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Abstract

CydDC ofEscherichia colis an ABC transporter that exports cysteine and glutathione
from the cytoplasm to the periplasm to maintain redox homeostasis; its loss elicits a
pl ei otropic phenotype and woausesinlgéd. peémn
the CydDC transportas required for the assembly of cytochrobmtl, a respiratory
complex that provides tolerance to nitric oxide, a toxic radical produced by the host
immune system in response to bacterial infection. The contribution of CydDC to nitric
oxide tolerance andhe pleiotropic phenotype ofydDC mutants implicates this
exporter complex as a potential target for future therapies to cdinleali infections.
Indeed, given the rising incidence of multidmesistah bacterial infections, it is
becoming increasinglimportant to develop novel strategies to combat infection. This
thesis reports an investigation into the contribution of CydDC to NO tolerance, the
relationship between CydDC expression and cytochrbohe assembly, adaptations
resulting from loss of CydD, and the requirement for CydDC for survival during
infection.

To gain a better understanding of how CydDC expression influences cytochrome
bd-l assemblycydDC cells were grown in the presence of exogenous cysteine and/or
reduced glutathione. This worlechonstrates for the first time that addition of cysteine
andglutathione (i.e. both CydDC substrates) is necessary for cytochrdinessembly
in a cydDC strain In vitro growth curves utilising a nitric oxide donor show that
CydDCmediated reductant exgaontributes to the tolerance of nitric oxide (NO) both
via permitting cytochroméd-I assembly and through a mechanism independent of this
respiratory complex. This work is consistent with a model wherebyrédCtive thiols
(i.e. cysteine and glutathieh exported to the periplasm can diminish the levels of NO
that can enter the cytoplasm.

The transcriptional response ofdDC mutants to exogenously added cysteine
and glutathione was explored through microarray analysis in an attempt sogyaater
insight into the role of reduced thiol export to the periplasmic spdoe.addition of
thiols affected genes involved in cell metabolism, respiration and led to the- down
regulation of motiliy-related genes, providing insights into how the presence of CydDC
substrates contribute to diverse cellular processes.

To investigate the contribution of CydDC to survival during infection,
macrophage survival assays were performed along witlinfection study using a
mousemodel ofUTI (urinary tract infection). This work demonstrates that CydDC does

not contribute to bacterial survival within N@oducing macrophage cells, and that loss
2



of CydDC has no significant effect on the ability to colonise the mouse lower urinary
tract. We therefore conclude that while CydDC is important for cytochrdidd
assembly and NO tolerande vitro, it may not be a suitable drug target to combat

pathogenic strains @. coli.
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Chapter 1

Introduction

1.1 Maintaining redox homeostasis in thet. coli periplasm

The periplasm oE. coliis an oxidising environment that is subject to a faiaéancing

of the redox systems. Bulphide bondsre created in proteins between two cysteine
residues by the oxidation of their thiol groups, resulting in the loss of two protons and
two electrons (Figure-1). Disulphide bonds have a large impact upon the structure of
proteins and are necessary falslity, enzymatt activity and resistance togieolytic
digestion. InE. coli, theintroduction of disulphide bonds into extracytoplasmic proteins
occurs in the periplasm whetiee oxidoreductase system DsbAB catalyses disulphide
folding. In addition, te DsbCD isomerase system is required to rearrangeatore
disulphide bondsas reviewed in(Raina and Missiakas 1997; Rietsch and Beckwith
1998)

Disulphide bond g S
SH formation

SH ﬁ

2H

Figure 1-1. Formation of disulphide bonds

Within proteins dsulphide bondsare created between two cysteine residues by the
oxidation of their thiol groups, resulting in the loss of two protons and two electrons.

The 21 kDa periplasmic protein DsbA is a member of the thioredoxin superfamily,
containing a classic CXXC mot{fCollet and Bardwell 2002)in the disulphide bond
oxidative folding pathway, »adised DsbA catalyses the formation of disulphide bonds
between cysteine residues of proteins located within the periplasm by accepting the

proton and electrons from the protein thiol groups. DsbA is thexitesed by DsbB
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(Bardwell et al. 1993; Missiaka®t al. 1993) a membrane protein, anchored within the
innermembrane by four transmembrane helices. Once reduced, DsbB donates electrons
to oxidised ubiquinone (Figure-d) which in turn transfers the electrons to respiratory
complexes such as tlhettype oxdasegBaderet al. 1999) Mutations ofdsbAor dsbB
cause a pleiotropic henotype, including sensitivity to some metal ions such as
cadmium and mercury ionglongside hypersensitivity to the reductant dithiothreitol
(DTT), and benzylpenicillin(Missiakas, Georgopoulos and Raina 1993; Stafford,
Humphreys and Lund 1999) The oxidising environment of thE. coli periplasm
created by DsbAB promotes the formation of smative disulphide bonds that result in
the loss of protein activityThe disulphide bond isomerisation pathway catalysed by
DsbCD is responsible for theeshuffling of incorrect disulphide bonds. DsbC also
contains a CXXC motif, and is kept in a reduced state within the oxidising environment
of the periplasm byhe inner membrane protein DskDipZ) (Collet and Bardwell
2002; Crooke and Cole 1995DsbD in turn is reduced by the thioredoxin
(TrxA)/thioredoxin reductase (TrxB) system in the periplasm (Fige8g 1

Reduced lowmolecular weight (LMW) thiols exported toehperiplasm from
the cytoplasm are believed to accompany the action of DsbAB and DsbCD, by
providing reducing power. The inner membrane complex CydDE. afoli has been
shown to export reduced glutathione and cysteine to the peripMsssenset al.,
(2007)demonstrated that to maintain the redox potential of the periplasi6admV, a
combination of both the Dsb proteins and glutathione is required; deletiydbf(or
gshArequired glutathione biosynthesis) increases the redox potentiE2%mV. Thus
glutathione does play a role in redox homeostasis of the periptagirisconsequently
predictedto play a role in disulphide foldingsalepicted in Figure-3. The combination
of Dsb protein and reduced thiols in the periplaBowever raises the question of how
proteins and reduced thiols with opposing redox functions deesatt in a futile cycle,
i.e. what stops reduced glutathione reducing DsbA and vice v@rsdsa 2008; Bader
et al. 2001) suggest that cross talk between the oxidative DsbAB pathway and the
DsbCD isomerisation pathway in tHe coli periplasm is prevented in a structural
manner; DsbC has been shown to form-ahdped homodimer [McCarthy, and Haebel,
2000; Heras et al., 2004] that creates a hydrophobic cavity that prevents interaction with
DsbB and separates the oxidative and isom@ispathways to prevent futile cycling.
Although DsbA can interact with GSH and cysteiDsbA isbelievedto interact

with proteins preferentially over small thiols such as GSH and cys(Emeehet d.
15



1996) DsbA interacts withunfolded protein by both a covalent disulphide bamdi
noncovalent interactions within a putative polypeptide binding sft®©sbA (Darby

and Creighton 1995; Freo#t al. 1996) This preferential oxidation of proteins over
small thiol compounds would prevent futile cycling between reduced thiols exported to

the periplasm via CydDC and DsbA.

1.1.1. E. colireductant exporters

The cydDC operon of E. coli encodes an AB@&ype transporter comprised of
nonidentical subunits, which are located within the inner membrane (Fig2ixeThe
CydDC complex was first identified because it is essential for the assembly of the
cytochromebd-1 quinol oxidasgGeorgiou, Hong and Gennis 1987; Poeleal. 1989)
Assembly ofc-type cytochromeand cytochromdss, have also been shown to require
CydDC (Pooleet al.1994; Goldmaret al. 1996)

DTNB (5,5dithiobis-(2-nitrobenzoic acijl o r El | mandss a agoleuslegse nt
compound that reacts rapidwith thiol groups to producthionitrobenzoicacid that is
yellow in solution and can be measurggectrophotometrically at 412 nm using an
extinction coefficient of 14.15 Mcmt, comparing readings with a standard curve of a
thiol containing compound such as cysteine allows the redox state to be measured
(Riddles, Blakeley and Zerner. 1979)eating wildtype andcydCperiplasmic fractions

with DTNB showed that # normally oxidising environmemtf the periplasm i® o v e r
oxXxi disingo iaydGtwhiah first mdicatedcthat CgdDC exports a reduced
substrate to the periplas(@oldman, Gabbert and Kranz 1996bhis later prompted

the use of everted membrane vesicles to demonstrate that CydDC exports the thiol
containing amino acid cysteirfBittmanet al.2002) Frenchpressure cell treatment was
used to produce insiemut vesicles using eithef. coli orf299 mutants or isogenic
orf299 cydD double mutants. Arorf299 deletion background was used because the
product of this gene was thought to have a role in cysteine gXpaddteret al. 2000) It

was shown that irorf299-derived vesicles, radiabelled cysteine §fS] cysteine) is
transported inwards in a manner dependent upon (Ritnanet al. 2002) In contrast,
deletion ofcydD eliminated cysteine transport even after ATP addition. Inclusion of
sadium orthovanadate, an inhibitof ABC-type transport systemsradicated cysteine
transport, with an uptake rate comparable for that seercyildD mutants. It was

therefore concluded that CydDC is responsible for the uptake of cysteine in everted
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membrane vesicles, corresponding ttvacexport of cysteine to the periplasm within

intact cells.

Despite having an essential role in protein functiocysteine is toxic to cells,
even at low concentrations in both eukaryotic and prokary#lts (Sgrensen and
Pedersen 1991)his may explain whyE. coli strains lacking CydD{and associated
export of cysteine) are hypersensitive to cysteine, presumably accumulating higher
cytoplasmic cgteine levels than wild type strains. Conversely, @gressing CydDC
increases resistance to cytotoxic levels of cystéfPigman et al. 2002) which is
consistent with the hypothesis that cysteine is exported by Cy#D€important to
note, howeverCydDCis not the onlyL-cysteine egorterfound on the inner membrane
of E. colii EamA (YdeD), EamB (YfiK), and Bchave also been shown to export L
cysteine(Dalileret al. 2000; Frankeet al. 2003; Yamadaet al. 2006) At the outer
membrane, the TolC porin has also been shown to be important for toleranee to L
cysteine, anadonsequently is beliedeto play a role in release otdysteine from the
periplasm into the medium either through passive or facilitated diffusion
(Wiriyathanawudhiwonget al. 2009)

Ohtsu et al. 2010, suggest that cystei in the periplasm participatas
combating oxidative stress; the grostpowed that thexidised form of Lcysteine L-
cystine isimported back into the cytoplasm Bf colivia FliY, a periplasmic kcystine
binding protein Theyfurther showedthat shutting of kcysteine/l-cystine between the
cytoplasm and periplasm ssgnificantlyinducedat the transcriptional level ingponse
to hydrogen peroxide but not by exogenbusysteine
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Figure 1-2. CydDC ofE. coli

The heterodimeci complex CydDC exports the lemolecular weight thia; reduced
glutathione and cysine from the cytoplasm to the periplasm. This process is dependent
upon ATP hydrolysis. Loss of CydDC prevents the assembly of cytochhmhie
(CydAB).

The tripeptide glutathione (b-glutamylcysteinylglycine, GSH) is a major thiol
disulphide redox bufferModulation of the ratio of reduced to oxidised glutathione
(glutathione disulphide, GSSG) influences different redox equilibria in different
subcellular compartments such as the periplasm. By considering the similar properties
of GSH and cysteine alongtw the characteristic broad specificity of ABC transporters

it was hypothesised that GSH is also a substrate for CydB&sie and Poole 2001;
Pittman, Robinson and Poole 200%) everted membrane vesicles derived from wild
type E. coli, no uptake of raditabelled glutathione (GSKF°S]) was seen before ATP
addition. Havever, with a maximal rate of 3.8 nmol MinGSH uptake was rapid after

ATP addition. No GSH uptake was detected for the vesicles derived from the isogenic
cydD mutant strain. Addition of gbum orthovanadate, an inhibitor of AB§pe
transport systems, ag shown to abolish GSH transport completely, proving that
transport is dependent upon an ABC type transpda8H was therefore concluded to

also be an allocrite of CydDC, and that transport of this redox active tripeptide s ATP
dependent No uptake of oxidised GSH (GSSG) in wild type cells could be
demonstrated in the presence or absence of ATP. The rate of reduced glutathione (GSH)

uptake was positively correlated with the concentration of GSH attdedmportant to
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note thatthe upt&e rate of GSH waapproximately five times higher than that of L
cysteine for all equivalent concentrations of substrates adtlbde the evidence for
CydDGmediated GSH export is very strong, a later study reports rdchiced
glutathione is exported tthe periplasm even in the absence of Cyd{ESeret al.
2009) suggestig that additional mechamis exist for the export of GSH.

Once in the periplasnGSH is expectedto traverse the oat membrane via
porin proteins,therefore GSH is expected to reach eqguilibrium between the
periplasmic spacand growth mediéEseret al. 2009) Escherichia colhas been shown
to excrete GSH into the gwth mediumduring exponential and early stationary phase
(Owens and Hartman 198&GndGSH has more recently beghown to beconstantly
cycled between cells and the external growikdiain exponential phaséSmirnova,
Muzyka and Oktyabrsky 2012)NVhen cells advance further intstationary phase,
glutathione in the periplasm is hydrolysed at thgdutamyl linkage bythe periplasmic
glutamyltranspeptidenzyme(GGT) (Suzuki, Hashimoto and Kumagai 1993; Suzuki,
Kumagai and Tochikura 1987The resultantysteinylglycineand glutamic acid can
then beimported into the cytoplasm where cysteinylglycine is subsequently cleaved into
cysteine angylycine byaminopeptidases A, B, and N as welldyseptidase OSuzuki
et al. 2001) Whole GSH is also importedrom the periplasm via an ABG/pe
transporter, GSIABCD (YIlIABCD). tlhas been showthat this transporter anGGT
enableE. colito use GSH as a source of sulphur, cysteand glycingSuzukiet al.
2005; Suzuki, Hashimoto and Kumagai 1998)xidised glutathione ds alsobeen
shown to be utilised a& sourceof glycine and cysteine via GG{Buzuki, Hashimoto
and Kumagai 1993)

1.1.2 Phenotypic characterisation of CydDC

Loss of CydDC results in a pleiotropic phenotype which includek#seof periplasmic

c- andb-type cytochromegfGoldman, Gabbert and Kranz 1996b; Poole, Gibson and Wu
1994) an increased sensitivity to high temperatimgjrogen peroxidéH-0,), azide,

and Zrt* ions (Delaney, Ang and Georgopoulos 1992; Goldman, Gabbert and Kranz
1996b; Poolest al. 1989) hypersensivity to both benzylpenicilliPittmanet al. 2005)

and DTT(Goldmanet al. 1996)and the inability to exit stationary phase at 37 °C under
aerobic conditiongSiegele, Imlayand Imlay 1996)Exogenous addition of the known
allocrites of CydDC has been shown to restore the survival and tempesangigve
phenotypes of @ydC mutant(Goldman, Ghbert and Kranz 1996aand it has been

shown that exogenous cysteine can alseestablish cell motility, resistance to
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benzylpenicillin and DTT and can partially restore the assembly of cytochoome
(Pittman et al. 2002) These observations highlight the multiple cellular roles for
reductant export by CydDC. Interestingly, restoration of cytochrothieassembly has
not prevously been observed inaydDC mutant by the addition of either cysteine or
GSH, and thus, the mechanism via which CydDC contributes to cytochbdrhe

assembly remains unclear.

Sinee both GSH and cysteine are lomolecular weight thiols that can participate in
disulphide exchange, following their identification as CydDC substrates it was deemed
likely that this ABC transporter would have an impact upon disulphide bond formation
in the E. coli periplasm. It is strikng that some phenotypes of tlogdD mutant,
including hypersensitivity to benzylpenicill{ieittmanet al. 2005)and DTT(Goldman,
Gabbert and Kranz 1996bare shared not only by mutants defective in diseD
reducing pathwayMissiakaset al. 1995)but also bydsbAanddsbBmutants(Fabianek,
Hennecke and Thoameyer 2000) The similarity of phenotypes presumably relates
both to the requirement of CydDC for cytochroimdl assembly whih provides an
electron sink for DsbEKorshunov and Imlay 2010as well as a more direct role for

exported GSH and cysteine in disulphide reduction (Figt8p 1
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Figure 1-3. Disulphide folding within the E. coli periplasm

The oxidative folding pathway (DsbAB) and disulphide bond isomerisation pathway
(DsbCD) work to ensure that proteins in the periplasm are correctly folded. Reduced
glutathione (GSH) and cysteine exported to the periplasm via the ABC transporter,
CydDC, infuence the redox balance of the periplasm and are thus thought to impact
upon disulphide folding. Thbd-type oxidases that require CydDC for assembly act as
an electron sink for DsbA®nediated disulphide folding. Adapted from Holyoakeal

2015.
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1.1.3.Periplasmic machinery is perturbed by redox imbalance

The importance of periplasmic redox balance is highlighted by the pleiotropic
phenotype observed for cells lacking CydDC, showing that a range of problems arise in
cells that lack export of reduced lemolecular weight thiols to the periplasm. The
correct folding required for structure and function of many proteins exported across the
inner membrane rely upon the correct formation of disulphide bonds, and the absence of
these bonds can result in protadegradation. Disruption of the periplasmic redox
environment can therefore affect the functionality of a range of extracytoplasmic
proteins including but not limited to; subunits of flagella needed for cell mottitype
cytochromes involved in electranansfer, fimbrial subunits needed for cell adhesion,

and secretion systems and other virulence factors required by pathogenic strains.

Motility in bacteria relies mostly upon flagella; supramolecular structures that
extend from the inside of the cytoplasm to outside of the cell. The importance of redox
homeostasis in motility is emphasised by the finding that deletiodsloA or dsbB
leaves many bacteria from different genera-moatile, due to the absence of functional
flagella (Dailey and Berg 1993; Hayasht al. 2000; Turcotet al. 2001; Agudoet al.
2004; Burallet al. 2004; Bringeret al. 2007; Coulthurset al. 2008) It has been shown
in E. coli that DsbA introduces an intramolecular disulphide bond within Flgl , a
component of the #ing protein of the flagella motdound in the periplasm (Figure 1
4) (Dailey and Berg 1993)n the absence of DsbA, Flgl is not folded correctly which is
thought to prevent the incorporation of FliC, that makes up the filament, a major
component of flagella. Mutation adsbA has also been shown #abolish twitching
motility in the pathogerP. aeruginosa(Ha, Wang ad Jin 2003) a process that is
important for the formation of biofilms in the cystic fibrosis lung.
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Figure 1-4. The structure of aflagellum

Schematic of flagella structure and its juxtaposition to the inner and outer cell
membranes. Flagella are supramolecular structures that extend from within the
cytoplasm to the outside of the cell. The motor includes thag?encoded byigl. In

the absece of DsbA, Flgl is not folded correctly which is thought to prevent the
incorporation of FliC, that makes up the filameffdapted fromPallen and Matzke
2006)

In the E. coli periplasm, thecytochrome ¢ maturation (Ccm) pathway catalyses the
formation of c-type cytochromes. Central to this process is litpation of haem to
apocytochrome by acovalent linkage between cysteine residues and the haem cofactor
(Thény-meyer and Kunzler 1997)Ywo thioether bonds link the thiol groups of two
cysteine residues to the vinyl graupf the haem cofactor. The cysteine residues are
located in a conserved CXXCH cytochromdéaem binding motif, withhe histidine
residue providing the axial ligand for coordination of the central haem iron.

As the maturation of-type cytochromes occums the oxidising environment of

the periplasm,redox control is important, as suggested by the requirement of the
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disulphide bond (Dsb) machinery and thiol export by Cyd{®@tmanet al. 2002;

Poole, Gibson and Wu 1994 vitro studies show that the ligation of haem to produce
c-type cytochromes requires tgzing power both to maintain the haem in the ferrous
state, and also to avoid incorrect disulphide bonds forming with either of the cysteine
residues within the CXXCH motifNicholson and Neupert 1989; Barketr al. 1995)
Indeed, a disulphide bond between the two cysteines within the binding motif has been
observed andhown to prevent haem ligati¢Baltropet al.2002)

Cytochromec synthesis is unique in that the polypeptide folds around the haem
only after ligation (unlike other cytochromes where protein folding occurs before haem
binding). The apocytochrome is deéred to the periplasm by thee& system{Thony-
meyer ad Kunzler 1997)in an unfolded state that is a more susceptible to BsbA
catalysed disulphide bond formation. The Ccm system therefore involves
apocytochrome thiol-reduction by a highly specific thioredoxiitke protein, CcmG
(DsbE), which is limitedto use in cytochrome& maturation(Fabianeket al. 1997,
Monikaet al.1997) CcmG is in turn reeduced by DsbKatzen and Beckwith@O0).

A wide range of bacterial virulence factors are both extracytoplasmic and
disulphidebonded, including proteins anchored to the cell surface needed for adhesion
or cell motility, secreted proteins such as toxins and secretion systems. Systeans tha
paralogous to the Dsb proteins Bf coli exist in pathogenic strains &. coli and in
other bacterial specie¥he Dsb proteins and their homologs have been shown to be
important in the correct folding of many virulence factors from a large vaakty
pathogens as discussed in depth in the following two review pape@sa si ca ar
JagusztyrKrynicka 2007; Herast al.2009)

During infection, theadhesion of bacterial pathogens to host cells is primarily
mediated by fimbriae or pili, halike structures found on the cell surfaGeveral types
of fimbriae have been described, mainly from Gramgative bacteriéFronzes, Remaut
and Waksman 2008)Pathogen adherence is particularly important for strains of
uropathogenic. coli (UPEC) that are exposed to the hydrodynamic force of urine flow
that can prevenbacterial colonisationEarly establishment of UPEC in the human
urinary tract has been shown to requirefimbriae (Wullt et al. 2000) which are
assembled via the chaperemgher pathway. When P fimbrial subunits emehgeugh
the inner membrane in e&8&dependent manner, they are bound by PapD, a periplasmic
chaperone that targets them to the outer membrane usher PapC. Which in turn directs
fimbrial assembly and secretion to the bacterial cell surf@banassi and Hultgren

2000) DsbA permits the formation of an intramolecular disulphide bond within PapD,
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folding the chaperone into its native confirmation and allowing binding to the P fimbrial
subunits(JacobDubuissoret al. 1994) The P fimbrial adhesin PapG, whigtognises
carbohydrate moieties on the host cell surface, also requires DsbA for the formation of
an integral disulphide bondlund et al. 1987) In addition to the archetypal DsbABCD
sygem, the pyelonephritisausing CFT073 UPEC stragmcodes an extended armoury

of Dsb proteingSinha, Langford ahKroll 2004) with two paralogous disulphide bond
systems; the DsbAB system, similar to thatEof coli K-12 and the DsbL| system
(Grimshawet al. 2008) A dsbABdeletion in CFT073, results in a lack of assembled P
fimbriae and a severe attenuatiorofcoli CFT073 in a mouse UTI model. Attenuation

is likely to be a result of a combination of factoier examplethe deletion otdsbAB
would not only affect P fimiiae formation but would also be detrimental to flageHum
mediated motility. DsbA is thought to play a key role in host adherence in a range of
other Gramnegative pathogens includinBroteus mirabilis (Burall et al. 2004)
Salmonella entericasubsp enterica serovar Typhimurium(Bouwman et al. 2003)
enteropathogeni®&. coli (EPEC) (Zhang, H. Z. & Donnenberg 199&nd Vibrio
cholerae (Peek and Taylor 1992)

Toxins allow bacterial pathogens to promote their own growtimasgipulating
the host. Periplasmic redox homeostasis is requoeshsure that bacterial toxins and
the systems used to secret them are properly folded. Correct formation of:ttexihB
of V. cholera and E. coli have been shown to require DsbA for disulphide bond
formation and functionalityYu, Webb and Hirst 1992; Okamogtb al. 1998)

Balance in the redox environment of the periplasm is also important for
secretion systems. Ipa is an extracellular invasi8.dlexner, that aids both bacterial
uptake into host cell@Viénard, Sansonetti and Parsot 1988) the subsequent spread
to new host cellfYu et al. 2000) In the absence of DA Ipa cannot be secreted,
because theuter membrane protein Spa32, involved in Iparetean is not folded
correctly, and so Ipa proteins are confined to the peripl@stataraiet al. 1995)

In summary, loss of DsbA and the resulting disruption to the redox homeostasis
of the periplasm affects the folding and function of proteins involved in a range of
functions including motility, adhesioand secretionPeriplasmic redox balance is
therefore particularly important for pathogenic bacteria that rely upon multiple

extracellular proteins for colonisation and survival within the host environment.
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1.2 Transcriptional regulation of the cydDCoperon

The CydDC complex is a heterodimer amas the first bacterial example of an ABC
transporter that is comprised of nmlentical subunits; the CydD and CydC protein
sequences still however, have a 50% similarity and 27% identity and have similar
hydrophobicity plots (Poole et al. 1993) Genes encoding ABC transporters are
frequently found adjacent togenes encodm the transported substrai8almond and
Reeves 1993)This however is more often the case for ABC transporters with an import
function; probably for the reason that itpgudent for expression of importers to dwe
ordinated with expression of enzymes required for catabolism of an incoming substrate,
ensuring catabolism enzymes are only present when the relevant substrate is present.
Immediately upstream of theydDC operon istrxB gene encoding thioredoxin
redudase, an enzyme that supplies reducing power for the modulation of thiol redox
state in the periplasm, which provided clues to the role in reductant export performed by
CydDC. Despite the finding thatrxB gene is not transcriptionally linked twydDC
(Cook, Membrillehernandez and Poole 199Ioking at close relations d&. colialso

found in the gammaproteobacter class revealgtkiais consistenly found upstream of
cydDQC this includesSalmonellaspp, Yersinia pestisVibrio cholerae Shigella flexneri

and haemophilusinfluenze This conservationis in agreement with the dyais
perfomed byCruzRamoset al. 2004 andindicates that it unlikely the close proximity

of trxB to thecydDCoperon is just due to chand¥hat advantage this proximity brings

to gramnegative bacteria is unclear, however, this conservation of gene organisation

disappears in Graipositive organisméCruzRamoset al.2004a)

To elucidate how expression oydDCis regulated and to define a role for this
ABC-type transporter, aydDlacZ transcriptional fusion was used to study the
expression ofcydD (Cook, Membrillechernandez and Poole 1997jitially, primer
extension of acydD messenger RNA nfRNA) transcript revealed a single
transcriptional start site farydDC68 base pairshp) upstream of the translational start
site Northern blot analysis then mirmed thatcydDCis transcribed as a polycistronic

message independently of upstream gexte.

The expression levels alydD in aerobically grown cells vary depending upon
the growth phase. For examp®dDlacZ expression during exponential phase was
approximately 2.5 times higher than cells in stationary ph&ok, Membrille
hernandez and Poole 199Tells grown anaerobically, however, displayeild lower

cydDlacZ activity compared to aerobicallyrown cells, and this expression level was
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unaffected by changes in growth phase. Antagonistic regulatory effecgd&® of

ArcA (an activator) and FNR (a repressor) were subsequently demongirasedet

al. 1996) but neither mutation adrcA nor fnr had any significant effect ocydD-lacZ
expression, consigteé with the theory thattydDC and cydAB are independently
regulated. Despite this, the observed changeyd expression between aerobically
and anaerobically grown cells suggested tydD is also regulated by oxygen tension.

To investigate thisgydD transcription was measured at log phase under various oxygen
tensions (Cook, Membrillehernandez and Bt 1997) The level of cydDlacZ
increased as the efficiency of oxygen transfer rate increased in exponentially growing
cultures, thus, demonstrating thatdD transcription is regulated by oxygen tension.
Furthermore, mutations ioydAB did not affectexpression ofcydDlacZ, and vice
versa, expression afydAlacZ was unaffected by mutations in eitheydD or cydC
indicating the regulation of the two operons is not coordinated, and that the structural

cytochromebd-1 polypeptides are not required foydD expression.

Periplasmic c-type cytochromes are only expressed BEn coli under anaerobic
conditions in the presence of exogenous electron acceptors. Mirroring this regulation,
expression ofcydD-lacZ is elevatedunder anaerobic growth in the presence of the
electron acceptors nitrate, nitrite or fumarate, when compared to anaerobically grown
cells without alternative electron acceptdf3ook, Membrillecherndndez and Poole
1997) AscydDstrains fail to synthesise periplasnaitype cytochromeéPoole, Gibson

and Wu 1994)this suggested an portant role forcydD during anaerobic growth on
nitrite and nitrate. Nitrate/nitriteesponsive gene expressionkncoliis mediated by a
two-component system involving the DNA binding response regulators NarL and NarP.
Mutations innarL alone or together with mutations marP significantly reduceaydD-

lacZ expression in the presence of nitrite or nitr@@®ok, Membrillehernandez and
Poole 1997)Expression otydD-lacZ, however, was not as sensitiventarP mutations
alone. Analysis of the promoter sequenceciaiDled to the discovery of putative NarL
binding sites that closelyesemble the binding consensus sequence for NarL (Figure 1
5). Together, these data support an important role for CydDC in adaptive groiith of
coli becausecydDC mutants lack both cytochromied-l that scavenges oxygen in
microaerobic environments and g#aismic cytochrome that isrequired for anaerobic

growth on nitrite and nitrate.
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trxB

Figure 1-5. The cydDClocus ofE. coli

The CydDC ABC transporter is encoded by thaDC operon, andirxB encodes
thioredoxin. PutativeNarL binding sites within the upstreatnx gene control the

nitrite/nitrate responsive expressioncgtiDC
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1.3 Structure and membrane topology of the CydDC complex

ATP-binding cassette proteins (ABC proteins) are well represented in both prokaryotes
and eukaryotes. I&. colithe genes encoding these proteins atiemased to constitute

5% of thegenome andre thdargest paralogous family of proteins which canurhier
categorised into 10 subfamiligkinton and Higgins 1998) Phylogenetic analysis
sorted the CydD and CydC proteins istabfamily 6, alongside MsbA, a homodimeric
lipid flippase involved in membrane biogenegi&hou et al. 1998) Regardless of
function, all ABC transporters are composed of two transmembrane domains (TMDs)
and twoATP binding domins, the members of subfaly 6 sharethe same organisation

of thesedomairs, with eachtransmembanedoman (TMD) beingfused toone ATP
binding domain. CydDC was first hypothesised to be &BC protein when
hydrophobicity analys indicated that the Nterminal half of the CydD and CydC
proteins consists of stretches of hydrophobic amino acids corresponding to 6 membrane
spanning helicegPooleet al. 1993) Whereas the ®erminal half of the polypeptides
were shown to be hydmphilic, contaiftng ATP-binding sites A later membrane
topology study highlightethe similarity between the membra topology of CydD and
CydC, suppoting the predictionthat each of the proteins contains 6 TMDsot&in
fusions between CydD or CydC witilkaline phosphatase anbkgalactosidasevere

able to demonstrate the presence of two major cytoplasmic loops, tmiaer
periplasmic loops as well as thgtoplasmic location of the N\and G termini of CydD

and CydC(CruzRamoset al. 2004b) Figure 6 shows a topography model of CydDC
created using a recent modelling programi@enasitset al. 2014) the findings are
consistent with previous work. The modédhlights the Walker A motif (also known as

the P-loop), that interacts wittbound nucleotide, the Walker B motif thadordinates
magnesium ions and iss&ential for ATP hydrolysis, asell asthe conservedistidine
residue common tall ABC transporters that hydrogen bonds with the gamma
phosphate of ATRFigure 16).

The stuctural properties of purified CydDC were analysed using electron microscopy
(EM) alongside circular dichroismCQ) (Yamashitaet al. 2014) Purified CydDC
reconstituted in membrane lipidgas used to generate tvianensional crystalsyhich

were subsequently analysed ddgctron cryomicroscopy, this showed that the protein is
made oftwo nonidentical domainsgorresponohg to CydD and CydC. The resolution
was unfortunately low (30 A) due tpoor cystal order, thoughto reflect a high

conformational flexibility, which is also seen by other ABC type transporters, for
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example in the xay crystal structure of the CydDC homologue Msp#ard et d.
2007)

Circular dichroism (CD) spectroscopy verified that CydDC is largely comprised of
Uhelices, and that the binding of haem has no significant affect upon the secondary
structure. SDSPAGE indicated a 1:1 ratio of CydD:CydC, and EM analg$ipurified
CydDC particles incubated with MiTA-nanogold, demonstrated that each particle
contained a single CydC ubkunit (only CydC was tagged duringffinity
chromatography of the CydDC complex).

ABC transporters utilise adenosine triphosphate (ATy)ydlysis as the energy source

to move substrates across cell membranes, often against a concentration gradient. There
is a great diversity within ABC transporters in regards to function; working to either
import or export a wide range of substrates (Higg2001), yet all contain two ATP
binding domains that bind and hydrolyse ATP. These nucleotide binding domains
(NBDs) are highly conserved and share motifs common to all ATPase proteins such as
Walker A and B motifs, as well as motifs unique to ABC prateincluding the
signature sequence (LSGGQ) and a conserved histidine residue. This high level of
conservation within NBDs suggests a common mechanism in the powering of substrate

transport via ATP hydrolysis.

CydDC is a substrate exporter and thus hassubstrate binding protein like the
periplasmic proteins of importers. The binding of substrates to ABC transporters
commonly induces their ATPase activityones and George, 2004Accordingly
ATPase activity of CydDC was shown to be stimulatetb34-fold by the addition of
cysteine or GSH, however it is unknown exactly where these substrates bind
(Yamashitaet al, 2014) Proteins related to CydDC, including the humBn
glycoproteinand the bacterial Sav1866, are believed to receive their substrate from the
lipid bilayer (Moussatovaet al, 2008) Transport of substrates is considered to be
initiated by the binding of substrate causing a conformational change in the TMDs that
is transmitted to the NBDs resulting in ATP hydrolysis.

