mougous et
al., have already released an excellent paper years ago that extensively characterises the
attenuated virulence of a PpkA mutant, so reseashbuld focus on whether taking the biofilms

out of anin-vitro environment may enhance their susceptibility to antibiotiCsirrent research in

our lab uses a tissue culture model that uses CF primary cells to examine the virulence of
aeruginosaguorumsensing mutants. While this is stiltvitro, in the first instance this would be

an excellent place to start and would provide even more information about how appropriate a
GFNBSG S{¢YyQa INB FT2NJ I Re2dzyOliABS G(KSNILASaO®
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Figure52: Unprocessed confocal images of PpkA (Top) and TKO (Bottom) Filamentation
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Tablel0: Differentially expressed proteins identifiém the biofilm, planktonic and serine hydroxamate treated planktonic samples. Protein network data is from the

PseudoCYC and KEGG databases

Locus Gene . Log2
D name Protein fold PseudoCYC KEGG
change
Biofilm

PA0071 tagR1 hypothetical protein -0.84 - -

PAQO078 TssL1 hypothetical protein 0.68 - Bacterial secretion
system

PAQ095 vgrGlb hypothetical protein -0.96 - Bacterial secretion
system

PA0140 ahpF alkyl hydroperoxide reductase 0.59 - -

PA0282 cysT sulfate transporter CysT 1.32 - ABC transporters

PA0359 hypothetical protein 142 - -

PA0406 tonB3 transporter TonB 0.7 - -

PA0536 hypothetical protein 143 - -

PA0558 hypothetical protein 1.31 - -

PA0586 hypotheticalprotein -0.98 - -

PAO588 hypothetical protein -2.29 - -

2-heptyl3-hydroxy 2-heptyl3-hydroxy
PA0649 trpG anthranilate synthase component II 0.66 4(1H}quinolone 4(1H}quinolone
biosynthesis biosynthesis

PA0653 hypothetical protein 0.58 - -

PAQ767 lepA elongation factor 4 -0.63 - -

PA0878 hypothetical protein 1.04 - CS5Branched dibasic

acid metabolism
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PA0879 acytCoA dehydrogenase 142 - beta—AIan ine
metabolism

PA0881 hypothetical protein 151 - -

PA0882 hypothetical protein 1.82 - CE?Branched.dlbasw
acid metabolism

PA0883 acytCoA lyase subunit beta 1.99 - C5_Branched.d|ba5|c
acid metabolism

PAQ917 kup potassium transport system proteinku  0.68 - -

PA1053 hypothetical protein 0.77 - -

PA1076 hypothetical protein -1.25 - -

PA1119 yfiB Prokaryotic r_nembrqne lipoprotein lipid 0.68 - i

attachment site profile
Cationic
. . antimicrobial

PA1249 aprA alkaline metalloproteinase -1.24 - peptide (CAMP)
resistance

PA1317 cyoA I(I:ytochrome 0 ubiquinol oxidase subun 076 - Metabolic pathways

PA1327 protease -0.67 - -

PA1344 short-chain dehydrogenase 0.69 - -

PA1376 aceK b_|funct|onal isocitrate dehydrogenase 099 - i

kinase/phosphatase

PA1544 anr transcriptional regulator Anr 0.73 - -

PA1596 htpG chaperone protein HtpG -0.57 - -

PA1618 esterase 0.64 - -

PA1736 acetylCoAacetyltransferase 1.22 fatty acid salvage Benzoatg
degradation

PA1746 hypothetical protein -0.64 - -
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PA1775 cmpX  hypothetical protein 1.16 - -
Biofilm formation-
PA2236 psIF biofilm formation protein PsIF -0.84 - Pseudomonas
aeruginosa
Biofilm formation-
PA2237 psIG biofilm formation protein PsIG -0.62 - Pseudomonas
aeruginosa
Biofilm formation-
PA2240 pslJ biofilm formation protein PslJ 0.76 - Pseudomonas
aeruginosa
PA2300 chiC chitinase -1.46 - -
PA2389 pvdR pyoverdine biosynthesis protein PvdR 0.89 - -
PA2399 pvdD pyoverdine synthetase D 0.91 - -
PA2400 pvdJ pyoverdine biosynthesis protein PvdJ 0.76 - -
PA2402 peptide synthase 0.69 - -
PA2403 hypothetical protein -1.29 - -
PA2413 pvdH diaminobutyrate—2—oxog|utarate 094 - 2—Oxoca_rboxy|ic acic
aminotransferase metabolism
PA2424 pvdL peptide synthase 0.77 - -
PA2532 tpx 2-Cys peroxiredoxin 0.77 - -
Biofilm formation-
PA2570 lecA PAI galactophilic lectin -1 - Pseudomonas
aeruginosa
PA2581 hypothetical protein -0.97 - -
PA2626 trmU tRNAspecific 2thiouridylase MnmA -0.92 - Sulfur relay system
PA2638 NUOB é\lADHqumone oxidoreductase subunit 0.69 - Metabolic pathways
PA2659 hypothetical protein 1.13 - -