The presencef haem in the form of hemin boosted thatimulation of CydDC ATPase
activity (Yamashiteet al, 2014) As haem transpotb the periplasm has been shown to
occur independently of CydDC, a regulatory role in CydDC thiol transport is expected
for haem. Structural modelling has since located a putative -baeting site on the

periplasmic surface of CydDGhepherd, 2015)
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Figure 1-6. Predicted secondary structure of CydD and CydC

Secondary structure prediction was performed using the Protter online tool (@@sitset al. 2014) Transmembrane helices are numbered

sequentidl, Walker A motifs are shown in red, Walker B motifs are shown in Blue, and the conserved histidine residues of AB@etranbpaits

(Linton and Higgins 1998re shown in Green (His542 and His531 in CydD and CydC, respectively).
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1.4. Role of CydDC in the formation of P574, a novel haem compound

WhenE. coli cells are grown anaerobically, overexpression otcfltbCgenes using a
multi-copy plasmid elicits an increase in the levels of cytochromemsd d, and
strikingly also results in the formation of a novel haswntaining molecule 874
(Cook et al. 2002) This pigment has distinctive absorption characteristics atc3%4
nm and 448 nm in reduceabinus oxidised spectra. Cells expressingb P4 appear
reddish in colour, suggesting an overexpression of hamtaining proteins. The
presence of 574 is depeneht upon haem biosynthesis as shown by the absence of P
574 in anE. coli strain auxotrophic for aminolaevulinic acid (grecursownf haem
biosynthesis)Cook et al. 2002) In acydABmutant that is oveexpressingcydDC P-
574 continuedo be detected, thus eliminating the possibility th&7R is a modified
form of cytochroméod-1 (Cooket al.2002)

Haem was originally thought to be the most likely substrate for CydDC as
cytochrome bd-l1 subunits are detected in the membranescydDC mutants as
apoproteins (Georgiou, Hong and Gennis 1987The assembly of periplasmic
cytochromes is also perturbed in this strain. The uptake, however, oflabdlzd
haem into eerted membrane vesicles is not affected by the deletiosydDC
suggesting that haem is not exported by CydDC, instetatimy the periplasm by
anotherroute which is as yet unknow(Pittmanet al. 2002) Considering that CydDC
exports thereduced lowmolecular weight thiols glutathione and cysteine and that loss
of the exporter leads to an owvexidising periplasm, it is likely that the formation of P
574 in cells oveexpressing CydDC results from a perturbation of redox balance in the
periplasm. Coolet al. suggested that-B74 may be an intermediate or-psoduct of
haem biosynthesis caused by a loss of redox balance in the peri@asket al.
2002) The authors further hypothesised that a derivative of haem biosynthesis could
compgex with the ovetexpressed polypeptides of CydDC. It has since been revealed,
however, that /574 is retained in a cuaff filter of only 50 kDa, indicating that this
pigment is proteirbound, but not to the polypeptides of Cydp&hepherd, Heath and
Poole 2007) Furthermore, the majority of-B74 was shown to be located ihe
periplasm, rather than being membrdooeind like CydDQ Shepherd, Hath and Poole
2007) NikA, a haerbinding periplasmic protein involved in nickel uptake has been
implicated in the formation of-B74; mutation of NikA significantly reduces the levels

of P-574 seen in cells ovaxpressing CydDC.
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1.5 The terminal oxidases ofE. coli

The boNpgnd bd-type oxidases ofEscherichiacoli both catalyse the twelectron
oxidation of ubiquinol by molecular oxygen within the cytoplasmic membrane,
concomitantly generating a proton gradient across the memtirainean be utilised by
bacterial cells to produce ATP for use as an energy soArgeajor phenotype of
cydDC mutants is an inability to assemble the terminal resiratory oxidase cytochrome
bd-l. The assembly of cytochronmNg thought to be independenit CydDC activity,

and is the only functional respiratory oxidase in mutants lacking Cyd®&pite the
presene of this alternative terminal oxidase, that can compensate for the loss of
cytochromebd-l, the two oxidases show variability aharacteristics such as energy
conservation and oxygen affinity that enaBlecoli cells to adapt to their environment.
This section discusses the alternative terminal oxidasé&s cobli and highlights the
significance of cytochromled-1 deficiency.

15.1 CytochromeboNj

In addition to generating a proton gradient via the vectorial translocation of protons that
is linked to quinol reduction and oxidation, cytochronablg also able to directly pump
protons across the membrgfRiustinen, Finel and Haltia 19940d has a He ratio of

2. The die of oxygen reduction in cytochronb®Ng a haerrcopper binuclear oxygen
reactive centre, making it a member of the haempper superfamily of terminal

oxidasegAnraku 188)that have been extensively studied.

The cyoABCDEgenesencode subunits |, I, IIl and IV of the cytochrorbeN;j
complex and aprotohaem farnesyltransferase (haemn synthase) respectively
(Minghetti, Goswitz and Gabriel 1992; Saiki, Mogi and Anraku 1992k assembly
pathway for cytochromdoNjs an ordered process wherein subunits Il and IV are
assembled first, followed by subunit I, and finally subuniiSitenberg, von Heijne and
Daley 2007) CyoABC ae homologous to the core subunits of dlae-type cytochrome
c oxidase(Lemieux et al. 1992) both in terms of their primary sequen®araste,
Sibbalda and Wittinghoferb 1988; Cotetral. 1990)and structue (Gohlke, Warne and
Saraste 197; Abramson et al. 2000) A crystal structure of the entire
cytochromeboNerminal oxidase complex has been determined at a resolution of 3.5 A
(Abramsonet al. 2000) and reveals 25 transmembrane helices withbejuinone
binding site within the membrane domain of subunfAbramsonet al. 2000) The

entire complement of redox centres reside within the largest of the four subunits,
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subunit 1. A lowspin haenb associated with a copper ion Eu(Puustinen, Finel and
Haltia 1991; Puustinen and Wiksm 1991)is thought to act as an electron donor to
reduce a binuclear centre composed of a-Bgh haemo and another copper ion
(Cue): this is where oxygen reduction takes plé8alerno, Bolgiano and Poole 1990)
The assembly of cytochron®N§g thought to béndependent of CydDC activity, and is

the only functional respiratory oxidase in mutants lacking CydDC.

1.5.2 CytochromebdH

The terminal oxidase cytochronbetl is confined to the prokaryotic world and is well
characterised irE. coli. Unlike cytochromeboljcytochromebdl does not contain
copper and sas not a member of the haeropper oxidase superfamily. Instead,
cytochrome bd-I utilises an unusual diaem oxygemneactive site (Rothery and
Ingledew 1989; Junemann 1997; Borisov and Verkhovsky 2@1Bknown menbers

of the bd-family use quinol as a substrate, receiving electrons commonly from either
ubiquinol or menaquinol. A three dimensional structure has yet to be elucidated,
existing data however, shows that cytochrobwl is a trimer of threeintegral
membane polypeptides, subunits | (CydA) and Il (CydBjta, Konishi and Anraku

1984) and CydX (VanOrsdelet al. 2013) Secondary structure prediction models
suggest thaCydA contains nine membraispanninghelices that CydB contains eight
membranespanning heliceOsborne and Gennis 19980d that CydX consists of just

a single membrangpanninghelix. A large periplasmic loop between helices 6 and 7 of
Ssubunit I is involved in quinol binding
(Dueweket and Gennis 1991; Matsumetoal. 2006; Mogiet al. 2006) Site-directed
mutagenesis has revealed thato residues within the Q loop, Lysk#s2 and
Glutamate257, are requiretbr cytochromebd-1 oxidase activityMogi et al.2006)and

are thought to play a rol emnusoxgqudi selddobisp
following Glu257 mutationindicate a close proximity of this residue to habggs,
suggesting that Glu257 not only binds to quinol but also participates in electron transfer

from quinol to haenisss (Mogi et al.2006)

Three haems are associated wille oxidase in a 1:1:1 stoichiometry per
oxidase complex. Two of the haems are in a{sigim stated andbsgs) and are thought
to form a dihaem active site where oxygen is redu@éil, Alben and Gennist 1993;
Vos et al. 2000; Arutyunyanet al. 2008; Rappaportet al. 2010; Borisov and
Verkhovsky 2013)and modelling of the excitonic interaction between hagarsdbsgs
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has led to an estimated intermolecular distance of 1Q\ityunyan et al. 2008)
Despite the proximity and evidence for functionabperation\Vos et al. 2000) doubt
has been cast upon the existence of-kagim active site as no spin coupling has been
observed between the haengdunemann 1997)The third haem cofactois a
hexacoordinate lovgpin haenbssglocated within subunit | that is responsible for quinol
oxidation that supplies electrons to thehdem site for the reduction of molecular
oxygen to water.

In the absence of CydB, CydA is still integrated into the cytoplasmic membrane,
and haenbsss is still incorporated but the high spin haedhandbsgs are absent from
the cytochrome subunif®ewton and Gennis 1991)n an attempto explain this loss
of haem groups, it has been suggested that the tweshighhaems are located at the
interface between CydA and CydB subunits. LossyafDC abolishes haem cofactor
incorporation into cytochroméd-I but the CydAB polypeptides are still inserted into
the membranéGeorgiou, Hong and Gennis 198 Bynthesisof this apecytochrome
bd-l is also observed in haedeficient cells(Calhoun, Newton and Gennis 1991)
implying that haem insertion is the last step of cytochrbtheassembly.

Site-directed mutagenesis studies have been used alongside spectroscopic
methods to reveal that hightpnservedistidine186 and rethionine393 of CydA are
axial ligands ofbsss (Fang, Lin and Gennis 1989; Kaysset al. 1995; Spinneet al.
1995) The paitive charge of the conservedgmine-391 residue has a role in
stabilising the reduced form of hadmys and is required for oxidase activifghanget
al. 2004) Histidine19 of CydA provides the essential axial ligand lbegs (Sunet al.
1996) Furthermore, an E99L mutation within CydA abolishes the hdespectral
signals(Bloch et al. 2009) supporing the idea thatlgtamate99 could be the axial
ligand to haend (Mogi, Endou and Akimoto 2006)

Cytochromebd-I contributes to the proton motive force (PMF) via the vectorial
translocation of protons that is linked to quinol reduction and oxidéGaihounet al.
1993) but unlike cytochromé&oNps unable to directly pumprptons(Puustinen, Finel
and Haltia 1991and istherefore considered, in bioenergetic terms, less efficiehe(H
ratio = 1). All three haem cofactors appear to be located on the periplasmic side of
cytochromebd1 (Zhanget al. 2004) which poses the question of how protons are
translocated across the membrane from the cytoplasm to the site of oxygen reduction
that occurs on the periplasmic side. As the translocation of protons is unlikely to involve
inte-haem transfer, conserved ammiacid residues that can be reversibly protonated

have been implicated, so far glutamates 99 and 107 within transmembrane helix 1l of
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CydA have been suggested to partake in proton transloc@@sinorne and Gennis
1999)

Despite having a reduced contribution to the PMF, cytochrbké does
facilitate aerobic respiration under conditions of low oxygen due to a very high affinity
for oxygen:bd-l has aKmof 3£+ 8nM( D6é me |l | o, Hi | tcompareditiP ool e
values in the range d.0160.35 puM for cytochromeboN{ D6 Me | | o, Hi | |
1995) lItis likely thatthe dihaem active site plays a role in this high affinity for oxygen

(Borisov, Liebl and Rappaport 20Q02romoting growth in microaerobic environments.

1.5.2.1 ThecydABXgenes

Until recently, cytochroméd-1 was generally believed to be comprised of subunits
encoded byydA(subunit I) anccydB (subunit I)(Kranz and Gennis 1983; Greenhal.
1988; Calhoun, Newton and Gennis 19Ribated at 16.6 minutes on tke coli genetic
map (Bachmann 1990; Calhoun, Newton and Gennis 19Bli¢ molecular weights of
subunits | (57kDa) and Il (43kDa) determined by sodiwtndecyl sulphate
polyacrylamidegel electrophoresis (SDBAGE) (Miller and Gennis 1983)are
consistent with predicted masses calculated from the protein seq&reeset al.
1988)

Two open reading framegbgE andybgTare found at the@end of thecydAB
genes which together are thought to form an op@rayure 17) (Muller and Webster
1997) The 4 kDa YbgT protein was shown togorify with CydAB and is believed to
be a part of the complg¥/anOrsdelet al. 2013} ybgThas since been renamegdX
Cells lacking CydX exhibit diminished oxidase activity which can be restored by the
addition ofcydXon a plasmidVanOrsdelet al. 2013) Silver staining shows that CydX
is present in stoichiometric amounts with CydA and Cydeseret al. 2014)
confirming CydX as a third subunit of cytochroimme|. CydX is thought to beequired
for either the insertion or thstability of haemd and bsgs that make up the diaem
active site of cytochroméd-I; UV/visible difference spectroscopy revealed tkizd
signals of haend and bsgs are lost when CydA and CydB are not accompanied by
CydX. No role in cytochrombd-1 assembly/function has been identified #agE with
its deletion having no effect on phenotypes typically observedyfibhor cydBmutants
(VanOrsdekt al.2013)
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Figure 1-7. ThecydABXIlocus ofE. coli

The cytochromdad-1 terminal oxidase is encoded by tthyd ABXgenesybgEis thought
to also form part of the operon but as of yebd role in cytochromebd-l
assembly/functioas been identified

Beyond cydABX the two genes encoding CydDC are essential for assembly of
functional cytochromebdl (Georgiou, Hong and Gennis 1987; Bebbington and
Williams 1993; Pooleet al. 1993; Poole, Gibson and Wu 1994) its absence, CydA

and CydB are still synthesised and inserted into the membrane, but the oxidase lacks
haem groups essential for functi@@eorgiou, Hong and Gennis 1987As discussed
previously CydDC exports twimw-molecula weight thiols, glutathione and cysteine,
from the cytoplasm to the periplasmic spd&Pé@tmanet al. 2002; Pittman, Robinson

and Poole 2005)However, exogenous addition of either of these thiols to a strain
lacking CydDC does not restore cytootme bd-l assembly, so the molecular
mechanism via which CydDC contributes to cytochrobwl assembly remains

unclear.

1.5.3 Cytochromebd-ll

Dasseaet al. 1991 discovered an opereomprised of three genes upstreanappA an

acid phosphatase gene that is regulated positively in response to oxygen deprivation by
AppR (KatH. The genes namexppC, appB and appre cetranscribed at a promoter,

P2, just upstream afppC,whereas a second minor promoter P1 con@ip|sA (Figure

1-8). TheappCBXgenes are regulated by oxygen in exactly the same wap@s
Support for the ide that AppC and AppB are implicated in oxygen metabolism was
provided by theincreased sensitivity to dioxyggrhenotype of ayo cyd apptriple

mutant (when compared to thgo cyddouble mutantjDasseaet al. 1991)
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Figure 1-8. The appCBXlocus ofE. coli

The cytochromébd-Il terminal oxidase is encoded by tappCBXgenes, downstream
appAencodes an acid phosphatase enzyme.app€BXgenes are ctranscribed at a
promoter, P2, whereas a second minor promoter P1 coapph

The newly discoveredhppCB genes were predicted to encode integral membrane
proteins with striking sequence homology to CydA (60% similarity) and CydB (57%
similarity) and with similar hydrophobicity profiles (Figure9). To our knowledge, no
CydD and CydC homologues with funct®mllied specifically to AppB and AppC
assembly have been identified. TAppCBgene products are also known @sdAB
(Sturr, Krulwich and Hicks 1996) AppBC, CyxAB or, most commonly now,
cytochromebd-11.

The cytochromebd-1l oxidasewas at first considered to be nonelectrogenic
(Bekkeret al. 2009) but the ability of cytochroméd-ll to generate a proton motive
force was latere-examined. It was shown via absorption and fluorescence spectroscopy
along with oxygen pulse methods that in the stestdie, cytochrombd-1l can generate
a proton motive force via a molecular mechanism identical to that in cytochrdine
(Borisov et al. 2011) With an estimated He¢ ratio of 0.94 + 0.18, the proton motive
force generated by cytochrorbe-ll is expected to be sufficient to drive ATP synthesis

and transport of nutrients.
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Figure 1-9. Predictedsecondary structures of AppC, AppB, and AppX

Secondary structure prediction was performed using the Protter online tool (@m@sitset al. 2014) Transmembrane helices are numbered

sequentially, the haetmgs ligand (His19) is shown in blue, the haégas ligands (His186 and Met393) are shown in red, and the likely sites of quinol

binding (Lys252 and Glu257) ashown in green.
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1.5.4 Regulation of terminal oxidase expression

The respiratory chain oEscherichia coliis a complex branched array of modular
components that are able to oxidise a wide variety of substrates, permitting bacteria to
grow in a range of aerobic environments. The expression of cytochimiNgsd bd-1

are controlled by different transcriptionagulators, and these complexes are expressed
under different conditions. The regulation of cytochroell is lesserstudied,
although theappCB operon is known to be induced under conditioncarbon and
phosphate starvation and is under the contrd®@moS and AppY(Atlung et al. 1997)

The differential regulation ofyo and cydABoperons provides an insight into the roles

of cytochromeshoNand bd-I in E. coli. cytochromeboNpas so far been shown to be
more energetically efficient than cytochrofné-I, but has a lower affinity for oxygen

and is therefore less efficietitan cytochroméd-l in low oxygen environments. The
regulatory mechanisms discussed below act to optimise the expressionbofNfmel

bd-1 oxidases in response to changing respiratory requirements under varying oxygen

tensions.

1.5.4.1 Regulation ofte cyoand cydABoperons

LacZ-fusion experiments with cytochrom@Nand cytochromebd-I revealed that in
cells grown aerobically there are an estimated 304 molecules of cytochobgmel 204
molecules of cytochromied-I per cell compared to only two molecules of cytochrome
boNand 606 molecules of cytochrorbe-l per cell when grown anaerobicall@otteret

al. 1990) This difference in oxidase composition within the membrane illustrates the
differential regulation of cytochroenbd-l and cytochroméoNin response to oxygen

tension.

CytochromeboNand cytochromebd-I of E. coli are regulated by the combined
action of FNR and the twoomponent systemArcAB (Gunsalus 1992)The fumarate
and nitrate reductase regulator, FNR, is a global transcriptional regulator that
orchestrates changes from aerobic to anaerobic metaboligra atinscriptional level
(Undenet al. 1995; Beckeret al. 1996; Beinert and Kiley 1999FNR contains an
oxygenlabile [4Fe4SF* cluster that controlsprotein dimerisation and site specific
DNA binding. Oxygen is sensed via the assembly and disassembly of thdS#Fe
cluster(Greenet al. 1996; Lazazzerand Beinert 1996; Beinert and Kiley 1999Yhen
cells encounter a change from aerobic to anaerobic growth conditions, FNR is activated,
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and subsequently binds to DNA at consensus sequences resulting in the modulation of
gene expressiofLazazzera and Beinert 1996y contrast, ArcAB is a twgaomponent
regulatory system comprised of a transmembrane sensor kinase (ArcB) and a cytosolic
response regulatqArcA). ArcB is activated by falling oxygen tensions and in turn
phosphorylates ArcA, which functions at the transcriptional level, to activate the
expression otydABand repress the expressionoaybABCDE(luchi et al. 1990; Fu,

luchi and Lin 1991; luchi and Lin 1992)Expression of both aerobic andaarobic
respiratory pathway genes are controlled under microaerophilic conditions, ensuring a
hierarchical pattern of gene expression in response to changes in oxygen availability
(Tsenget al.1996. Expression of cytochront®hl reaches a peak at an oxygen tension

of approximately 2%Tsenget al. 1996) At oxygen tensions lower than this FNR
becomes activated drrepresses theyoABCDEandcydABoperons, with the genes of

the anaerobic respiratory pathway becoming activé@edteret al. 1990; Tsenget al.

1996) Repression of theydABgenes by FNR is dependent upon Ar@@otteret al.

1990; Tsenget al. 1996; Cotteret al. 1997; Govantest al. 2000) suggesting that FNR
functions as an anéctivator by counteracting ArcAediated activation as ppsed to

direct repression of transcriptigiisenget al. 1996; Cotteret al. 1997; Govantest al.

2000) ConsequentlycydAB expression increases with falling oxygen tensions via
ArcAB, until oxygen tension is low enough for FNR to suppress the effects of ArcAB.

It has also been found that during shifts to anaerobic conditongon entry into
stationary phasezhanges in DNA supercoiling play a role in the inductiorcydAB
expression which is gependent of ArcAB or FNEBebbington and Williams 2001)

The mechanisms above account for how cytochrdmdd expression is
regulated at lowering oxygen tensions, but does not &xplain how cytochroméoN;j
levels are higher than cytochrorbe-l at higher oxygen tensions. In highly aerobic
conditions, the abundant histoliee protein, HNS, repressexydAB expression
resulting in diminished expression ofdABunder aerobic conditiong&GGovanteset al.

2000) H-NS is thought to decrease gene expression by causing localised changes to
DNA that prevent RNA polymerase bindifideguchil and Mizuo 1993)

As well as adapting to low oxygen conditions, expression and membrane content
of cytochromebd-I has been shown to increase in response to a variety of stresses,
including high temperatur@Vall et al. 1992; Delaneet al. 1993) high pH(Avetisyan
et al. 1991) high pressuréTamegaiet al. 2005) and the presence of protonophore
uncouplers(Armine V Avetisyan, Pavel A Dibrov, Anna L Semeykina, Vladimir P

Skulachev 1991; Bogachev, Murtazina and Skulachev 1993; Boga&thalv 1995)
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Also, induction of cytochroméd-I by heat shock and loss of PMF ispgadent upon
the ArcAB twocomponent systerfWall et al. 1992) In response to exposure of nitric
oxide, anaerobically grown cells see a preferémtduction of the cytochroméd-I
genes, but not of genes encoding cytochrboigcydAandcydBwere shown to be up
regulated by 39old and 3.2fold, respectively. Similar results were seen in response to
nitric oxide (NO) for cells growing aerobically, with theydA and cydB genes being
induced by 2.4old and 2.5fold, respectively.This study reported an accompanying
up-regulation of other FNRepressed genes, suggesting that this response is likely due
to an interactiorbetween NO and the iresulphur cluster within FNR(Pullan et al.
2007) the ironsulphur cluster is required for DNA binding and is inactivated upon NO
exposurgCruzRamoset al.2002)

1.6 Nitric oxide stress InE. coli

Nitric oxide (NO) is a key signalling ddefence molecule in biological systems which
Escherichia coliencounters both as part of its own metabolism and during host
infection. NO is produced byE. coli as an obligate intermediate of anaerobic
denitrification; during which nitrate is reduced to nitrite, which is subsequently reduced
to ammonia via a NO intermediatéumft 1997; Watmouglet al. 1999) In eukaryotic

cells andcertain bacteria, nitric oxide is also produced via the ¢xidaof L-arginine

by NO synthases (NOS) including inducible nitric oxide synthase (iINO&{ruzzola
1999; Stuehr 1999; Elfering, Sarkela and Giulivi 206®)st defence mechanisresch

as neutrophils and activated macropha@esg 2004; Lundbergt al. 2004; Poole and
Hughes 2000)tilise NO and associated reactive nitrogen species (RNS) as protection
against invading bacteria. Nitric oxide has been shown to inkbitoli growth and
respiration(Yu et al. 1997) The toxicity ofNO and RNS in biological systems is due to
their ability to react with a variety of cellular targeReactive nitrogen species are
capable of causing damage to bacterial proteins, DNA and lipids. NO can affect
terminal oxidases, thiol groups and metal centres such as iron sulphur clusters. To
sunive exposure to N@nediated nitrosative streds, coli has evolved mechanisms to
circumvent the harmful effects of NO. Various bacterial-tdoxifying enzymes are
contained withinE. coli including the enzymes cytochrorgenitrite reductase (NrfA),
flavohemoglobin (Hmp), and a flavorubredoxiNofV). Alongside these enzymes,

there are proteins that work to reverse the damage caused by NO such as-the iron
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sulphur repair protein YtfE. These four NO protection mechanisms will now be

discussed in more thal.

1.6.1.E. colitolerance mechanisms against NO: Hmp

Flavohaemoglobins are comprised of two domains, a globin domain containingphaem
and a ferredoxtNADP reductase (FNR)ke domain that converts the globin into an
NAD(P)H-oxidising protein withdiverse reductase activities. En coli, hmpencodes a
flavohemoglobin that isnvolved in the response to nitric oxide (NO) and nitrosative
stress; Thehmp gene is inducible under both aerobic and anaerobic conditions by

nitrate, but is induced more efficiently by nitrite and KRdoleet al. 1996)

The noncovalently bound haem of the globin domain has been shown to avidly
bind NO in vitro. Sequentiaklectron transfer from NAD(P)H to bound nitric oxide
results in the reduction of NO to either nitrate under aerobic conditions or nitrous oxide
under anaerobic conditions (Figurel@). Being one of the bestudied NQOdefence
mechanisms, the i®of Hmp n NO detoxification was demonstratedthe finding that
strains lacking Hmp are hypersensitive to NO and nitrosative stress. Hmp has been
shown to be a virulence factor 8almonellaand other pathoger®ang et al. 2006)
Interestingly protection provided by Hmp appears to be more profound when grown
aerobically than anaerobicalfardneret al. 1998)

1.6.2. NorRVW

The nitric oxide reduction modulonnorRVW is involved in the anaerobic or
microaerobic reduction of NO to nitrous oxide2(N (Gomeset al. 2002) The norV

gene encodes mon-haemflavorubredoxin(Gomeset al. 2000; Vicente and Teixeira

2005; Gardner, Helmick and Gardner 20@Bat has a diron centre and exhibits
submicromolar affinity for NOO Tucker and DNoavustassecatadkwiti2 0 0 4
an NADH:(flavo)Rb oxidoreductase encodedrwnyW (Gardner, Helmick and Gardner

2002) whichis rapidly reduced by NADH (but not NADPH) and transfers an electron

to oxidised NorV to support multiple turnovers of Nemédiated NO reduction (Figure

1-11) (Vicenteet al.2007)
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Figure 1-10. Electron transfer within Hmp leading to the reduction of NO

Hmp is depicted with the globin domain containing the haem prosthetic group at the left
of the protein. Electrons are transferred frbbAD(P)H to FAD and then to the haem
group. A Under aerobic conditions ©is reduced to form a superoxide anion,
subsequent oxygenation of NO leads to the formation og-N@esumably via a
peroxynitrite intermediate that is not shovBlUnder anaerobic conditions the ferrous
haem reacts directly with NO to form a nitrosyl species, electron transfer to NO results
in N2O via an NOz intermediate which is not shown. Figure adapted from Poole and
Hughes 2000.

NAD*
e NO
NADH /\
. Rd I FMNI Fe-Fe N.O
NorW NorV
FIRd-reductase Flavorubredoxin

Figure 1-11. NorVW couplesNADH oxidation to NO reduction

The flavorubredoxin NorV reduces nitric oxide to nitrous oxiflee flavorubredoxin
reductase (FIRdeductase) NorW then #reduces NorV using NADH as an electron
donor. NorV ofE. coli containsthree domains: a metallelaccamasdike domain
which contains the nehaem diiron centre (Fe-Fe) a flavodoxinlike domain,
containing one FMN moiety and at€rminal module with a rubredoxiike centre.
Figure adapted from Vicenst al. 2007.
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ThenorVWgenes are regulated by B®-responsive transcription factor NorR. NorR is
formed of three domains, a GAF domain which contains a mononucledraeon iron

that binds nitric oxide, a central AAA domain with ATPase activity and a DNA binding
domain at the @erminal of the proteitGardner, Gessner and Gardner 2003; Justino
a.2005; D 6efal. 2005pMotRxis thought to respond only to NSpiro 2006)
becoming activated by the reversible formation of a mononitrosyl complex which
consequently stimulates the ATPase activity to initiate transcriptiood (Figure 1

12)( D6 A u teraR2d0bX

Deletion of norV elicits a sensitivity to NO under anaerobic conditions
(Gardner, Helmick and Gardner 200P)espite this, the rate of NO reduction remains
similar to the parental strain. DeletiontohpalongsidenorV however results in a er
defect in anaerobic metabolism of NQustinoet al. 2005; Vine and Cole 2011\orV
has been shown to contribute to the survival of EHEC withatrophages, and is
consicered a virulence factor of EHEShimizuet al.2012) This findingreinforces the
identity of theflavorubredoxin and its accompanying reductase as a factor used by
coli in the protection from hosterived NO. Baptisteet al. (2012) used electron
paramagnetic resonance (EPR) experiments to show that exposure to oxidative stress at
the same time as nitrosative stress inhibits NorR, by preventing NO binding, a
requirement dr flavorubredoxin activation. This is of importance in the context of
infection as macrophage cells use a combination of nitrosative and oxidative stress to
combat pathogenic bacteria. Survival B©f coli was studied witim activated murine
macrophageshts showed that the contribution of NorV to survival within macrophages
depends upon the stage of macrophage infection. An initial oxidative burst inhibits
NorR as revealed by the lack of protection observed at the early stage of macrophage
infection (Baptistaet al.2012)
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Transcriptional

ok —» NO detoxification
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IATPasel—" ) ¢

'Off state’
NorR-Fe(Il)

'On state'
NorR-(Fe(NO))’

Figure 1-12. Schematic of NorR and the proposed mechanism of transcriptional
activation

The schematic includes the three domains of NorR; tHer@inal helixturn-helix

(HTH) DNA binding domain, the ATPase domain and th@éeNninal GAF domain
containing a nohaemi r on cent r e. NorRcontaimea ferout ifron isrt, at e
but in the presence of nitric oxide a mononitrosyl complex is formed which activates
Nor R to an oO6on stated with ATPasenordct i v
transcription. For the purpose of clarity NorR is depicted as a monomer. Figuredadapte
from Badxetal2005.

1.6.3.NrfA and the detoxification of NO

The periplasmic cytochrome nitrite reductase, NrfA, oE. coli is a homodimer of
approximately 110 kDa that contains tertype haems five per monomer. This
respiratory enzyme is expressed under anoxic or microaerobic growth conditions in the
presence of nitrate and nitrif®arwin et al. 1993; Rabin and Stewart 1993IrfA

(Nitrite Reduction byFormate)catalyses the respiratory six electron reduction of nitrite

to ammonium(Poocket al. 2002) but importantly can also catalyse the five electron
reduction of nitric oxide to ammoniyan Wondereret al. 2008) The reduction and
therefore detoxification of NO by NrfA suggests a protective role against NO.
Consistently, under anaerobic conditiarains lackingNrfA have been shown to have

amuch greater sensitivity to N(Poocket al.2002)

The consumption of NO by NrfA under anaerobic conditions was demonstrated
in vivo by Poocket al. using a Clarkdéype oxygen electrode polarised to detect nitric
oxide. To prevent complications in studying the contribution of NrfA to NO metabolism
Poocket al. used a mutant strain &. coli with a deletion ofmirA which encodes a
cytoplasmic sirohaem nitrite reductadstarborneetal. 1992) This enzyme also reduces
nitrite to ammonium and would also be switched on under anaerobic or microaerobic

conditions. NO cosumption was compared betweemdA mutant and its parental
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strain firA’). The parental strain reduced NOmaximum rate of 300 nmol NO mg
protein* minl. However, nitric oxide consumption could not be detected when
measured in arf- nirA” strain(Poocket al. 2002) Taken together this demonstrates a

role for NrfA in tolerare to nitrosative conditions.

E. coli has multiple routes for detoxifying nitric oxideln changeable
environmers E. coli can be exposed to, particularly for pathogdniccoli, it is likely
that these different mechanisms, rather than being functionally redundant will be
important for different conditions faced by bacteria. Nrfér examplejs particularly
well suited to NO removal as it is located in the periplasm and so can detoxify NO
before reaching targets within the cytoplasm. Also as Nrigxmessed under anoxic or
micro-oxic growth conditions, NrfA is likely to be active in the oxygkmiting

conditions experienced within the host.

1.6.4 Iron-sulphur cluster repair

Among cellular targets of nitric oxide cytotoxicity are a group of proteins that contain
ironi sulphur clustersiron-sulphur (FeS) clusters are a ubiquitous prostheticugrshat
underpin a diverse range of protein functions and fundamental life processes including
electron transfefCooper 1999)NO can bind to the iron of iresulphurclusters to form

an ironsulphur nitrosyl complex and thus inhibit the catalytic role they play in proteins
(Butler, Glidewell and Li 1988)Some propose that nitrosative stress limits activity of
FeS proteins by the release of iron from clusters, however meeanmeh is needed to
prove this(Drapier 1997)

Also known as RIC (Repair of Iron CentreEscherichia coliYtfE is a dtiron
protein that has been shown to enablecoli to cope with nitrosative and oxidative
stress by repair of iron sulphurusters(Todorovic et al. 2008; Justincet al. 2006;
Justinoet al. 2005) YtfE was first associated with nitrosative stress protection when a
DNA microarray experiment showed a-tid increase inyttE mRNA when treated
with NO (Justinoet al. 2005) Mutation ofytfE was later shown to elicit a sensitivity to
nitric oxide (Justinoet al. 2005) and to reduce activity of iresulphur cluster preins
under nitrosative stres@ustinoet al. 2006) Furthermore in the absence of YtfE,

nitrosative damage to F® clusters is acceleratétlistinoet al.2007)

In wild type E. coli, once sources of nitrosative or oxidative stress are eliminated, a
recovery in activity of irorsulphur cluster proteins, aconitase B and fumarase A is seen.
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Strains lacking/tfE however do not demonstrate this recovery of activity. Furthermore,
addition of purified holeYtfE to ytfE mutant extracts, has been shown to restore the
activity of fumarase and aconitase to rates similar to wild type. This demesdtrat

YtfE is able to repair nitrosative damage teF-elustes.

1.6.5 Role for cytochromébd-l in NO tolerance

Alongside protein thiol groups and iron sulphur clusters, NO can bind to haem proteins
including cytochromesboNand bd-1 of E. coli. In response to NO exposure, a
transcriptomic study reported elevated expression of cy@AB operon encoding
cytochromebdl, which suggested that this terminal oxidase may have a role in
tolerance to nitrosative strefullanet al.2007) Gene knockouts were perfoed inE.

coli so that cells lacked either the genes encoding cytochbaixigg cytochromebdl;
growth and respiratory rates were then assessed for these respiratory mutants in
response to N@Viasonet al. 2009) Cells that possessed cytochrobtel were shown

to have a higher I& (half maximal inhibitory concentrationjalue for NO than cells
with cytochromeboljrevealing a reduced sensitivity of cytochrorbdl to NO.
Recovery rates of respiration were alsadged by inhibition with NO, which was
subsequently removed by the fasacting NO scavenger cPTIO. The recovery rate is
thought to be equivalent to the rate of NO dissociation from the oxidSseset al.
2000) so a fast rate of recovery for cytochrobtel (cells in which cytochromboNyas

not present) suggested a rapkigk(NO) for this termiml oxidase, complementing
previous in vitro work (Borisov et al. 2004) The cytochromebd-I recovery rate
translated to an NO dissociation rate of 0.163 similar to that of fully reduced
purified cytochromebd-l (Borisov et al. 2007) This rate of dissociation is faster than
that observed for the majority of hagmoteins(Cooper 1999)and more thariive
times faster than for cytochromieoNjfMason et al. 2009) which explains how

cytochromebd-1 is able to support aerobic respiration in the presence of NO.

NO is thought to bind at the haeth cofactor, as absorption spectroscopy
revealed that addition of NO to reduced cytochrdmdd of E. coli or Azotobacter
vinelandii shifts the absorption peak of ferrous hagfnom 629nm to 641nm, yielding
a ferrous ironNO adduct(Borisov et al. 2004) Also a linear relationship between
oxygen concentration and 4ébf NO (Masonet al. 2009)shows that the tavgases are

in competition witheach other, implying that they have the same binding site. # NO
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mediated inhibition of cytochromad-1 is due to binding at haenh a faste rate of NO
dissociation will facilitate competing oxygen to bind to haedmso that aerobic
respiration can continue in the presence of NO.

The superoxide anion generated by macrophages can combine with nitric oxide
to produce peroxynitrite (ONOQ which is thought to be at high concentrations within
the host. Production of ONQOGs particularly prominent in phagosomes once microbes
have been engulfed. Peroxynitrite is a strong nucleophilic oxid#rth can cause
damage to DNA, lipid oxidation, prein modifications and ultimately cell death
(Pacher, Beckman and Liaudet 200Cytochromebd-l in turnover with oxygerhas
been shown to not only resist ONOQ@amage, but to be capable of rapidly
metabolising ONOO(Borisov et al 2015) andis thought to be the first example of an
enzyme that can metabolisOBNOO within E. coli. A temporary inhibition of
cytochromebd-| oxidase aftelONOQO addition lasbeen attributed to generated nitric
oxide as oxygen consumption levels were comparable to those observed when cells

were treated with nitric oxide.

1.7 bd-type oxidases in the context of bacterial pathogenicity

With a high affinity for oxygen, expression bfitype oxidases is advantageous to
bacteria that colonise microaerobic niches at the sites of infection. The host immune
system imposes oxidative and nitrosative stresses to combat microbial infections.
Cytochromebd-I expression is induced iB. coliin the presence of nitrosating species,
which suggests a protective role especially in the context of pathogenesis. Indleed,

type oxidases are expressed in a number of bacterial pathogens sudtesa
monaytogeneglLarsenet al. 2006) and everanaerobic pathogens suchBecteroides

fragilis (Baughn and Malamy 2004For someoathoges the bd-type terminal oxidase

is so vial for survivald ur i ng host c ol o rhassbaenistwown to t h a
attenuatevirulence this is the case for bo®almonellaTurneret al.2003)and group B

StreptococcugYamamotoet al.2005.

Brucella abortus (B. abortug is a Gramnegative species that can multiply
within macrophage cells and subsequently spread throughout the host. This intracellular
pathogen modifies gene expression rapidly to adapt to the hostile environment of
macrophage cells.B. abortus preferentialy utilises a bdtype oxidase during

intracellular replicationLoiseFMeyer et al. 2005) A transposon mutant aydB was
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found to have attenuated survival within murine macrophages. Subseqentglla

cells lacking the oxidase were also shown to be highly attenuated in the mouse model of
infection (Endley, Murray and Ficht 2001The diminished survival of this pathogen is
likely to be connected to an inability to cope with the oxidative stress; presented both by
the macrophage and due to a buifal of oxidative radicals from the disrupted electron
transport chain(Endley, Murray and Ficht 2001The oxygerscavenging ature ofbd-

type cytochromes is thought to not only support bacterial survival within low oxygen
conditions of phagocyteflameset al. 1995) but also doubles up to provide an anti
oxidant function by reductn intracellular oxygen level¢Rezaiki et al. 2004) As
previously discussed, the role of cytochrobbael in NO tolerance, as shown f&. coli
(Masonet al. 2009) is also a likely contributindgactor to Brucella survival through
resistance to macrophagderived nitrosative stress. Other intracellular pathogens, such
as Shigella flexeri (S. flexner), exhibit a positive correlation between expression of a
bd-type oxidase and viruleng®Vay et al. 1999) andMycobacteriuntuberculosis(M.
tuberculosi$ displays a transient ugegulation of abdtype oxidase during the
transition from acute to chronic infection of mouse lu¢fgjsi et al. 2005) With a clear

role in virulence of human pathogens, a notable observation ibditgbe oxidases are
restricted to the prokaryotic world and these respiratory complexes are therefore
potential drug targetsn fact studies to find inhibitors have alreatiegun(Mogi and

Kita 2009; Mogiet al.2009)

1.8 CydDC in the context of bacterial pathogenicity

The export of reduced lowolecular weight thiols by CydDC plays a role in
periplasmic redox bahce, and so, is likely to impact upon bacterial virulence. Loss of
CydDC inE. coli creates a pleiotropic phenotype, including an inability to synthesise
functional cytochromddd-1. As discussed above, cytochroipé-| plays a key role in

the adaptation gbathogenic strains within the host. It is not known whether deletion of
cydDCelicits the loss obd-type oxidase assembly in all Gramegative species, but the
major focus of nonE. coliresearch on CydDC has been on a general contribution to

bacterialvirulence.

The intracellular pathoger§. flexneri depends upon survival within host cells
during pathogenesi€Sansonettiet al. 1991) Cellular infection, intracellular survival
and spread o8& flexneri can be studiedh vitro by infecting confluent monolayers of

mammalian cells and comparing the size of resulting bacterial plaques within this cell
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monolayer. Disruption ofcydC was shown toresult in impaired pathogenesis as
demonstrated bya reduced plaque sizeehen compared to wild typecells (Way,
Borczuk and Goldberg 1999purvival within the monolayer waken determined by
counts of bacterial cells recovered from the monolayer, after six hours a reduction in
cell count was observed farydC mutant cells suggesting that aeduction in cell
viability is, at least in part, accountable for the small plague size in the absence of
CydDC (Way, Borczuk and Goldberg 19990 a mouse intranasal model, the lethal
dose was 10Mbld higher for acydC mutant when compared to thaquired of wild

type cells.As acydCmutantwas shown to have onlylmseline level of cytochron

which correspond to minimal levels of &bdtype oxidasethe authors of this study
suggest that the reason for reduced virulenceaydl& mutant inS.flexneriis a lack of
cytochromebd-| (Way, Borczuk and Goldberg 1999)

CydDC is also thought to play a role in the virulencéotuberculosisand has
beenstudied by using a mouse model of infection: bacteria are introduced to the mouse
lung, resulting in an acute phase of infection followed by a chronic pBageession of
the cydC gene transiently increases durihg tuberculosisinfection of a mouse Iup
which is thought to correspond to the transition from the acute to chronic phase that is
observed in the mouse model. However;regulation of thecydB gene is even more
dramatic tharcydC suggesting that CydDC arimt-type oxidase structural genes are
both upregulated to enhance oxidase assembly required for pathogen adaj@htien
al. 2005) Disruption of cydC results in a decreased survival in mice during the
transition to chronic infection, providing evidence that CydDC is required for
adaptation to conditions within the h@Shi et al.2005)

Virulence ofB. abortuswas found to be significantly attenuated in mice when
cydCwas disrupted by a transposon insertfdnuong et al. 2014) The same mutant
also displayed heightened sensitivity to respiratory inhibitors and a reduced ability to
survive and replicate within murine macrophage HelLa cells. These findingglicate
that CydDC confers upoB. abortusan ability to cope with the low oxygen availability
and environmental stresses associated with intracellular growth. Although one might
assume that the role of CydDC duriBgabortuspathogenesis is to permit synthesis of
cytochromebdHl, it is interesting to note that 8. abortuscydBmutant can survive up to
8 weeks in a mouse model, compared to only 3 weeks &yd@& strain. This work
supports a role for CydDC beyond the synthesibdfype oxidases that can facilitate

survival within the host env@nment.
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1.9 Hypotheses and project aims

The overarching goal for this work is to gain a deeper understanding of the role of
CydDC in E. coli. This includes analysing the changes that occur in the cell when
CydDC is absent, with particular attention to @fi¢he most important phenotypes of a

cydDCmutant; the loss of functional cytochroroe-|.

Since cytochromebdl contributes to NO tolerance by virtue of a fast
dissociation rate, it was hypothesised that CydDC would hise arole in NO
tolerance due to the requirement of CydDC for cytochrdydeé functionality. In
addition to this, the CydDC substrates GSH and cysteine are thiols that can react with
incoming NO, so it was also anticipated that CydDC might provide a greater
contribution to NO tolerancthancytochromebd-l alone. A major aim was to assess the
relative contribution of CydDC and cytochroré-| to NO tolerance.

The majority ofcydDC mutant phenotypes can be restored by one of the two
known substrates of CydDC, reduced glutathione or cysteine. Phenotypes that can be
complemented in this way include loss of motility, the sensitivitditbiothreitol and
benzylpenicillin as well as theabsence of holocytochrome and periplasmic
cytochromebss,. The restoration of cytochromeHl, however, has not been shown in
the presence of either reduced glutathione or cysteine at a range of concentrations. Due
to thepromiscuousature of ABGtypetransporters, it was hypothesised that additional
unknown substrates may exist for CydDC that are required for cytochbokhe
assembly. Alternatively, it was hypothesised that the export of both cysieithe
glutathione is required for cytochronml asembly. A major aim was to identify
conditions that could complement the loss of cytochrbokéin a cydDC mutant, and
then,to gain insights into the physiological changes induced under these conditions via
performingtranscriptomicanalyses.

If CydDC isindeed important for tolerance to NO, one would expect that this
transporter would have a substantial role in bacterial pathogenesis as loss of CydDC
would not only elicit NO sensitivity, but would also perturb the redox environment of
the periplasm leadm to a detrimental effect on the folding of extracytoplasmic
virulence factors. It was therefore hypothesised that CydDC would be important for
colonisation of the host by pathogenic strains. Heneetharmajor aim of this work
was to evaluate the role of CydDC durimgvivo survival of clinical isolates using

macrophage survival assays and a mouse infection model.
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Chapter 2

Materials and Methods

2.1 Bacteriological methods

2.1.1Bacterial strains, plasmidsand oligoncleotides

E. coli strains and plasmids as used in this study are listed in Taldle 2

Oligonucleotides used in this study are listed in Take 2

E. coli Characteristics Reference or source
Strain
AAEC554 MG1655fimB+ fimE+ fimL1; McClain & Blomfield, 1993

invertible element locked on

BGEC487  MG1655Dfim Diac q kacB-Kanf]; Kulasekara & Blomfield,

Afim 1999
MS2 MG1655;Escherichia colK-12 Bachmann 1996
MS1 CFTO073;UPEC wildtype Welchet al.2002
pyelonephritis strain
MS5 CFTO073 but harbouring pKD46 MS1180 from Prof. Mark
Schemobri
MS10 EC958;UPEC wild type belonging tc Totsikaet al.2011

clonal group sequence type 131,
CTX-M-15, CMY-23

MS13 MG1655cydAB:Km MS3666 from Prof. Mark
Schemobri

MS14 MG1655cydDC:Cm MS3671 from Prof. Mark
Schembri

MS15 MG1655cydAB:Cm MS3672 from Prof. Mark
Schemobri
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MS16

MS17

MS52

MS53

MS54

MS115
MS271

MS336

MS3899
MS3907
MS6016
MS6110

Plasmids
pCP20

pKD3
pKD4

pKD46

pKOBEG

ST131 EC958ydAB:Cm

CFT073cydAB:Cm

BW25113F, D(araD-araB)567,
Dlacz4787(del):rrnB-3, LAM-, rph-
1, D(rhaD-rhaB)568,hsdR514
BW25113cydB : g Km

BW25113cydD: : g Km

CFT073cydDC:Cm

ST131 EC95&8ydDC:Cm. MS19
with pKOBEG removed

MG1655cydAB cydDC:Cm

EC958type 1 enriched
EC958ydAB:Gmtype 1 enriched

EC958ac::mkateCm type 1 enriched

EC958ydDC:Gm type 1 enriched

FLP*, Ts replicon AmpR, CnR

CmRflanked by FRT sites
KmRflanked by FRT sitedAmp®
| -Red recombinase plasmid

replicon; Amp

| -Red recombinase,Ts replicon,

araC, arabinosmducible, Gn¥

Table 2-1 E. coli strains and plasmids

MS3673 fromProf. Mark
Schemobri

MS3684 fromProf. Mark
Schemobri

Keio collection Babaet al.
2006

Keio collection Babaet al.
2006

Keio collection Babaet al.
2006

This work

MS3924 fromProf. Mark
Schemobri

This work

Prof. Mark Schembri
Prof. Mark Schembri
Prof. Mark Schembri
Prof. Mark Schembri

Cherepanov and Wackernac
1995

Datsenko and Wanner 2000
Datsenko and Wanner 2000

" Datsenko and Wanner 2000

Chaveroche, Ghigo an
D6Enfert 2000
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Name 5'-3'Sequence Use

P1 TCGTTTTGCCGGATTATG For checking fim switch
GG orientation

P2 AGTGAACGGTCCCACCA For checking fim switch
TTAACC orientation

pMS35 AACGGCAACATCATTCT Mutagenesis primer faydDG
GCACACCAA

anneals 500bp upstream
cydDstart codon
pMS36 GCTCATCTTCACGCCAG Mutagenesis primer faydDG
ACTTCAAT anneals 500bp downstream
cydCstop codon
pMS3 TCGCCAGGCCATTACAT cydDC fwd screening primer
CTG anneals 200 bp upstream c
cydDstart codon.
pMS4 GGATGGGGTCGCCTGGA cydDC rev screening primel
GAA anneals200 bp downstream c
cydCstop codon
pMS9 TAAGGATTTTGCGGCGT cydAB fwd screening primer
AAT anneals 200 bp upstream c
cydAstart codon
pMS10 CCATCACGAAGGAAAGC cydAB rev screening primel
GCC anneals200 bp downstream c
cydBstop codon

Table 2-2 of Oligonucleotide sequences

Direction

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

55



2.1.2 Chemicals and water

Reagents were purchased from Sigma or Melford (unless otherwise statetdpntNu
agar, yeast extract and/ptone were purchased fro@xoid. Distilleddeionised water
was used throughout this work. Ml water was used wherever a greater level of
purity was necessary. For RNA work mifi water was used, however, it was essential
that it had been treated with diethyl pyrocarbonBteRC) prior to use.

Media andsolutions of a volume in excess of 50 wetre sterilied by autoclaving at
121°C at 15 ps{poundforce per square incligr 15 minutes. Antibiotic stock solutions
and solutions with a volume of letisan 50 ml were filtesterilised using Millipore

filters with a pore size of 0.22m.

2.1.4 Oligonucleotide sequences

Oligonucleotides (Table -2) were designed and then checked using OligoCalc:
Oligonucleotide properties calculator to ensure no secondary structure is preésent wi
each oligonucleotide and that G/C content is appropriate. Oligonucleotides were
produced by MW&biotech.

2.1.5 Media and buffer solutions
2.1.5.1 Acetonitrile buffer extraction solution

For metabolite extraction, an extraction solution was madetonitrile and N&*
buffer (pH 7.4) were mixed together in equal volumes!KNauffer was made by
mixing 10 ml 0.1 M NakHPQy with 40 ml 0.1 M kHPOQy and pH was checked.

2.1.5.2 Defined medium
Defined media(Flatley et al. 2005) contained 4§ KoHPQs, 1g KHPQu, 1g NHiCl,
0.01g CaC}, 2.6g KSQu, 5g glycerol per litre (52 mM) supplemented with 0.1% (w/v)

casamino acids and 10ml trace elements.

Trace elements solution was prepared by dissolving 5¢DIBA in 800ml milli-Q
water, the pH waadjusted to betwen pH7.0 8.0. The following wereéhen added; 0.5g
FeCb.6H.O, 0.05g ZnO, 0.01g Cag?H.O, 0.01g CoN@6H.0O, 0.01g HBOs and
0.01gammonium molybdateMilli -Q water wasised to make up to 1 litteefore filter

sterilisation of the solution.
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1 M MgCl stock was added just before use of the media at a final concentration of 1

mM/ml.

2.1.5.3 Luria Bertani medium
Luria Bertani mediumLB) medium contained 10g tryptone, 5g yeast extract and 10g
NaCl per litre. pH was adjusted to 7.0 using NaOH (Sambrook and Russel, 2001).

2.1.5.4MOPS (3-(N-morpholino)-propanesulphonic acid)buffer

To prepare a 50stock solution one litre of DEPC water contained 0.2 M MOPS (pH
7.0), 20 mM sodium acetate anhydramsl 10 mM EDTA (pH 8.0). The MOPS was
first added to 700 ml DERE,0 and pH adjusted to 7.0. The sodium acetate was then
added to this solution, followed by EDTA which had been dissolved in a small volume
of DEPGH20 and adjusted to pH 8.0. The totalume was then made up to 1l before
filter sterilising using a Millipore 0.45m filter and stored away from light due to the

light sensitive nature of MOPS.

2.1.5.5 MOPSminimal media (Neidhardt, Bloch and Smith 1974)

A 10x stock of MOPS was made by mixi®3.72g MOPS and 7.gjAricine in300 ml
milli-Q water to this 10 M KOH wasadded dropwise until a pH of 7.4 was reached.
Water was added to make a volume of 440 ml before the addition of 10 ml 0.01M
FeSQ.7H;0. The following were then added; 50 ml 1.9 MH4CIl, 10 ml 0.276 M
K2SQy, 0.25 mI0.02 M CaCi.2H0, 2.1 ml 2.5 M MgCJ, 100 ml 5 M NaCl, 0.2 ml
micronutrient stock and 387 mu#claved milltQ water. The 10stock of MOPS was

then filter sterilised and aliquoted into flacon tubes as 50 ml portions.

The micronutrient stockised to make 10MOPS was made by addifig009
ammonium molybdate0.062 H3BO3 0.018 CoChk, 0.006y CuSQ, 0.04Q@ MnCly,
0.007g ZnSQy to 50ml milli-Q water

MOPS minimal nedia was made by mixing 5 ml 1840PS stock with 0.132M
KoHPQs in 50 ml milli-Q water. pH was adjusted to 7.4 by adding 10 M NaOH
dropwise. The resulting solution was filter sterilised and stored?Gtf@ér up to one

month. Before use glucose was added at a final concentration of 40 mM.
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2.1.5.6 M9 minimal media

1 litre of 5x stek of M9 salts contained; 80.gAMNaHPQ:.2HO, 159 KHPQy, 2.5¢g
NaCl and § NH4Cl. M9 media contained 200 ml 5 x M9 salts, 2 ml filter sterilised 1 M
MgSQs, 100pL filter sterilised 1M CaCl, 20 ml filter sterilised 20% glucose and 778

ml autoclaved water.

2.1.5.7 Potassium phosphate buffer (pH7.4)

0.1M potassium phosphate buffer (pH7.4) was made by mi@b®2) ml of 0.1 M
K2HPQy and 198 ml of 0.1M KEPQy and checking final pH.

2.1.5.8 SOB media
To make SOB medi&0g tryptone, 5g yeasixtract 0.584g NaCl and 0.186g KCI were
added to 990ml mil#Q water and autoclaved. Once cooled 10ml filter sterilised 2M

Mg?* stock was added.

2.1.5.9 SOC media
To prepare SOC medi20g tryptone, 5g yeast extra€.584g NaCl and 0.186g KCI
wereaddal to 970ml milltQ waterand autoclavedOnce cooled 10ml filter sterilised

2M Mg?* stock was added and 20ml 1M glucose stock.

2.1.5.10 Yeast extracpeptoneglycerol media (YPG)
YPG media contaied per litre miliQ water; 1@ bacto yeast extra¢Difco), 20g bacto

peptone (Difco), and 30 ml glycerol.

2.1.6 Media supplements

2.1.6.1 Antibiotics
Media were supplemented, where indicated, with ampicillin {#g&nl), kanamycin

(25 ng/ml), chloramphenicol (2%g/ml), gentamycin (2Gvg/ml) or tetracycline (10
ng/ml).
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2.1.6.2 Casamino acid solution
A 10% (w/v) stock solution of casamino acid solution was prepared by the addition of
dried casamino acids to water and was then filter sterilised using @n®.&Rlipore

filter.

2.1.6.4 Nutrient agar
One litre of medium contained 159 dried nutrient agar.

2.1.6.5 Tris buffers
All Tris buffers contain Trizma base and the resulting buffer was adjusted to the desired
pH using 1M HCI.

2.1.7 Culture conditions
Cultures were typically growat 37C in LB at an initial pH of 7.0 (Sambrook and

Russel, 2001). Cultures were inoculated with 1% (v/v) using an overnight starter
culture. Agar plates were inverted and incubated overnight@t 37
Aerated cultures were grown by shaking at 180 rprooinical flasks containing one

tenth of their own volume of medium.

2.1.7.1Measuring culture optical density
Culture optical density at 600 nm was measured using a Shimadza8QD/

spectrophotometer in cells with a 1 cm path length.

2.1.7.2Preparing E. coli glycerol stocks

0.75 ml 50% autoclaved glycerol was pipetted up and down within a fresh cryotube vial
to make the glycerol more viscous, 0.75 ml stationary phase culture was then added and

strains stored aB0°C

59



2.1.8 NOG12 growth curves
2.1.8.1NOC-12 Preparation

Growth curves were carried out using NQE (Calibochem), a donor of nitric oxide.
NOC compounds are relatively stable M@ine complexes that spontaneously release
NO. NOG12 is a relatively slow releaser of N@th a halflife of 200minutes at 37C,

pH 7.4. In this work NO€12 was dissolved in 80 mM sodium phosphate buffer (pH
8.0) and prepared immediately before use. 8denM phosphate buffer (pH 8), was
made by mixing 46.6 ml 80 mM MdPQy with 3.4 ml 80 mM NaHPQi.H20. The
buffer was pH checked before being filter sterilised, aliquoted and storetCatA4
range of NOGL2 concentrations between 0.1 mM and 0.75 mM were used to ensure an

effect on growth would be observed.

2.1.8.2 Bacterial growth in the presence of NOQ2

Initially bacterial strains used were from the Keio collect{patsenko and Wanner
2000) Stationary phase cultures grown in defined medium (Flagtenl 2005) as
described in &ction 2.1.5.2 and supplemented with 0.1 % casamino acids and
antibiotics where appropriate were used to inoculate fresh defined medium (Etatley
al. 2005) which was aliquoted a®\Vt umes of 2v@e plates. Cellsnwere 9 6
grown at 37C, 200 rpm ina plate reader (SPECTROstar nano) with growth measured
every 30 minutes at Qfgh for 25 hours. Freshly prepared NE&@ at a volume to give

the desired final concentration was added to wells after an hour and a half of growth. In
control wells where NO@2 was not added, 8M sodium phosphate buffer (pH 8.0)
was added to compensate for the reduction in@Bf test wellsand to ensure no
growth affect by the buffer

2.1.9 Yeast Agglutination assay

A quick method for investigating the expression of Type 1 fimbriéeast strain
BY4741 (Flatley et al 2005)was grown at 3@ 180 rpm to stationary phase in 10 ml
YPG media in a 50 ml falcon tube. Thkalture was then pelleted at 3500 rpm for 5
minutes at 4C and resuspended in 1ml MOPS, aliquoted in 1i0and stored at°C

until needed.
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For the assay 101 yeast solution was mixed with 10 of E. colisample (in stationary
phase after growing at 32 overnight) on a microscope slide and left for 5 minutes.
The mixture was analysed using a light microscope (Leica MZ 75). A consistent zoom

was used to collect all samples. Images were saved at maximum resolution.

2.2 Genetic methods

2.2.1 Isolationof plasmid DNA

Pl asmid DNA was isolated from bacterial
DNA purification kit (Promega). The manu
with a centrifugation. All centrifugation and filtrations were carried out at room
temperature. Following the initial pelleting of overnight cultures in Bppendorf
centrifuge 541&t 6,000 xg for 10 minutes, all centrifugatiosteps werearried out in

an Eppendorf 5415R microcentrifuge at 13,000 rpm (maximum speed).

2.2.2 Polymerase chin reaction (PCR)

For colony PCR, a colony was diluted in 50 pl sterile water, and 1 pl of this wassised
a DNA templatein the reaction. A typical reaction contained within apBG/olume;
300 nM (1.5 pl of a 10 uM stock) of each prim@rward and reerse) 1 pl of ready
mixed 10mM dNTPs, 5m 10x PCR buffer, and sterile distilled water (roughly 39.5 ul)
was used to make the end volumenh(inally 0.5m Taq polymerase was added to the
mix and PCR tubes were transferred to a Techne progeneniRine. The PCR
programme used was one cycle oP@4or 4 minutes, then 35 cycles of @for 15
seconds, 5% for 30 seconds and %2 with a time depending on the length of PCR
product required and polymerase enzyme used. A final elongatioAGfatZ minutes

for one cycle finished the PCR reaction.

2.2.3 DNA electrophoresis on agarose gels

Electrophoresis was performed in a gel apparatus at a constant voltage of 120 V in 1 x
TAE buffer (a 1:50 dilution of a 50 x TAE stock solution consistin242g Trizma
base, 57.Iml glacial acetic acid and 10@l 0.5M NaEDTA (pH 8.0) per litre giving

final concentrations of 40 mM Trzcetate and 1 mM NaEDTA as described in
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Sambrook and Russell (2001)Gels were composed of 1 % agarose dissolved in 1 x
TAE buffer, and 1 pl of 6x loading dye (New England Biolabs) was mixed with 5 pl of
sample before being added to gel wells. Rblladder (Promega) was resolved @cle

gel to determine the sizé sample DNA fragments. When the concentration of samples
was abo required, hyperladder 1 (Bioline) was used instead. Gels were stained in 100
ml water with 5m ethidium bromide, rocking for 30 minutes before visualising bands

on a UV box.

2.2.4e-Red mutagenesis

The procedure described by Datsenko and Wanner in 2000 was used to replace the
cydDCoperon ofE. coli CFT073 with an antibiotic resistance cassette. Recombination
between the genome and a PCR product was achieved using the gRagke
recombnase systemyhich is synthesied under the control of an arabinose inducible

promoter on an easily curable, low copy number plasmid pKD46.

2.2.4.1cydDCgene knockout in CFT073 background

A PCR productwas amplified using primerpMS35 and pMS36 with a K-12
cydDC:Cm strain usedas a template to produce a fragment consisting of the
chloramphenicol cassette flanked either side Wy l&®of the sequences before and after
thecydDCoperon. This PCR product was then concentrated and purifiegcision on

an agarose gélefore being introduced into CFT073 cells via electroporation.
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1. PCR amplify FRT-flanked resistance cassette

Primer 1 FRT

—_— FRT
P
2. Transform into A Red recombinase Primer 2
producing strain
FRT FRT
| | | |
3. Select for antibiotic resistant
transformants
FRT FRT
I I | N1 |

4.Remove resistance cassette via FLP
expression plasmid

FRT

Figure 2-1. a-Red mutagenesis
Strategy used to disrupt gegee q u e n ¢ Reduecombigaseapressionl. Primers

(PMS35 andpMS36, Table 22) were designed to producéa PCR,a DNA fragment
encoding the chloramphenicol resistance cassette flanked 500 bp regions
homologous to areas flanking gene X (orgng@eDNA fragment was transformed into
cel |l s e xRed esombinaggo eacourage recombination between the DNA
fragment and the genom@&. Transformants were selected on antibiotic plade3he
resistance cassettef transformantswas excised by the plasmiencoded FLP
recombinase which acts upon the FRT (FLP recognition target) repeafttatiathe
resistance gene.

2.2.4.2 Preparation of electrecompetent cells

Competent cells were made using a recipient strain (MS5) containing the temperature
sensitive plasmid pKD46 (An% that comprises thé-Red recombinase to enhance
recombination between the PCR product are genome. In a 250 ml conical flask
containing 50 ml SOB media supplemented with ampicillin and 20 mM arabinose,
recipient strain cells were grown at°28 180 rpm until an OB between 0.40.8 was
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reached. From this point on the cells were kept coédls were transferred to chilled 50
ml falcon tubes and spun at 300@ at #C for 10 minutes. Supernatant was removed
and the pellet was +guspended in 5 ml ieeold 10% glycerol by gently pipetting up
and down with cut 1ml pipette tips. Cells were e in 10% icecold glycerol in this
way three more times before beingstespended in a final volume of 200 pl 10%-ice

cold glycerol, this was kept on ice untilvas usedn electroporation.

2.2.4.3 Transformation by electroporation

The concentratioof PCR product was measured via nanodrop to determine the volume
needed to add 1000 ng of DNA. This calculated volume was then placed into a chilled 2
mm electroporation cuvette. Then fDof competent cells were added and the cuvette
tapped to ensure thmix moved to the bottom of the cuvette. The electroporator was set
to 2.45kV with a resistance of 200 qgq an

placed into shocking chamber for pulsing.

1 ml SOC media was added immediately to aid cell recoverycalhanix was
transferred to a 1.5 ml Eppendorf tube and incubated ‘@ 380 rpm for one hour.
Cells were then plated ontthloramphenicolLB plates to select for transformants.

Resulting colonies were checked by colony PCR using priph¢&3 andpMS4.

2.2.5 Sequencing of DNA
DNA samples were sequenced by Source Bioscience and were then examined and

aligned using the sequence analysis program BioEdit (7.2.5).

2.2.6 Curing of Chlorampenicolresistance cassette

To create theydDC cydAB double mutant used in microarray experiments, a single
mutant needed to be cured of tlesistanceassette so that a second deletion could be
detected.

This process required the pCP20 plas(fidble 21) which encodes a flippase gmae
(FLP) for removal of theantibiotic resistance cassette. pCP20 is ampicillin and
chloramphenicol resistant and also shows temperatnsitive replication and thermal

induction of FLP synthesis, so growth was performed & 2Babaet al 2006)
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2.2.6.1 Preparation of competent cell@rachmann et al. 1998)

Cells were grown in 10ml LB overnight at €7 28 |l of this culture was then used to
inoculate 28ml prewarmed LB (37C) and then incubated shaking 3®C until an
ODegoo of ~0.48 was reached. A volume of 3.#8 warm sterile 100% glycerol was
added drogpwise to cells while swirling to aid mixing. Cells were then chilled on ice for
10 minutes before pelleting at@ 4000 rpm. The supernatant was removed and the
pellet wasre-suspended in 2&l ice-cold magnesium chloride solution (freshly made
before use from 2.0l 1M MgCly, 3.75ml sterile 100% glycerol made up to &8 with

milli -Q water). Cells were pelleted again for 8 minutes’@t3B00 rpm before being-re
suspendedh 6.25ml ice-cold T-salts solution (freshly made before use by mixing 1.5
ml sterile 100% glycerol, 0.7&l 1M CaCh, 0.06ml 1M MgClz, made up to 1énl with
milli-Q waer). Cells were pelleted enlast time for 6 minutes®@ 3600 rpm before
being resugpended in 1.25nl ice-cold T-salt solution. Cells were aliquoted into 100 p
volumes into preooled Eppendorf tubes and stored immediateR8@&C. Cells were
left at-8C°C overnightbefore being used.

2.2.6.2 Transformation with plasmid

100 ul of competent cells were mixed withp2 plasmid solution, this mixture was then
incubated on ice for 30 minutes before being heat shocked@tfd23060 secondin

a heat block.A volume of1 ml SOC medium was then added immediately to cells to
aid reovery, before incubating for a further one hour, shaking (89 in awater bath

at 28C. A volume of 200ul was plated onto ampicillin Luria Bertani (LB) plates to
select for pCP20. Ampicillin resistant colonies were then grown for 3 hours in LB at
42°C, plated out onto plain LB plates and further grown overnaihd2?C to ensure
removal of the pCP20 plasmid. Colonies were picked and streaked onto LB, LB
ampicillin and LBkanamycin plates. Colonies that could only grow on LB plates were
expected to beured of the kanamycin resistance cassette as well as the pCP20 plasmid,
and so were grown and glycerol stocked. The removal of the cassette was then checked
by PCR.

2.2.7 Microarray analysis
All reagents were prepared using mii water treated with 0.1% DEPC stirring
overnight to remove RNases that may degrade RNA. After overnight treatment, DEPC

milli-Q water was autoclaved to eliminate toxicity. The microarrays detailed in this
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work werear r i ed o ut-Cologr MicrgarraeaB absTemb Pr okar yot e /
Agilent Technologies, Inc. 2®. All solutions described in SectioR.27.6 were

obtained from Agilent Technologies, unless otherwise stated.

2.2.7.1 Growth conditions

Strains used irthe microarrays had an MG1655 background. Starter cultures (10 ml)
were grown to stationary phase in LB with chloramphenicol (g@8nl), 0.5 ml was

used to inoculate 50 ml of defined chemostat medium supplemented with 0.1% (w/v)

casamino acids. Cells wegeown in triplicate in 250 ml conical flasks at°87180 rpm.

2.2.7.2 Sampling and RNA stabilisation

Once an Ol of 0.4 was reached, 30 ml of culture was removed and added to187.5
chilled phenol and 3.56 ml chilled ethanol and immediately mixed/dotex for 5
seconds. After incubating on ice for 5 minutes, samples underwent centrifugation at
5500 xg (7000 rpm) for 5 minutes at°@. Supernatant was removed and remaining

pellet was stored a80°C.

2.2.7.3 RNAisolation
RNA was isolated from pefles using a Qi agen ORNeasy M
manufactureros instructions. Ssuspented inp e | |
200 ul of TE buffer containing lysozyme (1mg/ml) and vortexed for 10 seconds
followed by an incubation at 26 shaking(180 rpm) for 5 minutes. RLT buffer (700
ul ) ¢ o n tmarcaptoethanol GLAI/mI) was added before vigorous vortexing and
the addition of 0.5ml 100% ethanol. Mixed by pipetting, the lysates were applied to
RNeasy Mini columns placed in a 2ml collectiube, then centrifuged for 15 seconds
at 10,000 rpm and the flow through was discarded. Buffer RW1|{850as added to
the column, followed by centrifugation for 15 seconds at 10,000 rpm, the flow through
was discarded. To remove DNA a mixture of lilONasel and 7Ql buffer RDD was
added directly onto the RNeasy silica gel membrane and incubated at room temperature
for 15 minutes. After digest, buffer RW1 (3%0) was added to the column and a
further 5 minute room temperature incubation before ceggifon for 15 seconds at
10,000rpm. Both the flow through and collection tube were discarded. Transferred to a
fresh 2ml collection tube, the column was washed twice with BGfuffer RPE. The
column was transferred to a fresh, RNase free 1.5 ml Epdetutba; 30ul of RNase
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free water was pipetted directed onto the RNeasy silica gel membrane before
centrifugation at 10,000 rpm for 1 minute. To increase RNA yield, the eluate was
replaced onto the membrane with a 1 minute pause before repeating thegagmn

at 10,000 rpm for 1 minute. A volume ofu2 of the RNA was aliquoted while the rest
was stored ai80°C.