136



PA2794 hypothetical protein 0.86 - -
sensor/response regulator hybrid Biofilm formation-
PA2824 . P 9 y 0.8 - Pseudomonas
protein .
aeruginosa
PA2826 glutathione peroxidase -0.61 - Arachldqnlc acid
metabolism
PA2832 tpm thiopurine Smethyltransferase -0.81 - -
PA2871 hypothetical protein 0.83 - -
PA2920 chemotaxis transducer 0.78 - Bacterial chemotaxis
3-oxoacyi[acyltcarrierprotein] Biosynthesis of
PA2967 fabG ylacy P 0.94 - unsaturated fatty
reductase FabG ;
acids
PA3082 gbt glycine betaine transmethylase -2.24 - -
PA3112 accD acetytCoA carboxylase _ 115 - B|o_synt_he5|s of
carboxyltransferase subunit beta antibiotics
PA3121 leuC 3—|sopropylmalate dehydratase large 10.97 L-leucine biosynthesis 2—Oxoca_rboxyI|c acic
subunit metabolism
glucose and glucose Amino sugar and
PA3193 glk glucokinase 0.58 1-phosphate nucleotide sugar
degradation metabolism
PA3195 gapA glyceraldehyde $hosphate 0.67 aerobic glycerol B|o_synth¢5|s of
dehydrogenase degradation | amino acids
Alanine, aspartate
PA3356 hypothetical protein 0.97 - and glutamate
metabolism
PA3402 hypothetical protein -0.67 - -
PA3450 IsfA 1-Cys peroxiredoxin LsfA -0.81 - -
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bifunctional UDRylucuronic acid

Amino sugar and

PA3554 arnA  decarboxylase/UDR-amino-4-deoxyL- 1.1 - nucleotide sugar

arabinose formyltransferase metabolism
PA3568 propionytCoA synthetase 0.64 Zgg:;:ggznversmn 0 Metabolic pathways

1-deoxy-D-xylul hosph methylerythritol Biosynthesis of
PA3650 dxr recciili?to)rsomyelrjazsee wprosphate 126 pheotsglfaig p:t)hwayl antib>i/otics
PA3690 metaktransporting Ptype ATPase 0.71 - -
PA3728 hypothetical protein -0.89 - -
PA3742 rplS 50S ribosomal protein L19 -0.7 - Ribosome
PA3746 ffh signal recognition particle protein Ffh -0.77 - Bacterial secretion

system

PA3798 aminotransferase -1.13 - -
PA3846 hypothetical protein 1.38 - -
PA3919 hypothetical protein 0.97 - -
PA3983 hypothetical protein -0.75 - -
PA3984 Int apolipoprotein Nacyltransferase 0.58 - -
PA3999 dacC  D-alaD-ala-carboxypeptidase 1 - Metabolic pathways
PA4015 hypothetical protein 2.09 - -

1-deoxyD-xylul -phosph methylerythritol Biosynthesis of
PA4044 dxs syg;?asi yiloses phosphate 10.58 phec:s:)/r?a{et p;?hwayl antibsi/otics
PA4132 hypothetical protein -2.56 - -
PA4156 TonBdependent receptor -0.66 - -

L-isoleucine 2-Oxocarboxylic acic
PA4180 acetolactate synthase 0.63 biosynthesis | (from .
threonine) metabolism

PA4206 mexH resistancenodulation-cell division 0.76 - Quorum sensing

(RND) efflux membrane fusion protein
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: . : Phenazine Phenazine
PA4216 phzG1l pyridoxamine 5phosphate oxidase -1.18 biosynthesis biosynthesis
. : Phenazine Phenazine
PA4217 phzS hypothetical protein -1.35 biosynthesis biosynthesis
PA4220 fptB Pyochelin Fe(lll) transport precursor 0.78 - -
ominne  SoAes
PA4225 pchF pyochelin synthetase 0.84 degradation Il op group
; . nonribosomal
(Stickland reaction) .
peptides
PA4244 rplO 50S ribosomal protein L15 -0.89 - Ribosome
PA4246 rpsk 30S ribosomal protein S5 -0.85 - Ribosome
PA4275 NUSG transcription antitermination protein 197 - )
NusG
PA4315 mvaT transcriptional regulator MvaT -1.27 - -
PA4366 sodB superoxide dismutase -1.23 superoxm_je radicals superoxm_je radicals
degradation degradation
PA4385 groEL  molecular chaperone GroEL -0.97 - RNA degradation
PA4390 hypothetical protein -1.67 - -
PA4547 pilR two-component response regulator Pl 0.58 - Twocomponent
system
PA4551 pilv type 4 fimbrial biogenesis protein PilvV ~ -1.16 - -
PA4558 Fkatype peptidytprolyl cistrans 161 - i
isomerase
PA4657 Renalase 1.06 - -
PA4661 pagL lipid A 30-deacylase -1.26 - -
PA4709 hemin degrading factor 0.84 - -
! ) phosphopantothenate Biosynthesis of
PA4729 panB 3-methyk2-oxobutanoate -1.45 biosynthesis Il secondary
hydroxymethyltransferase . :
(archaebacteria) metabolites

139

Appendix A

































































































