2.2.7.4 RNA determination

The concentration of RNA was determined using a NanodroplOD UWVIS
spectrophotometer accompanied with programme-1800 version 3.1.2. After
blanking the instrument with @l nuclease free water, |2 of RNA sample was added

to the pedestal, and it®mcentration and purity measured. The ratio ohéDD2go
should be around 2, if lower, this may suggest contamination from protein and the

sample would have been discarded, this however was not necessary.

2.2.7.5Complementary DNA (cDNA) synthesis

For each samplel2.3 ul RNA (16 pg) was incubated in a PCR block with random
primers (5ug) at 72C for 10 minutes and then chilled on ice for a further 10 minutes.
For cDNA synthesis, primed RNA was added to a reaction mix consistingibb%

first strandbuffer (Invitrogen), 3ul 0.1M DTT (Invitrogen) 0.6ul 50x dNTP master

mix (0.1 mM dATP, dGTP, dTTP and 0.05 mM dCTP) (Roche) angiin@clease free

water (Qiagen). Samples were then taken into a dark room, and treated pbithf 2
either Cy3 or Cy5 dye (with a technical repeat for each, where the dyes were swapped.)
Superscript Il (1.5ul 200U plY) was added to each sample followed by 5 minutes
incubation at 2%C. Samples were then taken from dark room for an overnight
incubdion in a PCR machine at 8D. RNA was hydrolysed by addition of pbfreshly
prepared 0.1M NaOH and incubation aPG@Zor 10 minutes. To neutralise samples,
freshly prepared 1%l 0.1M HCI was added. The labelling reactions were clean up
using a QIAquik PCR puri fication kit ( Qi agen)
instructions. Buffer PB (without pH indicator) was added to samples at a volume ratio
of 5:1 and inverted to mix. The mix was then transferred to a spin column in a 2 ml
collection tube and centuged for 1 minute at 10,000 rpm. The flow through was
discarded and the column was washed twice with [{i50uffer PE. To ensure the
removal of all liquid, the column was replaced into the same collection tube and

centrifuged for a further 1 minute at @00 rpm. For cDNA elution, the column was
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transferred into a fresh nuclease free 1.5 ml Eppendogfl 8Dnuclease free water was
applied to the centre of the membrane and centrifuged for 1 minute at 10,000 rpm. To
measure concentration of single strashdeDNA, 1.5 pl of labelled cDNA was
denatured by heating to 5 for 5 minutes. cDNA was quantified by using a Nanodrop
ND-1000 UMVIS spectrophotometer version 3.2.1 against a nuclieasavater blank.

Samples were suitable for hybridisation if the ywlas over 400 ng.

2.2.7.6 Hybridisation of labelled cDNA to array slides

An appropriate volume of each cDNA was calculated to give a final concentration of
400 ng. 400 ng of Cy3abelled cDNA was added to 400 ng of Ggbelled cDNA for

each dye swap, the total volume was then made up (b @8ing nuclease free wex.
Samples were boiled at 10C for 2 minutes, then placed onto ice for 2 minutes before
being placed at room temperature for a further 2 minutes. Samples were centrifuged
briefly to collect condensation from around the edge of the tubes. Ensuring that no air
bubblks were introduced to the mixture, b 10x blocking agent and 2fl GEx
hybridisation buffer were added to make a final volume ofubOrhe samples were

centrifuged for 1 minute at 13000 rpm before loading onto slides.

A clean gasket slide was placed into the Agilent SureHyb chamber base with the
6Agil entd | abel facing upwards. 40 Ol o
onto the gasket, ensuring that the tip of the pipette did not directly touch the slide. The
ar ay was then placed dactive si deoslidbown ¢
went over the gaskets flat, preferablyith no air bubbles as this wouldinder
hybridisation. The SureHyb chamber cover was then placed onto the sandwiched slides
and ¢damped together. The assembled chamber was then placed into a hybridisation

oven set to 6%, rotating at 10 rpm for 17 hours.

The arraygasket sandwich was removed from the hybridisation chamber and
submerged in wash buffer 1 at room temperature. Theéwsen was prised open. The
exposed array slide was then transferred to fresh buffer 1 in a dish with a magnetic
stirrer to stir the buffer for 1 minute. The array slide was then transferred to a dish
containing prevarmed buffer 2 (3TC), andthe buffer wa stirred for 1 minute. The

slide was then scanned immediately (to minimise the impact of environmental oxidants
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on signal intensities) in an Agilent DNA microarray scanner. Data was extracted using

Agilent software ready for analysis in GeneSpiwt3.1)
2.2.7.7 Data analysis of Microarrays

The average signal intensity and local background correction were obtained using
GeneSpring software (v13.1). The mean values from each channel were transformed
and normalised using the Lowess method to rematemsitydependent effects in the

log. (ratios) values. The Cy3/Cy5 fluorescent ratios were calculated from the
normalised values. Biological experiments, were carried out twice andswhe
analysis performed on each experiment providing four techrepalats, two from each
biological experiment. Genes differentially regulat&difold and exhibiting?>-values of

¢0.05 (by means ot-test) were defined as being statistically and differentially

transcribed.

2.2.7.8 Modelling changes in transcription factoactivities that result from
exogenous addition of GSH and cysteine

Mathematical modelling of the microarray data was carried out using TFinfer version

2.0 (Shahzad Asikt al. 2010) This open access programme is based on a state space
model and enables the activity of transcription factors to be inferred from gene

expression data obtained from microarray experiments. The complete transcriptomic
datasets obtained from GeneSpring wersed for the analysis; therefore no limitations

with regard to gene expression level were enforced prior to the application of TFinfer.

Data was input alongside a null hypothesis consisting of zeros, the output data
from TFinfer was then compared toghi nu | | hypothesis O0dat ac¢

with a difference between the null data set larger than 2 were considered significant.

TFinfer cannot assign whether activity of transcripfiactors is up or down, so this has

to be corrected manually. Tdo this information on transcription factor function was
obtained from Ecocyc andegulonDB, this involved looking at the genes with each TF
regulon and finding out if the TF acts as a repressor or activator of transcription. Fold
changes of genes withihd regulons of significant transcription factors were looked at
in the raw data to see if folchanges were positive or negative, and dependpog
whether the TF is an activator or repressmtivity signs could be determined, for

example; if a transgstion factor acts as a repressor to genes with a positive fold
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change, it can be concluded that the transcription factor activity is reduced, and a

negative sign is manually placed in front of the change in activity value.

2.3 Biochemical methods

2.3.1CO difference spectra

10 ml LB cultures (with appropriate antibiotics) were grown tC3@nd 180 rpm
overnight. Overnight cultures were then used to inoculate 100 ml LB in 250 ml conical
flasks. Cells were grown to stationary phase at 150 rgi@.3lAvo 45ml samples were

taken from each conical flask and cells were harvested at 4000 rpm for 10 minutes at
4°C before being rsuspended in 1 ml 0.1 M potassium phosphate buffer (pH 7.4).
Further dilutions were made where required to generate appropriatecosities for
whole cell min0kbreeddeceeddd spectra (i.e. CO
recorded.

A custombuilt SDB4 dual wavelength scanning spectrophotometer was used
(Sambrook, Fritsch and Maniatis. 1988)obtain COminusreduced difference spectra
(400nm 700nm) at room temperature. The whole cell samples were first reduced with
sadium dithionite and scanned, then bubbled with CO gas for five minutes before being
scanned again. Each reduced reading was
reduc edtogivea &4 dififergnce spectrum.

2.4'H NMR metabolomics

2.4.1 Growth of cells

4 ml of stationary phase culture was used to inoculate 400 ml defined medium (Flatley
et al 2005) supplemented with 0.1 % casamino acids in 2 litre flasks. Six flasks for wild
type, six flasks focydD. Cells were grown at 3€ 180rpm to emulate the microarray
growth conditions.

2.4.2 Metabolite extraction

Cells were harvested at an g@bof 0.4 by centrifugation (6000 rpm 5 minutes 4°C) and
the supernatant was decanted. The cell pellet was washed three times with 1 ml of ice
cold phosphate buffered salin®BS, and cells were then snap frozen with liquid

nitrogen and stored at80°C until metabolite extraction. Frozen samples were
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homogenised in 60l ice-cold acetonitrile buffer extraction solutig8ection 2.1.5.1)
Homogenatesvere then snap frozen in liquid nitrogen and subjected to three rounds of
freezethaw cycles with vigorous pipetting and vortexing. Samples were then sonicated
on ice with two seconds pulse/two seconds rest for 99 cycles. Sonicated samples were
centrifugel for 10 minutes at 12000 rpnP@, and the supernatant collected. The
remaining pellet was rsuspended in 50Ql acetonitrile extraction solution and
vortexed for further metabolite extraction, and the resultant supernatant was pooled with
that from the ifst extraction. The supernatants were condensed using a vacuum
desiccatorto remove acetonitrile, ansamples were then stored -80°C until NMR

analysis.
2.4.3 Proton NMR data collection

Samples were dissolved in a mixture of 38@euterated water D) and 10ul 6 mM

DSS (4,4-dimethyt4-silapentanel-sulfonic acid (added as an internal standard to
calibrate the chemical shift). After centrifugation for 2 minutes at 14000 rpm to clear
any debris, 55Qu of this mixture was pipetted into NMR tubesr(Bn outer diameter)

for 1D (one dimensional) proton NMR spectroscopy.

All spectra were recorded at 37°C on a UnityINOVA 600 MHz NMR
spectrometer (Varian Inc, Palo Alto, CA, USA). All spectra were referenced to DSS at
0.00 ppm. Spectra were recorded over&®foints, 512 transients and a spectral width
of 8004.8 Hz. An acquisition time of 2.047 seconds and a relaxation delay of 1.5
seconds were used. This produced a total experimental time of 31 minutes that enabled
efficient and fast data acquisition withmmal effects resulting from relaxation. Areas

beneath peaks were integrated to provide a measure of metabolite abundance.
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2.5In vivo methods

2.5.1 Mouse UTI studies

Mouse infection experiment$§Roos et al. 2006) were performed as competition
experiments; wild type and mutant bacteria were mixed in equal cell numbers before
introducing into the bladders of mice transurethrally. This allowed the virulence of
cydDCmutants to be directly compared with the wige cells. For this experiment 15

mice were used.

Urine was collected from female C57BL/6 mice (aged betwe#d ®eeks) 24
hours prior to microbial infection to identify mice with peristing conditionsMice
found to have a combination of 5X¥10FU bacteria and 2x0vhite blood cells/ml

were excluded from the study.

Strains EC95@c::mkateCm type 1 enriched (MS6016, wild type) and
EC958ydDC:Gm type 1 enrichedMS6110, Table 21) were cultured statitlg at
37°C overnight in 100 ml LBoroth in 500 ml flasks, (two flasks for each strain).
Stationary phase cells were harvested in 50 ml falcon tubes and were centrifuged at
9,000 xg for 6 minutes at 2UC, washedwice with 30 ml phosphatéouffered saline
(PBS), resuspended in 25 ml PBS and samples of the same strains were combined,
harvestedand finally resuspended in approximately 1 ml of PBS. Strains were
diluted/concentrated so that 1 ml concentrated cell suspension hadegg=OI (10
pl/ 990 pl diution has an OBy of 1). A 400 pl volume of wild type cells was mixed
with 400 ul of the mutant strain cells in an Eppendorf with 8 pl Indian ink at a final
concentration of 1%. From this mix, 200 ul was taken to perform colony counts on and

the remaimg bacterial sample was supplied for mouse infection.

To document exact numbers of CFU in the inoculum supplied for mouse
infection, al0-fold dilution series of the bacterial suspension was perforimdtBS
Dilutions down to 18 were plated out10® dilution was spotted irriplicate of 20 pl
and 10% and 10’ dilutions werespoted in triplicate of5 pl volumes. ®lony counts

were performedhe next day

For mouse infection; mice were anaesthetised by brief inhalation exposure to isoflurane,
and tre periurethral area was sterilised by swabbing with 10% powithaiige solution,

this was then subsequently removed WRBS Mice were catheterised by inserting a

72



sterile Teflon catheter device directly into the bladder through the urethd®), BOPBS
containing a mixture of wildype and mutanE. coli with 1% India ink (to visualise
inocula at autopsy) was instilled transurethrally into the bladder using a 1 ml syringe
attached to the catheter. The catheter was removed after inoculation andetveeneic
then returned to cages for recovery. At 24 hours-dsttion urine samples were
colleced and mice were euthamd, bladders and kidneys were removed aseptically to
be weighed and homogenised in PBS using sterile ball bearings and a tissue lyser.
Serial 16fold dilutions to 16 were made (in PBS) of urine and homogenised
tissue samples (bladder and kidney), and 5 pl volumes were spotted in triphtate
LB, LB- chlorampenicolnd MacConkey agar plates. Plates were incubated overnight
to allow kacterial growth. The next day bacterial colonies were counted including the
number of white (EC998c.:mkateCm type 1 enriched) and red colonies
(EC958ydDC:Gm type 1 enriched) on MacConk@jates andthe results analysed

using Prism software.

2.5.2Macrophage survival assay

Hemapoietic stem cells were harvested from C57BL/6 mice as previously described by
Tushinskiet al 1982 with 1 x 16U/ml recombinant human CSFE(colony stimulating
factorl) to promote differentiation into bonmarrowderived nacrophage (BMM)
cells. BMMs were maintained in RPMI 164BRoswell Park Memorial Institute 1640
medium) (Invitrogen, Carlsbad CA, USA) supplemented with GlutaMAX
(Invitrogen), 10% heat inactivatefetal calf serum (Invitrogen), 20 U/ml penicillin and

20 pg/ml streptomycin (Invitrogen). Once differentiated into macrophages, cells were
harvested and using a haemocytometer, cell counts were performed to achieve
approximately200,000 BMM cells per well in three 24ell plates. The three plates
were seup intandem as shown inigure 22, and the macrophage cells they contained
were harvested at different times post infection to allow for three time point
measurements of infection. Cells were left to adhere to wells overnight in antfoeatic
RPMI 1640 medum at 37C 5% CQ. The next day, BMMs were infected at a
multiplicity of infection (MOI) of 10, so there would be a ratio of 10 bacterial cells per

macrophage cell.
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1 2 3 4 5 6

A WT i EC958 | WT1 EC958 | WTi EC958 | Control
EC958
B EC958pc y d| EC958pc y dfgpc y d AB
EC958 EC958 EC958
C pcydDC |pcydDC |pcydDC
D

Figure 2-2. Layout of 24-well plate usedfor macrophage survival assay

The layout used to fill three 24ell plates used per macrophage survival assay. Control
well contained BMMs cells without bacta. Other wells contained wiltype BEC958
(3899) EC95&ydAB (MS3907) mutant and EC958dDC (MS6110) mutant cells as
depicted.

All three plates were taken out of the incubator after 30 minutes of the BMMs being
infected, any bacteria which had not been taken up by macrophageskied by
washing and replacing media with gentamyoimtaining (200 pg/ml) mediaTo
determine the uptake of bacteria into macrophage cells at thisaimaeyf the three 24

well plae s , known as the O6uptaked plate had
were washed with antibiotic free media. Macrophage cells were lysed open by replacing
the media with 540, letlto inGubdelfés 5 minutes atrroonx
temperature, hten pipetted with vigour. This released the bacteria from within the
macrophage cells. Only the macrophage cells were disrupted at this concentration of
triton X-100 as prokaryoti&. coli cells which have two membranes surrounding the
cells are more robust. Bacterial loads (CFU/mI) were then quantified via serial dilution
(10* to 107) and spotting in triplicate onto Luria Bertani (LB) agar plates. Plates were
then incubated overnight. €hsurvival of intramacrophage bacteria were determined

by counting cell colonies released from macrophage cells.

After two hours the number of bacterial cells were counted from one of the
remaining24ve |l | pl ates. These t waes,@msdtheydleovther e c
number of intramacrophage bacterial cells to be counted once uptake into macrophages
has been stopped by the addition of antibiotics to the media which Kkills- extra
macrophage cells. After 24 hours of infection, the thirah@24l plate was taken from the

incubator and the number of intracellular bacteria were counted.
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2.5.2.1 Type 1 fimbrial phase switch promoter PCR

Whenthdims wi t ch i nverti bl e el efimiisttanscribedand t h e
fimbriae are produced by cells. This PCR reaction is a diagnostic tool to determine
which orientation théim switch is in. Each PCR is run in duplicate. 1 pl of stationary
phase culture is used as template and added to 2.5 pl 10x BgEBuffer, 1 pl 5 mM

dNTP, 0.25 pl 25 puM primer P{Table 22), 0.25 ul 25 uM primer PZTable 22),

20.88 pl milli-Q water and finally 0.125 ul NEB Taq polymeraBP&R reactias were
incubated at 9% for 2 minutes followed by 35 thermal cycles of 94°Gn(hute), 55C

(1 minute), 72C (1 minute). Samples of each PCR reaction were digested with Hinfl in

NE buffer overnight at 3. Digested and undigested samples were then resolved on a

2% agarose gel.

As shown in kgure 23A, Hinfl-digested PCPproducts produce bands of 130 bp and

511 bp when the switch is in the 6ond6 or
in the o6o0off & otiond the feut bammsseen lgbre 3B, showsahat
there is a mixtur edoofff 6c edrlisenitratt lmen davo n &

mouse and macrophage assays, this PCR and subsequent digest were used to check that
strains have similar expression levels of type 1 fimbriae.
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Figure 2-3. Digestion of PCR product indicates orientation ofim switch

A schematic diagram of PCG&mplified fim switch fimg depicts that
orientation Hinfl digestion produces DNA of 130 bp and 511 bp but when the switch is
inverted {.e. off), products of the Hinfl digest are changed to 411 bp and 23® bp.
Visualisation of bands produced after digestion with Hinfl on an agarose gel. Lane 1
shows an uncut DNA fragment and lane 2 shows Hinfl digested fragments, displaying a
mi xt ur eanadf O6dod nf 6fim switcheg as indidateddoy the presence of all four
fragment sizes.
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Chapter 3

Characterisation of thecydDC
phenotype: NO tolerance, cytochrome
bd-l assembly, and metabolic adaptations
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Summary

Consistentwith previously reported datathe work herein demonstrates tHass of
cytochromebd- elicits sensitivity to NO. A CydDC is required fahe assembly of this
respiratory oxidas# was expected that a mutant of CydDC Vdoloe as sensitive to NO
as a cytochromédl mutant. A cydD mutant wasnot only sensitive to NO but was
more sensitivethana cytochromebd-I (cydB mutant, suggesting that CydDC provides
additional NO tolerancbeyond the role of cytochrontell. It was then hypothess
that additionalCydDG-mediatedprotectionagainst NO toxicitywas provided by the
presence ofcysteine and glutathionen the periplasm which are exported kyis
transporterthese hiols ae known targets of NO that could hinder the diffusion of this
toxic radicalinto the cytoplasm. To test this hypothesssogenous glutathione and
cysteinewere addedo the growth medim of cydDCcells which alleviatedthe level of
NO-sensitivityto a levelresembling that o cytochromebd-l mutant This suggess
that CydDCG-mediaed reductant export contributes pootectionagainst NO toxicity
both by permitting the assembly of cytochrorbé-l and by a more direct mechanism
(i.e. by reacting with incoming NO)

It is intriguing thatmany of the phenotypes ofcgdDC mutantcan becorrected
by the addition of cysteine or glutathione to the growth mediBittmanet al. 2002;
Pittman, Robinson and Poole 2008xceptcytochromebd-I synthesis thatcannot be
restored by the addition of glutathione or cysteine alone. Hatetndemonstrate for
the first timethat addition ofboth glutathioneand cysteineis necessary toestore the
assembly of cytochromied-l. To further investigate the pleiotropaydDC phenotype
the metabolome of wild type cells was compared to thatydD cells throughlD-H
NMR analysis.This showed that loss of CydDCatks to changes in metabolite levels
including; the ebvation of L-methionineand fumarate along witthe reduction of
succirate, Dmannitol, acetate and NAO'he only metabolite with peak intensities that
are significantly different between the two strains above the 99% level after an unpaired
t-test was performed was betaine, with an increasecywD cells. These data
complemat existing cydD vs wild type microarray data and provide molecular

insights into the role of CydDC.
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3.1 Introduction

To combat infection, the mammalian imneusystem releases N@ free radical that is
toxic to invading bacteriéFang 2004; Lundbergt al. 2004; Poole and Hughes 2000)
E. colihas two wellcharacterised terminal oxidases of aerobic respiration; cytocerome
boNgndbd-1. Both catalyse¢he twoelectron oxidation of ubiquinol by molecular oxygen
within the cytoplasmic membrane but diffeith respect to the efficiency of proton
translocation and pattern of expressibrgledew and Poole 1984Wlasonet al (2009)
have also shown thahese respiratory oxidases differ their tolerance to NO
cytochromebd-I activity is more resistant to nitric oxidan cytochroméoNjue to a
fast NO dissociation rate, permitting oxygen reduction to continue in the presence of
NO. As cytochroméd-| has a very high affinity for oxygea D6 me | | o, Hi | |
1996)and is maximally expressed under microaerobic condi{idssnget al. 1996) it

is expected that pathogenic bactergy upon this terminal oxidaskr respiration
within the oxygen limiting environment dhe host. his role as oxygen scavenger,
taken together with the tolerance to NO, cytochrdmdel has been linked to the
virulence of ertain bacterial pathogenk fact, arange of bacterial pathogens have
been shown to exprebs-type oxidasescludingListeria monocytogendgtarsenet al.
2006) B. abortus(LoiseFMeyeret al. 2005) Bacteroides fragiligBaugm and Malamy
2004)andS.flexneri Furthermorepd-type terminaloxidases have been observed to be
so vital to pathogesurvival duing host colonisation that tHessof this oxidaseesults

in attenuatiorof virulenceof some pathogens includir@almonellaTurner et al. 2003)

and groupB StreptococcuqY. Yamamotoet al 2005) The connection between

virulence and cytochromuad is discussedurther in section 1.6.5.

A significant phenotype ofcydDC mutants is their inability to assemble
cytochromebd-I (Bebbington and Williams 1993; Georgiou, Hong and Gennis 1987;
Poole, Gibson and Wu 1994; Poeteal. 1993) Given that the deletion of cytochrome
bd-l has been shown to elicit sensitivity to NMWasonet al. 2009) it is expected that
cydDC mutants will also be sensitive to NO due to an inabilitageemble functional
cytochromebd-1. The experimental approaches in this chapter are designed to test this
hypothesis by using the N@onor molecule NO€2 to impose nitrosative stress upon
a seres of E. coli knockout strainsln addition, spectroscopic tools antetabolomics

are used to gain further insights into ttyelDCphenotype.
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3.1.1Nitric oxide releasing compoundNOC-12

NOC-12 is a nitric oxideamine complex that can spontaneously release nitric oxide
under physiological conditions without the need for a cofactor. Decomposition of NOC
12 is elicited by protonation of the oxygen of the NO group and results in the release o
two molecules of NO per molecule of NE&X2 (Hrabieet al. 1993) the release rate of

the second NO molecule is much slower than that of the(firgtire 31). NOG-12 has

a similar structure to two other NO@asing compounds; NO& and NOG7 but with a
much longer haffife of NO release. The benefits of using NOC compounds is that their
NO generation isimpler thanother classical NO donors, such as GSNO, and the by
products are thought not to interfere hwitell physiology. Decomposition of NOC
compounds is faster in acidic soluttofAga and Hughes 2008%tock solutios were
thereforeprepared in an 80mM sodium phosphate buffer (pH 8). Temperature also
affects the haffife of NOC-12, atpH7 37°C the haHife of NOC-12 is 100 mintes,
reducing the temperatute 22°C extends the hdife to 327 minutegHrabie et al.
1993)

| _— | . + 2NO
HaC CH, HaC N CHs

Figure 3-1. Nitric oxide release from NOG12
The reaction scheme above shows howpttetonationof NOC-12 leads to the release

of two nitric oxide molecules. It is thought that the release rate of the second NO
molecule is much slower than the first.
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3.2 Results

3.2.1 Loss of functional CydDCelicits sensitivity to nitric oxide

To investigate whethaheloss of CydDC would elicit sensitivity to nitric oxide, growth
curves for wild typgMS52), cydD (MS54), andcydB(MS53)K-12 Keio strainsTable

2-1) were performedising a plate readexs described in sectidh1.8 Following the
addition of NOC12, growth was inhibited for a finite period after which growth
resumed, probably due to adaptatiohthe cells and/or geetion of the NOE12
(Figure 32) . As expected, t Hoi e depéndegt upom itme 6
concentration of NO€2 used. One way to directly compare the inhibition by NKC
across the three strains is to look at the time taken to reach a particgtav@ie (e.g.

an ODyoo of 0.1 is used in Figure-3). Since normal wth rates are observed
following the lag time, it was not sensible to calculate doubling times as a measure of
NO sensitivity. After the addition dd.1 mM and 0.2 mM NOE2 the difference in
time taken for wild type cultures to reach an dfof 0.1 isvery small. Wildtype
growth remaied unaffected in the presence of 0.1 mM NQ@EZ with growth
comparable to that in the absence of NOC This indicates that wild type cells are able
to adapt to this level of nitrosative stress. Howeaddition of NOCG12 in the absence

of cytochromebd-| or CydDC increases the time taken to reach ago6i 0.1 by one
hour or 3 hours, respectively. This suggests that the protection fronm Mdd type
cells iscompromisedn the absence of these two protein comple@®wth of wild
type cells is inhibited whetthe concentration of NO€2 is increased to 0.5M,
suggesting that at this concentration, CydDC and cytochbahi@f wild type cells are

not able to completely protect against the detrimental effects of NO.

The loss of cytochrombd-l has previously been shown to elicit sensitivity to
NO (Masonet al. 2009) and consisteht with this, mutation otydBin the Keio strain
elicits sensitivity to NO. Since the assembly of cytochrdmdd requires CydDC
(Georgiou, Hong and Gennis 198®utation ofcydD would be expected to also elicit
NO sensitivity, which the current work clearlemonstrates (Figuse3-2 and 33).
When the growth inhibition at equivalent NE&I@ concentrations is compared between
the cydBandcydD mutants, growth of theydD mutantis more sensitive than theydB
mutant. Ths result demonstrate that CydDC provides protection against Nénd
furthermore, suggests an additional CydB€diated N&olerance mechanism beyond
that of cytochroméd-1 ase€mbly.
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Figure 3-2. Mutation of cydBand cydDelicits sensitivity to NOin E. coli

Culturesof wild type (MS52)(A), cydB (MS53)B) andcydD (MS54)(C) E. coli Keio
strains weregrown under aerobic conditionand various encentratios of NOC-12
wereadded afted.5 h:black noNOC-12 controj red, 0.1 mM; blue, 0.2 mM; purple
0.5 mM; green 0.75mM NOC-12. Error bars represent standard deviaioh three
technicalrepeats.

82



Change in time taken to reach O[,,0.1
= 8 wild type cydB cydD
N—’ 7 I 1 I 1 | 1
c
QL 6 {7
s . . i
]
E 4 == —
£ 3 |
X - -
S
c 1 ] B
O O n T T T T 1
WT WT WT WT cydB cydB cydB cydB cydD cydD cydD cydD
01 02 05 075 01 02 05 075 01 0.2 0.5 0.75
Strain and [NOC-12] (mM)

Figure 3-3. Change intime taken to reach an ORooof 0.1 in the presence of the

NO donor NOC-12

Cultures of wildtype (grey),cydB (blue) andcydD (orange)E. coli Keio strains were
grown under aerobic condition¥.arious concentrations of NOT2 were added after
1.5 hof growth. The time taken for cultures to reach ane@f 0.1 was determined,
and data are expressed as the increase in time due telR{D@ibtion (relative to the

no NOG12 control).Error bars represent standard deviatiohthreetechnicalrepeats.

3.2.2 Periplasmic cysteine and glutathiongrovide additional protection from NO
The finding that acydD mutant is more sensitive to NGI2 than acydB mutant is
interesting as one might expedhat thesestrainswould exhibit a similar level of
elevated NO sensitivity (due to loss@mfttochromebd-1 assemblyMasonet al. 2009).
Given that both the known substrates for CydBdhitan thiol groups that caneact
with incoming NO,it was then hypothesised that Cydiggported thiolscan provide
additional protection td&. colifrom NO, beyond the involvement of cytochrotme|.
With a reduction irperiplasmic thiols to react withcomingNO, it is likely that acydD
mutant is confronted with a larger concentration of NO within the cytoplasm than
strains with functionaCydDC. To test this hypothesis, reduced glutathione and cysteine
were addedo growth media during further NOC2 growthexperiments

As before, the growth afydB andcydD Keio mutants was inhibitedsing the
nitric oxide donor NOE12 at a concentration of 0.75mMhe extent of NOmediated

growth inhibition was comparei whenthe growth media was supplemented with
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mM cysteine and 2.4 mM GSHrhe outer membrane porins allow tltgffusion of
molecules ~600 Da from the extracellufand to the periplasm(Decad and Nikaido
1976) Hence it is reasonabléo assume that extracellular glutathione and cysteine are
at equilibrium with the periplasmic spades before a plate reader was used to measure
OD readingsDefined mediun{Flatleyet al.2005)with and without additional cysteine
and glutathione was inoculated with bacteria and then aliqast2d0 plvolumes into

the wells of 96 well plates. Cells were grown in a plate reader°@t&vd200 rpm for

an hour and a half before being challenged with 08 NOC-12. It has previously
been shown (Figure-3) thataddition ofNOC-12 at a concentration &75mM hasa
large affect upon growth of bottydBandcydDE. coliKeio strains; this fatively large
concentration of NO€.2 (0.75 mM)was usedn this experimenas it was assumed that
as targets of NO, additional cysteine and glutathione in the media would react with
NOC-12 and dampen the observed affects upon gro®tiowth curves are shvn in
Figure 34, and he kevel of inhibitionwasdefinedby the time taken to resume growth
and reach an Odg of 0.25 (Figire 3-5), which wasdiminishedfor the cydD mutant
when additional cysteine and glutathione was pre§dns supports the hypothissthat

a lack of NQreactive thiols in the periplasm causgslD mutants to be more sensitive
to NO.
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Figure 3-4. Effect of exogenous glutathione and cysteine to NO tolerance ©fdB
and cydD mutants

cydB (MS53)blue) andcydD (MS54)orangé E. coli Keio mutants were grown in the
presencgB) or absence (AQf 0.75 mMNOC-12 to determine if exogenous addition of
cysteine and GSH alleviated N&2 growth inhibition.Error bars represent standard
deviatiors of five technicalrepeats.
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Figure 3-5. Exogenous glutathione and cysteine reduces the inhibitory effects of
NOC-12 on acydD mutant

Aerobic growth ofE. coli Keio strains in a 96 well plate was measured using a plate
reader. The time taken for ains to reach O30 0.25 in the presence of NGI2 was
measured to determine level of growthibition. Some of the wells contained medium
supplemented with the lewolecular weight thiols cysteine (1.2 mM) and glutathione
(2.4 mM). The effect the addediols have on nitrosative stress can be determined by
comparing the time taken to reach §&éof 0.25. Error bars show standard deviation of
five technicalrepeats.

Onewould expect that addition of GSH and cysteine in general waidldolerance to
NO. It is intriguing that supplementing media with GSH and cysteine does not,
however, alleviate NO sensitivity of eydB mutant and actually produces a slight

hindrance to growth, possibly due to the toxic effect of cysteine.

3.2.3 Addition of reduced glutahione is more effective at relieving the NO induced
growth inhibition of a cydD mutant than cysteine

To assess the individual contributiohthe two thiolsto NO tolerance, growth curves
were performed(using a plate readewith an equal concentration of eitheysteine (1
mM) or GSH (1mM) added separately tbe growth mediumAs described above, the
growth of cydBandcydD strainsis inhibited by addition of NO€2. Themagnitude of
this growth inhibition was compared when cués were grown in defined medium
(Flatley et al. 2005) containing 0.1 % (w/v) casamino acisispplemented with inM
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cysteine or InM GSH. Cells were grown in a plate reader &C3Z00rpm for an hour

and a half before being challenged with 0iM NOGC-12. A relatively large
concentration of NO€12 was used as it was assumed that as targets of NO, additional
cysteine or glutathione in themedia would react with NOQ2. Growthcurves are
shown in Figure &. As seen by the little difference in tinb@ken to reach an Qg of

0.25 (Figure 3-7), adding cysteine at a concentration oM to the media ravery

little effect onthe NOC-12-mediatedgrowth inhibition of acydD strain However
addition of glutathione (InM) noticeablyalleviatesthe growth inhibition othe cydD
straincaused by\NOC-12. The NOG12-mediated growtlnhibition of thecydBstrainis

alsodiminishedby the addition of glutathione.

A Comparing growth with/without 1mM exogenousGSH
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Figure 3-6. Effect of exogenous glutathione or cysteine to NO tolerance ofjdBand
cydD mutants

cydB(blue) andcydD (red) mutants were grown in the presence of NI2Gcircles), to
determine if exogenous addii of GSH (A or cysteine (B alleviated growth
inhibition. Error bars show standard deviation of fleehnicalrepeats.
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Figure 3-7. Exogenous glutathione is more effective than cysteine at alleviating
NO-mediated growth inhibition

Aerobic growth ofE. coli Keio strains in a 96 well plate was measured using a plate
reader. Strains were grown in the presence of 0.5 mM HP®vith or without
exogenous cysteine (1 mM) or glutathione (1 mM). The effect the added thiols have on
nitrosative stress was dedid by the time taken to reach an &{of 0.25. Error bars
show standard deviation of fitechnicalrepeats.

3.2.4 Exogenous glutathione and cysteine restores cytochrorél assembly in a
cydDCmutant

One of the most important phenotypes oty DC mutant, is a lack of functional
cytochromebd-l (Poole et al. 1993; Poole, Gibson and Wu 1994; Bebbington and
Williams 1993; Georgiou, Hong and Gennis 198n) a strain lacking CydDC it has
been shown that cytochromiad-l protein polypeptides CydA and CydB are still
synthesised and inserted into the cytoplasm@nbrane but that the haem cofactors,
essential to cytochrome functional are not incorporated within these subunits
(Bebbington and Williams 1993pome phenotypesf a cydD mutant such as the loss

of motility, the sensitivity tadithiothreitol and benzylpenicillin along with the absence
of holocytochromes and periplasmic cytochroni®e> can be corrected with the addition

of either cysteine or glutathione to the tb media(Pittmanet al. 2002; Pittman,
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Robinson and Poole 2003 owever, the restoration of cytochrorbé|l has not been
observed by the addition of GSH or cysteine alone, so it was of interest to determine
whether both CydDC substrateseaneeded in the periplasm for cytochroioe |

assembly.

As CO binds to different haem groups, giving characteristic spécisgpossible to use
0COe dunirugdde d u c e d @e. Gpdefereénceaspectr) detecthe presence

of fully assembleccytochromebd-l. CO dfference spectra of whole wiltype cells
expressing functionadytochromebd-1 have peaks at 420m and 642m with a trough

at 442nm and 62z2hm as seen ithe wild type trace (black iRigure 38). T fband U
peakat 642 nm correponds to the Cdigated form of cytochromd. The troughat 622

nm is assigned to the loss of absorbance of the reducédated cytochromel on
binding CO. In the (soret) region, the absorption maximum of cytochrdidé is at
420nm with a troughat 442 nm (Kalneniekset al. 1998) This is thought to correspond

to the haem bsgs of cytochromebd-l. CydDC mutants lack haem cofactors within
cytochromebd-I, which can be observed in theO difference spectra afydD cells
(Figure 38, red tracg Whole cydD cells, which aredeficient in cytochromedd-I
assemblyproduce COdifferencespectra that lack the peak and trough at 642nm and
622nm respectively The pealkand trough at 428m and 442ym, respectivelyare also
shifted slightly to the left; in the absence of cytochrdidé, the CO bound cytochrome
boNappears more prominent with a peak around di6and a trough around 430nm
(Kita, Konishi and Anraku 1984)his provides a simple assay to detect the presence of
fully assembledtytochromebd-l within whole cells. As seen iRigure 38 a cydD (red

line) mutant loses the peaks attributed to cytochrbiké when compared to a wild

typestrain(black line).

For these assays, bacterial strains from the Keio collection were grown
microaerobically to encourage the production of cytochrdodé. As described in
Section 2.3.1 ritroaerobic conditions were achieved by increasing the volume within
250 ml conical flasks to 100ml, and reducing the fpom 180to 15Q to reduce the
level of dissolved oxygen. Definededium as described ire&ion 2.1.5.AFlatley et
al. 2005) had been used to grow bacteria at first, but when tyiie¢ strains were
assayed no cytochromad|l signal could be seen. Growing cells in rich LB media
permitted cytochroméd-l to be observed in wild type cells and importantlg diot
result in the detection ofytochromebd-l spectroscopic signal& a cydB or cydD

mutant.
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Previousattempts to restoreytochromebd-l in cydD strainsdid not employ the
strategy of addingooth CydDC substrates to the growth medium in tandem. CO
difference spetra d whole cells in gure 38 are consistent with previous results that
cysteine (green trace)or glutathione (purple trace)alone are unable to restore
cytochromebd-I assembly ina cydD mutant. Interestinglyhere we show that when
added together simultaneously cysteine (0.5 mM) and GSH (1 mM) can restore the
assembly of cytochromied-1 (blue trace) This spectrum i€omparable tghat ofwild
type cellsin that the peak at 642nm is seen which corresponds to tHey&éd form of
cytochromed, although the featurest 416nm and 43(m are poorly defined compared
to the wild type trace. Wthereforeconclude that adddn of glutathione and cysteine

restaes haem insertion into cytochronioeHI.
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Figure 3-8. Glutathione and cysteine restore cytochroméd-1 assembly in acydD
mutant

CO difference spctra (400nm- 700 nm) were collected at room temperatwéhole

cell sampleqE. coli from the Keio collectionwere scanned ia custordbuilt SDB4

dual wavelength spectrophotometalneniekset al. 1998) Each scan is labelled with

the strain and which lownolecular weight thiols were used to supplement the growth
medium (LB). Cells were grown microaerobically at°®7 overnight, then harvested at
4000 rpm and 4C before being rsuspended in 1 ml of 0.1 M potassium phosphate
buffer, pH 7.4. Further dilutions were made where required to enable whole cell CO
difference spectra to be recorded. The protein concentration ofdi®GSH cysteine
sample usetiere was 5.6 mg/mEpectra have bearormalised to give a comm@oret

peakmagnitude andffset to fit onto the same figure.
a0



3.2.5 Metabolomic perturbations elicited by loss of CydDC

Loss of CydDC elicits a pleiotropic phenotype, so it is expectedathatt of changes
occur within cells in response to the absence of the exporter comptsdDivs. WT
microarray experiment has previously been performed by Dr Stuart Hunt (University of
Sheffield) and Dr. Mark Shepherd (University of Kefiolyoake et al. 2015) As
expected a large number of genes were shown to be differentially regulated in the
absence of CydDnediated reduced thiol export; 97 genes were shown to be
significantly upregulated and 41 genes were shown to be significantly degudated.

Of these selected genes were mapped onto a metabolic diagram to provide a
physiological overview of the loss ofdD (Figure 39). The diagram highlights the up
regulation of genes involved in protein degradatibrgxidation of fatty acids and
respiration. The athors propose that misfolded proteins and fatty acids are broken
down to feed into the TCA cycle in order to restore the balance of metabolic flux. Genes
encoding the NapGH and NapAf#®mplexes were also shown to beregulated in the

cydD mutant. As Nap® channels electrons from ubiquinol to NapAB, an electron
accepting nitrate reductase the authors suggest that theguiation of these genes
compensates for the loss of cytochrobtel assembly. Of the genes that are dewn
regulated, many are involved itniosulphate transport, nucleotide metabolism and

motility.

Transcriptomic studies, however, do not provide information on protein
translation nor do they provide an insight into the concentrations of metabolic
intermediates in the cell. To complemenistimicroarraydata, metabolite extractions
(Section 2.4.2) otydDand wild type cells were analysed via-#B NMR spectroscopy
as detailed in &ction 2.4.3. Six metabolite extractions and NMR analyses were
performed for both wild type argydD cultures.

TheH-NMR spectra were normaliséd position the signal for 4;dimethyk4-
disilapentanel-sulfonic aed (DSS) at 0.00 ppm (Figure13). At first glance the NMR
spectra otydD metabolites is similar to the spectrum obtained for metabolites extracted
from the wild type strain. Indeed, the AMIX global analysis software (Bruker)
calculated no significant difference overall betwesydD and wild type spectra.
However, manual inspection of the spectraydD and wild type cells reveals regions
in which peakpositions and intensities vary between the two strains. To identify the
metabolites that vary in abundance between thestwains the online resourcé T h e

Madison Metabolomic€onsorti um Dat abasEdiet@MdB8D) wa
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Peaksn NMR data collected were assigned to a metabolite by inputting chemical shift
values with a tolerance of £0.@rts per million §pm) chemical shift variance into an
NMR-based search of metabolites. Published NMR data of metaboliieh witeate

peaks at the input chemical shift value were then compared with the peaks in NMR data
collected. Corrected intensity signals were then used to create averages, standard

deviations and-test data of assigned metabolitEggre 311).
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Figure 3-9. Model for the adaptations of acydDstrain (Holyoake et al.2015)

The gene transcript levels and transcription factor activities that asadmlownregulated in theydD vswild type transcriptomics are shown in red
and blue, respectively. The brown and cyan lines denote processes that are predicted-tarok dgwrregulated, respectively. TCA cycle
intermediates that are also shown outside the cycle are highlightedpie.pbbreviations: A€oA, Acetyl CoA; GSH, reduced glutathione; Grx,

Glutaredoxin; LMT, lowmolecular weight thiol; Trx, Thioredoxin.
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3.2.5.1 Deletion otydDresults in depletion of intracellular succinate, Dmannitol
and NAD

The spectra of metabolites extracted from wild type cells contains a large peak at a
chemical shift of 2.4Figure 310A), but this single peak is missing in the spectra of
metabolites extracted fromaydD cells (Figure 310B). To assign this peak to a
met abolite the website for theMdQDawas s on
used(Kalnenieks et al 1998) A chemical shift of 2.4 wasnteed for an NMRbased
search of metabolites. NMR data of each possible metabolite was then compared with
the peak at chemical shift 2.4 Fgure 310A. The searcttoncluded thathe NMR
standard forsuccinate (Appendix A) was very similar to thealifferencesin signal
intensitiesat a chemical shift of 2.4 (between the wild type eydD mutant) The 1D

H NMR spectra of succinate is one single peak at 2.4 which correlates well with the
changes seen between wild type and mutant cell derived metabolites. As the peak at 2.4
IS missing in acydD mutant this shows that eydD mutant has reduced levels of
succhate when compared to wild type. Thbeange in level®f succinate were not
shown howeverto be significant at the 95% significance lewdien unpaired-tests

wereperformed(Figure 311).

Looking at Figure 3L0 a peak with achemical shift around 3.&ialso less
prevalent in theydD metabolic profile than that of wild type cells. The reference NMR
data of Dmannitol shows a large peak at a chemical shift around 3.75 with other
smaller peaks surrounding it (Appendi?2), this is consistent with the ahges in
peaks between the two strainscollected NMR data (Figure BJ), and thus shows that
D-mannitol is reduced in the absence of CydDC. The levelsm&bnitol were shown

to be significant at the 95 significance level (Figure-B1).

Peaks at 9.35 and 8.42 match peaks assigned to NAD (App&+8Jikoth these
peaks are reduced ioydD spectra when compared to wild type spectra, and this
difference in signal intensities is significant at the 95% level when unpiaiestls are

performed

3.2.5.2 Betainefumarate and L-methionine are elevated in aydDstrain

As seen in Figure-30 the spectra of metabolites extracted fropaD cells contains a
large peak at a chemical shift of around 3.27, the magnitude of this peak is diminished

in the spectra of metabolites extracted from wild type cells. To assign this peak to a
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metabolite the website for the oOMadi son
used. A chemical shift of 3.27 was inputted for an NbH&ed search of metabolites.
NMR reference data of each possible metabolite was then compared with the collected
1D-'H NMR data.For example, #hough there are alternative metabolites that also
include peaks at a chemical stafound 3.24n their NMR reference datéincluding L-
arginine, L-phenylalanine, @enzyme A, BGlucuronate and f2ellobiosé, the peaks

that accompany the peak at 3.27 do not correlate with the differences in peaks seen in
the NMR data collected in this thes@omparison of the NMR reference datahwihe

data colleted (Figure 310) showed a good correlation with the NMR reference
spectrum of betaine (Appdix A-4). The peak at 3.25 is distinct within the spectra of
cydD metabolites but not in wild type metabolites, furthermore an unpditesit
showed a significandifference at the 99% level and thus it was concluded that betaine
levels are elevated wheydDis deleted.

Alongside the peak at 3.27, a peak at chemical shift 2.15 is detected in four of
the five NMR spectra focydD cells but only one of the six spectra of wild type
metabolite extracts. The reference-IHD NMR data of l-methionine (Appendi-5)
matches the changes in peaks between the two strains. Further analysis showed that the
level of methionine in the two stra is significantly different at the 95% level. Thus
methionine is more abundant in cells lacking CydDC. Referene#H1IBMR data for
fumarate produces a single peak at a chahshift around 6.5 (Appendix-8). Larger
peak intensities are seen fiydD spectra than wild type spectra, the differences in peak

intensities isalsoshown to be significant at the 95% level in unpatregbts.
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Figure 3-10. 1D-*H NMR metabolite analysis of wild type orcydDcells

Metabolite extractions of wild type (A) araydD (B) cells were analysed via 3 NMR spectroscopy, where six metabolite extractions and NMR
analyses were performed for both wild tyged cydD cultures, one of the wild type results wasomalousso this has been removed hér¢here
spectra differ between extracts from wild type apdD cells, boxes have been drawn and the proposed metabolite labelled at the top of the spectra.
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Figure 3-11. Relative abundance of metabolites imydD and wild type E. coli cells

Red bars show metabolite levels in wild tyiS52) cells (normaked to an aibrary

value of 100), and yellow bars show metabolite levelsydD (MS54) cells: the
magnitude of theeydD metabolite data has been scaled relative to the wild type data.
Error bars represent standard deviation. Asterisks denote that an utjesteldlas bae
performed and a significant difference of 95% or above was observed. Only betaine
shows a significant difference above the 99% confidence level.
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3.3 Discussion

It has previously been shown that cytochrdedd contributes to the protection of cells
against NO(Masonet al. 2009) With a fast NO dissociation rate, cytochrobel is

less sensitive to NO than the alternative terminal oxidase cytochimigthus
cytochromebd-1 permits aerobic respiration to continue in the presence of NO. Since
CydDC is required for the assemblfyaytochromebdHl, it was at first anticipated that
cells lacking CydDC would exhibd similar level of NO-mediated growth inhibition to

that ofcells lacking cytochrombd-l only. To test this hypothesis, NOI2 was used as

a nitric oxide donor and groWwtwas monitored after its addition. This approach
demonstrated that growth ofcgdD Keio mutant is more sensitive than a cytochrome
bd-l mutant, which indicates an additional contribution to NO tolerance for the exporter
complex. We hypothesised that tti#ference in sensitivity between the two strains is
due to the export of thiols to the periplasm. As thiol groups are targets ¢figN&ro
1989; Stamleet al. 1992; Stamler, Singel and Loscalzo 1992¢ estimated that loss of
export of these thiols to the periplasm would result in a higher concentration of NO
being allowed to mter into the cytoplasm, in which NO can reacimerabletargets. To

test this hypothesis, glutathione and cysteine were added to the growth medium and
then a short time later the cells were challenged with N@CThe aim was to replace
cysteine and GSHhithe periplasm ofydD mutant cells to determine the sensitivity to
NO. The results showed that exogenous addition of thiols reduces thmeNiated
growth inhibition of thecydD strain to a level comparable tagtochromebd-1 mutant.
These data are consistent with the hypothesis that CydDC contributes to the protection
from NO both by permitting the assembly of cytochrdidd and via the export of low
molecular weight thiols that react with incoming NO.

After identifying g/steine (2002) and later glutathione (2005) as substrates of
CydDC, Pittmanet al. assayed the restoration of cytochrobeel in the presence of
exogenous reduced glutathione or cysteine. Cysteine was added to the growth medium
at final concentrations of.® mM or 2 mM(Pittmanet al. 2002) Exogenas glutathione
was added to the growth medium at concentrations of 0.1, 0.25, 0.5, 1 or 2 mM
(Pittman, Robinson and Poole 200Restoration of cytochromad-l assembly was not
observed for cysteine nor glutathione at thesspectiveconcentrationsThis lack of
cytochromebd| restoration and the promiscuous nature of AlgQe transporters in
general have led to a proposal that CydDC has additional substrates thet tarde
discovered. In the current studgytochromebd-l assembly was examined in the

presence of both glutathione and cysteine. Since high concentrations of cysteine can be
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toxic to cells, a low concentration (0.5 mM) was used so that an appropriate OD
could be reached after overnight growth. A combination of 0.5 mM cysteine and 1 mM
reduced glutathione was addedcia@D cells for overnight growth. The CO difference
spectra of these cells displayed spectral characteristics of assembled cytolsthiome
We therefore concluded that glutathione and cysteine added simultaneouslydD a
mutant can restore haem insertion into cytochrtwké This result is interesting as it
suggests that loss of cytochrotml assembly in a strain lacking CydDC is mogérely

due to loss of a reduced thiol pool in the periplasm, otherwise just one of the thiols
would have restored cytochrorbe-l assembly. Instead, the requirement of both thiols

indicates a process in which both thiols play a part.

The metabolomics datsuggests that loss of CydDC may result in a slight
increasan L-methionineand fumarate andeduction of succinate, hannitol, acetate
and NAD (unpaired-test at the 95% level). However, a large increase in betaine levels
was observed, and this was the only metabolite detectegdid cells that could be
confidently described as having altered abundance: betaine is significantly altered at the
99% level conpared to wild type cells (unpairgédest). Thisobservation is consistent
with cydD vs. wild type microarray datéHolyoakeet al. 2015 collected by Dr. Mark
Shepherd & Dr. Stuart Hunt) in which the betaine synthesis dmtAsndbetBare up
regulated and the transcription factor Betl, a repressor of thess des reduced
activity as supported by modelling of transaopt factor activities(Holyoake et al.
2015) ThebetABoperon is involved in the biosynthesis of betaine, an osmoprotectant
also known as glycine betaine. Taken together this would show that in response to loss
of CydDC, activity of the transcription factor Betl is decreased, resulting in the up
regulation ofbetABoperon at the transcriptional level which results in an increase in the
osmoprotectant betain@\ndresenet al. 1988) The betA gene encodes aholine
dehydrogenase (CHD) thattilises FAD and pyrroloquinolingPQQ) cofactors.
Intriguingly, BetA has been shown to use ubiquinone as an electron ac(f®gbaatt
and Dawson 1975)t is therefore hypothesised that BetA and BetB permit electrons to
feed into the ubiquiol pool (Fgure 312) while simultaneously providing glycine
betaine to alleviate osmotic perturbations elicited by an accumulation of glutathione and

cysteine incydDcells.

Thereduction inlevels of NAD in the absece of CydDC is likely to be a result

of the reducing conditions produced by the loss of thiol export andthleusxcessive
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amount ofreduced thiols in the cytoplasrrurthermore, BetB utilises NAD during
betaine biosynthesis, as levels of this metabolite are significantly increasydDn
cells, this could further explain the depletion of NADis unclear why Bmannitol

levels are also depleted.

Despite thecydD vs.wild type microaray analysis showing an-rggulation ofyjcH
responsible for acetate import, acetate levels were showe tiepleted irtydD cells.
Microarray analysifioweveralsoled to the conclusiothat misfolded proteins and fatty
acids are broken down ydD cells to feed into the TCA cycle in order to restore the
balance of metabolic flux, so it is likely thatetae levels aredepleted due tds usein

fuelling b-oxidation of fatty acidais well aghe TCA cycle.

Succinate and fumarate, intermediates of the TCA cycle arealietkdin cydD
cells levels of succinate are reduced and fuatgis increased, reflecting a potential
increase irsuccinate dehydrogenaaetivity that catalyses the oxidation of succinate to
fumarate with the simultaneous reduction of wirigne to ubiquinol (Figure-32).
This supports the findings of theydD vs.wild type microarray which showed that
genes of the TA cycle are induced (Figure®. This change irenergymetabolism

may be dugin part,to arequirement for additional electron flux into the quinone pool.

Metabolites wereassigmed to chemical shiftpeaks via thecomparison of
collected NMR data with NMR reference datatsfrom the 6 Ma d inetabolite
consortium d t a b @he eotparison of peakkowever,is problematicfor a number
of reasons, includinthe presence of metabolites in biological samples that have yet to
be added to the database, changes in the chemical shift of peaks due to variations in pH
and salt concentration as well as the crowded natiutiee collected 1B8H datawhich
means that #re are peabkverlas, thisall culminates in the fact that peaks could be
incorrectly assignedCui et al. 2008) Mass spectrometrio comparethe metabolite
extracts fromwild type andcydD cultures coulcconfirm that the metabolisgadentified
in this chapteare indeed altered by the deletiorcgéD.
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Figure 3-12. Succinate dehydrogenase

Succinate and fumarate levels are affected by the losgd@f an increase in fumarate
and a decrease in succinate levels reflect upon theegytation of succinate
dehydrogenase seen in previoeydD vs. WT microarray analysis. Succinate
dehydrogenase catalyses the oxidation of succinate to fumarate with siowdtane
reduction of ubiquinone to ubiquinol. An increase in succinate dehydrogenase
expression and activity is likely to be the reason for the changes in TCA cycle
intermediates, this would also provide additional reducing power to the quinol pool of
cydD mutants.
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Chapter 4

Global adaptationsin responseto

CydDC activity: transcriptomic
perturbations resulting from variations

In periplasmic cysteine/glutathione levels
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Summary

Exogenous cysteine and GSH have previously been showestore cytochrombd-
assembly in &ydD mutant, suggesting that the presence of these thiols in the periplasm
of cells is crucial for the assembly of cytochrobwl. Microarray experiments were
performed to further probe the role of glutathione andeays in the periplasm. In cells
lacking CydDC, GSH and cysteine will still be present in the cytoplasm, potentially at
higher concentrations than in wild type cells, the periplasm however, is thought to be
deficient of these thiols due to a lack of exgaosin the cytoplasm. Exogenous addition

of GSH and cysteine should restore their @nes in the periplasmic spac&s acydD

vs wild type microarray exparient had already been perfomed, macroarray
experiment waslesigned to compare the regulation of genes @fdDC mutant when

GSH and cysteine were added exogenously. As it is likely that addition of GSH and
cysteine to acydDC mutant would lead to restoration of cytochrotmdl, a cydDC
cydABmutant was also uskin parallel withtheaim to study theffectsof transcription

caused by the addition of thiols that are independent of cytochydihestoration.

The addition of GSH and cysteinedpdDCcells led to an wpegulation of 163
genes and a dowregulaton of 173 genesompared tewydDCcells alone Whereas the
addition of these thiols toydDCcydABcells led to an wpegulation of 135 genes and a
downregulation of 220 geneshen compared toydDC cydABcells alone The large
number ofgenesfound to havealteredexpressionn response to the addition of GSH
and cysteine to growth mediagth incydDCandcydDC cydABcells made it difficult
to clearly identifythe physiological chages taking placelhe activities of transcription
factorswere mod#ed to determine whicliranscription factorfiave altered activitieis
response to the exogenous thidléis gave an insight into the stimuli imposed upon
cells andthe transcriptional mechanisms underpinning changegete expression
Genes ontrolled by TFs wit alteed activities formed asubset of genedor ease of

interpretation.

Analysisof this subset of geneshowed that independently of cytochrontoet|
restoration, the addition of GSH and cysteine to growth media resulted in-an up
regulation of respiratory gnes including those encoding cytochromntedll and
hydrogenase |An up-regulation in tanscription of genes related to molybdenum
cofactor biosynthesis, ion transport and the regulation of intracellutaate levels was

also observed Converselya downregulation was simultaneoushgportedin genes
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encoding proteins of the tricarboxylic acid (TCA) cycle, motility genes and genes

involved in the biosynthesis and transport of amino acids.

By investigating the stimuli of TFs 1 altered activities in botkydDC and
cydDCcydABcells, it was found that cells weepotentially responding whanges in the
demand for amino acids, as well as osmotic stress, low oxygen conditions, phosphate

starvation, and changes in the levels qiper, HO», dihydroxyacetone and sodium.

In connection with thiemediated cytochromebd-l restoration, an increase in
expression of genes encoding cytochrobwl was observedalongside a down

regulation of genes of the methyicitrate cy@kewhich propanoatés used as a carbon
source to generat® succinate and pyruvatevhich respond to changes in available

carbon sources
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4.1 Introduction

The ABGtype transporter CydDC is known to export reduced glutathione and cysteine
to the periplasm oE. coli. Loss of CydDC results in an ovexidising periplasm and a
pleiotropic phenotype which resembles the phenotypeslsbf mutants. The low-
molecular weight (LMW) thiols exported by CydDC dnereforethought to participate

in maintaining the redoxenvironment of the periplasniExogenous addition of the
known allocrites of CydDC has been shown to restore the survival and temperature
sensitive phenotypes ofcgdCmutant(Gadman, Gabbert and Kranz 1996ahd it has

been shown that exogenous cysteine can aissteblish cell motilityrestoreresistance

to benzylpenicilin and DTT and can partially restore the assemblyc-type
cytochroms (Pittmanet al. 2002) In the previous chapter we showed for the first time
that cytochromebd-l assembly can be restored incgdD mutant by the addition of
cyskine and reduced glutathione to the growth medilinese observationsighlight

the multiple cellular roles played byeduced thiols within the periplasm, and the
importance of their export by CydDC. Furthermarensidering thathe exported thiols

are thought to help maintain the redox environment of the periplasis is of
consequence textracytoplasmic proteins that contain disulphide bonds. As discussed in
Section 1.1, disulphide bonds are essential for protein structure and function. It is
therebre expected that loss alydDC would lead to problems with functionality of
these proteins including proteins related to cell motility, attachment and the secretion of

extracellular proteins.

The assembly of cytochrontehl in a strain lacking CydDC hawot been shown
to be restored by theddition of glutathione or cyahe alone, busimultaneous addition
of the two reduced thiols can permit haem insertion into the polypeptide chains of
cytochromebd-1 (Chapter 3). This finding highlights the lack ofdanstanding around
the relationship between CydDC and cytochroimél. This chapter seeks to
characterise the transcriptomic adaptations that result from replenishing the periplasm of
strains lackingCydDC with glutathione and cyshe, with a view to eludating

mechanistic insights into physiological processes controlled by external reductant.
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4.2.Results
4.2.1 The role of CydDCexported GSH and cysteine

With the discovery that exogenously added GSH and cysteine restores cytobldrbme
assembly in acydDC mutant (Chapter 3), it was of interest to elucidate the
transcriptomic adaptations that resiuim the addition of these lewolecular weight
thiols to cultures lacking th&€ydDC complex. As discussed inh@pter 3,it is
reasonable to assume thattraxellular glutathione and cysteine are at equilibrium
within the periplasmic space(Decad and Nikaido 1976k0 extracellulareductant
levels are thought to mimitiose of the periplasm\ microarray approach was chosen

to provide insights into how cells respond to the absence/presence of these thiols within
the periplasmgenomewide transcriptional analysis with microarray technology is a
powerful tool for determining how gene expressisraffected. Since transcriptional
perturbations are usually triggered by changes in the local environihewas
hypothesised that this approach would provide insights into how Cyd&diated thiol
export influences conditions in the cytoplasfn.cydD vs wild type microarray had
been previously performed (as discussed in more detail in Section 3.2.5), in
consideration of this wild type cells were not included in the following experiments;

experimentatonditions were replicated to allow comparisonsveen datasets.

In a cydDC mutant, many of the phenotypes are attributable to the lobg-of
type oxidase assembly. In a microarray experiment that compares gene expression of a
cydDCmutant in the presence or absence of GSH and cysteine, one would expect to see
a lot of gene changes that are primarily due to the restoration of cytochtbm8y
using acydDC cydABdouble mutant alongside @ydDC mutant it was hypothesised
that onecould differentiate between transciptomic changes resulting from addition of
GSH and cysteine (direct effects) and those that result from the restoration cytochrome
bd-1 assembly (indirect effectsHence, a microarray experiment was designed (Figure
4-1) in which these thiols would be added exogenously at concentrations to match those
used in cytochroméd-| restoration assays (Figure8R Two microarray experiments
were planned, with one to usecgdDC mutant and the other @dDC cydABdouble
mutant. Gbbal gene transcription could then be compared between these mutants when
1 mM GSH and 0.5 mM cysteine were added to the growth medium. It was envisaged
that tis approach would provide insights into the global effects of LMW thiols
normally exported by @DC inE. col..
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Figure 4-1. Experimental design of the microarray experiment

Exampke of a microarray experimentlesigned to investigate the transcriptomic
adaptations that arise from the presence of @8 cysteine in the periplasicydDC

cells (MS14) were grown in the presence or absence of exogenous GSH and cysteine.
MRNA was extracted from bacteria and used as the template for a reverse transcription
reaction to make labelled complementary DNA (cDNA). A dye swap was utilised to
ensure no biaslue to dye signal strength. This meant that each mRNA sample was
labelled separately with both cy3 (green) and cy5 (red) dyes as depicted with the arrows
in the diagram. Dye swaps are seen as technical repeats as they give two sets of results
from the saméwo flasks of cells, to obtain accurate results these dye swap experiments
were repeated with bacteria grown in separate flasks to ensure two biological repeats
and accumulate a total of four sets of folthnge values for each microarray
experiment. Aexogenous GSH and cysteine have been shown to restore cytochrome
bd-I, a cydDC cydAB mutant(MS336) was used for a second microarray experiment
that is otherwise identical to the experiment shown above. It was envisaged that by
comparison of these two array datasets one could distinguish between transcriptional
changes resulting from restoration of cytomme bd-lI assembly and those that are
independent of this complex.
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4.2.2 Creating an MG1655ydDC cydABdouble mutant

For one of theawo microarray experiments performed in this chapter it was necessary to
create acydDC cydAB double mutant A single mutant needed to be cured of the
resistanceassette so th#the presence a seond deletion could be detected. Removal
of the resistance cassette utilisete pCP20 plasmidTable 21) which encodes a

flippase engme (FLP) for the removal of DNAetween repeat sequences.

4.2.2.1Removal ofthe resistance cassette in@dAB::Cm MG1655 E.coli strain

MS15 cells (cydAB:Cm)(Table 2.1) were madecompetentusing the method as
described byBrachmanret al. 1998(Section 22.6.1), cells were then transformed with
plasmidpCP20(as described in&ttion 2.2.6.2)To select for transformatiocells were
spreadonto ampicillin Luria Bertani (LB) plates. Ampicillin resistant caks were

then grownn LB at 42C to remove the temperature sensifiNeP20 plasmid. Colonies
were picked and streaked onto LB, dapicillin and LBkanamycin plates. Colonies
that could only grow on LB plates were expected to be cured afhtleeampheniol
resistance cassette as well as the pCPa6énpt Th e i Red mutagenesis approach
(Datsenko and Wanner 200@)as then used to replace theydDC operon with a
chloramphenicol resistance cassette, as is describedctio’s2.2.4. Briefly, primers
pMS35 andpMS36 (Table 22) anneal 500 bp either side of thgdDC operon,were

used to amplify the chloramphenicol rearste cassette from a-X cydDC:Cm
mutant generating 500 bp flanking regions, homologous to the DNA either side of the
genomiccydDC operon. The amplified DNA fragmentas introduced into cells via
electroporation, and recombinatisras enhancetietween the homologous regions by
the | -Red recomimase. Following the mutagenesis protocol, colonyRP@as
performed to confirnboththereplacement of DNA at theydDClocusand the absence

of the cydABoperon, this was later repeated using the bacterial culture grown for the

microarray.
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4.2.2.2PCR verification of MS336 ¢ydAB cydDC:Cm)

As there is no selective pressure to keepciftiABdeletion, a PCR was performed on
the double mutant liquid culture used in the microarray expeririiéig. checkedoth
that the cydDC operon was replaced by a chloramphenicol casseyt#DC:Cm) and

that thecydABoperon was not present.

To check thecydDC operon primers pMS3 andpMS4 were used (Table-2), when
these anneal to the original wild type DNA sequence a fragaiéh862bp in length is
produced this corresponds to the band seen in Figuctose to the «b marker band.
Replacement of theydDC operon with the chloramphenicol resistance cassstte
expected tgroduceDNA fragments of 552 bp in length. MS14cydDC:Cm) was
used a a control, andimilar bands were sedpoth for this strain and the newly made
double mutanhext to the 00 bp band in the DNA ladder thusdicating that the
operon had been replaced.

To check thecydABlocus primerspMS9 andpMS10 were used (Table -2).
Colonies of straindMS2 (MG1655 WT) andviS15 cydAB:Cm) were includedas
controls use of MS2 as a DNA template resulted in a band intetwlee 3kb and 4kb
marker bandgFigure 42), this corresponds to the expected size3,24 bp which
includesthe cydABgenes and 500 bp flanking regiotdse of MS15 ¢ydAB:Cm) as
the DNA templateresulted ina band at eound1,500 bp(Figure 42), this representthe
size of thechloramphenicotesistance cassetééong with the 50@p flankirg regions;
the expected band size wa532 bp. MS13dydAB:Km) was also included in this PCR
check, the resulting band aroun®@) bp corresponds to the expected band size (2015
bp). PCR othe cydDC:Cm cydABdouble mutantNIS336 resulted in anuchsmaller
band compared to the other reactions aabund 600bp (Figure 42), the expected

fragmentsize was 550@p, thus indicating that theydABoperon was not present
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Figure 4-2. PCR verification of double mutant

Colony PCR was performedo ensure thecydDC operon was replaced by a
chloramphenicol cassetteydDC:Cm) and that theydABoperon was not presernfo
check thecydDC operonprimerspMS3 andpMS4 were usedright side of the ge))for
the cydABoperon, primerpMS9 andpMS10 were usedeft side of the gel{Table 2
2). Colonies of straingS13 cydAB:Km), MS15 ¢ydAB:Cm) and MS2 (MG1655
WT) were used as positivemtrols to test that primepMS9 andoMS10are working.
Colonies of strains MS14ydDC.:Cm) and MS2 (MG1655 WT) were used asirols
to test that primerpMS3 andpMS4 are working and to compare band sizes.

PCR of MS336 with primersMS9 andpMS10 resulted in a band around 600 bp, much
smaller than the bands seen when using MS2 (WT), M8#8AB:Km) or MS15
(cydAB:Cm) as the DNA template, this small band correlates with the expected band
size of 550 bp fothe flanking regions of the FRT sites thus indicating the absence of
thecydABoperon.

Using primerspMS3 andpMS4 with MS336 as the DNA template results in a band
around 1,500 bp, close to the expect size of 1,552 bp fahtbeamphenicol resistance
cassette along with the 500 bp flanking regiahss is also seen when usingS14
(cydDC:Cm) suggesting that in both these strains a chloramphenicol resistance cassette
has replacethe cydDCoperon.
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4.2.3 Global transcriptomic changes that result from exogenous addition of GSH

and cysteine

Addition of GSH and cysteine did not affect the rate of growth, so cells were grown in
batch culture and it was not necessary to limit growth rates using continuau.cult
MG1655cydDC:Cm (MS14) and MG1656ydABcydDC:Cm (MS336) were grown in

10 ml LB overnight cultures at 37°C 180 rp@¥. these overnight$00 plwasused to
inoculate 50 ml defined media (supplemented with M@®@id 10% casamino acids) in
250 ml conical flasks. Where appropriate, freshly prepared and filter sterilised 250 mM
GSH and 500 mM cysteine stock solutions were added to give a final concentration of 1
mM GSH and 0.5 mM cysteine. Cultures were then grotw87a4C 180 rpm until an
ODesoo of 0.4 was reached. At this point, 30 ml of culture was removed from the flasks
and treated as described in sedti@®.72 and 2.2.7.3The growth conditions were
chosen to mimic those of existing microarray datecyddB vs. WT (Shepherdet al.
2010)andcydDvs.WT (Holyoakeet al.2015)

Dye swap egeriments were performed to compendatedifferences in signal
and binding affinities of the two dyes cyBdacy5 (Fgure 41). For each microarray
experiment, two biological and two technical repeats weesl us performtwo dye
swap experiments. This gave foseparatefold-change values per gene (Figur&)4
which could be averaged. Fetthanges with magnitudes equal to or above 2 (i-2)+/
and with p-values equal to or below 0.05 were considered signifigamtlues were
determined using the Benjamini Hochberg FDR (False discovery rate) statistical method
(Benjamini and Hochberg 1995yvhich assumes that randomly 5% of the genes will
have gp-value of 0.05 or lower just by chance. Benjamini Hochberg reduces the number
of genes that are incorrectly rejected as false discovéseshown in the volcano plots
in Figure 44, the spread of the data could be visualised with the aforementioned
stringencies. For thecydDC+ GSH/cysteinevs. cydDC comparison, a total of 163
genes were significantly uggulated, and 173 genes were digantly downregulated
(the spread of the data is shown in Figu#Mand gene lists are fourah the CD that
accompanies the thesigjor the microarray experimenydDCcydAB+ GSH/cysteine
vs cydDCcydABRB a total of 135 genes were significantlg-regulated, and 220 genes
were significantly dowsregulated (the spread tie data is shown in Figure4B and
genelists are found on the CD that accompanies the thesis
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Normalised intensity values
Normalised intensity values
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Figure 4-3. Expression profiles showing the magnitude of the effect of reduced glutathione and cysteine on gene regulation

Graphs were generated in GeneSpiwni3.1) The four points along the-&xis represent four scanned array samples: 1 1 and 1 2 are biological
repeats, and 2_1 and 2_2 are technical repeats with dyes swiappegradients between 1 1 and 1 2 or 2_1 and 2_2 shows the discrepancy between
scanned array repeats, ideally these lines will be straight to represent good reproducibility. Line gradients betweén 1 sh@andhanges between
dye-swap pairs. Each caloed line represents a germmly genes which have a fetthange of over 2 or unde2 with a RPvalue less than 0.05 are
shown. As represented in the coldnar scale, red indicates genes that areegplated and blue represents genes that are-degutated.A. Data for
thecydDC+ GSHY/cysteiners.cydDCcomparisonB. Data for thecydDCcydAB+ GSH/cystein@s. cydDCcydABcomparison.
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Figure 4-4. Volcano plots showing the cut off of significant gene foldhanges

Figure created in GeneSprifgl3.1)to show the spread of the data and to demonstrate

t he number of genes included i n t he 0 s
represented by red squares (with both an averagddimgchange over 2 or undeg,

and ap-value above 0.05), insignifichdata is represented by grey squafedata for

the cydDC + GSHY/cysteinevs. cydDC comparison.B. Data for thecydDC cydAB +
GSH/cysteine's cydDCcydABcomparison.

4.2.3.1Exogenous GSH/cysteine controls the activities of key transcription factors

As both microarray experiments identified a large number of differentially regulated
genes, it was at first difficult to glean meaningful insights into how the addition of
exogenous thiols altered conditions in the cell. To gain an understanding of the
physiological changes taking placeactivities of transcription factors (TFs) were

modelledto investigate the underpinning transcriptional mechanisms in operation that
elicit the transcriptomic responses (i.e. a knowledge of TF activities provides

information on environmental changes).

Mathematical modelling of the transcription factor actestiwas carried out
using TFinfer version 2.(Bhahzad Asigt al.2010) The complete transcriptomic data
sets obtained from GeneSpring were used for the analysis; therefore no limitations with
regard to gene expressitevel were enforced prior to the application of TFinféor
both of the microarray experiments described above, AppY, BirA, ArcA CGgidX,
NhaR, PepA, R&B TrpR are predicted to have an increased activity and CueR, DhaR,
FIhDC, LeuO, and OxyS are pretid to have a reduced activity (Figures 4.4. and 4.5).
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These changes apeedictedin both mutants but at slightly different levels, for example
the increase in AppY activity is larger for tbgdDCcydABmutant than the increase in
activity seen in theydDC mutant. However, major difference in TF activities between
the two datasets (shown as red bars ilgufes 45 and 46) are that RstA has a
significant increase in activity and MngR, PutA and PrpR have reduced activity after
addition of GSH and cystee only incydDC cells. Furthermore, OmpR and PspF are
predicted to have reduced activity only in ityedDC cydABexperiment Figure 4-6).
These differences show that tbgdDC and cydDC cydABmutants are reacting to the
addition of the thiols in a slightl different manner. The most obvious difference
between the two mutants is the capability for cytochrboherestoration incydDCbut

not cydDCcydABcells. It is therefore predicted that the variation between the datasets
of the two microarray experimentis due to cytochrombd-l restoration after thiol

addition tocydDCcells.

To separate the direct effects of exogenous thiols upon transcription from those
elicited by cytochroméd-| restoration, the response of baydDCandcydDCcydAB
cells to exogenous thiols were compared. Changes to gene regulation (in the same
direction) seen in both nmearray experiments (Supplementary Takjere considered
independent of cytochromied-l, whereas differentially regulated genes found in the
cydDC strain but notydDCcydABstrain after thiol additio (Supplementary Tabk)
are considerediependent uporytochromebd-l (more direct effects of periplasmic

reductants).
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Figure 4-5. Theoretical change in transcription factoractivities when cysteine and
reduced glutathione are added to @ydDCmutant

As determined by TFinfer, changes over 2 are considered significant. All TFs with
changes above 2 and bele#/were selected and are displayed here. Red bars denote
transcription factor activities that were not observed incy@D CcydABexperiment
(Figure 4-6). Error bars represent confidence intervals generated by TFinfer.
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Figure 4-6. Theoretical change in transcription factor activities when cysteine and
reduced glutathione are added to &ydDCcydAB mutant

As determined by TFinfer, theoreticdlanges in transcription factor activity over 2 are
considered significant, applicall@nscription factors are shown here. Red bars denote
transcription factor activities that were not observed ircyltbCexperiment (Figure 4

5). Error bars represent confidence intervals generated by TFinfer.
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4.2.3.2Transcriptional changes elicited by GSH/cysteine, that are independent of
cytochromebd-| assembly

To investigate how cells lackingydDC respond to the addition of GSH and &yse
independently of cytochromied-l assembly, transcription factors with altered activity
after the addition of GSH and cysteine in betfdDC and cydD CcydABcells were
identified using the data from Figures%and 46. The genes affected by those TFs
were then compiled to make Tablel4 which includes a colour scale to aid

visualisation of average folchanges.

Table 4-1. Transcriptional changes resulting from addition of GSH/cysteine that
are independent of cytochromébd-I assembly

Changes to tragsiption factor activities after thaddition of GSH and cysteine to both
cydDC and cydDC cydAB strains include a significant increase in the activitiels
AppY, ArcA, BirA, CsgD, GadX, NhaR, PepA, RcsB and TrpR while causing a
significant decrease ithe activitiesof CueR, DhaR, FIhDC, LeuO and OxyHdures

4-5 and 46). The mean fold increase or decrease of individual gene expression after the
addition of thiols is indicated by the colour scale bar. Functional annotations were taken
from the Ecogea (http://www.ecogene.ojg and RegulonDB
(http://requlondb.ccg.unam.mwebsites.

Repression Induction

<-80 -60-80 -60-30 -30-10 -10-2 2-10 1030 3060 6080 >80

CGygE' ¢ cydDCcydAB

Gene : GSH cysteine
- cysteinevs.

name | Description vs.cydDC TF

cydDC

fold- cydABfold-

changes

changes
dps | Febinding and storage protein 23.34 13.94 oxyS
osmB | lipoprotein 21.31 18.51 RcsB
yba$S | predicted glutaminase 15.51 28.18 GadX
pflB | pyruvate formate lyase | 14.16 6.95 ArcA
focA | formate transporter 12.85 5.05 ArcA
ybaT | predicted transporter 12.25 28.7 GadX
nhaA | sodiumprotonantiporter 7.49 8.01 NhaR
appC | "cytochromebd-1l oxidase, subunit I" 6.17 AppY/ArcA
appA | phosphoanhydride phosphorylase 5.88 AppY/ArcA
appB | "cytochromebd-ll oxidase, subunit 11" 5.49 AppY/ArcA
hyaC | "hydrogenase Iy-type cytochrome 4.86 AppY/ArcA
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subunit”

protein involved in nickel incorporatio

hyaF into hydrogenasé proteins s el AppY/ArcA
hyaB | "hydrogenase 1, large subunit” 4.05 33.67 AppY/ArcA
moaA | molybdopterin biosynthesis protein A 3.91 2.35 CueR
hyaA | "hydrogenase 1, small subunit" 3.82 33.88 AppY/ArcA
MoaC C"olybdopterln biosynthesis, protein 3.72 219 CueR
rutB | predicted enzyme 3.6 2.51 ArcA
protein involved in processing of Hya/
hyaE and HyaB proteins 3.37 19.6 AppY/ArcA
moakE | "molybdopterin synthase, large subun 3.27 2.67 CueR
moaD molyb_q'opterm synthase, small 392 216 CueR
subunit
COpA | copper transporter 2.61 2.87 CueR
yaiA | predicted protein 2.38 3.76 TrpR
yacH | predicted protein -2.35 -3.05 ArcA
gltl glutamate andspartate transporter 242 741 FIhDC
subunit
fused glutamine amidotransferase
(component Il) of anthranilate i i
trpD synthase/anthranilate phosphoribosyl e Asle TrpR
transferase
flgM | antisigma factor for FliA (sigma 28) -2.9 -2.57 FIhDC
assembly protein for flagellar basal i
flgA body periplasmic P ring ez -8.24 FIhDC
"succinytCoA synthetase, beta i
sucC subunit" 3.24 -10.69 ArcA
flgN | export chaperone for FlgK and FIgL -3.39 -8.74 FIhDC
oppA | oligopeptide transporter subunit -3.52 -4.68 ArcA
"succinytCoA synthetase, NAD(P) i
SUCD | hinding, alpha subunit” Ehe 12.18 ArcA
oppD | oligopeptide transporter subunit -3.6 -4.25 ArcA
flagellar component of cedistal
flgG portion of basabody rod e -5.61 FIhDC
sdhB | "succinatedehydrogenase, FeS subun -3.73 -4.54 ArcA
oppB | oligopeptide transporter subunit -3.9 -5.2 ArcA
trpA | "tryptophan synthase, alpha subunit" -3.94 -3.16 TrpR
oppC | oligopeptide transporter subunit -3.98 -4.99 ArcA
acnB blfunct!onql aconitate hydrata2é2- 456 65 CueR
methylisocitrate dehydratase
: "el4 prophage; isocitrate i :
icd dehydrogenase, specific for NADP+" S e ArcA
figF flag(_ellar component of cepproximal 458 -9.99 FINDC
portion of basabody rod
gltL glutamate and aspartdtansporter 461 579 FINDC
subunit
oppF | oligopeptide transporter subunit -4.69 -5.13 ArcA
figB flaggllar component of cepproximal 4.8 18.47 FINDC
portion of basabody rod
gtk glutarr_late and aspartate transporter 504 408 FINDC
subunit
flgl | predicted flagellar basal body protein -5.23 -10.28 FIhDC
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gltA | citrate synthase -5.61 -7.13 ArcA

flgE | flagellar hook protein -5.76 -23.99 FIhDC

leuD | 3-isopropylmalate isomerase subunit -5.85 -11.03 LeuO
flagellar component of cepproximal i i

figC portionof basalbody rod A Rl FIhDC

leuC 3-isopropylmalate |som('=:rase subunit 6.51 9.07 LeuO
dehydratase component

flgD | flagellar hook assembly protein -6.74 -26.18 FIhDC

trpB | "tryptophan synthase, beta subunit" -7.01 -4.55 TrpR

figH flagellarprotelr_l of basabody outer 713 93,66 FINDC
membrane L ring

leuA | 2-isopropylmalate synthase -7.69 -10.15 LeuO

carB carbar_noy-lphosphate synthase large 9.61 974 PepA
subunit

aldA ”i'l‘(jgc:‘,}’de dehydrogenase A, NAD -10.55 -10.89 ArcA

leuB | 3-isopropylmalate dehydrogenase -10.58 -14.79 LeuO
fused predicted dihydroxyacetene

dhaM | specific PTS enzymes: HPr -13.29 -10.74 DhaR
component/El component

dhak dlhyo_lr?xyacetone kinase,-t¢rminal -20.68 21.34 DhaR
domain

dhal dlhercl)lxyacetondxlnase, Gterminal 93.37 23.94 DhaR
domain

Of the genes regulated by theanscription factors with altered activity in batiidDC
andcydDCcydABcellswhenGSH and cysteinare added to the medium total of 60
genes have significantly altered expression.

Genes that see an increase in transcription include those endbdirgid
phosphataseappA and linked appBC genes encodingytochrome bd-1l that is
discussed in &ction 1.5.3. These genes are significantly morenegulated incydDC
cydAB cells than incydDC cells. Genesthat are required for the synthesis of
hydrogenasé¢ (hyaABCDH, and molybdenum cofactor biosynthesiso@ACDE also
see an increase in expressidm increase in expression @flB encodingpyruvate
formate lyasgis observed this enzymeis involved in anaerobicmetabolisn, and
catalyses the Genzyme A-dependent, nceoxidative cleavage of pywate and
Coenzyme A tqroduceacetytlCoA and formateAn induction offocA which encodes
a formate transportemvolved in regulatingintracellular formate levels by exporting
formate produced by pyruvaterfoate lyase from the cytoplasm is also se®@ther
transporters induced by the addition of LMW thiotelude, copA and nhaA nhaA

encodes aNa+/H+ antiporter, to expel sodium ions frothe cytoplasm toenable
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adapation to high salinity at alkaline ptind copA encodes aransmembrane copper

efflux protein.

The gene encodinBNA protein from starved cell&p9, is the most induced
gene of hble 41, this proteinprotects cells frormultiple environmental stress both
by binding b and protecting DNA, by sequestey iron and via ferroxidase activity
(Zhao et al. 2002; Martinez and Kolter 1997psmBis also upregulated, this gene
encodes an outer membrane lipoprotein that responds to hyperosmslagiggsting
that thiol addition inflicts osmotistress upon cells.RE function of OsmB isiowever

unknown(Jung, Gtierrez and Villarejo 1989)

Alongside genemvolved in flagella biosynthesisiABCDEFGHIJMN listed in Table

4-1, additional motility genes are also repressed in bpdDCandcydDCcydABcells

after the addition of GSH and cysteine to the growth media (Supplementary Table 4),
this includes chemotaxis arftl genes. The repression of motility related genes is

stronger in theydDC cydAR:ells thancydDCcells.

Also repressed areegesof thetricarboxylic acid (TCA) cycle includingacnB,
gltA, sucA, sucB, sucCD, sdhAB@Bdicd and genesvolved inthe biosynthesis and
transport of amino acidsThis includesbiosynthesis btryptophan {tpABD), leucine
(leuABCD (Figure 47) andarginine carAB)aswell asthe transport of glutamate and
aspartate via an AB@ansporter @ltkL andgltl), and the transport of oligopeptides

a maximum of 5 amino acids length)via oppABCDencodedA\BC-type transporter

H,O
leuA I,’
3-methyl-2-oxobutanote » (25)-2-isopropylmalate — < » 2-isopropylmaleate
7\ leuD leuC |
)
H;O
acetvl-CoA  coenzyme A |/, H,0
o ’ + leuC
H {
leuD
imiA leuB .
(2-5)-2-isopropyl-3-oxosuccinate « : (/ % (2R,3-5)-3-isopylmalate
/
- H NAD'
d NADH
T o
‘ ilvB tyrB s
4-methyl-2-oxopentanoate o L-leucine
.// \
/
: Al
L-glutamate 2-oxoglutarate

Figure 4-7. Leucine biosynthesis

Blue represents genes of leucine biosynthesis that are repressed by the addition of thiols
to cydDCandcydD CcydABcells.
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Repression odldAis also seen, this geeacodesaldehyde dehydrogenasewhich has
a broad substrate specificity aisdhereforeinvolved in a rang of metabolic pathways

One such pathway is the metabolism/degradation of glycol.

4.2.3.3Transcriptional changes elicited by restoration of cytochromdad-I assembly

To perform a focussed analysis of how the restoration of cytochimhieaffects
transcription, the activity of transcription factors that are only significantly affected by
GSH/cysteine addition withicydDC cells were listed (i.e. not present in tbydDC
cydABarray dataset). These were identifiedcbyssreferencing the data indgures 45
and 46. The genes affected by thoBEs were then compiled to makablle 42, which

includes a colour scale to aid visualisation of average fold changes.

Represse Induced
-30t0-20 -20t0-10 -10to-2 2to10 10to20 20-30

cydDCcydAB

CydDC.:GSH GySH cygteine
Gene Description cysteinevs. vs. cydDC TF
name cydDCfold -

changes cydABfold -
changes
DNA-binding transcriptional

PrpR activator ) i A3 1.47 PrpR
mngB | alphamannosidase 3.04 1.65 MngR
prpD | 2-methyicitrate dehydratase -2.77 -1.12 PrpR
prpC | 2-methylcitrate synthase -2.92 1.08 PrpR

Table 4-2. Transcriptional changes resulting from GSH/cysteinenediated
cytochromebd-| assembly

Addition of GSH and cysteine to eydDC strain is hypothesised (via TFinfer) to
decrease the activity of the transcription factors MngR, PrpR and PutA. An increase in
the activity of RstA is also seen. These transcription factors are however not
significartly affected by the addition of GSH and cysteine toydDC cydAB mutant,
suggesting a response to cytochrdmd restoration. Significantold-changes ofenes
controlled by these THa acydDCstrain after the addition of thiols is indicated by the
colour scale bar. Functional annotatits were taken from the Ecogene
http://www.ecogene.orgnd RegulonDBittp://regulondb.ccg.unam.nwebsites.
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TFinfer identified four TFs with activities affected by the addition of thiolsydDC

cells thatwere not affected isydDCcydABcells after thiol addition, indicating that the
change in activity of these transcription factors is due to the restoration of cytochrome
bd-l assembly. Listing the genes controlled by these transcription factors and reducing
this list to genes in which significant change iseen incydDC but notcydDC cydAB

cells reduces this list to jusour genes. These genes are involved in catabolism of
propanoate to succinate and pyruvate vianle¢hylicitrate cycléBrock et al 2002)and

the degradation ahannosyiD-glycerate.

TF modelling via TFinfer is a great way to produce a more focused subset of data,
however, genes with large fold changes upon thiol addition are present in the original
data and have not been includedthe analysisso far. Supplementary data in the CD
attached to this thesis lists all genes changes, here some of the largest fold changes seen
are for genes involved in acid response, includjadABCE andhdeABD(Table 43).

The gadacid resistance system indes the glutamate decarboxylase enzymes GadA
and GadB, which catalyse the irreversible decarboxylation of glutamate to
dZami nobutyrate ( GABA) . Gad C Zamisobugratenant i p
exchange for glutamic acid. It is thought that these proteins protect the cell from acid
stress by consuming one cytoplasmic proton to decarboxylate glutamatic acid into
oZaminobutyratea neutral compound. Gad@ediated export adZminobutyrate to the

outside of the cell would promote neutralisation of the external@&pitaniet al.

2003) hdeAandhdeBencode periplasmic chaperone proteins. Under neutral pH these
proteins are found as dimers that dissociate into monomers at low pH, the monomers
bind to aciddenatured proteins to prevent agduced aggregation of periplasmic
proteins(Kern et al.2007; Honget al.2005)
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cydDC

cydDC cydABGSH

GSH cysteinevs.
cysteinevs. cydDC

Gene cydDCfold | cydABfold -
name Description -change change

gadA | glutamatedecarboxylase A, Pl-Bependent
predicted glutamate:gamnraaminobutyric acid
gadC | antiporter

gadB | glutamate decarboxylase Bl P-dependent

gadE | DNA-binding transcriptional activator 48.69 41.32
hdeA | acidresistance protein 45.10 27.66
hdeB | acidresistance protein 37.79 35.67
hdeD | acidresistance membrane protein 27.64 41.33

Table 4-3. Transcriptional changesto key genes involved in acid response after the
addition of GSH and cystiene

Differential expression oécid tolerancegenes resulting from the presence of reduced
glutathione (1 mM) and cysteine (0.5 mM) in the growth medium. The mean fold
increase odecrease in individual gene expression is indecéte the colour scale bar.
Functional annotations were taken from GeneSpnag.1)software.

Supplementary Table 4 shows the entire list of genes significantly affected in
cydDChbut notcydDCcydABcells after thiol addition. This list gives more of an insight
into which genes are affected by the thotdiated restoration of cytochrorhe-I. An
increase in expression ofydABXencoding cytochrombd-1 as well asybgEwithin the
same operon is seen. A dowegulation of genes with a role in the arginine degradation

pathway astABCDBE is also observed.
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4.3. Discussion

The results reported above identify transcriptomic charibat result from the addition
of GSH and cysteineto the growth media Herein, the GSH/cysteiriaduced
transcriptional adaptations that are cytochrdodd-independent are analysed in the
context of their potential impact upon metabolic processes, followeddscussion of

the cytechromebd-I-dependent adaptations.

To further analyse the environmental changes that could elicit the cytoclabine
independent gene regulation in response to GSH/cysteine, environmental stimuli were
identified for all the tranwiption factorg TFs)in Table 41 (Table4-4).

TF analysis gives an insight into the changes of the local environment; by
looking at which stimuli TFs respond to, as detailedable 44. Transcription factors
that are affected by the addition of GSH and cysteine in daBCandcydDCcydAB
mutants respond to a mga of external stimuli which includesow oxygen and low
osmolarity, starvation of phosphate and amino acids, changes to the levels of copper,
H20o, dihydroxyacetoneha) and sodiumas well as a reduction in tlteemand for
biotin. This culminates in a dowmegulation of genes involved in dihydroxyacetone
degradation,lagella and amino acibiosynthesis, and genes of the TCA cy@banges
to TF activities also underpin upregulation ofrespiratorygenesincluding those that
encode cytochromied-Il and hydrogenase &s well aggenes related to the regulation of
intracellular fomate levels andgenes associated withmolybdenum cofactor

biosynthesis

In both cydDC and cydDC cydABcells, addition of thiols lead® an increase ithe
activities of CsgD (both a repressor and activator)l &csB (activator) these
transcription factors are induced under low osmolantyth osmB a lipoprotein

regulated by RcsB, being one of the mostegulated genegs Table 41.

ArcA and AppYrespond to low oxygen leveltheir activities areshown to be
up regulated by the addition of reduced glutathione and cysteine incpdBC and
cydDC cydABcells. ArcA is the response regulator of the Arc (anoxic redox control)
two-compaent system ArcAB, a global regulator that acts upon many genes involved
in respiratory metabolisniLiu and De Wulf, 2004) In the microarrays performed,
addition of reduced thiols led to an-vggulation ofrespiratory geneappBCencoding
cytochromebd-1l and hyaABCDFencoding hydrogenadgin cydDCcells, genes of the

cydABXoperon encoding cytochrontetl are also ugegulated by these TFs, however
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ascydDC cydARcells do not contain theydABoperon, thg are not included in Table
4-1). ArcA also acts simultaneously as a repressor, genes dCAecycle, including
acnB, gltA, sucA, sucB, sucC, sucD, sdhAB®id icd, were shown to beepressed

after thiol addition.

ArcA is transphosphorylated by the senkinase ArcB when oxygen is limiting
or absent, phosphorylated ArcA simultaneously induces expression of cytoddme
and represses the expression of cytochrdioe Membrane anchored ArcB senses
respiratory growth conditions via the redox state ofg@one pool using a thiddased
redox switch(luchi and Lin, 1988; Malpicat al, 2004; Alvarezet al, 2013) Under
aerobic conditions the quinone poolf coliis mainly made up of ubiquinone, which
is maintained in an oxidised stated via the transfer of electrons to oxygen via terminal
oxidases, thus electrons flow from the redox active cysteine residues of ArcB to
produce disulphide bonds that silence the $activity (Malpica et al, 2004) As
oxygen becomes limiting the quinone pool becomes more reduced which permits
electron transfer to cysteine residues of Anejucing disulphide bonds and activating
the ArcB kinase function. We speculate that reduced thiols in the periplasm may reduce
the quinone poo&ndbr the cysteine residues of ArcB directly to cause the observed
activation of ArcA activity. ArcA has beeshown to induceappY gene expression
under conditions ofanaerobiosis,in consideration of this it is possible farther
speculatehatthiol induced reduction of ArcB disulphide bondsalsoresponsible for

the increase in AppY TF activity.

None of tke other transcriptiofiactors mentioned in Tables#and 45 appear
to have redossensitive cysteines at the cytoplasmic membrane, so it is unlikely that
sensor kinase miflding is the cause of changes aativity of the remaining T& A
large up-regulation of genes involved the acid response, however does suggest that
the addition of cysteine and GSH is resulting in acidification of the internal and external

environment.
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TF Role Induced by References

Anaerobiosisstationary phasel (Brgndsted and Atlung 1996;
AppY | Activator | and phosphate starvation Atlung et al 1997)

(Georgellis, Lynch and Lin 1997
ArcA Both Low oxygen conditions luchi and Lin 1988)

(Eisenberg, O and Hsiung 1982;
BirA Repressor| A reduced demand for biotin | Adikaram and Beckett 2013)

Low osmolarityandlow (Gualdi et al 2008; Prigent
CsgD | Both growth tenperature (<32°C) | Combarett al 2001)

(Stoyanov, Magnani and Solioz
2003; Yamamoto and Ishihama
CueR | Both Presence of copper 2005)

DhaR | Both Presence of dihydroxyaceton¢ (Bachker et al 2005)

(Stafford, Ogi and Hughes 2005
Claret and Hughes 2002; Lay an
FIhDC | Both Inducer unknown Gottesman 2012)

Inducer unknownpossibly
Na+ concentration but not (Richard and Foster 2007)
GadX | Both proven

Amino acid starvation (Chen et al2001; Majumdeet

LeuO | Activator al. 2001)
Na+ concentration (RahavManoret al 1992; Padan
NhaR | Activator and Schuldiner 1994)

(GonzalezFlecha and Demple
1999; Altuvia, Weinsteiischer

oxXyS Repressor| H.O, and Zhang 1997)
PepA | Repressor| Inducer unknown (Devrodale et al 2004)
(Sledjeski and Gottesman 1996;
Changes in temperature, Majdalani and Gottesman 2005;
overexpression of membrane| Mouslim, Latifi and Groisman
RcsB | Activator | protein, and osmolarity 2003)

(Squires, Lee and Yanofsky
Increase in intracellular levels| 1975; Gunsalus and Yanofsky
TrpR repressor | of tryptophan 1980)

Table 4-4. Identification of GSH/cysteinemediated environmental changes that are
independent of cytochromebd-I assembly

Trangription factors identified in @ble 41 are listed with environmental stimuli that
induce function. It is hypothesised that these environmental changes take place due to
the presence of CydDC substrates GSH and cysteine in the periplasm, and are
independent of cytochrontekl assembly.

DhaR is an activator of thdghaKLM operonwhenin the presence of dihydroxyacetone
Here, he activity of DhaR is reduced and tdbaKLM genes are the most repressed
genesn Table 41. ThedhaKLMgenes encodtree subunits of the Dha kinase which
utilises phosphoenolpyruvate (PEP) as a source of phospbatghosphorylate

dihydroxyacetone

FIhDC controls motility and chemotaxis by activating gerdds flagella
biosynthesis. Activity of FIhDC was found to beduced by the addition of GSH and
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cysteire, as themotility genesfigABCDEFGHIJMNare repressed. Unfortunately as no
inducer of FIhDC has yet been reported, this makes it difficult to understand why these

genes are repressed by the addition of thiols to the media.

LeuO (activator) and TrpR (regssor) are induced by changesthe levelof
amino acids and alteéhe biosynthesis aimino acid accordingly. Here, the addition of
GSH and cysteine leads to an increase in the repression of tryptophamh®es by
TrpR and a repression of leucin@$®ynthesis by a reduction ireuO activity, implying

thatthe demand for amino acids withiellsis reduced.

NhaR (and potentially GadX) respond to changes in sodium ion lévetR
responds to increases in copper levels, as CueR activity is decrieasembssible that
intracellular copper levels are diminished. The small RiX#Sis induced by KO, so
a repression ibxySactivity in the current study indicates a reduction in oxidative stress

and HO- levels.

To further analyse the environmental changes that could elicit the cytochrome
bd-I-dependent gene regulation in response to GSH/cysteine, environmental stimuli

were identified for all the tragsption factors in Table-2 (Table 45).

TF Role Induced by References

(Sanpaio et al 2004; Quall,

Fatty acids levels Dempsey and Guest 1994)

MngR | Repressor

The absence of glucose or (Lee, Newman and Keasling

PrpR Both glycerol 2005)
(Deutchet al. 1989; Zhouwet al.
PutA Repressor| Absence of proline 2008)
repressor (Minagawaet al.2003; K.
and Yamamotoet al.2005;
RstA activator | Low Mg?* Ogasawarat al.2007)

Table 4-5. Identification of GSH/cysteinemediated environmental changes that
result from cytochrome bd-1 assembly

Trangription factors identified in dble 42 are listed with environmental stimuli that
induce function. It is hypothesised that these environmehtahges take place due to
the presence of CydDC substrates GSH and iogsten the periplasm, and are
dependentipon cytochromebd-1 assembly.

Transcription factors that are affected only by the addition of GSH and cyste@e in
cydDC mutant but nothe cydDCcydABmutant respond to stimuli including, levels of
fatty acids and Mg as well as the presence of proligiycose and glycerol (Table 4
5).
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The repressor MngR is known to be degraded by fatty acids and is shown here to
be downregulated by thiokhddition. This suggests that fatty acid levels are increased.
Interestingly, thenngABoperon, controlled by MngR is found upstream ofdpeABX

operon.

PutA has two functions that are mutually exclusive of one another. In the
absence of proline, PutA t/toplasmic and acts as a repressor of proline degradation
enzymes. In the presence of proline PutA is associated with the inner membrane and
catalyses both enzymatic steps in the proline degradative pathway which simultaneously
reduces ubiquinone to uhiopol. Transcription factor activity of PutA is reduced when
cytochromebd-l is restored by thiol addition, so proline degradatiopressumed to be
up-regulated with amncrease in reduction of ubiquinone to ubiquirRlitA activity has
also been shown tde reduced by prolonged exposure to osmotic stress, so the
reduction in transcription factor activity may be due to this reason rather than changes in
proline levelgDeutchet al. 1989)

PrpR is an activator ofprpBCD, the activity of PrpRis reduced as seen by the
repression oprpC and prpD. The prpBCDE operon encodes proteins involved in the
methylcitrate cycle which utilises propionate as a carbon source, this cycle yields

succinate and pyruvate that can feed into the TCA cycle.

4.3.1 The impact of the CydDC substrates upotk. coli physiology
In the absence of CydDCysteine and GSH are still presentlie tytoplasm, but the

absence of thiol export tihe periplasmeads to a pleiotropic phenotype, including loss
of fully assembled cytochromied-l. This microarray experiment aimed to define the
affects thaCydDG-mediatedhiol export has on gene expressiorkincoli by replacing
thiols in the periplasm. Two micraaly experiments were designedindicate changes
in expressionof genes causedependently orindependently of cytochroméd-

restoration.

These experiments showed thilatol addition affects the expression of many
genes, botlin cydDCandcydDCcydABcells; which relffiectsthe pleiotropic phenotype
of CydDC mutants

In both cydDC and cydDC cydAB cells, thetranscriptionof genes related to
central metabolism ar&fected, with genes of ¢hTCA cycle being repressatbngside

the biosyithesis andransport ofamino acids. fanscription of motility genes were also
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downregulated in the presence of the two LMW thidRespiratory genes are -up
regulated, includingppBCwhich encodes cytochrontel1l and hyaABCDFgenes that
encodenydrogenas4.

In response to theddlition of GSH and cysteindranscription factors with altered
activity respond to a variety of stimuli, including; a sufficient level of intracellular
amino acids, low oxygen, changes in osmolarity, phosphate starvatiorexmression

of membrane proteins and the reduced leokEllihydroxyacetone.
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Chapter 5

Roles of CydDC and cytochromdod-1 in
the pathogenesis of uropathogenik.
coli; colonisation and survival within the
host
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Summary

In Chapter 3 it waseported that CydD@nediated reductant export provides tolerance
to NO independently of cytochrommtl. NO is an important tool of the host innate
immune system armoury and these findings suggest that cytocldbimand CydDC
may provide a concerted eln survival within the host environment. Given that the
genetic variation between pathogenic and-pathogenic strains is considerable, an
analysis of the gene and protein sequences encoding CydDC and cytoblkbfram

the commensal strain MG1655 wecompared withthose fromtwo UPEC stras;
CFT073 and EC958. Thidata showed that the protein sequences of cytochborhén

all these strains greidentical. Amino acid substitutions were shown to exist between
the protein sequences of MG1655 CydD &hdiC and the corresponding proteins in
the pathogenic strainsh& locatim of these amino acids suggests that these variations
are unlikely toaffect the core faction of the exporter complex.

To investigate the contribution of CydDC and cytochrdmd to nitric oxide
tolerance in the context of pathogeticcoli, NOG12 growth curves were performed
using the UPEC strains CFT073 and EC958. Deletion of either CydDC or cytochrome
bd-l was found to elicit sensitivity to NO in both UPEC strains. When coimgpdhe
inhibition of the two CFT073 mutants, a similar inhibition was seen for both mutants
after tre addition of 0.5 mM NOE@2, increasing the concentration of N to 1 mM
resulted in a largr growth inhibition for strais lacking CydDC. This suggest¢hat at
higher concentrations of NOL2, CydDC plays a more prominent role in fiderance
for the CFTO73 strain. In the EC958 background, however, the cytochrdhmautant
was more sensitive to NO than tthyeDCmutant.

Prior to infection studies, iseemed prudent to investigate if deletion of
cytochromebd-l and CydDC affected the level of type 1 fimbriae (an important adhesin
and virulence factor). Yeast agglutination assays demonstrated that aerapiocathy
non-pathogenic and CFT073 cells exitda a low level offimbriation, and that type 1
fimbriae are not expressed by EC958 cells when grown aerobically. Changing the
culture conditions to static growth selected for type 1 fimbriae expression in alEthree
coli strains, and deletion of CydDC or cytochrobl was shown to have neffect

upon the level of type 1 fimbriae in UPEC strains under these growth conditions.

The role of cytochromédl and CydDC in UPEC strains was studied in the

context of the bst using a mouse UTimodel and macrophage survival assays. The
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deletion of cytochromebdl reduces the survival of UPEC strain EC958 within
macrophage cells. However, the deletiorcpdiDC (and consequent loss of functional
cytochromebd-I) was shown to haveo effect upon the ability of UPEC strain EC958

to survive within macrophage cells or to colonise the mouse model of UTI. Taken
together with the observation that the ECOBHC strain is lessensitive to NCthan
expected (due to previous-X data) this intriguing observation highlights how some
clinical isolates of the same species can respond differently to the loss of highly

conserved membrane proteins.
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5.1 Introduction

UropathogenicE. coli (UPEC) are among the most common infectious diseases of
humangHarding and Ronald 199, causing an estimated 150 million infections a year
globally. A major cause of morbidity and mortality, symptomatic UTIs usually start as
cystitis, but can ascend into pyelonephritis with potential for bacteria to cross the
epithelial cells of the mximal tubule and the endothelial cells of the capillary to gain
access to the bloodstream, causing bacteraemia and occasionally sepsis. With a high rate
of recurrence and the emergence of antibiotic resistance, it is important to understand
the mechanismghat promote survival of pathogens that cause UTI. It is-kvedlvn

thatE. colihas several resistance mechanisms that provide tolerance to the toxic effects
of hostderived NO that is encountered during infection, including thet®lé€rant
cytochromebd-I terminal respiratory oxidase that permits aerobic respiration under the
microaerobic conditions encountered during infec{idasonet al.2009) This chapter
explores the importance of cytochrornél and the CydDC ABC transporter (that is
required for cytochrombd-1 assembly) during UPEC infection.

We have previously shown (Chapter 3) that deletion of genes encoding
cytochromebd-I (cydB) and CydDC ¢ydD) in nonpathogenicE. coli strains elicits a
NO-sensitive phenotype. We further showed that growth ofcgltdd mutant is more
sensitive to nitric wide than thecydB mutant. These findings suggest that reductant
export by CydDC may provide a significant contributionhtesurvival of UPEC during
infection. However, large pathogenicity islands carrying virulence genes create genetic
diversity within UPEC straingLloyd et al. 20; Welchet al. 2002; Groisman and
Ochman 1996)which may explain why uropathogeric coli have been reported to
display greateresistance to nitrosative stress than-pathogenicE. coli (Bower and
Mulvey 2006) Given these profound genetic differences betwgeroli K-12 and
UPEC straingit is essential to assess the importance of CydDC and cytoclwebirie
UPEC genetic backgrounds before assumimat the role of these proteins in NO
tolerance remains the same. The veblaracterised pyelonephritswusing CFTO073
strain and thenulti-drug resistanEC958 isolaté€Lau et al. 2008) of the sepsiscausing

ST131 clonabroup were used.

Pyelonephritis is considered the most serious UTI as it is known to cause
scarring of the kidney<. coli CFT073 was first isolated from the blood and urine of a
woman being treated for acute pyelonephritis in the YBlAbley and Green 1990)

This highly virulent strain is cytotoxic farultured human renal cells and causes acute
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pyelonephritis in an ascending UTI mouse madébbley and Green 1990; Moblest
al. 1993) Like other pyelonephritogeni&. colistrains, CFT073 cells expred3
fimbriae, encoded by the pgpyelonephritisassociated pili) genes, which allow a firm
attachment to uroepithelial ce(lKalleniuset al. 1981)

The E. coli clonal group sequence type 131 (ST131) has emerged to become a
globally dominant cause of human infecti®ogers, Sidjabat and Paterson 20&hd
the success of this pathogen is largely attributed to accumulated antibiotic resistance and
virulence genes. This multidrug resistant clone carries the -KIT26 extended
spectrum betéactamae enzyme and is fluoroquinolone resistant. EC958 is a single
isolate of the ST131 clonal group that wastfisolated in 2005 from the urine of a
patient with a urinary tract infection in the URWVoodford et al. 2007) EC958
represents the most walharacterised ST131 strain, with a genome sequence published
in 2011 (Totsikaet al. 2011) which wasfollowed by a transposon mutagenesis study
thatidentified genes required for resistance to husemm(Phanet al.2013)

In this chapter, we assess the sensitivitycptiDC and cydAB mutants of
UPEC strains CFT073 and EC958 to NO wmvitro growth experiments, then
analyse the importance of CydDC and cytochrdode in the context ofin vivo

survival via macrophage survival assays and a mouse UTI model.
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5.2 Results

5.2.1 Investigating sequence conservation in CydDC amgtochromebd-|

Given the high degree of genetic variability betweedAXand UPEC strains, it was
deemed prudent to analyse sequence similarities/differences @itiAB andCydDC
protein complexefrom the norpathogenic MG1655 strain and UPEC strains CFT073
and EC958.

5.2.11 The sequences of theydDC operon are similar for MG1655, CFT073 and
EC958 strains

The nucleotide sequences ©fdDC from differentE. coli strains were aligned using
Bioedit (v7.2.5) to enable a direct comparison of the nuclestdgiencesDespitea
number of single nucleotide polymorphisms (SNPs)cfadbCnucleotide sequence of
MG1655 has a 98% identity with tleydDC sequences oEFT073 and EC958. Wén
comparing thecydDC nucleotide sequences of CFT073 and EC958 a 99% identity is

seen.
5.2.1.2Variations in amino acid sequences of CydD and CydC

To determine if the differences in gene sequence were of any signifitaatanslated
amino acid segences were aligned (AppendixX}, and SNPs were investigated to
decide if they resudid in a chaage of amino acid. Those that lead to an amino acid
change are described in Tabld 5The majority of amino acid changes seen are shared
between the two pathogenic groupgdost of the substitutiongesult in a non
conservative amino acid substituti¢as highlighted with the usef colour in Table 5

1).
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Protein | Amino acid E. coli E. coli E. coli
Position

MG1655 CFTO73 EC958
CydD 70 Valine Phenylalanine | Phenylalaning
CydD 457 Alanine Threonine Threonine
CydD 560 Arginine Glutamine Glutamine
CydC 323 Glutamate Glutamate Lysine
CydC 360 Serine Tyrosine Tyrosine
CydC 385 Glutamine Leucine Leucine
CydC 447 Serine Alanine Alanine
CydC 522 Arginine Cysteine Cysteine

Table 51 Amino acid variations in CydD and CydC inE. coli strains MG1655,
CFT073 and EC958

Colours indicate the nature of amino acid side chairenge non-polar, green polar,
blue, basicpurpleacidic.

To investigate how these SNPs might affect protein function, amino acid
changes werenapped ontdheir predicted location on membrane topology maps using
Protter v1.0(Omasitset al. 2014) an online programme that predicts membrane
topology. It was found thdhelarge majority of thevariable amino acids are located in
the ATP-binding domains (Figure-B). The change from valine to phenylalanine at
position 70 in CydD maintains a hydrophobic amino acid at that site, whicimssstent
with the predicted locationwithin a menbrane spaning helix (Figure 5l). This
mutation is unlikely to affect protein structure or function as the amino acid is changed
to another hydrophobic amino acid side chain. The remaining replacements of amino
acids are found at the-€rminus of CydD or CydC, wére the ATPbinding domains of
each protein are found. These changes are less conservative in amino side chain

characteristicssuggestinghat they could potentially affect protein function.
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The highly conserved Walké& ATP-binding motif G/AxxxxGKT/S(where x is any
amino acid), and the consensus WalRemotif, zzzzD or zzzzDE, (where z is a
hydrophobic amino acid)are integral parts of ATBinding domains(Hanson and
Whiteheart 2005)The Rloop of the WalketA motif directly binds the phosphates of
ATP and the aspartate residue of the WaRanotif can coordinate a magnesition

that is required for ATP hydrolysigHanson and Whiteheart 2005Furthe
investigation of the variation in amino acid sequences within CydD and CydC (Figure
5-1) showed that none of the substitutions that differ between pathogemonor
pathogenicE. coli strains occur within th&ValkerA or B motifs of the ATPbinding
domans. This implies that the variations seen in UPEC CydD and CydC protein
sequences are unlikely to affect the core function of CydDC

To further investigate the spatial organisation of these SNPS, a recent model of the
structure of CydDC was studi¢8hepherd 2015)This model was generated by using a
structural homolog, Sav1866 (an ABC transporter $faphylococcus aureusas a
template via the memoir modelling td@bejeret al. 2013) The Sav1866 template had
been created by crystallisation of Savl866 in the presence of two bound ADP
molecules, despite this the NBDs exhibit an ATP bound conformation which is
consistent with the finding that the TMDs are an outward facing conformation
(Dawson and Locher 2006The bound ADP molecules of the Sav1866 model were
shown o into fit the NBDs of CydDC. Labelling the model with the SNPs listed in
Table 51 identified that these SNPs aresspkrsed across the dimesmplex None of

the amino acids seem to be close todbeserved histidine residues or thmecleotide
binding ste in the NBDs, instead appearing at the oetiresof the NBDs (Figure £).

This further suggests that the core function of Cyd®@nlikely to be affected by the
SNPs found iJPEC strains.

5.2.13 The gene sequences ofydAB are similar for MG1655, CFT073 and EC958

E. coli strains and lead to nochanges in amino acid sequence

The nucleotide sequences ofdABfrom differentE. coli strains were aligned using
Bioedit (v7.2.5) to enable a direct comparison of the nuclestdgencesThe cydAB
nucleotide sequence of MG1655, despite a number of single nucleotide polymorphisms
(SNPs), has a 99% identity with tbgdABsequences of CFT073 and EC958. None of
the SNPs within the sequence ©fdAB cause a substitution of amino acidad

therefore the amino acid sequences @eatical for all three strains
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, CFT073 and ECR58

[l Conserved histidine

@ Walker A motif
© Walker B motif

substitutions occur ithin the ATRbinding domains (an intracellular domain) of CydD and CydC. The conserved histidine residue conserved within
ABC transporters is shown in green. One substitution occurs within a membrane helix, but this is a conservative chaalgesftophgnylalanine

sequences coloureed orblue in the Gterminal ATRbinding domais show theWalker A and B motifsrespectively Most of the amino acid

Figure 5-1. Membrane topology of CydD and CydC showing positions at which amino acids vary between MG1655

coli strains
both of which have uncharged side chains. Figure was generated using the online Protter (v1.0) tool.

Where amino acids in the CFT073 andKL958 sequences are different from the MG1655 sequémese amino acids are coloured pink. The



Figure 5-2 Spatial organisation d SNPs within CydDC ofE. coli

A The CydDC modesuperimposen to the structure of Savl866 [Bhepherd, 2015
was used taletermine the spatial position of the SNPs listed in Tadleirba bid to

determine if SNPs are likely to affect protein function. Conserved histidine residues

His542 of CydD and HBE31 of CydC are highlighted in red, these residioem a
hydr ogen b o-phdsphate of ATPB 90%rotation shows theiew from the
cytoplasm and emphasisébe lack of SNPs in the area of nucleotide binding.
Abbreviations: ICLs, intracytoplasmi@ops; TMD, transmembrane domains; NBDs,
nucleotide binding domains.

5.2.2 Deletion of thecydDCoperon in the CFT073 strain

A CFTO07ZydABstrain was available in the Shepherd lab collection (MSAfich had
been kindly provided by Prof. Mark Schembrila¢ University of QueenslandoFthis
chapter it was necessary to generate a CFG@3Cs t r ai n ( MS 1 1ReJ
mutagenesis approa¢Batsenko and Wanner 200@¢scriled in Sction2.2.4.Briefly,

primers pMS35 andpMS36 (Table 22) that anneal 500 bp either side of thgdDC
operon,were used to amplify the chloramphenicol resise cassette from a-K
cydDC:Cm mutant generatindg00 bpflanking regions, homologous the DNA either
side of the genomiccydDC operon. The DNA was introduced into celisa
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electroporation, and recombination between the homologous regionsnivascedy

the | -Red recombinase Following the mutagenesis protd, colony PCR was
performed to confirm that theutation had been introducedCR using primerpMS3

and pMS4 (Table 22) producedragmentsof sizes 3,862 bp when the original DNA
sequence was used as a template and 1,552 bp when the chloramphenicol resistance
cassette had replaced tbpdDC operon(Figure 53). These data clearly indicate that

the cydDCoperon had been reqed by the resiahce cassette. Thigas later verified

via Sanger sequencing, performed as describeSection 2.2.5 and the results are

shown in Aopendix G2.
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Figure 5-3. PCR verification of electroporation colonies

Colony PCR was performed on colonies resistant to chloramphenicol after
electroporation of MS5 (CFT073 pKD46) witydDC:Cm DNA fragment. For the
PCR, primerspMS3 andpMS4 (Table 22) were usedColonies of straingS5 and
MS14 (MG1655 cydDC:Cm) were tested alongsidelectroporation colonies as
controls. Use of MS5 as a DNA template resulted in a band at around 000
representing the size of tikgdDCoperon(expected size 3,88%) and MS14 showed a
band around 1,500p representing the size oydDC:Cm (expected sizel552 bp).

PCR of the electroporation colonialsoresulted in DNA fragments around 1,500 in
length, indicating that theydDC operon has been replaced by the dmaphenicol
resistance cassette. The ladder used washkalddder from Promega.
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5.2.3 Nitric oxide tolerance: The contribution of CydDC and
cytochromebd- in the pathogenic strains EC958 and CFT073

In Chapter 3 it was shown that cytochroie | and CydDC complexes contribute to
NO tolerance in nospathogenicE. coli K-12 strains via growth experiments using
NOC-12 as an NO donor. It was therefore of interest to investigate if this holds true for
pathogenic strains. Herein, the contribution ofd0OC and cytochroméd-l to NO

tolerance is investigated in clinical isolates EC958 and CFT073.

523.1 Loss of functional cytochromebd-l and CydDC in EC958 strains elicits
sensitivity to NO.

EC958 strains were kindly provided by Prof. Mark Shembri fitie University of
Queenslandlnitial growth curves demonstrated that deletiorcydABand cydDCin

EC958 and CFT073 strains increases the lag phase. Since NO is a labile molecule and
changedo cell density can have a profound effect upon NO sensitivity, the addition
NOC-12 was performed once cells were no longer in theokage at a defined optical
density of cell culture. Strains were allowed to grow in flasks to aspdD0.5 which

engired that cells were no longer in lpgase Cultures were then diluted to an @pof

0.2 before being placed into microplate wetis growth curves to be performed in a
plate readerHigher concentrations of NOQ2 were used thaim previous growth

curves due to the higher starting optical density. Growth in the presence cfLRIOC
shows a similar pattern to theeen using Keio strains (Figure23Growth is inhibited

for a period of time thats dependentipon the concentration of NGL2 added and

strain used, and then growth resumes once cells have adapted to the NO released and/or
thelevel of NO has been depletéBigure 54). The extent of growth inhibition by NO

could then be assessed by comparing the duratiamhich growth is inhibited, for
example by comparing the time taken to reach agd@ 0.5.

In the absence of NOC2, the growth of all three strains is very similar as
shown by the similar amount of time taken for these strains to reach &g @D.5
(Figure 55). When NOG12 is aded at a concentration of 0.5 mM there is a drastic
differencein growth inhibition whencydDC (MS271) and cydAB(MS16) are deleted
when compared to wild typ@MS10) as shown by the extension of the time taken to
reach O[yo 0.5, wild type growth appears toemain unaffected, with growth
comparable to growth without NOT2 addition This shows that cells are normally able
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to adapt to this level of nitrosative stress, however when cells lose these protein
complexes this protection against growth inhibitiotost. Growth of wild type strains

Is inhibited when the concentration of NAQ is increased to 0.75 mM, and the
difference in growth inhibition of wild type and mutant cells is diminished, suggesting
that at this concentration, CydDC and cytochrobael are not able to completely
protect cells from the detrimental effects of NO.

Comparison of the inhibitory effect of NG2 between EC9%§dAB and
EC958ydDC strains indicates thatydAB is slightly more sensitive to NO, taking
longer to reach an Qb of 0.5 at equivalent NOQ2 concentrations (Figurg-5),
although theeydDCstrain is also more sensitive to NO than the isogenic wild type.

s - A: Without treatment 5 - B: 0.5mM NOC-12
1 - 41
8 3 3
@)
O 2 2
1 1
0 0
Time (h) Time (h)
59 C:0.75mM NOC-12 5 - D: 1mM NOC-12
4 - 4 | —=—EC958
§ 3 3 | —*—EC958cydAB
8 5 ) ECc9s8 cydDC
1 - 1 -
0 (e . . .
0 2 4 6 8 10 0 2 4 6 8 10
Time (h) Time (h)

Figure 5-4. Mutation of cydABand cydDCin EC958 UPEC strains elicits sensitivity
to NO

Cultures were grown shaking in 96 well plates. Bacterial growth was measured using a
plate readerA without addition of NOEL2 B following the addition of 0.5 mM NOC

12C 0.75 mM NOC12 andD 1 mM NOG12. All data shown in this figure was

collected within the same 96 well plaiEgach condition was performed with five

technical repeatstandard deviation of these is shown by therdyars.
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Figure 5-5. Mutation of cydABand cydDCin EC958 elicits sensitivity to nitric
oxide

The time taken to reach an @p of 0.5 was used as a measurement of growth
inhibition between wild typesydABandcydDCstrains ofuropathogeni&. coliEC958.
The more that a strain was inhibited by NO released from H®@he longer these
strains took to reach an @ of 0.5. NOG12 was added at concentrations of 0.5 mM,
0.75 mM and 1 mM. The error bars show the standard deviation oftdohical
repeats.

The extent of growth inhibition by NO was assessed:faroli CFT073cydAB
andcydDCmutants, as previously germed forE. coli EC958 (Section 5.3), growth
curves are shown in Figure® The atent of inhibitionwas compared between the
strains by analysing the length of time in which growth is inhibaédr NOG12
addition (Figure 57). Unlike the EC958 sain, growth of wild type CFT073 (MS1) was
inhibited by NOG12 added at a concentration of 0.5 mM, suggesting that CFT073
strains are more sensitive to nitrosative stress than EC958. Despite this, mutation of
cydAB(MS17) andcydDC(MS115) did elicit addibnal sensitivity to 0.5 mM NOQ2
as shown by the prolonged time taken to reacho®@@5. This suggests that CydDC
and cytochroméd-l1 do have a role in protection against nitrosative streds. iooli
CFTO073. A similar level of growth inhibition is obrsed for CFTO78ydAB(blue) and
CFTO07%ydDC (orange) at a NOQ2 concentration of 0.5 mM. Increasing the
concentration of NO€2 to 1 mM however, elicits a larger sensitivity of growth for
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strains lacking CydDC than those lacking cytochrdode. This suggests that at higher
doses of NO, CydDC has a more influential role ingubbn from nitrosative stress.

A: No treatment B: 0.5mM NOC-12

Time (h) Time (h)
) C: 0.75mM NOC-12 . D: 1mM NOC-12
35 i
3 | —=—CFT073
% 25 . —e—CFT073 cydAB
Q 2 —a—CFT073¢cydDC
O 15
1
0.5
0 T T T T T 1

Figure 5-6. Growth of CFT073 UPEC strains in the presence of NOE12

Cultures were grown shaking in 96 well plates. Bacterial growth was measured using a
plate readerA without addition of NOE12 B following the addition of 0.5 mM NOC

12C 0.75 mM NOG12 andD 1 mM NOG12. All data shown in this figure was

collected withinthe same 96 well plate. Each condition was performed with five
technical repeajstandard deviation of these is shown by the error bars.
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Figure 5-7. Loss of CydDC and cytochroméod-1 leads toNO sensitivity in CFT073
UPEC

Wild type, cydABandcydDCmutants ofE. coli CFT073 were grown at 3¢, 200 rpm

in 96 well plates. Following the addition of N@2 (0.5 mM and 1 mM) bacterial
growth was measured at @ Growth inhibition after theaddition of NOC12 was
assessed by comparing the time taken for growth to reach as ©D0.5. Five
technicalrepeats were performed for each growth condition and the error bars represent
standard deviation between these.

5.24 Cytochrome bd-1 and CydDC influence type 1 fimbriation

To colonise the urinary tract, UPEC strains need to tightly adhere to uroepithelial cells
to prevent being flushed out by the shearing force of urine flow. Type 1 (or mannose
sensitive) fimbriaeare one of the few virulence factors shown to satisfy Molecular
Kochos Post ul a(Cansell anch Agace 1996 BahrdWlbugeotet al.

2002) It has been demonstrated through use of a fimbrial adhesin inhibitor that type 1
fimbriae are crucial foE. coli EC958 to establish infection within the bladders of mice
(Totsikaet al.2013)

The structural subunits of type 1 fimbriae are homologous proteins sharing an
invariant disulphide bridgéCrespoet al.2012) it has been showin CFT073 cellsthat
functional assembly of type 1 fimbriae can occur independently oD#AB and
DsbLl disulphide folding machinerigg otsika et al. 2009) suggestingan alternative

mechanism is involvedince CydDC regulates the redox environment of the periplasm
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and is therefore likelyo influence disulphiddolding (Pittmanet al. 2002; Pittman,
Robinson and Poole 20Q5)eletion ofcydDC is hypothesised to perturb disulphide
formation in type 1 fimbriae, preventing these mutants from being able to successfully
adhere to host cells. To determine the level of type 1 fimbriation, a yeast agglutination
assay(Section 2.1.9) was usef Saccharonyces cerevisiaeells were mixed with
bacterial cells and this mixtureasviewed under a light microscope. Bacterial fimbriae
attach tomannosidecontaining receptors on the surface of yeast celich can be
visualised as agglutination due to yeast cells being larger than bacteriallceltaeory

is that, he more fimbriae present on each bacterial cell, the more yeast cells are bound
to the bacterial celio elicit a larger amount of aggluation. If little or no fimbriae are
present on the bacterial cells, yeast and bacteria will continue to be freely diffused
throughout the mixture. This is a quick and easy way of assefssintjonal fimbriae

but is limited in sensitivity, as exact fimbeidevels cannot be determined.

524.1 Loss of CydDC and cytochromebd elicits loss of type 1 fimbriae in

CFTO073 and Keio strains in agitated cultures

Wild type Keio and CFTO073 strains exhibit agglutinatig-igure 58), indicating the
presence of type 1 fimbriae on these cells that is manifested as clumping under the light
microscope. In addition to wild type andydDC experiments, strains lacking
cytochromebd-| were also included as a control, and it was hypothesissgdioss of
this operon would not inhibit fimbrial assembly. All of the EC958 strains appear very
similar to the afimbriate (Afim) control strain, showing no agglutination when mixed
with the yeast solution. This possibly due to &,895bp insertiorthatwas identified in
the fimB gene of EC958, inactivating a recombinase that activates expression of type 1
fimbriae (Totsikaet al.2011)

Mutation ofcydABandcydDCin the Keio and CFT073 background diminishes
the amount bagglutination seenHgure 58), and suggests that deletion of these genes
diminishes assembly of type 1 fimbriae. Gene deletions in the Keio background appears
to completely inhibit agglutinatiowith the yeast cells, whereas the CFT073 mutants
display a very small amount of agglutination but this is significadilypinished
compared to the wildype. The lack of resolution in this experimental approach

precludes a quantitative assessment of tbetributions of cytochromebd-l and
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CydDC. However, the surprising finding is that loss of cytochrdode assembly
diminishes the assembly of type 1 fimbriae.

A strain which i s | oc kfindswitchn(AAEG®584) 6 on 6
(McClain et al. 1993) was used as a positive control, and none of the d&heoli
strains tested showed the same | evel of
suggests that the test cultusedhibiting agglutinatiorcomprise populations of cells that

have soméms wi t ches i n the 6ond position, and

5.24.2 Loss of cytochromebd-l or CydDC does not diminish type 1 fimbriation in
static aerated liquid cultures

Fimbriae are crucial for UPEC to colonise the urinary tract and it is likely that their
expression will be induced by an environmental cue during host colonisation. Inside the
urinary tract, bacterial pathogens will encounter oxygen limiting conditionsyss of
interest to investigate the impact of CydDC and cytochrbdakeupon the assembly of

type 1 fimbriae under conditions found inside the host.

Expression of functional type 1 fimbriae is known to be enhanced when cultures
are grown staticallyTotsika et al. 2011) Hence, decreasing the dissolved oxygen
concentrations was undertaken to allow the influence of CydDC and cytochbme
on fimbriae levels to be investigateshder conditions found during infectioleast
agglutination in all test strains was improveden grown statically (Figure-9)
compared to when cultures are agitated (Figu®® Svhich is consistent with the model
that static growth strongly selects for type 1 fimbriae expression. Agglutinatio
pathogenic strains CFT073 and EC958swnaffected by deletion athe cydAB or
cydDCoperons, suggesting that expression of type 1 fimbriae is not influenced by these
systems under conditions of diminished aeration.

In the Keio background, mutation ojdBdoes not completely abolish the expression of
type 1 fimbriae as agglutination is still observed, however the level of type 1 fimbriae
appeardo be reduced as the amount of agglutination seen after 5 minutesrshked.
Interestingly, thecydD mutant, which is also unable to assemble cytochrbuoké

exhibits similar agglutination properties to the isogenic wild type strain.
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WT cydAB cydDC
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CFTO73

EC958

Afim ' Locked on

Figure 5-8. Loss of type 1 fimbriae is seen in CFT073 and Keio strains lacking
CydDC or cytochromebd

Yeast agglutination assay showing the levelexgression ofype 1 fimbriae ork. coli

cells of Keio, CFT073 and EC958 strains whemown in agitated cultures. A strain in

which thefmswi t ch is | ocked i n {McElainktoahi®93posi t
was used as a ptise control, and an afimbriate strain (Afim) was used as an
agglutination negative control (BGEC48Kulasekara an@lomfield 1999)
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WT cydAB cydDC

CFTO73

Figure 5-9. Loss of type 1 fimbriae is not observed in UPEC strains lacking CydDC
or cytochromebd-l when grown statically

Yeast agglutination assay showing the levels of type 1 fimbfisarmusE. coli strains

(Keio, CFT073 and EC958) when grown statically atG37A strain in which theim
switch is | orekaacAAECS54)MeClat et aldl993)was used as a
positive control, and an afimbriate strain (Afim) was used as an agglutination negative
control (BGEC487)Kulasekara and Blomfield 1999)
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5.2.5Macrophage survival assays

During infection pathogenic strains &. coli are engulfed by macrophages, which
expose the pathogen to nitrosative stress. Previous chapters and sections within this
chapter have demonstrated the importance of CydDC and cytoctbhdinéor the
tolerance ofE. coli to nitrosative stress. It was théyee of interest to investigate the
ability of cydDCandcydABstrains to survive exposure to macrophages that have been
primed to produce NO.

It is well-known that innate immunity plays a major role in defence against
UPEC. In mice, it has been shown tth&PEC infection results in the recruitment of
macrophage cells to the bladdéngersoll and Cohen 2008; Enget al. 2008)
indicating that macrophaggmrticipatein the innate immune response against UPEC.
Furthermoregiven that macrophagesilise nitric oxide as a defence against invading
bacteriajt was of interest tinvestigatehe contribution of CydDC and cytochrorhé-
| to survival within macrophage cell3he exact role that intramacrophage survival
plays in the virulence of UPEC strains is still uncertain but it is thought that intracellular
bacterial communities (IBCs) within epithelial cells provide a constant supply of
bacteria for reinfection of magobage cells, ifUPEC are able to survive within
macrophage cells it is possible that the bacteria may be transported within macrophage
cells to other sites within the hd&okil et al.2011)

5.2.51 Loss of cytochromebd-I but not CydDC elicits reduced survival ofE. coli
EC958 within murine macrophage.

Macrophage survival assays were performed as described in S@di@nat the
University of QueenslandeC958 has previously shown elevated bacterial loads in bone
marrow derived macrophage (BMM) at 24 hours post infection when compared to
CFTO073, showinghat they are adapted to growth within macrophage (®dkil et al.

2011) Wild type,cydAB andcydDCmutants of EC958 background were used in these
experimentsAs discussed in&tion 5.2.4the virulence of UPEC strains relies heavily
upon adhesion through type 1 fimbridgC958 strains were used in macrophage and
mouse model experimentand to ensure that differential fimbriae expression did not
interfere with these experimenstrains were subjected to multiple passages of static

growth to select for expression of fimbr
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Once grown to statiary phaseFim enrichmentwas confirmed by a quiclkeast
agglutinationassay(Section 2.1.9.

Cultures were diluted to achieve equivalenteg@D@eadings for all strains and
wereused to infect BMMs in 24vell plates. A multiplicity of infection of 10 was used
(10 bacterial cells to every 1 macrophagsl) and this was checked by plating out the
bacteria used to infect macrophage cells and counting sudting number of CFU
(Figure 510). After 30 minutes of BMM infectionextracellularbacteria were removed
by washingwith 200 eg gentamycin this prevented any more uptake of bacteria in
macrophage cellsThe number ofintramacrophagebacteria after 2 and 2dours of
infection d macrophage cells wengsed as a measure of survival within macrophage
cells. The results show thahe survival of EC958/dABis dramatically reduced when
compared to wild type and ECA8&8IDCstrains(Figure-11).

Inoculum checKor macrophage
)5 infection

|
s{ | \

10 ~

CFU/mL

EC958 EC958 EC958
AcydAB AcydDC

Figure 5-10. Inoculum check for macrophage survival assay

The number of bacterial cells added to macrophaghs for each strain of
uropathogenid. coli EC958.Error bars are basagonthree CFU bacterial counts
inoculum added to macrophage cells.
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Figure 5-11. Loss of cytochromebd-l reduces UPEC survival within macrophages

A. Intracellular colony counts after 30 min, 2 h and 24 h-pdsttion. The number of
bacteria 30 minutes post infection égensideredas the number of cells taken up by
macrophage, two hours post infection is thought of as a good time point to see how well
bacteria are able to survive within macrophages. At 24 hours post infection it is
expected that most of the bacteria will be kill&l. The number of bacteria as a
proportion of the number of bacteria taken up by macrophage Cellhe number of
bacterial cells inside macrophage cells 30 minutes, 2 hours and 24 hours post infection,
on a log scale.
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5.2.6 Mouse model of UTI

Previous work has demonstrated that loss of cytochrbdakeelicits a diminished ability

to colonise the mouse urinary tract (Dr Mark Shepherd, personal communication). It
was hypothesised that loss of CydDC would have a dramatic effect on host colonisation,
so the ability of UPEC to establish infection of the mouse urinary tract was studied.
Competiion experiments (described ire&ion2.5.1) were performed to ensure larger,
more significant datasets. A total of 15 mice were infectédd an equal number ofild

type (MS6016) and EC958dDC:Gm (MS6110) strains, and colony counts were
measured from the urine, bladder and kidneys. To permit the enumeration of both wild
type and mutant strains taken from the same source, the wild type EC958 stria was
and chloramphenicol resistant. Therefore wild type CFUs could be distinguished from
those of mutant strains on chloramphenicol plates and MacConkey agar flates
MacConkey agar platdsC958ac::mkate(wild type) colonies would appear white, and

mutant olonieswould appeapink/red

As with the macrophage survival experiments, stationary phase cultures to be used in
the mouse experiments were confirmed positive for expression of type 1 fimbtiae by

yeast agglutination assayg@&@ion 2.1.9)

5.2.6.1 Loss of CydDC has no significant effect upon EC958 colonisation of lower

urinary tract in mice.

The colony counts from the urine, bladder and kidneys of mice infected with EC958 and
EC958ydDCwere measured (Figurel®). In this model of infection and timeame

we would not expect to see bacteria within the kidneys and this wafsedrer
experimentally (Appendix ). Each circle (EC958) and square (ECOEEQO
represents a mouse and indicates the CFUs isolated from each sample. Colonisation of
the urine anladder was very similar for both strains, with the mean value for each
strain appearing to be almost identical. The wilcoxon matplagd signed rank test
shows that there is no significant difference in the number of wild type and mutant
bacteria isolted from urine and bladder tissue samples. As a precaution, CFU/ml of the
inoculum was measured for each infection and used to calculate the fitness index,

removing any potential bias from variations in initial culturesityn(Figure 513).
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Figure 5-12.Loss of CydDC has naeffectupon bacterial load isolated from urine

or bladder of mice

Each circle or square represents a mouse and the CFU isolatedA froime or B
homogenised bladder samples. Lines through the dots shows mean of values. Figures
were created in Prism.
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Figure 5-13. Fitness index: Loss of CydDC has no significant affect updmacterial

load in the bladder of mice infected with EC958

Log fitness index of bacterial loads in mouseurine andB bladder tissue. Fithess
index takes into account the nature of a competition experiment, the number of wild
type cells introduced to miceill not be exactly the same as mutant cells. So to remove
bias a fitness index is determined which compares the ratio of wild type: mutant at the
start and end of the experiment. A fitness index of 1 means that the number of CFU
isolated of both strains iequal. The same is true for adoiifness value of 0.
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5. 3Discussion

This chapteexploredthe variation inthe roles played b€ydDC and cytochrombd-

in either nonpathogenicE. coli or UPEC strains. Previous experiments showed that
nonpathogenic. colirely upon cytochroméd-I and CydDC for protection from NO.
This finding is of importance in the context & coli pathogenesisHowever, a
pathogenic strains vary geneticaltgrn laboratory straingt remained to be determined
whether NO protection by cytochrorbe-l and CydDC is as significant withistrains

of UPEC To start with, the gene and protein sequences of both CydDC and cytochrome
bd-l complexes were compared between ldi®oratory strain MG1655 and two UPEC
strains CFT073 and EC958. As no significalifferences between cytochrontekl
protein sequencesvere observedit was assumed thatytochrome bd-l is fully
functionalandshould perform the same role asyon-pathogenic. coli.

DespiteUPEC and nopathogenic strains being of the same species, variations in gene
content could result in UPEC strains responding differently to NO exposure. Indeed,
UPEC are thought to be more tolerant of NO, possibly dubegwertical acquirement

of DNA elements containing multiple genes such as pathogenicity is{@ndsman

and Ochman 1996Hence, it was anticipated thafPEC straingmight not rely upon
cytochromebd-1 or CydDCfor NO toleranceas heavily as nepathogenicstrains To
testthis, NOG12 experiments previously performed on Keio collection str@hgapter

3), were repeated with UPEC strains to determine the contribution of CydDC and
cytochromebd-l to the protedbn against NO in UPEC strain§hese experiments
showed that loss of cytochrorbe-l and CydDC in CFT073 and EC9%R8PEC strains

still elicited sensitivity to NO. Te relative sensitivity, however, when compared
between CydDC and cytochrorbe-1 mutantswasinconsistenwith data collected on

the nonpathogenic K12 strain For example, in the EC958 background, mutants of
cytochromebd-I were more sensitive to NOthan an EC958ydDC mutant. In the
CFT073backgroundcydABandcydDCmutants showed very similar level of growth
inhibition at a concentration of 0/mM NOC-12 but a greater sensitivity of strains
lacking CydDC at a NO@2 concentration of 1 mMvhen compared to mutants of
cytochromebd-l. The similarlevel of inhibition elicited by theaddition of 0.5 mM
NOC-12 for CFT073 strains lacking either CydDC oytochromebd-l might suggest
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that the sensitivity of CFTOZ§dDCmay be attributed solely to thess of cytochrome
bd-l. It is possiblethat the presence daxportedthiols in the peplasm is not as
important fordefence against NOC-12 concentration of 0.5 mM: at this concentration
other NO detoxification systems in the cell (e.g. Hmp), could be sufficient to deal with
incoming NO. The increase to M NOGC-12 would then requirecMW thiols in
combination with Hmgo diminishthe level of NOn the cytoplasm.

In the EC958 experiments, the data unexpectedly showed that &Cg8Bwas
less sensitive to NO than EC33@IABbut still more sensitive than the isogenic wild
type. Considering that CydDC is necessary for cytochrbdikfunction this finding
cannot be easily explaineli wasoriginally thoughtthat a UPEC strain without CydDC
would not be able to assemble cytmwmhe bd-1, and that a&cydDC mutant would be
equally or more sensitive to NO than a cytochrdode mutant. Asbd-l1 assembly has
not been measured in the EC8B8DC strain it could be possible that a small amount
of cytochromebd-I in UPEC strains is stilfunctional in the absence of CydDThe
EC958 genomecould potentially encodenore than one copy of CydDC, with the
release of the EC958 genome in 2@QEdrdeet al. 2014) it is now possible to search
the genome for sequences similaragdDC The mega BLAST tool on the NCBI
website (http://blast.ncbi.nlm.nih.gov) can be used to search for highly similar
sequences; the gene sequencesydD andcydCfrom EC958 were used as a query to
search the entir&. coli ST131 EC958 genome for closely related sequences, with an
aim to determine if alternativeydD andcydCgenes are encoded by the pathogen. Only
one hit, the originalcydDC operon was found, thus demonstrating that the ST131
genome encodes only one copy of CydDC.

Alternaively, t is possible that glutathione and/or cysteine may be exported into
the periplasm bynother routehat is independent c€ydDC. Indeed, glutathione has
previously been shown to be present in the periplasmoytdBC mutant(Eseret al.
2009) Another possibility is that additional thioredoxike proteins in the periplasm of
EC958 (as seen in other pathogdmacteria,(Heraset al. 2009)that are not present in
lab strains ofE. coli may help to maintain the redox environment of the periplasm,
making the export of thiols by CydDC less important for the assembly of cytochrome
bd-l. As performed abovehe BLAST tool was again used, this tirdebL and dsbl
gene sequenceagere used as a query to search the ehtireoli ST131 EC958 genome
for closely related sequencgdsghly similar sequences were indeed found within the

genomecoding DNA sequence€DS) EC958 3442 and EC958 3443 were shown to
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correspond tadsbL and dsbl respectively.The difference in sensitivity between the
cydDC mutant and isogenic wildype is still relatively large, suggesting that
cytochromebd-l assembly in EC958 remains largely reliant upon CydDC, but possibly
not to the same extent as for K&ocoli.

Despite the variation of NO inhibition betweegdDC and cytochromebd-I
mutants among UPEC strains, it was nevertheless, still showoytibahromebd-1 and
CydDC both contribute to the paattion of UPEC strains against NO. The results imply
tha these protein complexes have a role inghevival of EC958 and CFT073 UPEC
strainswithin the host.In addition to NO tolerance, ydDC may influence survival
during infection through facilitating the folding ektracytoplasmic virulence factors
that @ntain disulphide bonds (as mentionecdbattion 1.1 andlepicted in Kyure 514);
ensuring that conditions are maintained for correct protein folding and assembly. For
bacteria colonising the urinary tract, it is important to be able to adhere tightly to
epithelial cells ando resist the shaing force of urine flow. To accomplish thisPEC
utilise fimbriae including the mannosensitive type 1 fimbriae. It was hypothesised
that the level of funabnal type 1 fimbriae would be affected by loss of thedDZ
exporter complexiue to the absence of disulphide bondihg.test thishypothesighe
yeast agglutination assay was used with cytochrbdhlemutans ascontrok. Deletion
of cytochromébd-I and CydDGn Keio or CFT073 backgrounds wsisown todiminish
the level of type 1 fimbriae expressad aerobically growncells, although type 1
fimbriae werenot expressed by EC958 cells when grown aerobically. Changing the
culture comlitions to static growth selectédr type 1 fimbriae expression in alireeE.
coli backgroundsStatic growth relates to pathogenesisbasteria experience reduced
oxygen availability when insidthe hostApart from a slight reduction in the level of
agglutination seen for the cytochrorhdl mutant of the Keio collectignunder static
growth conditions, életion of CydDC or cytochromied-l was not shown to have an
effect upon the expression of type 1 fimbriae. This was unexpected, with the prediction
being that loss of CydDC would affect redpwise within the periplasm and thus
prevent disulphide folding of fimbrial protein€onsideringthis finding, one would
expect thaadhesion to host cells by type 1 fimbriae would not be affected bysh®to
CydDC during pathogenesis. UPEC, however,pbsses alternative adhesins which
could be affected by the loss of Cy@Pincluding P fimbriae, that require correct
disulphide bondindor folding of both pilus subunits arttie PapD chaperorndacob

dubuissoret al. 1994)
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Figure 5-14. Disulphide folding within the E. coli periplasm

The oxidative folding pathway (DsbAB) and disulphide bond isomerisation pathway
(DsbCD) work to ensure that proteins in the periplasm are correctly folded. Glutathione
(GSH) and cysteine exported to the periplasm via the ABC transporter CydDC
collaborate m balancing the redox environment of the periplasm and are thus thought to
influence disulphide bonding. THed-type oxidases require CydDC for assembly and
act as an electron sink for electrons released to form disulphide Fogdse adapted

from Pittman et al 2005

In vivo experiments allow the interaction between the host and virulence factors
to be studied. Experiments were performed to directly determine the contribution of
CydDC and cytochrombd-1 to the survival of EC958 within macrophage cells, and the
contribution of CydDC to the colonisation of the mouse lower urinary tract. The
results of the macrophage survival assay were striking, in that they showed an
EC958ydDC mutant survives muclvetter thanan EC958ydAB mutant. Again, it
would be expected that bacteria with@ydDC would also lackcytochromebd-1 and
that a similar effect upon survival within mouse macrophages would be observed as for
the cytochromdod-l mutant. A similar restilwas seen in the mouse UTI model, where
colonisation of the mouse bladder was shown to be unaffected by the IGgdC.

The discrepancy seen betwesmDCand cytochroméd-1 mutants in NOEL2 growth
curves of EC958 was therefore also mirrored inithgivo experiments, although the

difference between the mutant strains was much more pronounced in the macrophage
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work. For the mouse UTI experiments, no significant difference was seen between the
number of wild type ancydDC mutant bacteria harvested from mouse urine and
bladders after 24 hours. Taken together, these observations suggest that CydDC does
not facilitate the colonisation of the mouse lower urinary tract nor to survival within
macrophage cells. It further showsat the results of the yeast agglutination assay, in
which we concluded that CydDC is not required for correct folding of type 1 fimbriae
holds true for other extracytoplasmic virulence factors which are used by UPEC to
colonise the urinary tract within ehfirst 24 hours of infection. This result does not
however provide information on the role of CydDC during UPEC pathogenesis after
this time point

Messenset al. (2007) demonstratedhat loss of periplasmic GSH increases the
redox potential of th& .colipeiiplasm from-165 mV to-125 mV,despite this, RNase |
activity is not afected. As RNase | requires the formation of correct disulphide bonds,
the group concludkthat the role played by DsbA and DsbC in the formation of correct
disulphide bonds in RNadeis much larger than that of the redox environment of the
periplasm.The findings shown in this chapter are in agreement with this concept and
suggest that thiol export by CydDC has less of an affect on disulphide bonding than

originally proposed.
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Chapter 6

Final Discussion



6.1 Background

Before embarking othis work, CydDC had been shown to export the lamolecular
weight thiols GSH and cysteine from the cytoplasnih@periplasm ofE. coli cells
(Pittmanet al, 2002, 2005) The® findings placed CydDC witla role in periplasmic
redox homeostasis. Mutants of CydDC displagleiotropic phenotype, with the most
important phenotype being the loss of cytochrdidd assembly. Dgsite most of the
phenotypes ofcydDC mutans having been shown to be complementds the
exogenous addition of either GSH or cysteités was not the case wittytochrome
bd-l assemblywhich remained elusive, and had led gpeculation of additional
substrates of CydDC.

In this work, it was shown for the first time, that the simultarseaddition of
GSH and cysteine to the growth medium ofyalD mutant allows the restoration of
cytochromebd-I, despite previous demonstrations that exogenous addition of neither
cysteine (0.2mM) nor GSH (0.22mM) could restore assembly. Thus contragtime
reasoning behind the search for additional substrates of CydDC. In consideration of
previous reports of CydD@dependent GSH export to the periplagiser et al,
2009) this finding demonstrates that any alternative GSH export methods do not
provide a sufficient rate of GSH export to permit assembly when cysteine alone is
added exogenously, instead both cysteine and GSH must be provided exogenously for
cytochrome asserhp This requirement for both reduced thiols raises questions about
the relationship between CydDC export and cytochrbohEassembly. DTT, a strong
reducing agent was shown to be unable to restore cytochibdrhessembly when
added exogenously wydD cells, emphasising that loss of cytochrome assembly is not
merely due to a need for reducing power in the periplasm. Ultimately this fihditsy

at a complex process in which both thiols play a role in cytochbmhi@ssembly.

As discussed is Section113 c-type cytochrome maturation requires the reduction of
both the CXXCHhaem binding motitind the haem cofactor. Considering that bmth
type cytochromes and cytochroiné | assembly are vulnerable to the loss of CydDC, it

is possible that cysteine a@BSH play a specialised redox role in these processes. It is
important to note however thattype cytochrome assembly can be partially restored
with the exogenous addition of cysteine; it may be of interest therefore to study
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assembly ot-type cytochromgin the presence of both GSH and cysteine, to determine

if further restoration is observed.

The dihaem active of cytochromed-l is only detectable in the presence aydX,
encoding a single transmembrane helix of the quinol oxidase. In the absé&haDE?,
CydAB polypeptides are still inserted into the membram,ityis unknown whether
CydX wouldstill beincorporatedGeorgiouet al, 1987) If the absence of CydDC does
affect CydX incorporationhaem cofactor stability would be fafted andfurther

investigationmay help to explain the necessity of two different reduced thiols.

A microarray analysis was performed to investigate the effects of exogenous GSH and
cysteine upon cells lacking CydDC with the hope of understanding the significance of
both LMW thiols in the assembly of cytochrorhe-I. Therein activity of the ArcAB
two-component system was shown to be increased upon the addition of cysteine and
GSH, ArcB senses the redox status of the quinone pool and ultimately adapts
transcriptional regulation of respiratory genes. This reflects upon tmegugation of

the cydABXgene when thiols were added to the growth medium otytC mutant.

Taken together with reports of significant cytochrdodd restoration in a&ydCmutant

in response to the overexpression of tyelAB genes(Goldmanet al, 1996)it is
possible that changes to gene expression in response to changes of the redox

environment may have a partial role to play in cytochrbchbeassembly.

Another key finding was thedemonstration that CydDC provid€&s coli cells with
tolerance to niic oxide and the conclusion that CydDC of-K strains provides
addition NO protection to cells beyond permitting the assembly of cytochrodhe

This finding, alongside the perceived role of CydDC in periplasmic redox homeostasis
led to the hypothesihiat CydDC plays a role in virulence of pathogehicoli. In vivo
experimentstested the ability oftydDC and cydAB uropathogenick. coli (UPEC)
mutants tasurvivewithin NO-producingmacrophage cells. A mouse model of UTI was
alsoused thistesedthe ability ofcydDC mutants to colonise tHewer urinary tract of

mice The results of these were disappointing, showing that loss of CydDC had little/no
affect upon colonisation of the urinary tract or for survival within macrophage cells.
Herdn, the® and other findings shown within this work will be examigétically in

the conéxt of the previous state of knowledge surroun@ygDC.
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6.1.1 A dual role for CydDC in NO tolerance

Previous work had shown that cytochrobtel contributes to the tolenge ofE. coli to

nitric oxide by virtue of a fast NO dissociate rate, that permits binding of oxygen to the
terminal oxidase in the presence of Kl@asonet al 2009) Considering that CydDC is
required for the assembly of cytochrofoe |, it was hypothesised that loss of CydDC
would result in NO sensitivityin Chapter 3a donorof NO, NOC-12, was used to test
the contribution of CydDC to NO tolerance alongside a wild type and cytochydihe
mutant. The dta presented and discusseimapter 3 demonstrated that Cydbé&s a

role in NO tolerance beyond permitting the assembly of cytochrbdie It was
predicted thathe NO reactive thiols GSH and cysteine exported to the periplasm by
CydDC couldintercept incoming NO at the periplasto, reduce the concentration of
reactive NO that reacheailnerabletargets within the cytoplasm. This hypothesis is
depicted in Figure 4. To test this, NO€2 growth curves werperformed in which
glutathione and cysteine were addedhe growth mediuno representhiols normally
presentn the periplasm o€ytochromebd-I mutant cellsthe aim wasto show that the
additional protection provided &yydDC beyond facilitating cytochron-| assembly

is due to these thiol3.he additional thiols reducetie NO sensitivity otydDcells to a
level similar tocydB cells and ti was thus concluded that CydO@s a dual role in
tolerance to NQ enabling cytochroméd-l assembly and export of thiols to shield

against incoming NO.

The NO growth curves performeal this thesis were done so under aerobic conditions,

it would be interesting to have also performed these under microaerobic conditions in
which cytochromebd-I is maximally expressed. As discussed in Sectidn4.1the

ratio of cytochromebd-l to cytochromeboNghanges as oxygen tension changes, cells
become much more reliant upon cytochrofmgl under microaerobic conditions,
whether this would affect NO sensitivity ofdB and cydD strains would need to be
determined. CydDC though not undmmtrol of ArcA and FNR like cytochromtad-I,

is still shown to be regulated by oxygen concentration, with maximal expression under
aerobic conditions, expression isfdd lower under anaerobic condition&naerobic
expression ofcydD is elevated in thepresence ohitrate or nitriteand deletion of
CydDC results in loss ot-type cytochromes, which includes cytochromaenitrite
reductase NrfA. As discussed in Section 1.6.3 periplasmic NrfA consumes NO under

anaerobic conditions and its loss inducesweh greater sensitivity to N(Poocket al.
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2002) Considering this, it would be assumed that under rabaesis, loss of CydDC
would also result in an increase in NO sensitivity. However NorV and Hmp would also
be expressed under these conditions.
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Periplasm

Outside Outside Outside o

O
. cydDC
Wild type cells cydDC + additional cysteine and GSH

Figure 6-1 Model describing the role of CydDC mediatedysteine/glutathione export: incoming NO is intercepted andytochromebd-|
assembly is enabled

A) Wild type cells express CydDC (green) whiekports cysteine and reduced glutathione (depicted asraes) to the periplasntherethiols can

then intercept incoming NO to reduce the affects within the cytoplasm (as signified by a reduced arrow from the petipéasytaplasm)B)
Deletion ofcydDCprevents the export of thiols to the periplasmhigher levels of NO can reach the cytoplasm (as represented by the larger arrow).
C) Exogenous addition of cysteine and reduced glutathiowesaes the affect of CydDC export in a mutant lacking Cydi2@nitting assembly of
cytochromebd-l and reducig the level & NO that can enter the cytoplasm, which explainsdbservedreduction ingrowth inhibition in NOG12
growth curves.
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6.1.2 The impact of CydDC substrates uponE. coli physiology: insights
from a transcriptomic study

With an aim to study what happens within cells when thekmawn thiol substrates of
CydDC are exogenouslyaddedto cells lacking CydD(as in the cytochroméd-|
restoration experimentstranscriptional analysisf cydDC cells were performed with
the addition of GSH and cysteine to the growth mediumthis situation, cytochrome
bd-I restoration is expected, and a large bemof changes to gene expression are likely
to be due to gain of functon of the oxidase. For this reason, transcripti@hanges in
acydDCcydABmutant with the addition of GSH and cysteine were also studied.

As a large number of genes were identified, the results of the two microarray
experiments were processed to produce a more focused subset of genes. This was
achievedfirst by using TFinfer to déuce which transcription factors have activities that
are significantly affected yb the thiols. This permitted an understanding of the
environmental stimuli imposed acells by thiol addition. A major aim of this study was

to examine theeffectsof thiol addition beyond the restoration of cytochrobtkl, so
transcription factors were guped;TFs affected in bothydDCandcydDCcydABcells
(considered to be independent of cytochrdode restoratiof, and TFs that were only
significantly affected incydDC cells but notcydDC cydAB cells (onsidered to be
cytochromebd-l restoration dependéntLists of genes that are controlled by these tw
groups of TFs were listed inables 4-1 and 42, only genes that &e shown to be
significantly up or down regulated were included. These two tables were then used to

create a metabolic map (Figur&p

Changes in genexpressionthat wereindependent of cytochromkd-I restoration
included arepressiorof genes involved in motility, the TCA cycldjhydroxyacetone
degradationas well asamino acid biosynthesiand transportAn inductionof genes

related to respiration was observed includapgBCthat encodes cytochronte-Il and
hyaABCDFgenes thatmcodehydrogenasé. Placing these changes in gene expogss

on a metabolic map (Figured), showed thatherepression ofjenes encodingnzymes

of the TCA cycle are accompanied by a repression of genes encoding enzymes that feed
into the TCA cycle too.

Addition of thiols repressed expression of TCA cycle genes via the ArcA

transcription factor. The same genes wereragulated in thecydD vs wild type
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microarray, the authorsf the latter studyproposed that misfolded proteins and fatty
acids are broke down to feed into the TCA cycle in order to restore the balance of
metabolic flux (Holyoake et al, 2016) NMR metalolomic data showed that in the
absence oftydD, levels of succinate were elevated while those of fumarate were
simultaneously depleted, which suggested an increase in succinate dehydrogenase
activity. Succinate dehydrogenasatalyses the oxidation slccinate to fumaratand
simultaneously reducesbiquinone to ubiquinolFigure 312). Taken together this
indicates that loss of CydD€Xxported thiols affects the redox status of the quinone pool
and that TCA cycle genes are-tggulated to aid in rbalancing of the redox status.

This is interesting as ArcB sensesspiratory growth conditions via the redox state of

the quinone pool using a thibbhsed redox switcfluchi and Lin, 1988; Malpicat d.,

2004; Alvarezet al, 2013)and ArcA, the corresponding response regulator controls
expression otydABXgenes encoding cytochronietl, it suggests that in wild type

cells, CydDCmediated thiol export affects the transcription of the genes encoding
cytochromebd-I, adding a new level to the relationship between the two protein
complexes. Previously it had been shown that the regulafi@ydDC and cydABX
operons are not coordinated (Section 1.2), these results however suggest some form of

relationship between the level of activity of CydDC and transcripti@ydABX

The repression of motility genes suggests that swarming maslitgduced by the
addition of thiols. Which is surprisingpnsidering thaPittmanet al. 2002 showed that
exogenous cysteine restores motility defects otydD mutant, (most likely by
permitting the correct disulphide folding of FIgl}.nad beerexpeced thataddition of

both cysteine and GSH would restore assembly of the flagella suprastructure by
balancing the redox environment of the periplasm. It is therefore possible that contrary
to a rebalancing of the periplasmic redox environment, the amoutttials added is
surplus to requirement and instead the periplasm is becoming more reduced than is
observed in wild type cells. It would be of interest to observe the motiligydDC

cells in the presence of exogenous thiols to determine the actual effect of both thiols.

A larger repression of motility genes was observed after the addition of thmldD&C
cydABcells when compared twydDCcells. Looking at the previously perforoheydB
vs wild type microarray data, flagella genes were repressed and accompanied by a

reduced swarming motilit{Shephercet al, 2010) The authors suggest that repression
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of motility genes is an energy conserving mechanism in the face of reduced energetic
efficiency of cytochroméd-1l. It is thus likely that the difference between repression of
motility genes is due to the lack of cytochroimé| restoration in theeydDC cydAB

doubk mutant and the larger reliance upon cytochrboh as shown by the increased

regulation ofappBCin thecydDCcydABbackground.

Changes in gene expression that are considered dependent upon the restoration of
cytochromebd-1 include a repression afenes of the -Pnethylcitrate cycle, this cycle
overlaps with the TCA cycle and utilises propionate to pcedupyruvateNorthern

blot analysis has shown than unlikenB prpD is exclusivelytranscribed during

growth on propionate (Brock et al. 2002) This suggests thain the absence of

exogenous glutathione and cysteioydDCcells utilise propionate as a carbon source.
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Figure 6-2. Model for the processes influenced by CydDC substrates in the
periplasm: environmental signals anddownstream effects

The gene transcript levels and transcription factor activities that arendpdown
regulated in theydDC GSH/cysteinevs cydDC and cydDC cydAB GSH/cysteinevs.
cydDCcydABare shown in red and blue, respectively. The gearescript levels and
transcription factor activities that are -upnd downregulated only in thecydDC
GSHJ/cysteinerss. cydDC microarray are shown in orange and purple, respectively. The
green and purplénes dente steps in the-thethylcitrate cycle anf@i-oxidative of fatty
acids.Dotted lines show potential environmental stimuli respondedlbreviations:
Ac-CoA, Acetyl CoA; Dha, dihydroxyacetoneGSH, reduced glutathioneTF,
transcription factor.
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6.1.3In vivo model for CydDC

The role of cytochroméd-l (Masonet al 2009)in NO toleranceof K-12 strains had
already been shown. Considering that the function of cytochtmhias reliant upon
CydDC, it was expected that mutants of CydDC would be equally as sensitive as
cytochromebd-1 mutants.Growth curves utilising the nitric ae (NO) donor, NO€l12
showed that CydDC provids protection to cells from NO, beyond the role of
cytochromebd-1 assembly.

NO is an importantdefencein the armouryof the host innate immune systeithese
findings suggestd that cytochromébd-| and CydDC may provide eoncertedrole in
survival within the host environmeniTherefore, the contribution o€ydDC and
cytochromebd-l of UPEC strains, CFT073 and EC958,NO tolerance wer¢ested.

The results showetthat loss of either dhe two complexegesultedin NO sensitivity in

both CFT073 and EC958Comparisons between the two mutants were however
inconsistent with nompathogenic K12 strain data. For example, an EC958 cytochrome
bd-l mutant was shown to be more sensitive to NO than the EC®&BC mutant.
CydDC and cytochromkd-I mutants of CFT073 are shown to have a similar level of
growth inhibition after the addition of lower concentrations of NIXC yet a greater
sensitivity of cydDC mutants were seen at higher NQ€ concentrations when
compared to cytochroméd mutants. Despite this incossency, CydDC and
cytochromebd-I were still shown to benore sensitive to NO when compared to wild
type cells.These results were promising, suggesting that loss of CydDC would result in
a loss of NO tolerance and potentialhe loss of other functions equiring disulphide
bonding in the periplasm as CydDC is known to participate in redox homeostasis of the

periplasm.

In vivo studies were used to test the ability of EC958 CydDC and cytochbokhe
mutants to colonise the urinary trata the UTI mousenodel, and the abilitjo survive

within macrophage cells of the immune systgenmacrophage survival assays

Results of macrophage survival assays vari&ing, in that they showed that loss of
CydDC had neeffectupon the survival oEC958cells within macrophage cell¥.et the
EC958ydAB mutantshowed a reduced survival when compared to the isogenic wild
type and EC958/dDCcells. Considering thdtacteria without CydDGhould also lack

functional cytochromebd-I, a similar level of survival wasexpected when comparing
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that of EC958ydDCand EC958ydABcells The discrepancy between the two mutants
suggests that cytochronbe-l assembly is restored in tiogdDCmutant, potentially via
thiols provided by the RPMI medium uséd culture the macroplye cellsor the
macronage cells themselves (Figure8p Taken together macrophagarvival assays
showed thathe results of NOG12 growth curves do natlwaysdirectly translate into

the context of survivan vivo.

cysteine cysteine

cysteine

GSH GSH GSH GSH

Periplasm Periplasm

Outside Outside cysteine Outside cysteine

Periplasm

GSH

. cydDC cydDC
Wild type cells Within growth media During macrophage infection assay

Figure 6-3. Mechanismfor cytochromebd-| restoration in cydDCmutant cels
during macrophage infection assays

A wild type cells express CydDC (green) which permits haem (yellow) insertion into
cytochromebd-l (pink). B deletion ofcydDC causes a pietropic phenotype including
loss of haem insertion into cytochroineél. C During macrophagénfectionassayswe
hypothesise that host derived thiols are imported into the periplasiydBIC mutant
cells to permit the assembly of cytochrobeel.

In the mouse UTI modelwild typelcydDC competition experimentno significant
difference was seen between the number of wild {p€958 and EC958ydDC
mutant CFUnharvested from mouse uriaéd bladdersifter 24 hoursof infection. Thus
disappointingly, CydDQvas not shown tofacilitate the colonisation of the mouse lower
urinary tract This findingmirrors the results of the yeastgglutination assay, in which
it was concluded that CydDC is not required tbe correct folding of type 1 fimbriae
That the lossof CydDC does not affect colonisation of the mouse urinary isact
indicative tha other extracytoplasmic virulence factors whi€PEC rely uponto
colonise the urinary tract within the first 24 hours of infectaoa also unaffected by the

loss of CydDC The resultof the mouse model experimetibes not however provide
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information on the role of CydDC dag UPEC pathogenesis after 24 hours of

infection

Previously performed mouse UTI model competition experiments showed that loss of
cytochromebd1 was detrimental tothe colonisation of the mousginary tract(Dr

Mark Shepherd, personal communicatioff)erefore aliscrepancy between tf&C958
mutants of CydDC and cytochrorbe-1 wasagainobservedsuggestinghatrestoration

of cytochromebd-1 in the EC958ydDC mutantoccurs during the experimerithere is

no evidence for high concentrations of cysteine and glutathione in mouse urine,
however, dudo the nature of the experiment, in which wild type agdDC mutants

were combined before beingtroduced to the mouse urinary tract, it is possible that
wild type cells capable of exporting GSH and cysteine to the periplasm of cells may
have complementedeighbouringcydDC mutantsas prins of the outer membrane
allow thediffusion of molecules >60Ma from the periplasm to the extracellular fluid
(Decad and Nikaido 1976)

The differencesn resultsbetween theydDCand cytochromd&d-I mutants were much
more pronounced in tha vivo experiments, whereas NO sensitivity of the two mutants
had been relatively similar in the NGI2 growth curve experiments. This could be due
to static growthimposeduponbacteria to enrich for type 1 fimbriae before usminivo
experiments. Under thesonditions we would expect differential expressiogyafDC
and cydAB (cytochromebd-l); as discussedn Section 1.5.4.1 cydAB of E. coli is
maximally expressed under microaerobic conditions and at high cell dersitid®is
regulated by FNR and ArcfATsenget al. 1996) As discussed iBection1.2, however,
CydDC shows a decrease in expression when grown anaerobically or at high cell
densities furthermorecydDC shows no significant regulation by FNR or Ar¢8ook,
Membrillo-hernandez and Poole 1997)

In condusion, despite the importance of CydDC in cytochrobtel assemblyjn vivo
findings suggest that CydDC would not be an appropriate target to combat infections
caused by uropathogenke. coli. Cytochromebd-I, however, which was shown to
contribute to thesurvival within macrophage cells and has been shown in the work of
others to reduce the ability of UPEC to colonise the urinary, tremtild be amore

sensiblearget
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6.1.4The role of CydDC in Gram-positive organisms

The role of CydDC appears be ckar in the context of Graimegative cells. However,
CydDC is also known to be expressed by sd@Bnampositive bacteria whiclary in
the structure of theicdl wall when compared to Gramegative strains. Theell
envelopeof Grampositive organisms is nda up of a thick layer of peptidoglycan
surrounding the cytoplasmic membrane and lacks the o#erbrane of Gramegative
cells. h the past it has been assed that Grampositive organisms do not have a
periplasmic space. This presents the question gf @§dDC, a transporter of reduced
thiols from the cytoplasm to the periplasmEofcoli and with a role in maintaining the
periplasmic redox status is still encoded by Gfaositive organisnialit is becoming
accepted however,that Grampositive cells do contain a spadetween the inner
membrane and the thick layer of peptidoglythat resembles the periplasm of Gram
negativesTherole of CydDCand its expressioim Gramposiive bacteria still requires
investigation yet it is pssible thatCydDC plays a role in maintainingdox poise in
this periplasmlike compartmentFuther to this,it would be interesting to determine if
cytochromebd-I assembly is still lost in Graspositive cydDC mutants.Considering
thatcydDCandcydABoperons araseparatd in the genomes of Gramegative species,
yet in Grampositive bacteria, are arranged asydABCDgene cluster, it is intuitive to

suggest that the two encoded protein complexes would be functionally related.

M. tuberculosishas an unusual Gram stain result due to its unusual cell wall which
possesses features of both Gipositive and negative bacterfgu and Feliu, 2002)

the cell wall ofM. tuberculosisgpossesss a pseudtpid bilayer that resembles the outer
membrane of Gramegative cellsEarlier, in Section 1.8it was nentioned thathe
expression of botlrcydA and cydC genes transiently increases duringycobacterium
tuberculosignfection of themouse lug and furthermore thahutation ofcydCimpairs
growth of M. tuberculosisin mice. The correlation betweenydA and cydC gene
expression suggests that CydDC is involved in cytochrogdeassembly yet the exact
function of CydDC inMycobacteriuntuberculosisinfection remains to be determined
(Aunget al, 2014)
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6.2 Further experiments

In Chapter 5, the results @ vivo studies did not reflect the expectations drawn from
NOC-12 growth curvesCdls had been grown statically to induce expression of type 1
fimbriae, this however is not how cells were grown duli@@C-12 growth curves. This
could account for the disgwancy as expression alydDC andcydABare affected by
changes to oxygen availabilityoFthis reason it would be interesting to test N@

sersitivity of statically growrcydDCand cytochroméd-| mutants.

In the COdifference spectra performed irh&pter 3 growth of acydD mutant
in the presence of additional GSH and cysteine was shown to result in cytodddkdme
restoration.The restoration of peaks within the spectral dathowever,not a direct
indication that the oxidase is functional, just that the haesgsired for functiorare
present. This could be tested by growiogdD cells in a similar way to that of
restoratiorassays, with reduced aerationernight with additional cystne and GSH in
the growth mediunbefore performing a NOQ@2 growth curve, if cytochromied-| is

functional,a largedecrease in the sensitivity of tlegdD mutantwould be expected

In Chapter5, the gene and protein sequences of cytochrhoddeand CydDC
from nonpathogenic and UPEC strains were compared. This concluded that no amino
acid changes are present within the UPEC proteins that are likely to affect function.
Nevertheless,ni light of the conflictingcydDC and cytochromédad-I mutant results in
the studies usindJPEC strains, it would be important to check that cytochrbohé
assembly isin fact prevented in mutants of CydDC, to do this, CO difference
spectroscopy (as perfoed in (hapter 3) would be performed on whole cells of
EC95&ydDCand CFT078ydDC
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Appendix

ppR e a6 34 3.2 3.9 2.8 2.6 24 2.2 2.0 1.8

Appendix A-1. Reference 1B'H NMR data for succinate

Taken from the Madison metabolite consortium database website. THé NDIR
data for succinate standard produces a single peak at a chemical shift of 2.4, similar to
that seen in NMR data for wild type but mydD derived metabolites.

T T T T T T T T T T
Ppn 3.1 3.80 3a.aa 3.60 3.7 a.70 a.ex 3.60 .

Appendix A-2. Reference 1B*H NMR data for D-mannitol

Taken from the Madison metabolite consortium database website. THhe NMR
data for Dmannitol produces a large peak at a chemical shift around 3.75 with other

smaller peaks surrounding it, this is similar to that seen in NMR data for wild type but
notcydDderived metabolites.
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Appendix A-3. Reference 1B*H NMR data for NAD

Taken from the Madison metabolite consortium database website.

A

— T T T T T — T T T T T — T T T T LA S a e a— — T T T T T T
Ppn 4.0 a.g 3.8 a.7 EN-] 3.5 3.4 3.3 3.2

Appendix A-4 Reference 1B'*H NMR data for betaine

Taken from the Madison metabolite consortium database website. THhe NMR
data for betaine standard produces a large peak chenical shift of around 3.27
similar to that seen in NMR data foydD but not wild type derived metabolites.
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Appendix A-5. Reference 1B*H NMR data for L -methionine

The 1DH NMR data for methionine standard produces a large peak at a chenfical shi
of around 2.15, similar to that seen in NMR datadgtD but not wild type derived
metabolites. Taken from the Madison metabolite consortium database website.

T T T T
falil ] 6.7 B.70 B.B8 6.60 E.55

Appendix A-6 Reference 1B*H NMR data for fumarate

Taken from the Madison metabolite consortium database web$ieelD-'H NMR
data for fumaratstandard produces angie peak at a chemical shift around 6.5.
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Appendix C-1. CydD and CydC amino acids sequences compared
between nonpathogenicE. coliand two UPEC strains

Alignment of CydD and CydC amino acid sequences taken froapatiogenic
MG1655and Keio strains, comparedt’EC strains EC958 and CFT073. Sequences

were aligned using Bioedit free softwdw&.2.5) Amino acids are coloured to allow
differences in amino acid sequence to be easily visualised.
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Appendix C-2. Sequencing data for CFTO72ydDC

After aRed mutagenesisf a wild type CFT073strain (MS5) to replace theydDC
operon witha chloramphenicol casseti® resultant colony was sent for sequencing to
confirm the replacementere the sequences in order show that of sequencing data for
the resultanCFTO73electroporation colony to be tested (CFT073 MS5 electroporated),
the sequence qfKD3, the original source of the chloramphenicol resistarassette

the sequencing data of MG168%dDC:Cm (MS14) and the start afydD or end of
cydC Sequencing data thatsedA primer 3 (forward) oB primer 4 (reverse) was
aligned (using Bioedit v7.2.5) to show that 50bp into @D gene of the
electroporation strain (position 25Q), the chloramphenicol gene starts and 50bp
inwards from the end otydC (position 250B) the Cm cassette ends. This data
concludes that in the electroporated strain designated MS118ydii¥C operon has
successfully been replaced by the Cm resistance cassette creatid@knockout
mutation in a CFT073 background.
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